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Quantum vs classical
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Quantum vs classical



Physics of information, classical bit
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Physics of information, quantum bit
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Example:



Superconducting circuits as quantum systems

Superconducting LC oscillator Hydrogen atom

Quantum regime: low temperature of about 20mK for oscillation frequency 5-10 GHz (microwave regime). 

Courtesy of Michel Devoret



Quantum LC oscillator
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LC CIRCUIT AS A QUANTUM 
HARMONIC OSCILLATOR
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LC oscillator is not enough
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CAVEAT: THE QUANTUM STATES OF A 
PURELY LINEAR CIRCUIT

CANNOT BE FULLY CONTROLLED!

NO STEERING TO AN ARBITRARY STATE
IF SYSTEM PERFECTLY LINEAR

rZ=

LC oscillator is a harmonic oscillator and we cannot selectively drive a transition between two energy levels.

Courtesy of Michel Devoret



Josephson Junctions for qubitsJOSEPHSON TUNNEL JUNCTION: 
A NON-LINEAR INDUCTOR

WITH NO DISSIPATION 
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Quantum hardware is (too) noisy

Classical RAM (Random Access Memory)

 errors per bit per operation
∼ 10−25

Quantum processor

 errors per bit per operation


Large scale quantum computation 

requires 


∼ 10−3 − 10−4

∼ 10−10 − 10−15



Classical error correction

• Classical noise: bit-flip errors

• Idea of error correction: redundancy 

0L ! 000 and 1L ! 111
<latexit sha1_base64="vQ9EFFiWCLzfIBGaetDCqiZz5Cc="></latexit>

• 1-bit errors tractable by majority vote

• Probability of failure: 2 or 3 errors. pL = 3p2(1� p) + p3
<latexit sha1_base64="ksSToe/3MCVN9jPSpmy9l6G8loQ="></latexit>

• For p<1/2 pL < p
<latexit sha1_base64="BpzpiTDmcErDz0My/yTT6rYi0sA="></latexit>



Quantum error correction: main issues

• How to detect errors without destroying quantum information? Measuring a qubit 
projects its state:

c0|0i+ c1|1i ! 0 or 1
<latexit sha1_base64="STr0oHx+JPnkcmVtK+wIi8RJbvQ="></latexit>

• Errors are not only bit-flips or unitaires generated by          ? How to model errors?�x
<latexit sha1_base64="g817TmiU05Zy7rX64pKhamtVcW4="></latexit>

| i ! �x| i
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• Errors are continuous: an error is not necessarily of the form                           .


For instance, we can also have | i ! ei✓�x | i ✓ 2 [0, 2⇡)
<latexit sha1_base64="3is5sKykaMW2GLMfKSB85F/YF8w="></latexit>
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Pauli operators:



1- How to detect errors without destroying information?

Objective: protect any superposition                          without knowledge of coefficients. c0|0i+ c1|1i
<latexit sha1_base64="CmRAQJte977mglAJkpJa/kG31U8="></latexit>

Tool: repetition by entanglement c0|0i+ c1|1i ! c0|000i+ c1|111i
<latexit sha1_base64="6Jf3KsOKzH4boP2/7I6xaZjQKnw="></latexit>

Detection: parity checks by measuring                                     and  Z1Z2 = �z ⌦ �z ⌦ I
<latexit sha1_base64="T9SsnTas7SDT77lMY5INTNG8luY="></latexit>

Z2Z3 = I ⌦ �z ⌦ �z
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Quantum error correction: main issues

• How to detect errors without destroying quantum information? Measuring a qubit 
projects its state:

c0|0i+ c1|1i ! 0 or 1
<latexit sha1_base64="STr0oHx+JPnkcmVtK+wIi8RJbvQ="></latexit>

| i ! �x| i
<latexit sha1_base64="P1Fkhy9rNrkVjbQ/0m/dt1v8gjw="></latexit>

• Errors are continuous: an error is not necessarily of the form                           .
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• Errors are not only bit-flips or unitaires generated by          ? How to model errors?�x
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2 and 3: How to model errors? What is error correction?

