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Kitaev physics

fractionalization
long-range etanglement
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<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="64f/jKlu4XPeae+U0VE1rr7Kbzw=">AAAB6XicdVDLSgMxFM3UV62vqks3wSK4GjLqtJ1d0Y3LKvZB26Fk0kwbmskMSUYoQ//AjQtF3PpH7vwb04egogcuHM65l3vvCRLOlEbow8qtrK6tb+Q3C1vbO7t7xf2DpopTSWiDxDyW7QArypmgDc00p+1EUhwFnLaC8dXMb91TqVgs7vQkoX6Eh4KFjGBtpNtOp18sIRu5nocciGwXOW4VGeJ55WrlHDo2mqMElqj3i++9QUzSiApNOFaq66BE+xmWmhFOp4VeqmiCyRgPaddQgSOq/Gx+6RSeGGUAw1iaEhrO1e8TGY6UmkSB6YywHqnf3kz8y+umOqz6GRNJqqkgi0VhyqGO4extOGCSEs0nhmAimbkVkhGWmGgTTsGE8PUp/J80z2ynbLs3F6Xa5TKOPDgCx+AUOKACauAa1EEDEBCCB/AEnq2x9Wi9WK+L1py1nDkEP2C9fQLkLY2h</latexit>
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quantum measurements

“About your cat, Mr. Schrödinger — I have 
good news and bad news.”

double-faced Janus

• shape entanglement 

   of a quantum system

Quantum measurements can 

• extract information

   from a system

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

<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→

data qubits

aux. qubit

measurement

ZZ parity check

<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="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
<latexit sha1_base64="IfMWfiuqTtfCT9IfB9TJF8sZvgg=">AAAB+HicdVDLSgMxFL1TX7U+OurSTbAILmSYKVp1V3DTZQX7gHYomTTThmYyQ5IRau2XuHGhiFs/xZ1/Y6YPUNED93I4515yc4KEM6Vd99PKrayurW/kNwtb2zu7RXtvv6niVBLaIDGPZTvAinImaEMzzWk7kRRHAaetYHSd+a07KhWLxa0eJ9SP8ECwkBGsjdSziw8u6p4i0yQWA057dsl1vKsMyHXKrsH5kpSR57gzlGCBes/+6PZjkkZUaMKxUh3PTbQ/wVIzwum00E0VTTAZ4QHtGCpwRJU/mR0+RcdG6aMwlqaERjP1+8YER0qNo8BMRlgP1W8vE//yOqkOL/0JE0mqqSDzh8KUIx2jLAXUZ5ISzceGYCKZuRWRIZaYaJNVwYSw/Cn6nzTLjldxKjdnpWptEUceDuEITsCDC6hCDerQAAIpPMIzvFj31pP1ar3NR3PWYucAfsB6/wIbQZIk</latexit>

|0 0→
<latexit sha1_base64="IfMWfiuqTtfCT9IfB9TJF8sZvgg=">AAAB+HicdVDLSgMxFL1TX7U+OurSTbAILmSYKVp1V3DTZQX7gHYomTTThmYyQ5IRau2XuHGhiFs/xZ1/Y6YPUNED93I4515yc4KEM6Vd99PKrayurW/kNwtb2zu7RXtvv6niVBLaIDGPZTvAinImaEMzzWk7kRRHAaetYHSd+a07KhWLxa0eJ9SP8ECwkBGsjdSziw8u6p4i0yQWA057dsl1vKsMyHXKrsH5kpSR57gzlGCBes/+6PZjkkZUaMKxUh3PTbQ/wVIzwum00E0VTTAZ4QHtGCpwRJU/mR0+RcdG6aMwlqaERjP1+8YER0qNo8BMRlgP1W8vE//yOqkOL/0JE0mqqSDzh8KUIx2jLAXUZ5ISzceGYCKZuRWRIZaYaJNVwYSw/Cn6nzTLjldxKjdnpWptEUceDuEITsCDC6hCDerQAAIpPMIzvFj31pP1ar3NR3PWYucAfsB6/wIbQZIk</latexit>

|0 0→
<latexit sha1_base64="yFgpnonJ9Olr6FzR0fL2NhBrYak=">AAAB+HicdVDLSsNAFJ3UV62PRl26GSyCCwmTolV3BTddVrAPaEKZTCft0MkkzEyEGvslblwo4tZPceffOOkDVPTAhcM593LvPUHCmdIIfVqFldW19Y3iZmlre2e3bO/tt1WcSkJbJOax7AZYUc4EbWmmOe0mkuIo4LQTjK9zv3NHpWKxuNWThPoRHgoWMoK1kfp2+QFB7xS60JNYDDnt2xXkuFc5IHKqyOB8SarQddAMFbBAs29/eIOYpBEVmnCsVM9FifYzLDUjnE5LXqpogskYD2nPUIEjqvxsdvgUHhtlAMNYmhIaztTvExmOlJpEgemMsB6p314u/uX1Uh1e+hkTSaqpIPNFYcqhjmGeAhwwSYnmE0MwkczcCskIS0y0yapkQlh+Cv8n7arj1pzazVml3ljEUQSH4AicABdcgDpogCZoAQJS8AiewYt1bz1Zr9bbvLVgLWYOwA9Y718czZIl</latexit>

