
High-Fidelity Control 
and Stabilization of 
Cat Qubits

Director / Alain Sarlette

Reviewers / Liang Jiang 
Clément Pellegrini

Examinators / Christiane Koch 
Jean-Michel Raimond 
Mario Sigalotti

Invited / Mazyar Mirrahimi 
Alexandre Blais

Ronan Gautier

PhD defence / 4th December 2023

© Alice & Bob



A quantum computer for simulating Nature

Feynman’s 1981 talk

The full description of quantum mechanics […] 
cannot be simulated with a normal computer.

Richard Feynman at Caltech, circa 1980

1



A quantum computer for simulating Nature

Feynman’s 1981 talk

The full description of quantum mechanics […] 
cannot be simulated with a normal computer.

Can you do it with a new kind of computer — 
a quantum computer? […] It’s not a Turing 
machine, but a machine of a different kind.

Richard Feynman at Caltech, circa 1980

1



A quantum computer for simulating Nature

Feynman’s 1981 talk

The full description of quantum mechanics […] 
cannot be simulated with a normal computer.

Can you do it with a new kind of computer — 
a quantum computer? […] It’s not a Turing 
machine, but a machine of a different kind.

Nature isn’t classical, dammit, and if you want 
to make a simulation of Nature, you’d better 
make it quantum mechanical.

Richard Feynman at Caltech, circa 1980

1



A quantum computer for simulating Nature

Feynman’s 1981 talk

The full description of quantum mechanics […] 
cannot be simulated with a normal computer.

Can you do it with a new kind of computer — 
a quantum computer? […] It’s not a Turing 
machine, but a machine of a different kind.

Nature isn’t classical, dammit, and if you want 
to make a simulation of Nature, you’d better 
make it quantum mechanical.

And by golly it’s a wonderful problem because 
it doesn’t look so easy. Richard Feynman at Caltech, circa 1980

1



A quantum computer for simulating Nature

Feynman’s 1981 talk

The full description of quantum mechanics […] 
cannot be simulated with a normal computer.

Can you do it with a new kind of computer — 
a quantum computer? […] It’s not a Turing 
machine, but a machine of a different kind.

Nature isn’t classical, dammit, and if you want 
to make a simulation of Nature, you’d better 
make it quantum mechanical.

And by golly it’s a wonderful problem because 
it doesn’t look so easy. Richard Feynman at Caltech, circa 1980

Classical bit Quantum bit

1



The development of superconducting circuits

1981

Feynman’s talk on QC

2



The development of superconducting circuits

1981

Feynman’s talk on QC

2

1994

Shor’s algorithm



The development of superconducting circuits

1981

Feynman’s talk on QC

2

1994 1995-1997

Shor’s algorithm Quantum Error Correction



The development of superconducting circuits

1981

Feynman’s talk on QC

2

1985

1994 1995-1997

Creation of Quantronics

Shor’s algorithm Quantum Error Correction



The development of superconducting circuits

1981

Feynman’s talk on QC

2

1985 1999

1994 1995-1997

Creation of Quantronics Cooper Pair Box

Shor’s algorithm Quantum Error Correction



The development of superconducting circuits

1981

Feynman’s talk on QC

2

1985 1999 2007

1994 1995-1997

Creation of Quantronics Cooper Pair Box Transmon

Shor’s algorithm Quantum Error Correction



From transistors to transmons

Field-Effect Transistor

T
ra

n
si

st
o

r

Insulator

Electrodes

Error per operation

~10-20 — 10-22

3



From transistors to transmons

Field-Effect Transistor

Josephson Junction

T
ra

n
si

st
o

r
T
ra

n
sm

o
n

Insulator

Electrodes

Insulator

Superconducting 
Electrodes

Error per operation

~10-20 — 10-22

Error per operation

~10-2 — 10-4

3



A fundamental predicament

4

High controllability Long lifetime



A fundamental predicament

4

Signal @ room temp.

High controllability Long lifetime



A fundamental predicament

4

Signal @ room temp.

Cooled down to ~20mK

Frequency filtered

High controllability Long lifetime



A fundamental predicament

4

Signal @ room temp.

Cooled down to ~20mK

Frequency filtered

Readout signal

High controllability Long lifetime



A fundamental predicament

4

Signal @ room temp.

Cooled down to ~20mK

Frequency filtered

Readout signal

Amplified

High controllability Long lifetime



A fundamental predicament

4

Signal @ room temp.
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Frequency filtered
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â = x̂+ ip̂

where

with



Encoding harmonic oscillators

How can we encode a 
harmonic oscillator?

How can we encode a 
quantum harmonic oscillator?

6

<latexit sha1_base64="Age47FzHBvUqYGPEEfH8g0BXt4k=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoMgCGFXfB2DXjwmYB6QhDA76U3GzM4uM7NCWPIFXjwo4tVP8ubfOEn2oIkFDUVVN91dfiy4Nq777eRWVtfWN/Kbha3tnd294v5BQ0eJYlhnkYhUy6caBZdYN9wIbMUKaegLbPqju6nffEKleSQfzDjGbkgHkgecUWOl2lmvWHLL7gxkmXgZKUGGaq/41elHLAlRGiao1m3PjU03pcpwJnBS6CQaY8pGdIBtSyUNUXfT2aETcmKVPgkiZUsaMlN/T6Q01Hoc+rYzpGaoF72p+J/XTkxw0025jBODks0XBYkgJiLTr0mfK2RGjC2hTHF7K2FDqigzNpuCDcFbfHmZNM7L3lX5snZRqtxmceThCI7hFDy4hgrcQxXqwADhGV7hzXl0Xpx352PemnOymUP4A+fzB3TFjLk=</latexit>

+
<latexit sha1_base64="2vQkaUiIT7VVA4MOdgm86VzSRCg=">AAAB/nicbVBNS8NAEJ3Ur1q/ouLJS7AInkoifh2LXjxWsLbQhDLZbtqlm03Y3QglFPwrXjwo4tXf4c1/47bNQVsfDDzem2FmXphyprTrflulpeWV1bXyemVjc2t7x97de1BJJgltkoQnsh2iopwJ2tRMc9pOJcU45LQVDm8mfuuRSsUSca9HKQ1i7AsWMYLaSF37wOfG1rmPPB3g2Jco+px27apbc6dwFolXkCoUaHTtL7+XkCymQhOOSnU8N9VBjlIzwum44meKpkiG2KcdQwXGVAX59Pyxc2yUnhMl0pTQzlT9PZFjrNQoDk1njHqg5r2J+J/XyXR0FeRMpJmmgswWRRl3dOJMsnB6TFKi+cgQJJKZWx0yQIlEm8QqJgRv/uVF8nBa8y5q53dn1fp1EUcZDuEITsCDS6jDLTSgCQRyeIZXeLOerBfr3fqYtZasYmYf/sD6/AEez5Y/</latexit>

|↵i
<latexit sha1_base64="8IXFHBJne5k0LH6UY6NTTFsdYmo=">AAAB/3icbVBNS8NAEN34WetXVPDiJVgEL5ZE/DoWvXisYD+gCWWynbZLN5uwuxFK7MG/4sWDIl79G978N27bHLT1wcDjvRlm5oUJZ0q77re1sLi0vLJaWCuub2xubds7u3UVp5JijcY8ls0QFHImsKaZ5thMJEIUcmyEg5ux33hAqVgs7vUwwSCCnmBdRkEbqW3v+9zYOjvxgSd9GPkSRI9j2y65ZXcCZ554OSmRHNW2/eV3YppGKDTloFTLcxMdZCA1oxxHRT9VmAAdQA9bhgqIUAXZ5P6Rc2SUjtONpSmhnYn6eyKDSKlhFJrOCHRfzXpj8T+vleruVZAxkaQaBZ0u6qbc0bEzDsPpMIlU86EhQCUztzq0DxKoNpEVTQje7MvzpH5a9i7K53dnpcp1HkeBHJBDckw8ckkq5JZUSY1Q8kieySt5s56sF+vd+pi2Llj5zB75A+vzB42olnY=</latexit>

|�↵i

<latexit sha1_base64="8wo69i1QWNj1ypiJ//RFvBcj0Yc=">AAACKHicdVDLSgMxFM3UV62vqks3wSK4KjPiayMW3bisYB/QKeVOmrahmcyQ3BHK0M9x46+4EVGkW7/E9LHQVg8EDuecy809QSyFQdcdOZml5ZXVtex6bmNza3snv7tXNVGiGa+wSEa6HoDhUiheQYGS12PNIQwkrwX927Ffe+TaiEg94CDmzRC6SnQEA7RSK3/t9wBTGFJf2himfhz6IOMeDH0Nqis5vaJW+9du5Qtu0Z2ALhJvRgpkhnIr/+a3I5aEXCGTYEzDc2NspqBRMMmHOT8xPAbWhy5vWKog5KaZTg4d0iOrtGkn0vYppBP150QKoTGDMLDJELBn5r2x+JfXSLBz2UyFihPkik0XdRJJMaLj1mhbaM5QDiwBpoX9K2U90MDQdpuzJXjzJy+S6knROy+e3Z8WSjezOrLkgBySY+KRC1Iid6RMKoSRJ/JC3smH8+y8Op/OaBrNOLOZffILztc3Q1an9Q==</latexit>
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(a2 � ↵2)|±↵i = 0since

Two-photon dissipation 
+ two-photon driving

8
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Semiclassical potential

Semiclassical potential

Puri et al., npj QI (2017); Mirrahimi et al., NJP (2014); Guillaud et al., PRX (2019); Lescanne et al., Nat.Phy (2019)
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Fault-tolerant universal QC

Guillaud et al. (2019)

Preparation (X)

Measurement (X)

Bias-preserving gates

Guillaud et al., PRX (2019); Xu et al., PRR (2012)



Pauli X

<latexit sha1_base64="kyIygZFzlRIg9tyRCndh69qPD4U=">AAACAXicbVDJSgNBEO2JW4zbqBfBS2MQPIUZcbsIQT3kGMEskImhplNJmvQsdPcIYYgXf8WLB0W8+hfe/Bs7y0ETHxQ83quiqp4fC66043xbmYXFpeWV7GpubX1jc8ve3qmqKJEMKywSkaz7oFDwECuaa4H1WCIEvsCa378e+bUHlIpH4Z0exNgMoBvyDmegjdSy90r0kno3KDS06hTuvTZ0uygptOy8U3DGoPPEnZI8maLcsr+8dsSSAEPNBCjVcJ1YN1OQmjOBw5yXKIyB9aGLDUNDCFA10/EHQ3polDbtRNJUqOlY/T2RQqDUIPBNZwC6p2a9kfif10h056KZ8jBONIZssqiTCKojOoqDtrlEpsXAEGCSm1sp64EEpk1oOROCO/vyPKkeF9yzwuntSb54NY0jS/bJATkiLjknRVIiZVIhjDySZ/JK3qwn68V6tz4mrRlrOrNL/sD6/AFQbpWN</latexit>

H = �Xa
†
a
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Fault-tolerant universal QC

Guillaud et al. (2019)

Preparation (X)

Measurement (X)

Bias-preserving gates

Guillaud et al., PRX (2019); Xu et al., PRR (2012)



Pauli X Z rotation

<latexit sha1_base64="kyIygZFzlRIg9tyRCndh69qPD4U=">AAACAXicbVDJSgNBEO2JW4zbqBfBS2MQPIUZcbsIQT3kGMEskImhplNJmvQsdPcIYYgXf8WLB0W8+hfe/Bs7y0ETHxQ83quiqp4fC66043xbmYXFpeWV7GpubX1jc8ve3qmqKJEMKywSkaz7oFDwECuaa4H1WCIEvsCa378e+bUHlIpH4Z0exNgMoBvyDmegjdSy90r0kno3KDS06hTuvTZ0uygptOy8U3DGoPPEnZI8maLcsr+8dsSSAEPNBCjVcJ1YN1OQmjOBw5yXKIyB9aGLDUNDCFA10/EHQ3polDbtRNJUqOlY/T2RQqDUIPBNZwC6p2a9kfif10h056KZ8jBONIZssqiTCKojOoqDtrlEpsXAEGCSm1sp64EEpk1oOROCO/vyPKkeF9yzwuntSb54NY0jS/bJATkiLjknRVIiZVIhjDySZ/JK3qwn68V6tz4mrRlrOrNL/sD6/AFQbpWN</latexit>

H = �Xa
†
a

<latexit sha1_base64="80w/b6qE7ZdA+tOn+cfWrqg7qUA=">AAACFnicbVDJSgNBEO2JW4xb1KOXxiAIYpgRt4sQ9JJjBLNgJoaaTiVp0rPQ3RMIIV/hxV/x4kERr+LNv7GTzEETHxQ83quiqp4XCa60bX9bqYXFpeWV9GpmbX1jcyu7vVNRYSwZllkoQlnzQKHgAZY11wJrkUTwPYFVr3cz9qt9lIqHwZ0eRNjwoRPwNmegjdTMHhfpFXX7IDFSXBjlnsKD24JOByU9mnWa2Zydtyeg88RJSI4kKDWzX24rZLGPgWYClKo7dqQbQ5CaM4GjjBsrjID1oIN1QwPwUTWGk7dG9MAoLdoOpalA04n6e2IIvlID3zOdPuiumvXG4n9ePdbty8aQB1GsMWDTRe1YUB3ScUa0xSUyLQaGAJPc3EpZFyQwbZLMmBCc2ZfnSeUk75znz25Pc4XrJI402SP75JA45IIUSJGUSJkw8kieySt5s56sF+vd+pi2pqxkZpf8gfX5A7GUnn0=</latexit>

H = "Za
† + "Za
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Fault-tolerant universal QC

Guillaud et al. (2019)

Preparation (X)

Measurement (X)

Bias-preserving gates

Guillaud et al., PRX (2019); Xu et al., PRR (2012)



Pauli X Z rotation CNOT

<latexit sha1_base64="kyIygZFzlRIg9tyRCndh69qPD4U=">AAACAXicbVDJSgNBEO2JW4zbqBfBS2MQPIUZcbsIQT3kGMEskImhplNJmvQsdPcIYYgXf8WLB0W8+hfe/Bs7y0ETHxQ83quiqp4fC66043xbmYXFpeWV7GpubX1jc8ve3qmqKJEMKywSkaz7oFDwECuaa4H1WCIEvsCa378e+bUHlIpH4Z0exNgMoBvyDmegjdSy90r0kno3KDS06hTuvTZ0uygptOy8U3DGoPPEnZI8maLcsr+8dsSSAEPNBCjVcJ1YN1OQmjOBw5yXKIyB9aGLDUNDCFA10/EHQ3polDbtRNJUqOlY/T2RQqDUIPBNZwC6p2a9kfif10h056KZ8jBONIZssqiTCKojOoqDtrlEpsXAEGCSm1sp64EEpk1oOROCO/vyPKkeF9yzwuntSb54NY0jS/bJATkiLjknRVIiZVIhjDySZ/JK3qwn68V6tz4mrRlrOrNL/sD6/AFQbpWN</latexit>

H = �Xa
†
a

<latexit sha1_base64="80w/b6qE7ZdA+tOn+cfWrqg7qUA=">AAACFnicbVDJSgNBEO2JW4xb1KOXxiAIYpgRt4sQ9JJjBLNgJoaaTiVp0rPQ3RMIIV/hxV/x4kERr+LNv7GTzEETHxQ83quiqp4XCa60bX9bqYXFpeWV9GpmbX1jcyu7vVNRYSwZllkoQlnzQKHgAZY11wJrkUTwPYFVr3cz9qt9lIqHwZ0eRNjwoRPwNmegjdTMHhfpFXX7IDFSXBjlnsKD24JOByU9mnWa2Zydtyeg88RJSI4kKDWzX24rZLGPgWYClKo7dqQbQ5CaM4GjjBsrjID1oIN1QwPwUTWGk7dG9MAoLdoOpalA04n6e2IIvlID3zOdPuiumvXG4n9ePdbty8aQB1GsMWDTRe1YUB3ScUa0xSUyLQaGAJPc3EpZFyQwbZLMmBCc2ZfnSeUk75znz25Pc4XrJI402SP75JA45IIUSJGUSJkw8kieySt5s56sF+vd+pi2pqxkZpf8gfX5A7GUnn0=</latexit>

H = "Za
† + "Za

<latexit sha1_base64="qsvg3xwa9azBufElRzEyDgNemIA="></latexit>

H = "CX(a†C + aC � 2↵)⌦
<latexit sha1_base64="IghF8YzAfQx9DAwRrcJlyvWSagk=">AAACB3icbZDJSgNBEIZ74hbjNupRkMYgxINhJrgdg148RsgGmUmo6elMmvQsdPcIIcnNi6/ixYMiXn0Fb76NneWg0R8aPv6qorp+L+FMKsv6MjJLyyura9n13Mbm1vaOubtXl3EqCK2RmMei6YGknEW0ppjitJkICqHHacPr30zqjXsqJIujqhok1A0hiFiXEVDa6piHBehU244PQUAF1oxP8cgBnvRg1C6ddMy8VbSmwn/BnkMezVXpmJ+OH5M0pJEiHKRs2Vai3CEIxQin45yTSpoA6UNAWxojCKl0h9M7xvhYOz7uxkK/SOGp+3NiCKGUg9DTnSGonlysTcz/aq1Uda/cIYuSVNGIzBZ1U45VjCehYJ8JShQfaAAimP4rJj0QQJSOLqdDsBdP/gv1UtG+KJ7fneXL1/M4sugAHaECstElKqNbVEE1RNADekIv6NV4NJ6NN+N91pox5jP76JeMj2+4gZf1</latexit>

