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ABSTRACT. The NEtlander Ionosphere and Geodesy Experiment (NEIGE) will be launched to
the planet Mars in 2007. One of the objectives of this experiment is to get the nutations of Mars.
The planets Earth and Mars are very similar. They both have precession and nutations. This
paper compares the results and discusses the implications of their different interior structures.
In particular, it is shown that the existence or absence of a liquid core, not yet proved for Mars,
will be seen in the future observations performed by the NEIGE experiment.

1. DESCRIPTION OF NEIGE

In 2007, four similar landers will be sent to the planet Mars, in the frame of the NetLander
mission set up by an European and American consortium (Harri et al., 1999). The small
stations will operate on the surface of Mars for about one Martian year (687 days). Among
the experiments on-board these four NetLanders, there will be a geodesy experiment called
NEIGE (NEtlander Ionosphere and Geodesy Experiment) (Barriot et al., 2001). The NEIGE
experiment will use the Doppler shifts of UHF and X-band radio links between the Netlander
microstations on the Mars surface and an orbiter and between this orbiter and the Earth (at
X-band). The NEIGE Experiment has two series of scientific objectives: (1) to determine Mars
orientation parameters in order to obtain information about the interior of Mars and about
the seasonal mass exchange between atmosphere and ice caps; and (2) to determine the total
electron content (TEC) and the scintillation of radio signals in order to study the large- and
small-scale structure of the ionosphere of Mars. These two sets of information will be derived
from measurements of Doppler shifts.

From the observation of the variations in Mars’ orientation in space, we will be able to de-
termine the precession rate (long-term motion of the rotation axis around an axis perpendicular
to the ecliptic; this determination would need also the use of Viking and Pathfinder data), the
amplitudes of the main nutations (periodic motions of the rotation axis in space), the ampli-
tudes of the seasonal components and the Chandler Wobble in the polar motion (motion of the



rotation axis in a frame tied to the planet), and the rotation speed variations (length-of-day
variations). From precession and nutations, we will be able to give information about the core
dimension, density and state, provided that the gravitational forcing is correctly known.

2. DESCRIPTION OF THE PRECESSION/NUTATIONS

Precession and nutations are due to the gravitational attraction of the Sun and the moon(s)
acting on the whole planet. The other planets have a minor importance, but are taken into
account when precise modeling is wanted. Due to the asymmetry of the planets (mainly flat-
tening), there is a resulting torque that tends to re-orient the equator of the planet toward
their orbital plane. Because the Earth and Mars are rotating, they react to this torque like a
gyroscope, and their rotation axes describe a large motion in space around the perpendicular to
the their orbital plane, called precession.

Due to the fact that the Earth, Mars, the Sun, the Moon, Phobos and Deimos, and the
other planets are not fixed with respect to each others, periodic motions in space are generated
in addition to the large precessional motion, with periods related to the orbital periods of
the perturbing and perturbed bodies (such as annual and semi-annual periods from the main
perturbing body, the Sun). These periodic motions in space are called nutations.

A first step in the evaluation is to compute these nutations considering that the planets are
rigid. See Section 3 for the Earth and 4 for Mars.

In a second step, the non-rigid response of the planets to the forcing is computed. This
response must account for the deformability of the planet and also, the potential presence of
a liquid core (to be proved for Mars). See Section 5 for the Earth and 6 for Mars. We have
computed the nutations of the planets Earth and Mars using particular rheology profiles and
allowing a liquid as well as a solid core for Mars.

For the Earth, the nutations are modeled very precisely (< 100 pas (microarcsecond)) be-
cause the profiles of the rheological properties and the radii of the different layers are well known,
and because we have high precision observations from which parameters can be fitted.

For Mars, we don’t know yet the details of the interior of the planet, e.g. we do not know
the exact dimension of the core, and we do not have any nutation data yet.

3. RIGID EARTH NUTATIONS

The nutations of the Earth as a rigid body have been computed very accurately by Souchay
and Kinoshita (1997), Roosbeek and Dehant (1998), and Bretagnon et al. (1998). The first
team has been working using the Hamiltonian approach, and the two others, using the torque
approach. In these computations, different second order effects are taken into account. Direct
and indirect effects of the planets, nutation on the nutation effect, and the J,-tilt effect are
presently taken into account in the computation of the nutations of a rigid Earth. For details
about these contributions, see Dehant et al. (1999).

4. RIGID MARS NUTATIONS

The nutations of Mars, considered as a rigid body, have been computed with a very high
precision (Bouquillon and Souchay, 1999, Roosbeek, 1999). The method used is the direct
computation of the torque acting on Mars from the gravitational interactions with the other
bodies of the planetary system, mainly with the Sun. The main inaccuracy in the amplitudes of
nutations for a rigid Mars is related to the uncertainty in the dynamical flattening of the planet.
This last parameter has been computed from precession observation and degree-two gravity
field (J2) observation (Folkner et al., 1997), obtained from Viking and Pathfinder data. The
most important nutation is the prograde semi-annual nutation (343 days). This nutation has



almost the same amplitude as the corresponding prograde semi-annual nutation of the Earth
(182 days). The reason why they have the same amplitude relies in the fact that the mean
distance between Mars and the Sun is about twice the mean distance between Earth and the
Sun, and the flattening of Mars is about twice the flattening of the Earth. The nutations coming
from the gravitational attractions form Phobos and Deimos are very small.

