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As exoplanetary science moves from an era of detection to one of characterisation, attempts are being made to understand the interiors of
planets. Are our current models, which often neglect the temperature dependence of the planet's layers, good enough?
And how useful can interior structure models be as exoplanetary mass and radius constraints continue to improve?
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refined water equation of state

Exoplanetary interiors are the new frontier
Understanding the interior structures of exoplanets is an important step as we develop our theories of planet
formation. Observations of exoplanets provide a large number of targets for us to test planetary interior struc-
ture models. Mass and radius measurements let us say something about the bulk structure of the planet. Next-

generation surveys will reduce the uncertainties in
these bulk parameters to just 1-2%. New missions like
TESS and PLATO will be especially useful in providing
high-precision radius measurements [1, 2].

Interior structure is an exciting area of investigation
for those interested in planet formation and evolution,
but can interior structure models be linked with ob-
servations? A given mass and radius cannot uniquely
predict the interior composition of a given planet: a
wide variety of compositions are allowed, especially if
the model has three or more layers. Instead, a
Bayesian approach may be useful to constrain the
composition, especially with informed priors from the
formation history of the planet [3].

Do you want to build a planet?
For a simple 1D planet interior model, you'll need:

mass continuity

pressure-gravity balance

and an equation of state (EOS)

The equation of state of a material depends on tem-
perature too...

but these thermal effects are generally not considered.
This is justified by claiming that the change in radius
compared to a cold planet is minimal, and within cur-
rent uncertainties on mass and radius. The thermal
structure of a planet is therefore not useful in analys-
ing a planet to predict its composition. [4].
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There is a significant change in the pressure-density relation for wa-
ter with temperature. We show this with data from three different
sources (the IAPWS data from [5], high-pressure theoretical calcula-
tions by French et al from [6], and the Thomas-Fermi-Dirac high
pressure limit). Even at high pressures, the density can vary by a
significant amount—it is only at the highest pressures of a TPa or
more that the temperature effects become negligible.

In this artist's impression, an exoplanet is seen from its moon. The
unexpected diversity of exoplanets has inspired much speculation
into their potential compositions. —IAU/L. Calçada

Stop. Wait… Go!

These differential equations form a system relating
the mass at a given radius [m(r)], the pressure [P], and
the density [ρ].

To model a planet, you'll integrate this system layer
by layer, starting with an assumed central or surface
pressure. You could use this to predict a planet's mass
or radius for a given interior structure, to check
whether a particular structure is valid for a given
mass and radius, or to scan the parameter space and
see what compositions are most likely.

Is this assumption valid? Although dealing only with
cold spheres simplifies the models, we have already
seen that new observations will bring the uncertain-
ties down to a point where temperature effects may
become important. This is especially true for water,
which has a complicated phase structure.

Can we build models that include the temperature de-
pendence of the equation of state in a self-consistent
way?

With temperature dependence as our goal, we have
synthesised an improved water equation of state from
a wide range of sources. Our combined equation of
state includes data on cold ice; water and steam, the-
oretical super-ionic and plasma phases, and the high-
pressure Thomas-Fermi-Dirac limit.

We intend for this to be the most complete equation of
state for water in the range of temperatures and pres-
sures relevant to planetary interiors.

Conclusion
Our new water equation of state is compiled from a
diverse range of experimental and theoretical data
sources, and captures the behaviour of water across
pressures and temperatures relevant to planetary in-
teriors. At extremely high pressures, temperature ef-
fects become irrelevant, but at lower pressures they
appear to significantly affect planetary radius.

We are continuing our investigation by building self-
consistent models which include these temperature
effects.

Results

A simple set of Earth-mass models with an iron core, silicate mantle,
and a water outer layer. In the lower plot, we have increased the
temperature of the water layer to 10 000 K. These models still suffer
from numerical pressure spikes at the centre, but the qualitative dif-
ference between the two is clear: the high-temperature water layer is
less dense, giving an increased radius.

We built some preliminary internal models using this
improved equation of state. Although there are still
numerical kinks to be worked out, early indications
are that the temperature dependence of the water EOS
can lead to qualitative changes in planetary radii.

We are currently incorporating the temperature de-
pendence into the models in a self-consistent way, by
treating internal energy transfer via convection and
conduction. We plan to extend our EOS database to
other minerals of interest and use these models to in-
vestigate a number of questions about terrestrial
planet formation and evolution.


