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Does quantum superposition principle apply at arbitrarily 
large mass/distance scales?   

[W. H.Zurek, Physics Today, October 1991, p. 30]

Does gravity place a fundamental limit on these scales?



[Nature 528, 530 (2015)]

�z ⇡ 1.2 cm �z ⇡ 54 cm

M ⇡ 87mn



[Phys. Chem. Chem. Phys., 15, 14696 (2013)]

M ⇡ 104 mn �z ⇡ 266 nm



[Science 342, 710 (2013)]

M ⇡ 1013 mn �z ⇠ 10 fm
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A relativistic proper time formulation of the relative phase shift:
[D. M. Greenberger, Rev. Mod. Phys. 55, 875 (1983)]
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Does gravity place a fundamental limit on the quantum 
superposition principle?
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Composite dynamical system:      fluctuates M

Gravity is dynamical: proper time     fluctuates  ⌧

decoherence

cos(��) ! hcos(��)i = e�h��2i/2
| {z } cos(h��i)

Heuristically:



Learning from mechanical quantum analogues (via the 
equivalence principle)… 

[Phys. Rev. A 92, 042104 (2015)]

vibration frequency:

amplitude:

max acceleration:

A particle attached to the vibrating surface experiences a g-
force comparable to the surface gravity of a neutron star!

⌦ ⇠ 2⇡ ⇥ 100 MHz

X0 ⇠ 1 nm

|Ẍ(⇡n/⌦)| = ⌦2X0 ⇠ 109 ms�2



Suppose vibrating wire frame in a quantum state: X̂(t)

hcos(��)i ! 0

when atom (particle) dwell time in frame satisfies 

T � ~
�E

atom

Uncertainty in atom’s energy due to 
vibrating frame quantum uncertainty 



Alternative, relativistic “twin paradox” formulation for 
decoherence due to quantum reference frame?

Formally,

hcos(��)i =
D
T e�imc2

~ [

R T
0 dt(d⌧̂R/dt)�T

]

E

⌧̂R quantum proper time operator



Now back to gravity…

Wish to quantitatively evaluate the effect of gravity on 
macroscopic mass/energy quantum superpositions



gravitational induced decoherence

classical 
phenomena

big bang

black hole singularities

Full Quantum Theory of Gravity 

Low energy effective quantum field 
theory

General relativity

Rµ⌫ � 1

2
Rgµ⌫ =

8⇡G

c4
Tµ⌫

e.g., Minkowski or weak curvature 
background

Philosophy: view standard, perturbative quantum field 
approach as an effective theory, valid at low energies.     
[J.F. Donoghue, PRD 50, 3874 (1994); arXiv:1209.3511]

corrections 
to Newton

ĝµ⌫ = g(0)µ⌫ + ĥµ⌫



[Phys. Rev. Lett. 96, 050405 (2006)]

[Nature Phys. 11, 668 (2015)]

[Class. Quantum Grav. 30, 165007 (2013)]

[Phys. Rev. Lett. 111, 021302 (2013)]



Consider massive scalar field (composite matter system) 
interacting with gravity (environment): 

Action
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Assume metric deviations from flat (Minkowski) spacetime are 
small: gµ⌫ = ⌘µ⌫ + hµ⌫



Expand action to second order in h:

where
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second order in h: graviton scattering, emission and absorption (neglect)

energy momentum tensor of scalar field

S [hµ⌫ ,'] ⇡ Ssys ['] + Senv [hµ⌫ ] + Sint [hµ⌫ ,']

gµ⌫ = ⌘µ⌫ + hµ⌫

first order in h 



Now wish to determine          , assuming gravity environment in 
a thermal equilibrium state.
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Use closed time path integral approach:

    is the “Feynman-Vernon influence action”:  gives affect of 
gravity environment on scalar matter system. Straightforward to 
evaluate for       neglecting quadratic in h term:  
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Evaluate SIF to lowest, quadratic order in   with harmonic gauge 
fixing term inserted in       . Obtain Born-approximated master 
equation for the scalar system:     
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Construct initial quantum state for scalar field system: 

Coherent state

where                                                 ;   
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Describes a stationary Gaussian matter “ball” of radius 
R, centered at     :  



Consider ball radius                                                for a 
nucleon mass.

R o �
compton

=
~
mc

⇠ 10�16 m

Hence, rest mass is dominant energy content of ball: non-
relativistic, approximately stationary with little dispersion.

Macroscopic initial superposition state:

where                                    

⇢̂sys(0) = | (0)ih (0)|
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Noise part of master equation (responsible for decoherence) 
simplifies approximately to:
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Master equation expressed in field coordinate basis.



Yields the following decoherence time for the initial 
macroscopic “ball” superposition state: 

⇢̂sys(0) = | (0)ih (0)|

Distinct energy superpositions decohere, not position.

See also:  Anastopoulos and Hu, Class, Quantum Grav. 30, 165007 (2013). 
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Ball energies in the superposition

Planck energy
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Some time scales: assume T~1K; eV atoms

•A hydrogen atom simultaneously in a ground     
and an excited electron state:                          
decoherence rate ~ 10-45 secs-1.

•A gram object where every atom is simultaneously 
in a ground and an excited state:                  
decoherence rate ~ 102  secs-1. 

•A kilogram object where every atom is 
simultaneously in a ground and an excited state: 
decoherence rate ~ 108 secs-1.  



Back to mechanical analogues: the “phase damped oscillator”  

[C. W. Gardiner and P. Zoller, Quantum Noise (Springer 2000)]
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E.g., optomechanical system with dense mechanical mode 
spectrum



Time evolution of oscillator system density matrix in high 
temperature limit                                  :t � ~/(kBT ) � !�1
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Open problems:

•Validity of the master equation approach (gauge issues, initial 
system-environment product state assumption etc…).

•Consequences of graviton emission/absorption for 
decoherence.

•Decoherence at low temperatures.

•Decoherence “on Earth,” i.e., in presence of weak background 
gravitational field (breaking of translational symmetry may result in spatial 

superpositions decohering).

•Decoherence versus “actual” collapse (postulate of 
“undecidability” [R. Gambini et al., Found. Phys. 40, 93 (2010)] allows for 
interpretation of actual outcome or event: effective field theory method can 
provide quantitative predictions for such  outcomes). 



Gravity is very weak, but then 
quantum coherence is very fragile!


