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Why do more massive stars host larger planets?
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ABSTRACT

Aims. It has been suggested that planetary radii increase with stellar mass for planet sizes smaller than 6 Rg and host masses lower
than 1 M. In this study, we explore whether this inferred relation of planetary size and host star mass can be explained by a higher
planetary mass of planets orbiting higher-mass stars, inflation of the planetary radius due to the difference in stellar irradiation, or

different planetary compositions and structures.

Methods. Using exoplanetary data of planets with measured masses and radii, we investigated the relations between stellar mass and
various planetary properties for G and K stars. We confirm that more massive stars host larger and more massive planets.

Results. We find that the differences in the planetary masses and temperatures are insufficient to explain the measured differences in
radii for planets surrounding different stellar types. We show that the larger planetary radii can be explained by a larger fraction of
volatile material (H-He atmospheres) in planets surrounding more massive stars.

Conclusions. We conclude that planets around more massive stars are most probably larger as a result of larger H-He atmospheres.
Our findings imply that planets forming around more massive stars tend to accrete H-He atmospheres more efficiently.

Key words. planets and satellites: composition — planets and satellites: terrestrial planets — planets and satellites: interiors —

planets and satellites: fundamental parameters

1. Introduction

Exoplanetary exploration has led to the discovery of several
thousand exoplanets in the past several decades. The interior
characterization of these planets has become a key objective in
exoplanetary science (e.g., Rogers & Seager 2010; Dorn et al.
2015; Unterborn et al. 2016; Brugger et al. 2017; Owen & Wu
2017; Baumeister et al. 2020; Otegi et al. 2020b). We are now
at a stage at which exoplanetary characterization is becoming
more detailed, allowing us to understand the various planetary
populations within our Galaxy, to link planet formation and evo-
lution models, and to better understand the uniqueness of our
own planetary system.

The detected planets with measured radii from the Kepler
mission (Borucki et al. 2010) that also have a mass determi-
nation using radial velocity (RV) follow-ups or transit-timing
variations (TTV) can be used to infer the average density of
planets and therefore to estimate the interior composition. We
have learned that planets are very diverse astronomical objects
and do not follow a single mass-radius (hereafter M-R) relation,
but instead show intrinsic scatter (Wolfgang et al. 2015; Chen
& Kipping 2016; Ning et al. 2018; Neil & Rogers 2020). This
scatter suggests a large diversity in planetary formation and evo-
lution, and also in interior structure and bulk composition (e.g.,
Weiss & Marcy 2014; Turrini et al. 2015; Petigura et al. 2018;
Plotnykov & Valencia 2020). While determining the planetary
structure and composition from the measured mass and radius
is a highly degenerate problem because very different compo-
sitions and structures can yield similar masses and radii (e.g.,

Rogers & Seager 2010; Dorn et al. 2015, 2017), some trends and
limits on the planetary compositions can be found using statis-
tical analysis (e.g., Rogers 2015; Owen & Wu 2017; Lozovsky
et al. 2018; Neil & Rogers 2020; Otegi et al. 2020a).

The relatively large database of exoplanets also allows inves-
tigating the dependence of the planetary populations on stel-
lar mass (e.g., Fulton & Petigura 2018; Neil & Rogers 2018;
Mulders et al. 2015; Pascucci et al. 2018) and metallicity (e.g.,
Mulders et al. 2016; Mulders 2018; Adibekyan 2019; Kutra & Wu
2020). There are contradictory claims in previous studies about
the dependence of Kepler mini-Neptunes and super-Earths on
stellar mass. For example, Wu (2019) argued for a linear relation
between planetary mass and stellar mass and for no correlation
between planet radius and host star metallicity. In contrast, Owen
& Murray-Clay (2018) suggested that planetary radii are corre-
lated to stellar metallicity: Stars of higher metallicity host larger
planets.

Furthermore, Neil & Rogers (2018) found no strong evi-
dence for a host star mass dependence in the M-R relation
using the hierarchical Bayesian modeling approach presented by
Wolfgang et al. (2016). Based on this result by Neil & Rogers
(2018), Pascucci et al. (2018) applied the Chen & Kipping (2016)
M-R relation to convert the planetary radii measured by Kepler
into planetary masses. When completeness-corrected occurrence
rates were computed versus stellar mass, it was found that the
mass of the most common planet for relatively low-mass stars
(with masses <1 M;) scales almost linearly with stellar mass.
Pascucci et al. (2018) showed that the most common planetary
mass depends on the mass of the stellar host. More specifically, a
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universal (i.e., independent of the stellar type) peak in the occur-
rence rate of the planet-to-star mass ratio for the Kepler planets
was found.

