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Figure 1. Di↵erences in special abundances between M67 Y2235
and the mean value for M67 Y535 and M67 Y1388. Data are
taken from tab. 3 of Liu et al. (2019). Uncertainties are those for
Y2235. The red horizontal line shows the mean abundance o↵set
of 0.128 dex.

Y535 and Y2235), and three subgiants (Y1844, Y519, and
Y923). We focus here on the turn-o↵ stars. Y1388 and
Y535 have the same elemental abundances as one another
to within the uncertainties (⇠ 0.02 dex), and are in qualita-
tive agreement with the evolutionary models of Dotter et al.
(2017), which include changes to atmospheric metal abun-
dances through atomic di↵usion, radiative levitation, and
turbulent di↵usion. However, the third turn-o↵ star, Y2235,
has enhanced elemental abundances compared to the other
two, as shown in Figure 1. The di↵erences show no par-
ticular trend with atomic number or sublimation tempera-
ture (unlike between some pairs of stars; see Meléndez et al.
2009, 2017; Ramı́rez et al. 2015) and, to within the obser-
vational uncertainties, are consistent with a constant o↵set
of 0.128 dex in each species. The presence of a systematic
o↵set is significant to about six sigma.

Abundance di↵erences such as these have often been at-
tributed to the presence of extra-solar planets, in two ways:
the formation of planets might lock up heavy elements in the
protoplanetary disc, preventing their accretion onto the star
and reducing the photospheric abundances (Meléndez et al.
2009; Chambers 2010; Ramı́rez et al. 2015); alternatively,
the accretion of a planet might increase photospheric abun-
dances (Sandquist et al. 2002; Ramı́rez et al. 2015; Meléndez
et al. 2017). This latter process is particularly e↵ective if the
accretion takes place once the host star has reached the main
sequence, as its convective envelope is then small and the
material of the planet can provide a large abundance enrich-
ment if it mixes into a relatively small fraction of the star.
Often the required quantities of material are estimated to
be a few Earth masses (e.g., Meléndez et al. 2017; Liu et al.
2018). This places potential ingested planets in the class of
super-Earths, a class which has been shown to be extremely
common, with transit and radial-velocity surveys giving oc-
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Figure 2. Model isochrones generated using stars. Surface grav-
ity log10 g is plotted against e↵ective temperature Te↵ . The black
solid line shows a 4.5Gyr isochrone, the green dashed line is for
4Gyr and the salmon dotted line for 3.5Gyr. Purple error bars
show the observations from Liu et al. (2019): subgiants are plot-
ted with squares, turn-o↵ stars with circles and dwarfs with dia-
monds. M67 Y2235 is shown with a filled symbol. Isochrones are
calculated for stellar masses between 1M� and 1.4M�.

currence rates of 30� 70% (Mayor et al. 2011; Fressin et al.
2013; Zhu et al. 2018; Zink et al. 2019). Therefore, the po-
tential to pollute stellar photospheres by ingesting planets
may exist in many systems.

Motivated by these observations, we further explore the
scenario where a star’s photospheric abundances are en-
hanced by the late accretion of a terrestrial or super-Earth
planet. We focus on M67 Y2235 and investigate the evapo-
ration and orbital decay of super-Earths that penetrate the
stellar photosphere, and the initial conditions for these tra-
jectories that arise when planets are delivered to the star by
dynamical interactions with other planets or binary stellar
companions. The paper is structured as follows. In Sections 2
and 3 we describe our stellar models and our model for the
ingestion of planets by their host star. Section 4 contains a
discussion of the various means of transporting super-Earth
planets to the stellar surface, and Section 5 a discussion of
the consequences of our models for M67. Finally we conclude
in Section 6.

2 STELLAR MODELS

We calculate stellar models using the stars code (Eggleton
1971; Pols et al. 1995). We employ standard input parame-
ters, including solar metallicity, a convective mixing length
that matches the Sun today, and convective overshooting
with �os = 0.12 (Schroder et al. 1997). We distribute 295
models between 1M� and 1.4M� so as to resolve the fea-
tures in isochrones of 3.5Gyr, 4Gyr and 4.5Gyr: see Fig-
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