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Abstract. The evolution of the orbits of bodies ejected from the Earth, Moon, Mer-
cury and Mars was studied. The probabilities of collisions of ejected bodies with planets
depended on ejection velocities, ejection angles and points of ejection. At a velocity
of ejection close to the parabolic velocity, most of bodies fell onto the planet from
which they had been ejected. Below results are presented not for such small ejection
velocities. At ejection velocities about 12-14 km/s, the fraction of bodies ejected from
the Earth that fall back onto the Earth was about 0.15-0.25. The total number of
bodies ejected from the Earth and delivered to the Earth and Venus probably did not
differ much. The probability of collisions of bodies ejected from the Earth with the
Moon moving in its present orbit was of the order of 0.01. Probabilities of collisions of
bodies ejected from the Earth with Mercury were about 0.02-0.08 at ejection veloci-
ties greater than 11.3 km/s. The probabilities of collisions of bodies ejected from the
Earth with Mars did not exceed 0.025. For the ejection of bodies from the present orbit
of the Moon, probabilities of collisions of ejected bodies with planets were similar to
those ejected from the Earth if we consider smaller ejection velocities from the Moon
than from the Earth. The probability of a collision of a body ejected from Mars with
Mars usually did not exceed 0.04 at an ejection velocity greater than 5.3 km/s. The
fraction of bodies ejected from Mars and collided with Mercury was typically less than
0.08. Probabilities of collisions of bodies ejected from Mars with the Earth and Venus
were about 0.1-0.2 (each) at an ejection velocity between 5.05 and 10 km/s. Most
of bodies ejected from Mercury fall back onto Mercury. Probabilities of collisions of
bodies ejected from Mercury with the Earth typically did not exceed 0.02 and 0.1 at
an ejection velocity less than 8 km/s and 15 km/s, respectively. The fraction of bodies
ejected from Mercury and collided with Venus was greater than that with the Earth
typically by an order of magnitude. Probabilities of collisions of bodies with Venus
were about 0.1-0.3 at a velocity of ejection from Mercury between 4.3 and 10 km/s.
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1 Introduction and initial data

Gladman et al. (2005) and Reyes–Ruiz et al. (2012) studied the motion of bodies
ejected from the Earth at collisions of bodies-impactors with the Earth during 30
Kyr. Considered initial velocities were perpendicular to the surface of the Earth.
Wetherill (1984) considered the evolution of the orbits of bodies ejected from Mars
in random directions with velocity of ejection varied from 5 to 7 km/s. Gladman et
al. (1995, 1996) and Gladman (1997) simulated the evolution of the orbits of bodies
ejected from the Moon (with ejection velocities of 2.3 and 3.5 km/s), Mars (with the
values vinf = (v2ej−v2esc)

1/2 of a velocity at the infinity from 1 to 3.3 km/s, where vesc
is the escape velocity), and Mercury (with vinf=1 km/s). They studied characteristic
times before the collisions of these bodies with the Earth and the fraction of bodies
that fell onto the Earth. Gladman & Coffey (2009) studied the planetary-influenced
motion of bodies ejected from Mercury with velocities equal to 4, 9, 14, 20, and 25
km/s.

In each my calculation variant, the motion of N◦=250 bodies ejected from a
celestial object was studied for fixed values of an ejection angle iej, a velocity vej of
ejection, a place of ejection, and a time step ts of integration. In different variants,
the values of iej equaled to 15◦, 30◦, 45◦, 60◦, 89◦ or 90◦. For ejection from the
Earth vej equaled mainly to 11.22, 11.5, 12, 12.7, 14, 16.4, or 20 km/s. In most
calculations, bodies started directly from surface of a considered celectial object. For
Mars, Mercury, and Moon, vej varied from a parabolic velocity on the surface of a
celestial object to 20 km/s. In each variant, bodies started from one of six considered
opposite points on planet’s surface (Ipatov, 2024). For the starting points F and
C, the motion of the bodies started at most and least distant points of the planet’s
surface from the Sun (located on the line from the Sun to the planet), respectively. For
the points W and B, the bodies started from the forward point on the planet’s surface
in the direction of the planet’s motion and from the back point on the opposite side of
the planet, respectively (from apex and antapex). For the points U and D, the bodies
started from points on the planet’s surface with the maximum and minimum values
of z (with the z axis perpendicular to the plane of the planet’s orbit), respectively.

The motion of bodies was studied during the dynamical lifetime Tend of all bodies,
which equaled to a few hundred Myrs. During this time interval, all bodies collided
with planets or the Sun or were ejected into hyperbolic orbits. The gravitational
influence of the Sun and all eight planets was taken into account. Bodies that col-
lided with planets or the Sun or reached 2000 AU from the Sun were excluded from
integration. The symplectic code from the SWIFT integration package by Levison &
Duncan (1994) was used for integration of the motion equations. The considered time
integration step ts equaled to 1, 2, 5, or 10 days. For the Earth and Mars, the results
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of calculations with different ts were compared and gave similar results. For ejection
from the Earth, Moon, and Mars most of calculations were done with ts=5 days. Mo-
tion of bodies ejected from Mercury studied with ts=1 day. Probabilities of collisions
of bodies with the Moon were calculated based on the arrays of orbital elements of
bodies (Ipatov, 2019, 2024). Such ejection was often at the stage of accumulation of
the terrestrial planets and at the Late Heavy Bombardment.

