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the second quantum revolution

superposition
linked to wave-particle

duality and linearity of
Schrédinger’s equation

entanglement

state correlation of
distant quantum objects,
but random and after
measurement

individual control of
guantum objects

electrons, photons,
atoms
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quantum computing
guantum telecommunications
guantum cryptography

quantum sensing



quantum sensors examples

G nami

Diamond NV center

Scanning probe

Lase
Il
J Spin skyrn]ion

——

v N
{ k:;b o
N //
W
o
/

ultrasensitive magnetometers

210 fT/VHz

medical imaging

non destructive control
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ultrasensitive
spectrography

dangerous gas detection

ultrasensitive quantum
gravimeters

construction,

exploration
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quantum telecommunications

guantum Internet (security)
and distributed quantum
computing

ingredients:

* (entangled) photons sources
* photons detectors

* quantum key distribution

* quantum repeaters

* quantum teleportation

e protocols

e applications

AQUANDELA 49

THALES VeriQloud

CEEE Netherlands Germany Tchekia Poznan @ ~
Cambridge e Delft, Leiden, QKD project, 165M€ OpenQKD'project 2021 o E uro 4‘_|
L .= . Amsterdam, The Hague 2019-* 2019 )
- veL N OpenQKD project 2019 p=n
v ] 5 wews OPEI1<" QKD
( 5 N ﬁ Denmark 2008
Dantze Bank SECOQC, 5 nodes, 20/25 km

Southampton

DTU

2022 \

Ireland

w2 TT—g
Cambridge — London - N‘

Bristol 2018

lle de France

N
2020-* >@
OpenQKD project

Geneva

1993, 1995, 2007, 2018 (400 km)
Italy-Slovenia-Croatia network

Nice/Sophia

2020
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2018
Telefonica & Huawei \

Europe + Padua satellite/ground QKD
| Canaries Barcelona
mmmmm  2007/2010 2020

experiment
.\ Athens
144 km free to air 2019

\‘/ OpenQKD project DataCom



quantum telecommunications

classical technologies

QRA
quantum resistant cryptography
classical cryptography resisting to
quantum algorithms

PQC
post-quantum
cryptography

new classical asymmetric
keys and signatures
resisting to quantum
algorithms

symmetric keys
classical cryptography
already resistant to
quantum algorithms (AES,

)

quantum technologies

Quantum Key Distribution (QKD)

V1

first generation,
prepare-and-measure
based, protects public

keys sent through

optical links, use

trusted nodes as

repeaters

QRNG
quantum random key
generators
ensure the quality of
public keys in classical
and quantum
cryptography

V2 QCKA
second generation, Quantum Conference
entanglement based, Key Agreement
protects public keys entangled quantum
sent through optical keys shared with
links, use memory more than two
based repeaters parties.

entanglement distribution

entangled photons distribution ————
to multiple parties

?

quantum repeaters
with quantum memory, enable
entanglement sharing over
long distances

quantum Internet

distributed quantum computing
connection between quantum computers and
sensors, blind quantum computing

quantum QsDC
computing Quantum Secure
cryptography Direct Communication
generated by a quantum data
quantum computer transfer without

encryption keys

quantum teleportation
teleporting one qubit state to another
qubit using entanglement distribution

(cc) Olivier Ezratty, 2023



guantum computing promise

classical computing
(now and soon)

unreasonable
time

g solving
= intractable /
?:0 exponential
‘.g theoretical quantum problems in
o computing speedup reasonable
g (exponential, quadratic) time

(S}

guantum
computing
(some day)

reasonable time
depending on the
use case

problem size



typical exponential problems

b

a domain

a' domain

b* domain
b domain
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solving Schrodinger’s wave equation
to simulate quantum matter

combinatorial optimizations
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guantum computing usage categories
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what is a qubit?

complex numbers
amplitudes

l l

=
S basic unit of quantum information  |¥) = a[0) + B|1)
e , . . 2 2 _
5 vector in a 2-dimension la|” +|B]7 =1
<
© complex numbers Hilbert space !
S probabilities and Born Bloch sphere representation
normalization constraint with amplitude and phase
—_— 1)
>
= — [0)
§ two-level state controllable
s quantum object separable electron or photon mode
atom energy nucleus spin (polarization,

level orientation number, frequency)



