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Quantum satellite achieves 'spooky action' at record distance
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China’s qutum satellite achieves ‘spooky action’ at
record distance
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THE DALY NEWSLETTER N S - -
Sign up to our daily email newsletter ew CIen Is

News Technology Space Physics Health Mind Environment More ¥ Shop Tours Events
S

It's official: Google has achieved
quantum supremacy
f Iv]olinsl=]e

PHYSICS 23 October 2019

By Daniel Cossins

Google’s quantum computer is a record-breaker
HANNAH BENET/Google

Octobre 2019




Un sujet d’actualité économique

nature Oct 2019

NEWS FEATURE - 02 OCTOBER 2019

Quantumgold rush: the private funding
pouring into quantum start-ups

A Nature analysis explores the investors betting on quantu

Quantum patents

An analysis of global patents in quantum technology since 2012 shows
China dominating quantum communication, but North America ahead
on quantum computing.

Quantum key distribution (quantum communication)
Quantum computing (including software)
Other quantum technology

China
United States
Japan
Canada
South Korea
United Kingdom
Australia
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I Source: Martino Travagnin/EC Joint Research Centre



The Guardian view on quantum
computing: the new space race
Editorial

The main use of quantum technology might not be to hack existing systems but
to create unhackable communication networks of the future

Dec 2017

MIT

Eg\',}g“,’ng Dec 2018

Un sujet d’actualité politique

China will open a $10 billion quantum
computer center and others also investing

in quantum computing

Computing Dec 22,2018
President Trump has signed a $1.2 billion law to
boost US quantum tech

Oct 2017

Quantum USA Vs.
Quantum China: The
World's Most Important
Technology Race

Moor Insights and Strategy Contributor ®

M©R Cloud

Straight talk from Moor Insights & Strategy tech industry analysts

Forbes Oct 2019




Plans quantiques européens et Francais

January 2018

e
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Quantum Technologies Flagship

Stratégie nationale
sur les technologies

The Quantum Technologies Flagship aims to place Europe at the quantiq ues
forefront of the second quantum revolution, bringing transformative

o . January 2021
advances to science, industry and society.
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Physique quantique et révolutions

technologiques




Basics of quantum revolutions
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Wave particle duality
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I Wave particule duality - J. Bobroff -©vulgarisation.fr
B



Basics of quantum revolutions

Quantized energy levels

Energy

I Space

I Credit: N. Hanacek/NIST




Energy

Basics of quantum revolutions

CIPTS

Quantized energy levels

Space

Credit: N. Hanacek/NIST




Basics of quantum revolutions

B

Quantized energy levels

Energy




Premiere révolution quantique

Transistor Ruby laser Laser diode GPS
1947 1960 1962 1995

I Connaissance précise et ingénierie des niveaux d’énergie




Vers une seconde révolution technologique

(F)) OUANTUM

FLAGSHIP

I The future is
" Quantum

I e Second Quantum Revolution is unfolding now, exploiting the
enot )
quar 1 objects. The Quantum Flags )
J

See website for the European Flagship on Quantum Technologies www.qt.eu

Exploiter la superposition quantique et l'intrication




Bases de la 2"9 révolution quantique @

Superposition cohérence
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Bases de la 2"9 révolution quantique

24 ingrédient: intrication

ENTANGLEMENT

a Hanacek/NIST:

Credit: N. Hanacek/NIST




Bases de la 2"9 révolution quantique @

29 ingredient: intrication

Etat intriqué a deux. particules A et B
0,,0,5)+| 1o 1)

I D

Si A est mesurée dans |'état O, alors B est dans I’'état O
Si A est mesurée dans |I'état 1, alors B est dans I'état 1

Deux particules avec un destin aléatoire commun




Intrication et communications sécurisées
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Evesdropper

A B If Both Bob and Alice measure a photon,
they share the same information




Superposition quantique — parallélisme et étrangeté

I Credit: The Fabric of The Cosmos: Quantum Leap




Cas classique
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Credit: The Fabric of The Cosmos: Quantum Leap




Superposition quantique — parallélisme et étrangeté

v)=a|0)+ )

Credit: The Fabric of The Cosmos: Quantum Leap




IT’s a secret computation...

I © Piled Higher and Deeper (PHD Comics)

Superposition quantique — parallélisme et étrangeté

I don't remember.




