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Quantum Mechanics of Many-Electron Systems.
By P. A. M. Dirac, St. John’s College, Cambridge.

(Communicated by R. H. Fowler, F.R.S.—Received March 12, 1929.)

« Ainsi, les lois d’'une grande partie de la physique et de toute la
chimie sont entierement connues, et la difficulté est
uniguement que l‘application de ces lois engendre des
équations beaucoup trop compliquées a résoudre. »
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Le probleme de la dimension exponentielle
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Espace de Hilbert de dimension D = KV

eg. K =10,N =20 - D = 102°

On aurait besoin de toutes les ressources de stockage d’information existante pour écrire cette fonction d’onde !



La synthese d’engrais
Ny + 3 Hy — 2 NHy 7 Fertilizer

Humans: Haber Process Nature: Nitrogenase /J\,\
j/\/:e\/\: «© 99
400°C & 200 atm 25° C & 1 atm SN, FeMoeo

1-2% of ALL energy on earth,
used on Haber process

Beyond all current classical
" methods

Both electronic structure and
substrate attachment almost
totally unknown

Classically — No clear path to accurate solution
Quantum Mechanically — 150-200 logical qubits for solution

Jarrod McClean Google Quantum Al, Reiher et al. PNAS vol. 114 no. 29 (2017)
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A brief history of quantum information

Weisner Feynman Simon Shor / Stean Quantum artificial intelligence
Quantum Money Quantum Simulation Exponential Speedup | Error Correction Machine Iearning
1970 - 1983 1982 1992 1996 L. .
) Variational quantum eigensolver
Holevo Benioff / Deutsch Shor Kitaev _
Quantum Channel Capacity Quantum Turing Machine Factoring Fault-Tolerant Computing
1973 1082 1994 1997
Zurech Bennett / Brassard
Non-cloning Theorem Quantum cryptography
1982 1984

Q. Computing

Simon Shor Kitaev
1982 Stean Preskill

Quantum Information

Weisner Deutsch Bennett
Holevo Feynman Brassard

1935 1964 Zurech
Quantum Entanglement
Einstein-Podosky  Bell Aspect

-Rosen v. Bohr

1900 1927

Quantum Mechanics

Planck Bohr Schrodinger Von Neumann
Einstein Heisenberg Dirac



Quantum computing enters a new phase

“Now 1s an opportune time for a fruitful discussion among researchers, entrepreneurs,
managers, and investors who share an interest in quantum computing.”

- John Preskill 2018
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Le défi majeur: protéger I'information quantique contre les erreurs
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Circuits supraconducteurs



Circuits Supraconducteurs
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Applied Physics Reviews 6, 021318 (2019)
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puce Jonction Josephson

i
“Superconducting tunnel junction”
300 - i = 7
P eresow s, cmaues R
institut

Mag= 2042 KX (Polaroid reference)

Ingénierie microondes




Circuits surpaconducteurs

Supraconductivité -2 Longs temps de vie

Effet Josephson 2> Forte non-linéarité
Industrie télécom > Control des qubits
Temps de vie (us) ~ B
Q m — —_—
A Mo—-5 "Q_) 91
O JJ-based qubit «xXE o= =
al _ . 568 xE 52
10 [] Bosonic encoded qubit S Lo g2 €T
X Error corrected qubit c ;L E' :'_ § 3§
£ A1 T W
£ . 5 2 g W] L GK
102 2 3 S8 2 o Lug ME L
o = o EX L/, A
£33 g3 o9 ¢
1+ 8 T o gu \
10 3 L =l f @) /
© 3 Sl S =~ =~ o
8 e . Vo 8 8 s / Gatemon
- 2 : & W = = £ _/(semiconductor)
— s, | o £ w L
[= ,'r” \ L' E oE %
-1 E 2 g —
e en| 5§ § 3
= [T
5 U\ ¢ en ) Gatemon
1074 / 1 t o 2 (graphene)
<
10-3 | L | L l L l L | L >
2000 2004 2008 2012 2016 year

Kjaergaard Annual Review of Cond Matt Phys 11 (2020)

