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Can we talk about quantum 
space without gravity?

BOTTOM-UP APPROACH: 
Start from quantum, 

include gravity
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Can we “attach” a reference frame to an object whose state is 
in a superposition of classical states (in some basis)?

Flaminia Giacomini - ETH Zurich
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What is the state of  A from 
the perspective of  C?
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COVARIANCE OF PHYSICAL LAWS IN QUANTUM MECHANICS

4Flaminia Giacomini - ETH Zurich

x

t

P
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ÛB = e
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The reference frame 
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as a parameter.

Ĥ′ = ÛĤÛ† + iℏ
dÛ
dt

Û†

Covariance of  physical laws

Ĥ′ = Ĥ
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1. Add Hilbert space of  the QRF 
2. Translate by a different amount 

for each position of  A
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The simplest case: spatial translations in 1D
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2
( |x1⟩A + |x2⟩A) |x0⟩B
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BC({mi, ̂qi, ̂πi}i=B,C)

Giacomini, Castro-Ruiz, Brukner, Nat. Commun. (2019)



EXTENDED COVARIANCE AND SYMMETRIES OF DYNAMICAL LAWS

8Flaminia Giacomini - ETH Zurich

A: new reference frame 
B: quantum system 
C: old reference frame

To change to the frame of  A we apply the unitary transformation  ̂S

iℏ
d ̂ρ(C)

AB

dt
= [Ĥ(C)
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Inertial QRF transformations 
form a group! 

Ballesteros, Giacomini, Gubitosi, 
Quantum (2021)
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Ĉi = g00( ̂xi − ̂xM) ̂pi
0 −

̂p2
i

2mi
Dispersion relation of  the single clock

̂f 0 = ∑
i ( ̂pi

0 + g00( ̂xi − ̂xM)
Ĥi
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Ĥi

c ) + ̂pM
0

̂f = ∑
i

̂pi + ̂pM

See Page-Wootters

See relational construction of   
Vanrietvelde, Höhn, Giacomini, Castro Ruiz, Quantum (2020)



QRF IN SPACETIME

Flaminia Giacomini - ETH Zurich 10

Giacomini, Quantum (2021)

x0

x
M

Quantum clocks: external and internal d.o.f.
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Gravitational 
time dilation

Δ( ̂xj, ̂xM) = 1 +
Φ( ̂xj − ̂xM) − Φ( ̂xM)

c2
Proper time of  
the i-th clock

̂f 0 = ∑
i ( ̂pi

0 + g00( ̂xi − ̂xM)
Ĥi

c ) + ̂pM
0

̂f = ∑
i

̂pi + ̂pM

See Page-Wootters

See relational construction of   
Vanrietvelde, Höhn, Giacomini, Castro Ruiz, Quantum (2020)

Conservation of  the 4-momentum
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γ2

A

B

B

Giacomini, Quantum (2021) 
Cepollaro, Giacomini, 2112.03303 (2021)
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γ2

A

B

B

Giacomini, Quantum (2021) 
Cepollaro, Giacomini, 2112.03303 (2021)

B in a superposition from A 
A in a superposition from B
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γ2

A

B

B

Giacomini, Quantum (2021) 
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B in a superposition from A 
A in a superposition from B
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γ2

A

B

B

Giacomini, Quantum (2021) 
Cepollaro, Giacomini, 2112.03303 (2021)

B in a superposition from A 
A in a superposition from B

A and B tell the same time; 
Sharp from each other’s perspective



CONCLUSIONS

Flaminia Giacomini - ETH Zurich 12

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

Conceptually, space and time are quantum when quantum systems serve as reference frames. 

Where do we go now? 
Need to modify/extend the framework to include gravity explicitly

Relation to NONCLASSICAL SPACETIME is still unknown 
Structure of  transformations? 

Properties of  nonclassical spacetime? 
Observable features? 

Relation to experiments?

THANK YOU!


