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Figure A1. Corner plot result for 55 Cnc e by simulating cmf, amount of iron in the mantle and amount of Si in the core for a given
mass and radius. Chemical ratios Fe/Si and Mg/Si are derived quantities.
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Trend of Core-Mass Fraction with Insolation
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RTR, as this requires the planet to have volatiles in large
enough quantities to a↵ect its radius, and hence, its com-
position cannot be uniquely determined with only mass and
radius measurements. We have also denoted the planets that
can intersect the RTR by examining the 1� confidence in-
terval on mass and radius observations. These planets have
the highest probability of being volatile within our sample.
Again, given that we cannot rule out the possibility of an
envelope with mass-radius pair measurements, our estimates
of refractory ratios of Fe/Mg, Fe/Si and cmf correspond to
minimum values.

We have shown the results of our MCMC simulation
combined with interior modeling for 55 Cnc e in Figure A1
as an example of our procedure employed with the 33 ex-
oplanets in our sample. This particular case was obtained
varying the amount of Si and Fe in the core and mantle,
respectively (case III).

We show the MAP and the 1� values obtained for mass,
radius, cmf, amount of Si in the core, and amount of Fe in
the mantle, and derived chemical ratios Fe/Si and Fe/Mg.
As expected, the most well-constrained compositional pa-
rameter is the cmf owing to the fact that for a given mass it
influences the radius the most, compared to the other two
parameters, XSi and XFe, within the bounds considered. This
can be seen as well from the strong correlation between ra-
dius and cmf in the corner plot (Figure A1).

We employ this procedure for all planets and summarize
the results in Table A1 and A2, that correspond to planets
that are well within the rocky region, and those that inter-
sect the RTR and may be volatile, respectively. We find that
the di↵erence between the di↵erent compositional cases is
small, and therefore, we only show the results for the most
general compositional case (III). The radius and mass re-
ported in Table A1 and A2 di↵erentiate from the observa-
tional values, given that our assumption of ’rocky’ exoplan-
ets excludes values above RTR and therefore, limit the pos-
terior. In addition, we show the marginal distribution of the
Fe/Si ratio of each planet in Figure A2.

To investigate possible trends in composition with solar
insolation, we show the results of cmf for all the planets as a
function of star flux received In Figure 5. If we assume all the
planets in our sample are rocky, we find that planets with
high cmf are absent at low insolation values. However, this
may be due to observational biases from Kepler data set at
large periods. We make a point of distinguishing by colour
and symbol the planets that may be volatile and intersect
the RTR (i.e. RTR planets) from those that are more likely
to be rocky and do not intersect the RTR (i.e. non-RTR
planets).

There is an intriguing handful of RTR planets at very
high insolation values that are iron-deficient with respect to
Earth: 55 Cnc e, HD-80653b, K2-131b, WASP-47e. Should
they be volatile instead of being rocky (with a higher cmf
for their rocky interior), the composition of their envelope
would be key to understanding formation models. If their
atmospheres are H/He dominated, one would have to explain
how they avoided atmospheric evaporation. On the other
hand, if they are water dominated, one would have to explain
their origin given how close they are to their parent star.

In contrast, LHS 1140b is a planet within the rocky
region with a minimum cmf of ⇠ 0.2 and lower insolation
compared to Earth (⇠ 0.5S�). With the low received stellar

Figure 5. Core-mass fraction as a function of received stellar flux
in term of Earth’s received flux. Magenta squares: planets that are
in the rocky region and intersect the RTR; Green circles: planets
that are in rocky region and do not intersect the RTR (within
1�). Given the observational bias against long period compact
planets, there seems to be no trend between core-mass fraction
and received flux. Intriguingly, a few RTR-planets have very high
insolation values and are consistent with small cmf, posing a chal-
lenge to formation theories.

flux, this planet may have a liquid/solid water layer, and if
so, the cmf would actually be larger.

As more data arrives, especially with the TESS mission
and the di↵erent instruments coming online that are capable
of measuring the masses of small planets around M Dwarfs
we will continue to build this data set and investigate any
trends in composition for super-Earths.

