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Quantum Reference Frame Transformations [1]

Generalization of classical coordinate transformations – shifts, boosts, 
uniform accelerations – to superpositions thereof. 

Example: System A in superposition 
with respect to systems B and C. The  
transformation from C’s to A’s 
reference frame is implemented by a  
controlled shift:  

Overview

The current theories of quantum physics and general relativity on their 
own do not allow us to study situations in which the gravitational 
source is quantum. We propose a strategy to determine the dynamics 
of objects in the presence of mass configurations in superposition, and 
hence an indefinite spacetime metric, using quantum reference frame 
transformations. We do so by assuming covariance of dynamical laws 
under quantum coordinate transformations, and find the time dilation 
caused by a gravitating object in superposition.

Generalizations

The above argument can be extended to more general mass configurations as long 
as one does not violate the symmetry of the theory by going from one frame to 
another. As the QRF transformation does not act on the gravitational field, this 
restricts us to superpositions of configurations related by relative-distance-
preserving transformations. We construct a generalized QRF transformation 
implementing a superposition of these transformations, which is able to render the 
gravitational field definite.

Key Takeaways

✓ Predictions based on extended symmetry arguments using QRFs and classical GR. 
✓ Particle moves in superposition of geodesics, entangled with mass configuration. 
✓ Hints towards a quantum nature of gravitational field sourced by masses in 

superposition.

Motion of a Probe in Presence of a Mass in Superposition

Argument 
1. R’s Perspective 
Probe S in presence of a massive body M in superposition. There is no fixed spacetime 
background and thus the dynamics cannot be determined by using QM and GR alone. 
2. M’s Perspective 
Probe S in superposition in presence of a massive body M with definite position, sourcing a 
classical gravitational field. Dynamics provided by the Hamiltonian for Newtonian gravity or 
the geodesic equation with different initial conditions. 
3. R’s Perspective 
Applying the inverse QRF transformation, we obtain the probe‘s motion in the original frame, 
in which the massive body  M is in superposition.

The probe gets entangled with the mass, following a geodesic in each branch.

Application

Qualitative behavior of a quantum clock (a) in the RF of R 
and (b) in the RF of the gravitational source M. The super- 
position of ticking rates carries over to the RF of R, in 
which the clock is in a definite position while the 
gravitational source is in a spatial superposition.
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