(a†TaT � |↵|2)
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Fault-tolerant universal QC

Guillaud et al. (2019)

Preparation (X)

Measurement (X)

Bias-preserving gates

Guillaud et al., PRX (2019); Xu et al., PRR (2012)



Pauli X Z rotation CNOT Toffoli

<latexit sha1_base64="kyIygZFzlRIg9tyRCndh69qPD4U=">AAACAXicbVDJSgNBEO2JW4zbqBfBS2MQPIUZcbsIQT3kGMEskImhplNJmvQsdPcIYYgXf8WLB0W8+hfe/Bs7y0ETHxQ83quiqp4fC66043xbmYXFpeWV7GpubX1jc8ve3qmqKJEMKywSkaz7oFDwECuaa4H1WCIEvsCa378e+bUHlIpH4Z0exNgMoBvyDmegjdSy90r0kno3KDS06hTuvTZ0uygptOy8U3DGoPPEnZI8maLcsr+8dsSSAEPNBCjVcJ1YN1OQmjOBw5yXKIyB9aGLDUNDCFA10/EHQ3polDbtRNJUqOlY/T2RQqDUIPBNZwC6p2a9kfif10h056KZ8jBONIZssqiTCKojOoqDtrlEpsXAEGCSm1sp64EEpk1oOROCO/vyPKkeF9yzwuntSb54NY0jS/bJATkiLjknRVIiZVIhjDySZ/JK3qwn68V6tz4mrRlrOrNL/sD6/AFQbpWN</latexit>

H = �Xa
†
a

<latexit sha1_base64="80w/b6qE7ZdA+tOn+cfWrqg7qUA=">AAACFnicbVDJSgNBEO2JW4xb1KOXxiAIYpgRt4sQ9JJjBLNgJoaaTiVp0rPQ3RMIIV/hxV/x4kERr+LNv7GTzEETHxQ83quiqp4XCa60bX9bqYXFpeWV9GpmbX1jcyu7vVNRYSwZllkoQlnzQKHgAZY11wJrkUTwPYFVr3cz9qt9lIqHwZ0eRNjwoRPwNmegjdTMHhfpFXX7IDFSXBjlnsKD24JOByU9mnWa2Zydtyeg88RJSI4kKDWzX24rZLGPgWYClKo7dqQbQ5CaM4GjjBsrjID1oIN1QwPwUTWGk7dG9MAoLdoOpalA04n6e2IIvlID3zOdPuiumvXG4n9ePdbty8aQB1GsMWDTRe1YUB3ScUa0xSUyLQaGAJPc3EpZFyQwbZLMmBCc2ZfnSeUk75znz25Pc4XrJI402SP75JA45IIUSJGUSJkw8kieySt5s56sF+vd+pi2pqxkZpf8gfX5A7GUnn0=</latexit>

H = "Za
† + "Za

<latexit sha1_base64="qsvg3xwa9azBufElRzEyDgNemIA="></latexit>

H = "CX(a†C + aC � 2↵)⌦
<latexit sha1_base64="IghF8YzAfQx9DAwRrcJlyvWSagk=">AAACB3icbZDJSgNBEIZ74hbjNupRkMYgxINhJrgdg148RsgGmUmo6elMmvQsdPcIIcnNi6/ixYMiXn0Fb76NneWg0R8aPv6qorp+L+FMKsv6MjJLyyura9n13Mbm1vaOubtXl3EqCK2RmMei6YGknEW0ppjitJkICqHHacPr30zqjXsqJIujqhok1A0hiFiXEVDa6piHBehU244PQUAF1oxP8cgBnvRg1C6ddMy8VbSmwn/BnkMezVXpmJ+OH5M0pJEiHKRs2Vai3CEIxQin45yTSpoA6UNAWxojCKl0h9M7xvhYOz7uxkK/SOGp+3NiCKGUg9DTnSGonlysTcz/aq1Uda/cIYuSVNGIzBZ1U45VjCehYJ8JShQfaAAimP4rJj0QQJSOLqdDsBdP/gv1UtG+KJ7fneXL1/M4sugAHaECstElKqNbVEE1RNADekIv6NV4NJ6NN+N91pox5jP76JeMj2+4gZf1</latexit>

(a†TaT � |↵|2)

<latexit sha1_base64="9QpPtH55XtD5ljddGr8sFHzCgvM="></latexit>

H = "CX(a†C,1 + aC,1 � 2↵)⌦
<latexit sha1_base64="hYjTWWk2ZaRNqNN5xAW6lf100UU=">AAACF3icbVDJSgNBEO2JW4xb1KOXxiBEjGEmuB2DuXiMYBbIxFDT6Zk06Vno7hHCkL/w4q948aCIV735N3aSOWjig4LHe1VU1XMizqQyzW8js7S8srqWXc9tbG5t7+R395oyjAWhDRLyULQdkJSzgDYUU5y2I0HBdzhtOcPaxG89UCFZGNypUUS7PngBcxkBpaVevlyEXlIrVcb3dh88jwp8glMFn+KKDTwawLFdskPFfCp7+YJZNqfAi8RKSQGlqPfyX3Y/JLFPA0U4SNmxzEh1ExCKEU7HOTuWNAIyBI92NA1AL+km07/G+EgrfeyGQleg8FT9PZGAL+XId3SnD2og572J+J/XiZV71U1YEMWKBmS2yI05ViGehIT7TFCi+EgTIILpWzEZgACidJQ5HYI1//IiaVbK1kX5/PasUL1O48iiA3SIishCl6iKblAdNRBBj+gZvaI348l4Md6Nj1lrxkhn9tEfGJ8/ReSdiQ==</latexit>

(a†C,2 + aC,2 � 2↵)⌦
<latexit sha1_base64="IghF8YzAfQx9DAwRrcJlyvWSagk=">AAACB3icbZDJSgNBEIZ74hbjNupRkMYgxINhJrgdg148RsgGmUmo6elMmvQsdPcIIcnNi6/ixYMiXn0Fb76NneWg0R8aPv6qorp+L+FMKsv6MjJLyyura9n13Mbm1vaOubtXl3EqCK2RmMei6YGknEW0ppjitJkICqHHacPr30zqjXsqJIujqhok1A0hiFiXEVDa6piHBehU244PQUAF1oxP8cgBnvRg1C6ddMy8VbSmwn/BnkMezVXpmJ+OH5M0pJEiHKRs2Vai3CEIxQin45yTSpoA6UNAWxojCKl0h9M7xvhYOz7uxkK/SOGp+3NiCKGUg9DTnSGonlysTcz/aq1Uda/cIYuSVNGIzBZ1U45VjCehYJ8JShQfaAAimP4rJj0QQJSOLqdDsBdP/gv1UtG+KJ7fneXL1/M4sugAHaECstElKqNbVEE1RNADekIv6NV4NJ6NN+N91pox5jP76JeMj2+4gZf1</latexit>

(a†TaT � |↵|2)
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Fault-tolerant universal QC

Guillaud et al. (2019)

Preparation (X)

Measurement (X)

Bias-preserving gates

Guillaud et al., PRX (2019); Xu et al., PRR (2012)



Pauli X Z rotation CNOT Toffoli

<latexit sha1_base64="kyIygZFzlRIg9tyRCndh69qPD4U=">AAACAXicbVDJSgNBEO2JW4zbqBfBS2MQPIUZcbsIQT3kGMEskImhplNJmvQsdPcIYYgXf8WLB0W8+hfe/Bs7y0ETHxQ83quiqp4fC66043xbmYXFpeWV7GpubX1jc8ve3qmqKJEMKywSkaz7oFDwECuaa4H1WCIEvsCa378e+bUHlIpH4Z0exNgMoBvyDmegjdSy90r0kno3KDS06hTuvTZ0uygptOy8U3DGoPPEnZI8maLcsr+8dsSSAEPNBCjVcJ1YN1OQmjOBw5yXKIyB9aGLDUNDCFA10/EHQ3polDbtRNJUqOlY/T2RQqDUIPBNZwC6p2a9kfif10h056KZ8jBONIZssqiTCKojOoqDtrlEpsXAEGCSm1sp64EEpk1oOROCO/vyPKkeF9yzwuntSb54NY0jS/bJATkiLjknRVIiZVIhjDySZ/JK3qwn68V6tz4mrRlrOrNL/sD6/AFQbpWN</latexit>

H = �Xa
†
a

<latexit sha1_base64="80w/b6qE7ZdA+tOn+cfWrqg7qUA=">AAACFnicbVDJSgNBEO2JW4xb1KOXxiAIYpgRt4sQ9JJjBLNgJoaaTiVp0rPQ3RMIIV/hxV/x4kERr+LNv7GTzEETHxQ83quiqp4XCa60bX9bqYXFpeWV9GpmbX1jcyu7vVNRYSwZllkoQlnzQKHgAZY11wJrkUTwPYFVr3cz9qt9lIqHwZ0eRNjwoRPwNmegjdTMHhfpFXX7IDFSXBjlnsKD24JOByU9mnWa2Zydtyeg88RJSI4kKDWzX24rZLGPgWYClKo7dqQbQ5CaM4GjjBsrjID1oIN1QwPwUTWGk7dG9MAoLdoOpalA04n6e2IIvlID3zOdPuiumvXG4n9ePdbty8aQB1GsMWDTRe1YUB3ScUa0xSUyLQaGAJPc3EpZFyQwbZLMmBCc2ZfnSeUk75znz25Pc4XrJI402SP75JA45IIUSJGUSJkw8kieySt5s56sF+vd+pi2pqxkZpf8gfX5A7GUnn0=</latexit>

H = "Za
† + "Za

<latexit sha1_base64="qsvg3xwa9azBufElRzEyDgNemIA="></latexit>

H = "CX(a†C + aC � 2↵)⌦
<latexit sha1_base64="IghF8YzAfQx9DAwRrcJlyvWSagk=">AAACB3icbZDJSgNBEIZ74hbjNupRkMYgxINhJrgdg148RsgGmUmo6elMmvQsdPcIIcnNi6/ixYMiXn0Fb76NneWg0R8aPv6qorp+L+FMKsv6MjJLyyura9n13Mbm1vaOubtXl3EqCK2RmMei6YGknEW0ppjitJkICqHHacPr30zqjXsqJIujqhok1A0hiFiXEVDa6piHBehU244PQUAF1oxP8cgBnvRg1C6ddMy8VbSmwn/BnkMezVXpmJ+OH5M0pJEiHKRs2Vai3CEIxQin45yTSpoA6UNAWxojCKl0h9M7xvhYOz7uxkK/SOGp+3NiCKGUg9DTnSGonlysTcz/aq1Uda/cIYuSVNGIzBZ1U45VjCehYJ8JShQfaAAimP4rJj0QQJSOLqdDsBdP/gv1UtG+KJ7fneXL1/M4sugAHaECstElKqNbVEE1RNADekIv6NV4NJ6NN+N91pox5jP76JeMj2+4gZf1</latexit>

(a†TaT � |↵|2)

<latexit sha1_base64="9QpPtH55XtD5ljddGr8sFHzCgvM="></latexit>

H = "CX(a†C,1 + aC,1 � 2↵)⌦
<latexit sha1_base64="hYjTWWk2ZaRNqNN5xAW6lf100UU=">AAACF3icbVDJSgNBEO2JW4xb1KOXxiBEjGEmuB2DuXiMYBbIxFDT6Zk06Vno7hHCkL/w4q948aCIV735N3aSOWjig4LHe1VU1XMizqQyzW8js7S8srqWXc9tbG5t7+R395oyjAWhDRLyULQdkJSzgDYUU5y2I0HBdzhtOcPaxG89UCFZGNypUUS7PngBcxkBpaVevlyEXlIrVcb3dh88jwp8glMFn+KKDTwawLFdskPFfCp7+YJZNqfAi8RKSQGlqPfyX3Y/JLFPA0U4SNmxzEh1ExCKEU7HOTuWNAIyBI92NA1AL+km07/G+EgrfeyGQleg8FT9PZGAL+XId3SnD2og572J+J/XiZV71U1YEMWKBmS2yI05ViGehIT7TFCi+EgTIILpWzEZgACidJQ5HYI1//IiaVbK1kX5/PasUL1O48iiA3SIishCl6iKblAdNRBBj+gZvaI348l4Md6Nj1lrxkhn9tEfGJ8/ReSdiQ==</latexit>

(a†C,2 + aC,2 � 2↵)⌦
<latexit sha1_base64="IghF8YzAfQx9DAwRrcJlyvWSagk=">AAACB3icbZDJSgNBEIZ74hbjNupRkMYgxINhJrgdg148RsgGmUmo6elMmvQsdPcIIcnNi6/ixYMiXn0Fb76NneWg0R8aPv6qorp+L+FMKsv6MjJLyyura9n13Mbm1vaOubtXl3EqCK2RmMei6YGknEW0ppjitJkICqHHacPr30zqjXsqJIujqhok1A0hiFiXEVDa6piHBehU244PQUAF1oxP8cgBnvRg1C6ddMy8VbSmwn/BnkMezVXpmJ+OH5M0pJEiHKRs2Vai3CEIxQin45yTSpoA6UNAWxojCKl0h9M7xvhYOz7uxkK/SOGp+3NiCKGUg9DTnSGonlysTcz/aq1Uda/cIYuSVNGIzBZ1U45VjCehYJ8JShQfaAAimP4rJj0QQJSOLqdDsBdP/gv1UtG+KJ7fneXL1/M4sugAHaECstElKqNbVEE1RNADekIv6NV4NJ6NN+N91pox5jP76JeMj2+4gZf1</latexit>

(a†TaT � |↵|2)

For Kerr cat qubits

For dissipative cat qubits

(adiabatic theorem)

(Zeno effect)
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Fault-tolerant universal QC

Guillaud et al. (2019)

Preparation (X)

Measurement (X)

Bias-preserving gates

Guillaud et al., PRX (2019); Xu et al., PRR (2012)

<latexit sha1_base64="zILc1W1IZYUow27GdMOm6c01JOw=">AAACEnicbVDLSgMxFM34tr6qLt0Ei9AuWmbE17IoiEuF1gqdUu6ktzWYzIQkI5ah3+DGX3HjQhG3rtz5N6aPha8DgcM595J7TqQEN9b3P72p6ZnZufmFxdzS8srqWn5949IkqWZYZ4lI9FUEBgWPsW65FXilNIKMBDaim5Oh37hFbXgS12xfYUtCL+ZdzsA6qZ0vBeVTGiqdKJvQEO9UsRz2QEqgtXYowV5rmfXA4qDUzhf8ij8C/UuCCSmQCc7b+Y+wk7BUYmyZAGOaga9sKwNtORM4yIWpQQXsBnrYdDQGiaaVjSIN6I5TOrSbaPdiS0fq940MpDF9GbnJ4ZXmtzcU//Oaqe0etTIeq9RizMYfdVNBXfxhP7TDNTIr+o4A09zdStk1aGDWtZhzJQS/I/8ll7uV4KCyf7FXqB5P6lggW2SbFElADkmVnJFzUieM3JNH8kxevAfvyXv13sajU95kZ5P8gPf+BeTOnQo=</latexit>

1� F / exp(��Tgate)
<latexit sha1_base64="qRxDcoDL1jBk29XD44McV4wQh8Y=">AAACBnicbVDLSgMxFM3UV62vUZciBIvgxjojvpZFQVxW6AvaYcikmTY0kwlJRihDV278FTcuFHHrN7jzb8y0s9DWA4HDOfeSe04gGFXacb6twsLi0vJKcbW0tr6xuWVv7zRVnEhMGjhmsWwHSBFGOWloqhlpC0lQFDDSCoY3md96IFLRmNf1SBAvQn1OQ4qRNpJv77vHt7ArZCx0DN2Tut+NkB7IKO0jTca+XXYqzgRwnrg5KYMcNd/+6vZinESEa8yQUh3XEdpLkdQUMzIudRNFBMJD1CcdQzmKiPLSSYwxPDRKD4axNI9rOFF/b6QoUmoUBWYyO1LNepn4n9dJdHjlpZSLRBOOpx+FCYMmctYJ7FFJsGYjQxCW1NwK8QBJhLVprmRKcGcjz5PmacW9qJzfn5Wr13kdRbAHDsARcMElqII7UAMNgMEjeAav4M16sl6sd+tjOlqw8p1d8AfW5w8YI5hM</latexit>
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<latexit sha1_base64="KWNx7nhvoUF/+2n6pQTg+4i+CNI=">AAACL3icbVDLSgMxFM34rOOr6tJNsFhc1Znia1kUxGUF+4BOKZnMbRuayQxJRixD/8iNv9KNiCJu/QvTB2JbDwROzr2He+/xY86Udpw3a2l5ZXVtPbNhb25t7+xm9/arKkokhQqNeCTrPlHAmYCKZppDPZZAQp9Dze/djOq1R5CKReJB92NohqQjWJtRoo3Uyt56PnSYSOOQaMmeBja0BM5jLwCuiaGnuIg9z57557Fpsj0Qwa+tlc05BWcMvEjcKcmhKcqt7NALIpqEIDTlRKmG68S6mRKpGeUwsL1EQUxoj3SgYaggIahmOr53gI+NEuB2JM0TGo/Vv46UhEr1Q990mv26ar42Ev+rNRLdvmqmTMSJBkEng9oJxzrCo/BwwCRQzfuGECqZ2RXTLpGEahOxbUJw509eJNViwb0onN+f5UrX0zgy6BAdoRPkoktUQneojCqIomc0RO/ow3qxXq1P62vSumRNPQdoBtb3D+2wpy0=</latexit>✓
en �n/2
�n/2 en

