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Motivation
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Approaches to a quantum equivalence principle
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Classical equivalence principles
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(At least) three different principles

Weak 

Equivalence 

Principle 

(WEP)

Einstein’s 

Equivalence 

Principle

(EEP)

Strong 

Equivalence 

Principle

(SEP)

E. Di Casola, S. Liberati, S. Sonego; Nonequivalence of equivalence principles. Am. J. Phys. 1 January 2015; 83 (1): 39–46.
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Weak Equivalence Principle
• The weak equivalence principle asserts the 

equivalence between inertial mass and gravitational 
mass: it’s the universality of free fall.

• Alternatively, it can be formulated saying that a 
constant acceleration is undistinguishable from a 
constant gravitational field.
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Newton’s bucket or the absoluteness of motion

• According to Newton, this experiment 
shows that motion (in particular, 
acceleration) is absolute.

• From this idea, he defines his notion of 
inertial frame: inertial frames are moving 
with constant velocity with respect to an 
absolute space
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Newton’s bucket or the absoluteness of motion

• According to Newton, this experiment 
shows that motion (in particular, 
acceleration) is absolute.

• From this idea, he defines his notion of 
inertial frame: inertial frames are moving 
with constant velocity with respect to an 
absolute space

Ernst Mach (1983): 

When, accordingly, we say that a body preserves unchanged its

direction and velocity in space, our assertion is nothing more or less than

an abbreviated reference to the entire universe.



Einstein’s Equivalence Principle
• Einstein understands that inertia and the gravitational field are the same 

object: it is the gravitational field that defines what frame is inertial, hence the 
gravitational field is not a force, but provides the structure of spacetime.

• The inertial frames are the freely falling frames. This is the core of Einstein’s 
equivalence principle, what he called his happiest thought.
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Einstein’s Equivalence Principle
• Einstein understands that inertia and the gravitational field are the same 

object: it is the gravitational field that defines what frame is inertial, hence the 
gravitational field is not a force, but provides the structure of spacetime.

• The inertial frames are the freely falling frames. This is the core of Einstein’s 
equivalence principle, what he called his happiest thought.

C. W. Misner, K. S. Thorne, J. A. Wheeler, Gravitation (W. H. Freeman, 1973).

In any and every locally inertial frame, 

anywhere and anytime in the universe, all the 

(nongravitational) laws of physics must take 

on their familiar non-relativistic form.
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Einstein’s Equivalence Principle
• The Einstein’s Equivalence Principle prescribes a metric theory 

for gravity, and gives a recipe to write equations of motion:

Weinberg, Steven. Gravitation and Cosmology: Principles and Applications of the General Theory of Relativity (Wiley 1972).
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Einstein’s Equivalence Principle
• The Einstein’s Equivalence Principle prescribes a metric theory 

for gravity, and gives a recipe to write equations of motion:

Weinberg, Steven. Gravitation and Cosmology: Principles and Applications of the General Theory of Relativity (Wiley 1972).

• Einstein’s Equivalence Principle:
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Different aspects of Einstein’s Equivalence 
Principle
• Weak Equivalence Principle (WEP): The local effects of motion in a curved 

spacetime (gravitation) are indistinguishable from those of an accelerated 
observer in flat spacetime.

C.M. Will, The Confrontation between General Relativity and Experiment, Living Rev. Relativity 17 (2014).
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Different aspects of Einstein’s Equivalence 
Principle
• Weak Equivalence Principle (WEP): The local effects of motion in a curved 

spacetime (gravitation) are indistinguishable from those of an accelerated 
observer in flat spacetime.

• Local Lorentz Invariance (LLI): The outcome of any local nongravitational 
experiment is independent of the velocity of the freely-falling reference frame 
in which it is performed.
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Different aspects of Einstein’s Equivalence 
Principle
• Weak Equivalence Principle (WEP): The local effects of motion in a curved 

spacetime (gravitation) are indistinguishable from those of an accelerated 
observer in flat spacetime.

• Local Lorentz Invariance (LLI): The outcome of any local nongravitational 
experiment is independent of the velocity of the freely-falling reference frame 
in which it is performed.