N qubits handle the equivalent
of 2N+ real numbers during
computation

it benefits from quantum
parallelism brought by
superposition, engtanglement
and interferences

layout of a 133-qubit processor from IBM



from computing to measurement

entanglement gates
complex of all combinations

amplitudes of0and 1 v )
(%11 100...00) e % ¢
3|7 - 1 010..011
g| 1 D ST W I (N Os and 1s)
il T 1 A
|01 . 11) § 1T «quantumcircuit» 1
: ! i I r ] i
a,v | [11..11) — >
time
N qubits registers guantum gates measurement outputs
information in 2N ————=e act on qubits and on all —=e ends superposition —=e N probabilistic
superposed states the register amplitudes and entanglement classical bits
large internal speedups brought by probabilistic
data space algorithms design and outcomes in most

but slow 1/Os entanglement cases
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a hew programming model

visual quantum circuits design
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https://algassert.com/quirk

online open source tool to learn, program
and emulate up to 16 « perfect » qubits

scripted Python code

# Initialize counting qubits

# in state [+>

for q in range(n_count):
gc.h(a)

# And auxiliary register in state [1>
gc.x(3+n_count)

# Do controlled-U operations
for g in range(n_count):
gc.append(c_amodl5(a, 2%*q),

[q] + [i+n_count for i in range(4)])

# Do inverse-QFT

gc.append(gqft_dagger(n_count), range(n_count))

M T o Pk eI T
¥ Measure clrcult

gc.measure (range(n_count), range(n_count))
qc.draw(fold=-1) # -1 means 'do not fold'

IBM Qiskit, Google Cirq, Eviden Qaptiva



main qubit types

atoms and ions superconducting electron spins photons
|1)
o o) -
|O) C 55;; SQUID lcop ~
lect i hot larizati
qua ntum states atom energy level loop phase or energy eo?'ice:z;tisgr P (Z)t(:\z?;rr::elr(t);)(or
T
: " [SiGe 1) 1y
physical aspect s
SiGe
. . laser pulses and/or . interferometers, polarizing
interactions microwaves microwave pulses and/or DC current

beam splitters, ...
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quantum & classical computing paradigms

classical computers

quantum quantum
inspired emulators
classical algorithms

running quantum
computers code on
classical computers,
for training,
debugging and testing

running on classical

computer, inspired
by quantum
algorithms.

classical algorithms

quantum algorithms
improvements

debug and testing
EVIDEN
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FUﬁTSU Google

B® Microsoft aWws
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v

PASQAL

(JUANDELA

ZAPATA /ZAl

C12

ALICE & BOB

analog quantum computers

quantum

analog
annealing guantum
computers  simulators

optimization problems and quantum
physics simulation
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d

The Quantum Computing Company™
PASQAL
s S Faad e,

digital guantum computers

gate-based

NISQ (Noisy Intermediate
Scale Quantum)
no error correction
with a few noisy qubits

FTQC (Fault-Tolerant
Quantum Computers)
error correction and
fault tolerance

general purpose quantum computing,
adds search and integer factoring

== figEl:l:i Y PsiQuantum

Google QM 41 icE g BoR
OQC
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QPUs vendors per qubit type
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France QPU startups

_atomes électrons photons

. el . . . - nanotubes
ions piégés atomes froids qubits de chats silicium de carbone photons
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inside a typical quantum computer

computing
servers, network,
software, data

qubits control electronics
microwave generators, readout
systems and various electronics

« chandelier » in cryostat
where quantum stuff happens!

4K

15mK

quantum chipset
@ 100mK-1K (silicon)
or 15mK (superconducting)
and lots of electronics

helium 3 & 4

cryogenic installation

helium 3 & 4

gas pumps and compressor

compressors
pumps
filters

for superconducting or electron spin qubits

external
compressor

(cc) Olivier Ezratty, 2023
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key hardware challenges
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raw algorithm fidelities requirements

qubits

Toffoli

|

CNOT X

t 10) P
e
I
L 0) o Cold N~
tjo) — [
I 10) i T = ?E
' o) : ]
. 10) 9 o—o ® ?E
I |0) T O ® ff@
| |O) l E‘
1 [0) i & T@
1 ]0) l &
v 10) & ~
initialization time readout
______________________ -

computing depth D

desired error rate < 1
NXxD
required
N D error rate required available
qubits depth (%) fidelity (%) fidelity (%)
50 100 0.02000% 99.98% 99.30%
133 300 0.00251% 99.9975% 99.6%
433 1000 0.00023%  99.9998% 98%
1121 2000 0.00004% 99.99996% N/A

