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• Tensor networks capture common entanglement patterns in  
quantum many-body systems

White, Phys Rev Lett 69, 2863 (1992) 
Fannes, Nachtergaele, Werner, Commun Math Phys 3, 443 (1992) 
Schollwoeck, Ann Phys 326, 96-192 (2011)

TENSOR NETWORKS 



https://www.physik.fu-berlin.de/en/einrichtungen/ag/ag-eisert 

TENSOR NETWORKS 

Verstraete, Cirac, Murg, Adv Phys 57, 143 (2008) 
Eisert, Cramer, Plenio, Rev Mod Phys 82, 277 (2010) 
Orús, Ann Phys 349, 117–158 (2014) 
Cirac, Perez-Garcia, Schuch, Verstraete, Rev Mod Phys 93, 045003 (2021)

• Tensor networks capture common entanglement patterns in  
quantum many-body systems



https://www.physik.fu-berlin.de/en/einrichtungen/ag/ag-eisert 

RANDOM TENSOR NETWORKS
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Random tensors

• Theme 1: Random tensor networks  
for analytical studies

• Tensor networks capture common entanglement patterns in  
quantum many-body systems

(ANALYTICAL)
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TENSOR NETWORKS FOR QUANTUM MATERIALS
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• Theme 2: Tensor networks to assess 
properties of real quantum materials

• Tensor networks capture common entanglement patterns in  
quantum many-body systems

(NUMERICAL)
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TENSOR NETWORKS IN MACHINE LEARNING
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• Theme 3: Tensor networks  
in machine learning tasks

• Tensor networks capture common entanglement patterns in  
quantum many-body systems

(CONCEPTUAL)
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dd
• How can randomness be harnessed to explore  

typical properties of tensor networks?

RANDOM TENSOR NETWORKS
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• Random matrix product states

RANDOM MATRIX PRODUCT STATES
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• Random matrix product states
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RANDOM MATRIX PRODUCT STATES

• Several interesting properties can be shown
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<latexit sha1_base64="DgC8bAZyG95tjb2/uda7dDVAefI=">AAAB8HicbVBNS8NAEJ34WetX1aOXYBE8lURFPUnBi8cK9kPaUDbbSbt0dxN2N0KJ/RVePCji1Z/jzX/jts1BWx8MPN6bYWZemHCmjed9O0vLK6tr64WN4ubW9s5uaW+/oeNUUazTmMeqFRKNnEmsG2Y4thKFRIQcm+HwZuI3H1FpFst7M0owEKQvWcQoMVZ6ePI6isg+x26p7FW8KdxF4uekDDlq3dJXpxfTVKA0lBOt276XmCAjyjDKcVzspBoTQoekj21LJRGog2x68Ng9tkrPjWJlSxp3qv6eyIjQeiRC2ymIGeh5byL+57VTE10FGZNJalDS2aIo5a6J3cn3bo8ppIaPLCFUMXurSwdEEWpsRkUbgj//8iJpnFb8i8rZ3Xm5ep3HUYBDOIIT8OESqnALNagDBQHP8ApvjnJenHfnY9a65OQzB/AHzucPtpGQWQ==</latexit>

|0i
<latexit sha1_base64="DgC8bAZyG95tjb2/uda7dDVAefI=">AAAB8HicbVBNS8NAEJ34WetX1aOXYBE8lURFPUnBi8cK9kPaUDbbSbt0dxN2N0KJ/RVePCji1Z/jzX/jts1BWx8MPN6bYWZemHCmjed9O0vLK6tr64WN4ubW9s5uaW+/oeNUUazTmMeqFRKNnEmsG2Y4thKFRIQcm+HwZuI3H1FpFst7M0owEKQvWcQoMVZ6ePI6isg+x26p7FW8KdxF4uekDDlq3dJXpxfTVKA0lBOt276XmCAjyjDKcVzspBoTQoekj21LJRGog2x68Ng9tkrPjWJlSxp3qv6eyIjQeiRC2ymIGeh5byL+57VTE10FGZNJalDS2aIo5a6J3cn3bo8ppIaPLCFUMXurSwdEEWpsRkUbgj//8iJpnFb8i8rZ3Xm5ep3HUYBDOIIT8OESqnALNagDBQHP8ApvjnJenHfnY9a65OQzB/AHzucPtpGQWQ==</latexit>

|0i
<latexit sha1_base64="DgC8bAZyG95tjb2/uda7dDVAefI=">AAAB8HicbVBNS8NAEJ34WetX1aOXYBE8lURFPUnBi8cK9kPaUDbbSbt0dxN2N0KJ/RVePCji1Z/jzX/jts1BWx8MPN6bYWZemHCmjed9O0vLK6tr64WN4ubW9s5uaW+/oeNUUazTmMeqFRKNnEmsG2Y4thKFRIQcm+HwZuI3H1FpFst7M0owEKQvWcQoMVZ6ePI6isg+x26p7FW8KdxF4uekDDlq3dJXpxfTVKA0lBOt276XmCAjyjDKcVzspBoTQoekj21LJRGog2x68Ng9tkrPjWJlSxp3qv6eyIjQeiRC2ymIGeh5byL+57VTE10FGZNJalDS2aIo5a6J3cn3bo8ppIaPLCFUMXurSwdEEWpsRkUbgj//8iJpnFb8i8rZ3Xm5ep3HUYBDOIIT8OESqnALNagDBQHP8ApvjnJenHfnY9a65OQzB/AHzucPtpGQWQ==</latexit>

|0i
<latexit sha1_base64="cI4LO3ygl03q6kh95uJ1ZH5iQgk=">AAAB7nicbVBNSwMxEJ3Ur1q/qh69BItQL2VXRT1JwYvHCm5baNeSTbNtaDa7JFmhLP0RXjwo4tXf481/Y9ruQVsfDDzem2FmXpAIro3jfKPCyura+kZxs7S1vbO7V94/aOo4VZR5NBaxagdEM8El8ww3grUTxUgUCNYKRrdTv/XElOaxfDDjhPkRGUgeckqMlVreY1Z1Tie9csWpOTPgZeLmpAI5Gr3yV7cf0zRi0lBBtO64TmL8jCjDqWCTUjfVLCF0RAasY6kkEdN+Njt3gk+s0sdhrGxJg2fq74mMRFqPo8B2RsQM9aI3Ff/zOqkJr/2MyyQ1TNL5ojAV2MR4+jvuc8WoEWNLCFXc3orpkChCjU2oZENwF19eJs2zmntZO7+/qNRv8jiKcATHUAUXrqAOd9AADyiM4Ble4Q0l6AW9o495awHlM4fwB+jzB2DkjvA=</latexit>

U (0)
<latexit sha1_base64="K5U7FFNzRBePBQHBy3TYaYXQBKE=">AAAB7nicbVBNSwMxEJ3Ur1q/qh69BItQL2VXRT1JwYvHCm5baNeSTbNtaDa7JFmhLP0RXjwo4tXf481/Y9ruQVsfDDzem2FmXpAIro3jfKPCyura+kZxs7S1vbO7V94/aOo4VZR5NBaxagdEM8El8ww3grUTxUgUCNYKRrdTv/XElOaxfDDjhPkRGUgeckqMlVreY1Z1Tye9csWpOTPgZeLmpAI5Gr3yV7cf0zRi0lBBtO64TmL8jCjDqWCTUjfVLCF0RAasY6kkEdN+Njt3gk+s0sdhrGxJg2fq74mMRFqPo8B2RsQM9aI3Ff/zOqkJr/2MyyQ1TNL5ojAV2MR4+jvuc8WoEWNLCFXc3orpkChCjU2oZENwF19eJs2zmntZO7+/qNRv8jiKcATHUAUXrqAOd9AADyiM4Ble4Q0l6AW9o495awHlM4fwB+jzB2JqjvE=</latexit>

U (1)
<latexit sha1_base64="RYr0UBqU0c9+iEY4g38WZ5IO/Bg=">AAAB7nicbVBNSwMxEJ34WetX1aOXYBHqpexWUU9S8OKxgtsW2rVk02wbms0uSVYoS3+EFw+KePX3ePPfmLZ70NYHA4/3ZpiZFySCa+M432hldW19Y7OwVdze2d3bLx0cNnWcKso8GotYtQOimeCSeYYbwdqJYiQKBGsFo9up33piSvNYPphxwvyIDCQPOSXGSi3vMavUzia9UtmpOjPgZeLmpAw5Gr3SV7cf0zRi0lBBtO64TmL8jCjDqWCTYjfVLCF0RAasY6kkEdN+Njt3gk+t0sdhrGxJg2fq74mMRFqPo8B2RsQM9aI3Ff/zOqkJr/2MyyQ1TNL5ojAV2MR4+jvuc8WoEWNLCFXc3orpkChCjU2oaENwF19eJs1a1b2snt9flOs3eRwFOIYTqIALV1CHO2iABxRG8Ayv8IYS9ILe0ce8dQXlM0fwB+jzB2PwjvI=</latexit>

U (2)
<latexit sha1_base64="rGo5f0EWBxW6JTX81wmz3TAXjDk=">AAAB7nicbVBNSwMxEJ31s9avqkcvwSLUS9m1op6k4MVjBbcttGvJptk2NJsNSVYoS3+EFw+KePX3ePPfmLZ70NYHA4/3ZpiZF0rOtHHdb2dldW19Y7OwVdze2d3bLx0cNnWSKkJ9kvBEtUOsKWeC+oYZTttSURyHnLbC0e3Ubz1RpVkiHsxY0iDGA8EiRrCxUst/zCq1s0mvVHar7gxomXg5KUOORq/01e0nJI2pMIRjrTueK02QYWUY4XRS7KaaSkxGeEA7lgocUx1ks3Mn6NQqfRQlypYwaKb+nshwrPU4Dm1njM1QL3pT8T+vk5roOsiYkKmhgswXRSlHJkHT31GfKUoMH1uCiWL2VkSGWGFibEJFG4K3+PIyaZ5Xvctq7f6iXL/J4yjAMZxABTy4gjrcQQN8IDCCZ3iFN0c6L8678zFvXXHymSP4A+fzB2V2jvM=</latexit>

U (3)
<latexit sha1_base64="2LkX3No6x1DN7+dvals9W9uM2Ss=">AAAB7nicbVBNSwMxEJ31s9avqkcvwSLUS9nVop6k4MVjBbcttGvJptk2NJsNSVYoS3+EFw+KePX3ePPfmLZ70NYHA4/3ZpiZF0rOtHHdb2dldW19Y7OwVdze2d3bLx0cNnWSKkJ9kvBEtUOsKWeC+oYZTttSURyHnLbC0e3Ubz1RpVkiHsxY0iDGA8EiRrCxUst/zCq1s0mvVHar7gxomXg5KUOORq/01e0nJI2pMIRjrTueK02QYWUY4XRS7KaaSkxGeEA7lgocUx1ks3Mn6NQqfRQlypYwaKb+nshwrPU4Dm1njM1QL3pT8T+vk5roOsiYkKmhgswXRSlHJkHT31GfKUoMH1uCiWL2VkSGWGFibEJFG4K3+PIyaZ5XvcvqxX2tXL/J4yjAMZxABTy4gjrcQQN8IDCCZ3iFN0c6L8678zFvXXHymSP4A+fzB2b8jvQ=</latexit>

U (4)
<latexit sha1_base64="eydlFdroLbtFR7mfsFxMZhYja70=">AAAB7nicbVBNSwMxEJ31s9avqkcvwSLUS9n1+yQFLx4ruG2hXUs2zbah2WRJskJZ+iO8eFDEq7/Hm//GtN2Dtj4YeLw3w8y8MOFMG9f9dpaWV1bX1gsbxc2t7Z3d0t5+Q8tUEeoTyaVqhVhTzgT1DTOcthJFcRxy2gyHtxO/+USVZlI8mFFCgxj3BYsYwcZKTf8xq1ycjLulslt1p0CLxMtJGXLUu6WvTk+SNKbCEI61bntuYoIMK8MIp+NiJ9U0wWSI+7RtqcAx1UE2PXeMjq3SQ5FUtoRBU/X3RIZjrUdxaDtjbAZ63puI/3nt1ETXQcZEkhoqyGxRlHJkJJr8jnpMUWL4yBJMFLO3IjLAChNjEyraELz5lxdJ47TqXVbP7s/LtZs8jgIcwhFUwIMrqMEd1MEHAkN4hld4cxLnxXl3PmatS04+cwB/4Hz+AGiCjvU=</latexit>

U (5)

<latexit sha1_base64="IXmVZZx6RQxlV5rHybRVh0XAB1M=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomKepKCF48t2A9oQ9lsJu3azSbsboRS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBVcG9f9dlZW19Y3Ngtbxe2d3b390sFhUyeZYthgiUhUO6AaBZfYMNwIbKcKaRwIbAXDu6nfekKleSIfzChFP6Z9ySPOqLFSPeyVym7FnYEsEy8nZchR65W+umHCshilYYJq3fHc1PhjqgxnAifFbqYxpWxI+9ixVNIYtT+eHTohp1YJSZQoW9KQmfp7YkxjrUdxYDtjagZ60ZuK/3mdzEQ3/pjLNDMo2XxRlAliEjL9moRcITNiZAllittbCRtQRZmx2RRtCN7iy8ukeV7xrioX9cty9TaPowDHcAJn4ME1VOEeatAABgjP8ApvzqPz4rw7H/PWFSefOYI/cD5/AMlRjOw=</latexit>

d

<latexit sha1_base64="OXVk4QP6vBnIcll2xHWTuFdhW78=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqCcJ6MFjAuYByRJmJ51kzOzsMjMrhCVf4MWDIl79JG/+jZNkD5pY0FBUddPdFcSCa+O6305uZXVtfSO/Wdja3tndK+4fNHSUKIZ1FolItQKqUXCJdcONwFaskIaBwGYwup36zSdUmkfywYxj9EM6kLzPGTVWqt11iyW37M5AlomXkRJkqHaLX51exJIQpWGCat323Nj4KVWGM4GTQifRGFM2ogNsWyppiNpPZ4dOyIlVeqQfKVvSkJn6eyKlodbjMLCdITVDvehNxf+8dmL6137KZZwYlGy+qJ8IYiIy/Zr0uEJmxNgSyhS3txI2pIoyY7Mp2BC8xZeXSeOs7F2Wz2sXpcpNFkcejuAYTsGDK6jAPVShDgwQnuEV3pxH58V5dz7mrTknmzmEP3A+fwCY0YzM</latexit>

D

dd
• E.g., seeing them as generic ground states, do they 

equilibrate in time under generic local Hamiltonians?

