Reports

Past Orientation of the Lunar Spin Axis

Abstract. The orientation of the lunar spin axis is traced from the early history of the
earth-moon system to the present day. Tides raised on the earth by the moon have caused
an expansion of the lunar orbit. Tides raised on the moon by the earth have de-spun the
moon to synchronous rotation and driven its spin axis to a Cassini state—that is, in a
coprecessing configuration, coplanar with the lunar orbit normal and the normal to the
Laplacian plane (which is at present coincident with the normal to the ecliptic). This com-
bination of events has resulted in a complex history for the lunar spin axis. For much of
the period during which its orbital semimajor axis expanded between 30 and 40 earth ra-
dii, the obliquity of the moon was of order 25° to 50°. In fact, for a brief period the oblig-
uity periodically attained a value as high as 77°; that is, the spin axis of the moon was only

13° from lying in its orbit plane.

It is well known that the present dynam-
ical configuration of the earth-moon sys-
tem bears little resemblance to its original
state at the time of its formation, having
been subjected throughout geological time
to the influence of mutual tidal torques of
the earth, moon, and sun. Although the
principal consequences of the tides have
been an increase in the lunar semimajor
axis and a lengthening of the day, there
have also been important changes in the
obliquity of the earth and in the inclination
of the lunar orbit to the ecliptic (1, 2). Itis
the purpose of this report to point out that
the tides are additionally responsible for a
rather remarkable history of the lunar spin
axis.

Although the current lunar obliquity
(the angle between the orbit normal and
the spin axis) is small, a major reorienta-
tion of the lunar spin axis appears to have
taken place early in the life of the earth-
moon system, when the lunar semimajor
axis was between 30 and 40 earth radii.
Theoretical calculations of the past lunar
spin state indicate that the obliquity was of
order 25° to 50° for a significant fraction of
this period. Indeed, for a brief interval of a
few hundred thousand years, an obliquity
as high as 77° was probably attained. This
unusual behavior was generated by the
tidal evolution of the lunar orbit, which in
turn produced a change in the nature of the
moon’s rotation state.

At present, the lunar orbit precesses in
18.6 years while its pole (orbit normal)
maintains a constant inclination of 5.1° to
the normal to the ecliptic, k. The lunar spin
axis, s, is inclined to k by 1.6° and is in a
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coplanar configuration with this vector and
the orbit normal, n. This situation is illus-
trated in Fig. la. The spin axis is believed
to have been driven to this state by tides
raised on the moon by the earth—the same
mechanism thought to be responsible for
the synchronous rotation of the moon (3,
4). This specialized state of rotation is
known as Cassini motion after G. D. Cas-
sini, who described it in 1643 (5). This
coplanar configuration of the spin axis, or-
bit normal, and normal to the ecliptic is
maintained by a coprecession of s and n
about k. The precession of the lunar orbit
is produced by gravitational torques ex-
erted by both the sun and the equatorial
bulge of the earth, while it is the attraction
of the earth for the figure of the moon that
gives rise to the precession of the lunar spin
axis. It has been shown (6) that copreces-
sion is possible for only certain values of
the lunar obliquity, 6, those which satisfy
the expression

3/2n[(C - A)/C]sinfcosf +
3/8n[(B - A)/Clsinf(1 - cosf) +

Qsin(6-1I) = 0 1)

where n is the orbital mean motion,
A < B < C are the principal moments of
inertia of the moon, I is the orbital inclina-
tion, and © < 0 is the precession frequency
of n about k. For other values of 4, the spin
axis precesses either too quickly or too
slowly to keep pace with the orbit normal.
Adopting values (C-A4)/C = 6.2 x 104,
(B - A)/C = 2.1 x 104 2x/|0| = 186
years, and I = 5.1° for the moon yields the
present obliquity, § = 6.7°, as one solution

of Eq. 1. A solution to Eq. 1 is called a gen-
eralized Cassini state.

