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• Condensed matter usually studies equilibrium many-body systems:

Scope

<latexit sha1_base64="LGVzg/LV8GPbIIG9StgDSW/APZ8=">AAAB+3icbVDLSsNAFL3xWesr1qWbwSLUTUmkqBuh6KbLCvYBbQiT6aQdOpmEmYlYQn/FjQtF3Poj7vwbp20W2nrgwplz7mXuPUHCmdKO822trW9sbm0Xdoq7e/sHh/ZRqa3iVBLaIjGPZTfAinImaEszzWk3kRRHAaedYHw38zuPVCoWiwc9SagX4aFgISNYG8m3S43K8Pymr9LIZ6jhM/Py7bJTdeZAq8TNSRlyNH37qz+ISRpRoQnHSvVcJ9FehqVmhNNpsZ8qmmAyxkPaM1TgiCovm+8+RWdGGaAwlqaERnP190SGI6UmUWA6I6xHatmbif95vVSH117GRJJqKsjiozDlSMdoFgQaMEmJ5hNDMJHM7IrICEtMtImraEJwl09eJe2LqntZrd3XyvXbPI4CnMApVMCFK6hDA5rQAgJP8Ayv8GZNrRfr3fpYtK5Z+cwx/IH1+QPTZ5MG</latexit>

H(g) =
X

i

Hi(g)
<latexit sha1_base64="53fNeldVvCMu8ZcSpZXY+5gRgW0=">AAACB3icbVDLSgMxFM3UV62vUZeCBIvgQsqMFHVZdOPCRQX7gJmhZNJMG5rJhCQjlKE7N/6KGxeKuPUX3Pk3ZtpZaOuBwMk59yb3nlAwqrTjfFulpeWV1bXyemVjc2t7x97da6sklZi0cMIS2Q2RIoxy0tJUM9IVkqA4ZKQTjq5zv/NApKIJv9djQYIYDTiNKEbaSD370I+RHmLEslvPF0N66gskNUUsvwSTnl11as4UcJG4BamCAs2e/eX3E5zGhGvMkFKe6wgdZPmbmJFJxU8VEQiP0IB4hnIUExVk0z0m8NgofRgl0hyu4VT93ZGhWKlxHJrKfGo17+Xif56X6ugyyCgXqSYczz6KUgZ1AvNQYJ9KgjUbG4KwpGZWiIdIIqxNdBUTgju/8iJpn9Xc81r9rl5tXBVxlMEBOAInwAUXoAFuQBO0AAaP4Bm8gjfryXqx3q2PWWnJKnr2wR9Ynz+KvJnB</latexit>

L[�, @�]

• IR phases & phase transitions emerging from microscopic lattice models

Book: Sachdev (2011)



• Quantum simulators — programmable lattice quantum systems

Scope

Platforms: cold atoms,  trapped ions, 
Rydberg atoms, superconducting 
qubits…

Unitary evolutions + measurements

A review:  E. Altman et al. (2021)



• Simulating quantum hamiltonians

What to Do with Quantum Simulators?

• Quantum dynamics with unitaries and measurements

For a review: M. Fisher, V. Khemani, A. Nahum and S. Vijay (2022)

• Preparing interesting quantum states

• e.g. Bose Hubbard model, Fermi Hubbard model, frustrated spin models…



State Preparation

Local Unitary

<latexit sha1_base64="A8pOSVcXyCBjAYuRjnobsUWxiHk=">AAAB83icbVBNS8NAEJ3Ur1q/qh69BIvgqSRS1GPRi8cK9gOaUDbbabt0s1l2N0KJ/RtePCji1T/jzX/jts1BWx8MPN6bYWZeJDnTxvO+ncLa+sbmVnG7tLO7t39QPjxq6SRVFJs04YnqREQjZwKbhhmOHamQxBHHdjS+nfntR1SaJeLBTCSGMRkKNmCUGCsFT4HULFBEDDn2yhWv6s3hrhI/JxXI0eiVv4J+QtMYhaGcaN31PWnCjCjDKMdpKUg1SkLHZIhdSwWJUYfZ/Oape2aVvjtIlC1h3Ln6eyIjsdaTOLKdMTEjvezNxP+8bmoG12HGhEwNCrpYNEi5axJ3FoDbZwqp4RNLCFXM3urSEVGEGhtTyYbgL7+8SloXVf+yWruvVeo3eRxFOIFTOAcfrqAOd9CAJlCQ8Ayv8Oakzovz7nwsWgtOPnMMf+B8/gBvKZH0</latexit>

| i

Resource state



Resource States
• Resource state: 1d Cluster state (Z2 x Z2 SPT)

<latexit sha1_base64="2ZcrxYuHbquaRp2ynFNak9oxWL0=">AAACBHicbZDLSsNAFIYn9VbrLeqym8EiCNKSSFE3QtFNlxXsBdsQJtNJO3QmCTMToYQs3Pgqblwo4taHcOfbOGmz0NYfBj7+cw5nzu9FjEplWd9GYWV1bX2juFna2t7Z3TP3DzoyjAUmbRyyUPQ8JAmjAWkrqhjpRYIg7jHS9SY3Wb37QISkYXCnphFxOBoF1KcYKW25Zrl5VR3ImLsU3rsJrdppz6UZndqpa1asmjUTXAY7hwrI1XLNr8EwxDEngcIMSdm3rUg5CRKKYkbS0iCWJEJ4gkakrzFAnEgnmR2RwmPtDKEfCv0CBWfu74kEcSmn3NOdHKmxXKxl5n+1fqz8SyehQRQrEuD5Ij9mUIUwSwQOqSBYsakGhAXVf4V4jATCSudW0iHYiycvQ+esZp/X6rf1SuM6j6MIyuAInAAbXIAGaIIWaAMMHsEzeAVvxpPxYrwbH/PWgpHPHII/Mj5/ABFflxs=</latexit>

H = �
X

i

Zi�1XiZi+1

<latexit sha1_base64="Bq9sbCjj4xtdZm6JyOgq6g0nQEI=">AAACE3icbZBNS8MwGMfT+TbnW9Wjl+AQRHG0MtSLMPTicYJ7wbWUNMu2sDQtSSqM2u/gxa/ixYMiXr1489uYbj3MzT8Efvk/z0Py/P2IUaks68coLCwuLa8UV0tr6xubW+b2TlOGscCkgUMWiraPJGGUk4aiipF2JAgKfEZa/vA6q7ceiJA05HdqFBE3QH1OexQjpS3PPLr3Enpip22PZnRsp49OJKkjEO8zcjl98cyyVbHGgvNg51AGueqe+e10QxwHhCvMkJQd24qUmyChKGYkLTmxJBHCQ9QnHY0cBUS6yXinFB5opwt7odCHKzh2pycSFEg5CnzdGSA1kLO1zPyv1olV78JNKI9iRTiePNSLGVQhzAKCXSoIVmykAWFB9V8hHiCBsNIxlnQI9uzK89A8rdhnlepttVy7yuMogj2wDw6BDc5BDdyAOmgADJ7AC3gD78az8Wp8GJ+T1oKRz+yCPzK+fgF+x56V</latexit>

Zi�1XiZi+1| i = | i

<latexit sha1_base64="rR/AyQELPSi4cBPKoNpBtaR10X0=">AAAB/XicbVDLSsNAFL3xWesrPnZuBovgqiSlqJtC0Y0rqWAf0MYwmU7boZNJmJkINRR/xY0LRdz6H+78G6dtFtp64MLhnHu5954g5kxpx/m2lpZXVtfWcxv5za3tnV17b7+hokQSWicRj2QrwIpyJmhdM81pK5YUhwGnzWB4NfGbD1QqFok7PYqpF+K+YD1GsDaSbx92asxPRcUd39+glp+WxLji+nbBKTpToEXiZqQAGWq+/dXpRiQJqdCEY6XarhNrL8VSM8LpON9JFI0xGeI+bRsqcEiVl06vH6MTo3RRL5KmhEZT9fdEikOlRmFgOkOsB2rem4j/ee1E9y68lIk40VSQ2aJewpGO0CQK1GWSEs1HhmAimbkVkQGWmGgTWN6E4M6/vEgapaJ7VizflgvVyyyOHBzBMZyCC+dQhWuoQR0IPMIzvMKb9WS9WO/Wx6x1ycpmDuAPrM8fAoWUTQ==</latexit>

⇧N
n=1X2n = 1

<latexit sha1_base64="PF56n0s3AHY+a0CD4FqcbOaBzY4=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2AR3FgmpaibQtGNK6lgH9COQyZN29BMZkgyQhln4a+4caGIW3/DnX9j2s5CWw9cOJxzL/fe40ecKe0431ZuaXlldS2/XtjY3NresXf3miqMJaENEvJQtn2sKGeCNjTTnLYjSXHgc9ryR1cTv/VApWKhuNPjiLoBHgjWZwRrI3n2QbfOvERUUXp/A9teUhanKK0izy46JWcKuEhQRoogQ92zv7q9kMQBFZpwrFQHOZF2Eyw1I5ymhW6saITJCA9ox1CBA6rcZHp/Co+N0oP9UJoSGk7V3xMJDpQaB77pDLAeqnlvIv7ndWLdv3ATJqJYU0Fmi/oxhzqEkzBgj0lKNB8bgolk5lZIhlhiok1kBRMCmn95kTTLJXRWqtxWirXLLI48OARH4AQgcA5q4BrUQQMQ8AiewSt4s56sF+vd+pi15qxsZh/8gfX5A+hklL8=</latexit>

⇧N
n=1X2n�1 = 1

• Constraints (symmetries)

2N spins, periodic boundary condition

• This state can be generated from a product state by a finite depth unitary. 



• Greenberger–Horne–Zeilinger (GHZ) state in 1 spatial dimension

Preparing 1d Symmetry Breaking States

• Starting point: 1d Cluster state

<latexit sha1_base64="S+RvZqR8bgiDnUt5uz26+pt7zCs="></latexit>

|GHZi = 1p
2
(| "" ... "i+ | ## ... #i)

• Measurement X on even sites and post-select +1 outcomes 

Constraints

<latexit sha1_base64="cKnbEQjIXk8+lSqmxUOk+EK1TTo=">AAAB+3icbVDLSgMxFM3UV62vsS7dBIsgiGVSiroRim5cVrAPbIchk2ba0ExmSDJiGeZX3LhQxK0/4s6/MZ12oa0HLvdwzr3k5vgxZ0o7zrdVWFldW98obpa2tnd29+z9cltFiSS0RSIeya6PFeVM0JZmmtNuLCkOfU47/vhm6nceqVQsEvd6ElM3xEPBAkawNpJnlx+8tCbOUJb3U5RdIc+uOFUnB1wmaE4qYI6mZ3/1BxFJQio04VipHnJi7aZYakY4zUr9RNEYkzEe0p6hAodUuWl+ewaPjTKAQSRNCQ1z9fdGikOlJqFvJkOsR2rRm4r/eb1EB5duykScaCrI7KEg4VBHcBoEHDBJieYTQzCRzNwKyQhLTLSJq2RCQItfXibtWhWdV+t39Urjeh5HERyCI3ACELgADXALmqAFCHgCz+AVvFmZ9WK9Wx+z0YI13zkAf2B9/gAaOpMy</latexit>

Z2n�1Z2n+1 = 1

2N spins, periodic boundary condition

<latexit sha1_base64="PF56n0s3AHY+a0CD4FqcbOaBzY4=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2AR3FgmpaibQtGNK6lgH9COQyZN29BMZkgyQhln4a+4caGIW3/DnX9j2s5CWw9cOJxzL/fe40ecKe0431ZuaXlldS2/XtjY3NresXf3miqMJaENEvJQtn2sKGeCNjTTnLYjSXHgc9ryR1cTv/VApWKhuNPjiLoBHgjWZwRrI3n2QbfOvERUUXp/A9teUhanKK0izy46JWcKuEhQRoogQ92zv7q9kMQBFZpwrFQHOZF2Eyw1I5ymhW6saITJCA9ox1CBA6rcZHp/Co+N0oP9UJoSGk7V3xMJDpQaB77pDLAeqnlvIv7ndWLdv3ATJqJYU0Fmi/oxhzqEkzBgj0lKNB8bgolk5lZIhlhiok1kBRMCmn95kTTLJXRWqtxWirXLLI48OARH4AQgcA5q4BrUQQMQ8AiewSt4s56sF+vd+pi15qxsZh/8gfX5A+hklL8=</latexit>

⇧N
n=1X2n�1 = 1

<latexit sha1_base64="fgrRHs0SQ+EK+zBR2x2JzgPmPyQ="></latexit>

hZiZji|PX i =
hPX |ZiZj |PX i

hPX |PX i
= 1

<latexit sha1_base64="aAoNBvS0L0cwrrfjbWe7Ml+a73E=">AAACEXicbVC7TsMwFHXKq5RXgJHFokLqVCUIAWMFAx2LRB+iiSLHdVurthPZDlKV9hdY+BUWBhBiZWPjb3DaDNByJEvH59yre+8JY0aVdpxvq7Cyura+UdwsbW3v7O7Z+wctFSUSkyaOWCQ7IVKEUUGammpGOrEkiIeMtMPRdea3H4hUNBJ3ehwTn6OBoH2KkTZSYFc8jvQQI5Y2pkFn4sWKehKJASOeonxyU7/Pv4FddqrODHCZuDkpgxyNwP7yehFOOBEaM6RU13Vi7adIaooZmZa8RJEY4REakK6hAnGi/HR20RSeGKUH+5E0T2g4U393pIgrNeahqcz2V4teJv7ndRPdv/RTKuJEE4Hng/oJgzqCWTywRyXBmo0NQVhSsyvEQyQR1ibEkgnBXTx5mbROq+559ez2rFy7yuMogiNwDCrABRegBuqgAZoAg0fwDF7Bm/VkvVjv1se8tGDlPYfgD6zPH+NTnlE=</latexit>

