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1 Purpose of the visit

The Gaia mission will have major impacts on the science of Solar System Objects and on
fundamental physics [Mignard et al., 2007]. Indeed Gaia will provide high precision orbits
and dynamical model for several 100,000s asteroids, comets and a few satellites. From
such orbits it is possible to derive parameters from a global dynamical modelling as it has
been implemented within the Gaia DPAC consortium of data reduction and analysis. For
instance, the Gaia data will allow to derive directly and simultaneously the PPN parameter
β and the Solar quadrupole J2 [Hestroffer et al., 2008, 2010]. Nevertheless other data that
provide high accuracy astrometry can valuably complement the Gaia data set over longer
period of time. This is true with Hipparcos data, and also with ground-based radar data
that also provide tests of General Relativity [Margot and Giorgini, 2010].

One purpose of my visit at the IMCCE/Paris Observatory is to investigate the outcome
of the scientific exploitation of the Gaia data in terms of tests of General Relativity.
Another purpose of my visit is to validate the JAVA software developed in order to reduce
astrometric observations of Solar System Objects (SSO). Finally, the extension of this
code to include extended tests of General Relativity has been performed.

2 Description of the work carried out

2.1 Sensitivity study of different tests of General Relativity

To assess precisely the different possibility to test the gravitation theory with SSO, I
developed a software dedicated to simulate diverse observations (GAIA astrometric obser-
vations but also radar observations). This software integrates the equations of motion of
the different bodies and compute the astrometric and range observables. It also performs
the inversion of the system by performing a least-square fit of the initial conditions of the
bodies and of global parameters: Sun J2, parameters characterizing alternative theories
of gravitation, . . .

Different terms have been included in this software:

• the quadrupolar momment of the Sun (J2).

1



• the Sun Lense-Thirring effect.

• the β PPN parameter [Will, 1993].

• the η Nordtvedt parameter which characterizes a violation of the Strong Equivalence
Principle [Nordtvedt, 1968].

• the λ, α parameters which characterize a fifth force deviation from the Newtonian
potential [Adelberger et al., 2003].

• a temporal variation of the gravitational constant parametrized by Ġ/G.

• a periodical variation of the gravitational constant as proposed in Anderson et al.
[2015]

• the s̄µν parameters entering the Standard Model Extension – SME – formalism
[Bailey and Kostelecký, 2006].

The corresponding additional accelerations have been included in the equation of mo-
tion but also in the variational equations needed in order to perform the least-square
fit.

Realistic simulations of SSO observations by GAIA have been performed to assess the
sensitivity of observations to the different parameters.

2.2 Completion of the Gaia data with additional observations

Completion of the Gaia data by other ground- or space-based high precision data, over
a longer time span, should in principle be profitable. We have started to assess what
is the expected improvement by combining Gaia astrometry of SSO to radar data ac-
quired at Arecibo over the last decades (in collaboration with Jean-Luc Margot, UCLA,
USA). Simulation of the ground-based data, and implementation of the partial derivatives
for echo/ranging data in the global system has been performed. A variance analysis is
currently being performed to assess the general improvement.

2.3 Validation of the JAVA software

JAVA codes partly developed at IMCCE within DPAC/DU451 and DU457 are avail-
able for both the simulations of the Gaia data (rendez-vous dates and precision) and the
global inversion and orbit reconstruction (through numerical integration of the equations
of motion, partial derivatives, and least-squares inversion). The JAVA software has been
carefully validated by comparing results of the integration with an independent software
I developed. The equations of motion have been validated, the variational equations as
well as the determination of the measure function.

Besides, the execution time of the software has been drastically improved.
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3 Main results obtained

Concerning the sensitivity study of Gaia observations to test the gravitation theory, we
have shown that:

• the Sun quadrupolar moment J2 can be estimated with an accuracy of 10−7.

• the β PPN parameter can be estimated with an accuracy of 7 × 10−4.

• the η parameter can be estimated with an accuracy of 9 × 10−4.