The Hamiltonian describing the spin
axis motion

H = 1/2Cn? - Cnf)(sk) -

n?(C - A)[3/4(n-s)>-1/4] -

n*(B - A) {3/16(1 + n-s) + 3/8[1 - (n-s)?]}
2

referred to a coordinate frame attached to
the uniformly precessing orbit plane (7), is
a constant of motion in the absence of dis-
sipation, such as tidal friction. Equation 2
can be rearranged into a form more easily
recognized as a parabolic cylinder. The
spin axis trajectory is given by the inter-
section of this with the unit sphere (8, 9)

S+ 852452 =1

3

The Cassini states of Eq. 1 are simply
those points where the parabola is tangent
to the sphere. Since varying H is equivalent
to sliding the parabolic cylinder along its
axis, Cassini states are also extrema of the
Hamiltonian (6). In general, there exist ei-
ther two or four such points, depending on
the value of the ratio n/Q (on which both
the axis and the latus rectum of the parab-
ola depend). Peale (6) has numbered these
states, and Fig. 1b illustrates their nature
schematically.

Today, the status of the moon is such
that only states 2 and 3 are possible for
coprecession (Fig. 1a). The moon occupies
state 2. State 3 (with the obliquity near
180°; that is, retrograde rotation) turns out
to be unstable in the presence of tides
raised on the moon by the earth (3, /0) and
we shall ignore this state from now on.

It is clear from Eq. 1 that a change in
any three of the parameters n, §, or I will
cause a drift in the positions of the Cassini
states. Furthermore, from theories of the
lunar orbit it appears that all three param-
eters have been altered by tidal friction (/,
2). For a large enough algebraic value of
n/Q, such as existed early in the history of
the earth-moon system, states 1 and 4 are
also possible solutions to Eq. 1.

We cannot in the brief space available
here describe all the complexities of the
past lunar orbit necessary for an accurate
calculation of the past Cassini states. The
essential features of the motion can, never-
theless, be illustrated by the use of a sim-
plified model first suggested by Opik (11):
that of treating the orbital evolution of a
satellite of negligible mass. Under this as-
sumption

0 = [9gc05? (¢ - @) + Qec08°®] X

[Qgc082 (¢ - B) + Qcc0s29] “)
with

Qo = 3/4n(Mo/ Mg)(a/ac)® )
Qg = nJ(Ro/a)? ©)
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where M o is the solar mass, Mg, is the mass
of the earth, a is the lunar semimajor axis,
apis the earth-sun distance, Rg is the radi-
us of theearth, and J=3/2(Cy, - A)/ Mg R
The obliquity of the earth is denoted by e,

ks,
1.6°

and ® measures the angular separation of
k from the true normal to the ecliptic (/2).
Equation 5 arises from the solar torque
and is at present the dominant term. Equa-
tion 6 is due to the torque from the oblate
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Fig. 1. Relative orientation of the lunar orbit normal, n; the normal to the Laplacian plane, k; and
the lunar spin axis, s; viewed from a coordinate system precessing with the orbit plane with the z-axis
in the direction of the orbit normal and the x-axis along the line of the ascending node of the orbit on
the Laplacian plane. In this coordinate system, n and k are fixed in the z-y plane. (a) Present copla-
nar configuration of n, k, and s for the moon. (b) Schematic illustration of the nature of Cassini
states 1 through 4. The points where the parabolic cylinder obtained from the Hamiltonian is tangent
to the unit sphere locate the state positions. (c) Possible spin axis trajectories following merger of
states | and 4 with resulting loss of state 1 stability. Tides drive the spin axis through a succession of
trajectories to state 2. (d) View of spin axis motion (following merger) projected onto orbit plane.

