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Figure 7. The fraction of planetary mass dissolved in the surface
convective zone of a star as a function of the initial planetary
mass, Mp and fractional tangential velocity ṽ?. The black line
marks the locus where enough material is deposited in the convec-
tive zone to produce the surface abundances seen in M67 Y2235.
The stellar model is a 1.18M�, solar-metallicity star at an age of
4Gyr, matching the position of Y2235 in our isochrones.

Tidal disruption of the planet will take place when the orbit
reaches approximately
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R?, (11)

which for our fiducial model is about 0.86R�, well inside
the convective zone. We also do not attempt to model the
e↵ect of the injected energy on the envelope’s structure. For
a giant planet this would likely be sigificant, and
hence we restrict our model to terrestrial planets
and super-Earths; for a calculation of likely observable
e↵ects of the engulfment of Jupiter-mass planets we
refer the reader to Metzger et al. (2012).

3.3.1 Di↵erential settling

The analysis that we have carried out here ignores the ef-
fects of di↵erential gravitational settling. The results of Liu
et al. (2019) show that, for most elements, gravitational set-
tling provides a good description of the evolution of sur-
face elemental abundances seen between the main sequence,
turn-o↵ and subgiant branch. Our assumption here is that,
since 0.128 dex is a small abundance di↵erence, the relative

rates of settling between polluted and unpolluted stars will
remain roughly the same, and hence the abundance di↵er-
ence will be retained through subsequent settling. Given the
uncertainties involved in the analysis this seems like a rea-
sonable approximation to make: if it is incorrect the only
likely e↵ect is to slightly increase the mass of planet that we
need to accrete.

3.3.2 Convective overshooting

Our models are calculated with mild convective overshoot-
ing. We set the overshooting parameter in stars �ov = 0.12,
following the recommendations of Schroder et al. (1997) and
in rough consistency with the more recent study of Stancli↵e
et al. (2015). Without overshooting we require a slightly
younger model (3.8Gyr) to match M67 Y2235. This is be-
cause convective overshooting increases the size of the small
core convection zone which forms in this model, thereby
bringing more mass into the central burning region and pro-
longing the life of the star. The e↵ect on the envelope struc-
ture when the star reaches the position of M67 Y2235 in
the HR diagram, however, is su�ciently small as to make
no significant di↵erence to our conclusions. Figure 8 shows
the mass deposited into the surface convection zone as a
function of ṽ? for a 6M� planet. The black solid line shows
the fiducial model, the red dashed line the model without
overshooting. The di↵erences are small.

One e↵ect of the ingestion of the planet is to de-
posit angular momentum in the convective envelope,
which in theory could a↵ect the depth of convective
overshoot and hence the e↵ective depth of the con-
vective zone. Using Equation 9 and considering a
planetary orbit that grazes the stellar surface, the
total orbital angular momentum of the planet, Jp is

Jp ⇡ Mp

p
2GM?R?. (12)

Depositing this into the convective zone of the star,
which for this simplified calculation we treat as hav-
ing the moment of inertia Icz of a spherical shell at
the stellar radius undergoing solid-body rotation, we
obtain its rotational period P after ingestion of the
planet as

P =
2⇡Icz
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mcz

MP

R?

vesc,?
⇡ 25 d, (13)

where vesc,? is the stellar escape velocity. Whilst we
have neglected any pre-existing angular momentum
this period is of the same order of magnitude as the
typical rotation period for a solar-like star, so we
consider it unlikely that it will drive any significant
additional mixing below the base of the convective
zone.

3.3.3 Time of impact

We have modelled the impact of the planet onto M67 Y2235
as it is at its present age, but the convective envelope was
shallower at previous times (see Figure 3). A planet trans-
port process with a long timescale could lead to planetary
engulfment at any time in the star’s history. The blue dot-
ted line in Figure 8 shows the e↵ect of engulfment at 2Gyr,
when the star’s accretion zone is at its shallowest extent.
Slightly less mass is deposited into the convective zone com-
pared to the fiducial model, and the value of ṽ? for which all
mass is deposited into the surface convection zone is reduced
from 0.42 to 0.4. As will be seen from the analysis below,
this di↵erence is small for realistic initial planetary orbits.
If some of the mass deposited between 0.02 and 0.035M�
from the stellar surface does not di↵use down into the inte-
rior it may be swept back up by the convective zone during
its subsequent deepening.
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