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A B S T R A C T 

The mass and distribution of metals in the interiors of exoplanets are essential for constraining their formation and evolution 

processes. Never the less, with only masses and radii measured, the determination of exoplanet interior structures is degenerate, 
and so far simplified assumptions have mostly been used to derive planetary metallicities. In this work, we present a method based 

on a state-of-the-art interior code, recently used for Jupiter, and a Bayesian framework, to explore the possibility of retrieving 

the interior structure of exoplanets. We use masses, radii, equilibrium temperatures, and measured atmospheric metallicities 
to retrieve planetary bulk metallicities and core masses. Following results on the giant planets in the Solar system and recent 
development in planet formation, we implement two interior structure models: one with a homogeneous envelope and one with 

an inhomogeneous one. Our method is first e v aluated using a test planet and then applied to a sample of 37 giant exoplanets 
with observed atmospheric metallicities from the pre-JWST era. Although neither internal structure model is preferred with 

the current data, it is possible to obtain information on the interior properties of the planets, such as the core mass, through 

atmospheric measurements in both cases. We present updated metal mass fractions, in agreement with recent results on giant 
planets in the Solar system. 

Key words: planets and satellites: composition – planets and satellites: gaseous planets – planets and satellites: interiors. 
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 I N T RO D U C T I O N  

he amount of metals in an exoplanet has long been considered an
ndicator of the relative accretion of gas and solids during planet
ormation, as well as an important tracer of the location where
he planets are born (Venturini, Alibert & Benz 2016 ). With most
f the planet’s metal mass contained in its interior, finding links
etween metallicities observed in exoplanet atmospheres and interior
roperties is essential for the interpretation of new results coming
rom JWST. 

Due to a lack of constraints, previous papers modelling the interior
tructure of exoplanets used simple models, in which the interior of
he planets is made of a core of heavy elements, surrounded by a
omogeneous, enriched envelope (Thorngren et al. 2016 ; M ̈uller,
elled & Cumming 2020 ). The metallicity of this envelope is

ssumed to be the same metallicity as observed in their atmospheres.
ever the less, recent results for Jupiter using data from the Juno
ission (Wahl et al. 2017 ; Nettelmann et al. 2021 ; Miguel et al. 2022 )

nd on Saturn using ring seismology (Mankovich & Fuller 2021 ),
 E-mail: bloot@astron.nl 

fi  

o  

a

Pub
how that giant planet interiors are more complex than previously
hought. All these models show inhomogeneous envelopes with a
istribution of metals that gradually decreases from the core to the
ost external layer, a result that is also supported by the most recent

ormation models of giant planets (Lozo vsk y et al. 2018 ; Valletta &
elled 2022 ). 
Moti v ated by these results and by the extremely accurate atmo-

pheric metallicities that we are expecting to find with measurements
y JWST, in this paper, we explore the possibility of retrieving
nterior parameters of exoplanets using different models. For this, we
dapt the static model developed for Jupiter by Miguel et al. ( 2022 )
o exoplanets, considering masses, radii, atmospheric metallicities,
nd helium fractions as prior data for a Bayesian fitting code. We
etrieve bulk metallicities and core masses using both a homoge-
eous and an inhomogeneous distribution of heavy elements in the
nvelope. We combine evolution and static models to speed up the
etrie v al. 

We describe the modelling of the interior and the fitting method
sed to estimate interior parameters in Section 2 . In Section 3.1 , we
rst apply this method to a test planet. We then apply it to a sample
f real exoplanets in Section 3.2 . In Section 4 , we discuss our results,
nd Section 5 contains our conclusions. 
© 2023 The Author(s) 
lished by Oxford University Press on behalf of Royal Astronomical Society 
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Figure 1. A schematic illustration of a model of the interior of a planet with 
a core of heavy elements and a homogeneous envelope. 

Figure 2. A schematic illustration of a model of the interior of a planet with 
an inhomogeneous envelope. 
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 M E T H O D S  

.1 Planetary interior structure 

n this work, we use CEPAM to model the interiors of giant exo-
lanets. CEPAM (Guillot & Morel 1995 ) was originally developed 
o model interiors of the giant planets in the Solar system, but
as also been used for exoplanets (e.g Guillot & Showman 2002 ).
he code has been developed further, and the last version includes 
 variety of atmospheric limits to be able to use it on inflated
 xoplanets (P armentier & Guillot 2014 ; P armentier et al. 2015 ), and
ncludes different potential internal structures with homogeneous 
r inhomogeneous envelopes (Miguel et al. 2022 ). This code uses
he properties of the planet to calculate the observable parameters. 
 or e xoplanets, we use CEPAM to calculate the expected planetary
adius. We use static modelling to model the planetary interiors 
hroughout this work, but use evolution models to determine the 
ange of potential luminosity values to use according to the age of
ach planet (see Section 2.2.1 ). 

The homogeneous model has a simple structure, and consists of 
 core made of heavy elements surrounded by an envelope with a
omogeneous distribution of metals (see Fig. 1 ). In this model, the
tmospheric metallicities observed are equal to the o v erall metal 
raction in the giant planet’s envelope. 

On the other hand, models with inhomogeneous envelopes consist 
f a core and an envelope, where the heavy elements in the envelope
re inhomogeneously distributed and gradually decrease from the 
ore towards the atmosphere (see Fig. 2 ). In this paper, we use the
ame formalism as in Guillot et al. ( 2018 ), Miguel et al. ( 2022 ),
nd Howard et al. ( 2023 ) to describe the increase of metals in the
ilute core region based on the best fit to the observations. The metal
raction at each point in the envelope is described by, 

( m ) = Z atm 

+ 

Z dilute − Z atm 

2 

[
1 − erf 

(
m − m dilute 

δm 

)]
, (1) 

here Z ( m ) is the heavy element fraction at the mass coordinate m ,
 atm 

is the heavy element fraction observed in the atmosphere, which
s ef fecti vely the outer boundary, Z dilute is the maximal mass fraction
f heavy elements in the envelope, m dilute is the mass coordinate at
hich the metallicity gradient in the dilute core is steepest, and δm is

he slope of the gradual change in the heavy elements mass fraction.
e set the parameter δm equal to 0.075, which is the value used

n Miguel et al. ( 2022 ). We find that varying δm does not have a
ignificant impact on the radius. Our tests show that the difference
n radius between a run with δm set to 0.075 and a run with δm set
o 0.25 is less than 0.3 per cent. 

Because giant exoplanets are made primarily of hydrogen and 
elium, the equations of state of these elements are very important to
roperly determine the interior structure (Miguel, Guillot & Fayon 
016 ; Miguel et al. 2022 ). In this work, we use the MH13-H
quation of state for hydrogen (Militzer & Hubbard 2013 ; Miguel
t al. 2016 ), the SCVH95-He equation of state for helium (Saumon,
habrier & van Horn 1995 ), and the SESAME equation of state

or water (Lyon & Johnson 1992 ) to describe the heavy elements,
ssumed to be ices, in the envelope. We assume that all the heavy
lements in the envelope and atmosphere (including the dilute core 
egion) are in ices, and that the small, compact core is made of pure
ocks, with a structure based on Hubbard & Marley ( 1989 ). 

