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The development of laser ranging (Mulholland and Silverberg, 1972) and 
very long baseline interferrometry (VLBI) (counselman et al, 1973) has al- 
lawed determination of the position and orientation of the moon with remark- 
able accuracy. Ultimately various geophysical phenomena such as continental 
drift and the Chandler wobble will be monitored with high precision. However, 
bef~re full use of the ultimate accuracy of a few centimeters in range can be 
made, we must know the arbitrary amplitudes and phases of the three free 
motions of the moon. 

These free motions are deviations of the moon from the precise extremum 
of the Hamiltonian describing its rotation (~eale 1969, 1973), which is 
described by Cassini's laws. The wobble is just the nonprincipal axis rota- 
tion characterized by the motion of the instantaneous spin axis about the 
axis of maximum moment of inertia with a 75 year period. The spin angular 
momentum precesses about the equilibrium Cassini position when displaced from 
that position with a period of 24 years in a reference frame precessing with 
the orbit. Finally, the libration in longitude is the oscillation about the 
synchronous rotation rate with a 3 year period. 

Internal dissipation within the moon in the presence of the earth tends 
to drive the amplitudes of all three free motions to zero. However, meteor- 
ite impacts will tend to excite the free motions, and it is our purpose here 
to compare the rate of this excitation with the rate of damping in order to 
ascertain the likelihood of observable amplitudes. We shall assume that the 
amplitudes ultimately observable by the laser ranging and VLBI experiments 
are comparable to 0!'01 (Mulholland and Silverberg, 1972; P. Bender, private 
communication, 1973; Counselman -- et a1 1973). 

The magnitude of the excitation of the precession and libration are ob- 
tained directly from the components of the angular momentum impulse perpen- 
dicular and parallel to the Spin axis respectively, whereas the wobble , 
excitation must also include a contribution due to the redistribution of the 
mass of crater ejecta (~eale, 1976a). The wobble excitation is very dependent 
on the model used for the crater ejecta, where the crater rim deposits and 
that part of the ejecta escaping the moon entirely contribute with opposite 
sign. We shall therefore assume the wobble excitation rate to be comparable 
with that of the precession even though the wobble excitation may be smaller 
or several times larger for a given meteorite impact. 

The meteorite excitation rate is estimated from crater counts on dated 
maria basins. Crater diameter9 are related to impact energies through two 
extreme scaling laws Dc = .08W km and Dc = .15 WT km, where Dc is the crater 
diameter and W is the energy. These extremes should bridge the large un- 
certainty in the scaling to high impact energies. Momenta are extracted from 
the energies by assuming impact velocities between 10 and 30 km/sec. Rates 
of angular momentum impulses are found by assuming a uniform flux density 
over the lunar cross section with all velocities being parallel to the lunar 
equator plane. The average flux of meteorites over the last 3x109 years was 
used for the current flux. The natural tendency for the flux to decrease 
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with time is balanced by current estimates of impact rate based on the dis- 
tribution of Apollc asteroids, which supports the use of the average flux 
(shoemaker, 1975) and by microbarograph data indicating a higher than average 
flux of cometary material (Shoemaker, private communication 1973). 

The results of these calculations are shown in Fig. 1 for the precession 
and libration excitation for the two scaling laws. The calculations were done 
for an impact velocity of 20 km/sec, where the shifts in the curves for the 
extremes of 10 and 30 km/sec are indicated by "error" bars. The uncertainty 
due to velocity range is considerably less than that due to the scaling laws. 
The inverse of the ordinate in Fig. 1 gives the average time in years between 
excitations larger than Ao. 

The dissipation was assumed to result from the changing position of the 
equator due to the wobble, to tides raised on the moon by the earth and to 
relative motion between a small (tentatively identified) liquid core and solid 
mantle. The wobble and tidal dissipation are parameterized by the dissipation 
factor Q and the core-mantle interaction by the kinematic viscosity V of the 
core fluid. The details of the dissipation calculations are rather extensive 
and can be found in Peale, 1976b. Let it suffice here to give the results in 
terms of Q and V .  

Fig. 2 shows values of Q=h, for the two scaling laws for which the 
initial amplitude A, decays to the observational limit of 0!'01 in the average 
time between impulses of amplitude A, or greater. If Q is less than Qmax for 
a given Ao, the motion will damp to 0!'01 amplitude before another excitation 
> . For values of Q > $mm, one would expect an observable amplitude for 
the particular free motion most of the time. The minimum value of h a x  for a 
given free motion and for a given set of assumptions, such as crater size 
scaling law and meteor impact velocity, is the important parameter in any dis- 
cussion of the current existence of remnant amplitudes of the free motion. 