Industrie semi-conductrice
— Architectures complexes
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. Drive Flux Coupling Readout Purcell Feed
Qubits . Lines Lines Elements Resonators Filters Lines

Krinner et al. Nature (2022)



Rabi oscillations

Contréle d’'un qubit supraconducteur |1,

a 0.5 '
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Mesure d’un qubit supraconducteur

c compact resonator
. X .
Signals ——— ey Signals
IMmm OuT
Josephson  '] i ‘\‘\J Tf '
junctions [ \] gt e

‘. f =5.676 GHz

éc 200 MHz
) T,=-28ps

= Tan=2.0—0.7ps
| y/2n=54MHz

Hatridge, Science (2013)




Our approach :
The Schrédinger cat-qubit

Mirrahimi, NJP, 2014

Leghtas, Science 2015

Touzard, PRX 2018

Lescanne, Nature Physics 2020
Réglade & Bocquet, Nature 2024
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few-photon dynamical states medium
Muppalla PRB 2018

™1

} Andersen PRApp 2015

Macroscopic switching times between [ |- ]

115 photons

- Ultra-low power classical
logic

1 photon N A e l

| 0 s
Time (seconds)

Berdou PRXQ 2023, Krantz NatComm 2016, Siddiqi PRL 2004 ...



From dynamical bits to dynamical qubits

1 1)

bit qubit
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Is dissipation good or bad ?

V(v
/\\

Friction (dissipation)
— Stability
- Quantum decoherence
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Agnostic dissipation




Agnostic dissipation

.

D cos(wgt) = 24 \/\/\




Two-photon dissipation

Meta—potential V(1)

la|* =4

. _ 2 .,
Hamiltonian H/h = ie,a™ —ie; a?

Loss operator L = +/k,a*

(262)1/2

a=|—
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Steady states in span{| — a), |a)}

d{a) Re (1)
dt B —VV((CL>) Wolinsky and Carmichael PRL (1998)
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The dissipative cat-qubit
H = g,a? + e5(a)?; L, = k3 a?

Exponential suppression of bit-flip with a2
Linear increase of phase-flip with a?
Bias preserving operations

Two-photon
Drive

_________________

________________ - \ / One-photon
| Dissipation K4

Two-photon
Dissipation Kk,

Mirrahimi, NJP, 2014 Lescanne, Nature Physics 2020 -
Touzard, PRX 2018 Leghtas, Science 2015



Biased-noise qubits reduce hardware overhead
_Bit-flips ?O?Oﬁ
O) () ) () ()
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Standard qubits

x10-100 less overhead
but requires bias
preserving operations

Biased-noise qubits

Chamberlan, 2023 Aliferis, Preskill, PRA 2008 Puri, Science Adv, 2023 -
Webster, Bartlett, Poulin. PRA, 2015. Tuckett, Bartlett, Flammia. PRL 2018 Ruiz, 2023



The transmon-free cat-qubit

1 mm

£l Enl

§§ g g Memory : 5.25 GHz, T, ., =10 us

Buffer in/out DC + Flux pump Buffer : 7.70 GHz, k, /2m = 2.6 MHz




The transmon-free cat-qubit

1 mm

£l Enl

§§ g g Memory : 5.25 GHz, T, ., =10 us

Buffer in/out DC + Flux pump Buffer : 7.70 GHz, k, /2m = 2.6 MHz




Quantum tomography Data
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Quantum tomography Data

25 1
10) - =
, . 25 1
|0) \Oé\o/ . 1 =
Vo VAl .3

25 2.5




Quantum tomography Data
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Quantum tomography Data
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Our qubit is noise-biased
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Our qubit is noise-biased
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Our qubit is noise-biased
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Our qubit is noise-biased under control




Our qubit is noise-biased under control

-4 =2 0 E 4 0 2 0 100 200 [9]
R(A) time [us] time




Noise bias scaling © YV  NoZgate

O v Zgateactive




Noise bias scaling
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Conclusion

Macroscopic

Coherent
Tomography bit-flip time

control
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! Recent paper from Amazon:
W Nature 629, 778-783 (2024) arXiv:2409.13025
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