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Abstract

We present work in progress towards a modelling ap-
proach for the interior and evolution of giant plan-
ets. It follows the well-known method by Henyey et
al. (1964) [1] for stars. In contrast to conventional
modelling assumptions for Jupiter and Saturn [2] and
Uranus and Neptune [3], our goal is to go beyond the
premise of adiabatic interiors, as the presence of stably
stratified and thus non-adiabatic regions is indicated
by some magnetic field models for the ice giants [4].
Therefore, we solve self-consistently for the local tem-
perature gradient, the compositional gradient and the
heat flux, accounting for heat and particle transport by
convection and diffusion. This way we hope to gain
new insight into the origin of the low intrinsic lumi-
nosity of Uranus and the high intrinsic luminosity of
Neptune. Here, we present the theoretical foundations
and implementation of the model as well as first re-
sults.

Acknowledgements

This project was funded by the DFG grant NN1734/2
within the DFG research unit FOR 2440 “Matter Un-
der Planetary Interior Conditions”.

References

[1] Henyey, L.G., Forbes, J.E., and Gould, N.L.: A New
Method of Automatic Computation of Stellar Evolution.
Ap], Vol. 139, pp. 306-317, 1964.

[2] Guillot, T.: A comparison of the interiors of Jupiter and
Saturn. Planet. Space Sci., Vol. 47, pp. 1183-1200, 1999.

[3] Nettelmann, N., Helled, R., Fortney, J.J., and Redmer,
R.: New indication for a dichotomy in the interior struc-
ture of Uranus and Neptune from the application of mod-
ified shape and rotation data. Planet. Space Sci., Vol. 77,
pp. 143-151, 2013.

[4] Stanley, S. and Bloxham, J.: Convective-region geome-
try as the cause of Uranus’ and Neptune’s unusual mag-
netic fields. Nature, Vol. 428, pp. 151-152, 2004.



EPSC Abstracts

Vol. 12, EPSC2018-310, 2018

European Planetary Science Congress 2018
(© Author(s) 2018

EPSC

European Planetary Science Congress

Measurability of the fluid Love number £, in WASP-121b

Hugo Hellard (1), Szilard Csizmadia (1), Sebastiano Padovan (1), Frank Sohl (1), Doris Breuer (1), Tilman Spohn (1), and

Heike Rauer (1,2)

(1) Institute of Planetary Research, German Aerospace Centre, Berlin, Germany, (2) Institute of Geological Sciences, Free

University, Berlin, Germany (hugo.hellard @dIr.de)

Abstract

We are witness to a great and increasing interest in
internal structure, composition and evolution of exo-
planets. However, direct measurements of exoplan-
etary mass and radius are insufficient to distinguish
between different internal structure and composition
models—known as the mass-radius degeneracy— justi-
fying the need for an additional observable [6]. As
already introduced in the litterature [1, 2], we show
that planetary surface deformations coming from tidal
and rotational effects cause distortions in the transit
curves. These distortions can be expressed through the
fluid Love numbers k;, providing additional informa-
tion on the planetary internal structure [3]. We discuss
detectability of non-sphericity effects in transit curves
of WASP-121b in the light of dedicated space missions
(e.g. Kepler, TESS, JWST, PLATO).

1. Introduction

Close-in objects with typical orbital periods shorter
than ten days undergo strong rotational and tidal dis-
tortions, modifying their shape from spherical to more
complicated ones. We assume both components in hy-
drostatic equilibrium, hence behaving as a fluid, crit-
ical to interpret the shape in terms of internal struc-
ture. The surficial deformations depend on the body’s
internal structure, and may be expressed through the
fluid Love numbers k; [4, 5] (section 2). In particular,
the second-degree Love number k5 tells us how much
mass is concentrated towards the component’s centre.
As a result of these deformations, the stellar eclipsed
area or planetary reflecting area will differ, changing
the corresponding transit curves (section 3).

2. Model

The perturbing potential arises from the centrifugal
force due to the planet’s self rotation and from the tidal
force coming from its host star. One may assume a

tilted spin axis w.r.t. the orbital plane. By expressing
the perturbing potential in spherical harmonics, Love
(1911) and Kopal (1959) [5, 4] showed that the surface
radius is given by
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where 0 is the co-latitude, ¢ is the longitude, R, is the
planetary mean radius, ¢ = :Zp is the mass ratio, P;
is the Legendre polynome of degree j, d is the orbital
distance, F, = <=t is the planetary angular rotation
ratio. A and © are erngles which depend on 6, ¢, and on
the tilted angle of the spin axis, and h; , = 1+k; ,, are
the planetary fluid Love numbers. A value of hy = 1
means the mass is concentrated at the body’s centre
(mass-point model), while ho = 2.5 is reached for a
fully homogeneous body. A similar expression can be
found for the stellar surface deformations through an
obvious interchange of signs.

We assume synchronously locked orbits, i.e. F), =
F; = 1, with a non-tilted spin axis, i.e. © = 6. For the
star, the mass-point model is a good approximation,
i.e. h; s = 1. Hence, depending on the planetary inter-
nal structure (enclosed in h; ;,), the planet’s resulting
projected shape onto the plane-of-sky will differ, lead-
ing to different photometric curves.

We compute transit curves for WASP-121b, for differ-
ent values of ho ;, and keeping hz , = hqp = 1.

