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|q2→
<latexit sha1_base64="Dn5L3T06XaSkziDLwYXY79ioYV8=">AAACAnicdVDLSsNAFJ34rPUVdSVuBovgKiRBq+4KbrqsYB/QhDCZTtqhk0mcmQglFjf+ihsXirj1K9z5N076ABU9MHA45x7u3BOmjEpl25/GwuLS8spqaa28vrG5tW3u7LZkkglMmjhhieiESBJGOWkqqhjppIKgOGSkHQ4vC799S4SkCb9Wo5T4MepzGlGMlJYCc//OS7RfxHN4E7gQjj2BeJ+RwKzYlnNRANqWa2uczokLHcueoAJmaATmh9dLcBYTrjBDUnYdO1V+joSimJFx2cskSREeoj7paspRTKSfT04YwyOt9GCUCP24ghP1eyJHsZSjONSTMVID+dsrxL+8bqaicz+nPM0U4Xi6KMoYVAks+oA9KghWbKQJwoLqv0I8QAJhpVsr6xLml8L/Scu1nKpVvTqp1OqzOkrgAByCY+CAM1ADddAATYDBPXgEz+DFeDCejFfjbTq6YMwye+AHjPcvNciXWg==</latexit>

|q2→
<latexit sha1_base64="irQFpf1wDuMMfYnRKE6CEltA0HU=">AAACAnicdVDLSgMxFM34rPU16krcBIvgapgpWnVXcNNlBfuAdhgyaaYNzSRjkhHKWNz4K25cKOLWr3Dn35jpA1T0QOBwzj3c3BMmjCrtup/WwuLS8spqYa24vrG5tW3v7DaVSCUmDSyYkO0QKcIoJw1NNSPtRBIUh4y0wuFl7rduiVRU8Gs9Sogfoz6nEcVIGymw9++6wvh5PIM3gQfhuCsR7zMS2CXX8S5yQNcpuwanc1KGnuNOUAIz1AP7o9sTOI0J15ghpTqem2g/Q1JTzMi42E0VSRAeoj7pGMpRTJSfTU4YwyOj9GAkpHlcw4n6PZGhWKlRHJrJGOmB+u3l4l9eJ9XRuZ9RnqSacDxdFKUMagHzPmCPSoI1GxmCsKTmrxAPkERYm9aKpoT5pfB/0iw7XsWpXJ2UqrVZHQVwAA7BMfDAGaiCGqiDBsDgHjyCZ/BiPVhP1qv1Nh1dsGaZPfAD1vsXNDqXWQ==</latexit>

|q1→ <latexit sha1_base64="SCSP+rVNPqy1mWLKmn5nJ8cSz2A=">AAAB6HicdVDJSgNBEO2JW4xb1KOXxiB4Gno06y3gJccEzALJEHo6NUmbnoXuHiEM+QIvHhTx6id582/sLIKKPih4vFdFVT0vFlxpQj6szMbm1vZOdje3t39weJQ/PumoKJEM2iwSkex5VIHgIbQ11wJ6sQQaeAK63vRm4XfvQSoehbd6FoMb0HHIfc6oNlJLDfMFYpNykdRKmNgl4lSvnRWpVSrYsckSBbRGc5h/H4wilgQQaiaoUn2HxNpNqdScCZjnBomCmLIpHUPf0JAGoNx0eegcXxhlhP1Imgo1XqrfJ1IaKDULPNMZUD1Rv72F+JfXT7RfdVMexomGkK0W+YnAOsKLr/GIS2BazAyhTHJzK2YTKinTJpucCeHrU/w/6VzZTtkut4qFemMdRxadoXN0iRxUQXXUQE3URgwBekBP6Nm6sx6tF+t11Zqx1jOn6Aest09KiI1P</latexit>s

0

1

<latexit sha1_base64="xFMx4xZzWoZAfjUVqi4lQA23o/E=">AAAB9HicdVBNS8NAEN3Ur1q/qh69LBZBKISkaNVbwUuPFWwttKFstpN26WYTdzeFEvs7vHhQxKs/xpv/xk0/QEUfDDzem2Fmnh9zprTjfFq5ldW19Y38ZmFre2d3r7h/0FJRIik0acQj2faJAs4ENDXTHNqxBBL6HO780XXm341BKhaJWz2JwQvJQLCAUaKN5D2UMS7jriRiwKFXLDm2e5UBO3bFMThfkgp2bWeGElqg0St+dPsRTUIQmnKiVMd1Yu2lRGpGOUwL3URBTOiIDKBjqCAhKC+dHT3FJ0bp4yCSpoTGM/X7REpCpSahbzpDoofqt5eJf3mdRAeXXspEnGgQdL4oSDjWEc4SwH0mgWo+MYRQycytmA6JJFSbnAomhOWn+H/Sqthu1a7enJVq9UUceXSEjtEpctEFqqE6aqAmougePaJn9GKNrSfr1Xqbt+asxcwh+gHr/Qt0iZFN</latexit>

