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Supplemental Text

1. Impact simulations — Methods. We used the GADGET-2 smooth particle hydrodynamics code
(29), modified to include tabulated equations of state (30), to model planetary collisions. The numerical
methods, summarized here, are the same as in previous studies of giant impacts (30,42,43). To model dif-
ferentiated planets, we used the M-ANEOS equation of state model (44) with pure forsterite to represent
the mantle and pure iron for the core. Planets were initialized in isolation with isentropic thermal profiles
and surface temperatures of about 2000 K, comparable to ‘warm start’ cases in previous work (4, 10, 11).
Rotation was added to a stable planet by incrementally adding angular velocity and letting the planet
re-establish gravitational equilibrium. The SPH model 0.99 MF, planet with 2.3-hr spin was significantly
oblate, with an equatorial radius of about 8500 km and flattening of 0.5. Material strength was neglected
as gravitational forces are expected to dominate.

The model Earth-mass planets had iron core mass fractions of 32-33 wt%, similar to the present
Earth. Bulk chondritic composition is about 30 wt% iron, but smaller bodies typically have smaller iron-
rich cores and a greater proportion of iron in their mantles compared to Earth (e.g., about 20 wt% for
Vesta and Mars). The nominal impactors had iron core mass fractions of 30 wt% to be comparable to
previous work. We included a few cases of 20 wt% iron core projectiles. The iron fraction that exists as
oxides in the mantles of each body was neglected, and the reported iron content of the impact-produced
disks refers to core material.

Simulations with 0.05 or 0.10 M, projectiles used SPH particles with masses of ~ 10~ M. Simula-
tions with 0.026 Mg had SPH particle masses of ~ 0.5 x 1075 M. Thus, the approximately Earth-mass
targets contained 1 — 2.1 x 10° particles, and projectiles contained 5000 to 10000 particles. Resolution
tests with 2 and 10 times the number of particles yielded similar results.

All impacts occurred in the equatorial plane of the oblate targets. As the potential moon-forming
impact scenarios were concentrated near head-on events, we did not explore off-equator impacts in this
work. The impact parameter is b = sin(6), where 6 is the angle between the centers of each body and
the velocity vector at the moment of contact.

Simulations were run for 24 to 48 hours. Between about 24 and 48 hours, the disk structures were
stable (e.g., constant mass vs. time). The planet’s post-impact equatorial and polar radii were defined by
a density contour of 1 g cm™3. The reported planetary spin period is the mean of the material within the
1 g cm~3 density contour. This definition of the oblate planet produced radii that are similar to the radii
of pre-impact fast-spinning targets with the same angular momentum. The equatorial radius was used to

estimate the mass of material with sufficient angular momentum to orbit the post-impact planet in a disk.



Note that the reported mass of the planet does not include the portion of the disk that falls down onto the
planet.

For the potential Moon-forming simulations identified here, the disk is comprised of 75-95% vapor-
ized forsterite as peak pressures of 1000 to 2000 GPa were achieved in these high-velocity impacts. Note
that wave reflections between the cores of the two bodies increased the peak pressure from the initial
shock. Very high vapor fractions in the disk may inhibit the gravitational instabilities required to accrete
a satellite (35, 36,45). At this time, calculation of the magnitude of shock-induced vaporization of mantle
materials has an unquantifiable uncertainty. The current simulations used a single equation of state for
an upper-mantle mineral rather than modeling the multi-component system. Because lower mantle min-
erals are more refractory than forsterite, the shock pressures achieved in these impact events are likely
to generate substantial, but not complete, vaporization of the mixture of phases in the disk (46, 47). In
addition, current numerical methods do not include multi-phase flow, where vapor may separate from
condensed phases (solids and liquids). Improving predictions for the amount of vapor in the circumster-
restrial disk requires more experimental work and equation of state development. As new equations of
states are currently being developed for major mantle phases (47), we defer a detailed treatment of the
thermodynamics of our proposed Moon-forming impact scenarios until they are available.