5. NON-RIGID EARTH TRANSFER FUNCTION FOR NUTATIONS

The contribution of the planet non-rigidity to nutations are accounted for by means of
transfer functions. The present-day transfer functions for the non-rigid Earth nutation account
for the fact that the Earth is an ellipsoid, that it is rotating, that there exist an inner core, a
liquid outer core, and a solid inelastic mantle. In the model, the Earth is not considered to be in
hydrostatic equilibrium. Because the Earth has a liquid core, there exists a normal mode called
the Free Core Nutation (FCN), which is related to the fact that the Core-Mantle Boundary
(CMB) is ellipsoidal and deformable. Due to the FCN, there is a resonance in the nutation
amplitude. This resonance mainly affects the annual retrograde nutation. Additionally, large
amplitude nutations far away from the resonance can also feel the influence of the resonance.
This is the case for the prograde and retrograde 18.6 year nutations and the prograde semi-annual
nutation.
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Figure 1: Residuals between the VLBI observed nutation and nutation models for the Earth.
The first two curves are residuals for the IERS 1996 model (see McCarthy, 1996), the two middle
curves are residuals for the numerical integration model of Dehant and Defraigne (1997), and
the two last curves are residuals for MHB2000 model of Mathews et al. (2001).

Empirical models (such as the two first curves in Figure 1, Herring, 1996, see McCarthy,
1996), and geophysical model (such as the MHB2000 shown in the two last curves in Figure 1,
Mathews et al., 2001) are in good agreement with the VLBI observations (the residuals are shown
in the figure). These models incorporate a FCN resonance which accounts for dissipation at the
CMB. Numerical integration models, while incorporating non-hydrostatic CMB topography, do
not incorporate any dissipation at the core-mantle boundary and need still improvement (such
as the DD97 shown in the two middle curves in Figure 1).



The model MHB2000 has been adopted by the TAU in 2000. It incorporates mantle inelas-
ticity, CMB non-hydrostatic topography, dynamical flattening in agreement with the precession
constant, and an electromagnetic torque at the CMB, as well as at the ICB (Inner Core Bound-
ary). Resonances to the Chandler Wobble, the FCN and the Free Inner Core Nutation (FICN,
this mode is due to the fact that the Earth has a solid inner core within the liquid outer core,
and that the Inner Core Boundary (ICB) is ellipsoidal and deformable) are considered. Constant
atmospheric and tidal ocean effects on nutations are considered. Residuals with respect to VLBI
data are of the order of a few 10 pas in the frequency domain. The physical parameters such as
the electromagnetic coupling at the CMB and ICB are adjusted using VLBI observations. This
provides the scientific community with important constraints on the magnetic field amplitude
at these boundaries (see Dehant and Mathews, 2002).

6. NON-RIGID MARS TRANSFER FUNCTION FOR NUTATIONS

In order to be able to compute Mars’ transfer function for nutations, it is necessary to know
some of the properties of the interior of the planet. Figure 2 shows a comparison of the interior
of Mars and of Earth.
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Figure 2: Comparison between the interiors
of the Earth and of Mars.

Mars has a radius of about the half of the Earth mean radius. The dimension of the core of
Mars is about the dimension of the Earth’s inner core. We know its dimension approximately
from the observed moment of inertia (1500km + /- 200km) as derived from Viking and Pathfinder
data (Folkner et al., 1997). The composition of the core has been deduced from modeling using
the SNC meteorites composition. The state of the core is not known with certainty; most models
predict a completely liquid core. A completely solid core is also a possibility. The existence of
a solid inner core is possible, too. The FCN exists only if Mars has a liquid core. The FICN
exists only if Mars has a solid inner core within a liquid outer core. Consequently, different
possibilities must be considered when computing non-rigid Mars nutations: with and without
resonance at the FCN, with and without resonance at the FICN. The presence of a potential
inner core and thus of a resonance at the FICN is treated in detail in separated papers of this
volume (Dehant et al., 2002, and Rivoldini et al., 2002). The different possibilities for the core
are detailed in Dehant et al. (2000). If there is a liquid core in Mars, there would be a resonance
at a period of about -256 days corresponding to the FCN. This is particularly important for the
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Figure 3: Transfer function of the planet Mars when a liquid core is considered and when a solid
core is considered.

retrograde semi-annual (-343 days) and ter-annual (-229 days) nutations. We present in Figure
3 the relative non-rigid contribution to the nutation amplitudes, as a function of the period.

If the core is liquid, the FCN resonance is visible, even in the prograde part of the spectrum.
In particular, there is an important effect on the largest nutation, the prograde semi-annual
nutation at 343 days; the difference between the non-rigid Mars transfer function with and
without liquid core is at the level of 1% at that frequency, which corresponds to about 5 mas
(milliarcsecond) on the amplitude of that nutation. The resonance period is highly dependent on
the core dimension, and on the non-hydrostatic contribution which could be important as seen
from the existence of Tharsis and the associated geoid anomalies. These results are discussed
in Dehant et al. (2000).

The expected precision of the NEIGE experiment is below 5 mas, which will, for example,
allow us to answer the question about the state of the Martian core. For that purpose, we
will deduce the annual, semi-annual, ter-annual, quater-annual nutation amplitudes from the
Doppler shift measurements.

7. CONCLUSIONS

Both Earth and Mars have nutations from which the observations can provide information
on the interior of the planets. The most important nutation of Mars is the prograde semi-annual
nutation; its amplitude is about the same as the corresponding one for the Earth. The moons
of Mars, Phobos and Deimos, do not contribute with a high level to the nutational motions,
while for the Earth, the 18.6 year nutations (period of the node of the Moon), are the largest
nutations.

Present-day VLBI data obtained on Earth are unprecedented high precision data which has
allowed to constrain very well the Earth’s interior properties e.g. the outer core and inner core
flattenings, the coupling at the CMB and ICB. A very precise nutation model, MHB2000, has
been adopted by the IAU in 2000. In the future, the NEIGE experiment will allow us to obtain
precise nutation of the planet Mars, and so, e.g. to better constrain the core dimension, and to



determine the state of the core and the eventual existence of an inner core.
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