Language of open quantum systems:


State space: 


| i 2 H �! ⇢ 2 {⇠ 2 B1(H) | ⇢† = ⇢, ⇢ � 0,Tr(⇢) = 1}
<latexit sha1_base64="LMARo5XkXOmtUoGchJ8Jgk0IXNA="></latexit>

Particular case of a pure quantum state: 
 ⇢ = ⇧| i = | ih |
<latexit sha1_base64="BwKPjYXqY3nzGY2/FX97aC2vgB0="></latexit>



2 and 3: How to model errors? What is error correction?

Quantum noise: interaction with environment 
 System+environment 
2 Hs ⌦Henv
<latexit sha1_base64="8pZMffGZEpZqZALF9MV4yoi4GJE="></latexit>

		 
E ρs( ) = trenv Uτ ρs⊗ρenv( )Uτ
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†

k
∑ with

		
Ek
†Ek = I

k
∑ .

Quantum error correction in a nutshell: 
 Code space:  
Hc ⇢ Hs
<latexit sha1_base64="EyxjMlZ+Rg5dGJbXlLKOAjSLADg="></latexit>

Like errors, the error correction (measurement and feedback) can be modelled as a quantum operation:


	 	
ρ→R ρ( ) = RkρRk

†

k
∑

This corrects an error channel                      if 
⇢ 7! E(⇢)
<latexit sha1_base64="p2ssZeEL8NlyP6dS3DphspBRLr4="></latexit>

8⇢c 2 Hc, R � E(⇢c) = ⇢c.
<latexit sha1_base64="tx3hOma/HSGGpWfuIEdXCw0F9F8="></latexit>



Why does quantum error correction work?

Theorem: discretisation of error channels

If the operation R  corrects the error channel E, it corrects any other error channel F   whose 

elements F_k are complex linear combinations of the elements E_k of E  :


R � E(⇢c) = ⇢c ) R � F(⇢c) = ⇢c.
<latexit sha1_base64="yquo+aiLnr3gxEkhcFvvZxUgE+k="></latexit>

Corollary: it suffices to correct the operations                                                  to correct any single qubit 
errors.                             


{I,�x,�z,�y = i�x�z}
<latexit sha1_base64="ZlLXVje/JfmAxoNxe6YTmWVhDMA="></latexit>



From repetition code to surface code

A. Fowler et al., Phys. Rev. A 86, 2012.

• Protect against I, X, Z and XZ errors

Surface code 
all  along horizontal direction

all  along vertical direction

XL = X
ZL = Z

}
<latexit sha1_base64="pIcGCtZOw2XidbS0E1MDdgkFt0M="></latexit>

data qubit
syndrome measurement qubit }

<latexit sha1_base64="pIcGCtZOw2XidbS0E1MDdgkFt0M="></latexit>

« physical » 

qubits« logical » qubit



Per-step error rate p
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Surface code: promise

A. Fowler et al., Phys. Rev. A 86, 2012.
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State of progress 
2

FIG. 1. Surface code performance. a, Schematic of a distance-7 surface code on a 105-qubit processor. Each measure qubit
(blue) is associated with a stabilizer (blue colored tile). Red outline: one of nine distance-3 codes measured for comparison
(3 ⇥ 3 array). Orange outline: one of four distance-5 codes measured for comparison (4 corners). Black outline: distance-7
code. We remove leakage from each data qubit (gold) via a neighboring qubit below it, using additional leakage removal qubits
at the boundary (green). b, Cumulative distributions of error probabilities measured on the 105-qubit processor. Red: Pauli
errors for single-qubit gates. Black: Pauli errors for CZ gates. Blue: Average identification error for measurement. Gold: Pauli
errors for data qubit idle during measurement and reset. Teal: weight-4 detection probabilities (distance-7, averaged over 250
cycles). c, Logical error probability, pL, for a range of memory experiment durations. Each datapoint represents 105 repetitions
decoded with the neural network and is averaged over logical basis (XL and ZL). Black and grey: data from Ref. [17] for
comparison. Curves: exponential fits after averaging pL over code and basis. To compute "d values, we fit each individual code
and basis separately [24]. d, Logical error per cycle, "d, reducing with surface code distance, d. Uncertainty on each point is
less than 5 ⇥ 10�5. Symbols match panel c. Means for d = 3 and d = 5 are computed from the separate "d fits for each code
and basis. Line: fit to Eq. 1, determining ⇤. Inset: simulations up to d = 11 alongside experimental points, both decoded with
ensembled matching synthesis for comparison. Line: fit to simulation, ⇤sim = 2.25± 0.02.