PX | i ⇠ |GHZi
<latexit sha1_base64="bU7mU/HrYlHYZaeNjctE9SngUq4=">AAACFnicbVDLSsNAFJ3UV62vqEs3wSIIYklKUTeFohtXUsE+oKlhMpm0QyeTMDMRypCvcOOvuHGhiFtx5984bbPQ1gMDh3Pu5c45fkKJkLb9bRSWlldW14rrpY3Nre0dc3evLeKUI9xCMY1514cCU8JwSxJJcTfhGEY+xR1/dDXxOw+YCxKzOzlOcD+CA0ZCgqDUkmeeuhGUQwSpamZet+4mPA48xepOdn/jhhwi5Zx0PVVlWaaqmWeW7Yo9hbVInJyUQY6mZ365QYzSCDOJKBSi59iJ7CvIJUEUZyU3FTiBaAQHuKcpgxEWfTWNlVlHWgmsMOb6MWlN1d8bCkZCjCNfT05CiHlvIv7n9VIZXvQVYUkqMUOzQ2FKLRlbk46sgHCMJB1rAhEn+q8WGkJdhtRNlnQJznzkRdKuVpyzSu22Vm5c5nUUwQE4BMfAAeegAa5BE7QAAo/gGbyCN+PJeDHejY/ZaMHId/bBHxifP4wRn50=</latexit>

PX =
NY

n=1

1 +X2n

2

H. J. Briegel and R. Raussendorf (2001)

<latexit sha1_base64="rR/AyQELPSi4cBPKoNpBtaR10X0=">AAAB/XicbVDLSsNAFL3xWesrPnZuBovgqiSlqJtC0Y0rqWAf0MYwmU7boZNJmJkINRR/xY0LRdz6H+78G6dtFtp64MLhnHu5954g5kxpx/m2lpZXVtfWcxv5za3tnV17b7+hokQSWicRj2QrwIpyJmhdM81pK5YUhwGnzWB4NfGbD1QqFok7PYqpF+K+YD1GsDaSbx92asxPRcUd39+glp+WxLji+nbBKTpToEXiZqQAGWq+/dXpRiQJqdCEY6XarhNrL8VSM8LpON9JFI0xGeI+bRsqcEiVl06vH6MTo3RRL5KmhEZT9fdEikOlRmFgOkOsB2rem4j/ee1E9y68lIk40VSQ2aJewpGO0CQK1GWSEs1HhmAimbkVkQGWmGgTWN6E4M6/vEgapaJ7VizflgvVyyyOHBzBMZyCC+dQhWuoQR0IPMIzvMKb9WS9WO/Wx6x1ycpmDuAPrM8fAoWUTQ==</latexit>

⇧N
n=1X2n = 1

<latexit sha1_base64="PF56n0s3AHY+a0CD4FqcbOaBzY4=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2AR3FgmpaibQtGNK6lgH9COQyZN29BMZkgyQhln4a+4caGIW3/DnX9j2s5CWw9cOJxzL/fe40ecKe0431ZuaXlldS2/XtjY3NresXf3miqMJaENEvJQtn2sKGeCNjTTnLYjSXHgc9ryR1cTv/VApWKhuNPjiLoBHgjWZwRrI3n2QbfOvERUUXp/A9teUhanKK0izy46JWcKuEhQRoogQ92zv7q9kMQBFZpwrFQHOZF2Eyw1I5ymhW6saITJCA9ox1CBA6rcZHp/Co+N0oP9UJoSGk7V3xMJDpQaB77pDLAeqnlvIv7ndWLdv3ATJqJYU0Fmi/oxhzqEkzBgj0lKNB8bgolk5lZIhlhiok1kBRMCmn95kTTLJXRWqtxWirXLLI48OARH4AQgcA5q4BrUQQMQ8AiewSt4s56sF+vd+pi15qxsZh/8gfX5A+hklL8=</latexit>

⇧N
n=1X2n�1 = 1

<latexit sha1_base64="27ov2eIGKgcGqqa2NDVZKIIqhUM=">AAAB/HicbZDLSsNAFIYnXmu9Rbt0M1gEQSwZKepGKLpxWcFesA1hMp20QyeTMDMRQoiv4saFIm59EHe+jZO2C239YeDjP+dwzvx+zJnSjvNtLS2vrK6tlzbKm1vbO7v23n5bRYkktEUiHsmujxXlTNCWZprTbiwpDn1OO/74pqh3HqlULBL3Oo2pG+KhYAEjWBvLsysPXsZOUd71WEEnKL9Cnl11as5EcBHQDKpgpqZnf/UHEUlCKjThWKkecmLtZlhqRjjNy/1E0RiTMR7SnkGBQ6rcbHJ8Do+MM4BBJM0TGk7c3xMZDpVKQ990hliP1HytMP+r9RIdXLoZE3GiqSDTRUHCoY5gkQQcMEmJ5qkBTCQzt0IywhITbfIqmxDQ/JcXoX1WQ+e1+l292riexVECB+AQHAMELkAD3IImaAECUvAMXsGb9WS9WO/Wx7R1yZrNVMAfWZ8/VquT7g==</latexit>

Zi�1XiZi+1 = 1



Preparing 2d Symmetry Breaking States
2d GHZ state

• Measure X on the edges, post-select the +1 outcome

<latexit sha1_base64="e0mBn5BBN7nkG5Ia/dtfBbRJYuQ=">AAAB6nicbVBNSwMxEJ3Ur1q/qh69BIvgqexKUY9FLx4r2g/aLiWbZtvQbHZJskJZ+hO8eFDEq7/Im//GbLsHbX0w8Hhvhpl5fiy4No7zjQpr6xubW8Xt0s7u3v5B+fCopaNEUdakkYhUxyeaCS5Z03AjWCdWjIS+YG1/cpv57SemNI/ko5nGzAvJSPKAU2Ks9NDtlgblilN15sCrxM1JBXI0BuWv/jCiScikoYJo3XOd2HgpUYZTwWalfqJZTOiEjFjPUklCpr10fuoMn1lliINI2ZIGz9XfEykJtZ6Gvu0MiRnrZS8T//N6iQmuvZTLODFM0sWiIBHYRDj7Gw+5YtSIqSWEKm5vxXRMFKHGppOF4C6/vEpaF1X3slq7r1XqN3kcRTiBUzgHF66gDnfQgCZQGMEzvMIbEugFvaOPRWsB5TPH8Afo8weeJo1f</latexit>

ZZ <latexit sha1_base64="8LVrqJucQl9xNwsjgr7UF8xAfX0=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUC9C0IvHBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDfzW0+oNI/lgxkn6Ed0IHnIGTVWqt/0iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJr/0Jl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkuZF2bssV+qVUvU2iyMPJ3AK5+DBFVThHmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP4+7jMo=</latexit>=
<latexit sha1_base64="SnYQS61M9QihKlqmdyE6xQ3C+Lw=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx4hkUeEDZkdemFkdnYzM2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaHSPJb3ZpygH9GB5CFn1Fip/tArltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdl77JcqVdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OY/Oi/PufCxac042cwx/4Hz+ALuvjOc=</latexit>

Z
<latexit sha1_base64="SnYQS61M9QihKlqmdyE6xQ3C+Lw=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx4hkUeEDZkdemFkdnYzM2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaHSPJb3ZpygH9GB5CFn1Fip/tArltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdl77JcqVdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OY/Oi/PufCxac042cwx/4Hz+ALuvjOc=</latexit>

Z
<latexit sha1_base64="cYSWwewSOYWMKCnny+vCTghusz8=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1ItQ9OKxiv2ANpTNdtMu3WzC7kQoof/AiwdFvPqPvPlv3LY5aOuDgcd7M8zMCxIpDLrut1NYWV1b3yhulra2d3b3yvsHTROnmvEGi2Ws2wE1XArFGyhQ8naiOY0CyVvB6Hbqt564NiJWjzhOuB/RgRKhYBSt9HDt9coVt+rOQJaJl5MK5Kj3yl/dfszSiCtkkhrT8dwE/YxqFEzySambGp5QNqID3rFU0YgbP5tdOiEnVumTMNa2FJKZ+nsio5Ex4yiwnRHFoVn0puJ/XifF8MrPhEpS5IrNF4WpJBiT6dukLzRnKMeWUKaFvZWwIdWUoQ2nZEPwFl9eJs2zqndRPb8/r9Ru8jiKcATHcAoeXEIN7qAODWAQwjO8wpszcl6cd+dj3lpw8plD+APn8wf/II0F</latexit>

= 1

• Cluster state on Lieb lattice
<latexit sha1_base64="SnYQS61M9QihKlqmdyE6xQ3C+Lw=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx4hkUeEDZkdemFkdnYzM2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaHSPJb3ZpygH9GB5CFn1Fip/tArltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdl77JcqVdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OY/Oi/PufCxac042cwx/4Hz+ALuvjOc=</latexit>

Z
<latexit sha1_base64="SnYQS61M9QihKlqmdyE6xQ3C+Lw=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx4hkUeEDZkdemFkdnYzM2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaHSPJb3ZpygH9GB5CFn1Fip/tArltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdl77JcqVdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OY/Oi/PufCxac042cwx/4Hz+ALuvjOc=</latexit>

Z

<latexit sha1_base64="SnYQS61M9QihKlqmdyE6xQ3C+Lw=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx4hkUeEDZkdemFkdnYzM2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaHSPJb3ZpygH9GB5CFn1Fip/tArltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdl77JcqVdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OY/Oi/PufCxac042cwx/4Hz+ALuvjOc=</latexit>

Z
<latexit sha1_base64="SnYQS61M9QihKlqmdyE6xQ3C+Lw=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx4hkUeEDZkdemFkdnYzM2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaHSPJb3ZpygH9GB5CFn1Fip/tArltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdl77JcqVdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OY/Oi/PufCxac042cwx/4Hz+ALuvjOc=</latexit>

Z
<latexit sha1_base64="L7N7UZSS/wKQC2DQoJDTDfgLm4A=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZqdfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fuKeM5Q==</latexit>

X
<latexit sha1_base64="w+0JMiaS10g5dW14VgnLtnDHye4=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBi2VXinoRil56rGA/oF1KNs22oUl2SbJCWfoXvHhQxKt/yJv/xmy7B219MPB4b4aZeUHMmTau++0U1tY3NreK26Wd3b39g/LhUVtHiSK0RSIeqW6ANeVM0pZhhtNurCgWAaedYHKf+Z0nqjSL5KOZxtQXeCRZyAg2mdS4RReDcsWtunOgVeLlpAI5moPyV38YkURQaQjHWvc8NzZ+ipVhhNNZqZ9oGmMywSPas1RiQbWfzm+doTOrDFEYKVvSoLn6eyLFQuupCGynwGasl71M/M/rJSa88VMm48RQSRaLwoQjE6HscTRkihLDp5Zgopi9FZExVpgYG0/JhuAtv7xK2pdV76pae6hV6nd5HEU4gVM4Bw+uoQ4NaEILCIzhGV7hzRHOi/PufCxaC04+cwx/4Hz+AOHCjX0=</latexit>

H = �
<latexit sha1_base64="ENemIJAp+wqqeR3/OWymDRjDgG8=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBi2VXinosevFYwX7QdinZNNuGJtklyQpl6V/w4kERr/4hb/4bs+0etPXBwOO9GWbmBTFn2rjut1NYW9/Y3Cpul3Z29/YPyodHLR0litAmiXikOgHWlDNJm4YZTjuxolgEnLaDyV3mt5+o0iySj2YaU1/gkWQhI9hk0kW30x2UK27VnQOtEi8nFcjRGJS/+sOIJIJKQzjWuue5sfFTrAwjnM5K/UTTGJMJHtGepRILqv10fusMnVlliMJI2ZIGzdXfEykWWk9FYDsFNmO97GXif14vMeGNnzIZJ4ZKslgUJhyZCGWPoyFTlBg+tQQTxeytiIyxwsTYeEo2BG/55VXSuqx6V9XaQ61Sv83jKMIJnMI5eHANdbiHBjSBwBie4RXeHOG8OO/Ox6K14OQzx/AHzucPfg6N5A==</latexit>�ZXZ

<latexit sha1_base64="SnYQS61M9QihKlqmdyE6xQ3C+Lw=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx4hkUeEDZkdemFkdnYzM2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaHSPJb3ZpygH9GB5CFn1Fip/tArltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdl77JcqVdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OY/Oi/PufCxac042cwx/4Hz+ALuvjOc=</latexit>

Z
<latexit sha1_base64="SnYQS61M9QihKlqmdyE6xQ3C+Lw=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx4hkUeEDZkdemFkdnYzM2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaHSPJb3ZpygH9GB5CFn1Fip/tArltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdl77JcqVdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OY/Oi/PufCxac042cwx/4Hz+ALuvjOc=</latexit>

Z

<latexit sha1_base64="L7N7UZSS/wKQC2DQoJDTDfgLm4A=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZqdfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fuKeM5Q==</latexit>

X<latexit sha1_base64="Cr9F3UUWIVS4ATr4/BRNa4iMtrY=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgxbArQT0GvXhMwDwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGdzO/9YRK81g+mHGCfkQHkoecUWOl+kWvWHLL7hxklXgZKUGGWq/41e3HLI1QGiao1h3PTYw/ocpwJnBa6KYaE8pGdIAdSyWNUPuT+aFTcmaVPgljZUsaMld/T0xopPU4CmxnRM1QL3sz8T+vk5rwxp9wmaQGJVssClNBTExmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3/PIqaV6WvatypV4pVW+zOPJwAqdwDh5cQxXuoQYNYIDwDK/w5jw6L86787FozTnZzDH8gfP5A3d7jLo=</latexit>�

Constraints  
(symmetries)

<latexit sha1_base64="HK0R0ezppjOYU2XdjHziQmB5pZE=">AAACEXicbVDLSsNAFJ34rPUVdelmsAgFoSSlqBuh6MZlBdsGmhAm00k7dDIJMxOhhPyCG3/FjQtF3Lpz5984abPQ1gMDZ865l3vvCRJGpbKsb2NldW19Y7OyVd3e2d3bNw8OezJOBSZdHLNYOAGShFFOuooqRpxEEBQFjPSDyU3h9x+IkDTm92qaEC9CI05DipHSkm/W3QipMUYs6+S+c+UmIh76GcndUCCc2WdO8cmzZu6bNathzQCXiV2SGijR8c0vdxjjNCJcYYakHNhWorwMCUUxI3nVTSVJEJ6gERloylFEpJfNLsrhqVaGMIyFflzBmfq7I0ORlNMo0JXF/nLRK8T/vEGqwksvozxJFeF4PihMGVQxLOKBQyoIVmyqCcKC6l0hHiOdhdIhVnUI9uLJy6TXbNjnjdZdq9a+LuOogGNwAurABhegDW5BB3QBBo/gGbyCN+PJeDHejY956YpR9hyBPzA+fwB1oJ4N</latexit>

