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• What makes a quantum computer powerful?

QUANTUM RESOURCES CLASSICAL

ENTANGLEMENT

MAGIC

COHERENCE
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QUANTUM RESOURCES CLASSICAL

• Is there more?

• Where is the 
fine line?

• What is the role 
of the observer?

• Look at three questions on quantum resources
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MEASUREMENT AS A RESOURCE

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

Cao, Eisert, Phys Rev Lett 136, 080601 (2026) 
Liu, Ye, Cai, Eisert, arXiv:2602.22126 (2026) 
Cao, Tang, Eisert, in preparation (2026)
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MID-CIRCUIT MEASUREMENTS AS A RESOURCE

• How powerful are mid-circuit measurements  
for quantum computational tasks?

• Quantum random sampling is “hard” up to constant error in         distance
<latexit sha1_base64="WgFfT2lP1Qn6m6FcVLP5ZTVm/dA=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LBbBU0hEqseiF48VbC0kIWy2m3bpZhN2J0JJ+zO8eFDEq7/Gm//GbZuDtj4YeLw3w8y8KBNcg+N8W5W19Y3Nrep2bWd3b/+gfnjU1WmuKOvQVKSqFxHNBJesAxwE62WKkSQS7DEa3c78xyemNE/lA4wzFiRkIHnMKQEjef7E9idhIUJ3GtYbju3MgVeJW5IGKtEO619+P6V5wiRQQbT2XCeDoCAKOBVsWvNzzTJCR2TAPEMlSZgOivnJU3xmlD6OU2VKAp6rvycKkmg9TiLTmRAY6mVvJv7neTnE10HBZZYDk3SxKM4FhhTP/sd9rhgFMTaEUMXNrZgOiSIUTEo1E4K7/PIq6V7YbtNu3l82WjdlHFV0gk7ROXLRFWqhO9RGHURRip7RK3qzwHqx3q2PRWvFKmeO0R9Ynz8Us5Ek</latexit>

k.kl1

Shepherd, Bremner, Proc Roy Soc A 467, 459 (2011) 
Hangleiter, Eisert, Rev Mod Phys 95, 035001 (2023)

• Example: Polynomial depth commuting IQP circuits with local gates

• Can measurements reduce the depth?
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MID-CIRCUIT MEASUREMENTS AS A RESOURCE

• How powerful are mid-circuit measurements  
for quantum computational tasks?

• Compressing dense IQP circuits to constant depth with mid-circuit 
measurements: Locally entangle system qubits with auxiliary qubits  
using a short pattern of nearest-neighbor CX gates - then measure 

• How powerful are mid-circuit measurements  
for quantum computational tasks?

<latexit sha1_base64="Cdn2Z0SF+Bjwy2JTmk7Hs4o1qSE=">AAAB6HicbVA9SwNBEJ3zM8avqKXNYhCswp1ItLAI2FgmYD4gOcLeZi5Zs7d37O4J4cgvsLFQxNafZOe/cZNcoYkPBh7vzTAzL0gE18Z1v5219Y3Nre3CTnF3b//gsHR03NJxqhg2WSxi1QmoRsElNg03AjuJQhoFAtvB+G7mt59QaR7LBzNJ0I/oUPKQM2qs1Oj0S2W34s5BVomXkzLkqPdLX71BzNIIpWGCat313MT4GVWGM4HTYi/VmFA2pkPsWipphNrP5odOyblVBiSMlS1pyFz9PZHRSOtJFNjOiJqRXvZm4n9eNzXhjZ9xmaQGJVssClNBTExmX5MBV8iMmFhCmeL2VsJGVFFmbDZFG4K3/PIqaV1WvGql2rgq127zOApwCmdwAR5cQw3uoQ5NYIDwDK/w5jw6L86787FoXXPymRP4A+fzB7d9jOE=</latexit>

X

Cao, Eisert, Phys Rev Lett 136, 080601 (2026)

 
• Theorem 1:* For suitable angles, the measurement-driven constant- 

depth circuit implements a dense   -local IQP circuit (and show  
anticoncentration for suitably random ensembles)

