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Introduction: From 2011 to 2015, NASA’s MEr-
cury Surface, Space ENvironment, GEochemistry and
Ranging (MESSENGER) spacecraft orbited Mercury
and collected a wide set of geodetic data constraining
the interior structure of the planet. Mercury’s mean
density is 5427.75 kg/m® based on a radius of (2439.36
+ 0.02) km [1] and a gravitational parameter GM of
(2.203209 + 0.000091)x10* m/s? [2] indicating a sig-
nificant portion of iron in the planets composition. To-
gether with the mean moment of inertia, first deter-
mined by ground based radar observations of Mercurys
spin state leading to a value of C/MR? = 0.346 + 0.014
[3] and later confirmed by MESSENGER observations
giving a value of 0.349 + 0.014 [4] this indicates a well
differentiated planet. The interior structure could be
further constrained by measuring the fractional part of
the moment of inertia due to the mantle. The deter-
mined values lay between 0.421 + 0.021 [5] and 0.431
+ 0.025 [4]. The large libration amplitude of 38.9 £ 1.3
arcsec [4,5] reveals a liquid outer core. Mercury’s tidal
Love number k, has been determined to be 0.451 +
0.014 by [2] and 0.464 + 0.023 by [4] confirming the
presence of a molten core. However, none of these
values allows to assess whether a solid inner core is
present or what its size might be. The size and density
of Mercury’s inner core are two important parameters
to understand the working principle of the planetary
dynamo. Further, it has been shown that a solid inner
core would raise an additional torque due to its non-
spherical shape [6]. As a consequence the resulting
C/MR? would change its value based on the size of the
solid core.

This work studies the tidal deformation of Mercury
based on the geodetic constraints from the
MESSENGER mission and shows that a future deter-
mination of the tidal Love number h, can yield im-
portant constraints on the inner core when combined
with the available (or future) measurements of k,. We
further studied the potential range of tidal phase-lags
and resulting tidal heat dissipation in Mercury’s man-
tle. All parameters discussed in this contribution might
be measured by the upcoming BepiColombo mission
[7] scheduled for launch in 2018 and operated by the
European Space Agency (ESA) and the Japan Aero-
space Exploration Agency (JAXA).

Methods: All constructed models consist of three
chemically separated layers: A core surrounded by a

mantle and covered by a crust. While the crust is kept
as one single layer, the mantle and the core are further
subdivided. Each sublayer is characterized by its thick-
ness, density, temperature, pressure, viscosity and ri-
gidity. The parameter space is spanned by the the vola-
tile content of the core, where we account for Sulfur
and Silica, the temperature of the core-mantle bounda-
ry as well as by the crustal thickness and density. The
remaining parameters are solved for in order to obtain
self-consistent models. The construction of the models
follows a two-step process. In a first step each model is
initialized by a given value of each of the parameter
listed above as including a set of three geodetic con-
straints, namely the mean density, the mean moment of
inertia and the fractional part of the moment of inertia
which is due to the mantle to solve for the radius of the
outer core, the reference liquid core density as well as
for the mantle density. A solution is only considered
valid if the resulting model is hydrostatic and if the
solved parameters are consistent with laboratory meas-
urements. In the second step each solution for the
structural model is provided with a set of different
mantle rheologies parametrized by the unrelaxed rigidi-
ty and the grain size. Based on these, the tidal Love
number k, is calculated and compared against the
measurement. Models which are not consistent with the
measurement inside its 3-c error bar are discarded.

The nominal value used for k; is 0.451 £ 0.014 [2]
but the error bar also accounts for the value determined
by [4]. The used mean moment of inertia is 0.346 *
0.014 [3]. The assumed C,/C value is 0.421 *+ 0.025
[5]. However, within the used error intervals the C,,/C
is also consistent with the value 0.431 + 0.021 [3].