|0 1→
<latexit sha1_base64="yFgpnonJ9Olr6FzR0fL2NhBrYak=">AAAB+HicdVDLSsNAFJ3UV62PRl26GSyCCwmTolV3BTddVrAPaEKZTCft0MkkzEyEGvslblwo4tZPceffOOkDVPTAhcM593LvPUHCmdIIfVqFldW19Y3iZmlre2e3bO/tt1WcSkJbJOax7AZYUc4EbWmmOe0mkuIo4LQTjK9zv3NHpWKxuNWThPoRHgoWMoK1kfp2+QFB7xS60JNYDDnt2xXkuFc5IHKqyOB8SarQddAMFbBAs29/eIOYpBEVmnCsVM9FifYzLDUjnE5LXqpogskYD2nPUIEjqvxsdvgUHhtlAMNYmhIaztTvExmOlJpEgemMsB6p314u/uX1Uh1e+hkTSaqpIPNFYcqhjmGeAhwwSYnmE0MwkczcCskIS0y0yapkQlh+Cv8n7arj1pzazVml3ljEUQSH4AicABdcgDpogCZoAQJS8AiewYt1bz1Zr9bbvLVgLWYOwA9Y718czZIl</latexit>

|0 1→
<latexit sha1_base64="JCk9Rh/ES1SDNJovGF4YSUPiSOg=">AAAB+HicdVDLSsNAFJ3UV62PRl26GSyCCwmTolV3BTddVrAPaEKZTCft0MkkzEyEGvslblwo4tZPceffOOkDVPTAhcM593LvPUHCmdIIfVqFldW19Y3iZmlre2e3bO/tt1WcSkJbJOax7AZYUc4EbWmmOe0mkuIo4LQTjK9zv3NHpWKxuNWThPoRHgoWMoK1kfp2+cGF3ilE0JNYDDnt2xXkuFc5IHKqyOB8SarQddAMFbBAs29/eIOYpBEVmnCsVM9FifYzLDUjnE5LXqpogskYD2nPUIEjqvxsdvgUHhtlAMNYmhIaztTvExmOlJpEgemMsB6p314u/uX1Uh1e+hkTSaqpIPNFYcqhjmGeAhwwSYnmE0MwkczcCskIS0y0yapkQlh+Cv8n7arj1pzazVml3ljEUQSH4AicABdcgDpogCZoAQJS8AiewYt1bz1Zr9bbvLVgLWYOwA9Y718c0pIl</latexit>

|1 0→
<latexit sha1_base64="1eNvyFe6sooI9uRbJNT5wMQpS/g=">AAAB+HicdVDLSgMxFM3UV62Pjrp0EyyCCxlmilbdFdx0WcE+oB1KJr3ThmYyQ5IRau2XuHGhiFs/xZ1/Y6YPUNED93I4515yc4KEM6Vd99PKrayurW/kNwtb2zu7RXtvv6niVFJo0JjHsh0QBZwJaGimObQTCSQKOLSC0XXmt+5AKhaLWz1OwI/IQLCQUaKN1LOLDx7unmLTJBEDDj275DreVQbsOmXX4HxJythz3BlKaIF6z/7o9mOaRiA05USpjucm2p8QqRnlMC10UwUJoSMygI6hgkSg/Mns8Ck+Nkofh7E0JTSeqd83JiRSahwFZjIieqh+e5n4l9dJdXjpT5hIUg2Czh8KU451jLMUcJ9JoJqPDSFUMnMrpkMiCdUmq4IJYflT/D9plh2v4lRuzkrV2iKOPDpER+gEeegCVVEN1VEDUZSiR/SMXqx768l6td7mozlrsXOAfsB6/wIeXpIm</latexit>

|1 1→
<latexit sha1_base64="1eNvyFe6sooI9uRbJNT5wMQpS/g=">AAAB+HicdVDLSgMxFM3UV62Pjrp0EyyCCxlmilbdFdx0WcE+oB1KJr3ThmYyQ5IRau2XuHGhiFs/xZ1/Y6YPUNED93I4515yc4KEM6Vd99PKrayurW/kNwtb2zu7RXtvv6niVFJo0JjHsh0QBZwJaGimObQTCSQKOLSC0XXmt+5AKhaLWz1OwI/IQLCQUaKN1LOLDx7unmLTJBEDDj275DreVQbsOmXX4HxJythz3BlKaIF6z/7o9mOaRiA05USpjucm2p8QqRnlMC10UwUJoSMygI6hgkSg/Mns8Ck+Nkofh7E0JTSeqd83JiRSahwFZjIieqh+e5n4l9dJdXjpT5hIUg2Czh8KU451jLMUcJ9JoJqPDSFUMnMrpkMiCdUmq4IJYflT/D9plh2v4lRuzkrV2iKOPDpER+gEeegCVVEN1VEDUZSiR/SMXqx768l6td7mozlrsXOAfsB6/wIeXpIm</latexit>

