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Rotational implications
1.

2.

It is important for cartographic coordinates (e.g. Archinal etal
2011);	

The knowledge of the rotational motion of bodies can be used to
sound the internal structure by measuring the amplitudes of
nutations/librations and precession, this idea comes from Hopkins
1839 (e.g. Mathews etal 2002; Williams etal 2001…). It is possible to
distinguish between a differentiated/undifferentiated body or to
detect internal liquid layer (e.g. Margot etal 2007, 2012…);	


From ROB

How to measure?
¨

Lunar Laser Ranging (Moon)

¨

Radar echoes
¤
¤

Range (Mercury, Venus…)
Radar interferometry (Mercury,
Venus…)

1969 mission Apollo 11
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5. Physical and dynamical parameter
5.1. Geometric properties

¨

Control point network
¤
¤
¤

Direct imagery (Mercury,
Vesta…)
Radar (Titan/Cassini…)
Shape fit (small saturnian
satellites, Phobos/MEX)

¨

Tracking landers (Mars)

¨

Gravity field (Vesta/Dawn…)T1

We used the determined spherical harmonic function model up to
degree and order 17 for further analysis. The analytic expression was
used to compute radii of 64,800 points on the surface of the model in a
1° spacing. In a least-square ﬁt the radii of the best ﬁtting triaxial
ellipsoid were computed to be a = 13.00 km, b = 11.39 km and
c = 9.07 km. We note that these radii are the best ﬁt in radial distance
from the COF between points on the ellipsoid and the surface model.
The determined radii are smaller than the previously published values
for Phobos (Seidelmann et al., 2002). The mean difference between
the radii is ±250 m.
The degree and order one coefﬁcients of the spherical expansion
model revealed that the center of ﬁgure is located at x = − 375.9 m,
y = −341.8 m, z = 206.3 m with respect to the coordinate frame
the control points were observed in (Duxbury, 1989). The coordinate
frame of the ground control points is additionally rotated about the

Z-axes, Y-axes and X-axes by 0.69°, − 0.73° and − 0.59
pectively, with respect to the principle axes of inertia. Since P
center of ﬁgure was not explicitly observed during the cont
work analysis, it is more likely that the translation from coo
frame origin to COF of the shape model represents the rem
differences of Phobos' true position and its predicted p
(Willner et al., 2008) or an effect resulting from the non-u
distribution of control points.
5.2. Volume and bulk density

Direct integration of the derived analytical expression
shape of Phobos to compute the volume or moments of inertia
to be expensive in terms of time and computational costs. He
divided the modeled shape into discrete small sized cub
volume was computed by integration and found to be 5689
This value agrees well with results of Duxbury (1991) wh
derived uncertainty is signiﬁcantly lower in comparison to p
estimates (cf. Table 3).

Phobos shape

T2
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Rotation of the Moon is a complex dynamical system
3-body Problem
Orbit variation of
several 1000s km

Solar torque	

Earth’s torque	


Core-mantle
couplings

Rotation variation of
several 100 as

- Lunar harmonics 2,3,4	

- Figure-figure effects	

- Rotation of the ecliptic plane	

- Planetary perturbations	


Tidal deformation

Librations = departure from a uniform rotational motion	


Lunar-Laser Ranging and ephemeries
¨

Due to the high accuracy of
the LLR observations and the
large amount of data, the
rotation is computed
numerically in the ephemeries
DE and INPOP (Williams et al.

71-today , Capallo et al. 1980; INPOP
team Fienga, Laskar, et al. 2006-today).	


- Lunar Laser Ranging Experiment -
	

 (Williams et. al. & Fienga et al.) 

- Accuracy of 2 cm and 1 mas in rotation
over 39 years.
- Fundamental physics, geophysics,
selenophysics and interior of the Moon.	


	

¨

¨

These models are Joint numerical integration of the orbits of the Moon, the
Earth, the planets and asteroids, and of the lunar rotation (Williams etal 2008;
Folkner etal 2008; Fienga etal 2006; 2008; 2012). 	

Dynamical partial derivatives of the orbits and lunar Euler angles with respect
to solution parameters such as moment of inertia, gravity field, tides, dissipation,
interaction with a fluid core and initial conditions.	


— Dynamical signature of the core —	


üMean moment of inertia (Konopliv 1998)	

	

I/MR2 = 0.3931 ± 0.0002	

	

ük2 Love number (Williams etal 2010)	

k2 = 0.021 ± 0.003 (Williams etal 2010)
k2 = 0.0240 ± 0.0015 (Matsumoto etal 2012)
	

	

üOblateness of the Core-Mantle Boundary	

üDissipation in the Moon (Williams etal 2001) 	

üSeismic signature (Weber etal 2011, 
Garcia etal 2011) 	

(Williams etal 2001)

Determination of free lunar librations
¨

Analysis of lunar ephemeries (DE421)

(Rambaux & Williams 2011, CMDA)	


è Since the free librations damp with time, the observational
detection of free librations requires recent excitation or continuing
stimulating mechanisms. 	

	


Determination of free lunar librations
¨

Analysis of lunar ephemeries (DE421)

(Rambaux & Williams 2011, CMDA)	


è Since the free librations damp with time, the observational
detection of free librations requires recent excitation or continuing
stimulating mechanisms. 	