• Local Position Invariance (LPI): The outcome of any local nongravitational 
experiment is independent of where and when in the universe it is performed.

C.M. Will, The Confrontation between General Relativity and Experiment, Living Rev. Relativity 17 (2014).
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The Strong Equivalence Principle
• EEP: In any and every locally inertial frame, anywhere and anytime in the 

universe, all the (nongravitational) laws of physics must take on their familiar
non-relativistic form.

• The Strong Equivalence Principle singles out metric-only theories, such as
General Relativity.

In any and every locally inertial frame, 

anywhere and anytime in the universe, all the 

(gravitational or not) laws of physics must 

take on their familiar non-relativistic form.

Will CM. Theory and Experiment in Gravitational Physics. 2nd ed. Cambridge University Press; 2018.
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Quantum equivalence principles
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Quantum Interpretations of WEP

The trajectories of 

freely falling bodies are 

independent of their

composition
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Quantum Interpretations of WEP

The trajectories of 

freely falling bodies are 

independent of their

composition

The equations of motion

of freely falling bodies 

do not depend on their

mass
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Quantum Interpretations of WEP

The trajectories of 

freely falling bodies are 

independent of their

composition

The equations of motion

of freely falling bodies 

do not depend on their

mass

The equations of 

motion under constant

gravitational field are 

indistiguishable from 

the ones with constant

acceleration
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Quantum Reference Frames
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Motivation
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An operational approach to reference frames

Reference frames are typically treated as an 
abstraction of rods and clocks.
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An operational approach to reference frames

Reference frames are typically treated as an 
abstraction of rods and clocks.

Nevertheless, they are always attached to 

actual physical systems, and as such they 

must obey dynamical laws.

And in particular, they must obey quantum 

mechanics.
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A quantum ruler and a quantum clock

Given a ruler that is in quantum 

superposition of different locations, 

can we still use it to describe 

position?
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A quantum ruler and a quantum clock

Given a ruler that is in quantum 

superposition of different locations, 

can we still use it to describe 

position?

Given a clock that is in quantum 

superposition of different heights in a 

gravitational field, what time will tell?
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Experiments
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Experiments
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(Some) literature on QRFs
• 1712.07207

• 1809.00556

• 1809.05093

• 1811.08228

• 1908.10165

• 1911.04903

• 2004.14292

• 2006.06364

• 2006.07298

• 2008.03317

• 2011.01951

• 2012.13754

• 2012.15769

• 2101.11628

• 2103.01232

• 2103.05022

• 2107.07545

• 2109.01405

• 2109.06184

• 2110.13199

• 2110.13824

• 2112.00046

• 2112.03303

• 2112.11473

• 2201.03120

• 2203.06755

• 2207.00021

• 2209.02214

• 2211.01657

• 2212.14081

• 2302.11629

• 2308.09131

• 2308.10967

• 2308.12912

• 2402.10267

• 2405.00114

• 2406.15838

• 2406.19448
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An introduction to QRFs

F. Giacomini, E. Castro-Ruiz, C. Brukner, Quantum mechanics and the covariance of physical laws

in quantum reference frames. Nat Commun 10, 494 (2019).
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Classical RF transformations

30



Quantum superposition of translations
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Quantum superposition of translations
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Quantum superposition of translations

33

In its frame, B is localized



Quantum superposition of translations
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Quantum Reference Frames

(Ideal) QRF tranformations are 

coherent superposition of CRF transformations
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Quantum Reference Frames
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Quantum-controlled classical transformation

(Ideal) QRF tranformations are 

coherent superposition of CRF transformations



Frame-dependency of resources

Coherence and entanglement are 

frame-dependent features

C. Cepollaro et al, The sum of entanglement and subsystem coherence is invariant under quantum reference frame transformations, 

arXiv:2406.19448 37



The quantum weak equivalence 
principle
F. Giacomini, E. Castro-Ruiz, C. Brukner, Quantum mechanics and the covariance of physical laws

in quantum reference frames. Nat Commun 10, 494 (2019).

