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TRUE OR FALSE?

We ab not have direct accedd lo the Plank scate.

We dbo not have quantum-gravily meadurements.

- Supersymmetric particles
- Violation Lorentz Invariance

- QG imprint on initial cosmological perturbations
- Cosmological variation of couplings

- Quantum decoherence and state collapse

- TeV Black Holes

- Generalized uncertainty principle

- Violation of discrete symmetries
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We b not kave. quantum-gravily meadwrements. M

- Supersymmetric particles

- Violation Lorentz Invariance
- QG imprint on initial cosmological perturbations
- Cosmological variation of couplings

- Quantum decoherence and state collapse
- TeV Black Holes

- Generalized uncertainty principle

- Violation of discrete synlr}letries

- Speed of the gravitons

- Gravitational Wave Echo

- Planck scale spacetime fuzziness

L iy,

- Gravity Induced Entanglement?
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QUANTUM

* Discreteness
* Superposition
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QUANTUM

* Discreteness h
* Superposition

STATES OF THE THEORY

(7‘[, A, W) PHYSICAL QUANTITIES

DYNAMICS / PROBABILITIES
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EXAMPLE: QUANTUM ELECRODYNAMICS

The quanta of a field are particles (Dirac).
DISCRETENESS of the spectrum of the energy of each mode

« STATES F 3 |p1..-Pn)

W
(F, A, W) =« oBSERVABLES A 3 a(k), d (k)

= DYNAMICS W — Feynman rules
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QUANTUM GRAVITY

* Discreteness Gh
* Superposition
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LOOP QUANTUM GRAVITY IN AT-SHIRT

DYNAMICS / PROBABILITIES

//\—/ ol Transition Amplitude:
STATES OF THE THEORY and there was W, = (Pgp, o }e b (T
(2,€) v Yv
Hilbert Space: SPACETIME

Hr = Ly[SU(2)%/SU(2)"]

T

PHYSICAL QUANTITIES
Operator Algebra:

e v a IR 2 iirk : N ,
[La ’ Lb] — Z(Sabg Ek: La Covariant Loop Quantum Gravity, with C. Rovelli
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WHERE IS SPACE?

1. “Space” in the most weak sense: the relation determined by the continuity of things

2. "Space” in the sense of geometry: quantity that we can measure with rods

3. "Space” in the sense of a continuous Riemaniann space: not in the theory

=

“Space” in the sense of the container within which things happen: not in the theory
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EINSTEIN 1915

» (General Relativity: spacetime is the gTavitational field

» background independence / general covariance

U(l)
SU(2)
SU(3)

SL(2,C)

FIELDS «— GAUGE SYMMETRIES

Gravity as an interacting gauge field
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GRAVITATIONAL FIELD

VECTOR FIELD: for each point, associate a vector

TENSOR: for each point, associate n-plet of vectors (references frame)

Minkowski theorem (1897)
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GRAVITATIONAL FIELD

= VECTOR FIELD: for each point, associate a vector

)

//////

= TENSOR: for each point, associate n-plet of vectors (references frame)

\4%&@

Minkowski theorem (1897)
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QUANTUM GRAVITY GOAL

A concrete realization of a quantum theory of the gravitational field
That 1s well defined without uncontrollable infinities

Whose classical limit is General Relativity

In 4 Lorentzian dimensions

s k .
With the standard matter couplings
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MEASURING GRAVITY




MEASURING GRAVITY
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MEASURING GRAVITY
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QUANTUM GRAVITY GOAL

A concrete realization of a quantum theory of the gravitational field v
That 1s well defined without uncontrollable infinities v
Whose classical limit is General Relativity

In 4 Lorentzian dimensions

With the standard matter couplings
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SPINFOAM AMPLITUDES

Probability amplitude  P(1)) = |[(W|t))|?
for a state Wassociated to the boundary of a 4d region Wi(q) ~ Dq okl

Superposition principle (Wly) = Z W (o)
Locality: vertex amplitude W(o) ~ H W
Lorentz covariance Wy = (P, SL(2,C) © Yy ¥o) (1) Spinfoam Hartle-Hawking state

UV and IR finite (with A)

Classical limit: GR (with A)
(via Regge discretization) Barrett et al.'09

www.cpt.univ-mrs.fr/~rovelli/IntroductionLQG pdf
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LOOP QUANTUM GRAVITY IN AT-SHIRT

DYNAMICS / PROBABILITIES

//\—/ & Transition Amplitude:
STATES OF THE THEORY and there was W, = (Pgp, oY 1 )(T)
(2,6) v Yv
Hilbert Space: SPACETIME

Hr = Ly[SU(2)"/SU(2)"]

T

PHYSICAL QUANTITIES
Operator Algebra:

g oFa 2 iirk : L :
[La ’ Lb] — Z(Sabg Ek: La Covariant Loop Quantum Gravity, with C. Rovelli
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SPINFOAM AMPLITUDES

Probability amplitude P(?f)) = |<W|¢>|2

for a state Wassociated to the boundary of a 4d region

Superposition principle (W) = Z W (o)

