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Relativity as a driving force for Gaia 
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High-precision tests of relativity 
Several general-relativistic effects are confirmed with the following precisions: 
 

•  VLBI    ± 0.0002 

•  HIPPARCOS   ± 0.003 

•  Viking radar ranging  ± 0.002 

•  Cassini radar ranging  ± 0.0001 

•  Planetary radar ranging  ± 0.001 

•  Lunar laser ranging I  ± 0.00045 

•  Lunar laser ranging II  ± 0.005 

Why to test further? 

GRT is the basis of the whole astronomical building  
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Testing is an inverse of the modelling 
 
•  Gaia Relativity Model (GREM) is the standard model for Gaia astrometry  

and auxiliary data (Klioner, 2001-):  
 

•  a suitable set of relativistic reference systems 
•  planetary and Gaia ephemeris: coordinates, scaling, constants 
•  astronomical constants  
•  light propagation 
•  definition of source parameters 
•  definition of Gaia observables 

•  All the effects that are put into the model can be used to test the GR 
 
 



5 

Relativistic tests 

Global tests Local tests 

Local Positional Invariance 
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Light deflection 

One single γ 

Four different γ ‘s 
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Solar system objects 
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Perihelion precession 

Non-Schwarzschild effects 
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Stability checks for γ 

Alternative angular dependence 
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Improved ephemeris 

SS acceleration  

Primordial GW  

Unknown deflectors  
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Light-bending with Gaia 
•  Potentially the most precise test with Gaia 
•  Gaia sensitivity for one observation of an optimal star:   
 
 
 

angular distance to the Sun (degrees) 

S/N 

along scan 

across scan 
(absorbed by the calibration) 

169 @ 60° 
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Problem I : correlation with the parallax  

•  Positional shifts (     is the angular distance to the Sun): 

•  The theoretical correlation (                ,                     ): 

•  Consequences:  
   - impossible to determine γ without good parallaxes 
   - no γ in the first release 
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Problem II : unknown correlations in AGIS 

•  Very complex astrometric data processing:  
     no single variance-covariance matrix possible,  
     no realistic uncertainty from the fit  
 
•  Statistical bootstrapping is needed to take into account hidden correlations 

 >1000 test runs of an AGIS solution with realistic noise of observations 
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Problem III : systematic errors in calibrations 

•  Systematic errors in calibration parameters (basic angle, Gaia velocity, etc.) 
  can substantially shift the estimate 
 
•  Very serious efforts are being taken to control all such effects 

•  Example of an enemy:  
 

 a signal in the basic angle  
 that mimics a change of 

 
 
 
 
 
 
 
Consequences: 

 - negative: no       without reasonable calibrations; which release? 
 - positive: light-bending can be used to diagnose early releases 

rotational phase 

γ

γ



 15  20 10 6
  G mag
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Light bending with Gaia 

•  Post-launch model for observational noise and the Besancon model for the 
  Galaxy 

   all stars with G<20: 

 
  if no bright stars (G<15)  
  are used: 
 
 
 
 

•  Systematic errors are a challenge and may even completely  
  ruin this promise!  
  

 
σγ >1.3×10−6

 
σγ > 2.5×10−6
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Second-order deflection effects 
Stars close to the giant planets allow one to trace 

 - quadrupole deflection of light 
 - enhanced post-post-Newtonian deflection terms 
 - translational gravitomagnetic deflection 

Optimal stars close to e.g. Jupiter are needed! 
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Close approaches of bright stars and Jupiter  
Several rare events contribute to the sensitivity to the quadrupole deflection 
 
to be observed by Gaia at the optimal moment and in the optimal direction  

The scanning law of Gaia 
has two free parameters: 
 
-  initial precession phase 
-  initial spin phase 

These parameters can be 
optimized for the test of 
quadrupole deflection 
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Color-coded sensitivity as function of two initial phases 
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Optimization does bring a major improvement 

typical: 3 

optimal: 10 

Monopole deflection:        0.002 
Gravitomagnetic deflection: 0.002 
Quadrupole deflection:        >0.1 
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Pattern matching in positions/proper motions 

  

μα cosδ = −ax sinα + ay cosα,

μδ = −ax cosα sinδ − ay sinα sinδ + az cosδ

Example: a pattern of proper motion from the acceleration of Solar system  
                towards the center of the Galaxy 
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Acceleration of the solar system 

Acceleration of the Solar system relative to remote sources leads to 
a time dependency of secular aberration: about 5 μas/yr 
 