qubit errors quickly kills
guantum computing accuracy
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scale quantum computers. 8 average two-qubit gate error rates

number of physical qubits



logical qubits and FTQC

physical qubit

error rates =0.1%

+

error correction code

threshold, physical qubits overhead,
connectivity requirements, syndrome
decoding and scale

logical qubit

error rate <108 to <1015

fault tolerance

avoid error propagation and amplification
implement a universal gate set
fault-tolerant results readout
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tens to thousands qubits

https://arxiv.org/abs/1202.2639
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icrosoft-Quantinuum logical qubits

Demonstration of logical qubits and repeated error correction 2.0
with better-than-physical error rates

M. P. da Silva,! C. Ryan-Anderson,? J. M. Bello-Rivas,! A. Chernoguzov,? J. M. Dreiling,? C. Foltz,?
J. P. Gaebler,? T. M. Gatterman,? D. Hayes,?> N. Hewitt,? J. Johansen,? D. Lucchetti,? M. Mills, S. A. Moses,? 1.5
B. Neyenhuis,? A. Paz,' J. Pino,? P. Siegfried,? J. Strabley,? S. J. Wernli,® R. P. Stutz,2 and K. M. Svore®
* Microsoft Azure Quantum
2 Quantinuum
1.0 i

turn requires suppressing errors to levels inversely proportional to the size of the computation. As a -
step towards this ambitious goal, we present experiments on a trapped-ion QCCD processor where, 0.5
through the use of fault-tolerant encoding and error correction, we are able to suppress logical error ’
rates to levels below the physical error rates. In particular, we entangled logical qubit states encoded

(Dated: April 2, 2024)
in the [[7,1, 3]] code with error rates 9.8x to 500x lower than at the physical level, and entangled
logical qubit states encoded in a [[12,2,4]] code with error rates 4.7x to 800x lower than at the

The promise of quantum computers hinges on the ability to scale to large system sizes, e.g., to
run quantum computations consisting of more than 100 million operations fault-tolerantly. This in

Error rate [%6]

physical level, depending on the judicious use of post-selection. Moreover, we demonstrate repeated |:||: .

error correction with the [[12,2,4]] code, with logical error rates below physical circuit baselines

corresponding to repeated CNOTSs, and show evidence that the error rate per error correction cycle, 0 1 . 3 4
which consists of over 100 physical CNOTSs, approaches the error rate of two physical CNOTs. .

These results signify an important transition from noisy intermediate scale quantum computing to H,E' pEtltIl{] ns

reliable quantum computing, and demonstrate advanced capabilities toward large-scale fault-tolerant
quantum computing.

FIG. 7. Observed error rate for circuits with 1 to 3 rounds
https://arxiv.org/abs/2404.02280 of error correction with the [[12,2,4]] Carbon code (green
circles) and physical baselines (blue diamond for pairs of 1-
bit teleportations, and orange squares for pairs of CNOTSs).
Results are offset along the x-axis for clarity. Linear fits are

claim: logical qubit with x800 improvement vs physical qubit ‘f)btzinte‘_lllgy maximum-likelihood estimation (see Appendix A
or detalls).

reality: x800 improvement only for the first gate cycle!
https://scottaaronson.blog/?p=7916#comment-1973425
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logical qubits requirements

___________________________________________________________________________________________________________________________
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Quantum Computers for Specialized Broadly Useful Quantum
Applications and Limited Applicability Computers: general purpose,

scalable, and accurate

source: How about quantum computing? by Bert de Jong, DoE Berkeley Labs, June 2019 (47 slides) + Olivier Ezratty additions, 2021-2024.
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key software challen

state preparation unitary transformations

. oracle
uniform
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based
algorithms

basis
encoding

mplitude

more encoded data

non-oracle
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encoding algorithms
. phase
quantum memory phase
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incompute
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data loading

Researching & Developing the Computers of Tomorrow Requires Powerful Simulations Today
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C++
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actual computing time

data structures

user data
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arrays .
strings qubit
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application specific environments