tional fidelities compared to our previously reported pro-
cessors [17, 26]. The qubits have a mean operating T1

of 68µs and T2,CPMG of 89µs, which we attribute to im-
proved fabrication techniques, participation ratio engi-
neering, and circuit parameter optimization. Increasing
coherence contributes to the fidelity of all of our opera-
tions which are displayed in Fig. 1b.

We also make several improvements to decoding, em-
ploying two types of o✏ine high-accuracy decoders. One
is a neural network decoder [27], and the other is a
harmonized ensemble [28] of correlated minimum-weight
perfect matching decoders [29] augmented with match-
ing synthesis [30]. These run on di↵erent classical hard-
ware, o↵ering two potential paths towards real-time de-
coding with higher accuracy. To adapt to device noise,
we fine-tune the neural network with processor data [27]
and apply a reinforcement learning optimization to the
matching graph weights [31].

We operate a distance-7 surface code memory com-
prising 49 data qubits, 48 measure qubits, and 4 addi-
tional leakage removal qubits, following the methods in
Ref. [17]. Summarizing, we initiate surface code opera-
tion by preparing the data qubits in a product state in
either the XL or ZL basis of the ZXXZ surface code [32].
We then repeat a variable number of cycles of error cor-

rection, during which measure qubits extract parity in-
formation from the data qubits to be sent to the decoder.
Following each syndrome extraction, we run data qubit
leakage removal (DQLR) [33] to ensure that leakage to
higher states is short-lived. We measure the state of the
logical qubit by measuring the individual data qubits and
then check whether the decoder’s corrected logical mea-
surement outcome agrees with the initial logical state.

From surface code data, we can characterize the physi-
cal error rate of the processor using the bulk error detec-
tion probability [34]. This is the proportion of weight-4
stabilizer measurement comparisons that detect an er-
ror. The surface code detection probabilities are pdet =
(7.7%, 8.5%, 8.7%) for d = (3, 5, 7). We attribute the in-
crease in detection probability with code size to finite
size e↵ects [24] and parasitic couplings between qubits.
We expect both e↵ects to saturate at larger processor
sizes [35].

We characterize our surface code logical performance
by fitting the logical error per cycle "d up to 250 cycles,
averaged over the X and Z bases. We average the perfor-
mance of 9 di↵erent distance-3 subgrids and 4 di↵erent
distance-5 subgrids to compare to the distance-7 code.
Finally, we compute the error suppression factor ⇤ us-
ing linear regression of ln("d) versus d. With our neural

Google Quantum AI, Nature, 2025.
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� := (p/pth)
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A. Fowler et al., Phys. Rev. A 86, 2012.

Google Quantum AI, ArXiv:2408.13687



Shortcut: QEC with bosonic codes

P.T. Cochrane et al., Phys. Rev. A 59, 1999.
Z. Leghtas et al., Phys. Rev. Lett. 111, 2013.

Z
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|0⟩ = 1

2
( |𝒞+

α⟩ + |𝒞−
α⟩) ≈ |α⟩

|1⟩ = 1

2
( |𝒞+

α⟩ − |𝒞−
α⟩) ≈ | − α⟩

| + ⟩ = |𝒞+
α⟩

| − ⟩ = |𝒞−
α⟩

spanℋ = { |n⟩, n ∈ ℕ}

D. Gottesman, A. Kitaev, J. Preskill, Phys. Rev. A 64, 2001.

|0⟩
|1⟩

!/ # !/ #

Ψ(q) Ψ̃(p)

A. Joshi, K. Noh, Y. Gao, 
Quantum Sci. Technol. 6 033001 (2021)



Possible shortcuts: QEC with bosonic codes

Ĥ = −
ℏω
2

∂2

∂q2
+

ℏω
2

q2 = ℏω( ̂a† ̂a+ 1
2 )

