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TESTS OF RELATIVISTIC GRAVITY IN SPACETESTS OF RELATIVISTIC GRAVITY IN SPACE

Outline: Solar System Tests of Gravity

The talk will cover:
• Theoretical Landscape in the 20th Century:

– (brief…) History of the tests of general relativity
– Frameworks used: the PPN formalism and Robertson-Mansouri-Sexl
– Recent progress in the tests of general relativity

• Beginning of the 21st Century…:
– Motivations for high-precision tests of gravity
– What to expect in the near future?  and some proposed experiments

• Main objective:
– Remind where we came from and what lessons we learned

• Themes for discussion:
– Are the solar system tests still useful? 
– Is there a discovery potential? Or what is the importance of new improved limits?
– What tests are most valuable?  
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Einstein’s Equivalence Principle (EEP):



Empirical Foundations of General Relativity:
Confrontation Between the Theory and Experiment

Uniqueness of  Free Fall

All bodies fall with the same 
acceleration
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Empirical Foundations of General Relativity:
Confrontation Between the Theory and Experiment

Local Lorentz Invariance:

Future experiments

Test of  one-way speed of  light:
Fermi GrST
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Theoretical Landscape of the 21st Century:
Special Relativity

Laboratory tests of Lorentz Invariance: 
search for preferred-frame effects

e.g. CMB

laboratory

Mansouri & Sexl, 1977

Special Theory of Relativity:



Theoretical Landscape of the 21st Century:
Special Relativity

Clock comparison experiments:  

Michelson-Morley: orientation dependence

Kennedy-Thorndike: velocity dependence

Ives-Stillwell: contraction, dilation

Eisele et al, PRL 103 (2009) 090401

Wolf et al, PRL 90 (2003) 060402

Saathoff et al, PRL 91 (2003) 190403

Precision tests of  Lorentz Invariance:

Herrmann et al, PRD 80 (2009) 105011

Tests of  isotropy of  the speed of  light:
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Empirical Foundations of General Relativity:
Confrontation Between the Theory and Experiment

Local Position Invariance:

Tests of  Local Position Invariance (LPI) Gravitational redshift: 
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TESTS OF RELATIVISTIC GRAVITY IN SPACETESTS OF RELATIVISTIC GRAVITY IN SPACE

Parameterized Post-Newtonian (PPN) formalism

• Assumption:  Local Lorentz Invariance (LLI) and local position invariance (LPI) hold, thus, 
preferred frame parameters  , , are not included…

• General case, there are 10 PPN parameters:
• are the Eddington’s parameterized post-Newtonian (PPN) parameters:

• is the post-PPN parameter – important for next generation of light propagation tests.

Brans Dicke theory:General relativity:

PPN Formalism: Eddington, Fock, Chandrasekhar, Dicke, Nordtvedt, Thorne, Will,…



TESTS OF RELATIVISTIC GRAVITY IN SPACETESTS OF RELATIVISTIC GRAVITY IN SPACE

PPN Equations of Motion (a part of the model)

• In general theory of relativity , thus (this is not the case for scalar-tensor 
theories of gravity, for instance, where these parameters can have different values). 

Possible EP
violation

Possible
temporal

dependence
of G
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Competing Theories of Gravity
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TESTS OF RELATIVISTIC GRAVITY IN SPACETESTS OF RELATIVISTIC GRAVITY IN SPACE