|++→ <latexit sha1_base64="tjMaIhoar2OEifETTAh372F4Iis="></latexit>

(|01→+ |10→) /
↑
2

<latexit sha1_base64="ps1UYy/WecKAu+Ou/OhIs1QGKt4="></latexit>

(|00→+ |11→) /
↑
2

p = 1/2

p = 1/2

product  
state

Bell 
state

<latexit sha1_base64="VNSXvbIbSk7SI/+3VFhGgm33Is8="></latexit>

|++→ = 1

2
(|00→+ |01→+ |10→+ |11→)

CNOT 
gate

CNOT 
gate

quantum circuit for 2-qubit 
joint measurement

}

http://www.thp.uni-koeln.de/trebst/
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<latexit sha1_base64="xdOYoNKTHnwC3YmQsuS/VNS8tvY=">AAAB8nicdVDLSgNBEJz1GeMr6tHLYBA8LbNBo94CXnKMYB6wWcLspDcZMju7zMwKIeYzvHhQxKtf482/cTYPUNGChqKqm+6uMBVcG0I+nZXVtfWNzcJWcXtnd2+/dHDY0kmmGDRZIhLVCakGwSU0DTcCOqkCGocC2uHoJvfb96A0T+SdGacQxHQgecQZNVbyHzDBXUXlQECvVCaud50DE7dCLC6WpII9l8xQRgs0eqWPbj9hWQzSMEG19j2SmmBCleFMwLTYzTSklI3oAHxLJY1BB5PZyVN8apU+jhJlSxo8U79PTGis9TgObWdMzVD/9nLxL8/PTHQVTLhMMwOSzRdFmcAmwfn/uM8VMCPGllCmuL0VsyFVlBmbUtGGsPwU/09aFderutXb83KtvoijgI7RCTpDHrpENVRHDdREDCXoET2jF8c4T86r8zZvXXEWM0foB5z3L7yHkPM=</latexit>

|0→
<latexit sha1_base64="J7U5i6VeoTqcYwXesRCAJYzeYno=">AAAB9HicdVDLSsNAFL2pr1pfVZduBovgKiRFq+4KbrqsYB/QhjKZTtqhk0k6MymU2O9w40IRt36MO//GSR+gogcuHM65l3vv8WPOlHacTyu3tr6xuZXfLuzs7u0fFA+PmipKJKENEvFItn2sKGeCNjTTnLZjSXHoc9ryR7eZ35pQqVgk7vU0pl6IB4IFjGBtJO8BjXsu6kosBpz2iiXHdm8yIMcuOwaXK1JGru3MUYIl6r3iR7cfkSSkQhOOleq4Tqy9FEvNCKezQjdRNMZkhAe0Y6jAIVVeOj96hs6M0kdBJE0Jjebq94kUh0pNQ990hlgP1W8vE//yOokOrr2UiTjRVJDFoiDhSEcoSwD1maRE86khmEhmbkVkiCUm2uRUMCGsPkX/k2bZdit25e6iVK0t48jDCZzCObhwBVWoQR0aQGAMj/AML9bEerJerbdFa85azhzDD1jvX0xckdg=</latexit>

|q1→
<latexit sha1_base64="HnQcuYJ6hj0A7HzcC+k+qJr09mc=">AAAB9HicdVDLSsNAFJ3UV62vqks3g0VwFZKiVXcFN11WsA9oQ5lMb9qhk0k6MymU2O9w40IRt36MO//GSR+gogcuHM65l3vv8WPOlHacTyu3tr6xuZXfLuzs7u0fFA+PmipKJIUGjXgk2z5RwJmAhmaaQzuWQEKfQ8sf3WZ+awJSsUjc62kMXkgGggWMEm0k7wGPe2XclUQMOPSKJcd2bzJgxy47BpcrUsau7cxRQkvUe8WPbj+iSQhCU06U6rhOrL2USM0oh1mhmyiICR2RAXQMFSQE5aXzo2f4zCh9HETSlNB4rn6fSEmo1DT0TWdI9FD99jLxL6+T6ODaS5mIEw2CLhYFCcc6wlkCuM8kUM2nhhAqmbkV0yGRhGqTU8GEsPoU/0+aZdut2JW7i1K1towjj07QKTpHLrpCVVRDddRAFI3RI3pGL9bEerJerbdFa85azhyjH7DevwBN6JHZ</latexit>