3. Results

In Figure 1 we present a single transit event for hy =
1.3, and its best spherical fit. One may recognize the
highest distoritions in the ingress and egress phases
of the transit. The maximum distortion amounts to
roughly 900 ppm. This is explained by the fact that
WASP-121b orbits close to its Roche limit (at roughly
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Figure 1: Upper panel: single transit event of WASP-
121b for hy = 1.3 (black dots), and its best spherical
fit (red line). Lower panel: residuals (distorted - spher-
ical).

twice its Roche limit), and thus is subjected to huge
tidal deformations. Figure 2 presents the expected
signal-to-noise ratio (S/N) of this effect, as a func-
tion of ho (i.e. internal structure). The noise levels
have been computed for a composite light curve from
10 observed transits, binned into 2 minute intervals.
With the exception of TESS, we show that PLATO,
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Figure 2: S/N of the distortions as a function of the
internal structure (hs), for PLATO, Kepler, JWST, and
TESS.

Kepler, JIWST and CHEOPS reach a S/N > 3, hence
providing the means to constrain the internal structure
of WASP-121b.

4. Summary and Conclusions

Close-in planets are subjected to high tidal and rota-
tional surface deformations, leading to transit curve
distortions. The magnitude of these distortions depend
on the planetary internal structure, expressed through
the Love numbers k; (or equivalently h;). We showed
that PLATO, Kepler, JWST and CHEOPS have the
means to constrain the second degree Love number of
WASP-121b, providing additional invaluable informa-
tion on its internal structure.
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Abstract

Planetary cores are mainly constituted of iron,
however the presence of other elements could
strongly affect its properties, such as melting
temperature, liquid density and more generally phase
diagrams. Each light elements commonly assessed,
eg. S, C, Si, O or H [1], must be considered
individually, as their effects are highly different, and
strongly depend on pressure, that is to say on the size
of the planet considered. | will present here a review
of the actual knowledge on light elements effects on
iron properties, from the Moon’s to exoplanets cores.

1. Introduction

From the nucleosynthesis sequence, iron is one the
major non-volatile element during planetary
accretion. Differentiation processes occurring for
solar system planets extracted an iron-based core
from a silicate-based mantle. Potential high pressure
metal-silicate equilibration during magma ocean
stage favors the presence of Si and O in planetary
cores [2] (volatile-poor scenario), whereas the study
of meteorites emphasize the presence of S and C in
parent bodies of differentiated achondrites [3]
(volatile-rich scenario).

However, each light elements would have strongly
different impact on physical properties of the
planetary core formed after the differentiation. On
one hand, considering different types of mechanisms,
volatile —rich or volatile-poor, the resulting properties
of the planetary cores would be drastically different.
On the other hand, integrated models of planetary
interiors could help us to decipher what is the most
probable core composition.
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2. Experimental results

I will mainly discuss in this presentation Laser
Heating Diamond Anvil Cell coupled with different
diagnostics, such as diffraction, absorption, inelastic
scattering but also chemical analysis of recovered
samples. This global set of diagnostics for iron and
iron alloys under high pressure and high temperature
allows to have a large overview on how each light
element affects the properties of iron, such as binary
and ternary phase diagrams, but also density, sound
velocity...

I will finally compare these results with ab initio
calculations and dynamic compression experiments.

3. Implications for planetary cores

First, the hypothesis of a liquid outer core in the
Moon constrains the presence of volatile elements,
such as S or C, in its core. We recently proposed a
structure for the Moon’s core based on a recent
dataset on Fe-S binary phase diagram [4], [5].

Secondly, the Earth’s core composition derived from
siderophile elements partitioning experiments imply
the combined presence of Si and O in the Earth’s
core, from metal-silicate equilibrium [2]. However,
present temperature at the Core-Mantle Boundary
require the addition of volatile elements, such as C
and S, to decrease metal crystallisation temperature

[6].

Finally, binary and ternary phase diagrams will be
discussed under extreme pressure, emphasizing the
difference between different core composition and
how it will affect the expected core properties, such
as magnetic field generation.
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Abstract

The interiors of icy planetary bodies contain large
amounts of mixtures of the molecular ices of water,
ammonia, and methane. To develop a detailed pic-
ture of these bodies’ interiors it is crucial to understand
how these compounds interact at extreme pressure and
temperature conditions. We present here results com-
bining electronic structure total energy calculations,
crystal structure prediction methodology, and ab-initio
molecular dynamics (MD), to study the phase evolu-
tion of ammonia-water mixtures under pressure. We
show that ammonia-rich hydrates are preferred above
100 GPa, and discuss MD results on four different sto-
ichiometric ammonia-water mixtures up to 500 GPa
and 5000 K. We find the presence of superionic re-
gions, where protons move freely in heavy nuclei lat-
tices, analyse their diffusive properties and bond life-
times, and establish their melting lines.

1. Introduction

Accurate models of the interior structure of planetary
bodies, in our or other solar systems, are key to un-
derstanding their formation and many of their proper-
ties. For instance, the stratification (or lack thereof)
of molecular mixtures inside icy planets’ mantles in-
fluences their luminosity and cooling rates; and the
presence (or not) of water stored inside rocky planets’
mantles influences their convection rates, the magni-
tude of plate tectonics and presence of surface water.
But direct measurements of planetary interiors are vir-
tually impossible and laboratory experiments are diffi-
cult, which is why accurate computer simulations can
make important contributions.

