
Tests de la gravitation relativiste

C. Le Poncin-Lafitte, Obs. de Paris - SYRTE



Enjeux des tests de gravitation

Newton 1686 Poincaré 1890 Einstein 1912
Nordstrom 

1912
Nordstrom 

1913

Einstein & 
Fokker 1914 Einstein 1916

Whitehead 
1922 Cartan 1923

Fierz & Pauli 
1939

Birkhoff 1943 Milne 1948 Thiry 1948
Papapetrou 

1954
Papapetrou 

1954

Jordan 1955
Litllewood & 
Bergmann 

1956

Brans & Dicke 
1961 Yilmaz 1962

Whitrow & 
Morduch 1965

Kustaanheimo 
& Nuotio 

1967

Deser & 
Kaurent 1968

Bergmann 
1968

Nodtvedt 
1970

Bollini et al. 
1970

Wagoner 
1970 Rosen 1971 Ni 1972

Will & 
Nordtvedt 

1972
Ni 1973

Bekenstein 
1977 Barker 1978

théories 
modernes 

(après 1980...)



Enjeux des tests de gravitation

Newton 1686 Poincaré 1890 Einstein 1912
Nordstrom 

1912
Nordstrom 

1913

Einstein & 
Fokker 1914 Einstein 1916

Whitehead 
1922 Cartan 1923

Fierz & Pauli 
1939

Birkhoff 1943 Milne 1948 Thiry 1948
Papapetrou 

1954
Papapetrou 

1954

Jordan 1955
Litllewood & 
Bergmann 

1956

Brans & Dicke 
1961 Yilmaz 1962

Whitrow & 
Morduch 1965

Kustaanheimo 
& Nuotio 

1967

Deser & 
Kaurent 1968

Bergmann 
1968

Nodtvedt 
1970

Bollini et al. 
1970

Wagoner 
1970 Rosen 1971 Ni 1972

Will & 
Nordtvedt 

1972
Ni 1973

Bekenstein 
1977 Barker 1978

théories 
modernes 

(après 1980...)



Enjeux des tests de gravitation

Newton 1686 Poincaré 1890 Einstein 1912
Nordstrom 

1912
Nordstrom 

1913

Einstein & 
Fokker 1914 Einstein 1916

Whitehead 
1922 Cartan 1923

Fierz & Pauli 
1939

Birkhoff 1943 Milne 1948 Thiry 1948
Papapetrou 

1954
Papapetrou 

1954

Jordan 1955
Litllewood & 
Bergmann 

1956

Brans & Dicke 
1961 Yilmaz 1962

Whitrow & 
Morduch 1965

Kustaanheimo 
& Nuotio 

1967

Deser & 
Kaurent 1968

Bergmann 
1968

Nodtvedt 
1970

Bollini et al. 
1970

Wagoner 
1970 Rosen 1971 Ni 1972

Will & 
Nordtvedt 

1972
Ni 1973

Bekenstein 
1977 Barker 1978

théories 
modernes 

(après 1980...)

Quel est le lien ?



Suivons les différentes échelles d'expérimentations 
pour notre plan d'exposé

• Dans le laboratoire...

• Dans notre banlieue proche...

• Projets spatiaux dédiés à la gravitation

• l'apport de la géodésie spatiale

• les données du laser-Lune

• Passons à l'échelle du Système Solaire...

• Des expériences dédiées

• de l'utilisation des données de navigation spatiale

• Vers de nouveaux tests de haute précision...

• Les tests qui n'en étaient pas vraiment...



Travaux en laboratoire



Mais pourquoi au laboratoire ?

• Nombre de théories alternatives à la Relativité 
introduisent des forces à courte (ou longue) 
distance

• tenseur-scalaire

• tenseur-vecteur

• connexion non symétrique (torsion)

• Super-gravité, M-théorie

• Gravité quantique à boucle

TeVeS (Milgrom, Bekenstein)



Méthodes expérimentales en labo

Test du Principe d'Equivalence:
• Balance de Torsion
• Expérience de chute libre avec des atomes 

froids

Déviation de la loi de Newton en 1/r² 
• Balance de torsion
• Pendule tournant
• Torsion parallel-plate oscillator
• “Spring board” resonance oscillator

Existence d'extra-dimensions et d'échelle 
de compactification avec le LHC

Contraintes sur un potentiel de Yukawa



Les Ondes Gravitationnelles.

On observe en radio 
les pulsars binaires

En c a l cu l an t l eu r 
période orbitale, on 
peut indirectement 
détecter les ondes 
gravitationnelles.