|q2→

<latexit sha1_base64="SCSP+rVNPqy1mWLKmn5nJ8cSz2A=">AAAB6HicdVDJSgNBEO2JW4xb1KOXxiB4Gno06y3gJccEzALJEHo6NUmbnoXuHiEM+QIvHhTx6id582/sLIKKPih4vFdFVT0vFlxpQj6szMbm1vZOdje3t39weJQ/PumoKJEM2iwSkex5VIHgIbQ11wJ6sQQaeAK63vRm4XfvQSoehbd6FoMb0HHIfc6oNlJLDfMFYpNykdRKmNgl4lSvnRWpVSrYsckSBbRGc5h/H4wilgQQaiaoUn2HxNpNqdScCZjnBomCmLIpHUPf0JAGoNx0eegcXxhlhP1Imgo1XqrfJ1IaKDULPNMZUD1Rv72F+JfXT7RfdVMexomGkK0W+YnAOsKLr/GIS2BazAyhTHJzK2YTKinTJpucCeHrU/w/6VzZTtkut4qFemMdRxadoXN0iRxUQXXUQE3URgwBekBP6Nm6sx6tF+t11Zqx1jOn6Aest09KiI1P</latexit>s
<latexit sha1_base64="Dn5L3T06XaSkziDLwYXY79ioYV8=">AAACAnicdVDLSsNAFJ34rPUVdSVuBovgKiRBq+4KbrqsYB/QhDCZTtqhk0mcmQglFjf+ihsXirj1K9z5N076ABU9MHA45x7u3BOmjEpl25/GwuLS8spqaa28vrG5tW3u7LZkkglMmjhhieiESBJGOWkqqhjppIKgOGSkHQ4vC799S4SkCb9Wo5T4MepzGlGMlJYCc//OS7RfxHN4E7gQjj2BeJ+RwKzYlnNRANqWa2uczokLHcueoAJmaATmh9dLcBYTrjBDUnYdO1V+joSimJFx2cskSREeoj7paspRTKSfT04YwyOt9GCUCP24ghP1eyJHsZSjONSTMVID+dsrxL+8bqaicz+nPM0U4Xi6KMoYVAks+oA9KghWbKQJwoLqv0I8QAJhpVsr6xLml8L/Scu1nKpVvTqp1OqzOkrgAByCY+CAM1ADddAATYDBPXgEz+DFeDCejFfjbTq6YMwye+AHjPcvNciXWg==</latexit>

|q2→
<latexit sha1_base64="irQFpf1wDuMMfYnRKE6CEltA0HU=">AAACAnicdVDLSgMxFM34rPU16krcBIvgapgpWnVXcNNlBfuAdhgyaaYNzSRjkhHKWNz4K25cKOLWr3Dn35jpA1T0QOBwzj3c3BMmjCrtup/WwuLS8spqYa24vrG5tW3v7DaVSCUmDSyYkO0QKcIoJw1NNSPtRBIUh4y0wuFl7rduiVRU8Gs9Sogfoz6nEcVIGymw9++6wvh5PIM3gQfhuCsR7zMS2CXX8S5yQNcpuwanc1KGnuNOUAIz1AP7o9sTOI0J15ghpTqem2g/Q1JTzMi42E0VSRAeoj7pGMpRTJSfTU4YwyOj9GAkpHlcw4n6PZGhWKlRHJrJGOmB+u3l4l9eJ9XRuZ9RnqSacDxdFKUMagHzPmCPSoI1GxmCsKTmrxAPkERYm9aKpoT5pfB/0iw7XsWpXJ2UqrVZHQVwAA7BMfDAGaiCGqiDBsDgHjyCZ/BiPVhP1qv1Nh1dsGaZPfAD1vsXNDqXWQ==</latexit>

