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[Google Quantum AI, Nature 2024]

Demonstrated in 2024!

Surface code with transmons

Below threshold and break-even



[Ke Wang et al. (Hangzhou) arXiv 2025]

qLDPC code with transmons



Easier to correct one type of error only with repetition

[Google Quantum AI, Nature 2024]

Repetition code with transmons



An efficient way of having redundancy
Bosonic codes
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Non-linear 
coupling

Drive

Buffer Memory

2D structures 3D cavities
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Cat code

|α⟩

| − α⟩

|α⟩ + | − α⟩

2
|α⟩ − | − α⟩

2



A. Joshi, K. Not, Y. Gao, Quantum information processing with bosonic qubits in circuit QED, Quantum Sci. Technol (2021)

The cavity is now used to encode the information

D. Gottesman, A. Kitaev, J. Preskill, Encoding a qubit in an oscillator, PRA (2001) 
P. Campagne-Ibarcq et al., Quantum error correction of a qubit encoded in grid states of an oscillator, Nature (2020)

J. Guillaud, J. Cohen, M. Mirrahimi, Quantum computing with cat qubits, PRX (2022)

Plenty of potential bosonic qubits

H = ℏωr(a†a +
1
2

)
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Why this encoding  

in particular ? 

• The GKP code• The Kitten code

( |0⟩ + |4⟩)/ 2 |2⟩

• Fock states

|0⟩ |1⟩



A biased noise qubit 
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Exponential gain in bit flips ΓX ∝ e−λ|α|2

Linear cost in phase flips ΓZ = 2κ1 |α |2Cavity

Non-linear
element

Cavity

Non-linear
element

Cavity

Non-linear
element

Cavity

Non-linear
element

κ1

2κ1

3κ1

4κ1



XRuiz et al., Nature Comm. (2025)

1. Classical codes are sufficient

2.   High threshold

3.   LDPC codes can be local

Only one type of error

1D repetition code is error resilient

Distant is local in 1D (zigzag)

*assumes equal distribution of 
errors among qubits & operations

ancilla phase flips 
per QEC round
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Surface code 
threshold*

Repetition 
code threshold

Hardware efficient

Putterman et al., Nature 2025 (AWS)
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X

Surface code + transmons 
Quantum 5, 433 (2021)

Repetition code + Cat Qubits
PRL 131, 040602 (2023)

LDPC + Cat Qubits
Nature Communications, 16 (2025)

 transmons2 × 107  cat qubits (N/57)3.5 × 105

 cat qubits (N/200)105

Benchmark: Factoring 2048-bit integers ( )ϵL ∼ 10−15
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 (drive)Ĥ/ℏ = iε1 ̂a† + hc
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Im(β)
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α

Using dissipation to stabilize cats

 (drive)Ĥ/ℏ = iε2 ̂a†2 + hc

 (loss)L = κ2a2

• Single photon coupling

• Two photon coupling

L = κ1( ̂a − α)
α = 2ε1/κ1

Effective 

dissipation 

L = κ2( ̂a2 − α2)
α = 2ε2/κ2

Effective 

dissipation 

𝒞 = span { |α⟩, | − α⟩}Stabilizes
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Hamiltonian engineering also possible: « Kerr cats »

And higher order protection also possible 
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Using dissipation to stabilize cats

 (drive)Ĥ/ℏ = iε2 ̂a†2 + hc

 (loss)L = κ2a2

• Two photon coupling

L = κ2( ̂a2 − α2)
α = 2ε2/κ2

Effective 

dissipation 

𝒞 = span { |α⟩, | − α⟩}Stabilizes
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κ2

κ1
≳ 100 − 1000

Le Régent et al., Quantum 2023 (Inria, A&B)



2 photon dissipation using  order non-linearity4th

Buffer drive  & buffer dissipation  

, 

with     


           


εd κb ≫ g2

⟹ ̂L2 = κ2 ( ̂a2 − α2)

κ2 ∼ 4 g2
2
/κb

α2 ∼ − εd /g*2

Non-linear 
coupling

Drive

Buffer Memory

Non-linear 
coupling

Drive 

Buffer Memory

First implementation with an active coupling
Dissipative cat qubit
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Ĥcoupling/ℏ = g2 ̂a†2b̂ + g*2 ̂a2b̂†



• Non-linearity provided by a transmon


[Z. Leghtas et al. Science, 2015 (Yale)]

Stabilization, but no exponential scaling of Tbit−flip

• Non-linearity provided by the ATS 
(Asymmetrically Threaded SQUID)

Buffer parity 
stabilisation

Buffer ATS

ATS

Cat cavity

ATS 
pump 

φ1 φ2
[R. Lescanne et al. Nat Phys 2020 (ENS Paris)]

[S. Touzard et al. PRX 2018 (Yale)]

2 photon dissipation using  order non-linearity4th

Non-linear 
coupling

Drive

Buffer Memory

First experimental implementation
Dissipative cat qubit

ξp
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[U. Réglade et al., Nature 2024 (A&B, ENS Paris)]
[H. Putterman et al., Nature 2025 (AWS]
[R. Rousseau et al., arXiv 2025 (A&B, LKB)]