Détection Directe



Au voisinage de la Terre



Gravity probe A, Vessot et al. 1980

Lancement :  1976
Durée : 1h55mn
Où : quelque part près des Wallops    
        Island en Virginie

Un maser est placé dans une roquette Scoutt

On compare avec une horloge au sol

On trouve un décalage, précision 0.01%

But: mesure du redshift



gyroscope de GPB

Gravity Probe B

But : mesurer la précession de Lense Thirring



MICROSCOPE
MICRO-Satellite à traînée Compensée pour l‘Observation du Principe d’Equivalence

Durée de vie: 1an

Orbite polaire héliosynchrone à 700km

Instruments: 2 accéléromètres 
différentiels





Atomic Clock Ensemble in Space (ACES)



Atomic Clock Ensemble in Space (ACES)

1. PHARAO Cesium Tube
2. PHARAO Laser Source
3. PHARAO computer
4. XPLC
5. MWL
6. GNSS Antenna
7. Space hydrogen Maser
8. Heat pipes
9. Laser corner cube reflector
10. MWL antennae
11. CEPA
12. ELT
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Atomic Clock Ensemble in Space (ACES)

1. PHARAO Cesium Tube
2. PHARAO Laser Source
3. PHARAO computer
4. XPLC
5. MWL
6. GNSS Antenna
7. Space hydrogen Maser
8. Heat pipes
9. Laser corner cube reflector
10. MWL antennae
11. CEPA
12. ELT

Objectifs:

1. Etalon de fréquence performant dans l’espace (micro-
gravité) à mieux de 10-16

2. La comparaison d’horloges distantes espace-sol ou sol-sol 
sur des distances inter-continentales.

3. Test du Redshift de la Relativité Générale : 35 fois mieux 
que Gravity Probe A. 

maser à hydrogène

PHARAO tube



L'apport de la géodésie spatiale

Multiples techniques

Comprendre la dynamique interne 
de la Terre

Déterminer le champ de gravité

Se positionner correctement

Effet Lense-Thirring grâce à LAGEOS
Ciufolini & Pavlis, Nature 2004



APOLLO + UW Eot-Wash Group, AAPT GR Labs Workshop, 2007

Lunar Laser Ranging Basics
2. Measure travel time to reflector and back

Contributions du tir 
laser vers la Lune

VOLUME 36, NUMBER 11 PHYSICAL REVIEW LETTERS 15 MARcH 1976

Verification of the Principle of Equivalence for Massive Bodies*

Irwin I. Shapiro and Charles C. Counselman, III
Massachusetts Institute of Technology, Cambridge, Massachusetts 02189

Robert W. King
Air Force Cambridge Research Laboratories, Bedford, Massachusetts 01782

(Received 10 December 1975)

Analysis of 1&89 measurements, accumulated between 1970 and 1974, of echo delays
of laser signals transmitted from Earth and reflected from cube corners on the Moon
shows gravitational binding energy to contribute equally to Earth s inertial and passive
gravitational masses to within the estimated uncertainty of 1.5k. The corresponding re-
striction on the Eddington-Robertson parameters is 4P —p- 3=—0.001+ 0.015. Combina-
tion with other results, as if independent, yields P=1.008+0.005 and y=1.008+0.008, in
accord with general relativity.

Verification of principle of total

Si masse inerte et masse 
gravitationnelle différentes:

Signal sur le mouvement orbital, test du 
Principe d'équivalence faible.

Mais permet aussi:
•de tester le principe d'équivalence 
fort (effet Nordtvedt)

•de tester une variation de G



Tests à plus grande échelle dans le Système Solaire



Interférométrie à Très Longue Base: le VLBI

Délai temporel entre les 
réceptions des signaux:

mesure temporelle !

Qui dit un laps de temps... 
dit une distance 

On observe les objets les 
plus lointains:
1. Ne bougent pas, en première 
approximation,
2. Avec 2 radio-télescopes, on 
réalise donc une triangulation !