.1.1 The atmospheric boundary 

n this work, we use a non-grey opacity model for a solar composition
tmosphere, described in Parmentier & Guillot ( 2014 ) and Parmen-
ier et al. ( 2015 ) and based on a classical model by Chandrasekhar
 1935 ). The model relies on the equilibrium temperature ( T eq ) to
nclude the effect of irradiation on the planetary structure. Following 
armentier & Guillot ( 2014 ), we fix the optical depth limit to τ lim 

=
0 2 . We tested the impact of varying this parameter and found that it
as a small impact on our calculations. The changes in radius caused
y varying τ lim 

between 1 and 10 3 are � 1 per cent. We set the
ther parameters to the default values recommended in Parmentier & 

uillot ( 2014 ) for giant planets. 

.2 Fitting routine 

o fit the interior structure model to the measurements, we use the
lgorithm MULTINEST (v 3.10) (Feroz et al. 2013 ), which implements
ested sampling. We use the Python implementation described 
n Buchner et al. ( 2014 ). MULTINEST uses Bayesian evidence to
ompare models. 

Defining the data D as the scalar of the measurement of the radius
f the planet, the parameter vector θ as the vector containing the
alues of the parameters of the model, and M as the model itself, we
an use Bayes’ theorem 

Pr ( θ | D , M) = 

Pr ( D | θ, M) Pr ( θ | M) 

Pr ( D | M) 
, (2) 

o determine Pr ( θ | D , M), the posterior distribution of the model
arameters. The posterior distribution represents the updated belief 
f the model parameters given the data. Pr ( D| θ , M) ≡ L ( θ ) is the
ikelihood function. This is the likelihood of observing this set of
ata given the model and parameters. Pr ( θ | M) ≡ � ( θ ) is the prior
nformation for a model and Pr ( D| M) ≡ Z is the Bayesian evidence,
MNRAS 523, 6282–6292 (2023) 
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n indication of how well the model predicts the observed data. In
his work, we use Z ev to indicate the evidence value, so as to not
onfuse it with the metal fractions. 

CEPAM uses the properties of the planet to calculate the radius.
or this reason, we use the radius in the likelihood function. We
ssume the uncertainty on the radius is normally distributed, with
he mean being the measured value and the standard deviation equal
o the uncertainty on the measurement. With this assumption, we can
efine the joint log-likelihood function as 

ln L ( θ ) = −1 

2 

[
( D − R model ) 2 

σ 2 
+ ln 

(
2 πσ 2 

)]
, (3) 

here D is the measured radius and R model is the predicted radius
y the model M with parameters θ . This log-likelihood function is
hen convolved with priors for each parameter, based on physical
onstraints and previous measurements. An example of a physical
onstraint is that the metal fraction of a planet cannot be less than
ero. 

In Bayes’ theorem, Bayesian evidence is required to normalize the
osterior o v er the volume of the prior. This is defined by 

 ev = 

∫ ∫ 
... 

∫ 
L ( θ ) � ( θ) d θ , (4) 

here the dimensionality of the integration is equal to the number of
ree parameters in the model. The MULTINEST algorithm initializes a
umber of live points sampling the prior space. It then contracts the
istribution around points of high likelihood by discarding the points
ith the lowest likelihood and re-initializing them according to the
rior distributions. This is repeated until the region of maximum
ikelihood is found. 

The number of points the algorithm uses combined with the sam-
ling efficiency determines how accurate the resulting parameters
nd evidence values are. Feroz et al. ( 2013 ) recommend using 400
oints with a sampling efficiency of 0.3 for evidence calculation. We
nd that in this mode, the log evidence values are not al w ays constant,
ut the value only varies by ±2. Other modes perform equally well
r worse. We therefore use the evidence estimation mode for all
vidence calculations. 

To assess which model best describes the data, we consider the
if ference in e vidence v alues calculated by MULTINEST . The best-
tting model between two competing models that are a priori equally

ikely to describe the data is e v aluated by considering the ratio of their
 vidence v alues. Expressed in log space, we write this as � ln (Z ev ) =
n (Z 2 ) −ln (Z 1 ). Using an updated version of the Jefferys scale (e.g.
ass & Raftery 1995 ; Scaife & Heald 2012 ; Callingham et al. 2015 ;
loot, Callingham & Marcote 2022 ), � ln (Z ev ) ≥ 3 is strong evidence

hat M 2 is significantly better at describing the data than M 1 . 1 <
 ln (Z ev ) < 3 is moderate evidence that M 2 describes the data better

han M 2 , and 0 ≤ � ln (Z ev ) ≤ 1 is inconclusi ve. Ho we ver, in our
ase, we note that there is an extra uncertainty from the variation of
he evidence value between runs. As mentioned before, the variation
s at most ±2, so we take � ln (Z ev ) ≥ 5 as the condition for strong
vidence that M 2 is significantly better at describing the data than M 1 .
e treat � ln (Z ev ) ≥ 3 as a suggestion that M 2 is better at describing

he data than M 1 . 
We note that this comparison requires that the two models are a

riori equally likely. If this is not the case, this comparison does not
old. 
NRAS 523, 6282–6292 (2023) 
.2.1 Input and output parameters 

he input of the fitting method consists of the measured or inferred
arameters, combined with any physical constraints. An example of
uch a constraint is that the core mass fraction cannot be less than 0.0,
or can it be more than 1.0. The measured or inferred parameters used
n this work are the mass, radius, metal fraction in the atmosphere,
nd equilibrium temperature. The radius is used to calculate the
ikelihood, whereas the mass, metal fraction in the atmosphere, and
quilibrium temperature are used as priors for the fitting method.
or the mass and the equilibrium temperature, we use a Gaussian
rior distribution centred on the measured or calculated value, with a
idth determined by their error bars. We use a logarithmic Gaussian
rior distribution for the metal fraction in the atmosphere, as most
etal fraction measurements are given in log space. The distribution

s again centred on the measured value with a width determined by
he error bars. 