Amongst mixtures of planetary ices, ammonia-
water compounds are arguably of the most chemi-
cal interest, because they can form fully connected
HOH - -- NH3 and HoNH - - - OHs hydrogen bonded

networks. Three stoichiometric mixtures exist in na-
ture and close to ambient conditions: ammonia mono-
hydrate (AMH, NHj3:H,0=1:1), ammonia dihydrate
(ADH, 1:2) and ammonia hemiydrate (AHH, 2:1).
These mixtures have been studied experimentally up
to 10’s of GPa in pressure, and rich phase diagrams
have been uncovered [1]. Computational studies have
pushed individual mixtures to much higher pressures,
to investigate their structural evolution and behaviour
at elevated temperatures [2].

Here, we use density functional theory (DFT) to de-
termine the electronic structure of a variety of stoichio-
metric ammonia-water binary mixtures, across a range
of pressures up to 1 TPa, which enables us to compare
their relative stability and trends in formation and de-
composition under various conditions. We utilise the
particle swarm optimisation method as implemented
in the CALYPSO package [3] in conjunction with
the CASTEP total energy software suite [4] to sam-
ple the crystalline configurational landscape and de-
termine promising structural candidates for each stoi-
chiometry at given pressure conditions.

These candidate structures form the basis to develop
low-temperature phase diagrams of binary ammonia-
water mixtures based on enthalpic relations, while MD
calculations are used to probe the onset of superionic-
ity and full melting in these compounds.

2. Results

While the cosmic abundance ratio of ammonia to wa-
ter is roughly 1:7, we find that relative modest com-
pression favours the formation of ammonia-rich hy-
drate compounds, in particular the 2:1 AHH phase [5].
In Figure 1 we summarise the results from a large
set of crystal structure prediction runs at 300 GPa, by
showing the relative formation enthalpies of a large set
of stoichiometric binary mixtures. The convex hull of
these data points (shown as the solid line) indicates all



stable phases. At 300 GPa, only a single ammonia-
water mixture, AHH, should be stable against decom-
position.
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Figure 1: Convex hull construction of the formation
enthalpies of the best ammonia-water mixtures found
at 300 GPa.

We argue that this is due to energetically favourable
de-protonation of water molecules under pressure,
with the simultaneous formation of ammonium NH}';
this, in AHH, leads to the transformation from a
hydrogen-bonded molecular mixture to a fully ionic
compound. A dominant high-pressure phase of AHH
has the archetypal Cdl, ionic structure type, and is
shown in Figure 2. The picture of different molec-
ular entities is supported by a detailed analysis of the
topologies of the eletronic charge density and the elec-
tron localisation function (ELF), which probes cova-
lent bonding.

Figure 2: Electron localization function (ELF) isosur-
faces and contours in the P3m1 phase of AHH at
300 GPa, outlining the presence of isolated oxygen
02 anions in a matrix of NHJ cations.

The significant stabilisation of solid ionic structures
under pressure has consequences for the high-pressure

stability of ammonia-water mixtures — pushing the
pressure of eventual decomposition into individual
ices beyond 500 GPa — and the high-temperature be-
haviour of the mixtures: in ammonia-rich hydrates that
support full de-protonation of water, the onset of su-
perionicity (where protons become diffusive in a solid
heavy ion lattice) is shifted to higher temperatures than
in e.g. the 1:1 AMH compound. We will discuss the
resulting P-T phase diagrams of the different relevant
mixtures.

3. Summary

In this contribution we show that ammonia-water mix-
tures undergo a series of interesting phase transitions
under pressure, leading to the stability of unusual
ammonia-rich hydrates at pressures present inside the
lower mantles of large icy planets. Their stabilisation
is aided by the formation of ammonium oxides, and we
present detailed analyses of the chemical bonding, vi-
brational properties, and high-temperature behaviour
of the relevant phases.

Acknowledgements

V.N.R. and J.C. thank the EPSRC for funding through
doctoral and career development studentships; M.M.
thanks the ERC for funding. The authors gratefully
acknowledge computing resources provided by the
Royal Society, and by EPSRC through the UKCP con-
sortium.

References

[1] Fortes, A. D. and Choukroun, M.: Phase behaviour of
ices and hydrates. Space Sci. Rev., Vol. 153, pp. 185-218,
2010.

[2] Bethkenhagen, M., Cebulla, D., Redmer, R., and Hamel,
S.: Superionic Phases of the 1:1 Water-Ammonia Mix-
ture. J. Phys. Chem. A, Vol 119, pp. 10582-10588, 2015.

[3] Wang, Y., Lv, J., Zhu, L., and Ma, Y.: CALYPSO: A
Method for Crystal Structure Prediction. Comput. Phys.
Commun., Vol. 183, pp. 2063-2070, 2012.

[4] Clark, S. J., et al.: First Principles Methods using
CASTEP. Z. Kristallogr., Vol. 220, pp. 567-570, 2005.

[5] Naden Robinson, V., Wang, Y., Ma, Y., and Hermann,
A.: Stabilization of ammonia-rich hydrate inside icy
planets. Proc. Natl. Acad. Sci., Vol. 114, pp. 9003-9008,
2017.



