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FOUNDATIONAL QUESTION BETWEEN QUANTUM AND GRAVITY

What replaces the classical notion of spacetime when gravity acquires quantum properties?

How do we identify events without a classical spacetime?

QUANTUM FOUNDATIONS

QUANTUM (QUANTUM)
INFORMATION v GRAVITY

QUANTUM EFFECTS IN GRAVITY QUANTUM REFERENCE FRAMES

Flaminia Giacomini - ETH Zurich
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QUANTUM EFFECTS IN GRAVITY
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DO WE REQUIRE A QUANTUM DESCRIPTION OF GRAVITY?

“... it seems to me that we are in trouble if we believe in
quantum mechanics but do not quantize gravitational theory”

R. Feynman, Chapel Hill Conference (1957)
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DO WE REQUIRE A QUANTUM DESCRIPTION OF GRAVITY?

“... it seems to me that we are in trouble if we believe in
quantum mechanics but do not quantize gravitational theory”

R. Feynman, Chapel Hill Conference (1957)

Counter 1

Beam <

Counter 2 ~ Test particle

terconnections

“If you believe in quantum mechanics up to any level then you have to
believe in gravitational quantization in order to describe this experiment.”

Flaminia Giacomini - ETH Zurich
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THE GRAVITATIONAL FIELD OF A QUANTUM SOURCE

article | publshed: 10 arch 2021 GRAVITY SOURCE: 90 mg Schrodinger cat states of a 16-microgram mechanical
Measurement OfgraVitational Coupli“g between 0SCi I Iator SUPERPOSED MASS: 10—"5g
millimetre-sized masses

Tobias Westphal &, Hans Hepach, Jeremias Pfaff & Markus Aspelmeyer & ﬁl o S e E—
Nature 591, 225-228 (2021) | Cite this article SCIENCE - 20 Apr 2023 - Vol 380, lssue 6642 « pp.274-278 - DOL10.1126/sclencead(7553

‘ég—-ﬂr -
Ko

e e
published: 23 Decemoer 200 QUANTUM SUPERPOSITION: 0.5 m
Quantum superposition at the half-metre scale
T. Kovachy, P. Asenbaum, C. Overstreet, C. A. Donnelly, S. M. Dickerson, A. Sugarbaker, J. M. Hogan &
M. A. Kasevich ™~
Nature 528, 530-533 (2015) | Cite this article
Flaminia Giacomini - ETH Zurich 5
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GRAVITATIONALLY INDUCED ENTANGLEMENT

. Bose et al. PRL (2017)
et Marletto, Vedral PRL (2017)

i "/’ ENTANGLED STATE ~ ), €"i|x),|x + d),
NEWTON INTERACTION JiE Nonclassical o
. : H=Vy=-G—-2

: : channel r= V= —
di E (LOCC theorem) | X4 — X5

Many people contributed! E.g. Anastopoulos, Aspelmeyer, Barker, Belenchia, Bengyat, Bhatar, Blencowe, Bose,
Brukner, Carney, Castro-Ruiz, Chen, Christodoulou, Cooper, Di Biagio, Galley, Geraci, Hackermiiller, Howl, Hu,
Huggett, Iyer, Kent, Kim, Krisnanda, Lami, Linneman, Liu, Mahesh, Marletto, Marshman, Martin-Martinez,
Mazumdar, Milburn, Morley, Miiller, Mummery, Naik, Pal, Paterek, Paternostro, Pedernales, Perche, Pitalua-Garcia,
Plenio, Quarfort, Rovelli, Schneider, Schut, Selby, Serafini, Sillanpdd, Tam, Taylor, Toros, Ulbricht, Vedral, Wald, Yant...

LOCC: Bennett et al. PRA (1995)
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IMPLICATIONS OF ENTANGLEMENT VIA THE NEWTON POTENTIAL

see also Christodoulou, Rovelli, PLB (2019)
Martin Martinez, Perche, PRD (2023)
I QUANTUM
MECHANICS

ASSUMPTIONS:

1. Nonlocal interaction

Entanglement
(Newton potential) =

. THEORY-INDEPENDENT NO-GO THEOREM
G. Local field (GR) No entanglement Galley, F.G., Selby Quantum (2022) )
3. Newton interaction + => vacuum fluctuations and gravitational radiation in a quantum state

v . . Bel hia, Wald, F.G., Castro-Ruiz, Brukner, A | , PRD (2018
no faster-than-light principle elenchia, Wa astro-Ruiz, Brukner, Aspelmeyer, ( )

CAN WE FIND MORE GENERAL EFFECTS?

Flaminia Giacomini - ETH Zurich 7
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HOW BROADLY CAN WE TEST QUANTUM EFFECTS IN GRAVITY?

ok J S f § j

B =Mt
h —h

uv 717

4 Ad) o\ 545 B .

EFFECTS BEYOND THE NEWTON POTENTIAL
Chen, F.G., PRX (2025)

h=

1. Non-Newtonian relative phase
2. Quantum commutator effect:

: ; [ (), 4]
) il

Flaminia Giacomini - ETH Zurich
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QUANTUM REFERENCE FRAMES

Diversity of approaches in quantum gravity
and quantum information since the ‘60s

Flaminia Giacomini - ETH Zurich
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HOW DOES A QUANTUM PARTICLE SEE THE WORLD?
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A FOUNDATIONAL AND RELATIONAL APPROACH

F.G., Castro-Ruiz, Brukner, Nat. Commun. (2019)

T DyTIT

Quantum Reference Frame
transformation

10)4, —=(x1)p+ [x2)p)

= J o @u—xluﬂ—m)lw

Flaminia Giacomini - ETH Zurich 11 Q-GraSp
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SUPERPOSITION OF SPACETIMES

QUANTUM REFERENCE FRAMES
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FOUNDATIONAL QUESTION BETWEEN QUANTUM AND GRAVITY
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FOUNDATIONAL QUESTION BETWEEN QUANTUM AND GRAVITY

QUANTUM STATE m
OF GRAVITY

NONCLASSICAL

SPACETIME EVENTS
OBSERVER
Informational TIME
QUANTUM EFFECTS
IN GRAVITY ) approach
[1)]
% SYMMETRIES
TABLE-TOP %
EXPERIMENTS 2

EQUIVALENCE
PRINCIPLE

MEASUREMENTS

How are the physical effects connected to other regimes of physics?

Flaminia Giacomini - ETH Zurich
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TWO WAYS OF “LEARNING”

QUANTUM EFFECTS IN GRAVITY

QUANTUM

OBSERVERS

QUANTUM REFERENCE FRAMES
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THANK YOU!

C. Brukner, E. Castro-Ruiz, G. Amelino Camelia, G. Gubitosi, A. Belenchia,

R.M. Wald. M. Aspelmeyer, A. Vanrietvelde, P.A. Hohn, V. Baumann, F. Del Santo, A.R.H. Smith,
L.F. Streiter, T.D. Galley, J.H. Selby, A. Ballesteros, C. Cepollaro, A. Kempf, M. Paris, L.Q. Chen,

C. Rovelli, C. Overstreet, J. Curti, M. Kim, P. Asenbaum, M. Kasevich,
H. Wang, F. Nori, M.P. Blencowe, D. Fernandez-Silvestre,
L. Hardy, R. Renner

Sébastien Garmier, Lin-Qing Chen, Viktoria Kabel,
Emilien de Bank, Alberto Spalvieri,
Apostolos Giovanakis, Leonardo Valente

Capirai quando avrai dimenticato quello che capivi prima.

I. Calvino

ETHzirich Plimss  Qiss|msmsmee 1 suiss Nationa

Science Foundation
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