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actualité 
des qubits

superconductors

phase

flux

charge transmon
zero-π

cat-qubits

GKP codes

trapped ions
hyperfine (GHz)

magnetic (Zeeman) (10s MHz)

unimon

fine (10s THz)

optical (100s THz)

Penning traps : electrode controls

Paul traps : electrodes control

cold atom

silicon

NV/SiC centers

carbon nanotubesorbital spin

electron spins

donors and nuclear spin

carbon nanospheres+ SiGe & GaAs

photons

nuclear spins (NMR)

unique photons

topological

continuous variables

quantum dots

cluster states

non gaussian states

MBQC

FBQC

Rydberg-Rydberg and ground-Rydberg (simul), ground-ground (gates)

hole spins

flying electrons
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majorana fermions

fluxonium

bosonic

nuclear spins

coherent Ising machines

spin on helium or neon

boson sampling / GBS

dual rail

Rydberg states

dual ions for computing and cooling
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super-conducting topologicalvacanciesannealing silicontrapped ions photonscold atoms

(cc) Olivier Ezratty, 2023

electron superconducting loops & controlled spinatoms photons

new vendors since october 2022



superconducting trapped ions photons
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D-Wave $724M

Amazon $300M

Google ≈$600M (guess)

Rigetti $656M

IBM ≈$2000M (guess)

Others

Quantinuum 
$500M

IonQ $736M

Others

Turingq

Xanadu 
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PsiQuantum 
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cold atoms trapped ions superconducting silicon NV centers photons

qubit size
about 1 μm space
between atoms

about 1 μm space
between atoms

(100μ)2 (100nm)2 <(100nm)2
nanophotonics 

waveguides lengths, MZI, 
PBS, etc

best two qubits 
gates fidelities

99.5% 99.94%
99.68% (IBM 

Egret 33 qubits)
>99% (SiGe) 99.2% 98%

best readout
fidelity

95% 99.99% 99.4% 99% (SiGe) 98% 50%

best gate time ≈1 ns 0.1 to 4 μs 20 ns to 300 ns ≈5 μs 10-700 ns <1 ns

best T1 > 1 s 0,2s-10mn 100-400μs 20-120μs 2.4 ms ∞ & time of flight

qubits 
temperature

< 1mK
4K for vacuum pump

<1mK
4K cryostat

15mK
dilution cryostat

100mK-1K
dilution cryostat

4K to RT
RT

4K-10K cryostats for 
photons gen. & det.

operational
qubits

256 (QuEra)
100 (Pasqal)

32 (IonQ and 
Quantinuum)

433 (IBM)
176 (China)

12 (Intel) in SiGe
5 (Quantum 

Brilliance)-10
216 modes GBS 

(Xanadu)

scalability up to 10,000 <100 1000s millions 100s 100s-1M

electrons superconducting & spins photonsatoms
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these are the best figures of merit, but it doesn’t mean a single system in a column has them all!
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qubit Maslow pyramid

level 1

FTQC 
readiness

NISQ 
readiness

qubit connectivity

qubit time / CLOPS

quantum volume

qubit fidelities

qubit number

level 2

level 3

level 4

level 5

level 6

level 7

conditions the speed up, computing space
and potential quantum advantage

needed to execute deep algorithms and/or 
enable quantum error correction

combines qubit number, fidelities and 
ability to execute algorithms

conditions computing time

conditions algorithm depth and 
quantum error correction overhead

requires >100 qubits with excellent 
fidelities > 99.99%

requires a lot of qubits with fidelities
>99.9%

harder

hard

100 logical qubits

>4,000 logical qubits

99.9% to 99.99%

>2100

>100

>20K

fast QEM
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superconducting qubits

new Sycamore supremacy

June 2023

27% layoffs and new CEO, 
February 2023

fab deal with AFRL

April 2023

433 qubits

May 2023

first 4 sampled qubits

QLDPC

August 2023

quantum utility

June 2023

AFRL 1.25M€ funding

April 2023
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• 127 qubits Kyiv model with 1% CNOT 
error rate. 4h and 9.5h execution times on 
QPU (including 5 mn in the QPU) and 8-
32h on single CPU with MPS version.

• using a ZNE quantum error mitigation.

• found a quantum advantage with an Ising 
model problem.

• compared it with MPS-based classical
algorithm running on a single CPU classical
system.