|q1→

aux. qubit

measurement
CNOT 
gate

CNOT 
gate

=
<latexit sha1_base64="64f/jKlu4XPeae+U0VE1rr7Kbzw=">AAAB6XicdVDLSgMxFM3UV62vqks3wSK4GjLqtJ1d0Y3LKvZB26Fk0kwbmskMSUYoQ//AjQtF3PpH7vwb04egogcuHM65l3vvCRLOlEbow8qtrK6tb+Q3C1vbO7t7xf2DpopTSWiDxDyW7QArypmgDc00p+1EUhwFnLaC8dXMb91TqVgs7vQkoX6Eh4KFjGBtpNtOp18sIRu5nocciGwXOW4VGeJ55WrlHDo2mqMElqj3i++9QUzSiApNOFaq66BE+xmWmhFOp4VeqmiCyRgPaddQgSOq/Gx+6RSeGGUAw1iaEhrO1e8TGY6UmkSB6YywHqnf3kz8y+umOqz6GRNJqqkgi0VhyqGO4extOGCSEs0nhmAimbkVkhGWmGgTTsGE8PUp/J80z2ynbLs3F6Xa5TKOPDgCx+AUOKACauAa1EEDEBCCB/AEnq2x9Wi9WK+L1py1nDkEP2C9fQLkLY2h</latexit>

ZZ
<latexit sha1_base64="WCGuWJa1atRL+SlezZz1t/sQ2eY=">AAAB6XicdZDLSgMxFIbP1Futt6pLN8EiuBoyxbYui25cVrF2oB1KJs20oZkLSUYoQ9/AjQtF3PpG7nwbM+0IKvpD4PD955Bzfj8RXGmMP6zSyura+kZ5s7K1vbO7V90/uFNxKinr0ljE0vWJYoJHrKu5FsxNJCOhL1jPn17mfu+eScXj6FbPEuaFZBzxgFOiDbpx3WG1hu0GduotjLCNF0I5qTcbGDkFqUGhzrD6PhjFNA1ZpKkgSvUdnGgvI1JzKti8MkgVSwidkjHrmzIiIVNetth0jk4MGaEgluZFGi3o94mMhErNQt90hkRP1G8vh395/VQH517GoyTVLKLLj4JUIB2j/Gw04pJRLWamIFRysyuiEyIJ1Sacignh61L0f3FXt52m3bg+q7UvijjKcATHcAoOtKANV9CBLlAI4AGe4NmaWo/Wi/W6bC1Zxcwh/JD19gmTUI1p</latexit>

XX
<latexit sha1_base64="GlC3nqec8+6J5ITpmqTrB8Ap1fA=">AAAB6XicdVDLSgMxFM34rPVVdekmWARXQ6bttLorunFZxb5oh5JJM21oJjMkGaEM/QM3LhRx6x+5829MpxVU9MCFwzn3cu89fsyZ0gh9WCura+sbm7mt/PbO7t5+4eCwpaJEEtokEY9kx8eKciZoUzPNaSeWFIc+p21/cjX32/dUKhaJOz2NqRfikWABI1gb6bbbHRSKyEbuRRW5ENkuKlUq5YygGipDx0YZimCJxqDw3h9GJAmp0IRjpXoOirWXYqkZ4XSW7yeKxphM8Ij2DBU4pMpLs0tn8NQoQxhE0pTQMFO/T6Q4VGoa+qYzxHqsfntz8S+vl+jg3EuZiBNNBVksChIOdQTnb8Mhk5RoPjUEE8nMrZCMscREm3DyJoSvT+H/pFWynart3lSK9ctlHDlwDE7AGXBADdTBNWiAJiAgAA/gCTxbE+vRerFeF60r1nLmCPyA9fYJuvSNhA==</latexit>

Y Y

<latexit sha1_base64="zRft+9aSjrqrjB/j9g3o1D8R18c=">AAAB7XicdVDLSgNBEJz1GeMr6tHLYBA8LbtBo94CXnKMYB6QLGF2djYZMzuzzPQKIeQfvHhQxKv/482/cTYPUNGChqKqm+6uMBXcgOd9Oiura+sbm4Wt4vbO7t5+6eCwZVSmKWtSJZTuhMQwwSVrAgfBOqlmJAkFa4ejm9xvPzBtuJJ3ME5ZkJCB5DGnBKzU6olIgemXyp7rX+fAnlvxLC6WpIJ915uhjBZo9EsfvUjRLGESqCDGdH0vhWBCNHAq2LTYywxLCR2RAetaKknCTDCZXTvFp1aJcKy0LQl4pn6fmJDEmHES2s6EwND89nLxL6+bQXwVTLhMM2CSzhfFmcCgcP46jrhmFMTYEkI1t7diOiSaULABFW0Iy0/x/6RVcf2qW709L9fqizgK6BidoDPko0tUQ3XUQE1E0T16RM/oxVHOk/PqvM1bV5zFzBH6Aef9CxVrj4I=</latexit>. . .