Results: The measured k, value is on the lower
quarter of all possible interior models. Typical k, val-
ues range between 0.45 and 0.52 implying that the
measured value argues for a high mantle rigidity and /
or high grain-sizes as well as a lower temperature at the
core-mantle boundary in agreement with previous work
[8]. In the considered range of models the tidal Love
number h, ranges between 0.77 and 0.93. The corre-
sponding tidal amplitudes range from 1.93 to 2.33 m at
the equator and 0.24 to 0.29 m at the poles.

An important advantage of having both tidal Love
numbers is that certain dependencies can be suppressed
by combining them. The main parameter controlling
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the value of k, and h; is the existence of a liquid core.
Further, the amplitude of the deformation is controlled
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Figure 1: (a) Tidal Love number k; as a function of inner core size.
(b) The tidal Love number h; as a function of the inner core size. (c)
Using the ratio ho/ks is less ambiguous and therefore allows setting
an upper limit on the core size. (d) The same effect can be principal-
ly observed using the linear combination 1+ky;—h, , however pro-
vides a less strict constraint.

by the mantle rheology. However, when considering
the Love numbers individually, the presence of a solid
inner core has only a moderate effect on the amplitude
in comparison to the rheological properties of the man-
tle (compare to Figure 1). A linear combination as well
as the ratio h,/k;, cancels out the ambiguity to a certain
extent. What is left are the changes in the gravity field
due to a redistribution of mass inside the core. Since a
density contrast between a solid core an a liquid core is
present, the size and density of an inner core are no-
ticeable when combining both Love numbers. The line-
ar combination is known as the diminishing factor,
which has been proposed previously to better constrain
the ice thickness of Jupiter’s moon Europa [9] but is
also applicable to other icy satellites e.g. Ganymede
[10]. For small solid cores, the effect is barely noticea-
ble, so in the case of the core being small a measure-
ment of the respective ratio or linear combination
would allow the determination of an upper bound for
the size of the inner core but a determination of the
actual inner core size would only be feasible with a
significant uncertainty due to the remaining ambiguity.
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The ratio hy/k, is affected by a similar behavior, how-
ever is less ambiguous. Therefore, for cores > 700 km
in radius the size can potentially be inferred but a
measurement accuracy in the order of 1% in h, would
be required.

Since the tidal Love numbers are complex numbers
they are not only characterized by their amplitude but
also by a phase which is a function of the rheologic
parameters and indicates the amount of tidal dissipa-
tion. A particularity of the 3:2 resonance is that the
tidal dissipation barely depends on the eccentricity.
Therefore also a body with a significant eccentricity
like Mercury does not dissipate much tidal energy. The
main source of tidal dissipation on Mercury is the man-
tle; however the maximum values for Im(k;) consistent
with the geodetic constraints are between 0.02 and
0.03. This result is consistent with the maximum value
estimated from the spin orientation [11]. The maximum
tidal dissipation would then correspond to a surface
flux of < 0.13 mW/m? .

Discussion: If our current understanding of the in-
terior structure of Mercury holds, then a measurement
of the tidal Love number h, should fall most likely in
the predicted range of 0.77 to 0.93. A refined meas-
urement of the moment of inertia, C,,/C and k, are like-
ly to further constrain the value. In case of a compliant
measurement the remaining range of possible values is
valuable to discriminate between the remaining models
to get additional constraints on the inner core size. The
current literature inference based on circumstantial
evidence is that the inner core is small, i.e. <1000 km
in radius [12]. The h,/k, measurement might provide a
direct evidence. In case of a small core however, the
inner core size is unlikely to be constrained any further
due to the remaining ambiguity in the interior models.
In case of an inner core with a radius above 1000 km
the size can be constrained with an accuracy of 50 to
200 km due to the exponential growth of the h, over k,
ratio. Therefore, it would also allow to reassess the
moment of inertia if necessary and to provide valuable
information for models addressing Mercury’s core dy-
namic and magnetic field generation.
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