Pascucci et al. (2018) focused on MKG stars and suggested
that the most common planet around a lower-mass stars is lower
in mass. For planets in the radius range of 1-6 Ry, the Chen
& Kipping (2016) M-R relation is presented by a power law.
Therefore the Pascucci et al. (2018) data indicate that the most
common planet around a lower-mass stars is smaller in radius.
Most of the planets in the sample used by Pascucci et al. (2018)
have radii larger than 1.6 Rg and are therefore likely to have some
volatile materials. The addition of these low-density materials
(even if very low in terms of mass) can lead to much larger radii
for low-mass planets (Rogers 2015; Lozovsky et al. 2018). The
M-R relations of planets rich in volatiles are more complex and
can vary depending on the planetary temperature and the actual
distribution of the material in the interior (e.g., Lozovsky et al.
2018; Mousis et al. 2020; Miiller et al. 2020). In addition, it was
recently shown that intermediate-mass planets (~5 Mg— 20 Mg)
can follow two different M-R relations because they can belong
to two different planetary populations (Otegi et al. 2020a).

We here explore potential reasons for the tendency of more
massive stars to host larger planets. In principle, at least three
explanations are possible for the identified correlation between
planetary radius and stellar mass

— Case 1: planets are larger due to thermal inflation: because
more massive stars are more luminous, higher stellar irradiation
might inflate the planetary radius

— Case 2: planets around more massive stars are more
massive and consequently larger for any given composition.

— Case 3: planets around more massive stars tend to be richer
in volatiles and are therefore larger.

We investigate these three different cases below. In case 1,
we would expect to find a correlation between planetary equi-
librium temperature and radius. Case 2 can be examined by
testing whether the observed differences in planetary radius can
be explained by a variation in planetary mass and case 3 by
testing the effect of planetary composition on planetary radius.
We discuss the three cases and find that case 3 is the favored
interpretation.

2. Methods

We applied a simple statistical analysis of exoplanetary data
combined with internal structure models to explore the poten-
tial explanations for the observed trend that planets surrounding
more massive stars are larger.

The planetary parameters we used in the analysis are the
planetary mass, radius, and insolation flux; the stellar parameters
are stellar mass, radius, and effective temperature.

First, we built an exoplanetary sample based on the NASA
Exoplanet Archive. The planetary sample was used to quantify
the differences between different planetary physical properties
in exoplanets surrounding different stellar populations.

We next constructed a series of planetary models using
structure equations in order to quantify the effect of different
parameters, such as planetary mass, temperature, and composi-
tion, on the planetary radius (Sect. 2.3) and explored whether
the difference in the observed distributions of equilibrium tem-
peratures (case 1) and masses (case 2) is sufficient to explain
the difference in the observed radii. Finally, we investigated the
effect of various assumed compositions (case 3) on the inferred
radii.
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Fig. 1. M-R diagram for the planetary sample. The dots with error bars
correspond to F planets (purple crosses), G planets (blue squares), K
planets (red diamonds), and M planets (yellow pluses). Only G and
K planets are used in the analysis. The solid colored curves are M-R
relations for various theoretical models with different mass fractions of
H-He and constant H,O mass fraction in the envelope (see Sect. 2.3 for
details). The curves correspond to models with a T,y of 700 K (shown
as examples).

2.1. Planetary samples

Our planetary sample is based on the online NASA Exoplanet
Archive, which is publicly available. Because we focus on rel-
atively small planets orbiting main sequence stars, we selected
transiting planets, with RV or TTV follow-ups with masses M,
up to 20 Mg, radii Ry up to 8 Rg, and uncertainties on mass
and radius of up to 50% of the measured value. We divided
the planet samples according to stellar type, which is derived
from the stellar effective temperatures (see Table 1). We deter-
mined the average radius, mass, and equilibrium temperature
(see Sect. 2.1.1 for details) of the planets for each stellar type
using the catalog.

Table 1 lists the mean values () and the corresponding stan-
dard deviations (o) calculated assuming a normal distribution.
We considered only planets around K and G stars. Hereafter, we
refer to planets surrounding G and K stars as “G planets” and
“K planets”, respectively. We did not include planets around F
stars in our study because F planets do not follow the “universal
planet-to-star mass ratio peak” found by Pascucci et al. (2018)
and because there are fewer F planets in the planetary sample.
M planets are not included either because the planetary database
only lists very few of them. The planets we use are listed in the
appendix.

The database we used differs from the database used by
Pascucci et al. (2018) because the NASA catalog is inhomoge-
neous in terms of detection methods, measurement uncertain-
ties, and selection effects. While Pascucci et al. (2018) used
Kepler planets with well-studied data incompleteness, the NASA
database lists planets detected with various methods, such as RV,
transit, and direct imagining, and therefore the dataset shows dif-
ferent selections effects and data incompleteness. In addition,
by selecting planets with measured masses and radii with rel-
atively low uncertainties, we may introduce our own selection.
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Table 1. Mean values of planet samples divided by stellar type.