◆ <latexit sha1_base64="pirmZoARMZjBglKAYJt3C/MFr18="></latexit>✓
en + �n/2 0

0 en � �n/2

◆bit basis

Incoherent leakage

phase basis

Thermal photons
Pure dephasing

Bit-flip induced by incoherent leakage
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Bit-flip plateaus
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Bit-flip plateaus

Frattini et al. (2022)Gautier et al. (2021)
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Bit-flip plateaus
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Analytical Numerical



Bit-flip plateaus

Analytical Numerical

How to retrieve an exponentially biased Kerr cat qubit?
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Retrieving the exponential

Combining with two-photon dissipation
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<latexit sha1_base64="OO5+NHW13fC1M7indkEoOaohmxk=">AAAB73icbVDLSgNBEOz1GeMr6tHLYhA8hd3g6xj04jGCeUCyhN7JbDJkdnacmRXCkp/w4kERr/6ON//GSbIHTSxoKKq66e4KJWfaeN63s7K6tr6xWdgqbu/s7u2XDg6bOkkVoQ2S8ES1Q9SUM0EbhhlO21JRjENOW+Hoduq3nqjSLBEPZixpEONAsIgRNFZqd0coJfaqvVLZq3gzuMvEz0kZctR7pa9uPyFpTIUhHLXu+J40QYbKMMLppNhNNZVIRjigHUsFxlQH2ezeiXtqlb4bJcqWMO5M/T2RYaz1OA5tZ4xmqBe9qfif10lNdB1kTMjUUEHmi6KUuyZxp8+7faYoMXxsCRLF7K0uGaJCYmxERRuCv/jyMmlWK/5l5eL+vFy7yeMowDGcwBn4cAU1uIM6NIAAh2d4hTfn0Xlx3p2PeeuKk88cwR84nz/ETo/O</latexit>2and



Retrieving the exponential

Combining with two-photon dissipation

Fit to 
<latexit sha1_base64="ACjJgVGvjt61cQX8Sx3IwatfilI=">AAACDHicbVDLTgIxFO34RHyhLt00EhPckBnia0l04xITXgmD5E4p0NDONG3HSIAPcOOvuHGhMW79AHf+jQVmoeBJmpycc25u7wkkZ9q47reztLyyurae2khvbm3v7Gb29qs6ihWhFRLxSNUD0JSzkFYMM5zWpaIgAk5rQf964tfuqdIsCstmIGlTQDdkHUbAWKmVyZZbdexLFUkTYZ8+yJzfBSEAj3zgsgeju8KJTbl5dwq8SLyEZFGCUivz5bcjEgsaGsJB64bnStMcgjKMcDpO+7GmEkgfurRhaQiC6uZweswYH1uljTuRsi80eKr+nhiC0HogApsUYHp63puI/3mN2HQum0MWytjQkMwWdWKO7eGTZnCbKUoMH1gCRDH7V0x6oIAY21/aluDNn7xIqoW8d54/uz3NFq+SOlLoEB2hHPLQBSqiG1RCFUTQI3pGr+jNeXJenHfnYxZdcpKZA/QHzucPqnCawQ==</latexit>

TX / exp(�|↵|2)

The two-photon exchange Hamiltonian

Jaynes-Cummings-like interaction between 
a two-photon memory and a qubit

15

<latexit sha1_base64="OFNdn50iaRL0JsV8kI2nVekkCkg=">AAAB/HicbVDLSgMxFM34rPU12qWbYBFclZnia1l0I7ipYB/QGYZMmmlDk0xIMsJQ6q+4caGIWz/EnX9j2s5CWw9cOJxzL/feE0tGtfG8b2dldW19Y7O0Vd7e2d3bdw8O2zrNFCYtnLJUdWOkCaOCtAw1jHSlIojHjHTi0c3U7zwSpWkqHkwuScjRQNCEYmSsFLmVOxgworWmHAYjJCWK6pFb9WreDHCZ+AWpggLNyP0K+inOOBEGM6R1z/ekCcdIGYoZmZSDTBOJ8AgNSM9SgTjR4Xh2/ASeWKUPk1TZEgbO1N8TY8S1znlsOzkyQ73oTcX/vF5mkqtwTIXMDBF4vijJGDQpnCYB+1QRbFhuCcKK2lshHiKFsLF5lW0I/uLLy6Rdr/kXtfP7s2rjuoijBI7AMTgFPrgEDXALmqAFMMjBM3gFb86T8+K8Ox/z1hWnmKmAP3A+fwDwApRU</latexit>

K . 2

<latexit sha1_base64="zPSNq1nG7fBHtcMwHRxsiOgZZ2w="></latexit>

HTPE = g2(a
2 � ↵

2)�+ + g
⇤
2(a

†2 � ↵
⇤2)��

<latexit sha1_base64="l6VrZJUPu5rBryRN4/eCc+g3L6s="></latexit>

d⇢

dt
= �i[HKerr, ⇢] + 2D[a2 � ↵

2]⇢

<latexit sha1_base64="svA6LyGJiG+D0P0kjXlsxVnt5U4="></latexit>

d⇢

dt
= �i[HTPE, ⇢] + 2D[a2 � ↵

2]⇢

with

Competition between 
<latexit sha1_base64="OQThD/PlzMuAkzr7cZiwrlX+9+o=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi+AlAfOAZAmzk04yZnZ2mZkVwpIv8OJBEa9+kjf/xkmyB00saCiquunuCmLBtXHdbye3srq2vpHfLGxt7+zuFfcPGjpKFMM6i0SkWgHVKLjEuuFGYCtWSMNAYDMY3U795hMqzSP5YMYx+iEdSN7njBor1e67xZJbdmcgy8TLSAkyVLvFr04vYkmI0jBBtW57bmz8lCrDmcBJoZNojCkb0QG2LZU0RO2ns0Mn5MQqPdKPlC1pyEz9PZHSUOtxGNjOkJqhXvSm4n9eOzH9az/lMk4MSjZf1E8EMRGZfk16XCEzYmwJZYrbWwkbUkWZsdkUbAje4svLpHFW9i7LF7XzUuUmiyMPR3AMp+DBFVTgDqpQBwYIz/AKb86j8+K8Ox/z1pyTzRzCHzifP6VFjNk=</latexit>

K
<latexit sha1_base64="OO5+NHW13fC1M7indkEoOaohmxk=">AAAB73icbVDLSgNBEOz1GeMr6tHLYhA8hd3g6xj04jGCeUCyhN7JbDJkdnacmRXCkp/w4kERr/6ON//GSbIHTSxoKKq66e4KJWfaeN63s7K6tr6xWdgqbu/s7u2XDg6bOkkVoQ2S8ES1Q9SUM0EbhhlO21JRjENOW+Hoduq3nqjSLBEPZixpEONAsIgRNFZqd0coJfaqvVLZq3gzuMvEz0kZctR7pa9uPyFpTIUhHLXu+J40QYbKMMLppNhNNZVIRjigHUsFxlQH2ezeiXtqlb4bJcqWMO5M/T2RYaz1OA5tZ4xmqBe9qfif10lNdB1kTMjUUEHmi6KUuyZxp8+7faYoMXxsCRLF7K0uGaJCYmxERRuCv/jyMmlWK/5l5eL+vFy7yeMowDGcwBn4cAU1uIM6NIAAh2d4hTfn0Xlx3p2PeeuKk88cwR84nz/ETo/O</latexit>2and

<latexit sha1_base64="Pn3x8RPgDkkxOCxP8evg8DbtBxE=">AAACB3icbVDLSsNAFJ3UV62vqEtBBovgqibF10YoiiC4qWAf0IQwmU7aoZNJnJkIJXTnxl9x40IRt/6CO//GaZqFth64cDjnXu69x48Zlcqyvo3C3PzC4lJxubSyura+YW5uNWWUCEwaOGKRaPtIEkY5aSiqGGnHgqDQZ6TlDy7HfuuBCEkjfqeGMXFD1OM0oBgpLXnm7pXH4SHseVV4Dp04hI68FyolmXoz8syyVbEywFli56QMctQ988vpRjgJCVeYISk7thUrN0VCUczIqOQkksQID1CPdDTlKCTSTbM/RnBfK10YREIXVzBTf0+kKJRyGPq6M0SqL6e9sfif10lUcOamlMeJIhxPFgUJgyqC41BglwqCFRtqgrCg+laI+0ggrHR0JR2CPf3yLGlWK/ZJ5fj2qFy7yOMogh2wBw6ADU5BDVyDOmgADB7BM3gFb8aT8WK8Gx+T1oKRz2yDPzA+fwCK15c6</latexit>

En/g2 = ±
p

en/KEigenenergies



Retrieving the exponential

Combining with two-photon dissipation

Fit to 
<latexit sha1_base64="ACjJgVGvjt61cQX8Sx3IwatfilI=">AAACDHicbVDLTgIxFO34RHyhLt00EhPckBnia0l04xITXgmD5E4p0NDONG3HSIAPcOOvuHGhMW79AHf+jQVmoeBJmpycc25u7wkkZ9q47reztLyyurae2khvbm3v7Gb29qs6ihWhFRLxSNUD0JSzkFYMM5zWpaIgAk5rQf964tfuqdIsCstmIGlTQDdkHUbAWKmVyZZbdexLFUkTYZ8+yJzfBSEAj3zgsgeju8KJTbl5dwq8SLyEZFGCUivz5bcjEgsaGsJB64bnStMcgjKMcDpO+7GmEkgfurRhaQiC6uZweswYH1uljTuRsi80eKr+nhiC0HogApsUYHp63puI/3mN2HQum0MWytjQkMwWdWKO7eGTZnCbKUoMH1gCRDH7V0x6oIAY21/aluDNn7xIqoW8d54/uz3NFq+SOlLoEB2hHPLQBSqiG1RCFUTQI3pGr+jNeXJenHfnYxZdcpKZA/QHzucPqnCawQ==</latexit>

TX / exp(�|↵|2)

The two-photon exchange Hamiltonian

Jaynes-Cummings-like interaction between 
a two-photon memory and a qubit

15

<latexit sha1_base64="OFNdn50iaRL0JsV8kI2nVekkCkg=">AAAB/HicbVDLSgMxFM34rPU12qWbYBFclZnia1l0I7ipYB/QGYZMmmlDk0xIMsJQ6q+4caGIWz/EnX9j2s5CWw9cOJxzL/feE0tGtfG8b2dldW19Y7O0Vd7e2d3bdw8O2zrNFCYtnLJUdWOkCaOCtAw1jHSlIojHjHTi0c3U7zwSpWkqHkwuScjRQNCEYmSsFLmVOxgworWmHAYjJCWK6pFb9WreDHCZ+AWpggLNyP0K+inOOBEGM6R1z/ekCcdIGYoZmZSDTBOJ8AgNSM9SgTjR4Xh2/ASeWKUPk1TZEgbO1N8TY8S1znlsOzkyQ73oTcX/vF5mkqtwTIXMDBF4vijJGDQpnCYB+1QRbFhuCcKK2lshHiKFsLF5lW0I/uLLy6Rdr/kXtfP7s2rjuoijBI7AMTgFPrgEDXALmqAFMMjBM3gFb86T8+K8Ox/z1hWnmKmAP3A+fwDwApRU</latexit>

K . 2
<latexit sha1_base64="wrOEPPqKBVj9/HKMzX6QS3+Q+c8=">AAAB/HicbVDLSgMxFM3UV62v0S7dBIvgqswUX8uiG5cV7AM6w5BJM21okglJRhhK/RU3LhRx64e4829M21lo64ELh3Pu5d57YsmoNp737ZTW1jc2t8rblZ3dvf0D9/Coo9NMYdLGKUtVL0aaMCpI21DDSE8qgnjMSDce38787iNRmqbiweSShBwNBU0oRsZKkVsdRg0YaMqh7wVjJCWKGpFb8+reHHCV+AWpgQKtyP0KBinOOBEGM6R13/ekCSdIGYoZmVaCTBOJ8BgNSd9SgTjR4WR+/BSeWmUAk1TZEgbO1d8TE8S1znlsOzkyI73szcT/vH5mkutwQoXMDBF4sSjJGDQpnCUBB1QRbFhuCcKK2lshHiGFsLF5VWwI/vLLq6TTqPuX9Yv781rzpoijDI7BCTgDPrgCTXAHWqANMMjBM3gFb86T8+K8Ox+L1pJTzFTBHzifP+k0k6s=</latexit>

g2 ⇠ 102

<latexit sha1_base64="zPSNq1nG7fBHtcMwHRxsiOgZZ2w="></latexit>

HTPE = g2(a
2 � ↵

2)�+ + g
⇤
2(a

†2 � ↵
⇤2)��

<latexit sha1_base64="l6VrZJUPu5rBryRN4/eCc+g3L6s="></latexit>

d⇢

dt
= �i[HKerr, ⇢] + 2D[a2 � ↵

2]⇢

<latexit sha1_base64="svA6LyGJiG+D0P0kjXlsxVnt5U4="></latexit>

d⇢

dt
= �i[HTPE, ⇢] + 2D[a2 � ↵

2]⇢

with

Competition between 
<latexit sha1_base64="OQThD/PlzMuAkzr7cZiwrlX+9+o=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi+AlAfOAZAmzk04yZnZ2mZkVwpIv8OJBEa9+kjf/xkmyB00saCiquunuCmLBtXHdbye3srq2vpHfLGxt7+zuFfcPGjpKFMM6i0SkWgHVKLjEuuFGYCtWSMNAYDMY3U795hMqzSP5YMYx+iEdSN7njBor1e67xZJbdmcgy8TLSAkyVLvFr04vYkmI0jBBtW57bmz8lCrDmcBJoZNojCkb0QG2LZU0RO2ns0Mn5MQqPdKPlC1pyEz9PZHSUOtxGNjOkJqhXvSm4n9eOzH9az/lMk4MSjZf1E8EMRGZfk16XCEzYmwJZYrbWwkbUkWZsdkUbAje4svLpHFW9i7LF7XzUuUmiyMPR3AMp+DBFVTgDqpQBwYIz/AKb86j8+K8Ox/z1pyTzRzCHzifP6VFjNk=</latexit>

K
<latexit sha1_base64="OO5+NHW13fC1M7indkEoOaohmxk=">AAAB73icbVDLSgNBEOz1GeMr6tHLYhA8hd3g6xj04jGCeUCyhN7JbDJkdnacmRXCkp/w4kERr/6ON//GSbIHTSxoKKq66e4KJWfaeN63s7K6tr6xWdgqbu/s7u2XDg6bOkkVoQ2S8ES1Q9SUM0EbhhlO21JRjENOW+Hoduq3nqjSLBEPZixpEONAsIgRNFZqd0coJfaqvVLZq3gzuMvEz0kZctR7pa9uPyFpTIUhHLXu+J40QYbKMMLppNhNNZVIRjigHUsFxlQH2ezeiXtqlb4bJcqWMO5M/T2RYaz1OA5tZ4xmqBe9qfif10lNdB1kTMjUUEHmi6KUuyZxp8+7faYoMXxsCRLF7K0uGaJCYmxERRuCv/jyMmlWK/5l5eL+vFy7yeMowDGcwBn4cAU1uIM6NIAAh2d4hTfn0Xlx3p2PeeuKk88cwR84nz/ETo/O</latexit>2and

<latexit sha1_base64="Pn3x8RPgDkkxOCxP8evg8DbtBxE=">AAACB3icbVDLSsNAFJ3UV62vqEtBBovgqibF10YoiiC4qWAf0IQwmU7aoZNJnJkIJXTnxl9x40IRt/6CO//GaZqFth64cDjnXu69x48Zlcqyvo3C3PzC4lJxubSyura+YW5uNWWUCEwaOGKRaPtIEkY5aSiqGGnHgqDQZ6TlDy7HfuuBCEkjfqeGMXFD1OM0oBgpLXnm7pXH4SHseVV4Dp04hI68FyolmXoz8syyVbEywFli56QMctQ988vpRjgJCVeYISk7thUrN0VCUczIqOQkksQID1CPdDTlKCTSTbM/RnBfK10YREIXVzBTf0+kKJRyGPq6M0SqL6e9sfif10lUcOamlMeJIhxPFgUJgyqC41BglwqCFRtqgrCg+laI+0ggrHR0JR2CPf3yLGlWK/ZJ5fj2qFy7yOMogh2wBw6ADU5BDVyDOmgADB7BM3gFb8aT8WK8Gx+T1oKRz2yDPzA+fwCK15c6</latexit>

