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THE EQUIVALENCE PRINCIPLE

“The principle of equivalence has great power. With it one can generalize all the special
relativistic laws of physics to curved spacetime. And the curvature need not be small.”

- worldlines of massive test bodies are time-like geodesics
- photons propagate along null geodesics
-thereis alink [...] between the proper time registered by an ideal clock and the metric

CONCEPTUAL TOOL FOR

FOUNDATIONS OF
GENERAL RELATIVITY

CONSTRUCTING
THE THEORY

The (Einstein) Equivalence Principle encodes the metric character of the theory.
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THE WEAK EQUIVALENCE PRINCIPLE (WEP)




THE WEAK EQUIVALENCE PRINCIPLE (WEP)
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Universality of free-fall: a constant acceleration is indistinguishable from a constant gravitational field

C.M. Will, Theory and experiments in gravitational physics, Cambridge University Press (2018)
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TEST OF THE VIOLATION OF WEP

Internal energy contributes
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C.M. Will, Theory and experiments in gravitational physics, Cambridge University Press (2018)




THE EINSTEIN EQUIVALENCE PRINCIPLE (EEP)




THE EEP AND THE METRICITY OF GENERAL RELATIVITY
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In any and every Locally Inertial Frame (LIF), anywhere and anytime in the universe, all
the (nongravitational) laws of physics must take on their familiar non-relativistic form.

Misner, Thorne, Wheeler “Gravitation”




THE EEP AND THE METRICITY OF GENERAL RELATIVITY
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Einstein Equivalence Principle
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S. Weinberg, Gravitation and Cosmology: Principles and Applications of the General Theory of Relativity (Wiley 1972).




THE EEP AND THE METRICITY OF GENERAL RELATIVITY

e The WEP is valid

e | ocal Lorentz Invariance (LLI): the outcome of any local non-gravitational experiment is
independent of the velocity of the freely-falling reference frame in which it is performed

e |ocal Position Invariance (LPI): the outcome of any local non-gravitational experiment
Is independent of where and when in the universe it is performed.
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GRAVITY INFLUENCES HOW A CLOCK TELLS THE TIME

11 . 29
LOwer 1SS lOwer Article | Published: 16 February 2022

Resolving the gravitational redshift across a
millimetre-scale atomic sample

Tobias Bothwell &7, Colin J. Kennedy, Alexander Aeppli, Dhruv Kedar, John M. Robinson, Eric Oelker,

Alexander Staron & Jun Ye
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Nature 602, 420-424 (2022) | Cite this article

Article | Open access | Published: 12 August 2023

Alab-based test of the gravitational redshift witha
7 = Al + VN(Zl)) """" {1 miniature clock network

- I,

Nature Communications 14, Article number: 4886 (2023) | Cite this article

Chou, Hume, Rosenband, Wineland, Science (2010)




THE UNIVERSALITY OF GRAVITATIONAL REDSHIFT (UGR)

Assume WEP, LLI
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C.M. Will, Theory and experiments in gravitational physics, Cambridge University Press (2018)
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THE UNIVERSALITY OF GRAVITATIONAL REDSHIFT (UGR)
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C.M. Will, Theory and experiments in gravitational physics, Cambridge University Press (2018)




QUANTUM EQUIVALENCE PRINCIPLE(S)
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WHY A QUANTUM EQUIVALENCE PRINCIPLE

= ow(X, h’ —, _
WX, 1) D _ V2 4 mex | w0
ot 2m

G (X, t, X, t;) depends on the mass of the particle!

e the trajectories of the particles that are used to test the EP may be replaced by
quantum states, which can be delocalised in space

e the reference frames attached to the particles (or the clocks) become QRFs when
such particles (or clocks) are in a quantum superposition state

e the internal energies may become quantum operators

e gravity is quantum!
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DIFFERENT APPROACHES TO THE QUANTUM EQUIVALENCE PRINCIPLE

Quantum Aspects of the On Gravity’s Role in Quantum State Reduction On the Equivalence Principle in Quantum Theory (an quantum probe S satisfy the weak
Equivalence Principle equivalence principle?

Roger Penrose!'? Claus Limmerzahl!?
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QUANTUM GENERALISATION OF THE WEP FOR QRFs




EXTENSION OF WEP TO QRFs

Equivalent
via a
QRF transformation

The equations of motion in a superposition of constant gravitational fields are indistinguishable
from those in a quantum superposition of accelerations.