The specific angular momenta of the hot impact-generated disks are comparable to simulations of
the accretion of the Moon from a cold (condensed) disk, where a little less than half the mass of the
disk forms a moon (25). For each SPH particle, we calculated the equivalent circular Keplerian orbital
radii, apanm. Those particles with aan > Req formed the disk. We estimated the mass of the satellite that
could accrete just beyond the Roche radius by angular momentum conservation. For each particle with

Req < aam < RRoche, We solved

ffall+fmoon =1 (1)

| Re /R oche
ffall 4 + fmoon Roch = 1 (2)
aAM aGAM

The reported satellite mass, Mg oy in Tables 1 and S1, is the sum of fi,0on times particle mass plus

the mass outside the Roche radius. In our potential moon-forming simulations, the majority of the mass
of the disk lies within the Roche radius (~ 70 — 90%) and negligible disk mass is located beyond the
evection resonance location. Thus, the amount of material likely to escape during disk evolution is
small (/0). Because of the uncertainty in the satellite mass that accretes from a hot atmosphere-disk
structure, we also highlight cases where the estimated satellite mass is greater than 80% of a lunar mass
(potential Moon-forming cases in Tables 1 and S1) to indicate that a range of impact parameters produce

disk conditions close to the desired traits.



2. Tidal evolution simulations — Methods. We use a custom-made numerical integrator based on
symplectic algorithm of (37), which is overall very similar to the integrator used by (27) and (39). Earth
and the Moon orbit the center of mass and are perturbed by the Sun which is treated like an external
perturber on a fixed orbit. Using a non-perturbed Sun is justified because the Sun/Earth mass ratio is
large, and the Earth’s heliocentric orbit can still absorb energy and angular momentum (just like an
unperturbed planet can transfer energy during encounters with spacecraft or comets which are usually
modeled as test particles). Earth’s equatorial bulge (which is a function of spin rate) perturbs the mutual
orbit, and the Moon and the Sun cause Earth’s spin axis to precess.

Tides raised by the Moon on Earth cause lunar orbit to expand and Earth’s rotation to slow down.

The tidal torque on the Earth is
_ TOS (U}, f )

T p—
wrb
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where Ty = 1.95 x 10~° in our units where the Gm and radius of Earth are unity, w is the spin rate, r the
Earth-Moon distance and M the angular momentum of Earth. The acceleration on the Moon corresponds
to a torque that is equal and opposite in sign. This expression assumes that the Moon is (on average) in
Earth’s equatorial plane, which is satisfied when the Laplace plane of the lunar orbit is close to Earth’s
equator. This condition was met in all of our simulations, but not by the present-day Earth-Moon system.

To account for the proximity of geosynchronous orbit, an additional factor S(w, f) is applied to
the tidal torques on Earth’s rotation and the Moon’s orbit. We used a constant () model of tides, and
this approximation necessarily suffers a jump at the synchronous distance where the sign of the tidal
evolution changes. In order to avoid an unphysical discontinuity, we multiplied tidal torques with the
factor S = (w — f) /Ay wlw — f |, where f the rate of change of the Moon’s true anomaly. This way,
our effective () converges on a constant value for distant orbits, but smoothly goes through infinity (i.e.,
zero dissipation) at the synchronous orbit. This factor was chosen for being the simplest one that is both
continuous and converges faster to constant () than a linear case (w — f )/w, which has greater effect far
from the geosynchronous radius. Our choice of tidal response at synchronous orbit affects the typical
final angular momentum by only about 10%, as it is to the first order determined by the location of the
synchronous orbit (see analytical calculation below). When constant () is assumed all the way to the
synchronous orbit, the Earth—-Moon system usually ends up with less angular momentum than observed.
We also considered a constant () model in which the torque disappears when 2 f = 3w (48) and found
that it can also lead to a large loss of angular momentum, with a common end-state angular momentum

of 0.36 in our units.



Our expression for the acceleration on the Moon due to satellite tides is

r= —%f‘, 4
where Ay = 2.7 x 1072 in our units, v, is the Moon’s radial velocity and # is the unit lunar radius
vector. As the lunar rotation state during the high-eccentricity phase of resonance capture is not well
constrained, we limited the satellite tides to the radial component and ignored libration-related terms.
Both Earth and Moon tides have been calibrated for the case of current tidal evolution (through Earth
tides) and eccentricity damping (through lunar tides), and have been found to vary with distance and
eccentricity in the same way as exact analytical expressions (49). The constants T and Ag correspond
to current Love numbers and (Js of Earth and the Moon, and the strength of dissipation was adjusted in
individual simulations depending on the value of () that was assumed.