Superposition quantique — parallélisme et étrangeté

superposition & mesure

N
I |

O> bit quantique O{‘O>+/J"1> avec |a|2+|/3’|2=1

I don't remember.

Measurement:
2
* Probability ‘a‘ to measure the qubit in the state |0)

—> After measurement qubit state = \O>

* Probability ‘/3‘2 to measure the qubit in the state i)

=> After measurement qubit state = |1)



Applications envisagées de la 2"% révolution quantique

Calcul quantique digital
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Ordinateur quantique : les bases
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GPU dédié

audio

exécute des
instructions les unes a
la suite des autres,
peut en exécuter
plusieurs en méme
temps en fonction du
nombre de coeurs et
de threads

processeur

GPU
interne

PCle

Architecture ordinateur classique

mémoire vive
stocke les programmes
en cours d’exécution et
leurs données

stockage

disque dur, SSD
stocke les données
et les programmes

réseau

Wi-Fi, Ethernet, 4G/5G
gére des données et des
applications a distance

I Copyright: Comprendre Informatique Quantique Olivier Ezratty.pdf




logiciels et données
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Quantum computer ingredients
(Di Vicenzo’s criteria)

A

I David Di Vicenzo @ IBM

* A scalable physical system with well characterized qubits
e The ability to initialize the state of the qubits
I * A qubit-specific measurement capability
A '"universal" set of qguantum gates
* Long decoherence times

DiVincenzo, David P. (2000-04-13). "The Physical Implementation of Quantum
I Computation". Fortschritte der Physik. 48 (9—11): 771-783.



Quantum computer ingredients
(Di Vicenzo’s criteria)

A scalable physical system with well characterized qubits
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Quantum computer ingredients
(Di Vicenzo’s criteria)

e The ability to initialize the state of the qubits

—H —1m by Hn —n —n —nH —10

- -e—[0 -0 -0 —e-[0 —e0) —e@[) —e—I[0

I Atom energy levels p Spin orientation oo Photon polarization
T
/
/
I 1
— V)




—&— 1)
Or?

—&—[0)

Or?

Atom energy levels

1/2

Iy
el & §
- $
o I
(=)]
1/ /55

Fluorescence

A gubit-specific measurement capability
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Quantum computer ingredients
(Di Vicenzo’s criteria)
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Quantum computer ingredients
(Di Vicenzo’s criteria)

&

* A '"universal" set of quantum gates:

* Single qubit gates
) |0)+ 1)

Pauli-X (X)
Pauli-Y (Y)

I Pauli-Z (Z)

Hadamard (H)

o

o c|0)+Bl1) m—) 5|0)+all)

DiVincenzo, David P. (2000-04-13). "The Physical Implementation of Quantum
Computation". Fortschritte der Physik. 48 (9—11): 771-783.



Quantum computer ingredients
(Di Vicenzo’s criteria)

* A '"universal" set of quantum gates:

* Two qubit gates

1 0 0 O
Controlled Not 0 1 0 O
(CNOT, CX) : é 8 8 (1) (1)
1 0 O 0
Controlled Z (CZ) | lg (1) g 8]
—Z 0 0 0 -1
v 1 0 0 O
0 0 1 0
gwap ~C L
—X 0 0 0 1

DiVincenzo, David P. (2000-04-13). "The Physical Implementation of Quantum
Computation". Fortschritte der Physik. 48 (9—11): 771-783.




The enemy : decoherence

&

* Long decoherence times

Energy

@ ::)é quantum bit a‘0> + [)"1> with || +[p] =1

I Space

Isolated quantum bit




Energy

The enemy : decoherence

* Long decoherence times

- o1 quantum bit OC‘O>+/3)‘1> with ‘a‘2+‘/3‘2=1

0)

Space

Isolated quantum bit

Large reservoir of states:
' I\/Ileéhahicél'.vibratior'l Ay

Fluctuating charges
» *«_Fluctuating spins =« =

Irreversible loss of energy and/or information




Necessary compromises

No decoherence & Isolated quantum bit

I But coupling to the outside world necessary

To manipulate the quantum bit

] ) To implement 2 quantum bit gates







Figures of merit
Single qubit gate errors

Number of qubits

Fabricated
versus
measured
Number of quantum bits

Two-qubit gate errors

output 1 output b

Nature 426, 264 (2003)

Parallelisation capabilities

Google sycomore
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Shor code for arbitrary single-qubit error correction.