The physical constraints on the other parameters are determined in
 fe w dif ferent ways. If the parameter is completely unconstrained,
he input consists of the entire physically possible range. The
nconstrained parameters in the default method are the core mass
raction and the parameters to determine the metal fraction in the
nvelope for the inhomogeneous case ( Z dilute and m dilute , see equation
 1 )). For these parameters, we use a prior uniformly distributed
etween 0.0 and 1.0. With these priors, it is technically possible
o create a planet with a ne gativ e heavy element gradient. A ne gativ e
etallicity gradient will be unstable, either succumbing to convection

r a Rayleigh–Taylor instability, both of which will quickly restore a
ositive gradient. While these solutions are found to be very unlikely,
hey do occur occasionally. In those cases, we add an extra prior
equiring that the gradient of heavy elements cannot be ne gativ e.
or the helium fraction Y and the heavy element fraction in the
tmosphere Z atm 

, we define a constraint that Y + Z atm 

≤ 0.75. This
alue was chosen to a v oid a too large Y + Z atm 

value in the envelope
nd to ensure convergence. We use a Gaussian distribution for the
elium fraction Y , centred on 0.277 with a standard deviation of 0.01.
The upper limit on the internal luminosity is set by running one

omogeneous evolution model in CEPAM with all parameters set to
he mean values of the measurements, with the helium fraction set
o 0.3 and the core mass fraction set to 0.05. Out of all parameters,
he one that has the largest impact on the internal luminosity in our
ests is the metal fraction in the envelope. An increased atmospheric
etallicity leads to an increased internal luminosity. Therefore, to

alculate an upper limit on the luminosity, we set Z atm 

= 0.5. We
hen select the highest value of the internal luminosity that agrees
ith the age of the star and use this as our upper limit. The lower

imit on the internal luminosity is obtained from Guillot & Gautier
 2015 ) and Sarkis et al. ( 2021 ). We set it to 10 24 erg s −1 , or 0.3 L J . If
he upper limit on the internal luminosity is below or very close to
his value, we set the lower limit to 10 21 erg s −1 , 3 · 10 −4 L J instead.
he range of the prior on the internal luminosity is fairly large. The
oal of this is to not bias the fitting method to certain regions of
he parameter space. In practice, this means that the calculated age
f the best-fitting set of parameters can be lower than the measured
ge, but still within the error bars. This is discussed in more detail in
ection 3.1.2 . 
The output of the model consists of the best-fitting parameters and

he log evidence value. Out of the best-fitting parameters, the most
ele v ant parameters to constrain the interior of a planet are the core
ass fraction, the o v erall heavy element fraction of the planet, and

he parameters to determine the metal fraction in the envelope for the
nhomogeneous case. 
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Table 1. Parameters used to create the test planet and the prior ranges used for the two runs. The test value 
is the value for that parameter used to create the planet. The first of the two runs only includes measurements 
of the radius R and the mass M , whereas the second run uses the radius R , mass M , equilibrium temperature 
T eq , metallicity of the atmosphere Z atm 

and the helium fraction Y . The value of the internal luminosity used 
to create the test planet was chosen based on an evolution run, using an age of 1 Gyr. The prior ranges 
are written as μ ± σ for the Gaussian distributions, where μ is the mean of the distribution and σ is the 
standard deviation. For the uniform priors, the lower and upper limits of the uniform distribution are given. 
m dilute is the mass coordinate where the dilute core region is located and Z dilute is the dilute core central 
metal fraction. 

Test value Run with only R , M Run with R , M , T eq , Z atm 

, Y 

Mass ( M J ) 0 .478 0.478 ± 0.02 0.478 ± 0.02 
Core mass fraction 0 .0065 [0.0, 1.0] [0.0, 1.0] 
Y 0 .277 [0.0, 1.0] 0.277 ± 0.01 
Z atm 

0 .11 [0.0, 1.0] –
log( Z atm 

) − 0 .95 – −0.95 ± 0.12 
T eq (K) 1580 [0.0, 6000] 1585 ± 24 
Internal luminosity ( L J ) 4 .5 [0.3, 5.8] [0.3, 5.8] 
m dilute 0 .27 [0.0, 1.0] [0.0, 1.0] 
Z dilute 0 .2 [0.0, 1.0] [0.0, 1.0] 
Radius ( R J ) 1 .5 1.5 ±0.06 1.5 ± 0.06 

Figure 3. Histogram showing the distribution of the core mass fraction produced by fitting the two different interior structures to measurements of the radius 
and the mass (left-hand panel) and the radius, mass, equilibrium temperature, helium fraction, and atmospheric metal fraction (right-hand panel) of the test 
planet. The light blue line shows the distribution of the core mass fraction for the homogeneous model fit, and the dark green line shows the distribution for the 
inhomogeneous model. The insets show the same distribution between 0.0 and 0.15 in more detail, using more bins. The dashed black line shows the core mass 
fraction used to create the test planet. 
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 RESULTS  

.1 Test planet 

n this section, we test the robustness of the method by applying it
o a simulated planet to analyse how well we can retrieve its interior
tructure. Our test planet is created using the properties in Table 1 . 

.1.1 Requir ed measur ements to constrain the interior structur e 

n order to find the best-fitting model that reproduces the properties of
he test planet, we check what parameters are necessary to break the
egeneracies. The first test is to use only the mass and the radius of
he planet as input for our method, and test if that information alone
s enough to retrieve the interior structure of the test planet. For the
adius, we use a value of 1.5 ± 0.06 R J , and we set the mass value
o 0.478 ± 0.02 M J , where the error bars are chosen in agreement
o typical exoplanet measurement estimations, examples of which 
re shown in Table 3 . With just these constraints, we find that the
ethod struggles to constrain any of the parameters. This is shown 
n Fig. 3 (left-hand panel), where we plot the histogram of the core
ass fraction distribution that we find for both models. We see that

he core mass fraction is completely unconstrained in these runs. The
ore mass fraction in the homogeneous model is 0 . 262 + 0 . 296 

−0 . 190 . For the
nhomogeneous model, it is 0 . 211 + 0 . 230 

−0 . 146 . The same is found for the
ther unconstrained parameters. 
We observe that in this case, where we use only the mass and

adius of the planet as prior data, we cannot retrieve the true core
ass fraction of the planet. This can be seen in Fig. 3 (left-hand

anel), where some of the extreme v alues retrie ved for the core
ass fraction are close to 0.8, while the true value of this parameter

n the test planet is 0.0065. This is because, in a system with few
onstraints and many unknowns, the problem is degenerate and the 
ode can obtain a solution that is far from the true value. For example,
hen the core mass fraction is high, other parameters, such as the
etallicity and helium fraction of the atmosphere, as well as the

nternal luminosity, can compensate for the effect of the large core to
till create a planet with the desired radius. This is therefore a valid
olution for the system, even if it is not close to the right one. 
MNRAS 523, 6282–6292 (2023) 
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M

Figure 4. Evolution of the internal luminosity as a function of time for the 
test planet. The blue line shows the results from an evolution run using the 
best-fitting parameters for the test planet, using the homogeneous model with 
a helium fraction constraint. The black line indicates the best-fitting internal 
luminosity calculated with the fitting method using static modelling. The 
point where the two lines cross is at 622 Myr. 

Table 2. The log evidence values found for the test planet for both models, 
with constraints on R , M , Z atm 

, T eq and Y . 

Run ln( Z ev ) 

Homogeneous −33.1 ± 0.05 
Inhomogeneous −32.3 ± 0.2 
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It is clear that the method requires more information to find a
ood fit. This is expected, as a fitting method generally requires more
onstraints than free parameters to converge to a solution. When only
sing the mass and the radius as input, we have four free parameters
n the homogeneous model and six in the inhomogeneous model. In
his case, the two constraints are not enough to allow the method to
onverge. 