Fig. 2. History of the 90 T
lunar spin axis and
past positions of the
Cassini states plotted
as a function of lunar
orbital semimajor axis
measured in earth ra-
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earth. From Eq: 4, the dominance of Q@ at
large a implies Qo @32, s0 that the orbital
precession was slower in the past. How-
ever, for very small a, the torque from the
earth dominates and Q« a’’/2; that is, the
precession becomes more rapid for smaller
a. Goldreich has determined that Qg ~ flo
ata/Rg ~ 17. This calculation takes into
account the change in the oblateness of the
earth with the shortened day (/).

Past positions of Cassini states 1, 2, and
4 are presented in Fig. 2 as a function of
a/Rg, taking into account the changes in
n,2, and I brought about by tidal evolu-
tion. For large|n/Q| (small a/Rg), state 1
lies near the orbit normal while states 2 and
4 are located at large obliquities (£ 86°).
(Negative obliquities indicate that states 1
and 4 lie on the opposite side of n from
k.) As|n/Q| decreases, states 1 and 4 ap-
proach each other, eventually merging at
a critical obliquity, 0. = ~26°. This situa-
tion develops at (a/Rg)eic=34.2. For
a/Rg > (a/Rg)ai, states 1 and 4 cease
to exist. Throughout the orbital evolution,
state 2 drifts from large obliquities toward
k.

The motion of a spin axis near a Cassini
state can be easily approximated by linear-
izing the equations of motion obtained
from the Hamiltonian. The trajectories are
ellipses about Cassini states 1 and 2. On
the other hand, state 4 is always dynamic-
ally unstable (3).

It can be shown that tides not only de-
spin the moon, but drive its spin axis into
either Cassini state 1 or 2 (3, 4). Hence, el-
liptical motion near a state is generally
short-lived with a tidal decay time of order

()

where A‘/; is the change in the lunar spin
frequency, Q is the specific dissipation
function, ktis the tidal Love number, G is
the gravitational constant, and R is the
radius of the moon. There is an important
characteristic of this system which should
be stressed: the time scale for orbital evolu-
tion

Tapin = (CAYa* [3GM GR*)(Q/ kr)>

Torvit = 2Mga® /3nmRg)(Q/kt)g,  (8)
is much longer than the time scale for
decay of the spin axis to a Cassini state
given by Eq. 7 (I13). It is this behavior
which allows us to determine the history of
the spin axis with relative confidence. Re-
gardless of its original orientation at the
time of lunar formation, the spin axis drifts
into a Cassini state very early. We simply
take up the lunar history from that point
on—whatever that appropriate semimajor
axis might be.

We are now ready to trace the history of
the lunar spin axis. Figure 2 shows its tra-
jectory superimposed on the plot of past
Cassini states. Provided the moon initially
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formed in an orbit interior to a/Rq = 34.2
its primordial spin decayed rapidly and its
spin axis drifted into state 1 (/4) on a time
scale of order (a few) x 109 years at (a/Rg)
= 30 or (a few) x 10°years at (a/Rg) = 20
(assuming an initial rotation period of 27/
J = 10 hours). Following this event, state |
begins to slowly drift away from the orbit
normal, carrying the spin axis with it as the
orbit expands. The solid angle traced out
by the precession of the spin axis about the
Cassini state behaves as an adiabatic in-
variant: that is, although not exactly con-
stant, it remains nearly so provided the
drift rate, 6, is slow enough (3, 15). In par-
ticular, if the spin axis is initially in the di-
rection of a Cassini state, it remains very
nearly so.