• Observables    evolving under    have time averages  
<latexit sha1_base64="OdSCCU6tZb7RHctpkvXV3SGUHgY=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqCeJePGYgHlAsoTZSScZMzu7zMwKYckXePGgiFc/yZt/4yTZgyYWNBRV3XR3BbHg2rjut5NbWV1b38hvFra2d3b3ivsHDR0limGdRSJSrYBqFFxi3XAjsBUrpGEgsBmM7qZ+8wmV5pF8MOMY/ZAOJO9zRo2VarfdYsktuzOQZeJlpAQZqt3iV6cXsSREaZigWrc9NzZ+SpXhTOCk0Ek0xpSN6ADblkoaovbT2aETcmKVHulHypY0ZKb+nkhpqPU4DGxnSM1QL3pT8T+vnZj+tZ9yGScGJZsv6ieCmIhMvyY9rpAZMbaEMsXtrYQNqaLM2GwKNgRv8eVl0jgre5fl89pFqXKTxZGHIziGU/DgCipwD1WoAwOEZ3iFN+fReXHenY95a87JZg7hD5zPH5RFjMk=</latexit>

A
<latexit sha1_base64="u3jjnXDMl7weZuxkzDZYjAfNd+8=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqCcJeMkxAfOAZAmzk95kzOzsMjMrhJAv8OJBEa9+kjf/xkmyB00saCiquunuChLBtXHdbye3tr6xuZXfLuzs7u0fFA+PmjpOFcMGi0Ws2gHVKLjEhuFGYDtRSKNAYCsY3c/81hMqzWP5YMYJ+hEdSB5yRo2V6tVeseSW3TnIKvEyUoIMtV7xq9uPWRqhNExQrTuemxh/QpXhTOC00E01JpSN6AA7lkoaofYn80On5MwqfRLGypY0ZK7+npjQSOtxFNjOiJqhXvZm4n9eJzXhrT/hMkkNSrZYFKaCmJjMviZ9rpAZMbaEMsXtrYQNqaLM2GwKNgRv+eVV0rwoe9fly/pVqXKXxZGHEziFc/DgBipQhRo0gAHCM7zCm/PovDjvzseiNedkM8fwB87nD57hjNA=</latexit>

H

• Fluctuations

<latexit sha1_base64="OdSCCU6tZb7RHctpkvXV3SGUHgY=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqCeJePGYgHlAsoTZSScZMzu7zMwKYckXePGgiFc/yZt/4yTZgyYWNBRV3XR3BbHg2rjut5NbWV1b38hvFra2d3b3ivsHDR0limGdRSJSrYBqFFxi3XAjsBUrpGEgsBmM7qZ+8wmV5pF8MOMY/ZAOJO9zRo2VarfdYsktuzOQZeJlpAQZqt3iV6cXsSREaZigWrc9NzZ+SpXhTOCk0Ek0xpSN6ADblkoaovbT2aETcmKVHulHypY0ZKb+nkhpqPU4DGxnSM1QL3pT8T+vnZj+tZ9yGScGJZsv6ieCmIhMvyY9rpAZMbaEMsXtrYQNqaLM2GwKNgRv8eVl0jgre5fl89pFqXKTxZGHIziGU/DgCipwD1WoAwOEZ3iFN+fReXHenY95a87JZg7hD5zPH5RFjMk=</latexit>

A
<latexit sha1_base64="OdSCCU6tZb7RHctpkvXV3SGUHgY=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqCeJePGYgHlAsoTZSScZMzu7zMwKYckXePGgiFc/yZt/4yTZgyYWNBRV3XR3BbHg2rjut5NbWV1b38hvFra2d3b3ivsHDR0limGdRSJSrYBqFFxi3XAjsBUrpGEgsBmM7qZ+8wmV5pF8MOMY/ZAOJO9zRo2VarfdYsktuzOQZeJlpAQZqt3iV6cXsSREaZigWrc9NzZ+SpXhTOCk0Ek0xpSN6ADblkoaovbT2aETcmKVHulHypY0ZKb+nkhpqPU4DGxnSM1QL3pT8T+vnZj+tZ9yGScGJZsv6ieCmIhMvyY9rpAZMbaEMsXtrYQNqaLM2GwKNgRv8eVl0jgre5fl89pFqXKTxZGHIziGU/DgCipwD1WoAwOEZ3iFN+fReXHenY95a87JZg7hD5zPH5RFjMk=</latexit>

A

STATISTICAL MECHANICS OF RANDOM STATES

Haferkamp, Bertoni, Roth, Eisert, PRX Quantum 2, 040308 (2021) 



https://www.physik.fu-berlin.de/en/einrichtungen/ag/ag-eisert 

• Random matrix product states
<latexit sha1_base64="DgC8bAZyG95tjb2/uda7dDVAefI=">AAAB8HicbVBNS8NAEJ34WetX1aOXYBE8lURFPUnBi8cK9kPaUDbbSbt0dxN2N0KJ/RVePCji1Z/jzX/jts1BWx8MPN6bYWZemHCmjed9O0vLK6tr64WN4ubW9s5uaW+/oeNUUazTmMeqFRKNnEmsG2Y4thKFRIQcm+HwZuI3H1FpFst7M0owEKQvWcQoMVZ6ePI6isg+x26p7FW8KdxF4uekDDlq3dJXpxfTVKA0lBOt276XmCAjyjDKcVzspBoTQoekj21LJRGog2x68Ng9tkrPjWJlSxp3qv6eyIjQeiRC2ymIGeh5byL+57VTE10FGZNJalDS2aIo5a6J3cn3bo8ppIaPLCFUMXurSwdEEWpsRkUbgj//8iJpnFb8i8rZ3Xm5ep3HUYBDOIIT8OESqnALNagDBQHP8ApvjnJenHfnY9a65OQzB/AHzucPtpGQWQ==</latexit>

|0i
<latexit sha1_base64="DgC8bAZyG95tjb2/uda7dDVAefI=">AAAB8HicbVBNS8NAEJ34WetX1aOXYBE8lURFPUnBi8cK9kPaUDbbSbt0dxN2N0KJ/RVePCji1Z/jzX/jts1BWx8MPN6bYWZemHCmjed9O0vLK6tr64WN4ubW9s5uaW+/oeNUUazTmMeqFRKNnEmsG2Y4thKFRIQcm+HwZuI3H1FpFst7M0owEKQvWcQoMVZ6ePI6isg+x26p7FW8KdxF4uekDDlq3dJXpxfTVKA0lBOt276XmCAjyjDKcVzspBoTQoekj21LJRGog2x68Ng9tkrPjWJlSxp3qv6eyIjQeiRC2ymIGeh5byL+57VTE10FGZNJalDS2aIo5a6J3cn3bo8ppIaPLCFUMXurSwdEEWpsRkUbgj//8iJpnFb8i8rZ3Xm5ep3HUYBDOIIT8OESqnALNagDBQHP8ApvjnJenHfnY9a65OQzB/AHzucPtpGQWQ==</latexit>

|0i
<latexit sha1_base64="DgC8bAZyG95tjb2/uda7dDVAefI=">AAAB8HicbVBNS8NAEJ34WetX1aOXYBE8lURFPUnBi8cK9kPaUDbbSbt0dxN2N0KJ/RVePCji1Z/jzX/jts1BWx8MPN6bYWZemHCmjed9O0vLK6tr64WN4ubW9s5uaW+/oeNUUazTmMeqFRKNnEmsG2Y4thKFRIQcm+HwZuI3H1FpFst7M0owEKQvWcQoMVZ6ePI6isg+x26p7FW8KdxF4uekDDlq3dJXpxfTVKA0lBOt276XmCAjyjDKcVzspBoTQoekj21LJRGog2x68Ng9tkrPjWJlSxp3qv6eyIjQeiRC2ymIGeh5byL+57VTE10FGZNJalDS2aIo5a6J3cn3bo8ppIaPLCFUMXurSwdEEWpsRkUbgj//8iJpnFb8i8rZ3Xm5ep3HUYBDOIIT8OESqnALNagDBQHP8ApvjnJenHfnY9a65OQzB/AHzucPtpGQWQ==</latexit>

|0i
<latexit sha1_base64="DgC8bAZyG95tjb2/uda7dDVAefI=">AAAB8HicbVBNS8NAEJ34WetX1aOXYBE8lURFPUnBi8cK9kPaUDbbSbt0dxN2N0KJ/RVePCji1Z/jzX/jts1BWx8MPN6bYWZemHCmjed9O0vLK6tr64WN4ubW9s5uaW+/oeNUUazTmMeqFRKNnEmsG2Y4thKFRIQcm+HwZuI3H1FpFst7M0owEKQvWcQoMVZ6ePI6isg+x26p7FW8KdxF4uekDDlq3dJXpxfTVKA0lBOt276XmCAjyjDKcVzspBoTQoekj21LJRGog2x68Ng9tkrPjWJlSxp3qv6eyIjQeiRC2ymIGeh5byL+57VTE10FGZNJalDS2aIo5a6J3cn3bo8ppIaPLCFUMXurSwdEEWpsRkUbgj//8iJpnFb8i8rZ3Xm5ep3HUYBDOIIT8OESqnALNagDBQHP8ApvjnJenHfnY9a65OQzB/AHzucPtpGQWQ==</latexit>

|0i
<latexit sha1_base64="DgC8bAZyG95tjb2/uda7dDVAefI=">AAAB8HicbVBNS8NAEJ34WetX1aOXYBE8lURFPUnBi8cK9kPaUDbbSbt0dxN2N0KJ/RVePCji1Z/jzX/jts1BWx8MPN6bYWZemHCmjed9O0vLK6tr64WN4ubW9s5uaW+/oeNUUazTmMeqFRKNnEmsG2Y4thKFRIQcm+HwZuI3H1FpFst7M0owEKQvWcQoMVZ6ePI6isg+x26p7FW8KdxF4uekDDlq3dJXpxfTVKA0lBOt276XmCAjyjDKcVzspBoTQoekj21LJRGog2x68Ng9tkrPjWJlSxp3qv6eyIjQeiRC2ymIGeh5byL+57VTE10FGZNJalDS2aIo5a6J3cn3bo8ppIaPLCFUMXurSwdEEWpsRkUbgj//8iJpnFb8i8rZ3Xm5ep3HUYBDOIIT8OESqnALNagDBQHP8ApvjnJenHfnY9a65OQzB/AHzucPtpGQWQ==</latexit>

|0i
<latexit sha1_base64="DgC8bAZyG95tjb2/uda7dDVAefI=">AAAB8HicbVBNS8NAEJ34WetX1aOXYBE8lURFPUnBi8cK9kPaUDbbSbt0dxN2N0KJ/RVePCji1Z/jzX/jts1BWx8MPN6bYWZemHCmjed9O0vLK6tr64WN4ubW9s5uaW+/oeNUUazTmMeqFRKNnEmsG2Y4thKFRIQcm+HwZuI3H1FpFst7M0owEKQvWcQoMVZ6ePI6isg+x26p7FW8KdxF4uekDDlq3dJXpxfTVKA0lBOt276XmCAjyjDKcVzspBoTQoekj21LJRGog2x68Ng9tkrPjWJlSxp3qv6eyIjQeiRC2ymIGeh5byL+57VTE10FGZNJalDS2aIo5a6J3cn3bo8ppIaPLCFUMXurSwdEEWpsRkUbgj//8iJpnFb8i8rZ3Xm5ep3HUYBDOIIT8OESqnALNagDBQHP8ApvjnJenHfnY9a65OQzB/AHzucPtpGQWQ==</latexit>

|0i

<latexit sha1_base64="IXmVZZx6RQxlV5rHybRVh0XAB1M=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomKepKCF48t2A9oQ9lsJu3azSbsboRS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBVcG9f9dlZW19Y3Ngtbxe2d3b390sFhUyeZYthgiUhUO6AaBZfYMNwIbKcKaRwIbAXDu6nfekKleSIfzChFP6Z9ySPOqLFSPeyVym7FnYEsEy8nZchR65W+umHCshilYYJq3fHc1PhjqgxnAifFbqYxpWxI+9ixVNIYtT+eHTohp1YJSZQoW9KQmfp7YkxjrUdxYDtjagZ60ZuK/3mdzEQ3/pjLNDMo2XxRlAliEjL9moRcITNiZAllittbCRtQRZmx2RRtCN7iy8ukeV7xrioX9cty9TaPowDHcAJn4ME1VOEeatAABgjP8ApvzqPz4rw7H/PWFSefOYI/cD5/AMlRjOw=</latexit>

d

<latexit sha1_base64="OXVk4QP6vBnIcll2xHWTuFdhW78=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqCcJ6MFjAuYByRJmJ51kzOzsMjMrhCVf4MWDIl79JG/+jZNkD5pY0FBUddPdFcSCa+O6305uZXVtfSO/Wdja3tndK+4fNHSUKIZ1FolItQKqUXCJdcONwFaskIaBwGYwup36zSdUmkfywYxj9EM6kLzPGTVWqt11iyW37M5AlomXkRJkqHaLX51exJIQpWGCat323Nj4KVWGM4GTQifRGFM2ogNsWyppiNpPZ4dOyIlVeqQfKVvSkJn6eyKlodbjMLCdITVDvehNxf+8dmL6137KZZwYlGy+qJ8IYiIy/Zr0uEJmxNgSyhS3txI2pIoyY7Mp2BC8xZeXSeOs7F2Wz2sXpcpNFkcejuAYTsGDK6jAPVShDgwQnuEV3pxH58V5dz7mrTknmzmEP3A+fwCY0YzM</latexit>

D

<latexit sha1_base64="OdSCCU6tZb7RHctpkvXV3SGUHgY=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqCeJePGYgHlAsoTZSScZMzu7zMwKYckXePGgiFc/yZt/4yTZgyYWNBRV3XR3BbHg2rjut5NbWV1b38hvFra2d3b3ivsHDR0limGdRSJSrYBqFFxi3XAjsBUrpGEgsBmM7qZ+8wmV5pF8MOMY/ZAOJO9zRo2VarfdYsktuzOQZeJlpAQZqt3iV6cXsSREaZigWrc9NzZ+SpXhTOCk0Ek0xpSN6ADblkoaovbT2aETcmKVHulHypY0ZKb+nkhpqPU4DGxnSM1QL3pT8T+vnZj+tZ9yGScGJZsv6ieCmIhMvyY9rpAZMbaEMsXtrYQNqaLM2GwKNgRv8eVl0jgre5fl89pFqXKTxZGHIziGU/DgCipwD1WoAwOEZ3iFN+fReXHenY95a87JZg7hD5zPH5RFjMk=</latexit>