38



The classical weak equivalence principle

Weak equivalence principle:

The physical effects seen in a uniform gravitational

field are indistinguishable from those seen from a 

system in constant acceleration.
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The classical weak equivalence principle

Weak equivalence principle:

The physical effects seen in a uniform gravitational

field are indistinguishable from those seen from a 

system in constant acceleration.

Given two particles A and B, if A freely falls with 

constant g and B is free, 

in the RF of A, B is moving with a 

constant acceleration a =-g
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The quantum weak equivalence principle

Quantum weak equivalence principle:

The physical effects seen in a superposition of 

uniform gravitational fields are indistinguishable

from those as seen from a system in superposition

of accelerations.
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The quantum weak equivalence principle

Quantum weak equivalence principle:

The physical effects seen in a superposition of 

uniform gravitational fields are indistinguishable

from those as seen from a system in superposition

of accelerations.

Given two particles A and B, if A freely falls in 

superposition of different g1, g2 and B is free,

can we make a claim similar to the classical case?

42

QRFs!



The quantum weak equivalence principle
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The quantum weak equivalence principle

44

A evolves in a superposition

of two gravitational accelerations



The quantum weak equivalence principle
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The quantum weak equivalence principle

When A falls in a superposition of gravitational accelerations, 

in the QRF of A,  B evolves in a superposition of accelerations

This is the Quantum Weak Equivalence Principle
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The Einstein Equivalence Principle 
for Quantum Reference Frames

F. Giacomini, Č. Brukner, Einstein's Equivalence principle for superpositions of gravitational fields and quantum reference
frames, arXiv:2012.137544

F. Giacomini, Č. Brukner, Quantum superposition of spacetimes obeys Einstein's equivalence principle. AVS Quantum Sci. 1 
March 2022; 4 (1): 015601.

C. Cepollaro, F.Giacomini, Quantum generalisation of Einstein's equivalence principle can be verified with entangled clocks 
as quantum reference frames, 2024 Class. Quantum Grav. 41 185009
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The Einstein’s Equivalence Principle (EEP)

C. W. Misner, K. S. Thorne, J. A. Wheeler, Gravitation (W. H. Freeman, 1973).

In any and every locally inertial frame, 

anywhere and anytime in the universe, all the 

(nongravitational) laws of physics must take 

on their familiar non-relativistic form.
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Locally inertial frames

C. W. Misner, K. S. Thorne, J. A. Wheeler, Gravitation (W. H. Freeman, 1973).

Change of coordinates:

1. Translation

2. Stretching
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Quantum locally inertial frame

F. Giacomini, Č. Brukner, Einstein's Equivalence principle for superpositions of gravitational fields and quantum reference frames, arXiv:2012.137544

F. Giacomini, Č. Brukner, Quantum superposition of spacetimes obeys Einstein's equivalence principle. AVS Quantum Sci. 1 March 2022; 4 (1): 015601.

A mass in spatial superposition generates a superposition of 

gravitational fields.

A clock that evolves in this scenario will get entangled with the 

gravitational field.
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Quantum locally inertial frame

A mass in spatial superposition generates a superposition of 

gravitational fields.

A clock that evolves in this scenario will get entangled with the 

gravitational field.

The Quantum Locally Inertial Frame (QLIF) of the clock is a 

frame associated to a quantum particle where the metric is 

locally flat and well defined. 

51

F. Giacomini, Č. Brukner, Einstein's Equivalence principle for superpositions of gravitational fields and quantum reference frames, arXiv:2012.137544

F. Giacomini, Č. Brukner, Quantum superposition of spacetimes obeys Einstein's equivalence principle. AVS Quantum Sci. 1 March 2022; 4 (1): 015601.



The Einstein Equivalence Principle for QRFs

In any and every Quantum Locally

Inertial Frame (QLIF), anywhere

and anytime in the universe, all the 

(nongravitational) laws of physics

must take on their familiar non-

relativistic form.

