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Kaib and Cowan (Kaib, N.A., Cowan, N.B. [2015]. Icarus 252, 161-174) recently used terrestrial planet formation sim-
ulations to conclude that the moon-forming impactor (Theia) had only a ~5% or less chance of having the same oxygen
isotope composition as Earth, while Mastrobuono-Battisti et al. (Mastrobuono-Battisti, A., Perets, H.B., Raymond, S.N.
[2015]. Nature 520, 212-215) used seemingly similar simulations and methods to arrive at a higher value of ~20% or
more. Here we derive the results of both papers from a single set of simulations. Compared to Kaib and Cowan (Kaib,
N.A., Cowan, N.B. [2015]. Icarus 252, 161-174), the analysis of Mastrobuono-Battisti et al. (Mastrobuono-Battisti, A.,
Perets, H.B., Raymond, S.N. [2015]. Nature 520, 212-215) systematically yields more massive Theia analogs and
Keywords: imposes flatter A'70 gradients across the original protoplanetary disk. Both of these effects diminish isotopic differ-
Moon ences between Earth and Theia analogs. While it is notoriously difficult to produce systems resembling our actual ter-
Terrestrial planets restrial planets, the analysis of Kaib and Cowan (Kaib, N.A., Cowan, N.B. [2015]. Icarus 252, 161-174) more often
Planetary formation selects and analyzes Earth and Mars analogs at orbital locations near the real planets. Given this, we conclude that
Moon, interior the greater isotopic differences between Earth and Theia found in Kaib and Cowan (Kaib, N.A., Cowan, N.B. [2015].
Planetesimals Icarus 252, 161-174) better reflect the predictions of terrestrial planet formation models. Finally, although simulation
uncertainties and a terrestrial contribution to Moon formation enhance the fraction of Theia analogs consistent with
the canonical giant impact hypothesis, this fraction still remains in the 5-8% range.
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1. Background

The canonical giant impact formation scenario for Earth’s moon predicts that a
Mars-mass body, Theia, struck the proto-Earth in a glancing blow which threw
material into orbit around Earth and eventually coalesced into the Moon
(Hartmann and Davis, 1975; Cameron and Ward, 1976). Hydrodynamical modeling
of this collision has since shown that the Moon should consist of ~60-90% of mate-
rial from Theia, with the rest coming from the proto-Earth (Canup, 2004; Reufer
et al,, 2012). Yet the Moon’s oxygen isotope composition is virtually identical to
Earth (A0 < 0.015%0) even though the isotopic compositions of nearly all mete-
orites differ significantly from the Earth (Wiechert et al., 2001; Herwartz et al.,
2014). In particular, Mars has a A0 of 0.32%.. Because simulations of terrestrial
planet formation predict that each large rocky body has a wide and stochastic feed-
ing zone, it has been suggested that terrestrial planet formation is unlikely to pro-
duce an Earth and Theia that are isotopically similar if other bodies (i.e. Mars) are
isotopically distinct (Pahlevan and Stevenson, 2007).

Terrestrial planet formation simulations are an excellent tool to verify whether
we should expect a large compositional difference between Earth and its major im-
pactors. These simulations model the assembly of systems of terrestrial planets via
the accretion of ~100-1000 lunar-to-Mars size objects in orbit about the Sun
(Raymond et al., 2014). Two recent independent works used suites of these simula-
tions to statistically quantify compositional differences between Earth analog plan-
ets and their last major impactors (Theia analogs) (Kaib and Cowan, 2015;
Mastrobuono-Battisti et al., 2015). While very similar simulations were used, they
arrived at significantly different probabilities that Theia’s isotopic composition was
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similar to that of the Earth (and Moon). Kaib and Cowan (2015) (hereafter referred
to as KC15) concluded that there was a <5% chance that Theia’s feeding zone was
similar enough to the Earth'’s to yield the Moon’s observed isotopic composition. On
the other hand, Mastrobuono-Battisti et al. (2015) (hereafter referred to as MPR15)
found a probability of > 20%.