As the semimajor axis approaches 34.2
earth radii states | and 4 merge, and the
spin axis, which now has an obliquity of
-26°, begins to move on a trajectory sur-
rounding state 2. Figure 1, c and d, shows a
succession of trajectories converging on
state 2 through which the tides drive the
spin axis. (These are obtained from the
Hamiltonian, Eq. 2.) A maximum oblig-
uity of 77° is reached while traversing the
initial trajectory following loss of state 1|
stability. Then, as the tides change the
value of H, the parabolic cylinder slides
along its axis until it is tangent to the unit
sphere at state 2. Equation 7 with Ay ~n
and a/Rg = 34.2 yields 7gqu ~ (a few) X
10° years before the spin axis settles into
state 2 with an obliquity of 49° (/6). There-
after, the obliquity continues to decrease as
the orbit expands and state 2 drifts toward

the normal to the invariable plane. Ata/Rg;

= 60.3,
achieved.
Although a simplified model of the lunar
orbit has been discussed here, a more accu-
rate treatment of earth-moon dynamics
has actually been employed in the analysis
leading to Fig. 2 (17). It appears that in ad-
dition to drastically altering the lunar or-
bit, the tides have resulted in a complex
history for the lunar spin axis character-
ized by very large excursions of this axis
from the lunar orbit normal during the
early history of the earth-moon system.
WiLLiaM R. WaRrD
Center for Astrophysics, Harvard College
Observatory and Smithsonian
Astrophysical Observatory,
Cambridge, Massachusetts 02138

the present value of 6.7° is
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Catagonus, an “Extinct’ Peccary, Alive in Paraguay

Abstract. A third species of peccary, discovered in the Chaco of Paraguay, is added to
the living members of family Tayassuidae. It is assigned to the genus Catagonus Ameg-
hino, heretofore considered confined to the Pleistocene. The new peccary is conspecific
with Catagonus wagneri (Rusconi), a species placed in the related extinct genus Platy-
gonus LeConte when it was described from pre-Hispanic archeological deposits of Ar-

gentina.

Organic remains of extinct mammals,
such as hides and dung of ground sloths
and frozen carcasses of woolly rhinoce-
roses and mammoths, have been notewor-
thy findings in the history of mammalogy.
There have also been several genera of
mammals discovered as fossils and later
found to be still living (/). We are pleased
to announce an addition to this group. A
living peccary, related to the genus Platy-
gonus LeConte of the upper Pliocene to
early postglacial times and to the genus
Catagonus Ameghino of the Pleistocene,
has been found in South America. Twenty-
nine specimens were obtained in recent
fieldwork (2) in the Chaco of western Para-
guay.

Peccaries are members of the family

Tayassuidae, New World relatives of the
pigs or Suidae. Until now, only two species
were known to have survived to the present
(3): the collared peccary or javelina Dico-
tyles tajacu (L.), distributed from the
southwestern United States to Argentina,
and the white-lipped peccary Tayassu pe-
cari (Link) which occurs from southern
Mexico to Argentina. But large portions of
South America, particularly the thorn for-
ests of the Gran Chaco, extending from
southeastern Bolivia through western
Paraguay to northern Argentina, remain
relatively unstudied. Earlier investigations
in Paraguay (4) were biased toward the
more accessible eastern third of that na-
tion. It is possible that specimens of the
third peccary are concealed in some of the

Table 1. Comparison of specimens from Paraguay with C. wagneri (holotype and No. 6, pre-His-
panic) and C. carlesi (holotype, Pleistocene) (9). For specimens from Paraguay, the mean =+ stan-
dard deviation of the sample and (in parentheses) the observed range and number in sample are
given. Abbreviations: C', upper canine; PM? first upper premolar; M '3, first to third upper molars;

and M, first upper molar.

Measurement (mm)

Specimen Condylo- Width C'_PM: M- M! M!
basal across dic . | b | h Jdth
length canines iastema engt engt widt

Paraguay 266.7 +7.7 612 1.8 234 £ 35 58.5 £2.6 16.8 + 0.9 154 + 0.6

(255- (58.4- (18.8- (54.1- (15.0- (14.3-
278) 63.6) 28.7) 64.9) 18.7) 16.4)
(N = 16) (N =13) (N = 16) (N = 13) (N = 26) (N = 26)
C. wagneri —, 265 61,60 20,20 57,54 17,15 15.5,16
C. carlesi 287 70 32 51 12.3 14
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