•  constraint for the galactic potential model 
•  important for the binary pulsar test of relativity (at 1% level) 
 

 
 
         Gaia will measure the acceleration with at least 10% accuracy 
         Accuracy limit of Gaia is (Mignard, Klioner, 2012) 

   δa 3×10−11 m/s2 ( 0.3μas / yr)
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Gravitational waves and astrometry 
•  At each moment of time a GW produces a deflection pattern on the sky: it is 
  not a pure quadrupole, but rather close to it  
  (Pyne et al, 2006; Gwinn et al, 2006; Book, Flanagan, 2011; Klioner, 2014) 

  This is for a GW propagating in the direction δ=90°: 

 



21 

Application 1: ultra-low-frequency GWs 
If the frequency of the GW is so small that the period of the wave is   
substantially larger than the time span covered with observations,  
the deflection pattern is naturally fitted in AGIS as proper motion. 

This is now the pattern in the proper motions of QSOs in the final catalogue 
(stars’ proper motions are systematic and cannot be used):   
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Application 1: ultra-low-frequency GWs 
 
 
 
•  Theoretical development for the stochastic GW background:   

   Pine et al, ApJ, 1996; Gwinn et al., ApJ, 1997 
•  Mathematical recipe:  

 expand the vector field of the QSOs’ proper motions as 

 a GW influences all harmonics with l > 1  
 
•  All the details and application for Gaia are given in: 
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Application 1: Gaia QSO results 
 
Constraint of stochastic GW flux with ultra-low frequencies 
 
Harmonic coefficients of the proper motions of QSO give for n>1: 
 

  Mignard, Klioner, 2012: detailed simulations for Gaia 
  + post-launch performance estimate 

 
 

  

ΩGW < 0.00012 f −2 for ν < 6.4×10−9 Hz

f = H / (100 km s−1 / Mpc)

similar study done for VLBI:  
Pine et al, ApJ, 1996; Gwinn et al., ApJ, 1997 
 
 
From the QSO catalog of Titov et al., A&A, 2011, 2013: 
 
 
Gaia can be 100 times better than the geodetic VLBI  

  ΩGW < 0.11 f −2 for ν < 2×10−9 Hz

  ΩGW < 0.01 f −2 for ν <1.5×10−9 Hz
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Gravitational Wave Spectrum 

Hobbs, 2008 
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Application 2: low-frequency GWs 
If the frequency of the GW is large enough, the time-dependence of the 
deflection does not allow the effect to be absorbed by the source parameters. 
 
This is now the pattern in the separate observations of all sources 
(at each moment of time only certain directions are observed): 
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Application 2: low-frequency GWs 
Some a priori limits can be set: 
 

1.  The frequency that could be detected in Gaia data 

     not too much correlated to proper motions 

            slower than 1.5 periods of rotation 
 

2.  Maximal theoretical sensitivity of Gaia to a constant parameter 

       The actual sensitivity to a GW is a factor 30 worse (Geyer, Klioner, 2014)  
       The factor can only be determined by simulations  

  σ h ≥ Wfull( )−1/2
= 5.4×10−4 μas =  2.6×10−15
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Gravitational Wave Spectrum 

Hobbs, 2008 
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Gaia and fundamental physics: a summary  
•  All the Einsteinian effects that were used in the model can be tested: 

•  relativistic aberration (Local Lorentz Invariance) 
•  light-bending effect from several kinds of gravitational fields: 

•  monopole 
•  quadrupole 
•  translational gravimagnetic 

•  relativistic effects in the motion of solar-system objects 

•  Tentative non-Einsteinian effects will also be tested. E.g.: 
•  violation of the Strong Equivalence Principles from asteroids 
•  time-dependence of the Newtonian gravitational constant 
•  non-Einsteinian light-deflection laws 

•  Special data processing for certain celestial objects will be used to estimate 
  a number of quantities of high interest for fundamental physics:  

•  the acceleration of the solar system relative to quasars 
•  the energy flux of primordial gravity waves 
•  the masses of a number of  black hole candidates in compact  

binary systems (from astrometric wobbling of the components) 
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What is left aside in this talk 

Gaia influence on the clarification of the nature of 

 

- Dark energy 

 

       precise calibration of the distance scale 

       quantify dispersion in tracers 

 

- Dark matter 

 

 dark matter distribution in various components of the Galaxy 

 is the dark matter distribution compatible with MOND,  