<latexit sha1_base64="JbezQv/cExw+O5cbphxQHw/yDIg=">AAAB6HicbVA9SwNBEJ3zM8avqKXNYhCswp1ItLAI2FgmYD4gOcLeZi5Zs7d37O4J4cgvsLFQxNafZOe/cZNcoYkPBh7vzTAzL0gE18Z1v5219Y3Nre3CTnF3b//gsHR03NJxqhg2WSxi1QmoRsElNg03AjuJQhoFAtvB+G7mt59QaR7LBzNJ0I/oUPKQM2qs1Bj3S2W34s5BVomXkzLkqPdLX71BzNIIpWGCat313MT4GVWGM4HTYi/VmFA2pkPsWipphNrP5odOyblVBiSMlS1pyFz9PZHRSOtJFNjOiJqRXvZm4n9eNzXhjZ9xmaQGJVssClNBTExmX5MBV8iMmFhCmeL2VsJGVFFmbDZFG4K3/PIqaV1WvGql2rgq127zOApwCmdwAR5cQw3uoQ5NYIDwDK/w5jw6L86787FoXXPymRP4A+fzB9RJjPQ=</latexit>

k

* All informal
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• Given query access to a measurement decide, the task is to distinguish between 
two i.i.d. occurring scenarios:

• Decice outputs                            uniformly  
at random and leaves state unchanged 

• Device performs projective measurements 
 
 
with Haar random 

<latexit sha1_base64="zbSAdMn4ikub6fXnVX3Tz6yXs7k=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEF7UkItWFi4IblxXsA5pQJpNpO3QyCTM3QgkFf8WNC0Xc+h3u/BunbRbaemDgcM493DsnSATX4DjfVmFldW19o7hZ2tre2d2z9w9aOk4VZU0ai1h1AqKZ4JI1gYNgnUQxEgWCtYPR7dRvPzKleSwfYJwwPyIDyfucEjBSzz7iHpfYy5yKF8agKzg8d71Jzy47VWcGvEzcnJRRjkbP/jJxmkZMAhVE667rJOBnRAGngk1KXqpZQuiIDFjXUEkipv1sdv4EnxolxP1YmScBz9TfiYxEWo+jwExGBIZ60ZuK/3ndFPrXfsZlkgKTdL6onwoMMZ52gUOuGAUxNoRQxc2tmA6JIhRMYyVTgrv45WXSuqi6tWrt/rJcv8nrKKJjdILOkIuuUB3doQZqIooy9Ixe0Zv1ZL1Y79bHfLRg5ZlD9AfW5w9TtZRu</latexit>

i 2 {0, . . . , d� 1}

<latexit sha1_base64="eAEeCKAjfZBci+iVdmul5pWcS5o="></latexit>

{⇧i = U |iihi|U†
i }

d�1
i=0

<latexit sha1_base64="n+Ruf9qlMer3Hyto/2b3dx09nnM=">AAAB6HicbVA9SwNBEJ3zM8avqKXNYhCswp1ItLAI2Fgm4CWB5Ah7m7lkzd7esbsnhJBfYGOhiK0/yc5/4ya5QhMfDDzem2FmXpgKro3rfjtr6xubW9uFneLu3v7BYenouKmTTDH0WSIS1Q6pRsEl+oYbge1UIY1Dga1wdDfzW0+oNE/kgxmnGMR0IHnEGTVWavi9UtmtuHOQVeLlpAw56r3SV7efsCxGaZigWnc8NzXBhCrDmcBpsZtpTCkb0QF2LJU0Rh1M5odOyblV+iRKlC1pyFz9PTGhsdbjOLSdMTVDvezNxP+8Tmaim2DCZZoZlGyxKMoEMQmZfU36XCEzYmwJZYrbWwkbUkWZsdkUbQje8surpHlZ8aqVauOqXLvN4yjAKZzBBXhwDTW4hzr4wADhGV7hzXl0Xpx352PRuubkMyfwB87nD7LxjN4=</latexit>

U

POST-MEASUREMENT STATES AS A RESOURCE

• How valuable are post-measurements states  
in estimating properties of measurements?

Liu, Ye, Cai, Eisert, arXiv:2602.22126 (2026)

• Theorem 2: Needs            many measurements, even with adaptivity, 
auxiliary qubits, entangled operation, and controllable measurements