Locality: vertex amplitude W (o) G:v H W.
v
Lorentz covariance Wy = (Psr,c) © Yy ¥)(T)
UV and IR finite (with A)
Classical limit: GR (with A)
(via Regge discretization) olreik et 03

www.cpt.univ-mrs.fr/~rovelli/IntroductionLQG pdf
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SPINFOAM AMPLITUDES

Probability amplitude P(?f)) = | (th) |2
for a state Wassociated to the boundary of a 4d region W(Q) ~ Dyq el

Superposition principle  (W/[¥) = Z W (o)
Locality: vertex amplitude W(o) ~ H W,.
v

Lorentz covariance W, = (Pg L(2,0) © Yo 0,)(1)

UV and IR finite (with A)

Classical limit: GR (with A)
(via Regge discretization) Barrett et al.'09

www.cpt.univ-mrs.fr/~rovelli/IntroductionLQG pdf
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SPINFOAM AMPLITUDES

Probability amplitude P(?f)) = |<W|¢>|2

for a state Yassociated to the boundary of a 4d region

Superposition principle (W) = Z W (o)

Locality: vertex amplitude W (o) G:v H W,.
v
Lorentz covariance W, = (Pspa.c) © Yy %) (1)
UV and IR finite (with A)
Classical limit: GR (with A)
(via Regge discretization) Celie et s

www.cpt.univ-mrs.fr/~rovelli/IntroductionLQG pdf
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QUANTUM GRAVITY

at low energy
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QUANTUM REFERENCE FRAMES

Physical L.aws arre invariant with respect to Changc of reference frame
Reference frames are defined by material clocks and rods
Clock and Rods have a quantum nature

They can be in superposition: indefinite causal structure
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QUANTUM SYSTEMS

Systems superposed up to ~ 20 g
Quantum superposition of molecules beyond 25 kDa

Yaakov Y. Fein, Phillpp Geyer, Patrick Zwick, Fllip Kiatka, Sebastian Pedalino, Marcel Mayor, Stefan

— C «

Nature Physics 15, 1242-1245 (2019) | Cite this article

Systems superposed as far as ~ 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 &1
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QUANTUM SYSTEMS

Systems superposed up to ~ 20 g
Quantum superposition of molecules beyond 25 kDa

Yaakov Y. Felin, Phllipp Geyer, Patrick Zwick, Fllip Kistka, Sebastian Pedalino, Marcel Mayor, Stefan

— @ C

Nature Physics 15, 1242-1245 (2019) | Cite this article

Systcms superposed as far as ~ 0.5 m

Quantum superposition at the half-metre scale
T. Kovachy, P. Asenbaum, C. Overstreet, C. A. Donnelly, S. M. Dickersen, A. Sugarbaker, J. M. Hogan &
M. A. Kasevich &

Nature 528, 630-533 (2015) | Cite this article
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RAV ITY I N D E D E N TA N L E M E N T Bose, Mazumdar, Morley, Ulbricht, Torof, Paternostro, Geraci, Barker, Kim, Milburn, PRL 2017
Marletto, Vedral, PRI 2017

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

R. Feynman, Chapel Hill Conference (1957)

Theorem: Only non-classical interactions
can give rise to an entangled state!

o,
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QUANTUM GRAVITY
at high energy
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BLACK HOLES

m WHITE HOLES

Singularity 1s removed
Quantum Tunnelling

No information paradox
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BLACK HOLES

i 2 @
REMNANTS \ v v
Minimal Area + Large internal volume = STABLE |  e=—————————====m @
They can be produced before the Big Bang @

Viable Dark Matter Candidate
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COSMOLOGY

= BOUNCING UNIVERSE

Singularity 1s removed

Signature in the CMB

» PRIMORDIAL QUANTUM FLUCTUATION

Spinfoam wavefunction of the universe
Initial state of the quantum geometry

(at the bounce)

Pirsa: 23040100 Page 38/44
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COSMOLOGY

PRIMORDIAL QUANTUM FLUCTUATION

Spinfoam wavefunction of the universe

Initial state of the quantum geometry
(at the bounce)

Correlations and entanglement entropy?
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) M“! e . Mt

Background Spacetime (Continuos) Manifold

(Generalized) Phase Space

QUANTUM THEORY Symplectic Geometry GENERAL COVARIANCE

Discreteness Relational Evolution

Partial Observables

auge Theories sravitational Fielc
Gauge Tl G tat | Field

Reference Fields
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WWW.QISS.FR

STRUCTURE OF SPACETIME

Q I SS RS AUANTUM SNEERMATIDN About QISS  Consortium  Publications  Virtual Seminars  Highlights  Programs

CENTER FOR SPACE,
TIME,
AND THE QUANTUM

JOHN
TEMPLETON

FOQUNDATION
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R Rotman Institute
of Philosophy

ABOUT MEMBERS EVENTS RESEARCH TRAINEES FELLOWS OUTREACH BLOG Q

Outreach

Public Events | Media Engagement | Member News & Updates | Rotman Social Media

Anticipating and responding to societal
consequences of scientific and
technological changes, and leading public
discourse on these issues, is a central goal
for the Rotman Institute. We strive to not
only inform the public about our research
activity, but to engage in a productive

mutual exchange.
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QUANTUM GRAVITY

at high energy
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