List of PPN Parameters for Competing Theories

Competing theories of  Gravity
Einstein (1915)  GR 1 1 0 0 0 0 0 0 0 0

Scalar Field theories
Einstein (1912) [not GR] 0 0 4 0 2 0 1 0 0*

Whitrow-Morduch (1965) 0 1 4 0 0 0 3 0 0*

Rosen (1971) 4(1 ) 0 4 0 1 0 0

Papapetrou (1954a, 1954b) 1 1 8 -4 0 0 2 0 0

Ni (1972) (stratified) 1 1 8 0 0 0 2 0 0

Yilmaz (1958, 1962) 1 1 8 0 4 0 2 0 1*

Page-Tupper (1968) 4 0 2 0 0

Nordström (1912, 1913) 1 ½ 0 0 0 0 0 0 0*

Einstein-Fokker (1914) 1 ½ 0 0 0 0 0 0 0

Ni (1972) (flat) 1 1 q 0 0 0 0 0 0*

Whitrow-Morduch (1960) 1 1 q 0 0 0 0 q 0 0*

Littlewood (1953), Bergman (1956) 1 ½ 0 0 0 0 1 0 0*

d



TESTS OF RELATIVISTIC GRAVITY IN SPACETESTS OF RELATIVISTIC GRAVITY IN SPACE

List of PPN Parameters for Competing Theories

Competing theories of  Gravity
Einstein (1915)  GR 1 1 0 0 0 0 0 0 0 0

Scalar-Tensor theories
Bergmann (1968), Wagoner (1970) 0 0 0 0 0 0 0 0

Nordtvedt (1970), Bekenstein (1977) 0 0 0 0 0 0 0 0

Brans-Dicke (1961) 1 0 0 0 0 0 0 0 0

Vector-Tensor theories
Hellings-Nordtvedt (1973) 0 1 2 0 0 0 0 0

Will-Nordtvedt (1972) 1 1 0 0 2 0 0 0 0 0

Bimetric theories
Rosen (1975) 1 1 0 0 k2 0 0 0 0 0

Rastall (1979) 1 1 0 0 2 0 0 0 0 0

Lightman-Lee (1973) 0 1 2 0 0 0 0 0

Stratified theories
Lee-Lightman-Ni (1974) ac0/c1 1 2 0 0 0 0 0

Ni (1973) ac0/c1 bc0 0 1 2 0 0 0 0 0

k2  



Theoretical Landscape of the 20th Century:
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Theoretical Landscape of the 20th Century:
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Mercury’s Perihelion: Theories that fail 
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from helioseismology; confirmed by Konopliv et al., 2010
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GW & Binary Pulsar: Theories that fail 
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TESTS OF RELATIVISTIC GRAVITY IN SPACETESTS OF RELATIVISTIC GRAVITY IN SPACE

The Current Values of the PPN Parameters

Para-
meter

What it measured relative 
to General Relativity? 

Current
value

Effects Experiments

Measure of space curvature
produced by unit mass 2.3×10 5 Time delay, 

light deflection Cassini tracking

Measure of non-linearity in 
gravitational superposition 1.1×10 4 Nordtvedt effect, 

perihelion shift Lunar laser ranging

Measure of existence of 
preferred location effects 1×10 3 Earth tides Gravimeter data

Measure the existence of 
preferred frame effects

1×10 4 Orbit polarization Lunar laser ranging

4×10 7 Spin precession Sun axis' alignment w/ ecliptic

4×10 20 Self-acceleration Pulsar spin-down statistics

Measure (plus ) of the 
failure of conservation laws of 

energy, momentum and 
angular momentum

2×10 2 Combined PPN bounds

4×10 5 Binary pulsar 
acceleration Pulsar: PSR 1913+16

1×10 8 Newton's 3rd law Lunar acceleration

6×10 3 Kreuzer experiment



Laboratory for Relativistic 
Gravity Experiments: 
Our Solar System 

Strongest gravity potential

2
6~ 10Sun

Sun

GM
c R

Most accessible region for gravity 
tests in space:

ISS, LLR, SLR, free-fliers2
9~ 10GM

c R

Technology is available to conduct tests in the immediate solar proximity



40 Years of Solar System Gravity Tests

A factor of  100 in 40 years is impressive, but is not enough for the near future!

New Engineering Discipline –
Applied General Relativity:

LLR (1969 - on-going!!)

Radar Ranging:

.