En/g2 = ±
p

en/KEigenenergies



Retrieving the exponential

Combining with two-photon dissipation

Fit to 
<latexit sha1_base64="ACjJgVGvjt61cQX8Sx3IwatfilI=">AAACDHicbVDLTgIxFO34RHyhLt00EhPckBnia0l04xITXgmD5E4p0NDONG3HSIAPcOOvuHGhMW79AHf+jQVmoeBJmpycc25u7wkkZ9q47reztLyyurae2khvbm3v7Gb29qs6ihWhFRLxSNUD0JSzkFYMM5zWpaIgAk5rQf964tfuqdIsCstmIGlTQDdkHUbAWKmVyZZbdexLFUkTYZ8+yJzfBSEAj3zgsgeju8KJTbl5dwq8SLyEZFGCUivz5bcjEgsaGsJB64bnStMcgjKMcDpO+7GmEkgfurRhaQiC6uZweswYH1uljTuRsi80eKr+nhiC0HogApsUYHp63puI/3mN2HQum0MWytjQkMwWdWKO7eGTZnCbKUoMH1gCRDH7V0x6oIAY21/aluDNn7xIqoW8d54/uz3NFq+SOlLoEB2hHPLQBSqiG1RCFUTQI3pGr+jNeXJenHfnYxZdcpKZA/QHzucPqnCawQ==</latexit>

TX / exp(�|↵|2)

The two-photon exchange Hamiltonian

Jaynes-Cummings-like interaction between 
a two-photon memory and a qubit

Easier to engineer together with two-photon dissipation

15

<latexit sha1_base64="OFNdn50iaRL0JsV8kI2nVekkCkg=">AAAB/HicbVDLSgMxFM34rPU12qWbYBFclZnia1l0I7ipYB/QGYZMmmlDk0xIMsJQ6q+4caGIWz/EnX9j2s5CWw9cOJxzL/feE0tGtfG8b2dldW19Y7O0Vd7e2d3bdw8O2zrNFCYtnLJUdWOkCaOCtAw1jHSlIojHjHTi0c3U7zwSpWkqHkwuScjRQNCEYmSsFLmVOxgworWmHAYjJCWK6pFb9WreDHCZ+AWpggLNyP0K+inOOBEGM6R1z/ekCcdIGYoZmZSDTBOJ8AgNSM9SgTjR4Xh2/ASeWKUPk1TZEgbO1N8TY8S1znlsOzkyQ73oTcX/vF5mkqtwTIXMDBF4vijJGDQpnCYB+1QRbFhuCcKK2lshHiKFsLF5lW0I/uLLy6Rdr/kXtfP7s2rjuoijBI7AMTgFPrgEDXALmqAFMMjBM3gFb86T8+K8Ox/z1hWnmKmAP3A+fwDwApRU</latexit>

K . 2
<latexit sha1_base64="wrOEPPqKBVj9/HKMzX6QS3+Q+c8=">AAAB/HicbVDLSgMxFM3UV62v0S7dBIvgqswUX8uiG5cV7AM6w5BJM21okglJRhhK/RU3LhRx64e4829M21lo64ELh3Pu5d57YsmoNp737ZTW1jc2t8rblZ3dvf0D9/Coo9NMYdLGKUtVL0aaMCpI21DDSE8qgnjMSDce38787iNRmqbiweSShBwNBU0oRsZKkVsdRg0YaMqh7wVjJCWKGpFb8+reHHCV+AWpgQKtyP0KBinOOBEGM6R13/ekCSdIGYoZmVaCTBOJ8BgNSd9SgTjR4WR+/BSeWmUAk1TZEgbO1d8TE8S1znlsOzkyI73szcT/vH5mkutwQoXMDBF4sSjJGDQpnCUBB1QRbFhuCcKK2lshHiGFsLF5VWwI/vLLq6TTqPuX9Yv781rzpoijDI7BCTgDPrgCTXAHWqANMMjBM3gFb86T8+K8Ox+L1pJTzFTBHzifP+k0k6s=</latexit>

g2 ⇠ 102

<latexit sha1_base64="zPSNq1nG7fBHtcMwHRxsiOgZZ2w="></latexit>

HTPE = g2(a
2 � ↵

2)�+ + g
⇤
2(a

†2 � ↵
⇤2)��

<latexit sha1_base64="l6VrZJUPu5rBryRN4/eCc+g3L6s="></latexit>

d⇢

dt
= �i[HKerr, ⇢] + 2D[a2 � ↵

2]⇢

<latexit sha1_base64="svA6LyGJiG+D0P0kjXlsxVnt5U4="></latexit>

d⇢

dt
= �i[HTPE, ⇢] + 2D[a2 � ↵

2]⇢

with

Competition between 
<latexit sha1_base64="OQThD/PlzMuAkzr7cZiwrlX+9+o=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi+AlAfOAZAmzk04yZnZ2mZkVwpIv8OJBEa9+kjf/xkmyB00saCiquunuCmLBtXHdbye3srq2vpHfLGxt7+zuFfcPGjpKFMM6i0SkWgHVKLjEuuFGYCtWSMNAYDMY3U795hMqzSP5YMYx+iEdSN7njBor1e67xZJbdmcgy8TLSAkyVLvFr04vYkmI0jBBtW57bmz8lCrDmcBJoZNojCkb0QG2LZU0RO2ns0Mn5MQqPdKPlC1pyEz9PZHSUOtxGNjOkJqhXvSm4n9eOzH9az/lMk4MSjZf1E8EMRGZfk16XCEzYmwJZYrbWwkbUkWZsdkUbAje4svLpHFW9i7LF7XzUuUmiyMPR3AMp+DBFVTgDqpQBwYIz/AKb86j8+K8Ox/z1pyTzRzCHzifP6VFjNk=</latexit>

K
<latexit sha1_base64="OO5+NHW13fC1M7indkEoOaohmxk=">AAAB73icbVDLSgNBEOz1GeMr6tHLYhA8hd3g6xj04jGCeUCyhN7JbDJkdnacmRXCkp/w4kERr/6ON//GSbIHTSxoKKq66e4KJWfaeN63s7K6tr6xWdgqbu/s7u2XDg6bOkkVoQ2S8ES1Q9SUM0EbhhlO21JRjENOW+Hoduq3nqjSLBEPZixpEONAsIgRNFZqd0coJfaqvVLZq3gzuMvEz0kZctR7pa9uPyFpTIUhHLXu+J40QYbKMMLppNhNNZVIRjigHUsFxlQH2ezeiXtqlb4bJcqWMO5M/T2RYaz1OA5tZ4xmqBe9qfif10lNdB1kTMjUUEHmi6KUuyZxp8+7faYoMXxsCRLF7K0uGaJCYmxERRuCv/jyMmlWK/5l5eL+vFy7yeMowDGcwBn4cAU1uIM6NIAAh2d4hTfn0Xlx3p2PeeuKk88cwR84nz/ETo/O</latexit>2and

<latexit sha1_base64="Pn3x8RPgDkkxOCxP8evg8DbtBxE=">AAACB3icbVDLSsNAFJ3UV62vqEtBBovgqibF10YoiiC4qWAf0IQwmU7aoZNJnJkIJXTnxl9x40IRt/6CO//GaZqFth64cDjnXu69x48Zlcqyvo3C3PzC4lJxubSyura+YW5uNWWUCEwaOGKRaPtIEkY5aSiqGGnHgqDQZ6TlDy7HfuuBCEkjfqeGMXFD1OM0oBgpLXnm7pXH4SHseVV4Dp04hI68FyolmXoz8syyVbEywFli56QMctQ988vpRjgJCVeYISk7thUrN0VCUczIqOQkksQID1CPdDTlKCTSTbM/RnBfK10YREIXVzBTf0+kKJRyGPq6M0SqL6e9sfif10lUcOamlMeJIhxPFgUJgyqC41BglwqCFRtqgrCg+laI+0ggrHR0JR2CPf3yLGlWK/ZJ5fj2qFy7yOMogh2wBw6ADU5BDVyDOmgADB7BM3gFb8aT8WK8Gx+T1oKRz2yDPzA+fwCK15c6</latexit>

En/g2 = ±
p

en/KEigenenergies



15b

Combined Hamiltonian and dissipative confinement

Competition between “heating” by leakage, 
and “cooling” by two-photon dissipation



15b

Combined Hamiltonian and dissipative confinement

Competition between “heating” by leakage, 
and “cooling” by two-photon dissipation
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Lifetime and controllability of cat qubits

Kerr cat qubits
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Limited by leakage1.

Weak exponential scaling2.

[Gautier et al., 2021]
[Putterman et al., 2021]

[Frattini et al., 2022]
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Weak exponential scaling2.

[Lescanne et al., 2019]
[Mirrahimi et al., 2014]

[Gautier et al., 2021]
[Putterman et al., 2021]

[Frattini et al., 2022]
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Adiabatic theorem

16

Lifetime
<latexit sha1_base64="md4jZoqxQK8s1uXDXC7f6S2zVPM=">AAAB8XicdVBNS8NAEJ34WetX1aOXxSJ4CklIW49FLx4r2A9sa9lst+3SzSbsboSS9l948aCIV/+NN/+Nm7aCij4YeLw3w8y8IOZMacf5sFZW19Y3NnNb+e2d3b39wsFhQ0WJJLROIh7JVoAV5UzQumaa01YsKQ4DTpvB+DLzm/dUKhaJGz2JaTfEQ8EGjGBtpNtpB/N4hKd3Xq9QdGzX97ySjxzb8xzPL2WkUs4U13bmKMIStV7hvdOPSBJSoQnHSrVdJ9bdFEvNCKezfCdRNMZkjIe0bajAIVXddH7xDJ0apY8GkTQlNJqr3ydSHCo1CQPTGWI9Ur+9TPzLayd6cN5NmYgTTQVZLBokHOkIZe+jPpOUaD4xBBPJzK2IjLDERJuQ8iaEr0/R/6Th2W7ZLl37xerFMo4cHMMJnIELFajCFdSgDgQEPMATPFvKerRerNdF64q1nDmCH7DePgHWsZEN</latexit>

|↵|2

Controllability
<latexit sha1_base64="M4CacD+WyIaJ8OEKDE5kRjhe/Qg=">AAAB+HicdVDLSsNAFJ3UV62PRl26GSyCq5CEtHVZdOOyQl/QhjCZTtqhM0mYmQg19EvcuFDErZ/izr9x0lZQ0QMDh3Pu5Z45YcqoVLb9YZQ2Nre2d8q7lb39g8OqeXTck0kmMOnihCViECJJGI1JV1HFyCAVBPGQkX44uy78/h0RkiZxR81T4nM0iWlEMVJaCsxqJxhxpKaC5xOkyCIwa7bleK5b96Btua7tevWCNBuF4lj2EjWwRjsw30fjBGecxAozJOXQsVPl50goihlZVEaZJCnCMzQhQ01jxIn082XwBTzXyhhGidAvVnCpft/IEZdyzkM9WYSUv71C/MsbZiq69HMap5kiMV4dijIGVQKLFuCYCoIVm2uCsKA6K8RTJBBWuquKLuHrp/B/0nMtp2HVb71a62pdRxmcgjNwARzQBC1wA9qgCzDIwAN4As/GvfFovBivq9GSsd45AT9gvH0CkiKTtw==</latexit>

Tgate

Limited by leakage1.

Weak exponential scaling2.

[Lescanne et al., 2019]
[Mirrahimi et al., 2014]

[Gautier et al., 2021]
[Putterman et al., 2021]

[Frattini et al., 2022]

[Puri et al., 2019]
[Xu et al., 2022]
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Linear scaling

[Puri et al., 2019]
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Tgate

Limited by leakage1.

Weak exponential scaling2.

[Gautier et al., 2021] [Lescanne et al., 2019]
[Mirrahimi et al., 2014][Putterman et al., 2021]

[Frattini et al., 2022]

[Gautier et al., 2022]
[Guillaud et al., 2019]
[Mirrahimi et al., 2014]

[Xu et al., 2022]
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Reservoir engineering of two-photon dissipation

Mirrahimi et al. NJP (2014), Lescanne et al. Nat. Phy. (2019)
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Guillaud et al. (2019)

Pauli X Z rotation CNOT Toffoli

Guillaud et al., PRX (2019); Chamberland et al., PRX Q (2021)
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<latexit sha1_base64="kyIygZFzlRIg9tyRCndh69qPD4U=">AAACAXicbVDJSgNBEO2JW4zbqBfBS2MQPIUZcbsIQT3kGMEskImhplNJmvQsdPcIYYgXf8WLB0W8+hfe/Bs7y0ETHxQ83quiqp4fC66043xbmYXFpeWV7GpubX1jc8ve3qmqKJEMKywSkaz7oFDwECuaa4H1WCIEvsCa378e+bUHlIpH4Z0exNgMoBvyDmegjdSy90r0kno3KDS06hTuvTZ0uygptOy8U3DGoPPEnZI8maLcsr+8dsSSAEPNBCjVcJ1YN1OQmjOBw5yXKIyB9aGLDUNDCFA10/EHQ3polDbtRNJUqOlY/T2RQqDUIPBNZwC6p2a9kfif10h056KZ8jBONIZssqiTCKojOoqDtrlEpsXAEGCSm1sp64EEpk1oOROCO/vyPKkeF9yzwuntSb54NY0jS/bJATkiLjknRVIiZVIhjDySZ/JK3qwn68V6tz4mrRlrOrNL/sD6/AFQbpWN</latexit>

H = �Xa
†
a

<latexit sha1_base64="80w/b6qE7ZdA+tOn+cfWrqg7qUA=">AAACFnicbVDJSgNBEO2JW4xb1KOXxiAIYpgRt4sQ9JJjBLNgJoaaTiVp0rPQ3RMIIV/hxV/x4kERr+LNv7GTzEETHxQ83quiqp4XCa60bX9bqYXFpeWV9GpmbX1jcyu7vVNRYSwZllkoQlnzQKHgAZY11wJrkUTwPYFVr3cz9qt9lIqHwZ0eRNjwoRPwNmegjdTMHhfpFXX7IDFSXBjlnsKD24JOByU9mnWa2Zydtyeg88RJSI4kKDWzX24rZLGPgWYClKo7dqQbQ5CaM4GjjBsrjID1oIN1QwPwUTWGk7dG9MAoLdoOpalA04n6e2IIvlID3zOdPuiumvXG4n9ePdbty8aQB1GsMWDTRe1YUB3ScUa0xSUyLQaGAJPc3EpZFyQwbZLMmBCc2ZfnSeUk75znz25Pc4XrJI402SP75JA45IIUSJGUSJkw8kieySt5s56sF+vd+pi2pqxkZpf8gfX5A7GUnn0=</latexit>

H = "Za
† + "Za

<latexit sha1_base64="qsvg3xwa9azBufElRzEyDgNemIA="></latexit>

H = "CX(a†C + aC � 2↵)⌦
<latexit sha1_base64="IghF8YzAfQx9DAwRrcJlyvWSagk=">AAACB3icbZDJSgNBEIZ74hbjNupRkMYgxINhJrgdg148RsgGmUmo6elMmvQsdPcIIcnNi6/ixYMiXn0Fb76NneWg0R8aPv6qorp+L+FMKsv6MjJLyyura9n13Mbm1vaOubtXl3EqCK2RmMei6YGknEW0ppjitJkICqHHacPr30zqjXsqJIujqhok1A0hiFiXEVDa6piHBehU244PQUAF1oxP8cgBnvRg1C6ddMy8VbSmwn/BnkMezVXpmJ+OH5M0pJEiHKRs2Vai3CEIxQin45yTSpoA6UNAWxojCKl0h9M7xvhYOz7uxkK/SOGp+3NiCKGUg9DTnSGonlysTcz/aq1Uda/cIYuSVNGIzBZ1U45VjCehYJ8JShQfaAAimP4rJj0QQJSOLqdDsBdP/gv1UtG+KJ7fneXL1/M4sugAHaECstElKqNbVEE1RNADekIv6NV4NJ6NN+N91pox5jP76JeMj2+4gZf1</latexit>

(a†TaT � |↵|2)

<latexit sha1_base64="9QpPtH55XtD5ljddGr8sFHzCgvM="></latexit>

H = "CX(a†C,1 + aC,1 � 2↵)⌦
<latexit sha1_base64="hYjTWWk2ZaRNqNN5xAW6lf100UU=">AAACF3icbVDJSgNBEO2JW4xb1KOXxiBEjGEmuB2DuXiMYBbIxFDT6Zk06Vno7hHCkL/w4q948aCIV735N3aSOWjig4LHe1VU1XMizqQyzW8js7S8srqWXc9tbG5t7+R395oyjAWhDRLyULQdkJSzgDYUU5y2I0HBdzhtOcPaxG89UCFZGNypUUS7PngBcxkBpaVevlyEXlIrVcb3dh88jwp8glMFn+KKDTwawLFdskPFfCp7+YJZNqfAi8RKSQGlqPfyX3Y/JLFPA0U4SNmxzEh1ExCKEU7HOTuWNAIyBI92NA1AL+km07/G+EgrfeyGQleg8FT9PZGAL+XId3SnD2og572J+J/XiZV71U1YEMWKBmS2yI05ViGehIT7TFCi+EgTIILpWzEZgACidJQ5HYI1//IiaVbK1kX5/PasUL1O48iiA3SIishCl6iKblAdNRBBj+gZvaI348l4Md6Nj1lrxkhn9tEfGJ8/ReSdiQ==</latexit>