Other parameters that can be determined observationally are the
tmospheric metal fraction and the equilibrium temperature (via
he determination of the stellar parameters and planetary albedo).

oreo v er, we can also add the helium fraction as a constraint
n the calculations. While helium is a challenging element to be
pectroscopically detected in stars or exoplanet atmospheres, one of
he approaches typically followed by stellar modellers is to determine
he initial helium abundance by setting free values of Y ini , star in a
ange that is in reasonably good agreement with solar values (Nsamba
t al. 2021 ). We can then assume that the exoplanets have the same
elium fraction as their primitive host star, an assumption also made
or the o v erall helium abundance of the giant planets in the Solar
ystem. 

To test the effect of adding these measurements, we run the method
gain on the same test planet, with the atmospheric metal fraction,
he equilibrium temperature and the helium fraction added as input
riors. The prior parameters are listed in Table 1 . The uncertainties
n these values are based on uncertainties of measurements of real
 xoplanets, e xamples of which can be found in Table 3 . When we
pply the method using these constraints, we find a distribution in
ore mass fractions as shown in Fig. 3 (right-hand panel). The core
ass is much more constrained in these runs, as we can now see that

he core mass is less than 0.1, independent of the interior structure.
NRAS 523, 6282–6292 (2023) 
or the homogeneous model, the core mass is now 0 . 012 + 0 . 021 
−0 . 008 . The

nhomogeneous model is again very similar, with the core mass
eing 0 . 015 + 0 . 023 

−0 . 011 . This last case using the equilibrium temperature,
tmospheric metal fraction and helium fraction as input parameters
n addition to mass and radius is the best case to retrieve the interior
roperties of the planets and the one that will be used during the rest
f this manuscript. 

.1.2 Internal luminosity 

n Section 2.2.1 , we describe the upper limit on the internal lumi-
osity, based on the age of the star used in an evolution model of the
lanet. To test the validity of this assumption for the upper limit, we
un the evolution model for the best-fitting parameters found with
he fitting method and static model for the test planet and compare
his with the internal luminosity found with this fitting routine. The
esults of this run are plotted in Fig. 4 . We compare the results of this
un, particularly the radius and the internal luminosity, to the radius
nd luminosity found by the static runs using the upper limit on the
nternal luminosity. We find that the internal luminosity found by the
tatic runs is realistic when looking at the full evolution run. The age
f the planet that agrees with both the calculated radius and internal
uminosity is 0.6 Gyr. The age chosen to create the planet is a little
igher at 1 Gyr, but well within typical observational error bars when
ompared to the values in Table 3 . 

.1.3 Homo g eneous ver sus inhomo g eneous structures 

 consequence of using this fitting method is that it produces an
 vidence v alue for each run. Comparing these evidence values could
ive us information about which model describes the data better. We
ist the found log evidence values for our simulated planet in Table 2 .

e see that there is no significant difference between the evidence
alues of the two models. This indicates that the parameter space is
till too large for the fitting routine to find a unique solution. There
re simply too many degeneracies to find one single solution. More
onstraints would be needed to better determine which one of these
wo models fits exoplanet data better and would be the study of future
esearch. 

.2 Sample of exoplanets 

fter analysing the robustness of our method with a test planet, we
pply it to real exoplanets. In this section, we present the results
f retrieving interior parameters for a sample of 37 exoplanets.
hese planets were selected based on several criteria. First, they
eed to have available measurements of the radius and the mass,
s well as an inferred equilibrium temperature. Because we use
tmospheric water abundances as an estimate for the metal frac-
ion in the atmosphere, we select planets with measured water
bundances. Finally, our planets are in a mass range of 0.1–3 M J .
he entire selection of exoplanets with the corresponding measured
alues used to constrain the calculations is listed in Table 3 ,
here we also include stellar ages when available. We note that
hen stellar age is not available, we use 1 Gyr as the age of the
lanet for the determination of the upper limit on its internal 
uminosity. 

The results of all runs, including corner plots of the distributions,
re available at ht tps://github.com/Ast roYamila- Team/exoplanet- in
erior -r etrievals . 

https://github.com/AstroYamila-Team/exoplanet-interior-retrievals
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Table 3. Exoplanets used in this work. The planets marked with � are planets that are not well-reproduced by our method and 
that are remo v ed from consideration for the analysis of the results. ∗: there is no given uncertainty on the water abundance of 51 
Peg b, therefore we use a typical value based on the other exoplanets in the sample. References: (1) Birkby et al. ( 2017 ), (2) Brogi 
et al. ( 2013 ), (3) Martins et al. ( 2015 ), (4) Pinhas et al. ( 2019 ), (5) Nikolov et al. ( 2014 ), (6) Bakos et al. ( 2007 ), (7) Line et al. 
( 2013 ), (8) Todorov et al. ( 2013 ), (9) Hartman et al. ( 2009 ), (10) Esposito et al. ( 2014 ), (11) Tsiaras et al. ( 2018 ), (12) Knutson 
et al. ( 2014 ), (13) Hartman et al. ( 2011a ), (14) Torres, Winn & Holman ( 2008 ), (15) Chan et al. ( 2011 ), (16) Hartman et al. ( 2011b ), 
(17) Bonomo et al. ( 2017 ), (18) Sato et al. ( 2012 ), (19) Hartman et al. ( 2012 ), (20) Sato et al. ( 2005 ), (21) Triaud et al. ( 2010 ), 
(22) Southworth ( 2010 ), (23) Paredes et al. ( 2021 ), (24) Melo et al. ( 2006 ), (25) Wang & Ford ( 2011 ), (26) Col ́on et al. ( 2020 ), 
(27) Pepper et al. ( 2017 ), (28) Goyal et al. ( 2021 ), (29) Hellier et al. ( 2014 ), (30) Gillon et al. ( 2014 ), (31) Wilson et al. ( 2020 ), 
(32) Anderson et al. ( 2017 ), (33) Spake et al. ( 2018 ), (34) Lendl et al. ( 2014 ), (35) Anisman et al. ( 2020 ), (36) Collins, Kielkopf & 

Stassun ( 2017 ), (37) Delrez et al. ( 2016 ), (38) Chen et al. ( 2018 ), (39) Wallack, Knutson & Deming ( 2021 ), (40) Lam et al. ( 2017 ), 
(41) Anderson et al. ( 2011a ), (42) Anderson et al. ( 2010 ), (43) Mancini et al. ( 2013 ), (44) Hebb et al. ( 2010 ), (45) Gibson et al. 
( 2013 ), (46) Saha & Sengupta ( 2021 ), (47) Hellier et al. ( 2010 ), (48) Anderson et al. ( 2011b ), (49) Lehmann et al. ( 2015 ), (50) 
Chakrabarty & Sengupta ( 2019 ), (51) von Essen et al. ( 2019 ), (52) Faedi et al. ( 2011 ), (53) Wakeford et al. ( 2017 ), (54) Gillon 
et al. ( 2012 ), (55) H ́ebrard et al. ( 2013 ), (56) Gillon et al. ( 2009 ), (57) Hellier et al. ( 2012 ), (58) Bruno et al. ( 2018 ), (59) Anderson 
et al. ( 2014 ), (60) Luque et al. ( 2020 ), (61) Mancini et al. ( 2019 ), (62) West et al. ( 2016 ), (63) Maxted et al. ( 2013 ), (64) Line 
et al. ( 2021 ), (65) Cort ́es-Zuleta et al. ( 2020 ), (66) Triaud et al. ( 2013 ), (67) Yip et al. ( 2020 ), (68) McCullough et al. ( 2006 ), (69) 
Holman et al. ( 2006 ), and (70) Southworth et al. ( 2018 ). 