Our integrator was initially designed for later stages of lunar tidal evolution (50), so it does not
consider large-scale changes in Earth’s radius and shape that happen at large rotation rates. In particular,
we assume the largest moment of inertia C' to be constant, and we adjust the smaller moments of inertia
according to the instantaneous spin rate in order to produce the adequate oblateness. The oblateness
factor .J; is calculated using simple scaling Jo = Ja o(w/ w0)2, where J5 o and wy are current oblateness
moment and spin rate of Earth, similar to the approach of (39). This approximation gives good results for
spin periods longer than 3 hours, but the .J5, polar moment of inertia C' and mean density diverge between
our simple model and the model fast-spinning planets in the SPH code. Fortunately, the exact relationship
between the spin rate, angular momentum and .J> is not crucial for the capture into evection resonance.
Earth’s oblateness determines the radial distance of the resonance, but once the capture occurs, further
evolution is smooth and does not depend on the .J> and the rotation rate being perfectly consistent with
each other. For example, a SPH-modeled Earth-like planet spinning at 2.7 hr (a common outcome) has
the same .J, as a 2.5-hr-spin case in our symplectic integrator (as we underestimate oblateness), but has as
much angular momentum as a 2-hr-spin planet in the orbital code (as the rotation deforms Earth, spin rate
is not proportional to the angular momentum). Therefore, when comparing results of SPH simulations
with our tidal evolution simulations, orbital runs with spin rates of 2 to 3 hr roughly correspond (in a
non-linear manner) to post-impact planets with spin periods of 2.5 to 3 hr in the SPH simulations. As
a result, the true rotational flattening of Earth may be greater than the model used here, but increased

flattening would shift the resonance further out and make capture into evection more robust.

3. Tidal evolution simulations — Results. Figures S2-S4 show some of the same quantities as main

text Fig. 3, using initial Earth spin periods of 2.25 hr, 2 hr and 3 hr. While it typically takes longer for the



system with a faster-spinning Earth to evolve through the evection resonance, the end state depends only
on tidal parameters of Earth and the Moon and not the initial spin rate. Movies S2 and S3, correspond to
runs plotted in Figs. 3 and S2, show the evolution of lunar orbit in a reference frame rotating with Earth’s
mean motion, so that the mean Sun is always in the direction of positive x-axis. During the capture into
the evection resonance, the long axis of the lunar orbit is locked 90° away from the Sun (the perigee
may be 90° ahead or behind the Sun, as Movies S2 and S3 show). Since the relevant resonant argument
is U = 2Agun — 2Waroon (A is the mean longitude and w longitude of pericenter), either configuration
allows W to librate around stable point at 180°. Note that the true (apparent geocentric) longitude of the
Sun librates around its mean longitude due to Earth’s eccentricity, which was set to 0.03 in the all the
simulations shown here. We also explored higher and lower eccentricity of Earth, but this only affects
secondary resonances, which are not very strong in the first place. In some cases of a very fast spin, high
eccentricity of Earth (e > 0.06) and low tidal evolution rate, capture into a higher-order harmonic of
evection is possible, where the lunar perigee precession period is 2/3 of the year, rather than once year,
as in the main evection resonance. We do not consider such evolution tracks likely, as it is not clear that
post-impact Earth would have such high oblateness, and weak resonances too close to Earth may also be
disrupted by interactions between the Moon and the residual circumterrestrial disk (40).

The end result of reaching the present angular momentum of the Earth—-Moon system is determined
by the position of the synchronous orbit (see analytical calculation below). However, synchronous ro-
tation breaks the evection only for a certain range of tidal parameters of Earth and the Moon. Tidal
dissipation within Earth is less important here, and we only require it to be weaker than that correspond-
ing to Q = 50, as the resonance capture may not be certain at higher tidal evolution rates.! While the
maximum amount of tidal dissipation that we allow is only 25% of the current rate, it is well-known that
the present rate of tidal evolution is not typical (57) and previous studies have often assumed much lower
rates of tidal dissipation within early, mostly molten Earth (39).

The ratio of tidal dissipation within Earth and the Moon places more definite constraints on our
hypothesis. To quantify this ratio, we use relative tidal parameter A, as defined for constant () case
by (48). Figure S5 shows evolution of the Earth—-Moon system using A = 1.28, A = 0.64 and A = 1.28,
with an initial spin of 2.5 hr (for comparison, we used A = 0.96 in Figs. 3, S2-S4). In order for the
evection resonance to be stable, lunar tides must not be too strong (relative to Earth tides) as they would
otherwise drive the system out of resonance before enough angular momentum is lost (A = 1.92 case).

On the other hand, too-weak lunar tides cannot stabilize eccentricity at a manageable value (typically

'In this section we discuss s while assuming current Love numbers ks for both Earth and the Moon. Love numbers were
likely different in the past, but their effect is degenerate to that of tidal dissipation parameter (), which is even more uncertain.
Therefore, when we discuss @, we really mean (Qk2,0)/k2, where k2 o is the body’s current tidal Love number.