Encode information in the infinite dimensional Hilbert space of a single quantum harmonic oscillator
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1

2
(q +

∂
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spanℋ = { |n⟩, n ∈ ℕ}Fock states:

Coherent states: spanℋ = { |α⟩, α ∈ ℂ}

|α⟩ = e−|α|2/2 ∑
n∈ℕ

αn

n!
|n⟩ =

1
π1/4

ei 2qℑ(α)e− (q − 2ℜ(α))2
2

̂a |α⟩ = α |α⟩



x!

p!
α ,    α = −2iε1 /κ1

 ! / 2

  H = ϵ*1 ̂a + ϵ1 ̂a†  L = κ1 ̂a

≡  L = κ1( ̂a − α)

« Single-photon » driven-damped harmonic oscillator

  H = ϵ*2 ̂a2 + ϵ2 ̂a†2   L = κ2 ̂a2

≡ L = κ2( ̂a2 − α2)

« Two-photon » driven-damped harmonic oscillator
???!

Re(β)

Im(β)

Wigner function W(β)

α = ± −2iε2 /κ 2{ |α⟩, | − α⟩}

and

Possible shortcuts: autonomous QEC with bosonic codes

and
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<latexit sha1_base64="9ZHOwvQW5UdFDVCzqyThDLtTFlc="></latexit>



Cat qubits: Autonomous QEC by dissipation engineering

Driven damped oscillator coupled to a pendulum

Courtesy of Raphaël Lescanne

A mechanical analog



Mechanical analog: a bistable system

There are two steady states in which we encode information

Courtesy of Raphaël Lescanne



Mechanical analog

Stabilization regardless of the state

Neither the drive not the 
dissipation can distinguish 

between 0 and 1

Important to preserve quantum coherence



R. Lescanne et al., Nature Physics 2020

Parametric pumping for 2-photon coupling

25μm

!" = 2!% − !'

Ĥ = g2 ̂a†2 ̂d + g2 ̂a2 ̂d†

Ĥeff = ϵ*2 ̂a2 + ϵ2 ̂a†2

(two-photon drive)

Ĥ = ϵd
̂d† + ϵ*d

̂d
(drive)

L̂eff = κ2 ̂a2

(two-photon loss)

(loss)

L̂ = κd
̂d

Quantum version

3

Figure 2. Circuit diagram and implementation (a) The cat-qubit resonator (blue) is coupled on one end to a transmon
qubit and a readout resonator (green) to measure its Wigner function, and on the other end to the buffer (red), a lumped
element resonator connected to ground through a non-linear element coined the Asymmetrically Threaded SQUID (ATS). The
ATS consists of a SQUID shunted by an inductance, forming two loops. Pumping the ATS at frequency !p = 2!a �!b (purple
arrow), where !a,b are the cat-qubit and buffer frequencies, mediates the exchange of two photons of the cat-qubit (blue arrows)
with one photon of the buffer (red arrows) (b) False color optical image of the ATS. The shunt inductance is made of an array
of 5 Josephson junctions (marked by large red crosses). The left and right flux lines (purple) are connected to the same input
through an on-chip hybrid (not represented). They carry the radio-frequency pump and the DC current I⌃ , which thread both
loops with flux '⌃ . The bottom flux line (yellow) carries current I� and threads each loop with flux ±'� . Combining these
two controls, we bias the ATS at the ⇡/0 asymmetric DC working point. (c) Measured buffer frequency (color) as a function
of '⌃ (x-axis) and '� (y-axis), around the working point '⌃ ,'� = ⇡/2,⇡/2 (white dot). As expected, for '⌃ = ⇡/2 (open
SQUID), the buffer frequency does not depend on '� . We operate the ATS by modulating the flux along the orthogonal
direction '⌃ (purple arrow). From this measurement, we extract all the ATS parameters [20].

10 mK. It consists of a sputtered niobium film on a silicon
substrate patterned into coplanar waveguide resonators.
The cat-qubit mode resonates at !a/2⇡ = 8.0381 GHz,
has a single photon lifetime T1 = 3.0 µs and is probed
through a transmon qubit coupled to a readout resonator
followed by a parametric amplifier. At the flux operating
point, the buffer mode resonates at !b/2⇡ = 4.8336 GHz
and has an energy decay rate b/2⇡ = 13 MHz.