Name Mass ( M J ) Radius ( R J ) T eq (K) log(X H 2 O 

) Stellar age (Gyr) References 

51 Peg b � 0 . 47 + 0 . 03 
−0 . 07 1 . 9 + 0 . 3 −0 . 3 1226 + 72 

−69 −3.5 ± 1 ∗ 4 + 2 . 5 −2 . 5 1–3 

HAT-P −1 b � 0 . 525 + 0 . 019 
−0 . 019 1 . 319 + 0 . 019 

−0 . 019 1322 + 14 
−15 −2 . 72 + 0 . 42 

−0 . 52 3.6 4–6 

HAT-P −12 b 0 . 2105 + 0 . 013 
−0 . 013 0 . 949 + 0 . 061 

−0 . 061 957 ± 20 −3 . 91 + 1 . 01 
−1 . 89 2 . 5 + 2 −2 4, 7–9 

HAT-P −18 b 0 . 183 + 0 . 034 
−0 . 032 0 . 947 + 0 . 044 

−0 . 044 841 ± 15 −2.63 ± 1.18 12 . 4 + 6 . 4 −6 . 4 10–13 

HAT-P −3 b 0 . 591 + 0 . 018 
−0 . 018 0 . 827 + 0 . 055 

−0 . 055 1127 + 49 
−39 −6.93 ± 2.73 1 . 6 + 1 . 3 −1 . 3 11, 14, 15 

HAT-P −32 b � 0 . 75 + 0 . 13 
−0 . 13 1 . 789 + 0 . 025 

−0 . 025 1786 ± 26 −2.84 ± 0.92 3 . 8 + 0 . 5 −0 . 5 11, 16, 17 

HAT-P −38 b 0 . 267 + 0 . 02 
−0 . 02 0 . 825 + 0 . 063 

−0 . 063 1082 ± 55 −4.29 ± 2.16 10 . 1 + 4 . 8 −4 . 8 11, 18 

HAT-P −41 b � 0 . 8 + 0 . 102 
−0 . 102 1 . 685 + 0 . 076 

−0 . 051 1941 ± 38 −2.77 ± 1.09 2 . 2 + 0 . 4 −0 . 4 11, 19 

HD 149 026 b 0 . 357 + 0 . 014 
−0 . 011 0 . 718 + 0 . 065 

−0 . 065 1634 + 90 
−23 −5.75 ± 2.91 2 + 0 . 8 −0 . 8 11, 14, 20–22 

HD 189 733 b 1 . 138 + 0 . 025 
−0 . 025 1 . 138 + 0 . 077 

−0 . 077 1201 + 13 
−12 −5 . 04 + 0 . 46 

−0 . 30 0.6 4, 14, 23, 24 

HD 209 458 b � 0 . 69 + 0 . 017 
−0 . 017 1 . 38 + 0 . 018 

−0 . 018 1449 + 12 
−12 −4 . 66 + 0 . 39 

−0 . 30 4 + 2 −2 4, 14, 24, 25 

KEL T -11 b 0 . 195 + 0 . 019 
−0 . 019 1 . 3 + 0 . 18 

−0 . 12 1712 + 51 
−46 −4 . 73 + 1 . 13 

−1 . 51 26, 27 

WASP-101 b 0 . 5 + 0 . 004 
−0 . 004 1 . 41 + 0 . 05 

−0 . 05 1559 ± 38 −6.95 ± 2.61 0 . 9 + 0 . 4 −1 . 3 11, 28, 29 

WASP-103 b 1 . 49 + 0 . 088 
−0 . 088 1 . 528 + 0 . 073 

−0 . 047 2513 ± 49 −1 . 73 + 0 . 38 
−0 . 55 4 + 1 −1 28, 30, 31 

WASP-107 b 0 . 12 + 0 . 01 
−0 . 01 0 . 94 + 0 . 02 

−0 . 02 770 ± 60 −1 . 7 + 0 . 30 
−0 . 60 32, 33 

WASP-117 b 0 . 2755 + 0 . 009 
−0 . 009 1 . 021 + 0 . 065 

−0 . 076 1225 + 36 
−39 −3 . 82 + 1 . 37 

−1 . 55 4 . 6 + 2 −2 34, 35 

WASP-12 b � 1 . 47 + 0 . 076 
−0 . 069 1 . 9 + 0 . 057 

−0 . 055 2546 ± 82 −3 . 16 + 0 . 66 
−0 . 69 1 . 7 + 0 . 8 −0 . 8 4, 28, 36 

WASP-121 b � 1 . 184 + 0 . 065 
−0 . 064 1 . 865 + 0 . 044 

−0 . 044 2358 ± 52 −3.05 ± 0.87 11, 37 

WASP-127 b 0 . 18 + 0 . 02 
−0 . 02 1 . 37 + 0 . 04 

−0 . 04 1404 ± 29 −2 . 56 + 0 . 92 
−4 . 65 11 . 41 + 1 . 8 −1 . 8 38–40 

WASP-17 b � 0 . 486 + 0 . 032 
−0 . 032 1 . 991 + 0 . 081 

−0 . 081 1771 ± 35 −4 . 04 + 0 . 91 
−0 . 42 3 + 2 . 6 −2 . 6 4, 41, 42 

WASP-19 b � 1 . 139 + 0 . 03 
−0 . 03 1 . 41 + 0 . 017 

−0 . 017 2099 ± 39 −3 . 9 + 0 . 95 
−1 . 16 11 . 5 + 2 . 7 −2 . 7 4, 28, 43, 44 

WASP-29 b 0 . 243 + 0 . 02 
−0 . 02 0 . 775 + 0 . 031 

−0 . 031 970 + 32 
−31 −7.93 ± 2.38 15 + 8 −8 11, 45–47 

WASP-31 b 0 . 478 + 0 . 03 
−0 . 03 1 . 537 + 0 . 06 

−0 . 06 1575 ± 32 −3 . 97 + 1 . 01 
−2 . 27 4, 48 

WASP-33 b 2 . 8 + 0 . 53 
−0 . 53 1 . 603 + 0 . 014 

−0 . 014 2781 ± 41 −6 . 8 + 3 . 00 
−4 . 00 49, 50, 51 

WASP-39 b 0 . 28 + 0 . 03 
−0 . 03 1 . 27 + 0 . 04 

−0 . 04 1030 + 30 
−20 −1 . 37 + 0 . 05 

−0 . 13 4, 52, 53 

WASP-43 b 2 . 052 + 0 . 053 
−0 . 053 1 . 036 + 0 . 019 

−0 . 019 1444 ± 40 −4.36 ± 2.1 0.4 11, 28, 54 

WASP-52 b 0 . 46 + 0 . 02 
−0 . 02 1 . 27 + 0 . 03 

−0 . 03 1315 ± 35 −4.09 ± 0.87 0 . 4 + 0 . 3 −0 . 3 15, 55 

WASP-6 b 0 . 503 + 0 . 019 
−0 . 038 1 . 224 + 0 . 051 

−0 . 052 1194 + 58 
−57 −6 . 91 + 1 . 83 

−2 . 07 11 + 7 −7 4, 56 

WASP-63 b � 0 . 38 + 0 . 03 
−0 . 03 1 . 43 + 0 . 06 

−0 . 06 1536 ± 37 −5.81 ± 2.81 11, 28, 57 

WASP-67 b 0 . 42 + 0 . 04 
−0 . 04 1 . 4 + 0 . 2 −0 . 2 1040 ± 30 −5 . 61 + 1 . 98 