à Yoder (1981) suggested a precession-driven turbulence 	

by eddies at the CMB could excite the wobble mode;	


Enceladus rotation

suggested librations in the rotations of Enceladus we
therefore initially assumed that C-matrix errors are
small in comparison with the libration amplitude, an
assumption that proved valid after the adjustment. To
test for the predicted librations we calculate

$ 	

= ! ("# n )
Cassini flybys
2

2

(2),

n

where "!n denotes the correction to ! of the nth image.
If Enceladus experiences librations %2 should be
significantly smaller than in case of uniform rotation.

4. Control points

¨

¨

Modeling rotational motion of
Enceladus by
taking into account the
orbital perturbation and
the tidal effect
(Rambaux etal 2011).
Observational confirmation of
predicted librations by Gliese etal
(2011).

The least-squares adjustment involved 38 Cassini
images with resolutions ranging from 190 m/pxl to
1220 m/pxl, and covering a time span of 6 years.
This resolution and time interval is appropriate for
sensing the libration amplitudes and periods shown in
Fig. 1. In total, we measured 1057 image points of
186 ground points aiming at a dense and uniform
distribution across the surface (Fig. 2).

2011)
Figure 2: Sinusoidal map projection(Gliese
showingetal
the control

¨

¨

Detection of librations on other bodies ?
At present : 	

¤

Epimetheus	


Phobos (Duxbury 1989; Willner etal 2010;

Enceladus

Rambaux etal 2012; Le Maistre etal 2013…)	

¤

¤

Epimetheus (Tiscareno etal 2009;Noyelles
2010; Robutel etal 2010…) 	

Enceladus (Rambaux etal 2010; Giese etal
2011…)	


¤

Mimas (Noyelles etal 2011; Tajedinne etal 2013	


Phobos	


For Titan no firm detection of
variation in the mean rotational
motion (Stiles etal 2008, 2010, Merigolla and Iess
2012). Prediction models (e.g. Noyelles 2008;
Bills and Nimmo 2011;Van Hoolst etal 2013…)	


Mimas

Outline
¨
¨
¨
¨
¨
¨

Introduction	

Observation methods	

The Moon rotation	

Enceladus and other satellites	

Mercury,Venus	

Conclusion	


The molten core of Mercury
(Bill Saxton, NRAO/AUI/NSF)	


¨

¨

Observations by radar
interferometry (Holin 1988,
Margot etal 2007, 2012);	

Determination of the amplitude
of the forced libration 
38.5 ± 1.6’’ (455 m)	

Origin of residues ? 	

free librations,	

¤ long planetary period forcing, 	

¤ interior coupling ? 	

(Peale etal 2009; Koning and
Dumberry 2011;Van Hoolst etal
2012; Yseboodt etal 2013,…)	

¤

40

fluid core

30
20
10
Phi (as)

¨

0
-10
-20

Solid core

-30
-40
0

50

100

'=

150

200
T (days)

250

300

350

3 (B A)
f (e) sin nt
2 Cm

400

And Venus ?
A&A 531, A45 (2011)
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(Cottereau etal 2011)

A discrepancy
hasofbeen
measured
between
thebars
lod of Magellan and
Fig. 9. Values
the period
of rotation of Venus
and their error
since 1975. The dotted lines represent variations of 0.00197 d
ds givenVEX
by Eq. (34).
spacegiven
mission
of 6.5 minutes (Mueller etal 2011);	

lan (Davies 1992) on around the mean values of 243.020 d caused by the effects presented
in this paper.
¨ Suggestions: atmospheric coupling (Karatekin etal 2011), triaxiality,
presence of the core (Cottereau etal 2011) but modeling effects are
ta reduction is nectoo small. It
problem.	

– ifisthean
trueopen
mean value
of the period of rotation of Venus is
¨

close to the IAU value, the variations cannot explain the most
e of the Sun on the
recent value obtained by VIRTIS (Mueller et al. 2010, subn a 58 d interval, it
mitted). Indeed, the difference between them of 7 mn implies
d signal by a fitted
¨ The
ofvariations.
Mars have been detected but the core has not
larger
urement
of thenutations
amon on the
triaxiality
show
its signature
in the
rotation
The different values
of the
rotation of (e.g.
Venus Le
sinceMaistre
1975 could etal 2012)	


yet

Conclusion for the comparative planetology
¨

¨

¨

¨

The rotation is a powerful tool to investigate the interior of
planets and natural satellites ;	

The detection of Mercury’s librations by radar interferometry
argued for a molten core (Margot etal 2007; Rambaux etal 2007, Peale etal
2008; Margot etal 2012,Yseboodt etal 2013, etc.)	

Detection of the main libration for Phobos, Epimetheus,
Enceladus, and Mimas (Duxbury 1989; Willner etal 2010; Tiscareno etal 2009;
Robutel etal 2010; Rambaux etal 2010; Giese etal 2011; Tajedinne etal 2013, etc.) 	

The comparison of the rotation with models for Venus and
Titan appears to be open problems (Mueller etal 2011; Cottereau etal
2011; Stiles etal 2010; Meriggiola and Iess 2012;Van Hoolst etal 2013, etc.)	