PX =
Y

e

1 +Xe

2

<latexit sha1_base64="aAoNBvS0L0cwrrfjbWe7Ml+a73E=">AAACEXicbVC7TsMwFHXKq5RXgJHFokLqVCUIAWMFAx2LRB+iiSLHdVurthPZDlKV9hdY+BUWBhBiZWPjb3DaDNByJEvH59yre+8JY0aVdpxvq7Cyura+UdwsbW3v7O7Z+wctFSUSkyaOWCQ7IVKEUUGammpGOrEkiIeMtMPRdea3H4hUNBJ3ehwTn6OBoH2KkTZSYFc8jvQQI5Y2pkFn4sWKehKJASOeonxyU7/Pv4FddqrODHCZuDkpgxyNwP7yehFOOBEaM6RU13Vi7adIaooZmZa8RJEY4REakK6hAnGi/HR20RSeGKUH+5E0T2g4U393pIgrNeahqcz2V4teJv7ndRPdv/RTKuJEE4Hng/oJgzqCWTywRyXBmo0NQVhSsyvEQyQR1ibEkgnBXTx5mbROq+559ez2rFy7yuMogiNwDCrABRegBuqgAZoAg0fwDF7Bm/VkvVjv1se8tGDlPYfgD6zPH+NTnlE=</latexit>

PX | i ⇠ |GHZi
<latexit sha1_base64="tNssDxNNYUbMQE7P74lT1fwv368=">AAACHHicbVC7TsMwFHXKq5RXgJHFokJiqhKogAWpgoWxSPShNlHkuE5rcJzIdpCq0A9h4VdYGECIhQGJv8FJM0DLkSwdn3Ovfe/xY0alsqxvo7SwuLS8Ul6trK1vbG6Z2zttGSUCkxaOWCS6PpKEUU5aiipGurEgKPQZ6fh3l5nfuSdC0ojfqHFM3BANOQ0oRkpLnnnsMMSHjMCeR3verSPym5c+OCFSI4xY2px4XSeWtLAm57ZnVq2alQPOE7sgVVCg6ZmfziDCSUi4wgxJ2betWLkpEopi/WLFSSSJEb5DQ9LXlKOQSDfNl5vAA60MYBAJfbiCufq7I0WhlOPQ15XZyHLWy8T/vH6igjM3pTxOFOF4+lGQMKgimCUFB1QQrNhYE4QF1bNCPEICYaXzrOgQ7NmV50n7qGaf1OrX9WrjooijDPbAPjgENjgFDXAFmqAFMHgEz+AVvBlPxovxbnxMS0tG0bML/sD4+gEskKKu</latexit>

hZiZji|PX i = 1<latexit sha1_base64="Yj7xM+bkPXxgbQKrODIyVR9/3rk=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1ItQ9OKxgv2AJoTNZtMu3eyG3U2hlP4NLx4U8eqf8ea/cdvmoK0PBh7vzTAzL8o408Z1v53S2vrG5lZ5u7Kzu7d/UD08amuZK0JbRHKpuhHWlDNBW4YZTruZojiNOO1Ew/uZ3xlRpZkUT2ac0SDFfcESRrCxku9nSsbhqBuObr2wWnPr7hxolXgFqUGBZlj98mNJ8pQKQzjWuue5mQkmWBlGOJ1W/FzTDJMh7tOepQKnVAeT+c1TdGaVGCVS2RIGzdXfExOcaj1OI9uZYjPQy95M/M/r5Sa5CSZMZLmhgiwWJTlHRqJZAChmihLDx5Zgopi9FZEBVpgYG1PFhuAtv7xK2hd176p++XhZa9wVcZThBE7hHDy4hgY8QBNaQCCDZ3iFNyd3Xpx352PRWnKKmWP4A+fzB7g1kXw=</latexit>Y

v

Xv = 1Also

 Vertex(v)

Edge (e)



• Cluster state on Lieb lattice

Preparing 2d Long-Range Entangled States
2d toric code state

<latexit sha1_base64="SnYQS61M9QihKlqmdyE6xQ3C+Lw=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx4hkUeEDZkdemFkdnYzM2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaHSPJb3ZpygH9GB5CFn1Fip/tArltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdl77JcqVdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OY/Oi/PufCxac042cwx/4Hz+ALuvjOc=</latexit>

Z
<latexit sha1_base64="SnYQS61M9QihKlqmdyE6xQ3C+Lw=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx4hkUeEDZkdemFkdnYzM2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaHSPJb3ZpygH9GB5CFn1Fip/tArltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdl77JcqVdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OY/Oi/PufCxac042cwx/4Hz+ALuvjOc=</latexit>

Z

<latexit sha1_base64="SnYQS61M9QihKlqmdyE6xQ3C+Lw=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx4hkUeEDZkdemFkdnYzM2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaHSPJb3ZpygH9GB5CFn1Fip/tArltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdl77JcqVdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OY/Oi/PufCxac042cwx/4Hz+ALuvjOc=</latexit>

Z
<latexit sha1_base64="SnYQS61M9QihKlqmdyE6xQ3C+Lw=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx4hkUeEDZkdemFkdnYzM2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaHSPJb3ZpygH9GB5CFn1Fip/tArltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdl77JcqVdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OY/Oi/PufCxac042cwx/4Hz+ALuvjOc=</latexit>

Z
<latexit sha1_base64="L7N7UZSS/wKQC2DQoJDTDfgLm4A=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZqdfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fuKeM5Q==</latexit>

X
<latexit sha1_base64="w+0JMiaS10g5dW14VgnLtnDHye4=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBi2VXinoRil56rGA/oF1KNs22oUl2SbJCWfoXvHhQxKt/yJv/xmy7B219MPB4b4aZeUHMmTau++0U1tY3NreK26Wd3b39g/LhUVtHiSK0RSIeqW6ANeVM0pZhhtNurCgWAaedYHKf+Z0nqjSL5KOZxtQXeCRZyAg2mdS4RReDcsWtunOgVeLlpAI5moPyV38YkURQaQjHWvc8NzZ+ipVhhNNZqZ9oGmMywSPas1RiQbWfzm+doTOrDFEYKVvSoLn6eyLFQuupCGynwGasl71M/M/rJSa88VMm48RQSRaLwoQjE6HscTRkihLDp5Zgopi9FZExVpgYG0/JhuAtv7xK2pdV76pae6hV6nd5HEU4gVM4Bw+uoQ4NaEILCIzhGV7hzRHOi/PufCxaC04+cwx/4Hz+AOHCjX0=</latexit>

H = �
<latexit sha1_base64="ENemIJAp+wqqeR3/OWymDRjDgG8=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbBi2VXinosevFYwX7QdinZNNuGJtklyQpl6V/w4kERr/4hb/4bs+0etPXBwOO9GWbmBTFn2rjut1NYW9/Y3Cpul3Z29/YPyodHLR0litAmiXikOgHWlDNJm4YZTjuxolgEnLaDyV3mt5+o0iySj2YaU1/gkWQhI9hk0kW30x2UK27VnQOtEi8nFcjRGJS/+sOIJIJKQzjWuue5sfFTrAwjnM5K/UTTGJMJHtGepRILqv10fusMnVlliMJI2ZIGzdXfEykWWk9FYDsFNmO97GXif14vMeGNnzIZJ4ZKslgUJhyZCGWPoyFTlBg+tQQTxeytiIyxwsTYeEo2BG/55VXSuqx6V9XaQ61Sv83jKMIJnMI5eHANdbiHBjSBwBie4RXeHOG8OO/Ox6K14OQzx/AHzucPfg6N5A==</latexit>�ZXZ

<latexit sha1_base64="SnYQS61M9QihKlqmdyE6xQ3C+Lw=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx4hkUeEDZkdemFkdnYzM2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaHSPJb3ZpygH9GB5CFn1Fip/tArltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdl77JcqVdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OY/Oi/PufCxac042cwx/4Hz+ALuvjOc=</latexit>

Z
<latexit sha1_base64="SnYQS61M9QihKlqmdyE6xQ3C+Lw=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx4hkUeEDZkdemFkdnYzM2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaHSPJb3ZpygH9GB5CFn1Fip/tArltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdl77JcqVdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OY/Oi/PufCxac042cwx/4Hz+ALuvjOc=</latexit>

Z

<latexit sha1_base64="L7N7UZSS/wKQC2DQoJDTDfgLm4A=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZqdfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fuKeM5Q==</latexit>

X<latexit sha1_base64="Cr9F3UUWIVS4ATr4/BRNa4iMtrY=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgxbArQT0GvXhMwDwgWcLspDcZMzu7zMwKIeQLvHhQxKuf5M2/cZLsQRMLGoqqbrq7gkRwbVz328mtrW9sbuW3Czu7e/sHxcOjpo5TxbDBYhGrdkA1Ci6xYbgR2E4U0igQ2ApGdzO/9YRK81g+mHGCfkQHkoecUWOl+kWvWHLL7hxklXgZKUGGWq/41e3HLI1QGiao1h3PTYw/ocpwJnBa6KYaE8pGdIAdSyWNUPuT+aFTcmaVPgljZUsaMld/T0xopPU4CmxnRM1QL3sz8T+vk5rwxp9wmaQGJVssClNBTExmX5M+V8iMGFtCmeL2VsKGVFFmbDYFG4K3/PIqaV6WvatypV4pVW+zOPJwAqdwDh5cQxXuoQYNYIDwDK/w5jw6L86787FozTnZzDH8gfP5A3d7jLo=</latexit>�

Constraints  
(symmetries)

• Measure X on vertices, post-select the +1 outcome

<latexit sha1_base64="SnYQS61M9QihKlqmdyE6xQ3C+Lw=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx4hkUeEDZkdemFkdnYzM2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaHSPJb3ZpygH9GB5CFn1Fip/tArltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdl77JcqVdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OY/Oi/PufCxac042cwx/4Hz+ALuvjOc=</latexit>

Z

<latexit sha1_base64="SnYQS61M9QihKlqmdyE6xQ3C+Lw=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx4hkUeEDZkdemFkdnYzM2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaHSPJb3ZpygH9GB5CFn1Fip/tArltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdl77JcqVdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OY/Oi/PufCxac042cwx/4Hz+ALuvjOc=</latexit>

Z
<latexit sha1_base64="SnYQS61M9QihKlqmdyE6xQ3C+Lw=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx4hkUeEDZkdemFkdnYzM2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaHSPJb3ZpygH9GB5CFn1Fip/tArltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdl77JcqVdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OY/Oi/PufCxac042cwx/4Hz+ALuvjOc=</latexit>

Z

<latexit sha1_base64="SnYQS61M9QihKlqmdyE6xQ3C+Lw=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHYNUY9ELx4hkUeEDZkdemFkdnYzM2tCCF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaHSPJb3ZpygH9GB5CFn1Fip/tArltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmhdl77JcqVdK1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OY/Oi/PufCxac042cwx/4Hz+ALuvjOc=</latexit>

Z
<latexit sha1_base64="cYSWwewSOYWMKCnny+vCTghusz8=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1ItQ9OKxiv2ANpTNdtMu3WzC7kQoof/AiwdFvPqPvPlv3LY5aOuDgcd7M8zMCxIpDLrut1NYWV1b3yhulra2d3b3yvsHTROnmvEGi2Ws2wE1XArFGyhQ8naiOY0CyVvB6Hbqt564NiJWjzhOuB/RgRKhYBSt9HDt9coVt+rOQJaJl5MK5Kj3yl/dfszSiCtkkhrT8dwE/YxqFEzySambGp5QNqID3rFU0YgbP5tdOiEnVumTMNa2FJKZ+nsio5Ex4yiwnRHFoVn0puJ/XifF8MrPhEpS5IrNF4WpJBiT6dukLzRnKMeWUKaFvZWwIdWUoQ2nZEPwFl9eJs2zqndRPb8/r9Ru8jiKcATHcAoeXEIN7qAODWAQwjO8wpszcl6cd+dj3lpw8plD+APn8wf/II0F</latexit>

= 1

<latexit sha1_base64="L7N7UZSS/wKQC2DQoJDTDfgLm4A=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZqdfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fuKeM5Q==</latexit>

X
<latexit sha1_base64="L7N7UZSS/wKQC2DQoJDTDfgLm4A=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZqdfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fuKeM5Q==</latexit>

X
<latexit sha1_base64="L7N7UZSS/wKQC2DQoJDTDfgLm4A=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZqdfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fuKeM5Q==</latexit>

X
<latexit sha1_base64="L7N7UZSS/wKQC2DQoJDTDfgLm4A=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlZqdfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ+6LqXVZrzVqlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8fuKeM5Q==</latexit>

X

<latexit sha1_base64="DKdLfrbql1oihwBrx+r1F1f8dhc=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1ItQ9OKxov2ANpTNdtIu3WzC7kYooT/BiwdFvPqLvPlv3LY5aOuDgcd7M8zMCxLBtXHdb6ewsrq2vlHcLG1t7+zulfcPmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3U791hMqzWP5aMYJ+hEdSB5yRo2VHq69Uq9ccavuDGSZeDmpQI56r/zV7ccsjVAaJqjWHc9NjJ9RZTgTOCl1U40JZSM6wI6lkkao/Wx26oScWKVPwljZkobM1N8TGY20HkeB7YyoGepFbyr+53VSE175GZdJalCy+aIwFcTEZPo36XOFzIixJZQpbm8lbEgVZcamMw3BW3x5mTTPqt5F9fz+vFK7yeMowhEcwyl4cAk1uIM6NIDBAJ7hFd4c4bw4787HvLXg5DOH8AfO5w8zq40Z</latexit>

= 1&
Toric code ground state  

Wave function
<latexit sha1_base64="pIlHmYjUug4m37MH0tZ/J46dDFg=">AAACEnicbVC7TsMwFHXKq5RXgJHFokKCJUpQBYwVXRiL1JfURJXjuq1V24lsB6lK+w0s/AoLAwixMrHxNzhtBmg5kqWjc+7V9TlhzKjSrvttFdbWNza3itulnd29/QP78KilokRi0sQRi2QnRIowKkhTU81IJ5YE8ZCRdjiuZX77gUhFI9HQk5gEHA0FHVCMtJF69oXPkR5hxNL6bOrHivoSiSEj0FeUw2nDqTm50rPLruPOAVeJl5MyyFHv2V9+P8IJJ0JjhpTqem6sgxRJTTEjs5KfKBIjPEZD0jVUIE5UkM4jzeCZUfpwEEnzhIZz9fdGirhSEx6aySyAWvYy8T+vm+jBTZBSESeaCLw4NEgY1BHM+oF9KgnWbGIIwpKav0I8QhJhbVosmRK85cirpHXpeFdO5b5Srt7mdRTBCTgF58AD16AK7kAdNAEGj+AZvII368l6sd6tj8Vowcp3jsEfWJ8/a56d7g==</latexit>

P| i ⇠ |T.C.i

<latexit sha1_base64="ovo7rHJQEiivzd6WNY/+JgHmYFc=">AAACEXicbVDLSsNAFJ3UV62vqEs3wSIUhJKUom6EohuXFWwbaEKYTCbt0MmDmUmhDPkFN/6KGxeKuHXnzr9x0mahrQcGzpxzL/fe46eUcGGa31plbX1jc6u6XdvZ3ds/0A+P+jzJGMI9lNCE2T7kmJIY9wQRFNspwzDyKR74k9vCH0wx4ySJH8QsxW4ERzEJCYJCSZ7ecCIoxghS2c09+9pJWRJ4cpo7IYNIWud28cllK/f0utk05zBWiVWSOijR9fQvJ0hQFuFYIAo5H1pmKlwJmSCI4rzmZBynEE3gCA8VjWGEuSvnF+XGmVICI0yYerEw5urvDgkjzmeRryqL/fmyV4j/ecNMhFeuJHGaCRyjxaAwo4ZIjCIeIyAMI0FnikDEiNrVQGOoshAqxJoKwVo+eZX0W03rotm+b9c7N2UcVXACTkEDWOASdMAd6IIeQOARPINX8KY9aS/au/axKK1oZc8x+APt8weqr54v</latexit>

PX =
Y

v

1 +Xv

2

R. Raussendorf, S. Bravyi, and J. Harrington. (2005).
N. Tantivasadakarn, R. Thorngren, A. Vishwanath, and R. Verresen (2021)

 Vertex(v)

Edge (e)



More on State Preparation 
Some remarks

• Unitaries + measurements can prepare states that are not reachable 
with only unitaries. 