Stellar type  Stellar 7 (K) No. u(R) o(®R) uM) oM) u(Te)) 0(Teq)
F 5200-6000 8 332 1.84 803 417  1085.80 489.67
G 5200-6000 51 284 119 941 442 94309  339.35
K 3700-5200 32 2.09 061 733 410 82202 315.55
M 2400-3700 16 172 092 413 317 52949  241.09

Notes. Mean values of planet samples (as described in Sect. 2.1) divided by stellar type. T, is the equilibrium planet temperature that assumes zero
albedo (see Sect. 2.1.1). No. stands for the number of planets in the sample, u stands for the mean value, and o is the standard deviation, assuming
a normal distribution. Planetary mass, radius, and temperatures are given in Mg, Rg, and K, respectively.
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Fig. 2. Histogram of the planet-to-star mass ratio for the two subsam-
ples. It can be compared to Fig. 1 of Pascucci et al. (2018). The value of
v of Pascucci et al. (2018) of log(My,/M.) = —4.55 +0.03 is presented
as a vertical black line and can be compared with mean values we cal-
culated: —4.59 + 0.03 (G planets, red dashed line) and —4.58 + 0.04
(K planets, blue dashed line).

This problem is addressed in Sect. 2.2. The uncertainties of our
sample are discussed in Sect. 2.1.2.

Because of the potential biases of our planetary catalog,
we explored whether the planet-to-star mass ratio inferred by
Pascucci et al. (2018) persists when we used our sample. In order
to investigate whether there is a universal peak in the planet-
to-star mass ratio, we first calculated the mass ratios for two
subsamples, that is, for G and K planets. The distributions of
the planet-to-star mass ratio in the two subsamples is shown in
Fig. 2, with the distributions’ mean values and peak value gy,
from Pascucci et al. (2018). The figure clearly shows that G and
K planets have a similar mean value and that this value agrees
with gy, inferred by Pascucci et al. (2018). Our results confirm
that the mean planetary mass scales with stellar mass.

It is encouraging that despite the large differences in the data
and different selection effects, a similar behavior is found. This
means that we can use our sample to further investigate the origin
of the correlation.

2.1.1. Planetary equilibrium temperature

The planetary equilibrium temperatures of the sample are calcu-
lated assuming an albedo A = 0. The planetary albedo depends
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Fig. 3. Distributions of planetary radius, mass, and equilibrium temper-
ature of G- and K- planets. The left panels show histograms with the
mean values and the corresponding uncertainties (dashed lines). The
right panels present the corresponding CDFs.

on various parameters, such as atmospheric composition, ther-
mal state, and cloud layers; by assuming zero albedo, cor-
responding to full absorption, we infer the highest possible
equilibrium temperature. The planetary temperature is calculated
by

R.

— _ A4
Tog = T.(1- ) =, (1)
where T, is planetary equilibrium temperature, T is the stellar
temperature, R, is the stellar radius, and D is the orbital sep-
aration. The values for these parameters were taken from the
planetary database.

Planets with equilibrium temperatures above 2000 K were
not considered because these ultra-hot planets are rare outliers
and are likely to be subject to other processes, such as atmo-
spheric loss by photoevaporation (e.g., Rosotti et al. 2013; Jin &
Mordasini 2018), which could affect their basic planetary prop-

erties. The mean values of T4, mass, and radius of the samples
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Fig. 4. Simulated values of planetary radii accounting for the measure-
ment uncertainties. For each planet in the sample, we simulated 10 000
radii and took the uncertainty into account. The mean values are pre-
sented as dashed lines. The histogram of the simulated populations
shows the same tendency as the original histogram (see Fig. 3).

are listed in Table 1 with the corresponding standard deviations.
The distributions of radii, masses, and equilibrium temperatures
are presented in Fig. 3.

We performed a Two-sample Kolmogorov—Smirnov test on
the subsamples. The test rejects the null hypotheses that masses
and radii of G and K planets come from the same distribution
at the 5% significance level, and it provides asymptotic p-values
of 0.03 and 0.04, respectively. The test did not reject the null
hypothesis that the equilibrium temperatures of G and K planets
come from the same distribution with an asymptotic p-value of
0.18.

2.1.2. Measurement uncertainties

The planets we included in the samples have small measure-
ment uncertainties, and therefore the planetary mass, radius, and
orbital period are rather well constrained. In order to examine the
effect of the measurement uncertainties on the main tendency,
we performed the test described below.

For each planet in the sample we produced 10000 synthetic
data points using the measured radii and their uncertainties. The
simulated values were probed assuming a normal distribution
Rpi ~ (R, Rerr), where R is the measured radius and Re, is the cor-
responding measurement uncertainty. The simulated values are
presented in Fig. 4. It shows that the main trend of more massive
stars hosting larger planets persists.

2.2. Selection effects

Most of the detected exoplanets with measured radii were
observed with the Kepler mission using the transit method,
where the transit depth is given by

dF Ry : ?)
Fy \Ry) '’

Here dF is the dimming due to the transit, and Fy; is the stel-
lar flux (e.g., Bozza et al. 2016). As a result, smaller planets
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Fig. 5. Planetary radius vs. the square of the planet-to-star radius ratio
(Rpi /Ry)? for Kepler G planets (blue squares) and K planets (red dia-
monds). The planets shown with filled symbols compose the subsample
we used.

are easier to detect around smaller stars but are easier to miss
around larger stars. This might introduce an artificial correlation
between planetary size and stellar size (or stellar mass).