N
<
~

Additional quantum bits
Additional gates

N physical guantum bits

1 logical
guantum bit




Plateformes de calcul quantique




Leading platforms
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©Innsbriick University

©Google

Trapped ions Photons

Superconducting Neutral atoms
gubits

I Boston Consulting Group — Nov 2018




Superconducting circuits

LC circuit Harmonic oscillator
m— \ / Equidistant energy levels
' l No quantum bit

I woz\/%—CNGHz




Superconducting circuits

LC circuit Harmonic oscillator

\ /
m— \ / Equidistant energy levels

' l No quantum bit

I wWo = \/%—C ~ GHZ
Non |inear Component
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I Josephson junction

To know more : Devoret and Martinis - Quantum Information Processing, Vol. 3, Nos. 1-5, October 2004 (© 2004)




Some chip example

(i

T

Figure 3: False-coloured image of an 8-qubit superconducting quantum processor fabricated at ETH Zurich. All eight

qubits (red) are measured using a common readout line (yellow), by coupling each qubit (red) to a pair of readout
resonator (cyan) and Purcell filter (green). Qubit control is enabled by individual charge lines (purple) and flux lines
(blue). Coupling between nearest neighbour qubits is mediated by bus resonators (orange).

arXiv 1712.03773




Superconducting circuits

Assests:

* Electronic based technology

* On chip —scalable

e Many degrees of freedom

* Only electronics — very flexible

Some challenges:

* Wiring
e Cooling down
* Noise: charges, magnetic fluctuations

©Google




Trapped ions

1989 Nobel prize

Hans G. Dehmelt and Wolfgang Paul
"for the development of the ion trap technique."

To know more : Séminaire au College de France — Professeur Rainer Blatt — Insbruck University- 10 mars 2015

Vidéo et transparents en ligne: https://www.college-de-france.fr/site/serge-haroche/seminar-2015-03-10-11h00.htm




PIEGE DE PAUL

https://www.youtube.com/watch?v=a5v-W_pAqls




Trapped ions

lon trap quantum processor

row of qubits in a
linear Paul trap forms
a quantum register

A CCD camera reads out
the ion’s quantum state

Laser pulses manipulate
individual ions

_ Effective ion-ion

interaction induced by
laser pulses that excite
the ion’s motion

slides courtesy of Hartmut Haeffner,
Innsbruck Group with some notes by
Andreas Wallraff, ETH Zurich




Trapped ions

The Quantum Information Processor
with Trapped Ca* lons

A o

a R EEE R " s W

P. Schindler et al., New. J. Phys. 15, 123012 (2013)




o If the leftmost ion
state is up, the
lasers flip itand
putitin motion,
oscillating the
whole string.

Laser beam

e Another laser flips
the rightmost
iononly if itis
in motion.

Superposition
of stationary
and moving
ion strings

Trapped ions

Two-qubit gates

VOLUME 74, NUMBER 20 PHYSICAL REVIEW LETTERS 15 MAy 1995

Quantum Computations with Cold Trapped Ions

J. 1. Cirac and P. Zoller*
Institut fiir Theoretische Physik, Universidt Innsbruck, Technikerstrasse 25, A-6020 Innsbruck, Austria

9 Yet another laser
flips the leftmost

onfentsups i S @ ®
! i
2 ot e e G

it is moving.
!
v

Y V u V
lon in superposition Repulsion between

ofup and down states positively charged ions

Electrodes

o Leftmost and
rightmostions are
now entangled
and can serve 4 1 .l’
as a logic gate + 'f(((( .’/j(((( //((((
in quantum Y ' v
calculations.

Source © 2008 SCIENTIFIC AMERICAN, INC.




