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Résumé

Depuis la découverte de la première exoplanète à la fin du vingtième siècle, les progrès
technologiques ont considérablement élargi notre compréhension des systèmes planétaires.
Le grand nombre d’exoplanètes découvertes a révélé une diversité stupéfiante dans leur nature,
ce qui a conduit à la conclusion surprenante que notre système solaire pourrait ne pas être un
système typique. L’un des principaux objectifs de la science planétaire est de comprendre la
composition et la structure interne des planètes, qui peuvent ensuite être liées à leur formation
et à leur évolution. La caractérisation de l’intérieur des exoplanètes est un défi, et nécessite une
forte interaction entre la théorie et les observations. Une combinaison de plusieurs techniques
de détection est nécessaire pour déduire les paramètres fondamentaux des planètes tels que
la masse, le rayon, ou la température d’équlibrium, et ces observables permettent de mettre
des contraintes sur les modèles théoriques. D’autre part, les modèles théoriques sont cruciaux
pour guider les campagnes d’observation. Cette thèse représente un effort pour avancer dans
l’interaction entre les observations et la théorie pour comprendre la nature sous-jacente des
planètes.

Une partie importante de ce travail est consacrée à l’étude de la démographie des exo-
planètes. Nous entrons dans une ère où nous pouvons comparer et classer les exoplanètes en
populations distinctes en fonction de nombreux paramètres comme la masse, le rayon, le ray-
onnement entrant, le type stellaire, etc. Nous présentons un nouveau catalogue d’exoplanètes
aussi fiable que possible, basé sur des mesures robustes de masse et de rayon. Ce catalogue
revisité permet d’identifier des tendances et des sous-populations d’exoplanètes qui n’avaient
pas été vues auparavant. La grande diversité des exoplanètes s’étend également à l’architecture
des systèmes multi-planétaires. Nous utilisons également le catalogue d’exoplanètes revisité
pour effectuer une analyse approfondie de la similarité de la masse, du rayon et de la densité
des systèmes multi-planétaires.

Outre les études démographiques, nous nous sommes également concentrés sur la cara-
ctérisation de la structure interne des planètes individuelles. En nous appuyant sur un modèle
de structure antérieur, nous avons mis à jour plusieurs parties des modèles de noyau, d’eau
et d’enveloppe volatile, et nous l’utilisons pour caractériser diverses exoplanètes découvertes.
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Nous utilisons également ces modèles internes pour étudier plusieurs aspects qui affectent la
caractérisation des super-Terres et des sub-Neptunes, tels que les incertitudes observationnelles,
la localisation dans le diagramme masse-rayon, ou les hypothèses du modèle.

Cette thèse se veut être une étape supplémentaire vers une compréhension plus profonde de
la nature exoplanétaire.
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Abstract

Since the discovery of first exoplanet by the end of the twentieth century, technological ad-
vancements have hugely extended our understanding of planetary systems. The large number
of discovered exoplanets has unveiled a staggering diversity in their nature, leading to the sur-
prising conclusion that our Solar System may not be a typical system. One of the key objective
of planetary science is to understand the composition and internal structure of planets, which
can then be linked to their formation and evolution path. The characterization of exoplanet
interior results challenging, and requires a strong interaction between theory and observations.
A combination of several detection techniques is needed to infer planet fundamental parameters
as the mass, radius, or equlibrium temperature, and these observables allow to put constraints
on theoretical models. On the other hand, theoretical models are crucial to guide observational
campaigns. This thesis represents an effort to advance in the interplay between observations
and theory to understand the underlying nature of planets.

A substantial part of this work is dedicated to the investigation of the exoplanet demography.
We are entering an era in which we can compare and classify exoplanet in distinct populations
based on many parameters as mass, radius, incoming radiation, stellar type, etc. We present a
new as reliable as possible exoplanet catalog based on robust mass and radius measurements.
This revisited catalog allows to identify trends and exoplanet subpopulations that were not seen
before. The large exoplanet diversity also extend to the architecture of multi-planetary systems.
We also use the revisited exoplanet catalog to perform an in-depth analysis of the similarity in
mass, radius, and density of multi-planetary systems.

Besides the demographic studies, we have also focused on the characterization of the
internal structure of individual planets. Building on a previous structure model, we updated
several parts of the core, water and volatile envelope models, and use it to characterize various
discovered exoplanets. We also use these internal models to study several aspects that affect
the characterization of super-Earths and sub-Neptunes, such as observational uncertainties,
location in the mass-radius diagram, or model assumptions.

This thesis aims to be an additional step towards a deeper understanding of the exoplanetary
nature.
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Introduction

In 1992 the first-ever discovery of an exoplanet was announced (Wolszczan & Frail 1992).
They detected three terrestrial planets around the pulsar PSR 1257+12. Three years later, on
October 6 1995, another milestone in science was achieved. Michel Mayor and Didier Queloz
discovered the first exoplanet around a main-sequence star (Mayor & Queloz 1995). Located
about 50 light years from us, 51 Pegasi b is a gas giant with a mass about 150 times that of
Earth. This has been one of the most significant planets ever discovered, so important that in
2019 the Nobel Prize in Physics was awarded to the astronomers who found it. Indeed, with
this discovery, the field of exoplanets was born.

Since then the number of discovered exoplanets has grown tremendously. The exoplanet
research developed rapidly during the last two decades. As of writing this thesis 4884 exoplanets
have been discovered to date (considering the data from the NASA Exoplanet Archive in January
2022), and we are now aware of the large existing diversity of exoplanets. We have also realized
that the properties of the identified exoplanets show a noticeable contrast when compared to
the planets in the Solar System, leading us to the surprising conclusion that our Solar System
may not be a typical planetary system. Nowadays, we are able to perform demographic studies
comparing and classifying exoplanets in different populations. Figure 1.1 shows the mass or
minimum mass against the semi-mayor axis of the whole known exoplanet population from
the NASA Exoplanet Archivea. We can see that exoplanets tend to group into the following
populations:

ahttps://exoplanetarchive.ipac.caltech.edu/
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Terrestrial & Neptune-like

Hot Jupiters

Warm Jupiters
Cold Jupiter

Figure 1.1: Mass against semi-mayor axis of the known exoplanet population from the
NASA Exoplanet Archive. The color represents the year of their discovery. Triangle
markers indicate planets with minimum mass. Below the dashed line there are no
detected planets due to observation biases. We indicate the different populations of
exoplanets.

• Hot Jupiters: These exoplanets are gas giants with masses comparable or larger than
Saturn orbiting very close to their host stars (<0.1AU). Usually they are tidally locked,
and they are likely to have extreme atmospheres due to their proximity to the host star.
These exoplanets are the easiest to find with radial velocity (RV) technique and transit
method.

• Warm and Cold Jupiters: Warm Jupiters are located at separations larger than 0.5AU,
cold Jupiters beyond 10AU. The observed separation between the groups of giant planets
is due to different detection techniques. Cold Jupiters are mostly discovered through
direct imaging, most of the warm Jupiters are minimum mass measurements obtained
by radial velocity technique, and the majority of hot Jupiters have been detected through
transit technique.

• Terrestrial and Neptune-like planets: Terrestrial planets are planets that are mainly
composed of metals and silicate rocks. Neptune-like exoplanets are expected to have a
similar core as terrestrial planets, but also posses a significant atmosphere that typically
is hydrogen- and helium-dominated.

The observed distribution of planets is strongly affected by observational and detection
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biases. The absence of planets below the dashed line in Figure 1.1 is caused by the limitations
of the current detection techniques. We can see that most of the planets discovered until
2010 were giant planets. Detecting small planets is technically challenging, and most of the
terrestrial and Neptune-like exoplanets have been discovered after 2015. Continuing the search
to discover more worlds is crucial to understand the origin of planetary systems in general, and
will eventually allow us to understand what conditions are necessary for planets to be capable
of hosting life.

1.1 Detection Methods

Due to the difference in brightness between an exoplanet and its host star, it is very challenging
to detect it via direct imaging. Most of the observed exoplanets have been discovered through
indirect detection methods, i.e., methods in which the exoplanet’s effects on its host star are
used to infer its presence. Among all detection techniques, transit photometry and radial ve-
locimetry have been the most successful methods to discover exoplanets, accounting for ∼95%
of the detections.

Figure 1.2 shows the number of discovered planets every year, with different colors rep-
resenting different discovery methods. Note that we use the NASA Exoplanet Archive. After
(Mayor & Queloz 1995) discovered the first exoplanet around a main-sequence star, the radial
velocity technique was the most important detection method for almost twenty years. The num-
ber of planets with measured radii was very low in the 2010s, until the Kepler mission. Kepler
was launched in 2009 to explore the structure and diversity of planetary systems searching
transiting planets. However, these planets were often too dim to perform radial velocity follow-
up, so the number of planets with measured mass and radius was still relatively low. The loss
of a reaction wheel on the spacecraft in 2013 finished Kepler’s four-year science mission. In its
second phase, the K2 mission continuously monitored more than 150,000 stars near the ecliptic
plane (Howell et al. 2014a) and lead to a strong increase in the number of detected planets.
Compared to Kepler, the K2 mission observed more diverse stellar populations and focused
on brighter targets, which are more amenable for radial velocity follow-up observations. Later
in 2018, the Transiting Exoplanet Survey Satellite (TESS) was launched to survey 85% of the
sky for transiting exoplanets around bright stars (Ricker et al. 2015). RV follow-up programs
have triggered a rapid expansion of the number of confirmed planets with a mass measurement,
which has allowed to perform an in-depth analysis of the demography of exoplanets. In this
section, I will go through some main exoplanet detection techniques.
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Figure 1.2: Number of discovered exoplanets every year to date. Different colors
represent different discovery methods.

1.1.1 Transit Photometry

Transit photometry is currently the most effective and sensitive method to detect exoplanets at
short period. If a planet crosses in front of its host star, then the observed flux drops by a small
amount. Figure 1.3 provides a schematic view of the transit photometry. Assuming that the
flux coming from the planet is negligible, the drop in flux (𝛥F) is called transit depth, and it is
determined by the ratio of the areas of the planet and the star:

𝛥𝐹 ≈
(
𝑅𝑝

𝑅𝑠

)2
(1.1)

where 𝑅𝑝 and 𝑅𝑠 are the planetary and stellar radii respectively. Jupiter and the Earth are
nearly 10 and 100 times smaller than the Sun respectively, so their transit depths are 1% and
0.01%. We see that very precise photometry is needed to detect small planets. Using basic
geometry, Seager & Mallen-Ornelas (2003) derived analytic expressions relating the transit
observables to the orbital parameters:

𝑏 ≡ 𝑎

𝑅𝑠
cos𝑖 = ©­«

(1 − 𝑅𝑝

𝑅𝑠
)2 − [sin2(𝑡𝐹𝜋/𝑃)/sin2(𝑡𝑇𝜋/𝑃)] (1 − 𝑅𝑝

𝑅𝑠
)2

cos2(𝑡𝐹𝜋/𝑃)/cos2(𝑡𝑇𝜋/𝑃)
ª®¬

1/2

(1.2)
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where 𝑏 is the impact parameter, 𝑎 the semi-mayor axis, 𝑖 the inclination, t𝑇 the total transit
duration and t𝐹 the time in which the whole planet is in front of the star. This equation assumes
a circular orbit. These expressions allow estimating the semi-mayor axis of the orbit, the star
density, the planet/star radius ratio, and inclination.Transit Photometry as an Exoplanet Discovery Method 5

Fig. 2 Outline of the transit of an exoplanet, with the main quantities used to describe the orbital
configuration, from the observables given in the lower solid curve (the observed light curve), to the
model representations from the observer’s point of view (central panel) or other view points (top
panels). See the text for details.

a
Rs

=
1

tan(tT π/P)

√
(1+ k)2 −b2 (3)

which, using Kepler laws of motion and making the reasonable approximations
of the mass of the planet being much smaller than the mass of its host star, and a
spherical shape for the star, can be transformed into a measurement of the mean
stellar density:

ρs =
3π

GP2

(
a
Rs

)3

(4)

This measurement and its comparison with the stellar density estimated by other
means (through spectroscopy, mass-radius relations, or asteroseismology) has often
been used as a way to prioritise the best transit candidates from a survey (Seager
and Mallén-Ornelas 2003; Tingley et al. 2011; Kipping et al. 2014). In the previous
equations we have assumed circular orbits for simplicity; a derivation of equivalent

Figure 1.3: Schematic view of a transit. The lower solid curve represents the
observed light curve, the middle planet illustrates the model from the observer’s point
of view, and the top panel from other points. Figure taken from Deeg & Alonso (2018).

This method has two main disadvantages. First, the transits are observable only when the
planet’s orbit is almost perfectly aligned with the vantage point. The probability of observing
a planet in a transit is provided by Winn (2010):

𝑝tr =

(
𝑅𝑠 ± 𝑅𝑝

𝑎

) (
1 + 𝑒sin𝜔

1 − 𝑒2

)
(1.3)

where the plus and minus signs refer to grazing and full transits, respectively. Nearly 10%
of planets with small orbits have such alignment, and the fraction decreases for planets with
larger orbits. For a hot Jupiter with semi-major axis of 0.05 AU the probability is on the order of
10%, and for an Earth-size planet at 1 AU it is 0.5%. Since the majority of planet systems will
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not display transits, transit surveys generally scan large areas of the sky, monitoring thousands
of stars at once. This way ways transit surveys have managed to find more exoplanets than any
other method.

The second main disadvantage of the transit method is the high rate of false detections.
There are some astrophysical configurations that can lead to similar transit-shaped light curves.
For example, a stellar eclipsing binary in a sky position that is so close to a brighter star that the
light of both objects is in the same pixel of the detector. Also, some false positives may be caused
by artifacts of the red noise or other instrumental effects. Santerne et al. (2012) found that false
positives for transits observed by the Kepler mission could be larger than ∼40% for giant planet
candidates in single-planet systems. Therefore, follow-up observations are required to confirm
the detection. These follow-up observations include multicolor photometry, spectroscopic
observations or orbital brightness modulation.

1.1.1.1 Transit Timing Variations

Transit timing variations (TTVs) is a highly sensitive technique to detect additional planets
in a system. It is based on the gravitational pull of planets in tightly packed systems among
themselves, which causes some planets to accelerate and some others to decelerate. The Kepler
mission enabled detailed statistical analysis of multi-planet systems (Fabrycky et al. 2014; Lis-
sauer et al. 2014), suggesting that at least half of the planets are in multi-planet systems, and a
significant proportion of them are not easy to detect though transit (i.e. some may not transit) or
radial velocity (i.e. some may not be massive enough). Analyzing the variations on the transit
timing is then a powerful tool to reveal additional planets in the system with very low masses.

For a single planet, the time of the transit will be the following:

𝑡cte(𝑛) = 𝑛𝑇 + 𝑡0 (1.4)

where T is an interval, n is an integer, and t0 is the time at the transit n=0. An additional
planet in the system will cause variation in the transit interval of the planet, so the TTVs of the
𝑛th transit can be written as:

𝛿𝑡 (𝑛) = 𝑡 (𝑛) − 𝑡cte(𝑛) = 𝑡 (𝑛) − 𝑛𝑇 − 𝑡0 (1.5)

T and t0 can then be computed by fitting a linear regression to the data. This method not
only reveals additional objects interfering with the motion of the star and the planet, it also
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allows calculating the masses of the planet and the additional object. There are several ways
to make this estimation, depending on the orbit characteristics. A common method is based
on making an n-body simulation, varying the masses of the planets until the observations are
fitted. If the system has two planets in approximate resonance, the following approximation
from Agol et al. (2005) can be applied:

𝛿𝑡max ≈ 𝑇

4.5 𝑗
𝑀2

𝑀1 + 𝑀2
(1.6)

where M1 and M2 are the masses of the planets, 𝛿𝑡max the maximum transit timing variation,
T the average time between transits and 𝑗 the order of the resonance.

Like all the other detection methods, TTVs more effective to detect some specific exoplanets.
According to Steffen (2016), the sensitivity of TTVs can be expressed as follows:

SNRTTV ∼
𝑀𝑝𝑅

3/2
𝑝 𝑃5/6

𝜎𝑇𝑇𝑉
(1.7)

where 𝜎𝑇𝑇𝑉 is the intrinsic uncertainty of a measurement. This means that the TTV tech-
nique can determine masses more easily for more massive, bigger, and longer period exoplanets.

Despite being a much more powerful to measure masses and eccentricities in small planets
at relatively long orbital periods than RVs, using TTVs to infer planet properties requires fitting
a large number of parameters that normally are degenerate. In order to overcome this infer-
ence problem, Marcov Chain Monte Carlo (MCMC) simulations are usually used. However,
interpreting the MCMC results is often difficult because of strong parameter correlations and
sensitivity to priors. In Hadden & Lithwick (2017) they used both N-body and analytic fitting in
a complementary approach in order to identify the degeneracies inherent to TTVs and classify
inferred planet masses as robust or not.

A highly remarkable multi-planetary system robustly characterized by TTVs is TRAPPIST-
1. With a mass of 0.09M⊙, a radius slightly larger than Jupiter and a surface temperature of
2560K, TRAPPIST-1 hosts seven terrestrial planets in orbital resonance. Four of these planets
are thought to be located withing the habitable zone of the star, with temperatures suitable to
the presence of liquid water.

1.1.1.2 Space transit surveys

After the first observed planet transit (Charbonneau et al. 2000) several ground based surveys
have been developed to search for transiting planets. The Hungarian Automated Telescope
Network (HATNet Bakos et al. 2004) and the Wide Angle Search for Planets (WASP Pollacco
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et al. 2006) were the two ground-based transit surveys, and they have been responsible for
the majority of transiting planets discovered from the ground. However, these missions were
mainly sensitive to giants planets. CoRoT (Convection, Rotation et Transits planétaires Baglin
2003; Auvergne et al. 2009; Moutou et al. 2013) was the first space mission looking for transits.
Its goal was to search for smaller radii of rocky worlds, and its most remarkable discovery was
CoRoT-7b (Léger et al. 2009; Queloz et al. 2009), which became the first detected exoplanet
with a rock or metal-dominated composition.

The Kepler space telescope (Borucki et al. 2010) was the successor of CoRoT, which aimed
to discover Earth-size exoplanets transiting their host stars. Kepler had a photometer that
continuously monitored the brightness of 150 000 main sequence stars in a fixed field of view
of 115 degree2 in the Cygnus constellation. During the four years the mission lasted, Kepler
performed photometry of unprecedented precision, observed 530 506 stars and detected ∼2700
exoplanets. Most of the discovered planets range by Kepler range between the size of Earth and
Neptune, and it also found some Mercury-size planets and planets in the habitable zone. The
impact of Kepler in the field was huge, not only because of the number of discovered planets,
but also because of the richness and the unexpected nature of the planetary system architectures
discovered. In addition, thanks to Kepler, we knew that there are more planets in the Milky Way
than stars (Ballard & Johnson 2016). In 2013 a reaction wheel stopped functioning, leading to
the K2 phase Howell et al. (2014b). Compared to Kepler, the K2 mission covered more sky
and observed more diverse stellar populations. Even if the second phase of the Kepler mission
focused on brighter stars than the first one, their relatively faint magnitudes made difficult radial
velocity (RV) follow-up.

Later, the Transiting Exoplanet Survey Satellite (TESS) was launched in 2018 to search
for exoplanet in an area 400 times larger than that covered by the Kepler mission. TESS is
an all sky survey which searches for transits around the brightest stars around the Earth. The
satellite consists of an array of four wide-field cameras, and the primary mission had the goal
of covering the whole sky in two years to find planets smaller than 4R⊕. It targeted stars that
are significantly brighter than the ones observed in the Kepler and K2 missions, amenable to
perform RV follow-up. In Figure 1.4 shows the mass-radius diagram of known exoplanets
with measured mass and radius from the PlanetS Catalogb, highlighting the ones detected by
Kepler, the K2 mission, and TESS. 12% of exoplanets in this plot have been discovered by
Kepler, 8% by the K2 mission, and 17% by TESS. In addition, we note that the majority of
planets detected by Kepler and K2 are in the gas giant regime, while most of the planets found

bhttps://dace.unige.ch/exoplanets/
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by TESS are located below 4𝑅⊕. We see that TESS has triggered a rapid expansion of the
number of well characterized sub-Neptunes, which has allowed to perform in-depth analysis of
the demographic patterns of this population.
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Figure 1.4: Mass-radius diagram with exoplanets from the PlanetS Catalog. We
highlight exoplanets detected by the primary Kepler mission (blue), K2 (green), and
TESS (red).

1.1.2 Radial Velocimetry

The radial velocity (RV) method was responsible for the first discovery of a planet orbiting a
main-sequence star (Mayor & Queloz 1995). A planet orbiting a star exerts a gravitational force,
making the star to orbit around the center of mass of the two-body system. The radial velocity
describes the velocity variations of the star projected to the line of sight, and it can be detected
through the Doppler effect. Using high-resolution spectrographs, the stellar perturbations
caused by the planet can be detected through Doppler red shifts and blue shifts of the spectral
lines. The RV can then be measured as follows:

𝑅𝑉 = 𝑐
𝜆obs − 𝜆rest

𝜆rest
(1.8)

where 𝑐 is the speed of light, and 𝜆obs and 𝜆rest are the observed and rest wavelengths,
respectively. On the other hand, the RV of the star can be described with a Keplerian orbital
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solution:

𝑅𝑉 = 𝛾0 + 𝐾 [cos(𝜈(𝑡, 𝑃, 𝑇0) + 𝜔) + 𝑒cos(𝜔)] (1.9)

where 𝛾0 is the systemic velocity of the star relative to the observer, 𝐾 is the RV semi-
amplitude, 𝑃 the orbital period,𝑇0 the reference epoch, 𝑒 the orbital eccentricity,𝜔 the argument
of periastron, and 𝜈(𝑡, 𝑃, 𝑇0) the true anomaly, which determines the position of the star with
respect to the argument of periastron. The semi-amplitude can then be related to the mass and
semi-mayor axis using the following relation presented in Lovis & Fischer (2010):

𝐾 =

√︂
𝐺

1 − 𝑒2𝑀𝑝sin𝑖(𝑀𝑠 + 𝑀𝑝)−1/2𝑎−1/2 (1.10)

where 𝐺 is Newton’s gravitational constant, 𝑖 the inclination of the orbit, 𝑎 the semi-mayor
axis, and 𝑀𝑝 and 𝑀𝑠 are the planetary and stellar masses, respectively. This expression can be
expressed in more convenient astronomer-units as follows:

𝐾 =
28.4329 m s−1

√
1 − 𝑒2

𝑀𝑝sin 𝑖
𝑀𝐽𝑢𝑝

(
𝑀𝑠 + 𝑀𝑝

𝑀⊙

)−1/2 ( 𝑎

1 AU

)−1/2
(1.11)

We note that there is an inherent degeneracy in the mass determination through this method,
and only the minimum mass (𝑀𝑝sin 𝑖) can be estimated. In consequence, coupling RV meas-
urements with transits results extremely useful not only because it allows to constrain the true
mass of the planets, but it also allows deriving the full architecture of the system and minimize
false positives.

A major difficulty when analyzing RV data comes from the stellar activity, since several
types of stellar activity can induce RV signals. For instance, some stars have dark spots and
bright places that can interfere with the RVs. These spots can distort the absorption lines in
the stellar spectra as it rotates in and out of the view, creating additional signals in the RV time
series (Saar & Donahue 1997). A common method to deal with this is to tune Gaussian process
(GP) hyperparameters on photometric data, and then use them to model the stellar effect on the
RVs (Aigrain et al. 2012). Also, the GP can be trained on one or various activity indicators or
on the RVs themselves (Haywood et al. 2014).

The sensitivity for the RV method derived in Steffen (2016) is the following:

SNRRV ∼
𝑀𝑝

𝜎𝑅𝑉𝑃
1/3 (1.12)
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where 𝜎𝑅𝑉 is the intrinsic uncertainty of a measurement. If we compare this expression to
Equation 1.7 we realize that the RV and the TTV methods have different observational biases,
since it is easier for the RV technique to derive the mass of a short period planet, while the TTV
technique can determine masses more easily for longer periods. Several studies have claimed
the sensitivity of the TTVs is more uniform, and that for a given radius TTVs can detect a wider
range of masses than RVs, probing smaller densities (e.g. Wolfgang et al. 2015; Steffen 2016).

1.1.3 Other detection techniques

Apart from the transit photometry and radial velocity methods, there are other techniques that
have their own advantages. Combining all the techniques allows discovering a large range of
planets distributed around different types of stars. The main detection techniques other than
transit and RV are the following:

• Direct Imaging: This is the most direct method to detect a planet. It is a difficult
technique because of the large contrast between the light emitted by the star and the light
emitted/reflected from the planet, and the proximity of the two bodies on the sky. It is
more sensitive for massive, young exoplanets located far from the star.

• Gravitational Microlensing: This technique is based on Einstein’s General Relativity
theory, where the light passing close to a massive object is bent by its gravitational field.
The gravitational field acts like a lens that magnifies the light of a background star, and a
planet around the lensing star can further induce a magnification that can be detectable.
This technique is sensitive to planets with masses down to the Earth, located up to several
AU from the star.

• Pulsar Timing Variations: The fast rotation and misaligned magnetic fields with respect
to the rotation axis of the pulsars make them emit periodic pulses of synchrotron radiation.
These pulse rates range from a few milliseconds to various seconds, depending on the
speed of the star’s rotation. Variations in the timing of the pulses indicate that the pulsar
is moving back and forth, because of the gravitational pull of one or various planets.

• Astrometry: This technique detects the motion of a star by making precise measurements
of its position on the sky. Similarly to the RV method, measuring the star’s motion around
the common barycenter of the star and the exoplanet allows determining the exoplanet’s
mass.

These detection methods combined to transits and RVs have allowed to retrieve many
parameters as planetary mass, radius, orbital period, insolation, eccentricity, inclination, host
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star parameters, etc. Studying these parameters in individual systems or in a statistical way is
fundamental to understand the nature of exoplanets, what are they made of, and their formation
and evolution histories.

1.2 Characterization of Exoplanet Interiors

The large number of discovered exoplanets over the last decades has provided a new perspective
on planetary structure. They cover a very wide range physical conditions, from extremely puffy
gas giants to small compact rocky planets with densities close to that of iron. Solar System
planets as reference, one can naively divide the exoplanet population into three subgroups
attending to their interiors:

• Gas Giants: Gas giants are essentially made of hydrogen and helium, with small con-
tributions of heavier elements. Most of the known observed gas giants have similar
masses and radius to Jupiter and Saturn, and probably also have a similar bulk structure.
A schematic representation of the interior of Jupiter is shown in Figure 1.5. Jupiter’s
outer ∼20% in radius is mostly made of molecular hydrogen, while the bulk of Jupiter
consists of metallic hydrogen. High in the atmosphere at several kilo bars there is the
radiative-convective boundary, which separates the outer thin layer (that is approximately
of the same relative depth as the skin of a grapefruit) and a deep envelope with higher
opacities in which heat is transported through convection. Gas giants may also have
heavy elements cores, although this is one of the biggest uncertainties for many of them.
Some known transiting gas giants have smaller radii than what H-He can produce, and
therefore these planets must have a significant amount of heavy elements. However, for
inflated planets, it is nearly impossible to know whether they have cores.

• Neptune-like planets: The so-called ’Neptune-like’ planets still have a thick H-He en-
velope, but it does not account for most of the planet mass. Figure 1.5 shows how the
interiors of these planets differs from those of the gas giants and terrestrial planets. Most
of the structure models studying Uranus and Neptune find that most of the planet mass
is in a deep fluid ionic sea consisting of water, ammonia and methane. In addition, their
atmospheres are strongly enriched in metals. The carbon abundance of both Uranus and
Neptune has been measured via spectroscopy (Fletcher et al. 2010), and they found a
carbon enhancement of ∼50x with respect to the Sun, implying that Neptune-like planets
may have enriched atmospheres compared to their host stars. Whether these planets are
primarily made of water and other fluid planetary ices, or mainly of rock and iron, is
still an open question. If they were formed beyond the ice line, where the water has
condensed, we would expect them to be true ice giants. However, if they are formed



1.2. Characterization of Exoplanet Interiors 13

within the ice line, they would probably possess rock and iron rich interiors with an
accreted gaseous envelope.

Figure 1.5: Schematic view of the internal structure and composition of gas giants,
Neptune-like planets, and terrestrial planets. Figure taken from Spiegel et al. (2014).

• Terrestrial Planets: Terrestrial planets are objects as Mercury, Mars, Venus, and
the Earth, and they are mainly composed of Si, Mg, Fe, and O. Figure 1.5 shows a
representation of Earth’s interior. The mantle is made of silicates, whose mineralogy
differs between the upper and the lower parts. The core is mostly composed of iron and
nickel, with small mixtures of other unknown lighter elements. Despite Venus and the
Earth have nearly the same mass and radius, there are major differences between their
interior structures. One of the most remarkable ones is the lack of plate tectonics in
Venus (Basilevsky & Head 2002). Plate tectonics plays a crucial role on Earth, allowing
the Earth’s interior to cool and providing an exchange mechanism between the interior,
the surface and the atmosphere. Whether this is necessary to form and evolve life on a
terrestrial planet is under debate (Walker et al. 1981; Spiegel & Turner 2011).

Initially only the Solar System planets were known, which consist of four terrestrial (Mer-
cury, Mars, Venus, and Earth), two Neptune-like (Uranus and Neptune), and two giant planets
(Saturn and Jupiter). Nevertheless, the diversity of exoplanet interiors is much richer than that
observed in the Solar System planets. Exoplanet observations have probed that more types and
subtypes of planets exist. For example, ocean planets consist of intermediate planets between
Super-Earths and Neptune-like, consisting of half-half water ice and rock. GJ-1214b (Cloutier
et al. 2021) and the planets of TRAPPIST-1 (Agol et al. 2021) are some of the most likely known
candidates for ocean planets. Magma planets, i.e. with a molten silicate mantle, have been
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proposed as low-density terrestrial planets (Bower et al. 2019). Another relevant exoplanet type
are the evaporated Neptunes, which are Neptune-size planets in which the outer layer has been
stripped off due to the intense incoming radiation. The study of these cores provides valuable
information to understand planet formation, since they possess the primordial composition
before acquiring the envelope.

1.2.1 Interior Models

The study of planetary structures is based on the advances in both experiment and theory of
materials at high pressure, better understanding of the Solar System planets thanks to exploratory
missions, and data from a wide and diverse variety of exoplanets. In this subsection, I briefly
review how planet models are built, with their basic equations and ingredients.

1.2.1.1 The Planetary Structure Equations

There are four equations describing the spherical symmetric static structure of a planet in
hydrostatic equilibrium. These planetary structure equations are ordinary differential equations
relating the radius, mass, pressure, temperature and luminosity. The equations are the following.

Hydrostatic equilibrium:

The planet is in hydrostatic equilibrium when the outward force due to the pressure-gradient
is exactly balanced by the inward force due to gravity. Therefore, the pressure-gradient force
prevents gravity the planetary layer from collapsing, whereas the gravity prevents the pressure-
gradient from diffusing into outer space. The equation is written as follows:

𝜕𝑃

𝜕𝑚
= −𝐺𝑚

𝑟2 𝜌(𝑃,𝑇) (1.13)

Mass continuity:

The change in mass of a spherical shell with density 𝜌(𝑃,𝑇) is simply equal to the density
multiplied to the change in volume:

𝜕𝑚

𝜕𝑟
=
𝜕 (𝜌 · 𝑉)
𝜕𝑟

= 𝜌(𝑃,𝑇) · 4𝜋𝑟2 (1.14)

Energy conservation:

All contributions to the energy budget need to be considered in order to make sure that
the energy is conserved in the planetary structure model. For a static planet model, the only
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contribution to the change of luminosity comes from the release of energy during nuclear
reactions, such as the radiogenic decay of unstable isotopes. The energy leaving a spherical
shell can then be written as the following:

𝜕𝐿

𝜕𝑟
= 4𝜋𝑟2𝜌(𝑃,𝑇) · 𝜖 (1.15)

where 𝜖 is the luminosity produced by the radiogenic heat per unit mass per second.

Energy transport:

In a planet, heat can be transported in three different ways. Thermal conduction is the
transfer of internal energy through microscopic collisions of particles and movement within
the planet, and it can take place in solid, liquid, and plasma phases. Convective heat transfer
refers to the transfer of heat due to the movement of fluid, and it is usually the dominant heat
transfer mechanism in liquids and gases. And, finally, thermal radiation is the electromagnetic
radiation generated by the thermal motion. Each of these heat transfers results in a different
temperature gradient, which can be written as:

∇(𝑃,𝑇) = 𝑑 log(𝑇)
𝑑 log(𝑃) =

𝑃

𝑇

𝑑𝑇

𝑑𝑃
(1.16)

This equation is also commonly written by multiplying 𝜕𝑃
𝜕𝑀

with 𝜕𝑇
𝜕𝑃

. Then we get the
following expression:

𝜕𝑇

𝜕𝑚
= − 𝐺𝑚𝑇

4𝜋𝑟4𝑃
∇(𝑃,𝑇) (1.17)

1.2.1.2 The Planetary Layers

In most of the cases, what differentiates the planetary interior models used in the literature is
not how they solve the structure equations, but the physical models they use to describe the
interior. Equations of state (EOS) are fundamental to describe the properties of the planet
interiors, since they relate thermodynamic variables which describe the state of matter under
some specific physical conditions. These variables can be extensive (i.e. depend on the size
of the sample, such as the entropy or the volume), or intensive (i.e. size independent, such as
temperature or pressure). These thermodynamic quantities can be then used to compute state
functions, which only depend on the current thermodynamic state and not on the path to reach
that state. Some state functions are the internal energy, the enthalpy, Gibbs free energy, and the
Helmholtz free energy.
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The thermodynamic quantities and the state variables define the thermodynamic state of a
system in equilibrium, and any equation relating any of these variables is a EOS. Typically, the
EOS in planetary sciences are of the following form:

𝑃 = 𝑓 (𝑇,𝑉, 𝑋) (1.18)

where 𝑃 is the pressure, 𝑇 the temperature, 𝑉 the volume, and 𝑋 refers to the composition.

We will now revise how the different planetary layers have been typically modelled in the
literature.

The Core: Exoplanetary cores are generally assumed to be mostly made of iron. Even if
there is no way to test this hypothesis experimentally, there are several theoretical arguments
to support it. First, it is a relatively abundant element in the protoplanetary disk. In addition,
it is a refractory material, meaning that it condenses at ∼1300K like silicon or magnesium
(Lodders 2003; Lodders et al. 2009). Consequently, there will be condensed iron throughout
all the protoplanetary disk that a growing planet can accrete, except in the most inner part of
the disk. Numerical simulations by Ricard et al. (2009) showed that iron’s high density and
chemical properties make it a very efficient element to form core. They proved that this is also
true for very small cores, which suggest that small iron cores may be created early in the planet
formation history. Finally, Carter et al. (2015) performed collision simulations and found that
the remnant planetesimals are iron-rich in most of the cases.

Nevertheless, the existence of terrestrial planets without iron core has also been predicted
under some specific conditions Elkins-Tanton & Seager (2008). In order to constitute this
core-less planets, iron must be either fully oxidized before accretion, or it must oxidize later in
a well-mixed magma ocean.

Using seismic measurements, Dziewonski & Anderson (1981) probed that the Earth’s core
contains other elements apart from iron. These lighter elements sink to the core during core
formation, diluting the iron with alloys. Recently, Ichikawa & Tsuchiya (2020) performed
massive ab initio computations in order to evaluate what light elements can reproduce the
seismic data, and identified nickel, silicon, sulfur, oxygen, and hydrogen as the most likely
candidates.

Some very widely used EOS for the core are ANEOS (Thompson & Lauson 1972) and
SESAME (Johnson & Lyon 1985). These EOS describe the thermodynamic properties of the
iron core, rocks, and water, and consists of interpolations between models calibrated on existing
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Hugoniot data. Other posterior models in the literature have usually used EOS obtained by
fitting material properties measured or computed at pressures of the Earth (e.g. Valencia et al.
2007; Seager et al. 2007; Wagner et al. 2011).

The Mantle: The mantle is usually assumed to be composed of simple oxides of the main
refractory elements: SiO2, MgO, FeO, CaO, Al2O3, and NaO2. Workman et al. (2005) showed
that more than 90% of the Earth’s mantle mass is made only of SiO2, MgO, and FeO. Perple_X
(Connolly 2009)c is a popular collection of Fortran programs designed to calculate and display
phase diagrams, phase equilibrium by Gibbs energy minimization, and thermodynamic data.
Combined with a thermodynamic model, it can be used to calculate stable minerals at a given
temperature, pressure and composition.

A commonly used thermodynamic model for the mantle is the one presented by Stixrude
& Lithgow-Bertelloni (2011). This thermodynamic model, as most of the internal structure
models in the literature, is based in Earth like conditions and does not include liquid phases.
There are several evidences in the literature predicting molten mantle layers. Umemoto & Hsu
(2017) concluded that rocky planets more massive than 10M⊕ can reach various TPa at the
bottom of the mantle, which is much higher than in the Earth’s mantle. On the other hand,
according to Lopez & Fortney (2014) planets with equilibrium temperatures above 1000K and
significant volatile layers reach temperatures high enough at the top of the mantle to be in
liquid phase. Similarly, Vazan et al. (2018) investigated the long-term consequences of the
core properties and concluded that most sub-Neptunes with volatile layers more massive than
0.02M⊕ are expected to host a magma ocean.

Despite these evidences, Seager et al. (2007) studied the impact of the temperature of mantle
material on its density, and found that the density variation is below 4% for a temperature range
between 300K and 6000K.

The Water Layer: Water plays a major role in planetary models, due to its particular chemical
properties and its abundance in the universe. It is a key component in the formation and
evolution of planets, and it is believed to be a necessary ingredient for the emergence of life
(Wiggins 2008). Water is expected to form thick ice layers or oceans in small planets (Sotin
et al. 2007), and it is one of the most abundant components in the atmospheres of giants, after
hydrogen and helium (van Dishoeck et al. 2014). Indeed, we know that water is present not only
in the Earth in our Solar System, but also in Jupiter, Saturn, Uranus, Neptune, some of their
moons, and in comets (Grasset et al. 2017). It is crucial, then, to have an accurate description of
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the thermodynamic properties of water to properly model the interior structure of exoplanets.
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Figure 1.6: Phase diagram of water. The roman numbers indicate the various ice
phases. Figure taken from Wikipedia.

Figure 1.6 shows the complex phase diagram of water. We see several triple points in which
three different phases can coexist, and the roman numbers correspond to the different ice phases.
The physical properties of water at ambient conditions are well understood. The International
Association for the Properties of Water and Steam (IAPWS) provided an accurate description
of the thermodynamic properties of water up to 1273K and 1GPa in their IAPWS-R6-95 release
(Wagner & Pruß 2002), and for the 𝐼ℎ ice in the IAPWS-R10-06 release (Feistel & Wagner 2006).

Some frequently used EOS for water are the quotidian equations of state (QEOS) presented
in Vazan et al. (2013). Since according to the Thomas-Fermi model stable molecules do not
exist, they treat the H2O molecules as mixtures of atoms in which the individual Wigner-Seitz
cells were fixed by requiring their surface pressures to be equal. An advantage of the approach
in Vazan et al. (2013) is that the grain opacity is calculated directly, without using extrapolations
as most of the models in the literature before.

Recently, Bollengier et al. (2019) presented accurate water EOS up to 2.3GPa. At higher
pressures, experimental data and ab initio calculations are needed. One example is the study
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of Mazevet et al. (2019), who presented valid EOS at very high pressures and temperatures,
including the ice XI seen in Figure 1.6. Recently a new set of water EOS was presented by
Haldemann et al. (2020) combining several EOS in localized regions of the phase diagram.
Combining different EOS in each regime of the parameter space allows them to cover a very
large range of thermodynamic values.

The Atmosphere: The research on atmospheres is one of the most active fields in planetary
sciences. In addition to the Earth, many other astronomical objects in the Solar System have
atmospheres. The atmospheres of Jupiter and Saturn are almost entirely made of hydrogen and
helium, with traces of methane, water vapor, ammonia, silicon-based compounds, etc. The
atmospheres of Uranus and Neptune are rather similar, and are also mainly made of hydrogen
and helium, with ∼2% of methane. The atmospheres of the terrestrial planets are significantly
different. Venus has a hot and dense atmosphere mostly composed of carbon dioxide with a
small quantity of nitrogen, and Mars possesses a thin atmosphere of carbon dioxide with some
traces of nitrogen and argon.

A common assumption when modeling giant exoplanet atmospheres is that they have sim-
ilar elemental compositions to the host stars. These compositions are typically close to solar,
with some enrichment of heavy elements (Fortney et al. 2008b). Therefore, models frequently
use elemental abundance ratios inferred from the star, and then compute the equilibrium com-
positions at various metallicities (Fegley & Lodders 1994; Lodders & Fegley 2002a). Even if
Jupiter and Saturn are known to be enriched with heavy elements by a factor ∼2-5 (Atreya et al.
2003; Visscher & Fegley 2005), what processes caused this enrichment and whether they also
operate to affect exoplanet atmospheres is still uncertain.

Atmospheric models rely on the study of hydrogen and helium at high pressures. From the
point of view of fundamental physics, understanding the metalization of hydrogen has been a
major challenge for a long time. One of the most successful equations of state was published
by Saumon et al. (1995), and it has been used in numerous publications for planet’s interior
calculations. During the last decades, the improvements in computing capabilities have allowed
a new generation of EOS calculated from ab initio simulations of the properties of hydrogen
and helium (e.g. Militzer et al. 2006; Militzer 2008; Nettelmann et al. 2008, 2012; Hubbard
2014; Mazzola et al. 2018; Schöttler & Redmer 2018). Several studies in the literature have
combined the EOS from Saumon et al. (1995) in the atomic and molecular domain, with the ab
initio calculations in the ionized domain (e.g. Caillabet et al. 2011; Militzer & Hubbard 2013;
Becker et al. 2014; Miguel et al. 2016).
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In order to calculate the energy transport in the atmosphere, Jin et al. (2014) presented a
model in which an irradiated atmosphere is assumed at the top of the gaseous envelope. This
irradiated atmosphere is described by the irradiation model of Guillot (2010), which assumes
a semi-gray, globally averaged temperature profile. The temperature gradient is then given by
the following expression:
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where 𝛾 = 𝜅𝑣/𝜅𝑡ℎ is the ratio between visible and infrared opacity, 𝑇𝑖𝑛𝑡 is the intrinsic
temperature that characterizes the flux from the planet’s interior, and 𝑇𝑒𝑞 is the equilibrium
temperature of the planet. The criterion to distinguish between convective and radiative layers
is usually assumed to be the usual Schwarzschild criterion.

1.2.1.3 Other used internal structure models

The discovery of the first extrasolar planet with a mass lower than 10M⊕ by Rivera et al. (2005)
triggered the emergence of the first internal structure models of super-Earths and ocean planets.
In this subsection, I will go through some of the most relevant models describing the interiors
of super-Earths and sub-Neptunes.

• Valencia et al. (2007): In this work, Valencia et al. (2007) introduced the first theoretical
model to study the structure and properties of the first discovered super-Earth around GJ
876. With a mass of ∼7M⊕, GJ 876d can be completely terrestrial or contain an extensive
water layer of water and ices. A schematic representation of the interior model presented
in Valencia et al. (2007) is shown in Figure 1.7. The terrestrial model is divided into the
core, lower mantle, and upper mantle, and the composition of the layers is taken from the
mineralogical composition known for the Earth (McDonough & Sun 1995). The solid
inner core is made of iron with small amounts of nickel, and the liquid outer core is
composed of iron and a light alloy that can contain S, Si, O, C, and H. The lower mantle
is composed of perovskite and ferromagnesiowustite, while the upper mantle is made of
olivine.
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Figure 1.7: Schematic representation of the interior models in Valencia et al. (2007)
assuming a similar composition to Earth (left) and an ocean planet (right).

Ocean planets are modeled, adding a water layer on top of the described rocky
interior. If the water layer is massive enough, the water in the bottom can solidify in
high-pressure phases of ice. The thickness of the layer is determined by the intersection
of the pressure-temperature curve of the planet and the melting curve of ice.