Position cinématique 
de la Terre 

dans l’espace
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VLBA ~ 3% des sessions ~ 30% des observations

Lambert & Le Poncin-Lafitte 2009, 2010 : utilisation de la 
base de données VLBI complète

Activité solaire = déflexion plus forte 
(Lebach et al. 1995)
~ 1—10 ps

γ = coef. de « déflexion »

Sans le VLBA :
γ - 1 = 0.4 ± 1.4 x 10-4

+ RDV :
γ - 1 = -0.7 ± 1.3 x 10-4

+ VCS :
γ - 1 = -0.8 ± 1.2 x 10-4



Fomalont et al. 2009 

γ - 1 = 2 ± 3 x 10-4



• Le VLBI mesure γ à 1.2 x 10-4 :
– Effets coronaux difficiles à supprimer

– Précision limitée par troposphère + structure de source

• Apport substantiel du VLBA

• Dommage que l’IVS « bloque » à 15° du soleil pour les sessions routinières 

• Programmer des sources proches du soleil dans le futur (accepté par l'IVS 
depuis peu)…



Instruments de 
Radio-science:

antennes, horloge

Expérience de Radio-Science avec Cassini

Conjonction entre la Terre 
et Cassini en Septembre 2003 Maximum de déflexion relativiste !

Une équipe italienne mesure le changement de la fréquence du signal 
avec une précision de quelques 10-14 de fraction de fréquence. La Relativité serait correcte à 0.002% près

Bertotti et al. 2003, Nature, 425, 374



Les tests en champ fort:
expérience GRAVITY

GRAVITY – interféromètre à 4 télescopes géants !
(General Relativity viA Vlt InterferomeTrY) "

Fig. 7.—Projection on the sky (left) and in time/radial velocity (right) of the six S stars included in the fitting (see also Schödel et al. 2003). The measured radial
velocity of S2 for epoch 2002 is taken fromGhez et al. (2003). The various color curves are the result of the best global fit to the spatial and radial velocity data of S1, S2,
S8, S12, S13, and S14. The orbital parameters are listed in Table 2.

TABLE 2

Orbital Parameters of S Stars from Global Fit

Value

Parametera S1 S2 S8 S12 S13 S14

a (arcsec)............. 0.412 ! 0.024 0.1226 ! 0.0025 0.329 ! 0.018 0.286 ! 0.012 0.219 ! 0.058 0.225 ! 0.022

e........................... 0.358 ! 0.036 0.8760 ! 0.0072 0.927 ! 0.019 0.9020 ! 0.0047 0.395 ! 0.032 0.9389 ! 0.0078
P (yr) .................. 94.1 ! 9.0 15.24 ! 0.36 67.2 ! 5.5 54.4 ! 3.5 36 ! 15 38.0 ! 5.7

t0 .......................... 2002.6 ! 0.6 2002.315 ! 0.012 1987.71 ! 0.81 1995.628 ! 0.016 2006.1 ! 1.4 2000.156 ! 0.052

i (deg).................. 120.5 ! 1.0 131.9 ! 1.3 60.6 ! 5.3 32.8 ! 1.6 11 ! 35 97.3 ! 2.2

! (deg) ................ 341.5 ! 0.9 221.9 ! 1.3 141.4 ! 1.9 233.3 ! 4.6 100 ! 198 228.5 ! 1.7
! (deg) ................ 129.8 ! 4.7 62.6 ! 1.4 159.2 ! 1.8 311.8 ! 3.6 250 ! 161 344.7 ! 2.2

PLTPb (yr) .......... 1.74E9 ! 0.60E9 6.3E6 ! 2.2E6 5.7E7 ! 2.1E7 5.8E7 ! 2.0E7 2.48E8 ! 0.86E8 1.42E7 ! 0.51E6

Notes.—Global fit parameters for R0 ¼ 8:0 kpc. Errors are 1 ! and include an uncertainty of !0.32 kpc in the distance to the Galactic center (x 3.3). Offset center
of mass from nominal Sgr A# position is R:A: ¼ 0B0018 ! 0B0012, decl: ¼ $0B0051 ! 0B0012. (By ‘‘nominal Sgr A# position,’’ we mean the radio position of
Sgr A# in our infrared coordinate system [Schödel et al. 2003; Eisenhauer et al. 2003a]. The 1 ! errors from the orbit fit do not include the !10 mas absolute
uncertainty between the infrared and radio astrometric frames [Reid et al. 2003].) Central mass M0 ¼ (4:06 ! 0:38) ; 106 M%. Overall "

2 is 295 for 224 degrees of
freedom, or a reduced "2 of 1.3.

a Definition of orbital elements according to Aller et al. (1982): a = semimajor axis; P = orbital period (period of revolution); e = numerical eccentricity; t0 =
epoch of periastron passage (corresponds to minimum distance from central black hole); ! = position angle of ascending node for equinox 2000 (the nodes are the
points of intersection of the relative orbit with the plane tangential to the celestial sphere at the position of the central black hole; the star recedes from us at the
ascending node); i = inclination of the ascending node = angle between the orbital plane and the plane tangential to the celestial sphere (for direct [counterclockwise]
apparent motion of the star, it is given between 0& and 90&, for retrograde motion between 90& and 180&; this angle is measured at the ascending node, from the
direction of increasing position angle [in the apparent plane] to the direction of the motion [in the true orbital plane]); ! = longitude of periastron = the angle between
the radius vector of the ascending node and that of the periastron in the true orbit, counted form the node in the direction of the orbital motion.

b From eq. (5) of Levin & Beloborodov (2003), with spin parameter a ¼ 0:52 ! 0:15 (Genzel et al. 2003a).