parity checks in different basis checks instead of projectors

Sz
i S

z
j

Sy
i S

y
j

Sx
i S

x
j

<latexit sha1_base64="64f/jKlu4XPeae+U0VE1rr7Kbzw=">AAAB6XicdVDLSgMxFM3UV62vqks3wSK4GjLqtJ1d0Y3LKvZB26Fk0kwbmskMSUYoQ//AjQtF3PpH7vwb04egogcuHM65l3vvCRLOlEbow8qtrK6tb+Q3C1vbO7t7xf2DpopTSWiDxDyW7QArypmgDc00p+1EUhwFnLaC8dXMb91TqVgs7vQkoX6Eh4KFjGBtpNtOp18sIRu5nocciGwXOW4VGeJ55WrlHDo2mqMElqj3i++9QUzSiApNOFaq66BE+xmWmhFOp4VeqmiCyRgPaddQgSOq/Gx+6RSeGGUAw1iaEhrO1e8TGY6UmkSB6YywHqnf3kz8y+umOqz6GRNJqqkgi0VhyqGO4extOGCSEs0nhmAimbkVkhGWmGgTTsGE8PUp/J80z2ynbLs3F6Xa5TKOPDgCx+AUOKACauAa1EEDEBCCB/AEnq2x9Wi9WK+L1py1nDkEP2C9fQLkLY2h</latexit>

ZZ

<latexit sha1_base64="WCGuWJa1atRL+SlezZz1t/sQ2eY=">AAAB6XicdZDLSgMxFIbP1Futt6pLN8EiuBoyxbYui25cVrF2oB1KJs20oZkLSUYoQ9/AjQtF3PpG7nwbM+0IKvpD4PD955Bzfj8RXGmMP6zSyura+kZ5s7K1vbO7V90/uFNxKinr0ljE0vWJYoJHrKu5FsxNJCOhL1jPn17mfu+eScXj6FbPEuaFZBzxgFOiDbpx3WG1hu0GduotjLCNF0I5qTcbGDkFqUGhzrD6PhjFNA1ZpKkgSvUdnGgvI1JzKti8MkgVSwidkjHrmzIiIVNetth0jk4MGaEgluZFGi3o94mMhErNQt90hkRP1G8vh395/VQH517GoyTVLKLLj4JUIB2j/Gw04pJRLWamIFRysyuiEyIJ1Sacignh61L0f3FXt52m3bg+q7UvijjKcATHcAoOtKANV9CBLlAI4AGe4NmaWo/Wi/W6bC1Zxcwh/JD19gmTUI1p</latexit>

XX

<latexit sha1_base64="GlC3nqec8+6J5ITpmqTrB8Ap1fA=">AAAB6XicdVDLSgMxFM34rPVVdekmWARXQ6bttLorunFZxb5oh5JJM21oJjMkGaEM/QM3LhRx6x+5829MpxVU9MCFwzn3cu89fsyZ0gh9WCura+sbm7mt/PbO7t5+4eCwpaJEEtokEY9kx8eKciZoUzPNaSeWFIc+p21/cjX32/dUKhaJOz2NqRfikWABI1gb6bbbHRSKyEbuRRW5ENkuKlUq5YygGipDx0YZimCJxqDw3h9GJAmp0IRjpXoOirWXYqkZ4XSW7yeKxphM8Ij2DBU4pMpLs0tn8NQoQxhE0pTQMFO/T6Q4VGoa+qYzxHqsfntz8S+vl+jg3EuZiBNNBVksChIOdQTnb8Mhk5RoPjUEE8nMrZCMscREm3DyJoSvT+H/pFWynart3lSK9ctlHDlwDE7AGXBADdTBNWiAJiAgAA/gCTxbE+vRerFeF60r1nLmCPyA9fYJuvSNhA==</latexit>

Y Y

Hamiltonian dynamicsmeasurement dynamics

new toolbox for quantum many-body physics

data qubits

}

joint measurements & entanglement 

http://www.thp.uni-koeln.de/trebst/
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joint measurements & entanglement 

cluster state

| + ⟩

| + ⟩
RZZ = e−i π

4 ZZ

cat statetoric code system 
qubit

auxiliary 
qubit

two-qubit 
parity check

system 
qubit

auxiliary 
qubit

four-qubit 
stabilizer

http://www.thp.uni-koeln.de/trebst/
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measurement-induced phase transitions

system 
qubit

auxiliary 
qubit

two-qubit 
parity check

cluster state

| + ⟩

| + ⟩
RZZ = e−i π

4 ZZ

cat state

What happens if our resource 
— the cluster state — 

is imperfectly prepared?