|1 1→

<latexit sha1_base64="JCk9Rh/ES1SDNJovGF4YSUPiSOg=">AAAB+HicdVDLSsNAFJ3UV62PRl26GSyCCwmTolV3BTddVrAPaEKZTCft0MkkzEyEGvslblwo4tZPceffOOkDVPTAhcM593LvPUHCmdIIfVqFldW19Y3iZmlre2e3bO/tt1WcSkJbJOax7AZYUc4EbWmmOe0mkuIo4LQTjK9zv3NHpWKxuNWThPoRHgoWMoK1kfp2+cGF3ilE0JNYDDnt2xXkuFc5IHKqyOB8SarQddAMFbBAs29/eIOYpBEVmnCsVM9FifYzLDUjnE5LXqpogskYD2nPUIEjqvxsdvgUHhtlAMNYmhIaztTvExmOlJpEgemMsB6p314u/uX1Uh1e+hkTSaqpIPNFYcqhjmGeAhwwSYnmE0MwkczcCskIS0y0yapkQlh+Cv8n7arj1pzazVml3ljEUQSH4AicABdcgDpogCZoAQJS8AiewYt1bz1Zr9bbvLVgLWYOwA9Y718c0pIl</latexit>

|1 0→
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1
1
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<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="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

}
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joint measurements

<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>
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Hamiltonian dynamicsmeasurement dynamics

new toolbox for quantum many-body physics

data qubits

}

Ippoliti, Gullans, Gopalakrishnan, Huse & Khemani, PRX (2021)
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Hamiltonian vs. monitored dynamics

Hamiltonian dynamics measurement dynamics

• equilibrium dynamics of isolated systems

• unitary evolution

• energy conserved

• quantum ground states

• area-law entanglement structures

• macroscopic entanglement (spin liquids)

• out-of-equilibrium dynamics of open systems

• non-unitary evolution

• energy not conserved

• long-time steady states 
• plethora of entanglement structures

• macroscopic entanglement (spin liquids)
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quantum
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commuting vs non-commuting measurements

• commuting 

• parallelized


• no dynamics

ZZ

ZZ

ZZ

Nishimori’s cat

XX
YY

ZZ

Kitaev spin liquid

• non-commuting 

• sequential


• dynamics

Guo-Yi Zhu
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Nishimori’s cat

Bell pair

e−i t ZZ

e−i π
4 ZZ

ZZ

ZZ

ZZ

Nishimori’s cat

|ψ{s}⟩ = e− β
2 ∑ij Jsijσ

z
i σz

j | + ⟩⊗N

Z{s} = ∑
{σ}

e−β∑ij Jsijσiσj

interpret as 
classical 

stat mech model

random bond Ising model

thermal fluctuations and 
disorder are locked
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tanh
�J±
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= ± tan t

Nishimori (1981)

Born’s rule
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Nishimori’s cat

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


threshold

thermal fluctuations and 
disorder are locked

Bell pair

e−i t ZZ

e−i π
4 ZZ

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

experiment (IBM) – Nature Physics (2024) 
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ZZ

ZZ

Nishimori’s cat
Nishimori (1981)

0
strong 


measurement
weak 

measurement

SRE LRE π/4 treal time
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commuting vs non-commuting measurements

• commuting 

• parallelized


• no dynamics

ZZ

ZZ

ZZ

Kitaev spin liquid

• non-commuting 

• sequential


• dynamics

XX
YY

ZZ

Nishimori’s cat

http://www.thp.uni-koeln.de/trebst/
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frustration and entanglement

Hamiltonian

Kitaev (2006)

measurement

ground state dynamical state
minimizes global energy eigenstate of measurements

non-commuting operators

• cannot be measured simultaneously

• will be over-written

no state can satisfy every local interaction frustration
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• brickwall circuit


• no disorder

Hamiltonian ground state Floquet weak measurement

(e∓τHr⋯e∓τH0) |ψ0⟩

• brickwall circuit


• Born disorder

random weak/strong measurement

• stochastic circuit


• Born disorder

e−βH |ψ0⟩

e−τHr

imaginary time vs. measurement-only dynamics

http://www.thp.uni-koeln.de/trebst/
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random projective Kitaev measurements

Clifford circuit 

even interacting problem can be simulated in 
polynomial time (in Heisenberg picture)

c
c

c c
c

u
u

uc

Majorana interaction

  Majorana surface code→

Nahum, Skinner 2020; Lavasani, Luo, Vijay 2023; Sriram, Rakovszky, Khemani, Ippoliti 2023; Zhu, Tantivasadakarn, ST 2023: + Majorana interaction
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entanglement phase diagram

color code

toric code

Majorana
liquid
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L

volume − law + L ln L

quantum Lifshitz scaling

L

c ≈ 0.75 ln 2

SvN(l, L) =
cL
3

ln ( L
π

sin
πl
L ) + ⋯

Fermi-surface scaling

Nahum, Skinner 2020; Lavasani, Luo, Vijay 2023; Sriram, Rakovszky, Khemani, Ippoliti 2023 