Python + apps frameworks

gate-code (before transpiling) |

gate-code (after transpiling)

control electronics instructions
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same abstration level with qubit gates



potential quantum speedups

simulations

searches and
combinatorial
optimizations

machine
learning

other

speedups

VQE amplitude estimation
QUBO Grover search
QAOA quantum walks
reinforcement learning
variational recommendation
QML ensemble methods
variants Bayesian networks

and deep learning

Quantum Monte Carlo
primality proofs

l

v

|

QPE for chemical simulations

o Deutsche-Jozsa (no use)
semidefinite programs ) ) -
Simon, Bernstein-Vazirani

SVM
PCA
k-means
convolutional networks

HHL (linear equations) QFT & period finding
QSLA for PDEs Shor factoring & d-log

weakly superpolynomial exponential

superpolynomial

1
limited advantage

QPU fixed costs make it difficult to exceed classical computing
capabilities in reasonable times and problem sizes

Y
requires FTQC QPUs

and many logical and physical qubits with higher fidelities than
today, and preferably monolithic QPUs



quantum advantages taxonomy

complex of all combinations

amplitudes of 0and 1

[ %11 100...00)
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a,n | |11..11)

space

the qubit register
data space - scaling
in 2N complex
numbers with N
gubits - exceeds the
memory capacity of
classical computers.

speed

a quantum algorithm,
including its classical
part, runs faster than
an equivalent best-in-
class classical
algorithms running on
either the largest
supercomputers or a
given HPC
configuration.

10%°

1015

-
=)

=
.

Toffoli gate cost

1013 ® €=00027eV

£=0.0leV
1012 £=0.043eV
e=0.leV

102 10® 104 10° 10° 107 10%® 10°

Number of plane waves, N

quality

the quality of the results

of a quantum algorithm is

better for some respect
than the best-in-class
classical algorithms. e.g:

an error rate of a machine

learning classification, a
chemical simulation
accuracy, or a better

combinatorial problem

solution.

i

Q
- _—

energetic

a fully-burdened
guantum computer and
algorithm configuration

consumes less energy
than the best-in-class
classical equivalent.

Krisztian Benyo
(Pasqal)
today’s talk

€SE
TCO
ROI

cost

the total cost of the
guantum solution is
lower than the total
cost of a best-in-
class classical
solution.



a long journey

small scale early quantum more generic and large

experiments ELWEL T scale quantum advantage

analog QC @
viable NISQ?
5{\093‘\\

09{\«\‘\

quantum computing power

(cc) Olivier Ezratty, 2023

naive path

2020 2025 2030 2035 2040

first QCs NISQ — Noisy Intermediate Scale Quantum Computers FTQC —Fault Tolerant Quantum Computers

33



quantum computing cloud offerings
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Europe early evaluation examples
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what is being practically done

classical computers

quantum
inspired

quantum
emulators

* financial services  * code learning.
solutions

improvements.

* code debugging.
* designing new

* machine learning algorithms.

improvements. « simulating qubit
physics.
* simulating error
correction codes.
UALPHARAIL  Qubit €

PHARMACEUTICALS

«» NatWest

analog quantum computers

guantum analog
annealing quantum
computers simulators

* solving optimization problems at mid-
sized scale, in transportation
(Volkswagen, Denso), retail (Ocado,
Pattison), job shop scheduling and
financial services (Mastercard, CACIB).

* physics simulations (statistical physics,
spin glass, ferromagnetism, topological
matter, ...).

* potential energetic advantage.

€ CaixaBank
x Raiffeisen Bunk

International
Member of RBI Group

@‘I CREDIT AGRICOLE

CORPORATE & INVESTMENT BANK

digital guantum computers
gate-based

NISQ (Noisy Intermediate
Scale Quantum)

FTQC (Fault-Tolerant
Quantum Computing)

* large algorithms and
resource estimations.

* low-level physics
simulations (“IBM
quantum utility” with 127
qubits and kicked Ising
model).

* creating and testing
error correction
codes (Google,
Quantinuum, QuEra,
PsiQuantum, ...).

* creating and testing
algorithms at small scale
(QML, optimizations,
chemical simulations).

<~ AIRBUS @ Hvunoal
N

J.PMorgan
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why study quantum computing now?

1. understand the quantum computing technology and buzz.
become ready when quantum computing delivers.
attract high-level talent in your organization.

B W N

challenge and revisit legacy classical solutions.
5. envision lower energy consumption in HPC applications.

J

&
%S Drora. (O mBDRA  THALES



| B mdustry vendors ecosystem
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discussion
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