Eisenhauer et al. 2005

Mesure d’interférométrie
longueur d’onde infrarouge
Utilisation de l’optique adaptative

observations de Sgr A en X du satellite Chandra

Observations de 
Sagitarus A près du 
trou noir central 



Exploration spatiale du Système solaire

Nombreuses données de navigation
+ données astrométriques, radar...

1. Amélioration des éphémérides
2. Amélioration des tests de la gravitation



Les éphémérides planétaires et satellitaires.

Ephémérides planétaires:
1. DE du JPL
2. VSOP - INPOP
3. EPM

372 A. Fienga et al.

Fig. 6 Histograms of densities in g cm−3 for the most perturbing objects deduced from INPOP10a,
INPOP08, and other determinations (close encounters and binary system) and distributions of densities versus
the diameters in kilometers. The plotted uncertainties represent the 1-sigma error on the mass determinations

Fig. 7 Variations of postfit residuals obtained for different values of PPN β (x-axis) and γ (y-axis). [1] stands
for a PPN β value obtained by Manche et al. (2010) using LLR observations with γ = 0, [2] stands for Pitjeva
(2010) by a global fit of EPM planetary ephemerides. K11 stands for Konopliv et al. (2011) determinations
based mainly on Mars data analysis. M08 for Müller et al. (2008) and W09 for Williams et al. (2009) give
values deduced from LLR for a fixed value of γ , B03 stands for Bertotti et al. (2003) determination of γ by
solar conjunction during the Cassini mission

It appears clearly from Fig. 5 that the estimations for the most perturbing objects are quite
consistent while the estimations of the less perturbing objects show bigger discrepancies.

In Table 2 are given the details of asteroid masses obtained with the adjustment of
INPOP10a. As expected the three bigger asteroid masses are compatible at 2-sigmas.

In Fig. 6 are plotted the distributions of densities deduced from INPOP10a, INPOP08 and
from close encounters and binary systems (noted “Other”). Two representations are given:
one histogram of density distribution and one distribution of the density versus the diameters
of the objects. Are plotted on these figures, only the densities deduced from perturbations
bigger than 1 m on the Mars-Earth distances over the 1970 to 2010 period with error bars rep-
resenting the 1-sigma uncertainties on the mass determination. The diameters are considered
here as perfect. With this optimistic hypothesis, one can first note the smaller uncertainties on
the close-encounter estimations compared to those obtained with INPOP08 and INPOP10a.

123

Fienga et al. 2011

Ephémérides de satellite:
1. le mouvement de la lune (Laser-Lune)
2. les orbiteurs autour de Mars
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Figure 2: Contour lines (1%, 2%, 5%, 10% and 20%) for the R function. The blue dot corresponds to
the general relativity values (β=γ=1), the green dot corresponds to the values of β and γ where χ2 is
minimum (see the last line of table 3).
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Parameters fitted β − 1 γ − 1 Correlation
(59)+β (−0.2 ± 0.4) × 10−3 0 (fixed) [β, X ] = 0.35
(59)+γ 0 (fixed) (−1.1 ± 0.76)× 10−3 [γ, X ] = 0.33

(59)+β+γ (5.1 ± 1.6) × 10−3 (−9.7 ± 2.8) × 10−3 [β, γ] = 0.96

Table 3: Fitted values and uncertainties (at 3σ) of post-Newtonian parameters β and γ. [β,X] (respec-
tively [γ,X]) is the maximum correlation between β (respectively γ) and one of the 59 other parameters.
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Figure 1: INPOP10a’s LLR residuals (in cm) for the CERGA station, between 1987 and 2010.

These bad results could come not only from a big correlation (0.96) between β and γ, but also from the
remaining signal on residuals for CERGA’s observations, shown on figure 1. This latter is characteristic
of a problem in modeling, that adjustment of parameters tries to compensate, and potentially leads to
biased values. This signal has always been present in our LLR computations, including the R423 reduction
previously described. The potential problem is thus not in the dynamical part, because INPOP’s and
DE423’s modelings are independent. The signal is also present in the S2000 solution of (Chapront et al.,
2001), where both dynamical and reduction modelings differ from INPOP’s ones.

