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Figure 5. As for Figure 4, but for three orbits with larger values
of ṽ?. The planet with ṽ? = 0.53 (thick, black, solid line) is
destroyed on its first plunge into the star. Planets with ṽ? =
0.47 (short-dashed red line) and ṽ? = 0.44 (long-dashed blue
line) both survive the first orbit but are destroyed on the second
passage.

stroyed rapidly. Figure 5 shows a few cases around the
boundary between long-lived and short-lived systems for a
planet mass of 10M� (3⇥ 10�5 M�). The thick black solid
line shows a planet with ṽ? = 0.53; it is destroyed on its first
plunge into the star and only 10 per cent of the planet’s
mass is deposited in the convective zone. The case with
ṽ? = 0.47 (red short-dashed line) emerges from the star
but is destroyed on its second orbit; about one-third of the
planet’s mass ends up in the convective zone. Finally, the
blue long-dashed line shows the orbit for ṽ? = 0.44. Once
again the planet is destroyed on its second pass through the
star; although the planet only grazes the radiative region
below the convective zone nearly 45 per cent of its mass is
deposited there.

The fact that a relatively grazing orbit can deposit most
mass beneath the convective zone seems counter-intuitive,
but Figure 6 shows why it is the case. The orbit plotted is
that with ṽ? = 0.47 for a 10M� planet. Firstly, whilst the
orbit only dips below the convective zone by about 0.1R�,
it remains below the convective zone for more than a third of
the total time spent inside the star since it is moving almost
tangentially at that point. Secondly, the mass loss rate Ṁp /
v

3
⇢? (Equation 7). The velocity reaches its maximum whilst

below the convective zone and ⇢? is a strong function of
depth, making the average mass-loss rate in this part of the
orbit much larger. As a result more than two thirds of the
mass deposited on the first pass ends up below the convective
zone.

When considering the whole parameter space of pos-
sible impacts, this e↵ect leads to a sharp division. Planets
that stay within the surface convective zone on their first
orbit are, by and large, disrupted in the convective zone;
hence all their heavy metal content is available to pollute
the stellar photosphere. On the other hand, planets that pass
more than slightly below the convective zone are mostly dis-
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Figure 6. Details of the orbit of a planet during its first pass
through the star. The initial planet mass is 10M� and ṽ? = 0.47
(i.e., the short-dashed red orbit in Fig 5). The bottom panel
shows orbital radius r as a function of time t, with the stellar
radius and convective zone shown as dotted red lines. Subsequent
panels show the planet velocity v and mass-loss rate Ṁp, the
stellar density local to the planet ⇢?, and the planet mass Mp.
The line is coloured according to Mp; the scale can be read o↵ the
top panel. Light red shaded regions show times when the planet is
inside the surface convective zone, less-light blue shaded regions
when it is beneath the convective zone.

rupted in radiative regions of the star and the majority of
their heavy metal content does not contribute to the photo-
sphere. Figure 7 shows this behaviour graphically. At high
planet mass (& 1M�) there is a relatively clean separation
between planets that contribute all of their mass to the con-
vective zone and planets where most of the mass does not
end up in the convective zone. At lower masses (. 1M�), the
planet is mostly disrupted on the initial orbit and hence even
plunging orbits can contribute most of the planet’s mass to
the convective zone since they are destroyed before reaching
its base. The black solid line shows the range of parameters
for which enough metals are absorbed into the convective
zone to change the surface abundance by 0.128 dex, as re-
quired for M67 Y2235.

3.3 E↵ects of assumptions and parameter choices

We have made a number of assumptions in constructing this
model. We neglect dynamical friction since Equation 4 shows
that it is insignificant compared to gas drag. We also neglect
accretional drag. The planet is highly supersonic – the Mach
number is around 100 – and moving through a medium much
less dense than itself, so we expect accretion to be negligible.

MNRAS 000, 1–13 (2019)


