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Experimental Tests of GR 
• Mass Equivalence (Eotvos, Dicke) 

• Lunar Ranging 
• Time Dilation (Pound and Rebka, GPA, stellar emission lines) 

• Gravity Probe B (Geodetic effect, Frame Dragging) 

• Shapiro Effect 
• Precession of the Perihelion of Mercury 
• Deflection of Light (Solar eclipses) 

• Black Holes and Accretion (Orbits, Accretion luminosity) 

• Distance Measures in Cosmology (ΛCDM) 

• Binary Pulsars and Gravitational Waves 
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Mass Equivalence 
• Fundamental to GR is the equivalence of inertial and 
gravitational mass 

• This motivated Einstein’s equivalence principle 

In the strong form, this applies to all physical laws 

• A key test of this is to attempt to balance a 
gravitational and inertial force – if there is an 
inbalance between the masses, a resultant force will 
create motion 
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“The laws of motion in a freely-falling, non-
rotating lab occupying a small region of 
space-time are those of Special Relativity” 



Mass Equivalence 
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Mass Equivalence 
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•  Original Eotvos experiment (1922)   (mI/mg)-1 < 5x10-9 

•  Dicke,Roll & Krotkov (1964)  (mI/mg)-1 < 3x10-11 

•  Shapiro et al (1976)        (mI/mg)-1 < 1x10-12 

•  Adelberger et al (1990)      (mI/mg)-1 < 1x10-12 

•  Baessler et al (1999)       (mI/mg)-1 < 5x10-13 



Lunar Ranging 
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The Moon is in Earth Orbit 
Precision measurements of the orbit, its 
precession and shape test GR in the weak field 
Done by Lunar Ranging 

Physical Review Letters 



Lunar Ranging 
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Experiments started by Russian landers and 
Apollo astronauts 

Now over 40 years of data. 

Tests: equivalence principle, orbits, time dilation 

BBC Horizon Clip 



Time Dilation in the weak field 

PX436 – General Relativity – Experimental Evidence for GR 

Consider a falling laboratory, dropped at the 
same moment light leaves the ceiling. 

Light takes time t≈h/c to reach floor by which 
time lab is moving downwards with speed 
v=gh/c 

An observer in the lab sees no change in the 
light frequency. An observer at a fixed point 
outside the lab, sees frequency 

=> Clocks run faster at ceiling than floor 

See Reading on website for Pound and Rebka experiment 



Time Dilation on/near Earth 
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Q7.6d 

Also tested by experiments like Gravity Probe A 



Shapiro Delay 
• For coordinate time in the Schwarzschild metric, 
for photons following radial paths: 

This last term is known as the ‘Shapiro Delay’ and 
is another key test of GR.  Shapiro bounced 
radar off Venus and Mercury, testing the effects 
of the Solar Potential 
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See Q6.4 



Shapiro Effect 
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Gravity Probe B 
• Flew in 2004 
• NASA mission 

• Tested: 
– Frame Dragging 

(effect due to 
rotation) 

– Geodetic effect 
(effect due to 
curvature) 
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See einstein.stanford.edu 



Gravity Probe B 
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Precession in Schwarzschild Geometry 
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Precession in Schwarzschild Metric 
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Precession of the Perihelion of Mercury 
• Mercury’s perihelion 
precesses 5600 arcsec/
century 

• Of that 42.98+-0.04 arcsec/
century was considered 
anomalous 

• GR predicts 43 arcsec/
century 
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• This was the only experimental evidence against 
Newtonian Dynamics when Einstein formulated GR.  

• Same effect seen in binary pulsars which can 
precess 17o/yr 



Deflection of Light 
• Light passing through a 
Schwarzschild metric is 
deflected through an angle  
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• If Δϕ is measured, and other parameters are 
known, then this can be used to test GR. 
Otherwise it can be used to measure properties 
such as mass of the system.  



Einstein Rings 
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Einstein Cross 
• The Einstein Cross or Q2237+030 is a 
gravitationally lensed quasar that sits directly 
behind ZW 2237+030 
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Strong Lensing Examples 
• Interpreting lensing can get complicated 

Abell 2218 

PX436 – General Relativity – Experimental Evidence for GR 



Strong Lensing Examples 
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Microlensing 
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Weak Lensing 
• For sources a long 
way off-axis, the 
distortion might not 
be visible. 

• By measuring the 
shape of hundreds 
of galaxies, can look 
for very slight 
distortions  
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Black Holes and Accretion 
• Orbits of stars around the centre of our galaxy 
provide strong evidence for the existence of a black 
hole 
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Black Holes and Accretion 
• Orbits of stars in other galaxies also provide 
evidence for Black Holes (indirect evidence for GR) 
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Black Holes and Accretion 
• Light does not escape from a black hole (i.e. within 
Rs=2GM/c2 in the Schwarzschild metric) 

• Nonetheless we observe Black hole-containing 
systems as some of the luminous in the universe 
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Material falling onto the BH 
forms an accretion disk – this 
can release ~4% of the 
gravitational potential 

The disk can be subject to GR 
effects  

e.g. MCG-6-30-15 (Tanaka et al 1995), broad 
Iron K line fits a disk extending from 3-10 Rs at 
30o to line of sight 



Large Scale Tests in Cosmology 
• Expansion of the Universe (inevitable 
consequence of Einstein’s field equations in the 
FRW metric) 

• Weak Lensing on Large Scales (deflection of light, 
integrated from many weak sources) 

• Ripples in the CMB caused by Early Universe 
perturbations (most of which are GR sensitive) 

• Future instruments like LSST and DES will probe 
these effects further 
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Distance Measures in Cosmology 
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Binary Pulsars 
• Strong evidence for GR 
comes from observed 
spin-down of binary 
pulsars, compared to 
the predictions for 
energy loss due to 
gravitational waves 

• This is a strong field 
test of GR 
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e.g. PSR1916+013 (Nobel Prize 1993, Hulse and Taylor) 



• The strength of the gravitational perturbation is 
usually given in the form of a strain amplitude, h 

Gravitational Waves 

PX436 – General Relativity – Experimental Evidence for GR 



Gravitational Waves 
• Q10.2 – Can we use a local source to calibrate 
these detectors?  
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Gravitational Waves 
• Q10.2 – Can we use a local source to calibrate 
these detectors?  
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So the answer is no… but this also demonstrates just 
how much energy systems that *do* generate 
gravitational wave require – gravitational potential is one 
of the most powerful energy sources in the Universe 



Final Summary 
• GR is an elegant and (relatively) simple solution to 
the problem of ‘action at a distance’ in Newtonian 
gravity 
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Final Summary 
• GR is an elegant and (relatively) simple solution to 
the problem of ‘action at a distance’ in Newtonian 
gravity 

• Einstein’s field equations can be applied in a variety 
of metrics which trace the underlying geometry and 
predict particle and photon geodesics 

• GR has observable consequences which have been 
tested to a high degree of precision 

• Any rival theory must explain not just one of these 
observations, but all of them – so far no theory exists 
that competes with GR on precision and simplicity. 
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