EPSC Abstracts

Vol. 12, EPSC2018-541, 2018

European Planetary Science Congress 2018
(© Author(s) 2018

EPSC

European Planetary Science Congress

An experimental approach to investigate carbon rich
exoplanets interior

Francesca Miozzi (1), Guillaume Morard (1) Daniele Antonangeli (1) Alisha N Clark (2) Caroline Dorn (3) Antoine Rozel
(4) Mohamed Mezouar (5) Marzena A Baron (1) Anna Pakhomova (6) Guillaume Fiquet (1)

(1)Sorbonne Université, Muséum National d'Histoire Naturelle, UMR CNRS 7590, IRD, Institut de Minéralogie, de Physique
des Matériaux et de Cosmochimie, IMPMC, 75005 Paris, France (francesca.miozzi@upmc.fr) (2) Department of Earth and
Planetary Sciences, Northwestern University, Evanston, IL, USA, 60208. (3) University of Zurich, Institute of Computational
Sciences, Winterthurerstrasse 109, CH-8057 Zurich. (4) Institute of Geophysics, Department of Earth Sciences, ETH Zurich,
Sonneggstrasse 5, CH-8092 Zurich, Switzerland. (5) European Synchrotron Radiation Facility (ESRF). Grenoble, France.

(6)Deutsches Elektronen-Synchrotron (DESY). Hamburg, Germany

Abstract

We experimentally determined properties (i.e. phase
assemblage, thermal equation of state, melting
temperature) of carbides (Si-C, Fe-Si-C) under
extreme pressure and temperature conditions to

constrain internal properties of carbon-rich exoplanets.

By expanding the P-T-X range of these measurements,
we can tightly constrain the phase diagram of binary
and ternary carbide systems, and establish accurate P-
V-T equation of state. Our experimental results are
critically important for building reliable direct models
for the interiors of exoplanets as well for interpreting
observational data from recently launched survey
missions such as TESS.

Introduction

An exciting recent development in space science has
been the advancement of the exoplanet survey and the
quest of an Earth’s analog in other stellar systems. The
launch of Kepler telescope in 2009 strongly
contributed to the field, discovering more than a
thousand exoplanets and for some also enabling to
measure mass and radius. To further characterize
those planets, the chemical composition can be
inferred, though indirectly, by the elements
distribution of the host star [1]. Knowledge of bulk
composition and mineralogy of planetary interiors is
central to understand their formation, present and past
dynamics, including generation of magnetic field and
surface processes, formation and sustainment of an
atmosphere, all fundamental parameters to define the
habitability of a planet.

Notably, some of the confirmed exoplanets have been
observed orbiting around stars with an unusual
chemical composition enriched in carbon instead of

oxygen. This suggests that their mineralogical
assemblages are potentially dominated by carbides
instead of oxides. Carbon-rich planets are defined by
a C/O ratio >0.8, and 55 Cancri e has been an
archetype for this particular planets [2][3][4]. The
TESS mission, with its scan range more than 20 times
greater than Kepler, is likely to find also exoplanets
orbiting around stars with exotic chemical
composition. Accordingly, updated and diversified
models are required for the interpretation of
observational data.

Interiors of carbon-rich exoplanets were first modeled
by computational methods using the mass and radius
of 55 Cancri e as a reference [2]. The results of this
study highlight how a mineralogy based on the Fe-Si-
C system leads to multiple interior structures that all
match the observed M/R. This clearly calls for an
improved understanding of the properties of the Fe-Si-
C system at relevant P-T conditions. Calculations by
Wilson and Militzer [5] focused on the Si-C binary
system up to 40 Mbar, and proposed possible planets
interior made by SiC with different amount of C. In
recent years further experimental studies on the Si-C
system were published, however limited below 100
GPa [6]

In this contribution we will present experimental data
collected on two different systems: 1) the binary Si-C
and 2) the ternary Fe-Si-C, both investigated between
30 and 200 GPa and at temperatures up to 3300 K. The
obtained results, provide insight on the stability and
properties at high pressure of components that are
candidates as constituent of carbon rich exoplanets.

Method

Experiments were performed at the European
synchrotron radiation facility (ESRF) and at the Petra



Il ring of the Deutsches Elektronen-Synchrotron
(Desy), employing laser heated diamond anvil cells,
coupled with in-situ x-ray diffraction. Samples were
few micron thick layers of non-stoichiometric SiC and
FeSiC sandwiched between KCI, used as a pressure
medium, thermal insulator and pressure calibrant.
Recovered samples were sectioned by FIB (focused
ion beam) to expose the center of the heating spot, and
chemical and textural analyses were performed by
electron microscopy.

Results

The large amount of data collected on Si-C
compounds allowed defining the exact P-T location
and Clapeyron slope of the transition to the cubic rock
salt structure, solving an on-going controversy.
Furthermore the data collected for the high pressure
structure were used to determine its thermal equation
of state, still unknown, but of fundamental importance
for the modelling of planetary interior. Finally, the
phase diagram was examined, highlighting the strong
dichotomy between the low melting temperature of the
Si-rich side and the high melting temperature of the C-
rich side, as well as the absence of intermediate
compound between diamond and SiC (Miozzi et al.,
JGR Planets, under review). The Fe-Si-C ternary
system has been probed using samples of different
starting composition. Multiple eutectic melting curves
were detected, together with changes in the phase
assemblages and the solid liquid composition. The
changes in the phase diagram affect the solid liquid
composition and phase stability.

Application to Exoplanets Interiors

Two possible carbon rich exoplanets were modelled,
both with SiC mantles and pure Fe cores. The firstis a
model of a planet with an iron core that make up for
1/3 of the mass. In the second model, the proportions
of Fe and Si are chosen so as the bulk composition of
the planet matches solar Fe/Si abundances. As shown
in Figure 1, the first model yields to a mass-radius
relationship very similar to the Earth-like planets.
Thus there is a range of mass and radius for which is
almost impossible to discriminate between and Earth-
like interior or a carbon rich interior on the sole basis
of the mass and radius.