Zhu, Tantivasadakarn, ST 2023: + Majorana interaction
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entanglement & circuit geometry

Nahum, Skinner 2020; Lavasani, Luo, Vijay 2023; Sriram, Rakovszky, Khemani, Ippoliti 2023 

Klocke, Simm , Zhu, ST, Buchhold 2024: non-bipartite geometries
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hexagonal geometry dodecagonal geometry
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I classD
a) honeycomb Kitaev b) Kekulé Kitaev c) Kitaev w/ n.n. neighbor d) Yao-Kivelson
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liquid localized

analytical connections to loop models and NL M models 
numerical simulations for 100,000,000 = 108 qubits

σ
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Majorana loop models
lattice /circuit 


geometry
bipartite 

(e.g. honeycomb)
non-bipartite 
(e.g. Yao-Kivelson)

symmetry 
class BDI D

loop symmetry orientable non-orientable
field theory 
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entanglement  
scaling

<latexit sha1_base64="MhvcQtWldAiGOEOLJuOfSPdxtFQ=">AAACCnicdVA9SwNBEN3z2/h1ammzGoTYHHfBzy6ohUWKCCYRciHsbTbJkr3bc3dOCEdqG/+KjYUitv4CO/+Ne0kEFX0w8Hhvhpl5QSy4Btf9sKamZ2bn5hcWc0vLK6tr9vpGTctEUValUkh1HRDNBI9YFTgIdh0rRsJAsHrQP8v8+i1TmsvoCgYxa4akG/EOpwSM1LK3fX2jIPVDAj1KRHo+HGKftiXgsi9kt1Dea9l51/FOMmDXKboGB1+kiD3HHSGPJqi07He/LWkSsgioIFo3PDeGZkoUcCrYMOcnmsWE9kmXNQyNSMh0Mx29MsS7RmnjjlSmIsAj9ftESkKtB2FgOrOT9W8vE//yGgl0jpspj+IEWETHizqJwCBxlgtuc8UoiIEhhCpubsW0RxShYNLLmRC+PsX/k1rR8Q6dw8v9fOl0EscC2kI7qIA8dIRK6AJVUBVRdIce0BN6tu6tR+vFeh23TlmTmU30A9bbJzTUmpY=</latexit>→
D · L log(L)

dynamics
<latexit sha1_base64="aPbRDkClciEPzE/F6bzS2nO5l10=">AAACAXicdVDLSsNAFJ34rPUVdSO4GSxC3YSkaNVd0Y3LCvYBTSiT6aQdOjMJMxOhhLrxV9y4UMStf+HOv3HSB6jogQuHc+7l3nvChFGlXffTWlhcWl5ZLawV1zc2t7btnd2milOJSQPHLJbtECnCqCANTTUj7UQSxENGWuHwKvdbd0QqGotbPUpIwFFf0IhipI3UtffrZZ8wduwrymHmSw5xLJR2xl275DreRQ7oOhXX4HROKtBz3AlKYIZ61/7wezFOOREaM6RUx3MTHWRIaooZGRf9VJEE4SHqk46hAnGigmzywRgeGaUHo1iaEhpO1O8TGeJKjXhoOjnSA/Xby8W/vE6qo/MgoyJJNRF4uihKGdQxzOOAPSoJ1mxkCMKSmlshHiCJsDahFU0I80/h/6RZcbyqU705KdUuZ3EUwAE4BGXggTNQA9egDhoAg3vwCJ7Bi/VgPVmv1tu0dcGazeyBH7DevwDQnZaG</latexit>

P (ω) → const.
<latexit sha1_base64="u9sfYybUVyz9oparkKGS2toaadU="></latexit>

P (ω) → (L↑ ω)→
1
2

entanglement  
scaling

<latexit sha1_base64="zpk+LLBTyEKHV3B29zFxLjaPA3M=">AAAB8XicdVDLSsNAFL2pr1pfVZduBosgCCEpWnVXdOOiiwr2gW0ok+mkHTqZhJmJUEL/wo0LRdz6N+78Gyd9gIoeuHA4517uvcePOVPacT6t3NLyyupafr2wsbm1vVPc3WuqKJGENkjEI9n2saKcCdrQTHPajiXFoc9pyx9dZ37rgUrFInGnxzH1QjwQLGAEayPd19AJ6vJogGq9Ysmx3csMyLHLjsHZgpSRaztTlGCOeq/40e1HJAmp0IRjpTquE2svxVIzwumk0E0UjTEZ4QHtGCpwSJWXTi+eoCOj9FEQSVNCo6n6fSLFoVLj0DedIdZD9dvLxL+8TqKDCy9lIk40FWS2KEg40hHK3kd9JinRfGwIJpKZWxEZYomJNiEVTAiLT9H/pFm23YpduT0tVa/mceThAA7hGFw4hyrcQB0aQEDAIzzDi6WsJ+vVepu15qz5zD78gPX+BQxCj+M=</latexit>

