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Open questions

• The presence of a lunar fluid 
core has been revealed by 
dynamical, magneZc, 
and seismic data 
(e.g. Yoder 1981, Hood et al. 1999, 
Williams et al. 2001, Weber et al. 2011, 
Garcia et al. 2011)

• However, the knowledge of its interior properZes is 
sZll challenging:
– Size/density of the fluid core
– Presence of an inner core?
– Presence of a Low Viscosity Zone?

• How the rotaZonal dynamics and LLR experiment 
can access to the lunar interior properZes?
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deformations of layered models (Peltier 1974). By considering such time-varying Love numbers, we should              
able to measure the viscoelastic behaviour of the Moon. 

 
Figure 1​: (A) Schematic view of the interior structure of the Moon. The red circles at the near-side of the Moon denote 
the latitude at which the laser retro-reflectors (LRR) are located on the lunar surface. Modified from Kenneth R. Lang, 

Tufts University. (B) Lunar topography as obtained from LRO LOLA data (Smith et al., 2017). 

Since the deployment of laser retro-reflectors on the Moon’s near-side surface by the Lunokhod rovers and                
Apollo astronauts, LLR observations are performed routinely (Dickey et al., 1994; Murphy et al., 2012;               
Courde et al., 2017). These observations allow precise tracking of the time-varying lunar orientation and allow                
determination of the lunar interior structure, with the help of lunar ephemerides (Williams and Boggs 2015;                
Viswanathan et al., 2019). More specifically, the lunar ephemerides are based on rotation model that includes                
the lunar fluid core (size, flattening, friction) and tidal deformations due to the Earth gravitational potential                
(Love number ​k​2​, ​h​2​, and dissipation factor ​Q​). By comparisons to LLR data, constraints are then obtained on                  
these aspects directly related to the Moon’s interior structure (Williams and Boggs 2015; Viswanathan et al.,                
2019). However, tidal deformation and dissipation modeling in lunar ephemerides such as INPOP need to be                
improved by considering more complex dissipation and deformation scenarii such as mode-coupling effects in              
the elastic tidal response arising primarily from lateral heterogeneities of the planet and introducing              
interactions of the degree-1 tidal asymmetries with the degree-3 terms (Qin et al., 2014, 2016; Laneuville et                 
al., 2013) but also time-varying Love numbers for introducing viscoelastic behaviours. We propose to              
introduce these improvements in INPOP lunar ephemerides. 
The asymmetry in the crustal thickness of the Moon between its nearside and its farside (Wieczorek et al.                  
2013) can be modeled by considering different regimes of deformations for the two sides at the level of the                   
crust-mantle boundary. This type of modeling was considered for Mars (Metivier et al., 2008) but not                
investigated for the Moon. Furthermore, a viscoelastic contribution is expected but never introduced in the               
tidal amplitude measurements (Williams and Boggs 2015). We propose to develop a model of viscoelastic               
deformation including possible spatial differences in the material distribution in order to obtain a more               
realistic representation of Moon’s tidal deformation. This representation will consist of constant and             
time-varying Love numbers that will be input into our INPOP rotation model.  
Besides the measurements of the crust thickness, the GRAIL mission provided information on the lunar               
gravity field including its periodic changes due to tidal deformations (Williams et al., 2014). Measurements of                
lunar tidal deformations (Mazarico et al., 2014; Thor et al., 2019) and rotation (Stark et al., 2018a) were also                   
accomplished from spacecraft data. In fact, the tidal deformation of the lunar shape, parametrized by the Love                 
number ​h​2 was measured with LLR and observations from Lunar Orbiter Laser Altimeter (LOLA) on board                
the Lunar Reconnaissance Orbiter (LRO). The derived values for ​h​2 from LA data (Mazarico et al., 2014; Thor                  
et al., 2019), however, exhibit a significant deviation of about 15% from most recent LLR determinations                
(Viswanathan et al., 2018, 2019). In re-analysing LLR values, it is possible to obtain a new ​h​2 ​value consistent                   
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Retroreflector A15