This demonstrates the importance of having reliable
models, coming from both computational and
experimental studies, which can be used to interpret
observational data for exoplanets.

“ = pure iron
S0 +Fe solar ForsSt

planet radius R R |

1.5 2 25 3 35
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Figure 1: Mass radius relation for different idealized
exoplanets interior, together with the standard
comparison curves (e.g. pure Fe, MgSiO3 and Earth-
like).
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Abstract

We evaluate under which conditions the ringwoodite-
bridgmanite phase transition can separate Earth’s
mantle into two-layered convection and quantify the
efficiency of material exchange between upper and
lower mantle. Phase transitions and their Clapeyron
slope depend on local composition (e.g. from
primordial to depleted mantle material), temperature
and pressure conditions [1].

1. Introduction

While Earth is a planet where for present-day
processes in the interior and at the surface we have a
wealth of information (with  surface-mantle
interactions as depicted in Fig. 1), data for the early
evolution of the planet is sparse. Apart from few
zircon inclusions that date back to Hadean times, first
rock samples are limited to the end of the Eoarchaean
and to the Archean time. These rock samples, while
providing interesting single observations of early
Earth’s surface, are only some pieces of a much
larger puzzle that we still need to solve to be able to
explain why Earth developed to the unique habitable
planet that we know.

Mantle temperatures have been estimated to exceed
present-day temperatures by ~150-200 degree few
Gyrs back into Earth’s history [2], leading to the
conclusion that the mantle may have been separated
into two convecting layers [3], with few or no
material exchange in-between (see Fig. 2). Such a
layering would have strong implications for the
thermal and chemical evolution of the upper and
lower mantle, as well as for volatile cycles (if volatile
recycling did exist on Hadean and Early Archaean
Earth) from surface to the deep mantle. It is not clear,
however, how strong the layering effect was in the
past, and neither if a similar state would have
occurred during Earth’s earliest evolution after
magma ocean solidification. It is therefore crucial to
understand how changing temperature and pressure
conditions for different Earth mantle compositions
from primordial to depleted mantle may influence the

Clapeyron slope of the ringwoodite-bridgmanite
phase transition, and under which conditions and at
which time (if at all) the mantle may have been
separated into two mostly distinct layers.
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Figure 1: Sketch of Earth’s present-day convective
cycles from surface to interior. The depth profile of
the sketch is logarithmic. [4]
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Figure 2: Sketch of possible Archaean’s layered
convection due to a hotter mantle. [4]

2. Model

The mantle convection code CHIC [5] solves the
conservation equations of mass, momentum and
energy in the compressible anelastic liquid
approximation, to determine the mantle flow and
thermo-chemical evolution of mantle rocks in a 2d
spherical annulus. For all thermodynamic parameters
(e.g. density p, thermal expansion coefficient «,



specific heat capacity cp), local values depending on
the local composition (based on the Mg-Fe-Si-O-Al-

Ca-Na system [6]), temperature and pressure are used.

We apply different initial temperature profiles
varying from adiabatic profiles based on the melting
temperature of the mantle (end of magma ocean
phase) to non-adiabatic profiles assuming a magma
ocean overturn after the solidification stage [7,8].

3. Mineralogy and phase transitions

The Clapeyron slope, which determines the strength
of the mineral phase transitions, is evaluated locally
depending on the entropy and density (and therefore

depending on composition, temperature and pressure).
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We use Perple_X [9] to determine the phase stability
fields for the major mineral phases occurring on
Earth [1], which are used in CHIC to define the phase
transition pressures of Earth’s dominant minerals.
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Figure 3: Clapeyron slope of the ringwoodite-
bridgmanite phase transition depending on
temperature and iron content calculated with
Perple_X [9]. From [1].

EOS [6] are applied to obtain local information on
thermodynamic  properties for the  mineral
assemblage, including the Clapeyron slope (see Fig.
3) for accurate investigation of the influence of the
phase transitions on the energy and momentum
equation of the mantle. Figure 3 shows that the
mantle composition (here looking at variable iron
content based on pyrolite) strongly influences the
strength of the Clapeyron slope. In addition, at lower
temperatures, the negative Clapeyron slope is closer
to zero, leading to a less strong effect on convective
motion and temperature.

4. Summary and Conclusions

For a hotter (Archaean) Earth, the negative slope of
the Clapeyron slope is larger, leading to a less
efficient mixing between upper and lower mantle. In
this study we quantify the effect of the ringwoodite-
bridgmanite phase transition on mantle convection
and mantle mixing. Changes in the convective style
between two-layered and one-layered mantle
convection can have global consequences due to a
transition between heterogeneous mantle
composition and efficient mixing consistent with the
geological record [3].
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Abstract

In this work we aim at quantifying the influence of dif-
ferent isothermal and thermally-dependent equations
of state (EoS) on the computation of the interior of
exoplanets. We perform an extensive parameter study
to model the interior structure of a vast number of sub-
Neptunian exoplanets of different composition, rang-
ing from super-Earths consisting just of a metallic core
and a silicate mantle, to sub-Neptunes including ice
and gaseous layers. Each model run is performed with
a number of different isothermal as well as thermally-
dependent EoS. We find that for the rocky interior of
an exoplanet, the choice of EoS has little influence
on the characterization of the interior structure of the
planet.