<latexit sha1_base64="Jj7kSYx6RYhRUeUPaF98l8SaydI=">AAAB8nicbVA9SwNBEN3zM8avqKXNYhBiE+5EooVFwMbOCOYDLkfY29skS/Z2z905IRz5GTYWitj6a+z8N26SKzTxwcDjvRlm5oWJ4AZc99tZWV1b39gsbBW3d3b39ksHhy2jUk1ZkyqhdCckhgkuWRM4CNZJNCNxKFg7HN1M/fYT04Yr+QDjhAUxGUje55SAlfy7Stc8asiiyVmvVHar7gx4mXg5KaMcjV7pqxspmsZMAhXEGN9zEwgyooFTwSbFbmpYQuiIDJhvqSQxM0E2O3mCT60S4b7StiTgmfp7IiOxMeM4tJ0xgaFZ9Kbif56fQv8qyLhMUmCSzhf1U4FB4en/OOKaURBjSwjV3N6K6ZBoQsGmVLQheIsvL5PWedWrVWv3F+X6dR5HAR2jE1RBHrpEdXSLGqiJKFLoGb2iNwecF+fd+Zi3rjj5zBH6A+fzB/s5kQ8=</latexit>

O(
p
d)
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• Given query access to a measurement decide, the task is to distinguish between 
two i.i.d. occurring scenarios:

• Decice outputs                            uniformly  
at random and leaves state unchanged 

• Device performs projective measurements 
 
 
with Haar random 

<latexit sha1_base64="zbSAdMn4ikub6fXnVX3Tz6yXs7k=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1gEF7UkItWFi4IblxXsA5pQJpNpO3QyCTM3QgkFf8WNC0Xc+h3u/BunbRbaemDgcM493DsnSATX4DjfVmFldW19o7hZ2tre2d2z9w9aOk4VZU0ai1h1AqKZ4JI1gYNgnUQxEgWCtYPR7dRvPzKleSwfYJwwPyIDyfucEjBSzz7iHpfYy5yKF8agKzg8d71Jzy47VWcGvEzcnJRRjkbP/jJxmkZMAhVE667rJOBnRAGngk1KXqpZQuiIDFjXUEkipv1sdv4EnxolxP1YmScBz9TfiYxEWo+jwExGBIZ60ZuK/3ndFPrXfsZlkgKTdL6onwoMMZ52gUOuGAUxNoRQxc2tmA6JIhRMYyVTgrv45WXSuqi6tWrt/rJcv8nrKKJjdILOkIuuUB3doQZqIooy9Ixe0Zv1ZL1Y79bHfLRg5ZlD9AfW5w9TtZRu</latexit>

i 2 {0, . . . , d� 1}

<latexit sha1_base64="eAEeCKAjfZBci+iVdmul5pWcS5o="></latexit>

{⇧i = U |iihi|U†
i }

d�1
i=0

<latexit sha1_base64="n+Ruf9qlMer3Hyto/2b3dx09nnM=">AAAB6HicbVA9SwNBEJ3zM8avqKXNYhCswp1ItLAI2Fgm4CWB5Ah7m7lkzd7esbsnhJBfYGOhiK0/yc5/4ya5QhMfDDzem2FmXpgKro3rfjtr6xubW9uFneLu3v7BYenouKmTTDH0WSIS1Q6pRsEl+oYbge1UIY1Dga1wdDfzW0+oNE/kgxmnGMR0IHnEGTVWavi9UtmtuHOQVeLlpAw56r3SV7efsCxGaZigWnc8NzXBhCrDmcBpsZtpTCkb0QF2LJU0Rh1M5odOyblV+iRKlC1pyFz9PTGhsdbjOLSdMTVDvezNxP+8Tmaim2DCZZoZlGyxKMoEMQmZfU36XCEzYmwJZYrbWwkbUkWZsdkUbQje8surpHlZ8aqVauOqXLvN4yjAKZzBBXhwDTW4hzr4wADhGV7hzXl0Xpx352PRuubkMyfwB87nD7LxjN4=</latexit>

U

• How valuable are post-measurements states  
in estimating properties of measurements?

Liu, Ye, Cai, Eisert, arXiv:2602.22126 (2026)

• Theorem 2: Needs            many measurements, even with adaptivity, 
auxiliary qubits, entangled operation, and controllable measurements 
- but with access to post-measurement states this is 