In order to test whether our sample shows a strong selection
effect of this kind, we compared our sample with the wider (and
homogeneous) sample of Kepler and K2 planets using the NASA
catalog, without any restriction on a planetary mass. Specifically,
we selected planets with sizes up to 8 Rg and uncertainties below
50% of the measured values that surround G and K stars with
measured stellar radii and temperatures.

Figure 5 shows the planetary radius as a function of the
planet-to-star radius ratio squared (Rp /Rg)?. In this figure, the
full sample consisting of 1267 G planets and 643 K. In contrast
to the expectation from a transit-depth-related selection bias,
neither the full Kepler sample nor our subsample show a lack
of detected planets below some critical transit depth, that is, a
vertical cutoff in (RPI/Rst)Z. Both G and K stars in our subsam-
ple appear to host planets as small as 1.2-1.4 Rg. In addition,
our subsample has planet-to-star radius ratios significantly larger
than the minimal value of ~ 3 x 107 in the full sample. This sug-
gests that selection effects due to small transit depths are unlikely
to affect the main results of this study.

2.3. Interior modeling

In order to explain the observed differences in planetary prop-
erties of different populations, we inferred the relation between
the planetary mass and radius (M-R relations) for planets with
different assumed compositions and internal structures. It is rea-
sonable to model the planets in the samples with volatile-rich
interiors because most of them have larger radii than expected
for an Earth-like composition (e.g., Rogers 2015; Lozovsky et al.
2018). The planetary structure models we used consist of a
rocky core surrounded by a hydrogen-helium (H-He) and a water
(H,O) envelope. For simplicity, the composition of the core
was set to be pure MgSiO;. More complex core structures are
expected to have a negligible effect on the M-R relation for
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volatile-rich planets (Howe et al. 2014; Otegi et al. 2020a). The
H-to-He ratio was assumed to be protosolar, that is, 72% H to
28% He by mass, and the water mass fraction was taken to
be 20% in the envelope (water + H-He). The equation of state
for H-He was taken from Saumon et al. (1995), for MgSiOj;
from Seager et al. (2007), and for H,O from Vazan et al.
(2013). The atmospheric models were derived using the standard
structural equations of hydrostatic equilibrium, mass conserva-
tion, and heat transport. We followed the irradiation model of
Guillot (2010) for the H-He envelope. Further details on the
structure models can be found in Venturini et al. (2015), Dorn
et al. (2017), and Lozovsky et al. (2018) and references therein.
We considered two cases of envelope structure: a homoge-
neously mixed envelope consisting of H-He and water, and a
differentiated structure in which water and H-He are separated
and the pure water layer is below pure H-He layer. The first case
(homogeneous envelope) was used as default.

The structure models were constructed assuming various per-
centages of H-He of between 0.5 and 25% of the total planetary
mass and different equilibrium temperatures Ty (see Sect. 2.1.1
for details). Models with H-He mass fractions larger than 25%
were not considered because we focus on planets up to 20 Mg,
which are unlikely to be H-He-rich. The M-R relations together
with the planetary sample are shown in Fig. 1. The curves pre-
sented in this plot are examples assuming Teq = 700 K. The
calculated M-R relations allow us to derive the planetary radius
corresponding to any given mass and Teq. These models are used
in the following analysis in order to investigate the potential rea-
son(s) for the trend that larger planets are located around more
massive stars.

3. Results
3.1. Case 1: larger planets through inflation

As mentioned above, most of the planets in the sample are
expected to be rich in volatiles given their large radii and low
bulk densities (Fig. 6). Radii of volatile-rich planets are very
sensitive to the temperature: planets with the same mass, chem-
ical composition, and internal structure can have different radii
for different temperatures because of thermal inflation. Planets
surrounding more massive stars seem to be slightly hotter on
average (see Fig. 3). Therefore it is reasonable to expect that the
differences in the equilibrium temperatures for G and K plan-
ets could lead to differences in radii of the two populations. We
use the planet sample below to evaluate any possible correlation
between planetary equilibrium temperatures and radii.

Figure 6 (upper panel) presents the observed planetary radii
versus equilibrium temperature Teq, calculated from Eq. (1).
Interestingly, the observed radii do not increase with tempera-
ture. G and K planets even tend to have smaller radii at higher
temperatures. Figure 6 (lower panel) presents the bulk densi-
ties (inferred from the measured masses and radii) versus Teq
for the detected planets. No significant decrease in bulk den-
sity with temperature is observed. In the contrary, the bulk
densities of both G and K planets increase with temperature,
suggesting that very hot planets tend to be more rocky. This
correlation could be a result of atmospheric mass loss of primor-
dial hydrogen-atmospheres, which depends on stellar insolation
(Fulton & Petigura 2018; Owen & Wu 2017; Jin & Mordasini
2018).

This shows that the observed radii do not correlate with
temperature, and thermal inflation does not play a significant
role in the observed trend. We therefore conclude that the
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Fig. 6. Measured planetary radius (upper panel) and calculated plane-
tary bulk density (lower panel) vs. calculated equilibrium temperature
for our sample of planets.

differences in the equilibrium temperature alone are insuffi-
cient to explain the differences in the observed radii of the two
planetary populations.