In this brief follow-up work, we report the cause of this discrepancy. The main
differences between the assumptions used in KC15 and MPR15 are: (1) the criteria
employed to select Earth and Mars analog pairs used to calibrate the initial A'”0
distribution in each simulation, and (2) the criteria employed to select Earth and
Theia analog pairs used to determine the oxygen isotopic difference between
Earth and Theia in each simulation. In KC15, Earth analogs are required to have
masses over 0.5 M., and orbits between 0.8 and 1.2 AU, while Mars analogs are as-
sumed to be the next planet outward with a mass greater than 0.05 M,,. Once the
Earth-Mars analog pair is selected, the accretion history of the inner planet (the
Earth analog) is searched for an impactor with a mass larger than 0.1 M,,. If such
impactors exist, the last of these is designated a Theia analog, and this body'’s feed-
ing zone is compared against the Earth analog’s. The isotopic composition of the
Earth and Theia analogs is then calculated by imposing a A'70 gradient on the orig-
inal planetesimals that yields a A'70 of 0.32%. between the Earth analog and the
Mars analog.

Meanwhile, MPR15 place more emphasis on planet ordering than orbital ele-
ments or planet mass to select Earth-Mars analogs. In systems that form 4 or more
planets, the 3rd and 4th planets are assumed to represent Earth and Mars,
respectively, while in 3-planet systems, Earth and Mars are taken to be the 2nd
and 3rd planets out from the Sun. These Earth-Mars pairs are selected regardless
of their masses or orbits. These planet pairs are then used to set the primordial
A0 gradient just as in KC15. Next, any planet in the system is searched for
impactors composed of at least 50 particles, and these are taken to be Theia analogs.
These impactors need not strike the Earth analog used to set the isotopic gradient
and typically strike another planet in the system instead. Finally, the isotopic
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composition of the Theia analog and its target planet are compared by employing
the isotopic gradient imposed by the Earth-Mars analog pair.

2. Analysis and results

To compare the KC15 and MPR15 analyses, we use the 100 CJS and EJS simula-
tions from KC15 since these are virtually equivalent to those employed in MPR15.
(It should be noted that the EJS initial conditions are effectively equivalent to the
EEJS initial conditions in Raymond et al. (2009).) KC15 contains a detailed descrip-
tion of the simulations. In KC15, the analysis of CJS and EJS simulations were always
performed separately to control for any effect of different giant planet configura-
tions, while MPR15 combined numerous sets of simulations that used a variety of
giant planet configurations. Because there was no distinction made between initial
conditions sets in MPR15, we combine the CJS and EJS simulations for this follow-up
work.

We now apply the analysis described in MPR15 to the combined CJS and EJS
simulations to derive the isotopic composition of Theia analogs. The results of this
analysis are shown in Fig. 1. Here we plot the distribution of |A70| values for Theia
analogs relative to the impacted planet in these simulations. Our modified analysis
predicts that 15% (10 out of 65) of our Theia analogs have |A'0| < 0.015%., very
near the results of MPR15. Recall that the KC15 results derived from the same sim-
ulation sets predict a probability of ~2% (1 out of 53) that Theia has an Earth-like
composition. Thus, we recover the results of both KC15 and MPR15 from the same
set of simulations.

Several different factors cause the differing isotopic distributions for Theia in
Fig. 1. First, MPR15 require impactors (Theia analogs) to be comprised of at least
50 original particles, whereas KC15 only impose a minimum Theia mass of
0.1 M., and their median Theia analog is comprised of 33 particles. While the
50-particle limit minimizes mass resolution effects, it also causes the impactor
masses to be larger in MPR15 than in KC15. In the giant impact scenario, the
proto-Earth still accretes nearly all of the impactor, and a more massive impactor
pulls the final isotopic composition of the Earth closer to that of Theia. Indeed, when
MPR15 relax their 50-particle requirement in their Extended Data Table 2, a clear
trend toward more isotopically dissimilar impactors is seen. (In the hit-and-run
Moon formation scenario proposed by Reufer et al. (2012), the Earth does not actu-
ally accrete most of the impactor, and the impactor’s influence on the Earth’s final
composition would be diminished. However, neither MPR15 or KC15 considered
this complication.)

When we perform the MPR15 analysis on our simulations, the median mass ra-
tio of Theia to the proto-Earth is 0.35. Meanwhile, the KC15 analysis yields a median
mass ratio of 0.25, and only 17% of KC15 Theia analogs exceed mass ratios of 0.35.
Most impacts involving such large mass ratios are typically found for planets well
inside 1 AU, nearer the inner disk edge where particle density and accretion rates
are higher. Indeed, the planetary targets of the moon-forming collisions selected
via the MPR15 criteria have a median semimajor axis of 0.75 AU. This places many
target planets near the hard inner disk edge imposed by initial conditions, and these
planets may also have inherently different feeding zones compared to the more dis-
tant target planets (Earth analogs) required in KC15.