Trapped ions

Assests:

Low decoherence
Excellent connectivity
Room temperature (except for vacuum)

Some challenges:

e  Miniaturizarion

* Increasing the qubit number
©Innsbruck University




Photons

&

Single photon qubit

On demand deterministic single photon source

A A A A A A4 A
I 2 e R A

I Many degrees of freedom - Hyperencoding
v'  Energy v" Photon number
" 6’”"“\&(D
i X \jﬁ
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Photons

No decoherence

Photons are non-interacting particles in vacuum

Single qubit gates

I Polarization encoding Path encoding
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Photons

Two quantum bit gates ?? (the great challenge)

A scheme for efficient quantum
computation with linear optics

E. Knill*, R. Laflamme* & G. J. Milburn+

* Los Alamos National Laboratory, MS B265, Los Alamos, New Mexico 87545, USA
+ Centre for Quantum Computer Technology, University of Queensland, St. Lucia, Australia

Quantum computers promise to increase greatly the efficiency of solving problems such as factoring large integers, combinatorial
optimization and quantum physics simulation. One of the greatest challenges now is to implement the basic quantum-
computational elements in a physical system and to demonstrate that they can be reliably and scalably controlled. One of the
earliest proposals for quantum computation is based on implementing a quantum bit with two optical modes containing one
photon. The proposal is appealing because of the ease with which photon interference can be observed. Until now, it suffered from
the requirement for non-linear couplings between optical modes containing few photons. Here we show that efficient quantum
computation is possible using only beam splitters, phase shifters, single photon sources and photo-detectors. Our methods exploit
feedback from photo-detectors and are robust against errors from photon loss and detector inefficiency. The basic elements are
accessible to experimental investigation with current technology.

Knill, E.; Laflamme, R.; Milburn, G. J. Nature (2001)



B

Linear optical quantum computing

Exploit the quantum interference
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Nature volume 426, 264 (2003)




Calcul quantique optique : roadmap

NISQ: calcul linéaire

A scheme for efficient quantum Calcul non linéaire
computation with linear optics
E. Knill*, R. Laflamme* & G. J. Milburn{ -—> ’ Aj

I * Los Alamos National Laboratory, MS B265, Los Alamos, New Mexico 87545, USA gate photon l Q k’h

. Ve
- by Ix v
+ Centre for Quantum Computer Technology, University of Queensland, St. Lucia, Australia w
spin-down
S.Sunetal.,

spin-down

olo
r—3 — + _[Z ¥ “Science 361, 57 (2018)
.T Z no gate photonﬁ D C%:(‘ ( C

I Calcul basé sur la mesure

0

information flow
(N TR A S T I NN
R. Raussendorf, D.E. Browne, H.J. Briegel - - - TI@ o o o o o o

Phys. Rev. A 68, 022312 (2003) Ptoe tde bttt bttt

) i 1 i 1 i ° 1 ° ) ° )
H Tow Doy quantum gate
I fopdodo e o o ©o o ©o o T ° ) ) ®
ool TEwd L e
P ER Pr
oy L2y |2 t 2 x 2ttt
‘ =
- LR A 4
= Vo o
11 Iy 5
VA A
14 b
o

A APL Photonics 2, 030901 (2017)
Terry Rudolph




Sciarrino & Osellame'’s
group

Sources Detectors

nature .
photonics

Integrated photonic quantum technologies

Jianwei Wang @, Fabio Sciarrino ©2, Anthony Laing ©3 and Mark G. Thompson ©3*

* Six-photon source

* Quantum walks * Si SNSPD « Si source and circuit * Scattershot Boson
* On-chip quantum * High-visibility * Quantum interference ¢ QD in waveguide sampling
interference and CNOT quantum interference in Si * Simulate molecules * Grover’s search
2008 2009 2010 2011 2012

* Shor’s factoring * Quantum communication

 Laser-writing IQP

* Programmable QPU
* Integrated TES

* Boson sampling

localization
* Optimal QD source

* Universal linear optics

Optical Quantum computer architecture

REVIEW ARTICLE

https://doi.org/10.1038/541566-019-0532-1

* Large-scale quantum
device

* Molecular vibrations

* Four-photon graph

* Eight-photon processing

* QD Boson sampling
* Simulate Anderson chips * QHL



Photons

Assests:

* No decoherence

* Good connectivity

 Room temperature processing

* Naturally connect to a quantum network

Some challenges:

* Very inefficient 2-qubit gates
» Efficient light sources

©University of Bri
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Applications of a universal quantum computer

Where High Power Computation (HPC) is needed:

* Machine learning, Big data
e Optimisation problems (traffic, energy)
* Quantum and physics simulations (new materials, new molecules)

e Cybersecurity

I * Finances...
..an ever growing lists as industrials gets involved

Dwave guantum annealing computer (since 2010)