3.2. Case 2: larger planets through a higher planetary mass

When we assume that the planetary radius scales with mass, it
is reasonable to expect that the observed difference in radii is
a result of the difference in planetary mass. In this section we
investigate whether the observed difference in average radii is
caused by more massive planets around more massive stars.

To investigate this option, we used the theoretical M-R
relations of planets with rocky cores surrounded by H-He +
H,O atmospheres, calculated from the internal structure models
described in Sect. 2.3. The typical difference between masses
of G planets and K planets in the sample is ~2 Mg. The mass
difference is calculated as a difference between the mean values
of the distributions. This difference in mass distributions (see
Fig. 3 and Table 1) is insufficient to explain the difference in
the observed radii of 0.75 Rg because the M-R curves are very
flat in this regime (Lopez & Fortney 2014; Weiss et al. 2013;
Wolfgang et al. 2015; Chen & Kipping 2016; Lozovsky et al.
2018). This implies a weak dependence of the radius for these
planetary masses.

In order to test whether the difference in radii is a result of
different planetary masses, we calculated the radius correspond-
ing to a hypothetical average mass planet of each stellar type:
9.41 Mg for G planets and 7.33 Mg for K planets, as listed in
Table 1. To isolate the effect of mass, we assumed a uniform
temperature of T.q = 900 K and H-He mass fraction of 2% for
both hypothetical planets. This method compares the mean val-
ues of the mass distributions, as we are assuming that the average

A110, page 5 of 11
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Fig. 7. Histogram of simulated fj y. for our planetary samples. Planets
that cannot be modeled with any H-He mass fraction are not presented.

masses are representative of the main trend. By calculating a
radius corresponding to each average mass and using the same
M-R relation and temperature for all of the masses, we are able to
isolate the effect of the mass alone. The calculated radii of both
G planets and K planets are found to be in the range of 2.62—
2.76 Rs for G planets and 2.58-2.81 Rg for K planets. These
radii ranges were calculated assuming two different atmospheric
structures. The lower radius boundary was calculated assuming
a homogeneous envelope structure (water and H-He are mixed),
while the upper limit was calculated assuming a differentiated
structure in which water and H-He are separated (see Sect. 2.3).
We find that the effect of the mass on the calculated radius alone
is negligible compared to the observed differences.

Therefore we conclude that the difference in the planetary
masses cannot explain the measured difference in planetary
radii.

3.3. Case 3: larger planets through different compositions

Finally, we investigated the effect of different compositions and
envelope structures on the planetary radius. For planets with
thick H-He envelopes, the planetary structure and exact H-He
mass fraction have significant effects on the M-R relation (see
Lozovsky et al. 2018 for details). For the same planetary mass
and temperature, the difference between a planet with fiy ye of
0.5 and fy.ge of 10% is between ~1.2 Rg and ~1.8 Rg. This range
exceeds the difference between the measured radii of G and K
planets: the difference between the peaks of the radii distribution
15 0.75 Re.

We next compare the radii inferred when assuming various
compositions and internal structures with the measured ones.
Using the planetary models described in Sect. 2.3, we calcu-
lated for each planet the corresponding fiypg.. The calculation
uses the planetary effective temperature and the measured mass.
The results are shown in Fig. 7. There is a clear trend where plan-
ets around more massive stars have higher fi g values. G planets
have 0 < fu.pe < 0.4, and K planets have 0 < fyge < 0.15), with
mean values of 0.06 = 0.01 and 0.03 + 0.01, respectively. Several
small planets are unlikely to consist of H-He: this corresponds to
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15 G planets and 15 K planets. These planets are probably rocky
water-dominated planets without any significant volatile atmo-
sphere, and they therefore their radii do not strongly depend on
Teq and accordingly do not affect our conclusions. These planets
are not presented in Fig. 7. In Fig. 1 they are located below the
0.5% H-He line.

As expected, the H-He mass fraction in the planet fiy.g. has a
crucial effect on the inferred radii (e.g., Fig. 1; Swift et al. 2012;
Weiss & Marcy 2014). The difference in the assumed fi.y. leads
to a radius difference that can exceed the difference between G
planets and K planets. We therefore suggest that the difference
in observed radii of planets orbiting stars with different masses
could be caused by different H-He mass fractions, with the G
planets being more volatile-rich in comparison to K planets. In
addition, the distribution of volatiles has a significant effect on
M-R relations: the size difference between fully differentiated
and homogeneous envelopes is larger than the difference due
to thermal inflation and higher mass (e.g., Soubiran & Militzer
2015).

We conclude that while case 1 (thermal inflation) and case
2 (higher mass) cannot explain the observed differences, case 3
(different planetary composition and structure) can explain the
observations.