• The cluster state is equivalent to a product state evolved by a shallow 
unitary evolution. Combined with the measurement, the whole circuit 
effectively implements a Kramers-Wannier duality (gauging). 

• Recently, many non-abelian topological order states are also shown to be 
constructed within the unitary+measurement scheme. 

N. Tantivasadakarn, R. Thorngren, A. Vishwanath, and R. Verresen (2021)
N. Tantivasadakarn, A. Vishwanath, and R. Verresen (2021)(2022)

TC Lu, L. Lessa, I. Kim, and T. Hseih (2022)

S. Bravy, I. Kim, A. Kliesch, and R. Koenig (2022)



• Motivations - Prepare Exotic States in Quantum Simulators 

• Measurement-prepared Quantum Critical States (with 
Post-selections) 

• No Post-selection — Randomness — 2d Random bond 
Ising model — Nishimori Line 

Outline



• Consider the 1d cluster state, now measure all spins on the even sites along 
the Z direction and post-select +1 outcomes. 

A Trivial Limit of the Measurements
Symmetric product state

<latexit sha1_base64="il1+5akyKB5soiTYb7vkb00E0vU=">AAAB/nicbZBNS8MwGMfT+TbnW1U8eQkOQRBHI0O9CEMvHie4F9xKSbN0C0vTkqTCKAW/ihcPinj1c3jz25huPej0gZAf///zkCd/P+ZMacf5skoLi0vLK+XVytr6xuaWvb3TVlEiCW2RiEey62NFORO0pZnmtBtLikOf044/vs79zgOVikXiTk9i6oZ4KFjACNZG8uy9ey9lJyjrmivL+Rhll8izq07NmRb8C6iAKiiq6dmf/UFEkpAKTThWqoecWLsplpoRTrNKP1E0xmSMh7RnUOCQKjedrp/BQ6MMYBBJc4SGU/XnRIpDpSahbzpDrEdq3svF/7xeooMLN2UiTjQVZPZQkHCoI5hnAQdMUqL5xAAmkpldIRlhiYk2iVVMCGj+y3+hfVpDZ7X6bb3auCriKIN9cACOAALnoAFuQBO0AAEpeAIv4NV6tJ6tN+t91lqyipld8Kusj28pbpT6</latexit>

Zi�1XiZi+1 = 1From 

& measurement outcome
<latexit sha1_base64="5Wd56wogIeMfaZDuMxKXj8ndcIQ=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBA8hd0Q1IsQ9OIxgnlgsoTZSScZMju7zswKYclPePGgiFd/x5t/4yTZgyYWNBRV3XR3BbHg2rjut7Oyura+sZnbym/v7O7tFw4OGzpKFMM6i0SkWgHVKLjEuuFGYCtWSMNAYDMY3Uz95hMqzSN5b8Yx+iEdSN7njBortR66aVlOrrxuoeiW3BnIMvEyUoQMtW7hq9OLWBKiNExQrdueGxs/pcpwJnCS7yQaY8pGdIBtSyUNUfvp7N4JObVKj/QjZUsaMlN/T6Q01HocBrYzpGaoF72p+J/XTkz/0k+5jBODks0X9RNBTESmz5MeV8iMGFtCmeL2VsKGVFFmbER5G4K3+PIyaZRL3nmpclcpVq+zOHJwDCdwBh5cQBVuoQZ1YCDgGV7hzXl0Xpx352PeuuJkM0fwB87nD2nUj5I=</latexit>

Z2n = 1

<latexit sha1_base64="9i4saiIpU55/UXHQxXgeiG/fiVg=">AAAB8XicbVDLSgNBEOz1GeMr6tHLYBC8GHZDUC9C0IvHCOaByRJmJ5NkyOzsMtMrhCV/4cWDIl79G2/+jZNkD5pY0FBUddPdFcRSGHTdb2dldW19YzO3ld/e2d3bLxwcNkyUaMbrLJKRbgXUcCkUr6NAyVux5jQMJG8Go9up33zi2ohIPeA45n5IB0r0BaNopcdWNy2rc29y7XULRbfkzkCWiZeRImSodQtfnV7EkpArZJIa0/bcGP2UahRM8km+kxgeUzaiA962VNGQGz+dXTwhp1bpkX6kbSkkM/X3REpDY8ZhYDtDikOz6E3F/7x2gv0rPxUqTpArNl/UTyTBiEzfJz2hOUM5toQyLeythA2ppgxtSHkbgrf48jJplEveRalyXylWb7I4cnAMJ3AGHlxCFe6gBnVgoOAZXuHNMc6L8+58zFtXnGzmCP7A+fwBRBaQAg==</latexit>

X2n�1 = 1

• The resulting state is a symmetric product state

• Q: what if we measure along an intermediate angle? Will there 
be a transition?

<latexit sha1_base64="qVC40D6+FipyMyhsToWbkFVQbwE=">AAACFnicbVDLSsNAFJ3UV62vqEs3g0UQxJBIUZdFNy4r2Ac2IUymk3boZBJmJkJJ+xVu/BU3LhRxK+78GydtFtp6YOBwzr3cOSdIGJXKtr+N0tLyyupaeb2ysbm1vWPu7rVknApMmjhmsegESBJGOWkqqhjpJIKgKGCkHQyvc7/9QISkMb9To4R4EepzGlKMlJZ889SNkBpgxLLGxL8fu4mkrkC8z4graQTHJxqWZRWab1Zty54CLhKnIFVQoOGbX24vxmlEuMIMSdl17ER5GRKKYkYmFTeVJEF4iPqkqylHEZFeNo01gUda6cEwFvpxBafq740MRVKOokBP5iHkvJeL/3ndVIWXXkZ5kirC8exQmDKoYph3BHtUEKzYSBOEBdV/hXiABMJKN1nRJTjzkRdJ68xyzq3aba1avyrqKIMDcAiOgQMuQB3cgAZoAgwewTN4BW/Gk/FivBsfs9GSUezsgz8wPn8Ailqe8g==</latexit>

PZ | i ⇠ |++++...i
<latexit sha1_base64="7S0ygVAvogeQWsHFgcEirxmL4YU=">AAACHHicbVC7TsMwFHXKq5RXgJHFokJiqhKogAWpgoWxSPShNlHkuE5rcJzIdpCq0A9h4VdYGECIhQGJv8FJM0DLkSwdn3Ovfe/xY0alsqxvo7SwuLS8Ul6trK1vbG6Z2zttGSUCkxaOWCS6PpKEUU5aiipGurEgKPQZ6fh3l5nfuSdC0ojfqHFM3BANOQ0oRkpLnnnsMMSHjMCeR3verSPym5c+OCFSI4xY2px4PSeWtLAm55ZnVq2alQPOE7sgVVCg6ZmfziDCSUi4wgxJ2betWLkpEopi/WLFSSSJEb5DQ9LXlKOQSDfNl5vAA60MYBAJfbiCufq7I0WhlOPQ15XZyHLWy8T/vH6igjM3pTxOFOF4+lGQMKgimCUFB1QQrNhYE4QF1bNCPEICYaXzrOgQ7NmV50n7qGaf1OrX9WrjooijDPbAPjgENjgFDXAFmqAFMHgEz+AVvBlPxovxbnxMS0tG0bML/sD4+gEuMKKv</latexit>

hZiZji|PZ i = 0



Decorated Domain Wall States
A closer look to the 1d cluster state

• Measuring X operators on the even sites —> fixing a unique domain wall 
configuration — the zero temperature limit of a classical Ising model.  

<latexit sha1_base64="+IbAl81bJ1KKlKMXEAyLwKPO1D0=">AAACNHicbZBNS8MwGMfT+TbnW9Wjl+AQBLG0MtTj0IvgZYJ7gbWMNEu3sDQtSeoY3T6UFz+IFxE8KOLVz2C2VdHNBwI//v/nSfL8/ZhRqWz72cgtLC4tr+RXC2vrG5tb5vZOTUaJwKSKIxaJho8kYZSTqqKKkUYsCAp9Rup+73Ls1++IkDTit2oQEy9EHU4DipHSUsu8HrqxpK5AvMOIK2kIh24SIyGiPjz6pmO3HfV5hpn2Y1qWlY23zKJt2ZOC8+BkUARZVVrmo74YJyHhCjMkZdOxY+WlSCiKGRkV3ESSGOEe6pCmRo5CIr10svQIHmilDYNI6MMVnKi/J1IUSjkIfd0ZItWVs95Y/M9rJio491LK40QRjqcPBQmDKoLjBGGbCoIVG2hAWFD9V4i7SCCsdM4FHYIzu/I81E4s59Qq3ZSK5YssjjzYA/vgEDjgDJTBFaiAKsDgHjyBV/BmPBgvxrvxMW3NGdnMLvhTxucXOsCs+g==</latexit>

| i ⇠ | " + " � # � " + " ...i
<latexit sha1_base64="gtDV4jJ789USldkCbozvwWVLlOA=">AAACJnicbZDLSgMxFIYz9VbrbdSlm2ARhNJhRoq6EYpuXFawF2hLyaRpG5pJhiRjKbVP48ZXceOiIuLORzGdTlFbDwQ+/v+cJOf3Q0aVdt1PK7Wyura+kd7MbG3v7O7Z+wcVJSKJSRkLJmTNR4owyklZU81ILZQEBT4jVb9/M/WrD0QqKvi9HoakGaAupx2KkTZSy77KPTaiEEkpBjDfaIsBjzn3g/m5n5uD4zgNiXiXkZaddR03LrgMXgJZkFSpZU/MxTgKCNeYIaXqnhvq5ghJTTEj40wjUiREuI+6pG6Qo4Co5ihecwxPjNKGHSHN4RrG6u+JEQqUGga+6QyQ7qlFbyr+59Uj3blsjigPI004nj3UiRjUAk4zg20qCdZsaABhSc1fIe4hibA2yWZMCN7iystQOXO8c6dwV8gWr5M40uAIHINT4IELUAS3oATKAIMn8AIm4M16tl6td+tj1pqykplD8Kesr2/vd6au</latexit>

+| " � # + # � " + " ...i
<latexit sha1_base64="T13gW7C9L1Al2upHDYbFWV+859M=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBZBEEIiRT0WvXisYD+gDWWz3bRLdzdhdyOU0L/gxYMiXv1D3vw3btoctPXBwOO9GWbmhQln2njet1NaW9/Y3CpvV3Z29/YPqodHbR2nitAWiXmsuiHWlDNJW4YZTruJoliEnHbCyV3ud56o0iyWj2aa0EDgkWQRI9jk0oXruoNqzXO9OdAq8QtSgwLNQfWrP4xJKqg0hGOte76XmCDDyjDC6azSTzVNMJngEe1ZKrGgOsjmt87QmVWGKIqVLWnQXP09kWGh9VSEtlNgM9bLXi7+5/VSE90EGZNJaqgki0VRypGJUf44GjJFieFTSzBRzN6KyBgrTIyNp2JD8JdfXiXtS9e/cusP9VrjtoijDCdwCufgwzU04B6a0AICY3iGV3hzhPPivDsfi9aSU8wcwx84nz+1Z41g</latexit>

+...