<latexit sha1_base64="Jj7kSYx6RYhRUeUPaF98l8SaydI=">AAAB8nicbVA9SwNBEN3zM8avqKXNYhBiE+5EooVFwMbOCOYDLkfY29skS/Z2z905IRz5GTYWitj6a+z8N26SKzTxwcDjvRlm5oWJ4AZc99tZWV1b39gsbBW3d3b39ksHhy2jUk1ZkyqhdCckhgkuWRM4CNZJNCNxKFg7HN1M/fYT04Yr+QDjhAUxGUje55SAlfy7Stc8asiiyVmvVHar7gx4mXg5KaMcjV7pqxspmsZMAhXEGN9zEwgyooFTwSbFbmpYQuiIDJhvqSQxM0E2O3mCT60S4b7StiTgmfp7IiOxMeM4tJ0xgaFZ9Kbif56fQv8qyLhMUmCSzhf1U4FB4en/OOKaURBjSwjV3N6K6ZBoQsGmVLQheIsvL5PWedWrVWv3F+X6dR5HAR2jE1RBHrpEdXSLGqiJKFLoGb2iNwecF+fd+Zi3rjj5zBH6A+fzB/s5kQ8=</latexit>

O(
p
d)

<latexit sha1_base64="fjZQ0E0gsQAdpk49Hm8lI+qKx9k=">AAAB63icbVA9SwNBEJ2LXzF+RS1tFoMQm3AnEi0sAjZ2RjAfkBxhb7OXLNndO3b3hHDkL9hYKGLrH7Lz37iXXKGJDwYe780wMy+IOdPGdb+dwtr6xuZWcbu0s7u3f1A+PGrrKFGEtkjEI9UNsKacSdoyzHDajRXFIuC0E0xuM7/zRJVmkXw005j6Ao8kCxnBJpPuq975oFxxa+4caJV4OalAjuag/NUfRiQRVBrCsdY9z42Nn2JlGOF0VuonmsaYTPCI9iyVWFDtp/NbZ+jMKkMURsqWNGiu/p5IsdB6KgLbKbAZ62UvE//zeokJr/2UyTgxVJLFojDhyEQoexwNmaLE8KklmChmb0VkjBUmxsZTsiF4yy+vkvZFzavX6g+XlcZNHkcRTuAUquDBFTTgDprQAgJjeIZXeHOE8+K8Ox+L1oKTzxzDHzifP98QjXg=</latexit>

O(1)

POST-MEASUREMENT STATES AS A RESOURCE
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THE ROLE OF THE OBSERVER FOR RESOURCES

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

Leone, Rizzo, Eisert, Jerbi, Nature Phys 21, 1847 (2025)  
Gu, Leone, Ghosh, Eisert, Yelin, Quek, Phys Rev Lett 132, 210602 (2024) 
Meyer, Rizzo, Raza, Leone, Jerbi, Eisert, arXiv:2601.15393 (2026)  
Meyer, Raza, Rizzo, Leone, Jerbi, Eisert, arXiv:2509.20472 (2025) 
Gu, Quek, Yelin, Eisert, Leone, arXiv:2410.18196 (2024)
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COMPUTATIONALLY-BOUNDED OBSERVERS

• Given two quantum systems that differ in a physical  
characteristic    , we aim to distinguish between them<latexit sha1_base64="RDTRv2MWkZbOu+svLaza/gtuY+Q=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5EooVFII1lAuYDkiPsbeaSNXt7x+6eEEJ+gY2FIrb+JDv/jZvkCk18MPB4b4aZeUEiuDau++3kNja3tnfyu4W9/YPDo+LxSUvHqWLYZLGIVSegGgWX2DTcCOwkCmkUCGwH49rcbz+h0jyWD2aSoB/RoeQhZ9RYqVHrF0tu2V2ArBMvIyXIUO8Xv3qDmKURSsME1brruYnxp1QZzgTOCr1UY0LZmA6xa6mkEWp/ujh0Ri6sMiBhrGxJQxbq74kpjbSeRIHtjKgZ6VVvLv7ndVMT3vpTLpPUoGTLRWEqiInJ/Gsy4AqZERNLKFPc3krYiCrKjM2mYEPwVl9eJ62rslcpVxrXpepdFkcezuAcLsGDG6jCPdShCQwQnuEV3pxH58V5dz6WrTknmzmFP3A+fwCXqYzM</latexit>

C

• What if the time required is on par with the age of the universe?
• Is     a genuine physical attribute?  