−0 . 95 11, 57, 58 

WASP-69 b 0 . 26 + 0 . 017 
−0 . 017 1 . 057 + 0 . 047 

−0 . 047 963 ± 18 −3.94 ± 1.25 2 11, 59 

WASP-74 b 0 . 826 + 0 . 014 
−0 . 014 1 . 248 + 0 . 036 

−0 . 036 1922 ± 46 −5.91 ± 2.81 2 + 1 −1 . 6 11, 28, 59–61 

WASP-76 b � 0 . 92 + 0 . 03 
−0 . 03 1 . 83 + 0 . 06 

−0 . 06 2190 ± 43 −2.7 ± 1.07 11, 28, 62 

WASP-77 A b 1 . 76 + 0 . 06 
−0 . 06 1 . 21 + 0 . 02 

−0 . 02 1715 + 26 
−25 −3 . 93 + 0 . 10 

−0 . 09 1 + 0 . 3 −0 . 5 63–65 

WASP-80 b 0 . 554 + 0 . 03 
−0 . 039 0 . 952 + 0 . 026 

−0 . 027 825 ± 20 −5.34 ± 2.65 11, 66 

WASP-96 b 0 . 48 + 0 . 03 
−0 . 03 1 . 2 + 0 . 06 

−0 . 06 1285 ± 40 −3 . 65 + 0 . 90 
−0 . 94 8 + 8 −26 29, 67 

XO-1 b 0 . 9 + 0 . 07 
−0 . 07 1 . 184 + 0 . 04 

−0 . 04 1204 ± 11 −2.75 ± 1.64 4 . 5 + 2 −2 68–70 
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Figure 5. Comparison between measured and fitted parameters. Left-hand panel: measured radius—used as input for the fitting method—on the horizontal axis, 
and the radius found by the fitting method on the vertical axis. Right-hand panel: measured mass—used as input for the fitting method—on the horizontal axis, 
and the mass found by the fitting method on the vertical axis. In both figures, the light blue and dark green points, respectively, correspond to the homogeneous 
and inhomogeneous models. A line showing where they are equal is drawn. The error bars represent the 1 σ uncertainty. 

Figure 6. Bulk metallicity as a function of the best-fitting radius. We see a 
clear correlation, with the heavy element fraction decreasing with the radius. 
The light blue points are the homogeneous runs and the dark green points are 
the inhomogeneous models. Jupiter and Saturn are plotted for reference (Ni 
2020 ; Miguel et al. 2022 ). The error bars represent the 1 σ uncertainty. 
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Table 4. Core masses for both models fit to WASP-39 b with 1 σ error bars. 

Homogeneous Inhomogeneous 

Core mass fraction 0.0122 + 0 . 0158 
−0 . 00867 0.0125 + 0 . 0142 

−0 . 00861 

Core mass ( M Earth ) 0.88 + 1 . 1 −0 . 62 0.9 + 1 −0 . 61 
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.2.1 Reproducing the measurements 

o test if our method works well for the entire sample of exoplanets,
 first check is to compare the radii and masses measured against
he best-fitting radii and masses found with the fitting routine. This
omparison is shown in Fig. 5 . The plot shows that most of the
lanets in the sample are well-reproduced. For the masses, (Fig. 5 ,
ight-hand panel) all the planets have masses that are well-fitted,
ith the exception of the most massive planet in the sample. We
ote, ho we ver, that the difference between the best-fitting mass and
he measured mass for this massive planet is less than 2 σ , showing
hat the method can reproduce the masses very well. Ho we ver, when
ooking at the radius (Fig. 5 , left-hand panel) there is also a number
f planets that are not properly fitted. These planets have a best-
tting radius that is smaller than the measured radius. The difference
etween the best-fitting radius and the measured radius for most
nflated planets can be between 10 and 20 σ . The large difference
etween the best-fitting radius and the measured radius is caused by
he planet being very inflated. Due to the effect of stellar irradiation
NRAS 523, 6282–6292 (2023) 
n exoplanets, there is extra energy deposited in the interior of the
lanet (Mol Lous & Miguel 2020 ). This might be another uncertainty
nd extra parameter to consider in our calculations for some extreme
ases. We come back to these extreme planets in Section 4.4 . In the
est of this work, we remo v e these planets from the sample, leading
o a final sample of 25 exoplanets. 

.2.2 Core mass distribution 

ur results show that there is a correlation between the core mass
raction and the radius of the planet. We show the best-fitting core
ass fraction as a function of the best-fitting radius in Fig. 6 , where
e see that larger planets have smaller core mass fractions, a result

hat is also in agreement with trends found in the giant planets in the
olar system (Ni 2020 ; Miguel et al. 2022 ). In addition, another thing

o notice is that smaller planets are less constrained than the larger
lanets in the sample. This is because the smaller planets have a
arger amount of metals and larger degeneracies in the determination
f their interior structures. Furthermore, the inhomogeneous models
re often less constrained than the homogeneous models, which is
aused by the difference in the size of the parameter space between
he two models. 

For most planets in the sample, we find that the core mass fraction
s often very similar between runs of the same planet. For WASP-
9 b, for example, we show the found core mass fraction in Table 4
or both the homogeneous and the inhomogeneous run. The values
f both runs are very similar. 

.2.3 Mass metallicity relation for exoplanets 

e show the retrieved bulk metallicity of the exoplanets as a function
f their mass in Fig. 7 . We notice that the metal mass fraction of a
lanet decreases as the total mass of the planet increases, a result
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Figure 7. Bulk metallicities as a function of the total estimated planetary 
mass. The light blue points are the homogeneous runs and the dark green 
points are the inhomogeneous models. Jupiter and Saturn are shown in the 
figure for comparison. The error bars represent the 1 σ uncertainty. 