<latexit sha1_base64="3fY7ttOaWSIOMxRDbfkXTCGdSmg=">AAACKXicbZDLSgMxFIYzXmu9jbp0EyyCUBxmpKjLohuXFewFOkPJpJk2NJMMScZSal/Hja/iRkFRt76IaTugtj0Q+Pj/c5KcP0wYVdp1P62l5ZXVtfXcRn5za3tn197brymRSkyqWDAhGyFShFFOqppqRhqJJCgOGamHveuxX78nUlHB7/QgIUGMOpxGFCNtpJZdLj74bdHnSErRL/7iqZ8mGSyyHcfxJeIdRlp2wXXcScF58DIogKwqLfvVXIPTmHCNGVKq6bmJDoZIaooZGeX9VJEE4R7qkKZBjmKiguFk0xE8NkobRkKawzWcqH8nhihWahCHpjNGuqtmvbG4yGumOroMhpQnqSYcTx+KUga1gOPYYJtKgjUbGEBYUvNXiLtIIqxNuHkTgje78jzUzhzv3CndlgrlqyyOHDgER+AEeOAClMENqIAqwOARPIM38G49WS/Wh/U1bV2yspkD8K+s7x8IKKhS</latexit>

+| # + # � " � # + # ...i
<latexit sha1_base64="LOTqxHzcd9t+5RsB2c9Pk/cc3s8=">AAACJ3icbZBdS8MwFIbT+TXnV9VLb4pDEMZKK0O9kqE3Xk5wH7CWkWbpFpamJUkdo+7feONf8UZQEb30n5h1lenmgcDD+56T5LxeRImQlvWp5ZaWV1bX8uuFjc2t7R19d68hwpgjXEchDXnLgwJTwnBdEklxK+IYBh7FTW9wNfGbd5gLErJbOYqwG8AeIz5BUCqpo1+U7p1uOGSQ83BYduIohdIPlGdmaYamaTocsh7FHb1omVZaxiLYGRRBVrWO/qKuQXGAmUQUCtG2rUi6CeSSIIrHBScWOIJoAHu4rZDBAAs3SfccG0dK6Rp+yNVh0kjV3xMJDIQYBZ7qDKDsi3lvIv7ntWPpn7sJYVEsMUPTh/yYGjI0JqEZXcIxknSkACJO1F8N1IccIqmiLagQ7PmVF6FxYtqnZuWmUqxeZnHkwQE4BMfABmegCq5BDdQBAg/gCbyCN+1Re9betY9pa07LZvbBn9K+vgFKhKdr</latexit>

+| # � " + " � # + # ...i

<latexit sha1_base64="rR/AyQELPSi4cBPKoNpBtaR10X0=">AAAB/XicbVDLSsNAFL3xWesrPnZuBovgqiSlqJtC0Y0rqWAf0MYwmU7boZNJmJkINRR/xY0LRdz6H+78G6dtFtp64MLhnHu5954g5kxpx/m2lpZXVtfWcxv5za3tnV17b7+hokQSWicRj2QrwIpyJmhdM81pK5YUhwGnzWB4NfGbD1QqFok7PYqpF+K+YD1GsDaSbx92asxPRcUd39+glp+WxLji+nbBKTpToEXiZqQAGWq+/dXpRiQJqdCEY6XarhNrL8VSM8LpON9JFI0xGeI+bRsqcEiVl06vH6MTo3RRL5KmhEZT9fdEikOlRmFgOkOsB2rem4j/ee1E9y68lIk40VSQ2aJewpGO0CQK1GWSEs1HhmAimbkVkQGWmGgTWN6E4M6/vEgapaJ7VizflgvVyyyOHBzBMZyCC+dQhWuoQR0IPMIzvMKb9WS9WO/Wx6x1ycpmDuAPrM8fAoWUTQ==</latexit>

⇧N
n=1X2n = 1

<latexit sha1_base64="PF56n0s3AHY+a0CD4FqcbOaBzY4=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2AR3FgmpaibQtGNK6lgH9COQyZN29BMZkgyQhln4a+4caGIW3/DnX9j2s5CWw9cOJxzL/fe40ecKe0431ZuaXlldS2/XtjY3NresXf3miqMJaENEvJQtn2sKGeCNjTTnLYjSXHgc9ryR1cTv/VApWKhuNPjiLoBHgjWZwRrI3n2QbfOvERUUXp/A9teUhanKK0izy46JWcKuEhQRoogQ92zv7q9kMQBFZpwrFQHOZF2Eyw1I5ymhW6saITJCA9ox1CBA6rcZHp/Co+N0oP9UJoSGk7V3xMJDpQaB77pDLAeqnlvIv7ndWLdv3ATJqJYU0Fmi/oxhzqEkzBgj0lKNB8bgolk5lZIhlhiok1kBRMCmn95kTTLJXRWqtxWirXLLI48OARH4AQgcA5q4BrUQQMQ8AiewSt4s56sF+vd+pi15qxsZh/8gfX5A+hklL8=</latexit>

⇧N
n=1X2n�1 = 1

<latexit sha1_base64="il1+5akyKB5soiTYb7vkb00E0vU=">AAAB/nicbZBNS8MwGMfT+TbnW1U8eQkOQRBHI0O9CEMvHie4F9xKSbN0C0vTkqTCKAW/ihcPinj1c3jz25huPej0gZAf///zkCd/P+ZMacf5skoLi0vLK+XVytr6xuaWvb3TVlEiCW2RiEey62NFORO0pZnmtBtLikOf044/vs79zgOVikXiTk9i6oZ4KFjACNZG8uy9ey9lJyjrmivL+Rhll8izq07NmRb8C6iAKiiq6dmf/UFEkpAKTThWqoecWLsplpoRTrNKP1E0xmSMh7RnUOCQKjedrp/BQ6MMYBBJc4SGU/XnRIpDpSahbzpDrEdq3svF/7xeooMLN2UiTjQVZPZQkHCoI5hnAQdMUqL5xAAmkpldIRlhiYk2iVVMCGj+y3+hfVpDZ7X6bb3auCriKIN9cACOAALnoAFuQBO0AAEpeAIv4NV6tJ6tN+t91lqyipld8Kusj28pbpT6</latexit>

Zi�1XiZi+1 = 1

• Measuring Z operators on the even sites —> fluctuating all configurations of 
domain walls — the high-temperature limit. 

<latexit sha1_base64="tNssDxNNYUbMQE7P74lT1fwv368=">AAACHHicbVC7TsMwFHXKq5RXgJHFokJiqhKogAWpgoWxSPShNlHkuE5rcJzIdpCq0A9h4VdYGECIhQGJv8FJM0DLkSwdn3Ovfe/xY0alsqxvo7SwuLS8Ul6trK1vbG6Z2zttGSUCkxaOWCS6PpKEUU5aiipGurEgKPQZ6fh3l5nfuSdC0ojfqHFM3BANOQ0oRkpLnnnsMMSHjMCeR3verSPym5c+OCFSI4xY2px4XSeWtLAm57ZnVq2alQPOE7sgVVCg6ZmfziDCSUi4wgxJ2betWLkpEopi/WLFSSSJEb5DQ9LXlKOQSDfNl5vAA60MYBAJfbiCufq7I0WhlOPQ15XZyHLWy8T/vH6igjM3pTxOFOF4+lGQMKgimCUFB1QQrNhYE4QF1bNCPEICYaXzrOgQ7NmV50n7qGaf1OrX9WrjooijDPbAPjgENjgFDXAFmqAFMHgEz+AVvBlPxovxbnxMS0tG0bML/sD4+gEskKKu</latexit>

hZiZji|PX i = 1

<latexit sha1_base64="7S0ygVAvogeQWsHFgcEirxmL4YU=">AAACHHicbVC7TsMwFHXKq5RXgJHFokJiqhKogAWpgoWxSPShNlHkuE5rcJzIdpCq0A9h4VdYGECIhQGJv8FJM0DLkSwdn3Ovfe/xY0alsqxvo7SwuLS8Ul6trK1vbG6Z2zttGSUCkxaOWCS6PpKEUU5aiipGurEgKPQZ6fh3l5nfuSdC0ojfqHFM3BANOQ0oRkpLnnnsMMSHjMCeR3verSPym5c+OCFSI4xY2px4PSeWtLAm55ZnVq2alQPOE7sgVVCg6ZmfziDCSUi4wgxJ2betWLkpEopi/WLFSSSJEb5DQ9LXlKOQSDfNl5vAA60MYBAJfbiCufq7I0WhlOPQ15XZyHLWy8T/vH6igjM3pTxOFOF4+lGQMKgimCUFB1QQrNhYE4QF1bNCPEICYaXzrOgQ7NmV50n7qGaf1OrX9WrjooijDPbAPjgENjgFDXAFmqAFMHgEz+AVvBlPxovxbnxMS0tG0bML/sD4+gEuMKKv</latexit>

hZiZji|PZ i = 0

2N spins, periodic boundary condition



Mapping to Stat. Mech. Model
Measurement angle as effective temperature

H H H H

• A tensor network rep. of the cluster state

<latexit sha1_base64="14waToyF0UaWnq93L2hYQFyvtrI=">AAACAXicbVDLSgNBEOz1GeNr1YvgZTAIESHshqBehKAXjxHMA7MhzE5mkyGzD2dmhbCsF3/FiwdFvPoX3vwbJ8keNLGgoajqprvLjTiTyrK+jYXFpeWV1dxafn1jc2vb3NltyDAWhNZJyEPRcrGknAW0rpjitBUJin2X06Y7vBr7zQcqJAuDWzWKaMfH/YB5jGClpa65f+F4ApPEThNH3guVlNO02Dq5O+6aBatkTYDmiZ2RAmSodc0vpxeS2KeBIhxL2batSHUSLBQjnKZ5J5Y0wmSI+7StaYB9KjvJ5IMUHWmlh7xQ6AoUmqi/JxLsSznyXd3pYzWQs95Y/M9rx8o77yQsiGJFAzJd5MUcqRCN40A9JihRfKQJJoLpWxEZYJ2I0qHldQj27MvzpFEu2aelyk2lUL3M4sjBARxCEWw4gypcQw3qQOARnuEV3own48V4Nz6mrQtGNrMHf2B8/gDLUpZ4</latexit>

=
1p
2
(X + Z)

<latexit sha1_base64="3hGe3s3Rj3gnbg5nBC5BzLBjn+I=">AAAB9HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqBch6MVjBPOAZAmzs7PJmNmHM72BsOQ7vHhQxKsf482/cZLsQRMLGoqqbrq7vEQKjbb9bRVWVtfWN4qbpa3tnd298v5BU8epYrzBYhmrtkc1lyLiDRQoeTtRnIae5C1veDv1WyOutIijBxwn3A1pPxKBYBSN5F53fS6R9jLxOJz0yhW7as9AlomTkwrkqPfKX10/ZmnII2SSat1x7ATdjCoUTPJJqZtqnlA2pH3eMTSiIdduNjt6Qk6M4pMgVqYiJDP190RGQ63HoWc6Q4oDvehNxf+8TorBlZuJKEmRR2y+KEglwZhMEyC+UJyhHBtCmRLmVsIGVFGGJqeSCcFZfHmZNM+qzkX1/P68UrvJ4yjCERzDKThwCTW4gzo0gMETPMMrvFkj68V6tz7mrQUrnzmEP7A+fwD1OpI9</latexit>

= �ijk
<latexit sha1_base64="ZjLhdHqzH7R4zyTAlWrmyVGN9ac=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBZBEEoiRT0WvXisYD+gDWWz3bRLN5uwOxFK6I/w4kERr/4eb/4bt20O2vpg4PHeDDPzgkQKg6777RTW1jc2t4rbpZ3dvf2D8uFRy8SpZrzJYhnrTkANl0LxJgqUvJNoTqNA8nYwvpv57SeujYjVI04S7kd0qEQoGEUrtXs44kgv+uWKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn83PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieONnQiUpcsUWi8JUEozJ7HcyEJozlBNLKNPC3krYiGrK0CZUsiF4yy+vktZl1buq1h5qlfptHkcRTuAUzsGDa6jDPTSgCQzG8Ayv8OYkzovz7nwsWgtOPnMMf+B8/gAPgI9m</latexit>

✓+
<latexit sha1_base64="ZjLhdHqzH7R4zyTAlWrmyVGN9ac=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBZBEEoiRT0WvXisYD+gDWWz3bRLN5uwOxFK6I/w4kERr/4eb/4bt20O2vpg4PHeDDPzgkQKg6777RTW1jc2t4rbpZ3dvf2D8uFRy8SpZrzJYhnrTkANl0LxJgqUvJNoTqNA8nYwvpv57SeujYjVI04S7kd0qEQoGEUrtXs44kgv+uWKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn83PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieONnQiUpcsUWi8JUEozJ7HcyEJozlBNLKNPC3krYiGrK0CZUsiF4yy+vktZl1buq1h5qlfptHkcRTuAUzsGDa6jDPTSgCQzG8Ayv8OYkzovz7nwsWgtOPnMMf+B8/gAPgI9m</latexit>

✓+

<latexit sha1_base64="ZjLhdHqzH7R4zyTAlWrmyVGN9ac=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBZBEEoiRT0WvXisYD+gDWWz3bRLN5uwOxFK6I/w4kERr/4eb/4bt20O2vpg4PHeDDPzgkQKg6777RTW1jc2t4rbpZ3dvf2D8uFRy8SpZrzJYhnrTkANl0LxJgqUvJNoTqNA8nYwvpv57SeujYjVI04S7kd0qEQoGEUrtXs44kgv+uWKW3XnIKvEy0kFcjT65a/eIGZpxBUySY3pem6CfkY1Cib5tNRLDU8oG9Mh71qqaMSNn83PnZIzqwxIGGtbCslc/T2R0ciYSRTYzojiyCx7M/E/r5tieONnQiUpcsUWi8JUEozJ7HcyEJozlBNLKNPC3krYiGrK0CZUsiF4yy+vktZl1buq1h5qlfptHkcRTuAUzsGDa6jDPTSgCQzG8Ayv8OYkzovz7nwsWgtOPnMMf+B8/gAPgI9m</latexit>

✓+
<latexit sha1_base64="8LVrqJucQl9xNwsjgr7UF8xAfX0=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKUC9C0IvHBMwDkiXMTnqTMbOzy8ysEEK+wIsHRbz6Sd78GyfJHjSxoKGo6qa7K0gE18Z1v53c2vrG5lZ+u7Czu7d/UDw8auo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDfzW0+oNI/lgxkn6Ed0IHnIGTVWqt/0iiW37M5BVomXkRJkqPWKX91+zNIIpWGCat3x3MT4E6oMZwKnhW6qMaFsRAfYsVTSCLU/mR86JWdW6ZMwVrakIXP198SERlqPo8B2RtQM9bI3E//zOqkJr/0Jl0lqULLFojAVxMRk9jXpc4XMiLEllClubyVsSBVlxmZTsCF4yy+vkuZF2bssV+qVUvU2iyMPJ3AK5+DBFVThHmrQAAYIz/AKb86j8+K8Ox+L1pyTzRzDHzifP4+7jMo=</latexit>=

Projection to the +1 state 
<latexit sha1_base64="+4+bS1RcRwyu7YLTsQ1EFPHERVs=">AAACAHicbZDLSgMxFIYzXmu9jbpw4SZYBEEoM1LUZdGNywr2gp2hZNJMG5pJhuSMUIZufBU3LhRx62O4821MLwtt/SHw8Z9zODl/lApuwPO+naXlldW19cJGcXNre2fX3dtvGJVpyupUCaVbETFMcMnqwEGwVqoZSSLBmtHgZlxvPjJtuJL3MExZmJCe5DGnBKzVcQ9bAVUmgD4DcvYQGC6n3HFLXtmbCC+CP4MSmqnWcb+CrqJZwiRQQYxp+14KYU40cCrYqBhkhqWEDkiPtS1KkjAT5pMDRvjEOl0cK22fBDxxf0/kJDFmmES2MyHQN/O1sflfrZ1BfBXmXKYZMEmni+JMYFB4nAbucs0oiKEFQjW3f8W0TzShYDMr2hD8+ZMXoXFe9i/KlbtKqXo9i6OAjtAxOkU+ukRVdItqqI4oGqFn9IrenCfnxXl3PqatS85s5gD9kfP5A+zElqI=</latexit>

X cos ✓ + Z sin ✓• The resulting wavefunction 
<latexit sha1_base64="uXEjv/IvjGO0Xw/zr9QwM/Abwm4="></latexit>

P✓| i ⇠ ⌦N
i=1

1p
2

✓p
1 + cos ✓|Z2i�1Z2i+1 = +1i+ sin ✓p

1 + cos ✓
|Z2i�1Z2i+1 = �1i

◆

<latexit sha1_base64="Md/Bp9wPvciWxjdpUeKIkoCLyzI="></latexit>

⇠ e��/2
PN

i=1 Z2i�1Z2i+1 ⌦N
i=1 |+i2i�1 Where 

•   The amplitude of the wave function is mapped to the Boltzmann weight of 
a classical Ising model. 