• using the relation between η and β (i.e. η = 4β − γ − 3) helps to decorrelate the β
and J2 estimates and leads to an improvement of the β estimation to 2 × 10−4.

• the Lense-Thirring effect is too small to be detected. Nevertheless, not including it
in the modeling of the data reduction leads to a bias in the estimation of J2 of the
order of 10−8 and a bias in the estimation of β of the order of 5 × 10−5. A similar
conclusion holds for planetary ephemerides.

• the sensitivity on the α, λ parameters from the fifth force formalism is represented
by the red curve on Fig. 1.

• a linear variation of the gravitational constant will be constrained at the level of
10−12 yr−1.

• a periodic variation of the gravitational constant will be detected and constrained
at the (relative) level of 10−5.

• Gaia observations will allow to constrain all the pure gravity SME constants s̄µν .
The expected sensitivity on the SME parameters is presented in Table 1. This
corresponds to an improvement of around one order of magnitude with respect to
existing constraint [Kostelecký and Russell, 2011].

SME Parameter sensitivity (σ)

s̄XX − s̄Y Y 9 × 10−12

s̄XX + s̄Y Y − s̄ZZ 2 × 10−11

s̄XY 4 × 10−12

s̄XZ 2 × 10−12

s̄Y Z 4 × 10−12

s̄TX 1 × 10−8

s̄TY 2 × 10−8

s̄TZ 4 × 10−8

Table 1: Expected accuracy on the SME parameters.

The expected improvement provided by additional ground based data is still under
study.

On the other hand, several corrections have been applied to the JAVA software devel-
oped to reduce GAIA observations. The execution time has also been drastically improved.
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Fifth force

19

• correlation with Sun mass to be assessed

• Use GAIA asteroid observations to constrain the 5th force parameters

This is comparable with the estimate using Venus Express and Mars
Express range data by Fienga et al. (2009b). From estimation of the
ratio of inertial to gravitational mass of the Moon using lunar laser
ranging data, Williams et al. (2004) get an estimate of bPPN more
accurate by a factor of 2.

The Mars range data can be used to set limits on the deviation of
gravity from the Newtonian inverse-square law at Solar-System
length scales. From the Mars ranging data we estimate an upper
bound for an anomalous radial acceleration from the Sun as
<3 ! 10"14 m/s2 for the Earth–Moon barycenter and <8 !
10"14 m/s2 for Mars. These levels are several orders of magnitude
lower than the anomalous acceleration on spacecraft reported by
Anderson et al. (1998), who recognized that such an effect has been
ruled out for the inner planets. Alternatively, the Mars ranging data
can be used to estimate the amplitude of a modified gravitational
potential in the Yukawa form of

/ðrÞ ¼ 1=r & ½1þ ae"r=k):

Fig. 31 plots the estimated value of the dimensionless scale factor a
as a function of distance at the 95% confidence level. Fig. 31 also
shows estimates of a at other length scales from other experiments
as summarized by Adelberger et al. (2003). The shaded areas in the
figure are excluded based on experiments including this analysis of
Mars range data.

12. Conclusions

The global gravity field of Mars has been significantly improved
using additional tracking data and model improvements. The rec-
ommended field is MRO110B2, since it has a looser constraint with
less suppression of high frequency amplitudes. The lower altitude
MRO tracking data is the main cause for the improved spherical
harmonic gravity resolution of Mars from degree 70 (MGS95J) to
degree 90. The near sectoral coefficients of the gravity field are bet-
ter determined and their uses are a possible alternative for studies
of features in an equatorial band of ±50!. Other improvements such
as thrust modeling on MGS and solar pressure modeling of atmo-
spheric dust for Mars Odyssey have improved orbit determination

accuracy and resulted in consistent Love number determinations
for all spacecraft.

Our best MGS k2 Love number solution is k2 = 0.173 ± 0.009.
After correction for solid friction, atmospheric tides, and anelastic
softening, we obtain k2 = 0.159 ± 0.009. With the improved preces-
sion solution ( _w ¼ "7594* 10mas=year) and polar moment
(C=MR2

e ¼ 0:3644* 0:0005) from additional years of orbiter track-
ing, the core radius is constrained to 1630 km 6 Rf 6 1830 km
assuming a plausible range of internal models.

