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Quantum theory = a precisely-tested theory...

Magnetic moment of the electron H. Dehmelt
Pexb _ 1,001 159 652 180 73(28)
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qp Htheo _ 1.001 159 652 153 4(240)
2un - 1989

Spectroscopy of atoms R
|

Ex: Hydrogen  f;2,, =2 466 061 413 187 018(11) Hz

Hii
theo =2 466 061 413 187 103(46) Hz

BRI

International system of units

h = 6.62607004 x 10_34 kg.m2/s now exact (2019)|



Explaining all aspects of our world (but gravitation...)

Conduction Band Energy Band Gaps in Materials
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With predictive power...

Bose-Einstein condensate: prediction 1924 / experiment 1995
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And with many, many, many... appllcatlons...

laser

Transistors Information world
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The essence of quantum physics: superposition

Quantum objects can be in

several states at the same time... .
Proof: interferences
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Tests of the superposition principle: examples

Atoms, molecules... Nature 1999 Electrons
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The superposition principle in our daily lives...

Magnetic resonance transistors
imaging

Atomic clock

miniaturised
magnetometer

nanotesla
sensitivity
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The superposition principle in our daily lives...

Atomic clock Magnetic resonance transistors
imaging

The First Quantum Revolution (1920-1980...)

SUPERPOSITION

(at the individual particle level...)
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Superposition principle for 2 objects = entanglement

MAY 15, 1935 PHYSICAL REVIEW VOLUME 47

Can Quantum-Mechanical Description of Physical Reality Be Considered Complete?

A. EnstEIN, B. PopoLsky AND N. RosEN, Institute for Advanced Study, Princeton, New Jersey
(Received March 25, 1935)
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Strong quantum correlations!!

VorumMe 49, NUMBER 25 PHYSICAL REVIEW LETTERS 20 DECEMBER 1982

Experimental Test of Bell’s Inequalities Using Time-Varying Analyzers

Alain Aspect, Jean Dalibard,”®’ and Gérard Roger
Institut d'Optique Théorique et Appliguée, F-91406 Ovsay Cédex, France

(Received 27 September 1982)




« There is plenty of room at the bottom ...»

“There's Plenty of Room at the Bottom: An
Invitation to Enter a New Field of Physics”
R.P. Feynman, Caltech (1959)

I

R.P. FeYnman

Problem: exponential complexity 2 d. of freedom (spin...) ¥i = (Z)

Many-body wavefunction: ¥ =¥(1,2,...,N) = ¥ requires 2" numbers
Record ab-initio calculation (2026) N ~ 50 = 2°° ~ 101> = 1000 Tb RAM !!

Worldwide computer memory (2026): 10 zetabytes (10%2) = N ~ 70 !!

Huge challenge to calculate complex quantum systems

BUT... opportunity if properly harnessed



Isolating & manipulating single quantum particles

The point of view of a founding father...

In the first place it is fair to state that we are not experimenting
with single particles, anymore than we can raise Ichtyosauria in

the zoo.

...., this is the obvious way of registering the fact, that we never
experiment with just one electron or atom or (small) molecule. In
thought-experiments we sometimes assume that we do; this
envariably entails ridiculous consequences.

E. Schrodinger

British Journal of the Philosophy
of Science IIl (10), (1952)




60 years later...

S. Haroche (France) D. Wineland (USA)

"for ground-breaking experimental methods that enable measuring
and manipulation of individual qguantum systems"



Trapping individual particles: the early days...

H. Dehmelt

VorLume 31 19 NOVEA\'BER 1973

Numsex 21

Monoelectron Oscillator

D. Wineland, P, Ekstrom, and H, Dehmelt
Department of Physics, University of Washington, Seattie, Washington 98195

(Received 13 August 1973) Si n gl e e | e Ct ro n
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1989

W. Paul: ion trapping techniques

PHYSICAL REVIEW A VOLUME 22, NUMBER 3

SEPTEMBER 1980

Localized visible Ba* mono-ion oscillator P
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Department of Physics, University of Washil Seattle, Washi 98195
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Today, we can « see » atoms

Scanning tunnel microscope (IBM, 1981) g
= Fe—= A
\K‘,_/'--.'.‘ "

T

it

« see » electronic cloud

Light scattered by a single atom: see directly...

<

1024 atoms



The second Quantum Revolution (1990 - ...)

Entanglement

4

Manipulation of individual
guantum systems



Quantum state engineering

Quantum Simulation
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NV center, SiV

Cold atoms &
molecules

Quantum dots

Rydberg atoms

yCamore processor, Google Inc.

Superconducting
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Photons

V‘C:
o
o
0 =

e
-
-8

(@

Polaritons in semi-
conductors



Engineering with individual quantum systems
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Innsbruck \,

Trapped ions

Two-level systems to encode a spin:
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Addressable + controlled interactions

Sycamore processor, Google Inc.

NV center, SiV Quantum dots Superconducting Polaritons in semi-
circuits conductors



Why is it so difficult?

Quantum superposition = very fragile!! Decoherence

- =

alg) + Ble) Environment
“measures”

Statistical mixture

‘ (classical)
9),lal* or le), 18]

The larger, the more decoherence...




Why is it so difficult?

Quantum superposition = very fragile!! Decoherence

Statistical mixture

(classical)
al? or le),|8]?
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Academia, many industrial players and startups

The future is
Quantum

Alice & Bob

M
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Many job opportunities for you...!
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Objectives of this course
Understand the concepts of the Second Quantum Revolution

= modern presentation of quantum physics

Discuss recent experiments using quantum technologies
= understand opportunties, challenges and... “dreams”...

Main topics: Qubits and harmonic oscillators in practice
Entanglement and its characterization
Measurements in quantum physics
Description of open quantum systems
Decoherence and transition to classicality

Stochastic wavefunction methods



Warning note: what this course is not about...

Not a course on Quantum Information:
No discussion of quantum algorithms
No discussion of error correction codes

No profound discussion on information theory...

More details in specialized courses (semester 2)

Experimental Quantum Computing & QEC
Quantum communication & cryptography, Ultra-cold atoms
and quantum simulation,

Manipulation of simple quantum systems