3.2 Star-Planet Population Comparisons

All planets in our selected sample, with the exception of
four, have host stars with undetermined chemical composi-
tion. Therefore, we perform chemical comparisons between
planets in our sample and that of stars as a population by
using the stellar abundances of planet-hosting stars from
the Hypetia Catalogue (Hinkel et al. 2014). The stellar data
from Hypetia usually has more than one reported measure-
ment of a chemical abundance for a given star, due to mul-
tiple observational reports. We use the mean values for the
chemical abundances for a given star and obtain the asso-
ciated error by assuming the calculated abundance follows
normal distribution. From this, we obtain the stellar chem-
ical ratios Fe/Mg and Fe/Si. Figure 6 shows the absolute
ratios Fe/Mg and Fe/Si by weight (not normalized to the
Sun) of the stars (in red), and those of the planets in our
sample. We also show the values for the Sun’s photosphere,
the Earth’s composition, and of a few di↵erent chondrites
that show the variation in composition in the Solar System.
Note that the figure is in logarithmic scale. The stars span
a much wider range in refractory ratios than samples in the
Solar System, except for enstatite chondrites that are known
for being iron-rich. Fitting normal distribution to the Fe/Si
(Fe/Mg) stellar chemical ratio yields a means of 1.69 (1.78)
and variances of 0.11 (0.13).
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Figure 6. Star-planet refractory composition comparison. Chem-
ical ratios of planet-hosting stars are shown in red at contours of
1 and 2 � values, compared to all the exoplanets grouped into
RTR-planets (purple squares) and non-RTR planets (green cir-
cles). Notice the axes are in logarithmic scale. The marginal dis-
tribution of Fe/Mg and Fe/Si are shown in the perimeter of the
scatter plot for stars (red), all exoplanets (grey) and exoplanet
sub-samples. Solar system objects are shown in yellow. Planets’
refractory ratios span a wider range than stars.

We show as well the results for each of the planets in our
sample in Figure 6, and distinguish between the RTR and
non-RTR planets. The planets align with a constant Mg/Si
line (of 1.04 by weight, similar to the Earth) by construction.
The spread around this value comes from allowing additional
Si to be in the core, while preserving the Mg/Si ratio in
the mantle. In comparison, the stars have a mean value of
Mg/Si of 0.95 by weight. Notice that in this space of chemical
ratios the ranges can span from 0 to infinity accentuating
di↵erences in a non-linear way.

From Figure 6, it is clear that planets span a wider
range of chemical ratios than those of the stars. Although,
error bars are large, especially for the iron-rich planets.

To perform a more quantitative comparison we obtained
the probability density distribution of the planets, by per-
forming a weighted kernel density estimation (KDE) on the
trimmed mean. We chose to trim the 10% upper quantiles
of each of the planets’ inferred compositional distribution,
to arrive at the trimmed mean for each planet. The motiva-
tion is that although the internal structure code allows for
pure iron-planets, these extreme composition are unlikely,
and correspond to infinite chemical ratios, which can artifi-
cially skew the distribution. Without trimming the data,
the means are 15% smaller, the medians a few per cent
smaller, and the modes are unchanged, compared to using
the trimmed distributions.

The bandwidth for the individual kernel was chosen by
implementing a cross-validation approach with an out-of-

Figure 7. The probability density distributions for core mass
fractions (right) and Fe/Si ratios (left) for stars (red) and exoplan-
ets obtained by re-sampling kernel density estimates. The first row
shows the exoplanet population as a whole (grey), and the second
row shows the KDEs grouped into RTR (purple) and non-RTR
(green) exoplanets. Comparison in cmf space more clearly shows
the di↵erences between the actual planets the expected composi-
tion from a primordial origin (stars).

training sample of 4. Subsequently, the kernels were weighted
by the inverse of their error before being added. The KDEs
for the trimmed means for Fe/Si and Fe/Mg are shown in
the perimeter of Figure 6 for all the planets, as well as the
RTR and non-RTR planets separately, in addition to the
distribution of stars. The distribution of planets is clearly
much wider than those of stars. Notice, that the logarithmic
scale accentuates di↵erences at low Fe/Si and Fe/Mg values,
and reduces di↵erences at high values. There distribution of
planets includes higher Fe/Si and Fe/Mg values than for
stars.