• Sotin et al. (2007): Another example of structure model for water rich and Earth-like
exoplanets was presented by Sotin et al. (2007), which has been widely used due to its
simplicity (Grasset et al. 2009; Alibert et al. 2015; Auclair-Desrotour et al. 2019; Bolmont
et al. 2020). Similarly to Valencia et al. (2007), they consider three main layers: an iron
core, a rocky mantle and an outermost water layer. The core is assumed to be a liquid
sphere of Fe-FeS with 87% of pure iron (following terrestrial observations). The mantle
is divided into two layers, with similar compositions to those presented by Valencia et al.
(2007), and the water layer is composed of a high pressure water ice and liquid water.
We note that no vapor is considered.

• Dorn et al. (2017): The interior model presented by Dorn et al. (2017) were also relevant
because of the inclusion of a H-He atmosphere with heavier elements. In this case, the
core is assumed to be pure iron, neglecting other light elements like nickel. Then mantle
is modeled with Na2), CaO, FeO, MgO, Al2O3, and SiO4, and its equilibrium miner-
alogy and composition are computed by Gibbs energy minimization following Connolly
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(2009). The water layer is computed using the QEOS presented in Vazan et al. (2013).
On top of this core, they model a gaseous envelope with an elemental composition of
H, He, C, and O. An illustration of the interior model and the parametrization used is
shown in Figure 1.8. The atmospheric model follows the code presented in Venturini
et al. (2015), and the CEA (Chemical Equilibrium with Applications) package (Gordon
et al. 1984) is used for the EOS, since more sophisticated EOS are not available for H,
He, C, and O mixtures. The presence of an enriched H-He envelope makes this interior
model suitable to model sub-Neptunes with relatively low densities.

Figure 1.8: Illustration of the interior model parametrization in Dorn et al. (2017).
The model parameters are the core radius 𝑟𝑐, mantle radius 𝑟𝑠𝑜𝑙𝑖𝑑 , mantle composition
𝑐, water mass 𝑚𝑤𝑎𝑡𝑒𝑟 , envelope mass 𝑚𝑒𝑛𝑣 , envelope luminosity 𝐿, and envelope
metallicity 𝑍𝑒𝑛𝑣 . Figure taken from Dorn et al. (2017).

• Brugger et al. (2017) & Mousis et al. (2020): The interior model in Brugger et al.
(2017) is based on the approach described in Sotin et al. (2007), and assumes a core
mainly composed of iron with small fractions of nickel and sulfur, a silicate two-layer
mantle, and a water layer with high pressure ice and liquid water on top. This model
has been recently updated by Mousis et al. (2020) to include steam and a supercritical
water layer for highly irradiated planets. This water layer is described using the EOS
of Mazevet et al. (2019), and when the pressure and temperature are above the critical
point of water, water is in supercritical phase. According to this model, the difference
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between super-Earths and sub-Neptunes could simply result from the variations in the
water content.

1.2.2 The problem of degeneracy

Inferring the structure and composition of exoplanets located many light years away results
challenging. Radial velocity observations combined to transit observations provide the mass
and radius of the exoplanet, which can be used as a first indication of an exoplanet’s compos-
ition. However, there is an intrinsic degeneracy since different interior models can have the
same mass and radius. In order to have valid conclusions about the interior of an exoplanet,
then, it is necessary to take this degeneracy into account (Rogers & Seager 2010; Carter &
Humi 2012; Schmitt et al. 2014; Weiss et al. 2016).

X Y

H

Interior Models Noisy Data

Figure 1.9: Schematic representation of a degenerate inverse problem with noisy
data. The red region represents the observed data.

This kind of problems are called "inverse problems", and are common in astrophysics. They
are addressed by building a physical model and comparing its predictions with the observations.
Then the models that better reproduce the observations are determined. This problem can be
formalized as a linear inverse problem:

𝑌 = 𝐻𝑋 • 𝑁 (1.20)



24 Chapter 1. Introduction

where 𝑌 corresponds to the set of noisy measurements, 𝑁 ins the unknown error term, the
• operator translates the way the noise contaminates the data, 𝐻 is a linear operator, and 𝑋 is
the solution to the problem. Finding 𝑋 is an inverse problem.

Figure 1.9 shows a schematic illustration of the degenerate inverse problem. The solution
space 𝑋 corresponds to the parameter space of the interiors from our physical model, and the
space 𝑌 corresponds to the space of the observable parameters, which typically are mass and
radius. The operator 𝐻 generally represents the forward model, which computes the mass and
radius of a planet given a set of interior parameters. The error is a stochastic-measurement
noise, and the problem can only be solved in a probabilistic way.

1.2.2.1 Bayesian Inference

The most common way to address degenerate inverse problems is to use Bayesian inference.
In the so-called ’frequentist’ (or classical) methods the probabilities are interpreted as long
run frequencies, so that the probability of an event is given by the occurrence rate observed
during repeated experiments. In Bayesian inference, probabilities are interpreted as subjective
degrees of belief, instead of frequencies. The unknown event is linked to a prior distribution
that represents the subjective beliefs about the parameter. Then the posterior distribution of
parameters is computed given the data using the Bayes theorem, which states that the probability
for an event 𝒙 given a set of data 𝒅 is given by the following expression:

𝑃(𝒙 |𝒅) = 𝑃(𝒙) 𝑃(𝒅 |𝒙)
𝑃(𝒅) , (1.21)

where 𝒙 stands for any parameter that may be affected by data. The prior probability 𝑃(𝒙)
is the degree of belief that 𝒙 is true before the data is observed. The ’Bayesian evidence’ 𝒅 is the
new data that were not used when computing the prior probability, and the ’model evidence’ P(
𝒅) corresponds to the probability that the observation 𝒅 is true. The likelihood 𝑃(𝒅 |𝒙) indicates
the compatibility of the data with the given hypothesis, i.e. corresponds to the probability that
the observation 𝒅 is true given the model parameter 𝒙. The likelihood is often given by the
following expression:
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where N is the number of data points, 𝜎𝑖 the uncertainties of the i𝑡ℎ datum, and g(𝒙) the
operator linking the model parameters with the data, that is, 𝒅 = 𝑔(𝒙). Finally, the posterior
distribution P( 𝒙 | 𝒅) is what we want to know: the probability of 𝒙 being true given the
observation 𝒅.
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The Bayes theorem provides a formalism to solve the inverse problem. However, in most
cases it is not possible to derive it analytically and a sampling method is needed. The most
used sampling methods are Markov Chain Monte Carlo and Nested Sampling.

1.2.2.2 Markov Chain Monte Carlo

Markov Chain Monte Carlo (MCMC) methods are very popular to solve sampling probabil-
ity distributions in high-dimensional spaces. ’Monte Carlo’ is a technique based on repeated
random sampling to obtain numerical results. The underlying principle is to use randomness
to solve problems that might be deterministic in principle. On the other hand, a ’Markov
chain’ is a stochastic model describing a sequence of possible events in which the probability
of each event only depends on the previous event. It generates a sequence of random variables
in which the current value is probabilistically dependent on the value of the prior variable.
MCMC is essentially Monte Carlo integration using Markov chains. Monte Carlo integration
draws samples from the required distribution, and then forms sample averages to approximate
expectations. MCMC draws these samples by running a cleverly constructed Markov chain for
a long time.

A widely used MCMC method to efficiently explore the posterior distribution is the so
called Metropolis-Hastings (Metropolis et al. 1953; Hastings 1970). The basic concept can
be explained with a simple case. First, an initial starting model is chosen randomly from the
prior distribution. We note that the MCMC will always converge to the stationary distribution
independently of the initial model. The posterior density of this model is calculated using Eqs.
1.21 and 1.22, and then a new model is created from a distribution centered in the current model.
The chain has a probability to move to the new model that depends on the likelihood ratios
between the current and new models. The method is repeated iteratively, and the generated
samples are distributed, shaping the posterior distribution.

1.2.2.3 Nested Sampling

Nested sampling (Skilling 2004) is another Monte Carlo technique that aims to efficiently
evaluate the Bayesian evidence and produce posterior probability distributions. The main
strengths of Nested sampling resides on the small amount of problem-specific tuning required
and its high efficiency. In parameter estimation problems, like MCMC, the Bayesian evidence
𝒅 is ignored since it is independent of the parameters 𝒙. In model selection methods, like
Nested sampling, the calculation of the Bayesian evidence takes an important role. For clarity,
we rename the likelihood 𝑃(𝒅 |𝒙) as L(𝒙). Since the Bayesian is just the normalization factor,
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it is calculated with the following integral:

𝒅 ≡ Z =

∫
L(𝒙)𝑃(𝒙) 𝑑𝑁𝒙, (1.23)

where N is the dimensionality of the parameter space. Nested sampling use the relation
between the likelihood and the prior volume to convert the multidimensional Bayesian evidence
into a one-dimensional integral. The ’prior volume’ 𝑋 is defined by the following expression:

𝑋 (𝜆) =
∫
L(𝒙)>𝜆

𝑃(𝒙) 𝑑𝑁𝒙, (1.24)
MULTI NEST: efficient and robust Bayesian inference3

(a) (b)

Figure 1. Cartoon illustrating (a) the posterior of a two dimensionalprob-
lem; and (b) the transformedL(X) function where the prior volumesXi

are associated with each likelihoodLi.

function of X. Thus, if one can evaluate the likelihoodsLi =
L(Xi), whereXi is a sequence of decreasing values,

0 < XM < · · · < X2 < X1 < X0 = 1, (6)

as shown schematically in Fig. 1, the evidence can be approximated
numerically using standard quadrature methods as a weighted sum

Z =
M

X

i=1

Liwi. (7)

In the following we will use the simple trapezium rule, for which
the weights are given bywi = 1

2
(Xi−1 − Xi+1). An example of

a posterior in two dimensions and its associated functionL(X) is
shown in Fig. 1.

The summation (Eq. 7) is performed as follows. The itera-
tion counter is first set toi = 0 andN ‘active’ (or ‘live’) sam-
ples are drawn from the full priorπ(Θ) (which is often simply
the uniform distribution over the prior range), so the initial prior
volume isX0 = 1. The samples are then sorted in order of their
likelihood and the smallest (with likelihoodL0) is removed from
the active set (hence becoming ‘inactive’) and replaced by apoint
drawn from the prior subject to the constraint that the pointhas
a likelihoodL > L0. The corresponding prior volume contained
within this iso-likelihood contour will be a random variable given
byX1 = t1X0, wheret1 follows the distributionPr(t) = NtN−1

(i.e. the probability distribution for the largest ofN samples drawn
uniformly from the interval[0, 1]). At each subsequent iterationi,
the removal of the lowest likelihood pointLi in the active set, the
drawing of a replacement withL > Li and the reduction of the
corresponding prior volumeXi = tiXi−1 are repeated, until the
entire prior volume has been traversed. The algorithm thus travels
through nested shells of likelihood as the prior volume is reduced.
The mean and standard deviation oflog t, which dominates the ge-
ometrical exploration, areE[log t] = −1/N andσ[log t] = 1/N .
Since each value oflog t is independent, afteri iterations the prior
volume will shrink down such thatlogXi ≈ −(i±

√
i)/N . Thus,

one takesXi = exp(−i/N).
The algorithm is terminated on determining the evidence to

some specified precision (we use 0.5 in log-evidence): at iteration
i, the largest evidence contribution that can be made by the remain-
ing portion of the posterior is∆Zi = LmaxXi, whereLmax is
the maximum likelihood in the current set of active points. The
evidence estimate (Eq. 7) may then be refined by adding a final
increment from the set ofN active points, which is given by

∆Z =

N
X

j=1

LjwM+j , (8)

wherewM+j = XM/N for all j. The final uncertainty on the cal-
culated evidence may be straightforwardly estimated from asingle
run of the nested sampling algorithm by calculating the relative en-
tropy of the full sequence of samples (see FH08).

Once the evidenceZ is found, posterior inferences can be eas-
ily generated using the full sequence of (inactive and active) points
generated in the nested sampling process. Each such point issimply
assigned the weight

pj =
Ljwj

Z ., (9)

where the sample indexj runs from 1 toN = M + N , the total
number of sampled points. These samples can then be used to cal-
culate inferences of posterior parameters such as means, standard
deviations, covariances and so on, or to construct marginalised pos-
terior distributions.

4 ELLIPSOIDAL NESTED SAMPLING

The most challenging task in implementing the nested sampling
algorithm is drawing samples from the prior within the hard con-
straintL > Li at each iterationi. Employing a naive approach that
draws blindly from the prior would result in a steady decrease in
the acceptance rate of new samples with decreasing prior volume
(and increasing likelihood).

Ellipsoidal nested sampling (Mukherjee et al. 2006) tries to
overcome the above problem by approximating the iso-likelihood
contourL = Li by aD-dimensional ellipsoid determined from the
covariance matrix of the current set of active points. New points
are then selected from the prior within this ellipsoidal bound (usu-
ally enlarged slightly by some user-defined factor) until one is ob-
tained that has a likelihood exceeding that of the removed lowest-
likelihood point. In the limit that the ellipsoid coincideswith the
true iso-likelihood contour, the acceptance rate tends to unity.

Ellipsoidal nested sampling as described above is efficientfor
simple unimodal posterior distributions without pronounced degen-
eracies, but is not well suited to multimodal distributions. As advo-
cated by Shaw et al. (2007) and shown in Fig. 2, the sampling ef-
ficiency can be substantially improved by identifying distinct clus-
tersof active points that are well separated and constructing anin-
dividual (enlarged) ellipsoid bound for each cluster. In some prob-
lems, however, some modes of the posterior may exhibit a pro-
nounced curving degeneracy so that it more closely resembles a
(multi–dimensional) ‘banana’. Such features are problematic for all
sampling methods, including that of Shaw et al. (2007).

In FH08, we made several improvements to the sampling
method of Shaw et al. (2007), which significantly improved its effi-
ciency and robustness. Among these, we proposed a solution to the
above problem by partitioning the set of active points into as many
sub–clusters as possible to allow maximum flexibility in following
the degeneracy. These clusters are then enclosed in ellipsoids and
a new point is then drawn from the set of these ‘overlapping’ el-
lipsoids, correctly taking into account the overlaps. Although this
sub-clustering approach provides maximum efficiency for highly
degenerate distributions, it can result in lower efficiencies for rel-
atively simpler problems owing to the overlap between the ellip-
soids. Also, the factor by which each ellipsoid was enlargedwas
chosen arbitrarily. Another problem with the our previous approach
was in separating modes with elongated curving degeneracies. We
now propose solutions to all these problems, along with someaddi-
tional modifications to improve efficiency and robustness still fur-
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Figure 1.10: Illustration of the posterior of a two-dimensional problem (left), and
the transformed 𝐿 (𝑋) against the prior volumes 𝑋𝑖 (right).

where 𝜆 is an inverse temperature that is slowly raised from 0 to 1, and the integral extends
over the region of the parameter space inside the iso-likelihood contour 𝑃(𝒅 |𝒙) > 𝜆. The
Bayesian evidence can be re-written as:

Z =

∫ 1

0
L(𝑋)𝑑𝑋 (1.25)

where L(𝑋) is the inverse of Eq. 1.24. At each iteration, then, the prior volumes 𝑋𝑖 shrinks
and the likelihoods L𝑖 = L(𝑋𝑖) increase, as shown in the illustration shown in Figure 1.10.

In practice, Nested sample algorithms sample a number of live points randomly from the
prior distribution, and the likelihood is evaluated at each point. At each iteration, the point with
the lowest likelihood will be replaced by a new point within the prior volume 𝑋𝑖 . This process
is continued until the Bayesian evidence reaches a specified value.
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1.2.3 Link with planet formation and evolution

Determining an exoplanet’s structure and composition is crucial to better understand how plan-
ets form. An exoplanet’s interior structure is a direct result of its formation history, and more
knowledge on its composition can lead to better constraints for formation theories. In fact,
planet formation theories are continuously evolving due to the large amount of new discovered
exoplanets and their properties. An example of how interior models can help to constrain the
planet formation history is given in Plotnykov & Valencia (2021), where they compared the
inferred derived composition of exoplanets to their host stars, found that the composition of
rocky planets spans a wider range than stars, and estimated the maximum iron enrichment of
rocky planets during formation.

Stars are formed in regions where the density of the interstellar medium increases. Even-
tually these dense large molecular clouds gravitationally collapse and flatten out as disks due
to initial non-zero rotational inertia. These so-called protoplanetary disks were first observed
with infrared space-based telescopes (Smith & Terrile 1984; Strom et al. 1989). Recently, the
Atacama Large Millimeter/submillimeter Array (ALMA) has produced images of disks resolv-
ing sub-structures such as spiral arms, gaps and rings (Andrews et al. 2018; Andrews 2020).

Planet formation can be roughly divided into two major models: disk instability and core
accretion model. In the disk instability model, the planets form from the breakup of the pro-
toplanetary disk due to gravitational instability forming self gravitating clumps of gas, which
later evolve into planets. This model requires that a very fast cooling of the protoplanetary
disk, and it is still debated this is possible within the disk. On the other hand, in the core
accretion model, the formation of a planet begins with a small protoplanetary embryo that
accretes gas and solids. The two models are not exclusive. The disk instability model seems
to describe better the formation of gas giants at large orbital distances, since the core accretion
model requires long formation time scales. However, the core accretion model better reproduces
the large diversity of exoplanets, so in this section I will focus on the description of this scenario.
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Fig. 1 Possible conditions and outcomes of core accretion to explain Solar System planets.
Courtesy of Y. Alibert (adapted for this review).

2019). As a consequence, material originally in solid state can mix in vapour
form with the preexisting hydrogen and helium (Brouwers et al, 2018). When
this effect is included in formation models, simulations show that due to the
increase in mean molecular weight (Venturini et al, 2016), and due to the
reduction of the adiabatic gradient by chemical reactions (Hori and Ikoma,
2011; Venturini et al, 2015), the compression of the envelope due to self gravity
occurs more effectively, for smaller cores. Consequently, gas giants can form
faster (Venturini et al, 2016), and small-mass planets with substantial H-He
atmospheres (∼ 10-20% of planetary mass, the so-called mini-Neptunes) can
be expected as well (Venturini and Helled, 2017).

2.2 Dominants size of the accreting solids: planetesimals and/or pebbles?

Core accretion can only take place if a primordial embryo or core acts as a
seed for the growth. How is this seed produced? Dust particles grow and settle
to the midplane of discs in very short timescales (∼ 103 yr), until reaching
centimetre-size (Weidenschilling, 1977; Dullemond and Dominik, 2005; Brauer
et al, 2008). These pebbles are partially coupled to the gas, meaning that the
gas dynamics strongly affects pebbles’ orbits. From the equation of motion of a
gas particle embedded in a protoplanetary disc, one can find that the azimutal
velocity of gas particles satisfies (Weidenschilling, 1977):

v2g,θ = v2k +
r

ρ

∂P

∂r
(1)

Figure 1.11: Schematic representation of core accretion model and its output in
terms of Solar System planets. Illustration taken from Venturini et al. (2020).

At the beginning, the solid accretion rate is higher than the gas accretion rate, so the core
grows faster than the volatile envelope. Later, when the mass of the atmosphere becomes
comparable to the core mass, the runaway gas accretion starts. At this point, the gaseous
envelope starts to be efficiently compressed by its self-gravity, allowing more gas to enter the
protoplanet’s gravitational sphere of influence and enhancing the envelope’s self-gravity even
more. The core mass at which this happens is called the critical core mass, and in classical
models it is estimated to be between ∼5 and 15 𝑀⊕ (Ikoma et al. 2000).

Figure 1.11 shows a schematic representation of the core accretion model and its output
in terms of Solar System planets. Gas giants like Jupiter are formed if there is a lot of gas in
the disk when the core reaches the critical mass. This way, runaway gas accretion occurs, and
the planets accretes hundreds of 𝑀⊕ of gas. Neptune-like planets are formed when the critical
mass is reached and there is not much gas available in the disk. This case will result in a core-
dominated planet with a significant H-He envelope. Finally, if the solid accretion timescales are
much higher than the disk dispersal ones, or if the protoplanet is in a region where there are not
many solids to accrete (e.g. close to the host star), it will remain an embryo during the whole
disk’s lifetime. After the dissipation of the disk, dynamical instabilities lead to collisions of em-
bryos via giant impacts, and this is how the Earth is thought to be formed (Wetherill 1985, 1990).

Besides planet formation mechanisms, evolution mechanisms play a crucial role shaping the
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current structure and composition. Planets inherit a large amount of internal energy from their
gravitational contraction, and the progressive loss of this initial energy results in both a cooling
and a contraction. The rate at which planets cool and contract is inversely proportional to the
planetary age. Therefore, combined measurement of planetary mass, radius and a constraint
on the stellar age allows a global determination of the amount of heavy elements present in
the planet interior. Another relevant evolution mechanism is planet migration. Planets do not
always remain in a fix position with respect to the star, they exchange angular momentum with
the disc, leading to orbital migration. This migration usually is inwards (Tanaka et al. 2002),
and it explains the presence of most close-in discovered exoplanets which cannot be created
at such short orbital periods because the temperatures are too high to allow core accretion. In
addition, planets with H-He atmospheres at short orbital distances are likely to suffer mass-loss
due to photoevaporation. High-energy irradiation (UV and X-ray) heats up the upper layers of
the atmosphere , driving a powerful hydrodynamic outflow that causes the atmosphere to lose
mass over time (e.g. Lopez et al. 2012).

1.3 Main objectives of this thesis

This thesis focuses on the study of planetary interiors, combining theoretical models and
observational data. The main goals I set four years ago were the following:

• Basing on the Bayesian inversion method of Dorn et al. (2017), to identify what constraints
can be placed on the planetary composition and internal structure of super-Earths and
sub-Neptunes, and to investigate how the observational quantities mass, radius, and their
uncertainties affect the derived internal structure.

• Investigate the demographics and mass-radius relation of transiting planets with robust
and reliable masses below 100M⊕, understanding the biases in the measurements and
their effects on the data.

• Participate in the observation of exoplanets, focusing on the radial velocity follow-up of
TESS transiting planets , and being part of various programs conducted by the Geneva
team on CORALIE, HARPS, and ESPRESSO.

• Using theoretical models to identify interesting planetary candidates for future ground-
or space-based observations, analyzing what targets and parameter space are be most
appropriate for planetary internal structure characterization.

Besides the introduction, this thesis contains three chapters. Chapter 2 is dedicated to
the study of the exoplanet demography. We present our work building a revisited exoplanet
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catalog which is a reliable as possible, and perform in-depth demographic analyses of the sub-
populations found in it. We also present our work investigating the intra-system similarity in
multi-planetary systems. At the end of this chapter we discuss different observation programs
for CORALIE, HARPS, and ESPRESSO in which I have been strongly involved.

Chapter 3 focuses on the characterization of planetary interiors of individual planets. I
initially discuss the updates implemented in the models of Dorn et al. (2017). Then I present
our work studying how several aspects as the observational uncertainties, location in the M-R
diagram, or model assumptions affect the internal characterization of super-Earths and sub-
Neptunes. Finally, I briefly present the contribution to some discovery papers of exoplanets
characterized with my interior model and to a project investigating the formation of super-
Mercuries by Giant Impacts. In Chapter 4 I summarize the achievements of this work and give
an outlook of the possible developments and new questions that can be tackled in the future.
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Demography of Exoplanets

The ultimate goal of exoplanet demography is to determine the distribution of planets as a
function of parameters that may affect their formation and evolution. These parameters include
the planetary ones as the mass, radius, or orbital properties (semi-mayor axis, orbital period, or
eccentricity), and the stellar parameters as the mass, radius, effective temperature, luminosity,
metallicity, or age. Imprints left by the physical processes during planet formation and evolution
should be reflected on the these planet functions, and therefore a proper understanding of the
demography of exoplanets is necessary to set constraints on planet formation and evolution
theories. The demographics can then be linked to the physical and chemical processes such as
the planetary mass function, primordial atmosphere mass, migration, atmospheric loss, infla-
tion mechanism, etc. providing constraints on the formation models. Therefore, by comparing
these planet distributions to the predictions of planet formation theories, we can begin to both
test and refine these theories.

During this period, the new-generations telescopes and satellites (particularly TESS) have
triggered a rapid expansion of the number of well characterized exoplanets, allowing to perform
in-depth analysis of the demography of the different exoplanet populations. In this chapter, we
discuss our efforts to further understand exoplanet demography.

31
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2.1 Populating the Mass-Radius diagram

One of the main difficulties when studying the exoplanet demography typically resides in the
number of well-characterized planetary systems. In this section, I will show how different
techniques and surveys have contributed to increasing the number of discovered exoplanets.

Earth-like  
 ( < 1.2R )

super-Earths 
 (1.2 2R )

sub-Neptunes 
 (2 3R )

Neptune-like
 (3 5R )

Neptune-Saturn Trans.
 (5 9.5R )

Gas Giants 
 ( > 9.5R )

10

100

500  > 20%
  [15,20]%
  [10,15]%
  [5,10]%
  [2.5,5]%
 < 2.5%

Figure 2.1: Histogram of the different types of discovered planets with measured
mass and radius. Different colors indicate the amount of planets with different density
uncertainties.

Measuring both the planetary mass and radius allows us to estimate the planetary bulk
density and infer the possible compositions and internal structures in the first order. However,
out of the more than 4800 exoplanets discovered in January 2022, only 754 have measured
mass and radius. Figure 2.1 shows a histogram with discovered planets with mass and radius
measurements for different types of planets, from the NASA Exoplanet Archive. More than
half of the discovered planets with mass and radius measurements are gas giants, 457 precisely.
There are 62 planets with radii between 5𝑅⊕ and 9.5R⊕, 63 Neptune-like with radii between
3𝑅⊕ and 5𝑅⊕, 83 sub-Neptunes, 71 super-Earths and only 18 Earth-like planets with radii
below 1.2𝑅⊕. The colors of the plot indicate the density uncertainties. We can see that a
big proportion of the gas giants and planets in the Neptune-Saturn transition that have very
precise measured densities with uncertainties below 2.5%. We also note that among the rest
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of the planets, most of them have mass and radius uncertainties below 5%, except Earth-like
planets that have mostly uncertainties above 20% and are not secured planet detections. This
means nowadays there is a relatively large sample of well-characterized planets with a precise
estimation of the density that allows performing in-depth studies of the nature of almost all the
planetary types.

The investigation of the mass-radius (M-R) relation of exoplanets of different populations
can provide important information about exoplanet interiors and their formation and evolution
processes. Seager et al. (2007) presented M-R relationships for a range of planet compositions.
Other works use parametric laws, power laws in particular, to empirically fit the M-R relation
based on the exoplanet data. Weiss & Marcy (2014), for instance, used a sample of 65
exoplanets smaller than 4R⊕ to fit the M-R relation, and found a transition at 1.5R⊕. They
found that exoplanets with radii below this value tend to follow the Earth-like composition
line, while exoplanet with larger radius tend to have volatile envelopes. Later, Wolfgang et al.
(2015) presented the first probabilistic M-R relation for exoplanets smaller than 4R⊕ evaluated
in a Bayesian framework, which quantified the intrinsic dispersion and the uncertainties on the
M-R relation parameters. Chen & Kipping (2017) also presented a probabilistic M-R relation
fitting code, and used it with a sample of 316 exoplanets spanning from terrestrial planets to
gas giants. They found a transition from a population of terrestrial planets to a population of
less dense planets at ∼2M⊕, and a transition between Neptunian to gas giants at 130±22 M⊕.
Finally, Bashi et al. (2018) used a sample of 274 observed exoplanets to fit the M-R relation,
and found a transition between the Neptunian and gas giants planets at a mass of 124±7 M⊕

and radius of 12.1±0.5 M⊕. Even if the transitions between Jovian and sub-Jovian planets
obtained in different works seem to be compatible, the transition between terrestrial-like and
Neptune-like planets is still a subject of intense debate.

2.1.1 Revisited Exoplanet Catalog and Mass-Radius relations

One of the most important choices to make when performing any demographic analysis resides
on the planetary sample. There are several exoplanet catalogs available, and each one of them
uses different information sources and has different criteria when adding information to the
database. The "NASA Exoplanet Archive"a, "Extrasolar Planets Encyclopaedia"b, and "Open
Exoplanet Catalog"c currently the most used catalogs by the community. The "Extrasolar Plan-
ets Encyclopaedia", for instance, has the largest coverage of planets, but it can include imprecise

ahttps://exoplanetarchive.ipac.caltech.edu/
bexoplanet.eu
chttp://www.openexoplanetcatalogue.com/
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estimates (Bashi et al. 2018). On the other hand, The "NASA Exoplanet Archive" is the most
up-to-date catalog and the least biased catalog in terms of the interpretation of the mass upper
limit, but in many cases, they do not select the most recent paper as a source of the planetary
and stellar data. We also realized that some masses and radii present in these catalogs were not
very reliable due to the quality or the quantity of the data that they use.

In Otegi et al. (2020a) (next page), we do a careful analysis of the planets with masses below
120M⊕ to build an exoplanet catalog that is as robust and reliable as possible. We then use this
dataset to obtain a new M-R relation and perform a demographic analysis of the resulting M-R
diagram.
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ABSTRACT

The masses and radii of exoplanets are fundamental quantities needed for their characterisation. Studying the different populations of
exoplanets is important for understanding the demographics of the different planetary types, which can then be linked to planetary
formation and evolution. We present an updated exoplanet catalogueue based on reliable, robust, and, as much as possible accurate mass
and radius measurements of transiting planets up to 120 M⊕. The resulting mass-radius (M-R) diagram shows two distinct populations,
corresponding to rocky and volatile-rich exoplanets which overlap in both mass and radius. The rocky exoplanet population shows
a relatively small density variability and ends at mass of ∼ 25M⊕, possibly indicating the maximum core mass that can be formed.
We use the composition line of pure water to separate the two populations, and infer two new empirical M-R relations based on
this data: M = (0.9 ± 0.06) R(3.45±0.12) for the rocky population, and M = (1.74 ± 0.38) R(1.58±0.10) for the volatile-rich population.
While our results for the two regimes are in agreement with previous studies, the new M-R relations better match the population
in the transition region from rocky to volatile-rich exoplanets, which correspond to a mass range of 5-25 M⊕, and a radius range of 2-3 R⊕.

1. Introduction

To date, more than 4000 exoplanets have been discovered.
The Kepler mission has clearly impacted the field with the
detection of more than 2300 exoplanets. For many of the Kepler
exoplanets, radial velocity follow-up is restricted to a small
fraction corresponding to the brightest host stars. As a result, in
order to characterise the exoplanets researchers often rely on a
theoretical mass-radius (hereafter M-R) relation. Knowledge
of both the planetary mass and radius allows us to estimate
the planetary bulk density and infer the possible compositions
and internal structures. In addition, the M-R relation is used
to explore the demographic of exoplanets in a statistical sense.
These demographics can then be linked to the physical and
chemical processes driving planet formation and evolution, such
as the planetary mass function, primordial atmosphere mass,
migration, atmospheric loss, inflation mechanism, etc. providing
constraints on the formation models.

Various studies have been dedicated to the investigation of
the internal structures of exoplanets (e.g. Sotin et al. 2007; Seager
et al. 2007a; Howe et al. 2014; Dorn et al. 2017; Lozovsky et al.
2018) and to the investigation of the M-R relation of exoplanets of
different populations. Parametric models, power laws in particu-
lar, have been proposed to fit the M-R relation. These are typically
empirical relations based on exoplanet data found in the main
exoplanet catalogues: Extrasolar Planets Encyclopaedia1 (Weiss
et al. 2013; Weiss & Marcy 2014; Bashi et al. 2017) or NASA Ex-
oplanet Data Archive2 (Wolfgang et al. 2015). As shown in Bashi

1 exoplanet.eu
2 exoplanetarchive.ipac.caltech.edu

et al. (2018), despite the overall good agreement between these
catalogues, there are also some differences. On the other hand,
the Extrasolar Planets Encyclopaedia has the largest coverage of
exoplanets, probably due to its less restrictive selection criteria.
On the other, the NASA Exoplanet Database has a ’removed tar-
gets’ list, providing a more rigorous selection process, and is the
most updated catalogue. Recently, Zeng et al. (2016) inferred a
semi-empirical M-R relation depending on the core mass fraction,
followed by a detailed forecasting model using a probabilistic
M-R relation using Markov Chain Monte Carlo (MCMC). (Chen
& Kipping 2017).

While such studies are crucial for a more detailed charac-
terisation of exoplanets, it should be noted that the number of
discovered exoplanets increases rapidly and the estimates for the
masses and radii are continuously being updated. In addition, one
has to account for the fact that some of the listed mass and/or
radius determinations are not reliable, which can affect the in-
ferred conclusions (see Section 2 for details). In this study, we
go through the entire NASA Exoplanet catalogue, in order to
create a ’filtered’ sample of exoplanets with robust and reliable
mass and radius measurements. We consider exoplanets with
masses below 120M⊕ in order to focus on the transition between
small-size terrestrial planets and the population of giant gaseous
planets. We use our updated catalogue to describe the properties
of two distinct populations: rocky and volatile-rich population.
We derive updated M-R relations for these two populations and in-
vestigate the dependence of the M-R diagram with other external
parameters.

Article number, page 1 of 13
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2. Exoplanet selection with reliable measurements
of mass and radius

We use the NASA Exoplanet Archive from June 2019 as a starting
point since it is the most up-to-date catalogue, and, in addition,
it provides access to all the references relevant for a given ob-
served exoplanet. We build a "reliable and updated" catalogue by
applying the following selection criteria:

a) We selected the data from the NASA Exoplanet Archive from
July 2019 for planets with masses up to 120M⊕ and filtered
the data to consider only exoplanets with measurement un-
certainties smaller than σM/M = 25% σR/R = 8%. These
thresholds correspond to the median uncertainty and make it
possible to have the same impact on the density uncertainty.

b) We added the mass measurements of the exoplanets orbiting
around Trappist-1 from Grimm et al. (2018), who used new K2
transit light curves to recompute the masses through TTVs and
shrank the mass uncertainties from 30% − 95% to 5% − 12%.

c) We discarded the mass determinations inferred by Stassun
et al. (2017), where the host star masses and radii were re-
placed by the value derived from GAIA photometry and with
uncertainties clearly overestimated. These revised values af-
fect the planetary mass estimation. Therefore, in the cases
in where the NASA Exoplanet Archive selects this study as
the reference paper, we replace them with the most updated
mass estimate (Kepler-78b,Kepler-93b, CoRoT-7b, Kepler-
454b, HD 97658b, HIP 116454b, WASP-29b, WASP-69b,
WASP-117b, HD 149026b, WASP-63b) 3.

d) In some cases Marcy et al. (2014) give an estimate of the
planets masses for single transiting planet with a weak level
of validation/confirmation. Several mass estimates are based
on very few radial velocity data points with underestimated
uncertainties. We therefore did not use mass estimates given
by Marcy et al. (2014) for exoplanets with non-robust mea-
surements (Kepler-406c, -97b, -98b, -102b, -48b, -99b, -406b,
-100b, -48b, -96b, -102e, -25b, 103b, -106c, -106e, -113b, -
103c). These exoplanets do not have any other mass estimates
from other studies with measurement uncertainty smaller than
σM/M = 25% σR/R = 8%, and therefore were not included
in our catalogue.

e) The TTV measurements reported by Xie (2014) differ signifi-
cantly from the mass measurements reported by other groups
(Hadden & Lithwick 2014, 2017). In addition, several of their
mass and radius estimates imply that several exoplanets with
masses greater than 30M⊕ are denser than pure-iron (e.g.,
Kepler-128b and Kepler-128c, for which Hadden & Lithwick
(2017) estimated masses below 1M⊕). Therefore we also ex-
cluded the mass estimates provided by this study.

f) Hadden & Lithwick (2017) provide the planetary masses
through TTVs for 150 Kepler exoplanets, which are not used
in the NASA Exoplanet Archive. In addition, they introduce a
robustness criterion for TTVs, and consider that only 50 out
of 150 mass measurements are reliable. We relied on their
robustness criterion and discarded the unreliable TTVs mass
determination.

g) We updated some mass measurements to the ones presented
in more recent publications (Kepler-10b, Kepler-65d, GJ
9827b, 55-Cnc e, K2-55b K2-261b, HAT-P-18b, HAT-P-12b,
WASP-20b)3 and we included several exoplanets that are
missing from the NASA Exoplanet Archive (Gl-357b, HD
39091c, HD 3167b, K2-131b, HD 15337c, HD 213885b, EPIC
220674823b, HD 3167c, K2-180b, K2-24c, GJ 143b, HD

3 References used for these planets are listed in Table A.1

21749b, WASP-166b, WASP-107b, HAT-P-48b, HAT-P-47b,
Kepler-425b, NGTS-5b, HATS-43b, WASP-160b, Kepler-
427b, WASP-181b, K2-295b, EPIC 220501947b, Kepler-
426b, Qatar-8b)3.

Figure 1 shows the M-R diagram after applying the afore-
mentioned selection criteria. It also shows the mass and radius
histograms of the exoplanets in our sample. Intermediate steps of
the data selection are shown in the appendix in Figure A.1. The
planets that are included in our "filtered" catalogue are listed in
the appendix (Table A.1), where we also provide the references
used by the NASA Exoplanet archive and the ones used in this
work. It should be noted that as other catalogues, also ours suffers
from observational biases and is incomplete. As a result, it can-
not be used to make conclusions about the planetary occurrence
rates. Our revised catalogue of transiting planets below 120M⊕ is
accessible on the Data & Analysis Center for Exoplanet DACE4.

3. Analysis of the revisited M-R diagram

3.1. Two distinct exoplanet populations

Our revisited M-R diagram clearly shows two distinct exoplanet
populations: one of them closely follows an Earth-like composi-
tion, and a second one corresponds to a more volatile-rich compo-
sition. It is important to note that even when an exoplanet lies in
the M-R diagram of an Earth-like composition, its actual relative
composition of iron, silicates and water could be different, given
the degeneracy of the problem.

Nevertheless, the amount of water or H/He envelope of these
exoplanets is expected to be small in comparison to the refrac-
tory materials (e.g. silicates, iron). Therefore, it is reasonable
to assume that these exoplanets are mostly rocky5. This popula-
tion follows the Earth-like composition up to a mass of ∼ 25M⊕
including Kepler-411b. However, between 10 and 25 M⊕, exo-
planets appear to be slightly less dense than the ones following
the Earth-like composition. These objects might be ice-rich cores,
but are unlikely to be volatile-rich. Therefore we include them
in the rocky population, which contains ’naked-cores’ up 10 M⊕
and slightly more ice-rich exoplanets from 10 to 25 M⊕. This
suggests that this upper limit corresponds to the maximum core
mass that can be formed, and it is important to note that this
region of the diagram does not suffer from observational biases
since heavier planets are easy to detect in radial velocity. This
estimate of the maximum core mass is in fact consistent with
theoretical calculations of giant planet formation, and with the
estimated core masses of the giant planets in the solar system:
for Jupiter structure models typically infer core masses between
7M⊕ and 25M⊕ (e.g. Guillot et al. 2017; Wahl et al. 2017; Helled
et al. 2017), and Saturn’s core mass is expected to be of the order
of 20M⊕ (e.g. Saumon & Guillot 2004; Iess et al. 2019).

In addition, giant planet formation models with pebble accre-
tion estimate the pebble isolation mass to be between 10M⊕ and
20M⊕ (e.g. Johansen & Lambrechts 2017; Bitsch et al. 2019),
which is also consistent with our estimated maximum core mass
of the order of 25M⊕. This result suggests that our M-R relation
can be used to confirm and test theoretical predictions.

It is interesting to note that none of the exoplanets in our
sample is found to be consistent with a pure iron composition.
A structure model of highest density planet Kepler-107c
(ρ̄ = 12.65 g cm−3) suggests that it has a large iron core and a
4 dace.unige.ch
5 in this study ’rocky exoplanets’ refer to exoplanets that mostly consist
of metals and rocks
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Fig. 1. Revisited M-R diagram after applying our criteria to keep reliable and robust mass measurements with relative uncertainties smaller than
25% for mass and smaller than 8% for radius. The red triangles and blue circles correspond to data with mass determination from TTVs and RVs,
respectively. We also display the composition lines of pure-iron (brown), Earth-like planets (light-brown) and water ice (blue) (Dorn et al. 2015). We
also plot the contour lines and the distribution of exoplanet mass (top) and radius (right) of our sample.

silicate mantle, corresponding to 70% and 30 % of the planetary
mass, respectively (e.g. Bonomo et al. 2019).

The second population shown in our revisited M-R diagram
corresponds to less dense planets with a more volatile-rich compo-
sition. The density-radius diagram displayed on the right panel of
Figure 2 makes it possible to distinguish the two populations sep-
arated by the composition line of pure water (see section 3.2 for
details). The rocky population presents a nearly flat density up to
2-3 R⊕, corresponding to behaviour of exoplanets made of refrac-
tory materials. The volatile-rich population shows a decreasing
density from 2-3 R⊕ to 12 R⊕.

Although the M-R is biased toward lower masses, it seems
that 5M⊕, like HD39091, is the lower limit from which an exo-
planet can accrete and maintain a gaseous envelope. However, it
is possible that the data sample is incomplete and suffers from
observational biases, since for a given radius it is much easier to
detect more massive planets.

The dispersion of the volatile-rich population is significantly
larger than the one in the rocky population. It may reflect
different core masses accreting gas. Another reason could be
that volatile rich exoplanets are very sensitive to insolation, and
therefore the dispersion reflects exoplanets with different stellar

irradiations (this hypothesis is further discussed in Section 3.2).

Fulton et al. (2017) find that at small radial distances there
is a lack of planets with radii between 1.5R⊕ and 2R⊕, known as
the Fulton Gap, suggesting a transition between the super-Earth
and sub-Neptune populations. Nevertheless, as discussed above,
our revisited M-R diagram shows two exoplanet populations
with a large overlap in both mass and radius. The overlap in
mass ranges between 5 and 25 M⊕, and in radius from 2 to 3 R⊕.
Although planets smaller than 1.8 R⊕ are clearly part of the rocky
population, planets with a larger radius could belong to both
populations. Therefore the planetary mass or radius alone cannot
be used to distinguish between the two populations. We therefore
use the composition line of pure water to separate the rocky and
volatile-rich populations. This provides a more physical criterion
to divide the populations as planets that sit above the pure-water
line are expected to consist of volatile materials (e.g. H-He).

3.2. The Mass-Radius relations

Published M-R relations to date have divided the different exo-
planet populations using mass cutoff (e.g. Chen & Kipping 2017)
or radius cutoff (e.g. Weiss & Marcy 2014). In this study, we

Article number, page 3 of 13
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Fig. 2. Left: M-R relations fitting rocky and volatile-rich populations. Dotted line corresponds the composition line of pure water using QEOS for a
temperature of 300K (More et al. 1988). The grey and light-grey envelopes represent the ±1σ and ±2σ regions of the fit. Right: Density against
radius for our catalogue. Rocky and the volatile-rich populations are separated by the composition line of pure water (Dorn et al. 2015). The grey
envelope indicates the region between 2.8 g cm−3 and 3.3 g cm−3.
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Fig. 3. Right: M-R diagram comparing obtained M-R relations when using different EOS for water: the polytropic EOS of Seager et al. (2007b)
(brown), QEOS assuming temperatures of 300K and 1200K (More et al. 1988), and ANEOS (Thompson 1990) with a surface temperature of 500K.
Right: M-R diagram comparing obtained M-R relations when using different cuts for the mass and radius uncertainties when building the revisited
catalogue: σM/M = 25% and σR/R = 8%, and σM/M = 50% and σR/R = 16%. The grey envelope corresponds to the difference between the
two. Blue circles represent the exoplanets with σM/M = 25% and σR/R = 8%, and red triangles represent the planets with uncertainties between
σM/M = 25% and σR/R = 8%, and σM/M = 50% and σR/R = 16%.

divide the super-Earth and volatile-rich populations using the
composition line of pure-water. We fit the M-R relation of the
two populations using a total least squares method, in which ob-
servational errors on both dependent and independent variables
are considered. Figure 2 (left) shows the inferred M-R relations
for the two exoplanet populations, assuming an M-R dependence
of R = AMB. The results of the fit are shown in Equations 1 and
2:

R =

{
(1.03 ± 0.02) M(0.29±0.01) , i f ρ > 3.3 g cm−3

(0.70 ± 0.11) M(0.63±0.04) , i f ρ < 3.3 g cm−3

(1)

or

M =

{
(0.90 ± 0.06) R(3.45±0.12) , i f ρ > 3.3 g cm−3

(1.74 ± 0.38) R(1.58±0.10) , i f ρ < 3.3 g cm−3

(2)

The rocky exoplanet population presents a relatively small
dispersion around the M-R relation reflected by the small
uncertainties on the fitted parameters. On the other hand, the
volatile-rich population presents a larger dispersion around the
adjusted relation reflecting a larger diversity in composition.
Contrary to previous studies, all the observed masses and radii
are found to be at less than 2σ of our M-R relations. In addition,
the Solar System planets with masses smaller than 120M⊕ lie on
the derived M-R relations (except Mercury, which is anomalously
dense).

