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LUSINEDIGITALE

Avec son algorithme Quantum Echoes, Google se
rapproche d'applications reelles pour
I'informatique quantique

Julien Bergounhoux

22 octobre 2025 17h00

Google annonce avoir mis au point le premier algorithme au monde a démontrer de
fagon vérifiable un avantage quantique. Baptisé Quantum Echoes, il permettrait de
mesurer des distances trés précisément a |'échelle moléculaire.

New
Scientist
Quantum computers have
finally achieved unconditional

supremacy

By Karmela P

B 19 September 2025

If We Achieve Stable 1 Million Qubit
Quantum Chips, They Will Not Just
Crunch Numbers, They Could
Simulate Entire Universes With Self
Aware Beings

What Is Quantum Computing? Explained in 3 Minutes!

3MinExplained Ho

@

For the first time, researchers have mathematically proven that
a quantum computer can solve a particular task faster than an
ordinary computer, in a way that can never be beaten
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TECHNOLOGY

Nvidia Connects Quantum With Al

By ISABELLE BOUSQUETTE

Nvidia isn't developing its
own quantum computers, but
Chief Executive Jensen Huang
is betting the company will
play a critical role in the tech-
nology’s future.

Huang unveiled NVQLink,
an interconnect that links
quantum processors to the Al

nology Conference.

“NVQLink is the Rosetta
Stone connecting quantum and
classical supercomputers,” he
said.

Quantum processors repre-
sent a fundamentally new kind
of computing that harnesses
the principles of quantum
physics to solve problems to-
day’s classical computers can't.

Quantum computing'’s market
potential could be up to $250B

tecture and functions across
different quantum modalities,
including trapped ion, super-
conducting and photonic. The
openness is critical, meaning
national labs will be able to
develop supercomputers
primed to take advantage of
quantum capabilities as they
become a
In the
computer will draw on quan-
tum processors to expand the
problems that it can compute,
and every quantum processor
W supercomputer
o run correctly,” Costa said.
When can we expect to see
2 meaningful commercial value
from quantum? Costa said any
nswer he could give on that
5 would probably end up being

u can do things like lin-
early extrapolate based on the
technology progress over the

Jensen Huang calls the link the ‘Rosetta Stone’ quantum and super:

What will the terminal valuation be of a
quantum hardware company that
succeeds to build a commercially useful
. quantum computer at scale ?
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potential guantum computing benefits

A computing faster than o _ _ -
classical systems. £ A reducing required training

orA _ _ _ — data, particularly for
solving problems inaccessible machine learning tasks.

to classical computers.

e E ty ey

A improving results quality A A energeticadvantage(NISQ).
chemical accuracy, better ¢ or _ .
heuristics, etc. e A energetic acceptabilitf FTQC).

stakeholder (fundamental research,
governments, industry).
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typical difficult problems
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from science tandustry applications

fundamental research
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process engineering applications

chemical process engineering

modelizechemical reactions, and
complete molecular pathways

A ground state simulations.

A excited states simulations.

A virtual spectrography.

A chemical pathways simulations.
A molecular docking simulations.
A new catalyser simulations.

A corrosion simulations.

A new materials simulations.

A battery chemical simulations.

A X

process systems engineering

modelization optimization and
control of complex processes

A combinatorial optimizations under
constraints.

A solving decision problems.

A machine learning based optimizations.

A LLMbased process designs.

A process flow optimizations.

A job shop problem solving.

A cable routing optimization problem
solving.

A X



what is a qubit?

>

I : : : :

S basic unit of quantum information
©

E vector in a 2dimension complex
g numbers Hilbert space

>

8

2 two-level state controllable

s quantum object

complex numbers

amplitudes
[3) l [3) l [}
$a | gu [ Ppad
$§s ¢s 1

T b

probabilities and Born Bloch sphere representation
normalization constraint with amplitude and phase

Pa
— g
separable electron or photon mode
atom energy nucleus spin (polarization,
level projection number, frequency)



what is a guantumalgorithm?