Another way to compare the distribution of planets to
those of the stars is to bootstrap di↵erent KDEs obtained
from sampling the distribution of each planet. That is, we
sample each of the compositional distributions of the 33
planets (e.g. from Figure A2) and with this group obtain
a KDE. We repeat this procedure 1000 times to obtain a
mean KDE, and 1� confidence interval around this distribu-
tion. This method has the advantage of taking into account
the spread in the compositional distribution of each planet,
which arises from the uncertainty in the mass and radius
measurements. The results are shown in Figure 7 both in
the chemical ratios (Fe/Si and Fe/Mg) and the cmf linear
space, while considering the planets as a whole or dividing
them into RTR and non-RTR planets.

If we consider all the planets in our sample, including
those that intersect the RTR and may be volatile, the dis-
tribution of planets is much wider than that of stars. The
planet’s distribution peaks at lower values for Fe/Si and
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Figure 10. Distribution of chemical refractory ratios for five exoplanets (55 Cnc e, HD-15337b, Kepler-21b, HD-219134b and c) in
comparison to their host star. Purple: RTR-planets, green: non-RTR planets, red: host star

performed a MCMC fitting routine by minimizing the log-
likelihood function:
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where cmf is the actual core-mass fraction and � is the nu-
merical error of the computation.
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4 SUMMARY AND CONCLUSIONS

In this study we aimed to compare the composition of rocky
planets to those of stars’. For this we chose a sample of over
30 planets with measured radius and mass and uncertainty
in both below 25%. We used a sophisticated internal struc-
ture model to constrain the cmf, Fe/Si and Fe/Mg ratios for
the planets.

We compared the planetary chemical ratios to those of
planet-hosting stars in a population sense. In this space, the

Figure 11. Residuals from our proposed fit to core-mass fraction
as a function of planetary mass and radius (see Equation 4). The
axes are in logarithmic scale and the colour bar represents the
residual value.

peak of the planet’s distribution is at lower Fe/Si values (of
0.9 vs 1.5), and a long tail that extends into compositions
of substantial iron-enrichment (Fe/Si& 5) compared to stars.
We distinguished planets that intersect the Rocky Threshold
Radius and may be volatile, from those that lie completely
within the rocky region. The RTR-planets, if indeed rocky,
would be depleted in iron with respect to the stars by a factor
of 2 in their Fe/Si ratios. Without a compelling theory for
forming iron depleted planets when compared to their stars,
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Figure 9. Uncompressed (⇢0) and bulk (⇢b) densities of the ex-
oplanet population within the rocky region with masses and radii
errors below 25%. Di↵erences in bulk density can arise from dif-
ferences in composition, and pressure regime, whereas di↵erences
in uncompressed density originate only from di↵erences in com-
position. Densities for Mercury (Me), Earth (E) and Mars (Ma)
are shown for reference. Size of the symbols represent di↵erent
received fluxes in terms of the Earth’s received flux. Colours and
symbols are the same as in Figure 6. There is a real absence of
planets at R > 1.6R� and ⇢0 > 5 that may indicate where runaway
growth takes over during formation. If highly irradiated compact
planets are the result of atmospheric evaporation, iron enrichment
and perhaps depletion is set before gas dispersal.

the other hand, planets with higher ⇢0 than Mercury are eas-
ier to observe (for a given radius). Intriguingly, perhaps the
most compact planets in the sample, with the highest ⇢0 are
delineating the upper compositional envelope of planet for-
mation. Likewise, the region that lacks planets correspond-
ing to R > 1.65R� and ⇢0 above Mercury is truly sparse.
This is because for planets to have Mercury’s composition
(or above) with such radius need to have mass over 11M�.
At those masses, all exoplanets lie beyond the RTR except
for K2-38b. This planet is particularly puzzling because it
has the most iron enrichment of all super-Earths with cmf =
0.78+0.14

�0.21, and the largest mass of a rocky planet at 12±2.9M�
(Sinuko↵ et al. 2016). It is worth observing this planet more

to reduce the error uncertainty in both radius and mass. If
the iron enrichment proves to be real, we do not have either
a compelling planet theory at the moment that can explain
such composition (Scora et al. 2020).