Figure 2 (right) shows the density-radius diagram of our
planetary catalogue, and a density-mass diagram is included
in the appendix. Another physically-motivated approach is
to divide the rocky and volatile-rich populations by using
a density-cutoff. This density cutoff should be between the
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Fig. 4. Comparison of M-R relations in the literature with the one obtained from our revisited catalogue. Red triangles and blue circles correspond
to our revised catalogue with mass determination from TTVs and RVs, respectively. The analytic expressions of the M-R relations CK17, WM14,
B17 and W16 corresponds to Chen & Kipping (2017), Weiss & Marcy (2014), Bashi et al. (2017) and Wolfgang et al. (2015), respectively.

minimum density of a rocky planet and the maximum density
of a volatile-rich planet. The lowest density exoplanets that are
expected to be rocky in our sample are the Trappist planets,
with Msolid/Mtotal > 84% and Rgas/Rtotal < 2% (e.g. Dorn et al.
2018). This sets a maximum value for the density-cutoff of
3.3 g cm−3. On the other side, K2-55b is the densest planet
in the volatile-rich population and has an estimated envelope
mass fraction of 12% (e.g. Dressing et al. 2018). It then sets a
minimum limit for the density-cutoff of 2.8 g cm−3. The grey
envelope in Figure 2 (right) shows the region between 2.8 g cm−3

and 3.3 g cm−3. Using a physically-motivated density cutoff to
divide the two populations, or dividing the two populations by
the composition line of pure water, lead to nearly identical results.
This suggests that the physically-motivated approach of dividing
the two populations using the pure-water curve is essentially
equivalent to the division of the populations by a density cutoff
of ∼ 3 g cm−3. Nevertheless, the pure-water composition curve is
less arbitrary and is based on physical arguments.

The composition line of pure-water depends on the EOS
(Equation of State) used and the planetary temperature. Figure
3 (left) shows how the derived M-R relations depend on these
choices, comparing the polytropic EOS of Seager et al. (2007b),
QEOS, assuming surfaces temperatures of 300K and 1200K
(More et al. 1988), and ANEOS, for a temperature of 500K.
We find that the results are insensitive to the water EOS used

and the assumed temperature. It is also important to note that
the pure-water composition line also depends on the assumed
pressure, which here was assumed to be one bar. This assumed
pressure corresponds to a water world without a water vapor
atmosphere, and, therefore, the M-R relation represents a lower
bound for the radii of pure water planets. Nevertheless, we find
that the coefficients of the M-R relations are relatively insensitive
to the assumed surface pressure.

In order to investigate the impact of mass and radius
uncertainties to our M-R relations, we extended our catalogue
to planets with uncertainties two times larger in both mass
(50%) and radius (16%). The right panel of Figure 3 shows a
comparison of the M-R relations obtained using cuts of 25%
and 50% for the mass uncertainty, and 8% and 16% for the
radius uncertainty. The change of uncertainty has no significant
impact on the M-R relations for both the rocky and volatile-rich
populations and the adjusted parameters are within error bars.
We can therefore conclude that our fit does not depend on the
limit in mass and radius uncertainties and is not significantly
biased by our selection criteria. For the rocky population, the
M-R relation indicates that the bulk density is nearly constant.
For volatile-rich populations, the bulk density scale with M−1.

Figure 4 compares the M-R relations in the literature
with the one obtained from our revisited catalogue. Our M-R
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Fig. 5. M-R diagrams from our revisited catalogue showing dependence with insolation (a), multiplicity (b), stellar mass (c) and stellar metallicity
(d).

relation is similar to the one inferred by Chen & Kipping
(2017), but the transition from the rocky to the volatile-rich
regime is defined for a mass of 2M⊕, so they underestimate
the masses of most of the rocky exoplanet population. Our
inferred transition mass between rocky and volatile-rich planets
is found to cover a large range of masses (10 − 25M⊕) and is
significantly higher than the 2M⊕ predicted by Chen & Kipping
(2017). Our relation is also very similar to the one derived by
Weiss & Marcy (2014) for planets smaller than R = 1.5R⊕.
For larger radii their fit differs from all the relations in the
literature. The relations in Bashi et al. (2017) and Wolfgang
et al. (2015) are relatively close to our relation for the volatile-
rich population, but they use a single and unique relation for
all the planets and do not represent the rocky population correctly.

3.3. Dependence on other parameters

The exoplanets in our sample with masses measured via TTV
are statistically less massive than the ones measured by RV. As
discussed in Steffen (2016), the sensitivity of TTVs and RVs can
be expressed by:

S NRTTV ∼
MpR3/2

p P5/6

σTTV
, S NRRV ∼

Mp

σRV P1/3 , (3)

where σ is the intrinsic uncertainty of a measurement. This is a
clear observational bias since it is easier for the RV technique to

derive the mass of a short period planet, while the TTV technique
can determine masses more easily for longer periods. Exoplanets
orbiting close to their host stars may have smaller atmospheres
(lost through evaporation) and therefore, higher densities. In fact,
we can see that the discrepancy between TTVs and RVs arises in
the volatile-rich population, while in the rocky population, masses
measured by TTVs and RVs overlap. Therefore, for volatile-rich
exoplanets with densities smaller than 3.3 g cm−3, the RV method
tends to detect more massive exoplanets, while the sensitivity of
the TTVs seems to be more uniform. The fact that our exoplanet
sample is dominated by RV measurements and that the current
TTVs estimates are significantly less accurate and less robust is
likely to bias the demography of exoplanets.

It is interesting to investigate whether there is any trend
with a third parameter. Figure 5 shows the dependence of M-R
diagram with insolation (a), multiplicity (b), stellar mass (c),
and stellar metallicity (d). The densest exoplanets of the rocky
population (removing the Trappist-1 exoplanets and the ones
beyond M = 10M⊕) are noticeably more irradiated than the
population of exoplanets with a volatile envelope although there
is no clear difference between these two populations in terms of
stellar mass. It suggests that strongly-irradiated exoplanets (with
insolation greater than 1000F⊕) are rocky, probably because their
H/He envelopes have been photoevaporated by the high-energy
radiation from the host star (e.g. Owen & Wu 2013; Lopez & Fort-
ney 2013; Jin et al. 2014; Zeng et al. 2017; Jin & Mordasini 2018).

When comparing the population of single exoplanets and
multi-planetary systems, we see that the majority of exoplanets in
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the low-mass regime (< 25M⊕) are multi-planets, while beyond
30M⊕, almost all of them are single, although this could be a
result of an observational bias. We do not find clear trends with
stellar mass and metallicity. We suggest that more data and a
systematic analysis of these results, including the observational
biases, are required in order to understand the relation between
planetary and stellar properties.

4. Conclusion

We present an updated exoplanet catalogue based on reliable and
robust mass and radius measurements up to 120M⊕, which is
available in the DACE platform6. The resulting M-R diagrams
clearly shows two distinct populations, corresponding to rocky
exoplanets and volatile-rich exoplanets. The rocky exoplanet
population shows a relatively small density variability and ends
at a mass of ∼ 25M⊕, possibly indicating the maximum core
mass that can be formed.

We present new empirical M-R relations based on this
catalogue. Since the two exoplanet populations overlap in mass
and radius, we divide the rocky and volatile-rich regimes by
the composition line of pure water and fit both populations. We
show that the coefficients we get are rather insensitive to the
used composition line of pure water and the limits on mass and
radius uncertainties chosen for the catalogue. We compare our
M-R relations with previous published ones and we identify their
limitations to properly describe the two main populations. We
also find that for the same mass rocky exoplanets tend to be
more irradiated than volatile-rich exoplanets, suggesting that
their H/He envelopes may have been photoevaporated by the
high-energy stellar radiation.

The ongoing TESS mission, the future missions like CHEOPS
and PLATO, and the ground-based radial velocity facilities like
ESPRESSO will populate the M-R diagram with precise mea-
surements. This will allow a better understanding of exoplanetary
demographics, in particular in the region between 2 and 4 R⊕,
where the transition between the rocky and volatile-rich planets
occurs. Finally, it should be noted that the M-R diagram is in
fact multi-dimensional, and is affected by other parameters such
as the properties of the host stars, the age of the system, etc,
and is also affected by the observational biases. Therefore, when
more data become available, future studies should investigate the
multi-layer nature of the M-R relation, correct for the selection
effects, and hopefully, provide a more complete understanding of
the characteristics of planets around other stars.
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Appendix A:

Figure A.1 shows the evolution of the M-R diagram before and
after applying our selection criteria as discussed in Section 2.1.
Figure A.2 shows density against mass for our catalogue, with the
rocky population and the volatile-rich populations being divided
by the pure-water line. The grey envelope indicates the region
between 2.8 g cm−3 to 3.3 g cm−3, showing that the division of
the two populations by a density cutoff of ∼ 3 g cm−3 lead to very
similar results. Table A.1 lists all the exoplanets up to a mass
of 120M⊕ in our new "filtered" catalogue, and also states the
references provided by the NASA Exoplanet Archive with the
ones used in this work.
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Fig. A.1. The different steps of the data selection starting with initial NASA Exoplanet Archive data and ending with our final "filtered" catalogue.
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Table A.1. Filtered catalogue with robust and reliable mass and radius measurements. It compares the reference picked by the NASA Exoplanet
Archive (if available) and our selected reference. Where the radius has been obtained from Berger et al. (2018) (due to smaller uncertainty) it is
indicated with an asterisk.

Planet Mass [M⊕] Radius [R⊕] Reference in NASA Exo. Arch. Reference in this work
TRAPPIST-1 d 0.297 +0.039

−0.035 0.784 +0.023
−0.023 Gillon et al. (2017) Grimm et al. (2018)

TRAPPIST-1 h 0.331 +0.056
−0.049 0.773 +0.026

−0.027 - Grimm et al. (2018)

TRAPPIST-1 e 0.772 +0.079
−0.075 0.91 +0.026

−0.027 Gillon et al. (2017) Grimm et al. (2018)

TRAPPIST-1 f 0.934 +0.078
−0.08 1.046 +0.029

−0.03 Gillon et al. (2017) Grimm et al. (2018)

TRAPPIST-1 b 1.017 +0.154
−0.143 1.121 +0.032

−0.032 Gillon et al. (2017) Grimm et al. (2018)

TRAPPIST-1 g 1.148 +0.098
−0.095 1.127 +0.041

−0.041 Gillon et al. (2017) Grimm et al. (2018)

TRAPPIST-1 c 1.156 +0.142
−0.131 1.095 +0.031

−0.031 Gillon et al. (2017) Grimm et al. (2018)

LHS 1140 c 1.81 +0.39
−0.39 1.282 +0.024

−0.024 Ment et al. (2018) Ment et al. (2018)

GJ 357 b 1.84 +0.31
−0.31 1.217 +0.084

−0.083 - Luque et al. (2019)

Kepler-78 b 1.87 +0.27
−0.26 1.2 +0.08

−0.09 Stassun et al. (2017) Grunblatt et al. (2015)

K2-229 b 2.59 +0.43
−0.43 1.14 +0.06

−0.03 Livingston et al. (2018) Santerne et al. (2018)

Kepler-10 b 3.24 +0.28
−0.28 1.489 +0.07

−0.06 Esteves et al. (2015) Rajpaul et al. (2017)*

Kepler-80 d 3.7 +0.8
−0.6 1.3 +0.1

−0.1 MacDonald et al. (2016) Hadden & Lithwick (2017)

Kepler-36 b 3.9 +0.2
−0.2 1.5 +0.1

−0.1 Carter et al. (2012) Hadden & Lithwick (2017)

Kepler-93 b 4.02 +0.68
−0.68 1.478 +0.019

−0.019 Stassun et al. (2017) Dressing et al. (2015)

Kepler-65 d 4.14 +0.79
−0.8 1.587 +0.04

−0.035 Chaplin et al. (2013) Mills et al. (2019)

HD 219134 c 4.36 +0.22
−0.22 1.511 +0.047

−0.047 Gillon et al. (2017) Gillon et al. (2017)

HD 219134 b 4.74 +0.19
−0.19 1.602 +0.055

−0.055 Gillon et al. (2017) Gillon et al. (2017)

HD 39091 c 4.82 +0.84
−0.86 2.042 +0.05

−0.05 - Huang et al. (2018)

GJ 9827 b 4.89 +0.477
−0.477 1.575 +0.03

−0.02 Rodriguez et al. (2018) Rice et al. (2019)

HD 3167 b 5.02 +0.38
−0.38 1.7 +0.08

−0.08 - Christiansen et al. (2017)

K2-141 b 5.08 +0.41
−0.41 1.51 +0.05

−0.05 Malavolta et al. (2018) Malavolta et al. (2018)

CoRoT-7 b 5.74 +0.86
−0.86 1.585 +0.064

−0.064 Stassun et al. (2017) Barros et al. (2014)

GJ 1214 b 6.26125 +0.85814
−0.85814 2.847 +0.202

−0.202 Harpsoe et al. (2013) Harpsoe et al. (2013)

K2-291 b 6.49 +1.16
−1.16 1.589 +0.095

−0.072 Kosiarek et al. (2019) Kosiarek et al. (2019)

K2-131 b 6.5 +1.6
−1.6 1.81 +0.16

−0.12 - Dai et al. (2017)

K2-265 b 6.54 +0.84
−0.84 1.71 +0.11

−0.11 Lam et al. (2018) Lam et al. (2018)

Kepler-11 e 6.7 +1.2
−1.0 4.0 +0.2

−0.3 Hadden & Lithwick (2017) Hadden & Lithwick (2017)

Kepler-11 d 6.8 +0.7
−0.8 3.3 +0.2

−0.2 Lissauer et al. (2013) Hadden & Lithwick (2017)

WASP-47 e 6.83 +0.66
−0.66 1.81 +0.027

−0.027 Vanderburg et al. (2017) Vanderburg et al. (2017)

Kepler-454 b 6.84 +1.4
−1.4 2.37 +0.13

−0.13 Stassun et al. (2017) Gettel et al. (2016)

LHS 1140 b 6.98 +0.89
−0.89 1.727 +0.032

−0.032 Ment et al. (2018) Ment et al. (2018)

Kepler-36 c 7.5 +0.3
−0.3 3.2 +0.2

−0.2 Carter et al. (2012) Hadden & Lithwick (2017)

HD 97658 b 7.55 +0.83
−0.79 2.247 +0.098

−0.095 Stassun et al. (2017) Van Grootel et al. (2014)

HD 15337 b 7.20 +0.81
−0.81 1.70 +0.06

−0.06 Gandolfi et al. (2019) Dumusque et al. (2019)

K2-216 b 8.0 +1.6
−1.6 1.75 +0.17

−0.1 Persson et al. (2018) Persson et al. (2018)

Kepler-19 b 8.4 +1.6
−1.5 2.2 +0.07

−0.07 Malavolta et al. (2018) Malavolta et al. (2018)

55 Cnc e 8.59 +0.43
−0.43 1.947 +0.038

−0.038 Demory et al. (2016) Crida et al. (2018)

... ... ... ... ...
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Planet Mass [M⊕] Radius [R⊕] Reference in NASA Exo. Arch. Reference in this work
HD 15337 c 8.79 +1.68

−1.68 2.52 +0.11
−0.11 - Dumusque et al. (2019)

HD 213885 b 8.83 +0.66
−0.65 1.745 +0.051

−0.052 - Espinoza et al. (2019)

EPIC 220674823 b 9.0 +1.6
−1.6 1.82 +0.1

−0.1 - Sinukoff et al. (2017)

Kepler-107 c 9.39 +1.77
−1.77 1.597 +0.026

−0.026 Bonomo et al. (2019) Bonomo et al. (2019)

K2-285 b 9.68 +1.2
−1.3 2.59 +0.06

−0.06 Palle et al. (2019) Palle et al. (2019)

Kepler-20 b 9.7 +1.41
−1.44 1.868 +0.066

−0.034 Buchhave et al. (2016) Buchhave et al. (2016)

HD 3167 c 9.8 +1.3
−1.23 2.86 +0.22

−0.22 - Christiansen et al. (2017)

Kepler-94 b 10.84 +1.4
−1.4 3.186 +0.13

−0.25 Marcy et al. (2014) Marcy et al. (2014)*

K2-180 b 11.448 +1.9
−1.9 2.24 +0.12

−0.12 - Korth et al. (2019)

HIP 116454 b 11.82 +1.33
−1.33 2.53 +0.18

−0.18 Stassun et al. (2017) Vanderburg et al. (2017)

Kepler-20 c 12.75 +2.17
−2.24 3.047 +0.064

−0.056 Buchhave et al. (2016) Buchhave et al. (2016)

Kepler-95 b 13.0 +2.9
−2.9 3.145 +0.144

−0.132 Marcy et al. (2014) Marcy et al. (2014)*

KOI-94 e 13.0 +2.5
−2.1 6.31 +0.3

−0.3 Weiss et al. (2013) Masuda et al. (2013)*

WASP-47 d 13.1 +1.5
−1.5 3.576 +0.046

−0.046 Vanderburg et al. (2017) Vanderburg et al. (2017)

GJ 3470 b 13.9 +1.5
−1.5 4.57 +0.18

−0.18 Awiphan et al. (2016) Awiphan et al. (2016)

Kepler-48 c 14.61 +2.3
−2.3 2.522 +0.113

−0.107 Marcy et al. (2014) Marcy et al. (2014)*

K2-263 b 14.8 +3.1
−3.1 2.41 +0.12

−0.12 Mortier et al. (2018) Mortier et al. (2018)

Kepler-18 d 14.9 +1.8
−4.2 6.0 +0.4

−0.4 Cochran et al. (2011) Hadden & Lithwick (2017)

K2-24 c 15.4 +1.9
−1.8 7.5 +0.3

−0.2 - Petigura et al. (2018)

K2-285 c 15.68 +2.28
−2.13 3.53 +0.08

−0.08 Petigura et al. (2018) Petigura et al. (2018)

Kepler-131 b 16.13 +3.5
−3.5 2.1 +0.2

−0.1 Marcy et al. (2014) Marcy et al. (2014)*

K2-32 b 16.5 +2.7
−2.7 5.13 +0.28

−0.28 Petigura et al. (2017) Petigura et al. (2017)

HD 219666 b 16.6 +1.3
−1.3 4.71 +0.17

−0.17 Esposito et al. (2018) Esposito et al. (2018)

K2-110 b 16.7 +3.2
−3.2 2.59 +0.01

−0.01 Osborn et al. (2017) Osborn et al. (2017)

Kepler-10 c 17.2 +1.9
−1.9 2.35 +0.09

−0.04 Dumusque et al. (2014) Dumusque et al. (2014)

K2-24 b 19.0 +−2.1
−−2.0 5.4 +0.2

−0.2 Petigura et al. (2018) Petigura et al. (2018)

GJ 143 b 22.7 +2.2
−1.9 2.61 +0.17

−0.16 - Dragomir et al. (2019)

GJ 436 b 23.1 +0.8
−0.8 4.191 +0.1

−0.1 Turner et al. (2016) Turner et al. (2016)

HD 21749 b 23.2 +2.13
−1.91 2.84 +0.16

−0.16 - Dragomir et al. (2019)

Kepler-4 b 24.472 +3.814
−3.814 4.002 +0.213

−0.213 Borucki et al. (2010) Borucki et al. (2010)

HD 119130 b 24.5 +4.4
−4.4 2.63 +0.11

−0.1 Luque et al. (2018) Luque et al. (2018)

Kepler-25 c 24.6 +5.7
−5.7 5.154 +0.06

−0.06 Marcy et al. (2014) Marcy et al. (2014)*

Kepler-411 b 25.758 +2.544
−2.544 2.3968 +0.056

−0.056 Sun et al. (2019) Sun et al. (2019)

Kepler-411 c 26.394 +6.042
−6.042 4.418 +0.06

−0.06 Sun et al. (2019) Sun et al. (2019)

HAT-P-11 b 27.76 +3.08
−3.08 4.35 +0.05

−0.05 Yee et al. (2018) Allart et al. (2018)

K2-27 b 30.9 +4.6
−4.6 4.48 +0.23

−0.23 Petigura et al. (2017) Petigura et al. (2017)

WASP-166 b 32.436 +1.272
−1.272 7.056 +0.336

−0.336 - Hellier et al. (2017)

HD 89345 b 34.9613 +5.40311
−5.72094 7.398 +0.314

−0.336 Yu et al. (2018) Yu et al. (2018)

WASP-139 b 37.18611 +5.40311
−5.40311 8.967 +0.56

−0.56 Hellier et al. (2017) Hellier et al. (2017)

WASP-107 b 38.0 +3.0
−3.0 10.6 +0.3

−0.3 - Anderson et al. (2017)

HATS-7 b 38.1 +3.8
−3.8 6.31 +0.5

−0.4 Bakos et al. (2015) Bakos et al. (2015)

... ... ... ... ...
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Planet Mass [M⊕] Radius [R⊕] Reference
Kepler-35 b 40.363 +6.356

−6.356 8.16 +0.157
−0.157 Welsh et al. (2012) Welsh et al. (2012)

WASP-156 b 40.68224 +3.1783
−2.86047 5.717 +0.224

−0.224 Demangeon et al. (2017) Demangeon et al. (2017)

K2-55 b 43.88 +5.4
−5.4 4.424 +0.29

−0.29 Crossfield et al. (2016) Dressing et al. (2018)

Kepler-101 b 51.1 +5.1
−4.7 5.986 +0.27

−0.25 Bonomo et al. (2014) Bonomo et al. (2014)*

HAT-P-48 b 53.4 +7.6
−7.6 12.66 +0.6

−0.6 - Bakos et al. (2016)

KELT-11 b 54.3 +4.8
−4.8 15.1 +1.1

−1.1 Beatty et al. (2017) Beatty et al. (2017)

K2-261 b 56.922 +6.36
−6.36 9.4 +0.12

−0.12 Johnson et al. (2018) Brahm et al. (2019)

WASP-127 b 57.2094 +6.3566
−6.3566 15.356 +0.448

−0.448 Lam et al. (2017) Lam et al. (2017)

K2-108 b 59.4 +4.4
−4.4 5.33 +0.21

−0.21 Petigura et al. (2017) Petigura et al. (2017)

HAT-P-18 b 62.3 +2.5
−2.5 11.153 +0.583

−0.583 Hartman et al. (2011) Esposito et al. (2014)

HD 221416 b 63.4 +5.7
−5.7 9.16 +0.34

−0.31 Huber et al. (2019) Huber et al. (2019)

HAT-P-47 b 65.508 +12.4
−12.4 14.7 +0.4

−0.4 - Bakos et al. (2016)

HAT-P-12 b 67.059 +3.814
−3.814 10.749 +0.325

−0.235 Hartman et al. (2009) Huber et al. (2019)

CoRoT-8 b 69.92 +9.53
−9.53 6.39 +0.22

−0.22 Bordé et al. (2010) Bordé et al. (2010)

Kepler-34 b 69.92 +3.496
−3.178 8.564 +0.135

−0.157 Welsh et al. (2012) Welsh et al. (2012)

Kepler-425 b 71.8 +14.6
−14.6 10.255 +0.47

−0.45 - Bonomo et al. (2017)*

NGTS-5 b 72.8 +11.8
−11.8 12.73 +0.26

−0.26 - Eigmüller et al. (2019)

HATS-5 b 75.323 +3.814
−3.914 10.223 +0.28

−0.28 Zhou et al. (2014) Zhou et al. (2014)

WASP-29 b 77.9 +7.3
−7.0 8.8 +0.6

−0.4 Stassun et al. (2017) Gibson et al. (2013)

WASP-69 b 82.632 +5.4
−5.4 9.11 +0.3

−0.3 Stassun et al. (2017) Anderson et al. (2013)

HATS-43 b 83.0 +17.0
−17.0 13.23 +0.56

−0.56 - Brahm et al. (2019)

WASP-131 b 85.8141 +6.3566
−6.3566 13.675 +0.56

−0.56 Hellier et al. (2017) Hellier et al. (2017)

WASP-117 b 87.55 +2.86
−2.8 11.44 +0.785

−0.785 Stassun et al. (2017) Lendl et al. (2014)

WASP-160 b 88.35674 +13.98452
−14.30235 12.218 +0.527

−0.46 - Lendl et al. (2019)

WASP-39 b 88.989 +9.535
−9.535 14.235 +0.448

−0.448 Faedi et al. (2011) Faedi et al. (2011)

WASP-126 b 88.9924 +12.7132
−12.7132 10.761 +1.121

−0.56 Maxted et al. (2016) Maxted et al. (2016)

Kepler-427 b 92.8 +17.2
−17.2 12.696 +0.577

−0.547 - Bonomo et al. (2017)*

HAT-P-19 b 92.802 +5.721
−5.721 12.689 +0.807

−0.807 Hartman et al. (2011) Hartman et al. (2011)

WASP-181 b 95.0 +10.8
−10.8 13.26 +0.66

−0.79 - Turner et al. (2019)

WASP-21 b 95.345 +3.496
−3.496 11.99 +0.56

−0.56 Bouchy et al. (2010) Bouchy et al. (2010)

WASP-83 b 95.349 +9.5349
−9.5349 11.657 +0.897

−0.56 Hellier et al. (2015) Hellier et al. (2015)

HAT-P-51 b 98.20947 +5.72094
−5.72094 14.493 +0.605

−0.605 Hartman et al. (2015) Hartman et al. (2015)

WASP-151 b 98.5273 +12.7132
−9.5349 12.666 +0.336

−0.336 Demangeon et al. (2017) Demangeon et al. (2017)

WASP-20 b 98.8 +6.0
−5.8 16.39 +0.66

−0.66 Anderson et al. (2015) Bonomo et al. (2017)

K2-287 b 100.0 +9.0
−9.0 9.49 +0.15

−0.15 Jordán et al. (2019) Jordán et al. (2019)

HATS-6 b 101.0 +22.0
−22.0 11.19 +0.21

−0.21 Hartman et al. (2015) Hartman et al. (2015)

HD 149026 b 102.0 +4.0
−4.0 9.09 +0.3

−0.3 Stassun et al. (2017) Bonomo et al. (2017)

Kepler-16 b 105.833 +5.085
−5.085 8.449 +0.029

−0.029 Doyle et al. (2011) Doyle et al. (2011)

K2-295 b 106.0 +20.0
−20.0 10.1 +0.1

−0.1 - Smith et al. (2018a)

EPIC 220501947 b 106.848 +3.816
−3.816 10.6064 +0.056

−0.1344 - Smith et al. (2018b)

Kepler-426 b 107.0 +18.0
−19.0 12.22 +0.34

−0.34 - Bonomo et al. (2017)

HAT-P-44 b 111.871 +9.217
−9.217 13.922 +1.188

−0.572 Hartman et al. (2014) Hartman et al. (2014)

Qatar-8 b 117.978 +19.716
−19.716 14.392 +0.2464

−0.2464 - Alsubai et al. (2019)

WASP-63 b 120.77 +9.5
−9.5 16.0 +1.1

−0.7 Stassun et al. (2017) Hellier et al. (2012)
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2.1.2 The PlanetS catalog

2.1.2.1 Evolution of the M-R diagram

After the publication of Otegi et al. (2020a), we continued adding the new discovered in our
catalog and made it accessible on the Data & Analysis Center for Exoplanet DACEd. DACE
is a PlanetS web platform located at the University of Geneva and dedicated to exoplanet data
visualization, exchange and, analysis. It provides access to exoplanet data with a suite of statist-
ical tools for data analysis. Initially, our revisited catalog was named "Otegi M-R", but later on
PlanetS accepted it as their certified catalog, so its name changed to "PlanetS Catalog". DACE
allows accessing data from different catalogs and make plots online. During the last years,
several useful features to perform simple demographic analyses have been added, such as the
addition of composition lines, the possibility to make the color or size of the dot shows an extra
parameter, the possibility of removing specific planets, or 3D plots. The data is also available
through the DACE API, which allows downloading it and perform more in-depth studies. We
also added a tutorial on how to download the data of different catalogs using the DACE API
and perform basic demographic analyzese.

Figure 2.2: Screenshot of M-R diagram interface on the DACE online platform. The
exoplanets are taken from th the PlanetS catalog, based on Otegi et al. (2020a). The
color and size of the dots indicate the equilibrium temperature and orbital period.

ddace.unige.ch
ehttps://dace.unige.ch/tutorials/?tutorialId=30
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In Figure 2.3 we can see how the M-R diagram has evolved after Otegi et al. (2020a)
was published. One of the main results in the paper consisted of the presence of two distinct
exoplanet populations (as seen in the top panel of Figure 2.3): one of them closely following an
Earth-like composition, and a second one corresponding to a more volatile-rich composition.
It is important to remark that even when an exoplanet lies in the M-R diagram of an Earth-like
composition, its actual relative composition of iron, silicates and water could be different, given
the degeneracy of the problem. However, the amount of water or H/He envelope of these exo-
planets is expected to be small in comparison to the refractory materials (e.g. iron, silicates),
and it is reasonable to assume that these exoplanets are mostly rockyf. The second population
shown in our M-R diagram with exoplanets discovered before 2020 corresponds to less dense
planets with a more volatile-rich composition.

However, this bi-modal becomes less evident when we include exoplanets discovered in
2020. When we only consider exoplanets up to 2020 we find a relatively clear gap between the
most massive planets of the ’rocky exoplanets’ and the less massive of the ’volatile-rich exo-
planets’. We find almost no planets with radius between 3-4 R⊕ and masses between 20-50 M⊕.
Nevertheless, this gap is partially filled with four TESS exoplanets characterized with precise
mass and radius measurements in 2020: TOI-824b (Burt et al. 2020a), TOI-849b (Armstrong
et al. 2020), TOI-125d (Nielsen et al. 2020a) and TOI-132 (Díaz et al. 2020). Later in 2021
thirty more exoplanets with masses below 120M⊕ were added to the PlanetS catalog, and some
of them lied between the two well-defined populations identified in the sample before 2020.
Nevertheless, we see that the density of exoplanets in the gap of radius between 3-4 R⊕ and
mass between 20-50 M⊕ is lower than in the ’rocky’ or ’volatile-rich’ populations. We conclude
that more observational data is needed to have strong conclusions about the gap separating the
massive tail of the ’rocky’ exoplanets and the less massive ’volatile-rich’ exoplanets.

The updated PlanetS catalog also confirms some observed trends in Otegi et al. (2020a).
Even if we are considering all planets with radii below the pure water composition line as ’rocky’,
we note that planets with masses below 10M⊕ tend to follow closely the Earth-like composition
line and to be more dense than the ’rocky’ planets more massive than 10M⊕. Indeed, it is
interesting to see that there are no observed planets below the Earth-like composition line with
masses larger than 10M⊕, which cannot be explained by observational biases. We also note
that planets with radii larger than 2R⊕ show a very wide diversity in densities. Between 2R⊕

and 3R⊕ we can find either super-Earths or volatile-rich sub-Neptunes with masses from 5 to
30 M⊕. It is also remarkable the lack of planets with larger radii then 2⊕ and masses below 5⊕.

fin this study ’rocky exoplanets’ refer to exoplanets that mostly consist of metals and rocks
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More observational data and a complete understanding of the observational bias involved are
still needed to fully understand the nature of the M-R diagram.
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Figure 2.3: Evolution of the Mass-Radius diagram with exoplanets on the PlanetS
catalog after the publication of Otegi et al. (2020a).
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2.1.2.2 Extension to Gas Giant regime

In Otegi et al. (2020a) we only included exoplanets less massive than 120M⊕ because our
analysis focused on the super-Earth population, sub-Neptune population, and the Neptune-
Saturn transition. In the gas giant regime, the electron degeneracy pressure becomes significant
and the radius of the planet has a very weak relationship with the mass, and in Otegi et al.
(2020a) we wanted to study the regimes with strong M-R dependence. Initially, the PlanetS
catalog followed the same criteria as in the paper and added only planets with masses below
120M⊕. In October 2021 we extended the catalog to planets of all masses using the NASA
Exoplanet Catalog. To build a catalog that is as reliable and robust as possible, we followed
similar criteria to the ones used in Otegi et al. (2020a):

• We filtered the data to consider only exoplanets with measurement uncertainties smaller
than 𝜎𝑀/𝑀 = 25% 𝜎𝑅/𝑅 = 8%. These thresholds correspond to the median uncertain-
ties and make it possible to have the same impact on the density uncertainty.

• We selected the most up-to-date paper for as source of the planetary and stellar parameters
for all the exoplanets.

• We replaced the mass determinations inferred by Stassun et al. (2017), where the host
star masses and radii were replaced by the value derived from GAIA photometry and
paralax, and with uncertainties clearly overestimated. Therefore, in the cases in where
the NASA Exoplanet Archive selects this study as the reference paper, we replace them
with the most updated mass estimate.

• We removed some mass determinations coming from Marcy et al. (2014) which corres-
ponded to single transiting planet with a weak level of validation/confirmation. These
exoplanets do not have any other mass estimates from other studies with measurement
uncertainty smaller than 𝜎𝑀/𝑀 = 25% 𝜎𝑅/𝑅 = 8%, and therefore were not included in
our catalog.

The resulting M-R diagram is shown in Figure 2.4. We see a big dispersion in radius in the
gas giant regime, which reflects the different compositions and incoming stellar irradiation of
the exoplanets. We note that, opposed to the sub-Neptune regime where the PlanetS Catalog
shows significantly different demography compared to the other catalogs when applying the
same uncertainty limits, the gas giant population from the PlanetS Catalog is very similar to
the NASA Exoplanet Archive when applying the same uncertainty limits. This is probably
because the selection criteria that we impose for TTVs do not affect the gas giant regime. In
the sub-Neptune regime, instead, there are numerous cases in which the other catalogs select
mass determinations that are not considered ’robust’ by Hadden & Lithwick (2017), and are
replaced in the PlanetS Catalog.



2.1. Populating the Mass-Radius diagram 53

1 5 20 50 100 1000
Mass [M ]

1

2

3

5

10

20

Ra
di

us
 [R

]
Solar system planets
Gas Giants added to PlanetS Catalog

Figure 2.4: Mass-Radius diagram with exoplanets on the PlanetS catalog. The black
triangles correspond to the planets more massive than 120M⊕ that have been added
after the publication of Otegi et al. (2020a). The star shaped stars correspond to the
Solar System planets.

2.1.2.3 Updated M-R relations

The revisited catalog published in Otegi et al. (2020a) contained 123 exoplanets. Since then,
118 exoplanets with masses below 120M⊕ have been added to the PlanetS Catalog, meaning
that the number of well-characterized planets below this limit has doubled in the last two years.
In addition, we added 276 exoplanets to extend the catalog to the Gas Giant regime. We next
study what M-R relations can be fitted from this updated catalog.

Previous studies fitting M-R relations have divided the populations of super-Earths and sub-
Neptunes using a mass as a threshold (e.g. Chen & Kipping 2017, who used M=2M⊕) or radius
(e.g. Weiss & Marcy 2014, with R=1.5R⊕). In addition, a study by Fulton et al. (2017) found a
lack of planets with radii between 1.5R⊕ and 2R⊕, suggesting that it may reflect the transition
between these two populations. In the PlanetS catalog we see that even if planets smaller than
1.8R⊕ are clearly part of the rocky population, planets with a larger radius can be either rocky
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Table 2.1: Comparison of the M-R relations derived from the updated PlanetS Catalog
and other in the literature. "Small" planets refer to planets with masses below the gas
giant regime.

Source Small* Planets Gas Giants Transition

PlanetS Catalog -
Nov 2021

R=

{
1.06𝑀0.30 ,R<RH2O.

0.58𝑀0.67 ,R>RH2O.
R=12.5 M=98M⊕,

R=12.5R⊕

Otegi et al. (2020a) R=

{
1.03𝑀0.29 ,R<RH2O.

0.70𝑀0.63 ,R>RH2O.
- -

Bashi et al. (2018) R=0.85M0.55 R=11.5M0.01 M=124M⊕,
R=12.1R⊕

Chen & Kipping
(2017)

R=

{
1.01𝑀0.28 , M<2M⊕ .

0.82𝑀0.59 , M>2M⊕ .
R=17.6M−0.04 M=130M⊕,

R=14.4R⊕

Weiss & Marcy
(2014)

𝜌=2.43+3.39R ,R<1.5R⊕ .
R=0.35M1.07

,4R⊕>R>1.5R⊕ .

- -

Wolfgang et al.
(2015)

R=0.77M0.56 - -

or volatile-rich. In Otegi et al. (2020a) we used the pure-water line to separate both populations
as it provides a more physical criterion. Nevertheless, some exoplanets discovered in 2020 and
2021 covered the gap between the most massive "rocky" planets and the least massive "volatile-
rich" ones, making it less clear what should be the transition between these two populations.
It may be possible that the transition between rocky and volatile-rich populations depends on
other parameters, as the insolation or stellar parameters. Since so far it is not clear what is the
best criterion, we will follow Otegi et al. (2020a) and use the pure-water line to discriminate
between "rocky" and "volatile-rich" exoplanets.
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Figure 2.5: Comparison of the M-R relations in the literature with the one obtained
from the PlanetS catalog. The observed exoplanets are taken from the PlanetS catalog.

The transition between "small" planets (less massive than gas giants) and giant planets has
been extensively studied in the literature. Weiss et al. (2013) found a transition at ∼150M⊕

based on visual estimates of the M-R and mass-density relations. Hatzes & Rauer (2015)
analyzed similarly the changes in the slope of the mass-density relation and determined that
the transition is at ∼95M⊕. Then Chen & Kipping (2017) used a detailed forecasting model
using a probabilistic M-R relation and located the transition at 130±22M⊕. Finally, Bashi et al.
(2018) found two empirical regimes on the M-R relation with a transition at 124±7M⊕ and
12.1±0.5R⊕. To identify the transition in our sample, we use the piecewise regression Python
package from DataDogg, which applies piecewise regression with automated breakpoint de-
tection. We find the transition at 98±19M⊕. Even if this value is under most of the previous
results in the literature, it is in agreement within 1𝜎.

We fit the three populations using a total least squares method, in which observational errors
on both dependent and independent variables are considered, and the results are the following:

ghttps://github.com/DataDog/piecewise
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𝑅 =


(1.06 ± 0.03) 𝑀 (0.30±0.01) , if 𝑅 < 𝑅H2O.

(0.58 ± 0.11) 𝑀 (0.67±0.05) , if 𝑅 > 𝑅H2O and M<98M⊕ .

(12.5 ± 0.60) 𝑀 (0.00±0.02) , if 𝑀 > 98𝑀⊕ .

(2.1)

Table 2.1 and Figure 2.5 compare the obtained M-R relations from the updated PlanetS
catalog and others found in the literature. We find that the obtained fits for the "rocky" and
"volatile-rich" populations are in agreement with the results in Otegi et al. (2020a). Our M-R
relations are also similar to the ones inferred in Chen & Kipping (2017), but they underestimate
the masses of most rocky exoplanets by defining the transition from rocky to volatile-rich
population for a mass of 2M⊕. We see that the M-R relation by Weiss & Marcy (2014) does not
match the observed population for planets with larger radii than 1.5R⊕. In the gas giant regime,
our relations are relatively close to the ones presented in Bashi et al. (2018). The dispersion of
the observed population in this regime is very large, and there is a strong dependence with the
coming irradiation, since more irradiated planets have hotter and more expanded atmospheres.
Our fitted M-R relation in this regime follows the population of less irradiated gas giants.

2.1.3 Dependence of mass and radius on other parameters

To have a complete understanding of the demography of exoplanets, it is crucial to go beyond
mass and radius and study whether there is any trend with other stellar or planetary parameters.
It is important to note that the work in the present subsection is preliminary, and should be
further developed. In this subsection, we focus on planets with masses below 100M⊕, since
we are interested in the transition from rocky to volatile-rich planets and the Neptune-Saturn
transition. In addition, for massive planets there is no dependence between the mass and radius
due to the fact that they are dominated by their atmosphere.

2.1.3.1 Quantifying the correlation with other parameters

To determine what parameters are more correlated with mass and radius, we use the distance
correlation (Székely et al. 2007). The distance correlation is a measure of dependence between
random vectors. It goes beyond Pearson’s correlation because measures both linear and nonlin-
ear association between the random vectors. Therefore, the distance correlation is zero if and
only if the vectors are independent. It is obtained by dividing the distance covariance of the
vectors by the product of the distance standard deviations:
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dCor(X,Y)=
dCov2(X,Y)

√
dVar(X)dVar(Y)

(2.2)

Distance Correlation R-Ins

Figure 2.6: Distribition of distance correlation between planetary radius and in-
solation, with values corresponding to random samples from a Gaussian distribution
centered in the measured value.

It ranges from 0 to 1, where 0 implies independence between X and Y and 1 implies that the
vectors X and Y are equal. We will use the distance correlation to determine what parameters
are more dependent on mass and radius.

We take into account the observational uncertainties using the following approach: instead
of using the measured values, we use random samples from a Gaussian distribution centered
in the measured value. For each pair of parameters, we calculate 1000 distance correlation
from the random samples. An example of the distribution of distance correlations obtained by
applying this method to the pair of parameters ’Planet Radius-Insolation’ is shown in Fig 2.6.
We see that the distributions are relatively narrow, meaning that taking into account the uncer-
tainties does not strongly impact the computed distance correlation. In the example shown in
the figure, the standard deviation is ∼0.002, and it is similar when we perform the same analysis
with other parameters. We also note that this standard deviation is smaller when we make the
computation with respect to the planetary radius than with respect to the planetary mass. The
distance correlation values shown from this point correspond to the median of the distribution.
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Figure 2.7 shows the distance correlations obtained for the studied planetary and stellar
parameters with respect to the planetary mass and radius. The parameters we evaluate are
the planet insolation, the orbital period, the stellar mass, stellar radius, effective temperature,
stellar metallicity, and stellar age. We study four different regimes of the M-R diagram: the
’rocky’ and ’volatile-rich’ populations as defined in Otegi et al. (2020a) (i.e. separated by the
pure-water line), a Neptune-like population of planets with radius between 2R⊕ and 5R⊕, and
the whole sample of planets with masses below 100M⊕. We note that there is a overlap between
the ’volatile-rich’ and ’Neptune-like’ population, but we aim to study these two populations
separately. First, we realize that all the parameters tend to be more correlated with the planetary
radius than with the mass, reflecting the sensitivity of the atmospheric layer. Then we note that
the ’rocky’ and the Neptune-like populations are the ones with the strongest correlations. In the
’rocky’ population, there is a very strong dependence on the orbital period. This is probably
explained by an observational bias (planets with very low masses can only be detected when
they orbit close to the star). The correlation of stellar mass, radius, and effective temperature
with mass and radius in this regime can also be strongly affected by observational bias, since
small planets are more easily detectable around small stars. We note that the values obtained for
stellar mass and radius are very similar, since most of the sample contains main sequence stars.
In the Neptune-like population, the insolation is the parameter with the strongest correlation
with the mass, and the stellar metallicity with the radius.
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Figure 2.7: Distance correlations for several planetary and stellar parameters with
respect to planetary mass (left) and radius (right). Each column corresponds to a
given population of planets: ’All’ refers to all planets up to 100M⊕ , ’Roc.’ and ’Vol’
refer to the ’rocky’ and volatile-rich populations as defined in Otegi et al. (2020a), and
’Nep.’ corresponds to Neptune-like planets with radii between 2R⊕ and 5R⊕ . The
colors reflect the computed distance correlation.
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Figure 2.8: M-R diagrams of exoplanets up to 100M⊕ from the updated PlanetS cata-
log showing the dependence with insolation (top), stellar mass (middle) and metallicity
(bottom). Exoplanets orbiting M-dwarfs are indicated with star shaped dots.
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It is interesting to note that the insolation is more correlated with mass than the orbital
period in the ’Neptune-like’ and ’Volatile-Rich’ regimes. In addition, insolation is less affected
by observational biases, and it is a more physical parameter. In Figure 2.8 we can see the
M-R diagrams up to 100M⊕ from the updated PlanetS catalog showing the dependence with
insolation, stellar mass, and metallicity. The presence of M-dwarfs can introduce a bias, since
they are not expected to host giant planets. We therefore use a different marker for exoplanets
orbiting M-dwarf to see whether the observed features remain when excluding them. A visual
inspection of the figure shows that the correlations with insolation, stellar mass, and metallicity
remain when not taking into account exoplanets around M-dwarfs. We also find that among
planets with masses below 10M⊕ the denser planets are significantly more irradiated than the
population of exoplanets with a volatile envelope (excluding the Trappist-1 planets), although
there is no clear difference between these two populations in terms of stellar mass. This sug-
gests that these strongly-irradiated exoplanets have probably photoevaporated their H/He by the
high-energy radiation from the host star (e.g. Owen & Wu 2013; Lopez & Fortney 2013; Jin
et al. 2014; Zeng et al. 2017; Jin & Mordasini 2018). We also see that these dense planets
with high incoming irradiation up to 10M⊕ tend to orbit around more metal-rich stars than the
planets above in the M-R diagram. It could be explained under the core-accretion formation
theory, since planets forming around metal-rich stars have more solid material in the disk to
accrete. So it could indicate that these rich protoplanetary disks tend to form denser planets.

