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Analyses of Lunar Laser Ranging (LLR) observations of the Moon's three- 
dimensional rotation (physical librations) have generated claims of detectable amplitudes for 
two of the three modes of free physical librations [I]. The modes are a 2.9 yr oscillation of 
the zero lunar longitude about the mean direction to the Earth and a 75 yr wobble of the pole 
direction which is analogous to the Earth's Chandler wobble. The claim for detectable 
signatures at the free libration periods is confirmed. There is a strong 75 yr signature, while 
the 2.9 yr amplitude is in the range of zero to 1.5". Dissipation in the Moon is also observed 
[2] [3] and the amplitude of the free modes should damp with time so their presence requires 
an active or recent stimulating mechanism. 

Lunar physical librations can be classified as forced librations, terms with periods and 
amplitudes which can be predicted from the torques, and free librations, with computable 
periods, but amplitudes and phases which are not known a priori and must be measured. 
There are three free modes, each with an unknown amplitude and phase (or sine and cosine 
component). The six unknown initial conditions for the integration of the lunar rotation are 
solve-for parameters in the LLR fits and these six degrees of freedom are related to the six 
unknown quantities of the free librations. Thus any free librations are buried in the LLR fits 
and numerical integrations. The output of a 7 17 yr numerical integration (without core) was 
first Fourier analyzed and then fit to extract the amplitude and period of the largest terms, 
both forced and free. These lines were matched to known forced terms and two of the three 
free modes. Lines were found at 1056.2 d, matching the 2.89 yr longitude mode, and at 
74.59 yr, corresponding to the wobble mode. The amplitude at the longitude mode is 1.8" (at 
the lunar surface 1" = 8.4 m). The pole wobble mode is elliptical 3.3" by 8.2". These 
amplitudes are in reasonable agreement with Calame's [I]. 

The free libration periods are also resonant periods for forced terms. Forced terms 
with periods near the free periods will be amplified complicating the analysis. Near the 1056 
d longitude mode known forced terms have been tabulated by Eckhardt [4]. Terms with 
periods of 1033 d, 1045 d, 1069 d, and 1095 d have beat periods with the free mode from 81 
yr to 282 yr. The 717 yr span of the Fourier analysis was chosen to cleanly separate these 
terms. Two additional forced terms (from Venus perturbations) are at 1056.3 d and 1056.4 d 
so the beat periods are thousands of years, they are not separated from the free term in the 
Fourier analysis, and they are part of the 1.8" amplitude found for the "free mode". In his 
calculation of the two forced terms Eckhardt used a 1056.0 d resonance period. That 
correction leaves 1.4" for the free amplitude. The equation in [5], with recent values for the 
moment differences, gives 1056.17 d. This period doubles the correction for the two forced 
terms and the free amplitude is 1 .Ow. If we accept a few tenths of a day uncertainty in the free 
period and vary it to minimize the free amplitude, then the minimum is 0.2" at 1056.27 d. 
The output from the Fourier analysis is two parameters, amplitude and phase, but varying one 
parameter, resonance period, can bring the amplitude near zero. Uncertainty in the 
theoretical free libration period leads to a range of free libration amplitudes from zero to 1.5". 

For the wobble mode there are no known forced terms very close to the 75 yr 
resonance. The damping of the wobble mode is slower than the damping of the longitude 
mode [3] [6] so it is reasonable that the former is larger. Free librations coexisting with 
strong dissipation requires a geologically recent or presently active stimulating mechanism. 
REFERENCES: [I] Calame 0. (1977) in Scientific Applications of Lunar Laser Ranging, 
ed. J. D. Mulholland, D. Reidel, 53. [2] Dickey et al. (1994) Science, 265,482. [3] Yoder C. 
F. (1981) Phil. Trans. R. Soc. London A, 303, 327. [4] Eckhardt D. H. (1982) in High- 
Precision Earth Rotation and Earth-Moon Dynamics, ed. 0. Calame, D. Reidel, 193. 
[5] Williams J. G. et al. (1973) The Moon, 8,469. [6] Peale S. J. (1976) J. Geophys. Res., 81, 
1813. 

O Lunar and Planetary Institute Provided by the NASA Astrophysics Data System 