A

STATISTICAL MECHANICS OF RANDOM STATES

dd

• They equilibrate exponentially well:  
 

 
for 

Haferkamp, Bertoni, Roth, Eisert, PRX Quantum 2, 040308 (2021) 

<latexit sha1_base64="cI4LO3ygl03q6kh95uJ1ZH5iQgk=">AAAB7nicbVBNSwMxEJ3Ur1q/qh69BItQL2VXRT1JwYvHCm5baNeSTbNtaDa7JFmhLP0RXjwo4tXf481/Y9ruQVsfDDzem2FmXpAIro3jfKPCyura+kZxs7S1vbO7V94/aOo4VZR5NBaxagdEM8El8ww3grUTxUgUCNYKRrdTv/XElOaxfDDjhPkRGUgeckqMlVreY1Z1Tie9csWpOTPgZeLmpAI5Gr3yV7cf0zRi0lBBtO64TmL8jCjDqWCTUjfVLCF0RAasY6kkEdN+Njt3gk+s0sdhrGxJg2fq74mMRFqPo8B2RsQM9aI3Ff/zOqkJr/2MyyQ1TNL5ojAV2MR4+jvuc8WoEWNLCFXc3orpkChCjU2oZENwF19eJs2zmntZO7+/qNRv8jiKcATHUAUXrqAOd9AADyiM4Ble4Q0l6AW9o495awHlM4fwB+jzB2DkjvA=</latexit>

U (0)
<latexit sha1_base64="K5U7FFNzRBePBQHBy3TYaYXQBKE=">AAAB7nicbVBNSwMxEJ3Ur1q/qh69BItQL2VXRT1JwYvHCm5baNeSTbNtaDa7JFmhLP0RXjwo4tXf481/Y9ruQVsfDDzem2FmXpAIro3jfKPCyura+kZxs7S1vbO7V94/aOo4VZR5NBaxagdEM8El8ww3grUTxUgUCNYKRrdTv/XElOaxfDDjhPkRGUgeckqMlVreY1Z1Tye9csWpOTPgZeLmpAI5Gr3yV7cf0zRi0lBBtO64TmL8jCjDqWCTUjfVLCF0RAasY6kkEdN+Njt3gk+s0sdhrGxJg2fq74mMRFqPo8B2RsQM9aI3Ff/zOqkJr/2MyyQ1TNL5ojAV2MR4+jvuc8WoEWNLCFXc3orpkChCjU2oZENwF19eJs2zmntZO7+/qNRv8jiKcATHUAUXrqAOd9AADyiM4Ble4Q0l6AW9o495awHlM4fwB+jzB2JqjvE=</latexit>

U (1)
<latexit sha1_base64="RYr0UBqU0c9+iEY4g38WZ5IO/Bg=">AAAB7nicbVBNSwMxEJ34WetX1aOXYBHqpexWUU9S8OKxgtsW2rVk02wbms0uSVYoS3+EFw+KePX3ePPfmLZ70NYHA4/3ZpiZFySCa+M432hldW19Y7OwVdze2d3bLx0cNnWcKso8GotYtQOimeCSeYYbwdqJYiQKBGsFo9up33piSvNYPphxwvyIDCQPOSXGSi3vMavUzia9UtmpOjPgZeLmpAw5Gr3SV7cf0zRi0lBBtO64TmL8jCjDqWCTYjfVLCF0RAasY6kkEdN+Njt3gk+t0sdhrGxJg2fq74mMRFqPo8B2RsQM9aI3Ff/zOqkJr/2MyyQ1TNL5ojAV2MR4+jvuc8WoEWNLCFXc3orpkChCjU2oaENwF19eJs1a1b2snt9flOs3eRwFOIYTqIALV1CHO2iABxRG8Ayv8IYS9ILe0ce8dQXlM0fwB+jzB2PwjvI=</latexit>

U (2)
<latexit sha1_base64="rGo5f0EWBxW6JTX81wmz3TAXjDk=">AAAB7nicbVBNSwMxEJ31s9avqkcvwSLUS9m1op6k4MVjBbcttGvJptk2NJsNSVYoS3+EFw+KePX3ePPfmLZ70NYHA4/3ZpiZF0rOtHHdb2dldW19Y7OwVdze2d3bLx0cNnWSKkJ9kvBEtUOsKWeC+oYZTttSURyHnLbC0e3Ubz1RpVkiHsxY0iDGA8EiRrCxUst/zCq1s0mvVHar7gxomXg5KUOORq/01e0nJI2pMIRjrTueK02QYWUY4XRS7KaaSkxGeEA7lgocUx1ks3Mn6NQqfRQlypYwaKb+nshwrPU4Dm1njM1QL3pT8T+vk5roOsiYkKmhgswXRSlHJkHT31GfKUoMH1uCiWL2VkSGWGFibEJFG4K3+PIyaZ5Xvctq7f6iXL/J4yjAMZxABTy4gjrcQQN8IDCCZ3iFN0c6L8678zFvXXHymSP4A+fzB2V2jvM=</latexit>

U (3)
<latexit sha1_base64="2LkX3No6x1DN7+dvals9W9uM2Ss=">AAAB7nicbVBNSwMxEJ31s9avqkcvwSLUS9nVop6k4MVjBbcttGvJptk2NJsNSVYoS3+EFw+KePX3ePPfmLZ70NYHA4/3ZpiZF0rOtHHdb2dldW19Y7OwVdze2d3bLx0cNnWSKkJ9kvBEtUOsKWeC+oYZTttSURyHnLbC0e3Ubz1RpVkiHsxY0iDGA8EiRrCxUst/zCq1s0mvVHar7gxomXg5KUOORq/01e0nJI2pMIRjrTueK02QYWUY4XRS7KaaSkxGeEA7lgocUx1ks3Mn6NQqfRQlypYwaKb+nshwrPU4Dm1njM1QL3pT8T+vk5roOsiYkKmhgswXRSlHJkHT31GfKUoMH1uCiWL2VkSGWGFibEJFG4K3+PIyaZ5XvcvqxX2tXL/J4yjAMZxABTy4gjrcQQN8IDCCZ3iFN0c6L8678zFvXXHymSP4A+fzB2b8jvQ=</latexit>

U (4)
<latexit sha1_base64="eydlFdroLbtFR7mfsFxMZhYja70=">AAAB7nicbVBNSwMxEJ31s9avqkcvwSLUS9n1+yQFLx4ruG2hXUs2zbah2WRJskJZ+iO8eFDEq7/Hm//GtN2Dtj4YeLw3w8y8MOFMG9f9dpaWV1bX1gsbxc2t7Z3d0t5+Q8tUEeoTyaVqhVhTzgT1DTOcthJFcRxy2gyHtxO/+USVZlI8mFFCgxj3BYsYwcZKTf8xq1ycjLulslt1p0CLxMtJGXLUu6WvTk+SNKbCEI61bntuYoIMK8MIp+NiJ9U0wWSI+7RtqcAx1UE2PXeMjq3SQ5FUtoRBU/X3RIZjrUdxaDtjbAZ63puI/3nt1ETXQcZEkhoqyGxRlHJkJJr8jnpMUWL4yBJMFLO3IjLAChNjEyraELz5lxdJ47TqXVbP7s/LtZs8jgIcwhFUwIMrqMEd1MEHAkN4hld4cxLnxXl3PmatS04+cwB/4Hz+AGiCjvU=</latexit>

U (5)



https://www.physik.fu-berlin.de/en/einrichtungen/ag/ag-eisert 

• Random matrix product states
<latexit sha1_base64="DgC8bAZyG95tjb2/uda7dDVAefI=">AAAB8HicbVBNS8NAEJ34WetX1aOXYBE8lURFPUnBi8cK9kPaUDbbSbt0dxN2N0KJ/RVePCji1Z/jzX/jts1BWx8MPN6bYWZemHCmjed9O0vLK6tr64WN4ubW9s5uaW+/oeNUUazTmMeqFRKNnEmsG2Y4thKFRIQcm+HwZuI3H1FpFst7M0owEKQvWcQoMVZ6ePI6isg+x26p7FW8KdxF4uekDDlq3dJXpxfTVKA0lBOt276XmCAjyjDKcVzspBoTQoekj21LJRGog2x68Ng9tkrPjWJlSxp3qv6eyIjQeiRC2ymIGeh5byL+57VTE10FGZNJalDS2aIo5a6J3cn3bo8ppIaPLCFUMXurSwdEEWpsRkUbgj//8iJpnFb8i8rZ3Xm5ep3HUYBDOIIT8OESqnALNagDBQHP8ApvjnJenHfnY9a65OQzB/AHzucPtpGQWQ==</latexit>

|0i
<latexit sha1_base64="DgC8bAZyG95tjb2/uda7dDVAefI=">AAAB8HicbVBNS8NAEJ34WetX1aOXYBE8lURFPUnBi8cK9kPaUDbbSbt0dxN2N0KJ/RVePCji1Z/jzX/jts1BWx8MPN6bYWZemHCmjed9O0vLK6tr64WN4ubW9s5uaW+/oeNUUazTmMeqFRKNnEmsG2Y4thKFRIQcm+HwZuI3H1FpFst7M0owEKQvWcQoMVZ6ePI6isg+x26p7FW8KdxF4uekDDlq3dJXpxfTVKA0lBOt276XmCAjyjDKcVzspBoTQoekj21LJRGog2x68Ng9tkrPjWJlSxp3qv6eyIjQeiRC2ymIGeh5byL+57VTE10FGZNJalDS2aIo5a6J3cn3bo8ppIaPLCFUMXurSwdEEWpsRkUbgj//8iJpnFb8i8rZ3Xm5ep3HUYBDOIIT8OESqnALNagDBQHP8ApvjnJenHfnY9a65OQzB/AHzucPtpGQWQ==</latexit>

|0i
<latexit sha1_base64="DgC8bAZyG95tjb2/uda7dDVAefI=">AAAB8HicbVBNS8NAEJ34WetX1aOXYBE8lURFPUnBi8cK9kPaUDbbSbt0dxN2N0KJ/RVePCji1Z/jzX/jts1BWx8MPN6bYWZemHCmjed9O0vLK6tr64WN4ubW9s5uaW+/oeNUUazTmMeqFRKNnEmsG2Y4thKFRIQcm+HwZuI3H1FpFst7M0owEKQvWcQoMVZ6ePI6isg+x26p7FW8KdxF4uekDDlq3dJXpxfTVKA0lBOt276XmCAjyjDKcVzspBoTQoekj21LJRGog2x68Ng9tkrPjWJlSxp3qv6eyIjQeiRC2ymIGeh5byL+57VTE10FGZNJalDS2aIo5a6J3cn3bo8ppIaPLCFUMXurSwdEEWpsRkUbgj//8iJpnFb8i8rZ3Xm5ep3HUYBDOIIT8OESqnALNagDBQHP8ApvjnJenHfnY9a65OQzB/AHzucPtpGQWQ==</latexit>

|0i
<latexit sha1_base64="DgC8bAZyG95tjb2/uda7dDVAefI=">AAAB8HicbVBNS8NAEJ34WetX1aOXYBE8lURFPUnBi8cK9kPaUDbbSbt0dxN2N0KJ/RVePCji1Z/jzX/jts1BWx8MPN6bYWZemHCmjed9O0vLK6tr64WN4ubW9s5uaW+/oeNUUazTmMeqFRKNnEmsG2Y4thKFRIQcm+HwZuI3H1FpFst7M0owEKQvWcQoMVZ6ePI6isg+x26p7FW8KdxF4uekDDlq3dJXpxfTVKA0lBOt276XmCAjyjDKcVzspBoTQoekj21LJRGog2x68Ng9tkrPjWJlSxp3qv6eyIjQeiRC2ymIGeh5byL+57VTE10FGZNJalDS2aIo5a6J3cn3bo8ppIaPLCFUMXurSwdEEWpsRkUbgj//8iJpnFb8i8rZ3Xm5ep3HUYBDOIIT8OESqnALNagDBQHP8ApvjnJenHfnY9a65OQzB/AHzucPtpGQWQ==</latexit>

|0i
<latexit sha1_base64="DgC8bAZyG95tjb2/uda7dDVAefI=">AAAB8HicbVBNS8NAEJ34WetX1aOXYBE8lURFPUnBi8cK9kPaUDbbSbt0dxN2N0KJ/RVePCji1Z/jzX/jts1BWx8MPN6bYWZemHCmjed9O0vLK6tr64WN4ubW9s5uaW+/oeNUUazTmMeqFRKNnEmsG2Y4thKFRIQcm+HwZuI3H1FpFst7M0owEKQvWcQoMVZ6ePI6isg+x26p7FW8KdxF4uekDDlq3dJXpxfTVKA0lBOt276XmCAjyjDKcVzspBoTQoekj21LJRGog2x68Ng9tkrPjWJlSxp3qv6eyIjQeiRC2ymIGeh5byL+57VTE10FGZNJalDS2aIo5a6J3cn3bo8ppIaPLCFUMXurSwdEEWpsRkUbgj//8iJpnFb8i8rZ3Xm5ep3HUYBDOIIT8OESqnALNagDBQHP8ApvjnJenHfnY9a65OQzB/AHzucPtpGQWQ==</latexit>

|0i
<latexit sha1_base64="DgC8bAZyG95tjb2/uda7dDVAefI=">AAAB8HicbVBNS8NAEJ34WetX1aOXYBE8lURFPUnBi8cK9kPaUDbbSbt0dxN2N0KJ/RVePCji1Z/jzX/jts1BWx8MPN6bYWZemHCmjed9O0vLK6tr64WN4ubW9s5uaW+/oeNUUazTmMeqFRKNnEmsG2Y4thKFRIQcm+HwZuI3H1FpFst7M0owEKQvWcQoMVZ6ePI6isg+x26p7FW8KdxF4uekDDlq3dJXpxfTVKA0lBOt276XmCAjyjDKcVzspBoTQoekj21LJRGog2x68Ng9tkrPjWJlSxp3qv6eyIjQeiRC2ymIGeh5byL+57VTE10FGZNJalDS2aIo5a6J3cn3bo8ppIaPLCFUMXurSwdEEWpsRkUbgj//8iJpnFb8i8rZ3Xm5ep3HUYBDOIIT8OESqnALNagDBQHP8ApvjnJenHfnY9a65OQzB/AHzucPtpGQWQ==</latexit>

|0i

<latexit sha1_base64="IXmVZZx6RQxlV5rHybRVh0XAB1M=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomKepKCF48t2A9oQ9lsJu3azSbsboRS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBVcG9f9dlZW19Y3Ngtbxe2d3b390sFhUyeZYthgiUhUO6AaBZfYMNwIbKcKaRwIbAXDu6nfekKleSIfzChFP6Z9ySPOqLFSPeyVym7FnYEsEy8nZchR65W+umHCshilYYJq3fHc1PhjqgxnAifFbqYxpWxI+9ixVNIYtT+eHTohp1YJSZQoW9KQmfp7YkxjrUdxYDtjagZ60ZuK/3mdzEQ3/pjLNDMo2XxRlAliEjL9moRcITNiZAllittbCRtQRZmx2RRtCN7iy8ukeV7xrioX9cty9TaPowDHcAJn4ME1VOEeatAABgjP8ApvzqPz4rw7H/PWFSefOYI/cD5/AMlRjOw=</latexit>

d

<latexit sha1_base64="OXVk4QP6vBnIcll2xHWTuFdhW78=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqCcJ6MFjAuYByRJmJ51kzOzsMjMrhCVf4MWDIl79JG/+jZNkD5pY0FBUddPdFcSCa+O6305uZXVtfSO/Wdja3tndK+4fNHSUKIZ1FolItQKqUXCJdcONwFaskIaBwGYwup36zSdUmkfywYxj9EM6kLzPGTVWqt11iyW37M5AlomXkRJkqHaLX51exJIQpWGCat323Nj4KVWGM4GTQifRGFM2ogNsWyppiNpPZ4dOyIlVeqQfKVvSkJn6eyKlodbjMLCdITVDvehNxf+8dmL6137KZZwYlGy+qJ8IYiIy/Zr0uEJmxNgSyhS3txI2pIoyY7Mp2BC8xZeXSeOs7F2Wz2sXpcpNFkcejuAYTsGDK6jAPVShDgwQnuEV3pxH58V5dz7mrTknmzmEP3A+fwCY0YzM</latexit>

