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on the binary orbit will be negligible. While our binary sep-
arations are extremely close for circumprimary planetary
systems, we find that even a binary separation of 5 au leads
to extremely grazing orbits. Any wider binary would lead to
still more grazing orbits as the forcing is weaker and hence
the orbital change per orbit of the innermost body becomes
smaller.

In our second experiment, we set up 100 systems likely
to be unstable to planet–planet scattering. The systems each
possess two 10M� super-Earths and three 318M� giant
planets on exterior orbits. The innermost super-Earth is
placed at 0.5 au and subsequent planets are spaced by 4� 6
mutual Hill radii. Initial eccentricities are set to zero and in-
clinations randomly chosen to be within 5� of the reference
plane.

4.3 Simulation results

For our di↵erent simulation sets, we record the position and
velocity of planets at the point when they first encounter
the stellar surface, and hence derive the orbital elements and
the fractional perpendicular velocity ṽ?. These results are
shown in Figure 9. The lower panel shows simulations set
up to undergo companion-driven Lidov–Kozai cycles. The
dashed green line at ṽ? = 0.4 marks the boundary where
terrestrial planets of all masses are dissolved in the convec-
tive envelope of our reference model. The simulations with
a perturbing star at 2 au undergo Lidov–Kozai cycles with a
short period of ⇠ 200� 300 yr, meaning that the change in
the planet’s pericentre per orbit can be significant. As a re-
sult they have a spread of ṽ? values, although the median is
still as low as 0.29. These systems represent a very extreme
case unlikely to be seen in practice as exchanges into a 2-
au binary in typical birth environments will be very rare. In
the cluster simulations of Malmberg et al. (2011), who simu-
lated relatively dense birth environments, such close binaries
were never created. On the other hand, with the perturbing
companion at 5 au the cycles proceed smoothly and the plan-
ets enter the star on very tangential orbits, with a median
ṽ? of 0.05. In all cases the semi-major axes are not much
changed from the initial values.

The planet scattering runs produce a rather smaller
number of impactors (49 from 100 systems; see top panel of
Figure 9). The planets have a much broader range of semi-
major axes at impact, but the impacts are still rather graz-
ing, with a median ṽ? of 0.12. Only three of the impactors
are su�ciently eccentric to penetrate below the convective
zone. We have also run a set of simulations of scenarios sim-
ilar to those proposed by Liu et al. (2018) for HD 80606/7,
which yields even more grazing orbits, with a median ṽ?
of 0.03. We find that, even in simulations where scattering
takes place, a planet is typically not delivered to the photo-
sphere as a direct result of a strong scattering event. Rather
the scattering excites the eccentricities and inclinations of
the giant planets, which in turn drive one of the super-Earth
planets to the stellar surface through secular interactions. In
general, the greater the change in orbital elements per orbit,
the deeper can be the penetration into the stellar envelope.
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Figure 9. Orbital properties of planets that impact the surface
of their host stars in our N -body simulations. The orbital semi-
major axis at impact, a, is plotted as a function of the ratio
of the perpendicular velocity to the total planetary velocity, ṽ?
(lower axis), and equivalent impact parameter b (upper axis). Top
panel: scattering simulations with a system of two super-Earth
planets and three Jupiter-mass planets, unstable to planet–planet
scattering (blue squares). Bottom panel: Lidov–Kozai simulations.
Super-Earth planets are placed on orbits between 0.4 and 0.5 au.
Lidov–Kozai cycles are forced by a binary companion of mass
0.1M� on orbits of 2 au (black circles) or 5 au (red triangles).
The green dashed vertical line shows the boundary, leftward of
which all masses of terrestrial planet will be dissolved entirely
within the convective envelope of our reference star.

4.4 Summary

The conclusions that we take from these simple numerical
experiments are as follows. Both Lidov–Kozai cycles induced
by exchanges into binaries and by stellar flybys, and planet-
planet scattering caused by inherently unstable planetary
systems, can change the orbital properties of planets so that
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