
Gravitational time dilation & free fall;  
Thomas precession

Outline:
- Ocean waves vs. de Broglie waves: 
  - gravitational time dilation explains the free fall 
  - motion along geodesics follows; not postulated 
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- Thomas precession: the fate of the angular momentum 

       



Part 1/2: 
Time dilation 
and free fall
Explanation why world-lines follow geodesics 
(as mentioned in talks  
by Francisco Lobo and Tiberiu Harko 
this morning)



Gravitational time dilation

h
Example: a weekend trip from Seattle to Mount Rainier, 
t = 40 hours, elevation h = 1340 metres,

For h = 1 cm, ∆t/t = 10-18

This tiny difference of time flow makes things fall!



How does this tiny difference cause falling?

Matter waves evolve faster at a higher elevation. 

Intuitive example: ocean waves; why do they always approach the beach?

Reason: waves are slower in shallower water,



https://www.slideserve.com/idana/chapter-10-waves



What does this mean for matter waves?

Consider a free particle traveling vertically: a plane wave

we usually neglect this term: an overall phase, 
independent of particle’s motion;  
but near the earth, time t has a slight z-dependence

this is just the free-fall evolution of momentum



Phase of matter waves in space-time

Note: this plot shows a one-dimensional motion (only vertical), 
not a two-dimensional projectile motion. 

Velocity from the slope:

h cancels with

We reproduce the familiar result,

First described by William Wootters (2003) 
https://doi.org/10.1023/A:1026052631476



Application: twin paradox (local version)

Rear clock 
is ahead by

Clocks are synchronized in the train’s frame. 

Observer on the ground sees them out of synch. 

What happens if the observer  
decides to get on the train? 



Application: twin paradox (local version)

Rear clock 
is ahead by

(here “g” is the average acceleration)

After settling on the train, 
the observer sees both clocks  
show the same time.



Part 2/2: 
Thomas precession



Magnetic moment

B

I F

A loop with a current
in a magnetic field:

torque acts along
the axis



What happens when a charged particle rotates?

BRotation of charges
equivalent to currents;

Magnetic field exerts
torque

Precession results



Magnetic moments 
Spinning charged particle: magnetic dipole

For elementary fermions (electron, muon), 
Dirac equation predicts 2g =

This is a special value; 
if g were exactly 2,  
spin and velocity would stay parallel.

If no spin, only orbital angular momentum: g = 1.
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Muon g-2 experiments: CERN / Brookhaven / Fermilab:

Thomas precession for muon g-2: g/2 or g-1?



Thomas precession: 2-1, not 2/2
Precession of velocity and of spin

How can there be a g-independent term?? 



Thomas precession: 2-1, not 2/2
Precession of velocity and of spin

How can there be a g-independent term?? 
This is the Thomas precession.



What is Thomas precession?

Subsequent co-moving inertial frames of the particle 
undergo a retro-grade precession

Spinning electron orbiting a nucleus, 
or a muon in a storage ring: 
both the velocity and the spin precess.



Thomas precession: discovery

Ludwik Silberstein (1872-1948) with Niels Bohr

Around the same time: 
Borel; Foppl & Daniell; Fermi; Walker; de Sitter 
see Krivoruchenko, Успехи физических наук, 2009



Thomas precession: last discovery

Llewellyn Hilleth Thomas 1903-1992



Thomas precession: elementary derivation

In the comoving frame of the airplane, 
longitudinal distances are contracted. 
In its rest frame, airplane rotates by 
a larger angle,

<latexit sha1_base64="8JCmFFHqKkfVxYuYkrpwHUIyNoM=">AAACBXicbVDLSgNBEJz1bXxFPRpkUARPYSME9SCIXjwqmETIxtA76SSDM7vLTK8QghdB/BUvHhQRb/6DN7/Bn3DyQHwVNBRV3XR3hYmSlnz/3RsZHRufmJyazszMzs0vZBeXyjZOjcCSiFVszkKwqGSEJZKk8CwxCDpUWAkvDnt+5RKNlXF0Sp0EaxpakWxKAeSkejYXUBsJzoPESI18jwct0BoGaj277uf9PvhfUhiS9f3cy8nHzerLcT37FjRikWqMSCiwtlrwE6p1wZAUCq8yQWoxAXEBLaw6GoFGW+v2v7jiG05p8GZsXEXE++r3iS5oazs6dJ0aqG1/ez3xP6+aUnOn1pVRkhJGYrComSpOMe9FwhvSoCDVcQSEke5WLtpgQJALLtMPYbeH4tfLf0l5K18o5v0Tl8YBG2CKrbA1tskKbJvtsyN2zEpMsGt2xx7Yo3fr3XtP3vOgdcQbziyzH/BePwEyypw2</latexit>

✓0 = �✓
<latexit sha1_base64="04lRvAlibgUkK1PoVw8xcIicWEY=">AAACB3icbVDLSsNAFJ34rPUVdSnIYBHcWJJCURdC0Y3LCvYBTSyT6aQdOpPEmUmhhOzc9FfcuFDErb9Q3Pg3Ttoiaj0wcDjnXO7c40WMSmVZn8bC4tLyympuLb++sbm1be7s1mUYC0xqOGShaHpIEkYDUlNUMdKMBEHcY6Th9a8yvzEgQtIwuFXDiLgcdQPqU4yUltrmgdNFnCN4ARPbCXUSOvJeqMQ+GdyV0rRtFqyiNQGcJ/aMFCqVj8gZ8XG1bY6dTohjTgKFGZKyZVuRchMkFMWMpHknliRCuI+6pKVpgDiRbjK5I4VHWulAPxT6BQpO1J8TCeJSDrmnkxypnvzrZeJ/XitW/pmb0CCKFQnwdJEfM6hCmJUCO1QQrNhQE4QF1X+FuIcEwkpXl5+UcJ6h/H3yPKmXina5aN3oNi7BFDmwDw7BMbDBKaiAa1AFNYDBA3gEz+DFGBlPxqvxNo0uGLOZPfALxvsXFK6crw==</latexit>

� =
1p

1� v2

For the precession to have the same 
frequency as the velocity, the rest frame 
must be counter-rotating with
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Thomas precession: what happens with angular momentum?
work in progress with Andrei Zelnikov

Displacement of the center of mass 
with respect to the center of inertia

Typical trajectory of the center of inertia

Case of a large spin



Summary
— Free fall explained by the evolution rate of matter waves 
at various altitudes.  
— Analogy: ocean waves near beaches. 
— Take-home message: non-relativistic matter follows geodesics  
because of the phase evolution of its wave function. 
— The role of the mc2t term in the phase: discussed previously, 
Sagnac effect: 

— Thomas precession: not only does the spin precess but also the orbit is 
distorted;  
— Hypothesis: chaotic effects may result for large spin  