We also note that most of the massive planets in the sample with masses ranging from 50M⊕

and 100M⊕ are highly irradiated. Since the formation of such massive planets close to the star
is unlikely, this trend could be a hint of migration of planets formed further out in the disk.
However, observational biases could also play a role, since it is easier to find massive planets
close to the star. Therefore, more data is necessary to know the true ratio of massive planets
that are highly irradiated with respect to weakly irradiated. Finally, we also find a positive
correlation between planetary mass and radius with stellar metallicity. While it is well-known
that the occurrence rate of giant planets and planets with masses between several Earth masses
and 40𝑀⊕ increases with stellar metallicity (e.g. Courcol et al. 2016), it was not investigated
in the sub-Saturn regime between 40𝑀⊕ and 100𝑀⊕. The fact that the more massive planets
of the volatile-rich population tend to orbit around metal-rich stars is consistent with the core
accretion model for giant planet formation (see review by Helled et al. (2014) and references
therein). However, a more systematic analysis of this result and the corresponding observational
biases is requested before robust conclusions are made.
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2.1.3.2 Joint analysis of the M-R-I-Z distribution

To go beyond the naked-eye analysis of the M-R diagram, we also perform a joint fit of mass
and radius with other parameters. More specifically, we constrain a 4D joint mass-radius-
insolation-metallicity distribution of exoplanets using the PlanetS catalog using a probabilistic
power law and hierarchical Bayesian modeling similarly as in Chen & Kipping (2017) and Neil
& Rogers (2020). We model the relation with the following power-law:

R=CM𝛼I𝛽Z𝛾 (2.3)

where 𝐼 and 𝑍 correspond to the insolation and metallicity, respectively. The corresponding
probabilistic relation can be written as:

𝑅 ∼ N(𝜇 = CM𝛼I𝛽Z𝛾 , 𝜎 = 𝜎𝑅) (2.4)

We use hierarchical Bayesian modeling to constrain the distribution. The difference with
respect to the usual Bayesian method is that in the hierarchical there are two sets of parameters:
the hyperparameters and the local parameters. The hyperparameters describe the overall
ensemble of properties and sit on top of the local parameters that describe the properties of the
individual data. In our case the local parameters are the true M,R,I,Z, and the hyperparameters
are those defining the power law. For more details about the methodology, we refer to Chen &
Kipping (2017), which uses a similar approach to fit a two-dimensional M-R relation. To fit the
model to the data, we use the Python implementation of the Stan statistical software package
(Carpenter et al. 2017). It employs the No-U-Turn Sampler MCMC algorithm. The strength of
this algorithm resides in its efficiency to handle large dimensional spaces, which makes it ideal
to evaluate hierarchical Bayesian models.

Table 2.2: Results of the joint fit of mass, radius, insolation and stellar metallicity
using a probabilistic power law with hierarchical Bayesian modelling. Dash lines
correspond to not significant correlations.

R=CM𝛼I𝛽Z𝛾 All Rocky Vol. Rich

C 0.97 ±0.02 1.04 ±0.02 0.65 ±0.04
𝛼 0.665 ±0.008 0.28 ±0.01 0.67 ±0.02
𝛽 -0.067 ±0.005 - -
𝛾 0.04 ±0.006 - 0.04 ±0.004
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We fit the power law in the different regimes of the M-R diagram: the ’rocky’ and ’volatile-
rich’ regimes defined in Otegi et al. (2020a) and the whole exoplanet sample with masses
below 100M⊕. The results of the fit are shown in Table 2.2. When we take into account
the entire sample we find significant negative exponents for the insolation (𝛽=-0.067±0.005)
and the metallicity (𝛾=0.04±0.006). In the ’rocky’ population, instead, the fit gives non-
significant 𝛽 and 𝛾 parameters, indicating a no significant correlation between the insolation
and metallicity with the radius. In the volatile-rich population, the obtained 𝛽 is not significant
while 𝛾 is (𝛾=0.04±0.004). This is in disagreement with the results shown in Fig 2.7, where
the correlations of insolation and metallicity with radius are found to be stronger for the ’rocky’
population. We consider that more data and systematic analysis of these results, including
observational biases, are required to understand the relation between planetary and stellar
properties.

2.2 Similarity of Multi-Planet Systems

The rich diversity observed in exoplanets also extends to the architecture of multi-planetary
systems. The architecture of any planetary system is the result of all the physical processes
that lead the system to its present state, and explaining the wide diversity of observed system
architecture is still an open problem. One observed trend in the diversity of planetary systems
is the so-called ’peas in the pod’, i.e. multi-transiting systems tend to have planets with similar
sizes and to be regularly spaced. Understanding these trends is crucial since they may provide
hints about underlying physical processes and put constraints on formation theories.

The ’peas in the pod’ pattern has extensively been studied in terms of radius (Weiss et al.
2018; Zhu 2020; Weiss & Petigura 2020) and period ratios (Weiss et al. 2018; Jiang et al. 2020).
However, it has been only explored in terms of mass by Millholland et al. (2017), who used a
rather small sample of planets with masses below 50M⊕ detected by TTVs. After this paper
was published, the number of well-characterized systems strongly increased, mainly thanks to
TESS. In Otegi et al. (2021b) (see next page), we use the PlanetS catalog to perform an in-depth
analysis of the similarity in mass and radius of multi-planetary systems. We also investigate the
’peas in the pod’ pattern in terms of density, which was not done by other papers on the topic.
Finally, we also explore how different assumptions and setups typically used in the literature
when studying the ’peas in the pod’ pattern in terms of the period ratio affect the results.
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ABSTRACT

Previous studies using Kepler data suggest that planets orbiting the same star tend to have similar sizes. However, due to the faintness
of the stars, only a few of the planets were also detected with radial velocity follow-ups, and therefore the planetary masses were
mostly unknown. It therefore yet to be determined whether planetary systems indeed behave as "peas in a pod". Follow-up programs
of TESS targets significantly increased the number of confirmed planets with mass measurements, allowing for a more detailed
statistical analysis of multi-planet systems. In this work we explore the similarity in radii, masses, densities, and period ratios of
planets within planetary systems. We show that planets in the same system that are similar in radii could be rather different in mass
and vice versa and that typically the planetary radii of a given planetary system are more similar than the masses. We also find that
a transition in the "peas in the pod" pattern for planets more massive than ∼ 100 M⊕ and larger than ∼ 10 R⊕. Planets below these
limits are found to be significantly more uniform. We conclude that other quantities like the density may be crucial to fully understand
the nature of planetary systems and that, due to the diversity of planets within a planetary system, increasing the number of detected
systems is crucial for understanding the exoplanetary demographics.

1. Introduction

The number of discovered exoplanets has increased to over 4000
thanks to various ground-based and space-based surveys, among
which NASA’s Kepler mission (Borucki et al. 2010) stands
out with more than 2300 discovered planets. This large sample
of exoplanets has allowed for detailed statistical analyses of
hundreds of multi-planetary systems (e.g., Lissauer et al. 2011;
Latham et al. 2011; Lissauer et al. 2012; Rowe et al. 2014; Lis-
sauer et al. 2014), which have pushed our knowledge on aspects
such as physical compositions (e.g., Carter et al. 2012; Hadden
& Lithwick 2014), orbital eccentricities and inclinations (e.g.,
Fang & Margot 2012; Fabrycky et al. 2014; Xie et al. 2016; Van
Eylen et al. 2019). Although these properties in multi-planetary
systems have triggered multiple studies of their formation and
evolution histories (e.g., Hansen & Murray 2013; Steffen &
Hwang 2015; Malhotra 2015; Ballard & Johnson 2016; Mills
et al. 2016; Owen & Campos Estrada 2020), our understanding
of the diversity of planetary systems is still incomplete.

It was suggested by Weiss et al. (2018) that planetary sys-
tems are like "peas in a pod", i.e. multi-transiting systems tend
to have planets with similar sizes and to be regularly-spaced.
Weiss et al. (2018) used a large sample of Kepler multi-planetary
systems whose parameters were refined by the California-Kepler
Survey (CKS Petigura et al. 2017), and employed a series of
bootstrap tests to quantify the significance of the similarity
between sizes and conclude that the observed distribution could
not be explained by random resampling. While Zhu (2020)
argued that the result by Weiss et al. (2018) is affected by obser-
vational biases, a strong evidence that the observed intra-system
uniformity has an astrophysical origin has been confirmed by
other studies (e.g., Weiss & Petigura 2020; Murchikova &
Tremaine 2020; Gilbert & Fabrycky 2020; Jiang et al. 2020;
Mishra et al. 2021). A similar statistical approach was presented
by Millholland et al. (2017), who used a sample of planets with

masses characterized by transit timing variations (TTVs) from
Hadden & Lithwick (2017) and found that planets orbiting the
same star also tend to have similar masses. The similarity in
mass they found was based on a rather restricted sample of
planetary systems. They analyzed a sample of 37 systems with
masses below 50M⊕ derived by the TTV. Due to the faintness
of the stars targeted by Kepler, only a small fraction of the
detected planets were suitable for radial velocity (RV) follow up.

After the end of the primary Kepler mission, NASA’s K2
mission continued to discover transiting planets orbiting stars
near the ecliptic plane (Howell et al. 2014). Compared to Kepler,
the K2 mission covered more sky, observed more diverse stellar
populations, and focused on brighter targets which are more
amenable for radial velocity (RV) follow-up observations. Later,
the Transiting Exoplanet Survey Satellite (TESS) was launched
in 2018 to survey 85% of the sky for transiting exoplanets
around bright stars (Ricker et al. 2015). RV follow-up programs
have triggered for a rapid expansion of the number of confirmed
planets with a mass measurement, which has allowed to perform
an in-depth analysis of the "peas-in-a-pod" pattern in terms
of mass with a larger and a more diverse sample of planetary
systems.

In this paper we revisit several aspects of the "peas in a pod"
pattern (i.e. the radius, mass and period ratio correlation) in de-
tail by accounting for observational biases and using different
exoplanet catalogs. The paper is organized as follows: In section
2 we analyze the uniformity of planetary systems in mass and
radius. Then, in section 3 we study the uniformity in the period
spacing. Our conclusions are summarized in section 4.
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Fig. 1: Orbital architecture of the 48 multi-planet systems in our sample, with measurement uncertainties smaller than σM/M = 50%
and σR/R = 16% in addition with the inner Solar System. In the left panel the color of the points represent the logarithm of the
radius of a planet divided by the radius of the previous one, and the systems are ordered by similarity in radius as defined in Section
2.2. The same is represented in the right panel for the mass. The size of the circles are proportional to the radii of the planets.

2. Similarity in mass, radius and density

2.1. Exoplanet sample

We use the NASA Exoplanet Archive1 (Akeson et al. 2013)
on August 2021, since it is the most up-to-date catalog. We
exclude the less accurate data by considering only planets with
measurement uncertainties smaller than σM/M = 50% and
σR/R = 16%, which leaves us with 144 planets part of 48
multi-planet systems. We note that the limits on the mass and

1 exoplanetarchive.ipac.caltech.edu

radius uncertainties of the planets in our sample are twice of
the ones used in Otegi et al. (2020), where we presented an
updated exoplanet catalog based on reliable mass and radius
measurements of transiting planets with uncertainties smaller
than σM/M = 25% σR/R = 8%. This is because in Otegi
et al. (2020) we aimed to build a catalog with as much as
possible accurate mass and radius measurements to derive a
mass-radius relationship, while in this work we prefer to relax
the limits in order to include more multi-planet systems. More
specifically, the catalog presented in Otegi et al. (2020) contains
23 multi-planet systems, which is half of the sample used here.
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Fig. 2: Histograms of the distancesDR (red) andDM (grey) used
to quantify the similarity of a planetary system as defined in
Equation 1.

The impact of the choice of the limits on the uncertainties in
mass and radius is discussed in Section 2.7. 27 of the systems
in our sample have been characterized via TTVs, and 21 by
RVs. Out of the 37 systems used in Millholland et al. (2017), 16
have been included in our catalog while 21 systems have been
discarded due to large uncertainties or for not being considered
"robust" in Hadden & Lithwick (2017). Among the RVs, only
one system in our catalog (HD 219134) is also present in
the study by Wang (2017), since the rest of their systems are
composed by non-transiting planets.

Clearly, the results depend on the available data and could
be affected by selection biases from the radial velocity, transit
timing variations or transit methods. This effect can be reduced
using homogeneous samples of planets with well-determined se-
lection biases. This was done by Weiss et al. (2018) and Millhol-
land et al. (2017), which use only Kepler planets and planets
characterized by TTVs, respectively. However, in this work we
aim to have a large and diverse sample, which results in a less
homogeneous sample.

2.2. Similarity Metric

Several approaches have been taken to analyze the architec-
tures of planetary systems. For example, Kipping (2018) pro-
posed a model to define the entropy of a planetary system’s
size-ordering; Gilbert & Fabrycky (2020) suggested different de-
scriptive measures to characterize the arrangements of planetary
masses, periods, and mutual inclinations. Alibert (2019) defined
a new metric to infer the similarity between two planetary sys-
tems, which was based on representing the planets of the systems
as points on a logarithmic radius-period plane, and spreading the
points with a Gaussian kernel whose weights correspond to the
planet masses, a similar approach without using a Gaussian ker-
nel estimation of the probability distribution was used by Bashi
& Zucker (2021). In this work, we use an approach, similar to

the one used in Millholland et al. (2017), where we quantify the
similarity of the systems by considering the distance in the log-
arithmic space, which can be expressed as:

DM =

Npl−1∑

i=1
Pi<Pi+1

∣∣∣∣∣ log
Mi+1

Mi

∣∣∣∣∣
/

Npl − 1 , (1)
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Fig. 3: Similarity in radiusDR against similarity in massDM , as
defined in Equation 1. The color of the dots represent the mass
of the host star. The black dashed line is the 1:1 line, and the
red dashed lines corresponds to DM= 3xDR, which would be
expected if density tends to be uniform. The green star corre-
sponds to the Solar System and the blue one to the inner Solar
System.

with a equivalent expression forDR.D is computed by sum-
ming the distances in logarithmic space of adjacent planets, nor-
malized by the number of pairs Np-1 in order to remove the de-
pendency on the number of planets in the system. Note that for
this metric lower values correspond to more similarity. We can
also consider the global distance in the log Mp-log Rp space as
an indicator of the similarity of a planetary system. Similarly to
the expression forDM , the global distance can be given by:

D =

Npl−1∑

i=1
Pi<Pi+1

[ (
log

Mi+1

Mi

)2
+

(
log

Ri+1

Ri

)2 ]1/2 /
Npl − 1 . (2)

Table A.1 lists the radius, mass, and global similarities of
all the systems in our sample based on this metric. We also list
the results for the planets in the Solar System, as well as for the
inner and outer parts of it. In order to ensure that our results
do not strongly depend on the metric, we compare the results
using the variance in log-space of mass and radius and find that
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Fig. 4: The mass (left) or radius (right) of a planet against the mass or radius of the next planet (farther from the star). The colors
of the dots represent the mass of the host star. The green star shaped markers correspond to the Solar System planets and the gray
points to a bootstrap trial.

the inferred ranking is nearly identical. Kepler 60 is found to be
the most uniform system, which includes three rocky planets
below the radius valley. The next four similar uniform systems
include pairs of rocky exoplanets (L 98-56) or sub-Neptunes
(Kepler 29, TOI 763, Kepler 26). The less uniform systems are
Kepler 87, WASP 47, Kepler 289, Kepler 30, and Kepler 117.
However, we may suspect that not all the planets in the systems
are detected. The inherent detection limits of the radial velocity,
transit timing variation, and transit methods do not allow to
have a full picture of the orbital architecture. For each system
we may be missing relatively small planets, or planets at large
orbital distances. The detection of these missing planets would
increase the metric D, making them less similar. The lack of
the missing planets may explain the result that the Solar System
is the fifth less similar system. Interestingly, even when we
consider only the inner Solar System, or only the outer Solar
System, it is always found to be least similar planetary system.
The weak similarity of the outer Solar System is explained by
the difference between Uranus and Neptune with the gas giants,
while the weak similarity of the terrestrial planets is mainly due
to Mercury.

Figure 1 shows the orbital architecture of the multi-planet
systems in our sample. The color of the points represent log Ri+1

Ri

(left panel) and log Mi+1
Mi

(right panel), and the planets are ordered
by the similarity DR in radius (left panel) and by the similarity
DM (right panel).

Before making a proper quantitative analysis, there are a few
architectural features that appear in Figure 1. First, we see that
planetary systems in our sample tend to be more similar in radius
than in mass. Figure 2 shows the histogram of DR and DM (the
full list of the values can be seen in the appendix in Table A.1),

showing that the values DR are much lower than those of DM .
We clearly see that there are significantly more systems with
DR<0.25 (35 systems) than with DM<0.25 (25 systems). This
is not caused by the larger range in planetary masses than in
planetary radii since the metric we use is insensitive to the size
of the range. This could be explained if the density tends to be
similar in a planetary system. Since the density is three times
more sensitive to radius variations than to mass variations, it is
expected to have a stronger uniformity in radius than in mass.
More specifically, in this case we would expect the systems to be
three times less similar in mass than in radius. We find that the
median of DM is 1.75 times larger than the one of DR. Figure 3
showsDM againstDR, with a line corresponding toDM= 3xDR.
It is interesting to note that the DM= 3xDR line does not fit the
observed population. However, as we discuss below this could
be a result of the the uniformity in density. The uniformity in
density within a planetary system is further discussed in Section
2.4. We also find that the distribution of DM extends to higher
values. The tail seen in the DM distribution corresponds to five
particular systems that include a giant planet and a sub-Neptune.

Second, we find that generally the planets that are most
similar in radius do not correspond to the ones that are most
similar in mass, as illustrated in Figure 3. Even if there is a
weak correlation between the similarities in mass and radii,
the dispersion is very large, especially among the most similar
systems. It must also be noted that there is a clear dependence
on stellar mass: low-mass stars are more concentrated in the
lower part of Figure 3, indicating that planets orbiting low
mass stars tend to be more similar in radius than in mass. In
addition, M-dwarfs closely follow the DM= 3xDR relation.
Since low-mass stars tend to host low-mass planets (Lozovsky
et al. 2021), this behavior might hint that the physical processes
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Fig. 5: P-value against the upper mass limit (blue) and upper
radius limit (red) of the exoplanet sample. The dashed lined in-
dicate the mass and radius at the minimum.

during planet formation tend to produce planets of similar
density in planetary systems around low-mass stars, leading to
a similarity in radius that is three times stronger than in mass.
The correlations with the host star mass are further discussed in
Section 2.6.

2.3. Mass and Radius correlation

Figure 4 shows the mass/radius of a planet against the
mass/radius of the next planet. First we note that most of the
pairs are above the 1:1 line, especially for the radius. This
indicates that larger planets are found at larger orbital periods,
which is in agreement to the findings in several other papers
(e.g., Ciardi et al. 2013; Millholland et al. 2017; Kipping 2018;
Weiss et al. 2018). Even if at long periods it is easier to detect
larger/more massive planets, Helled et al. (2016) showed that the
observed correlation between planetary radius and orbital period
remains even after removing the effect of observational biases
and, therefore, it is unlikely to be caused solely by observational
biases. Using the Pearson correlation test we find that there is
a clear correlation for both mass and radius with P-values of
6.10−4 and 10−9, respectively (we note that the calculation of the
Pearson coefficients do not include the uncertainties in mass and
radius). This indicates that adjacent planets in a multi-planet
system are likely to have similar masses and radii. We note
that the P-value is significantly smaller for the planetary radii,
suggesting that the "peas in the pod" pattern is less strong
when it comes to the planetary mass. This is also clear from
Figure 1, where the color of dots is more intense on the panel
corresponding to the mass than in the panel corresponding to
the radius.

It is also interesting to note that there is a clear transition in
the uniformity of systems in both mass and radius plots. Figure
4 also shows a transition in the uniformity of planets around 25-
100M⊕ and 5-10R⊕, i.e. systems below this limits tend to be very
uniform and above they are not correlated. We then study how
does the ’peas in the pod’ pattern depend on the mass range cov-
ered by the exoplanet sample. Figure 5 shows the dependence of

the P-value on the mass and radius limits applied to the planetary
sample. We find that removing the systems containing pairs of
planets with masses higher than 100M⊕ leads to a much stronger
correlation. When we impose limits for the mass below 100M⊕
the P-value increases. However, since samples with less number
of points have higher P-values, this could be partly explained by
the lower number of pairs in the sample. We therefore explore
the impact of the number of pairs when computing the P-value
and the R-value. To do so, we randomly remove pairs from the
initial sample, and compute the P-value and R-value. We repeat
the process 1000 times, and plot the median of the distribution
and the 1-sigma error (shown in Figure A.2). We find that ran-
domly removing pairs leads to a rapid increase of the P-value.
When changing the upper mass limit of 100M⊕ to an upper mass
limit of 15M⊕, the number of pairs changes from 58 to 46 and
the P-value from 4.10−10 to 3.10−4. However, when we randomly
remove 12 pairs from an initial sample of 58 we would expect a
P-value between 3.10−8 and 2.10−6. Consequently, the increase
in the P-values when lowering the mass limit to planets below
100M⊕ cannot be completely explained by the decrease of num-
ber of points. We therefore identify a change of tendency in mass
at 100M⊕. This result agrees with the analysis performed by
Wang (2017) using a sample of 27 non-transiting multi-planetary
systems derived by RVs with minimum masses only.

We repeat the same analysis with the radius, and investigate
the dependency of the P-value and the R-value on the radius
limit applied to the planetary sample. We find that the results
are nearly identical to the ones inferred when applying limits on
the mass range. This is because the excluded planets are mostly
the same. We find that when we exclude giant planets with radii
larger than 10R⊕ the ’peas in the pod’ pattern becomes more
significant, but when imposing lower values to the upper limit
of the radius there is an increase on the P-value that cannot be
explained solely by the lower number of pairs. We conclude that
the change in tendency occurs at a radius of ∼10R⊕. We note that
both transition points in mass and radius correspond to Saturn-
like planets. It is clear that planetary systems tend to consist of
planets with similar masses and radii, except for planets more
massive or larger than Saturn. Even if current data indicate a
minimum of the P-value at around ∼100M⊕ and ∼10R⊕, the pre-
cise location of these transitions should be analyzed in detail in
future studies.

2.4. Density correlation

We find that planetary systems tend to be more similar in radius
than in mass. It is therefore interesting to investigate the similar-
ity in planetary density. If the density tends to be uniform within
a planetary system, systems would be more similar in radius than
in mass simply because of the stronger dependence of the den-
sity on the radius. Figure 5 shows the density of the planets in
our sample against the densities of the next planet farther from
the star. We find that a very strong correlation between densities
of adjacent planets (with P-value of 4.10−9) and, interestingly,
we do not find a clear and obvious bi-modality behavior like the
ones observed in Figure 4 for mass and radius. Interestingly, we
also find that despite the small number of pairs of planets or-
biting around M-dwarfs, they tend to be close the 1:1 line in
comparison to pairs around FGK stars. However, this trend
is obtained from a sample of seven pairs, and it needs to be
confirmed when more data become available.
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Fig. 6: The planetary density against the densities of the next
planet farther from the star. The colors of the dots represent the
effective temperature of the host star, and the gray dots corre-
spond to a bootstrap trial. Pairs of planets orbiting around M-
dwarfs are represented by light blue triangles. The planet in the
Solar System are indicated by the green stars.

2.5. Significance and biases

Even when the correlation between radii, masses and densities
of adjacent planets is clear, it remains unknown whether the cor-
relation is physical or is a consequence of observational biases.
In order to investigate the role of detection biases, we perform a
series of ’null hypothesis’ bootstrap tests. If detection biases are
responsible for the observed correlation, then this trend would
also be present in a ‘mock’ exoplanetary population which does
not have this trend inherently, but suffers from the same detec-
tion biases. The null hypothesis used in the bootstrap tests is that
the size and mass of a planet is random and independent of the
size and mass of its neighbor. We then subject the resulting sam-
ple to the detection biases, and investigate whether a correlation
arises. We construct the bootstrap trial drawing random plane-
tary masses from the distribution of the observed masses. Then,
to each stellar host we assign a number of planetary masses equal
to the number of planets detected and place them at the observed
orbital periods. As discussed in Steffen (2016), the sensitivity of
TTVs and RVs can be expressed by:

S NRTTV ∼
MpR3/2

p P5/6

σTTV
, S NRRV ∼

Mp

σRV P1/3M2/3
∗

, (3)

where σ is the intrinsic uncertainty of a measurement. In or-
der to consider the detection efficiency on the transit we use the
following expression for the SNR:

S NRtransit =
(Rp/R∗)2

√
3.5yr/P

CCDP6h
√

6h/T
(4)

with
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Fig. 7: Calculated P-value (top) and R-value (bottom) corre-
sponding to the correlation between the mass (black) or radius
(red) of a planet and the mass or radius of the next (farther)
planet, respectively. The dashed lines correspond to the result
from the exoplanet sample and the histograms to the results of
3000 bootstrap trials. The green region in the upper panel shows
the statistically significant region, where the P-value is smaller
than 0.05.

T = 13h (P/1yr)1/3 (ρ∗/ρ⊕)−1/3 (5)

where Rp and R∗ are the sizes of the planet and the host star,
respectively, P the orbital period, ρ∗ the bulk density of the star,
and CCDP6h the a 6-hour Combined Differential Photometric
Precision (the root mean square of the stellar photometric noise
over 6 hours Christiansen et al. 2012). We then follow a similar
method as in Weiss & Petigura (2020): we randomly draw
planets from a log-normal distribution until its SNR is enough
to be detected. We set a limit for SNRRV and SNRTTV of 2, and
assume an intrinsic RV uncertainty of 2 m/s. These SNR are
rather optimistic, so we also explore higher values and find that
the results are similar. We also remove non-detectable transiting
planets discarding SNRtransit below 7.1, following Mullally et al.
(2015). Figure 4 shows an example of a bootstrap trial for mass
and radius, resulting in P-values of 0.28 and 0.46, respectively.
This indicates that there is no significant correlation. The results
for the inferred P-value and R-value when repeating the process
3000 times are shown in Figure 7. It compares the P-value and
the R-value of the boostrap trials and the one obtained with the
sample of observed planets. We find that only very few of the
bootstrap trials are statistically significant for both mass and
radius, and that the P-values of the real data is 4.5σ away from
the bootstrap trials for the mass distribution and 12σ for the
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tistically significant region, with P-value under 0.05. The three
star-shaped dots of each color correspond to the P-values of the
thirds of the population ordered by stellar mass. The dashed lines
correspond to a sample of planets with masses below 100 M⊕.

radius distribution. We repeat the process using higher SNR
limits for the RV and TTV up to 5, but in all cases the bootstrap
trials do not show a significant correlation between the masses
of adjacent planets. Given that the uniformity is stronger when
giant planets are excluded, we perform the same test including
only planets less massive than 100 M⊕ (see Figure A.1). In this
case the correlations are more profound, and the P-values of the
actual data are 14σ and 17σ away from the bootstrap trials for
the mass and radius distributions, respectively. The R-values
obtained on the bootstrap trials peak are close to zero. This
discrepancy between the observed sample and the synthetic
bootstrap samples suggests that a null hypothesis influenced by
detection biases cannot produce the observed correlation. As a
result, the correlation is likely to be physical.

2.6. Dependence on the stellar mass

Since it is easier to detect small and low-mass planets around
small stars and there are only very few giant planets around M-
dwarfs, we see a clear dependency of the "peas in the pod" pat-
tern on the stellar mass, as shown in Figures 4 and 6. Since we
do not find a bi-modal distribution in Figure 6 it is more diffi-
cult to determine whether the stellar effective temperature plays
a role in the uniformity of the planetary density. This hypothesis
can be tested performing a ’moving sample’ technique, which is
described as follows:

• First, we sort all the planetary systems in the sample accord-
ing to the stellar mass,

• Second, we select the 30 first systems and perform the Pear-
son correlation analysis, obtaining the P-value and the R-
value.

• We then move the sub-sample towards larger values of the
physical property, removing the system with the lowest value

Table 1: Dependence of the Pearson’s P and R values on the
uncertainty to our exoplanet sample with planets less massive
than 100M⊕. "Np" stands for the number of pairs.

Np P-value R-value

∆M
M <0.5, ∆R

R <0.16 58 4.10−10 0.71
∆M
M <0.4, ∆R

R <0.13 53 4.10−9 0.35
∆M
M <0.3, ∆R

R <0.10 44 4.10−6 0.26
∆M
M <0.2, ∆R

R <0.07 25 0.001 0.25

and adding the system with the largest value left outside. We
then repeat the Pearson correlation analysis.

• We next repeat the same procedure with a continuously mov-
ing sub-sample until the entire sample is covered.

Figure 8 shows the result of the moving sample analysis
for the stellar mass. We plot the P-value against the median
of the moving sample corresponding to the mass, radius and
density distributions. The three star-shaped dots of each color
correspond to the P-values of the thirds of the population
ordered by stellar mass. We find that systems around more
massive stars tend to be less "peas in the pod" in mass and
radius, but not in density. Despite both lines corresponding
to mass and radius distributions have similar shapes, the one
corresponding to the mass has significantly higher P-values,
suggesting that the uniformity is weaker across all the moving
sub-samples. We also note that the line corresponding to the
radius has a higher slope, indicating that the correlation is
stronger for planetary radius than mass. As shown above,
planets more massive than 100 M⊕ do not follow the ’peas in
the pod’ pattern. Therefore this trend could be easily explained
if more massive stars more frequently host more massive
planets. To test this hypothesis, we also plot the dashed blue
and red lines corresponding to a sample of planets with
masses below 100 M⊕ for radius and mass respectively. The
line corresponding to the radius has a clear positive slope,
suggesting that even when gas giants are excluded from
the sample the results that more massive stars tend to host
less similar planetary systems in radius remains. The line
corresponding to the mass also has a positive slope, but
rather weak, suggesting that the trend is not as strong as
for mass. We also note that given the correlations found
between stellar mass and metallicity (Owen & Murray-Clay
2018), and the evidence that metal-rich stars tend to host
lightly less uniform planets (Millholland & Winn 2021), it
is difficult to interpret whether the dependence is mostly
affected by the stellar mass, metallicity, or both. The nearly
flat line corresponding to the planetary density indicates that the
uniformity in density is insensitive to the effective temperature
of the host star. We perform the same analysis with other
parameters as the insolation, however, we do not find a clear
dependence with the uniformity in either mass, radius, or
density. As with the stellar mass, the line corresponding to the
mass is higher than the ones corresponding to the radius and
density for all the moving sub-samples. However, in this case all
the sub-samples of both mass and radius distributions are well
below the P-value of 0.05 and do not have significant slopes,
suggesting that the "peas in the pod" pattern is insensitive to the
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Fig. 9: "Peas in the pod" pattern for the orbital period spacing.
The figure shows the period ratio of the outer pairs as function
of the period ratio of the inner pairs. The right figure shows the
average radius of the pair against its period ratio. The red star-
shaped dots correspond to Solar System planets.

2.7. Sample selection effect

Another relevant factor that should be considered when study-
ing the similarity of planetary systems is the effect of the used
catalog on the inferred results. It is common to set a limit on
the relative uncertainty of the mass and radius measurement in
order to discard the least accurate data. We therefore investigate
the sensitivity of the results on the limits of the uncertainties on
the measured mass and radius. We explore a range of uncertain-
ties ranging from 50% to 16% in mass, since lower values of the
upper limits in uncertainties lead to samples with a low number
of exoplanets. We set the limits for the radius uncertainties to
be a third of the mass uncertainties, in order to have the same
impact on the density uncertainty. We find that catalogs with
more precise data lead to a weaker mass correlation between
adjacent planets. However, this is linked to the previous result
on the dependence on the mass limit, since giant planets tend to
have lower relative uncertainties. In order to avoid this bias, we
discard planets with masses above 100M⊕. Table 2 lists the de-
pendence of the P-value and the R-value on the uncertainties on
the this sample of planets less massive than 100M⊕.

We still find that catalogs with more precise data lead to
weaker correlation between adjacent planets. As previously
argued, this could be because of the lower number of data
points in the sample. We note that the P-values obtained when
decreasing the limit on uncertainties are higher than the ones
inferred when only removing points randomly. For example,
when we decrease the uncertainties from ∆M

M <0.5 and ∆R
R <0.16

to ∆M
M <0.3 and ∆R

R <0.1, the number of pairs decreases from 66
to 44 and the P-value increases from 4.10−10 to 4.10−6. However,
when we remove randomly 22 pairs from the initial sample
of 58, we infer a P-value between [9.10−9, 6.10−7]. Therefore,

Table 2: Sensitivity of the P-value when analyzing the period
ratio of the outer pairs as function of the period ratio of the inner
pairs. We show the dependence of the p-value on the minimum
multiplicity and upper limits on planetary radius and period ratio
of the sample. "Np" stands for the number of data points in the
sample.

Multiplicity>2 Multiplicity>3

Np P-value Np P-value

No limit 272 0.02 168 0.23

PRmax:

PRmax<8 261 0.03 162 0.36
PRmax<6 254 0.006 154 0.02
PRmax<4 237 10−4 150 0.001
PRmax<2 111 10−4 84 0.002

Rmax:

Rmax<8R⊕ 238 0.002 142 0.07
Rmax<6R⊕ 231 0.003 140 0.07
Rmax<4R⊕ 146 0.007 121 0.16
Rmax<2R⊕ 49 0.01 25 0.08

we conclude that the increase on the P-value is not caused by
the increase of the number of points, and consequently the
systems with more precise mass and radius measurements are
less uniform, even after excluding gas giants. This is probably
due to a selection effect since very low mass planets tend to
have higher uncertainties and tend to be more ’peas in the pod’,
as seen in Section 2.3.

3. Uniformity in period spacing

We next focus on the aspect of period spacing. There are various
studies which have investigated the orbital spacings of Kepler’s
multiple system using the Titius-Bode relation (e.g. Lineweaver
2015; Huang & Bakos 2014), their clustering around theoretical
stability tresholds (Pu & Wu 2015, e.g.) and the spacing of Ke-
pler planets in terms of the orbital period ratio (e.g. Lissauer et al.
2011; Steffen 2013; Steffen & Hwang 2015). Recently, Weiss
et al. (2018) found that planets orbiting the same star tend to
have regular orbital spacings, and Jiang et al. (2020) confirmed
this pattern and concluded that such a correlation is unlikely to
be caused by observational biases.

These results, however, correspond to different exoplanet
samples and filtering criteria. In this section we investigate how
the inferred uniformity in orbital spacing of planetary systems
depends on the used data and the selection criteria. First, Jiang
et al. (2020) only consider systems with multiplicities higher
than four arguing that systems of lower multiplicities tend not
to be dynamically packed and therefore it is more likely to miss
non-transiting planets. Second, Weiss et al. (2018) and Jiang
et al. (2020) exclude period ratios of adjacent planets higher
than four since in these systems the sensitivity to observe larger
orbital periods may be incomplete. Finally, they only consider
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planets with radii below 6R⊕.

In this section we do not use planetary sample used in
Section 2, since we aim to include more systems in our sample.
Instead, we also include planets without mass measurements and
do not put any constrain on the maximum radius uncertainty,
which leaves us with 474 planetary systems and 1220 planets.
We perform the same bootstrap test as before, and conclude that
the inferred correlation cannot be explained by selection effects
from observational biases. We notice that systems with low pe-
riod ratios of adjacent planets are significantly more uniformly
distributed than the ones above. This could be because for
systems with high period ratios there is no dynamical interaction
between the planets, or simply due to an observational bias.

We next explore the sensitivity of the results on the various
choices typically made to filter the planetary samples. The
results are listed in Table 3, where we show the dependence of
the P-value on the upper limit of the period ratios for exoplanet
samples with different upper limit on planetary radii. We show
the results corresponding to systems with multiplicities higher
than 2 and with multiplicities higher than 3 (as done by Jiang
et al. (2020)). We find that the results strongly depend on the the
period of adjacent planets. When we exclude the systems with
the highest period ratios the P-value decreases very significantly
along the whole range of PRmax tested. This result is expected
since systems with lower period ratios have stronger dynamical
interaction.

The effect of setting a limit on the maximum radius is less
clear. When we set a lower radius limits the P-value increases,
but it could be due to the lower number of data points available
in the sample. We analyze dependence of the P-value on the
number of data points, as previously done, and conclude that
the increase of the P-value when reducing the number of data
points could be also explained by the lower number of data
points. However, it is remarkable that the small sample with
system of radii below 2R⊕ has a P-value of 0.01, which cannot
be explained by the number of data points. These systems with
rocky planets, therefore, are more uniformly spaced than the
systems with larger planets. Finally, the effect of the minimum
multiplicity is also not conclusive. Similarly to the radius limit,
we find higher P-values that can be explained by the lower
number of data points in the sample.

4. Discussion and Conclusions

In this paper we explore the similarity of planets within a multi-
planet system. More specifically, we study the ’peas in a pod’
pattern of radii, masses, densities and orbital period ratios of
adjacent planets, and confirm that their correlation has a phys-
ical origin. In addition, we quantify and compare the similar-
ities in radius and mass. Finally, we explore whether different
sub-populations of systems show different patterns, and how the
obtained results depend on the used exoplanet sample.

Using a similarity metric defined as distance in logarithmic
space, we find that planetary systems tend to be more similar in
radius than in mass. This could be linked to the fact that the ra-
dius has a greater impact on the density and, hence, on the plane-
tary composition than the mass. We also find a strong correlation
between densities of adjacent planets. If the density is the main
physical quantity that tends to be similar within a planetary sys-
tem, it would explain that the stronger similarity in radius than in

mass. Detection biases are not expected to have a big influence
on this result.

We also find that there is a sharp transition in the ’peas in
the pod’ pattern of planets at 100M⊕ and 10R⊕. Systems with
planets below these limits are significantly more uniform. As
shown in the bootstrap trials, detection biases could lead to a
less obvious ’peas in the pod’ pattern among large planets than
among smaller ones. However, instead of finding a somewhat
smooth transition in the uniformity of systems when transiting
from small to large planets, we find two different regimes. It
suggests that the physical processes governing the formation of
planets with masses below 100M⊕ clearly gives rise to adjacent
planets with similar masses and radii, but not for more massive
planets. We find that the P-values of the real data are 4.5σ
and 12σ away from the bootstrap trials for the mass and ra-
dius distributions, respectively when using the entire sam-
ple, and are 14σ and 16σ away when only planets less mas-
sive than 100M⊕ are included. Interestingly, we do not find two
regimes when analyzing the ’peas in the pod’ pattern in density:
there is a rather clear correlation for all types of planets.

The dependence of the ’peas in the pod’ pattern with the
planetary mass has to be treated with care and be investigated
further. First, exoplanet catalogs with more precise mass and ra-
dius measurements tend to be have less ’peas in the pod’ systems
since they contain a lower proportion of low-mass planets. Sec-
ond, there is a clear dependency of the ’peas in the pod’ pattern
on the stellar mass. Planetary systems around more massive stars
tend to be less uniform in mass and radius, since they tend to host
more massive planets. The ’peas in the pod’ pattern in density,
instead, does not show a clear dependence on the stellar mass,
which is expected due to its lack of dependence on the planetary
mass.

Finally, the similarity trend orbital period spacing is clearly
confirmed, we find that the strength of the correlation strongly
depends on the depends on the maximum radius set for the plan-
etary sample, which is often set arbitrarily in other publications.
We also find that systems containing planets with small period
ratios are more uniformly distributed, which may be an indica-
tive of stronger dynamical interaction.

Ongoing and future space missions like TESS (Ricker et al.
2015), CHEOPS (Broeg et al. 2013) and PLATO (Roxburgh &
Catala 2006), as well as ground-based radial velocity facilities
like ESPRESSO (Pepe et al. 2014) will rapidly increase the num-
ber of characterized exoplanetary systems and will allow to con-
tinue monitoring the systems analyzed in this study searching for
missing planets. In addition, GAIA will perform high-precision
astrometry and characterize missing planet in the outer regions
of multi-planet systems. This will lead to a more complete un-
derstanding of exoplanetary demographics and of the uniqueness
of our own Solar System.
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Appendix A:

Figure A.1 shows the comparison of the measured P-value and
R-value of the observed population of planets excluding planets
more massive than 100M⊕ (dashed lines) with the results of 3000
bootstrap trials. We find that when we use a planetary sample
with masses below 100M⊕ the calculated P-values of the real
data are 14σ and 17σ away from the bootstrap trials for the mass
and radius distributions, respectively.

Figure A.2 shows the dependence of the P-value and R-value
on the number of pairs on the sample. It shows the evolution of
these two valued after randomly removing pairs.

Table A.1 shows the full list of similarities of the multi-
planetary systems in our exoplanet sample. We also add the sim-
ilarities of the Solar System, inner Solar System and outer Solar
System for reference.
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P-value
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Mass
Radius

-0.5 0.0 0.5
R-value

Mass
Radius

Fig. A.1: Calculated P-value (top) and R-value (bottom) corre-
sponding to the correlation between the mass (black) or radius
(red) of a planet and the mass or radius of the next (farther)
planet, excluding planets more massive than 100M⊕. The dashed
lines correspond to the result from the exoplanet sample and the
histograms to the results of 3000 bootstrap trials. The green re-
gion in the upper panel shows the statistically significant region,
where the P-value is smaller than 0.05.
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2.3 Radial Velocity Follow Up of Transiting Planets

While transits provide us the radius and orbital parameters of the planets, performing radial
velocity follow-up is essential to confirm or exclude the planetary nature of the transiting
companion as well as to determine its accurate mass and bulk density. The planetary density
and the position in the M-R diagram with respect to the composition curves provide direct
insights into the structure and composition of exoplanets. Validating exoplanet and populating
the M-R diagram is, therefore, crucial to understand the exoplanetary nature. During my
Ph.D., I have been involved in the target selection, observation, and data analysis of several RV
follow-up programs that will be discussed in this section.