52

F. Giacomini, Č. Brukner, Einstein's Equivalence principle for superpositions of gravitational fields and quantum reference frames, arXiv:2012.137544

F. Giacomini, Č. Brukner, Quantum superposition of spacetimes obeys Einstein's equivalence principle. AVS Quantum Sci. 1 March 2022; 4 (1): 015601.



The three aspects of the EEP for QRFs

C. Cepollaro, F. Giacomini, 2024 Class. Quantum Grav. 41 185009

The local effects of (quantum) motion in a superposition of uniform

gravitational fields are indistinguishable from those of an observer in flat

spacetime that undergoes a quantum superposition of accelerations. 

The outcome of any local nongravitational experiment is independent of the 

velocity of the freely falling quantum reference frame in which it is

performed.

The outcome of any local nongravitational experiment is independent of the 

position of the quantum reference frame in which it is performed.

Q-WEP

Q-LLI

Q-LPI
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Towards a test for the principle

C. Cepollaro, F. Giacomini, 2024 Class. Quantum Grav. 41 185009
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Classical tests of EEP
• WEP tests: Comparison between accelerations 

of two bodies of different composition in an 
external gravitational field.

• LLI tests: Tests of special relativity (e.g., 
Michelson-Morley experiment).

• LPI tests: Gravitational redshift experiment.
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Classical tests of EEP
• WEP tests: Comparison between accelerations 

of two bodies of different composition in an 
external gravitational field.

• LLI tests: Tests of special relativity (e.g., 
Michelson-Morley experiment).

• LPI tests: Gravitational redshift experiment.
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The locally inertial frames momentarily at

rest with each clock are related through

Lorentz boosts

The doppler effect gives

the time dilation factor



A classical test for LPI 
The outcome of any local nongravitational experiment is independent of the 

position of the reference frame in which it is performed.
LPI

Will CM. Theory and Experiment in Gravitational Physics. 2nd ed. Cambridge University Press; 2018.

IF NOT LPI
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A quantum test for Q-LPI 
The outcome of any local nongravitational experiment is independent of the 

position of the quantum reference frame in which it is performed.
Q-LPI

C. Cepollaro, F. Giacomini, 2024 Class. Quantum Grav. 41 185009

IF NOT Q-LPI
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Atomic clocks

1. C. Lämmerzahl, On the equivalence principle in quantum theory. Gen Relat Gravit 28, 1043–1070 (1996).

2. M. Zych, F. Costa, I. Pikovski, Č. Brukner, Quantum interferometric visibility as a witness of general relativistic proper time. Nat Commun 2, 505 (2011).

3. M. Zych, Č. Brukner, Quantum formulation of the Einstein Equivalence Principle, Nature Phys 14, 1027–1031 (2018).

Newtonian QM + 

mass-energy equivalence

59

External + Internal DOF



Atomic clocks

1. C. Lämmerzahl, On the equivalence principle in quantum theory. Gen Relat Gravit 28, 1043–1070 (1996).

2. M. Zych, F. Costa, I. Pikovski, Č. Brukner, Quantum interferometric visibility as a witness of general relativistic proper time. Nat Commun 2, 505 (2011).

3. M. Zych, Č. Brukner, Quantum formulation of the Einstein Equivalence Principle, Nature Phys 14, 1027–1031 (2018).
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Newtonian QM + 

mass-energy equivalence

External + Internal DOF



Atomic clock interferometry
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Atomic clock interferometry
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Atomic clock interferometry
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Atomic clock interferometry
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The test for EEP for QRFs

IF NOT Q-LPI
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The test for EEP for QRFs

IF NOT Q-LPI

Atomic clock interferometers can be used to measure

vioaltions of the EEP for QRFs
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Summary
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Take-home messages
• There are different definitions of equivalence principle, depending on their 

interpretation one ends up with different compatibility with QM
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Take-home messages
• There are different definitions of equivalence principle, depending on their 

interpretation one ends up with different compatibility with QM

• Quantum Reference Frames (QRFs) generalize classical RFs for particles that 
can be in quantum superposition

• QRFs can be used to define a quantum extension of the Einstein’s 
Equivalence Principle 

• This EEP for QRFs can be tested with atomic clock interferometers
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Thank you!
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