0.4 < e < 0.7) during the main part of evolution through the resonance, causing the lunar orbit to reach
very high eccentricities, which leads to resonance breaking (A = 0.64 case). The case with A = 1.28
reaches lower peak eccentricity than the one with A = 0.96, but the end angular momentum is the same
within a few percent. Note that subsequent impacts on Earth could have altered the angular momentum
by as much as 10%. Fig. S6 shows the correct final angular momentum of the Earth-Moon system
is reached for a range of A values around unity. Quantitatively, in order to reach the current angular
momentum, the Earth—-Moon system must have had A = 0.8 — 1.7 (i.e., 0.5 < Qum/Qr < 1.2). Current
A of the Earth—-Moon system is 0.5, but this is due to strong dissipation within Earth’s oceans (51).
A < 0.7 is unlikely during the initial expansion of the lunar orbit, as it would leave the Moon with a
highly eccentric orbit, of which there is no evidence (although a subsequent phase of strong damping
cannot be excluded). The present lunar eccentricity likely arose from much later resonances with Venus
and Jupiter, and lunar eccentricity was likely low before those resonance crossings (52). On the other
hand, A > 2 cannot be easily discounted, but this regime would require the early Moon to be significantly
more dissipative than Earth, and in the absence of more detailed modeling, it may be best to assume the
same tidal parameters for both bodies.

While our model assumes current Love numbers for Earth and the Moon, it is likely that both bodies
were largely or completely molten at the time of the resonance capture. Since the Love numbers ko of
fluid bodies (regardless of size) are order 1, having A = 0.8 — 1.7 requires an order of magnitude higher
(@ (meaning lower dissipation) for the Moon than for Earth. Sources of dissipation in young, partially
molten planets are currently not well known, so we cannot estimate how likely these parameters may have
been. We also used constant ko and @) for both Earth and the Moon, when those quantities could have
changed in response to tidal heating, with important consequences for resonant capture and evolution.
In particular, if the rate of tidal dissipation within the Moon increased with increasing eccentricity, the
balance of tides within the evection resonance required by our model may be achievable even if A was

not in the 0.8 — 1.7 range before the resonance.

4. Analytical estimate of the final angular momentum. Here we estimate the angular momentum
at which the evection resonance breaks due to proximity to geosynchronous orbit. We assume a planar
system and a simple scaling between Earth’s spin period and oblateness, with no changes in radius.
While in the evection resonance, the Moon’s perigee precesses due to Earth’s oblateness at the rate of the
Sun’s (apparent geocentric) mean motion:

J2R2n
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where ng is the yearly frequency, Jo and R the oblateness moment and radius of Earth, and n, a and e
are the Moon’s mean motion, semimajor axis and eccentricity, respectively.
Since the resonance breaks due to proximity to synchronous orbit, we can write a relationship be-

tween the angular velocity of the Moon at perigee and Earth’s rotation rate:

Q:kﬁ_ vaa(l = e*) _ (1+e) (6)
r2 “a2(1—e)? (1—e)3

where ) and y are Earth’s spin rate and dynamical mass (GM), h and r,, are the Moon’s orbital angular
momentum and perigee distance, and k is a dimensionless factor of order one (see below).
In a very rough approximation, we can write the oblateness moment of Earth as a simple function of

its spin rate:

1/Q)\?
Jo==-—]) , 7
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where (2. is the breakup spin rate for Earth:
"
=L )
Replacing .J» and R using Egs. 7 and 8, and using Kepler’s third law an? = p, Eq. 5 becomes:
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ns =75 2 4/3 2/3 272" ©)
2\302) \27#) 123 ) (1= ¢7)

We can then use Eq. 6 to express n in terms of €2 and e:
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After some algebra, we get ng as a function of €2 and e alone:

1 913/3 (1 _ 6)3/2
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Solving for 2 and expressing all angular velocities relative to {2.:
2 k7/13 (%3)3/13 (14 ¢)to/20 _ 713 (2715)3/13 F(e) (12)
Qe Q. (1 —e)9/26 Q, .