2.3.1 NCORES: Searching Naked Cores with HARPS

HARPS (High-Accuracy Radial velocity Planetary Searcher) is a high-precision spectrograph,
and it is the most successful RV planet finder. The instrument was assembled at the Observatory
of Geneva in 2002, and was installed on the ESO 3.6m telescope in La Silla Observatory (Pepe
et al. 2002; Mayor et al. 2003). It is a fiber-fed, cross-dispersed echelle spectrograph with a
resolution of R=115000. The combination of the instrument stability and the simultaneous
ThAr-reference technique allows accurate radial-velocity determination at the level of 1 ms−1,
making HARPS suitable for the detection of small-mass planets. After its first detection in 2004,
it has discovered 130 to date, making it the most successful planet finder after Kepler and TESS.

The NCORES large program (PI D. Armstrong, 2018-2020) on HARPS was awarded 72
nights to investigate naked cores (i.e. planets in which the outer layer has been stripped off
by photoevaporation). Studying the composition of such naked cores is crucial to understand-
ing planets forming via core accretion, since they fold the primordial composition from its
formation. These cores contain the material which was present in the protoplanetary disk in
the solid accretion phase, before acquiring an envelope. The water-ice mass fraction is key to
understanding the formation and migration history of the planet (Unterborn et al. 2018). Cores
formed outside the water ice-line in the protoplanetary disk are expected to contain more than
50% of water mass fraction (Lodders 2003; Min et al. 2011), while cores formed within the
water-ice line are not expected to contain a significant amount of water. If a close-in planet
is found to have a significant amount of ice, it is very likely to have formed further out in the
system and migrated inwards to its current position. Jin & Mordasini (2018) showed that the
population of potential Kepler cores is consistent with a predominantly rocky population with
little ice mass. However, they relied on mass-radius relationships, since most of the Kepler
cores transit stars that are too dim to determine the core. Accurately measuring the masses of
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cores, then, constitutes a way of testing whether this hypothesis.
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Figure 2.9: Mass-Radius diagram with the exoplanets characterized by the NCORES
program. The gray points show the exoplanets in the PlanetS Catalog, and the green star
shaped markers correspond to the Solar System planets. We also display composition
lines of pure-iron (brown), Earth-like (light-brown), pure-water (blue), and 5% H-He.

NCORES targeted TESS and K2 targets with radii between 1.8R⊕ and 4R⊕ orbiting with
orbital periods shorter than 5 days. I have contributed to the target selection, the HARPS
observations, and the characterization of the internal structure of the discovered planets. In
addition, I also analyzed and led the publication of the TOI-1062 system, which is discussed
in detail in ??. Figure 2.9 shows the exoplanets that have been characterized and published
under the NCORES program. They are twelve exoplanets distributed in nine planetary systems
that with masses going from ∼3M⊕ to ∼40M⊕ and radii from ∼1.3R⊕ to ∼3.5R⊕. The first
published discovery was TOI-118b (Esposito et al. 2019), a hot-Neptune from the TESS Sector
1. Nielsen et al. (2020b) discovered the TOI-125 system, which consists of three mini-Neptunes
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with similar radii but quite different masses. Another interesting discovery to be announced
in 2020 was TOI-141b (Espinoza et al. 2020), a highly irradiated super-Earth in a 1-day orbit.
TOI-141b is found to have a mass of 8.83±0.66M⊕ and a radius of 1.75±0.05R⊕, making it
compatible with an Earth-like composition. Other discoveries published in 2021 under the
NCORES program include a hot mini-Neptune in the radius valley was discovered around
TOI-755 (Osborn et al. 2021a), a warm mini-Neptune around TOI-220 (Hoyer et al. 2021), and
a super-Earth, mini-Neptune and non-transiting planet around TOI-431 (Osborn et al. 2021).
Another remarkable discovery is HD 137496b, a hot super Mercury accompanied by a cold
Jupiter (Silva et al. 2021). K2 photometry combined with RV from HARPS and CORALIE
found a mass of 4.04±0.55M⊕ and a radius of 1.31±0.05R⊕, which gives an uncommonly high
density of 10.5±2 𝜌⊕. Our interior models found that the planet is composed mainly of iron,
with the core representing over 70% of the mass.

Another very remarkable discovery of NCORES is TOI-849b (Armstrong et al. 2020), a
dense remnant core of a giant planet with a radius smaller than Neptune and more than twice
Neptune’s mass (R=3.45±0.14R⊕, M=39.1±2.7M⊕). It orbits with a period of just 18.4 hours
around a G-type star, leading to an equilibrium temperature of ∼1800K. The planet’s mass is
higher than what is expected for runaway gas accretion, meaning that it may have been a gas
giant before undergoing intense mass loss through thermal self-disruption or planet collisions.
However, theoretical models of photoevaporation cannot provide the mass loss needed to reduce
a Jupiter-like giant planet to a core like TOI-849b in a timescale of several Gyr. Therefore,
the most likely scenarios are that either it suffered extreme mass loss through thermal self-
disruption or giant planet collisions, or it avoided substantial gas accretion, maybe because
of late formation or due to a gap opening. In any case, photoevaporation is expected to have
removed a few M⊕ of H-He, so the remaining atmosphere is likely to be enriched, making it an
interesting target for future atmospheric studies.

In addition, I leaded the discovery paper of the two sub-Neptunes orbiting around TOI-1062
(also presented in Section 3.2.2.1). We found that the host star is rotating with a period of
21.9 days, and also noted the existence of a stellar spot whose lifetime is similar to the stellar
rotational period. The spot causes a significant stellar activity, which is handled using Gaussian
processes (GP) on the RV data. The RV fit is shown in Figure 2.10. We find no hint of transit
for TOI 1062c, and that TOI 1062b has an orbital period of 4.114 days, a radius of 2.265+0.096

−0.091

𝑅⊕, and a mass of 10.15+0.81
−0.84 𝑀⊕. We find an eccentricity of 0.18+0.07

−0.06 for TOI-1062b and
0.14±0.07 for TOI-1062c. The eccentricity for TOI-1062b is slightly higher than usual for its
orbital period, it may not be significant due to the bias towards higher eccentricities for nearly
circular planets (Lucy & Sweeney 1971). TOI 1062 c instead is found to have an orbital period
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of 7.988 ± 0.04 days and a minimum mass of 9.78+1.26
−1.18 M⊕. TOI 1062 c is in nearly 2:1 motion

resonance with its inner companion. This publication entirely presented and further discussed
in Section 3.2.2.1.
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Figure 2.10: HARPS RVs for TOI 1062 with a two planet model including eccentric
orbits and Gaussian processes with Matern kernel.Top panel: RVs along with the
residuals to the best fit right below the time series. Bottom panel: Phase-folded data
for each planet. The gray dots represent the observed RVs and the black dots the
binned data. Figure taken from Otegi et al. (2021a).

We note that eight out of the twelve characterized exoplanets lie close to the pure-water line,
so they are close to the transition between ’rocky’ and ’volatile-rich’ populations as defined in
Otegi et al. (2020a). The position in the M-R diagram of TOI-118b, TOI-125b,c,d, TOI-755b,
TOI-220b, TOI-431d and, TOI-1062 suggests a significant presence of water-ice, implying that
they are likely to have formed from outside the water ice-line and migrated inwards.



78 Chapter 2. Demography of Exoplanets

2.3.2 ESPRESSO Programs

ESPRESSO (Echelle Spectrograph for Rocky Exoplanet and Stable Spectroscopic Observa-
tions) is a new-generation spectrograph mounted on the ESO’s Very Large Telescope (VLT)
on Paranal Observatory in Chile. It is the successor of a line of echelle spectrometers in-
cluding CORALIE and HARPS. Indeed, it builds on the foundations laid by HARPS, but it
benefits not only from the larger capacity to collect light but also from the improvements in
the stability and calibration accuracy thanks to the laser frequency comb technology. It can
observe with any of the four Unit Telescopes of the VLT at a resolving power up to 190000
on the 378.2 to 788.7 nm wavelength range. It can reach a precision level of 10 cm/s, which
is approximately the radial-velocity variation that the Earth induces on the Sun. One of the
main goals of the Guaranteed-Time Observations (GTO) of ESPRESSO is to detect Earth-like
planets in the habitable zone. The high RV precision enables ESPRESSO to find Earth-size
planets inside solar-type stars’ habitable zone if they are bright and ’quite’ enough. In addi-
tion, the ESPRESSO GTO is also dedicated to the characterization of planetary atmospheres,
asteroseismology of K-dwarf stars, and stellar metallicity studies.

During my Ph.D., I have been involved in the target selection and development of the
scientific case of two observing programs designed for ESPRESSO. In this subsection, we will
discuss them.

2.3.2.1 Warm mini-Neptunes

The objective of this program is to accurately measure masses of long-period sub-Neptune can-
didates that are not expected to suffer intense irradiation causing atmospheric erosion. More
specifically, it targets planets with a radius between 2R⊕ and 4R⊕ and stellar irradiation lower
than 30F⊕. This program is complementary to the ESPRESSO GTO, which aims to character-
ize the rocky population by targeting planets with radii below 2R⊕, and to study the transition
from gas-rich to gas-poor planets in order to constrain evaporation processes by observing
sub-Neptune-size objects with irradiations between 50F⊕ and 200F⊕.

To date, three mechanisms have been proposed to explain the transition from super-Earths
to sub-Neptunes: photoevaporation of the H-He by high-energy radiation from the host star
(Owen & Wu 2017; Jin & Mordasini 2018), atmospheric mass-loss powered by the cooling
luminosity of the planet’s core (Gupta & Schlichting 2019) and gas-poor formation in which the
gas accretion is delayed by dynamical friction (Lopez & Rice 2018). These three mechanisms
predict different locations of the transition between the two populations in the period-radius-
mass space. Figure 2.11 shows the parameter space covered in a Radius-Insolation diagram.
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We see that more than 4500 candidates released by TESS clearly show a cloud of sub-Neptune-
size objects in agreement with the Fulton distribution (Fulton et al. 2017). This program aims
to study whether these sub-Neptunes with radii larger than 2R⊕ are mainly rocky or possess
volatile envelopes that contribute significantly to the planetary size, and how such envelope is
affected by the stellar irradiation.

Figure 2.11: Planetary radius against incident stellar flux of TESS planetary candid-
ates. The color code indicates the status of the candidates (Green: known and validated
planets; Black: planet candidates). The relative occurrence of Kepler exoplanets from
Fulton et al. (2017) is superimposed in transparency. The red box represent the domain
covered in the Warm mini-Neptune ESPRESSO program.

In Otegi et al. (2020a) we showed that sub-Neptunes are spread over a wide range of masses
(5-30M⊕) and densities (1-10𝜌⊕) and that there is an overlap in both mass and radius between
volatile-rich and "rocky" planets. In addition, the M-R diagram is multidimensional, and it is
affected by other parameters as stellar irradiation, host star properties, planetary architecture,
and age of the system. Populating the M-R diagram with precise measurements is crucial to
explore the multi-layer nature of the M-R relationship and understand the transition between
the two populations. Figure 2.12 shows the M-R diagram with exoplanets orbiting around FGK
stars from the PlanetS Catalog. We see that sub-Neptunes orbiting FGK stars with low stellar
irradiation seem to have a slightly higher density than those subjected to higher irradiation.
It could be due to their atmospheres that are more compressed and denser, but accurate mass
measurements of similar exoplanets with precise radial velocities will allow confirmation of
this trend.
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Figure 2.12: Mass-Radius diagram with exoplanets orbiting around FGK stars
from the PlanetS Catalog. The red triangles correspond to exoplanets with stellar
irradiation lower than 30S⊕ . The composition lines of pure-iron, Earth-like planets,
and pure water are displayed in brown, light-brown, and blue, respectively.

The proposal was accepted in rank B in P105 and rescheduled in P107. We observed
the following six targets from the 1st April to 30th September 2021: TOI-815 (18 points),
TOI-1064 (22 points), TOI-1231 (14 points), TOI-133 (10 points), TOI-757 (22 points), and
TOI-913 (30 points). TOI-815 and TOI-133 show strong variability, and more RVs are needed
to find a solution. TOI-1231 has two sub-Neptunes that have already been characterized using
HARPS data (Burt et al. 2021), but we have improved the RV fit. Similarly, TOI-1064b has
been resolved with HARPS data and there is a publication in prep., but we have an improved
mass estimation. For TOI-757 and TOI-913 require further analysis to determine whether more
observations are needed since a significant proportion of the observations were taken in bad
conditions.

The proposal has been accepted for period 109 (April-September 2022) for a total of 76
hours. Our target list is composed fourteen stars: K2-56, K2-186, TOI-208, TOI-213, TOI-
215, TOI-282, TOI-444, TOI-458, TOI-533, TOI-687, TOI-707, TOI-1057, TOI-1221, and
TOI-4302. Considering that the range of expected masses for planets with radii between 2R⊕

and 4R⊕ is between 5M⊕ and 30⊕, we need a mas determination better than 20%. The expected
RV amplitudes of such objects range between 1m/s−1 and 2.5m/s−1, which are out of reach
of HARPS and require the use of ESPRESSO. ESPRESSO provides a 2-magnitude gain and
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improved RV precision with respect to HARPS-like instruments, enabling the exploration of
small-size exoplanets at relatively long orbital period. The domain of warm mini-Neptune-size
planets with relatively low stellar irradiation and relatively long orbital periods (larger than 20
days) is not well covered. SO far only ten exoplanet in this parameter space are orbiting FGK
stars brighter than V=12 and have their mass and radius measured with uncertainties smaller
than 20% and 8% respectively. This program will continue exploring a planetary population
that is still poorly understood, and yet plays a very important role in constraining planetary
formation and evolution models.

2.3.2.2 Mini-Neptunes around M-dwarfs

Planets orbiting M-dwarfs result particularly interesting since their formation environment is
different from Solar-type stars. They have a long hot protostellar phase, lower protoplanetary
disk mass, and intense activity at young stellar ages. All these different conditions may cause
differences in the formation and composition on the planets around them. However, it is not
still clear how these differences affect the observed planet population.

Cloutier & Menou (2020) found an increase in the frequency of close-in rocky planets or-
biting around increasingly lower-mass stars. They also found that the occurrence rate of rocky
to non-rocky planets is ∼6-30 times around M-dwarfs compared to K-dwarfs, but they are not
able to firmly identify the physical cause of this trend. A key question then is whether planets
around M-dwarfs tend to form rocky planets. Several planet formation and evolution studies
have pointed out that low mass stars tend to host richer planets in refractory materials (Alibert
& Benz 2017; Schoonenberg et al. 2019; Burn et al. 2021). In addition, Kubyshkina & Vidotto
(2021) modeled the evolution of a wide range of sub-Neptunes orbiting stars of different masses
and evolutionary histories and found that atmospheric escape occurs more efficiently around
lower-mass stars.

However, despite this theoretical evidence suggesting that M-dwarfs should host more rocky
planets, when we look at Figure 2.13 with planets from the PlanetS Catalog we see sub-Neptunes
around M-dwarfs actually seem to be less dense compared to those around other stars. It is
particularly intriguing that exoplanets around FGK stars subjected to low irradiation appear
to behave higher densities than those with higher irradiation, while planets orbiting M-dwarfs
appear to be less dense than those orbiting FGK stars. This clearly indicates that the difference
between planets orbiting M-dwarfs goes beyond the low irradiation suffered by the planets.
This program aims for precise mass measurements of these planets that will provide essential
data to confirm these differences between planets around M-dwarfs as opposed to those around
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Figure 2.13: Mass-Radius diagram with exoplanets orbiting around FGK stars from
the PlanetS Catalog. Blue stars correspond to exoplanets around M-dwarfs, and red
stars to exoplanets subjected to stellar irradiation of less than 25S⊕ . The green shaded
region between 2R⊕ and 3R⊕ corresponds to the range covered by the ESPRESSO
program. The composition lines of pure-iron, Earth-like planets, and pure water are
displayed in brown, light-brown, and blue, respectively.

FGK stars.

The proposal has been accepted for the period 109 (April-September 2022) for a total of
63 hours. The target list is composed of TOI-4342, TOI-4336, TOI-870, and TOI-4364. We
aim to obtain accurate (≲20%) mass measurements and constrain their orbital parameters. The
expected RV semi-amplitude of the targets are ∼1.5-3 m/s and given the faintness of our tar-
gets (V∼12-13.6) these signals are only obtainable with the high precision of ESPRESSO and
large collecting area of the 8.2 m VLT. All our targets have been vetted for asteroid crossing,
contamination by nearby eclipsing binaries, and systematic errors from light curves processing.
Additionally, all but one (which will be) of our targets have been spectroscopically vetted with
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1-2 m class telescopes to further screen out false positives. Our targets have radii of 2-3 𝑅⊕

and orbital periods of 5 - 81 days including a multi-planet system holding two sub-Neptunes
with periods of 5.5 and 10.7 days. We will model the planet compositions and their implic-
ations on formation models to further understand the unique planet formation around M-dwarfs.

The scientific goals of this ESPRESSO program are partly overlap with the objectives of
Near Infra-Red Planet Searcher (NIRPS, Bouchy et al. 2017), which currently is under com-
missioning. NIRPS is an Echelle spectrograph equipped with adaptive optics with a resolution
of at least 80000 that will deliver RV precision below 1 m/s. It will operate in the infrared, as
this is the range of wavelengths emitted by M-dwarfs, and will focus on the characterization
of low-mass planets, including rocky planets in the habitable zone. The Front-End has already
been installed and tested, and the fiber link was recently integrated in November 2021. The
shipment of the Back-End is expected for January, and the first light is scheduled for June 2022.

2.3.3 Long Term Follow Up of planets in the Neptune desert with CORALIE

CORALIE (Queloz et al. 2000) is a high-resolution echelle spectrograph on the Swiss 1.2m
Euler telescope, located at La Silla Observatory in Chile. It is fed by a 2” fiber and has a spectral
resolution of R∼60000. The instrument can reach a precision of 3 ms−1 for bright stars.

This program focuses on the study of planets in the Neptune desert. The hot Neptunian
desert refers to a deficiency of Neptune-like planets close to their host stars (see Figure 2.14),
and it is one of the key signatures of the planet population. The existence of the desert
was first proposed by Szabó & Kiss (2011), who found a lack of intermediate mass planets
(0.02<M𝑝<0.8M𝐽 ) with orbital period below 2.5 days. The physical mechanisms that result in
the Neptunian desert are still unknown, and have been the subject of intensive research (e.g.
Beaugé & Nesvorný 2013; Mazeh et al. 2016; Owen & Lai 2018; McDonald et al. 2019). Since
short-period planets are easier to detect, and we can observe planets at smaller masses and
longer periods, the desert cannot be an observational bias. Photoevaporation driven by high-
energy radiation is expected to have dramatic consequences on the evolution and properties of
the Neptune population, and it has been suggested as a mechanism to strip the H/He envelopes
from Neptune-like planets (Baraffe et al. 2006; Jackson et al. 2010; Lopez & Fortney 2013;
Chen & Rogers 2016). This mechanism involves the photoionization of hydrogen from the
absorption of X-rays and extreme ultraviolet radiation (XUV) and occurs at atmospheric pres-
sures of around a nano bar where a H/He-rich atmosphere becomes optically thin to the XUV.
This process can produce a hydrodynamic escape of the H/He in the atmosphere. However,
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a study by Owen & Lai (2018) finds that photoevaporation alone cannot explain the Neptune
desert, as planets more massive than 0.5M𝐽 can resist photoevaporation even at extremely short
orbital periods. The latest consensus is that the desert arises due to a combination of tidal
disruption and photoevaporation, with photoevaporation being primarily responsible for the
lower boundary and tidal disruption for the upper boundary of the desert.

In addition, disk driven migration may also play a significant role in the formation of all
close-in planets (Ida & Lin 2008; Mordasini et al. 2009). High eccentricity migration by the
Lidov-Kozai mechanism may explain the existence of hot Jupiters, pumping the planet into a
very eccentric orbit as a result of gravitational interactions with other planets or a distant stellar
companion, followed by tidal dissipation that makes the planetary orbit circular (Petrovich
2015; Anderson et al. 2016; Muñoz et al. 2016).

The goal of this project is to perform a long-term follow-up of planets in the Neptunian
desert to find an outer companion and/or improve the RV fit and refine the planetary parameters.
The NCORES program for HARPS led by D. Armstrong (further discussed in Section 2.3.1)
focuses on the same parameter space, so eventually, we also may use this program to vet targets
that will later be characterized by HARPS. The target list was built in August 2021 following
the following criteria:

• We prioritize strongly irradiated planets or planets orbiting very close to the host star.
Even if the insolation is more directly linked to the physical state of the planet, planets
orbiting close to the star are also interesting in the framework of planetary migration.

• We select planets with minimum RV semi-amplitude of∼8m/s. Semi-amplitude is higher
than ∼15m/s are preferable, since it may be possible to refine the parameters of the inner
planet with CORALIE alone.

• We prioritize targets with already a large time span of RV data with CORALIE and/or
HARPS.

• We exclude targets with V-magnitude larger than 12.

We select 19 targets, which are shown in Figure 2.14 and Table 2.3. Figure 2.14 shows the
radius against insolation and orbital period for our selected targets and the population of known
exoplanets from the NASA Exoplanet Archive. We note that most of our targets are inside or
on the border of the Neptune desert in the radius-insolation diagram. Eight of them (TOI-849,
LTT-9779, K2-39, TOI696, TOI-954, TOI-132, TOI-824, and K2-290) are well inside the
Neptune desert. We note that some targets are not inside or in the border of the Neptune desert
in the radius-insolation space (e.g., LP 714-47, TOI-181, WASP-29), but they are located in
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the border of the desert the in radius-orbital period. We note that all selected planets have
higher radii than ∼ 3R⊕ since CORALIE does not have the precision to characterize smaller
planets. This means that our planets are mainly located in the transition from Neptune-like to
Saturn-like planets.

This program started running in September 2021, with an allocated time of six hours per
month. Among the 19 targets we made a selection of 11 high priority targets based on the
amount of available data, time span, luminosity, semi-amplitude and position in the Neptune
desert. The high priority targets are in the top part of the Table 2.3. Among the high priority
targets, we selected 6 that were observable, and observed each of them every two weeks with
thirty minute exposures. The observed targets have changed due to their observability. Ten
targets have been observed to date: WASP 166, WASP 29, TOI-954, TOI-618, TOI-969, TOI-
118, TOI-181, K2-39, and TOI-824.

Among the observable targets, a selection of the six most promising targets was made
among the observable ones, and each of them was observed every two weeks with thirty
minutes exposures. The observed targets have changed due to their observability. Ten targets
have been observed to date: WASP 166, WASP 29, TOI-954, TOI-618, TOI-969, TOI-118,
TOI-181, K2-39, and TOI-824. TOI-618 and TOI-969 have a clear additional signal that
requires long term monitoring. The RV time-series of TOI-618 is shown in Figure 2.15. The
period of the outer companion is not well constrained because the available data do not cover a
full period. We note that the CORALIE data is in agreement with HARPS, and the mass of the
outer companion is in the giant planet regime (6±1M𝐽 ). On the other hand, the RV time-series
of TOI-969 is shown in Figure 2.16. The outer companion has an estimated mass of 10±2M𝐽

and its period is also not constrained yet. We find an additional significant signal at 12 days.
This could be due to stellar activity since we find some correlation of the RV data with the
bissector. These two targets are promising and we will continue monitoring them.
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Figure 2.14: Radius against insolation (top) and against period (bottom) with the
targets selected for the Long-Term Follow-Up of Planets in the Neptune Desert for
CORALIE. The size of the stars is proportional to the semi-amplitude of the planets,
and the color indicates the V-magnitude. In light-gray we show the population of
detected exoplanets from the NASA Exoplanet ARCHIVE.
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Table 2.3: Target selection for the Long Term Follow-Up of Planets in the Neptune
Desert for CORALIE. The three planets without RV amplitude correspond to not
published planets. The top part of the table shows the high priority targets.

Star Ins [S⊕] P [d] R [R⊕] V [mag] K [m/s] Sp.
Type

Time
Span
[yr]

Nb.
Obser.

K2-39 1168 4.61 6.27 10.83 14.40 K 5.4 8

TOI-954 1386 3.68 9.54 10.30 20.70 G 2.4 8

TOI-824 397 1.39 2.92 11.13 13.20 K 2.5 5

TOI-118 219 6.04 4.71 9.81 6.14 G 3.4 8

WASP-
156

147 3.83 5.71 11.60 18.61 K 7.3 8

WASP-
29

164 3.92 8.88 11.30 35.54 K 12.4 9

HAT-P
26

162 4.23 6.32 11.74 8.46 K 12.1 2

TOI-181 124 4.53 6.35 11.19 - K 3.2 9

TOI-969 1403 1.82 8.00 11.65 - K 1.2 6

TOI-618 961 7.76 8.71 10.70 - F 2.2 3

TOI-567 434 5.44 7.05 9.36 10.47 G G 0

TOI-849 2477 0.76 3.44 11.98 28.64 G 2.5 0

TOI-132 912 2.11 3.43 11.30 11.38 G 2.8 0

LTT
9779

2368 0.79 4.72 9.76 19.67 G 1.4 0

K2-290 379 9.21 3.06 10.02 <3.3 M 3.4 0

TOI-197 343 14.27 9.36 8.15 14.07 K 3.2 0

TOI-685 220 11.63 9.52 10.61 18.80 G 2.5 0

HD
89345

221 11.81 6.85 9.40 9.47 G 4.1 0

LP 714-
47

43 4.05 4.69 10.07 17.53 K 2.4 0



88 Chapter 2. Demography of Exoplanets

-150

-100

-50

0

50

100

8800 8900 9000 9100 9200 9300 9400 9500 9600

Δ
R

V
 [

m
/s

]

Date (BJD -2,450,000.0) [d]

Figure 2.15: RV time series of TOI-618. The purple dots correspond to CORALIE
data, and the yellow to HARPS data.
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Figure 2.16: RV time series of TOI-969. The purple dots correspond to CORALIE
data, and the yellow to HARPS data.
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Linking Theory and Observations

In the previous chapter we have seen that over the last years the number of planets with precise
mass and radius measurements has substantially increased, allowing us to identify multiple
planet populations. Characterizing the detected exoplanets (i.e. determining their structure and
composition) is one of the main foci of current exoplanetary science, but it is not an easy task.
Unlike in most scientific domains where samples can be studied in situ in a laboratory, the
structure and composition of an exoplanet is not directly accesible to us. The only planetary
layer that can be probed is the atmosphere, using transmission spectroscopy. However, direct
measurements of atmospheres are still limited to a small number of planets.

In most cases there are only four main observables that allow us inferring the planetary
structure and composition: the planetary mass, the planetary radius, its distance to the host star,
and the luminosity of the host star. The mass and radius provide the bulk density of the planet,
while the its semi-mayor axis and stellar luminosity determines its incident stellar irradiation.
The bulk density can be used as a first indication of the planetary composition. Dense planets
are more likely to be rocky and rich in refractory materials, while less dense planets are likely to
host a layer of volatile materials. However, determining the internal structure and composition
is extremely challenging as a consequence of intrinsic degeneracy because several compositions
can lead to identical bulk density (e.g. Rogers & Seager 2010; Lopez & Fortney 2014; Dorn
et al. 2015, 2017; Lozovsky et al. 2018; Otegi et al. 2020b). In this chapter we discuss the
planetary model and statistical approach used to infer the planetary structure and composition
from observable quantities, and present several published applications.

89
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3.1 Inferring the interior structure from the observed mass and
radius

3.1.1 Our planet model

In this first section we will describe the physical models used to solve the planetary structure.
These physical models describe the density and compositional properties of the materials in the
planetary layers. In the literature there are numerous physical models describing the internal
structure of exoplanets, and some of them have been presented in Section 1.2.1.3. These models
usually do not differ in the way in which the internal structure equations are solved, but in the
physical models they use to describe the interior of the exoplanets. Figure 3.1 shows a schematic
view of our interior structure model and the different concentric layers that compose it: an iron
core, silicate mantle, water layer, and an atmosphere.

I started using the internal structure model presented in Dorn et al. (2015) and Dorn et al.
(2017), but during the Ph.D. I introduced several updates, together with Caroline Dorn and
Jonas Haldemann. In this section I will describe the most relevant modifications implemented
to the initial internal structure model.

Core

Fe, FeS Al2O3, CaO, NaO2

Mantle

Water

H2O

Atmosphere

H, He, H2O
SiO2, MgO, FeO,

Figure 3.1: Schematic representation of the interior structure model with its four
concentric layers: iron core, silicate mantle, water layer, and the atmosphere.
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3.1.1.1 Core

In Dorn et al. (2017) the core is assumed to be completely made of iron, and its structure is
calculated using the EoS of Bouchet et al. (2013). They used ab initio molecular dynamics
simulations to calculate the EoS of iron in the solid phase for both face-centered cubic (fcc)
and body-centered cubic (bcc) forms up to ∼1.5TPa. Later, Hakim et al. (2018) developed
a new EoS of hexagonal close packed (hcp) iron based on density functional theory results.
These new EoS are adapted for super-Earth conditions, and they are valid for pressures up to
∼137TPa. We therefore implemented these new EoS in our structure model.

We also implemented the possibility of adding FeS in the core. Since it is still unknown
which lighter elements are present in exoplanets’ cores, in our model sulphur accounts for other
elements with may reduce the density of the core. We use the EoS of FeS from Hakim et al.
(2018), and assume that it is uniformly distributed in the core (Valencia et al. 2007). The
mixture between Fe and FeS is based on the so called additive volume law, and therefore it does
not take into account the interactions between them.
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Figure 3.2: Relative radius difference between cores calculated with different models.
The reference model is a pure iron core calculated with the EoS of Hakim et al. (2018).
The blue line corresponds to the difference with respect to a pure iron core calculated
with the EoS from Bouchet et al. (2013), and the red line with respect to an iron core
with a molar fraction of sulfur of 𝑋𝑆=20%.

Figure 3.2 shows the relative difference in radius between cores calculated with different
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models. The reference model is a pure iron core calculated with the EoS of Hakim et al. (2018).
The relative difference is calculated as follows:

𝛿𝑅 = 100
(
1 − 𝑅

𝑅Hakim et al. (2018)

)
(3.1)

We see that the difference of the iron core radius calculated with Bouchet et al. (2013) with
respect to Hakim et al. (2018) is nearly 2% for cores of 50M⊕. We also note that the difference
is below 0.3% for cores less massive than 5M⊕. The figure also shows the difference of the
iron core radius with a molar fraction of sulphur of 20% with respect to a pure iron core. We
use a sulphur molar fraction of 20% because it is close to the concentration of 20% FeS used in
Valencia et al. (2007) and the maximum concentration of 19% that can be modelled by the EoS
in Ichikawa & Tsuchiya (2020). We see that variation of the radius of the core when introducing
a 20% of sulphur is of ∼1.7% at low masses and ∼3% at 50M⊕.

3.1.1.2 Mantle

The silicate mantle is computed following Dorn et al. (2015), and no major changes were
implemented. The constituents of the mantle layer are assumed to be SiO2, MgO, FeO,
CaO, Al2O3, or NaO2. The stable minerals at a given pressure, temperature and composition
are calculated by Gibbs energy minimization using the Perple_X code presented in Connolly
(2009) and the thermodynamical model of Stixrude & Lithgow-Bertelloni (2011). The thermal
gradient in the mantle is fixed by the adiabatic gradients on the Earth’s mantle. For more details
on the model we refer to Dorn et al. (2015).

3.1.1.3 Water layer

The phase diagram of water is highly complex, and contains multiple ice phases and a variety
of transition points depending on temperature and pressure. For this reason, water EoS usually
only cover certain parts of the pressure-temperature space. Dorn et al. (2017) computes the
structure of the water layer using the quotidian equation of state (QEOS Vazan et al. 2013),
which combines the Cowan ion EoS with the Thomas-Fermi model for electrons and treats
H2O as a mixture of atoms. Above 44.3GPa, the tabulated EoS of Seager et al. (2007) are used,
which are derived from density functional theory simulations. This approach has proven to be
in agreement with the widely used analytical equation of state (ANEOS Thompson & Lauson
1972).



3.1. Inferring the interior structure from the observed mass and radius 93

0.1 1 10 50
Mass [M ]

-20

-10

0

10
 

R 
[%

]

Tsurf=300K
Tsurf=500K
Tsurf=1000K

Figure 3.3: Relative radius difference between water dominated planets (50% H2O,
25% mantle and 25% core) using QEOS from Vazan et al. (2013) compared to using
AQUA EoS from Haldemann et al. (2020). Different colors represent different surface
temperatures.

However, recently Haldemann et al. (2020) combined several EoS valid in localised regions
of the parameter space to form a continuous EoS spanning a very wide range of pressures
(0.1Pa to 400TPa) and temperatures (150K to 105K). The description of the ice phases at low,
intermediate and high pressures is obtained combining the water EoS of Mazevet et al. (2019),
Feistel & Wagner (2006), Journaux et al. (2020), and French & Redmer (2015). The liquid and
gas phases at low pressures are modeled with the EoS from Wagner & Pruß (2002) and the high
temperature low pressure regime with the CEA package (Gordon et al. 1984). The resulting
EoS are called AQUA and are accesible onlinea. The strength of the AQUA EoS resides on
large range of thermodynamical values at which they are valid. We therefore implemented
these EoS on our internal structure model.

The impact of choosing AQUA EoS for the water layer instead of the QEOS from Vazan
et al. (2013) is shown in Figure 3.3. It shows the relative radius difference between water
dominated planets (also called ocean planets), with 50% H2O, 25% mantle and 25% core using
QEOS from Vazan et al. (2013) compared to using AQUA EoS. We see that the choice of the

ahttps://github.com/mnijh/aqua
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water EoS can have a very significant impact, with a relative difference of nearly 10% for warm
planets with masses between ∼1M⊕ and ∼10M⊕. We also note that AQUA tends to provide
larger radii than QEOS.

3.1.1.4 Atmosphere

The atmospheric model in Dorn et al. (2017) assumes and envelope with an elemental com-
position of H, He, C, and O, which are basic for the formation of fundamental molecules in
the atmosphere as H2, CO, CO2, or CH4 (Lodders & Fegley 2002b; Visscher & Moses 2011;
Madhusudhan 2012; Heng & Lyons 2016). It uses the Chemical Equilibrium with Applications
(CEA) package (e.g. Gordon et al. 1984) for the EoS, with calculates the chemical equilibrium
for an arbitrary gas mixture. For the energy transport, the model presented in Jin et al. (2014)
is used, which assumes an irradiated atmosphere at the top of the atmosphere. We also incor-
porated the possibility of modeling a volatile layer with H, He and H2O using the analytical
equation of state (ANEOS Melosh 2007), which is one of the most widely EoS in planetary
science.
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Figure 3.4: Relative radius difference between 5M⊕ planets with H-He envelopes
calculated with EoS from Chabrier et al. (2019) (as reference) and Saumon et al. (1995)
against the equilibrium temperature of the planet. The different colors correspond to
different H-He mass fractions. The core of the planet is made of 50% iron core and
50% silicate mantle.

When restricted to a pure H-He gas layer (𝑍𝑒𝑛𝑣=0), Dorn et al. (2017) uses the EoS of
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Saumon et al. (1995). However, recently Chabrier et al. (2019) presented a new EoS for dense H-
He mixtures covering a large range of densities, pressures and temperatures. These EoS combine
of Saumon et al. (1995) in the low density and temperature regime with EoS from Chabrier &
Potekhin (1998) in the high density and temperature domain. In the intermediate density and
temperature regime it uses ab initio quantum molecular dynamics (QMD) calculations. The
tables are publicly available, and we implemented them in our atmospheric model.

Figure 3.4 compares the relative radius difference between 5M⊕ planets with H-He envel-
opes calculated with the EoS from Saumon et al. (1995) and from Chabrier et al. (2019). The
comparison is made for planets with different H-He mass fractions. We see that the difference
for a planet of 5M⊕ and 1% of H-He in mass is ∼1.3% for equilibrium temperatures higher
than 500K. We also note that at low temperatures (<400K) the difference is larger for planets
with large volatile envelopes, while at higher temperatures (>400K) the difference is larger for
planets with smaller envelopes. In any case, over the range of H-He fractions and equilibrium
temperatures tested the difference between the two EoS is not very significant (<1.5%) and not
measurable.

An important assumption when calculating the planetary structure is the luminosity of the
planet. A recent study by Mordasini (2020) presented planetary evolution models that can be
used to model the cooling of exoplanets after their formation. Indeed, after their formation,
exoplanets retain a certain amount of heat and, in addition, the continuous decay of radiogenic
elements heat the planet. Therefore, the internal luminosity is function of time and the planet
composition. We use the relation given in Mordasini (2020) and calculate the internal luminosity
as follows:

𝐿

𝐿𝐽

= 𝑎0 + 𝑏1

(
𝑀𝑇 − 𝑀𝐻−𝐻𝑒

𝑀⊕

)
+ 𝑏2

(
𝑀𝑇 − 𝑀𝐻−𝐻𝑒

𝑀⊕

)2

+𝑐1

(
𝑀𝐻−𝐻𝑒

𝑀⊕

)
+ 𝑐2

(
𝑀𝐻−𝐻𝑒

𝑀⊕

)2 (3.2)

where 𝑀𝑇 and 𝑀𝐻−𝐻𝑒 are the total mass of the planet and the mass of the H-He envelope,
respectively. the parameters 𝑎0, 𝑏1, 𝑏2, 𝑐1, and 𝑐2 depend on the age of the planet and are
given in Table A.1 of Mordasini (2020). The relation was obtained by modeling exoplanets
with masses between 1M⊕ and 40M⊕, taking into account the cooling and contraction of the
core and envelope together with the radiogenic luminosity (Mordasini et al. 2012).
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3.1.1.5 Atmospheric structure with MESA:

As mentioned before, the atmospheric radiative model in Dorn et al. (2017) is based in Jin et al.
(2014), for which the analytic irradiation model of Guillot (2010) is adopted. The opacities in
Guillot (2010) are free parameters, and Jin et al. (2014) calibrates them for different equilibrium
temperatures. This way they reproduce results from more sophisticated atmospheric models in
which a wavelength-dependent opacity function is used while solving the radiative equilibrium
(e.g. Fortney et al. 2008a; Parmentier et al. 2013). Dorn et al. (2017) follows this approach, and
interpolate the opacities for a given equilibrium temperature from Table 2 in Jin et al. (2014).
By doing this they aim to mimic the fundamental physics underlying atmospheric absorption
and re-irradiation and a more simple and numerically inexpensive way.

Even if our atmospheric model for a pure H-He envelope is reasonably reliable with the
use of state-of-the-art EOS from Chabrier et al. (2019), when we model heavy elements we
use either ANEOS (Melosh 2007) or EoS from Saumon et al. (1995) with fitted opacities from
Jin et al. (2014). Recently Müller et al. (2020) (M20) developed a EoS model in Module for
Experiments in Stellar Astrophysics (MESA Paxton et al. 2010; Paxton et al. 2013, 2018) code
to properly model the mixture of H-He and water. MESA is an open stellar evolution software
that can construct a model for the interior of a star and evolve it over time. One of the main
advantages of MESA resides in its versatility, and it has recently been adapted to model the
evolution of planets (Müller et al. 2020; Valletta & Helled 2020). The EoS implemented by
M20 combines the EoS from Chabrier et al. (2019) for H-He and QEOS (More et al. 1988)
for water. In addition, MESA provides the option of using the Rosseland mean opacity values
from Freedman et al. (2014), which are more rigorous and reliable than the extrapolated values
in Jin et al. (2014).

We therefore implemented MESA’s atmospheric model to our interior models. In addition
to providing a better treatment of the gas opacities, it also gives access to a large database of
modules and functionalities that can be easily added, and it allows to simulate the evolution of
the planet. In Figure 3.5 we see a comparison between the results using ANEOS and MESA
for a planet of M=15M⊕, T𝑒𝑞 = 300, and Z=0.5. We model three planets, with H-He mass
fractions of 5%, 10%, and 15%, while the rest of the planets is half core and half mantle in
mass. The Outer Boundary Condition (OBC) is set to where the optical depth becomes 2/3.
We see on the top panel that the radius of the planet in MESA stabilizes at ∼300Myr, and that
the radius obtained are ∼10% higher. In the middle and bottom plot we see internal profiles of
the planets computed with ANEOS and with MESA after 2000Myr. Even if both approaches
use the usual Schwarzschild criterion to distinguish between convective and radiative layers,
we can see in the bottom plot that they do not provide consistent outputs. Even if the outer
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layers of the atmosphere with MESA is more dense, its inner layers are hotter and, therefore, it
results in a more expanded planet.

This is preliminary work, and so far we have only tested our forward model with MESA’s
atmospheric model. More testing is needed before implementing it to the Bayesian inference
scheme with Nested Sampling, to fully understand the differences with our current model.
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Figure 3.5: Comparison between atmospheric models using ANEOS (dashed lines)
and MESA’s (solid lines) atmospheric models for a planet of M=15M⊕ , T𝑒𝑞 = 300,
and Z=0.5. We model three planets, with H-He mass fractions of 5%, 10%, and 15%,
while the rest of the planets is half core and half mantle in mass. The OBC is set to
where the optical depth becomes 2/3. The top panel shows the evolution of planetary
radius over time, while the middle and bottom panels shown the interior density and
pressure-temperature profiles, respectively.
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3.1.2 Solving the structure

The planet’s internal structure is calculated by solving the equations of mass conservation,
hydrostatic equilibrium, thermal transport, and energy conservation (see Section 1.2.1.1 more
more details). In Dorn et al. (2017), these equations are integrated from the outer boundary
to the inside. An illustration of the planet model and how the structure equations are solved is
shown in Figure 3.6. First the structure of the volatile layer is calculated, followed by the water
layer, silicate mantle, and metallic core. However, to start integrating from the outside some
boundary conditions are needed. In our chosen setup he masses of the different layers is given as
an input, but the pressures in the center (P𝑐𝑒𝑛𝑡 ) and between layers (P𝐶𝑀𝐵, P𝑀𝑊𝐵, P𝑠𝑢𝑟 𝑓

𝑠𝑜𝑙𝑖𝑑
) are

needed for the integration (𝐶𝑀𝐵 and 𝑀𝑊𝐵 refer to Core-Mantle Boundary and Mantle-Water
Boundary, respectively). Previously these pressure estimations were fixed, but now we use the
approximate analytic solutions of the dimensionless equations of planetary structure presented
in Seager et al. (2007) to approximate them. We therefore have the following:
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Figure 3.6: Illustration of the planet structure in our model. The arrow indicates the
direction in which structure equations are solved.
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𝑝

(𝑅guess
P )4

(3.3)

𝑃CMB = 𝑃cent −
2
3
𝜋𝐺

𝑀2
solid

(𝑅guess
solid )4

(3.4)

𝑃MWB = 𝑃cent −
2
3
𝜋𝐺

𝑀2
core

𝑅4
core 𝑃cent

(3.5)

𝑃surf
solid = 𝑃cent −

2
3
𝜋𝐺

(𝑀core + 𝑀core)2

(𝑅core + 𝑅mantle)4 𝑃cent
(3.6)

The radii of the core, mantle and water layer are estimated using M-R relations. We draw
composition lines corresponding to a pure iron core using EoS of Hakim et al. (2018), silicate
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mantle with Earth-like abundances, and pure water line with the AQUA EoS from Haldemann
et al. (2020). We them fit the M-R relations using a total least squares method and assuming a
dependence of R=AM𝐵. We get the following results:

𝑅core = 0.808 𝑀0.247
core (3.7)

𝑅mantle = 1.061 𝑀0.266
mantle (3.8)

𝑅water = 1.403 𝑀0.261
water (3.9)

We therefore use the following guesses for the solid and total radii:

𝑅
guess
solid =

𝑀core

𝑀P
0.808 𝑀0.247

solid + 𝑀mantle

𝑀P
1.061 𝑀0.0.266

solid + 𝑀water

𝑀P
1.403 𝑀0.261

solid (3.10)

𝑅
guess
P =

𝑀core

𝑀P
0.808 𝑀0.247

P + 𝑀mantle

𝑀P
1.061 𝑀0.0.266

P + 𝑀water

𝑀P
1.403 𝑀0.261

P (3.11)

After integrating the internal structure we obtain as an output the solid radius (𝑅′
solid). We

use a shooting method (Keller 1992) to address this problem, which consist in guessing the
missing values at one boundary, then integrate to the other boundary, and check if the values
obtained through integration are within a given tolerance. So after the first integration we repeat
the same process using 𝑅guess

P = 𝑅′
solid. We then repeat the process until the difference between

𝑅
guess
P and the resulting 𝑅′

solid is below the tolerance.