It is a technical challenge to engineer the interaction
(2) without inducing spurious effects which are detrimen-
tal for the protection of quantum information. Examples
of such effects are induced relaxation [23, 24], escape to
unconfined states [25] and quasiparticle generation [26].
To mitigate these effects, the interaction (2) is induced by
a novel non-linear dipole: the Asymmetrically Threaded
SQUID (ATS, Fig 2b). The ATS consists of a symmet-
ric SQUID (Superconducting Quantum Interference De-
vice) shunted in its center by a large inductance, thus
forming two loops. Here the inductance is built from an
array of 5 Josephson junctions. The ATS mediates an

interaction of the form U = �2EJ cos('⌃) cos(' + '�),
where EJ is the Josephson energy of the SQUID junc-
tions, ' is the phase across the dipole, and 2'⌃,� are
the sum and differences of flux threading the two loops
[20]. We bias the ATS at '⌃ = '� = ⇡/2, or equiv-
alently, we thread the left and right loops with flux ⇡
and 0, respectively. In addition, we drive the sum port
with a radio-frequency flux pump ✏(t). At this bias point
U = �2EJ sin(✏(t)) sin('). The ATS is coupled to the
buffer and cat-qubit, so that ' is a linear combination of
a,a†, b, b†, and sin(') contains only odd powers of these
operators. The desired interaction (2) is present in the
expansion of sin('), and is resonantly selected by a flux
pump frequency !p = 2!a � !b [27]. In contrast with
previous strategies [13, 14], the ATS mediates a pristine
two-photon coupling, since (2) is the only leading order
non-rotating term, the presence of the inductive shunt
prevents instabilities [28], and the device operates at a
first order flux insensitive point (Fig 2c). These features
are key in order not to introduce inherent error processes

7

SUPPLEMENTARY MATERIALS

Full device and wiring

The circuit consists of a sputtered niobium film with a thickness of 120 nm deposited on a 280 µm-thick wafer of
intrinsic silicon. The main circuit is etched after an optical lithography step. The Josephson junctions are made of
evaporated aluminum through a PMMA/MAA resist mask patterned in a distinct e-beam lithography step. A single
Dolan bridge is used to make the small junctions of the ATS and of the transmon, and a series of 3 Dolan bridges
delimit the 5-junction array which serves as the ATS inductor. The full device layout and the experiment wiring are
displayed in Figs. S1, S2.

Readout

Transmon

Cat-Qubit

�I�I�� I�, Pump

Buffer Filters

Buffer port

Cat-Qubit portTomo port

Buffer

Cat-Qubit

25 µm

150 µm

1 mm

(a)

(b)

(c)

Figure S1. Full device layout. (a) False color optical image of the ATS. Note that the 5 junction symbols are separated for
clarity, the actual junctions are much closer and centered in the middle of the arm. (b) False color optical image of the buffer.
The buffer (red) is strongly coupled to its transmission line via an interdigitated capacitor (top). It is also capacitively coupled
to the cat-qubit resonator (blue). This is actually a picture of a twin sample where this coupling was smaller. In panel (c),
the real size of the coupling capacitor is shown. (c) Full device layout. The cat-qubit resonator is coupled on its other side
to a transmon qubit, itself coupled to a readout resonator which together enable to perform the cat-qubit tomography. After
the interdigitated capacitor, the buffer input is filtered via three �/4-stub filters. These stop-band filters are centered at the
cat-qubit resonance frequency to mitigate its direct coupling to the input line of the buffer [S8] (b). The on-chip hybrid along
the pump path (purple), equally splits the pump tone to RF-flux bias the ATS with the right symmetry. The black lines linking
two dots are a schematic representation of the crucial wirebonds of the device. The wirebonds linking the pump input to the
on-chip hybrid where implemented to reduce the area of the loop delimited by the center conductor and the ground plane,
leading to a reduced sensitivity to flux noise.