2 Results of calculations

2.1 Probabilities of collisions of bodies ejected from the Earth with the
Earth and the Moon

At ejection velocities vej≤11.25 km/s, i.e., slightly greater than the parabolic velocity,
most of the bodies ejected from the Earth fell back onto the Earth. At vej equal to
11.5 or 12 km/s, the values of the probabilities pe of collisions of bodies with the
Earth did not differ much for different starting points on the Earth’s surface. At
vej=11.5 km/s, the probability pe of collisions of bodies ejected from the Earth with
the Earth was about 0.2–0.3. At ejection velocities about 12–14 km/s, the value of
pe was about 0.15–0.25, mean velocities of collisions of bodies with the Earth and
the Moon were about 14–20 and 10–16 km/s, respectively. The value of pe is greater
for smaller ejection velocity. The ratio of the probability of collisions of bodies with
the Earth to the probabilities of collisions of bodies with other planets and the Sun
usually decreased with time. For example, the ratio of probabilities of collisions of
bodies with the Sun at T=Tend and at T=10 Myr could reach 5, although the ratio
of pe at these times could be less than 1.5. The significant difference in the results
for different ejection points was for bodies ejected from the forward point W of the
Earth’s motion at vej≥16.4 km/s and iej≥45◦. In this case, more than 80% of the
bodies were thrown into hyperbolic orbits, most of other bodies collided with the
Sun, and pE could be 0.

The probability of collisions of bodies ejected from the Earth with the Moon
moving in its present orbit was of the order of 0.01 (Ipatov, 2024). A large Moon
embryo should be formed close to the Earth in order to accumulate material ejected
from the Earth’s mantle which is not rich in iron. For more efficient growth of the
Moon embryo, it is desirable that after some collisions of impactor bodies with the
Earth, the ejected bodies did not simply fly out of the crater, but some of the matter
went into orbits around the Earth, as in the multi-impact model.
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2.2 Probabilities of collisions of bodies ejected from the Earth with
Venus, Mercury, Mars, and the Sun

In considered calculations, the probabilities pv of collisions of the bodies ejected
from the Earth with Venus at the end of evolution were often about 0.2–0.35 at
11.5≤vej≤16.4 km/s. The values of pv were about pe at vej=11.5 km/s, were greater
than pe at vej≥12 km/s, and were less than pe at vej≤11.4 km/s. The total number
of ejected bodies delivered to the Earth and Venus probably did not differ much. The
obtained results testify in favour of that the upper layers of the Earth and Venus can
contain similar material. Probabilities of collisions of bodies ejected from the Earth
with Mercury at T=Tend were about 0.02–0.08 and 0.03–0.05 at 11.3≤vej≤11.5 and
12≤vej≤20 km/s, respectively. The probabilities of collisions of bodies with Mars
were smaller than those with Mercury and did not exceed 0.012 and 0.025 at T=10
Myr and T=Tend, respectively. More material ejected from the Earth was delivered to
Mercury than to Mars. The probabilities of collisions of bodies with Jupiter were of
the order of 0.001. The fraction of bodies colliding with the Sun often ranged from 0.2
to 0.5 at 11.3≤vej≤14 km/s. The fraction of bodies ejected into hyperbolic orbits was
mainly greater for a greater ejection velocity. During a whole considered time interval
it did not exceed 0.1 at vej≤12 km/s. At vej≥16.4 km/s and iej≥60◦, all bodies were
ejected from the Solar System if they started from the front (in the direction of
the motion) point W of the Earth. At iej=45◦ and vej=16.4 km/s, the fraction of
bodies ejected from the Solar System was about 0.25–0.27 if points of ejection were
not in the front or back of the Earth’s motion. The fractions of collisions of bodies
ejected from the Earth with planets could be similar to the fractions of collisions of
planetesimals with planets for planetesimals that were left in the feeding zone of the
Earth at the late stages of its formation. More detailed studies of the migration of
bodies ejected from the Earth are presented in the paper which is in press in Icarus.