Time variations of the odd zonal gravity parameters and length-
of-day solutions have been compared with predictions from two
GCM models and two sets of Odyssey neutron spectrometer data
detailing ice cap history. Orbiter LOD solutions data match well
with GCM AMES and LMD predictions, with LMD being slightly
better. The Odyssey NS data and LMD GCM model match best with
observed seasonal gravity fromMGS and Odyssey, while HEND and
AMES GCM have about a factor of 2 larger residuals. The fit to the
NS data is improved if we rescale its amplitude by a factor of 1.09
and this seems to be a plausible correction based on potential NS
data error sources. We were unable to confirm inter-annual
changes seen in 2 years of NS data for a complete Mars year. There
is an intriguing signal in the doubly differenced J3 data that cannot
be explained. It is possible that atmospheric drag and AMD errors
may contribute to MGS uncertainty in some subtle way that masks
year to year changes.

With the increased time span of the data, Mars ranging data
now allow for mass estimates of 21 asteroids, as compared to 5
asteroid mass estimates in previous results (Konopliv et al.,
2006). Uncertainties in the mass estimates now account for uncer-
tainties in other asteroid masses that are not estimated. Solutions
mostly agree within uncertainties for results from independent
data sets. The Mars ranging data also strongly determines the solar
mass parameter (GMSun = 132712440042 ± 10 km3/s2) and Earth–
Moon mass ratio (MEarth/MMoon = 81.3005694 ± 0.0000015) and
constrains mass loss of the Sun to be d(GMSun)/dt & 1/
GMSun = 0.1 ! 10"13/year ± 1.6 ! 10"13/year. Variations of gravity
models from general relativity are also constrained, although the
PPN estimates are not as accurate as results from other spacecraft
and LLR data.

Future MRO and Mars Odyssey spacecraft data will improve all
aspects of the results discussed above, but only incrementally. Pos-
sible significant improvements in the Mars static gravity field are
from lower altitude spacecraft or improved tracking accuracy such
as Ka-band. Improvement of seasonal gravity detection most likely
requires an onboard accelerometer together with improved track-
ing. Mars ranging accuracy of +10-cm maybe possible with im-
proved DSN station calibration. Although the Dawn mission will
determine the masses of Vesta and Ceres, these constraints have
a minimal effect on the separability of many asteroid perturba-
tions, but may help estimates of asteroids that are strongly corre-
lated such as Thalia.
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Fig. 31. Upper bounds on the Yukawa gravitational potential magnitude as a
function of length scale. The shaded regions are excluded by various experiments,
including this analysis for Mars spacecraft range data shaded in orange.
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Figure 1: Current constraint on the fifth force formalism (figure from Konopliv et al.
[2011]) and in red: estimated sensitivity using Gaia observations

4 Future collaboration with host institution

First of all, at least one paper summarizing all the results obtained during this GREAT
exchange will be written. In addition, the collaboration that has started during this
exchange is very likely to be pursued in the future. The alternative model of gravitation
mentioned in the previous sections will be implemented in the JAVA software used to
reduce GAIA observations. This will be done in close collaboration between the IMCCE
and myself. The expertise developed during this exchange will also be useful during the
data reduction.

In addition, the impact of the inclusion of ground-based data is still under investigation.
This project will be pursued in the future in collaboration with the IMCCE but also with
J.L. Margot from UCLA, USA. In a very long term, a combined data analysis of both
types of data would be highly interesting.

In conclusion, it is very likely that the collaboration initiated with this GREAT ex-
change will be pursued in the future.

5 Expected publications

The results obtained during this exchange have been presented during the SF2A confer-
ence in Toulouse (June 2 2015). The corresponding conference proceedings will contain a
summary of the obtained results. A detailed publication of the obtained results will also
be written in the near future.

In a longer term, we expect to publish a second paper concerning the possibility of a
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join analysis of GAIA and UCLA data.
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