Hamiltonian derivation

In this section, we derive the potential energy of the ATS dipole alone, and then calculate the full system Hamiltonian
when the ATS mediates a non-linear coupling between the buffer and cat-qubit modes.
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Figure 3. Exponential increase of the bit-flip time with the cat size. (a) The bit-flip time (y-axis) is measured (open
circles) as a function of the cat size defined as |↵|2 (x-axis). Up to |↵|2 ⇡ 3.5, Tbit-flip undergoes an exponential increase to
⇡ 0.8 ms, rising by a factor of 4.2 per added photon (solid line). The bit-flip time then saturates (dashed line is a guide for
the eye) for |↵|2 � 5 at 1 ms, a factor of 300 larger than the cat-qubit resonator lifetime T1 in the absence of the pump and
drive. Each circle is obtained from measurements such as in (b) for the circle indicated by the blue arrow. (b) The cat-qubit is
initialized in |0i↵, for a cat size |↵|2 = 5.4. After applying the pump and drive for a variable duration (x-axis), the population
P (y-axis) of |0i↵ (top curve) and |1i↵ (bottom curve) is measured. The data (open circles) are fitted to decaying exponential
functions (solid lines) from which we extract the bit-flip time. (c) Each panel displays the measured Wigner function of the
cat-qubit after a pump and drive duration indicated on the right of each plot. Labels 1-5 mark the correspondence with (b).
The cat-qubit is initialized in |0i↵ (top panel) and over a millisecond timescale, the population escapes towards |1i↵ (lower
panels). The two-photon dissipation ensures that the cat-qubit resonator state remains entirely in the steady state manifold
spanned by |0i↵ and |1i↵.

that cannot be corrected by two-photon dissipation.

The root advantage of the cat-qubit is that its com-
putational states |0i↵ and |1i↵ can be made arbitrarily
long-lived simply by increasing the cat size |↵|2, pro-
vided that conf > err. In this experiment, the dom-
inant error is due to energy decay so that err/2⇡ =

(2⇡T1)
�1

= 53 kHz [20], and conf = 2|↵|22 with a
measured 2/2⇡ = 40 kHz (from which we infer g2/2⇡ =

360 kHz). Hence, we enter the regime conf > err as
soon as |↵|2 > 0.6. We have measured that for each
added photon in the cat-qubit state, the bit-flip time is
multiplied by 4.2. This exponential scaling persists up to
|↵|2 ⇡ 3.5, and the bit-flip time saturates for |↵|2 � 5 at
1 ms, a 300-fold improvement over the resonator intrinsic
lifetime (see Fig. 3). We expect a saturation when the
corrected bit flip rate reaches the rate of residual errors
which are not correctable, such as non-local errors. In the
present experiment, we attribute this saturation to the
coupling with the transmon employed for the resonator
tomography [20], which has a thermal occupation of 1%,
a lifetime T1,q = 5 µs and is dispersively coupled to the
cat-qubit resonator with a rate �/2⇡ = 720 kHz. Over a
timescale in the millisecond range, the transmon acquires
a thermal excitation that shifts the cat-qubit resonator
frequency by �. This triggers a rotation of the resonator
states which overcomes the confining potential since in
this experiment � � conf/2 [20] (note that tomogra-
phy protocols compatible with smaller values of � have

been recently demonstrated [5, 29]). During an average
time T1,q, the resonator states acquire an angle of order
�T1,q � 2⇡. When the transmon excitation decays, the
rotation stops and the two-photon dissipation brings the
resonator state back into the cat-qubit computational ba-
sis. By virtue of the dissipative nature of the protection
mechanism, this process may result in a bit-flip but does
not cause any leakage.

Schrödinger cat states like |±i↵ living in a resonator
with a lifetime T1, lose their coherence at a rate 2|↵|2/T1

[30]. In the cat-qubit paradigm, this translates into a
phase-flip rate which increases linearly with the cat size
|↵|2. In addition, our cat-qubit undergoes a flux pump,
a drive and non-linear interactions, which could further
increase the phase-flip rate. We measure the phase-
flip rate for increasing |↵|2 and confirm a linear scal-
ing (Fig. 4a). Moving towards three dimensional cav-
ities and engineering ever-improving non-linear interac-
tions should decrease the phase-flip rate below a thresh-
old where a line repetition code can actively correct re-
maining errors [15].