1. Introduction

One of the major aspects of current exoplanetary sci-
ence is the characterization of the planetary interior.

A common approach to characterize the interior of
a known exoplanet is the use of numerical models to
compute an interior structure which complies with the
measured mass and radius of the planet [1, 2]. In gen-
eral, however, possible solutions are highly degener-
ate, with multiple, qualitatively different interior com-
positions that can match the observations equally well
(Fig. 1). Itis therefore necessary to run numerous inte-
rior structure models covering a wide range of possible
interior parameters to constrain solutions. In order to
not increase any intrinsic degeneracy, it is also impor-
tant to look at the impact of different parametrizations
for both the interior and atmosphere combined. In this
work we will mostly focus on the interior while keep-
ing the atmosphere very simple.

The majority of computation time for an interior
structure is spent solving the equations of state (EoS).
For large parameter studies it is therefore beneficial to
use the simplest EoS which still provide an accurate
characterization of the planet’s interior. In this work,

we aim to investigate the differences in model interiors
the use of different EoS entails.

2. Numerical Model

I ron core /- Ice layer
[ Lower silicate mantle [ | H/He envelope
] Upper silicate mantle

Figure 1: Seven interiors of an Earth-mass planet with vary-
ing core, ice and gas envelope mass fractions. The center top
slice describes an Earth-like planet.

We employ a 1D structure model to construct sub-
Neptunian exoplanets. A model planet consists of up
to five layers: an iron-rich core, a lower silicate mantle
composed of perovskite and magnesiowiistite, an up-
per silicate mantle composed of olivine and orthopy-
roxene, a potential water ice layer, and a gaseous en-
velope of varying composition (see Fig 1). The size
of the core, the mantle as well as the ice layer are
constrained by prescribed mass fractions. The inter-
face between upper and lower mantle is defined by the
plivine-perovskite phase transition at 23 GPa. We as-
sume the interior to be convecting. The temperature
then follows an adiabatic profile.

Each layer uses a prescribed equation of state to link
pressure, temperature and density. We consider the
following common formulations of EoS:

1. 3rd order Birch-Murnaghan [1, 3]: This is a

commonly used empirical EoS based on the finite



Eulerian strain. Temperature dependence is in-
corporated into the thermal expansion coefficient.

2. Mie-Griineisen-Debye [1, 3]: In contrast to the
Birch-Murnaghan EoS, the pressure is split into
static pressure and thermal pressure terms. The
thermal pressure is calculated based on the De-
bye model for specific heat. In the isothermal
case, the Mie-Griineisen-Debye EoS is equivalent
to the isothermal Birch-Murnaghan EoS.

3. Generalized Rydberg [4]: This EoS is a gen-
eralization of the Vinet EoS [5], which is based
on the interatomic repulsive potential. The ther-
mal effect is incorporated as a pressure correction
term, similar to the Mie-Griineisen-Debye formu-
lation.

The upper mantle uses the Birch-Murnaghan EoS.
For the core, lower mantle and ice layer we utilize
all EoS formulations described above. All models are
tested with isothermal and thermally-dependent for-
mulations.

For the moment, the gaseous envelope is modelled
using a simple polytrope with polytropic index n=1.

We perform an extensive parameter study to assess
the effect of different EoS on the observed radius of
the modeled planet. Varied parameters are the planet
mass, the mass fractions of each layer, the mantle po-
tential temperature of the interior and the composition
of the minerals constituting the material of the rocky
layers.

3. Results
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Figure 2: Relative radius errors of the EoS cases compared
to the isothermal Birch-Murnaghan case for planet masses
up to 10 Mg with a core-mass fraction of 0.3.

We find that in the case of an iron/silicate planet
all EoS formulations result in computed planet radii
which are less than 50 km apart in the most extreme

Mantle potential temperature (K)

case of a nearly molten planet. This amounts to a rel-
ative error of less than 0.7% in all cases studied (Fig.
2). This is an order of magnitude smaller than the pre-
cision we can expect for measurements of planetary
radii in the near future (e.g. by the PLATO mission
[6]). We conclude that for Earth-like planets the use
of a simple isothermal EoS (in this case a 3rd order
isothermal Birch-Murnaghan EoS) may be sufficient
to accurately model the interior.
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Abstract

Investigations of the interior structure of exoplanets
mostly rely on their measured radius and mass. Large
observational errors and the intrinsic non-uniqueness
of mass-radius relationships limit the inferences that
can be made. The expected future determination of the
fluid Love number k5, which is sensitive to the interior
structure, provides an additional constraint. We illus-
trate here an analytical method to calculate the fluid
Love numbers based on the matrix propagator method,
and apply it to the object GJ436b. We show that a pre-
cise measurement of its ko might partially solve some
of the current degeneracies present in mass-radius re-
lationships.

1. Introduction

The ever-blooming catalogue of exoplanets
counts more than 3700 confirmed members (e.g.,
https://exoplanetarchive.ipac.caltech.edu). For about
10% of these objects a reliable mass M and radius
R have been measured and the resulting bulk density
provides a first handle on the interior structure—e.g.,
rocky vs. gaseous. However, a given M -R pair can be
compatible with different interior structures as in the
case of GJ436b [1]. The fluid Love number ko, which
depends on the concentration of mass in the interior
similarly to the moment of inertia, can provide an
additional constraint. Its determination can be ob-
tained through photometry and/or measurement of the
orbital precession. With improving instruments and
continuous observations, the number of exoplanets for
which M, R, and ky will be available will steadily
increase.