If the Moon is synchronous with Earth rotation at perigee, then £ = 1. The dependence on e is moderate,
and 1.37 < F(e) < 1.7 for 0.3 < e < 0.5. Using e = 0.45, as in Fig. 1 (main text), we get Q/Q, =
0.2517, equivalent to a spin period just below 6 hr. Using Eq. 6, this gives us a of about 5 Rg, in
agreement with Fig. 3. To estimate the final angular momentum, we use the post-resonance eccentricity
of about e = 0.35 for the Moon, which gives us total angular momentum of the Earth-Moon system
of 0.33 in the units of aM+/uR (where « is Earth’s non-dimensional moment of inertia), close to the

current angular momentum of about 0.35 in the same units.



5. Lunar inclination and Earth’s obliquity. Earth’s obliquity and lunar inclination further constrain
lunar origin, but our tidal evolution model does not offer any new mechanism for producing either quan-
tity. Figure S7 shows the evolution of lunar inclination in two simulations using Earth’s initial spin of
2.25 hr, one with no initial inclination, and the other with an inclination of 17° at 6 Rg (the latter corre-
sponds to history shown in Fig. S2). The zero-inclination case is the most likely outcome of a formation
in a disk, while the high-inclination initial conditions assume excitation of lunar inclination interior to
6 Rp through resonant torques with the remnant ring of debris (40). In both cases, the initial obliquity of
Earth was 5°. While the low-inclination simulation does encounter several resonances, the most impor-
tant happening at 100 kyr, the final inclination is only about 0.5°, more than an order of magnitude too
small to match the present lunar free inclination. This resonance is encountered in all our simulations
soon after the exit from the evection resonance, and occurs when the now-finite evection period encoun-
ters commensurability with the precession period of the Moon’s line of nodes. This resonance was first
described by (39) and is sometimes called ‘eviction’, but we prefer the term ‘mixed resonance’ (as it
involved both eccentricity and inclination of the Moon). In all simulations with an initially non-inclined
Moon and low-obliquity Earth, lunar inclination acquired through this mixed resonance is never larger
than a degree. Unless there was an episode of inward migration through the mixed resonance (due to
strong satellite tides), as proposed by (39), it is hard to see how an initially planar lunar orbit could have
became significantly inclined after the Moon exited evection.

In the initially inclined case, lunar inclination decreases during the tidal evolution, including the res-
onant phase, resulting in the post-evection inclination of about 8°, comparable with the value required
to match the present state. The inclination decreases because the tides add only the in-plane component
of angular momentum to the lunar orbit, making the initial out-of-plane component less important as the
orbit grows. Earth’s initial obliquity was 5°, and it reached 10° by the end of the simulation. Therefore,
if the post-impact Earth had a low obliquity and the Moon acquired a large inclination from interactions
with the disk, this history is consistent with the present Earth—-Moon system. Note that the initial inclina-
tion of 17° is significantly higher than one suggested by (40) so future work is needed to determine how

realistic such initial conditions are.

Supplemental Movie Captions

Movie S1: Example of formation of a lunar disk from Earth’s mantle. Impact of a 0.05- Mg impactor
at 20 km s~! and b = —0.3 onto a 1.05-Mg, Earth spinning with a period of 2.3 hours. The gray circle
marks the Roche radius. View of SPH particles in the lower hemisphere looking down the counterclock-

wise spin axis, where colors denote the silicate mantles and iron cores of the Earth and impactor. The
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final circumterrestrial disk is dominated by material originating from Earth’s mantle near the impact site.

Movie S2: Tidal evolution with the initial spin period of 2.5 hr, and with () ~ 100 assumed for both
Earth and the Moon (same simulation as in Fig. 3). After initial rapid outward evolution, the lunar orbit is
captured into the evection resonance with the Sun, which keeps the long axis of lunar orbit perpendicular
to the Earth-Sun line. After the resonance breaks, lunar eccentricity changes slowly, but the orientation

of the orbit varies rapidly due to the reference frame making a full rotation once per year.

Movie S3: Tidal evolution with initial spin period of 2.25 hr, and with ) ~ 100 assumed for both
Earth and the Moon (same simulation as in Fig. S2 and the lower panel of Fig. S7). The evolution
shown here is similar to that in Movie S2, with the difference that here the perigee is trailing, rather than

leading, the Sun by 90° while in resonance.
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Table S1: Outcomes of expected late giant impacts onto a fast-spinning proto-Earth.