D

<latexit sha1_base64="OdSCCU6tZb7RHctpkvXV3SGUHgY=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqCeJePGYgHlAsoTZSScZMzu7zMwKYckXePGgiFc/yZt/4yTZgyYWNBRV3XR3BbHg2rjut5NbWV1b38hvFra2d3b3ivsHDR0limGdRSJSrYBqFFxi3XAjsBUrpGEgsBmM7qZ+8wmV5pF8MOMY/ZAOJO9zRo2VarfdYsktuzOQZeJlpAQZqt3iV6cXsSREaZigWrc9NzZ+SpXhTOCk0Ek0xpSN6ADblkoaovbT2aETcmKVHulHypY0ZKb+nkhpqPU4DGxnSM1QL3pT8T+vnZj+tZ9yGScGJZsv6ieCmIhMvyY9rpAZMbaEMsXtrYQNqaLM2GwKNgRv8eVl0jgre5fl89pFqXKTxZGHIziGU/DgCipwD1WoAwOEZ3iFN+fReXHenY95a87JZg7hD5zPH5RFjMk=</latexit>

A

dd

• Bound “effective dimension”

dd
• Use Weingarten calculus

dd

• Map to statistical mech model

• Tensor 
calculus

STATISTICAL MECHANICS OF RANDOM STATES

dd

• They equilibrate exponentially well:  
 

 
for 

Haferkamp, Bertoni, Roth, Eisert, PRX Quantum 2, 040308 (2021) 
Hunter-Jones, arXiv:1905.12053 (2019)

<latexit sha1_base64="cI4LO3ygl03q6kh95uJ1ZH5iQgk=">AAAB7nicbVBNSwMxEJ3Ur1q/qh69BItQL2VXRT1JwYvHCm5baNeSTbNtaDa7JFmhLP0RXjwo4tXf481/Y9ruQVsfDDzem2FmXpAIro3jfKPCyura+kZxs7S1vbO7V94/aOo4VZR5NBaxagdEM8El8ww3grUTxUgUCNYKRrdTv/XElOaxfDDjhPkRGUgeckqMlVreY1Z1Tie9csWpOTPgZeLmpAI5Gr3yV7cf0zRi0lBBtO64TmL8jCjDqWCTUjfVLCF0RAasY6kkEdN+Njt3gk+s0sdhrGxJg2fq74mMRFqPo8B2RsQM9aI3Ff/zOqkJr/2MyyQ1TNL5ojAV2MR4+jvuc8WoEWNLCFXc3orpkChCjU2oZENwF19eJs2zmntZO7+/qNRv8jiKcATHUAUXrqAOd9AADyiM4Ble4Q0l6AW9o495awHlM4fwB+jzB2DkjvA=</latexit>

U (0)
<latexit sha1_base64="K5U7FFNzRBePBQHBy3TYaYXQBKE=">AAAB7nicbVBNSwMxEJ3Ur1q/qh69BItQL2VXRT1JwYvHCm5baNeSTbNtaDa7JFmhLP0RXjwo4tXf481/Y9ruQVsfDDzem2FmXpAIro3jfKPCyura+kZxs7S1vbO7V94/aOo4VZR5NBaxagdEM8El8ww3grUTxUgUCNYKRrdTv/XElOaxfDDjhPkRGUgeckqMlVreY1Z1Tye9csWpOTPgZeLmpAI5Gr3yV7cf0zRi0lBBtO64TmL8jCjDqWCTUjfVLCF0RAasY6kkEdN+Njt3gk+s0sdhrGxJg2fq74mMRFqPo8B2RsQM9aI3Ff/zOqkJr/2MyyQ1TNL5ojAV2MR4+jvuc8WoEWNLCFXc3orpkChCjU2oZENwF19eJs2zmntZO7+/qNRv8jiKcATHUAUXrqAOd9AADyiM4Ble4Q0l6AW9o495awHlM4fwB+jzB2JqjvE=</latexit>

U (1)
<latexit sha1_base64="RYr0UBqU0c9+iEY4g38WZ5IO/Bg=">AAAB7nicbVBNSwMxEJ34WetX1aOXYBHqpexWUU9S8OKxgtsW2rVk02wbms0uSVYoS3+EFw+KePX3ePPfmLZ70NYHA4/3ZpiZFySCa+M432hldW19Y7OwVdze2d3bLx0cNnWcKso8GotYtQOimeCSeYYbwdqJYiQKBGsFo9up33piSvNYPphxwvyIDCQPOSXGSi3vMavUzia9UtmpOjPgZeLmpAw5Gr3SV7cf0zRi0lBBtO64TmL8jCjDqWCTYjfVLCF0RAasY6kkEdN+Njt3gk+t0sdhrGxJg2fq74mMRFqPo8B2RsQM9aI3Ff/zOqkJr/2MyyQ1TNL5ojAV2MR4+jvuc8WoEWNLCFXc3orpkChCjU2oaENwF19eJs1a1b2snt9flOs3eRwFOIYTqIALV1CHO2iABxRG8Ayv8IYS9ILe0ce8dQXlM0fwB+jzB2PwjvI=</latexit>

U (2)
<latexit sha1_base64="rGo5f0EWBxW6JTX81wmz3TAXjDk=">AAAB7nicbVBNSwMxEJ31s9avqkcvwSLUS9m1op6k4MVjBbcttGvJptk2NJsNSVYoS3+EFw+KePX3ePPfmLZ70NYHA4/3ZpiZF0rOtHHdb2dldW19Y7OwVdze2d3bLx0cNnWSKkJ9kvBEtUOsKWeC+oYZTttSURyHnLbC0e3Ubz1RpVkiHsxY0iDGA8EiRrCxUst/zCq1s0mvVHar7gxomXg5KUOORq/01e0nJI2pMIRjrTueK02QYWUY4XRS7KaaSkxGeEA7lgocUx1ks3Mn6NQqfRQlypYwaKb+nshwrPU4Dm1njM1QL3pT8T+vk5roOsiYkKmhgswXRSlHJkHT31GfKUoMH1uCiWL2VkSGWGFibEJFG4K3+PIyaZ5Xvctq7f6iXL/J4yjAMZxABTy4gjrcQQN8IDCCZ3iFN0c6L8678zFvXXHymSP4A+fzB2V2jvM=</latexit>

U (3)
<latexit sha1_base64="2LkX3No6x1DN7+dvals9W9uM2Ss=">AAAB7nicbVBNSwMxEJ31s9avqkcvwSLUS9nVop6k4MVjBbcttGvJptk2NJsNSVYoS3+EFw+KePX3ePPfmLZ70NYHA4/3ZpiZF0rOtHHdb2dldW19Y7OwVdze2d3bLx0cNnWSKkJ9kvBEtUOsKWeC+oYZTttSURyHnLbC0e3Ubz1RpVkiHsxY0iDGA8EiRrCxUst/zCq1s0mvVHar7gxomXg5KUOORq/01e0nJI2pMIRjrTueK02QYWUY4XRS7KaaSkxGeEA7lgocUx1ks3Mn6NQqfRQlypYwaKb+nshwrPU4Dm1njM1QL3pT8T+vk5roOsiYkKmhgswXRSlHJkHT31GfKUoMH1uCiWL2VkSGWGFibEJFG4K3+PIyaZ5XvcvqxX2tXL/J4yjAMZxABTy4gjrcQQN8IDCCZ3iFN0c6L8678zFvXXHymSP4A+fzB2b8jvQ=</latexit>

U (4)
<latexit sha1_base64="eydlFdroLbtFR7mfsFxMZhYja70=">AAAB7nicbVBNSwMxEJ31s9avqkcvwSLUS9n1+yQFLx4ruG2hXUs2zbah2WRJskJZ+iO8eFDEq7/Hm//GtN2Dtj4YeLw3w8y8MOFMG9f9dpaWV1bX1gsbxc2t7Z3d0t5+Q8tUEeoTyaVqhVhTzgT1DTOcthJFcRxy2gyHtxO/+USVZlI8mFFCgxj3BYsYwcZKTf8xq1ycjLulslt1p0CLxMtJGXLUu6WvTk+SNKbCEI61bntuYoIMK8MIp+NiJ9U0wWSI+7RtqcAx1UE2PXeMjq3SQ5FUtoRBU/X3RIZjrUdxaDtjbAZ63puI/3nt1ETXQcZEkhoqyGxRlHJkJJr8jnpMUWL4yBJMFLO3IjLAChNjEyraELz5lxdJ47TqXVbP7s/LtZs8jgIcwhFUwIMrqMEd1MEHAkN4hld4cxLnxXl3PmatS04+cwB/4Hz+AGiCjvU=</latexit>

U (5)



https://www.physik.fu-berlin.de/en/einrichtungen/ag/ag-eisert 

• Random matrix product states
<latexit sha1_base64="DgC8bAZyG95tjb2/uda7dDVAefI=">AAAB8HicbVBNS8NAEJ34WetX1aOXYBE8lURFPUnBi8cK9kPaUDbbSbt0dxN2N0KJ/RVePCji1Z/jzX/jts1BWx8MPN6bYWZemHCmjed9O0vLK6tr64WN4ubW9s5uaW+/oeNUUazTmMeqFRKNnEmsG2Y4thKFRIQcm+HwZuI3H1FpFst7M0owEKQvWcQoMVZ6ePI6isg+x26p7FW8KdxF4uekDDlq3dJXpxfTVKA0lBOt276XmCAjyjDKcVzspBoTQoekj21LJRGog2x68Ng9tkrPjWJlSxp3qv6eyIjQeiRC2ymIGeh5byL+57VTE10FGZNJalDS2aIo5a6J3cn3bo8ppIaPLCFUMXurSwdEEWpsRkUbgj//8iJpnFb8i8rZ3Xm5ep3HUYBDOIIT8OESqnALNagDBQHP8ApvjnJenHfnY9a65OQzB/AHzucPtpGQWQ==</latexit>

|0i
<latexit sha1_base64="DgC8bAZyG95tjb2/uda7dDVAefI=">AAAB8HicbVBNS8NAEJ34WetX1aOXYBE8lURFPUnBi8cK9kPaUDbbSbt0dxN2N0KJ/RVePCji1Z/jzX/jts1BWx8MPN6bYWZemHCmjed9O0vLK6tr64WN4ubW9s5uaW+/oeNUUazTmMeqFRKNnEmsG2Y4thKFRIQcm+HwZuI3H1FpFst7M0owEKQvWcQoMVZ6ePI6isg+x26p7FW8KdxF4uekDDlq3dJXpxfTVKA0lBOt276XmCAjyjDKcVzspBoTQoekj21LJRGog2x68Ng9tkrPjWJlSxp3qv6eyIjQeiRC2ymIGeh5byL+57VTE10FGZNJalDS2aIo5a6J3cn3bo8ppIaPLCFUMXurSwdEEWpsRkUbgj//8iJpnFb8i8rZ3Xm5ep3HUYBDOIIT8OESqnALNagDBQHP8ApvjnJenHfnY9a65OQzB/AHzucPtpGQWQ==</latexit>

|0i
<latexit sha1_base64="DgC8bAZyG95tjb2/uda7dDVAefI=">AAAB8HicbVBNS8NAEJ34WetX1aOXYBE8lURFPUnBi8cK9kPaUDbbSbt0dxN2N0KJ/RVePCji1Z/jzX/jts1BWx8MPN6bYWZemHCmjed9O0vLK6tr64WN4ubW9s5uaW+/oeNUUazTmMeqFRKNnEmsG2Y4thKFRIQcm+HwZuI3H1FpFst7M0owEKQvWcQoMVZ6ePI6isg+x26p7FW8KdxF4uekDDlq3dJXpxfTVKA0lBOt276XmCAjyjDKcVzspBoTQoekj21LJRGog2x68Ng9tkrPjWJlSxp3qv6eyIjQeiRC2ymIGeh5byL+57VTE10FGZNJalDS2aIo5a6J3cn3bo8ppIaPLCFUMXurSwdEEWpsRkUbgj//8iJpnFb8i8rZ3Xm5ep3HUYBDOIIT8OESqnALNagDBQHP8ApvjnJenHfnY9a65OQzB/AHzucPtpGQWQ==</latexit>

|0i
<latexit sha1_base64="DgC8bAZyG95tjb2/uda7dDVAefI=">AAAB8HicbVBNS8NAEJ34WetX1aOXYBE8lURFPUnBi8cK9kPaUDbbSbt0dxN2N0KJ/RVePCji1Z/jzX/jts1BWx8MPN6bYWZemHCmjed9O0vLK6tr64WN4ubW9s5uaW+/oeNUUazTmMeqFRKNnEmsG2Y4thKFRIQcm+HwZuI3H1FpFst7M0owEKQvWcQoMVZ6ePI6isg+x26p7FW8KdxF4uekDDlq3dJXpxfTVKA0lBOt276XmCAjyjDKcVzspBoTQoekj21LJRGog2x68Ng9tkrPjWJlSxp3qv6eyIjQeiRC2ymIGeh5byL+57VTE10FGZNJalDS2aIo5a6J3cn3bo8ppIaPLCFUMXurSwdEEWpsRkUbgj//8iJpnFb8i8rZ3Xm5ep3HUYBDOIIT8OESqnALNagDBQHP8ApvjnJenHfnY9a65OQzB/AHzucPtpGQWQ==</latexit>