2. Fluid Love numbers with the
matrix propagator method

The calculation of the Love numbers can be obtained
from the solution of the equation (e.g., [2])

dnGp'(r) n(n+1)
V' (r) r2

T (r)+%T]§+ T, (r)=0,

(€))
where 7, V, and p are the radial coordinate, the gravi-
tational potential, and the density of the unperturbed
body (i.e., spherically symmetric), respectively. A
prime indicates derivation with respect to r, and
V'(r) = —g(r) the gravitational acceleration. The
function 7" has the dimensions of a potential and de-
scribes the total change in potential of the planet under
a perturbing potential (e.g., tidal potential, rotational
potential). Mixed boundary conditions are applied at
the center (r = 0), where 7" must be finite, and at at
the surface (r = Rp), where its derivative must be
continuous. It can be shown (e.g., [2]), that the fluid
Love numbers k,, and h,, can be obtained from

— Tn (RP)
Rpg(Rp)

where the subscript n indicates the degree in the har-
monic expansion of the perturbing potential.

The solution of equation (1) with mixed boundary
conditions can be obtained with the shooting method
(e.g., [4]). Alternatively, by discretising the inter-
nal density profile of a given interior model, the term
dependent on the radial density derivative in equa-
tion (1) can be dropped and the equation reduces to
an Euler-Cauchy equation, which we solve with the
matrix propagator method (e.g., [5]). We recast the
second-order differential equation as a system of two
first-order equations in the non-dimensional quantities
y1 and yo, defined as

kn - 1-, hy =kn+1 (2)

GM

T = TR 3)
dT GM (R

ro= %*ﬁ(?)y‘* @

By adopting power solutions for the y’s and imposing
continuity of 7" and P across internal boundaries—i.e.,
at each density jump-it is possible to obtain the solu-
tion for y at the surface and, through equations (2) and
(3), to determine the value of k.
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Figure 1: For a two constant-density layer model, fluid
Love number k5 (colors) as a function of the radius of
the core and the density contrast p¢/pm.

3. Results

3.1. Interior structure and k,

We use a two constant-density layer planet model to
illustrate the relation between the Love number ko and
mass concentration in the planet. The parameters of
the model are the core density p., the mantle density
Pm, the radius of the core R, and the radius R. Figure
1 shows how ks varies as a function of the radius of the
core and the density contrast between core and mantle.
In the case of equal density in the core and mantle, or
of a very small core, ko reaches the value of 1.5, char-
acteristics of a homogeneous body. For the opposite
case of a small high-density core, ko approaches the
value of 0, which corresponds to a point-mass core sur-
rounded by a massless envelope. Intermediate values
indicate various concentration of mass in the interior.

3.2. Application to GJ436b

As an application we choose the planet GJ436b, a
roughly 21 Earth masses and 4.3 Earth radii planet.
We apply the matrix propagator method to two possi-
ble interior models [1], an Earth-like model with a very
dense metallic core surrounded by a silicate mantle,
and a water rich model with a silicate core and a water
mantle. Both models have an outer hydrogen/helium
envelope and are compatible with the measured mass
and radius. We digitised the density profiles published
in [1] and computed the fluid Love number k,, for n
=2,3,4,5,6. The results are shown in Figure 2. The
Earth-like model, characterised by a dense core, which
corresponds to a more concentrated density profile,
has a smaller value for the k,, considered.

—e— Earth - like
014 Ocean planet

Figure 2: Value of k,, as a function of n for two dif-
ferent interior models of GJ436b, an Earth-like model
and an Ocean-planet model (described in [1]).

4. Summary and Conclusions

We developed a python package, which we intend to
freely release, to compute the fluid Love numbers k,,
and h,, for a given interior structure model using the
matrix propagator method. The accurate knowledge of
M, R, and k,, cannot remove the degeneracy present
in interior structure models comprising more than two
layers [3], but may allow to broadly discriminate the
interior model classes, e.g., Earth-like versus Ocean-
planet for the case GJ436b as illustrated in Figure 2.
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Abstract

Exoplanets and their host stars exhibit a mutual tidal
interaction. One of the consequences of this
phenomenon is the so-called apsidal motion: the
major axis of the eccentric orbits rotate around the
host star and it is called either apsidal motion or
periastron precession. The rate of this precession
linearly depends on the k; fluiud Love-number of the
planet and therefore this effect, when this motion is
observable, provides an opportunity to measure it.
Theoretical predictions suggest that WASP-18b is
one of the systems which features the biggest apsidal
motion rate which should be observable by radial
velocities and by transit timing variations within a
few years. We analyze the available archival radial
velocity data and we are able to give an upper limit
for its Love-number.

1. Introduction

Increasing our knowledge of the interior structure,
composition and density distribution of exoplanets is
crucial to make progress in the understanding of
formation, migration, habitability etc. of exoplanets.
However, the directly-measurable mass and radius
values offer little constraint on interior structure,
because the problem is highly degenerate. Therefore
there is a clear need for a third observable of
exoplanet interiors: the Love-number that is a
measure of internal density distribution of planets.

Tidal interactions between exoplanets and their host
stars can be much stronger than experienced in our
own Solar System. This is because exoplanets may
have much shorter orbital periods and smaller orbital
distances than Mercury (88 days). Many exoplanets
have an orbital period less than 10 days which
increases the efficiency of the star-planet interaction.