Other tests have been made by computing a map of (β,γ). More than 1600 couples of values (β,γ) are
fixed in [0.95, 1.05]2. For each one, a solution is built by fitting the same 59 parameters as in INPOP10a;
then, the χ2 and R functions are evaluated:

χ2(β, γ) =
∑

i

ρ2
i (O − C)2i and R(β, γ) =

√

χ2

χ2
0

− 1 (1)

In these expressions, (O − C)i are the residuals (differences between the measurement and the compu-
tation), (ρi) are the ponderations applied to the observations, χ2

0 = χ2(β0, γ0), where β0 and γ0 are the
values where χ2 is minimum, that is the ones from the last line of tab. 3. The R function is representative
of the increase of residuals when β and γ differ from the “optimal” values (β0,γ0). Its contour lines are
shown on figure 2.

First, one can notice that the shapes of ellipses confirm the strong correlation between β and γ.
The best determined combination seems to be according the 2β − 11γ direction. It is different from the
Nordtvedt parameter η = 4β− γ − 3, maybe because for LLR computations, post-Newtonian parameters
are involved not only in the Lunar orbit around the Earth, but also in the light propagation with the
Shapiro’s deviation.

Second, one can notice that the general relativity values (blue dot) are not so far away from the ones
where χ2 is minimum (green dot), with a degradation limited to less than R = 0.5%. For instance, LLR
residuals for the CERGA’s station between 1995 and 2010 grow from 3.98 cm to 4.0 cm when β and γ are
both fixed to 1. This weak increase is not significant and is smaller than variations induced by changing
the ponderations, the preliminary solution first fitted to planetary observations, . . .

In the end, the constraints on post-Newtonian parameters obtained with LLR do not seem to be as
good as the ones obtained by adjustment to planetary observations, exposed in this volume by (Fienga
et al, 2010, figure 4). This point of view has to be balanced by the fact that LLR residuals computed
directly at JPL by J. Williams are much lower than the ones of INPOP10a. Even if these latter are
consistent with (Chapront et al.,2001), (Aleshkina, 2002) or solutions actually developed at SYRTE by
S. Bouquillon and G. Francou, an improvement of the reduction modeling seems to be possible.
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Résidus Laser-Lune
Manche et al. 2010

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 from MGS 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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D’Hipparcos à Gaia
l'apport de l’astrométrie spatiale

Hipparcos: 
100 000 étoiles proches
1 milli-as de précision

Gaia: 1 milliard d’étoiles de la galaxie
1 micro-as de précision

1 seconde d’arc (as) : 10-5 radian...

Depuis Hipparque et Ticho Brahe (à l’oeil),
on a gagné un facteur 100 millions sur la 
précision

la Relativité joue-t-elle un rôle sur ces observations ?
Voir la présentation de F. Mignard.



Des tests de la gravitation qui n'en sont pas ?

Ca existe... 



L'anomalie Pioneer

Révélée par le JPL en 2002 
(Anderson et al., PRD, 2002)

E v i d e m m e n t p r o p i c e à 
l'élaboration des théories les plus 
exotiques possible par centaine.

Officieusement a sombré corps et 
biens depuis quelques semaines.
Turyshev et al. arXiv:1204.2507, 2012.

L'orbite de sortie de ces 
sondes étaient en fort 
désaccord avec les modèles. 

Une longue analyse a eu lieu 
pour déceler l'effet thermique 
manquant



Un neutrino fou pris en excès de vitesse : -3 points

Sept. 2011, pour 60 ns de trop, un neutrino dépasse la limitation de 
vitesse. Le gendarme en charge de l'affaire : la collaboration OPERA 
(arXiv:1109.4897, 2011)

Centre de "traitement des 
amendes" de Gran Sasso.

Mars 2012 : une collaboration concurrente, ICARUS, démontre que le résultat n'est pas fiable.

Le parquet a décidé de classer l'affaire sans suite. Le chef de la gendarmerie démissionne.

cause probable de l'erreur: un câble défectueux du récepteur GPS du "radar"

Labo. d'OPERA à Gran Sasso



conclusions

• De très nombreuses alternatives à la RG

• Une activité intense tout azimut pour tester les théories 
alternatives

• Et finalement la RG reste au centre de l'espace des 
paramètres...

• De nouvelles façons de tester la gravitation grâce à la haute 
précision


