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Translated in Am. J. Phys.  40, 1315 (1972) 

Compton oscillators + time dilation = 

de Broglie (1924) relations 
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Particle represents an oscillator  

 

 

Time dilation 

 

 

Gravitational redshift 

 

 

Time dilation + redshift 
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De Broglie + Gravity 



Proper time ~ action 

Proper time 
 

Action 

 

Path integral 

 

 

Compton oscillators + general relativity = quantum 

mechanics      
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Outline 

1. Motivation 

2. Atom interferometer redshift test  

3. Really? Don’t you just measure g, not 

U?  

4. Aharonov-Bohm effect  

• we measure U 

5. Compton clock 

• particles are really clocks 

6. What is time? 
A. Peters 
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Penrose’s argument 

Maxwell equations are scale invariant 

 

• Beginning: All m=0.  

 

• Big freeze: only photons left. 

Again, m=0 

 

“The scale changed,” but there is 

nothing to measure scales 

 

momentum 

Energy 

m0=0 

m0 

If you have nothing that has rest mass, you can’t have a clock. And you 

can’t measure distances either. 

Is a rock a clock? 



“Ticking” of an atomic (27Al+) clock 
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Thanks to Till Rosenband! 

E=0 

27 GeV 

0.000 000 0045 GeV 



mc2/h 

E =mc2 =hn  provides a clock 

Action  

 

 

Propagator 

 

 

Quantum phase 

 

 

 

Quantum phase proportional to proper time (!) 
 

[Misner, Thorne & Wheeler (1970); Feynman & Hibbs, (1965); 

Borde, Eur. Phys. J. Special Topics (2008).] 
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Atom interferometer redshift test 

 



Atom Interferometer 
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Redshift Time dilation Laser interaction 

 kgT2  -kgT2        kgT2  

related by v=dx/dt 



History 
Pound & 

Rebka,2 

1960: 

Mossbauer 

effect.  

10-2.  

Hafele & 

Keating,3  

1971: 

Atomic 

clocks in 

aircraft  

10-1. 

Vessot et 

al.,4  

1976: 

Atomic 

clocks in 

rocket  

10-5. 

Einstein1 

1911: 

solar 

spectral 

lines. 

Didn’t 

work.  

1 Ann. Phys. 340, 898 (1911). 2 PRL 4, 337 (1960); 13, 539 (1964); Phys. Rev. 140, B788 (1965).  
3 Science 177, 166 (1972): 177, 168 (1972). 4 PRL 45, 2081 (1980). 



Atom Interferometer 

Alternative Interpretation 

 

• If  any energy is conserved, first terms also cancel 

• then, testing UFF = testing redshift 

• AI becomes indirect measurement of  g  

• As any redshift measurement 
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Redshift    Time dilation Laser 

=0   

(non-gravitational 

energy conservation) 



10-2 

10-1 



Criticism 

• ωC is unphysical: the AI is not a pair of  clocks, but just a 

measurement of  g 

 

• The atom is no real clock: it cannot be used to lock an 

oscillator. 





Bottom line 

 

 

 

 

 

 

• Comprehensive limits on all 5 coefficients giving EEP-violations 

(ppm) 

 

 

 

 

 
 

 

 

• A sixth coeffcient, (ap
eff)0 +(an

eff)0 , is only relevant for charged 

particles 

 

• Neglected anomalies coupling to pions and mass dimension 5 

operators. 

 

• Previously, only one limit known: |0.8(an
eff)0+(ap

eff)0 

+(an
eff)0|<1x10-11 GeV 

(an
eff)0 (ap

eff)0 +(an
eff)0  (cn

eff)00 (cp
eff)00 (ce

eff)00 

GeV GeV 

AI+clocks 4.3±3.7 0.8±1.0 7.6±6.7 -3.3±3.5 

 
4.6±4.6 



Gravitational Aharonov-Bohm 

Effect 

 



Aharonov-Bohm effect 

• No classical force 

• Non-dispersive: not related to displacement or distortion of  the 

wave packet 

• Topological: cannot be predicted from any number of  local 

measurements anywhere on the path 
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Gravity’s Aharonov-Bohm effect 

• No forces at saddle points 

• Still causes redshift => phase shift between clocks 

• Terrestrial experiment: ρ=10 g/cm3, R=10 m: Δν/ν=5x10-21 

• Possible realization: Earth-moon Lagrange points 
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Realization with atom-clocks 
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Properties 

• Topological 

• Non-dispersive  

• Phase shift is a consequence of  the potential, not the force 

• “Shaking” the path can prove time dilation as well.    