4. Discussion

We investigate the potential explanations for the observed corre-
lation between mean planetary size and stellar type. We showed
that different H-He mass fractions could explain this obser-
vations. In the analysis, we restricted the possible theoretical
models to a rather narrow range: rocky cores surrounded by
H-He+H,O atmospheres, with fype= 0.5-25% and a water
fraction in the envelope of 20% by mass. Nevertheless, even in
this narrow assumption range, we were able to provide an inter-
pretation for the reason that the most typical planetary radius
scales with stellar mass. We suggest that this correlation might
be the result of characteristically different planetary composi-
tion and/or structure of the planets that surround different stellar
types, while planetary mass and insolation are unlikely to affect
this relation strongly. Planet formation and evolution models
could confirm this idea. In addition, it is unlikely that the corre-
lation we found is caused by data incompleteness. Nevertheless,
the planetary data we used in this analysis are somewhat limited
and inhomogeneous. As a result, it is desirable to use larger sam-
ples in the future and repeat the analysis accounting for a wider
range in stellar spectral types, also including M dwarfs.
Previous studies have investigated differences in planet pop-
ulations between M dwarfs and FGK dwarfs. Giant planets are
scarce around M dwarfs (Bonfils et al. 2013), and there is a
higher occurrence of small planets around M dwarfs (Dressing
& Charbonneau 2015; Gaidos et al. 2016). The higher planet-
formation efficiency of low-mass stars (Dai et al. 2020) may
be related to the low giant planet occurrence or the longer disk
lifetimes, or to other factors. The difference in planetary com-
position distribution is unclear so far. No strong evidence for
a dependence of the planetary M-R relation on host star mass
for small planets has been reported (Neil & Rogers 2018). If
extrapolated to M dwarfs, our findings would predict a tendency
of H-He-poor planets compared to those around more massive
stars. This is somewhat in line with previous studies (Bonfils
et al. 2013; Dressing & Charbonneau 2015; Gaidos et al. 2016)
because planets around M stars are less massive. This does not
imply that planets are poor in water. In fact, planets around
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M dwarfs can be rich in water as a result of an efficient inward
migration (Alibert & Benz 2017; Burn et al. 2021).

Kepler planets are located relatively close to their stars and
may thus be affected by planet—star interactions, either by stel-
lar insolation during planet evolution or during formation in
the protoplanetary disk. Here, we argue that stellar insolation
alone cannot compensate for the different radii in the observed
planetary populations around G and K stars. Instead we pro-
vide evidence that the populations are different through their
formation processes, that is, the efficiency of envelope accre-
tion. This can be a result of more massive protoplanetary disks
(Mohanty et al. 2013; Andrews et al. 2013; Pascucci et al. 2016;
Ansdell et al. 2016) that lead to faster growth (Hartmann et al.
2006; Alcald et al. 2014) followed by H-He accretion (even if
in small amounts), and/or due to different disk lifetimes (Ribas
et al. 2015). Essentially, core growth is more efficient both in
higher-mass disks (Mordasini et al. 2012; Venturini et al. 2020)
and around higher-mass stars (Kennedy & Kenyon 2008), allow-
ing them to to accrete a substantial gaseous envelope before the
gas disk dissipates.

The diversity of planetary envelopes of our sample is
unknown so far, and different compositions including H, He,
water, and higher mean molecular species are possible. In addi-
tion to compositional diversity, these planets may absorb stellar
energy differently, which affects their thermal structure and thus
their radii.

In this regard, it would be desirable to investigate the depen-
dence on the assumed albedo. We here assumed a uniform zero
albedo for all planets when we calculated Ty. Because different
compositions can lead to different albedos, the relation between
the different parameters is likely to be very complex. Another
important property that might affect the planetary population
is the age of the system. In order to investigate the correlation
between the age and size of the planets, we need better con-
straints on the stellar ages. These are not available for most of
the stars in current planetary databases.

It should be noted that planets around F stars are not included
in this analysis because they do not present the same tendency
as G and K planets, as was shown by Pascucci et al. (2018).
F stars are more luminous, and as a result, they are causing
higher irradiation. Close-in planets might accordingly undergo
other physical effects, such as atmospheric loss by photoevap-
oration (e.g., Rosotti et al. 2013; Jin & Mordasini 2018), which
might affect their basic planetary properties and alter the statis-
tics. It is therefore clear that more data and theoretical models
that account for the planetary evolution are required before a con-
clusion can be reached regarding the expected compositions of
planets around F stars.

5. Summary and conclusions

We confirm that planets surrounding more massive stars tend to
be higher in mass and larger in radius. In this study we investi-
gated the effect of the planetary mass, equilibrium temperature,
and possible bulk composition on the planetary radius for planets
surrounding G and K stars. The larger radii of planets surround-
ing more massive stars cannot be explained by inflation through
higher irradiation of the star, nor by a higher planetary mass:
the effect of both properties on the radius was found to be sig-
nificantly smaller than the observed difference. In other words,
we showed that the difference in planetary mass that is given by
RV/TTV data is insufficient to explain the observed difference
in planetary radii, and the planetary temperature is even found to
be anticorrelated with radius.