<latexit sha1_base64="CGr7WtNuVLhuravd1NTNubBAdS0=">AAACBHicdVDLSgMxFM3UV62vqstugkVwNWTqdNpl0Y3LCrYWOqVk0kwbmsmMSUYoQxdu/BU3LhRx60e4829MH4KKHrjcwzn3ktwTJJwpjdCHlVtZXVvfyG8WtrZ3dveK+wdtFaeS0BaJeSw7AVaUM0FbmmlOO4mkOAo4vQ7G5zP/+pZKxWJxpScJ7UV4KFjICNZG6hdLCPqc3kC9aH4oMcn8hE0zd9ovlpHt1WqeU4fIriOnWnMNqaBq9dSFjo3mKIMlmv3iuz+ISRpRoQnHSnUdlOhehqVmhNNpwU8VTTAZ4yHtGipwRFUvmx8xhcdGGcAwlqaEhnP1+0aGI6UmUWAmI6xH6rc3E//yuqkO672MiSTVVJDFQ2HKoY7hLBE4YJISzSeGYCKZ+SskI2xy0Ca3ggnh61L4P2lXbMezvUu33DhbxpEHJXAEToADaqABLkATtAABd+ABPIFn6956tF6s18VozlruHIIfsN4+AQbtl8Q=</latexit>

0 → t → ω

4

Is the prepared cat state stable 
to this coherent deformation?


Is there a threshold?

Nishimori transition

http://www.thp.uni-koeln.de/trebst/
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measurement-induced phase transitions

system 
qubit

auxiliary 
qubit

four-qubit 
stabilizer

toric code

+

single-qubit 
measurement What happens if, for the toric code,  

we  weakly monitor all system qubits?
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Is the monitored toric code stable 
to this coherent deformation?


Is there a threshold?

Nishimori transition
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Phys. Rev. Lett. 131, 200201 (2023)
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Nishimori physics
Nishimori (1981)
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Nishimori’s cat

Bell pair
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interpret as 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random bond Ising model

thermal fluctuations and 
disorder are locked
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Nishimori’s cat

+∞ βimag time0
“low temperature”“high temperature” finite


threshold

thermal fluctuations and 
disorder are locked

theory – Phys. Rev. Lett. 131, 200201 (2023)

experiment (IBM) – Nature Physics (2025) 

Nishimori (1981)

0
strong 
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weak 
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protocol on IBM heavy-hexagon lattice
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system qubit: site of honeycomb lattice
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•  injects tunable coherent error 
• generically a non-Clifford gate

α < π/4
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incoherent & coherent errors
Dennis, Kitaev, Landahl, Preskill 2002

IBM_Sherbrooke 2023

ps

10 %
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π/40 t
coherent error

incoherent error

entire phase diagram is mapped to Nishimori line p̃ =
1 − (1 − 2ps)sin(2tA)
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coherent error transition
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Nishimori / percolation & multifractality

R
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(b) Nishimori𝜅1𝜅2𝜅3𝜅4

percolation Nishimori

Both percolation and Nishimori criticality 
exhibit multifractal spectra  of scaling dimensions.

Different moments of correlations functions 

scale with distinct non-trivial exponents.

Scaling behavior of the boundary

condition changing (boundary) twist operators.

The multifractal scaling quantifies the

statistical fluctuations of entanglement entropies. 
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Nishimori / percolation & multifractality

R
20 24 28

cumula
nt 𝜅 n

0.0
0.5
1.0
1.5

(a) percolation

R
20 24 28

(b) Nishimori𝜅1𝜅2𝜅3𝜅4

percolation Nishimori

Both percolation and Nishimori criticality 
exhibit multifractal spectra  of scaling dimensions.

Different moments of correlations functions 

scale with distinct non-trivial exponents.

Scaling behavior of the boundary

condition changing (boundary) twist operators.

The multifractal scaling quantifies the

statistical fluctuations of entanglement entropies. 