• Response #1:  « Efficient tensor network 
simulation of IBM's kicked Ising 
experiment » by Joseph Tindall, Matt 
Fishman, Miles Stoudenmire and Dries Sels, 
June 2023 (9 pages). 2 mn on single CPU.
https://arxiv.org/abs/2306.14887

• Response #2: « Fast classical simulation of 
evidence for the utility of quantum 
computing before fault tolerance », 
Caltech. 2 mn on a laptop single core.
https://arxiv.org/abs/2306.16372 

• Response #3: « Effective quantum volume, 
fidelity and computational cost of noisy 
quantum processing experiments », Google 
AI. 1s per data point on a Nvidia A100 GPU.
https://arxiv.org/abs/2306.15970https://www.nature.com/articles/s41586-023-06096-3

https://arxiv.org/abs/2306.14887
https://arxiv.org/abs/2306.16372
https://arxiv.org/abs/2306.15970
https://www.nature.com/articles/s41586-023-06096-3
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spin qubits

Tunnel Falls
12 qubits

June 2023

Callisto emulator on OVHcloud

June 2023

created in November 2022

raised 19.5 M€ in July 2023

EIC grant of 2.5 M€ in July 2023

created in 2023, Sweden

integrated qubits and cryo-CMOS 
control on same chip

first chip “tape out” with 2,432 qubits

electron spin on superfluid helium

June 2023
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trapped ions qubits

32 « racetrack » 
qubit QPU

May 2023

219 QV record

June 2023

29 « algorithmic
qubits » with the 

Forte 32 qubit QPU

Tempo 64 qubits 
announced for 2025

September 2023

65 M€ deal with DLR 
in Germany

November 2022
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cold atoms

raised 100M€

December 2022

CACIB case study
with Multiverse

December 2022

preparing next generation
QPU with >300 atoms

2023-2024

Pulser Studio

January 2023
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photon qubits

OVHcloud QPU acquisition

March 2023

AFRL 22.5M€ funding

October 2022

new fab in Palaiseau

June 2023

Quandela Ascella 6 qubit system 
(KLM path-encoding mode)

progress on photonic cluster state 
development (C2N)



enjeux de la scalabilité
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key scientific and engineering challenges

improve qubits fidelities errors mitigation and correction quantum interconnect

electronics, cabling and/or 
cryogeny scalability

energy consumption
containment or advantage

data loading
and quantum memory
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SPAM errors

qubit operations generating errors

initialization readout
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qubit initialization, 
preparation or reset 

does not create a 
perfect   ⟩

error while reading
out the qubit 

state, impacts QEC 
and final results

1 qubit gate 2 qubit gate

CNOT

H

T

X

idle qubit

error created while
applying a single 

qubit gate

error created while
applying a two

qubit gate

error created
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qubit errors types

flip phase depolarizing leakage

amplitude error, 
moving the qubit 

toward   ⟩

phase error, 
changing the phase 

of the qubit

qubit progressively
turning into a mixed 

state, a maximally mixed 
state corresponding to an 

erasure error

qubit getting out of its
two level basis states 

(e.g., with
superconducting qubits)
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qubit errors sources
many body interactions

calibration

signals jitter thermal noise

electromagnetic noise

material
defects

cosmic
rays

vacuum 
quantum 

fluctuations
gravity

back-action

crosstalk
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interesting
(currently
empty)
NISQ zone

can be easily emulated on 
a laptop (<20 qubits), server (<30 qubits)

or server cluster (<40 qubits)

too noisy
to be useful at scale

?

badgood

?

FTQC 
route

narrow window of 
potential gate-based
NISQ usefulness
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how to improve qubit fidelities? *

manufacturing reduce crosstalk

tune qubit parameters use different primary gates improve control signals quality

materials

substrate
sili on

sa   ire

 osephso   u c o 
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       l        

substrate isola o 
 i 

capacitors
nio iu   tantalu 
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* using here the example of superconducting qubits



goals

figures of merit

criteria
QEC

quantum error correction

reduce circuit errors with 
classical post-processing 

techniques

QEM
quantum error mitigation

create longer lifetime logical 
qubits with apparent lower 

error rates

circuit shots overhead, 
classical overhead

logical qubit target error 
rate, physical/logical qubit 
ratios, classical overhead

techniques
probabilistic approach, 
circuits modifications, 

several runs, regressions 
and machine learning

surface codes, color codes, 
LDPC codes, Floquet codes, 

etc.

associated with FTQC

overhead
more circuit shots

classical post-processing

more physical qubits

longer circuit execution time

timing
short term

NISQ realm

long-term

FTQC realm

(c
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# qubits for FTQC?

𝒏𝑻 = # of T gates
in algorithm

logical qubit error

rate  <
𝟏

𝒏𝑻

# physical qubits / logical qubit

physical qubits 
fidelities

physical qubits 
connectivity

error correction 
code

>99.9%

dynamically adjusted against the algorithm size

algorithm breadth
and depth
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source: How about quantum computing? by Bert de Jong, DoE Berkeley Labs, June 2019 (47 slides) + Olivier Ezratty additions.

condensed
matter

simulation

Shor 2048 
integer

factoring

complex
chemical

simulations

from NISQ to FTQC

pricing
derivatives

NISQ quantum 
error mitigation

NISQ FTQC

VQE, QAOA, 
QML

topological
data analysis

(TDA) 