|0i
<latexit sha1_base64="DgC8bAZyG95tjb2/uda7dDVAefI=">AAAB8HicbVBNS8NAEJ34WetX1aOXYBE8lURFPUnBi8cK9kPaUDbbSbt0dxN2N0KJ/RVePCji1Z/jzX/jts1BWx8MPN6bYWZemHCmjed9O0vLK6tr64WN4ubW9s5uaW+/oeNUUazTmMeqFRKNnEmsG2Y4thKFRIQcm+HwZuI3H1FpFst7M0owEKQvWcQoMVZ6ePI6isg+x26p7FW8KdxF4uekDDlq3dJXpxfTVKA0lBOt276XmCAjyjDKcVzspBoTQoekj21LJRGog2x68Ng9tkrPjWJlSxp3qv6eyIjQeiRC2ymIGeh5byL+57VTE10FGZNJalDS2aIo5a6J3cn3bo8ppIaPLCFUMXurSwdEEWpsRkUbgj//8iJpnFb8i8rZ3Xm5ep3HUYBDOIIT8OESqnALNagDBQHP8ApvjnJenHfnY9a65OQzB/AHzucPtpGQWQ==</latexit>

|0i
<latexit sha1_base64="DgC8bAZyG95tjb2/uda7dDVAefI=">AAAB8HicbVBNS8NAEJ34WetX1aOXYBE8lURFPUnBi8cK9kPaUDbbSbt0dxN2N0KJ/RVePCji1Z/jzX/jts1BWx8MPN6bYWZemHCmjed9O0vLK6tr64WN4ubW9s5uaW+/oeNUUazTmMeqFRKNnEmsG2Y4thKFRIQcm+HwZuI3H1FpFst7M0owEKQvWcQoMVZ6ePI6isg+x26p7FW8KdxF4uekDDlq3dJXpxfTVKA0lBOt276XmCAjyjDKcVzspBoTQoekj21LJRGog2x68Ng9tkrPjWJlSxp3qv6eyIjQeiRC2ymIGeh5byL+57VTE10FGZNJalDS2aIo5a6J3cn3bo8ppIaPLCFUMXurSwdEEWpsRkUbgj//8iJpnFb8i8rZ3Xm5ep3HUYBDOIIT8OESqnALNagDBQHP8ApvjnJenHfnY9a65OQzB/AHzucPtpGQWQ==</latexit>

|0i

<latexit sha1_base64="IXmVZZx6RQxlV5rHybRVh0XAB1M=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomKepKCF48t2A9oQ9lsJu3azSbsboRS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBVcG9f9dlZW19Y3Ngtbxe2d3b390sFhUyeZYthgiUhUO6AaBZfYMNwIbKcKaRwIbAXDu6nfekKleSIfzChFP6Z9ySPOqLFSPeyVym7FnYEsEy8nZchR65W+umHCshilYYJq3fHc1PhjqgxnAifFbqYxpWxI+9ixVNIYtT+eHTohp1YJSZQoW9KQmfp7YkxjrUdxYDtjagZ60ZuK/3mdzEQ3/pjLNDMo2XxRlAliEjL9moRcITNiZAllittbCRtQRZmx2RRtCN7iy8ukeV7xrioX9cty9TaPowDHcAJn4ME1VOEeatAABgjP8ApvzqPz4rw7H/PWFSefOYI/cD5/AMlRjOw=</latexit>

d

<latexit sha1_base64="OXVk4QP6vBnIcll2xHWTuFdhW78=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqCcJ6MFjAuYByRJmJ51kzOzsMjMrhCVf4MWDIl79JG/+jZNkD5pY0FBUddPdFcSCa+O6305uZXVtfSO/Wdja3tndK+4fNHSUKIZ1FolItQKqUXCJdcONwFaskIaBwGYwup36zSdUmkfywYxj9EM6kLzPGTVWqt11iyW37M5AlomXkRJkqHaLX51exJIQpWGCat323Nj4KVWGM4GTQifRGFM2ogNsWyppiNpPZ4dOyIlVeqQfKVvSkJn6eyKlodbjMLCdITVDvehNxf+8dmL6137KZZwYlGy+qJ8IYiIy/Zr0uEJmxNgSyhS3txI2pIoyY7Mp2BC8xZeXSeOs7F2Wz2sXpcpNFkcejuAYTsGDK6jAPVShDgwQnuEV3pxH58V5dz7mrTknmzmEP3A+fwCY0YzM</latexit>

D

Haferkamp, Bertoni, Roth, Eisert, PRX Quantum 2, 040308 (2021) 

<latexit sha1_base64="OdSCCU6tZb7RHctpkvXV3SGUHgY=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqCeJePGYgHlAsoTZSScZMzu7zMwKYckXePGgiFc/yZt/4yTZgyYWNBRV3XR3BbHg2rjut5NbWV1b38hvFra2d3b3ivsHDR0limGdRSJSrYBqFFxi3XAjsBUrpGEgsBmM7qZ+8wmV5pF8MOMY/ZAOJO9zRo2VarfdYsktuzOQZeJlpAQZqt3iV6cXsSREaZigWrc9NzZ+SpXhTOCk0Ek0xpSN6ADblkoaovbT2aETcmKVHulHypY0ZKb+nkhpqPU4DGxnSM1QL3pT8T+vnZj+tZ9yGScGJZsv6ieCmIhMvyY9rpAZMbaEMsXtrYQNqaLM2GwKNgRv8eVl0jgre5fl89pFqXKTxZGHIziGU/DgCipwD1WoAwOEZ3iFN+fReXHenY95a87JZg7hD5zPH5RFjMk=</latexit>

A

dd

• They equilibrate exponentially well:  
 

 
for 

STATISTICAL MECHANICS OF RANDOM STATES

• Extensive entropies, insights into generic phases of matter, etc

<latexit sha1_base64="cI4LO3ygl03q6kh95uJ1ZH5iQgk=">AAAB7nicbVBNSwMxEJ3Ur1q/qh69BItQL2VXRT1JwYvHCm5baNeSTbNtaDa7JFmhLP0RXjwo4tXf481/Y9ruQVsfDDzem2FmXpAIro3jfKPCyura+kZxs7S1vbO7V94/aOo4VZR5NBaxagdEM8El8ww3grUTxUgUCNYKRrdTv/XElOaxfDDjhPkRGUgeckqMlVreY1Z1Tie9csWpOTPgZeLmpAI5Gr3yV7cf0zRi0lBBtO64TmL8jCjDqWCTUjfVLCF0RAasY6kkEdN+Njt3gk+s0sdhrGxJg2fq74mMRFqPo8B2RsQM9aI3Ff/zOqkJr/2MyyQ1TNL5ojAV2MR4+jvuc8WoEWNLCFXc3orpkChCjU2oZENwF19eJs2zmntZO7+/qNRv8jiKcATHUAUXrqAOd9AADyiM4Ble4Q0l6AW9o495awHlM4fwB+jzB2DkjvA=</latexit>

U (0)
<latexit sha1_base64="K5U7FFNzRBePBQHBy3TYaYXQBKE=">AAAB7nicbVBNSwMxEJ3Ur1q/qh69BItQL2VXRT1JwYvHCm5baNeSTbNtaDa7JFmhLP0RXjwo4tXf481/Y9ruQVsfDDzem2FmXpAIro3jfKPCyura+kZxs7S1vbO7V94/aOo4VZR5NBaxagdEM8El8ww3grUTxUgUCNYKRrdTv/XElOaxfDDjhPkRGUgeckqMlVreY1Z1Tye9csWpOTPgZeLmpAI5Gr3yV7cf0zRi0lBBtO64TmL8jCjDqWCTUjfVLCF0RAasY6kkEdN+Njt3gk+s0sdhrGxJg2fq74mMRFqPo8B2RsQM9aI3Ff/zOqkJr/2MyyQ1TNL5ojAV2MR4+jvuc8WoEWNLCFXc3orpkChCjU2oZENwF19eJs2zmntZO7+/qNRv8jiKcATHUAUXrqAOd9AADyiM4Ble4Q0l6AW9o495awHlM4fwB+jzB2JqjvE=</latexit>

U (1)
<latexit sha1_base64="RYr0UBqU0c9+iEY4g38WZ5IO/Bg=">AAAB7nicbVBNSwMxEJ34WetX1aOXYBHqpexWUU9S8OKxgtsW2rVk02wbms0uSVYoS3+EFw+KePX3ePPfmLZ70NYHA4/3ZpiZFySCa+M432hldW19Y7OwVdze2d3bLx0cNnWcKso8GotYtQOimeCSeYYbwdqJYiQKBGsFo9up33piSvNYPphxwvyIDCQPOSXGSi3vMavUzia9UtmpOjPgZeLmpAw5Gr3SV7cf0zRi0lBBtO64TmL8jCjDqWCTYjfVLCF0RAasY6kkEdN+Njt3gk+t0sdhrGxJg2fq74mMRFqPo8B2RsQM9aI3Ff/zOqkJr/2MyyQ1TNL5ojAV2MR4+jvuc8WoEWNLCFXc3orpkChCjU2oaENwF19eJs1a1b2snt9flOs3eRwFOIYTqIALV1CHO2iABxRG8Ayv8IYS9ILe0ce8dQXlM0fwB+jzB2PwjvI=</latexit>

U (2)
<latexit sha1_base64="rGo5f0EWBxW6JTX81wmz3TAXjDk=">AAAB7nicbVBNSwMxEJ31s9avqkcvwSLUS9m1op6k4MVjBbcttGvJptk2NJsNSVYoS3+EFw+KePX3ePPfmLZ70NYHA4/3ZpiZF0rOtHHdb2dldW19Y7OwVdze2d3bLx0cNnWSKkJ9kvBEtUOsKWeC+oYZTttSURyHnLbC0e3Ubz1RpVkiHsxY0iDGA8EiRrCxUst/zCq1s0mvVHar7gxomXg5KUOORq/01e0nJI2pMIRjrTueK02QYWUY4XRS7KaaSkxGeEA7lgocUx1ks3Mn6NQqfRQlypYwaKb+nshwrPU4Dm1njM1QL3pT8T+vk5roOsiYkKmhgswXRSlHJkHT31GfKUoMH1uCiWL2VkSGWGFibEJFG4K3+PIyaZ5Xvctq7f6iXL/J4yjAMZxABTy4gjrcQQN8IDCCZ3iFN0c6L8678zFvXXHymSP4A+fzB2V2jvM=</latexit>

U (3)
<latexit sha1_base64="2LkX3No6x1DN7+dvals9W9uM2Ss=">AAAB7nicbVBNSwMxEJ31s9avqkcvwSLUS9nVop6k4MVjBbcttGvJptk2NJsNSVYoS3+EFw+KePX3ePPfmLZ70NYHA4/3ZpiZF0rOtHHdb2dldW19Y7OwVdze2d3bLx0cNnWSKkJ9kvBEtUOsKWeC+oYZTttSURyHnLbC0e3Ubz1RpVkiHsxY0iDGA8EiRrCxUst/zCq1s0mvVHar7gxomXg5KUOORq/01e0nJI2pMIRjrTueK02QYWUY4XRS7KaaSkxGeEA7lgocUx1ks3Mn6NQqfRQlypYwaKb+nshwrPU4Dm1njM1QL3pT8T+vk5roOsiYkKmhgswXRSlHJkHT31GfKUoMH1uCiWL2VkSGWGFibEJFG4K3+PIyaZ5XvcvqxX2tXL/J4yjAMZxABTy4gjrcQQN8IDCCZ3iFN0c6L8678zFvXXHymSP4A+fzB2b8jvQ=</latexit>

U (4)
<latexit sha1_base64="eydlFdroLbtFR7mfsFxMZhYja70=">AAAB7nicbVBNSwMxEJ31s9avqkcvwSLUS9n1+yQFLx4ruG2hXUs2zbah2WRJskJZ+iO8eFDEq7/Hm//GtN2Dtj4YeLw3w8y8MOFMG9f9dpaWV1bX1gsbxc2t7Z3d0t5+Q8tUEeoTyaVqhVhTzgT1DTOcthJFcRxy2gyHtxO/+USVZlI8mFFCgxj3BYsYwcZKTf8xq1ycjLulslt1p0CLxMtJGXLUu6WvTk+SNKbCEI61bntuYoIMK8MIp+NiJ9U0wWSI+7RtqcAx1UE2PXeMjq3SQ5FUtoRBU/X3RIZjrUdxaDtjbAZ63puI/3nt1ETXQcZEkhoqyGxRlHJkJJr8jnpMUWL4yBJMFLO3IjLAChNjEyraELz5lxdJ47TqXVbP7s/LtZs8jgIcwhFUwIMrqMEd1MEHAkN4hld4cxLnxXl3PmatS04+cwB/4Hz+AGiCjvU=</latexit>

U (5)



https://www.physik.fu-berlin.de/en/einrichtungen/ag/ag-eisert 

COMPLEXITY GROWTH IN RANDOM CIRCUITS

dd
• Or, how does the complexity grow  

for random quantum circuits? Haar random 
unitaries

Gosset, Gosset, Kliuchnikov, Mosca, Russo, Quant Inf Comp 14, 1277 (2014) 
 Aaronson, Gottesman, Phys Rev A 70, 02328 (2004)

• Circuit complexity: Smallest number of quantum gates from gate set to 
generate a given unitary

• Computationally hard: Notorious cancellations



https://www.physik.fu-berlin.de/en/einrichtungen/ag/ag-eisert 

Brown, Roberts, Susskind, Swingle, Zhao, Phys Rev Lett 116, 191301 (2016) 
Brown, Roberts, Susskind, Swingle, Zhao, Phys Rev D 93, 086006 (2016) 

Chapman, Eisert, Hackl, Heller, Jefferson, Marrochio, Myers, SciPost Phys 6, 034 (2019) 
Brown, Susskind, Phys Rev D 97, 086015 (2018) 

dd• Has risen to prominence as Brown-Susskind conjecture

COMPLEXITY GROWTH IN RANDOM CIRCUITS



https://www.physik.fu-berlin.de/en/einrichtungen/ag/ag-eisert 

• AdS: Volume grows for  
exponentially long time 

• CFT: Local observables 
equilibrating?