3 wave mixing for stronger coupling
 wave mixing4  wave mixing3

Non-linear 
coupling

Drive 

Buffer Memory

Non-linear 
coupling

Buffer Memory

Resonant coupling

ωb = 2ωm
Non-linear 

coupling

Buffer Memory

Non-linear 
coupling

Non-linear 
coupling

3w

Non-linear 
coupling

Non-linear 
coupling

Non-linear 
coupling

Non-linear 
coupling

̂a2b̂†̂p†̂a†2b̂̂p

Non-linear 
coupling

Non-linear 
coupling

4w

Non-linear 
coupling

Non-linear 
coupling

4w

Non-linear 
coupling

Drive

Buffer Memory

Non-linear 
coupling

Non-linear 
coupling

4w

Non-linear 
coupling

Non-linear 
coupling

Non-linear 
coupling

Non-linear 
coupling

̂a†2b̂ ̂a2b̂†

Non-linear 
coupling

Non-linear 
coupling

3w

Non-linear 
coupling

Non-linear 
coupling

3w

𝜅3𝑟𝑑

2

𝜅4𝑡h
2

∝
1
𝜉2

p
≫ 1

15



Design of the passive coupler

ωb = ωb (φext)

Buffer
+ -

ωm = ωm (φext)

Memory

0

-- --

0

Tomography

Coupler

Flux / Buffer drive

16

Transmon



Flux dependence 

 Switch the flux to turn on & 

off the 2 photon dissipation!

→

1.5mmFlux / Buffer drive

Wigner measurement

Tomography flux: , 2 photon dissipation ofωb ≠ 2ωm

Wigner measurement

Working flux: , 2 photon dissipation onωb = 2ωm

17



ϕext

εd

Memory

Cat states generation

Z. Leghtas et al. Science, 2015 (Yale)

Readout 
transmon

ReadoutBuffer Memory
Non-linear 

coupling

Drive 

Non-linear 
coupling

Non-linear 
coupling

3w
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18A. Marquet et al. PRX, 2024 (Lyon, A&B)



0 ns

Estimation of κ2
250 ns

ϕext

εd

Memory |0⟩ |C+
α ⟩

ϕQEC

W(β)

ϕtomo

|0⟩ κ2/κ1 ∼ 150

19

κ−1
1 = 11 μs

κ2/2π = 2.16MHz

A. Marquet et al. PRX, 2024 (Lyon, A&B)
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D̂(−β)

Remove pairs of photons for 300 ns

Errors of standard Wigner tomography 

• Loss of photons during waiting time 

•  ineffective for 

• For ,  may ionize the transmon

π/χ
̂Yπ/2 n̄ ≫ 1

n̄ ≫ 1 ̂Yπ/2

P. Bertet et al., PRL(2002)
L. G. Lutterbach & L. Davidovich, PRL (1997) B. Vlastakis et al., Nature (2013)

C. Chamberland et al., PRX Quantum (2022)

ϕext

εd

Memory |0⟩

ϕQEC ϕtomo

π/χ ∼ 2.8μs

̂Yπ/2
̂Y±π/2

Transmon
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Wigner tomography assisted by 2-photon dissipation

Evolution of the 

transmon
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 measurement ΓZ

Encoding time (500 ns) Wait time

Evolution of |C+
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Evolution of |α⟩
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e2α2

κφα2

breakdown of adiabatic 
elimitation of buffer, 8g2α > κb

TX ∝ eλ α 2

0.3 s

 measurement TX
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Δωm ∼ κ2α2

A. Marquet et al. PRX, 2024 (Lyon, A&B)



State-of-the-art

[Google Quantum AI, Nature 2024] [Marquet et aI., PRX (2024)]

on bit-flip correction

α2

With the autoparametric cat 
and a transmon



State-of-the-art

[Google Quantum AI, Nature 2024] [Marquet et aI., PRX (2024)]

on bit-flip correction

α2

[Jezouin 2025]

Readout with transmon is a limitation

With the autoparametric cat 
and a transmon

Autoparametric 
(Marquet et al., 

(Lyon, A&B), PRX) (Putterman et al., 
(AWS) PRX)

(Jezouin et al., A&B)

transmon for readout NO transmon

squeezed cats 
arXiv:2502.07892



Zeno  gatêZ (θ)
Encoding time (500 ns)

ϕext

εd

Memory
|0⟩ |C+
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ϕtomo

W(β)

t

−iεZeiθZm̂ + h . c

A. Marquet et al., PRX 2024 (Lyon, A&B)

 gate fidelity 



 

̂Z (π)
96.5 %

Effect of the memory drive: 

κ2

θZ

25
S. Touzard et al., PRX 2018 (Yale)



 gateX̂ (θ)
2 photon dissipation prevents population transfer between  and |α⟩ | − α⟩
• Solution 1: continuous deformation of the encoding