1.20
1.35

0.125
0.150

R
26 280.016

0.018
0.020

R
26 28

−0.0060
−0.0045

x(1) = 0.069926(4) x(2) = − 0.014241(3)

x(3) = 0.001101(2) x(4) = 0.000729(2)

𝜅1 𝜅2

𝜅3 𝜅4

http://www.thp.uni-koeln.de/trebst/


monitored toric codes
arXiv:2502.14034


PRX Quantum 5, 040313 (2024)

F. Eckstein, B. Han, Q. Wang, R. Vasseur, A. Ludwig, G-Y. Zhu



©  Simon Trebst

entanglement by measurement: surface code
Kitaev (1997)

The toric/surface code  
is an ingenious


measurement protocol.

cluster state

| + ⟩

| + ⟩
RZZ = e−i π

4 ZZ

system 
qubit

auxiliary 
qubit

four-qubit 
stabilizer

toric code

The toric/surface code  
is an exactly solvable

Hamiltonian model.
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phase transitions & deformations

toric

code 

product state
( paramagnet )

Hamiltonian 
deformation H

wavefunction 
deformation |ψ〉

3D Ising* 
universality

2D Ising 
universality

z = 1

z > 2

RG flow

Castelnovo, ST, Troyer (2010)

conformal QCP

Ardonne, Fendley, Fradkin (2004), 
Castelnovo & Chamon (2008), Fendley (2008), 

Isakov, Fendley, Ludwig, ST, Troyer (2011)

2D Nishimori 
universalitymeasurement 

deformation
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Toric code under weak measurement

Nishimori transition

coherent 
information

decohered
information

Toric code under weak measurement

Nishimori transition

|πℋ − exp (± ρ
2 Zij) |πℋ

|πℋ −
(1 + tanh ρ

2 Zij) |πℋ

(1 ⟩ tanh ρ
2 Zij) |πℋ

+ + +⟨

coherent 
information decohered

ρ = □ρ = 0

Decoherence: superposition is lost, 

loop condensate into a mixed loop ensemble 

Eckstein, Han, Trebst, GYZ, PRX Quantum 5.040313 (2024)toric code

deg=2

deg=1

P(s) = ↔π(s) |π(s)ℋBorn’s rule

four-qubit 
stabilizer

toric code

+

single-qubit 
measurement

F. Eckstein, B. Han, ST, G.Y. Zhu 
PRX Quantum 5, 040313 (2024)

quantum  
loop gas

classical  
loop gas
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Self-dual criticality
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0.143π π/40

X + Z

duality

Nishimori

tZ
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ν = 1.6(1) ν = 1.8(1)
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measurement angle
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Self-dual criticality

X

Z

0.143π π/40

X + Z

duality

Nishimori

measurement angle
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Why is there a critical point 
when all the bulk qubits collapse?

measurement-induced  
phase transitionboundary: 

classical bulk quantum boundary
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transfer matrix evolution

mixed-state 
phase transition 

bulk: 

<latexit sha1_base64="4L8LrKC8ksO6IX5dfy2Dx0VJoK0="></latexit>

ω =
∑

em

|em→↑em|C ↓ |ε(em)→↑ε(em)|Q

mixed-state 
topological  

order
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absolutely stable against decoherence.
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boundary 
trivial state
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Self-dual criticality

Criticality is dictated by self-duality

duality

tunes the relative fluctuations of e & m in toric code

Coherent information evaluates the size of the

degenerate space of the boundary state.

deg=2

deg=0

boundary 
cat state

boundary 
trivial state
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Mixed critical state: conformal scaling
duality
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bulk conformal data

SC = F = − ∑
em

P(em)ln P(em) = const ⋅ LxLy − cCasimir ⋅
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Ly
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+ …
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e
mm Lx

Ly

e

e
mmm

e

e
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Δm

Δϵ

“energy” - scaling dims

effective central charge

Shannon entropy of the mixed state = quenched average free energy of the random statistical model

http://www.thp.uni-koeln.de/trebst/


©  Simon Trebst

boundary conformal data
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Universality classes

NishimoriIsing weak self-dual
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no disorder Born rule disorder 
(1-replica)