<latexit sha1_base64="DdW3PNUYeMO3f9c4yrZqhXQMKPw=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0lU1JMUvHisYD+gCWWznbRLN5uwuxFK7d/w4kERr/4Zb/4bt20O2vpg4PHeDDPzwlRwbVz32ymsrK6tbxQ3S1vbO7t75f2Dpk4yxbDBEpGodkg1Ci6xYbgR2E4V0jgU2AqHt1O/9YhK80Q+mFGKQUz7kkecUWMl/8lPNfcVlX2B3XLFrbozkGXi5aQCOerd8pffS1gWozRMUK07npuaYEyV4UzgpORnGlPKhrSPHUsljVEH49nNE3JilR6JEmVLGjJTf0+Maaz1KA5tZ0zNQC96U/E/r5OZ6DoYc5lmBiWbL4oyQUxCpgGQHlfIjBhZQpni9lbCBlRRZmxMJRuCt/jyMmmeVb3L6vn9RaV2k8dRhCM4hlPw4ApqcAd1aACDFJ7hFd6czHlx3p2PeWvByWcO4Q+czx9to5Hv</latexit>

| i

Brown, Roberts, Susskind, Swingle, Zhao, Phys Rev Lett 116, 191301 (2016) 
Brown, Roberts, Susskind, Swingle, Zhao, Phys Rev D 93, 086006 (2016) 

Chapman, Eisert, Hackl, Heller, Jefferson, Marrochio, Myers, SciPost Phys 6, 034 (2019) 
Brown, Susskind, Phys Rev D 97, 086015 (2018) 

dd• Has risen to prominence as Brown-Susskind conjecture

BROWN-SUSSKIND CONJECTURE
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LINEAR COMPLEXITY GROWTH

dd• Has risen to prominence as Brown-Susskind conjecture

Brown, Susskind, Phys Rev D 97, 086015 (2018) 

dd• How would one judge?
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dd
• Indeed, the linear growth conjecture (until  

exponential times) is provably true!

LINEAR COMPLEXITY GROWTH

dd dd
• Is “quasialgebraic set”: 

Polynomial equalities 
and inequalities 

• Tarski-Seidenberg 
principledd

• “Almost all circuits 
have maximum 
dimension”

dd
• Random Clifford 

circuits attain bound

Haferkamp, Faist, Kothakonda, Eisert, Yunger-Halpern, Nature Physics, in press (2022) 
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HOLOGRAPHY AND CRITICAL MODELS

dd
• Toy models of AdS-CFT can be formulated  

as matchgate tensor networks
Matchgate “free 
fermionic” tensor networks 
on hyperbolic tiling of plane

Inflation rules to go from one 
layer to the next

Critical theory on boundary with effective 
central charges depending on tiling, e.g.

Jahn, Zimboras, Eisert, Quantum 6, 643 (2022) 
Jahn, Eisert, Quant. Sc. Tech. 6, 033002 (2021) 
Wille, Altland, Jahn, Eisert, in preparation (2022)
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dd
• Toy models of AdS-CFT can be formulated  

as matchgate tensor networks
Get actual CFT (up to 
quasi-crystalline symmetry)

HOLOGRAPHY AND CRITICAL MODELS
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dd
• Using random matchgate tensors,  

can go to the continuum (in prep)

Get actual CFT (up to 
quasi-crystalline symmetry)

HOLOGRAPHY AND CRITICAL MODELS

Jahn, Zimboras, Eisert, Quantum 6, 643 (2022) 
Jahn, Eisert, Quant. Sc. Tech. 6, 033002 (2021) 
Wille, Altland, Jahn, Eisert, in preparation (2022)



https://www.physik.fu-berlin.de/en/einrichtungen/ag/ag-eisert 

dd
• Last insight: Use random sampling to literally estimate 

entanglement in quantum many-body systems

ENTANGLEMENT IN MANY-BODY SYSTEMS

Feldman, Kshetrimayum, Eisert, Goldstein, arXiv:2202.04089 (2022)

• Resource-economically estimate Renyi entanglement entropies  
 
 
and negativity moments using frames, random vectors               with
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En(A) =
1

1� n
log tr(⇢nA)
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|vi 2 Cd
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E(|vihv|) = I

dd
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dd
• Lesson: Random tensor networks are a  

fun playground for analytical studies

LESSON



TENSOR NETWORKS FOR QUANTUM MATERIALS
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• Tensor networks to explore experimental quantum materials?

QUANTUM MATERIALS IN THE LABORATORY

• Collaboration with Bella Lake

Kshetrimayum, Balz, Lake, Eisert, Ann Phys 421, 168292 (2020)

• Tensor network study of double layer Kagome compound 
(PESS algorithm)
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• Tensor networks to explore experimental quantum materials?

QUANTUM MATERIALS IN THE LABORATORY

• Collaboration with Bella Lake

Kshetrimayum, Balz, Lake, Eisert, Ann Phys 421, 168292 (2020)

• Tensor network study of double layer Kagome compound 
(PESS algorithm)
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• Can one think of quantum materials that  
feature many-body localization?

MANY BODY LOCALIZATION IN QUANTUM MATERIALS?

Nietner, Kshetrimayum, Eisert, Lake, in preparation (2022) 
Ovadia, Scientific Rep 5, 1 (2015)
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• Discrete disorder
• Disorder in hoppings and on-site
• Reflect actual doping process

• Exploit the inherent randomness in a doping process of two 
quantum materials as source of randomness

• Doping strength               reflects relative weight of       and      , 
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� 2 [0, 1]
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i = 0, 1

• Candidate materials: CsCoBr3  and CsCoCl3
Nietner, Kshetrimayum, Eisert, Lake, in preparation (2022)

MANY BODY LOCALIZATION IN QUANTUM MATERIALS?
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• Simulate with matrix product states

Entanglement entropy Imbalance

Nietner, Kshetrimayum, Eisert, Lake, in preparation (2022)

MANY BODY LOCALIZATION IN QUANTUM MATERIALS?

• Candidate materials: CsCoBr3  and CsCoCl3
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• Heart of matter: Robustness to phonons
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H = Hspin +Hphonon +Hspin-phonon
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Nietner, Kshetrimayum, Eisert, Lake, in preparation (2022)

MANY BODY LOCALIZATION IN QUANTUM MATERIALS?

• Evidence that they remain localized even in presence of interactions

• Simulate with matrix product states

Entanglement entropy Imbalance



https://www.physik.fu-berlin.de/en/einrichtungen/ag/ag-eisert 

• There is substantiated hope that many-body 
localized material can be synthesized

Nietner, Kshetrimayum, Eisert, Lake, in preparation (2022)

MANY BODY LOCALIZATION IN QUANTUM MATERIALS?
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AUTOMATIC DIFFERENTIATION IPEPS

• Implement a library of corner transfer matrix renormalization group 
(CTMRG) optimization for iPEPS based on automatic differentiation?

dd

dd

• CTMRG tensors used to 
compute truncation projectors

dd

• Arbitrary unit cells 

• Update transfer matrices

dd

• Exploit automatic differentiation 
in tensor parameters   for environment  
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e⇤

Naumann, Schmoll, Nietner, Kshetrimayum, Eisert, Chen, in preparation (2022) 
Liao, Liu, Wang, Xiang, Phys Rev X 9, 031041 (2019) 
Ponsioen, Assaad, Corboz, arXiv:2107.03399 (2021) 
Tu, Wu, Schuch, Kawashima, Chen, arXiv:2101.03935 (2021)
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• Lesson: It is fun to see ideas on tensor networks 
related to features of quantum materials

LESSON

• Tensor networks with mode transformations  
(coffee break)

Krumnow, Veis, Eisert, Legeza, Phys Rev B 104, 075137 (2021) 
Krumnow, Veis, Legeza, Eisert, Phys Rev Lett 117, 210402 (2016) 



TENSOR NETWORKS IN (MACHINE) LEARNING TASKS



https://www.physik.fu-berlin.de/en/einrichtungen/ag/ag-eisert 

• How can one scalably learn dynamical laws from data?

LEARNING DYNAMICAL LAWS
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LEARNING CLASSICAL LAWS WITH TENSOR NETWORKS

Goeßmann, Götte, Roth, Sweke, Kutyniok, Eisert, NeurIPS (2021) 
Gelss, Klus, Eisert, Schuette,  
J Comput Nonlinear Dynam 14, 061006 (2019)

• Learn dynamical laws from data

• Task: Identify the governing equations                           from observationsf = (f1, . . . , fd)

{xj , yj := f(xj)}mj=1
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X = (x1, . . . , xm)
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Y = (y1, . . . , ym)
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{ 1, . . . , p}

LEARNING CLASSICAL LAWS

• Define a dictionary                      of basis functions

• Construct transformed data matrix

• Determine the coefficient matrix 
 
 
such that the cost function is minimized

 (X ) =

2

64
 1(x1) · · ·  1(xm)

...
. . .

...
 p(x1) . . .  p(xm)

3

75

<latexit sha1_base64="kB1USsPQGLSXSbAc0SD92DtFYgA="></latexit>

<latexit sha1_base64="YK/rq/pkfs3jJKRNRxLTqIEFAac=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXJVERd0oBTcuK9gHJCFMJpN26GQSZiZiCXXjr7hxoYhb/8Kdf+OkzUJbDwwczrmHO/cEKaNSWda3UVlYXFpeqa7W1tY3NrfM7Z2OTDKBSRsnLBG9AEnCKCdtRRUjvVQQFAeMdIPhdeF374mQNOF3apQSL0Z9TiOKkdKSb+65PQovoeM+UN92w0RJWNDQ88261bAmgPPELkkdlGj55peO4ywmXGGGpHRsK1VejoSimJFxzc0kSREeoj5xNOUoJtLLJxeM4aFWQhglQj+u4ET9nchRLOUoDvRkjNRAznqF+J/nZCq68HLK00wRjqeLooxBlcCiDhhSQbBiI00QFlT/FeIBEggrXVpNl2DPnjxPOscN+6xxcntab16VdVTBPjgAR8AG56AJbkALtAEGj+AZvII348l4Md6Nj+loxSgzu+APjM8f+YCV9A==</latexit>

⌅ = [⇠1 . . . ⇠d]

<latexit sha1_base64="N11zWtYSY+PbdhpehutQi0e+kYU="></latexit>

kY � ⌅T (X )k2 + �k⌅k1

Brunton, Proctor, Kutz, Proc Natl Ac Sc 113, 3932 (2016)



https://www.physik.fu-berlin.de/en/einrichtungen/ag/ag-eisert 

• Define a dictionary                     of basis functions

• Construct transformed data matrix

• Determine the coefficient matrix 
 
 
such that the cost function is minimized

<latexit sha1_base64="zI0T63uyhRzRs8mGJ/jEwjedRA0=">AAACAXicbVDLSgMxFM3UV62vUTeCm2ARXJQyo6KupODGZQX7gM4wZNJMG5rJhCQjlKFu/BU3LhRx61+4829Mp7PQ1gOBk3Puvck9oWBUacf5tkpLyyura+X1ysbm1vaOvbvXVkkqMWnhhCWyGyJFGOWkpalmpCskQXHISCcc3Uz9zgORiib8Xo8F8WM04DSiGGkjBfaBl3lC0cCtef1EqxrMb8KbBHbVqTs54CJxC1IFBZqB/WUm4DQmXGOGlOq5jtB+hqSmmJFJxUsVEQiP0ID0DOUoJsrP8g0m8NgofRgl0hyuYa7+7shQrNQ4Dk1ljPRQzXtT8T+vl+roys8oF6kmHM8eilIGdQKnccA+lQRrNjYEYUnNXyEeIomwNqFVTAju/MqLpH1ady/qZ3fn1cZ1EUcZHIIjcAJccAka4BY0QQtg8AiewSt4s56sF+vd+piVlqyiZx/8gfX5A+rslow=</latexit>

{ 1, . . . , p}

 (X ) =

2

64
 1(x1) · · ·  1(xm)

...
. . .

...
 p(x1) . . .  p(xm)

3

75

<latexit sha1_base64="kB1USsPQGLSXSbAc0SD92DtFYgA="></latexit>

<latexit sha1_base64="YK/rq/pkfs3jJKRNRxLTqIEFAac=">AAACAXicbVDLSsNAFJ3UV62vqBvBzWARXJVERd0oBTcuK9gHJCFMJpN26GQSZiZiCXXjr7hxoYhb/8Kdf+OkzUJbDwwczrmHO/cEKaNSWda3UVlYXFpeqa7W1tY3NrfM7Z2OTDKBSRsnLBG9AEnCKCdtRRUjvVQQFAeMdIPhdeF374mQNOF3apQSL0Z9TiOKkdKSb+65PQovoeM+UN92w0RJWNDQ88261bAmgPPELkkdlGj55peO4ywmXGGGpHRsK1VejoSimJFxzc0kSREeoj5xNOUoJtLLJxeM4aFWQhglQj+u4ET9nchRLOUoDvRkjNRAznqF+J/nZCq68HLK00wRjqeLooxBlcCiDhhSQbBiI00QFlT/FeIBEggrXVpNl2DPnjxPOscN+6xxcntab16VdVTBPjgAR8AG56AJbkALtAEGj+AZvII348l4Md6Nj+loxSgzu+APjM8f+YCV9A==</latexit>

⌅ = [⇠1 . . . ⇠d]

<latexit sha1_base64="N11zWtYSY+PbdhpehutQi0e+kYU="></latexit>

kY � ⌅T (X )k2 + �k⌅k1

• SINDy finds a sparse coefficient matrix

• E.g., recovers Chua’s circuit well

LEARNING CLASSICAL LAWS

Brunton, Proctor, Kutz, Proc Natl Ac Sc 113, 3932 (2016)



https://www.physik.fu-berlin.de/en/einrichtungen/ag/ag-eisert 

• For large systems, need hypothesis class for basis dictionaries

 i1(x1)

<latexit sha1_base64="xdzhB64UPxlgHjAV8ZQjleuFY+Q=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEI9VISqehJCl48VrAf0Iaw2W7apZtN2N2INfSXePGgiFd/ijf/jds2B219MPB4b4aZeUHCmdKO820V1tY3NreK26Wd3b39sn1w2FZxKgltkZjHshtgRTkTtKWZ5rSbSIqjgNNOML6Z+Z0HKhWLxb2eJNSL8FCwkBGsjeTb5X6imJ8x351WH333zLcrTs2ZA60SNycVyNH07a/+ICZpRIUmHCvVc51EexmWmhFOp6V+qmiCyRgPac9QgSOqvGx++BSdGmWAwliaEhrN1d8TGY6UmkSB6YywHqllbyb+5/VSHV55GRNJqqkgi0VhypGO0SwFNGCSEs0nhmAimbkVkRGWmGiTVcmE4C6/vEra5zW3Xru4q1ca13kcRTiGE6iCC5fQgFtoQgsIpPAMr/BmPVkv1rv1sWgtWPnMEfyB9fkD5xGSlg==</latexit>

 i2(x2)