L+ logL
<latexit sha1_base64="4yG5beF8DYay2USnXSni/ycEW8E=">AAAB/HicdVDLSsNAFJ3UV62vaJduBovgxpAUrborunHhooJ9QBPCZDpph84kYWYihFB/xY0LRdz6Ie78Gyd9gIoeuHA4517uvSdIGJXKtj+N0tLyyupaeb2ysbm1vWPu7nVknApM2jhmsegFSBJGI9JWVDHSSwRBPGCkG4yvCr97T4SkcXSnsoR4HA0jGlKMlJZ8s3pz7A4R58jPXcGhipN44ps123IuCkDbqtsapwtSh45lT1EDc7R888MdxDjlJFKYISn7jp0oL0dCUczIpOKmkiQIj9GQ9DWNECfSy6fHT+ChVgYwjIWuSMGp+n0iR1zKjAe6kyM1kr+9QvzL66cqPPdyGiWpIhGeLQpTpn+ERRJwQAXBimWaICyovhXiERIIK51XRYew+BT+Tzp1y2lYjduTWvNyHkcZ7IMDcAQccAaa4Bq0QBtgkIFH8AxejAfjyXg13matJWM+UwU/YLx/AecSlPk=</latexit>

L→ ωtopo

Maj. spectrum gapless Dirac gapped Chern

lo
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m

od
el

qu
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ci
rc

ui
t

qu
an

tu
m
 

H
am

ilt
on

ia
n

t ωsurf

spanning loop

closed
loop

loop fugacity

<latexit sha1_base64="8fVuuvoblPlln+VheZq+eBAWyyU=">AAAB6nicdVDLSsNAFL2pr1pfUZduBovgKiRFqy6EgpsuK9oHtKFMppN26GQSZiZCCf0ENy4UcesXufNvnPQBKnrgwuGce7n3niDhTGnX/bQKK6tr6xvFzdLW9s7unr1/0FJxKgltkpjHshNgRTkTtKmZ5rSTSIqjgNN2ML7J/fYDlYrF4l5PEupHeChYyAjWRroT117fLruOd5UDuU7FNThfkgryHHeGMizQ6NsfvUFM0ogKTThWquu5ifYzLDUjnE5LvVTRBJMxHtKuoQJHVPnZ7NQpOjHKAIWxNCU0mqnfJzIcKTWJAtMZYT1Sv71c/Mvrpjq89DMmklRTQeaLwpQjHaP8bzRgkhLNJ4ZgIpm5FZERlphok07JhLD8FP1PWhXHqzrV27Nyrb6IowhHcAyn4MEF1KAODWgCgSE8wjO8WNx6sl6tt3lrwVrMHMIPWO9fIgeNvg==</latexit>

n = 1
<latexit sha1_base64="KZ7QOj8XwFT+TiMStaXYo1eFog8=">AAAB8XicdVBNS8NAEJ3Ur1q/qh69LBbBU0iCVj0IBS89VrAf2Iay2W7apZtN3N0IJfRfePGgiFf/jTf/jZu2goo+GHi8N8PMvCDhTGnH+bAKS8srq2vF9dLG5tb2Tnl3r6XiVBLaJDGPZSfAinImaFMzzWknkRRHAaftYHyV++17KhWLxY2eJNSP8FCwkBGsjXQrLnvqTurMm/bLFcd2L3Igx/Ycg9Mv4iHXdmaowAKNfvm9N4hJGlGhCcdKdV0n0X6GpWaE02mplyqaYDLGQ9o1VOCIKj+bXTxFR0YZoDCWpoRGM/X7RIYjpSZRYDojrEfqt5eLf3ndVIfnfsZEkmoqyHxRmHKkY5S/jwZMUqL5xBBMJDO3IjLCEhNtQiqZEL4+Rf+Tlme7Vbt6fVKp1RdxFOEADuEYXDiDGtShAU0gIOABnuDZUtaj9WK9zlsL1mJmH37AevsE8DSRIw==</latexit>

n =
→
2

circuit Hamiltonian

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


©  Simon Trebst

bulk loop statistics
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distribution of bulk loop lengths
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non-orientable loops 
(symmetry class D)

orientable loops 
(symmetry class BDI)