3.1.3 Bayesian Inference with Nested Sampling

For the interior characterization we use a Bayesian inference method, which computes the
posterior probability distribution function for each model parameter from the observational
data. Since the posterior distribution cannot be derived analytically, a Monte Carlo sampling
method is needed to sample the prior parameter space and evaluate how well each candidate
model fits the data. In Dorn et al. (2017) a MCMC algorithm based on a Metropolis-Hastings
method is used to exoplore the posterior distribution. We replaced this approach by a nested
smapling scheme (Skilling 2004). This Monte Carlo technique can efficiently evaluate the
Bayesian evidence and produce posterior probability distributions. Its main strengths with
respect to the previous MCMC technique are the higher efficiency and the small amount of
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problem-specific tuning required. We integrated the nested sampling scheme to the interior
model using the PyMultiNest package (Buchner et al. 2014).

This sampling scheme is controlled by two main parameters: the number of live points
and the maximum efficiency parameter. The number of live points needs to be large enough
to properly sample the parameter space, for which we typically use a recommended value of
1000. The maximum efficiency controls the sampling volume at each iteration, which is equal
to the sum of the volumes enclosing the active point set. We set it to 1 to obtain the maximum
efficiency.

As already mentioned, the composition of the planets are given by the masses of the iron
core, mantle layer, water layer, and H-He envelope. The composition of the core is determined by
the FeS fraction, and the mantle composition is given by the Mg/Simantle, Fe/Simantle, Al/Simantle,
Ca/Simantle, and Na/Simantle fractions. The water layer is considered to be pure H2O and for
the atmosphere the metallicity 𝑍 , and the irradiation temperature Tirr are used to model the
atmospheric structure. We generally fix the Mg/Simantle, Fe/Simantle, Al/Simantle, Ca/Simantle, and
Na/Simantle fractions, 𝑍, and T𝑖𝑟𝑟 , and only let the layer masses vary. For the nested sampling
algorithm we assume uniform prior distributions on the layer masses from 0 to the total planet
mass. However, we would like to emphasize that for a given target planet, depending on the
scientific question, a different choice of priors might be necessary. The set of prior presented
here is one possible way of setting up the analysis but not the only one.

We use the total mass and total radius of the planet as data variables. In some cases
we also use the bulk Mg/Si and bulk Fe/Si fractions as data, and in this case the Mg/Simantle

and Fe/Simantle fractions are also varied, assuming a uniform prior. The total radius and the
bulk Mg/Si and Fe/Si fractions are an outcome of the structure model, while the total mass is
calculated as the sum of the layer masses. In Table 3.1 we show the model parameters, their
priors, and the data variables used in the Bayesian inference. In some cases, when the stellar
abundances are known, they can be used as a proxy for the bulk abundances of the planet (Dorn
et al. 2015; Adibekyan et al. 2021). In this cases, we set the Fe/Si and Mg/Si ratios of the
mantle as free parameters.
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Table 3.1: Summary of model parameters, priors, and data.

Model Param. Priors Data
𝑀𝐶𝑜𝑟𝑒 U(0, 𝑀) Total Mass
𝑀𝑀𝑎𝑛𝑡𝑙𝑒 U(0, 𝑀) Total Radius
𝑀𝑊𝑎𝑡𝑒𝑟 U(0, 𝑀) Bulk Fe/Si
𝑀𝐻−𝐻𝑒 U(0, 𝑀) Bulk Mg/Si
𝜒𝑆 const.
𝐹𝑒/𝑆𝑖𝑀𝑎𝑛𝑡𝑙𝑒 const. or U(0, 2𝐹𝑒/𝑆𝑖⊙)
𝑀𝑔/𝑆𝑖𝑀𝑎𝑛𝑡𝑙𝑒 const. or U(0, 2𝑀𝑔/𝑆𝑖⊙)
𝐴𝑙/𝑆𝑖𝑀𝑎𝑛𝑡𝑙𝑒 const.
𝐶𝑎/𝑆𝑖𝑀𝑎𝑛𝑡𝑙𝑒 const.
𝑁𝑎/𝑆𝑖𝑀𝑎𝑛𝑡𝑙𝑒 const.
Z const.
𝑇𝑖𝑟𝑟 const.

3.2 Applications

In this section I will present the projects in which I have used our internal structure model.
These projects include a first author paper analyzing the influence of measured parameters on
the inferred internal structure of exoplanets, eight published discovery papers as co-author, and
two paper in preparation as co-author.

3.2.1 Impact of measured parameters of exoplanets on the inferred internal
structure

In this work we aimed to study several aspects that affect the internal characterization of super-
Earths and sub-Neptunes: observational uncertainties, location on the M-R diagram, impact of
additional constraints such as bulk abundances or irradiation, and model assumptions. One of
our main focuses in this work is to explore how the internal structure determination depends on
the observational uncertainties for exoplanets of different masses and radii. Figure 3.7 shows
the relative mass and radius error for the observed exoplanet population. They peak at ∼8% in
radius and ∼35% in mass, but they will decrease rapidly with new generation instruments. We
therefore how these observational improvements will help to constrain the internal structure of
exoplanets in different M-R regimes.

We find that a decrease in observational uncertainties for planets below the Earth-like com-
position line leads to a better determination of the core mass. In this density regime, planets
do not have a significant gaseous envelope and they require a large amount of iron. Then,
variation in the mass or radius distributions is reflected in the core mass, since there is no other
interior layer that can account for such high planet bulk densities. Similarly, we also find that a
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decrease in observational uncertainties for planets above the pure-water composition line leads
to a better determination of the atmospheric mass. The explanation is similar to the previous
one for dense planets: for a given mass, low-density planets require thick gaseous envelopes
to match the observed radius, and this significantly reduces the degeneracy. Unfortunately, the
transition between rocky planets and volatile-rich planets is strongly degenerated.

We also explore how uncertainties in the temperature gradient of the planet can lead to
radius uncertainties. Observational uncertainties are expected to decrease significantly in
the near future, and we consider that the importance of the theoretical uncertainty related to
model assumptions (e.g., envelope structure, and composition of the planetary layers) may soon
overcome the observational uncertainties.
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Figure 3.7: Distributions of the relative mass (left) and radius (right) uncertainties
for the 115 observed exoplanets less massive than 25M⊕ from the NASA Exoplanet
Archive. Figure taken from Otegi et al. (2020b).
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ABSTRACT

Context. Exoplanet characterization is one of the main foci of current exoplanetary science. For super-Earths and sub-Neptunes, we
mostly rely on mass and radius measurements, which allow us to derive the mean density of the body and give a rough estimate
of the bulk composition of the planet. However, the determination of planetary interiors is a very challenging task. In addition to
the uncertainty in the observed fundamental parameters, theoretical models are limited owing to the degeneracy in determining the
planetary composition.
Aims. We aim to study several aspects that affect the internal characterization of super-Earths and sub-Neptunes: observational uncer-
tainties, location on the M-R diagram, impact of additional constraints such as bulk abundances or irradiation, and model assumptions.
Methods. We used a full probabilistic Bayesian inference analysis that accounts for observational and model uncertainties. We em-
ployed a nested sampling scheme to efficiently produce the posterior probability distributions for all the planetary structural parameter
of interest. We included a structural model based on self-consistent thermodynamics of core, mantle, high-pressure ice, liquid water,
and H-He envelope.
Results. Regarding the effect of mass and radius uncertainties on the determination of the internal structure, we find three different
regimes: below the Earth-like composition line and above the pure-water composition line smaller observational uncertainties lead
to better determination of the core and atmosphere mass, respectively; and between these regimes internal structure characterization
only weakly depends on the observational uncertainties. We also find that using the stellar Fe/Si and Mg/Si abundances as a proxy
for the bulk planetary abundances does not always provide additional constraints on the internal structure. Finally we show that small
variations in the temperature or entropy profiles lead to radius variations that are comparable to the observational uncertainty. This
suggests that uncertainties linked to model assumptions can eventually become more relevant to determine the internal structure than
observational uncertainties.
Conclusions.

1. Introduction

Over the past few years, the characterization of planet interiors
has been the subject of extensive research. The large number
and diversity of discovered exoplanets has allowed us to identify
multiple planet populations. Among these, there is an increas-
ing interest in super-Earths and sub-Neptunes, which cover the
transition from terrestrial planets to gas giants and have no ana-
log in our solar system. Major improvements in observational
techniques allow for relatively precise measurements of mass
and radius. The precision of the planetary radius is limited by
the uncertainty of the stellar size, since the transit depth scales
as R2

P/R
2
∗. Recently Berger et al. (2018) presented revised radii

of more than 180 000 Kepler stars, leading to a remarkable im-
provement of the median radius precision. In some cases, space
missions can perform high precision photometry and asteroseis-
mology and can reach relative radius uncertainties of about 3%
(e.g., Hatzes 2016). In addition, the current most advanced spec-
trographs have radial velocity precision of 1m/s. This precision
was recently improved with instruments such as ESPRESSO
(Echelle Spectrograph for Rocky Exoplanets and Stable Spec-
troscopic Observations; e.g., Pepe et al. (2018) and references
therein), which is expected to have an accuracy close to 10 cm/s.
Therefore, a significant improvement in the mass determination

is also expected, allowing us to reach a relative uncertainty better
than 10%.

The masses and radii can be used to estimate the interior
structure and composition of a planet. However, determining the
internal structure is extremely challenging as a consequence of
intrinsic degeneracy because several compositions can lead to
identical mass and radius (e.g., Rogers & Seager 2010; Lopez
& Fortney 2014; Dorn et al. 2015, 2017; Lozovsky et al. 2018).
Furthermore, for a planet of given mass and composition, the
radius depends on several aspects such as the choice of equation
of state (EOS), the envelope structure (differentiated, fully
mixed, or with a compositional gradient), or the temperature.
This degeneracy is critical owing to the large number of free
parameters needed to model the interior of an exoplanet and the
few observational constraints. In order to determine how well
one interior model compares with the other possible models
that also fit the data and which structural parameters can be
constrained, Dorn et al. (2017) presented a generalized Bayesian
inference method to quantify the degeneracy and correlation of
the planetary structural parameters.

In this work we explore the limitations of constraining the
internal structure of super-Earths and sub-Neptunes (focusing on
planets with masses up to 25M⊕ and radii up to 3.5M⊕). We use
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a Bayesian inference analysis together with a nested dampling
technique (e.g., Skilling 2004) to discuss several aspects that
affect interior characterization: observational uncertainties, loca-
tion in the mass-radius (M-R) diagram, additional observational
constraints as bulk abundances, masses derived from published
M-R relationships for fixed radii, and the uncertainty related
to model assumptions. First, we study the influence of the data
uncertainty on the determination of the internal structure. In
Dorn et al. (2015), they quantified the information gained by
higher data precision. This study aims to show systematically
the effect of data uncertainty for a wide range of masses and
bulk densities (0.5 − 14.7 g.cm−3). Additional constraints are
crucial to reduce the degeneracy, and the assumption that
relative abundances of refractory elements (e.g., Fe/Si, Mg/Si)
of a planet are similar to that of its host star has been proposed
to reduce the existing degeneracy (e.g., Grasset et al. 2009; Dorn
et al. 2015). Several solar system and planet formation studies
have stated that there is a direct correlation between stellar and
planetary relative bulk abundances (e.g., Carter et al. 2012;
Lodders 2003; Drake & Righter 2002; McDonough & Sun
1995; Bond et al. 2010; Elser et al. 2012; Johnson et al. 2012;
Thiabaud et al. 2015; Wang et al. 2018). We explore under what
conditions interior estimates can be improved by constraints on
planetary bulk abundances taken from stellar proxies.

Most of the discovered exoplanets do not have measured
masses and radii, and published M-R relationships allow us to
estimate the mass for a given radius and vice versa. In addition,
M-R relationships describe the main properties of various classes
of exoplanets. Several studies have been dedicated to the inves-
tigation of the M-R relationship of observed exoplanets. The M-
R relationships are power laws of the type M = ARB and are
based on exoplanet data (e.g., Weiss et al. 2013; Weiss & Marcy
2014; Wolfgang et al. 2015; Bashi et al. 2017). Recently, Zeng
et al. (2016) inferred a semiempirical M-R relationship depend-
ing on the core mass fraction, followed by a detailed forecasting
model using a probabilistic M-R relationship via Markov chain
Monte Carlo (MCMC) (e.g., Chen & Kipping 2017). In addition,
in Otegi et al. (2019) we presented an updated exoplanet catalog
based on reliable, robust, and as much as possible accurate mass
and radius measurements of transiting planets up to 120 M⊕, and
we inferred two new empirical M-R relationships corresponding
to rocky and volatile-rich populations. We study inferred interior
parameters using the mass calculated from above-mentioned M-
R relationships.

Finally, we study how variations in the temperature profiles
lead to radius uncertainties comparable to observational uncer-
tainties. In this work, we assess the importance of the various
sources of uncertainty related to model assumptions and study
the effect of variations of the temperature profile on the plane-
tary radius, which has not been explored yet.

2. Method

2.1. Synthetic sample

We studied the internal structure of a sample of 20 synthetic
planets with different masses and radii up to 25M⊕ and 3.5R⊕
(listed in Table 1). We aim to better understand the transition
between rocky and volatile-rich exoplanets. Fulton et al. (2017)
found that there is a lack of planets with radii between 1.5R⊕ and

2R⊕, known as "evaporation valley" (e.g., Owen & Wu 2013;
Jin et al. 2014; Lopez & Fortney 2014), suggesting a transition
between the super-Earth and sub-Neptune populations. In
addition, in Otegi et al. (2019) we did a careful analysis to build
an exoplanet catalog as reliable as possible and we found a
transition region from rocky to volatile-rich exoplanets, which
corresponds to a mass in the range 5-25 M⊕, and a radius in the
range 2-3 R⊕. The M-R range covered by the synthetic planets
includes the transition between these two populations. Further-
more, more massive planets may have massive atmospheres in
which the effects of electron degeneracy pressure are significant,
and these are not accounted for in our atmospheric model.
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Fig. 1. Distributions of the relative mass (left) and radius (right) uncer-
tainties for the 115 observed exoplanets less massive than 25M⊕ from
the NASA Exoplanet Archive.

The 20 synthetic planets for our sample were chosen to
represent the properties of the exoplanet catalog presented in
Otegi et al. (2019), in which we presented a revisited exoplanet
catalog based on robust, reliable, and precise mass and radius
measurements for transiting exoplanets (with σM/M = 25%
and σR/R = 8%). This exoplanet catalog is dominated by
exoplanets for which the masses have been measured through
radial velocity, so it is dominated by relatively short-period
exoplanets. Exoplanets orbiting close to their host stars are
expected to have smaller atmospheres (lost through evaporation)
and therefore the sample used in this work may be biased toward
higher densities. Figure 1 shows histograms of the relative mass
and radius error for the observed exoplanets from the NASA
Exoplanet Archive 1. Currently, the distributions are peaked at
∼ 8% in radius and ∼ 35% in mass, but upcoming space and
ground-based missions are expected to improve these values
to a few percent. We used uncertainties of 3%, 5%, and 10%
in radius and 5%, 15%, and 30% in mass for our synthetic
planets to cover the range from the current most common
uncertainties to the smallest uncertainties. Figure 2 shows the
synthetic planets, the observed population exoplanets (from
our revisited catalog in Otegi et al. (2019)), and M-R curves
for idealized compositions of iron, Earth-like, and water ice.
The bulk densities of the synthetic planets cover the range from
the physically motivated high limit (pure iron) to the minimum
density of an observed exoplanet with a mass up to 20M⊕.

The irradiation has a significant effect on the interior struc-
ture determination of exoplanets with thick volatile envelopes.
The exoplanets belonging to the volatile-rich population in the
revisited exoplanet catalog of Otegi et al. (2019) are typically
irradiated with fluxes of few hundreds times the Earth flux. We
therefore used a default irradiation of 100F⊕ for the synthetic
1 exoplanetarchive.ipac.caltech.edu
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Fig. 2. M-R diagram with the synthetic planets used in the study (black dots). The black, blue, and light blue bars correspond to uncertainties of
5%, 10%, and 20% in mass and 3%, 5%, and 10% in radius, respectively. The crosses represent observed planets from the revisited catalog in
Otegi et al. (2019). The synthetic planets are plotted against the composition lines of pure-iron (brown), Earth-like (light brown), and water ice
(blue).

Table 1. Mass, radius, and bulk density of the synthetic planets.

Case Mass [M⊕] Radius [R⊕] Density [g/cm3]
A 1 1 5.51
B 1.2 1.8 5.73
C 9 1.5 14.7
D 6 1.5 9.8
E 3 1.5 4.9
F 10 2 6.9
G 7 2 4.8
H 4 2 2.8
I 25 2.3 11.4
J 15 2.3 6.8
K 10 2.3 4.5
L 5 2.3 2.3
M 25 2.9 5.7
N 12 2.9 2.7
O 8 2.9 1.8
P 4 2.9 0.9
Q 15 3.5 1.93
R 10 3.5 1.3
S 7 3.5 0.9
T 4 3.5 0.5

planets. The impact of the irradiation on the internal structure
determination is studied further in section 3.5.

2.2. Structure model

We used the structure model presented in Dorn et al. (2017),
which assumes a pure iron core, silicate mantle, pure water layer,

and H-He atmosphere. This model uses self-consistent thermo-
dynamics in the core, mantle, high-pressure ice, and water ocean.
However in this study we used EOS for hexagonal close packed
iron for super-Earth conditions presented in Hakim et al. (2018)
for the core density profile. These are based on density func-
tional theory results up to 137 TPa. Unlike Earth’s core (e.g.,
Badro et al. 2007), we did not consider the presence of light ele-
ments in the core.

The silicate mantle is assumed to be made of oxides
Na2O − CaO − FeO − MgO − Al2O3 − S iO2. Equilibrium
mineralogy and density were computed as a function of pres-
sure, temperature, and bulk composition by minimizing Gibbs
free energy (e.g., Connolly 2009). For the water layers, we
followed the approach presented in Sotin et al. (2010), which
uses a temperate Birch-Murnaghan EOS including thermal
corrections. The water can be in the solid, liquid, or super-
critical phase depending on the pressure and temperature. The
surface temperature of the water layer is set to be equal to the
temperature of the bottom of the gas layer.

For the gas layer, the equations of hydrostatic equilibrium,
mass conservation, and energy transport are solved. We assumed
an envelope with an elemental composition of H, He, C, and
O, which are fundamental for the formation of key atmospheric
molecules such as H2,CO,CO2, and CH4 (e.g., Madhusudhan
2012; Lodders & Fegley 2002; Visscher & Moses 2011; Heng
& Lyons 2016). We used the Chemical Equilibrium with
Applications (CEA) package (e.g., Gordon et al. 1984) for the
EOS, which performs chemical equilibrium calculations for an
arbitrary gaseous mixture. For the energy transport, we used
the model presented in Jin et al. (2014), where an irradiated
atmosphere is assumed at the top of the gaseous envelope.
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Within the envelope, the usual Schwarzschild criterion is used
to distinguish between convective and radiative layers. More
details on the structural model are found in Dorn et al. (2017).

2.3. Bayesian inference based on nested sampling scheme

For the interior characterization we used the Bayesian inference
analysis based on a nested sampling scheme using the PyMulti-
Nest package (e.g., Buchner et al. 2014). Bayesian inference
computes the posterior probability according to Bayes’ theorem,
which states that the probability for a fixed model parameter x
given a set of data d is given by

P(x|d) =
P(x) P(d|x)

P(d)
, (1)

where P(x) is the prior probability of x before the data is
observed, P(d) the Bayesian evidence, and P(d|x) the likelihood
function. The likelihood function represents the probability of
observing the data given the model parameter x, and is given by

P(d|x) =
1

(2π)N/2(
∏N

i=1 σ
2
i )1/2

exp(−1
2

N∑

i=1

(gi(x) − di)2

σ2
i

), (2)

where N is the number of data points, σi the uncertainties
of the ith datum, and g(x) the operator linking the model
parameters with the data, that is, d = g(x). Our posterior
probability distribution cannot be derived analytically, so we
used a nested sampling scheme (e.g., Skilling 2004). The aim of
Monte Carlo technique is to efficiently evaluate of the Bayesian
evidence, but also to produce posterior probability distributions.
The main strengths of nested sampling with respect to other
sampling methods are the small amount of problem-specific
tuning required and high efficiency.

In short, the nested sampling scheme works as follows. The
algorithm samples some number of live points randomly from
the prior P(x). The likelihood P(d|x) is evaluated at each of
these points. At each iteration the point with the lowest likeli-
hood Lmin is replaced by a new point sampled from the region
of prior with likelihood P(d|x) > Lmin, keeping the number of
live points constant. This process is continued until Bayesian
evidence reaches some specified value (typically 0.5 in log-
evidence). It produces a list of samples that can be used to pro-
duce marginalized posterior distributions. The sampling scheme
is controlled by two main parameters: the number of live points
and the maximum efficiency parameter. The number of live
points has to be large enough to adequately sample the param-
eter space, for which we used a recommended value of 1000.
The maximum efficiency controls the sampling volume at each
iteration, which is equal to the sum of the volumes enclosing the
active point set. We set it to 1 to obtain the maximum efficiency.

2.4. Parameters and priors

The composition of the planets are given by the masses of
the iron core, mantle layer, water layer, and H-He envelope.
As already mentioned we assume a pure iron core, the mantle
composition is given by the Mg/Simantle, Fe/Simantle, Al/Simantle,
Ca/Simantle, and Na/Simantle fractions. The water layer is consid-
ered to be pure H2O and for the atmosphere the metallicity Z, lu-
minosity L, and the irradiation temperature Tirr are used to model

the atmospheric structure. If not stated otherwise we fix the
Mg/Simantle, Fe/Simantle, Al/Simantle, Ca/Simantle, and Na/Simantle
fractions, Z, and Tirr while only the layer masses are varied. The
luminosity is scaled as L ∝ M2.76, which fits the Jovian planets
(e.g., LaViolette 2006).

For the nested sampling scheme we assumed a uniform prior
distributions on the layer masses from 0 to the target planets
mass. We would like to emphasize that for a given target planet,
depending on the scientific question, a different choice of priors
might be necessary. The set of prior presented here is one pos-
sible way of setting up the analysis but not the only one2. The
impact of different priors should be subject of further studies.

As data variables we chose the total mass and total ra-
dius of the planet, except in section 3.4 where we also use the
bulk Mg/Si and bulk Fe/Si fractions as data; in that case the
Mg/Simantle and Fe/Simantle fractions are also varied, assuming a
uniform prior. The total mass is calculated as the sum of all layer
masses. The total radius and the bulk Mg/Si and Fe/Si fractions
are an outcome of the structure model. In Table 2 we summarize
the model parameters, their priors, and the data variables.

Table 2. Summary of model parameters, priors, and data.

Model Param. Priors Data
MCore U(0,M) Total Mass
MMantle U(0,M) Total Radius
MWater U(0,M) Bulk Fe/Si
MH−He U(0,M) Bulk Mg/Si
Fe/S iMantle const. orU(0, 2Fe/S i�)
Mg/S iMantle const. orU(0, 2Mg/S i�)
Al/S iMantle const.
Ca/S iMantle const.
Na/S iMantle const.
Z const.
L const.
Tirr const.

3. Dependence of internal structure determination
on observational uncertainties

In this section we explore how the internal structure determina-
tion depends on the observational uncertainties for exoplanets
of different masses and radii fixing the irradiation to 100F/F⊕
and solar Fe/Si and Mg/Si abundances. In particular, we explore
how the posterior distribution of the internal parameters depend
on the observational uncertainty for the synthetic planets in
Table 1. An example is shown in Figure 3, in which the posterior
distributions of the internal parameters corresponding to a planet
of observed mass and radius of 6M⊕ and 1.5R⊕ with different
observational uncertainties are shown. The first four columns
show the posterior distributions of the iron core, mantle, water,
and atmospheric masses (output) renormalized by the sum, and
the last column shows the mass distribution of the planet (input).
The rows correspond to different observed radius uncertainties
and the colors to different observed mass uncertainties; black,
red, and green for 30%, 15%, and 5%, respectively. We find that
for a planet of 6M⊕ and 1.5R⊕ a decrease in the uncertainties
improves the determination of the core mass, but has a negli-

2 For example, we could also choose to sample the layer mass frac-
tions, instead of the layer masses, from the 3D probability simplex and
use a uniform prior on the total mass of the planet.
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standard deviation of the posterior distribution in logarithmic scale is
used.

gible effect on the determination of the other internal parameters.

In Figure 4 the standard deviation (σ) of the posterior distri-
butions of the internal structure parameters are shown versus the
mass uncertainty (∆M), for a radius of 1.5R⊕ and a mass of 6M⊕.
We aim to use this approach to explore what interior parameters
are better constrained when the mass precision is higher, keeping
the radius fixed with zero uncertainty. In this work we assume a

flat uniform distributed uncertainty for the planetary mass since
it simplifies the analysis and allows us to consider cases with
uncertainties close to 0. The equation ∆M = 0 shows the intrin-
sic degeneracy of the interior parameters when data uncertainty
is zero for a planet of 1.5R⊕ and 6M⊕. When ∆M increases, σ
of the core mass increases, meaning that this is the only tested
interior parameter that is sensitive to a change in observational
uncertainties. It is in agreement with what is shown in Figure
3 where we use a more realistic Gaussian distribution for the
mass and radius. It is interesting to note that the evolution of σM
with ∆M is nearly linear. The slope δσM/δ∆M contains very
valuable information: it indicates how much interior estimates
(i.e., layer mass fractions) can be improved by increasing data
precision (i.e., mass). Figure 5 shows these slopes δσM/δ∆M
of the core, mantle, water, and atmospheric masses for all syn-
thetic planets. The results allow us to differentiate three different
regimes, described in the following subsection.

3.1. Planets below Earth-like composition line

We refer to planets C and D (Table 1). For these planets, a
decrease of the observational uncertainties leads to a better
determination of the core mass. In this density regime, planets
do not have a significant gaseous envelope and they require
a large amount of iron. Then, variation in the mass or radius
distributions is reflected in the core mass, since there is no other
interior layer that can account for such high planet bulk densities.

As mentioned above, Figure 5 is constructed assuming
flat uniform error distributions for mass and radius. To check
whether the conclusions are also valid for more realistic dis-
tributions we compare the results using the Gaussian and flat
distributions, where σ of the Gaussian is equal to ∆M of the flat
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distribution. The obtained results with the flat distributions are
consistently slightly higher than with the Gaussian results, but
the general shape is nearly equal. Figure 6 shows σcore versus
observational uncertainties in mass and radius using Gaussian
distributions. It shows that σ does not decrease uniformly with
uncertainty and that the internal structure determination is more
sensitive to an improvement of data uncertainties when data

uncertainties are large. Furthermore, we find that a decrease
of the observed mass uncertainty is much more effective to
better determine the core mass than a decrease in the radius
uncertainty. This is because the core mass directly affects the
planetary mass, while its effect on radius is smaller.

3.2. Planets above pure-water composition line

We find that when a planet lies above the pure-water composition
line a decrease in the mass and radius uncertainties leads to a bet-
ter determination of the H-He envelope mass. The explanation is
similar to that discussed above for high-density planets: for a
given mass, low-density planets require thick gaseous envelopes
to match the observed radius, and this significantly reduces the
degeneracy. Therefore a change in the total mass/radius distribu-
tions has a direct impact on the properties of the gaseous enve-
lope (i.e., mass fraction, thickness).

The right panel of Figure 6 shows the σatm versus the
observational uncertainties in mass and radius for the low-
density synthetic planets with realistic Gaussian mass and
radius distributions. Interestingly, in this regime decreasing the
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Fig. 7. Illustration of the degeneracy in the intermediate density regime previously defined. The posterior distributions the internal parameters of
a planet with fixed radius of 2.3R⊕ and mass of 15M⊕ are shown The different colors represent different widths of the mass distribution.

radius uncertainty is more effective than decreasing the mass
uncertainty to constrain the atmospheric mass. This can be
understood by the fact that the atmospheric mass fraction of the
low-density planets in the synthetic sample is nearly negligible,
but the radius fraction is significant.

3.3. Planets between Earth-like and pure-water composition
lines

Finally, we find that planets with densities between the Earth-
like and pure-water composition lines are the most degenerate.
For these planets, decreasing the mass and radius uncertainties
does not improve the determination of any internal structure
parameter. Even when removing one compositional layer, there
is a substantial degeneracy among the other three. Figure 7
shows the posterior distributions the interior parameters of
a planet with fixed radius of 2.3R⊕ and mass of 15M⊕. The
different colors represent different widths of the total mass dis-
tribution. The posterior distributions of the internal parameters
do not cover the same region in the two-dimensional parameter
space. The posterior distributions only overlap when projecting
them into a one-dimensional histogram. Therefore, for these
planets it would be crucial to have additional information

that can further constrain the internal structure, such as as
atmospheric metallicity measurements from space missions
like ARIEL (Atmospheric Remote-sensing Infrared Exoplanet
Large-survey; e.g., Tinetti et al. (2016)) and JWST (James Webb
Space Telescope; e.g., Beichman & Greene (2018)).

3.4. Using stellar abundances as an additional constraint

As shown in Dorn et al. (2017), abundance constraints of
Fe/Si and Mg/Si from the host star can serve as a proxy for
the planet bulk abundance and can reduce model degeneracy.
This assumption reproduces the composition of the Earth (e.g.,
Javoy et al. 2010) and Mars (e.g., Khan & Connolly 2008),
but not the one of Mercury, for which a post-formation giant
impact scenario is often considered (e.g., Benz et al. 2007;
Chau et al. 2018). Thiabaud et al. (2015) used a chemical model
to link the composition of 18 synthetic stars with solar mass
and luminosity with the composition of the hosted planets, and
they found a close relation. Nevertheless, Wang et al. (2018)
showed that there are some differences for the Earth compared
to the Sun, and that volatilization trends in the bulk compo-
sition of exoplanets should be considered (e.g., Dorn et al. 2019).
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We next explore how the results are affected when assuming
that the stellar relative abundances reflect the planetary relative
abundances. We then use the bulk Fe/Si and Mg/Si as additional
constraints, and introduce two additional model parameters: the
Fe/Si and Mg/Si ratios in the mantle. The goal of this section
is to evaluate whether using the bulk abundances allows us to
improve the estimation of the internal structure using a more
detailed interior model. We find that using the bulk Fe/Si and
Mg/Si does not necessarily further constrain the planetary
internal structure when adding Fe/Si and Mg/Si ratios in the
mantle as free parameters. We assume a small uncertainty on
the bulk Fe/Si and Mg/Si of 3%. Figure 8 shows the standard
deviation of the core mass and mantle mass for a planet of
the intermediate-density regime in terms of the width of the
total mass distribution. In this case σmax − σ is displayed, so
that a higher value means that the interior parameter is better
constrained with respect to the reference, at which σ = σmax.
In the case of the chosen synthetic planets, when we introduce
the constraint of Fe/Siplanet = Fe/Sistar with Fe/Sistar < Fe/Si�,
their core mass fraction is better constrained. The lower
Fe/Sistar, the better the core mass gets constrained. Regarding
their mantle mass fraction, it is only better constrained when
Fe/Sistar < 1/2 Fe/Si�. Considering the bulk stellar abun-

dances mostly affects the core mass fraction determination. For
Fe/Sistar > 2 Fe/Si� the abundance constraints do not provide
additional information on the internal parameters for the tested
planets.

3.5. Sensitivity of atmosphere-rich planets to irradiation

The calculations presented above correspond to an irradiation
of 100F⊕. In this subsection we explore the sensitivity of the re-
sults to the assumed stellar irradiation. It should be noted that our
model does not include atmospheric evaporation and the effect of
the insolation is only reflected on the equilibrium temperature of
the planet. Figure 9 shows ∆σ/∆M of the envelope mass for
all the simulated planets versus the bulk density and atmosphere
radius for different assumed insolations. Clearly, there is a dif-
ference when changing the insolation for planets with relatively
large atmospheres. A higher insolation increases the temperature
of the H-He atmosphere, which leads to an expansion and a de-
crease in H-He layer density. In general, the atmospheric mass
can be better constrained for strongly irradiated planets.

Figure 9 shows whether an improvement in observational un-
certainties contributes to constrain the envelope mass depend-
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Table 3. Masses from published M-R relationships for different radii. O19-R: Otegi et al. (2019)–rocky population; O19-V: Otegi et al. (2019)–
volatile-rich population; W14: Weiss & Marcy (2014); W15: Wolfgang et al. (2015); C17: Chen & Kipping (2017); B17: Bashi et al. (2017).

O19-R O19-V W14 W16 C17 B17
1.5 R⊕ 3.64 M⊕ - 3.92 M⊕ 3.32 M⊕ 2.80 M⊕ 2.79 M⊕
2.5 R⊕ 21.24 M⊕ 7.4 M⊕ 6.30 M⊕ 8.32 M⊕ 6.66 M⊕ 7.05 M⊕
3.5 R⊕ - 12.59 M⊕ 8.62 M⊕ 15.25 M⊕ 11.77 M⊕ 13.00 M⊕

ing on the planetary density and irradiation. Planet O (M =
8M⊕,R = 2.9R⊕) has a null ∆σ/∆M for Earth-like irradiation,
but it is positive for high irradiation. If we look at this depending
on the atmosphere radius (median of the posterior distribution)
instead of the density, we see that the breakpoint coincides for
the two insolations. The determination of atmospheric mass of
planets holding atmospheres up to 0.5Ratm is insensitive to an
improvement of observational uncertainties. When the radius of
the H-He envelope is lower than 0.5Ratm there is a strong degen-
eracy with the other layers, but otherwise a high amount H-He is
needed to fit the observed mass and radius, and therefore, varia-
tions on the observational uncertainties affect the determination
of the H-He envelope. It is important to note that a more realis-
tic model would include water in the atmosphere. However, this
would be another free parameter that would increase the degen-
eracy and would be difficult to determine.

4. Dependence of internal structure determination
on the mass derived from M-R relationships.

Since not all planets have measured masses and radii, (e.g.,
most Kepler planets in the past), published M-R relationships
are often used to estimate the mass of a planet for a given radius
and vice versa. Figure 4 of Otegi et al. (2019) compares some
of the published mass radius relations. This figure shows signif-
icant disagreement in mass of approximately 25% for a given
radius. Despite these differences, given the degeneracy when
determining the internal structure, different masses inferred
from various M-R relations could lead to very similar internal
structures. In such a case, even if only the radius is measured, it

is still possible to infer information on the planetary structure
and bulk composition. In this section we explore whether
these differences in mass are reflected in the determination of
the internal structure parameters, or whether they get diluted
because of the degeneracy.

Figure 10 shows the posterior distribution of the internal
structure parameters for planets with the same radii and different
masses as computed from the published M-R relationships (the
masses and radii are listed in Table 3). We do not include other
published M-R relationships as those presented in Weiss et al.
(2013) or Zeng et al. (2016) because they also depend on an
additional parameter (irradiation and core mass fraction, respec-
tively). Since for a radius of 1.5R⊕ the masses corresponding
to Chen & Kipping (2017) and Bashi et al. (2017) are almost
identical we only show one of them (Chen & Kipping (2017)).
We assume a very small uncertainty of 1% for mass and radius.

For a radius of 1.5R⊕ the masses from different M-R
relationships lead to significantly different inferred core mass
distributions. The mass from Weiss & Marcy (2014) leads to an
inferred core mass of 2.1 ± 0.7M⊕ and Chen & Kipping (2017)
to 0.8 ± 0.5M⊕. At this radius the bulk densities lie between
4g/cm3 and 7g/cm3, so these planets are expected to have a
negligible gaseous envelope. In addition, the water mass is small
compared to the mass of refractory materials. Consequently,
the degeneracy is reduced and the internal structure is more
sensitive to a change in bulk density. As previously discussed, a
change in the bulk density of planets dominated by refractory
materials is mainly reflected in the core mass, and for this reason
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the core mass distributions for planets with 1.5R⊕ are sensitive
to slight mass variations. There are some minor differences
between the mantle and water mass distributions, especially
between Chen & Kipping (2017) and the other considered
studies.

For a radius of 2.5R⊕ the mass computed from the M-R
relationship for rocky exoplanets in Otegi et al. (2019) is much
higher compared to the masses from other published M-R
relationships, and consequently the inferred internal structure
is drastically different. Nevertheless, the difference between the
internal structures inferred with the masses from other M-R
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relationships are very similar to each other. They lie in the inter-
mediate density regime previously discussed, which is mostly
degenerate. Consequently, there are not significant differences
in the internal structure independently of the M-R relationship
used, except for that corresponding to rocky exoplanets as
in Otegi et al. (2019); this work estimates a mass for 2.5R⊕
which is approximately three times larger than the other M-R
relationships.

Finally, for radius of 3.5R⊕ Weiss & Marcy (2014) leads
to much lower masses than the other M-R relationships, and
therefore it leads to a significantly different estimated internal
structure. The main difference at this radius arises in the poste-
rior distribution of the atmospheric mass. We find that the choice
of the M-R relationship for internal structure determination
only in the solid-dominated and volatile-rich radius regimes is
relevant.

We conclude that planetary internal structure should not be
inferred from the radius alone. Even if for radii smaller than 2R⊕
most of the observed exoplanets closely follow the M-R rela-
tionships, relatively small variations in mass have a significant
impact on the inferred core mass fraction. For radii in the range
2-3R⊕ where the degeneracy is the strongest, instead, small vari-
ations on the mass lead to almost identical inferred internal struc-
ture. However, this radius regime corresponds to the transition
from rocky to volatile-rich exoplanets, and the large diversity of
masses for a given radius does not allow us to infer the internal
structure by radius alone.

5. Dependence of the radius on the temperature
profile.

Internal structure models depend on the assumed EOS and on
several theoretical assumptions such as the internal structure
(mixed, differentiated), the envelope structure and its luminos-
ity, and the composition of the planetary layers. Since observa-
tional uncertainties are expected to decrease significantly in the
upcoming years, it is desirable to explore whether the theoreti-
cal uncertainties related to the model assumptions could domi-
nate compared to the observational uncertainties. In this section
we investigate how the assumed temperature profiles affect the
inferred planetary radius and study what uncertainty in the tem-
perature profile of a planet is required to match the observational
uncertainty.

Relative changes in material density have the largest effects
on the radius for low-density materials, for example, variations
in the metallicity distribution in the envelope significantly af-
fect the inferred planetary radius (e.g., Lozovsky et al. 2018).
We therefore explore how variations in the density, temperature,
and entropy profiles in the H-He envelope affect the radius of
a planet. A common assumption in the envelope structure mod-
els is to consider a fully adiabatic temperature profile. However,
more realistic models should account for compositional gradi-
ents along the envelope, which leads to non-adiabatic tempera-
ture profiles. We do not know a priori what composition gra-
dients might exist in most planets. In this section, we artifi-
cially perturb the temperature profile from the adiabat and study
how it affects the inferred planetary radius.
We perturb the temperature profiles in two different ways: shift-
ing the temperature gradient dT/dR in the atmosphere and the γ
as defined in Hansen (2008), which is the ratio of visible to in-
frared opacities. The perturbations in dT/dR and γ are selected

to produce a change in the radius comparable to the observa-
tional uncertainties. The effect of these perturbations on the tem-
perature and entropy profiles is shown in Figure 11. The top pan-
els show the temperature and entropy profiles of 25 planets with
masses from 3M⊕ to 20M⊕ and different assumed atmospheric
temperature gradients and γ. The bottom panels illustrate the ef-
fect of these variations in the internal temperature and entropy
profiles of a planet with a mass of 15M⊕. Figure 12 shows the
composition lines corresponding to a fixed composition and the
perturbations applied to the temperature profile as presented in
Figure 11. The gray envelope corresponds to a radius uncertainty
of 3%, which is expected to be reached with future missions. We
find that small variations in the temperature profile, such as those
corresponding to uncertainties of 20% in the temperature gradi-
ent or the ratio of visible and infrared opacities lead to radius
uncertainties of 3%. This implies that theoretical uncertainties
that are associated with the model assumptions could be larger
than the observational uncertainties and therefore dominate the
uncertainties in internal structure models. It would be necessary
to do a systematic and detailed analysis of the uncertainties in-
troduced by the model assumptions (e.g., EOS, composition of
the layers, layer boundaries, intrinsic luminosity of the planet,
and atmospheric opacities).

6. Summary and conclusions

We present new internal structure models based on the work of
Dorn et al. (2017) with a Bayesian inference analysis using a
nested sampling scheme. We explore several aspects that affect
the characterization of exoplanets with masses up to 25M⊕ and
radii up to 3.5R⊕, such as how variations in the observational
uncertainties or location in the M-R affect the inferred internal
structure, how the choice of the mass using different M-R rela-
tionships for a fixed radius influences the inferred internal struc-
ture, and how the atmospheric temperature profile affects the in-
ferred radius. We should keep in mind that these results were
computed for a given set of priors. The sensitivity of the results
given various priors should be a topic for future investigation.
Regarding the sensitivity of internal characterization to observed
mass and radii, our main findings are summarized as follows:

– A decrease in observational uncertainties for planets below
the Earth-like composition line leads to a better determina-
tion of the core mass.

– A decrease in observational uncertainties for planets above
the pure-water composition line leads to a better determina-
tion of the atmospheric mass.

– A decrease in observational uncertainties for planets between
Earth-like and pure-water composition lines does not signif-
icantly improve the determination of any internal structure
parameter.

– The density boundaries listed above slightly depend on the
used interior model (e.g., luminosity, insolation).

– The atmospheric mass of strongly irradiated atmosphere-rich
planets can be better determined than for weakly irradiated
planets.

– Using the stellar Fe/Si and Mg/Si abundances as a proxy for
the bulk planetary abundances does not always help to con-
strain the planetary internal parameters when adding two ex-
tra model parameters related to the mantle composition. This
depends on the actual value of the measured stellar abun-
dances and their uncertainties and on the data of planetary
mass and radius. Low stellar Fe/Si ratios improve the deter-
mination of the core mass for planets with densities between
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2.3g/cm3 and 6.9g/cm3, where the planetary internal param-
eters are most degenerate.

We also find that internal structure must not be estimated
using radius alone. For a fixed radius, the inferred planetary
internal structure using different masses from various published
M-R relationships can vary significantly depending on the
measured radius. For radii of nearly 1.5R⊕ the choice of the
M-R relationship significantly affects the inferred core mass,
and for radii above 3R⊕ this choice significantly affects the
inferred atmospheric mass. For planets with radii of nearly
2.5R⊕ small differences in mass lead to similar inferred internal
structures, but the wide range of possible masses does not allow
us to infer the internal structure with radius alone.

We find that uncertainties of 20% in the temperature gradient
or the ratio of visible and infrared opacities γ can lead to radius
uncertainties of 3%. Observational uncertainties are expected to
decrease significantly in the near future, thereby decreasing the
uncertainties in both mass (with advanced spectrographs like
ESPRESSO) and radius (with next generation space missions
like TESS, CHEOPS or PLATO). While these improved data
will certainly help us to better understand planetary populations
around other stars, a detailed characterization of individual plan-
ets is expected to remain somewhat limited. While the character-
ization of volatile-rich and dense exoplanets is expected to im-
prove with decreasing observational uncertainties, a significant
degeneracy in the internal structure of most of the super-Earth
population is expected to remain. We also emphasize the impor-
tance of the theoretical uncertainty related to model assumptions
(e.g., envelope structure, and composition of the planetary lay-
ers), which may overcome the observational uncertainties soon.
We therefore suggest that, along with the great efforts to improve
the data, similar efforts should be made on the theoretical front.
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3.2.2 Characterization of discovered exoplanets:

During my Ph.D. I have been co-author of several discovery papers in which I was in charge of
the internal structure modeling. In this subsection I make a brief summary of these papers and
my contribution on them.