Mproi Mplane L . Myis Mg, j j M;
WL Vi b SRt Ry f T pA Mamo Zgee g SRAM GRET APro) e
0.99 M target with 2.3 hr spin and 3.0Lgn
0.026 20.0 -0.50 0.97 7700 041 25 2.39 3.7 1.09 0.52 0.54  0.072 0.062 0.013
0.026 15.0 -0.30 0.99 7900 042 25 2.55 2.6 0.79 0.51 045 0.114 0.100 0.000
0.026 20.0 0.00 0.97 8000 0.44 25 2.65 4.2 1.46 0.71 0.68 0.121 0.107 0.020
0.026 20.0 0.50 0.96 8100 046 24 2.74 1.8 1.34 1.05 0.80 0.225 0.220 0.149
0.026 20.0 0.70 0.97 8300 047 24 271 0.7 0.56 0.32 0.26 0.118 0.116 0.037
0.050 15.0 -0.70 0.99 8100 045 24 2.60 2.8 0.47 0.16 0.14 0.141 0.129 0.102
0.050 20.0 -0.70 0.97 8000 043 24 255 33 0.81 0.30 0.31  0.094 0.087 0.084
0.050 25.0 -0.70 0.95 7900 044 25 2.49 3.8 1.21 0.51 0.52  0.056 0.052 0.041
0.050 15.0 -0.50 0.98 7800 041 25 247 4.0 1.15 0.57 0.53  0.111 0.090 0.033
0.050 20.0 -0.50 0.95 7500 039 26 233 5.6 1.73 0.73 0.75  0.080 0.063 0.036
0.050 25.0 -0.50 0.92 7300 039 27 2.18 7.0 2.05 0.79 0.85 0.074 0.061 0.064
0.050 10.0  -0.30 1.01 8100 043 25 2.69 2.8 0.86 0.42 040 0.192 0.161 0.000
0.050 10.0 0.00 1.01 8300 047 24 2.92 2.5 1.11 0.60 0.52 0.264 0.229 0.001
0.050 25.0 0.00 0.89 7500 041 2.6 245 7.1 3.30 1.38 1.62 0.113 0.095 0.121
0.100 15.0 -0.50 0.98 7300 035 28 2.16 7.1 1.49 0.59 0.60 0.128 0.085 0.092
0.100 20.0 -0.50 0.94 7000 033 29 1.96 9.6 1.60 0.52 0.57 0.091 0.055 0.097
0.100 250 -0.50 0.89 6800 0.31 3.0 1.78 10.6 1.53 0.49 0.55 0.083 0.053 0.116
0.100 25.0 -0.30 0.86 6800 033 3.1 1.81 11.4 2.25 1.09 1.07 0.113 0.072 0.176
0.100 20.0 0.00 0.91 7500 040 2.7 249 9.2 3.86 1.53 1.83  0.146 0.097 0.228
0.100 15.0 0.30 0.96 8100 047 25 3.14 44 3.92 2.89 247 0213 0.170 0.046
0.100 20.0 0.30 0.86 7500 043 2.5 2.18 4.5 1.82 0.77 0.86 0.145 0.136 0.127
0.100 25.0 0.30 0.82 7400 043 2.6 2.01 5.4 2.13 0.53 0.86  0.078 0.072 0.146
0.100 20.0 0.50 0.90 7900 046 24 249 2.8 1.65 0.80 0.83  0.095 0.089 0.044
0.100 20.0 0.70 0.95 8300 0.50 24 280 1.1 1.07 0.54 0.47  0.098 0.095 0.000
0.99 M target with 2.7 hr spin and 1.9 Lgng
0.026 20.0 0.50 0.98 7300 033 2.7 2.03 2.5 0.69 0.53 044  0.229 0.218 0.324
0.026 25.0 0.50 0.95 7200 031 2.8 1.89 2.9 0.76 0.65 0.50 0.262 0.256 0.245
0.026 20.0 0.30 0.98 7300 032 28 1.99 33 0.54 0.39 0.27  0.251 0.237 0.022
0.026 25.0 0.30 0.96 7200 031 29 1.92 4.8 0.96 0.62 047 0.118 0.107 0.137
0.026 30.0 0.30 0.92 7000 029 3.0 1.83 5.5 1.46 0.96 0.80  0.066 0.058 0.211
0.026 25.0 0.15 0.96 7100 030 3.0 1.86 5.5 0.89 0.55 042 0.100 0.087 0.088
0.026 30.0 0.15 0.93 7000 028 3.1 1.75 6.9 1.19 0.63 0.54  0.058 0.047 0.139
0.026 25.0 0.00 0.97 7100 027 3.1 1.79 6.1 0.75 0.41 0.32  0.076 0.062 0.028
0.026 30.0 0.00 0.94 6900 025 3.2 1.70 7.6 1.08 0.66 0.52  0.046 0.035 0.072
0.050 25.0 -0.50 0.94 6700 024 39 1.24 7.2 0.28 0.08 0.08 0.106 0.086 0.046
0.050 30.0 -0.50 0.91 6600 024 4.0 1.17 8.8 0.38 0.14 0.14  0.072 0.056 0.132
0.050 20.0 -0.30 0.98 6800 0.23 3.7 1.42 7.1 0.438 0.10 0.13  0.131 0.103 0.002
0.050 25.0 -0.30 0.94 6600 025 39 1.33 9.9 0.60 0.32 0.23  0.065 0.040 0.015
0.050 30.0 -0.30 0.88 6500 024 4.1 1.22 11.1 0.61 0.32 0.26  0.063 0.044 0.036
0.050 30.0 0.15 0.87 6700 026 3.5 1.53 8.9 1.55 0.81 0.79 0.115 0.097 0.325
0.050 20.0 0.30 0.97 7200 032 29 200 5.3 1.29 0.82 0.66 0.224 0.200 0.102
0.050 25.0 0.30 0.91 6900 030 3.1 1.79 6.0 1.91 1.16 .13 0.177 0.159 0.330
0.050 30.0 0.30 0.86 6800 0.27 3.2 1.54 6.4 1.44 0.83 0.78  0.146 0.136 0.177
0.100 20.0 0.00 0.96 6900 0.25 3.8 1.64 11.3 1.39 0.86 0.73  0.147 0.085 0.172
0.100 25.0 0.00 0.87 6600 024 4.2 1.38 13.4 1.32 0.85 0.74  0.141 0.087 0.328
0.100 20.0 0.30 0.93 7100 032 3.1 1.92 6.9 1.94 1.53 1.19  0.233 0.194 0.206
0.100 25.0 0.30 0.84 6700 0.29 3.3 1.44 7.1 1.45 0.71 0.79  0.208 0.191 0.240