• Turns out that the 1d case, at any small     , long-range order is destroyed as 
at any finite temperature 1d Ising model is thermally disordered. 

Can we get a phase transition?

Mapping to Stat. Mech. Model

<latexit sha1_base64="pYM132qgRhMHaU/a61ywLFbdrWg=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ae0oWy2m3btZhN2J0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilVg9HHGm/XHGr7hxklXg5qUCORr/81RvELI24QiapMV3PTdDPqEbBJJ+WeqnhCWVjOuRdSxWNuPGz+bVTcmaVAQljbUshmau/JzIaGTOJAtsZURyZZW8m/ud1Uwyv/UyoJEWu2GJRmEqCMZm9TgZCc4ZyYgllWthbCRtRTRnagEo2BG/55VXSuqh6l9Xafa1Sv8njKMIJnMI5eHAFdbiDBjSBwSM8wyu8ObHz4rw7H4vWgpPPHMMfOJ8/puWPMQ==</latexit>

✓

<latexit sha1_base64="mMK5uqkAI97VPsXJBPFCaD+AA9w="></latexit>

hZiZjiP✓| i ⇠ e�|i�j|/⇠ With

• Preparations of 1d GHZ states are not robust against measurement angle error.  

• Situations will be different in higher dimensions.



2 Dimensions

• Measuring the vertices — 2d classical Ising gauge theory at finite temperature

• Measuring the edges — 2d classical Ising model at finite temperature

<latexit sha1_base64="CN9XewL57PqzXjecsjLeN9UiFmo="></latexit>

P✓| i ⇠ e�
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<latexit sha1_base64="ljxjVVxRZBbzcIHS+NtH6ChbN0Q="></latexit>
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<latexit sha1_base64="OPZ5nTJIcNZVWmBDo97gHDDIk+A=">AAACC3icbZC7TsMwFIadcivlFmBksVohMUCVoApYkCpYOhaJXtQmihzXad06TmQ7SFXUnYVXYWEAIVZegI23wU07QMsvWfr0n3Nsn9+PGZXKsr6N3Mrq2vpGfrOwtb2zu2fuHzRllAhMGjhikWj7SBJGOWkoqhhpx4Kg0Gek5Y9up/XWAxGSRvxejWPihqjPaUAxUtryzGLt+syRSeilDkO8zwikp0NHZDjpeLTjDT2zZJWtTHAZ7DmUwFx1z/xyehFOQsIVZkjKrm3Fyk2RUBTrWwtOIkmM8Aj1SVcjRyGRbprtMoHH2unBIBL6cAUz9/dEikIpx6GvO0OkBnKxNjX/q3UTFVy5KeVxogjHs4eChEEVwWkwsEcFwYqNNSAsqP4rxAMkEFY6voIOwV5ceRma52X7oly5q5SqN/M48uAIFMEJsMElqIIaqIMGwOARPINX8GY8GS/Gu/Exa80Z85lD8EfG5w+XC5rK</latexit>
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• No finite temperature transition 
• 1-form symmetry restored for

<latexit sha1_base64="D0jH0VezY4l0SJ1Nxd9W7fD+qnQ="></latexit>
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<latexit sha1_base64="vUD8ZoM4G21W5RTbgQ6soGvwmgw=">AAACBXicbVDLSsNAFJ3UV62vqEtdDBbBjSWRom6EopsuK9gHNiFMprft0MkkzEwKJXTjxl9x40IRt/6DO//G6WOh1QMXDufcy733hAlnSjvOl5VbWl5ZXcuvFzY2t7Z37N29hopTSaFOYx7LVkgUcCagrpnm0EokkCjk0AwHNxO/OQSpWCzu9CgBPyI9wbqMEm2kwD6sXp16Ko2CbDj2Ehl3ggw8JvBwfB9AYBedkjMF/kvcOSmiOWqB/el1YppGIDTlRKm26yTaz4jUjHIYF7xUQULogPSgbaggESg/m34xxsdG6eBuLE0Jjafqz4mMREqNotB0RkT31aI3Ef/z2qnuXvoZE0mqQdDZom7KsY7xJBLcYRKo5iNDCJXM3Ippn0hCtQmuYEJwF1/+SxpnJfe8VL4tFyvX8zjy6AAdoRPkogtUQVVUQ3VE0QN6Qi/o1Xq0nq03633WmrPmM/voF6yPb6YRmLA=</latexit>
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<latexit sha1_base64="kPwufMcxsU/DQR+PvVZmbi2ikOk=">AAAB9XicbVDLTgJBEJz1ifhCPXqZSEw84S4h6oED0YtHTOSRsCuZHXphwuwjM70aQvgPLx40xqv/4s2/cYA9KFhJJ5Wq7nR3+YkUGm3721pZXVvf2Mxt5bd3dvf2CweHTR2nikODxzJWbZ9pkCKCBgqU0E4UsNCX0PKHN1O/9QhKizi6x1ECXsj6kQgEZ2ikB7vq4gCQVd1EnJe7haJdsmegy8TJSJFkqHcLX24v5mkIEXLJtO44doLemCkUXMIk76YaEsaHrA8dQyMWgvbGs6sn9NQoPRrEylSEdKb+nhizUOtR6JvOkOFAL3pT8T+vk2Jw5Y1FlKQIEZ8vClJJMabTCGhPKOAoR4YwroS5lfIBU4yjCSpvQnAWX14mzXLJuShV7irF2nUWR44ckxNyRhxySWrkltRJg3CiyDN5JW/Wk/VivVsf89YVK5s5In9gff4ATamRvw==</latexit>

0 < ✓ < ⇡/2

• Symmetry breaking state is stable up to a finite temperature 
• We get a transition in the behavior of the projected wave function



Properties of the Critical States
Spatial correlation functions

<latexit sha1_base64="ljxjVVxRZBbzcIHS+NtH6ChbN0Q="></latexit>
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<latexit sha1_base64="OPZ5nTJIcNZVWmBDo97gHDDIk+A=">AAACC3icbZC7TsMwFIadcivlFmBksVohMUCVoApYkCpYOhaJXtQmihzXad06TmQ7SFXUnYVXYWEAIVZegI23wU07QMsvWfr0n3Nsn9+PGZXKsr6N3Mrq2vpGfrOwtb2zu2fuHzRllAhMGjhikWj7SBJGOWkoqhhpx4Kg0Gek5Y9up/XWAxGSRvxejWPihqjPaUAxUtryzGLt+syRSeilDkO8zwikp0NHZDjpeLTjDT2zZJWtTHAZ7DmUwFx1z/xyehFOQsIVZkjKrm3Fyk2RUBTrWwtOIkmM8Aj1SVcjRyGRbprtMoHH2unBIBL6cAUz9/dEikIpx6GvO0OkBnKxNjX/q3UTFVy5KeVxogjHs4eChEEVwWkwsEcFwYqNNSAsqP4rxAMkEFY6voIOwV5ceRma52X7oly5q5SqN/M48uAIFMEJsMElqIIaqIMGwOARPINX8GY8GS/Gu/Exa80Z85lD8EfG5w+XC5rK</latexit>
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• For D=2

• At the critical measurement angle, the spatial correlation function 
maps to the correlation function of D-dimensional Ising CFT. 

<latexit sha1_base64="b0HFjeW2shh8EzY3HWvWBnDhDgs="></latexit>
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E. Ardonne, P. Fendley, and E. Fradkin (2004)



Properties of the Critical States
Parent hamiltonians

S. V. Isakov, P. Fendley, A. W. W. Ludwig, S. Trebst, and M. Troyer (2011)

• There is a general way to construct a parent hamiltonian (certain 
quantum dimer models) such that the critical wave function is the 
ground state. 

C L Henley (2004)

• The quantum hamiltonian so constructed will have a dynamical 
exponent which is exactly equal to the dynamical exponent of the 
classical relaxation dynamics of the classical Ising model.  
z=2.1667(5).



3 Dimensional Generalizations
•  3d cluster state with                     symmetry

•Measure vertices — 3d classical 2-form Ising 
gauge theory — no transition

•Measure edges — 3d classical Ising model — transition at 

•  3d cluster state with                     symmetry
<latexit sha1_base64="9OWwjol7AGltBiV6vgCCZEf4/U0="></latexit>
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<latexit sha1_base64="HSBJB2ABdGgXwWzJRnBqEbgmIsY=">AAACHnicbVDJSgNBEO1xjXGLevTSGAQvCTMSl4sQ9JJjBLNgJgw9nZqkSU/P0N0TCEO+xIu/4sWDIoIn/Rs7yyEmPih4vFdFVT0/5kxp2/6xVlbX1jc2M1vZ7Z3dvf3cwWFdRYmkUKMRj2TTJwo4E1DTTHNoxhJI6HNo+P27sd8YgFQsEg96GEM7JF3BAkaJNpKXu6jcFFyVhF6A3VhGHS8FlwkcjB49wAU8sQbzzmDU9MDL5e2iPQFeJs6M5NEMVS/35XYimoQgNOVEqZZjx7qdEqkZ5TDKuomCmNA+6ULLUEFCUO108t4Inxqlg4NImhIaT9T5iZSESg1D33SGRPfUojcW//NaiQ6u2ykTcaJB0OmiIOFYR3icFe4wCVTzoSGESmZuxbRHJKHaJJo1ITiLLy+T+nnRuSyW7kv58u0sjgw6RifoDDnoCpVRBVVRDVH0hF7QG3q3nq1X68P6nLauWLOZI/QH1vcv0rKiVw==</latexit>
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•  Thermal transition of 3d Ising gauge theory at 



Phase Diagrams



• Motivations - Prepare Exotic States in Quantum Simulators 

• Measurement-prepared Quantum Critical States (with 
Post-selections) 

• No Post-selection — Randomness — 2d Random bond 
Ising model — Nishimori Line 

Outline



Random Outcomes
•Let us focus on the 2d case measuring along an angle 

• In general, the outcome can be +1 or -1.  

<latexit sha1_base64="pYM132qgRhMHaU/a61ywLFbdrWg=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkqMeiF48V7Ae0oWy2m3btZhN2J0IJ/Q9ePCji1f/jzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6wEnC/YgOlQgFo2ilVg9HHGm/XHGr7hxklXg5qUCORr/81RvELI24QiapMV3PTdDPqEbBJJ+WeqnhCWVjOuRdSxWNuPGz+bVTcmaVAQljbUshmau/JzIaGTOJAtsZURyZZW8m/ud1Uwyv/UyoJEWu2GJRmEqCMZm9TgZCc4ZyYgllWthbCRtRTRnagEo2BG/55VXSuqh6l9Xafa1Sv8njKMIJnMI5eHAFdbiDBjSBwSM8wyu8ObHz4rw7H4vWgpPPHMMfOJ8/puWPMQ==</latexit>

✓

<latexit sha1_base64="s8ZsNY4h071vlNz6ksNqHKeZhUg=">AAACDnicbVDLSgNBEJyNrxhfUY9eBkNAEMKuBPUSCHrxGME8MBuW2UnHDJmdXWZ6hRDyBV78FS8eFPHq2Zt/4+Rx0GjBQHVVNz1dYSKFQdf9cjJLyyura9n13Mbm1vZOfnevYeJUc6jzWMa6FTIDUiioo0AJrUQDi0IJzXBwOfGb96CNiNUNDhPoROxOiZ7gDK0U5IutAHweGx/7gOz41lZGqFlVMQFU/CSiXpAvuCV3CvqXeHNSIHPUgvyn3415GoFCLpkxbc9NsDNiGgWXMM75qYGE8QG7g7alikVgOqPpOWNatEqX9mJtn0I6VX9OjFhkzDAKbWfEsG8WvYn4n9dOsXfeGQmVpAiKzxb1UkkxppNsaFdo4CiHljCuhf0r5X2mGUebYM6G4C2e/Jc0Tkreaal8XS5UL+ZxZMkBOSRHxCNnpEquSI3UCScP5Im8kFfn0Xl23pz3WWvGmc/sk19wPr4BzMOb8Q==</latexit>

Xe cos ✓ + Ze sin ✓ = se = ±1

• After many rounds, we will get a density matrix. 

• Q: Are there structures in this density matrix? How can we extract them?

<latexit sha1_base64="s8ZsNY4h071vlNz6ksNqHKeZhUg=">AAACDnicbVDLSgNBEJyNrxhfUY9eBkNAEMKuBPUSCHrxGME8MBuW2UnHDJmdXWZ6hRDyBV78FS8eFPHq2Zt/4+Rx0GjBQHVVNz1dYSKFQdf9cjJLyyura9n13Mbm1vZOfnevYeJUc6jzWMa6FTIDUiioo0AJrUQDi0IJzXBwOfGb96CNiNUNDhPoROxOiZ7gDK0U5IutAHweGx/7gOz41lZGqFlVMQFU/CSiXpAvuCV3CvqXeHNSIHPUgvyn3415GoFCLpkxbc9NsDNiGgWXMM75qYGE8QG7g7alikVgOqPpOWNatEqX9mJtn0I6VX9OjFhkzDAKbWfEsG8WvYn4n9dOsXfeGQmVpAiKzxb1UkkxppNsaFdo4CiHljCuhf0r5X2mGUebYM6G4C2e/Jc0Tkreaal8XS5UL+ZxZMkBOSRHxCNnpEquSI3UCScP5Im8kFfn0Xl23pz3WWvGmc/sk19wPr4BzMOb8Q==</latexit>

Xe cos ✓ + Ze sin ✓ = se = ±1



Random Outcomes

• Mapping to the classical stat. mech. model is still valid with modified coupling. 