Figure 8. Distribution of metals o v er the core and envelope. The vertical 
axis shows the envelope heavy metal fraction and the horizontal axis shows 
the core mass fraction. The light blue points are the homogeneous runs and 
the dark green points are the inhomogeneous models. The error bars represent 
the 1 σ uncertainty. 
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Figure 9. Heavy element fraction as a function of the mass coordinate of the 
inhomogeneous runs. The vertical axis shows the heavy element fraction and 
the horizontal axis shows the mass fraction. We only include the runs where 
the core mass fraction is below 0.25, to show the structure of the other planets 
more clearly. 
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n agreement with previous calculations (e.g. Thorngren et al. 2016 ; 
horngren & F ortne y 2019 ). We note that our retrieved metallicities
re often slightly lower than the values provided by previous 
alculations (see Section 4.1 ). Our results are also in agreement 
ith recent estimations of Solar system giants (Mankovich & Fuller 
021 ; Miguel et al. 2022 ). 
The inhomogeneous models could reproduce the homogeneous 
odel solutions by finding solutions where the core-boundary metal 

raction is equal to the atmospheric metal fraction. In that case, the
istribution of the heavy elements o v er the core and the envelope
hould be equal to that in the homogeneous model. Fig. 8 shows the
etallicity in the envelope as a function of the core mass fraction,
here we see that homogeneous and inhomogeneous models occupy 
ifferent regions of the parameter space. The homogeneous solutions 
ither have a relatively high core mass fraction and a low envelope
etal mass fraction, or a low core mass fraction and a relatively high

nvelope metal mass fraction. The inhomogeneous models occupy 
he regions between these two extremes. This result implies that 
he inhomogeneous solutions are different from the homogeneous 
odels, indicating that the homogeneous model is not the only 
ossible solution to explain the interior structure of these planets. 
To illustrate how the heavy elements are distributed in the envelope 

n inhomogeneous models, we plot the heavy element fraction as a
unction of mass of the best-fitting models in Fig. 9 . We see that in
ost planets in our sample, the gradient of metals in the envelope

xtends in a range from 0.2 to 0.7 in mass fraction coordinates.
alues found for Solar system giants show that the gradient of metals
r dilute core region (as this region is normally called in planetary
cience) extends between 0.5 and 0.6 of the planetary radius (Wahl,
ubbard & Militzer 2016 ; Mankovich & Fuller 2021 ; Miguel et al.
022 ). On the other hand, formation models find that this region
xtends to a smaller radius, close to 0.3 radii (e.g. M ̈uller et al. 2020 ;
elled et al. 2022 , and references therein). Ho we ver, a recent analysis

rom Howard et al. ( 2023 ) points towards a better agreement between
nterior and formation models about the extent of the heavy-element 
radient. The values found in this work for exoplanets cover the
ntire range of both theoretical and observ ational v alues, although
hese models do not have such tight constraints as the Solar system
iants. 

 DI SCUSSI ON  

.1 Comparison to previous work 

reviously, mass-metallicity relations for exoplanets have been 
stimated, for example by Thorngren et al. ( 2016 ). Ho we ver, they
se a different approach, considering evolution models (instead of 
tatic models as considered in this work), only using a homogeneous
tructure and putting at most 10 M Earth into the core. In general, our
rend indicates slightly lower metallicities when looking at the entire 
ample of exoplanets, but we can also perform a direct comparison
etween our retrieved metal masses to their findings, as several 
xoplanets are included in both papers. An example is WASP- 
9 b. For this planet, we find a metal mass of 19 + 5 . 5 

−5 . 1 M Earth using
he homogeneous model and 14 + 6 . 0 

−5 . 4 M Earth with the inhomogeneous 
odel. Thorngren et al. ( 2016 ) find a metal mass of 25.65 + 6 . 63 

−6 . 09 M Earth .
he metal mass found in this work is lower, although the values agree
ithin 3 σ . The other planets included in both samples are HAT-P-
2 b, HAT-P-18 b, WASP-69 b, and WASP-80 b. We find the same
MNRAS 523, 6282–6292 (2023) 
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Figure 10. Difference in log evidence values between the homogeneous 
and inhomogeneous model runs. The horizontal axis is the average radius of 
the homogeneous and inhomogeneous runs. The solid black lines represent 
� ln(Z ev ) = ±5, and the dashed lines indicate � ln(Z ev ) = ±3. The error bars 
represent the 1 σ uncertainty. 
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Figure 11. Bulk metallicities as a function of the total estimated planetary 
mass for the homogeneous runs, where the colour indicates the stellar 
metallicity. Jupiter and Saturn are shown in the figure for comparison. The 
error bars represent the 1 σ uncertainty. Metallicities from Gillon et al. ( 2009 , 
2012 , 2014 ), Hartman et al. ( 2009 , 2011a ), Cameron et al. ( 2010 ), Hellier et al. 
( 2010 , 2014 , 2015 ), Chan et al. ( 2011 ), Sato et al. ( 2012 ), Torres et al. ( 2012 ), 
Triaud et al. ( 2013 ), Lendl et al. ( 2014 ), Mancini et al. ( 2014 ), Anderson et al. 
( 2017 ), Pepper et al. ( 2017 ), and Polanski et al. ( 2022 ). 
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etal mass for HAT-P-12 b, close to the same value for HAT-P-18 b
nd a higher value for WASP-69 b and WASP-80 b. All values agree
ithin 3 σ . 
Thorngren & F ortne y ( 2019 ) also look at the total metal fraction of

xoplanets. Their Fig. 2 can be compared against our Fig. 7 . In both
gures, Jupiter and Saturn are marked for reference. In the figure by
horngren & F ortne y ( 2019 ), Jupiter and Saturn are both significantly

ower in metal fraction than the exoplanets in the sample. The points
lotted for the exoplanets are limits, but the mean values are still
igher than Jupiter and Saturn. In our figure, Jupiter and Saturn are
n the middle of our sample and follow the trend established by the
xoplanets. In our sample, there is no significant difference in the
etal mass trend between the Solar system and exoplanets. 
There are several planets included in both samples, which we can

irectly compare. These planets include W ASP-39 b, W ASP-43 b,
 ASP-52 b, and W ASP-107 b. We find lower metal mass fractions for

ll these planets, although the error bars are larger on our determined
alues. 

.2 Homogeneous versus inhomogeneous structures 

 consequence of using the fitting method described in Section 2.2
s that it produces an evidence value for each run. Comparing
hese evidence values could give us information about which model
escribes the data better. The Bayesian evidence takes the size of
he parameter space into account to reduce the risk of o v erfitting. In
ractice, this means that two models with the same evidence value
re equally likely, even if one model has more free parameters than
he other. 

We list the found log e vidence v alues for our simulated planet in
 able 2 . W e see that there is no significant difference between the
 vidence v alues of the two models. This indicates that the parameter
pace is still too large for the fitting routine to find a unique solution.
here are simply too many degeneracies to find one single solution.
e see the same for our entire sample, as shown in Fig. 10 . Although

ome planets show a suggestion that one model is better than the
ther, none show strong evidence. More observational and theoretical
onstraints would be needed to determine which one of these two
odels fits exoplanet data better. 
NRAS 523, 6282–6292 (2023) 
The observational constraints that could help include better mea-
urements of the surface parameters of exoplanets, such as the
etallicity, as well as measurements of Lo v e numbers (e.g. Wahl

t al. 2021 ), which contain information on the interior structure. 
Finally, the internal luminosity of giant exoplanets, especially

hose close to their host stars, is still not completely understood.
heoretical advancements on the range on this parameter would
ecrease the error bars on the parameters determined in this work. 