Notes: Mproj/Mg — projectile mass, Vi — impact velocity in km s, b — impact parameter (negative value indicates retrograde impact; all
impacts in the equatorial plane), Mpianet /M g — mass of post-impact planet including atmosphere, Req — est. equatorial radius of post-impact
planet in km, f — flattening of post-impact planet (Req — Rpole)/Req, T — spin period of post-impact planet in hr, L z / Lgn — z-component
of angular momentum of planet and disk, Matm /M1 — mass of the atmosphere, Mgjsi /My — mass of the disk, Mg /My — satellite mass

(Eq. 1), 85

oj
k

portions of the planet and disk, Miyon /Maqisk — iron core mass fraction in disk.
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— projectile mass fraction in the silicate portion of the disk, AP — difference in projectile mass fraction between silicate



Table S1: continued. Outcomes of expected late giant impacts onto a fast-spinning proto-Earth.

Mproj Mplane L Matm Mgis M, MS,AM ] i Miron
1vI}E . Vi b ?WE - Req f T LEZM M;i A/}Mk WSI Myt ‘Sgirsolg APro) Maisk
1.05ME target with 2.5 hr spin and 2.5 Lgm
0.050 250 -0.15 0.99 7100 029 32 1.97 9.7 1.67 0.79 0.69 0.079 0.057 0.046
0.050 30.0 0.00 0.92 7000 029 3.3 1.88 10.3 1.91 0.91 0.90 0.078 0.059 0.197
0.050 25.0 0.15 0.98 7300 032 29 2.25 8.2 2.30 1.22 1.12  0.118 0.098 0.156
1.05ME target with 2.7 hr spin and 2.1 Ly

