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QUANTUM ASPECTS OF SPACETIME

What replaces spacetime when gravity acquires quantum properties?

GENERAL RELATIVITY QUANTUM THEORY
GRAVITY

CLASSICAL
MATTER

T QUANTUM
T, — T, B

Can we talk about quantum
space without gravity?
PLANCK-SCALE ARGUMENTS
Heisenberg microscope
Fundamental discreteness

... more examples! BOTTOM-UP APPROACH:

Start from quantum,
include gravity
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NONCLASSICAL SPACETIME REQUIRES QUANTUM REFERENCE FRAMES

What is the state of A from
the perspective of C?

Can we “attach” a reference frame to an object whose state is
in a superposition of classical states (in some basis)?
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COVARIANCE OF PHYSICAL LAWS IN QUANTUM MECHANICS
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Translation UT — 7 XoP

R o The reference frame
Galilean boost UB — 7’0 G = pt — mX enters the transformation
e as a parameter.
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Covariance of physical laws
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COVARIANCE OF PHYSICAL LAWS IN QUANTUM MECHANICS

t
P‘ /!
Translation lA]T — e%Xoﬁ j
R A The reference frame
Galilean boost UB — 7’0 G = pt — mX enters the transformation
e as a parameter.
° —
Covariance of physical laws
Symmetry

" mnn. . dU . .
H' = l]I{lﬂL‘FlhElﬂL H=H
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QUANTUM REFERENCE FRAME TRANSFORMATIONS

The simplest case: Transformation to relative coordinates Giacomini, Castro-Ruiz, Brukner, Nat. Commun. (2019)
Xa ™ —dc

Xp P 4p — qc enPs| x)p = |x — a)p

A

1. Add Hilbert space of the QRF
2. Translate by a different amount
for each position of A

P AC)%A@Z ~= —{qc  parity-swap operator
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QUANTUM REFERENCE FRAME TRANSFORMATIONS

The simplest case: spatial translations in 1D Giacomini, Castro-Ruiz, Brukner, Nat. Commun. (2019)

(A) _ ¢ H(O) T
Ppc — Sx AB Sx

1
— (x4 + [x2)0) | X0)

V2

Entanglement and superposition are QRF dependent
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QUANTUM REFERENCE FRAME TRANSFORMATIONS

The simplest case: spatial translations in 1D Giacomini, Castro-Ruiz, Brukner, Nat. Commun. (2019)
(A) _ (O) o
Psc = SiPi i

EQUIVALENT

Quantum Reference
Frame transformation

1
—(‘X1>A + \XQ>A) ‘XO>B \/ —( \Xo —x1>3‘ —x1>c+ \xo —X2>B‘ _X2>c)
2 \/E
o— 1

(=

Entanglement and superposition are QRF dependent
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A: new reference frame dA(C)
B: quantum system 17 PAB _ IfI(C) ~A(C)
C: old reference frame : At =1 AB"OAB]

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

The evolution in the new
reference frame is unitary.

A) A(A)]

B Ppc

(A) — (OQt L 4 CfF
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EXTENDED COVARIANCE AND SYMMETRIES OF DYNAMICAL LAWS

A: new reference frame dA(C)
B: quantum system 17 PAB _ IfI(C) ~A(C)
C: old reference frame : At =1 AB"OAB]

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

The evolution in the new
reference frame is unitary.

A\

(A) — (OQT L 4 CF
HBC—SHABS + ih—S

We define an extended symmetry transformation as: i
N 2 A A = . ds . A o ﬁ(A) — S'ﬁ(C)S’T
SHIES?)({mia % DiYizap)S' + lhEST = Hg‘g({m,-, di>» i} i=B.C) BC AB

Valid for:
- Superposition of translations
- Superposition of Galilean boosts
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EXTENDED COVARIANCE AND SYMMETRIES OF DYNAMICAL LAWS

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

The evolution in the new
reference frame is unitary.

(A) — (OQt L 4 CfF
HBC—SHABS +zhdtS
A(A) — QAO)
'OBC_S'OABS

We define an extended symmetry transformation as:

A\

e A A A . dS A A A

Valid for: Inertial QRF transformations
- Superposition of translations form a group!

- Superposition of Galilean boosts
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1D model

State with zero total momentum
= coherent group averaging
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ABC

‘OjAlBC — eWXA(pB_FpC) Map constraint on QRF Hilbert space
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RELATIONALISM IN QRF TRANSFORMATIONS

1D model
1 i B :
pyh  — | gyt State with zero total momentum
PllP)ABC %) anc zﬂj ae™ | Plac = coherent group averaging
L2 (DptD A : :
‘GjAlBC — eth(pB+pC) A|BC‘ T>ABC \PA = O>A | l/j>1(3c) Map constraint on QRF Hilbert space

/

\l//>(A) = JdpA(p | T AIBC | \P>ABC Reduced state in the relational variables
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RELATIONALISM IN QRF TRANSFORMATIONS

1D model ﬁ=z ZV(X—X)'F/UD (f’=2ﬁi%0>

l 1<j

L[ .. .
pyh  — | ggeref State with zero total momentum
P‘lP>ABC %) anc oz | € | $)anc = coherent group averaging
‘GjAlBC = 67xA(pB+pC) gA|Bc | \P>ABC [Py = 0)4] l//>(A) Map constraint on QRF Hilbert space
| l//>(A) = J'dpA(p | 7 Al T)ABC Reduced state in the relational variables
Sx — @AC e%fCAﬁB Remember?

Vanrietvelde, Hohn, Giacomini, Castro Ruiz, Quantum (2020)
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Quantum clocks: external and internal d.o.f.
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Quantum clocks: external and internal d.o.f. x0
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Quantum clocks: external and internal d.o.f.

C, = \/goo(fci — XD} P Dispersion relation of the single clock

Y = Z (ﬁg + \/ Zoo(X; — JEM)—Z> + 151(‘)4 - > See Page-Wootters

s ~j o AM . .
/= ZP’ TP - - See relational construction of
[ Vanrietvelde, Hohn, Giacomini, Castro Ruiz, Quantum (2020)

S~ ‘Y e

Conservation of the 4-momentum

Flaminia Giacomini - ETH Zurich




QRF IN SPACETIME

Quantum clocks: external and internal d.o.f.

A2
C, = \/goo(fci — XD} ;’; Dispersion relation of the single clock

l

Vo

H,
£0 = Z ( +1/800(%; — Xp)— ; ) + Py - —> See Page-Wootters

i
7 ~j o AM . .
/= ZP’ TP - - See relational construction of
[ Vanrietvelde, Hohn, Giacomini, Castro Ruiz, Quantum (2020)

S~ ‘Y e

Conservation of the 4-momentum

d ®) A .
lh ‘W(T)> 2 [Hext_l_ A( xM)H]] |l//(Tl)>(l)

’ JFL

Flaminia Giacomini - ETH Zurich 10



QRF IN SPACETIME

Quantum clocks: external and internal d.o.f. x0
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Quantum clocks: external and internal d.o.f. x0
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QRF IN TIME - RELATIVE LOCALISATION OF EVENTS

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

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




CONCLUSIONS

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

Conceptually, space and time are guantum 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!
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