Larger H-He mass fractions on planets around more massive
stars can easily explain the trends in the observed data. We there-
fore suggest that the larger radii of planets surrounding more
massive stars are a result of different compositions: more mas-
sive stars tend to host planets with larger H-He mass fractions.
If this is correct, it provides important constraints for planet for-
mation models because it implies that planets forming around
more massive stars tend to accrete H-He atmospheres more effi-
ciently. This can be the result of more massive protoplanetary
disks that lead to faster core growth, allowing the cores to accrete
substantial gaseous envelopes before the gas disk dissipates. We
therefore argue that planets around G and K stars are different by
formation.

In this light, it is desirable to have further constraints avail-
able to test our findings. Further information on the planetary
composition would come from the James Webb Space Telescope
and Ariel missions with constraints on atmospheric composition,
which will shed more light on the diversity of planetary volatile
envelopes, their formation efficiencies, and their evolution. In
addition, an important property of a planetary system is the plan-
etary age, which is typically not very well constrained (e.g., Saffe
et al. 2005; Silva Aguirre et al. 2015; Guillot et al. 2014). This is
expected to change with the PLATO mission, which will allow
estimating the stellar ages with accuracies of about 10% (Rauer
et al. 2014). With age constraints, we will be able to determine if
and how the discussed differences in planet populations evolve
in time.
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Appendix A: Tables of planetary data