LLR measurements

Lunakhod
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¨ Time span : 1969-today
¨ Number of NP : ~ 26000 
¨ Apollo station telescope of 3.5 meters
¨ Grasse-OCA laser : green and IR
¨ Earth-Moon distance accuracy of ~ cm
¨ Theoretical accuracy : few mm

Statistics 2015-2018, IR at OCA



Moon’s rota<on
¨ Physical librations are departure from a 

uniform rotational motion
¨ Cassini state is an equilibrium state 

where the spin axis, normal to the 
orbital plane and the normal to the 
ecliptic plane are aligned 

¨ The obliquity is constant. 
I = 1.5°I =5.2°

The three planes intersect along the same line of nodes
Lunar poles motion

18.6 years

EclipZc

Lunar orbit

Lunar Equator
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Lunar Orbit

Asymmetric bulge 
in the lunar equatorial plane 

(e.g. Colombo 1966, 
Peale 1969, 
Henrard and 
Murigande 1986, 
Bouquillon et al 
2003).



Influence of the fluid core

With a fluid core

d ~H

dt
= ~�

Angular momentum equation

~� ~�

~!~!

~H = I~! ~H = ~Hc + Im~!4

(e.g. Williams et al 2001, Richard, Rambaux, Charnay 2014 (extension), Dumberry and Wieczorek 2016….)



Lunar-Laser Ranging Experiment and 
ephemerides

¨ Numerical planetary and lunar ephemerides DE, EPM, IfE and INPOP (e.g. 

Williams etal., Pavlov etal., Hoffman etal. Fienga etal.)

¨ Lunar accuracy  ~ 2 cm and 1 mas in rotation over 50 years.
¨ Fundamental physics, geophysics, selenophysics and interior of the Moon.

¨ These models (DE, EPM, INPOP) are joint numerical integration of the 
orbits of the Moon, the Earth, the planets and asteroids, and of the lunar 
rotation

¨ Dynamical partial derivatives of the orbits and lunar Euler angles with 
respect to solution parameters such as moment of inertia, gravity field,
tides, dissipation, CMB flattening, and initial conditions.
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Dynamical signature of the lunar core

(Williams et al 2001)

• Departure of the spin of the 
Moon to the Cassini state of 
~260 mas.

• Attributed to the fluid core
dissipation (Yoder 1981)

• Tidal dissipation and core-
mantle friction (Williams et al. 
2001)

• CMB flattening (axi-symetric) 
estimation (Williams et al. 2008, 
Williams et al. 2014)

~N c = K(~! � ~!c)

6



Weighted root-mean-square of LLR post-fit residuals
w/o and with fluid core
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Direct approach

1. Fixed a value of RCMB

2. From INPOP17a geophysical parameters built 
a new reference lunar interior (density 
profile)

3. Fit the polar flattening with LLR data
4. Iteration to step (2) with the new set of 

parameters to converge towards a solution at 
the fixed RCMB

Full dynamical equaZons with the triaxiality and here the inner core is neglected. 8



manuscript submitted to Geophysical Research Letters

Figure 1. The LLR-fitted value of the lunar core oblateness fc (in black dots with region of

uncertainty in red) intersects the theoretical hydrostatic values of fc (solid lines in violet and

blue corresponding to models with lunar crustal thickness of 34 and 43 km, respectively) at a

lunar CMB radius of RCMB ⇡ 384 ± 12 km (in gray region). The LLR-fitted mean values here

are obtained by assuming a mean value of lunar crustal thickness estimates (Wieczorek et al.,

2013) (Tcrust = (34 + 43)/2 = 38.5 km) in the LLR dynamical model. A model with Tcrust = 43

km tends to increase the LLR-fitted mean value by 8.7 to 5.5%, while a Tcrust = 34 km tends

to decrease the same by 7.4% to 5.3%, for RCMB varying from 320 to 440 km, respectively.