short loops – area law phase

long loops   – liquid phase

greater mobility of loops 
w/o time-reversal symmetry constraint

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

loop diffusion picture
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entanglement phase transitions
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critical exponent <latexit sha1_base64="eGRS7oFiPW29jpFmd+vVKeb5QUU=">AAAB6nicdVDLSgNBEOz1GeMr6tHLYBA8LbNBo94CXnKMaB6QLGF2MpsMmZ1dZmaFsOQTvHhQxKtf5M2/cTYPUNGChqKqm+6uIBFcG4w/nZXVtfWNzcJWcXtnd2+/dHDY0nGqKGvSWMSqExDNBJesabgRrJMoRqJAsHYwvsn99gNTmsfy3kwS5kdkKHnIKTFWuuvJtF8qY9e7zoGwW8EWF0tSQZ6LZyjDAo1+6aM3iGkaMWmoIFp3PZwYPyPKcCrYtNhLNUsIHZMh61oqScS0n81OnaJTqwxQGCtb0qCZ+n0iI5HWkyiwnRExI/3by8W/vG5qwis/4zJJDZN0vihMBTIxyv9GA64YNWJiCaGK21sRHRFFqLHpFG0Iy0/R/6RVcb2qW709L9fqizgKcAwncAYeXEIN6tCAJlAYwiM8w4sjnCfn1Xmbt644i5kj+AHn/Qu4II4h</latexit>ω
<latexit sha1_base64="Hfuc/dR71abukEwWjy7Qc4JYxdQ=">AAAB63icdVDLSgNBEJyNrxhfUY9eBoPgadkNGvUW8JJjBPOAZAmzk95kyMzsMjMrhCW/4MWDIl79IW/+jbN5gIoWNBRV3XR3hQln2njep1NYW9/Y3Cpul3Z29/YPyodHbR2nikKLxjxW3ZBo4ExCyzDDoZsoICLk0Aknt7nfeQClWSzvzTSBQJCRZBGjxORSHwwZlCue69/kwJ5b9SwuV6SKfdebo4KWaA7KH/1hTFMB0lBOtO75XmKCjCjDKIdZqZ9qSAidkBH0LJVEgA6y+a0zfGaVIY5iZUsaPFe/T2REaD0Voe0UxIz1by8X//J6qYmug4zJJDUg6WJRlHJsYpw/jodMATV8agmhitlbMR0TRaix8ZRsCKtP8f+kXXX9mlu7u6jUG8s4iugEnaJz5KMrVEcN1EQtRNEYPaJn9OII58l5dd4WrQVnOXOMfsB5/wJiH46C</latexit>ω

<latexit sha1_base64="9ya8/EGHEqMLSZi85d3z76NA9Xk=">AAAB6nicdVDLSsNAFL2pr1pfVZduBovgKiTFVt0V3HRZ0T6gDWUymbRDJ5MwMxFK6Ce4caGIW7/InX/jpA9Q0QMXDufcy733+AlnSjvOp1VYW9/Y3Cpul3Z29/YPyodHHRWnktA2iXksez5WlDNB25ppTnuJpDjyOe36k5vc7z5QqVgs7vU0oV6ER4KFjGBtpLtgGA7LFcd2r3Mgx646BrUVqSLXduaowBKtYfljEMQkjajQhGOl+q6TaC/DUjPC6aw0SBVNMJngEe0bKnBElZfNT52hM6MEKIylKaHRXP0+keFIqWnkm84I67H67eXiX14/1eGVlzGRpJoKslgUphzpGOV/o4BJSjSfGoKJZOZWRMZYYqJNOiUTwupT9D/pVG23btdvLyqN5jKOIpzAKZyDC5fQgCa0oA0ERvAIz/BicevJerXeFq0FazlzDD9gvX8BlsmOCw==</latexit>

df
<latexit sha1_base64="Cgxd5dmLqhn4pRaD40Q6PO80PI0=">AAAB7HicdVDLSgNBEOyNrxhfUY9eBoPgadkNGvUW8JJjBPOAZAmzk0kyZHZ2mekVwpJv8OJBEa9+kDf/xskLVLSgoajqprsrTKQw6HmfTm5tfWNzK79d2Nnd2z8oHh41TZxqxhsslrFuh9RwKRRvoEDJ24nmNAolb4Xj25nfeuDaiFjd4yThQUSHSgwEo2ilRjfkSHvFkuf6NzMQzy17FpcrUia+681RgiXqveJHtx+zNOIKmaTGdHwvwSCjGgWTfFropoYnlI3pkHcsVTTiJsjmx07JmVX6ZBBrWwrJXP0+kdHImEkU2s6I4sj89mbiX14nxcF1kAmVpMgVWywapJJgTGafk77QnKGcWEKZFvZWwkZUU4Y2n4INYfUp+Z80y65fcSt3F6VqbRlHHk7gFM7BhyuoQg3q0AAGAh7hGV4c5Tw5r87bojXnLGeO4Qec9y8dIo7u</latexit>

ω

non-orientable loops 
(symmetry class D)

orientable loops 
(symmetry class BDI)

0.9987(7)

0.9403(6)

-0.084(4)

-0.066(7)

2.5383(11)

2.5263(11)

0.4590(20)

0.4400(40)

non-orientable loops 
(symmetry class D)

orientable loops 
(symmetry class BDI)

0.999(2)

0.918(5)

-0.068(18)

-0.091(9)

2.534(9)

2.546(5)

0.4650(33)

0.4168(51)

numerical simulations for 100,000,000 = 108 qubits

numerical simulations for 1,000,000 = 106 sites
M. Ortuño, A. M. Somoza, and J. T. Chalker, PRL 102, 070603 (2009)
P. Serna, arXiv:2107.13366 (2021)

http://www.thp.uni-koeln.de/trebst/
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imaginary time vs. measurement-only dynamics