Table A.1. Planets used in the study

Name Mass(Mg) | Radius(Rg) | T, (K) | Host Mass(Mo) | Host Radius(Rp) | Host type
CoRoT-7b 4.087192 | 1.68+011 1807 | 0.82017 0.83+0:04 G
EPIC 249893012b | 8.757108 | 1.95*0:09 1616 1.05*903 1717094 G
EPIC 249893012 ¢ | 14.67*1% | 3.67*017 990 1.05*903 171709 G
EPIC 249893012d | 10.18%245 | 3.94*013 752 1.05+903 171709 G
HD 110113 b 4.557062 | 2,05*012 1371 1.00*9:96 0.97+:02 G
HD 136352 b 4.62+04> | 1.4870.96 o11 0.91+0:9 1.0170:92 G
HD 136352 ¢ 11.297073 | 2.61+0:98 682 0.91+0:96 1.01+0:92 G
HD 183579 b 19.70749% | 3.55%013 769 1.03+0.93 0.98+0:04 G
HD 219666 b 16.6071-30 | 4717017 1073 | 0.92+203 1.03+0.93 G
HD 86226 ¢ 7257110 | 2167058 1311 1.02+0:96 1.05+903 G
K2-111 b 529707 | 1.82%0.0) 1304 | 0.84+02 1.25%0:92 G
K2-138 b 3101195 | 151700 1299 | 0.9470:92 0.86%0:03 G
K2-138 ¢ 6.317113 | 2307012 1137 | 0.94%902 0.86*0:03 G
K2-138d 7927132 | 2397009 988 0.94+0:2 0.8670:03 G
K2-138 e 12977198 | 339016 858 0.94+0:2 0.8670:03 G
K2-263 b 14.80*310 | 2.417012 470 0.88+903 0.857902 G
K2-265 b 6.5470% | L71*011 1423 | 0.92702 0.98+0:03 G
K2-291 b 6.49*116 | 1.59%0.10 1398 | 0.93*904 0.90*0:03 G
K2-38 b 19.077933 | 1.91793% 1281 2.24+167 1.387921 G
K2-38 ¢ 9.90*460 | 2.42+029 858 1.07+293 L.1+0% G
Kepler-107 b 3517132 | 1544008 1593 | 1.24709 1.45+091 G
Kepler-107 ¢ 9.397177 | 1.6070.93 1379 | 1.2470% 1.45+001 G
Kepler-107 e 8.60%380 1 2,900 955 1.24+0.93 1.45+001 G
Kepler-11 d 7.301’?128 3.12f8:8§ 715 0.96f8:8§ 1.06f8:8§ G
Kepler-11 e 8.007130 | 4.197097 637 0.96+0:93 1.06*002 G
Kepler-11 f 2.00%080 | 2.49+004 562 0.96+0:93 1.06*502 G
Kepler-18 b 6.90*340 | 2.00*219 1290 | 0.97+0% 1117095 G
Kepler-18 ¢ 17.30%]90 | 5.49%92¢ 995 0.97+0:04 1117003 G
Kepler-18 d 16.407140 | 6.98+033 797 0.97+0:04 1117003 G
Kepler-20 b 9.70f%:ﬂ 1.87f8:8§ 1105 0.95f8:8§ 0.96f8:8§ G
Kepler-20 ¢ 12.75°217 | 3.05*506 772 0.95+0:05 0.9670:2 G
Kepler-20 d 10.073:% 2.74f8:82 401 O.95f8:gg 0.96f8:8§ G
Kepler-289 d 4.007090 | 2.68*017 504 1.08+902 1.00+902 G
Kepler-29 b 5.00*130 | 255012 761 0.76+02 0.73+903 G
Kepler-30 b 11.307140 | 3.90*920 609 0.99+0.98 0.95012 G
Kepler-36 ¢ 7134018 | 3.68009 1035 1.03*093 1.6370:57 G
Kepler-454 b 6.05*131 | 2357022 943 0.85%022 1.057047 G
Kepler-538 b 10.60*230 | 2.21%0:%4 380 0.89+0:02 0.87+001 G
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Table A.1. continued
Name Mass(Mg) | Radius(Rg) | T, (K) | Host Mass(My) | Host Radius(Ry) | Host type
Kepler-87 ¢ | 6.407080 | 6147029 403 1.1070:93 1.8270:94 G
Kepler-93b | 4547083 | 1577011 1134 | 1.097014 0.9870:04 G
TOI-125 b 9.50*0%8 | 2737007 1037 | 0.86*004 0.857091 G
TOI-125 ¢ 6.637000 | 2.76*010 828 0.867004 0.85091 G
TOI-125d 13.607120 | 2.93*017 638 0.867004 0.85+001 G
TOI-421 b 7077966 | 2.68*010 981 0.85+0:03 0.87+01 G
TOI-421 ¢ 16427196 | 5097016 | 674 0.8570.93 0.87+00] G
TOI-561 ¢ 5407008 | 2.887010 | 821 0.7975% 0.85701 G
TOI-561 d 11957128 | 2.537013 | 615 0.79759 0.85701 G
TOI-561 e 16.007330 | 2.67*011 426 0.79+002 0.85*001 G
TOI-763 b 9.797078 | 2.28*01 1038 | 092003 0.90*001 G
TOI-763 ¢ 9.327102 | 2.637012 | 800 0.92+003 0.90*001 G
55Cnce 799032 | 1.88%003 1949 | 0.917091 0.94+041 K
GJ 9827 b 4917049 | 1.58%003 1184 | 0.61%00 0.60*90 K
G 9827d 4047082 1 2.027005 | 686 0.61*02 0.6070:90 K
HD 15337b | 7515100 | 1.64*008 1001 | 0.90*303 0.86*003 K
HD 15337¢ | 811718 | 2397013 | 642 0.90*903 0.86*002 K
HD 219134b | 474*010 | 1.60* 008 1015 | 0.81%0% 0.78*001 K
HD 219134 ¢ | 436'037 | 1.5170% 782 0.81+0:03 0.78*001 K
HD 219134d | 16.17*3% | 1.6170% 410 0.81+0:03 0.78+091 K
HD 219134 f | 7.30704% | 1317003 523 0.81*903 0.78%041 K
HD 97658 b | 8.887133 | 2.35711 741 0.897013 0.74+001 K
HIP 116454 b | 12717318 | 2.47+011 740 0.81%011 0.72+592 K
K2-216 b 8.007160 | 1757010 1103 | 0.70*503 0.72+003 K
K2-266 ¢ 1430880 | 2737011 490 0.69%003 0.70*5:05 K
K2-285b 9.68712) | 2.5970.9 1089 | 0.83*02 0.7970.93 K
K2-285¢ 15.68722% | 3.537008 | 741 0.83+02 0.79*92 K
K2-36 b 3.907110 | 1437008 1224 | 0.79%9% 0.72551 K
K2-36 ¢ 7.80%330 | 3207030 | 788 0.79+001 0.72:001 K
Kepler-80b | 6.937095 | 2.67010 | 709 0.7370.93 0.68*02 K
Kepler-80c | 6.74% )33 | 2.74*02 641 0.73+903 0.68*000 K
Kepler-80d | 6.75*0%) | 1.5370% 936 0.73:003 0.6870.93 K
Kepler-80e | 4137081 | 1.60708 815 0.7370.93 0.6870.03 K
L 168-9 b 4607038 | 1397000 965 0.6270.93 0.6070.03 K
TOI-1235b | 6917075 | 174700 754 0.6470.92 0.63701 K
TOI-178 b 1507030 | 1157007 1040 | 0657003 0.657091 K
TOI-178 ¢ 477408 | LTS 873 0.65*003 0.65*001 K
TOI-178 d 3.017080 | 2577007 690 0.657003 0.65*001 K
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Table A.1. continued
Name Mass(Mg) | Radius(Rg) | T, (K) | Host Mass(Mo) | Host Radius(Rp) | Host type
TOI-178 ¢ 3.863'):33 2.21 fg:gg 600 O.65f8:8§ 0.65’:8:8} K
TOI-178 f 7.72ﬁ{:§; 2.29j8:{} 521 0.65j8:8§ O.65j8:8{ K
TOI-178 g 3.94’:%:2; 2.87’:8:}‘3‘ 470 0-65i8i8§ 0.65j8:8% K
TOI-776 b 4.00f8:gg 1.85f8:3 514 0.54f8:8§ 0.54j8:8§ K
TOI-776 ¢ 5 .30f}:§8 2.02f8:}j 415 0.54f8:8§ 0.54f828§ K
TOI-824 b 18.47418% | 2.93*020 1253 | 0.71%093 0.69+0:03 K
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