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Introduction: As the detection techniques of Super
Earths improve, inherent bias will remain favorable
towards planets closer to their parent star. In turn,
these criteria will favor tidally-locked orbits; that is,
planets for which one hemisphere constantly faces the
star, and the other hemisphere faces away will be preferentially detected. A thermal gradient, both radially
from the core-mantle boundary to the surface, and tangentially from the ‘hot’ side to the ‘cold’ side, must be
resolved in order to begin to determine where, if at all,
regions exist which may be considered habitable with
respect to temperature [1].
We present a preliminary model of the mantle
thermal evolution for various-sized Super Earths. We
propose that some planets may evolve magma ponds
on their hot star-side surface, and we determine regions
where liquid water would be stable. A particular focus
planet for this study is Gliese 581c which has a mass
~5 times and radius ~2.5 times those of Earth [2],
though undoubtedly many more planets for which this
model is applicable will be detected in the future.
Methods: We use SSAXC, a spherical axisymmetric finite element code, which models convection
in the Earth’s mantle [3]. Non-dimensionalized boundary conditions are added to the surface elements to
meet the tidal-locking condition, where a stellar heat
flux into the planet on the star-side and a radiative heat
loss everywhere are based on the Stefan-Boltzmann
law, Qin/out = σT*/P4, and are respectively:
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where R* is stellar radius, σ is the Stefan-Boltzmann
constant, T* is stellar temperature, Tp is the surface
element’s temperature
! at each timestep, L is surface
element length, cos(θ) describes the intensity decrease
between closest point to the star and the boundary between star-side hemisphere and far-side hemisphere, dt
is the calculated Courant timestep, a is semi-major
axis, ρ is density, Cp is specific heat capacity, dz is
radial element length, Tscale is the effective scaling
temperature for the planet, and κ is the thermal diffusivity.
For preliminary models we assume the following
simplifications:

1. Atmospheric effects are negligible due to the
proximity of the planet to the star, which causes
atmospheric volatiles to be lost quickly.
2. Dry peridotite mantle composition is constant
throughout all mantle and surface elements.
3. Basic internal structure, such as the ratio of core
radius to planet radius, scales linearly with the
size of the planet, and is based on the Earth’s
structure.
4. The only heat source considered is stellar heating; internal radioactive heating for example is
initially assumed negligible.
Initially, we added the simplification of heat transfer through only conduction and radiation. Subsequently, we incorporate convection in the mantle for a
more realistic model of heat flow.
Results: Preliminary models. Initial conditions
are preliminarily set for a linear temperature gradient
from a non-dimensionalized value of 1 at the coremantle boundary to 0 at the surface of the planet. Heat
propagates inward on the star side until steady state is
reached, while the far-side stays cold (Fig. 1). Maximum temperatures are dependent on initial parameters
for the parent star and planet’s orbit, but can range
from very low (<273 K) to very hot (>800 K). Also
dependent on the parent star and planetary orbital parameters is how localized the highest temperature regions are to the closest part of the planet to the star. In
other words, the steepness and location of the gradient
between the star-side hot regions and the far-side cold
regions varies according to input parameters. If the
maximum calculated temperature is above the freezing
point of water, within the gradient region will be localized areas where liquid water could potentially be stable.
Localized magma oceans. If maximum calculated
temperatures and pressures are above the liquidus of
dry peridotite, we propose the presence of localized
molten surface regions. The dynamics and evolution
of a planet with localized magma oceans is important
for planetary formation in general and described for
instantaneous meteorite impacts in early Martian history [4]. However, a tidally-locked planet with high
enough maximum temperatures could have a persistent
magma pond, depending on volatile recycling.
Since liquid rock has a lower density than solid
rock, a one-sided magma pond would create a planet
whose center of mass no longer coincides with its
geometric center. Solid silicate mantle would flow
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Figure 1: Sample planetary mantle
thermal gradient. Stellar flux enters from the left of the planet.
Colors
correspond to nondimensionalized
temperatures.
Initial conditions are set such that
the core-mantle boundary has a
temperature of 1 which linearly
decays to 0 at the surface. This
preliminary model planet only
transfers heat through radiation
and conduction.

upward under the magma pond similar to post-glacial
rebound on Earth and cause outflow of the melt onto
cooler crustal regions surrounding the pond [1]. Subsequent freezing would build lava levees surrounding
the localized magma ocean.
The mantle components that melt at the lowest
temperature melt first and are preferentially incorporated into the magma pond, while the remaining mantle
becomes depleted and therefore requires higher and
higher temperatures to produce further melt. If crustal
recycling allows replenishment of magma pond compositions into the mantle, a magma pond could persist
indefinitely. However, if recycling is not sustained,
the loss of melt would effectively raise the liquidus of
the mantle to the point where melting could not persist,
despite high temperatures and low pressures.
Discussion: Habitable planets are typically only
described as such based on their semi-major axis and
stellar characteristics: planets too close to a hot star are
considered too hot for the presence of liquid water, and
planets too far from a cool star are too cold. This ideal
region in which liquid water is presumed to be present

constitutes the Habitable Zone (HZ). Since Gliese 581
has a luminosity only 0.0135 times that of the Sun, its
HZ will be at a much smaller semi-major axis than in
our Solar System [5]. Even still, no detected planets in
that system lie within their HZ, though Gliese 581c
(potentially tidally-locked) and Gliese 581d are located
just outside the inner and outer boundaries, respectively (Fig. 2).
We propose that standard considerations that determine the HZ should preferentially include planets
believed to be in tidal-lock due to their unique
temperature patterns, which allow for regions with
habitable conditions even on a planet that is otherwise
considered too extreme for sustained life.
References: [1] Ganesan A. L. et al. (2008) LPS
XXXIX, Abstract #1368. [2] Udry S. et al. (2007) Astronomy
& Astrophysics 469 L43-L47. [3] King S., et al. (1990) Phys.
Earth and Plan. Int. 59 195-207. [4] Reese C. C. and Solomatov V. S. (2006) Icarus 184 102-120. [5] Selsis F. et al.
(2007) Astronomy & Astrophysics 476 1373-1387.

Figure
2:
Nondimensionalized stellar luminosity (Sun corresponds to L =
1) versus semi-major axis for
our Solar System and the Gliese 581 System. The Habitable Zone (HZ) is plotted
according to [5]; neither Gliese 581c nor Gliese 581d lie
within the HZ, though Gliese
581c is believed to be tidallylocked.

