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Introduction: The lunar motion has been meas-

ured accurately for 38 years with Lunar Laser Ranging 
[1,2,3]. Today, the time-span of several decades and 
the accuracy of a few centimeters allow one to identify 
and characterize some geophysical mechanisms that 
influence the rotational motion.  

The three dimensional rotational motion of the 
Moon is characterized by the physical librations, the 
departure from uniform rotational motion. These libra-
tions can be classified as two types: (i) Forced libra-
tions arise from time-varying torques on the lunar fig-
ure due to the Earth and the Sun. Their amplitudes 
result mainly from the gravitational torques with some 
modification by tides. (ii) Free librations are the natu-
ral rotation modes of the solid Moon and they are im-
plicit in the equations of motion for the rotation. The 
amplitudes of the free librations may be excited by 
geophysical or dynamical mechanisms [4,5].  

Our objective is to first determine in the LLR ob-
servations the presence of the free modes and second 
to propose possible mechanisms that excite these free 
modes.  

Free modes: Classically, there are three modes of 
free librations for a rigid Moon. One is in longitude, 
parallel to the equatorial plane of the Moon, with a 
period of 2.9 years, and a second one in latitude, mo-
tion of the axis normal to the lunar equatorial plane, 
with a period around 81 years. These two modes are 
related to the synchronous spin-orbit motion of the 
Moon and the periods are given in the inertial refer-
ence frame [4,5].  

The third mode of free libration is related to the 
rotation of the axis of figure about the rotation axis. It 
is analogous to the Earth’s Chandler wobble and has a 
period around 75 years in the lunar reference frame, i.e 
around 27 days in the inertial reference frame [4].  

Each proper mode is characterized by a damping 
time scale. Based on the tide and core dissipation re-
sults given in [6], the damping times are 2x104 yr for 
the longitude mode, 1.5x105 yr for the 81 yr latitude 
mode, and 1x106 yr for the wobble mode As a conse-
quence, the observational detection of free librations 
requires recent excitation mechanisms compared to the 
damping times.  

Fit strategy: Along with the orbit and Earth-
related effects, the three-dimensional lunar rotation is 
fit to Lunar Laser Ranging data with adjustable pa-
rameters for moments of inertia, gravity field, tides, 
dissipation, interaction with a fluid core, and initial 
conditions for both solid mantle and fluid core [1,6]. 
The initial conditions and constants are used to make a 

numerical integration of the lunar rotation jointly with 
the orbits of the Moon and planets. The result of the 
integration is a file of very accurate Euler angles ver-
sus time. The free librations are extracted from the 
Euler angles with a fit of analytical terms.  

The lunar rotation exhibits combined forced and 
free librations and we determine in the same fit the two 
sets of librations. The periods of the forced librations 
are known because they arise from 1) Earth-Moon-Sun 
effects, and their periods are related to the Delaunay 
arguments of lunar theory [7], and  2) planetary effects 
that contribute to the spectrum of terms [8].  

The amplitudes of periodic Fourier terms can be 
variable. This can be due to the eccentricity of the 
Earth-Moon orbit around the Sun, which varies with 
time and alters the amplitude of the librations. We rep-
resent these variations by introducing Poisson terms, 
linear terms in time in the amplitudes.   

 The analytical form of the librations is thus as-
sumed to be composed of Fourier and Poisson series 
(with adjustable frequencies during the fit) and poly-
nomial coefficients. The polynomial coefficients are 
used to represent small corrections to the uniform rota-
tion of the Moon and very long period effects.  

We used a least-square method to fit the formal so-
lution to the libration angles. The scheme is iterative in 
order to converge toward robust values. We also esti-
mate the postfit residuals and can generate Fourier 
spectra. The maximum post-fit residual is 0.1 arcsec-
onds.    

Longitude mode: Figure 1 shows the resulting 
spectrum composed of forced and free librations for 
the lunar libration in longitude. The three largest libra-
tion amplitudes result from the Earth-Moon motion 
around the Sun (365.25 days), the anomalistic orbit 
period of the Moon around the Earth (27.55 days), and 
half the argument of perigee period (1095.17 days). 
The free libration is the 10th largest libration with an 
amplitude around 1.8 arcseconds. The period is deter-
mined to be 1056.20 days. The fit longitude “free libra-
tion” is a combination of the real free libration and two 
forced terms that are too close in period to separate 
(1056.80 and 1056.30 days). In addition, the ampli-
tudes of forced terms such as those at 1069.24 days 
and 1095.17 days, the latter is the third largest longi-
tude libration amplitude, are correlated with the ampli-
tude of the free libration.  
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Fig1: Spectrum of the libration in longitude. The 

presence of the free libration is indicated by the arrow 
and the black box. The frequency of the free libration 
is 1056.2 days.  

 
Latitude mode: The free latitude mode of the 

Moon is very small and therefore uncertain. If the 
presence of this amplitude is confirmed, it does not 
exceed a few tens of milliarcseconds.  

Wobble mode: The last mode is more easily ex-
pressed in the selenographic reference system. In this 
case, the body polar axis of the Moon describes a small 
cone of semi-axes 8.2 arcseconds by 3.3 arcseconds 
with a period of 75 years with respect to the rotation 
axis. Contrary to the situation with the longitude mode, 
there are no nearby forced frequencies close to this 
mode and its amplitude is decorrelated from the other 
librations.    

Possible excitation mechanisms: Some possible 
mechanisms have been explored in the past without 
satisfactory explanation. It has been shown that a re-
cent meteoritic impact is an unlikely source of such 
excitation [9]. Eckhardt [10] proposed an excitation 
process related to a resonance event between the longi-
tude proper mode (of 2.9 years) and close forced fre-
quencies. During the evolution of the lunar orbit, the 
free frequency changes slowly and can become equal 
to a forced period in longitude. However, the mecha-
nism excites only the libration in longitude mode. Yo-
der [11] proposed an alternative mechanism, based on 
turbulent fluid core interaction, to excite the wobble 
mode. 

The accurate determination of the amplitudes of the 
free librations is a motivation to understand how the 
presence of a fluid core inside the Moon could excite 
free modes.  
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