<latexit sha1_base64="Tmsyyr/WatouECVtuTxm7y68kYc=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEI9VKSUtGTFLx4rGBboQ1hs920SzebsLsRa+gv8eJBEa/+FG/+G7dtDtr6YODx3gwz84KEM6Ud59sqrK1vbG4Vt0s7u3v7ZfvgsKPiVBLaJjGP5X2AFeVM0LZmmtP7RFIcBZx2g/H1zO8+UKlYLO70JKFehIeChYxgbSTfLvcTxfyM+fVp9dGvn/l2xak5c6BV4uakAjlavv3VH8QkjajQhGOleq6TaC/DUjPC6bTUTxVNMBnjIe0ZKnBElZfND5+iU6MMUBhLU0Kjufp7IsORUpMoMJ0R1iO17M3E/7xeqsNLL2MiSTUVZLEoTDnSMZqlgAZMUqL5xBBMJDO3IjLCEhNtsiqZENzll1dJp15zG7Xz20aleZXHUYRjOIEquHABTbiBFrSBQArP8Apv1pP1Yr1bH4vWgpXPHMEfWJ8/6iCSmA==</latexit>

 i3(x3)

<latexit sha1_base64="IgrtszXQDC8ekeZUo12tCnDySbc=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEI9VISW9GTFLx4rGA/oA1hs922SzebsLsRa+gv8eJBEa/+FG/+G7dtDtr6YODx3gwz84KYM6Ud59vKra1vbG7ltws7u3v7RfvgsKWiRBLaJBGPZCfAinImaFMzzWknlhSHAaftYHwz89sPVCoWiXs9iakX4qFgA0awNpJvF3uxYn7K/Oq0/OhXz3y75FScOdAqcTNSggwN3/7q9SOShFRowrFSXdeJtZdiqRnhdFroJYrGmIzxkHYNFTikykvnh0/RqVH6aBBJU0Kjufp7IsWhUpMwMJ0h1iO17M3E/7xuogdXXspEnGgqyGLRIOFIR2iWAuozSYnmE0MwkczcisgIS0y0yapgQnCXX14lrfOKW6tc3NVK9essjjwcwwmUwYVLqMMtNKAJBBJ4hld4s56sF+vd+li05qxs5gj+wPr8Ae0vkpo=</latexit>

 id(xd)

<latexit sha1_base64="tlGJshpetJ0QBvKdoLzghfrcrMo=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEI9VISqehJCl48VrAf0Iaw2WzbpZtN2N2INfSXePGgiFd/ijf/jds2B219MPB4b4aZeUHCmdKO820V1tY3NreK26Wd3b39sn1w2FZxKgltkZjHshtgRTkTtKWZ5rSbSIqjgNNOML6Z+Z0HKhWLxb2eJNSL8FCwASNYG8m3y/1EMT9jfjitPvrhmW9XnJozB1olbk4qkKPp21/9MCZpRIUmHCvVc51EexmWmhFOp6V+qmiCyRgPac9QgSOqvGx++BSdGiVEg1iaEhrN1d8TGY6UmkSB6YywHqllbyb+5/VSPbjyMiaSVFNBFosGKUc6RrMUUMgkJZpPDMFEMnMrIiMsMdEmq5IJwV1+eZW0z2tuvXZxV680rvM4inAMJ1AFFy6hAbfQhBYQSOEZXuHNerJerHfrY9FasPKZI/gD6/MHgx2S/A==</latexit>

Local function 
dictionaries

• Use matrix product ansatzes

LEARNING CLASSICAL LAWS

Goeßmann, Götte, Roth, Sweke, Kutyniok, Eisert, arXiv:2002.12388, NeurIPS (2021)



https://www.physik.fu-berlin.de/en/einrichtungen/ag/ag-eisert 

�

<latexit sha1_base64="ZpBftd7rhhJAmIAE6j6CP26XJew=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BIvgqSRS0ZMUvHisYD+gDWWz2bRrN7thdyKU0v/gxYMiXv0/3vw3btsctPXBwOO9GWbmhangBj3v2ymsrW9sbhW3Szu7e/sH5cOjllGZpqxJlVC6ExLDBJesiRwF66SakSQUrB2Obmd++4lpw5V8wHHKgoQMJI85JWilVi9iAkm/XPGq3hzuKvFzUoEcjX75qxcpmiVMIhXEmK7vpRhMiEZOBZuWeplhKaEjMmBdSyVJmAkm82un7plVIjdW2pZEd67+npiQxJhxEtrOhODQLHsz8T+vm2F8HUy4TDNkki4WxZlwUbmz192Ia0ZRjC0hVHN7q0uHRBOKNqCSDcFffnmVtC6qfq16eV+r1G/yOIpwAqdwDj5cQR3uoAFNoPAIz/AKb45yXpx352PRWnDymWP4A+fzB5LwjyA=</latexit>

• For large systems, need hypothesis class for basis dictionaries

 i1(x1)

<latexit sha1_base64="xdzhB64UPxlgHjAV8ZQjleuFY+Q=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEI9VISqehJCl48VrAf0Iaw2W7apZtN2N2INfSXePGgiFd/ijf/jds2B219MPB4b4aZeUHCmdKO820V1tY3NreK26Wd3b39sn1w2FZxKgltkZjHshtgRTkTtKWZ5rSbSIqjgNNOML6Z+Z0HKhWLxb2eJNSL8FCwkBGsjeTb5X6imJ8x351WH333zLcrTs2ZA60SNycVyNH07a/+ICZpRIUmHCvVc51EexmWmhFOp6V+qmiCyRgPac9QgSOqvGx++BSdGmWAwliaEhrN1d8TGY6UmkSB6YywHqllbyb+5/VSHV55GRNJqqkgi0VhypGO0SwFNGCSEs0nhmAimbkVkRGWmGiTVcmE4C6/vEra5zW3Xru4q1ca13kcRTiGE6iCC5fQgFtoQgsIpPAMr/BmPVkv1rv1sWgtWPnMEfyB9fkD5xGSlg==</latexit>

 i2(x2)

<latexit sha1_base64="Tmsyyr/WatouECVtuTxm7y68kYc=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEI9VKSUtGTFLx4rGBboQ1hs920SzebsLsRa+gv8eJBEa/+FG/+G7dtDtr6YODx3gwz84KEM6Ud59sqrK1vbG4Vt0s7u3v7ZfvgsKPiVBLaJjGP5X2AFeVM0LZmmtP7RFIcBZx2g/H1zO8+UKlYLO70JKFehIeChYxgbSTfLvcTxfyM+fVp9dGvn/l2xak5c6BV4uakAjlavv3VH8QkjajQhGOleq6TaC/DUjPC6bTUTxVNMBnjIe0ZKnBElZfND5+iU6MMUBhLU0Kjufp7IsORUpMoMJ0R1iO17M3E/7xeqsNLL2MiSTUVZLEoTDnSMZqlgAZMUqL5xBBMJDO3IjLCEhNtsiqZENzll1dJp15zG7Xz20aleZXHUYRjOIEquHABTbiBFrSBQArP8Apv1pP1Yr1bH4vWgpXPHMEfWJ8/6iCSmA==</latexit>

 i3(x3)

<latexit sha1_base64="IgrtszXQDC8ekeZUo12tCnDySbc=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEI9VISW9GTFLx4rGA/oA1hs922SzebsLsRa+gv8eJBEa/+FG/+G7dtDtr6YODx3gwz84KYM6Ud59vKra1vbG7ltws7u3v7RfvgsKWiRBLaJBGPZCfAinImaFMzzWknlhSHAaftYHwz89sPVCoWiXs9iakX4qFgA0awNpJvF3uxYn7K/Oq0/OhXz3y75FScOdAqcTNSggwN3/7q9SOShFRowrFSXdeJtZdiqRnhdFroJYrGmIzxkHYNFTikykvnh0/RqVH6aBBJU0Kjufp7IsWhUpMwMJ0h1iO17M3E/7xuogdXXspEnGgqyGLRIOFIR2iWAuozSYnmE0MwkczcisgIS0y0yapgQnCXX14lrfOKW6tc3NVK9essjjwcwwmUwYVLqMMtNKAJBBJ4hld4s56sF+vd+li05qxs5gj+wPr8Ae0vkpo=</latexit>

 id(xd)

<latexit sha1_base64="tlGJshpetJ0QBvKdoLzghfrcrMo=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEI9VISqehJCl48VrAf0Iaw2WzbpZtN2N2INfSXePGgiFd/ijf/jds2B219MPB4b4aZeUHCmdKO820V1tY3NreK26Wd3b39sn1w2FZxKgltkZjHshtgRTkTtKWZ5rSbSIqjgNNOML6Z+Z0HKhWLxb2eJNSL8FCwASNYG8m3y/1EMT9jfjitPvrhmW9XnJozB1olbk4qkKPp21/9MCZpRIUmHCvVc51EexmWmhFOp6V+qmiCyRgPac9QgSOqvGx++BSdGiVEg1iaEhrN1d8TGY6UmkSB6YywHqllbyb+5/VSPbjyMiaSVFNBFosGKUc6RrMUUMgkJZpPDMFEMnMrIiMsMdEmq5IJwV1+eZW0z2tuvXZxV680rvM4inAMJ1AFFy6hAbfQhBYQSOEZXuHNerJerHfrY9FasPKZI/gD6/MHgx2S/A==</latexit>

Local function 
dictionaries

• Use matrix product ansatzes

LEARNING CLASSICAL LAWS

Goeßmann, Götte, Roth, Sweke, Kutyniok, Eisert, arXiv:2002.12388, NeurIPS (2021)



https://www.physik.fu-berlin.de/en/einrichtungen/ag/ag-eisert 

�

<latexit sha1_base64="ZpBftd7rhhJAmIAE6j6CP26XJew=">AAAB7XicbVBNS8NAEJ3Ur1q/qh69BIvgqSRS0ZMUvHisYD+gDWWz2bRrN7thdyKU0v/gxYMiXv0/3vw3btsctPXBwOO9GWbmhangBj3v2ymsrW9sbhW3Szu7e/sH5cOjllGZpqxJlVC6ExLDBJesiRwF66SakSQUrB2Obmd++4lpw5V8wHHKgoQMJI85JWilVi9iAkm/XPGq3hzuKvFzUoEcjX75qxcpmiVMIhXEmK7vpRhMiEZOBZuWeplhKaEjMmBdSyVJmAkm82un7plVIjdW2pZEd67+npiQxJhxEtrOhODQLHsz8T+vm2F8HUy4TDNkki4WxZlwUbmz192Ia0ZRjC0hVHN7q0uHRBOKNqCSDcFffnmVtC6qfq16eV+r1G/yOIpwAqdwDj5cQR3uoAFNoPAIz/AKb45yXpx352PRWnDymWP4A+fzB5LwjyA=</latexit>

• For large systems, need hypothesis class for basis dictionaries

 i1(x1)

<latexit sha1_base64="xdzhB64UPxlgHjAV8ZQjleuFY+Q=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEI9VISqehJCl48VrAf0Iaw2W7apZtN2N2INfSXePGgiFd/ijf/jds2B219MPB4b4aZeUHCmdKO820V1tY3NreK26Wd3b39sn1w2FZxKgltkZjHshtgRTkTtKWZ5rSbSIqjgNNOML6Z+Z0HKhWLxb2eJNSL8FCwkBGsjeTb5X6imJ8x351WH333zLcrTs2ZA60SNycVyNH07a/+ICZpRIUmHCvVc51EexmWmhFOp6V+qmiCyRgPac9QgSOqvGx++BSdGmWAwliaEhrN1d8TGY6UmkSB6YywHqllbyb+5/VSHV55GRNJqqkgi0VhypGO0SwFNGCSEs0nhmAimbkVkRGWmGiTVcmE4C6/vEra5zW3Xru4q1ca13kcRTiGE6iCC5fQgFtoQgsIpPAMr/BmPVkv1rv1sWgtWPnMEfyB9fkD5xGSlg==</latexit>

 i2(x2)

<latexit sha1_base64="Tmsyyr/WatouECVtuTxm7y68kYc=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEI9VKSUtGTFLx4rGBboQ1hs920SzebsLsRa+gv8eJBEa/+FG/+G7dtDtr6YODx3gwz84KEM6Ud59sqrK1vbG4Vt0s7u3v7ZfvgsKPiVBLaJjGP5X2AFeVM0LZmmtP7RFIcBZx2g/H1zO8+UKlYLO70JKFehIeChYxgbSTfLvcTxfyM+fVp9dGvn/l2xak5c6BV4uakAjlavv3VH8QkjajQhGOleq6TaC/DUjPC6bTUTxVNMBnjIe0ZKnBElZfND5+iU6MMUBhLU0Kjufp7IsORUpMoMJ0R1iO17M3E/7xeqsNLL2MiSTUVZLEoTDnSMZqlgAZMUqL5xBBMJDO3IjLCEhNtsiqZENzll1dJp15zG7Xz20aleZXHUYRjOIEquHABTbiBFrSBQArP8Apv1pP1Yr1bH4vWgpXPHMEfWJ8/6iCSmA==</latexit>

 i3(x3)

<latexit sha1_base64="IgrtszXQDC8ekeZUo12tCnDySbc=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEI9VISW9GTFLx4rGA/oA1hs922SzebsLsRa+gv8eJBEa/+FG/+G7dtDtr6YODx3gwz84KYM6Ud59vKra1vbG7ltws7u3v7RfvgsKWiRBLaJBGPZCfAinImaFMzzWknlhSHAaftYHwz89sPVCoWiXs9iakX4qFgA0awNpJvF3uxYn7K/Oq0/OhXz3y75FScOdAqcTNSggwN3/7q9SOShFRowrFSXdeJtZdiqRnhdFroJYrGmIzxkHYNFTikykvnh0/RqVH6aBBJU0Kjufp7IsWhUpMwMJ0h1iO17M3E/7xuogdXXspEnGgqyGLRIOFIR2iWAuozSYnmE0MwkczcisgIS0y0yapgQnCXX14lrfOKW6tc3NVK9essjjwcwwmUwYVLqMMtNKAJBBJ4hld4s56sF+vd+li05qxs5gj+wPr8Ae0vkpo=</latexit>

 id(xd)