Fig. 3 shows ranges of the kinematic viscosity of a core of radius 270k.m 
for the two scaling laws for which an initial amplitude A. decays to the ob- 
servational limit of 0!'01 before the next excitation of amplitude A, or 
greater. The interpretation is similar to that of Fig. 2 except now one has a 
range of V outside of which the core will not keep the amplitudes damped below 
observability. 

We reduce Qby a factor of three below the minimum values in Fig. 2 to 
ensure that observable amplitudes are not present most of the time. For 
example, if Q = 100 for libration damping by the tides, we would expect no 
remnant libration for either model in Fig. 4. For precession and wobble 
Q 5 20 to ensure no observable amplitudes for both scaling laws. Values of Q - 
for the earth are 0(100) but damping of moonquakes implies Q > 3000  atha ham 
et al, 1971). This high Q would imply that the moon is much less dissipative 
than the earth and we should expect to see the free motions. On the other 
hand, very low Q's cannot be so quickly dismissed since the frequencies of 
the free motions are much lower than those for which Q is determined and dif- 
ferent dissipative mechanisms such as rock creep may dominate (e.g. Kaula 
1968, p. 101). 

A similar discussion of the kinematic viscosities in Fig. 3 shows that 
if a 270 km core exists it could possibly keep some of the free motions - 

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



EX. AND E L .  OF THE WOBBLE, PREC . AND LIB. 

Peale,  S. J. 

damped below observabi l i ty  bu t  not a l l  o f  them because of nonoverlapping 
ranges of v f o r  t he  various motions. 

Although observable amplitudes of t he  f r e e  motions a r e  compatible with 
reasonable values of Q and V, i t  i s  a l s o  not unreasonable f o r  the  amplitudes 
t o  be below observabi l i ty  most of t h e  time. We should therefore  look f o r  
t he  f r e e  motions i n  t h e  l a s e r  ranging and VLBI da t a  t o  make sure  of t h e i r  
absence or  t o  map t h e i r  amplitudes and phases. 

See Peale (1976b) f o r  add i t i ona l  d e t a i l s  and a c r i t i c a l  discussion of 
t he  unce r t a in t i e s  i n  t he  ana lys is .  

Drawings oour&ezy X U .  

Fig. 1 Fig. 2 mg* 3 
Figure captions 
Fig. 1. Rate of exc i t a t i on  of l i b r a t i o n  and precession. Impact ve loc i ty  i s  

20 km/sec. 
Fig. 2. Bounds on Q f o r  damping of an exc i t a t i on  of i n i t i a l  value A. t o  0!'01 

before next e x c i t a t i o p  of A, o r  la rger . ,  Upper curve of each p a i r  
corresponds t o  Dc a F, lower t o  Dc a *. 

Fig. 3. Upper and lower 'bounds on core kinematic v i s c o s i t y  f o r  damping of an 
exc i t a t i on  o f  i n i t i a l  value A. t o  0!'01 before next exc i t a t i on  of A. 
or  l a r g e r .  Ins ide  p a i r  of each grorp of four  curves corresponds t o  
Dc a WZ, the  outs ide p a i r  t o  Dc a W 3 .  

References 
1. Counselman, C.C. ,  Hinteregger. h.X., and Shapiro, I.I., 1973, Science - 181 

772- 774 
2. Kavla, W.M., 1968, - An Introduct ion t o  Planetary Physics, John Wiley, N.Y. 
3. Latham, G.V. e t  s., 1971, Apollo l r ~ r e l i m i n a r ~  Science Report NASA Sp 

272, pp. 133-Xl .  
4. Mulholland, J. D. , and Si lverberg,  E. C. , 1972, Moon 4 : 155-159. 
5 .  ~ e a l e ,  S,J., 1969, -- ~ s t r o n  J. - 74: 483-489. 
6. Peale, S. J., 1973, Rev. Geophys. Space Phys ll: 767-793. --- 
7,8 Peale, S.J., 1976a,b., J .  Geophys. - Res. (1n Fress ) .  
9.  Shoemaker, E.M., 1975, paper presented t o  AAS Div. of Dynamical Astron. 

meeting December 11-12, Pasadena, Cal i fornia .  

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


