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What is the dynamical origin of the fact that the Moon
presents the same hemisphere facing perpetually towards
the Earth? The other large moons of the solar system al-
so have their rotations synchronized with their orbits,
and Pluto and Charon are mutually locked in this way.
All of these celestial bodies are in 1:1 spin–orbit reso-
nance. The rotation of one planet, Mercury, is also syn-
chronized with its orbit around the Sun, but it performs
three rotations every two orbits, and thus, unlike the for-
mer instances, is locked in 3:2 resonance1. Similar syn-
chronization phenomena are thought to occur too in so-
lar systems with so-called ‘hot Jupiters’ or short-period
planets2, and in systems of binary stars3, whose orbits
also evolve to become circular. All these instances are
clearly a consequence of a spin–orbit interaction brought
about by the gravitational torque exerted by the larg-
er primary body on the smaller secondary body elasti-
cally deformed by the differential gravity combined with
the corresponding tidal friction induced in the secondary.
The phenomenon has long been studied4,5, but existing
models6–8 are designed for quantitative analysis of a spe-
cific instance or a particular part of the problem, and are
correspondingly complicated; the details obscure the ba-
sic mathematical structure of the dynamical system.

Here we take the opposite course: we study the sim-
plest possible system that displays tidal synchronization
and orbit circularization with a minimal model that takes
into account only the essential ingredients of tidal defor-
mation and dissipation in the secondary body. In our
qualitative dynamical-systems approach, without includ-
ing the full panoply of details, we treat in a self-consistent
way the temporal evolution of the eccentricity and the
energy flow from orbital to rotational motion; impor-
tant ingredients to understand the long-term evolution
of the orbit. Despite its simplicity, our model can ac-
count for both synchronization into the 1:1 spin-orbit
resonance and the circularization of the orbit as the only
true asymptotic attractors, together with the existence of
relatively long-lived metastable orbits with the secondary
in p:q synchronous rotation.

Figura 1. Instantaneous configuration of the system given
by the generalized coordinates r, β, l, φ. The relative angle
α = φ− β is indicated.

We model an extended secondary body of mass m by
two point masses of mass m/2 connected with a damped
spring. This composite body moves in the gravitational
field of a primary of mass M À m located at the ori-
gin. In this simplest case oscillation and rotation of the
secondary are assumed to take place in the plane of the
Keplerian orbit. We use polar coordinates r, β for the
center of mass of the secondary, with l as the instan-
taneous length of the spring and φ the rotational angle
characterizing the orientation of the secondary. Both an-
gles β and φ are measured from the x-axis in an inertial
reference frame. The spring is characterized by its spring
constant D and rest length L0. The gravitational inter-
actions of both point masses with the primary are taken
into account, but that between the point masses is ne-
glected.

Figura 2. Average angular velocity φ̇ versus time for
ε0 = 0.2, γ = ω = 10, l0 = 10−4 shows the crossover from
3:2 to 1:1 resonance. The insets show the metastable 3:2 and
asymptotic 1:1 attractors on the Poincaré map φ̇, α taken at
apapsis. Time is measured in units of T . The transition
shown occurs after the system has spent a long time in the
3:2 resonance and is very abrupt, lasting about 50 periods.
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2 I. Dobbs-Dixon, D.Ñ. C. Lin and R. A. Mardling, Astrophys.
J. 610, 464 (2004).

3 R. A. Mardling, Astrophys. J. 450, 732 (1995).
4 G. J. F. MacDonald, Rev. Geophys. 2, 467 (1964).
5 P. Goldreich and S. Soter, Icarus 5, 375 (1966).
6 B. Gladman, D. D. Quinn, P.Ñicholson and R. Rand, Icarus
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