• Looks like a 2d classical random bond Ising model at finite temperature

With 
<latexit sha1_base64="8B2Lgk6e6JX2nsXX2mBXbprakHw="></latexit>
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<latexit sha1_base64="7wIt58jF4xkU7E17rQYLGunLqH8="></latexit>
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|(ZZ)e = �1i

◆

• Looking at the state with a specific set of measurement outcomes. 



2d Random Bond Ising Model

•Different bonds are 
independent of each other.

•P- is the probability of having 
antiferromagnetic coupling for a 
given bond. 

• The Nishimori line is a special 
manifold in the phase diagram, 
where an exact solution of the 
free energy is known. 

• Q: which part of the phase diagram is related to our measurement model?

Spin Glass

H. Nishimori (1981) (1986)

<latexit sha1_base64="x0JurV9KzidpFLaKdtrxK8FUc+k=">AAACHHicbVDLSgMxFM3UV62vqks3wSK40DKjRd0IRTddVrAP6JQhk6Zt2iQzJBmhDP0QN/6KGxeKuHEh+DdmprPQ1gMhh3Pu5d57/JBRpW3728otLa+sruXXCxubW9s7xd29pgoiiUkDByyQbR8pwqggDU01I+1QEsR9Rlr++DbxWw9EKhqIez0JSZejgaB9ipE2klc8r12fuiriXuwyJAaMQHoycmVKp8qL6WjqKjrgyKPZPyp4xZJdtlPAReJkpAQy1L3ip9sLcMSJ0JghpTqOHepujKSm2IwpuJEiIcJjNCAdQwXiRHXj9LgpPDJKD/YDaZ7QMFV/d8SIKzXhvqnkSA/VvJeI/3mdSPevujEVYaSJwLNB/YhBHcAkKdijkmDNJoYgLKnZFeIhkghrk2cSgjN/8iJpnpWdi3LlrlKq3mRx5MEBOATHwAGXoApqoA4aAINH8AxewZv1ZL1Y79bHrDRnZT374A+srx93baJB</latexit>

H = �
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Correlated Randomness
• The random outcomes are actually correlated. 

• Consider the limit of                 , i.e. measure the X operators. Each outcome 
is random. But the product of X along a loop is a stabilizer of the 
original state and we have the following constraint. 

<latexit sha1_base64="XSqTylrfk7iDUYlV9j/OOMNfWgo=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1ItQ9OKxgv2ANpTNdtMu3Wzi7kQooX/CiwdFvPp3vPlv3LY5aOuDgcd7M8zMCxIpDLrut1NYWV1b3yhulra2d3b3yvsHTROnmvEGi2Ws2wE1XArFGyhQ8naiOY0CyVvB6Hbqt564NiJWDzhOuB/RgRKhYBSt1O7ikCO9dnvlilt1ZyDLxMtJBXLUe+Wvbj9macQVMkmN6Xhugn5GNQom+aTUTQ1PKBvRAe9YqmjEjZ/N7p2QE6v0SRhrWwrJTP09kdHImHEU2M6I4tAselPxP6+TYnjlZ0IlKXLF5ovCVBKMyfR50heaM5RjSyjTwt5K2JBqytBGVLIheIsvL5PmWdW7qJ7fn1dqN3kcRTiCYzgFDy6hBndQhwYwkPAMr/DmPDovzrvzMW8tOPnMIfyB8/kDmyePsg==</latexit>

✓ = 0

• This means that the random bond Ising model we obtained at 
is frustration-free.  

<latexit sha1_base64="XSqTylrfk7iDUYlV9j/OOMNfWgo=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1ItQ9OKxgv2ANpTNdtMu3Wzi7kQooX/CiwdFvPp3vPlv3LY5aOuDgcd7M8zMCxIpDLrut1NYWV1b3yhulra2d3b3yvsHTROnmvEGi2Ws2wE1XArFGyhQ8naiOY0CyVvB6Hbqt564NiJWDzhOuB/RgRKhYBSt1O7ikCO9dnvlilt1ZyDLxMtJBXLUe+Wvbj9macQVMkmN6Xhugn5GNQom+aTUTQ1PKBvRAe9YqmjEjZ/N7p2QE6v0SRhrWwrJTP09kdHImHEU2M6I4tAselPxP6+TYnjlZ0IlKXLF5ovCVBKMyfR50heaM5RjSyjTwt5K2JBqytBGVLIheIsvL5PmWdW7qJ7fn1dqN3kcRTiCYzgFDy6hBndQhwYwkPAMr/DmPDovzrvzMW8tOPnMIfyB8/kDmyePsg==</latexit>

✓ = 0

• The Mattis model — by gauge transformations it can be brought into a 
ferromagnetic Ising model

<latexit sha1_base64="ft6XitK8opcjj6a8PAXT78DoKKQ="></latexit>
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<latexit sha1_base64="zmomclECAIxH2UHdxoabTNEIQuw=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16CRbBU0mkqBeh6MVjBftB2xA2m027dLMJuxOxhPwVLx4U8eof8ea/cdvmoK0PBh7vzTAzz084U2Db30ZpbX1jc6u8XdnZ3ds/MA+rHRWnktA2iXksez5WlDNB28CA014iKY58Trv+5Hbmdx+pVCwWDzBNqBvhkWAhIxi05JnVITAe0Kyfe+waPNb3mGfW7Lo9h7VKnILUUIGWZ34Ng5ikERVAOFZq4NgJuBmWwAineWWYKppgMsEjOtBU4IgqN5vfnlunWgmsMJa6BFhz9fdEhiOlppGvOyMMY7XszcT/vEEK4ZWbMZGkQAVZLApTbkFszYKwAiYpAT7VBBPJ9K0WGWOJCei4KjoEZ/nlVdI5rzsX9cZ9o9a8KeIoo2N0gs6Qgy5RE92hFmojgp7QM3pFb0ZuvBjvxseitWQUM0foD4zPHy8rlIs=</latexit>

Z̃i = tiZi
<latexit sha1_base64="NfJ6INtUisEH8Vrg6NQ7XNFYz7s=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1ItQ9OKxgv2QNpTNdtMu3U3C7kQoob/CiwdFvPpzvPlv3LY5aOuDgcd7M8zMCxIpDLrut1NYWV1b3yhulra2d3b3yvsHTROnmvEGi2Ws2wE1XIqIN1Cg5O1Ec6oCyVvB6Hbqt564NiKOHnCccF/RQSRCwSha6RF74rqbKOL1yhW36s5AlomXkwrkqPfKX91+zFLFI2SSGtPx3AT9jGoUTPJJqZsanlA2ogPesTSiihs/mx08ISdW6ZMw1rYiJDP190RGlTFjFdhORXFoFr2p+J/XSTG88jMRJSnyiM0XhakkGJPp96QvNGcox5ZQpoW9lbAh1ZShzahkQ/AWX14mzbOqd1E9vz+v1G7yOIpwBMdwCh5cQg3uoA4NYKDgGV7hzdHOi/PufMxbC04+cwh/4Hz+APkQj+A=</latexit>

ti = ±1
<latexit sha1_base64="v0oFD4P/jykYuuCeeSum3pCEEOA=">AAACBnicbVDLSsNAFJ3UV62vqEsRgkVwVRIp6qZQdOOygn1AG8JkMmmnnTyYuRFKyMqNv+LGhSJu/QZ3/o3TNAttPXC5h3PuZeYeN+ZMgml+a6WV1bX1jfJmZWt7Z3dP3z/oyCgRhLZJxCPRc7GknIW0DQw47cWC4sDltOtObmZ+94EKyaLwHqYxtQM8DJnPCAYlOfrxABj3aCozJ2XjrCHzBg4DZ9ywHL1q1swcxjKxClJFBVqO/jXwIpIENATCsZR9y4zBTrEARjjNKoNE0hiTCR7SvqIhDqi00/yMzDhVimf4kVAVgpGrvzdSHEg5DVw1GWAYyUVvJv7n9RPwr+yUhXECNCTzh/yEGxAZs0wMjwlKgE8VwUQw9VeDjLDABFRyFRWCtXjyMumc16yLWv2uXm1eF3GU0RE6QWfIQpeoiW5RC7URQY/oGb2iN+1Je9HetY/5aEkrdg7RH2ifPzlrmZo=</latexit>

s̃ij = sijtitj = 1

<latexit sha1_base64="cSCr3kGpHuneqmN9w8PJtT6pWsM=">AAACAXicbVDLSgNBEJz1GeMr6kXwMhgET2FXgnoRgl48RjAPyC7L7GwnGTIzu8zMCmGJF3/FiwdFvPoX3vwbJ4+DJhY0FFXddHdFKWfauO63s7S8srq2Xtgobm5t7+yW9vabOskUhQZNeKLaEdHAmYSGYYZDO1VARMShFQ1uxn7rAZRmibw3wxQCQXqSdRklxkph6dBPVRKHOfhMYr9HhCCjdghXXlgquxV3ArxIvBkpoxnqYenLjxOaCZCGcqJ1x3NTE+REGUY5jIp+piEldEB60LFUEgE6yCcfjPCJVWLcTZQtafBE/T2RE6H1UES2UxDT1/PeWPzP62SmexnkTKaZAUmni7oZxybB4zhwzBRQw4eWEKqYvRXTPlGEGhta0Ybgzb+8SJpnFe+8Ur2rlmvXszgK6Agdo1PkoQtUQ7eojhqIokf0jF7Rm/PkvDjvzse0dcmZzRygP3A+fwAd85at</latexit>Y
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<latexit sha1_base64="2DPFmSLEc0aEdnuwmkAjhF15hR4=">AAACAHicbVC7SgNBFJ2NrxhfUQsLm8EgWIVdCWojBG0sI5gHZMMyO3s3GTIzu8zMCmFJ46/YWChi62fY+TdOHoUmHrhwOOde7r0nTDnTxnW/ncLK6tr6RnGztLW9s7tX3j9o6SRTFJo04YnqhEQDZxKahhkOnVQBESGHdji8nfjtR1CaJfLBjFLoCdKXLGaUGCsF5SM/VUkU5OAz6feJEGSsA7j2gnLFrbpT4GXizUkFzdEIyl9+lNBMgDSUE627npuaXk6UYZTDuORnGlJCh6QPXUslEaB7+fSBMT61SoTjRNmSBk/V3xM5EVqPRGg7BTEDvehNxP+8bmbiq17OZJoZkHS2KM44NgmepIEjpoAaPrKEUMXsrZgOiCLU2MxKNgRv8eVl0jqvehfV2n2tUr+Zx1FEx+gEnSEPXaI6ukMN1EQUjdEzekVvzpPz4rw7H7PWgjOfOUR/4Hz+AOuKlp4=</latexit>Y

e2�

se = 1



For Generic Angles

•At a generic angle, we can calculate the expectation value of the loop of 
measurement outcome.

•The measurement angle also controls the level of frustration. 

•Q: can we relate this correlated randomness to the random bond Ising model?

•Key: The probability distribution is invariant under gauge 
transformation. i.e. two configurations {s} and {s’} have the same 
probability if they are related by gauge transformation. 

•Under gauge transformation, one can actually map the correlated 
distribution to the independent distribution. 



Relating to 2d RBIM
•Gauge invariance 

<latexit sha1_base64="ONrYqq84kOl1cVEBrkgxTsnAkQ8="></latexit>

=
1

2NZ0

X

t�=±1

e��
P

hi,ji sijtitj�i�j

=
1

2NZ0

X

�=±1

e��
P

hi,ji s
0
ij�i�j

<latexit sha1_base64="LzfuS1moENox+nxgNwC9lmNDTG4=">AAAB+HicbVDLSsNAFL3xWeujUZduBotYNyWRom6EohuXFewD2hAmk0k7dJIJMxOhhn6JGxeKuPVT3Pk3Th8LbT1w4XDOvdx7T5ByprTjfFsrq2vrG5uFreL2zu5eyd4/aCmRSUKbRHAhOwFWlLOENjXTnHZSSXEccNoOhrcTv/1IpWIiedCjlHox7icsYgRrI/l26brhq0ovEDzM1fj0zLfLTtWZAi0Td07KMEfDt796oSBZTBNNOFaq6zqp9nIsNSOcjou9TNEUkyHu066hCY6p8vLp4WN0YpQQRUKaSjSaqr8nchwrNYoD0xljPVCL3kT8z+tmOrrycpakmaYJmS2KMo60QJMUUMgkJZqPDMFEMnMrIgMsMdEmq6IJwV18eZm0zqvuRbV2XyvXb+ZxFOAIjqECLlxCHe6gAU0gkMEzvMKb9WS9WO/Wx6x1xZrPHMIfWJ8/yM6SiQ==</latexit>

= Ps(s
0)

<latexit sha1_base64="v9av6lagcLhCoWbbb3H1czQIJGY=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyiq5JIUTdC0Y3LCvYBbQiT6aSddvJg5kaoofgrblwo4tb/cOffOE2z0NYDl3s4517mzvFiwRVY1rdRWFpeWV0rrpc2Nre2d8zdvaaKEklZg0Yikm2PKCZ4yBrAQbB2LBkJPMFa3uhm6rcemFQ8Cu9hHDMnIP2Q+5wS0JJrHqgTN+XDyZXKGrgc3KFrlq2KlQEvEjsnZZSj7ppf3V5Ek4CFQAVRqmNbMTgpkcCpYJNSN1EsJnRE+qyjaUgCppw0u36Cj7XSw34kdYWAM/X3RkoCpcaBpycDAgM1703F/7xOAv6lk/IwToCFdPaQnwgMEZ5GgXtcMgpirAmhkutbMR0QSSjowEo6BHv+y4ukeVaxzyvVu2q5dp3HUUSH6AidIhtdoBq6RXXUQBQ9omf0it6MJ+PFeDc+ZqMFI9/ZR39gfP4A+FyVkw==</latexit>

s0ij = sijtitjWith

•The correlated distribution is equivalent to a gauge symmetrized 
random bond Ising model. 

•Gauge invariant quantities — expectations of loops — will be the same 
for the two distributions.