 

• Both relativistic effects on time apply to atom-clocks 

• AI is not a measurement of  g 
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No gravimeters on this 

path will register the 

potential  
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Gauge-dependent 

integrand 



Derivation 

“Quantum” picture   General relativity picture 

 

 

 

 

 

 

 

 

 

 

 

 

 

The phase shifts are identical for clocks of  

Time evolution 

 

 

(no field-generating masses) 

 

 

(with field masses) 

 

 

(differential signal) 

 

 

Proper time 

 

 

 

 

 

 

 

 

(differential signal) 
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Systematic effects 

• Residual force: displacement, not acceleration 

 

Causes potential change, thus phase shift 

 

E.g., Earth’s gravity 

 

• Curvature of potential 

 

Atoms in harmonic oscillator states  

 

Curvature of gravitational potential: V -> U + V  

 

Changes   

Lattice 



General Relativity: 

• Theory of  gravity, space & time used in GPS, 

astrophysics, cosmology, string theory,…  

• Nonlinear theory: gravity causes more gravity 

• Cannot be quantized 

• Low-energy limit of  string theory might be Lorentz-

violating [V.A. Kostelecky …] 
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Compton clock 
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Ramsey-Borde interferometer 
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T

2n photon momentum transfer 



Multiphoton Bragg diffraction 
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18 photon vs. 2 photon RB 

Interferometer 

9th order Interferometer: Data 

Fit 

1st order 
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Limitation: 

vibrational 

phase noise  

Vibration 

Isolation cutoff 

Visibility vs. pulse separation 

0 20 40 60 80 100
0

10

20

30

 

 
V

is
ib

ili
ty

 [
%

]

Time [ms]

Problem: Contrast decay 



Solution: Simultaneous conjugate 

Interferometers 

Trec1621 

Also cancels gravity 



Results 
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 6th order Bragg diffraction, T 

=1 ms 
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Results 



Coriolis force 

• Rotation causes interferometer not to close 

• Can be cancelled by tip tilt-mirror 

• Improved contrasy (350%), T, and sensitivity 

• World’s most sensitive atom interferometer  (10 ħk, 250 ms)  



What does this have to do with a 

Compton clock? 
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   Frequency Comb 

[1] Theodor Hänsch, Nobel Lecture, http://nobelprize.org/nobel_prizes/physics/laureates/2005/hansch-lecture.html 

[2] J. Hall, Nobel Lecture, http://nobelprize.org/nobel_prizes/physics/laureates/2005/hall-lecture.html 



   Ti:Sapphire systems 

[1] 

• 500-1000 nm,  

• shorter wavelengths by 

frequency doubling 

• 100s of MHz repetition rate  

NIST 



Ramsey-Borde interferometer 
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Use frequency comb to stabilize  
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Compton clock 
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Fringes 

Atom interferometer 

Lock laser to comb line 
Lock comb to zero phase 

1:::: 2 NNrLC 

3x1025 Hz 3x1014 Hz 2 kHz 
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Preliminary data 



• A rock redshifts, time dilates, will soon time the length 

of  the day 

 

• Gravitational AB effect: the phase shift is from the 

potential, not the force 

 

• Compton clock: divide 3x1025 Hz using relativity with 

self-referenced atom velocity  

 

•10-9 redshift test 

 

• Large momentum transfer, conjugate interferometers 

Conclusion 



Time is an illusion, lunchtime doubly so 

Douglas Adams 

 

 

 

 

 

A rock is a clock 
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Schrodinger equation from GR 
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