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DID MARS PASS THROUGH A SECULAR SPIN-ORBIT RESONANCE? Wm. R. Ward and 
D. J. Rudy, Jet Propulsion Laboratory, California Institute of Technology, 
Pasadena, CA 91109. 

The obliquity, 8, of Mars executes large scale oscillations as a result 
of spin axis and orbit glane precessions 2 The oscillations are 
characterized by both O(10 ) yr and 0(106 ) yr time scales (see figure 1) . 
The more rapid of these results from differential spin axis and orbital 
precession rates, while the longer time scale is controlled by the changing 
inclination of the orbit. The spin axis precession of Mars is caused by the 
solar torque exerted on its oblate figure. The instantaneous precession 
rate is acose, where a = 3r/P(D/P)J2/X - 8.26 arcsec/yr is the precessional 
constant, P and D are the length of the year and day, J2 = .00196 is the 
coefficient of the second harmonic of the gravity field, and X = .366 is the 
normalized moment of inertia. Changes in the orbit of Mars are caused by 
the gravitational perturbations of the other planets in the solar system 
(3,4). Secular variations in the inclination, I, and the longitude of the 
ascending node, n, can generally be written in the form; sinI(sin,cos)Q = 

XNj (sin,cos) (sj t+Sj ) , where (sj , N. , 6j ) are a set of eigenfrequencies, 
amplitudes, and phase constants evaluated from current planetary positions. 
The dominant terms for the Mars orbit have frequencies near s - -18 

j 
arcsec/yr, which accounts for the rapid oscillation time scale, i.e., 
2n/l sj + ~ C O S ~  I = 0(105 ) years. There are, however, a large number of minor 
terms which also contribute to the orbital behavior. Ward et al. (5) 
pointed out that a minor term could contribute significantly to the spin 
axis motion if its frequency nearly matched the spin axis precession rate, 
I S .  1 = acose, i.e. a secular spin-orbit resonance. Indeed, the 1974 secular 
orhit theory of Bretagnon (3) provided nearby candidate terms and motivated 
a speculation that geophysical changes in the planet's inertial tensor (most 
notably the rise of Tharsis) and/or shifts in the orbital frequencies may 
have caused the spin axis motion to drift through resonance(s) sometime in 
the past. However, recent improvements in secular orbit theory by Laskar 
(4) imply that such an event may have been as recent as 5 x lo6 years ago. 

Table 1: Near Resonant Inclination Terms For Mars From Laskar Solution 
j sj (arcsec/yr) 6. (degrees) N. 
2 5 - 7.053108 1i4.957652 .0013i766 
3 5 -6.963110 311.798757 .00103666 
4 1 - 7.002513 118.034667 .00073136 
44 - 7.148319 327.622257 .00068832 
4 7 - 6.860594 298.460307 .00061120 
49 -7.189558 301.393902 .00059400 
61 -6.813234 330.778441 .00035216 
75 -6.750999 285.604903 .00023228 

Laskar's solution for the eccentricity of the Mars orbit and its 
inclination to the invariable plane of the solar system is plotted in 
Figures la,b for the past 10' years. His expression for the inclination 
contains eighty terms, eight of which have frequencies close to the current 
spin axis frequency, ~ C O S ~  - 7.5 arcsec/yr (Table 1). These can be combined 
into a single forcing term XexpiJwdt = INj expi (s. t+6j ) with a time varying 
amplitude and frequency (6). Current values are I N  I - .001436516, w - 
-6.932192 arcsec/yr, but rise to IN1 = 3 x , w Z 7.1 arcsec/yr near t = 

-5 x lo6 years. As a resonance is approached from above (i. e. , decreasing 
la/w 1 ) the short- term average obliquity oscillates about a long- term 
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avera e, 8, over a time scale - 0(107 ) years with an amplitude of order 68 
- ( lXf/tanO, )" , where 8, is a transition angle roughly equal to z+68. For - 
8 = 25O, near-maximum values of Ix I  yield 68 5 4'. Passage through 
resonance [class I + - class 111, see (5)] causes a discontinuous jump in the 
long term average, A8 = 268. If, instead, the spin axis is captured into 
resonance'(class 11), the short-term average will oscillate about 8, with an 
amplitude of order 268. 

TIME (in million. of years) 

Figure lc shows the obliquity variations of Mars for the last lo7 
years, obtained by numerically integrating the equation of motion (2); k - 
a(s*n)(nxs) for the unit spin axis, s, and setting 8 = cos-'(son), where n 
is the orbit normal computed from the full Laskar solution (4). The type of 
motion displayed is characteristic of resonance capture (class 11). On the 
other hand, the details of the resonant interaction are rather sensitive to 
small changes in a ( 6 ,  for which there is some uncertainty through 
estimates of X (7,8). Resonance passage (class I * class 111) occurs at 
slightly larger values of a and numerical calculations indicate that, given 
the terms of Table 1, repeated passages are likely for a 5 8.35 arcsec/yr. 
On the other hand, Laskar (9) has recently presented evidence that the inner 
solar system may be chaotic on a time scale of order 0(107) years, which 
could result in further amplitude and frequency shifts. This sensitivity of 
the Mars spin axis to the orbit plane motion clearly underscores the 
importance of continued attempts to produce more accurate models of inner 
solar system dynamical evolution. 
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