<latexit sha1_base64="Lbfh/bxHRpu2p94LK4qUvYlRo14=">AAAB9HicbVDLSgNBEOyNrxhfUY9eBoPgKeyKqMegF48RzAOSJcxOZpMh81hnZgNhyXd48aCIVz/Gm3/jJNmDJhY0FFXddHdFCWfG+v63V1hb39jcKm6Xdnb39g/Kh0dNo1JNaIMornQ7woZyJmnDMstpO9EUi4jTVjS6m/mtMdWGKfloJwkNBR5IFjOCrZPC7gALgXsZVyqZ9soVv+rPgVZJkJMK5Kj3yl/dviKpoNISjo3pBH5iwwxrywin01I3NTTBZIQHtOOoxIKaMJsfPUVnTumjWGlX0qK5+nsiw8KYiYhcp8B2aJa9mfif10ltfBNmTCappZIsFsUpR1ahWQKozzQllk8cwUQzdysiQ6wxsS6nkgshWH55lTQvqsFV9fLhslK7zeMowgmcwjkEcA01uIc6NIDAEzzDK7x5Y+/Fe/c+Fq0FL585hj/wPn8ATCiSdQ==</latexit>�loop

where 
<latexit sha1_base64="adq8i0GZzB91I78H7QLX1lYyHWY=">AAACE3icbVDJSgNBEO1xjXEb9ehlMAguEGZE1Isg8aIHQcUskImhp1OTNPYsdNeIYZh/8OKvePGgiFcv3vwbO3EOanxQ8Hiviqp6Xiy4Qtv+NMbGJyanpgszxdm5+YVFc2m5pqJEMqiySESy4VEFgodQRY4CGrEEGngC6t7N8cCv34JUPAqvsB9DK6DdkPucUdRS29yKr1MX4Q7Ty8rpWZZtqM1D15eUpc62clmkXOwB0izdydpmyS7bQ1ijxMlJieQ4b5sfbidiSQAhMkGVajp2jK2USuRMQFZ0EwUxZTe0C01NQxqAaqXDnzJrXSsdy4+krhCtofpzIqWBUv3A050BxZ766w3E/7xmgv5BK+VhnCCE7HuRnwgLI2sQkNXhEhiKviaUSa5vtViP6kRQx1jUITh/Xx4ltZ2ys1fevdgtHVXyOApklayRDeKQfXJETsg5qRJG7skjeSYvxoPxZLwab9+tY0Y+s0J+wXj/Ai84nl4=</latexit>

pRBIM(s) =
1 + s cos ✓

2



On the Nishimori Line

Spin Glass

<latexit sha1_base64="PPckrvn284r3hmRL3ysgBh5xgGg="></latexit>

(p�,�) = (
1� cos ✓

2
, tanh�1(cos ✓))

<latexit sha1_base64="IqbWeUtp2HeM4f8I25I4AacR74U=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16CRZBEGtSinoRil48VrAf0Maw2U7apZtk2d2IJeSvePGgiFf/iDf/jds2B60+GHi8N8PMPJ8zKpVtfxmFpeWV1bXiemljc2t7x9wtt2WcCAItErNYdH0sgdEIWooqBl0uAIc+g44/vp76nQcQksbRnZpwcEM8jGhACVZa8swy3Ke1vg8KZ5fcOz7l3olnVuyqPYP1lzg5qaAcTc/87A9ikoQQKcKwlD3H5spNsVCUMMhK/UQCx2SMh9DTNMIhSDed3Z5Zh1oZWEEsdEXKmqk/J1IcSjkJfd0ZYjWSi95U/M/rJSq4cFMa8URBROaLgoRZKramQVgDKoAoNtEEE0H1rRYZYYGJ0nGVdAjO4st/SbtWdc6q9dt6pXGVx1FE++gAHSEHnaMGukFN1EIEPaIn9IJejcx4Nt6M93lrwchn9tAvGB/f3HWTrw==</latexit>

e2� = p+/p�

• Tuning the measurement angle 
turns out to be exactly moving 
along the Nishimori line.



Decoding the Hidden Order
•Consider the ferromagnetic susceptibility 

• Notice this quantity is not gauge invariant. If we calculate this with 
the correlated distribution, it will give zero identically. 

We know

• But we can tease out this hidden order by doing some post-editing.  

• In the case of                  (Mattis model) we already know how to do this: 
<latexit sha1_base64="XSqTylrfk7iDUYlV9j/OOMNfWgo=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1ItQ9OKxgv2ANpTNdtMu3Wzi7kQooX/CiwdFvPp3vPlv3LY5aOuDgcd7M8zMCxIpDLrut1NYWV1b3yhulra2d3b3yvsHTROnmvEGi2Ws2wE1XArFGyhQ8naiOY0CyVvB6Hbqt564NiJWDzhOuB/RgRKhYBSt1O7ikCO9dnvlilt1ZyDLxMtJBXLUe+Wvbj9macQVMkmN6Xhugn5GNQom+aTUTQ1PKBvRAe9YqmjEjZ/N7p2QE6v0SRhrWwrJTP09kdHImHEU2M6I4tAselPxP6+TYnjlZ0IlKXLF5ovCVBKMyfR50heaM5RjSyjTwt5K2JBqytBGVLIheIsvL5PmWdW7qJ7fn1dqN3kcRTiCYzgFDy6hBndQhwYwkPAMr/DmPDovzrvzMW8tOPnMIfyB8/kDmyePsg==</latexit>

✓ = 0
<latexit sha1_base64="ft6XitK8opcjj6a8PAXT78DoKKQ="></latexit>

H = �
X

hi,ji

sijZiZj = �
X

hi,ji

s̃ijZ̃iZ̃j

<latexit sha1_base64="zmomclECAIxH2UHdxoabTNEIQuw=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16CRbBU0mkqBeh6MVjBftB2xA2m027dLMJuxOxhPwVLx4U8eof8ea/cdvmoK0PBh7vzTAzz084U2Db30ZpbX1jc6u8XdnZ3ds/MA+rHRWnktA2iXksez5WlDNB28CA014iKY58Trv+5Hbmdx+pVCwWDzBNqBvhkWAhIxi05JnVITAe0Kyfe+waPNb3mGfW7Lo9h7VKnILUUIGWZ34Ng5ikERVAOFZq4NgJuBmWwAineWWYKppgMsEjOtBU4IgqN5vfnlunWgmsMJa6BFhz9fdEhiOlppGvOyMMY7XszcT/vEEK4ZWbMZGkQAVZLApTbkFszYKwAiYpAT7VBBPJ9K0WGWOJCei4KjoEZ/nlVdI5rzsX9cZ9o9a8KeIoo2N0gs6Qgy5RE92hFmojgp7QM3pFb0ZuvBjvxseitWQUM0foD4zPHy8rlIs=</latexit>

Z̃i = tiZi
<latexit sha1_base64="NfJ6INtUisEH8Vrg6NQ7XNFYz7s=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1ItQ9OKxgv2QNpTNdtMu3U3C7kQoob/CiwdFvPpzvPlv3LY5aOuDgcd7M8zMCxIpDLrut1NYWV1b3yhulra2d3b3yvsHTROnmvEGi2Ws2wE1XIqIN1Cg5O1Ec6oCyVvB6Hbqt564NiKOHnCccF/RQSRCwSha6RF74rqbKOL1yhW36s5AlomXkwrkqPfKX91+zFLFI2SSGtPx3AT9jGoUTPJJqZsanlA2ogPesTSiihs/mx08ISdW6ZMw1rYiJDP190RGlTFjFdhORXFoFr2p+J/XSTG88jMRJSnyiM0XhakkGJPp96QvNGcox5ZQpoW9lbAh1ZShzahkQ/AWX14mzbOqd1E9vz+v1G7yOIpwBMdwCh5cQg3uoA4NYKDgGV7hzdHOi/PufMxbC04+cwh/4Hz+APkQj+A=</latexit>

ti = ±1
<latexit sha1_base64="v0oFD4P/jykYuuCeeSum3pCEEOA=">AAACBnicbVDLSsNAFJ3UV62vqEsRgkVwVRIp6qZQdOOygn1AG8JkMmmnnTyYuRFKyMqNv+LGhSJu/QZ3/o3TNAttPXC5h3PuZeYeN+ZMgml+a6WV1bX1jfJmZWt7Z3dP3z/oyCgRhLZJxCPRc7GknIW0DQw47cWC4sDltOtObmZ+94EKyaLwHqYxtQM8DJnPCAYlOfrxABj3aCozJ2XjrCHzBg4DZ9ywHL1q1swcxjKxClJFBVqO/jXwIpIENATCsZR9y4zBTrEARjjNKoNE0hiTCR7SvqIhDqi00/yMzDhVimf4kVAVgpGrvzdSHEg5DVw1GWAYyUVvJv7n9RPwr+yUhXECNCTzh/yEGxAZs0wMjwlKgE8VwUQw9VeDjLDABFRyFRWCtXjyMumc16yLWv2uXm1eF3GU0RE6QWfIQpeoiW5RC7URQY/oGb2iN+1Je9HetY/5aEkrdg7RH2ifPzlrmZo=</latexit>

s̃ij = sijtitj = 1

<latexit sha1_base64="UE9CBacyhIsLfkhdNB/5o+GBGe8=">AAACKHicbVDLSgMxFM3UV62vqks3wSK4KjNS1I1YFMRNoYJ90AdDJk3b2ExmSO4IZejnuPFX3Igo0q1fYjrtQtseCJyccy7JPV4ouAbbHlupldW19Y30ZmZre2d3L7t/UNVBpCir0EAEqu4RzQSXrAIcBKuHihHfE6zmDW4nfu2ZKc0D+QjDkLV90pO8yykBI7nZ65YgsicYbri84T61VHJz47vS6ApcDkZaHigRAK5HbjZn5+0EeJE4M5JDM5Td7EerE9DIZxKoIFo3HTuEdkwUcCrYKNOKNAsJHZAeaxoqic90O04WHeETo3RwN1DmSMCJ+nciJr7WQ98zSZ9AX897E3GZ14yge9mOuQwjYJJOH+pGAkOAJ63hDleMghgaQqji5q+Y9okiFEy3GVOCM7/yIqme5Z3zfOGhkCvezOpIoyN0jE6Rgy5QEd2jMqogil7QG/pEX9ar9W59W+NpNGXNZg7RP1g/v7Yjp6U=</latexit>

hZiZjiFM = titjhZiZjiMattis



Decoding the Hidden Order

•Do a round of measurements on the bonds with outcome {s}, then 

measure all the vertex spins {σ}.

An algorithm to decode the ferromagnetic order 

•The gauge-invariant information is the distribution of frustrated 

plaquettes — flux configurations. A stochastic sampling of {s’} 
conditioned on the same flux configuration under a decoder’s probability 
distribution. In our case, the decoder’s probability is the 2d RBIM. 

•Find the gauge transformation {t} from {s} to {s’}.

•Repeat and average the correlation function above. 

•One can prove the result is the same as the susceptibility in 2d RBIM



A fast decoder

Decoding the Hidden Order

•To just know whether there will be a ferromagnetic tendency, we don’t 
need stochastic sampling.  We only need to transform the configuration {s} 
to the minimal number of antiferromagnetic bonds that give the same 
flux configurations. This will amplify the ferromagnetic ordering. 



Edwards-Anderson Order Parameter

<latexit sha1_base64="dZPzRJ5RxepbuHP5GY5IDs5AkR8=">AAACMHicbZDLSsNAFIYnXmu9VV26GSxC3ZSkFHUjFEV0WcFeMIlhMp22QyeTMDMRSsgjufFRdKOgiFufwmmahbb+MPDxn3M4c34/YlQq03wzFhaXlldWC2vF9Y3Nre3Szm5bhrHApIVDFoqujyRhlJOWooqRbiQICnxGOv7oYlLvPBAhachv1TgiboAGnPYpRkpbXunKCZAa+n5ymdoOQ3zACLxzRAb3NffMkXHgJU4inTRterKS0dF8p1cqm1UzE5wHK4cyyNX0Ss9OL8RxQLjCDElpW2ak3AQJRTEjadGJJYkQHqEBsTVyFBDpJtnBKTzUTg/2Q6EfVzBzf08kKJByHPi6c3KenK1NzP9qdqz6p25CeRQrwvF0UT9mUIVwkh7sUUGwYmMNCAuq/wrxEAmElc64qEOwZk+eh3atah1X6zf1cuM8j6MA9sEBqAALnIAGuAZN0AIYPIIX8A4+jCfj1fg0vqatC0Y+swf+yPj+Aa84qpM=</latexit>

E[hZi2] =
X

{s}

Ps({s})hZi2

<latexit sha1_base64="XSqTylrfk7iDUYlV9j/OOMNfWgo=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE1ItQ9OKxgv2ANpTNdtMu3Wzi7kQooX/CiwdFvPp3vPlv3LY5aOuDgcd7M8zMCxIpDLrut1NYWV1b3yhulra2d3b3yvsHTROnmvEGi2Ws2wE1XArFGyhQ8naiOY0CyVvB6Hbqt564NiJWDzhOuB/RgRKhYBSt1O7ikCO9dnvlilt1ZyDLxMtJBXLUe+Wvbj9macQVMkmN6Xhugn5GNQom+aTUTQ1PKBvRAe9YqmjEjZ/N7p2QE6v0SRhrWwrJTP09kdHImHEU2M6I4tAselPxP6+TYnjlZ0IlKXLF5ovCVBKMyfR50heaM5RjSyjTwt5K2JBqytBGVLIheIsvL5PmWdW7qJ7fn1dqN3kcRTiCYzgFDy6hBndQhwYwkPAMr/DmPDovzrvzMW8tOPnMIfyB8/kDmyePsg==</latexit>

✓ = 0
<latexit sha1_base64="mFZOxTB4FDHKjA9x81oA3Blul0w=">AAAB83icbVBNSwMxEM3Wr1q/qh69BIvgqe6Wol6EohePFewHdJeSTbNtaDYbklmhLP0bXjwo4tU/481/Y9ruQVsfDDzem2FmXqgEN+C6305hbX1jc6u4XdrZ3ds/KB8etU2SaspaNBGJ7obEMMElawEHwbpKMxKHgnXC8d3M7zwxbXgiH2GiWBCToeQRpwSs5PswYkBufMUvav1yxa26c+BV4uWkgnI0++Uvf5DQNGYSqCDG9DxXQZARDZwKNi35qWGK0DEZsp6lksTMBNn85ik+s8oAR4m2JQHP1d8TGYmNmcSh7YwJjMyyNxP/83opRNdBxqVKgUm6WBSlAkOCZwHgAdeMgphYQqjm9lZMR0QTCjamkg3BW355lbRrVe+yWn+oVxq3eRxFdIJO0Tny0BVqoHvURC1EkULP6BW9Oanz4rw7H4vWgpPPHKM/cD5/AFw9kUA=</latexit>

✓ = ⇡/2

See:  2208.11136 by G. Zhu, et al.

*in the presence of symmetry-breaking field



• Random outcome + some post-selections 

Q: can we explore other parts of the phase 
diagram with this?

Discussion

SG

• How to generalize this scheme to continuous symmetry? Can we 
get O(n) critical point?

• Generalization to 3-dimensions. 