(a†C,2 + aC,2 � 2↵)⌦
<latexit sha1_base64="IghF8YzAfQx9DAwRrcJlyvWSagk=">AAACB3icbZDJSgNBEIZ74hbjNupRkMYgxINhJrgdg148RsgGmUmo6elMmvQsdPcIIcnNi6/ixYMiXn0Fb76NneWg0R8aPv6qorp+L+FMKsv6MjJLyyura9n13Mbm1vaOubtXl3EqCK2RmMei6YGknEW0ppjitJkICqHHacPr30zqjXsqJIujqhok1A0hiFiXEVDa6piHBehU244PQUAF1oxP8cgBnvRg1C6ddMy8VbSmwn/BnkMezVXpmJ+OH5M0pJEiHKRs2Vai3CEIxQin45yTSpoA6UNAWxojCKl0h9M7xvhYOz7uxkK/SOGp+3NiCKGUg9DTnSGonlysTcz/aq1Uda/cIYuSVNGIzBZ1U45VjCehYJ8JShQfaAAimP4rJj0QQJSOLqdDsBdP/gv1UtG+KJ7fneXL1/M4sugAHaECstElKqNbVEE1RNADekIv6NV4NJ6NN+N91pox5jP76JeMj2+4gZf1</latexit>

(a†TaT � |↵|2)

Gates based on the Zeno effect

18

Guillaud et al. (2019)

Gate errors Cavity lifetime

Pauli X Z rotation CNOT Toffoli

Guillaud et al., PRX (2019); Chamberland et al., PRX Q (2021)



<latexit sha1_base64="kyIygZFzlRIg9tyRCndh69qPD4U=">AAACAXicbVDJSgNBEO2JW4zbqBfBS2MQPIUZcbsIQT3kGMEskImhplNJmvQsdPcIYYgXf8WLB0W8+hfe/Bs7y0ETHxQ83quiqp4fC66043xbmYXFpeWV7GpubX1jc8ve3qmqKJEMKywSkaz7oFDwECuaa4H1WCIEvsCa378e+bUHlIpH4Z0exNgMoBvyDmegjdSy90r0kno3KDS06hTuvTZ0uygptOy8U3DGoPPEnZI8maLcsr+8dsSSAEPNBCjVcJ1YN1OQmjOBw5yXKIyB9aGLDUNDCFA10/EHQ3polDbtRNJUqOlY/T2RQqDUIPBNZwC6p2a9kfif10h056KZ8jBONIZssqiTCKojOoqDtrlEpsXAEGCSm1sp64EEpk1oOROCO/vyPKkeF9yzwuntSb54NY0jS/bJATkiLjknRVIiZVIhjDySZ/JK3qwn68V6tz4mrRlrOrNL/sD6/AFQbpWN</latexit>

H = �Xa
†
a

<latexit sha1_base64="80w/b6qE7ZdA+tOn+cfWrqg7qUA=">AAACFnicbVDJSgNBEO2JW4xb1KOXxiAIYpgRt4sQ9JJjBLNgJoaaTiVp0rPQ3RMIIV/hxV/x4kERr+LNv7GTzEETHxQ83quiqp4XCa60bX9bqYXFpeWV9GpmbX1jcyu7vVNRYSwZllkoQlnzQKHgAZY11wJrkUTwPYFVr3cz9qt9lIqHwZ0eRNjwoRPwNmegjdTMHhfpFXX7IDFSXBjlnsKD24JOByU9mnWa2Zydtyeg88RJSI4kKDWzX24rZLGPgWYClKo7dqQbQ5CaM4GjjBsrjID1oIN1QwPwUTWGk7dG9MAoLdoOpalA04n6e2IIvlID3zOdPuiumvXG4n9ePdbty8aQB1GsMWDTRe1YUB3ScUa0xSUyLQaGAJPc3EpZFyQwbZLMmBCc2ZfnSeUk75znz25Pc4XrJI402SP75JA45IIUSJGUSJkw8kieySt5s56sF+vd+pi2pqxkZpf8gfX5A7GUnn0=</latexit>

H = "Za
† + "Za

<latexit sha1_base64="qsvg3xwa9azBufElRzEyDgNemIA="></latexit>

H = "CX(a†C + aC � 2↵)⌦
<latexit sha1_base64="IghF8YzAfQx9DAwRrcJlyvWSagk=">AAACB3icbZDJSgNBEIZ74hbjNupRkMYgxINhJrgdg148RsgGmUmo6elMmvQsdPcIIcnNi6/ixYMiXn0Fb76NneWg0R8aPv6qorp+L+FMKsv6MjJLyyura9n13Mbm1vaOubtXl3EqCK2RmMei6YGknEW0ppjitJkICqHHacPr30zqjXsqJIujqhok1A0hiFiXEVDa6piHBehU244PQUAF1oxP8cgBnvRg1C6ddMy8VbSmwn/BnkMezVXpmJ+OH5M0pJEiHKRs2Vai3CEIxQin45yTSpoA6UNAWxojCKl0h9M7xvhYOz7uxkK/SOGp+3NiCKGUg9DTnSGonlysTcz/aq1Uda/cIYuSVNGIzBZ1U45VjCehYJ8JShQfaAAimP4rJj0QQJSOLqdDsBdP/gv1UtG+KJ7fneXL1/M4sugAHaECstElKqNbVEE1RNADekIv6NV4NJ6NN+N91pox5jP76JeMj2+4gZf1</latexit>

(a†TaT � |↵|2)

<latexit sha1_base64="9QpPtH55XtD5ljddGr8sFHzCgvM="></latexit>

H = "CX(a†C,1 + aC,1 � 2↵)⌦
<latexit sha1_base64="hYjTWWk2ZaRNqNN5xAW6lf100UU=">AAACF3icbVDJSgNBEO2JW4xb1KOXxiBEjGEmuB2DuXiMYBbIxFDT6Zk06Vno7hHCkL/w4q948aCIV735N3aSOWjig4LHe1VU1XMizqQyzW8js7S8srqWXc9tbG5t7+R395oyjAWhDRLyULQdkJSzgDYUU5y2I0HBdzhtOcPaxG89UCFZGNypUUS7PngBcxkBpaVevlyEXlIrVcb3dh88jwp8glMFn+KKDTwawLFdskPFfCp7+YJZNqfAi8RKSQGlqPfyX3Y/JLFPA0U4SNmxzEh1ExCKEU7HOTuWNAIyBI92NA1AL+km07/G+EgrfeyGQleg8FT9PZGAL+XId3SnD2og572J+J/XiZV71U1YEMWKBmS2yI05ViGehIT7TFCi+EgTIILpWzEZgACidJQ5HYI1//IiaVbK1kX5/PasUL1O48iiA3SIishCl6iKblAdNRBBj+gZvaI348l4Md6Nj1lrxkhn9tEfGJ8/ReSdiQ==</latexit>

(a†C,2 + aC,2 � 2↵)⌦
<latexit sha1_base64="IghF8YzAfQx9DAwRrcJlyvWSagk=">AAACB3icbZDJSgNBEIZ74hbjNupRkMYgxINhJrgdg148RsgGmUmo6elMmvQsdPcIIcnNi6/ixYMiXn0Fb76NneWg0R8aPv6qorp+L+FMKsv6MjJLyyura9n13Mbm1vaOubtXl3EqCK2RmMei6YGknEW0ppjitJkICqHHacPr30zqjXsqJIujqhok1A0hiFiXEVDa6piHBehU244PQUAF1oxP8cgBnvRg1C6ddMy8VbSmwn/BnkMezVXpmJ+OH5M0pJEiHKRs2Vai3CEIxQin45yTSpoA6UNAWxojCKl0h9M7xvhYOz7uxkK/SOGp+3NiCKGUg9DTnSGonlysTcz/aq1Uda/cIYuSVNGIzBZ1U45VjCehYJ8JShQfaAAimP4rJj0QQJSOLqdDsBdP/gv1UtG+KJ7fneXL1/M4sugAHaECstElKqNbVEE1RNADekIv6NV4NJ6NN+N91pox5jP76JeMj2+4gZf1</latexit>

(a†TaT � |↵|2)

Gates based on the Zeno effect

Gate-induced errors are  
only on control qubits

Gate errors Cavity lifetime
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Guillaud et al. (2019)

Pauli X Z rotation CNOT Toffoli

Guillaud et al., PRX (2019); Chamberland et al., PRX Q (2021)



Hamiltonian of Z rotation gate

19

Unravelling the origin of gate errors

Gautier et al., PRXQ (2023)

<latexit sha1_base64="y4YkpjQO/4afQBz/KEfZNU8XRb8="></latexit>

Ĥ = g2(â
2 � ↵

2)b̂† + "Z â+ h.c.



Hamiltonian of Z rotation gate

Move in Shifted Fock Basis

gaugequbit

19

Unravelling the origin of gate errors

<latexit sha1_base64="lP8S8jshaWIs64Rmq5c5uFmRzLg=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cIxgSSJcxOZpMhszPLTK8QQj7CiwdFvPo93vwbJ8keNLGgoajqprsrSqWw6PvfXmFldW19o7hZ2tre2d0r7x88Wp0ZxhtMS21aEbVcCsUbKFDyVmo4TSLJm9Hwduo3n7ixQqsHHKU8TGhfiVgwik5qdjSKhNtuueJX/RnIMglyUoEc9W75q9PTLEu4Qiapte3ATzEcU4OCST4pdTLLU8qGtM/bjirqloTj2bkTcuKUHom1caWQzNTfE2OaWDtKIteZUBzYRW8q/ue1M4yvw7FQaYZcsfmiOJMENZn+TnrCcIZy5AhlRrhbCRtQQxm6hEouhGDx5WXyeFYNLqsX9+eV2k0eRxGO4BhOIYArqMEd1KEBDIbwDK/w5qXei/fufcxbC14+cwh/4H3+AIkrj7c=</latexit>⌦L C E
n
er
gy(a) (b)

L C E
n
er
g
y(a) (b)

<latexit sha1_base64="Z0a8SrQooz8fmYoT41wutPNmYls=">AAAB73icbVDJSgNBEK1xjXGLevTSGARPYUbcjkEvHiOYBZIh9HR6kia9jN09QhzyE148KOLV3/Hm39hJ5qCJDwoe71VRVS9KODPW97+9peWV1bX1wkZxc2t7Z7e0t98wKtWE1oniSrcibChnktYts5y2Ek2xiDhtRsObid98pNowJe/tKKGhwH3JYkawdVKrY1hf4O5Tt1T2K/4UaJEEOSlDjlq39NXpKZIKKi3h2Jh24Cc2zLC2jHA6LnZSQxNMhrhP245KLKgJs+m9Y3TslB6KlXYlLZqqvycyLIwZich1CmwHZt6biP957dTGV2HGZJJaKslsUZxyZBWaPI96TFNi+cgRTDRztyIywBoT6yIquhCC+ZcXSeO0ElxUzu/OytXrPI4CHMIRnEAAl1CFW6hBHQhweIZXePMevBfv3fuYtS55+cwB/IH3+QM3uJAa</latexit>�z
<latexit sha1_base64="KWzY2bLzO31lK/gWLvxnXW12sCk=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVaa9UdivuDGSZeDkpQ45ar/TV7ccsjVAaJqjWHc9NjJ9RZTgTOCl2U40JZSM6wI6lkkao/Wx26IScWqVPwljZkobM1N8TGY20HkeB7YyoGepFbyr+53VSE974GZdJalCy+aIwFcTEZPo16XOFzIixJZQpbm8lbEgVZcZmU7QheIsvL5PmecW7qlzWL8rV2zyOAhzDCZyBB9dQhXuoQQMYIDzDK7w5j86L8+58zFtXnHzmCP7A+fwBxp2M7w==</latexit>a <latexit sha1_base64="iL8DgY2ci0ZpTBk1K+17KQX0eZQ=">AAAB8nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cI5gHJEmYns8mQ2Z1lplcJSz7DiwdFvPo13vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80jUo14w2mpNLtgBouRcwbKFDydqI5jQLJW8Hoduq3Hrk2QsUPOE64H9FBLELBKFqp09ViMESqtXrqlStu1Z2BLBMvJxXIUe+Vv7p9xdKIx8gkNabjuQn6GdUomOSTUjc1PKFsRAe8Y2lMI278bHbyhJxYpU9CpW3FSGbq74mMRsaMo8B2RhSHZtGbiv95nRTDaz8TcZIij9l8UZhKgopM/yd9oTlDObaEMi3srYQNqaYMbUolG4K3+PIyaZ5Vvcvqxf15pXaTx1GEIziGU/DgCmpwB3VoAAMFz/AKbw46L8678zFvLTj5zCH8gfP5A8X7kZc=</latexit>!

<latexit sha1_base64="jK0raIDeKIFWd0S1jLfEOY0IBoM=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSxCRSiJ+FoW3bisYB/QhHIzmbZDJ5MwMxFqKP6KGxeKuPU/3Pk3TtsstHrgwuGce7n3niDhTGnH+bIKC4tLyyvF1dLa+sbmlr2901RxKgltkJjHsh2AopwJ2tBMc9pOJIUo4LQVDK8nfuueSsVicadHCfUj6AvWYwS0kbr2XsXTjIc0gzE+xh7wZABHXbvsVJ0p8F/i5qSMctS79qcXxiSNqNCEg1Id10m0n4HUjHA6LnmpogmQIfRpx1ABEVV+Nr1+jA+NEuJeLE0Jjafqz4kMIqVGUWA6I9ADNe9NxP+8Tqp7l37GRJJqKshsUS/lWMd4EgUOmaRE85EhQCQzt2IyAAlEm8BKJgR3/uW/pHlSdc+rZ7en5dpVHkcR7aMDVEEuukA1dIPqqIEIekBP6AW9Wo/Ws/Vmvc9aC1Y+s4t+wfr4BiEZlGI=</latexit>

(ã+ ↵)
<latexit sha1_base64="lP8S8jshaWIs64Rmq5c5uFmRzLg=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cIxgSSJcxOZpMhszPLTK8QQj7CiwdFvPo93vwbJ8keNLGgoajqprsrSqWw6PvfXmFldW19o7hZ2tre2d0r7x88Wp0ZxhtMS21aEbVcCsUbKFDyVmo4TSLJm9Hwduo3n7ixQqsHHKU8TGhfiVgwik5qdjSKhNtuueJX/RnIMglyUoEc9W75q9PTLEu4Qiapte3ATzEcU4OCST4pdTLLU8qGtM/bjirqloTj2bkTcuKUHom1caWQzNTfE2OaWDtKIteZUBzYRW8q/ue1M4yvw7FQaYZcsfmiOJMENZn+TnrCcIZy5AhlRrhbCRtQQxm6hEouhGDx5WXyeFYNLqsX9+eV2k0eRxGO4BhOIYArqMEd1KEBDIbwDK/w5qXei/fufcxbC14+cwh/4H3+AIkrj7c=</latexit>⌦

S
hi
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ed

 F
oc

k 
B
as
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Gautier et al., PRXQ (2023); Chamberland et al., PRX Q (2021)

<latexit sha1_base64="y4YkpjQO/4afQBz/KEfZNU8XRb8="></latexit>

Ĥ = g2(â
2 � ↵

2)b̂† + "Z â+ h.c.

<latexit sha1_base64="FSIaHrUBPc6tolAQ+WAp+OMRC1g="></latexit>

Ĥ = g2(ˆ̃a
2 + 2↵ˆ̃a)b̂† + "Z �̂z â+ "Z↵�̂z + h.c.