Born rule disorder 
(1-replica)

broken 
duality

Z2 SW-SSB 
strong-to-weak spontaneous  

symmetry breaking

Z2 SW-SSB 
strong-to-weak spontaneous  

symmetry breaking

weak 
duality

<latexit sha1_base64="mFae6eOKjVGZfAHoyDOhXbptxFE=">AAACAXicdVBLSwMxGMzWV62vVS+Cl2ARPC27Raveil4ELxXsA7pLyabZNjS7CUlWKKVe/CtePCji1X/hzX9jdtuCig4EJjPfRzITCkaVdt1Pq7CwuLS8Ulwtra1vbG7Z2ztNxVOJSQNzxmU7RIowmpCGppqRtpAExSEjrXB4mfmtOyIV5cmtHgkSxKif0IhipI3Utfd8GcPrFvTlgENfSC40zy9du+w63nkG6DoV1+BkTirQc9wcZTBDvWt/+D2O05gkGjOkVMdzhQ7GSGqKGZmU/FQRgfAQ9UnH0ATFRAXjPMEEHhqlByMuzUk0zNXvG2MUKzWKQzMZIz1Qv71M/MvrpDo6C8Y0EakmCZ4+FKUMmpRZHbBHJcGajQxBWFLzV4gHSCKsTWklU8I8KfyfNCuOV3WqN8fl2sWsjiLYBwfgCHjgFNTAFaiDBsDgHjyCZ/BiPVhP1qv1Nh0tWLOdXfAD1vsX0FeWhg==</latexit>

KWω → ω
<latexit sha1_base64="13VlqFY/gGmjtMxrBYgbaDF16ro=">AAACBnicdVDLSgMxFM3UV62vUZciBIvgQoaZolUXQtGN4KaCfUBnKJk0bUMzyZBkhDJ05cZfceNCEbd+gzv/xkwfoKIHQk7OuZebe8KYUaVd99PKzc0vLC7llwsrq2vrG/bmVl2JRGJSw4IJ2QyRIoxyUtNUM9KMJUFRyEgjHFxmfuOOSEUFv9XDmAQR6nHapRhpI7XtXV9G8LoB/UPoy76Y3Jlynj3bdtF1vLMM0HVKrsHxjJSg57hjFMEU1bb94XcETiLCNWZIqZbnxjpIkdQUMzIq+IkiMcID1CMtQzmKiArS8RojuG+UDuwKaQ7XcKx+70hRpNQwCk1lhHRf/fYy8S+vlejuaZBSHieacDwZ1E0Y1AJmmcAOlQRrNjQEYUnNXyHuI4mwNskVTAizTeH/pF5yvLJTvjkqVi6mceTBDtgDB8ADJ6ACrkAV1AAG9+ARPIMX68F6sl6tt0lpzpr2bIMfsN6/AEbDlyI=</latexit>

KW ωKW = ω

http://www.thp.uni-koeln.de/trebst/


©  Simon Trebst

NishimoriIsing weak self-dual
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Monitored quantum criticality

toric
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product state
( paramagnet )

3D Ising* 
universality
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2D Nishimori 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tricritical 
point

Hamiltonian 
deformation H

wavefunction 
deformation |ψ〉

measurement 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measure

quantum monitoring & classical inference
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learning transitions
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learning transitions

measurement strength 𝛾0.0 0.5 1.0
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0.0
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1.0 I T

deformation 𝛽/𝛽c
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(𝛾 − 𝛾c)/𝛾c ⋅ d1/𝜈𝛾−2 0 2I c
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(𝛽 − 𝛽c)/𝛽c ⋅ d1/𝜈𝛽−2 0 2

I c

d1286432168

d64321684

𝛾c𝜈𝛾𝜂 = 0.598(2)= 2.66(5)= 0.042(3)
𝛽c'/𝛽c𝜈𝛽 = 1.000(1)= 1.00(2)
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coherent information cuts
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Nishimori physics

• a staple of classical statistical physics 

• but ubiquitous in quantum physics


• enforced by Born’s rule 

• induced by coherent and incoherent errors 

• RG flow form percolation, self-dual, tricriticality


• an emerging fixed point universality class  
for non-unitary conformal QCPs?

theory – Phys. Rev. Lett. 131, 200201 (2023)

experiment (IBM) – Nature Physics 21, 161 (2025)
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coherent error
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0.1675π
theory – Phys. Rev. Lett. 131, 200201 (2023)
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Nishimori physics

Nishimori

Ising

weak  
self-dual

percolation

tricritical

theory – Phys. Rev. Lett. 131, 200201 (2023)

experiment (IBM) – Nature Physics 21, 161 (2025)

percolation – arXiv:2505.22720 
self-dual – arXiv:2502.14034, PRX Quantum 5, 040313 (2024) 

tricritical – arXiv:2504.12385 

• a staple of classical statistical physics 

• but ubiquitous in quantum physics


• enforced by Born’s rule 

• induced by coherent and incoherent errors 

• RG flow form percolation, self-dual, tricriticality


• an emerging fixed point universality class  
for non-unitary conformal QCPs?

RG flow
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