3.2.2.1 TESS and HARPS reveal two sub-Neptunes around TOI 1062: Otegi et al. 2021,
A&A, A105, 653

In Otegi et al. (2021a) we report the discovery of two sub-Neptunes orbiting around TOI-1062,
using TESS photometry and HARPS data under the NCORES program. TOI-1062b is found
to have a radius of 2.27±0.09R⊕ and a mass of 10.15±0.8M⊕, while the second planet is
not transiting and has a minimum mass of 9.78±1.2M⊕. The outer planet is near 2:1 mean
motion resonance with the innermost planets, so we perform a dynamical analysis to explore
the proximity of the system to the resonance and to attempt to further constrain the orbital
parameters. The inner planet is found to have a density of 4.85+0.84

−0.74 g cm−3, slightly lower
than the Earth. Internal structure models indicate that TOI 1062b is expected to be com-
posed of significant iron core and silicate mantle, accounting for nearly 40% of the planetary
mass each, and that it is expected to have a small volatile envelope of 0.35% of the mass at most.

The position of TOI 1062b with respect to the radius valley and its high equilibrium
temperature of ∼1000K make it an interesting candidate for atmospheric characterization. The
strong stellar irradiation may result in a significant loss of the H-He envelope leaving a high-
metallicity atmosphere that can be an excellent laboratory to study carbon chemistry at high
temperature.
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ABSTRACT

The Transiting Exoplanet Survey Satellite (TESS) mission was designed to perform an all-sky search of planets around bright and
nearby stars. Here we report the discovery of two sub-Neptunes orbiting around TOI 1062 (TIC 299799658), a V=10.25 G9V star
observed in the TESS Sectors 1, 13, 27, and 28. We use precise radial velocity observations from HARPS to confirm and characterize
these two planets. TOI 1062b has a radius of 2.265+0.096

−0.091 R⊕, a mass of 10.15 ±0.8 M⊕, and an orbital period of 4.1130±0.0015 days.
The second planet is not transiting, has a minimum mass of 9.78+1.26

−1.18 M⊕ and is near the 2:1 mean motion resonance with the innermost
planet with an orbital period of 7.972+0.018

−0.024 days. We performed a dynamical analysis to explore the proximity of the system to this
resonance, and to attempt further constraining the orbital parameters. The transiting planet has a mean density of 4.85+0.84

−0.74 g cm−3 and
an analysis of its internal structure reveals that it is expected to have a small volatile envelope accounting for 0.35% of the mass at
most. The star’s brightness and the proximity of the inner planet to what is know as the radius gap make it an interesting candidate for
transmission spectroscopy, which could further constrain the composition and internal structure of TOI 1062b.
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1. Introduction

The Kepler mission was the first exoplanet mission to perform
a large statistical survey of transiting exoplanets (Borucki et al.
2010; Howell et al. 2014); it impacted the field significantly with
the detection of over 2300 exoplanets (see NASA Exoplanet
Archive Akeson et al. 2013). Nevertheless, due to the faintness of
the stars targeted by Kepler, only a small fraction are suitable
for radial velocity (RV) follow-up. The Transiting Exoplanet
Survey Satellite (TESS) has been designed to survey 85% of
the sky for transiting exoplanets around bright, nearby stars
(Ricker et al. 2015). It spent the first year of its mission searching
for planets in the Ecliptic Southern Hemisphere. More than
2000 candidates have been detected and over 80 have been
confirmed, expanding the number of small planets around cool
stars (Guerrero 2020). RV follow-up programs have allowed us
to quickly validate transiting planet candidates and to constrain
their masses. Accurate measurements of the planetary mass and
radius provide information on the planet’s bulk density. However,
a full characterization on the planetary composition and internal
structure is extremely challenging due to the degenerate nature
of this problem, where various compositions and interiors can
lead to the same average density. Nevertheless, by studying the
population of planets in this mass and size range, it is possible to
better understand the dominating processes of planet formation
and evolution in a statistical manner (Alibert et al. 2010, 2015).

A key signature in the planet population is the hot Neptune
desert, which corresponds to a lack of Neptune-mass planets close
to their host stars (Szabó & Kiss 2011). The desert is likely to
arise from a combination of photoevaporation and tidal disruption
(Beaugé & Nesvorný 2013; Mazeh et al. 2016). At small orbital
distances planets are subject to intense radiation from the their
host stars, and Neptune-like planets are probably not massive
enough to retain their gaseous envelopes. An important advan-
tage of the all-sky nature of TESS resides in its ability to find the
brightest examples of stars hosting rare sub-populations of plan-
ets, such as the exoplanets lying inside the desert. TESS has been
able to find the first planets deep inside the desert, for example
TOI-849b (Armstrong et al. 2020), a recently discovered rem-
nant core of a giant planet, and LTT9779b (Jenkins et al. 2020),
an ultra-hot Neptune. The NCORES HARPS large program is
designed to further study planets that may have undergone sub-
stantial envelope loss. Some of the recently discovered planets
under this program include the mentioned TOI-849b and three
mini Neptunes TOI-125b, c, d (Nielsen et al. 2020).

Another relevant feature in the exoplanet population is a lack
of planets with radii between 1.5R⊕ and 2R⊕ (Fulton et al. 2017)
known as the radius valley. This suggests that there is a transition
between the super-Earth and sub-Neptune populations (Owen
& Jackson 2012). This gap could be a result of stellar irradia-
tion (Lopez & Fortney 2013) or core-powered mass-loss (e.g.,
Ginzburg et al. 2018), which leads to atmospheric evaporation
that strips the planet down to its core or, alternatively, the conse-
quence of a gas-poor formation (e.g., Gupta & Schlichting 2019).
The observed features of the exoplanet populations are not well
understood, and more exoplanet discoveries are crucial to reveal
the overall picture of planets in the super-Earth and Neptune size
and mass regimes.

In this paper we present the discovery and confirmation of
two highly irradiated sub-Neptunes hosted by the TESS Object
of Interest (TOI) 1062, a nearby (d= 82 pc) and bright (Vmag

1̃0.2) G9V star (see Table 1 for a full summary of the stellar

Table 1: Stellar parameters of TOI-1062.

Parameter Value Source

Identifying Information

TOI TOI-1062 TESS
TIC ID 299799658 TESS
2MASS ID J02322848-7801256 2MASS
Gaia ID 4632865331094140928 Gaia DR3

Astrometric Parameters

R.A. (J2015.5, h:m:s) 02:32:29 Gaia DR3
Dec (J2015.5, h:m:s) -78:01:25 Gaia DR3
Parallax (mas) 12.14 ±0.01 Gaia DR3
Distance (pc) 82.2±0.2 Gaia DR3

Photometric Parameters

B 11.02 ± 0.07 Tycho
V 10.25 ± 0.01 Tycho
T 9.48 ± 0.01 TESS
G 10.00 ± 0.01 Gaia
J 8.78 ± 0.02 2MASS
H 8.41 ± 0.03 2MASS
K 8.30± 0.03 2MASS
W1 8.257 ± 0.02 WISE
W2 8.322 ± 0.02 WISE
W3 8.256 ± 0.02 WISE
W4 8.35 ± 0.19 WISE
AV 0.13 ± 0.04 Sec. 3

Abundances

[Fe/H] (dex) 0.14 ± 0.04 Sec. 3
[O/H] (dex) -0.14 ± 0.16 Sec. 3
[C/H] (dex) 0.13 ± 0.02 Sec. 3
[Cu/H] (dex) 0.25 ± 0.04 Sec. 3
[Zn/H] (dex) 0.08 ± 0.04 Sec. 3
[Sr/H] (dex) 0.17 ± 0.08 Sec. 3
[Y/H] (dex) 0.04 ± 0.08 Sec. 3
[Zr/H] (dex) 0.20 ± 0.06 Sec. 3
[Ba/H] (dex) -0.02 ± 0.04 Sec. 3
[Ce/H] (dex) 0.16 ± 0.10 Sec. 3
[Nd/H] (dex) 0.10 ± 0.06 Sec. 3[
MgI/H

]
(dex) 0.16 ± 0.07 Sec. 3

[AlI/H] (dex) 0.25 ± 0.04 Sec. 3
[SiI/H] (dex) 0.20 ± 0.07 Sec. 3
[CaI/H] (dex) 0.10 ± 0.08 Sec. 3
[TiI/H] (dex) 0.23 ± 0.07 Sec. 3
[CrI/H] (dex) 0.17 ± 0.07 Sec. 3
[NiI/H] (dex) 0.17 ± 0.05 Sec. 3

Bulk Parameters

Mass (M�) 0.94 ± 0.02 Sec. 3
Radius (R�) 0.84 ± 0.09 Sec. 3
Teff (K) 5328 ± 56 Sec. 3
log g (cm s−2) 4.55 ± 0.09 Sec. 3
Spectral type G9V Sec. 3
ρ (g cm−3) 2.22 ± 0.10 Sec. 3
v sin i (km s−1) 2.13 ± 0.5 Sec. 3
Prot (d) 21.8 ± 2.4 Sec. 3
Age (Gyrs) 2.5 ± 0.3 Sec. 3

2MASS (Skrutskie et al. 2006);Tycho (Høg et al. 2000); WISE
(Wright et al. 2010); and Gaia (Gaia Collaboration et al. 2018)
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Fig. 1: TESS photometry from the of TOI 1062 from Sectors 1 (upper left), 13 (upper right), and Sectors 27 and 28 (middle left), and
LCOGT photometry (middle right). The TESS light curves correspond to the PDC-SAP flux time series provided by SPOC. The TESS
full light curve with the 2 min cadence data is shown in light gray, and the same data binned to 10 min is in dark gray. The gaps in the
data coverage are due to observation interruptions of the TESS spacecraft that occur after each TESS orbit of 13.7 days. The dots of
the LCOGT are bigger for better visualization. The lower panels shows the phase-folded TESS light curves for TOI 1062b (left) and
TOI 1062c (right) with the 2 min cadence data in light gray and binned to 10 min in black. We find that TOI 1062c does not transit.

properties). We also used intensive radial velocity follow-up
observations with HARPS to confirm the planetary nature of
the transit detected in the TESS data and precisely determine
the properties of the planetary system. The paper is organized
as follows: in Section 2 we present the data collected on the
system to discover and validate the planets, in Section 3 we
analyze the host star fundamental parameters, and in Section
4 we characterize and discuss the planets. Our conclusions are
presented in Section 5.

2. Observations

2.1. TESS photometry

TESS observed TOI 1062 (TIC 299799658) in Sectors 1 and
13 during the first year, and during Sectors 27 and 28 of the
extended mission, obtaining data from 25 July to 22 August
2018, from 19 June to 17 July 2018, and from 4 July to 26
August 2020. The two-minute cadence data were reduced with

the Science Processing Operations Center (SPOC) pipeline
(Jenkins et al. 2016) adapted from the pipeline for the Kepler
mission at the NASA Ames Research Center in order to produce
calibrated pixels and light curves. On 29 September 2018 a
transit candidate was announced around TOI 1062. TOI 1062.01
is a planet candidate with a period of 4.11506±0.00002 days, a
transit depth of 487.90 ± 45 ppm, and an estimated planet radius
of 2.32 ± 0.46 R⊕. The candidate passed all the tests from the
Threshold Crossing Event (TCE) Data Validation Report (DVR;
Twicken et al. 2018; Li et al. 2019).

We used the publicly available Presearch Data Conditioning
(PDC-SAP) flux time series (e.g., Twicken et al. 2010; Smith
et al. 2012) provided by SPOC for the transit modeling, which is
corrected for common trends and artifacts, for crowding, and for
the finite flux fraction in the photometric aperture. Figure 1 shows
the 2 min cadence TESS light curve, along with the phase-folded
curve for TOI 1062b.
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Fig. 2: Gemini/Zorro contrast curves and 1.2" x 1.2" reconstructed
image of the 832 nm band.

2.2. Ground-based photometry with LCOGT

We obtained ground-based time series follow-up photometry of
full transits of TOI 1062.01 on 24 August 2019 in i′ band and
on 22 September 2020 in Pan-STARSS z-shortband from the
Las Cumbres Observatory Global Telescope (LCOGT; Brown
et al. 2013) 1.0 m network node at the South Africa Astronom-
ical Observatory. We used the TESS Transit Finder, which is a
customized version of the Tapir software package (Jensen 2013),
to schedule the observations. The 4096x4096 LCO SINISTRO
cameras have an image scale of 0.389" per pixel, providing a
field of view of 26’x26’. The standard LCOGT BANZAI pipeline
was used to calibrate the images, and the photometric data were
extracted with the AstroImageJ (AIJ) software package (Collins
et al. 2017).

The initial i′-band observation intentionally saturated the tar-
get star to check for a faint nearby eclipsing binary (NEB) that
could be contaminating the TESS photometric aperture. To ac-
count for possible contamination from the wings of neighboring
star PSFs, we searched for NEBs out to 2.5’ from the target star.
If fully blended in the SPOC aperture, a neighboring star that is
fainter than the target star by 8.8 magnitudes in TESS band could
produce the SPOC-reported flux deficit at mid-transit (assuming
a 100% eclipse). To account for possible delta-magnitude differ-
ences between TESS band and i′ band, we included an extra 0.5
magnitudes fainter (down to TESS-band magnitude 18.3). Our
search ruled out NEBs in all 24 neighboring stars that meet our
search criteria. The z-shortband observation was defocused and
exposed appropriately to measure the TOI 1062.01 light curve at
high precision. For the data reduction process we used a 10.5”
radius aperture and selected four comparison stars with brightness
comparable to that of the target star. The inner and outer radii of
the background annulus were then set to the corresponding AIJ
calculated values of 18.7” and 28”, respectively. This combina-
tion was chosen as it minimized the amount of noise in the light
curve. A 0.5 ppt transit, with model residuals of 0.3 ppt in 10 min
bins, was detected in the uncontaminated target aperture.
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Fig. 3: Spectral energy distribution of TOI 1062. Red symbols
represent the observed photometric measurements; the horizontal
bars represent the effective width of the passband. Blue symbols
are the model fluxes from the best-fit Kurucz atmosphere model
(black).

2.3. HARPS follow-up

We collected 90 high-resolution spectra of TOI 1062 using the
High Accuracy Radial Velocity Searcher (HARPS) spectrograph
mounted at the ESO 3.6m telescope of La Silla Observatory,
Chile (Mayor et al. 2003a), with the goal of precisely determining
the mass of the planet candidate and searching for additional
planets in the system. The observations were carried out as part
of the NCORES large program (ID 1102.C-0249, PI: Armstrong)
between 31 August 2019 and 17 January 2020. HARPS is a
stabilized high-resolution (R 115000) echelle spectrograph which
can reach sub-m s−1 RV precision (Mayor et al. 2003b). The
instrument was used in high-accuracy mode (HAM), with a 1"
fiber on the star and another one to monitor the sky background.
We used exposure times of 30 minutes.

The standard HARPS Data Reduction Software (DRS) was
used to reduce the data, using a K0 mask for both the cross-
correlation function (CCF) (Pepe et al. 2002; Baranne et al. 1996)
and the color correction, and reaching a typical signal-to-noise
ratio per pixel of 60 and a photon-noise uncertainty of 1.4 m
s−1 . For each spectrum the usual activity indicators (S-index,
Hα-index, Na-index, Ca-index, log R′HK), the full width half
maximum (FWHM), the line bisector, and the contrast of the
CCF were measured.

2.4. High-resolution imaging

To check for the presence of contaminating stars in the TESS
photometric aperture, TOI 1062 was observed on 14 January 2020
using the Zorro speckle imager (Scott 2019), mounted on the 8.1m
Gemini South telescope in Cerro Pachon, Chile. Zorro uses high-
speed electron-multiplying CCDs (EMCCDs) to simultaneously
acquire data in two bands centered at 562 nm and 832 nm. The
data is reduced following the procedures described in Howell et al.
(2011), and provides output data including a reconstructed image
and robust limits on companion detections. The contrast achieved
in the resulting reconstructed image is shown in Figure 2. We see
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Fig. 4: TESS RAW photometric data of sectors 27 and 28 (top)
and the corresponding periodogram. The peak of the periodogram
shows a possible rotational modulation with a period of 21.8 days,
which is in agreement with the rotational period obtained from
HARPS calibration.

that the Zorro speckle images reach a contrast of ∆mag=8.25 at a
separation of 1.1" in the 832 nm band, and cover a spatial range
of 9.9 to 98.6 au around the star with contrasts between 5 and 8
mag in both bands, showing no close companions to TOI 1062b.

3. Host star fundamental parameters

3.1. Analysis of the spectrum

The stellar atmospheric parameters (Teff , log g, and [Fe/H])
and respective error bars were derived using the methodology
described in Sousa (2014); Santos et al. (2013). Briefly, we make
use of the equivalent widths (EWs) of iron lines, as measured in
the combined HARPS spectrum of TOI 1062 using the ARES
v2 code1 (Sousa et al. 2015), and we assume ionization and
excitation equilibrium. This method makes use of a grid of
Kurucz model atmospheres (Kurucz 1993) and the radiative
transfer code MOOG (Sneden 1973). This approach leads to the
following stellar parameters: Teff= 5328 ± 56K, [Fe/H]=0.14 ±
0.04 dex, and log g= 4.55 ± 0.09. This is in agreement with the
log g derived making use of the Gaia parallax and luminosity
(Santos et al. 2004) which gives a value of 4.53. Using the Torres
et al. (2010) calibration leads to a stellar mass of 0.94±0.02 M�
and radius of 0.84±0.09 R�. These values are used as priors in
the global fit with juliet in Section 4.

3.2. Analysis of the spectral energy distribution

As an independent determination of the stellar parameters, we
also performed an analysis of the broadband spectral energy
distribution (SED) of the star together with the Gaia DR2
parallax (adjusted by +0.08 mas to account for the systematic
offset reported by Stassun & Torres 2018), in order to determine
an empirical measurement of the stellar radius, following the

1 The most recent version of the ARES code (ARES v2) can be down-
loaded at http://www.astro.up.pt/∼sousasag/ares

procedures described in Stassun & Torres (2016), Stassun
et al. (2017), and Stassun et al. (2018). We pulled the BT VT
magnitudes from Tycho-2; the BVi magnitudes from APASS;
the JHKS magnitudes from 2MASS; the W1–W4 magnitudes
from WISE; the G, GBP, GRP magnitudes from Gaia; and the
near-ultraviolet (NUV) magnitude from GALEX. Together,
the available photometry spans the full stellar SED over the
wavelength range 0.2–22 µm (see Figure 3).

We performed a fit using Kurucz stellar atmosphere models,
using the effective temperature (Teff), metallicity ([Fe/H]), and
surface gravity (log g) adopted from the spectroscopic analysis.
The only additional free parameter is the extinction (AV ), which
we fixed to be zero due to the star’s proximity. The resulting fit
is very good (Figure 3) with a reduced χ2 of 1.8. The reduced χ2

is improved to 1.2 by excluding the GALEX NUV flux, which
exhibits a modest excess; using the empirical relations of Find-
eisen et al. (2011), the GALEX NUV excess implies an activity
level log R′HK = −4.9 ± 0.1, consistent with the spectroscopically
determined value.

Integrating the (unreddened) model SED gives the bolometric
flux at Earth, Fbol = 2.429 ± 0.057 × 10−9 erg s−1 cm−2. Taking
the Fbol and Teff together with the Gaia DR2 parallax gives the
stellar radius R? = 0.838 ± 0.020 R�. In addition, we can use the
R? together with the spectroscopic log g to obtain an empirical
mass estimate of M? = 0.91 ± 0.19M�, which is consistent with
that obtained via empirical relations of Torres et al. (2010) and a
6% error from the empirical relation itself, M? = 0.97 ± 0.06M�.
These values are in agreement with those derived from the
spectral analysis in Section 3.1.

3.3. Rotational period and age

The stellar age can be derived from empirical rotation-age
relations of Mamajek & Hillenbrand (2008). The HARPS
calibration from the CCF-FWHM and the color index B-V gives
v sin i= 2.13 ± 0.5 km/s; then together with R?, we estimate
the stellar rotation period Prot/ sin i = 20.5 ± 2.9 d. In addition,
Fig. 4 shows that the peak of the periodogram of the TESS light
curves of Sectors 27 and 28 is at 21.82.4 days. The measured
rotational modulation is nearly identical in the other TESS
sectors. Another estimate of the expected rotation can be inferred
from the average value of the Ca ii H & K chromospheric activity
indicator for TOI 1062, which is log R′HK = −4.80 ± 0.05. Using
the empirical relations in Mamajek & Hillenbrand (2008) we get
a rotation period of 21.9+3

−2 days, in agreement with the result
derived from the HARPS calibration and the modulation of the
RAW light curves. Another way of constraining the rotational
period of the star consists of fitting the RVs with time-dependent
Gaussian processes (GPs). We use the celerite package (e.g.,
Foreman-Mackey et al. 2017) with a quasi-periodic kernel, and
obtain a rotational period of 22.4+4.6

−6.7 days, which is in agreement
with the previous estimations.

Using the rotational period obtained from the TESS data and
the relations of Mamajek & Hillenbrand (2008), the age estimate
is τ?=2.5±0.3 Gyr. Because the v sin i is a projected rotational
velocity, we note that it is a lower limit on the true rotational
velocity, so Prot/ sin i is an upper limit on the true Prot, which
implies that the age estimate above provides an upper limit to the
stellar age.
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Fig. 6: Time series of the CCF-FWHM.

We also attempted to derive the stellar age by making use of
chemical clocks (e.g., Delgado Mena et al. 2019); however, we
obtain a value much higher than with other methods described
below. The reason is that the low Teff of TOI 1062 lies at the limit
of applicability of such empirical relations, and thus we did not
use the age provided by this method.

3.4. Stellar abundances

Stellar abundances of refractory elements were derived using
the classical curve-of-growth analysis method assuming local
thermodynamic equilibrium (e.g., Adibekyan et al. 2012; Delgado
Mena et al. 2017). Abundances of the volatile elements C and
O were derived following the method of Delgado Mena et al.
(2010); Bertran de Lis et al. (2015). Since the two spectral lines
of oxygen are usually weak and the 6300.3Å line is blended
with Ni and CN lines, the EWs of these lines were manually
measured with the task splot in IRAF. All the [X/H] ratios are

Table 2: Prior parameter distribution of the global fit with
juliet.

Parameter Prior distribution

Instrumental parameters:

q1,T ES S U(0, 1)
q2,T ES S U(0, 1)
m f lux,T ES S N(0, 0.1)
σT ES S [ppm] J(0.1, 1000)
σHARPS [m/s] J(0.1, 1000)

GP parameters:

GPσ [m/s] J(10−3, 105)
GPρ [d] J(19.4, 105)

Planetary parameters:

Pb [d] N(4.11, 0.1)
Pc [d] N(8.00, 0.1)
T0,b [BJDT BD] N(2459082.59485, 0.1)
T ∗0,c [BJDT BD] U(2459082, 2459091)
Kb [m/s] U(1, 100)
Kc [m/s] U(1, 100)√

e sin(ω) U(−1, 1)√
e cos(ω) U(−1, 1)

r1 U(0, 1)
r2 U(0, 1)

*U(a, b) indicates a uniform distribution between a and b;
J(a, b) a Jeffrey or log-uniform distribution between a and b;
and N(a, b) a normal distribution with mean a and standard
deviation b.

obtained by doing a differential analysis with respect to a high
S/N solar (Vesta) spectrum from HARPS. The obtained values
for this star are normal considering its metallicity except for the
lower-than-expected value of oxygen. We find a high dispersion
between both oxygen indicators that has to be taken with caution
due to the difficulty of measuring reliable oxygen abundances for
cool metal-rich stars. The stellar abundances of the elements are
presented in Table 1.

3.5. Signal identification

In order to search for periodicities in the RV data we computed
the l1 periodogram (e.g., Hara et al. 2017, 2020). This tool is
designed to find periodicities in time series data corresponding
to exoplanets detected using radial velocity data. It can be used
similarly to a typical Lomb-Scargle periodogram or its variants
(e.g., Baluev 2008), but it is based on a different principle.
The l1 periodogram can analyze the radial velocity without
the need to estimate the frequency iteratively, using the theory
of compressed sensing adapted for handling correlated noise.
Instead of fitting a sinusoidal function at each frequency as the
Lomb–Scargle-type periodograms, the l1 periodogram searches
directly for a representation of the input signal as a sum of
sinusoids. As a result, all the frequencies of the signal are
searched simultaneously. This relies on the so-called sparse
recovery tools, which are designed to find a representation of an
input signal as a linear combination of sine functions.
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Fig. 7: HARPS RVs for TOI 1062 with a two planet model including eccentric orbits and Gaussian processes with Matern kernel.Top
panel: RVs along with the residuals to the best fit right below the time series. Bottom panel: Phase-folded data for each planet. The
gray dots represent the observed RVs and the black dots the binned data.

The l1 periodogram outputs a figure that has a similar aspect
to that of a standard Lomb–Scargle-type periodogram, but with
fewer peaks due to aliasing. We use the l1 periodogram of the
HARPS data on a grid of frequencies between 0.01 and 0.3 cycles
per day. In order to measure the significance of a possible signal
the false alarm probability (FAP) is calculated, which encodes
the probability of measuring a peak of a given height conditioned
on the assumption that the data consists of Gaussian noise with
no periodic component. Typically, a signal at the 1% FAP level is
considered suggestive, and a 0.1 % FAP level statistically signif-
icant. Figure 5 shows two l1 periodograms of the HARPS RVs.
The top panel corresponds to the undetrended RVs. In this case
we detect three significant signals at 4.11d (FAP 1.10−4%), 7.98
days (FAP 7.10−6%), and 26.6 days (FAP 3.10−5%). Although
the coefficient amplitude of the second and third peaks are rela-
tively close, their FAP values can differ significantly since it is
estimated in a sequential manner: the highest peak is computed
against zero, the second peak against the first, and the third peak
against the second. Figure 6 clearly shows the effects of activity
in the FWHM at the end of the time series. It suggests that the
star was more active at that moment, probably due to one spot

crossing event during one single rotational period, standing for
only 20 days (from BJD 58830 to 58850). However, we find that
the signal at 26.6 days disappears when we detrend the RVs using
GP modeling with SPLEAF (e.g., Delisle et al. 2020) (see bottom
panel of Figure 5). The GP is trained on the logR′HK indicator, and
then it is used to detrend the RVs using a linear fit. This method
gives two significant peaks at at 4.11d with FAP 6.10−5% and
8.00 days with FAP 4.10−4%.

Another way to detrend the stellar activity is to fit the
correlations between activity indicators as the full width at half
maximum (FWHM), the bisector or the S-index, and subtract
them in order to correct for any long-term effects resulting from
a magnetic cycle. We do so dividing the data into different time
regimes selected in order to maximize the correlation of the
RV data with the activity indicators in each bin. This approach
also identifies two peaks at 4.11d with FAP 7.10−8% and 8.01
days with FAP 3.10−4%. Finally, we also find the same two
significant signals when we do not use the data TBJD 58730 to
TBJD 58750, which corresponds to periods when the star was
more active. The signal at 26.6 days only appears when using
the full undetrended RV sample: it is clearly affected by stellar
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activity and it is within 1.6σ of the rotation period derived from
the chromospheric activity indicator. We therefore conclude
that only the peaks at ∼4.11 days and ∼8 days are caused by
planets. In addition, even though the ∼8-day signal is nearly
double the ∼4.11-day signal, in all the cases presented we find
the 8-day signal after removing the ∼4.11-day signal. We also
evaluate the evidence of the second planet by comparing the
difference in the Bayesian information criterion (∆BIC) between
the one-eccentric-planet and the two-eccentric-planets models.
We obtain a value of ∆BIC=11, which suggests strong evidence.

3.6. Global fit with juliet

We determine the planetary parameters using the publicly
available software juliet (e.g., Espinoza et al. 2019). juliet
allows us to jointly fit the TESS and LCOGT photometry and
the HARPS radial velocities with GP. The software is built on
several publicly available tools used to model the photometric
data (the batman package; Kreidberg 2015), the radial velocities
(the radvel package; Fulton et al. 2018), and also to incorporate
GP (the celerite package, Foreman-Mackey et al. 2017).
The parameter space is explored using nested sampling, with
the MultiNest algorithm (e.g., Feroz & Hobson 2008) in its
Python implementation, PyMultiNest (e.g., Buchner et al.
2014). In addition, juliet computes the Bayesian evidence
using dynesty (e.g., Speagle 2020), a Python package that
estimates Bayesian posteriors and evidence using dynamic nested
sampling. In short, nested sampling algorithms work as follows.
The algorithm samples a number of live points randomly from
the prior distribution, and the likelihood is evaluated at each of
these points. At each iteration the point with the lowest likelihood
is replaced by a new sampled point, keeping the number of
live points constant. This process is continued until Bayesian
evidence reaches a specified value. The number of live points
used has to be large enough to adequately sample the parameter
space.

The transit model fits the stellar density ρ? together with
the planetary and jitter parameters. For the stellar density we
use the value obtained in Section 3, and the priors of the orbital
parameters of the inner planet are taken from ExoFOP. We use
the quadratic limb darkening coefficients (q1, q2) introduced by
Kipping (2013) for the photometric data, since it was shown to be
appropriate for space-based missions (Espinoza & Jordán 2015).
In addition, instead of fitting the planet-to-star radius ratio and
the impact parameter of the orbit, we use the parameterization
introduced in Espinoza (2018) and fit the parameters r1 and
r2 to make sure the full exploration of physically plausible
values in the (p,b) space. We parameterize the eccentricity
and the argument of periastron with

√
e sinω and

√
e cosω,

always ensuring that e ≤ 1. We use the celerite aproximate
Matern multiplied by exponential kernel to account for the stellar
activity. The fit obtained with this kernel is nearly identical to
the one obtained with other kernels as the quasi-periodic or the
exp-sine-squared kernel.

We fit both planets with juliet and find no hint of transit
for TOI 1062c, as shown in Figure 1. The final median planetary
parameters determined by the juliet fit are listed in Table 2.
We find that TOI 1062b has an orbital period of 4.114 days, a
radius of 2.265+0.096

−0.091 R⊕, a mass of 10.15+0.81
−0.84 M⊕, and a density

of 4.85+0.84
−0.74 g cm−3, slightly below the Earth’s mean density. Nev-
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Fig. 8: Orbital eccentricity against orbital period for observed ex-
oplanets from the NASA Exoplanet Archive. The color represents
the planetary radius (see color scale at right).

ertheless, as discussed in detail in Section 5, its composition and
internal structure are unlikely to be similar to that of the Earth.
We find an eccentricity of 0.18+0.07

−0.06 for TOI-1062b and 0.14±0.07
for TOI-1062c. Figure 8 shows the eccentricity against the or-
bital period for the population of observed exoplanets from the
NASA Exoplanet Archive, and we see that the TOI-1062b value
is slightly higher than usual for its orbital period. However, it may
not be significant due to the bias towards higher eccentricities
for nearly circular planets (Lucy & Sweeney 1971). TOI 1062 c
instead is found to have an orbital period of 7.988 ± 0.04 days
and a minimum mass of 9.78+1.26

−1.18 M⊕. TOI 1062 c is in nearly 2:1
motion resonance with its inner companion.

4. Discussion

4.1. Internal structure

In order to characterize the internal structure of TOI 1062 b,
we modeled its interior considering a pure-iron core, a silicate
mantle, a pure-water layer, and a H-He atmosphere. The
equations of state (EOSs) used for the iron core are from Hakim
et al. (2018), the EOS of the silicate-mantle was calculated with
PERPLE_X from Connolly (2009) using the thermodynamic data
of Stixrude & Lithgow-Bertelloni (2011) and assuming Earth-like
abundances, and the EOS for the H-He envelope are from
Chabrier et al. (2019) assuming a proto-solar composition. For
the pure-water layer we used the AQUA EOS from Haldemann
et al. (2020). We assumed an envelope luminosity of L=1022.52

erg s−1 (equal to Neptune’s luminosity). The thickness values
of the planetary layers were set by defining their masses and
solving the structure equations. To obtain the transit radius, we
followed Guillot (2010) and evaluated the location where the
chord optical depth τch is 2/3. We did not use stellar abundances
as an additional constraint since it is not clear whether they are
a good proxy for the planetary bulk abundances (Wang et al.
2019; Plotnykov & Valencia 2020), and it has been shown that
the stellar abundances are not always useful for constraining the
internal composition (Otegi et al. 2020b).
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Table 3: TOI-1062 parameters from juliet: Median and 68% confidence interval.

Instrumental Parameters:
q1,T ES S . . . Quadratic limb-darkening parametrization 0.845+0.035

−0.033
q2,T ES S . . . Quadratic limb-darkening parametrization 0.113+0.114

−0.067
m f lux,T ES S Offset relative flux . . . . . . . . . . . . . . . . . . . . . −0.0000217+0.0000016

−0.0000017
σT ES S . . . . Jitter (ppm) . . . . . . . . . . . . . . . . . . . . . . . . . . . 118.42+5.27

−5.03
σHARPS . . . Jitter (m/s) . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1.141+0.157

−0.101

Parameters of the GP with quasi-periodic kernel:

GPσ . . . . . Amplitude (m/s) . . . . . . . . . . . . . . . . . . . . . . . 21.19+3.1
−2.6

GPρ . . . . . Time-scale (days) . . . . . . . . . . . . . . . . . . . . . . 21.80+1.91
−1.33

Planetary Parameters: b c

P . . . . . . . Period (days) . . . . . . . . . . . . . . . . . . . . . . . . . 4.11296+0.0015
−0.0015 7.972+0.018

−0.024
T0 . . . . . . . Time of transit center∗ (BJDT BD) . . . . . . . 2459082.59+0.09

−0.09 2459087.61+1.84
−1.63

K . . . . . . . . Radial velocity semi-amplitude (m/s) . . . 4.27+0.31
−0.33 4.05+0.46

−0.41√
esin(ω) . Parametrization for e and ω . . . . . . . . . . . . . 0.14+0.08

−0.08 −0.02+0.06
−0.06√

ecos(ω) Parametrization for e and ω . . . . . . . . . . . . . −0.07+0.05
−0.06 −0.09+0.12

−0.81
r1 . . . . . . . . Parametrization for p and b . . . . . . . . . . . . 0.908+0.006

−0.007 -
r2 . . . . . . . . Parametrization for p and b . . . . . . . . . . . . 0.0235+0.0003

−0.0004 -

Derived transit and RV parameters: b c

e . . . . . . . . Eccentricity or the orbit . . . . . . . . . . . . . . . . 0.177+0.067
−0.064 0.140+0.073

−0.069
ω . . . . . . . . Argument of periastron (deg) . . . . . . . . . . . 117+27

−19 159+16
−35

i . . . . . . . . . Inclination (deg) . . . . . . . . . . . . . . . . . . . . . . 85.913+0.062
−0.041 -

p = Rp/R? Planet-to-star radius ratio . . . . . . . . . . . . . . 0.0234+0.0004
−0.0004 -

b . . . . . . . . Impact parameter of the orbit . . . . . . . . . . . 0.861+0.007
−0.009 -

Derived physical parameters: b c

Mp . . . . . . Planetary mass (M⊕) . . . . . . . . . . . . . . . . . . 10.15+0.81
−0.84 -

Rp . . . . . . . Planetary radius (R⊕) . . . . . . . . . . . . . . . . . . 2.265+0.096
−0.091 -

ρp . . . . . . . Planetary density (g/cm3) . . . . . . . . . . . . . . 4.85+0.84
−0.74 -

ap . . . . . . . Semi-mayor axis (AU) . . . . . . . . . . . . . . . . 0.052+0.024
−0.025 0.080+0.013

−0.012
S . . . . . . . . Insolation (S ⊕) . . . . . . . . . . . . . . . . . . . . . . . . 232+11

−10 95+5
−4

Teq . . . . . . . Equilibrium Temperature (K) . . . . . . . . . . 1077+10
−9 859+9

−8
MP sin i . . Minimum planetary mass (M⊕) . . . . . . . . . 10.15+0.82

−0.85 9.78+1.26
−1.18

* For TOI 1062c T0 corresponds to the time when the planet would have transited.

Figure 9 shows M-R curves tracing the compositions of
Earth-like planets (with a CMF=0.33) and pure water subjected
to a stellar radiation of F/F⊕= 230 (similar to that of TOI 1062 b).
For reference, we also show exoplanets with accurate and
reliable mass and radius determinations (Otegi et al. 2020a,
accessible on the Data Analysis Center for Exoplanets, DACE2).
TOI 1062 b sits above the Earth-like curve and below the
pure-water curve, suggesting that it contains a small amount
of volatile materials of less than 1% in mass. Figure 9 also
displays the insolation flux relative to Earth against radii for the
known exoplanets extracted from the NASA Exoplanet Archive,
which shows the separate populations of super-Earths and
mini-Neptunes. We see that TOI 1062 b sits in the mini-Neptune
regime, close to the radius valley. In Otegi et al. (2020a) we

2 https://dace.unige.ch/exoplanets/

identified two distinct populations, volatile-rich and "rocky"
exoplanets (those expected to have small amounts of volatiles)
separated by the water line. Using these results, we see that
TOI 1062b lies in the rocky exoplanet regime defined in Otegi
et al. (2020a), even if its radius is above the radius valley, sug-
gesting that it is mostly composed of refractory materials by mass.

We used a generalized Bayesian inference analysis using a
nested sampling scheme (Buchner et al. 2014) to quantify the
degeneracy between various interior parameters and produce pos-
terior probability distributions. Figure 10 shows ternary diagrams
of the inferred composition of TOI 1062 b. The ternary diagram
shows the degeneracy associated with the determination of the
composition of exoplanets with measured mass and radius. We
find a median H-He mass fraction of 0.1%, which corresponds to
a lower bound since enriched H-He atmospheres are more com-
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Fig. 9: Mass–radius and insolation–radius diagrams of observed exoplanets. Left: Mass–radius diagram of exoplanets with accurate
mass and radius determination from Otegi et al. (2020a). Also shown are the composition lines for Earth-like planets and pure
water subjected to a stellar radiation of F/F⊕= 230 (similar to that of TOI 1062 b). Right: Radius against insolation flux for known
exoplanets from the NASA Exoplanet Archive. The colormap indicates the point density. TOI 1062 b is represented by a blue star.

Table 4: Inferred interior structure properties of TOI 1062b.

Constituent 4-layer [%] Without H2O [%]
Mcore/Mtotal 44+26

−24 26+26
−11

Mmantle/Mtotal 40+27
−16 73+11

−14
Mwater/Mtotal 15+9

−6 -
MH−He/Mtotal 0.11+0.06

−0.04 0.35+0.12
−0.08

pressed, and therefore increase the planetary H-He mass fraction.
Formation models suggest that sub-Neptunes are likely formed
by envelope enrichment (Venturini & Helled 2017). We also find
that TOI 1062 b is expected to have a very significant iron core
and silicate mantle, accounting for nearly 40% of the planetary
mass and thicknesses of 1R⊕ and 0.5R⊕, respectively. The water
layer has an estimated relative mass fraction of 15%. Neverthe-
less, the degeneracy between the core, silicate mantle, and water
layer in this M-R regime is particularly high (Otegi et al. 2020b),
and it does not allow accurate estimates of the masses of these
constituents. Interior models cannot distinguish between water
and H-He as the source of low-density material, so we also ran
a three-layer model without the H2O envelope. Table 4 lists the
inferred mass fractions of the core, mantle, water layer, and H-He
envelope for the four-layer model and for the water-free model.
In this case we find that the planet is 0.35% H-He, 26% iron, and
73% rock by mass, setting maximum limits for the atmospheric
and rock mass since any water added would decrease these mass
fractions.

4.2. Dynamical analysis

As a general note for this section, the studies presented here were
done under the hypothesis of a co-planar planetary system (i.e.,
the orbits of planets b and c evolve in the same plane). This
is consistent with the observations, since TOI 1062c would not
transit if it had the same orbital inclination as TOI 1062b.

4.2.1. Resonance

As can be seen from Table 2, the period ratio of the planets
is Pc/Pb = 1.941. The planet pair thus lies close to the 2:1
mean-motion resonance (MMR). How close is the system to
the MMR? We explore the structure of the parameter space
of TOI-1062 near that resonance in order to investigate its
dynamical state.

We therefore designed a two-dimensional section of the
parameter space defined by the period ratio on one axis and the
eccentricity of the outer planet ec on the other. Our section has a
resolution of 101x101, meaning that we explore the dynamics of
10201 initial configurations defined by a unique set of (Pc/Pb,ec).
All the other orbital parameters were initially fixed at the best
values reported in Table 2. We numerically computed the future
evolution of each configuration over 20 kyr. This was performed
with the adaptive time-step high-order N-body integrator IAS15,
which is available from the python package REBOUND (Rein
& Liu 2012; Rein & Spiegel 2015). The perturbative effect
of general relativity described in Anderson et al. (1975) was
included via the library REBOUNDx (Tamayo et al. 2019).
From these numerical simulations, the level of chaos of each
configuration was evaluated with the Numerical Analysis of
Fundamental Frequencies (NAFF) fast chaos indicator (Laskar
et al. 1992; Laskar 1993). The result is presented in Fig. 11.

The NAFF computes precisely, for each planet, the average
mean motion n = 2π

P over the two halves of the integration and
compares these two estimations. Due to the secular constancy of
the semi-major axis of regular orbits, this difference should be
small in non-chaotic orbits. The higher the drift in the average
mean-motion, the more chaotic the orbit. In this work we took as
the NAFF of the system the maximum value of this drift over the
planetary orbits in logarithmic scale, NAFF = maxi

[
log10

∆ni
n0,i

]
,

where the subscript i refers to the planet b or c, ∆ni is the drift of
the average mean motion over the two halves of the integration,
and n0,i is the initial mean motion of planet i. The color-coding in
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Fig. 10: Ternary diagram of the inferred internal composition of TOI 1062 b. We show the parameter space covered by the posterior
distributions in the four-layer model in mass (left) and radius (right).

Fig. 11 depicts the NAFF defined above: the bluer colors indicate
more regular systems. We also distinguish the strongly chaotic
configurations from the ones that did not finish the integration
because of either a close-encounter or an escape of a body (white
boxes). We finally explain our choice of 20 kyr for the total
integration time. Over this time span, the planetary orbits in the
TOI-1062 system are expected to cover several secular cycles
during which the semi-major axes oscillate. Covering several of
these cycles allows to properly average the secular variations and
isolate the chaotic diffusion. We verified numerically that several
secular cycles are made up over an integration.

In this map, the 2:1 mean motion resonance appears clearly
as the orange band in the middle of the plot. For the current
system’s parameters and the resolution of our chaoticity map,
this resonance therefore seems chaotic. It is important to note
that this picture is highly dependent on the system’s parameters.
For instance, in this case the arguments of periastron ωb and ωc
are close to the alignment. The opposite configuration where the
orbits are anti-aligned would show a drastically different picture,
with a different strength and apparent stability of the 2:1 MMR.
The two vertical lines depict the 1σ window of Pc. With the
currently estimated orbital parameters and planet masses, the
TOI 1062 system certainly lies outside of the 2:1 MMR. Despite
the influence that a revision of the parameters may have on the
resonance, it seems very unlikely that this conclusion will change.

Finally, we note that the uncertainty on the eccentricity of
the inner planet eb is quite large. Modifying this parameter will
directly impact the strength of the 2:1 MMR as the resonance
width is expected to increase with the eccentricity. The same also
applies for the planetary masses.

Fig. 11: Chaoticity map around the solution for the two-planet
model (Table 2). The eccentricity of the outer planet ec and the
period ratio Pc/Pb are explored on a grid of 101x101 different
configurations. A color is assigned to each box after a short
numerical integration, according to its level of chaos using the
NAFF indicator (see text).

4.2.2. Stability constraints

While the chaoticity map presented above (Fig. 11) is informative
about the maximum eccentricity of the outer planet allowed by
orbital stability, this estimate should be considered with caution.
This map explores the parameter space in two dimensions,
without taking into account potential correlations with the other
parameters. As already discussed, if the best-fit estimate of the
other parameters changes, the entire map might change as well. In
order to give proper stability constraints on the orbital parameters
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and masses of the planets, we also performed a global stability
analysis from the posterior distribution of the joint photometry +
RV analysis. The only fixed parameter is the inclination of the
outer planet, taken equal to the inclination of the inner planet
(i.e., we explored the co-planar case, which is compatible with
the outer planet non transiting). We selected a sample of 10000
solutions from that posterior. Each is numerically integrated
over 20 kyr using the same integrator set-up described in the
previous section. The level of chaos is again computed with the
NAFF indicator. Over the 10000 configurations, 8455 survived
the entire 20 kyr simulation; the others were unstable (escape or
close encounter of two bodies). Imposing a more strict stability
threshold by further removing all solutions with NAFF > −5
leaves us with a stable posterior of 7224 configurations.