In addition, because the isotopic difference between the Earth and Mars analog
pair is always fixed at 0.32%., the A'70 gradient imposed on the initial disk of plan-
etesimals is completely dependent on the separation between the mean formation
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Fig. 1. The distribution of |A'”O| for Theia analogs when employing the Earth, Mars,
and Theia analog selection criteria of MPR15 (dashed blue) and when employing the
analog selection of KC15 (red solid). The criteria are applied to the same sets of
simulations (CJS and EJS from KC15). The shaded region marks Theia analogs with
|A170| values that are less than or equal to that of the Moon (0.015%o). (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

distance of the Mars analog and the mean formation distance of the Earth analog. A
larger separation will produce a flatter gradient, which will in turn yield a smaller
difference between the Earth’s and Theia’s isotopic composition (they are identical
if the gradient is completely flat). In many instances, the 4th planet of simulated
systems (the Mars analog under the MPR15 criteria) orbits well beyond 2 AU.
This often leads to orbital separations of over ~1 AU between the Earth and Mars
analogs used to set the A'70 gradient in MPR15.

If these widely separated planets also have widely separated mean formation
distances, we might expect that some of the success cases of MPR15 come from sys-
tems with unusually flat A0 gradients. In fact, MPR15 explored the effects of
employing steeper A'70 gradients in their Extended Data Table 2 and found a sig-
nificant decrease in the fraction of isotopically Earth-like Theia analogs if the disk
A'70 gradients were increased by 25%. In addition, we find a correlation coefficient
of 0.72 when we compare the mean formation separations with the final orbital
separations for the MPR15 Earth-Mars pairs. Given this, we may expect that the
widely separated Earth-Mars pairs of MPR15 will in fact have widely separated
mean formation distances, resulting in flat A0 gradients.

The separations of the mean formation distances for Earth-Mars pairs selected
with the KC15 and MPR15 criteria are shown in Fig. 2. As expected, we see that the
Earth-Mars pairs selected by the MPR15 prescription have a long tail to very high
separations not seen among the Earth-Mars pairs selected with the KC15 criteria.
As mentioned previously, performing the MPR15 analysis on our simulations yields
10 instances where Theia’s |A'70| is less than or equal to the Moon’s. As Fig. 2
shows, 6 of these 10 instances have Earth-Mars pairs that lie in the tail of very high
Earth-Mars separations, which require flat A0 gradients. This suggests that the
different distributions of Earth-Mars analog formation distances is a primary rea-
son for the increased likelihood that Theia has an Earth-like isotopic composition
in MPR15.

The large separations between the mean formation distances of Earth analogs
and Mars analogs seem to only occur in systems where at least one of the two ana-
log planets has a very small mass. In Fig. 3 we plot the formation distance separa-
tion against the minimum planet mass of each Earth—-Mars analog pair. Here we see
that the separation between Earth’s and Mars’ formation distance is only above 1
AU if at least one of the analog planets has a mass well below 0.1 M,,. These very
low mass planets are comprised of one to a few particles, and it has been shown
that individual particles can migrate very large distances during terrestrial planet
formation simulations (Chambers, 2001; Raymond et al., 2004; Morishima et al.,
2010). This causes the large formation distance separations and the flat A'70 gradi-
ents that are consequently imposed. If we only consider cases where both Earth and
Mars analogs have masses above 0.06 M., (approximately the smallest planetary
mass seen in our Solar System) then the fraction of MPR15 Theia analogs with
|A'70]| < 0.015%. drops to just 3% (1 out of 31 cases), nearly the same as the KC15
results.

It should be noted, however, that Mars analogs should in fact be substantially
smaller than the Earth analogs, and no such requirement was made in KC15. If
we use the KC15 Earth-Mars pairs and now require that the Earth analog is at least
twice as massive as the Mars analog, our usable sample of simulations drops from
53 to 18. Of these 18 systems, we still only have one Theia analog with
|A170]| < 0.015%0 (a 5.5% success rate), and the median value of |AO| actually in-
creases slightly (0.16%c vs. 0.18%c). Thus, the results of KC15 do not seem to be
due to having selected Mars analogs that are unrealistically massive.
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Fig. 2. The distribution of separations between the mean formation radii of Mars
analogs and Earth analogs as selected by the criteria of MPR15 (dashed blue) and by
the criteria of KC15 (red solid). The distribution of Earth-Mars separations is also
shown for simulations that yielded Theia analogs with |A'70| values equal to or less
than that of the Moon when employing the MPR15 criteria (dotted black). (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)
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