Laser:

Techniques for Gravity Tests:

Dedicated Gravity Missions:

TESTS OF RELATIVISTIC GRAVITY IN SPACETESTS OF RELATIVISTIC GRAVITY IN SPACE

Non linearity

U
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re

1
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0.999

0.998

Cassini ‘03

LLR ’04

51 (2.1 2.3) 10

General Relativity

Mars Ranging ‘76 31 2 10

Astrometric VLBI ‘09

41 3 10

43 4.3 104
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Theoretical Landscape of the 21st Century:
Competing Theories of Gravity

Newton 1686 Poincaré 1890

Einstein 1912 Nordstrøm 1912 Nordstrøm 1913 Einstein & Fokker 1914 Einstein 1915

Whitehead 1922 Birkhoff 1943

Milne 1948 Thiry 1948 Papapetrou 1954 Jordan 1955 Littlewood & Bergmann 1956

Brans & Dicke 1961 Whitrow & Morduch 1965 Kustaanheimo & Nuotio 1967

Bergmann 1968 Deser & Laurent 1968Page & Tupper 1968 Nordtvedt 1970

Bollini et al. 1970

Wagoner 1970

Rosen 1971 Ni 1972 Hellings & Nordtvedt 1972Will & Nordtvedt 1972

Ni 1973 Yilmaz 1973 Lightman & Lee 1973 Lee, Lightman & Ni 1974

Belinfante & Swihart 1975

Rosen 1975

Lee et al. 1976 Bekenstein 1977 Barker 1978 Rastall 1979

Coleman 1983

Kaluza & Klein 1932 Fierz & Pauli 1939Cartan 1923

Yilmaz 1962

Other challenges

First decade of  21’st century… they are back!

Ni 1973

Hehl 1997 Overlooked (20thcentury)

Bekenstein 2004 Moffat 2005

Dvali, Gabadadze & Poratti 2003

Multiple f(R) models 2003-10

Arkani-Hamed, Dimopoulos & Dvali 2000 Strings theory?

Need for new theory of  gravity Motivations for new tests of  GR

Scalar-Tensor Theories

Bi-Metric Theories



Theoretical Motivation for 
New Gravity Tests

Long-range massless [or low-mass] scalar:

The unit curvature  PPN parameter the most important quantity to test



Cassini 2003:   Where Do We Go From Here?

Possible with Existing Technologies?!

Cassini Conjunction Experiment:

One needs a dedicated mission to explore accuracies better than 10 6 for both 
PPN parameters (and ). Interplanetary laser ranging is a possibility. 

TESTING RELATIVISTIC GRAVITY IN SPACETESTING RELATIVISTIC GRAVITY IN SPACE



Theoretical Landscape of the 21th Century:
Confrontation Between Theory and Experiment
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TESTS OF RELATIVISTIC GRAVITY IN SPACETESTS OF RELATIVISTIC GRAVITY IN SPACE

Conclusions

• Recent technological progress: arXiv:0902.3004 [gr-qc]

– Resulted in new instruments with unique performance 
– Could  lead to major improvements in the tests of relativistic gravity
– Already led to a number of recently proposed gravitational experiments

• Challenges for solar system tests of gravity:
– Dedicated space-based experiments are very expensive – the science 

must worth the cost… – EP, G-dot and PPN tests are most relevant.

– Motivation for the tests in a weak gravity field is a challenge: there is no 
strong expectation to see deviations from GR in the solar system (we are 
looking for anomalies…) – access to strong(er) gravity regime is needed!

– GR is very hard to modify, embed, extend or augment (whatever your 
favorite verb is…) – thus, perhaps, those anomalies are important… 

– PPN formalism becomes less relevant for modern gravity research…  
– Looking to Cosmos for help? There is none: Little or no correspondence 

between cosmological tests and physical principles in the foundation of 
tests of PPN gravity – EP, LLI, LPI, energy-momentum conservation, etc…