Only works for the gate X̂ (π)

26



 gateX̂ (θ)
2 photon dissipation prevents population transfer between  and |α⟩ | − α⟩
• Solution 1: continuous deformation of the encoding

• Solution 2: use the deflated manifold span( , )|0⟩ |1⟩
Only works for the gate X̂ (π)

27

εd → 0 εd → g2 |α |2



Holonomic  gateX̂ (θ)

ϕext

εd

Memory |0⟩ |α⟩

ϕtomo

D̂(α)

W(β)

ϕQEC

2θ
R̂(−θ)

proposition by V. Albert et al., PRL 2016 (Yale) 28see also U. Reglade et al., Nature 2023 (Paris, A&B)

A. Marquet et al., PRApplied 2024 (Lyon, A&B)



Linear increase

of ΓZ

A. Marquet et al., PRX 2024 (Lyon, A&B)

Autoparametric cat

Exponential increase of  

up to 0.3 s

TX

29

A. Marquet et al., PRApplied 2024 (Lyon, A&B)

A. Marquet et al. PR Applied, 2024 (Lyon, A&B)

Perspectives
Add a flux knob to operate at sweet spot
Ancilla for repetition codes
4-component cat qubits



C O N F I D E N T I A L

Thanks!

30

R. Lescanne

A. MuraniN. Cottet

T. Peronnin S. Jezouin

E. AlbertinaleA. EssigA. Marquet

B. Huard

J. Cohen

A. BienfaitS. Dupouy

U. Reglade



Alice & Bob
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Origin of Hardware efficiency

Ruiz et al., Nature Comm. (2025)

1. Classical codes are sufficient

2.   High threshold

3.   LDPC codes can be local

Only one type of error

1D repetition code is error resilient

Distant is local in 1D (zigzag)

*assumes equal distribution of 
errors among qubits & operations

ancilla phase flips 
per QEC round
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Concatenating cat qubits in phase-flip LDPC codes

Ruiz et al., Nature Comm. 16, 1040 (2025)



Benchmark: Factoring 2048-bit integers ( )𝜖𝐿~10−15

Surface code + transmons 
Quantum 5, 433 (2021)

Repetition code + Cat Qubits
PRL 131, 040602 (2023)

LDPC + Cat Qubits
Nature Communications, 16 (2025)

 transmons2 × 107  cat qubits (N/57)3.5 × 105

 cat qubits (N/200)105



m

l0k
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3 wave interaction using autoparametric coupling
A classical analogy
Replace the string in the pendulum by a spring

Pendulum mode ωm =
g
l0

Spring mode ωb =
k
m

ωb ≠ 2ωm

ωb = 2ωm

Excitations in the « buffer » mode are converted 

into pairs of excitations of the « memory » mode



Impact of the transmon’s thermal population

36

Transmon’s thermal population Impact on the memory frequency



• Due to the memory self-Kerr, its frequency shifts when encoding cat states with larger amplitudes 


• The drive becomes off detuned, , leading to a displacement of the buffer


• The buffer then thermalizes, owing either to the buffer dephasing noise , or large self-Kerr  
which leads to a small squeezing, converted into an effective thermal population  by single photon loss.


• Buffer photons are converted to memory photons, creating a heating term of the form  . Alternatively, the cross-Kerr effect  
can lead to an increased memory dephasing rate. 


Δb = ωb − ωd ≠ 0

nb
th = κb

φ |⟨b̂⟩ss |2 /κb χbb/2π ≈ 10 MHz
nb

th = sinh2(r)

m̂†2 χmb

Displacement of the buffer mode
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Comparison between the different stabilization methods

38



WHY DOES IT WORK ? 

We need a big Hilbert space to 
protect against (local) errors 

Redundancy

We encode information in 
distant location in this space

Distance

| ⟩0
| ⟩1
| ⟩2
| ⟩3
| ⟩4
| ⟩5
| ⟩6
| ⟩7

Harmonic oscillator
“infinite” Hilbert space

𝑛, 𝜙 -basis



WHY DOES IT WORK ? 

We need a big Hilbert space to 
protect against (local) errors 

Redundancy

We encode information in 
distant location in this space

Distance

| ⟩0
| ⟩1
| ⟩2
| ⟩3
| ⟩4
| ⟩5
| ⟩6
| ⟩7

Harmonic oscillator
“infinite” Hilbert space

𝑥, 𝑝 -basis



OTHER POSSIBLE BOSONIC ENCODINGS
Binomial codes GKP code

M. H. Michael et al. PRX, 6, 031006 (2016)
Z. Ni et al. Nature, 616, 56-60 (2023)

Gottesman et al. Phys. Rev. A 64, 012310 (2001)
V. V. Sivak et al. Nature volume 616, pages 50–55 (2023)



ANOTHER THE CAT QUBIT
2 component (legged) cat

M. Mirrahimi et al. New J. Phys. 16 045014 (2014)
N. Ofek et al. Nature 536, 441–445 (2016)

4 component (legged) cat