Hamiltonian of Z rotation gate

Move in Shifted Fock Basis

gaugequbit
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Unravelling the origin of gate errors

<latexit sha1_base64="lP8S8jshaWIs64Rmq5c5uFmRzLg=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cIxgSSJcxOZpMhszPLTK8QQj7CiwdFvPo93vwbJ8keNLGgoajqprsrSqWw6PvfXmFldW19o7hZ2tre2d0r7x88Wp0ZxhtMS21aEbVcCsUbKFDyVmo4TSLJm9Hwduo3n7ixQqsHHKU8TGhfiVgwik5qdjSKhNtuueJX/RnIMglyUoEc9W75q9PTLEu4Qiapte3ATzEcU4OCST4pdTLLU8qGtM/bjirqloTj2bkTcuKUHom1caWQzNTfE2OaWDtKIteZUBzYRW8q/ue1M4yvw7FQaYZcsfmiOJMENZn+TnrCcIZy5AhlRrhbCRtQQxm6hEouhGDx5WXyeFYNLqsX9+eV2k0eRxGO4BhOIYArqMEd1KEBDIbwDK/w5qXei/fufcxbC14+cwh/4H3+AIkrj7c=</latexit>⌦L C E
n
er
gy(a) (b)

L C E
n
er
g
y(a) (b)

<latexit sha1_base64="Z0a8SrQooz8fmYoT41wutPNmYls=">AAAB73icbVDJSgNBEK1xjXGLevTSGARPYUbcjkEvHiOYBZIh9HR6kia9jN09QhzyE148KOLV3/Hm39hJ5qCJDwoe71VRVS9KODPW97+9peWV1bX1wkZxc2t7Z7e0t98wKtWE1oniSrcibChnktYts5y2Ek2xiDhtRsObid98pNowJe/tKKGhwH3JYkawdVKrY1hf4O5Tt1T2K/4UaJEEOSlDjlq39NXpKZIKKi3h2Jh24Cc2zLC2jHA6LnZSQxNMhrhP245KLKgJs+m9Y3TslB6KlXYlLZqqvycyLIwZich1CmwHZt6biP957dTGV2HGZJJaKslsUZxyZBWaPI96TFNi+cgRTDRztyIywBoT6yIquhCC+ZcXSeO0ElxUzu/OytXrPI4CHMIRnEAAl1CFW6hBHQhweIZXePMevBfv3fuYtS55+cwB/IH3+QM3uJAa</latexit>�z
<latexit sha1_base64="KWzY2bLzO31lK/gWLvxnXW12sCk=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVaa9UdivuDGSZeDkpQ45ar/TV7ccsjVAaJqjWHc9NjJ9RZTgTOCl2U40JZSM6wI6lkkao/Wx26IScWqVPwljZkobM1N8TGY20HkeB7YyoGepFbyr+53VSE974GZdJalCy+aIwFcTEZPo16XOFzIixJZQpbm8lbEgVZcZmU7QheIsvL5PmecW7qlzWL8rV2zyOAhzDCZyBB9dQhXuoQQMYIDzDK7w5j86L8+58zFtXnHzmCP7A+fwBxp2M7w==</latexit>a <latexit sha1_base64="iL8DgY2ci0ZpTBk1K+17KQX0eZQ=">AAAB8nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cI5gHJEmYns8mQ2Z1lplcJSz7DiwdFvPo13vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80jUo14w2mpNLtgBouRcwbKFDydqI5jQLJW8Hoduq3Hrk2QsUPOE64H9FBLELBKFqp09ViMESqtXrqlStu1Z2BLBMvJxXIUe+Vv7p9xdKIx8gkNabjuQn6GdUomOSTUjc1PKFsRAe8Y2lMI278bHbyhJxYpU9CpW3FSGbq74mMRsaMo8B2RhSHZtGbiv95nRTDaz8TcZIij9l8UZhKgopM/yd9oTlDObaEMi3srYQNqaYMbUolG4K3+PIyaZ5Vvcvqxf15pXaTx1GEIziGU/DgCmpwB3VoAAMFz/AKbw46L8678zFvLTj5zCH8gfP5A8X7kZc=</latexit>!

<latexit sha1_base64="jK0raIDeKIFWd0S1jLfEOY0IBoM=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSxCRSiJ+FoW3bisYB/QhHIzmbZDJ5MwMxFqKP6KGxeKuPU/3Pk3TtsstHrgwuGce7n3niDhTGnH+bIKC4tLyyvF1dLa+sbmlr2901RxKgltkJjHsh2AopwJ2tBMc9pOJIUo4LQVDK8nfuueSsVicadHCfUj6AvWYwS0kbr2XsXTjIc0gzE+xh7wZABHXbvsVJ0p8F/i5qSMctS79qcXxiSNqNCEg1Id10m0n4HUjHA6LnmpogmQIfRpx1ABEVV+Nr1+jA+NEuJeLE0Jjafqz4kMIqVGUWA6I9ADNe9NxP+8Tqp7l37GRJJqKshsUS/lWMd4EgUOmaRE85EhQCQzt2IyAAlEm8BKJgR3/uW/pHlSdc+rZ7en5dpVHkcR7aMDVEEuukA1dIPqqIEIekBP6AW9Wo/Ws/Vmvc9aC1Y+s4t+wfr4BiEZlGI=</latexit>

(ã+ ↵)
<latexit sha1_base64="lP8S8jshaWIs64Rmq5c5uFmRzLg=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cIxgSSJcxOZpMhszPLTK8QQj7CiwdFvPo93vwbJ8keNLGgoajqprsrSqWw6PvfXmFldW19o7hZ2tre2d0r7x88Wp0ZxhtMS21aEbVcCsUbKFDyVmo4TSLJm9Hwduo3n7ixQqsHHKU8TGhfiVgwik5qdjSKhNtuueJX/RnIMglyUoEc9W75q9PTLEu4Qiapte3ATzEcU4OCST4pdTLLU8qGtM/bjirqloTj2bkTcuKUHom1caWQzNTfE2OaWDtKIteZUBzYRW8q/ue1M4yvw7FQaYZcsfmiOJMENZn+TnrCcIZy5AhlRrhbCRtQQxm6hEouhGDx5WXyeFYNLqsX9+eV2k0eRxGO4BhOIYArqMEd1KEBDIbwDK/w5qXei/fufcxbC14+cwh/4H3+AIkrj7c=</latexit>⌦
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Gautier et al., PRXQ (2023); Chamberland et al., PRX Q (2021)

<latexit sha1_base64="y4YkpjQO/4afQBz/KEfZNU8XRb8="></latexit>

Ĥ = g2(â
2 � ↵

2)b̂† + "Z â+ h.c.

<latexit sha1_base64="FSIaHrUBPc6tolAQ+WAp+OMRC1g="></latexit>

Ĥ = g2(ˆ̃a
2 + 2↵ˆ̃a)b̂† + "Z �̂z â+ "Z↵�̂z + h.c.
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Unravelling the origin of gate errors

<latexit sha1_base64="B3fSK7Z1YHSZJi1bM4Yc24FAr4o="></latexit>

b̈+ 1
2bḃ+ ⌫2b = �⌫"Z�z

<latexit sha1_base64="lP8S8jshaWIs64Rmq5c5uFmRzLg=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cIxgSSJcxOZpMhszPLTK8QQj7CiwdFvPo93vwbJ8keNLGgoajqprsrSqWw6PvfXmFldW19o7hZ2tre2d0r7x88Wp0ZxhtMS21aEbVcCsUbKFDyVmo4TSLJm9Hwduo3n7ixQqsHHKU8TGhfiVgwik5qdjSKhNtuueJX/RnIMglyUoEc9W75q9PTLEu4Qiapte3ATzEcU4OCST4pdTLLU8qGtM/bjirqloTj2bkTcuKUHom1caWQzNTfE2OaWDtKIteZUBzYRW8q/ue1M4yvw7FQaYZcsfmiOJMENZn+TnrCcIZy5AhlRrhbCRtQQxm6hEouhGDx5WXyeFYNLqsX9+eV2k0eRxGO4BhOIYArqMEd1KEBDIbwDK/w5qXei/fufcxbC14+cwh/4H3+AIkrj7c=</latexit>⌦L C E
n
er
gy(a) (b)

L C E
n
er
g
y(a) (b)

<latexit sha1_base64="Z0a8SrQooz8fmYoT41wutPNmYls=">AAAB73icbVDJSgNBEK1xjXGLevTSGARPYUbcjkEvHiOYBZIh9HR6kia9jN09QhzyE148KOLV3/Hm39hJ5qCJDwoe71VRVS9KODPW97+9peWV1bX1wkZxc2t7Z7e0t98wKtWE1oniSrcibChnktYts5y2Ek2xiDhtRsObid98pNowJe/tKKGhwH3JYkawdVKrY1hf4O5Tt1T2K/4UaJEEOSlDjlq39NXpKZIKKi3h2Jh24Cc2zLC2jHA6LnZSQxNMhrhP245KLKgJs+m9Y3TslB6KlXYlLZqqvycyLIwZich1CmwHZt6biP957dTGV2HGZJJaKslsUZxyZBWaPI96TFNi+cgRTDRztyIywBoT6yIquhCC+ZcXSeO0ElxUzu/OytXrPI4CHMIRnEAAl1CFW6hBHQhweIZXePMevBfv3fuYtS55+cwB/IH3+QM3uJAa</latexit>�z
<latexit sha1_base64="KWzY2bLzO31lK/gWLvxnXW12sCk=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVaa9UdivuDGSZeDkpQ45ar/TV7ccsjVAaJqjWHc9NjJ9RZTgTOCl2U40JZSM6wI6lkkao/Wx26IScWqVPwljZkobM1N8TGY20HkeB7YyoGepFbyr+53VSE974GZdJalCy+aIwFcTEZPo16XOFzIixJZQpbm8lbEgVZcZmU7QheIsvL5PmecW7qlzWL8rV2zyOAhzDCZyBB9dQhXuoQQMYIDzDK7w5j86L8+58zFtXnHzmCP7A+fwBxp2M7w==</latexit>a <latexit sha1_base64="iL8DgY2ci0ZpTBk1K+17KQX0eZQ=">AAAB8nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cI5gHJEmYns8mQ2Z1lplcJSz7DiwdFvPo13vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80jUo14w2mpNLtgBouRcwbKFDydqI5jQLJW8Hoduq3Hrk2QsUPOE64H9FBLELBKFqp09ViMESqtXrqlStu1Z2BLBMvJxXIUe+Vv7p9xdKIx8gkNabjuQn6GdUomOSTUjc1PKFsRAe8Y2lMI278bHbyhJxYpU9CpW3FSGbq74mMRsaMo8B2RhSHZtGbiv95nRTDaz8TcZIij9l8UZhKgopM/yd9oTlDObaEMi3srYQNqaYMbUolG4K3+PIyaZ5Vvcvqxf15pXaTx1GEIziGU/DgCmpwB3VoAAMFz/AKbw46L8678zFvLTj5zCH8gfP5A8X7kZc=</latexit>!

<latexit sha1_base64="jK0raIDeKIFWd0S1jLfEOY0IBoM=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSxCRSiJ+FoW3bisYB/QhHIzmbZDJ5MwMxFqKP6KGxeKuPU/3Pk3TtsstHrgwuGce7n3niDhTGnH+bIKC4tLyyvF1dLa+sbmlr2901RxKgltkJjHsh2AopwJ2tBMc9pOJIUo4LQVDK8nfuueSsVicadHCfUj6AvWYwS0kbr2XsXTjIc0gzE+xh7wZABHXbvsVJ0p8F/i5qSMctS79qcXxiSNqNCEg1Id10m0n4HUjHA6LnmpogmQIfRpx1ABEVV+Nr1+jA+NEuJeLE0Jjafqz4kMIqVGUWA6I9ADNe9NxP+8Tqp7l37GRJJqKshsUS/lWMd4EgUOmaRE85EhQCQzt2IyAAlEm8BKJgR3/uW/pHlSdc+rZ7en5dpVHkcR7aMDVEEuukA1dIPqqIEIekBP6AW9Wo/Ws/Vmvc9aC1Y+s4t+wfr4BiEZlGI=</latexit>

(ã+ ↵)
<latexit sha1_base64="lP8S8jshaWIs64Rmq5c5uFmRzLg=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cIxgSSJcxOZpMhszPLTK8QQj7CiwdFvPo93vwbJ8keNLGgoajqprsrSqWw6PvfXmFldW19o7hZ2tre2d0r7x88Wp0ZxhtMS21aEbVcCsUbKFDyVmo4TSLJm9Hwduo3n7ixQqsHHKU8TGhfiVgwik5qdjSKhNtuueJX/RnIMglyUoEc9W75q9PTLEu4Qiapte3ATzEcU4OCST4pdTLLU8qGtM/bjirqloTj2bkTcuKUHom1caWQzNTfE2OaWDtKIteZUBzYRW8q/ue1M4yvw7FQaYZcsfmiOJMENZn+TnrCcIZy5AhlRrhbCRtQQxm6hEouhGDx5WXyeFYNLqsX9+eV2k0eRxGO4BhOIYArqMEd1KEBDIbwDK/w5qXei/fufcxbC14+cwh/4H3+AIkrj7c=</latexit>⌦
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Mean-field description of buffer dynamics

Gautier et al., PRXQ (2023); Chamberland et al., PRX Q (2021)

<latexit sha1_base64="y4YkpjQO/4afQBz/KEfZNU8XRb8="></latexit>

Ĥ = g2(â
2 � ↵

2)b̂† + "Z â+ h.c.

<latexit sha1_base64="FSIaHrUBPc6tolAQ+WAp+OMRC1g="></latexit>

Ĥ = g2(ˆ̃a
2 + 2↵ˆ̃a)b̂† + "Z �̂z â+ "Z↵�̂z + h.c.
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Unravelling the origin of gate errors

<latexit sha1_base64="B3fSK7Z1YHSZJi1bM4Yc24FAr4o="></latexit>

b̈+ 1
2bḃ+ ⌫2b = �⌫"Z�z

<latexit sha1_base64="lP8S8jshaWIs64Rmq5c5uFmRzLg=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cIxgSSJcxOZpMhszPLTK8QQj7CiwdFvPo93vwbJ8keNLGgoajqprsrSqWw6PvfXmFldW19o7hZ2tre2d0r7x88Wp0ZxhtMS21aEbVcCsUbKFDyVmo4TSLJm9Hwduo3n7ixQqsHHKU8TGhfiVgwik5qdjSKhNtuueJX/RnIMglyUoEc9W75q9PTLEu4Qiapte3ATzEcU4OCST4pdTLLU8qGtM/bjirqloTj2bkTcuKUHom1caWQzNTfE2OaWDtKIteZUBzYRW8q/ue1M4yvw7FQaYZcsfmiOJMENZn+TnrCcIZy5AhlRrhbCRtQQxm6hEouhGDx5WXyeFYNLqsX9+eV2k0eRxGO4BhOIYArqMEd1KEBDIbwDK/w5qXei/fufcxbC14+cwh/4H3+AIkrj7c=</latexit>⌦L C E
n
er
gy(a) (b)

L C E
n
er
g
y(a) (b)

<latexit sha1_base64="Z0a8SrQooz8fmYoT41wutPNmYls=">AAAB73icbVDJSgNBEK1xjXGLevTSGARPYUbcjkEvHiOYBZIh9HR6kia9jN09QhzyE148KOLV3/Hm39hJ5qCJDwoe71VRVS9KODPW97+9peWV1bX1wkZxc2t7Z7e0t98wKtWE1oniSrcibChnktYts5y2Ek2xiDhtRsObid98pNowJe/tKKGhwH3JYkawdVKrY1hf4O5Tt1T2K/4UaJEEOSlDjlq39NXpKZIKKi3h2Jh24Cc2zLC2jHA6LnZSQxNMhrhP245KLKgJs+m9Y3TslB6KlXYlLZqqvycyLIwZich1CmwHZt6biP957dTGV2HGZJJaKslsUZxyZBWaPI96TFNi+cgRTDRztyIywBoT6yIquhCC+ZcXSeO0ElxUzu/OytXrPI4CHMIRnEAAl1CFW6hBHQhweIZXePMevBfv3fuYtS55+cwB/IH3+QM3uJAa</latexit>�z
<latexit sha1_base64="KWzY2bLzO31lK/gWLvxnXW12sCk=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVaa9UdivuDGSZeDkpQ45ar/TV7ccsjVAaJqjWHc9NjJ9RZTgTOCl2U40JZSM6wI6lkkao/Wx26IScWqVPwljZkobM1N8TGY20HkeB7YyoGepFbyr+53VSE974GZdJalCy+aIwFcTEZPo16XOFzIixJZQpbm8lbEgVZcZmU7QheIsvL5PmecW7qlzWL8rV2zyOAhzDCZyBB9dQhXuoQQMYIDzDK7w5j86L8+58zFtXnHzmCP7A+fwBxp2M7w==</latexit>a <latexit sha1_base64="iL8DgY2ci0ZpTBk1K+17KQX0eZQ=">AAAB8nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cI5gHJEmYns8mQ2Z1lplcJSz7DiwdFvPo13vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80jUo14w2mpNLtgBouRcwbKFDydqI5jQLJW8Hoduq3Hrk2QsUPOE64H9FBLELBKFqp09ViMESqtXrqlStu1Z2BLBMvJxXIUe+Vv7p9xdKIx8gkNabjuQn6GdUomOSTUjc1PKFsRAe8Y2lMI278bHbyhJxYpU9CpW3FSGbq74mMRsaMo8B2RhSHZtGbiv95nRTDaz8TcZIij9l8UZhKgopM/yd9oTlDObaEMi3srYQNqaYMbUolG4K3+PIyaZ5Vvcvqxf15pXaTx1GEIziGU/DgCmpwB3VoAAMFz/AKbw46L8678zFvLTj5zCH8gfP5A8X7kZc=</latexit>!