N
qubits

two-qubit single qubit three-qubit
gate gate gate
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guantum algorithm decomposes a solution to
solve some mathematical problem into a
guantum circuit.

quantum circuit series of operations (gates)
acting on a quantum memory, on individual
gubits (superposition) or with connecting them
together (entanglement).

matrix computing operating on a memory
space of dimension™!real numbers.

mechanism exploit various techniqudske
interferencesto yield a value of interest in a
series of classical bits.

classical computingused to prepare the circuit,
encore data, and extract useful result from
multiple circuit runs.


https://algassert.com/quirk#circuit={%22cols%22:[[%22X%22,1,1,1,1,%22X%22,%22X%22],[%22Chance5%22,1,1,1,1,%22Chance5%22],[%22X%22,%22X%22,%22X%22,%22X%22,%22%E2%80%A2%22,%22X%22,%22X%22,%22X%22,%22X%22,%22X%22],[1,1,1,1,%22%E2%80%A2%22,%22X%22],[%22Swap%22,1,1,1,%22Swap%22,%22%E2%80%A2%22],[1,1,1,1,%22%E2%80%A2%22,1,%22X%22],[1,%22Swap%22,1,1,%22Swap%22,1,%22%E2%80%A2%22],[1,1,1,1,%22%E2%80%A2%22,1,1,%22X%22],[1,1,%22Swap%22,1,%22Swap%22,1,1,%22%E2%80%A2%22],[1,1,1,1,%22%E2%80%A2%22,1,1,1,%22X%22],[1,1,1,%22Swap%22,%22Swap%22,1,1,1,%22%E2%80%A2%22],[1,1,1,1,%22%E2%80%A2%22,1,1,1,1,%22X%22],[1,1,1,%22Swap%22,%22Swap%22,1,1,1,%22%E2%80%A2%22],[1,1,1,%22%E2%80%A2%22,1,1,1,1,%22X%22],[1,1,%22Swap%22,1,%22Swap%22,1,1,%22%E2%80%A2%22],[1,1,%22%E2%80%A2%22,1,1,1,1,%22X%22],[1,%22Swap%22,1,1,%22Swap%22,1,%22%E2%80%A2%22],[1,%22%E2%80%A2%22,1,1,1,1,%22X%22],[%22Swap%22,1,1,1,%22Swap%22,%22%E2%80%A2%22],[%22%E2%80%A2%22,1,1,1,1,%22X%22],[%22X%22,%22X%22,%22X%22,%22X%22,%22%E2%80%A2%22,%22X%22,%22X%22,%22X%22,%22X%22,%22X%22],[%22Chance5%22,1,1,1,1,%22Chance5%22]]}

key differencesvsclassicacomputing
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teleport
uncopiabledata, probabilisticresults, andrepeatedcomputingto
but transferable generatea deterministicoutcome
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from Hamiltonians to values of interest

problem Hamiltonians

H=Y (J.S78! +J,5/8! + J.S;S7) + > hiS;
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%
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i
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H = thazz + ZJijUfU;
i

1<j

gate based QPU

A problem decomposition.
A unitary approximation.
A circuit synthesis.

analogQPU

A problem embedding in a
graph.

A QPU will search for an
energy minimum.

aayYl tf

A ground state energy.
A excited states energies.

A other Hamiltonian eigenvalues.

A spectrography data.
A index value.

A X
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software challenges

temps decalcul calcul
A CI aSSi q ue state preparationtechniques unitary transformations

uniform superposition
aka HadamarWalshTransform
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# of qubits

abstractionlevel tensor networks competition

3

spotting errors
in circuits is
difficult

documentation
review

not
. ractable
refactoring for some.
algorithms

output verification

software engineering

metrics considers

SDKgompilers
optimizers

Benchpress _, SPKseeed:

efficiency, memory

THALES BACQ higerlevel )
- _ algorithms algorithm
E\WD’_EQN gscore performance compilation
o loading
mar@
- QED.‘C ‘I‘jw'l_ﬁ;’e' launching
. algorithms
TU Delft: QPack performance QEM
£ CLOPS catecycle speed
crosstalk "
error per layeredgates(EPLG) entanglement qubits
topology
randomizedand cross control
entropy benchmarking .
qubits number
QV andfidelities

benchmarking

—e code review blackbox testing white-box testing

—* patterns review checking output emulation debugging

projective measurement
on ancilla qubits

energetics

QEI

% IEEE

SV Raytheon
 Technologies

classical
electronics&
computing
cryogeny
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guantum speedup origin

space
advantage

comes from N

A== »

qubits handling the i 7] /] ] ]
eqftllci)\;?ilre]gtpcgm?” - L = L T & - 1 = Ay d )
numbers H H H X o—9—4
X &{7] {2} o— X oo
_________________________________________________ >
space/time time advantage 1. quantum computing is a form @fi-memory processing
trade-offs when the number of gates 5 exploiting engineerednterferenceof amplitudes