The region of uncertainty of the LLR-fitted fc (in red region) encompasses the cumulative er-

rors from lunar core density (Garcia et al., 2011), crustal thickness variations (Wieczorek et al.,

2013), degree-2 potential Love number (Konopliv et al., 2013), and other parameters listed in

Table B2 in the order of decreasing precedence. Previously reported (Williams et al., 2009) fc

(2.0 ± 2.3 ⇥ 10�4) is in agreement but with much larger error bars (in white dot). A more recent

estimate (Williams et al., 2014) (2.42 ± 1.4 ⇥ 10�4) cover plausible values of fc obtained for

RCMB ⇡ 320 to 440 km (in green region). The estimated value of RCMB ⇡ 384 ± 12 km (in gray

region) is obtained by the intersection of the lower and upper bounds of LLR-fitted fc with the

hydrostatic models of Tcrust = 34 and 43 km, respectively (see SI). The CMB radius agree within

one-� of an Apollo seismic data analysis (Garcia et al., 2011) (in hatched region). Within these

limits, the value of lunar core oblateness (fc) is estimated as (2.13± 0.53)⇥ 10�4.
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10RCMB = 381 ± 12 km

fc =( 2.2 ± 0.6) 10-4

(Consistent with Wieczorek et al. 2019) (Viswanathan et al. 2019)



Weighted root-mean-square of LLR 
post-fit residuals with fluid core
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Inclination of the lunar core

1.5°

(Goldreich 1983
Meyer and Wisdom 2011)12



Estimation of the FCN
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FCN = 367 ± 100 years
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Conclusion
o Lunar Laser Ranging continues to provide new results because of improving range
with station (APOLLO, New Mexico, USA), updated station (Grasse, OCA, France),
new stations, data analysis accuracies (DE430, EPM, IfE, INPOP), and echoes from
the lost retroreflector!

o The fluid core friction controls (1/3) the departure of the Cassini state;
o The oblateness of the core has been determined in the LLR fit =( 2.2± 0.6) 10-4;
o Constrain on the size of the core (381± 12 km) assuming that the CMB is at the
hydrostatic equilibrium

o Estimation of the FCN period (367 ± 100 years) and its 
detection in libration series is still in progress. 
o The core mass fraction is in the range of 1.63-2.06%
o Signature of an inner core is not yet observed.

o New retroreflectors or active laser transponders 
settled to the surface of the Moon will offer 
improved accuracies to mm and new results…
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Lunar Laser Ranging principle

(T. Murphy)17



Retroreflector A15

Yunnan

LLR measurements

Station Laser-Lune Grasse, OCA

Lunakhod
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Reference lunar interior model

Crust

Mantle

Fluid 
core

Non-hydrostatic
(measured by LRO)

Gravity coefficient 
(measured by GRAIL) 

AssumpZon 
that CMB at 

HydrostaZc eq.

(method as Meyer and Wisdom 2011, Dumberry and Wieczoreck 2016; 
agreement with Wieczoreck et al. 2019)

Three layer model : 
crust, mantle and fluid core

Constrained from INPOP17a
(radius, mass, moment of inertia)

VISWANATHAN ET AL.: CONSTRAINT ON THE RADIUS AND OBLATENESS OF THE LUNAR CMBX - 5

gested by previous studies (Meyer & Wisdom, 2011; Dumberry & Wieczorek, 2016) to

deduce the surface shape coe�cients and expand them to a triaxial case with three layers.

We recall here the main outline. The total potential acting on a mass element at location

rj is

U(rj) = Wj(rj) +Wcent(rj) +Wtidal(rj). (4)

where Wcent(rj) is the centrifugal potential, Wtidal(rj) is the tidal potential, and Wj(rj)

is the internal potential. This last potential depends on q top layers and k bottom layers

as:

Wj(rj) = �G
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where G is the gravitational constant, mk is the mass of the k�layer, and d20,k, d22,k

represent the surface shape coe�cients that are the departures from a perfect sphere. The

summation on k represents the potential due to internal layers and that in q for the top

layers. For the spin-orbit resonant bodies the centrifugal and tidal potentials give

Wcent(rj) +Wtidal(rj) = !2r2j

✓
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◆
(6)

The formula (in Eqn. 7) are given for a three layer model, with fluid core (subscript c),

mantle (subscript m) and crust (subscript cr). We introduce the surface shape determined

by LOLA and quoted by d20,cr and d22,cr and the degree-2 gravity coe�cients determined
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