The consequences of tidal interaction in close-in
systems are — among others — change in the semi-
major axis (tidal decay) on a time-scale of billions
years, change in the eccentricity in hundreds of
millions of years (circularization), change in the
rotational rate (synchronization) in tens of millions of

years and precession of the major axis of the orbit
around the star (apsidal motion) which occurs on the
time scale of years to decades [1].

Since a few exoplanets were already discovered ten-
twenty years ago it is valuable and feasible to search
for this kind of apsidal motion and to utilize it in
planet interior studies.

2. Theoretical background

Periastron precession consists of a general relativistic
term (GR) and a classical, Newtonian term (N):

0=y +0.5

The GR term is:
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while the tidal-term (Newtonian-term) is
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where we wused the usual notation (G is the
gravitational constant, M are the masses, c is the
speed of the light, n is the mean motion, a is the

semi-major axis, R is the radius, e is the eccentricity,
Ps are the rotational and orbital periods ).

The apsidal motion is reflected in the measured radial
velocities because its zero point is calculated from
the periastron point that precesses.

In Figure 1 we show the magnitude of the change in
argument of periastron over 10 years (i.e.

Aw=10 yearsX® ). Notice that we assumed
ko = 0.4 for the Jupiter-sized exoplanets and k, = 0.8
for the superearths.

Mstar ’e>



Presently, the most accurate measurements are able to
obtain the value of omega with 2-3 degrees.
Considering this value and Figure 1, we feel we are
able to measure k, from the periastron precesison.
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Figure 1: Orbital period vs expected periastron
precession rate for exoplanets. Eccentricity and other
values were taken from www.exoplanet.eu. Notice
the logarithmic scale on y-axis. Exoplanets below 1
day orbital period gives chance to measure this
apsidal motion and to determine the Love-number of
some exoplanets.

3. WASP-18b

WASP-18b has an orbital period of only 0.94 days, a
mass of 10.4 Jupiter-mass and a radius of 1.17
Jupiter-radii. The eccentricity is small, ~0.01, but
significant and confirmed by the Spitzer Space
Telescope [2]. Therefore it is an ideal target for such
studies.

We collected all archival radial velocity
measurements and modelled them [3,4,5,6]. Our
preliminary result is that

®»=0.008+0.003 degree/day.

This yields approximately k, < 0.50, a value not far
from Jupiter’s value (k. ~ 0.4) in our own Solar
System.

We submitted proposals to get telescope time in order
to obtain a more precise value and to confirm our
previous, preliminary findings.

4. Outlook

We started a work to measure the k, fluid Love-
number of close-in exoplanets via the apsidal motion
of them. We utilize archival and new data for this
unique work.

New results can be expected between the submission
of the abstract and the presentation of this work
during EPSC. With this method we can present a few
upper limits as well as precisely measured Love-
number values which are fundamental for planetary
interior studies.
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Abstract

A better knowledge of Jupiter’s atmosphere and
internal structure is key to understand the formation
and evolution of the biggest giant of the solar system.

Juno mission is orbiting Jupiter since July 2016 and
its highly accurate gravity measurements [1, 2, 3] are
causing a revolution in our knowledge of the
planetary interior and atmosphere, leading to a much
better comprehension of the big giant [4, 5, 6].

We use this outstanding gravity data to perform
models of Jupiter’s internal structure and test
different parameters to get a better understanding of
Jupiter’s interior. Our results show that the accuracy
of interior model calculations still relies on the
determination of the properties of hydrogen and
helium at high pressures [7, 8, 9, 10]. In this talk I am
going to show the effect of different equations of
state in Jupiter internal structure and in the
determination on its differential rotation.
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Abstract

We calculate the high-pressure demixing phase dia-
gram of hydrogen-helium mixtures [1], which is im-
portant for applications in planetary physics, in partic-
ular, for calculating the interior and evolution of gas
giants. The separation of hydrogen and helium has
long been proposed as a possible source of Saturn’s
excess luminosity: The initially hot planet cools down
with increasing age and when the planetary isentrope
intersects with the demixing region [2], helium-rich
droplets can form and sink toward the planetary core,
thus, acting as an additional source of heat; see, e.g.,
[3].

The region of demixing is observed from thermo-
dynamic relations by computing the free enthalpy
G(x,P,T) at constant pressure P and temperature T for
different helium fractions x. We use finite-temperature
density functional theory molecular dynamic simula-
tions to obtain the equation of state for given vol-
umes and temperatures. The non-ideal entropy of
mixing is calculated using a combination of coupling-
constant integration and thermodynamic integration of
the equation of state.

The choice of an appropriate exchange-correlation
(XC) functional is of paramount importance. It has
been shown that standard approximations such as
PBE lack the ability to adequately describe the met-
allization transition in hydrogen [4], which is directly
connected to the H-He demixing. Functionals that
take into account non-local correlations such as vdW-
DF [5] are in better agreement with recent experi-
ments [4]. Benchmarking studies with many XC func-
tionals against QMC calculations suggest vdW-DF as
an appropriate functional also for hydrogen-helium
mixtures [6].

Here, we present a demixing phase diagram of H-
He mixtures calculated with vdW-DF and compare
with previous calculations derived with the PBE func-
tional [7, 8]. Differences and implications for plan-
etary physics are discussed, in particular, for the gas
giants Jupiter and Saturn.
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