: cycles scales slower than with ) ) L )
one can be improved ¢ ivalent classical algorithms 3. using arbitraryanalog evolutionan the Hilbert space.

at the expense of the
other, like in classical

computing 1.Th O2RS OZ2YLIAtILIUAZ2ZY Aa |

o]
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main known
guantum
algorithms

FTQC
QPE & QFbased
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A typology of quantum algorithisy Pablo Arnault,

Pablo Arrighi, Steven Herbert, RasnetsiandTianyi

Li, Inria, Quantinuum, arXiv, July 2024 (60 pages).
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https://arxiv.org/abs/2407.05178

potential guantum speedups

simulations VQE

searches and QUBO

combinatorial Groversearch
optimizations QAOA

reinforcement learning

variational recommendation
machine . .
learning QML supervised clustering
variants ensemble methods

Bayesian networks

HHLbased linear solvers

Hamiltonian simulations, QP&inder specific conditions)

Deutschelozsa
Simon, BernstexVazirani

PCA
SVM
k-means
convolutionalnetworks

FT
(under specific QS?/T QSP
other linear regressions conditions) iy
PDEs Shor factoring & dog
QSLA Gaussums Jonegolynomials
speedups
classical weaklysuperpolynomial  exponential 60 1'ge))
reference unknown 5(a) )
n = problem heuristics _ Rl o (@) O
size ( ) quadratic o(@) °) superpolynomial L’(Qfg) . )

0 Qe

Y Y
NISQor limited quantum advantage requires FTQC QPUs

UnderstandindQuantum Technologidsy Olivier Ezratty, as of April 2025.



https://www.oezratty.net/wordpress/2024/understanding-quantum-technologies-2024/
https://www.oezratty.net/wordpress/2024/understanding-quantum-technologies-2024/

theoretical vs practical speedups

total computing timeJinear scale total computing timeJog scale classical
. computing(*)
n
T . classical areT.andT, polynomial
R S— T _ _ _ specdup
intractable computing compatible with the
(exponential) problem use case constraints? quantum
L S computing
exponential
speedup

exponentialor polynomial
theoretical speedup

quantum
computing

number of qubits

problem size (N)

the typical and naive way to illustrate
guantum computing theoretical speedups.
(*) for a fair comparison, the classical computer can be as expensive and/or energy hungry as the QPU.

inspired byOpening the Black Box inside Grover's Algorithm
by E. Miles Stoudenmire and Xavier Waintal, PRX, November 2024.


https://journals.aps.org/prx/abstract/10.1103/PhysRevX.14.041029

NISQvariational guantumalgorithms

parameterized entangling number of p layers number of Pauli strings
layer akacost layer aka depth, depending on the 0¢)
unitary mixer unitary algorithm variant and M=1 for QAOA and 4 for VQE

n qubits _l i l ansatz expressivity l
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classical optimizer

1 million for VQE and
chemicalgroundstate
computing
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inject new P

used to compute a nevé to minimize cost functiorIE(_79) comeﬁliiic;tat(l)os?p\r/gcl;izsin erc:;)tr_ Tg::geasi?r?
containing N parameters, gradient descent for eeﬁjgl puting p 9 pOSER 9
exit when € is ansatz preparation cost classical post error mitigation cost
stabilized exponential with number of qubits processing cost exponential with n or p

NP hard problem



variational
algorithms
barren
plateaus

Small gradients =2  high precision required to _> resource intensive
find loss minimizing direction

(~ 1/0? shots are required

estimate a loss to precision ¢ )
Barren plateau (BP) phenomena:

[Var[akc] ) QL"] wla &j

o
1072 4 .
—+ ‘e
: Var[9,C] o RN
source: Zoé Holmes, EPFL, P0:C| > 6) < ar([S—Qk ] .
presentation to the FTQC group from . o ] “o.
the French Academy of TeChnOIOgy’ Probability of non-zero gradients vanishes ;f 107 4 .\‘ A -
October 141, 2025. exponentially with problem size. = ] \ _
ik LY
108 5 \‘
Shot required for training grows exponentially

with problem size. 5 10 15 20 25
n Qubits



all quantumalgorithmsare hybrid

on a classical computer, often an HPC, ONEF 0Sa | O2y ONELt SRS ! 2LJ
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with significant preprocessing and
postprocessingdreen)
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classical computing time scale
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Hamiltonian encoding it compute the ground

state of a Hamiltonian
in some chemical

compilation, transpilation,optimization simulation

other classical costs in grey are algorithm independent
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https://arxiv.org/abs/2505.23860

main qubit types

atomsand ions  superconducting electron spins

Bias Current Josephson
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atom anharmonic oscillator
energy level

electron spin
orientation

quantum states

current phase and energy
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physical aspect

photons

v

photon polarization,
or other property
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how qubits arecontrolled?
electronscontrolledspin andmicrowavecavities
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trapped ions cold atoms  superconducting silicon vacancies topological photons
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. . ingle photon
optical or electromagnetic single photo
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laser pulses . . interferometers,
microwaves microwave pulses optical and/or olarizing beam
quantum gates RE sianals and/or DC current microwaves microwave P < I'tter%
9 reflectometry Pl r
and quadrature
dout laser and CCD microwave reflectometry laser and CCD analysis single photon
readou detected fluorescence and quadrature analysis detectedfluorescence detectors
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Inside a typical quantum computer

computing
servers, network,
software, data

gubits control electronics
microwave generators, readout
systems and various electronics

« chandelier» in cryostat
where quantum stuff happens!

vacuum
pump

o]

quantum chipset

helium4

helium3

liquid
nitrogen
gas filter

cryogenic installation

helium 3 & 4

gas pumps and compressor

compressor

pumps
filters

for superconductingor electronspin qubits

external
compressor

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

two-qubit singlequbit three-qubit
gate gate gate
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I ) A 9 L
) 9 — ® T@ 10 qubitsx 100 gate cycles = 1000 => 99.9% fidelity
I Iﬂg T @ 100 qubitsx 100 gate cycles = 10K => 99.99% fidelity
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v m & A
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computingdepth D
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logicalgubits and FTQC

physicalqubit

errorNJ (S a

error correction code

threshold, physical qubits
overhead, connectivity
requirements, syndrome
decoding and scale
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logicalqubits
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fose
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tens to thousands physical
qubits per logical qubits

fault tolerance (FTQC)

A implement logical gate
correction.

A avoid error propagation and
amplification.

A implement a universal gate set.

A fault-tolerant results readout.

A correct correlated errors.



QEC/FTQC key components

real-time error syndrome detection code switching
logicalmemory single-qubit two-qubit maglegtate leakage error SUEEEE
ubit logical gate logical gatg(*) preparation (.T) correction errors
q and teleportation correction
qubit connectivity calibration qubit fast measurement

qubit physical gate fidelities >99.9% at scale

scaling QPU with interconnect and gate teleportation + circuypgtitionning

(*): not using posselection blue  QEC basic component.
G KAOK R2SayQi agteent BTQG eompoSestl)
circuits. grey QEC hardware enablers.
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superconductors & spins
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why

A ICT energy consumption is growing
in an uncontrolled way.

A energetics are usually an
afterthought, like with LLMs.

AxiQa GAYS (2
technologies are being designed.

what

A build new science and engineering.

A create fultstack methodologies to
evaluate, optimize, and benchmark
QT energy consumption.

where

A academic and industry QEI
workshops: Singapore (2023),
Grenoble (2025), Barcelona (2026).

A APS 2025, ICQE 2025, France

Singapore Symposium (Paris, 2025),

Q2B Paris and Santa Clara (2025).
A online seminars, website.

62 NJ

A 4 cofounders.
A 14 scientific board members.
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#QEI

the quantum energy initiative

who

A 500+ community in >90 countries.
A >30 industry and academic partners.
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