B s

arXiv:1708.01625

Quadratic Unconstraint Binary Optimisation




Decipher today’s cryptography

What are the factors?
Public-key cryptography:

hardness of factorizing prime numbers

SIAM J. COMPUT. (© 1997 Society for Industrial and Applied Mathematics
Vol. 26, No. 5, pp. 1484-1509, October 1997 009

POLYNOMIAL-TIME ALGORITHMS FOR PRIME FACTORIZATION
I AND DISCRETE LOGARITHMS ON A QUANTUM COMPUTER*

PETER W. SHOR'

Abstract. A digital computer is generally believed to be an efficient universal computing device;
that is, it is believed able to simulate any physical computing device with an increase in computation
time by at most a polynomial factor. This may not be true when quantum mechanics is taken into
consideration. This paper considers factoring integers and finding discrete logarithms, two problems
which are generally thought to be hard on a classical computer and which have been used as the basis
of several proposed cryptosystems. Efficient randomized algorithms are given for these two problems
on a hypothetical quantum computer. These algorithms take a number of steps polynomial in the
input size, e.g., the number of digits of the integer to be factored.

Requires tens of millions of excellent quantum bits and gates
(error <0.1%)




. Shor’s algorithm threat

Computational response: Post-quantum cryptography

Principe: Develop cryptography protocols that resist guantum computational power
Post-quantum crypto

Classical crypto with no known exponential quantum speedup

Hash- & Code-based Multivariate
symmetric-
based

Lattice-
based

Isogenies

* NTRU

* learning with
errors

* ring-LWE, ...

*  LWrounding

* McEliece * multivariate * supersingular
elliptic curve

isogenies

* Merkle * Niederreiter quadratic
signatures

* Sphincs

* Picnic

Credit: Douglas Stebila - Waterloo NIST time line to define new encryption standards
NIST

SHA-1 SHA-1 .
. EU commission

standardized weakened — universal

NIST NIST NIST NISI' quantum

SHA-2 Start PQ Submission Standards computer

standardized Crypto deadline ready
| project | |
1995 2001 2005 2016Jan. Aug. Nov. 2023-25 2026 2031 2035

201720172017

Browsers stop accepting

Mosca — 1/7 chance

SHA cerffioates of breaking RSA-2048
~ I
—
16 years First full SHA-1 Mosca — 1/2 chance
collision of breaking RSA-2048

Credit: Douglas Stebila - Waterloo






Classical communication
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Encoding information on a single photon




Secret communication
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Secret communication

But losses...




Entangled photon pairs
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Entangled photon pairs
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Entangled photon pairs




Secret communication & entanglement
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Test direction

Secret communication & entanglement
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Secret communication & entanglement

Test direction
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Secret communication & entanglement

Test direction

Test direction
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Secret communication & entanglement
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Quantum gatellite achieves 'spooky action' at record distance
AYAAAS

BChina’s quantum satellite achieves ‘spooky action’ a
record distance

hy Gabriel Popkin | Jun. 15,2017, 2:00 PM

June 2017




Quantum networks
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Quantum networks
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Bell measurement




Quantum networks
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Quantum memory




Capteurs quantiques




Mirror

- .
A
Balanced Interferometer
(no light)
4 km
Mirror
Laser [} - —
Partially ' / 4 km
reflective
mirror e

Detector

No signal transmitted
to detector



Force de pression de radiation
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S A LETTERS
p Otonlcs PUBLISHED ONLINE: 21 JULY 2013 | DOI: 10.1038/NPHOTON.2013.177

Enhanced sensitivity of the LIGO gravitational

wave detector by using squeezed states of light
The LIGO Scientific Collaboration*

Détection d’ondes gravitationnelles:

“ Utilisation d’états de la lumiere comprimeés

T | I

Typical noise without squeezing
Shot noise

Squeezing-enhanced sensitivity
E phase amplitude
VAN TN 22N 1072
' ‘,r’ '\__ // \“ “/

'/ \ / / \ &
“‘ / ‘\ - TN
y % =
t =
\ \ .é
o Y 4 L =
- e
\ 4 b
£
o
a

amplitude

EA uncertainty

t P
phas_e 10-23 /.
uncertainty

AN A

<

<
o

~

Frequency (Hz)




Lumiere et capteurs quantiques

Fiber Taper

Nature Nanotechnology 10, 810 (2015)
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Second quantum revolution?

Late 1940’s