<latexit sha1_base64="jK0raIDeKIFWd0S1jLfEOY0IBoM=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSxCRSiJ+FoW3bisYB/QhHIzmbZDJ5MwMxFqKP6KGxeKuPU/3Pk3TtsstHrgwuGce7n3niDhTGnH+bIKC4tLyyvF1dLa+sbmlr2901RxKgltkJjHsh2AopwJ2tBMc9pOJIUo4LQVDK8nfuueSsVicadHCfUj6AvWYwS0kbr2XsXTjIc0gzE+xh7wZABHXbvsVJ0p8F/i5qSMctS79qcXxiSNqNCEg1Id10m0n4HUjHA6LnmpogmQIfRpx1ABEVV+Nr1+jA+NEuJeLE0Jjafqz4kMIqVGUWA6I9ADNe9NxP+8Tqp7l37GRJJqKshsUS/lWMd4EgUOmaRE85EhQCQzt2IyAAlEm8BKJgR3/uW/pHlSdc+rZ7en5dpVHkcR7aMDVEEuukA1dIPqqIEIekBP6AW9Wo/Ws/Vmvc9aC1Y+s4t+wfr4BiEZlGI=</latexit>

(ã+ ↵)
<latexit sha1_base64="lP8S8jshaWIs64Rmq5c5uFmRzLg=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cIxgSSJcxOZpMhszPLTK8QQj7CiwdFvPo93vwbJ8keNLGgoajqprsrSqWw6PvfXmFldW19o7hZ2tre2d0r7x88Wp0ZxhtMS21aEbVcCsUbKFDyVmo4TSLJm9Hwduo3n7ixQqsHHKU8TGhfiVgwik5qdjSKhNtuueJX/RnIMglyUoEc9W75q9PTLEu4Qiapte3ATzEcU4OCST4pdTLLU8qGtM/bjirqloTj2bkTcuKUHom1caWQzNTfE2OaWDtKIteZUBzYRW8q/ue1M4yvw7FQaYZcsfmiOJMENZn+TnrCcIZy5AhlRrhbCRtQQxm6hEouhGDx5WXyeFYNLqsX9+eV2k0eRxGO4BhOIYArqMEd1KEBDIbwDK/w5qXei/fufcxbC14+cwh/4H3+AIkrj7c=</latexit>⌦
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Mean-field description of buffer dynamics

Gautier et al., PRXQ (2023); Chamberland et al., PRX Q (2021)

<latexit sha1_base64="y4YkpjQO/4afQBz/KEfZNU8XRb8="></latexit>

Ĥ = g2(â
2 � ↵

2)b̂† + "Z â+ h.c.

<latexit sha1_base64="FSIaHrUBPc6tolAQ+WAp+OMRC1g="></latexit>

Ĥ = g2(ˆ̃a
2 + 2↵ˆ̃a)b̂† + "Z �̂z â+ "Z↵�̂z + h.c.

<latexit sha1_base64="ANzVZUIreFsTPJzuHSSHrlsrJg4="></latexit>

b
t!1���! �"Z

⌫
�z

Infinite-time dynamics
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Unravelling the origin of gate errors

<latexit sha1_base64="B3fSK7Z1YHSZJi1bM4Yc24FAr4o="></latexit>

b̈+ 1
2bḃ+ ⌫2b = �⌫"Z�z

<latexit sha1_base64="ANzVZUIreFsTPJzuHSSHrlsrJg4="></latexit>

b
t!1���! �"Z

⌫
�z

<latexit sha1_base64="lP8S8jshaWIs64Rmq5c5uFmRzLg=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cIxgSSJcxOZpMhszPLTK8QQj7CiwdFvPo93vwbJ8keNLGgoajqprsrSqWw6PvfXmFldW19o7hZ2tre2d0r7x88Wp0ZxhtMS21aEbVcCsUbKFDyVmo4TSLJm9Hwduo3n7ixQqsHHKU8TGhfiVgwik5qdjSKhNtuueJX/RnIMglyUoEc9W75q9PTLEu4Qiapte3ATzEcU4OCST4pdTLLU8qGtM/bjirqloTj2bkTcuKUHom1caWQzNTfE2OaWDtKIteZUBzYRW8q/ue1M4yvw7FQaYZcsfmiOJMENZn+TnrCcIZy5AhlRrhbCRtQQxm6hEouhGDx5WXyeFYNLqsX9+eV2k0eRxGO4BhOIYArqMEd1KEBDIbwDK/w5qXei/fufcxbC14+cwh/4H3+AIkrj7c=</latexit>⌦L C E
n
er
gy(a) (b)

L C E
n
er
g
y(a) (b)

<latexit sha1_base64="Z0a8SrQooz8fmYoT41wutPNmYls=">AAAB73icbVDJSgNBEK1xjXGLevTSGARPYUbcjkEvHiOYBZIh9HR6kia9jN09QhzyE148KOLV3/Hm39hJ5qCJDwoe71VRVS9KODPW97+9peWV1bX1wkZxc2t7Z7e0t98wKtWE1oniSrcibChnktYts5y2Ek2xiDhtRsObid98pNowJe/tKKGhwH3JYkawdVKrY1hf4O5Tt1T2K/4UaJEEOSlDjlq39NXpKZIKKi3h2Jh24Cc2zLC2jHA6LnZSQxNMhrhP245KLKgJs+m9Y3TslB6KlXYlLZqqvycyLIwZich1CmwHZt6biP957dTGV2HGZJJaKslsUZxyZBWaPI96TFNi+cgRTDRztyIywBoT6yIquhCC+ZcXSeO0ElxUzu/OytXrPI4CHMIRnEAAl1CFW6hBHQhweIZXePMevBfv3fuYtS55+cwB/IH3+QM3uJAa</latexit>�z
<latexit sha1_base64="KWzY2bLzO31lK/gWLvxnXW12sCk=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVaa9UdivuDGSZeDkpQ45ar/TV7ccsjVAaJqjWHc9NjJ9RZTgTOCl2U40JZSM6wI6lkkao/Wx26IScWqVPwljZkobM1N8TGY20HkeB7YyoGepFbyr+53VSE974GZdJalCy+aIwFcTEZPo16XOFzIixJZQpbm8lbEgVZcZmU7QheIsvL5PmecW7qlzWL8rV2zyOAhzDCZyBB9dQhXuoQQMYIDzDK7w5j86L8+58zFtXnHzmCP7A+fwBxp2M7w==</latexit>a <latexit sha1_base64="iL8DgY2ci0ZpTBk1K+17KQX0eZQ=">AAAB8nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cI5gHJEmYns8mQ2Z1lplcJSz7DiwdFvPo13vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80jUo14w2mpNLtgBouRcwbKFDydqI5jQLJW8Hoduq3Hrk2QsUPOE64H9FBLELBKFqp09ViMESqtXrqlStu1Z2BLBMvJxXIUe+Vv7p9xdKIx8gkNabjuQn6GdUomOSTUjc1PKFsRAe8Y2lMI278bHbyhJxYpU9CpW3FSGbq74mMRsaMo8B2RhSHZtGbiv95nRTDaz8TcZIij9l8UZhKgopM/yd9oTlDObaEMi3srYQNqaYMbUolG4K3+PIyaZ5Vvcvqxf15pXaTx1GEIziGU/DgCmpwB3VoAAMFz/AKbw46L8678zFvLTj5zCH8gfP5A8X7kZc=</latexit>!

<latexit sha1_base64="jK0raIDeKIFWd0S1jLfEOY0IBoM=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSxCRSiJ+FoW3bisYB/QhHIzmbZDJ5MwMxFqKP6KGxeKuPU/3Pk3TtsstHrgwuGce7n3niDhTGnH+bIKC4tLyyvF1dLa+sbmlr2901RxKgltkJjHsh2AopwJ2tBMc9pOJIUo4LQVDK8nfuueSsVicadHCfUj6AvWYwS0kbr2XsXTjIc0gzE+xh7wZABHXbvsVJ0p8F/i5qSMctS79qcXxiSNqNCEg1Id10m0n4HUjHA6LnmpogmQIfRpx1ABEVV+Nr1+jA+NEuJeLE0Jjafqz4kMIqVGUWA6I9ADNe9NxP+8Tqp7l37GRJJqKshsUS/lWMd4EgUOmaRE85EhQCQzt2IyAAlEm8BKJgR3/uW/pHlSdc+rZ7en5dpVHkcR7aMDVEEuukA1dIPqqIEIekBP6AW9Wo/Ws/Vmvc9aC1Y+s4t+wfr4BiEZlGI=</latexit>

(ã+ ↵)
<latexit sha1_base64="lP8S8jshaWIs64Rmq5c5uFmRzLg=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cIxgSSJcxOZpMhszPLTK8QQj7CiwdFvPo93vwbJ8keNLGgoajqprsrSqWw6PvfXmFldW19o7hZ2tre2d0r7x88Wp0ZxhtMS21aEbVcCsUbKFDyVmo4TSLJm9Hwduo3n7ixQqsHHKU8TGhfiVgwik5qdjSKhNtuueJX/RnIMglyUoEc9W75q9PTLEu4Qiapte3ATzEcU4OCST4pdTLLU8qGtM/bjirqloTj2bkTcuKUHom1caWQzNTfE2OaWDtKIteZUBzYRW8q/ue1M4yvw7FQaYZcsfmiOJMENZn+TnrCcIZy5AhlRrhbCRtQQxm6hEouhGDx5WXyeFYNLqsX9+eV2k0eRxGO4BhOIYArqMEd1KEBDIbwDK/w5qXei/fufcxbC14+cwh/4H3+AIkrj7c=</latexit>⌦
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is

Mean-field description of buffer dynamics

Infinite-time dynamics

Drive on

Gautier et al., PRXQ (2023); Chamberland et al., PRX Q (2021)

<latexit sha1_base64="y4YkpjQO/4afQBz/KEfZNU8XRb8="></latexit>

Ĥ = g2(â
2 � ↵

2)b̂† + "Z â+ h.c.

<latexit sha1_base64="FSIaHrUBPc6tolAQ+WAp+OMRC1g="></latexit>

Ĥ = g2(ˆ̃a
2 + 2↵ˆ̃a)b̂† + "Z �̂z â+ "Z↵�̂z + h.c.



Hamiltonian of Z rotation gate

Move in Shifted Fock Basis

gaugequbit

19

Unravelling the origin of gate errors

<latexit sha1_base64="B3fSK7Z1YHSZJi1bM4Yc24FAr4o="></latexit>

b̈+ 1
2bḃ+ ⌫2b = �⌫"Z�z

<latexit sha1_base64="ANzVZUIreFsTPJzuHSSHrlsrJg4="></latexit>

b
t!1���! �"Z

⌫
�z

<latexit sha1_base64="lP8S8jshaWIs64Rmq5c5uFmRzLg=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cIxgSSJcxOZpMhszPLTK8QQj7CiwdFvPo93vwbJ8keNLGgoajqprsrSqWw6PvfXmFldW19o7hZ2tre2d0r7x88Wp0ZxhtMS21aEbVcCsUbKFDyVmo4TSLJm9Hwduo3n7ixQqsHHKU8TGhfiVgwik5qdjSKhNtuueJX/RnIMglyUoEc9W75q9PTLEu4Qiapte3ATzEcU4OCST4pdTLLU8qGtM/bjirqloTj2bkTcuKUHom1caWQzNTfE2OaWDtKIteZUBzYRW8q/ue1M4yvw7FQaYZcsfmiOJMENZn+TnrCcIZy5AhlRrhbCRtQQxm6hEouhGDx5WXyeFYNLqsX9+eV2k0eRxGO4BhOIYArqMEd1KEBDIbwDK/w5qXei/fufcxbC14+cwh/4H3+AIkrj7c=</latexit>⌦L C E
n
er
gy(a) (b)

L C E
n
er
g
y(a) (b)

<latexit sha1_base64="Z0a8SrQooz8fmYoT41wutPNmYls=">AAAB73icbVDJSgNBEK1xjXGLevTSGARPYUbcjkEvHiOYBZIh9HR6kia9jN09QhzyE148KOLV3/Hm39hJ5qCJDwoe71VRVS9KODPW97+9peWV1bX1wkZxc2t7Z7e0t98wKtWE1oniSrcibChnktYts5y2Ek2xiDhtRsObid98pNowJe/tKKGhwH3JYkawdVKrY1hf4O5Tt1T2K/4UaJEEOSlDjlq39NXpKZIKKi3h2Jh24Cc2zLC2jHA6LnZSQxNMhrhP245KLKgJs+m9Y3TslB6KlXYlLZqqvycyLIwZich1CmwHZt6biP957dTGV2HGZJJaKslsUZxyZBWaPI96TFNi+cgRTDRztyIywBoT6yIquhCC+ZcXSeO0ElxUzu/OytXrPI4CHMIRnEAAl1CFW6hBHQhweIZXePMevBfv3fuYtS55+cwB/IH3+QM3uJAa</latexit>�z
<latexit sha1_base64="KWzY2bLzO31lK/gWLvxnXW12sCk=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQx68ZiAeUCyhNlJbzJmdnaZmRXCki/w4kERr36SN//GSbIHTSxoKKq66e4KEsG1cd1vZ2V1bX1js7BV3N7Z3dsvHRw2dZwqhg0Wi1i1A6pRcIkNw43AdqKQRoHAVjC6m/qtJ1Sax/LBjBP0IzqQPOSMGivVaa9UdivuDGSZeDkpQ45ar/TV7ccsjVAaJqjWHc9NjJ9RZTgTOCl2U40JZSM6wI6lkkao/Wx26IScWqVPwljZkobM1N8TGY20HkeB7YyoGepFbyr+53VSE974GZdJalCy+aIwFcTEZPo16XOFzIixJZQpbm8lbEgVZcZmU7QheIsvL5PmecW7qlzWL8rV2zyOAhzDCZyBB9dQhXuoQQMYIDzDK7w5j86L8+58zFtXnHzmCP7A+fwBxp2M7w==</latexit>a <latexit sha1_base64="iL8DgY2ci0ZpTBk1K+17KQX0eZQ=">AAAB8nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cI5gHJEmYns8mQ2Z1lplcJSz7DiwdFvPo13vwbJ8keNLGgoajqprsrSKQw6LrfTmFldW19o7hZ2tre2d0r7x80jUo14w2mpNLtgBouRcwbKFDydqI5jQLJW8Hoduq3Hrk2QsUPOE64H9FBLELBKFqp09ViMESqtXrqlStu1Z2BLBMvJxXIUe+Vv7p9xdKIx8gkNabjuQn6GdUomOSTUjc1PKFsRAe8Y2lMI278bHbyhJxYpU9CpW3FSGbq74mMRsaMo8B2RhSHZtGbiv95nRTDaz8TcZIij9l8UZhKgopM/yd9oTlDObaEMi3srYQNqaYMbUolG4K3+PIyaZ5Vvcvqxf15pXaTx1GEIziGU/DgCmpwB3VoAAMFz/AKbw46L8678zFvLTj5zCH8gfP5A8X7kZc=</latexit>!

<latexit sha1_base64="jK0raIDeKIFWd0S1jLfEOY0IBoM=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSxCRSiJ+FoW3bisYB/QhHIzmbZDJ5MwMxFqKP6KGxeKuPU/3Pk3TtsstHrgwuGce7n3niDhTGnH+bIKC4tLyyvF1dLa+sbmlr2901RxKgltkJjHsh2AopwJ2tBMc9pOJIUo4LQVDK8nfuueSsVicadHCfUj6AvWYwS0kbr2XsXTjIc0gzE+xh7wZABHXbvsVJ0p8F/i5qSMctS79qcXxiSNqNCEg1Id10m0n4HUjHA6LnmpogmQIfRpx1ABEVV+Nr1+jA+NEuJeLE0Jjafqz4kMIqVGUWA6I9ADNe9NxP+8Tqp7l37GRJJqKshsUS/lWMd4EgUOmaRE85EhQCQzt2IyAAlEm8BKJgR3/uW/pHlSdc+rZ7en5dpVHkcR7aMDVEEuukA1dIPqqIEIekBP6AW9Wo/Ws/Vmvc9aC1Y+s4t+wfr4BiEZlGI=</latexit>

(ã+ ↵)
<latexit sha1_base64="lP8S8jshaWIs64Rmq5c5uFmRzLg=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgKeyKr2PQi8cIxgSSJcxOZpMhszPLTK8QQj7CiwdFvPo93vwbJ8keNLGgoajqprsrSqWw6PvfXmFldW19o7hZ2tre2d0r7x88Wp0ZxhtMS21aEbVcCsUbKFDyVmo4TSLJm9Hwduo3n7ixQqsHHKU8TGhfiVgwik5qdjSKhNtuueJX/RnIMglyUoEc9W75q9PTLEu4Qiapte3ATzEcU4OCST4pdTLLU8qGtM/bjirqloTj2bkTcuKUHom1caWQzNTfE2OaWDtKIteZUBzYRW8q/ue1M4yvw7FQaYZcsfmiOJMENZn+TnrCcIZy5AhlRrhbCRtQQxm6hEouhGDx5WXyeFYNLqsX9+eV2k0eRxGO4BhOIYArqMEd1KEBDIbwDK/w5qXei/fufcxbC14+cwh/4H3+AIkrj7c=</latexit>⌦

S
hi

ft
ed

 F
oc
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B
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is

Mean-field description of buffer dynamics

Infinite-time dynamics

Generalises Zeno gate errors to 2 modes

Drive on

<latexit sha1_base64="pv8kc6PshpjZOSpe+5o5YFnvtkE="></latexit>

pZ =
⇡2

16|↵|4T
b

4g22

Gautier et al., PRXQ (2023); Chamberland et al., PRX Q (2021)

<latexit sha1_base64="y4YkpjQO/4afQBz/KEfZNU8XRb8="></latexit>

Ĥ = g2(â
2 � ↵

2)b̂† + "Z â+ h.c.

