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- Quantum Time and quantum clocks
- Indefinite causal structures
- Lack of classical reference frames
- (…)
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Concrete scenarios with 
immediate physical meaning

NONCLASSICAL SPACETIME
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Quantum aspects of spacetime

/192



x

t

P

What are reference frames?

/193



x

t

P

Reference frames are abstract entities, used to fix the 
point of view from which observations are carried out.

What are reference frames?

/193



The laws of physics are the same regardless 
of the choice of the reference frame. 

(Principle of covariance)
x

t

P

Reference frames are abstract entities, used to fix the 
point of view from which observations are carried out.

What are reference frames?

/193



The laws of physics are the same regardless 
of the choice of the reference frame. 

(Principle of covariance)
x

t

P

Reference frames are abstract entities, used to fix the 
point of view from which observations are carried out.
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ÛT = e
i
ℏ X0 ̂p
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Superpositions of spacetimes

m ⋅ Δx ≈ 10−25 g ⋅ m (Aspelmeyer, 2203.05587)

LIGHTEST GRAVITY SOURCE: 90 mg HEAVIEST SUPERPOSED MASS: 10−20g

LARGEST SUPERPOSITION: 0.5 m
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quantum reference frames in 
quantum mechanics
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i + iℏ

dÛi
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Ûvi
⊗ |vi⟩⟨vi |
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ÛA = ∑
i
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quantum reference frames 
and gravity?
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Equivalence Principle in QRFs

F.G., Brukner, 2012.13754 (2020)
F.G., Brukner, AVS Quantum Science (2022)

gμν(P) = ημνP

P
P

Reconciliation of EEP and Principle of 
Linear Superposition
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F.G., Brukner, AVS Quantum Science (2022)

gμν(P) = ημνP

P
P

Reconciliation of EEP and Principle of 
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Test of the generalised EEP
P

P
P gμν(P) = ημν

Test of EEP for QRFs in atom interferometer 
with quantum clocks

If EEP for QRF not valid, it is not possible to 
define time evolution in a QRF

Cepollaro, F.G., 2112.03303 (2021) /1914



Nonclassical spacetime

Is the superposition of gravitational fields a relative concept?
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Gravitational Aharonov-Bohm experiment
(A)

t

x

B

A

A₀

D

(B)

t

x

B

A

D

(C)

≈ 25 cm

M = 1 kg

Overstreet, Asenbaum, Curti, Kim, Kasevich, Science (2022)

ΔϕG =
1
ℏ ∫

T

0
dt[V(x2 − xS) − V(x1 − xS)]Gravitational action 

difference:

Phase shift beyond linear regime

x1

x2

xSx
S

A

D

Source: 
1kg

Rel. phase: 
ΔϕG

t
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What we know from experiments

• Existence of gravitational waves

B. Abbott et al., PRL (2016)

MICROSCOPE Mission, September 2022

• Equivalence Principle is valid up to experimental resolution ( )10−15

Westphal, Hepach, Pfaff, Aspelmeyer, Nature (2021)

• Gravity is tested for masses as light as 90 mg

• Gravitational phase shift between different paths 

• Classical gravity (tungsten) and Quantum Theory (atom) are 
compatible beyond the linear regime
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Three fundamental principles

1.  EXISTENCE OF GRAVITATIONAL FIELDS: 

Any massive particle that is well-localized at a position  sources a gravitational field  

with functional form 

2. FIELD ENERGY PRINCIPLE: 

The phase of an interferometer is a function of the energies of the fields that interact 

with the interfering particle

3. QUANTUM RELATIVITY PRINCIPLE: 

The laws of physics take the same form in every reference frame, including the reference 

frames associated with quantum particles  

(quantum reference frames)

x0 g
g(x − x0)

Overstreet, Kim, Curti, Asenbaum, Kasevich,  Giacomini, 2209.02214 (2022) /1918



Summary

Operational and relational formalism for quantum reference frames: 
associate a reference frame to a quantum system.

In quantum mechanics:
Frame-dependence of entanglement and superposition

Generalisation of covariance
Generalisation of the weak equivalence principle

Operational definition of the rest frame of a quantum system (relativistic spin)

In gravity:
Generalisation of the Einstein Equivalence Principle

Penrose decoherence
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Thank you for your attention!