2.3 Probabilities of collisions of bodies ejected from the Moon with the
Earth

At the ejection of bodies from point F for the present orbit of the Moon (with its
distance from the Earth rME=60rE, where rE is the radius of the Earth), T=10
Myr, and 30◦≤iej≤60◦, pe was about 0.2–0.25 at vej=2.5 km/s, 0.13–0.14 at vej=5
km/s, and 0.06–0.07 at 12≤vej≤16.4 km/s. At T=Tend and 15◦≤iej≤89◦ pe was about
0.27–0.35 at vej=2.5 km/s, 0.2–0.25 at vej=5 km/s, and 0.1–0.14 at 12≤vej≤16.4
km/s. That is, at velocities slightly greater than the parabolic velocity, the values
of pe could be approximately the same for the ejection of bodies from the Earth
and the Moon, but for different ejection velocities, if we take into account the lower
minimum velocities of bodies ejected from the Moon. For vej=11.22 km/s, T=10
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Myr, 30◦≤iej≤60◦, and rME=37rE, the value of pE was about 0.04–0.13. Bodies
ejected from the lunar embryo, which was moving close to the Earth, fell back onto
the Earth and the Moon if their ejection velocity was less than the corresponding
parabolic velocity. At vej=2.5 km/s and rME=3rE the dynamical lifetime of the
ejected bodies was less than 5 days. At rME=5rE and vej=2.5 km/s, most of the
ejected bodies quickly fell onto the Earth, but at iej≤30◦ some of the bodies left
the Hill sphere of the Earth. At vej=5 km/s (approximately the parabolic velocity
of the Earth at rME=5rE), T=Tend, and rME=5rE, the value of pe was about 0.3
(0.26–0.37) for iej from 15◦ to 89◦.

2.4 Probabilities of collisions of bodies ejected from Mars with planets

The probability pma of a collision of a body ejected from Mars with Mars was con-
siderable only at an ejection velocity vej close to the parabolic velocity. Below the
results for vej≥5.05 km/s are presented. For such vej, the values of pma were rela-
tively small. For ejection of bodies from points C, D, F, and U, the values of pma

were mainly about 0.04–0.25, 0.01–0.04, and 0–0.02 at 5.05≤vej≤5.3, 5.5≤vej≤10,
and 15≤vej≤20 km/s, respectively. For point B, the value of pma was typically smaller
than for the above points. For point W, pma=0 at 15≤vej≤20 km/s, and pma could
exceed 0.3 at vej=5.05 km/s. Probabilities pe of collisions of bodies ejected from Mars
with the Earth for points C, D, F, and U were mainly about 0.08–0.16 and 0–0.16
at 5.05≤vej≤10 and 15≤vej≤20 km/s, respectively. For point B, pe could exceed
0.24. For point W, the values of pe were in the range between 0 and 0.15. Often,
at vej≥5.2 km/s, the probabilities of collisions of bodies with Venus were slightly
greater than those with the Earth. Probabilities pv of collisions of bodies ejected
from Mars with Venus for points C, D, F, and U were mainly about 0.08–0.2 and
0.02–0.2 at 5.05≤vej≤10 and 15≤vej≤20 km/s, respectively. For point B, the value
of pe could exceed 0.3. For point W, pe was in the range between 0 and 0.18. Bod-
ies ejected from Mars could collide with the Earth after 0.1 Myr, and some of the
bodies could collide with the Earth after hundreds of million years. For example, for
point F at vej=6 km/s, iej=45◦, ts=5d, and N◦=250, there were 32 collisions with
the Earth between 0.22 and 270.9 Myr. Among these collisions there were 4, 7, 6, 7,
2, 4, and 2 collisions at time t<1, 1<t<5, 5<t<20, 20<t<50, 50<t<200, and t>200
Myr, respectively. In this case about a half of bodies collided with the Earth after
20 Myr, and some martian meteorites could travel for tens of million years in space
before their collisions with the Earth.

The fraction of bodies ejected from Mars and then colliding with Mercury was
usually less than 0.06 and was greater than the fraction of bodies colliding with Mars
for vej≥6 km/s. For ejection from points C, D, F, and U, the values of the fraction
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pme of bodies collided with Mercury were mainly about 0.02–0.08 at 5.05≤vej≤20
km/s. For point B, the value of pme was in a wider range (0.016–0.2) than for the
above four points. For point W, pme=0 at 15≤vej≤20 km/s, and it could exceed 0.06
at vej=5.1 km/s. The values of the fraction of bodies collided with the Sun were
typically between 0.2 and 0.9 for points C, D, F, U, and B. Usually, at 5.1≤vej≤8
km/s more than a half of bodies collided with the Sun. The probability of ejection
of a body into a hyperbolic orbit was less than 0.1 at vej≤6 km/s, but it could
exceed 0.9 at vej=20 km/s. For point W and 15≤vej≤20 km/s, almost all bodies
were ejected into hyperbolic orbits. For point B less than 10% of bodies were ejected
into hyperbolic orbits. For other four points, the probability of such ejection varied
from 0.02 to 0.9 depending on an ejection velocity and an ejection angle.

2.5 Probabilities of collisions of bodies ejected from Mercury with
planets

Most of the bodies ejected from Mercury fell back onto Mercury. The probabilities
of collisions of bodies ejected from Mercury with the Earth usually did not exceed
0.02 and 0.1 at vej<8 km/s and vej<15 km/s, respectively. The probabilities of their
collisions with Venus were usually about 0.2–0.3 at 6≤vej≤10 km/s. The fraction of
bodies colliding with Venus was usually greater by an order of magnitude than with
Earth. The difference was larger at lower ejection velocities. The fraction of bodies
ejected into hyperbolic orbits did not exceed 0.01 for most calculation variants.
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