<latexit sha1_base64="FSIaHrUBPc6tolAQ+WAp+OMRC1g="></latexit>

Ĥ = g2(ˆ̃a
2 + 2↵ˆ̃a)b̂† + "Z �̂z â+ "Z↵�̂z + h.c.



From discovery to answers

19



19

From discovery to answers



19

Markovian feedback

From discovery to answers



Information is lost through the buffer mode 
 	 measure the buffer output to retrieve it

with (detection efficiency)

no-jump jump

Rabi oscillations with a photodetector

20

<latexit sha1_base64="TiVngVLngINPRnEhYYA46n3eZ1o="></latexit>

d⇢

dt
= �i[H, ⇢]dt+ b (D⌘[b]⇢ dt+ J [⇢]dN⌘)

<latexit sha1_base64="JsbBwcuZSa86D5+sk4HnDH5gdPo=">AAAB+3icbZDJSgNBEIZ74hbjNsajl8YgeAoz4nYMevEYwSyQGUJPp5I06VnsrhHDkFfx4kERr76IN9/GTjIHTfyh4eOvKqr6DxIpNDrOt1VYWV1b3yhulra2d3b37P1yU8ep4tDgsYxVO2AapIiggQIltBMFLAwktILRzbTeegSlRRzd4zgBP2SDSPQFZ2isrl12qCfhgXqAbE5u1644VWcmugxuDhWSq961v7xezNMQIuSSad1xnQT9jCkUXMKk5KUaEsZHbAAdgxELQfvZ7PYJPTZOj/ZjZV6EdOb+nshYqPU4DExnyHCoF2tT879aJ8X+lZ+JKEkRIj5f1E8lxZhOg6A9oYCjHBtgXAlzK+VDphhHE1fJhOAufnkZmqdV96J6fndWqV3ncRTJITkiJ8Qll6RGbkmdNAgnT+SZvJI3a2K9WO/Wx7y1YOUzB+SPrM8f8/KTHA==</latexit>

0  ⌘  1



Rabi oscillations with a photodetector

20

Information is lost through the buffer mode 
 	 measure the buffer output to retrieve it

with (detection efficiency)

no-jump jump

<latexit sha1_base64="TiVngVLngINPRnEhYYA46n3eZ1o="></latexit>

d⇢

dt
= �i[H, ⇢]dt+ b (D⌘[b]⇢ dt+ J [⇢]dN⌘)

<latexit sha1_base64="JsbBwcuZSa86D5+sk4HnDH5gdPo=">AAAB+3icbZDJSgNBEIZ74hbjNsajl8YgeAoz4nYMevEYwSyQGUJPp5I06VnsrhHDkFfx4kERr76IN9/GTjIHTfyh4eOvKqr6DxIpNDrOt1VYWV1b3yhulra2d3b37P1yU8ep4tDgsYxVO2AapIiggQIltBMFLAwktILRzbTeegSlRRzd4zgBP2SDSPQFZ2isrl12qCfhgXqAbE5u1644VWcmugxuDhWSq961v7xezNMQIuSSad1xnQT9jCkUXMKk5KUaEsZHbAAdgxELQfvZ7PYJPTZOj/ZjZV6EdOb+nshYqPU4DExnyHCoF2tT879aJ8X+lZ+JKEkRIj5f1E8lxZhOg6A9oYCjHBtgXAlzK+VDphhHE1fJhOAufnkZmqdV96J6fndWqV3ncRTJITkiJ8Qll6RGbkmdNAgnT+SZvJI3a2K9WO/Wx7y1YOUzB+SPrM8f8/KTHA==</latexit>

0  ⌘  1



Preserves purity (no information lost)

No parity 
damping

Assuming

Rabi oscillations with a photodetector

20

Information is lost through the buffer mode 
 	 measure the buffer output to retrieve it

with (detection efficiency)

no-jump jump

<latexit sha1_base64="TiVngVLngINPRnEhYYA46n3eZ1o="></latexit>

d⇢

dt
= �i[H, ⇢]dt+ b (D⌘[b]⇢ dt+ J [⇢]dN⌘)

<latexit sha1_base64="JsbBwcuZSa86D5+sk4HnDH5gdPo=">AAAB+3icbZDJSgNBEIZ74hbjNsajl8YgeAoz4nYMevEYwSyQGUJPp5I06VnsrhHDkFfx4kERr76IN9/GTjIHTfyh4eOvKqr6DxIpNDrOt1VYWV1b3yhulra2d3b37P1yU8ep4tDgsYxVO2AapIiggQIltBMFLAwktILRzbTeegSlRRzd4zgBP2SDSPQFZ2isrl12qCfhgXqAbE5u1644VWcmugxuDhWSq961v7xezNMQIuSSad1xnQT9jCkUXMKk5KUaEsZHbAAdgxELQfvZ7PYJPTZOj/ZjZV6EdOb+nshYqPU4DExnyHCoF2tT879aJ8X+lZ+JKEkRIj5f1E8lxZhOg6A9oYCjHBtgXAlzK+VDphhHE1fJhOAufnkZmqdV96J6fndWqV3ncRTJITkiJ8Qll6RGbkmdNAgnT+SZvJI3a2K9WO/Wx7y1YOUzB+SPrM8f8/KTHA==</latexit>

0  ⌘  1



Preserves purity (no information lost)

Jump detected = parity swap 

Jump
No parity 
damping

Assuming

Rabi oscillations with a photodetector

20

Information is lost through the buffer mode 
 	 measure the buffer output to retrieve it

with (detection efficiency)

no-jump jump

<latexit sha1_base64="TiVngVLngINPRnEhYYA46n3eZ1o="></latexit>

d⇢

dt
= �i[H, ⇢]dt+ b (D⌘[b]⇢ dt+ J [⇢]dN⌘)

<latexit sha1_base64="JsbBwcuZSa86D5+sk4HnDH5gdPo=">AAAB+3icbZDJSgNBEIZ74hbjNsajl8YgeAoz4nYMevEYwSyQGUJPp5I06VnsrhHDkFfx4kERr76IN9/GTjIHTfyh4eOvKqr6DxIpNDrOt1VYWV1b3yhulra2d3b37P1yU8ep4tDgsYxVO2AapIiggQIltBMFLAwktILRzbTeegSlRRzd4zgBP2SDSPQFZ2isrl12qCfhgXqAbE5u1644VWcmugxuDhWSq961v7xezNMQIuSSad1xnQT9jCkUXMKk5KUaEsZHbAAdgxELQfvZ7PYJPTZOj/ZjZV6EdOb+nshYqPU4DExnyHCoF2tT879aJ8X+lZ+JKEkRIj5f1E8lxZhOg6A9oYCjHBtgXAlzK+VDphhHE1fJhOAufnkZmqdV96J6fndWqV3ncRTJITkiJ8Qll6RGbkmdNAgnT+SZvJI3a2K9WO/Wx7y1YOUzB+SPrM8f8/KTHA==</latexit>

0  ⌘  1



Information is lost through the buffer mode 
 	 measure the buffer output to retrieve it + markovian feedback

Gate engineering with a photodetector

21

no-jump jump

<latexit sha1_base64="TiVngVLngINPRnEhYYA46n3eZ1o="></latexit>

d⇢

dt
= �i[H, ⇢]dt+ b (D⌘[b]⇢ dt+ J [⇢]dN⌘)



Zeno scaling in 1/T

Gate engineering with a photodetector

21

Information is lost through the buffer mode 
 	 measure the buffer output to retrieve it + markovian feedback

no-jump jump

<latexit sha1_base64="TiVngVLngINPRnEhYYA46n3eZ1o="></latexit>

d⇢

dt
= �i[H, ⇢]dt+ b (D⌘[b]⇢ dt+ J [⇢]dN⌘)



High-order polynomial scaling

Zeno scaling in 1/T

Gate engineering with a photodetector

21

Information is lost through the buffer mode 
 	 measure the buffer output to retrieve it + markovian feedback

no-jump jump

<latexit sha1_base64="TiVngVLngINPRnEhYYA46n3eZ1o="></latexit>

d⇢

dt
= �i[H, ⇢]dt+ b (D⌘[b]⇢ dt+ J [⇢]dN⌘)



High-order polynomial scaling

Zeno scaling in 1/T

Gate engineering with a photodetector

21

Buffer 

relaxation

Information is lost through the buffer mode 
 	 measure the buffer output to retrieve it + markovian feedback

no-jump jump

<latexit sha1_base64="TiVngVLngINPRnEhYYA46n3eZ1o="></latexit>

d⇢

dt
= �i[H, ⇢]dt+ b (D⌘[b]⇢ dt+ J [⇢]dN⌘)



High-order polynomial scaling

Zeno scaling in 1/T

Gate engineering with a photodetector

21

Buffer 

relaxation

Information is lost through the buffer mode 
 	 measure the buffer output to retrieve it + markovian feedback

no-jump jump

<latexit sha1_base64="TiVngVLngINPRnEhYYA46n3eZ1o="></latexit>

d⇢

dt
= �i[H, ⇢]dt+ b (D⌘[b]⇢ dt+ J [⇢]dN⌘)



High-order polynomial scaling

Zeno scaling in 1/T

Gate engineering with a photodetector

21

Buffer 

relaxation

Information is lost through the buffer mode 
 	 measure the buffer output to retrieve it + markovian feedback

no-jump jump

<latexit sha1_base64="TiVngVLngINPRnEhYYA46n3eZ1o="></latexit>

d⇢

dt
= �i[H, ⇢]dt+ b (D⌘[b]⇢ dt+ J [⇢]dN⌘)



High-order polynomial scaling

Zeno scaling in 1/T

Gate engineering with a photodetector

21

Buffer 

relaxation

Information is lost through the buffer mode 
 	 measure the buffer output to retrieve it + markovian feedback

Can apply feedback once per QEC cycle

no-jump jump

<latexit sha1_base64="TiVngVLngINPRnEhYYA46n3eZ1o="></latexit>

d⇢

dt
= �i[H, ⇢]dt+ b (D⌘[b]⇢ dt+ J [⇢]dN⌘)



High-order polynomial scaling

Zeno scaling in 1/T

Buffer 

relaxation

Gate fidelity limited by detection efficiency

Gate engineering with a photodetector

21

Information is lost through the buffer mode 
 	 measure the buffer output to retrieve it + markovian feedback

no-jump jump

<latexit sha1_base64="TiVngVLngINPRnEhYYA46n3eZ1o="></latexit>

d⇢

dt
= �i[H, ⇢]dt+ b (D⌘[b]⇢ dt+ J [⇢]dN⌘)

Can apply feedback once per QEC cycle



High-order polynomial scaling

Zeno scaling in 1/T

Buffer 

relaxation

Gate fidelity limited by detection efficiency 	    Autonomous feedback

Gate engineering with a photodetector

21

Information is lost through the buffer mode 
 	 measure the buffer output to retrieve it + markovian feedback

no-jump jump

<latexit sha1_base64="TiVngVLngINPRnEhYYA46n3eZ1o="></latexit>

d⇢

dt
= �i[H, ⇢]dt+ b (D⌘[b]⇢ dt+ J [⇢]dN⌘)

Can apply feedback once per QEC cycle



21b

Autonomous feedback



21b

Autonomous feedback



Correlate buffer photon losses with parity-swaps on memory

Autonomous feedback

22

<latexit sha1_base64="LwHzDuCoSHuKkrH6pAd9c1tZLhU="></latexit>

d⇢

dt
= �i[HAB +HZ , ⇢] + abD[ab]⇢



Autonomous feedback

22

Correlate buffer photon losses with parity-swaps on memory

<latexit sha1_base64="LwHzDuCoSHuKkrH6pAd9c1tZLhU="></latexit>
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Autonomous correction of cavity losses with squeezed cats

Can tune dissipation in situ

Autonomous feedback

22

Correlate buffer photon losses with parity-swaps on memory

<latexit sha1_base64="LwHzDuCoSHuKkrH6pAd9c1tZLhU="></latexit>

d⇢

dt
= �i[HAB +HZ , ⇢] + abD[ab]⇢



Summary of gate designs

23

Gautier et al. (2022)



High-Fidelity Control and 
stabilization of Cat Qubits

RG, A. Sarlette, M. Mirrahimi, Combined dissipative and Hamiltonian confinement of cat qubits, PRX Quantum (2021)

D. Ruiz, RG, J. Guillaud, M. Mirrahimi, Two-photon driven Kerr quantum oscillator with multiple spectral degeneracies, Phys. Rev. A (2022)

RG, M. Mirrahimi, A. Sarlette, Designing high-fidelity Zeno gates for dissipative cat qubits, PRX Quantum (2022)

U. Réglade, A. Bocquet, RG, et al., Quantum control of a cat-qubit with bit-flip times exceeding ten seconds, arXiv (2023)

RG, É. Genois, A. Blais, Optimal readout and reset of a transmon, in preparation

P. Guilmin, RG, A. Bocquet, É. Genois, dynamiqs: an open-source library for GPU-accelerated and differentiable quantum simulation, in preparation

Work on cat qubits

Work on optimal control of open quantum systems



High-Fidelity Control and 
stabilization of Cat Qubits

Thank you to all colleagues @ Inria, ENS, Alice & Bob, and Institut Quantique



High-Fidelity Control and 
stabilization of Cat Qubits

RG, A. Sarlette, M. Mirrahimi, Combined dissipative and Hamiltonian confinement of cat qubits, PRX Quantum (2021)

D. Ruiz, RG, J. Guillaud, M. Mirrahimi, Two-photon driven Kerr quantum oscillator with multiple spectral degeneracies, Phys. Rev. A (2022)

RG, M. Mirrahimi, A. Sarlette, Designing high-fidelity Zeno gates for dissipative cat qubits, PRX Quantum (2022)

U. Réglade, A. Bocquet, RG, et al., Quantum control of a cat-qubit with bit-flip times exceeding ten seconds, arXiv (2023)

RG, É. Genois, A. Blais, Optimal readout and reset of a transmon, in preparation

P. Guilmin, RG, A. Bocquet, É. Genois, dynamiqs: an open-source library for GPU-accelerated and differentiable quantum simulation, in preparation

Work on cat qubits

Work on optimal control of open quantum systems



Supplementary slides



Quantum Optimal Control

Pulses 

Quantum 
system

Cost 
function

Finding an optimal set of 
parameters for a given operation

QOC

Gradient-free

Gradient-based

DRAG

Krotov

Chopped Random Basis (CRAB)
Nelder-Mead

GRAPE

Reinforcement Learning

STIRAP

Automatic Differentiation

Adjoint state

Any closed or open system, any cost function, low memory overhead, fast



Optimal Control with Automatic Differentiation

Minimize a cost functionObjective

Master Equation

Gradients

Backward through graph 
using chain rule

Store graph of operations

Memory overhead in 
Transmon 
readout



Adjoint State Quantum Optimal Control

Minimize a cost functionObjective

Master Equation

Adjoint state

Gradients

Pontryagin (1961), Chen et al., NeurIPS (2018)



Adjoint State Quantum Optimal Control



Adjoint State Quantum Optimal Control

Minimize a cost functionObjective

Gradient descent

Adam

Stochastic Gradient Descent

L-FBGS

Space-time costs

Memory cost

Time cost

Can trade memory for 
numerical stability

Demonstration on 
transmon readout & reset



Transmon-resonator-filter model

Drive Purcell filterReadout

Drive transmon f0-g1 and e-f transitionsf0g1 reset



Optimizing readout

Maximize SNR in shortest timeObjective

Cost function

(from Bultink et al., APL 2018)

Other costs

Parameters (from Blais et al., RMP 2020)

(from Swiadek et al., in prep.)

Pulses (1ns bins, continuous filter)

Drive frequencies

Resonator population < 

Forbidden resonator states

Maximum pulse amplitudes

<latexit sha1_base64="lOpWpB7YNFdQ5rz02nC/BISyvFQ="></latexit>

n̄crit



Optimizing readout - Preliminary results

~55ns to ~30ns !

Assignment error

Signal-to-Noise Ratio



Optimizing readout - Flat readout
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Optimizing readout - Preliminary results

~55ns to ~30ns !

Assignment error

Signal-to-Noise Ratio



A library for efficient differentiable solvers

Differentiable solvers with PyTorch

Co-developed with Pierre Guilmin, Adrien Bocquet & Élie Genois

Solve SE, ME and SME

Features

Open-source @ github.com/dynamiqs/dynamiqs

GPU & CPU support

Supports batching for density matrices & Hamiltonians

Useful for optimal control, parameter estimation, state tomography…

Many solvers (Dormand-Prince 5, Rouchon 1&2, Explicit exponentiation,…)

Gradients with automatic or adjoint differentiation



The dynamiqs library
(1) Works as a drop-in replacement to QuTiP (2) Compute gradients in a few lines