In conclusion, we have observed the exponential de-
crease of the bit-flip rate between our cat-qubit states
|0i↵ and |1i↵, as a function of their separation in phase
space, while only linearly increasing their phase-flip rate.
Such an exponential scaling is necessary to bridge the
gap between the modest performance of quantum hard-
ware and the exquisite performance needed for quantum
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Figure 4. Linear increase of the phase-flip rate with the cat size. (a) The phase-flip rate (y-axis) is measured as
a function of the cat size |↵|2. The data (open circles) follow a linear trend (solid line) as expected for the decay rate of a
Schrödinger cat coherence �phase-flip = 2|↵|2/T1,e↵ . We measure T1,e↵ = 2.0 µs, comparable to the intrinsic resonator lifetime of
3.0 µs. Each circle is obtained from measurements such as in (b) for the circle indicated by the blue arrow. (b) The cat-qubit is
prepared in the initial states |±i↵, for a cat size |↵|2 = 2.6. After applying the pump and drive for a variable duration (x-axis),
h�↵

x i± is measured for each initial state and the difference is represented on the y-axis. The X Pauli operator of the cat-qubit
�↵
x corresponds to the photon number parity. The data (open circles) are fitted to a decaying exponential (solid line) from

which we extract the phase-flip rate. (c) Each panel displays the measured Wigner function of the cat-qubit after a pump and
drive duration indicated on the right of each plot. Labels 1-5 mark the correspondence with (b). The cat-qubit is initialized
in the |+i↵ state and the positive and negative fringes demonstrate the quantum nature of this initial state (top panel). The
fringe contrast is reduced by single photon loss which mixes |+i↵ with |�i↵.

computation [3]. This was made possible by inventing
a Josephson circuit which mediates a pristine non-linear
coupling between our cat-qubit mode and its environ-
ment. Further improving the lifetime of the cavity to the
state of the art of a millisecond [31] and a cat size of
|↵|2 ⇡ 5 (resp. 10) should lead to a bit-flip time of ⇡ 1

second (resp. 0.5 hour), and a phase-flip time of ⇡ 100 µs
(resp. 50 µs). With such a long bit-flip time, the entire
effort of active QEC will be focused on correcting the only
significant error: phase-flips. In addition, conditional ro-
tations in the 2D phase space of our cat-qubit form a
universal set of gates, thus bypassing the need for magic
states. These features suggest a significant reduction in
hardware overhead for QEC [15].
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|↵i ! |2↵i. Next, we activate the longitudinal pump
to distinguish between these two states. We repeat this
measurement for 21 timesteps t 2 [0, 3TX ] and average
each point 1500 times. This method becomes impractical
for bit-flip times exceeding 100 ms, for which the mea-

surement would take 2.6 hours. Instead, for these long
bit-flip times that occur at |↵|2 > 7, we record the real-
time trajectory of the memory field. After initializing the
memory in |↵i and activating the two-photon exchange,
we apply a weak drive on the memory for 250 µs every
millisecond. This slightly perturbs the state away from
its steady state. In response to this perturbation, the
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observe switching events in real time, so TX is well esti-
mated from a single trace lasting ⇡ 100TX . Using these
methods, we measure TX for |↵|2 = 2.6, 5.9, 11.7, and
observe a spectacular increase from 400 µs, to 70 ms, to
16 seconds.
We measure the scaling of errors for |↵|2 2 [1.5, 11.7], a

range on which we can resolve both quantum coherences
and switching times (Fig.4). We observe the bit-flip time
multiply by 4.1 for every added photon, culminating at 16
seconds. This is a four order of magnitude improvement
over previous implementations [12, 23]. On the other
hand, the dephasing rate �Z increases linearly with |↵|2,
closely following the theoretical prediction �Z = 2a|↵|2.
Notably, despite the presence of the strong two-photon
pump, the a extracted from a linear fit to the data is
only 25% larger than the one obtained from spectroscopy
in the absence of the pump.
In conclusion, this experiment reconciles the previously