1 TeraQuop
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analyse des 
études de cas



assessing QC case studies

problem sizing

resource estimates

quantum advantage nature

classical comparison

algorithm advancement

criteria

small scale 
case study

qubit # and fidelities in case 
and with real business need

speedup

honest comparison with best-in-class classical 
algorithms and hardware, incl. quantum inspired

something new in the case study vs state of the art 
which turns other flags in green

possible values

case study with real-life 
size business needs

result 
quality

TCO
ROI

energy 
footprint

other

time 
estimates

classical 
resources

quantum computer type
quantum 
inspired

present 
analog

future 
NISQ

present 
NISQ

future 
analog

FTQC

(c
c)
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tt
y,

 2
0

2
3tested with 

<30 qubits

no 
comparison

indication of real-
life use case sizing

no

nothing 
new

documentation
press release or 
vendor web site

peer reviewed 
journal paper

arXiv preprint

PReQaCAQD



“   ordingly  it is entirely reasona le to s e ulate t at a 
future quantum computer with ∼100 qubits and two-
qubit gate fidelity ∼99.99% should be capable of 
running some simple, but not trivial financial QMCI 
calculations. However, whilst such a putative future 
quantum computer may be able to obtain an advantage 
in sample complexity for a non-trivial financial Monte 
Carlo integral – which would itself constitute a valuable 
outcome – it is doubtful that it would make practical 
sense to price such an option on a quantum computer, 
as we dis uss in  ore detail in  e tion 12”.

tested with 6 qubits!

https://arxiv.org/abs/2308.06081 

“  e new w ite  a er sets out t e areas t at stand to 
benefit from the development of QMCI, beyond finance, 
including achieving efficiencies in supply chain and 
logistics, energy production and transmission, and data-
intensive fields of science such as solving the high-
dimensional integrals in high-energy physics. It concludes 
that use cases such as estimation and forecasting can 
be efit fro  the  ew  M   e  i e i  its curre t for ”.

https://arxiv.org/abs/2308.06081


problem sizing

resource estimates

quantum advantage nature

classical comparison

algorithm advancement

qubit # and fidelities in case 
and with real business need

speedup

some comparison with best-in-class classical 
algorithms and hardware, incl. quantum inspired

something new in the case study vs state of the art 
which turns other flags in green

time 
estimates

quantum computer type
future 
NISQ

FTQC

(c
c)
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liv

ie
r 

Ez
ra

tt
y,

 2
0

2
3tested with 

6 qubits

(vague) indication of real-life use case sizing

documentation TQI misleading title arXiv preprint

present 
NISQ
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Schnorr schneller than Shor?

https://arxiv.org/abs/2212.12372, December 23rd, 2022

• hybrid QAOA based algorithm using classical 
“Schnorr” al orith .

• would require 372 NISQ physical qubits and 
1139-1490 gate depth.

•  A A does ’t scale well.

• classical and quantum part speedup/time 
are not provided.

• NISQ qubit noise would require some QEC 
and a much larger number of qubits.

https://arxiv.org/abs/2212.12372


géopolitique
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the China quantum investment hoax

C ina’s quantu  invest ents fro  2006 to 2021 did not e  eed $1.8 .   is nu  er is very different 
from the $10B to $15B investment showcased in various analyst publications. These >$10B numbers 
are false and based on fuzzy propaganda coming from China and amplified by various US interests. 

 our e: C inese QC Funding  y Xiao o Z u  2017 (35 slides).  nd… 1 C Y ≈ 0.14 U  $.

“ n  ssess ent of t e U. . and C inese Industrial  ases in Quantu   e  nology”  y Edward 
Parker, Rand Corporation, February 2022 (140 pages) : « In summary, official reports of the PRC’s 

government investment in quantum R&D in recent years have varied widely, from a low of $84 
million per year (Pan’s estimate) to a high of at least $3 billion per year (the Anhui Business Daily’s 

reported funding for Pan’s laboratory). We are unable to assess from public information which 
figure is more accurate. By comparison, the U.S. government has spent $450–$710 million per year 
in recent years; we cannot determine whether the PRC total is higher or lower than this amount.”.
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industry vendors ecosystem
computing software telecom and cybersecurity sensing

cryogeny

(c
c)
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electronics

Shan Lei and Wang 
Shaoliang project

Guoyao Quantum 
Radar Technology 
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Nobel prizes in physics share of Nobel prizes
in physics since 2004
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what can be benchmarked in QC?

le
ve
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qubit fidelities

speed

qubits number

resources
energetics

low-level algorithms

higher-level algorithms

randomized
benchmarking

QV

CLOPS

BACQ

benchmarks 
repository
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industry vendors ecosystem
computing software cybersecurity sensing

cryogeny

photonics

electronics

manufacturing materials

(c
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https://www.oezratty.net/wordpress/wp-content/Secure-IC.jpg
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industry vendors today
computing software cybersecurity sensing

cryogeny

photonics

electronics

manufacturing

(c
c)
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materials
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e  sa oir plus…

Quantum : podcast de 
l’a tualité Quantique 

(51 épisodes)

Decode Quantum : 
entretiens du 
Quantique (62 

épisodes)
understanding quantum technologies

sixth edition
free ebook of 1364 pages

28th September 2023
also, soon, on arXiv and in Paperback on Amazon

2021, 834 pages
outdated

2022, 1132 pages
outdated

2023, 1364 pages
up to date
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