0.050 30.0 0.15 0.94 7000 0.30 3.3 1.83 9.9 1.83 1.01 1.06  0.081 0.062 0.238
0.050 22.0 0.30 1.00 7300 032 29 2.16 5.6 1.56 1.15 091 0.182 0.164 0.237
0.050 25.0 0.30 0.97 7100 030 3.0 2.04 5.9 2.00 1.44 1.22  0.181 0.166 0.342
0.100 20.0 0.30 0.99 7300 032 3.0 2.14 6.6 1.75 1.72 1.07  0.242 0.208 0.198
0.05° 27.0 0.00 0.97 7000 026 3.5 1.89 10.4 1.93 1.56 1.05 0.102 0.080 0.105
0.05°% 30.0 0.00 0.93 6900 0.27 3.7 1.68 11.3 1.62 1.23 0.87  0.093 0.073 0.180
0.05°% 25.0 0.15 0.98 7100 031 3.1 2.06 8.4 2.13 1.57 1.12  0.134 0.115 0.194
0.05% 27.0 0.15 0.95 7000 0.31 3.2 1.99 8.3 2.40 1.90 141  0.117 0.100 0.203
0.057 27.0 0.15 0.96 7000 030 3.3 1.86 8.2 1.70 1.02 0.87 0.123 0.102 0.147
0.057 30.0 0.15 0.92 6900 027 34 1.75 8.5 1.81 1.20 0.98 0.107 0.091 0.219
0.057 22.5 0.30 1.00 7300 033 29 2.12 54 1.51 1.01 0.85 0.216 0.196 0.190
0.05F 25.0 0.30 0.97 7100 030 3.0 1.98 5.8 1.70 1.10 1.02  0.188 0.172 0.243
0.057 20.0 0.50 1.02 7300 032 28 2.12 2.6 0.65 0.57 042 0.279 0.268 0.245
0.05F 20.0 0.50 1.00 7300 0.34 28 2.02 3.1 0.66 0.54 0.38 0.145 0.138 0.102

Notes: Mp.oj/Mg — projectile mass, V; — impact velocity in km s~1, b — impact parameter (negative value indicates retrograde impact; all
impacts in the equatorial plane), Mpanet /Mg — mass of post-impact planet including atmosphere, Req — est. equatorial radius of post-impact
planet in km, f — flattening of post-impact planet (Req — Rpole)/Req, T — spin period of post-impact planet in hr, L z / Lgy — z-component
of angular momentum of planet and disk, Matm /M1 — mass of the atmosphere, Mgjsi /My — mass of the disk, Mg /My — satellite mass
(Eq. 1), (Sgir:ij — projectile mass fraction in the silicate portion of the disk, AP®J — difference in projectile mass fraction between silicate
portions of the planet and disk, Miyon/Maisk — iron core mass fraction in disk. ®projectile with 2.9-hr prograde spin; other projectiles have no
spin. Tprojectile with 20 wt% iron core; other projectiles have 30 wt% core.
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Figure S1: Provenance of material forming the post-impact planet (target core — gray; impactor core —
green; lower mantle — brown; upper mantle — blue), atmosphere (yellow), disk (cyan), and escaping mass
(red). View of SPH particles in the lower hemisphere, looking down the spin axis, for the same impact
example as shown in main text Figure 1 (a 0.05- Mg impactor at 20 km s~ ! and b = —0.3 onto a 1.05- Mg
Earth spinning with a period of 2.3 hours). The hot atmosphere and disk originate from near the impact
point. Much of the projectile mass escapes. Brown particles denote the material in the post-impact lower
mantle, which originates primarily from the lower mantle in the hemisphere opposite the impact point.
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Figure S2: Same as Fig. 3, for an initial Earth spin period of 2.25 hr.
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Figure S3: Same as Fig. 3, for an initial Earth spin period of 2 hr.
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Figure S4: Same as Fig. 3, for an initial Earth spin period of 3 hr.
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Figure S5: Same as Fig. 3, for an initial Earth spin period of 2.5 hr, using different relative strengths of
Earth and Moon tides. The three cases shown have tidal parameters A = 0.64 (blue), A = 1.28 (green)
and A = 1.92 (red). The final angular momenta (in units of aM+/G M R) are 0.48 (blue), 0.34 (green)
and 0.42 (red).
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Figure S6: Final angular momenta of the Earth-Moon system for various values of tidal parameter A,
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is 0.35 (horizontal dashed line).

18



/g): 0.5 T T T T

o

()]

(]
S 04 F

S
B

g 03F

(]
w
L
% 02}
Ll
i)
§ 01F}
®
£
(_é O 1 1 1
- 0 20 40 60 80 100 120

Time (kyr)

m

[} T T T T T

(]

> 16 F -
(]

°

S

‘(E 14 B -1
3

o

(]

®» 12 F E
o

=

®©

L

o 10F E
[

Rl

g 8F

(_é 1 1 1 1 1

- 0 20 40 60 80 100 120

Time (kyr)

Figure S7: Evolution of the lunar inclination (with respect to Earth’s equator), assuming no inclination
at 3 Rg, (top panel) and inclination of 17° at 6 Ry (bottom panel). The initial spin period for Earth was
2.25 hr in both cases, and the simulation in the bottom panel is the same as in Fig. S2. The notable feature
visible in the top panel at 100 kyr is a mixed eccentricity-inclination resonance between the Moon and
the Sun, also known as ‘eviction’ (39).
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