conflicting criteria of quantum controllability and macro-
scopic stability. Encoding quantum information in sta-
ble dynamical states lightens hardware requirements for
quantum processors by sparing the need for bit-flip er-
ror correction. However, this demands that not a single
bit-flip occurs during the entire length of a computation,
which can last for macroscopic timescales. In this work,
we demonstrate the generation, control and tomogra-
phy of quantum superpositions of dynamical states with
switching times exceeding ten seconds. The program for
extending the dephasing time, which is of the order of
hundreds of nanoseconds, is now to develop one dimen-
sional chains of these dynamical cat qubits [15].
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Fault-tolerance roadmap
• Large noise bias regime (  photons): 

repetition code against phase-flips may be sufficient
n̄ > 10 − 15

…

J. Guillaud and M. Mirrahimi,  PRX 9, 041053, 2019

2D-local architecture for LDPC-cat qubit concatenation and fault-tolerant operations

D. Ruiz et al., Nature Comm., 2025

FT overhead: 758 cat-qubits with physical error rate 10-3 (per qubit, per gate) to encode 
100 logical qubits at error rate 10-8 (compared to 33700 for surface code) 

AWS experiment:  Putterman, Painter et al., Nature, 2025.
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FIG. 1. Repetition code of bosonic qubits. (a) Schematic diagram of the repetition code device. Data qubits S1, · · · , S5
(blue) are encoded into the Hilbert space of a quantum harmonic oscillator. Two photons from each oscillator are exchanged
with a photon in a damped bu↵er mode B1, · · · ,B5 (green). The ancilla qubits A1, · · · ,A4 (orange) are transmon qubits which
detect Z errors on the data qubits by measuring repetition-code stabilizers. Here we show a Z error on a data qubit being
detected by two ancilla qubits. (b) Circuit layout of the repetition code device. The five bosonic modes (Si) are implemented
as coplanar waveguide resonators. Each resonator is connected to a bu↵er mode (Bi). Bu↵er modes are damped through a
multi-pole filter. Ancilla transmons (Ai) are connected to the storage modes by tunable couplers (Ci,j). The device is formed
from two chips bump-bonded together with linear elements (e.g., storage modes, readout resonators, and filters) on the bottom
chip and nonlinear elements (e.g., ancillas, couplers, and bu↵ers) on the top chip. Zoomed-in circuit sections showing (c) a
storage-bu↵er subsystem and (d) an ancilla transmon coupled to its neighboring storage modes by tunable couplers. (e) Cat
qubit encoding in a bosonic mode. We show experimentally measured Wigner functions of the four basis states of a cat qubit
with arrows representing X and Z errors. (f) Bit-flip and phase-flip times of the five cat qubits in our device under simultaneous
two-photon dissipation. Error bars incorporate sampling variance and fit uncertainty.

|↵|2.
In this work we stabilize cat qubits using two-photon

dissipation which ensures that the cat-qubit amplitude ↵,
and thus the noise bias, are maintained over time [19–
21]. To realize the two-photon dissipation, we couple
each storage mode to a lossy bu↵er mode (green) which
is implemented using a version of the asymmetrically-
threaded SQUID element [22, 23]. We apply a flux pump
to the bu↵er which converts pairs of photons in the stor-
age into one photon in the bu↵er and vice versa. The
bu↵er mode is heavily damped in order to dissipate this
photon and realize the two-photon loss on the storage
mode. The bu↵er mode is also linearly driven to pro-
duce a coherent two-photon drive on the storage mode to
complement the two-photon loss, stabilizing the storage

to the | ± ↵i manifold. The loss spectrum of each bu↵er
is colored through a 4-pole metamaterial bandpass fil-
ter [50] such that the lifetime of the storage mode is not
degraded by the strong bu↵er loss channel. Moreover,
the bu↵er-mode parameters are carefully chosen to min-
imize other parasitic bu↵er-induced nonlinearities on the
storage mode. This enables long cat-qubit bit-flip times
even under pulsed cat-qubit stabilization, a crucial oper-
ation in our architecture, where two-photon dissipation
is turned o↵ for a significant fraction of a cycle. For more
details on our cat-qubit realization we refer the readers
to Appendix D 1 and Ref. [23].

In Fig. 1(f) we show the bit-flip and phase-flip times
of all five data cat qubits when they are being simultane-
ously stabilized by two-photon dissipation. The bit-flip