.3 Impact of stellar metallicity 

he metallicity of the star in a planetary system may affect the interior
roperties of the planets in that system. To test this hypothesis, we
lot the total metal fraction as a function of mass, coloured by the
etallicity of the star, in Fig. 11 . We show only the homogeneous
odel runs, but the results for the inhomogeneous model are almost

dentical. Fig. 11 shows that the two planets with the highest metal
ass fraction are also the two systems with the highest stellar
etallicity. On average, it seems that planets orbiting a star with a

igher metallicity than the Sun have a higher total metal fraction than
he Solar system planets, and the other way around. Although this
orrelation is not yet very significant, it suggests that the properties
f the planet and its star are related. This will be further investigated
n a future publication. 

.4 Inflated planets 

 significant amount of the exoplanets in our sample are inflated
lanets, with measured radii higher than our estimated values. To
roperly model these planets, we need to add more free parameters
n our sample related to the atmospheric boundary condition and the
nergy deposited in the interior of the planet, which could increase the
e generac y in the system and the uncertainties on other parameters.
o test the effect of this, we re-ran all the inflated planets using a
igher upper limit on the internal luminosity. Instead of limiting it
o the values predicted by the evolution runs, we now set a general
pper limit to the high (and arbitrary) value of 10 29 erg s −1 , or 3 ×
0 4 L J , for all the inflated planets. We see that with this new parameter
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Table 5. Comparison of different internal luminosity upper limits for HAT- 
P −32 b, for the homogeneous runs. The given error bars are 1 σ . 

Radius ( R J ) Core mass fraction 

Default limit 1.01 + 0 . 0548 
−0 . 19 0.144 + 0 . 254 

−0 . 0999 

10 29 erg s −1 limit 1.79 + 0 . 0255 
−0 . 0306 0.194 + 0 . 0975 

−0 . 0914 

10 28 erg s −1 limit 1.78 + 0 . 0239 
−0 . 0322 0.0428 + 0 . 0693 

−0 . 0302 

Table 6. Comparison of different internal luminosity upper limits for 
HD 209458 b, for the homogeneous runs. The given error bars are 1 σ . 

Radius ( R J ) Core mass fraction 

Default limit 1.05 + 0 . 0197 
−0 . 0525 0.286 + 0 . 0603 

−0 . 0208 

10 29 erg s −1 limit 1.38 + 0 . 0192 
−0 . 0195 0.390 + 0 . 0591 

−0 . 0913 

10 28 erg s −1 limit 1.38 + 0 . 0187 
−0 . 0216 0.155 + 0 . 0433 

−0 . 0756 
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pace, we can reproduce the radius of even the most inflated planets
ery well. For comparison, we discuss two planets in more detail. 

HAT-P-32 b is one of the most inflated planets in our sample. It
as a measured radius of 1.8 R J , but in the original runs, the best-
tting radius is only 1 R J . When we increase the limit on the internal

uminosity, the radius can get to 1.8 R J . Ho we ver, no w the core mass
raction and other free parameters are less constrained. The values 
f the core mass fraction and the radius are shown in Table 5 (for
he homogeneous run). We have also added an intermediate run with 
he upper limit on the internal luminosity set to 10 28 erg s −1 , or 3 ×
0 3 L J . We see that this run still manages to reproduce the radius, and
hat the parameters are much more constrained than in the run with
 higher internal luminosity limit. 

HD 209458 b is a well-known inflated planet. We find that again,
or this planet, we cannot reproduce the observed radius using our 
ethod. Ho we ver, with the increased internal luminosity limit at 

0 29 erg s −1 , we can reproduce the radius, as shown in Table 6 . When
e decrease the limit to 10 28 erg s −1 , the parameters are slightly more

onstrained. 
The two values used here for the upper limits are arbitrary values

hosen to test the impact of increasing the internal luminosity. 
o we ver, what this test shows is that any inflation mechanism

hat relies on adding a free parameter to the model will increase
he parameter space and make it more difficult to constrain the 
nterior structures of exoplanets. If this mechanism is understood 
ell-enough and constrained based on the properties of the planet, it
ould most likely be possible to reco v er the interior structure. 

 C O N C L U S I O N S  

n this work, we present a method based on static calculations to
etrieve the interior properties of exoplanets, using observational 
ata as constraints, including their masses, radii, equilibrium tem- 
eratures, and atmospheric metallicities. In our model, we adopt 
he traditionally used homogeneous structures of an exoplanet, 
here the interior consists of a core and a homogeneous envelope 

e.g. Thorngren et al. 2016 ; Thorngren & F ortne y 2019 ), but also,
ased on recent results from the giant planets in the Solar system
Mankovich & Fuller 2021 ; Miguel et al. 2022 ) and on formation
odels of giant planets (Lozo vsk y et al. 2018 ; Valletta & Helled

022 ), we introduce inhomogeneous structures to the study of 
xoplanet interiors. In these inhomogeneous models, the metals in the 
nvelope decrease gradually from the core toward the atmosphere, 
reating more diverse interior structures with a different distribution 
f metals and bulk metallicities. 
We apply the method to a sample of exoplanets and retrieve their

ore mass fractions, envelope metal fractions, and bulk metallicities. 
ur results show that for larger planets, we find smaller core mass

ractions. An analysis of the mass-metallicity relation for both models 
homogeneous and inhomogeneous structures) shows that our sample 
f planets is in excellent agreement with recent determination of bulk
etallicities of the giant planets in the Solar system (Mankovich &
uller 2021 ; Miguel et al. 2022 ). We also see that more massive
lanets have a lower metal mass fraction, in agreement with previous
stimations (Thorngren et al. 2016 ; Thorngren & F ortne y 2019 ). 

Our results on a test planet, as well as on the entire sample of
xoplanets, show that the method provides accurate constraints for 
xoplanets that are not inflated, but that extra constraints would be
eeded to use it in retrie v al estimations of highly inflated planets.
oth models presented here can describe the sample of exoplanets 
ell. To distinguish between the two, we require more observational 

onstraints, such as impro v ed measurements of atmospheric param- 
ters, as well as potentially Lo v e numbers. 

This study is important in the context of future JWST observations,
here atmospheric metallicities would be found for more exoplanets 

nd with more accurate estimations, which would help to constrain 
heir interior properties and to inform formation models towards a 
etter determination of the history of planetary systems. 

C K N OW L E D G E M E N T S  

his research made use of NASA’s Astrophysics Data System, the 
PYTHON package (P ́erez & Granger 2007 ); SCIPY (Jones et al. 2001 );

ATPLOTLIB , a PYTHON library for publication quality graphics 
Hunter 2007 ); ASTROPY , a community-developed core PYTHON 

ackage for astronomy (Astropy Collaboration et al. 2013 ); CORNER ,
 PYTHON library for making corner plots; and NUMPY (Van Der
alt, Colbert & Varoquaux 2011 ). This w ork w as performed using

he compute resources from the Academic Leiden Interdisciplinary 
luster Environment (ALICE) provided by Leiden University. 
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ll best-fitting results are available at ht tps://github.com/Ast roYami 
a- Team/exoplanet- interior- retrievals . 
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