Giacomini, Castro-Ruiz, Brukner, Nat. Commun. (2019)
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Piecewise linear potential
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EXTENSION OF WEP TO QRFs
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QUANTUM GENERALISATION OF THE EEP FOR QRFs




NEED FOR QUANTUM LOCALLY INERTIAL FRAMES

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 nonrelativistic form.

WHAT IS A QLIF?

ooooooooooooooooooooooooo

8., (P)=mn,,

Giacomini, Brukner, 2012.13754 (2020)
Giacomini, Brukner, AVS Quantum Science (2022)
Cepollaro, Giacomini, Class. Quant. Grav. (2024)




QUANTUM SUPERPOSITIONS OF SPACETIMES

We don’t really know, but...

,; .

Massive particle in a superposition

e Macroscopically distinguishable gravitational fields are assigned orthogonal quantum states. The gravitational
fields are said to be distinguishable if they can be distinguished by measuring macroscopic observables

e Each well-defined gravitational field is described by general relativity

e The guantum superposition principle holds for such gravitational fields

Flaminia Giacomini - ETH Zurich
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TEST OF THE QUANTUM EEP IN QRFs




THE ELEMENTS OF THE QUANTUM EEP FOR QRFs

e Q-WEP: The local effects of (quantum) motion in a quantum superposition of uniform
gravitational fields are indistinguishable from those of an observer in flat spacetime
that undergoes a quantum superposition of accelerations.

e Q-LLI: the outcome of any local non-gravitational experiment is independent of the
velocity of the freely-falling quantum reference frame in which it is performed

e Q-LPI: the outcome of any local non-gravitational experiment is independent of the
position of the guantum reference frame in which it is performed.

Test of Q-LPI: assume Q-WEP, Q-LLI

Flaminia Giacomini - ETH Zurich
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WHAT IS A QUANTUM CLOCK?
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WHAT IS A QUANTUM CLOCK?
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WLC2

THE MASS BECOMES
AN OPERATOR!
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QUANTUM CLOCKS AS PROBES OF SPACETIME

Quantum clocks test the principle of linear superposition
and gravitational time dilation together.

“LOWER IS SLOWER”
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The clock carries “which-way” information in its proper time.

Zych, Costa, Pikovski, Brukner, Nat. Commun. (2011)
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NEED FOR QUANTUM LOCALLY INERTIAL FRAMES

Cepollaro, Giacomini, Class. Quant. Grav. (2024)

..... 72@”6!% .
\ What is the “freely-falling

frame momentarily at rest
with the clock™?

It 1s a QLIF!

gAU
o2

7 = (1 + a@®))

The internal energy of the clock contributes differently
to the inertial and gravitational mass operator




TEST OF THE EINSTEIN’S EQUIVALENCE PRINCIPLE FOR QRFs

Cepollaro, Giacomini, Class. Quant. Grav. (2024)

Measurement strategy:
- trace out clock degrees of freedom
- recombine paths at beam splitter T2
1]

i A
<’L'2(V) | Tl(v)> = (7, |7y) — P L dxU(x,)o(x,)(7, | Hc | 71)
y

The probabilities detected at the end of the 1

interferometer explicitly depend on <T2(V) | 1'1("))
D, =gz + -

Atomic clocks interferometers can be used to
test violations of the EEP for QRFs!

Flaminia Giacomini - ETH Zurich 28




SPONTANEOUS STATE REDUCTION AND EEP FOR QRFs

Incompatibility between the principle of linear superposition and the EEP.
R. Penrose, Foundations of Physics (2014)

Mass in a quantum superposition: MR, W S
There is no single coordinate transformation that makes the metric _— (L
locally Minkowski.

Different Killing
vectors

Spontaneous state reduction

Global state has
uncertainty in energy

— unstable configuration

QRFs reconcile the Equivalence Principle with the principle of linear superposition.

Giacomini, Brukner, AVS Quantum Science (2022)

Flaminia Giacomini - ETH Zurich 29



SUMMARY

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

In guantum mechanics:
Frame-dependence of entanglement and superposition
Generalisation of covariance
Generalisation of the weak equivalence principle

In gravity:
Generalisation of the Einstein Equivalence Principle
Penrose decoherence

If gravity is not classical, we cannot have a classical reference frame.
Quantum reference frames can help us!
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