<latexit sha1_base64="tlGJshpetJ0QBvKdoLzghfrcrMo=">AAAB+HicbVBNS8NAEJ3Ur1o/GvXoZbEI9VISqehJCl48VrAf0Iaw2WzbpZtN2N2INfSXePGgiFd/ijf/jds2B219MPB4b4aZeUHCmdKO820V1tY3NreK26Wd3b39sn1w2FZxKgltkZjHshtgRTkTtKWZ5rSbSIqjgNNOML6Z+Z0HKhWLxb2eJNSL8FCwASNYG8m3y/1EMT9jfjitPvrhmW9XnJozB1olbk4qkKPp21/9MCZpRIUmHCvVc51EexmWmhFOp6V+qmiCyRgPac9QgSOqvGx++BSdGiVEg1iaEhrN1d8TGY6UmkSB6YywHqllbyb+5/VSPbjyMiaSVFNBFosGKUc6RrMUUMgkJZpPDMFEMnMrIiMsMdEmq5IJwV1+eZW0z2tuvXZxV680rvM4inAMJ1AFFy6hAbfQhBYQSOEZXuHNerJerHfrY9FasPKZI/gD6/MHgx2S/A==</latexit>

• Use matrix product ansatzes

Local function 
dictionaries

• Stabilized alternating least  
squares (SALSA)

• Get good recovery

LEARNING CLASSICAL LAWS

Goeßmann, Götte, Roth, Sweke, Kutyniok, Eisert, arXiv:2002.12388, NeurIPS (2021)



https://www.physik.fu-berlin.de/en/einrichtungen/ag/ag-eisert 

LEARNING CLASSICAL LAWS

• For large systems, need hypothesis class for basis dictionaries

• Get good recovery

• E.g., Fermi-Pasta-Ulam-Tsingou problem 
 
 
 
 
with dictionary of the first          Legendre polys per sitep = 4

Goeßmann, Götte, Roth, Sweke, Kutyniok, Eisert, arXiv:2002.12388, NeurIPS (2021) 
In preparation (2022)

• Stabilized alternating least  
squares (SALSA)



https://www.physik.fu-berlin.de/en/einrichtungen/ag/ag-eisert 

• Using tensor networks, one can learn classical dynamical laws

• Now: Expressivity, “entanglement” in function spaces

LEARNING CLASSICAL LAWS

Goeßmann, Götte, Roth, Sweke, Kutyniok, Eisert, arXiv:2002.12388, NeurIPS (2021) 
In preparation (2022)



https://www.physik.fu-berlin.de/en/einrichtungen/ag/ag-eisert 

• How can quantum Hamiltonians be recovered?

LEARNING QUANTUM HAMILTONIANS

Goeßmann, Götte, Roth, Sweke, Kutyniok, Eisert, arXiv:2002.12388, NeurIPS (2021) 
In preparation (2022)

• Important in the quantum technologies
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HAMILTONIAN LEARNING

H =
X

j

↵jHj

To be learned 
parameters

• Recover        from time series data 
 
 
at times                      up to tolerance   

{↵j}

<latexit sha1_base64="i3qdpbvkxOjbWdru5QCmXU8dmwo=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoicpePFYwX5AE8pku23XbjZhdyOU0L/hxYMiXv0z3vw3btsctPXBwOO9GWbmhYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nirImjUWsOiFqJrhkTcONYJ1EMYxCwdrh+Hbmt5+Y0jyWD2aSsCDCoeQDTtFYyfczH0Uywt6jP+2VK27VnYOsEi8nFcjR6JW//H5M04hJQwVq3fXcxAQZKsOpYNOSn2qWIB3jkHUtlRgxHWTzm6fkzCp9MoiVLWnIXP09kWGk9SQKbWeEZqSXvZn4n9dNzeA6yLhMUsMkXSwapIKYmMwCIH2uGDViYglSxe2thI5QITU2ppINwVt+eZW0LqperXp5X6vUb/I4inACp3AOHlxBHe6gAU2gkMAzvMKbkzovzrvzsWgtOPnMMfyB8/kDPt2R0Q==</latexit>

✏ > 0

<latexit sha1_base64="ckAb5ChFHsB6ZE5uFHsSUd/56v4=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69BIvgqSSiKB6k4MVjBfuBbSib7aRdutkNuxuhhP4LLx4U8eq/8ea/cdvmoK0PBh7vzTAzL0w408bzvp3Cyura+kZxs7S1vbO7V94/aGqZKooNKrlU7ZBo5ExgwzDDsZ0oJHHIsRWObqd+6wmVZlI8mHGCQUwGgkWMEmOlxy4mmnEpbrxeueJVvRncZeLnpAI56r3yV7cvaRqjMJQTrTu+l5ggI8owynFS6qYaE0JHZIAdSwWJUQfZ7OKJe2KVvhtJZUsYd6b+nshIrPU4Dm1nTMxQL3pT8T+vk5roKsiYSFKDgs4XRSl3jXSn77t9ppAaPraEUMXsrS4dEkWosSGVbAj+4svLpHlW9c+rF/fnldp1HkcRjuAYTsGHS6jBHdShARQEPMMrvDnaeXHenY95a8HJZw7hD5zPH0SYkKI=</latexit>

ym,n[l] = tr(e�itlH⇢ne
�itlHAm)

<latexit sha1_base64="kB1D1jedk+gA7gbBjbTUqt0y5xY=">AAACInicbVBNSwMxEM36WevXqkcvwSIoaNmVinpQKl56VLC10K5LNk1taJJdklmhLPtbvPhXvHhQ1JPgjzGtPfj1YODx3gwz86JEcAOe9+5MTE5Nz8wW5orzC4tLy+7KasPEqaasTmMR62ZEDBNcsTpwEKyZaEZkJNhV1D8b+le3TBseq0sYJCyQ5EbxLqcErBS6R4Mwkzsqb4kAH+OsrSUGnW+x62yXQyhwLcdt3YtDhb9Lp6HcDt2SV/ZGwH+JPyYlNMZ56L62OzFNJVNABTGm5XsJBBnRwKlgebGdGpYQ2ic3rGWpIpKZIBu9mONNq3RwN9a2FOCR+n0iI9KYgYxspyTQM7+9ofif10qhexhkXCUpMEW/FnVTgSHGw7xwh2tGQQwsIVRzeyumPaIJBZtq0Ybg/375L2nslf1Kef+iUqqejOMooHW0gbaQjw5QFdXQOaojiu7QA3pCz8698+i8OG9frRPOeGYN/YDz8QkSTqK6</latexit>

t1, t2, . . . , tL

<latexit sha1_base64="vqOFwNcdbl8uPmCmn2NaYFLst+8=">AAAB/HicbVBNS8NAFNzUr1q/oj16WSyCh1KSUtGTFLx48FDB1kIbwma7aZduNmH3RQil/hUvHhTx6g/x5r9x2+agrQMLw8wb3tsJEsE1OM63VVhb39jcKm6Xdnb39g/sw6OOjlNFWZvGIlbdgGgmuGRt4CBYN1GMRIFgD8H4euY/PDKleSzvIUuYF5Gh5CGnBIzk22Xw3Sr49SruD2LQVQz+rW9XnJozB14lbk4qKEfLt79MmKYRk0AF0brnOgl4E6KAU8GmpX6qWULomAxZz1BJIqa9yfz4KT41ygCHsTJPAp6rvxMTEmmdRYGZjAiM9LI3E//zeimEl96EyyQFJuliUZgKDDGeNYEHXDEKIjOEUMXNrZiOiCIUTF8lU4K7/OVV0qnX3Ebt/K5RaV7ldRTRMTpBZ8hFF6iJblALtRFFGXpGr+jNerJerHfrYzFasPJMGf2B9fkDlFmTbw==</latexit>
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HAMILTONIAN LEARNING

Wilde, Sweke, Kshetrimayum, Roth, Eisert, in preparation (2022)
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HAMILTONIAN LEARNING

A

Hamiltonian 
parameters  {↵j}

<latexit sha1_base64="WuvXL0bV4YWKnw0UPRNWvSCbqVY=">AAAB83icbVBNS8NAEJ3Ur1q/qh69LBbBU0mkongqePFYwX5AE8pku23XbjZhdyOU0L/hxYMiXv0z3vw3btsctPXBwOO9GWbmhYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nirImjUWsOiFqJrhkTcONYJ1EMYxCwdrh+Hbmt5+Y0jyWD2aSsCDCoeQDTtFYyfczH0Uywt6jP+2VK27VnYOsEi8nFcjR6JW//H5M04hJQwVq3fXcxAQZKsOpYNOSn2qWIB3jkHUtlRgxHWTzm6fkzCp9MoiVLWnIXP09kWGk9SQKbWeEZqSXvZn4n9dNzeA6yLhMUsMkXSwapIKYmMwCIH2uGDViYglSxe2thI5QITU2ppINwVt+eZW0LqperXp5X6vUb/I4inACp3AOHlxBHe6gAU2gkMAzvMKbkzovzrvzsWgtOPnMMfyB8/kDPamRzQ==</latexit>

TEBD time step

t 2 {t1, . . . , tm}

<latexit sha1_base64="shq0ii9A1PIIAqQR0lNann012lY=">AAACAHicbVDLSsNAFJ34rPUVdeHCzWARXJSSSEVxVXDjsoJ9QBPCZDpph04mYeZGKKEbf8WNC0Xc+hnu/BunbRbaemDgcM493LknTAXX4Djf1srq2vrGZmmrvL2zu7dvHxy2dZIpylo0EYnqhkQzwSVrAQfBuqliJA4F64Sj26nfeWRK80Q+wDhlfkwGkkecEjBSYB+DxyX2cgjcqtdPQFcxBLE3CeyKU3NmwMvELUgFFWgG9peJ0yxmEqggWvdcJwU/Jwo4FWxS9jLNUkJHZMB6hkoSM+3nswMm+MwofRwlyjwJeKb+TuQk1noch2YyJjDUi95U/M/rZRBd+zmXaQZM0vmiKBMYEjxtA/e5YhTE2BBCFTd/xXRIFKFgOiubEtzFk5dJ+6Lm1muX9/VK46aoo4RO0Ck6Ry66Qg10h5qohSiaoGf0it6sJ+vFerc+5qMrVpE5Qn9gff4AwPyV2g==</latexit>

Comput probs

Loss

+

Y

N
Compute in automatic  
differentiation framework  
JAX the gradient of the 
negative log-likelihood  
loss function

Wilde, Sweke, Kshetrimayum, Roth, Eisert, in preparation (2022)
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HAMILTONIAN LEARNING

• Works well to e.g. learn Heisenberg-type Hamiltonians from concept class

H(h, Jx, Jy, Jz) =
X

j

(hXj + JxXjXj+1 + JyYjYj+1 + JzZjZj+1)

<latexit sha1_base64="yoUvI1gnPM6evE/rLjfvjhsdqek="></latexit>

• Errors of          in    -distance for system sizes of 
<latexit sha1_base64="Rt4RaNCesrfrM7AA6ytJ9L1vwio=">AAAB7nicbVDLSgNBEOyNrxhfUY9eBoPgxbAbRT1JwIvHCOYByRpmJ51kyOzsMjMrhCUf4cWDIl79Hm/+jZNkD5pY0FBUddPdFcSCa+O6305uZXVtfSO/Wdja3tndK+4fNHSUKIZ1FolItQKqUXCJdcONwFaskIaBwGYwup36zSdUmkfywYxj9EM6kLzPGTVWanruY3pWmXSLJbfszkCWiZeREmSodYtfnV7EkhClYYJq3fbc2PgpVYYzgZNCJ9EYUzaiA2xbKmmI2k9n507IiVV6pB8pW9KQmfp7IqWh1uMwsJ0hNUO96E3F/7x2YvrXfsplnBiUbL6onwhiIjL9nfS4QmbE2BLKFLe3EjakijJjEyrYELzFl5dJo1L2Lsvn9xel6k0WRx6O4BhOwYMrqMId1KAODEbwDK/w5sTOi/PufMxbc042cwh/4Hz+AD5Wjto=</latexit>

10�2 <latexit sha1_base64="hzSsAS6xlnDNdGQf1xPF15+TDbk=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU1JMUvHisaD+gDWWz3bRLN5uwOxFK6E/w4kERr/4ib/4bt20O2vpg4PHeDDPzgkQKg6777RRWVtfWN4qbpa3tnd298v5B08SpZrzBYhnrdkANl0LxBgqUvJ1oTqNA8lYwup36rSeujYjVI44T7kd0oEQoGEUrPcie1ytX3Ko7A1kmXk4qkKPeK391+zFLI66QSWpMx3MT9DOqUTDJJ6VuanhC2YgOeMdSRSNu/Gx26oScWKVPwljbUkhm6u+JjEbGjKPAdkYUh2bRm4r/eZ0Uw2s/EypJkSs2XxSmkmBMpn+TvtCcoRxbQpkW9lbChlRThjadkg3BW3x5mTTPqt5l9fz+olK7yeMowhEcwyl4cAU1uIM6NIDBAJ7hFd4c6bw4787HvLXg5DOH8AfO5w/6wY2Y</latexit>

l1
<latexit sha1_base64="xU6TEq/JYjMpI2BF+pXyf8dUrBw=">AAAB7HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU1ItS8OKxgmkLbSib7bZdutmE3YlQQn+DFw+KePUHefPfuG1z0NYHA4/3ZpiZFyZSGHTdb6ewsrq2vlHcLG1t7+zulfcPGiZONeM+i2WsWyE1XArFfRQoeSvRnEah5M1wdDf1m09cGxGrRxwnPIjoQIm+YBSt5Ksbz3W75YpbdWcgy8TLSQVy1Lvlr04vZmnEFTJJjWl7boJBRjUKJvmk1EkNTygb0QFvW6poxE2QzY6dkBOr9Eg/1rYUkpn6eyKjkTHjKLSdEcWhWfSm4n9eO8X+dZAJlaTIFZsv6qeSYEymn5Oe0JyhHFtCmRb2VsKGVFOGNp+SDcFbfHmZNM6q3mX1/OGiUrvN4yjCERzDKXhwBTW4hzr4wEDAM7zCm6OcF+fd+Zi3Fpx85hD+wPn8Aadsjew=</latexit>

n = 100
Wilde, Sweke, Kshetrimayum, Roth, Eisert, in preparation (2022)
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HAMILTONIAN LEARNING

Hangleiter, Roth, Eisert, Roushan, arXiv:2108.08319 (2021) 

• Similar techniques to learn  
Google AI’s Sycamore chip 

• Can very precisely learn Hamiltonians,  
then make predictions
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OUTLOOK
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