• brickwall circuit


• no disorder

Hamiltonian ground state Floquet weak measurement

(e∓τHr⋯e∓τH0) |ψ0⟩

• brickwall circuit


• Born disorder

random weak/strong measurement

• stochastic circuit


• Born disorder

e−βH |ψ0⟩

e−τHr

http://www.thp.uni-koeln.de/trebst/
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Hastings-Haah Floquet code

Hastings & Haah, Quantum 5, 564 (2021)

<latexit sha1_base64="rTQUr/Rkll52wx82jfAEXraDAdI=">AAAB6XicdVDLSgNBEOyNrxhfUY9eBoPgadnVJBtvQS8eo5gHSZYwO5lNhszOLjOzQgj5Ay8eFPHqH3nzb5w8BBUtaCiquunuChLOlHacDyuzsrq2vpHdzG1t7+zu5fcPGipOJaF1EvNYtgKsKGeC1jXTnLYSSXEUcNoMRlczv3lPpWKxuNPjhPoRHggWMoK1kW7b7V6+4NhFr+y4F8ixyyWv5LiGVAzxzpFrO3MUYIlaL//e7cckjajQhGOlOq6TaH+CpWaE02mumyqaYDLCA9oxVOCIKn8yv3SKTozSR2EsTQmN5ur3iQmOlBpHgemMsB6q395M/MvrpDqs+BMmklRTQRaLwpQjHaPZ26jPJCWajw3BRDJzKyJDLDHRJpycCeHrU/Q/aZzZbtku3RQL1ctlHFk4gmM4BRc8qMI11KAOBEJ4gCd4tkbWo/VivS5aM9Zy5hB+wHr7BOYEjaI=</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

time
round 1 round 2 round 3 round 4 round 5

dynamically generated logical qubits
• Floquet dynamics

• two-qubit Pauli operators

• quantum error correcting code

• two logical qubits

What happens when you turn stabilizers  
from projective measurements into weak measurements?

3

3

3

3

Kekulé pattern / color code

<latexit sha1_base64="aSnGjunJbcuHOxv9r9Hk9MaVx4w=">AAAB6nicdVDLSsNAFL2pr1pfVZduBovgKiTFVt0V3BTcVLQPaEOZTCft0MkkzEyEGvoJblwo4tYvcuffOOkDVPTAhcM593LvPX7MmdKO82nlVlbX1jfym4Wt7Z3dveL+QUtFiSS0SSIeyY6PFeVM0KZmmtNOLCkOfU7b/vgq89v3VCoWiTs9iakX4qFgASNYG+n2uv/QL5Yc273MgBy77BhUlqSMXNuZoQQLNPrFj94gIklIhSYcK9V1nVh7KZaaEU6nhV6iaIzJGA9p11CBQ6q8dHbqFJ0YZYCCSJoSGs3U7xMpDpWahL7pDLEeqd9eJv7ldRMdXHgpE3GiqSDzRUHCkY5Q9jcaMEmJ5hNDMJHM3IrICEtMtEmnYEJYfor+J62y7Vbt6s1ZqVZfxJGHIziGU3DhHGpQhwY0gcAQHuEZXixuPVmv1tu8NWctZg7hB6z3L48DjgY=</latexit>

Kz

<latexit sha1_base64="lne2P3G+5bgpbOi7qxcBQob+G3A=">AAAB6nicdVDLSsNAFL2pr1pfVZduBovgKiRFq+4KbgpuKtoHtKFMppN26GQSZiZCCP0ENy4UcesXufNvnPQBKnrgwuGce7n3Hj/mTGnH+bQKK6tr6xvFzdLW9s7uXnn/oK2iRBLaIhGPZNfHinImaEszzWk3lhSHPqcdf3Kd+50HKhWLxL1OY+qFeCRYwAjWRrq7GaSDcsWx3ascyLGrjsH5klSRazszVGCB5qD80R9GJAmp0IRjpXquE2svw1Izwum01E8UjTGZ4BHtGSpwSJWXzU6dohOjDFEQSVNCo5n6fSLDoVJp6JvOEOux+u3l4l9eL9HBpZcxESeaCjJfFCQc6Qjlf6Mhk5RonhqCiWTmVkTGWGKiTTolE8LyU/Q/aVdtt2bXbs8q9cYijiIcwTGcggsXUIcGNKEFBEbwCM/wYnHryXq13uatBWsxcwg/YL1/AY1/jgU=</latexit>
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psu ⋅ ln | |ρRA
su | |1

• fermionic entanglement negativity

• definition: response under partial time reversal 

• property: distill out thermal entropy


• diagnose: mixed state entanglement


         Shapourian, Shiozaki, Ryu, 2017

• entanglement phase transition          
stable fermion phase with  entanglement 


   Fava, Piroli, Swann, Bernard, Nahum, NL M, 2023
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Vaporization of Kitaev Spin Liquids

Joji Nasu,1 Masafumi Udagawa,2 and Yukitoshi Motome2
1Department of Physics, Tokyo Institute of Technology, Ookayama, 2-12-1, Meguro, Tokyo 152-8551, Japan

2Department of Applied Physics, University of Tokyo, Hongo, 7-3-1, Bunkyo, Tokyo 113-8656, Japan
(Received 24 July 2014; revised manuscript received 9 October 2014; published 7 November 2014)

The quantum spin liquid is an exotic quantum state of matter in magnets. This state is a spin analog of
liquid helium that does not solidify down to the lowest temperature due to strong quantum fluctuations. In
conventional fluids, the liquid and gas possess the same symmetry and adiabatically connect to each other
by bypassing the critical end point. We find that the situation is qualitatively different in quantum spin
liquids realized in a three-dimensional Kitaev model; both gapless and gapped quantum spin liquid phases
at low temperatures are always distinguished from the high-temperature paramagnet (spin gas) by a phase
transition. The results challenge the common belief that the absence of thermodynamic singularity down to
the lowest temperature is a symptom of a quantum spin liquid.