In addition, there is a pile-up of planets with a variety
of ⇢0 values at a radius of ⇠ 1.5R�. This threshold agrees
with the radius valley (Fulton et al. 2017), and the sug-
gested value by Rogers (2015) for distinguishing the defi-
nitely volatile to possibly rocky planets. With the current
data, it is unclear if such diversity only happens in a narrow
region of radius, or if it extends to lower radii as well. The
combination of the pile-up at 1.5R� and the real feature
of lack of planets with high uncompressed densities above
1.7R� may be evidence of runaway growth by which planets
larger than 1.7R� acquire enough mass to experience expo-
nential atmospheric accretion and avoid substantial evapo-
ration.

Furthermore, about 65% of our sample are planets lo-
cated in the radius gap between 1.5 � 2 R� (Fulton et al.
2017) , which was observed among planets that only had
measured radii. Fulton et al. (2017) showed there are mostly
two population of small planets: those with a larger radius
(⇠ 2.4 R�), perhaps volatile planets at lower irradiation val-
ues of S ⇠ 30 times that of the Earth’s (S�), and compact
planets (⇠ 1.3R�), perhaps rocky ones at higher irradiation
values of S ⇠ 300S�. Importantly, they find much fewer plan-
ets in between these sizes and irradiation values, hence the
’radius gap’ or ’valley’. This feature may indicate that at-
mospheric evaporation strips planets from their envelopes if
irradiation is large enough (Owen &Wu 2017). In our sample
of planets, 21 have radii between 1.5 � 2R� and 9 of these
intersect the RTR, implying they could be volatile. How-
ever, at those sizes, the amounts of volatiles would be low.
Furthermore, 4 of these RTR-planets are considerably irradi-
ated, at present values above S > 300 S�. This raises an issue,
if some of the RTR planets are volatile, their envelopes would
be small, and thus, why were the highly irradiated ones not
completely evaporated? Our sample is obviously too small to
make categorical conclusions. However, it points to the im-
portance of acquiring good mass and radius data for small
exoplanets to test whether or not atmospheric removal is
shaping the population of small exoplanets, as well as con-
sidering a comparison space where only composition mat-
ters (e.g. ⇢0). Along these lines, if indeed the compact plan-
ets are the remnants of volatile planets that have su↵ered
evaporation, the planets with high uncompressed densities
would suggest that iron enrichment happens early enough
in planet formation, while the gas is still around, such that
after atmospheric removal the bare iron-rich rocky core is
left behind.

3.4 Star-Planets Direct Comparison

There are three planetary systems, HD-219134, 55 Cnc, and
HD-15337, that have four planets with mass and radius er-
rors below 25%, and measured stellar compositions. These
systems lend themselves for direct compositional compar-
isons. In addition, there is a system, Kepler-21, with stellar
compositional constraints, mass and radius measurements
for it’s planet, but with with a mass error of 34% (López-
Morales et al. 2016). We have includes this planet in this
direct comparison to its host star but excluded it from the
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Observations biased towards high uncompressed density 
for a given radius.  

Lack of planets at large radius and high uncompressed 
density.  

Maximum iron enrichment ~ 6 g/cc 

Highly irradiated planets exhibit a large range of 
compositions. If these planets are the result of 
atmospheric evaporation, iron enrichment and perhaps 
depletion must happen before gas dispersal.  



Summary

There is a larger chemical refractory spread in planets that in stars.  

Many planets, if rocky, would be 2 fold depleted in iron with respect to the stars. 
So far, we don’t have a theory to explain formation if iron-depleted planets.  

When performing one-to-one comparisons, mass errors preclude us from making 
definite conclusions.     

There seems to be an upper limit to the uncompressed density (iron enrichment) 
from formation of 6 g/cc 

There is some indication that if atmospheric evaporation has shaped the super-
Earth-Mini-Neptune population, iron-enrichment and depletion has to happen 
before gas dispersal 


