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ABSTRACT. Constraints on the interior structure of the Moon are revisited using gravity data
from GRAIL, topography data from LRO-LOLA, Apollo seismic data and Lunar Laser Ranging
data. Here, we present recent results obtained by Viswanathan et al. (2019) on the determination
of the size and shape of the lunar fluid core through these dataset.

1. INTRODUCTION

Our Moon is one of the most studied objects in the Solar system; we benefit from chemical,
geophysical, and geodetic observations achieved by multiple Earth ground-based telescopes, orbital
and in situ missions. However, its deep interior properties remain a puzzle because the lunar core
is very small, implying weak signature in the observational data set. This paper focuses on the
description of a new lunar core rotational model included in INPOP (Viswanathan et al.2019) and
used to provide a determination of the radius and geometry of the lunar core-mantle boundary
(CMB) from the LLR observations. The obtained CMB radius is in full agreement with one
seismological model Garcia et al.2011).

2. LLR AND GRAIL OBSERVATIONS

The Moon’s rotation is now measured with a remarkable accuracy of few milli-arcseconds thanks
to the Lunar Laser Ranging (LLR) experiment that has been active since 1969 (e.g. Dickey et
al.1994). This experiment consists of the measurement of the round-trip travel time of a short laser
pulse between an Earth observatory and one of the five corner cube retroreflector arrays settled on
the Moon (Williams et al. 2014; Pavlov et al., 2016; Viswanathan et al. 2018; Fienga et al. 2019).
Earth observatories such as the APOLLO station (Murphy, 2013) and OCA station (Courde et
al. 2017) regularly range to the retroreflectors for the collection of LLR data. The OCA laser
station switched to ranging in infrared (1064 nm) allowing a better coverage of the retroreflectors
and improving the precision of the LLR data (Courde et al. 2017). A strong interest from the
laser ranging science has led to the emergence of new LLR stations Hartebeesthoek-South Africa
(Munghemezulu et al., 2016), Yunnan-China, Wettzell-Germany (Eckl et al. 2019) and next-
generation of retro-reflector developments (Dell'Agnello et al., 2018; Currie et al., 2013).

In addition, the Moon has been the target of the space mission Gravity Recovery and Interior
Laboratory mission (GRAIL) that determined the gravity field of the Moon at an unprecedented
accuracy (Konopliv et al., 2013; Lemoine et al., 2013, Konopliv et al., 2014). It has been obtained
with an improved accuracy of 4-5 order of magnitude up to degree and order 1200-1500 (see e.g.
Konopliv et al. 2014). In addition, the love number k, has been improved by a factor 5. Such



great accuracy is reached thanks to the intersatellite link based on a mission concept similar to
GRACE. Also there were DSN two-way S-band doppler measurements for GRAIL (see Konopliv et
al,, 2013; Lemoine et al. 2013) and reference therein).

3. DYNAMICAL MODEL AND RESULTS

The lunar rotation is integrated numerically in INPOP ephemeris and fitted to the LLR ob-
servations (Viswanathan et al,, 2019; Fienga et al. 2019). This model is obtained from a joint
numerical integration of the orbits of the Moon, the Earth, the planets and asteroids, and of the
lunar rotation. The dynamical partial derivatives of the orbits and lunar Euler angles with respect
to solution parameters such as moment of inertia, gravity field, tides, dissipation, interaction with
a fluid core and initial conditions are computed and the adjustment provides the determination of
these geophysical parameters (for a complete description of the last INPOP version see Fienga et
al. (2019) and references therein).
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Figure 1: This plot shows the influence of the presence of the fluid core is sustained by a significant
decrease in the annual wrms of the LLR over 50 years. In blue the solution without the fluid core
provides a wrms of 5 cm, that reduces to 3 cm for a spherical fluid core with friction and further
below 2 cm in the presence of a non-spherical fluid core.

A full set of rotational equations for the whole Moon and for the fluid-core that take into
account the pressure torque due to the fluid core on the non-spherical CMB interface, including
the triaxiality of this interface, has been developed. Such set of equations was used for Mercury
(Rambaux et al., 2007) and icy satellites (Richard et al., 2014) studies and here extended to the



rotational motion of a differentiated Moon. The basic equations are
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where [/] is the inertia tensor of the Moon, w is the angular velocity vector, and I are the external
gravitational torques, the H€ is the angular momentum of the core and the I represents the
interaction between the core and the mantle through two mechanisms. The first one is related to
the friction at the CMB due to the differential rotation, that perturb the lunar Cassini state. The
second one is due to the pressure of the fluid core on the core-mantle boundary and so it depends
on the non-sphericity at the CMB.

The presence of fluid core has been identified few decades ago due its influence on the lunar
Cassini state and the second clue has been the detection of the oblateness of the fluid core boundary
that is an independent result of the existence of the fluid core (Williams et al., 2014). For example,
in INPOP, the presence of the fluid core is sustained by significant decreases of the annual weighted
root mean square (wrms) of the LLR post-fit residuals over 50 years. Figure 1 shows the influence
of the non-sphericity and highlights the necessity to have accurate and long time series in order to
separate the physical parameters of the lunar core.

The size of the lunar core, about 381 km, was determined in Viswanathan et al. (2019) by
comparing flattening determined through LLR data and the theoretical flattening computed by
assuming a hydrostatic CMB enclosed by a non-hydrostatic mantle and disturbed by tidal and
centrifugal potentials. The bounded core size is consistent with an analysis of the seismic data
(Garcia et al., 2011) and previous LLR model (Williams et al., 2014) but the accuracy of the
core oblateness and radii of a presently-relaxed lunar core is improved by a factor of 3. This
determination brings new constraints on the interior of the Moon. Notably, it allows to compute
an estimation of the eigenfrequency and period of the free core nutation (FCN) of the Moon as
shown in Figure 2. This figure shows the dependence of the FCN period onto interior parameters
where a first order linear approach allow to estimate the FCN frequency equal to

OFCN = %n(a"c +08"¢) (3)

with ol ~ ch%ﬁ\\isc and B ~ Bcé%gi& where (A, B, C) and (Ac, B¢, Cc) are the moment of
inertia of the whole Moon and core, n is the lunar mean motion. This relationship is consistent
with the estimation used in Rambaux and Williams (2011). However, in Rambaux and Williams
(2011) the numerical value of the FCN was estimated based on DE421 flattening estimation and
with the new determination of the flattening, the FCN is estimated at about 367 4+ 100 years
(Viswanathan et al., 2019).
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