DOI: 10.1103/PhysRevLett.113.197205 PACS numbers: 75.10.Kt, 75.10.Jm, 75.30.Et, 75.70.Tj

A magnetic state called the quantum spin liquid (QSL),
where long-range ordering is suppressed by quantum
fluctuations, is a new state of matter in condensed matter
physics [1]. Tremendous efforts have been devoted to the
realization of the QSL, and several candidates were recently
discovered in quasi two-dimensional (2D) and three-
dimensional (3D) compounds [2–6]. In these compounds,
the QSL is usually identified by the absence of anomalies in
the temperature (T) dependence of physical quantities.
Namely, it is implicitly supposed that a spin “gas” corre-
sponding to the high-T paramagnet is adiabatically con-
nected with the QSL. This common belief lends itself to the
fact that liquid and gas are adiabatically connectedwith each
other in conventional fluids. In fact, the concept of the QSL
was originally introduced on the analogy of helium in which
the liquid phase is retained down to the lowest T due to
strong quantum fluctuations [7].
In general, however, liquid and gas are distinguished by a

discontinuous phase transition, while the adiabatic con-
nection between them is guaranteed beyond the critical end
point. Hence, a phase transition separating paramagnet and
the QSL is also expected. Nevertheless, the theory for
thermodynamics of QSLs has not been seriously inves-
tigated thus far, and a thermodynamic phase transition for a
QSL has not ever been reported beyond the mean-field
approximation. It is highly nontrivial whether a liquid-gas
transition exists in quantum spin systems in a similar
manner to that in conventional fluids. The issue is critical
not only for theoretical understanding of QSLs but also for
the interpretation of existing and forthcoming experiments.
The lack of theoretical investigation of thermodynamics

of QSLs is mainly due to the following two difficulties.
One is the scarcity of well-identified QSLs. It is hard to
characterize the QSL because spatial quantum entangle-
ment and many-body effects are essential for realizing
the QSL [8,9]. The other difficulty lies in less choice of

effective theoretical tools. Any biased approximation might
be harmful for taking into account strong quantum and
thermal fluctuations.
In this Letter, we solve these difficulties by investigating

a 3D extension of the Kitaev model [10], which supports
well-identified QSLs as the exact ground states [11], by
applying an unbiased quantum Monte Carlo (MC) simu-
lation without a negative sign problem. By clarifying the
phase diagram in the whole parameter space, we show that
both the gapped and gapless quantum spin liquid phases
exhibit a finite-temperature phase transition to the high-
temperature paramagnet. The results unveil that the “vapori-
zation” of the quantum spin liquids are quantitatively
different from the conventional liquid-gas transition.
The Kitaev model is a quantum spin model with

anisotropic exchange interactions for nearest neighbor
spins, whose Hamiltonian is given by

H ¼ −Jx
X

hijix

σxi σ
x
j − Jy

X

hijiy

σyi σ
y
j − Jz

X

hijiz

σziσ
z
j: ð1Þ

Here, σxi , σ
y
i , and σzi are Pauli matrices describing a spin-

1=2 state at a site i; Jx, Jy, and Jz are exchange constants
[10]. This model was originally introduced on a honey-
comb lattice shown in Fig. 1(a). The interactions Jx, Jy, and
Jz are defined on three different types of the nearest
neighbor bonds, x (blue), y (green), and z bonds (red),
respectively [see Fig. 1(a)]. This model is exactly solvable
by introducingMajorana fermions [10]. The ground state of
the Kitaev model is a QSL, where spin-spin correlations
vanish except for nearest neighbors [12]. The ground state
phase diagram consists of gapless and gapped QSL phases
[10], as shown in Fig. 1(c). The QSL with gapless excita-
tion is stabilized in the center triangle including the isotropic
case Jx ¼ Jy ¼ Jz, while the QSL with an excitation
gap appears in the outer three triangles with anisotropic
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• equilibrium dynamics of isolated systems


• quantum ground states

• area-law entanglement structures

• macroscopic entanglement (spin liquids) 

• finite-temperature fractionalization

Hamiltonian vs. monitored dynamics

• out-of-equilibrium dynamics of open systems


• long-time steady states 
• plethora of entanglement structures

• macroscopic entanglement (spin liquids) 

• weak-measurement fractionalization

Hamiltonian dynamics measurement dynamics
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