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“ Caldeira Leggett model”  with 
gravity acting as environment

Emphasize on emerging relativistic corrections

Relativistic corrections correlate internal 
coordinates with center-of-mass coordinates. 
Decoherence!
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Equation of motion Memory kernel Spectral density

Particle of 
interest

Environmental 
particles

By choosing we can match the

underlying microscopic equation of motion with 
the phenomenological Langevin equation

Warning: Infinities ahead!



Equation of motion Memory kernel Spectral density

Particle of 
interest

Environmental 
particles

Matching with

with

Unphysical divergences
a.k.a problematic!



Hamiltonian

(Lamb shift) 

What’s going wrong?

Measurements of what is now known as the Lamb shift 
by Willis Lamb (pictured) and Robert Retherford

Picture from National Archives and Records Admin., 
courtesy AIP Emilio Segrè Visual Archives



Traveling to 2024

Research to gravitational decoherence (decoherence rate from different 
models) [See overview paper by Bose et. al., ArXiv 2311.09218]

Lab tests decoherence regardless of its origin 

What does our theories not predict? (What either can’t be tested in a lab yet.)
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“Atom” interacting with gravity

Atom

Gravitons

⍵k

Environment:

with transverse- traceless 
(TT) gauge applied

Gravitational waves

with source far away Vacuum solution

Expand the perturbation as a sum of discrete modes

Considered kμ = (ωk,0,0,0)
at scale of an atom 



“Atom” interacting with gravity

Atom

Gravitons

⍵k

System
N (for now) non-interacting particles

Hamiltonian



Comment: Not force but momentum

Interaction appears in the 
equation for velocity
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Equation of motion

Analogous to divergent term in the 
Caldeira Leggett model

Diffusion term

Matching with macroscopic Brownian motion?
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On closer inspection

This term is cancelled with a 
correction to the Hamiltonian:

This is just a 
● relativistic correction
● correlation between the particles 

momentum as a consequence of 
interacting with the same environment.



Atom

Gravitons

⍵k

Final Hamiltonian

The “Langevin equation” becomes

Then with linear spectral 
density



Recap

Different ways to model Brownian motion from underlying interactions with 
gravitons leads to different (testable?) predictions.

Implausible physics can be used to restrict possible spectral density of the 
environment.

So, why are incredible small relativistic correction interesting?
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Decoherence in an unexpected way

Gravitational time dilation couples 
internal degrees of freedom (d.o.f.) 
with center of mass d.o.f.

No it doesn’t!
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pr is the relative momentum

P is the total momentum 

Coordinate transformation

When we ignore relativistic correction, we find the 
Hamiltonian for two particles:

with

No interaction between internal d.o.f. and center of mass d.o.f.



Interaction term!

Hamiltonian with correction term included

and thus decoherence!



Take away

Small things might be more significant 
then expected



Comments and outlook

A system interacting with gravity will behave as a more truthful Brownian motion 
when the center of mass coordinates are considered.

Coordinate dependent!



Summary

● Divergences in quantum physics were renormalized after experimentally 
discovering Lamb shift. This was not theoretical predicted!

● What does our theory about quantum systems interacting with gravity not 
predict? (what also can not be experimentally observed yet)

● Relativistic corrections and gravitationally induced correlation between 
particles renormalize equation of motion (with spectral density presented 
here)

● Relativistic corrections (and gravitationally induced correlation between 
particles) correlate internal d.o.f. and center of mass d.o.f., leading to 
decoherence.


