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Introduction: Many of the moons of the giant
planets are trapped in a 1:1 spin-orbit resonance. Up to
now this special rotation state is confirmed by observa-
tions for 8 satellites of Jupiter, 15 satellites of Saturn,
15 satellites of Uranus, and 7 satellites of Neptune [1].
These rotation states are a result from the strong tidal
torque exerted on the satellites by their central body.
However, slight deviations from the resonant state,
e.g., physical librations, can provide hints to the interi-
or structure of the satellites. By deriving the resonant
rotation states for the satellites, we provide a critical
reference to which the actual measurements can be
compared. By that the resonant rotation states can
contribute to the knowledge on the formation and evo-
lution of moons around the giant planets in our Solar
System.

Method: We derive the resonant rotation states from
the ephemerides of the satellites. First we obtain the
osculating orbital elements of a satellite in an inertial
reference frame, i.e., International Celestial Reference
Frame (ICRF). Thereby we apply a sampling time step
of about 1% of the orbital period and use the complete
time interval available in the satellite ephemeris. Then
we decompose the signal (time series of one osculating
orbital element) in a secular part and a sum of periodic
terms
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where x(t) is the 51gna1 t the ephemerls time (TDB),
x; are the parameters of the secular part and
xlp , w;, ; are the amplitude, frequency, and phase of
the periodic part, respectively. ng and n, denote the
number of terms in the secular and periodic part, re-
spectively. The parameters are obtained by an iterative
algorithm. At first a Fourier transformation of the
signal is performed to identify the frequency and phase
of the highest amplitude in the power spectrum. The
derived values are then used as initial values within a
least-squares fit of the secular and periodic parts. With
the obtained fit parameters the identified component is
extracted from the original signal and the iteration
cycle starts again with the residuals as input signal.
The iteration stops when a specified threshold in the
residuals RMS is reached or when the requested num-
ber of periodic terms n, is obtained. More details on
the frequency mapping approach can be found in
[2,3,4].

In order to derive the orientation of the resonant ro-
tation axis we use the parameters obtained from the
decomposition of the time series of the orbital inclina-
tion i and the longitude of the ascending node (). For
the resonant rotation state we assume that the satellite
occupies Cassini state 1 with zero obliquity. Further-
more, we assume that the free precession period is
much smaller than any periods in the orbit orientation
variations. With these assumptions the satellite’s rota-
tion axis is precisely following the instantaneous orien-
tation of the orbital plane. This assumption is support-
ed by the fact that amplitudes of very short variations
of the orbital orientation are typically very small and
can be neglected in practice. In some cases where the
free precession period is considered to be close to
some period of significant orientation variation the
derived values can be used as forcing terms in the
computation of the satellite’s response. Hence, we
derive the resonant rotation axis parameters by map-
ping them to the parameters of the osculating orbital
elements
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The trigonometric functions sin(w;t + ¢;) and

cos(w;t + ¢;) can be directly inferred from the orbital
elements.

With the resonant rotation axis we can now com-
pute the longitudinal libration forcing terms. For that
we compute the angle 4 measured between the direc-
tion to the central body and the x-axis of the frame
aligned with the rotation axis in z-direction. By con-
struction of this frame, the vector pointing from the
satellite to the central body lies always in the same
plane, i.e., the orbital plane. The derived angle A is
comparable to the mean longitude in case the rotation
axis is close to the z-axis of the inertial frame. The
decomposition of A gives the dynamical prime meridi-
an constant A, resonant rotation rate A;, and the forc-
ing amplitudes of the longitudinal libration A]i’. Like-
wise, for the resonant rotation axis the response of the
satellite to the forcing is dependent on the free libration
period. If this free libration period, which is deter-
mined by the moments of inertia of the satellite, is
close to some forcing period a resonant enhancement
of the response can occur. For the resonant rotation
model, we again assume that the free libration period is
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vanishing and report all forcing terms which are above
a specified threshold, e.g., 10 arc sec.

Results: We focus here on the resonant rotation
state of Enceladus. Using Cassini Imaging Science
Subsystem (ISS) images the Enceladus’ physical libra-
tion amplitude of about 500 m (at the equator) has
been measured [5]. Besides the annual libration (at
1.37 days) the authors have also considered long-
period libration terms with periods of 3.88 and 11.05
years, respectively [6]. Our analysis of the libration
forcing A reveals that there are two additional terms
with periods of 2.36 and 4.99 years, which have ampli-
tudes of about 100 m (at the equator) (see Figure 1)
[7]. This value is larger than the 20 uncertainty for the
annual libration amplitude of 60 m [5]. We argue that
these long-period terms can bias the annual libration
measurement especially in the case when observations
from different epochs are combined in the analysis.
Figure 2 depicts the long-period libration with only
two periods as used in [5] (black line) and with four
periods (blue line).

Conclusion: The resonant rotation states can be
used to constrain changes in the rotation which typical-
ly last much longer (several decades) than the observa-
tional time for the rotation measurement (few years).
They provide a critical reference and can be used as
operational framework until actual measurements are
available.
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Figure 2: Long-period libration for Enceladus over a
full long-term cycle. The black line denotes the terms
discussed by [6] and used by [5]. The blue curve repre-
sents the long-period libration, which considers all
amplitudes larger than 100 m (marked red in Figure 1).
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Figure 1: Forcing spectrum (orange line) and librational response (black dashed line) for Enceladus. The response, i.e.,

physical libration, is obtained by considering forcing terms with amplitudes exceeding 100 m (about 10 arc seconds).
The free libration period (vertical dotted line), depending on parameters of interior structure, is adopted to be around 6
days. The amplitude for annual libration (at 1.37 days) is taken from [5] and forcing terms denoted in red were not con-
sidered by [5].