In any case, no stringent constraint can be added on the orbital
parameters and masses of the planets. With the sorting in NAFF
as defined above, only a slight cut in the eccentricities is observed.
The new median estimates and 1σ confidence intervals are eb =
0.162 [0.098,0.228] and ec = 0.129 [0.065,0.205]. In particular,
the global stability analysis does not allow us to further constrain
the planetary masses (again assuming co-planar orbits).

4.3. Atmospheric characterization

TOI 1062b poses an interesting target for atmospheric characteri-
zation given its equilibrium temperature of ∼1000 K. We expect a
high-metallicity atmosphere for a planet with such a small radius
and mass, as a result of the strong stellar irradiation received
which would result in a significant loss of the H2/He envelope.
However, such a target is an excellent laboratory to study carbon
chemistry at high temperature given its high expected metallicity.
Beyond metallicities of & 300× solar, the primary carbon bearing
species in the atmosphere transitions from being CH4/CO to CO2
in thermochemical equilibrium (e.g., Moses et al. 2013). This
planet is thus an ideal target to explore the CO, CH4, and CO2
chemical stability boundary which occurs at ∼800 K in photo-
spheric conditions at such high metallicities. The mean molecular
weight for such an atmosphere at ∼ 300× metallicity is expected
to be ∼4 g/mol, and hence significant features are still present
in transmission spectra compared to a solar metallicity atmo-
sphere (at ∼ 2.35 g/mol). Using the transmission spectroscopy
metric (TSM) defined in Kempton et al. (2018), we determine that
TOI 1062b has a TSM value of 31.8 assuming a mean molecular
mass of 2.3 g/mol and 18.3 assuming 4 g/mol. The lower TSM
value for the higher mean molecular weight is due to the reduced
atmospheric scale height of a heavier atmosphere. This value is
comparable to targets such as Trappist-1f and several simulated
TESS targets from Sullivan et al. (2015).

On the other hand, TOI 1062b may have completely lost all of
its H2/He envelope which would result in an ultra-high-metallicity
secondary atmosphere. At metallicities & 3000× solar, the mean
molecular weight of the heavier species such as CO2 and H2O
now completely dominate due to the lack of significant H2 or He.
Therefore, the mean molecular weight is likely to be > 18 g/mol,
and thus the scale height of spectral features in the transmission
spectra are significantly reduced by a factor of & 7× over a solar
metallicity atmosphere. This reduces the TSM value for such an
atmosphere to .5, making constraints on the abundances difficult.
However, observations of the terminator may still be able to place
a lower limit on the molecular weight, and thus the metallicity.
They would also provide a direct contrast to planets such as
55 Cancri e which also indicate a high mean molecular weight
atmosphere (Jindal et al. 2020). In addition, secondary eclipse

spectroscopy for such a cool target is challenging, but has been
achieved for GJ436b (Stevenson et al. 2010). However, for the
case of TOI 1062b, the host star is a G-type and thus will result in
a very weak planet–star flux contrast in emission spectroscopy.

5. Conclusions

We present the discovery of two new planets from the TESS
mission in the TOI 1062 system. The analysis is based on 2 min
cadence TESS observations from four sectors, ground-based
follow-up from LCOGT, and RV data from the HARPS
spectrograph. High-resolution imaging from Zorro speckle
imager rules out the presence of nearby companions and potential
nearby eclipsing binaries. We find that the host star is rotating
with a period of 21.9 days, and also note the existence of a stellar
spot whose lifetime is similar to the stellar rotational period.

TOI 1062b is expected to be a mini-Neptune with a period
of 4.11 days, radius of 2.27±0.1 R⊕, and mass of 10.2±0.8 M⊕.
Internal structure models indicate that TOI 1062b is expected
to be composed of significant iron core and silicate mantle, ac-
counting for nearly 40% of the planetary mass each, and that
it is expected to have a small volatile envelope of 0.35% of the
mass at most. TOI 1062c, which is not transiting, is found in the
HARPS RV data. We find that its minimum mass is inferred to be
9.8±1.2 M⊕, and that it is close to a 2:1 motion resonance with
its inner companion, with a period of 7.97 days. The position
of TOI 1062b with respect to the radius valley and its high equi-
librium temperature of ∼1000K make it an interesting candidate
for atmospheric characterization. The strong stellar irradiation
may result in a significant loss of the H-He envelope leaving a
high-metallicity atmosphere that can be an excellent laboratory
to study carbon chemistry at high temperature.
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Table A.1: HARPS spectroscopy obtained between 31 August
2019 and 11 November 2019.

Time RV σRV S MW σS FWHM σFWHM
[BJD − 2400000] [m/s] – [m/s]
58726.77 −4.63 1.19 0.2308 0.0035 6521.73 9.7
58726.83 −3.58 1.39 0.2205 0.0051 6516.21 15.2
58727.78 −4.91 1.19 0.2218 0.0032 6514.78 9.6
58727.86 −2.92 1.19 0.2223 0.0035 6520.8 10.4
58728.71 −4.13 1.11 0.2305 0.0026 6511.39 7.3
58728.76 −3.05 1.03 0.2284 0.0021 6513.01 5.9
58729.76 −5.6 1.16 0.2246 0.0031 6511.48 9.0
58729.86 −5.54 1.1 0.226 0.0029 6511.24 8.2
58730.74 −0.72 1.49 0.2145 0.0051 6510.23 16.0
58730.82 1.18 1.49 0.2139 0.0055 6515.79 17.1
58744.77 −1.12 1.68 0.2143 0.0068 6522.73 21.2
58745.74 −16.3 3.27 0.2023 0.0179 6534.68 61.2
58746.69 0.09 1.54 0.2148 0.0055 6517.99 17.2
58747.68 6.78 2.19 0.2099 0.01 6505.19 30.9
58747.7 4.5 1.73 0.2089 0.0068 6513.01 22.0
58748.75 7.97 1.56 0.2267 0.0056 6507.91 16.2
58750.76 −2.32 1.4 0.2289 0.0046 6522.1 13.1
58760.76 −1.13 1.79 0.1976 0.008 6507.77 28.3
58760.85 1.43 1.34 0.2064 0.005 6511.14 16.5
58761.72 −1.0 1.22 0.2259 0.0037 6515.05 10.7
58762.71 −2.72 1.33 0.2152 0.0042 6512.07 13.1
58763.78 3.58 1.13 0.2196 0.003 6506.89 9.1
58764.67 0.32 1.21 0.219 0.0031 6509.88 9.5
58765.71 −43.31 4.43 0.23 0.0271 6569.43 76.2
58766.69 −13.89 1.11 0.2193 0.0026 6502.88 7.7
58773.73 −2.55 1.66 0.202 0.0069 6513.39 23.6
58774.69 −10.79 1.31 0.2135 0.0039 6507.43 12.3
58774.8 −13.66 1.57 0.1942 0.0062 6509.0 22.5
58775.67 −10.02 1.31 0.2203 0.0042 6507.57 12.5
58775.81 −11.1 1.89 0.2004 0.0084 6519.12 29.1
58776.74 −0.04 2.33 0.2159 0.0118 6514.25 36.6
58776.8 −8.42 2.18 0.2083 0.011 6509.26 36.0
58777.66 1.5 1.65 0.2212 0.0065 6519.42 19.3
58777.78 −4.05 2.79 0.2323 0.015 6512.9 41.6
58791.6 −8.57 1.61 0.2249 0.0061 6511.53 17.7
58791.78 −6.63 1.85 0.1908 0.0084 6506.83 31.5
58792.62 −1.06 1.31 0.2249 0.004 6506.84 11.6
58792.76 −2.15 1.28 0.2163 0.0044 6506.41 13.5
58793.62 5.46 1.26 0.2296 0.0033 6508.11 9.3
58793.78 6.2 1.22 0.2152 0.004 6510.24 12.5
58794.6 2.03 1.36 0.2122 0.0041 6510.28 13.1
58794.71 2.13 1.3 0.2181 0.004 6507.05 12.2
58795.59 −2.05 1.53 0.2051 0.0046 6506.22 15.3
58795.72 −1.34 1.28 0.213 0.0037 6506.98 11.6
58796.6 −1.28 1.17 0.2217 0.0029 6505.65 8.7
58796.73 −0.69 1.2 0.2181 0.0034 6502.47 10.3
58797.6 −2.84 1.31 0.2107 0.0036 6503.46 11.6
58797.73 −0.47 1.41 0.2095 0.0046 6507.76 15.0
58798.67 −5.87 1.21 0.2189 0.003 6503.02 9.2
58799.75 −16.63 1.53 0.203 0.0058 6509.75 19.8
58799.86 −23.92 1.56 0.1928 0.0064 6525.7 23.5

Table A.2: HARPS spectroscopy obtained between 20 November
2019 and 17 January 2020.

Time RV σRV S MW σS FWHM σFWHM
[BJD − 2400000] [m/s] – [m/s]
58808.67 −0.17 1.29 0.2389 0.0041 6538.41 10.9
58810.65 4.55 1.29 0.2362 0.0038 6530.36 10.4
58811.71 −0.94 1.27 0.228 0.004 6527.1 11.3
58816.73 −7.0 1.1 0.2152 0.003 6504.0 9.4
58819.7 −6.58 1.4 0.2183 0.0044 6501.38 13.3
58821.75 −3.34 1.41 0.2111 0.0047 6496.4 14.9
58823.73 −12.12 1.5 0.2006 0.0053 6497.09 18.5
58830.59 −3.48 0.98 0.2136 0.002 6495.06 6.2
58830.69 −4.1 1.05 0.2117 0.0027 6496.99 8.7
58831.54 −7.06 1.02 0.2134 0.0019 6490.0 6.1
58831.67 −9.5 1.15 0.2176 0.0033 6498.19 9.9
58832.55 −10.45 1.63 0.2077 0.0057 6500.63 18.7
58832.66 −9.7 1.75 0.2083 0.0069 6509.54 20.8
58833.61 −1.92 2.39 0.1895 0.0109 6499.71 41.1
58834.58 9.53 1.31 0.2155 0.0039 6500.35 12.2
58834.68 9.52 1.28 0.2154 0.0042 6505.94 12.9
58835.58 11.45 1.06 0.2275 0.0022 6514.18 6.4
58835.69 8.87 1.2 0.2284 0.0038 6507.52 10.7
58836.55 7.75 1.05 0.2285 0.0022 6518.42 6.2
58836.69 7.74 1.13 0.2274 0.0031 6516.43 8.8
58837.57 10.35 1.23 0.2329 0.0034 6519.22 9.4
58837.69 8.19 1.42 0.2273 0.0051 6528.12 14.6
58838.66 12.94 1.33 0.2383 0.0044 6522.37 11.8
58839.55 9.99 1.12 0.2455 0.0025 6531.33 6.4
58839.61 9.62 1.14 0.2524 0.0029 6533.14 7.1
58840.63 4.6 1.09 0.2506 0.003 6536.72 7.4
58841.68 9.26 1.15 0.243 0.0035 6536.59 9.1
58842.63 14.97 1.21 0.2412 0.0038 6537.23 9.9
58843.56 10.7 1.03 0.2515 0.0021 6535.97 5.2
58844.59 0.13 1.16 0.2475 0.0031 6532.33 7.8
58845.67 −4.45 1.34 0.2389 0.0046 6523.74 12.3
58847.65 −8.6 1.22 0.2252 0.0038 6512.18 11.1
58848.6 −12.47 1.39 0.2146 0.0046 6510.43 14.4
58848.61 −13.08 1.44 0.2291 0.0047 6510.57 13.4
58849.64 −9.39 1.23 0.219 0.0038 6507.37 11.6
58850.58 0.44 1.16 0.2219 0.0029 6501.77 8.4
58852.57 −3.63 1.03 0.22 0.0024 6503.71 7.1
58853.61 −6.25 1.18 0.2178 0.0034 6498.99 9.7
58855.64 2.87 2.48 0.1971 0.0119 6509.76 42.5
58865.55 −5.45 1.2 0.2276 0.0035 6511.98 9.9

Article number, page 14 of 14



132 Chapter 3. Linking Theory and Observations

3.2.2.2 Mass determinations of the three mini-Neptunes transiting TOI-125: Nielsen L.
D., et al. 2020a, MNRAS, 492, 5399

In this paper Nielsen et al. (2020a) confirmed the detection of three mini-Neptunes around TOI-
125 using HARPS RVs measurements under the NCORES program. There are 82 co-authors in
the paper, and my contribution was awarded with the 16th position. TOI-125b, TOI-125c and
TOI-125d have similar radii; 2.726±0.075R⊕, 2.759±0.10R⊕, and 2.93±0.17R⊕, respectively.
However, the three planets have significantly different masses (9.50±0.88M⊕, 6.63±0.99M⊕ and
13.6±1.2M⊕). This gives a high-low-higher pattern in terms of density when moving outward
in the system. From the TESS light curves there are two additional planet candidates which are
not confirmed by RV. We derived upper mass limits of 1.6M⊕ and 2.7M⊕ for TOI-125.04 and
TOI-125.05, respectively.

Figure 3.8: Mass-radius diagram of exoplanets from the PlanetS catalog. Also shown
are the composition lines of an Earth-like planet, pure-water and 95% H2O + 5% H
He. The Figure is taken from Nielsen et al. (2020a)

The system has an interesting architecture, with the two inner planet slightly interior to
the 2:1 Mean Motion Resonance (MMR) and the two outer planets slightly external to the 2:1
MMR. TOI125b and TOI-125d both show significant orbital eccentricities of 0.194± 0.04 and
0.168± 0.08, respectively. A dynamical analysis of the system using N-body simulations shows
that planetary orbits are stable despite the high eccentricities.
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Figure 3.8 shows the M-R diagram of the planets in the TOI-125 system with the observed
exoplanet population and various composition lines. We characterize the internal compositions
of these three planets and conclude that they are likely likely retain H-He atmospheres and a
significant water layer. We estimate the H-He mass fractions of TOI-125b, TOI-125c, TOI-125d
to be 0.02±0.01%, 0.02±0.01% and 0.04±0.01%, respectively.

3.2.2.3 TESS Reveals a Short-period Sub-Neptune Sibling (HD 86226c) to a Known
Long-period Giant Planet: Teske J. et al. 2020, AJ, 96, 160

In this work by Teske et al. (2020) we present the detection and characterization of a short-
period (∼4 days) planet transiting TOI-652, which was previously known to host a long period
(∼1600 days) giant non-transiting planet. My contribution was rewarded with the 6th position
in a co-author list of 47. We get a radius of 2.16±0.08R⊕ and a mass of 7.25±1.15M⊕ for the
transiting planet, and update the parameters of the longer-period gas giant. There is a growing
evidence that ∼30-40% of stars hosting small planets also host a larger long-period planet,
which is interesting because it suggests that the presence of outer gas giant planets does not
avoid the formation of inner smaller planets, and it may even facilitate the growth of small
planets. Whether there are differences in the properties of small planets that have or do not
have giant planet companions is thus an interesting open question (see Section 2.3.3).

We explore the range of possible compositions of the transiting planet. We assumed that
the Fe/Si and Mg/Si ratios inside the planet are the same as the ratios observed in the stellar
photosphere. We estimated a H-He envelope accounting for 6.10−3% of the planetary mass, and
with a thickness of 0.39R⊕. We also find that the other constituents of the planet have relative
mass fractions between 32% and 35% with large uncertainties. As found in Otegi et al. (2020b),
this regime of the M-R diagram is strongly degenerate, and therefore even with more precise
mass and/or radius measurements, it would not be possible to significantly improve the estimate
of the mass ratio between the core, mantle, and water layer. Atmospheric characterization will
be crucial to better constrain the volatile envelope properties and composition.

3.2.2.4 A remnant planetary core in the hot-Neptune desert: Armstrong D. J. et al.
2020, Nature, 39-42, 583

Another system that we characterized with our interior models is TOI-849 (Armstrong et al.
2020), which was already briefly discussed in Section 2.3.1. My position in the co-author list
is the 16th out of 94. With a mass of 39.1+2.8

−2.6M⊕, radius of 3.45±0.14R⊕ and equilibrium
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temperature of 1800K, it is one of the most remarkable planet discoveries during in the last
years. Figure 3.9 shows TOI-849b in the context of the hot-Neptune desert. We can see that it
is relatively isolated in the parameter space, suggesting that it is somewhat unique and could
have been subjected to unusually aggressive removal of the initial H-He envelope.

We used our models to infer the planetary interior of TOI-849b. The set the core-to-mantle
fraction is set by the stellar abundance [Fe/Si] of the host star, and estimated the maximum
possible mass of an H–He envelope by assuming a planet without water. The minimum H-
He fraction was estimated by a assuming a large fraction of water of 70% by mass, which
corresponds to a water rich planet. We obtained that the H-He mass fraction is at minimum
2.9+0.8

−1.0% and at maximum 3.9+0.8
−0.9%, suggesting that the heavy element mass is higher than

38M⊕.

Figure 3.9: Position of TOI-849b in the mass-orbital period diagram. The grey
exoplanets correspond to know exoplanets from the NASA Exoplaner Archive. The
Figure is taken from Armstrong et al. (2020)
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3.2.2.5 TOI-824 b: A New Planet on the Lower Edge of the Hot Neptune Desert: Burt,
J. A. et al. 2020, AJ, 87, 162

In this study Burt et al. (2020b) reports the detection of a hot Neptune transiting TOI-824. My
contribution to the work was awarded with the 11th position out of 54. Using TESS photometry
and HARPS RVs under the NCORES program we determine a radius of 2.93±0.20R⊕ and a
mass of 18.47±1.84M⊕. It has a short orbital period of 1.393 days, and an equilibrium temperat-
ure of 1253K. The planet’s bulk density is 4.03+0.98

−0.78 g cm−3, making it more than twice as dense
as Neptune. We model its interior and estimate a H-He mass fraction of 2.8±0.08%, which
is a lower-bound since enriched H-He atmospheres are more compressed, and can therefore
increase the planetary H-He mass fraction. Assuming a rock and iron core, thermal evolutions
models suggest a H-He mass fraction of 2.4+1.1

−1.7%, which is consistent with the results of our
interior models. The core, mantle, and water layer have relative mass fractions of 27%, 38%,
and 31% with large uncertainties, respectively.

TOI-824b is interesting in the context of the hot Neptune desert since it appears to lie
at the lower edge of the desert. However, its mass and radius suggest that it possesses a
significant primary atmosphere. The obtained H-He mass is within the typical range of the
warmest Neptune planets discovered by Kepler, even if these planets are much less irradiated
than TOI-824b. In the paper we explore several planet evolution and escape models that may
be able to explain how can this planet have retained such a significant gaseous envelope despite
receiving extreme irradiation. TOI-824 b is the most irradiated small planet at the edge of the
hot Neptune desert that has retained its atmosphere, and further studies of its atmosphere could
lead to a more detailed characterization.

3.2.2.6 A hot mini-Neptune in the radius valley orbiting solar analogue HD 110113:
Osborn H. et al. 2020, MNRAS, 4842, 502

In Osborn et al. (2021b) we reported the descovery of a mini Neptune transiting TOI-755.
There were 56 people involved in the discovery and I was awarded with the 11th position. The
HARPS RVs revealed strong activity on TOI-755, with a rotation period of 20.8± days. After
removing this rotation period using a co-fitted gaussian processes (GPs) with the S-index and
the FWHM, two Keplerian signals are found at 2.541 and 6.744 days. The inner planet has a
mass 4.55±0.62M⊕ and a radius of 2.05±0.62R⊕. The outer planet is not transiting, and has a
minimum mass of 10.5±1.2M⊕.

The estimated density of TOI-755b is 2.90+0.75
−0.59 g cm−3, far lower than would be expected
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from a rocky core. By modelling its interior we were able to discard a composition without
volatiles, suggesting that it has between 0.07 and 1.5% H-He by mass. This is surprising given
its position in the radius valley between gaseous mini Neptunes and rocky super-Earths (see
Figure 3.10). It is likely that TOI-755b started with a thicker atmosphere of H-He, which, due
to both evaporative and core-powered mass-loss, was lost over time. However, typically planets
which lose the majority of their gas lose it all Owen & Wu (2017). We suggest two possibilities
for the unexpected planetary low density: either TOI-755b has a water-rich core and secondary
atmosphere, or it began with a thick H-He envelope and managed to retain a small fraction of
it despite significant evaporation and/or heating.

Figure 3.10: Distribution of Kepler planets by both insolation and planetary radius
plot, with underlying occurrence distributions adapted from Martinez et al. (2019).
TOI-755b is represented as a purple star. The best fit positions of radius valleys are
plotted in blue from Martinez et al. (2019). The Figure is taken from Osborn et al.
(2021a).

3.2.2.7 TOI-431/HIP 26013: a super-Earth and a sub-Neptune transiting a bright, early
K dwarf, with a third RV planet: Osborn, A., et al. 2021, MNRAS, 2782, 507

In this work Osborn et al. (2021) presented the discovery of three new planets around the
TOI-431 system. TOI-431b and TOI-431d are a super-Earth and a sub-Neptune characterized
with photometry from TESS and NGTS and RVs from HARPS, FEROS, Minerva-Australis,
and iSHELL. There were 124 people involved in this work, and my position in the list was
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the 18th. The inner planet has a ultra-short period of 0.49 days, mass of 3.07±0.35M⊕, and a
radius of 1.28±0.04R⊕. TOI-431d has a period of 12.46 days, mass of 9.9±1.5M⊕, and a radius
3.29±0.09R⊕. TOI-431c is found in the HARPS RVs with a period of 4.84 days and a minium
mass of 2.83+0.41

−0.34M⊕, but it is not seen to transit. Figure 3.11 shows the location of TOI-431b,d
in the M-R diagram against the observed exoplanet population and some composition lines.
We run our interior models using the stellar Fe/SI and Mg/Si as a proxy for the planet, and find
that TOI-431b has a negligible H-He envelope. The larger companion TOI-431d is expected to
have a significant volatile layer of H-He and/or water or about 3.6% or 33% of its total mass,
respectively. However, the nature of the volatile is degenerate.

The architecture is this system is intriguing since it is unusual that the middle planet is not
transiting, while the inner and outer planets are both seen to transit. It is also a good target
for studying planetary evolution, since both TOI-431b and TOI-431d reside in either side of
the radius-period valley described in Fulton et al. (2017). We find that the negligible envelope
of TOI-431b is likely due to substantial atmospheric loss via photoevaporation. TOI-431d is
found to have suffered a much less intense mass loss rate, allowing it to retain a substantial
envelope.

Figure 3.11: M-R diagram of known planets with mass determination better than 4𝜎
from the NASA Exoplanet Archive. TOI-431b (orange) and d (blue) are represented
by diamonds, and the black stars represent Solar System planets. The Figure is taken
from Osborn et al. (2021)
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3.2.2.8 TOI-269 b, an eccentric sub-Neptune transiting a M2 dwarf revisited with
ExTrA: Cointepas M. et al. 2021, A&A, A145, 650

In this study Cointepas et al. (2021) presented the discovery and characterization of a sub-
Neptune transiting the M dwarf TOI-269. My contribution was highly appreciated and awarded
with the 7th position out of 62 co-authors. The mass and radius were determined using photo-
metric data from TESS and ground-based follow-up from ExTra, and RVs from HARPS. We
obtained an orbital period of 3.698 days, mass of 8.8±1.4M⊕ and radius of 2.77±0.12R⊕. In
addition, we obtained a remarkable eccentricity of 0.43±0.08. As shown in Figure 3.12 the
measured eccentricity is almost the highest value for planets with periods shorter than 10 days.
Since TOI-269 is likely few billion years old, TOI-269b probably did not acquire its eccentri-
city recently. The most likely explanation is that it reached its present orbit with planet-planet
migration and reached this high eccentricity in the process.

The estimate bulk density of 2.28+0.48
−0.42 g cm−3 is significantly lower than the typical density

of rock planets, and indicates the presence of a volatile envelope. Our internal models suggest
that, although strongly degenerated, TOI-269b has a H-He mass fraction between 0.4% and
4%.

Figure 3.12: Orbital eccentricity against the orbital period from the Exoplanet.eu
catalog. The color indicates the planetary radius. The Figure is taken from Cointepas
et al. (2021)
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3.2.2.9 The HD 137496 system: A dense, hot super-Mercury and a cold Jupiter: Silva
T. A. et al. 2022, Submitted in A&A

In Silva et al. (2021) we report the discovery giant planet together with an inner super-Mercury
orbiting around HD 137496b. My contribution to the interior modeling was highly appreciated
and properly awarded with the 5th position out of 34 co-authors. With photometry from K2
and RVs from HARPS and CORALIE we find that the inner planet has a mass of 4.04±0.55M⊕

and a radius of 1.31±0.05R⊕. This results in an unusually high density of 10.49+2.08
−1.82 g cm−3.

Our internal models suggest that HD 137496b needs to have a large iron core, and estimate iron
mass fraction (IMF) of 0.73±0.12. If we assume that the ratios of Fe/Si and Mg/Si measured
in the host star reflect the planetary ratios, we are not able to match the observed mass and
radius of the star. This is shown in Figure 3.13, where we compare the planet’s inferrend iron
mass fraction (IMFplanet) to its stellar counterpart (IMFstar). Clearly, the IMFplanet is similar to
Mercury and the 2𝜎 regions of both IMFplanet and IMFstar do not overlap. This means that the
probability of the planet reflecting the stellar refractory abundances is less than 0.04%.

Figure 3.13: Posterior distribution for the estimated iron mass fractions as inferred
from the stellar refractory abundances (red) and the planet mass and radii (gray). The
Figure is taken from Silva et al. (2021).
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HD 137496b is an interesting target for testing formation theories and density enhancing
mechanisms. Phenomena that could totally or partly explain the observed density include a
giant impact, photophoresis (Wurm et al. 2013), rocklines (Aguichine et al. 2020), magnetic
erosion (Hubbard 2014), or magnetic boosts (Kruss & Wurm 2018, 2020).

3.2.2.10 TOI-177, a bright M-dwarf transited by a mini-Neptune amenable to
atmospheric characterization: Almenara J.M. et al. 2022, Submitted in A&A

We confirm TOI-177b, which is a mini-Neptune in a 2.9 day orbit transiting a M dwarf. My
position in the co-author list currently is the 4th out of 41. We model the transit light-curves
from TESS and HARPS RVs and obtain a planetary mass of 3.34±0.72M⊕ and radius of
2.13±0.11R⊕. TOI-177b lies in the transition between the populations of super-Earths and
sub-Neptunes. Figure 3.14 shows that TOI-177 b is located in the upper part of the exoplanet
envelope that starts at around 3 . Most of the exoplanets around M-dwarfs are located in the
upper part of the envelope, which suggests that it could be due to the low incoming irradiation
that allows them to keep most of the H-He atmospheres. TOI-177 b sits above the Earth-like
curve, implying that the planet must hold some volatile-envelope that is likely to account for a
significant percentage of the planetary radius.
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Figure 3.14: Mass-radius diagram of exoplanets from the PlanetS catalog. Exoplanets
around M dwarfs are highlighted in black. Also shown are the composition lines of
iron, Earth-like and pure water (at T𝑒𝑞=693K).
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Figure 3.15: Ternary diagram of the inferred internal composition of TOI-177b. The
parameter space covered by the posterior distributions in mass are shown on the left,
and in radius on the right.

We use our interior models to study the composition of TOI-177b, and Figure 3.15 shows
the inferred composition. The ternary diagram shows the degeneracy associated with the de-
termination of the composition of exoplanets with measured mass and radius. We find a median
H-He mass fraction of 1.9%, which to a lower-bound since enriched H-He atmospheres are
more compressed and, therefore, increase the planetary H-He mass fraction. Nevertheless, we
find a large degeneracy between the core, silicate mantle, and water layer, and it does not allow
accurate estimates of the masses of these constituents.

Interior models cannot distinguish between water and H-He as the source of low density
material, so we also run a 3-layer model without the H2O and H-He envelopes. In the water-free
case we find that the planet is 4.3% H-He, 45% iron and 51% rock by mass, which set maximum
limits for the atmospheric and core mass. However, a model without H-He would require 57%
water. Another possible scenario would be an iron-poor formation. An iron-free model gives a
median atmospheric mass fraction of 0.9%, mantle of 84% and water-layer of 15%. Since any
iron added to this model would increase the H-He mass fraction and decrease the mantle mass
fraction, these values set an minimum and maximum limit respectively.
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3.2.2.11 Final thoughts

Figure 3.16 shows the M-R diagram with the characterized exoplanets. Our interior models have
allowed to set useful constraints on the interior structure of the planets of these ten systems.
Given planetary mass and radius, we are able to set relatively good estimates of maximum
amount of volatiles. However, in most of the cases we get very high uncertainties for the core,
mantle, and water masses, due to their strong degeneracy. Overall, we find that a signific-
ant degeneracy in the internal structure of most of the sub-Neptune population remains. The
planets that we can best characterize are the ones with either high densities (like HD 137496b
and TOI-431b) or low densities (like TOI-431d or TOI-125c). In some cases we have used
the stellar abundance ratios as proxy for the bulk abundances of the planet (Dorn et al. 2015;
Adibekyan et al. 2021). However, there is evidence that the composition of the rocky planets
spans a wider range than stars (Plotnykov & Valencia 2021), and whether the stellar abundances
actually reflect the planetary ones is still under debate. Therefore, it is crucial to search for
additional constraints to reduce the degeneracy of internal structures leading to identical mass
and radius. Nowadays the atmospheric composition is assumed or modelled, but future space
telescopes as JWST or ARIEL will put further constraints that will help reducing the degeneracy.

The models used in the characterization of the exoplanets have been rather simple. The
core has been assumed to be composed only of iron, neglecting lighter elements, and for the
mantle Earth-like composition has been assumed. Shah et al. (2021) have recently used reliable
prescriptions for the hydration of the core and mantle showing that it may have a significant
effect on the observed mass and radius. In addition, Mousis et al. (2020) presented a water
model including a supercritical state that may play an important role for highly irradiated plan-
ets, which is not included in our models. The addition of these mentioned complexities to
our internal models would make it more realistic, but they would add more free parameters to
solve in the inference method. We therefore need to keep a balance between having a realistic
planetary model while keeping a number of free parameters that allow a good determination.
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Figure 3.16: Mass-Radius diagram with the exoplanets for which we have studied
the internal structure. The gray points show the exoplanets in the PlanetS Catalog,
and the green star shaped markers correspond to the Solar System planets. We also
display composition lines of pure-iron (brown), Earth-like (light-brown), pure-water
(blue), and 5% H-He.

The choices on the theoretical assumptions of our internal models have a crucial importance.
In Section 3.1.1 we have seen that the choice of the EOS of the core has an impact on the
planetary radius of the order of few percent, and a similar impact was determined for the water
EOS in Haldemann et al. (2020). Interior models usually make strong assumptions to reduce the
number of free parameters, introducing an uncertainty that often is not taken into consideration.
The observational uncertainties are well quantified, and inference models usually propagate
the observational uncertainties to the uncertainties in the internal parameters, ignoring the
contribution related to the model assumptions. Since observational uncertainties are expected
to decrease significantly in the upcoming years, it is important to explore whether the theoretical
uncertainties related to the model assumptions could dominate compared to the observational
uncertainties. Along with the great efforts to improve the data, I consider that similar efforts
should be made on the theoretical front.
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3.2.3 On the formation of super-Mercuries by Giant Impacts

Another paper in preparation I am involved is leaded by C. Reinhardt, and studies the formation
of iron-rich planets. One of the most popular explanations to Mercury’s unusually large iron
core is that a giant impact early in the planet’s history stripped a large fraction of its mantle
(Benz et al. 2007; Asphaug & Reufer 2014; Chau et al. 2018). Several metal-rich exoplanets
have been discovered with extreme compositions similar to Mercury (Rowe et al. 2014; Sinukoff
et al. 2016; Adams et al. 2017; Kosiarek et al. 2019; Santerne et al. 2018; Astudillo-Defru et al.
2020; Silva et al. 2021). These planets have robust mass and radius measurements, and meet
the selection criteria for the PlanetS catalog except the limit in radius uncertainty (in this work
we allow radius uncertainty up to 10% instead of the 8% limit of the PlanetS catalog). All these
planets are very close to the star, and therefore high velocity impacts during the formation and
early evolution may be common.

In the context of super-Earth, Marcus et al. (2009) investigated mantle stripping giant impact
using Smoothed Particle Hydrodynamics and derived scaling laws for the mass of the largest
fragment as well as the iron mass fraction. Using these scaling laws Marcus et al. (2010) then
derive a maximum iron content for observed exoplanets assuming a maximum possible impact
velocity of 80km/s. Based on the assumption that the initial pre-impact mass of a super-Earth
does not exceed 10M⊕ they predict that Mercury-like exo-planets have a maximum mass of
5M⊕. However, several more massive, close-in metal-rich planets have been observed (Rowe
et al. 2014; Sinukoff et al. 2016; Kosiarek et al. 2019; Astudillo-Defru et al. 2020; Silva et al.
2021). Due to their proximity to the central star their orbital velocities exceed 80km/s, allowing
much larger collision velocities than assumed. In addition, we consider that the maximum mass
of a pre-impact super-Earth is underestimated in Marcus et al. (2010).

In this work we use 3D hydro simulations to investigate the mantle stripping in giant
impacts between super-Earths of up to 19M⊕. We derive new scaling laws for the mass of
the largest fragment, its iron mass fraction and the critical specific impact energy for the
catastrophic disruption. In addition, we use our interior models to estimate the iron mass
fraction of the densest observed planets to date, and compare them with the output of the 3D
hydro simulations. An example is shown in Figure 3.17, where the post-impact iron mass
fraction is plotted against the fragment mass. The coloured circles represent the simulation
data, and each colour corresponds to the planet’s pre-impact mass. The grey shaded areas mark
a restricted impact parameter space. Dark gray corresponds to pre-impact mass below 10M⊕

and impact velocities between 20km/s and 100km/s, while the light gray envelope corresponds
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to pre-impact mass below 20M⊕ and impact velocities between 20km/s and 160km/s. The
goal of the Figure is to analyze under with conditions the models can explain the observed
data of the dense exoplanets, which is represented with colored errorbars. We see that using
target masses of 10.5M⊕ we are not able to explain the iron mass fraction of all the observed
exoplanets through giant impacts, but it is possible with larger target masses. Similarly, we need
to consider impact velocities up to ∼160km/s in order to get iron mass fractions compatible
with the observations.
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Figure 3.17: The post-impact iron mass fraction against the fragment mass. The
circles represent the simulation data and each colour corresponds to the planet’s pre-
impact mass (violet: 10, cyan: 16.55 and red: 19.04). The dashed and dotted black
curves correspond to the original and corrected curve for maximum stripping derived
in Marcus et al. (2010). The grey shaded area mark a restricted impact parameter
space. The circles with errorbars correspond to our sample of observed iron-rich
planets.
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Conclusions

4.1 Main results of the thesis

During the four years of my Ph.D. project, the large number and diversity of discovered exo-
planets has allowed to identify and study multiple planet populations. My research has focused
on how to characterize the structure of these exoplanets, especially super-Earths, sub-Neptunes,
and planets in the transition from terrestrial to gas giants.

A significant part of my work has been dedicated to the investigation of the exoplanet
demography, which is key to understand the physical processes affecting planet formation and
evolution theories. Demographic analyses heavily depend on the chosen planetary sample, and
the main exoplanet catalogs available are built using different criteria and information sources.
The resulting M-R diagram, for instance, significantly depends on the chosen exoplanet catalog
(e.g. Bashi et al. 2018). In the first study presented in Chapter 2.1 we present an updated
exoplanet catalog based on robust mass and radius measurements. Using the NASA Exoplanet
Archive as a starting point, we performed a careful analysis of all the planets less massive
than 120M⊕ in order to build as reliable as possible exoplanet catalog. The resulting M-R
diagram from the revisited catalog clearly showed two distinct populations, corresponding to
rocky exoplanets and volatile-rich exoplanets. We found that the rocky exoplanet populations
shows a relatively small density variability and ends at a mass of ∼25 M⊕, possibly indicating
the maximum core mass that can be formed. In this work we also presented new empirical
M-R relations, and used the composition line of pure water to divide the rocky and volatile-rich
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regimes. We show the limitations of other M-R relations in the literature to properly describe
the rocky and volatile-rich populations. After the publication of this study we have continued
adding the new discovered planet in the revisited catalog and extended it to the gas giant regime.

The large diversity observed in exoplanets also extends to the architecture of multi-planetary
systems. Understanding the properties of planets within a system provides hints on the under-
lying physical processes. The so-called ’peas in the pod’ trend has been extensively explored
in terms of radius and period ratios, but it was still poorly understood in terms of mass. In
Chapter 2.2 we used our revisited reliable exoplanet catalog to perform an in-depth analysis of
the similarity in mass, radius and density of multi-planetary systems. We find that planetary
systems tend to be more similar in radius than in mass, which could be linked to the stronger
impact of the radios on the density and, hence, the planetary composition. We also find a sharp
transition in the similarity of systems at 100M⊕ and 10R⊕, with planets below these limits being
significantly more uniform. Finally, although dependence of the similarity with other quantities
must be further investigated, we also find some hints that systems around more massive stars
tend to be less uniform in mass and radius. However, further studies with more observational
data are needed to confirm these trends.

In addition to demographic studies, another substantial part of my work has been focused
in the characterization of the internal structure of individual planets, focusing in super-Earths
and sub-Neptunes. Building on the work of Dorn et al. (2017), I updated several parts of the
core, water and volatile envelope models, as described in Chapter 3.1. This model was used to
characterize the internal structure of several discovered exoplanets, including super-Mercuries
(Silva et al. 2021), super-Earths (Teske et al. 2020; Osborn et al. 2021), sub-Neptunes (Nielsen
et al. 2020a; Burt et al. 2020b; Osborn et al. 2021b; Cointepas et al. 2021) and a very massive
core (Armstrong et al. 2020) (see Figure 3.16). In addition, we used our internal models to
study several aspects that affect the characterization of super-Earths and sub-Neptunes, such
as observational uncertainties, location on the M-R diagram, additional constraints as bulk
abundances, or model assumptions. We find that a decrease in observational uncertainties for
planets below the Earth-like composition line and above the pure-water composition line leads
to a better determination of the core mass and atmospheric mass, respectively. Between these
two composition lines the degeneracy is stronger and mass and radius alone do not significantly
improve the determination of any internal structure parameter. We also find that relatively small
uncertainties on the temperature profiles of the planet lead to significant uncertainties in the
observed radius, and we emphasize importance of the theoretical uncertainties related to model
assumptions.
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Finally, I have also been involved in the target selection, observation, and data analysis of
several RV follow-up programs. I have built a program for CORALIE which aims to perform
long-term follow-up of planets in the Neptunian desert. This way we aim to find distant com-
panions and/or improve the RV fit and refine the planetary parameters of the observed planets.
I have also contributed to the NCORES program for HARPS, which aims to study planets sub-
jected to strong irradiations in which the outer layer has been stripped off by photoevaporation.
I leaded the discovery paper of two sub-Neptunes using data from this program and TESS
photometry. The RV data were affected by strong stellar activity, so we modeled it using GPs.
We found that the inner planet is a mini-Neptune with a small volatile envelope of 0.35% of
the mass at most. We also found a non-transiting planet on the RV data in close 2:1 motion
resonance with its inner companion. Finally, I have also contributed to the target selection
and development of the scientific case of two ESPRESSO proposals aiming to characterize
warm mini-Neptunes and mini-Neptunes around M-dwarfs. These two ESPRESSO proposals
have been accepted for period 109 (April-September 2022) and will continue exploring two
planetary populations that play a very important role in constraining planetary formation and
evolution models and, yet, are still poorly understood.

4.2 Future Prospects

The key objective of this thesis was to provide a better understanding of the internal structure
of super-Earths and sub-Neptunes. In recent years, our understanding of these planets has
increased significantly thanks to the increasing quantity and quality of exoplanet data, but there
are many open questions that have yet to be resolved.

The discovery of new exoplanets and the development of theoretical models describing
the planetary interior will certainly allow to improve characterization of exoplanet in the near
future. The exoplanet demography is often studied in the mass-radius or orbital period-radius
planes. However, in order to reach a more complete understanding of the exoplanet demo-
graphy it is necessary to study the multi-layer nature of the M-R diagram. The amount of
exoplanets with well constrained mass and radius has hugely increased thanks to Kepler and
TESS, allowing to study the correlations between planetary mass, radius and other quantities.
A preliminary research on this has been presented in Section 2.1.3, but more data is needed
in order to extract robust conclusions on the relation between planetary and stellar proper-
ties. For instance, thanks to recent TESS data we have observed some hints indicating that
M-dwarfs may host more rocky and denser planets than FGK stars. This trend is against sev-
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eral theoretical predictions, and will soon be confirmed or discarded with new observational
data. Ongoing and future space missions like TESS, CHEOPS, or PLATO will rapidly pop-
ulate the M-R diagram allowing a more complete understanding of exoplanetary demographics.

Precise constraints on the planetary mass and radius are crucial to accurately infer the in-
terior composition. Despite the intrinsic degeneracy of compositions leading to the same mass
and radii, in Otegi et al. (2020b) we showed that the interiors of volatile-rich and very dense
planets is better constrained with decreasing observational uncertainties. We have a significant
amount of time on ESPRESSO for the period 109 to observe long-period, low irradiated planets
and M dwarfs to characterize warm mini-Neptune, ocean, icy planets, and/or planets in the hab-
itable zone. These new observations will help understading the nature and origin of these highly
interesting exoplanet populations. In addition, new generation instruments like Near-InfraRed
Planet Searcher (NIRPS, Bouchy et al. 2017), which is currently under commissioning, will
continue playing a relevant role in the characterization of small planets. It will target M-dwarfs,
which are challenging to observe due to their intrinsic faintness and high activity. Nevertheless,
NIRPS is expected reach a precision of 1 m s−1, comparable to that of HARPS, and will be
assisted by adaptive optics. M-dwarfs are the most common type of stars in the solar neigh-
borhood (Henry et al. 2018), and tend to host more rocky planets than FGK stars (Cloutier &
Menou 2020). Precise characterization of dense rocky planets will allow a better understanding
of its interior structures and composition. In addition, the PLATO mission (Rauer et al. 2014)
is set to launch in 2026 and will monitor 250000 bright stars with unprecedented precision. Its
goal will be to determine planetary radii with precision of 3%, and masses up to 10%. The large
amount of exoplanets with precise mass and radius measurements will allow in-depth analysis
of their internal internal structure and their formation and evolution paths.

To further improve the quality of the characterization of exoplanets it is necessary to search
for additional constraints on their composition. These constraints will by provided by space
telescopes like JWST or ARIEL, which will study their atmospheric composition. In addition,
PLATO will derive the age of the systems, adding an extra parameter can be crucial to further
constrain the composition and formation paths of the planets, and, therefore, opening a new
dimension for planet characterization. For instance, including exoplanet evolution models to
the characterization and knowing the age of the system would allow to check whether the
envelope mass could be retained over the planet’s lifetime, and exclude unphysical configur-
ations. It is also necessary to further investigate whether the stellar abundances are a good
proxy for the planet bulk abundances. Even if this assumption can play an important role
reducing the degeneracy, the validity of the assumption is still under debate (Adibekyan et al.
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2021; Plotnykov & Valencia 2021) and should be further investigated. Additional constraints
may eventually also come from galactic kinematics, since it has been found that the amount
of small rocky planets depends on the velocity of the stellar total velocity (Bashi & Zucker 2019).

The interplay between the data coming from the new generation instruments and the devel-
opment of theoretical models is crucial to advance in the understanding of planetary interiors.
Observational data will set constraints on the theoretical models, while theoretical models will
drive future observations. My research represents another step in advancing our understanding
of planets beyond the Solar System.
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