<latexit sha1_base64="RDTRv2MWkZbOu+svLaza/gtuY+Q=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5EooVFII1lAuYDkiPsbeaSNXt7x+6eEEJ+gY2FIrb+JDv/jZvkCk18MPB4b4aZeUEiuDau++3kNja3tnfyu4W9/YPDo+LxSUvHqWLYZLGIVSegGgWX2DTcCOwkCmkUCGwH49rcbz+h0jyWD2aSoB/RoeQhZ9RYqVHrF0tu2V2ArBMvIyXIUO8Xv3qDmKURSsME1brruYnxp1QZzgTOCr1UY0LZmA6xa6mkEWp/ujh0Ri6sMiBhrGxJQxbq74kpjbSeRIHtjKgZ6VVvLv7ndVMT3vpTLpPUoGTLRWEqiInJ/Gsy4AqZERNLKFPc3krYiCrKjM2mYEPwVl9eJ62rslcpVxrXpepdFkcezuAcLsGDG6jCPdShCQwQnuEV3pxH58V5dz6WrTknmzmFP3A+fwCXqYzM</latexit>

C
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COMPUTATIONALLY-BOUNDED OBSERVERS

• Definition [Computationally bounded observer]: An observer taking 
measurements and operating for ‘a reasonable amount of time’.
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COMPUTATIONAL INDISTINGUISHABILITY

Pass and Shelat, A course in Cryptography

• Are the two boxes the same or different?

• In the problem size   , an algorithm with time        is <latexit sha1_base64="mwTusL1yMB8XP6ziF/oTrmN4IBg=">AAAB6HicbVA9SwNBEJ3zM8avqKXNYhCswp1ItLAI2FgmYD4gOcLeZi5Zs7d37O4J4cgvsLFQxNafZOe/cZNcoYkPBh7vzTAzL0gE18Z1v5219Y3Nre3CTnF3b//gsHR03NJxqhg2WSxi1QmoRsElNg03AjuJQhoFAtvB+G7mt59QaR7LBzNJ0I/oUPKQM2qs1JD9UtmtuHOQVeLlpAw56v3SV28QszRCaZigWnc9NzF+RpXhTOC02Es1JpSN6RC7lkoaofaz+aFTcm6VAQljZUsaMld/T2Q00noSBbYzomakl72Z+J/XTU1442dcJqlByRaLwlQQE5PZ12TAFTIjJpZQpri9lbARVZQZm03RhuAtv7xKWpcVr1qpNq7Ktds8jgKcwhlcgAfXUIN7qEMTGCA8wyu8OY/Oi/PufCxa15x85gT+wPn8AdjVjPc=</latexit>n

• efficient, if 

<latexit sha1_base64="R/surjOBivptpRJyFTCH4Idt49Q=">AAAB7nicbVA9SwNBEJ3zM8avqKXNYhBiE+5EooVFwMYygvmA5Ah7m71kyd7esTsnhCM/wsZCEVt/j53/xk1yhSY+GHi8N8PMvCCRwqDrfjtr6xubW9uFneLu3v7BYenouGXiVDPeZLGMdSeghkuheBMFSt5JNKdRIHk7GN/N/PYT10bE6hEnCfcjOlQiFIyildo9pGlFXfRLZbfqzkFWiZeTMuRo9EtfvUHM0ogrZJIa0/XcBP2MahRM8mmxlxqeUDamQ961VNGIGz+bnzsl51YZkDDWthSSufp7IqORMZMosJ0RxZFZ9mbif143xfDGz4RKUuSKLRaFqSQYk9nvZCA0ZygnllCmhb2VsBHVlKFNqGhD8JZfXiWty6pXq9Yersr12zyOApzCGVTAg2uowz00oAkMxvAMr/DmJM6L8+58LFrXnHzmBP7A+fwBuPCPKg==</latexit>

⌧(n)

<latexit sha1_base64="caVL1+h8/Mx/k0OQFJvY133udIk=">AAACBHicbVC7SgNBFJ2Nrxhfq5ZpBoOQNGFXJFooBGzsjGAekF3C7GSSDJmdXWbuimFJYeOv2FgoYutH2Pk3Th6FJh64cDjnXu69J4gF1+A431ZmZXVtfSO7mdva3tnds/cPGjpKFGV1GolItQKimeCS1YGDYK1YMRIGgjWD4dXEb94zpXkk72AUMz8kfcl7nBIwUsfOe0CSoixd4puiB+wB0jgSozE2UqljF5yyMwVeJu6cFNActY795XUjmoRMAhVE67brxOCnRAGngo1zXqJZTOiQ9FnbUElCpv10+sQYHxuli3uRMiUBT9XfEykJtR6FgekMCQz0ojcR//PaCfTO/ZTLOAEm6WxRLxEYIjxJBHe5YhTEyBBCFTe3YjogilAwueVMCO7iy8ukcVJ2K+XK7WmhejGPI4vy6AgVkYvOUBVdoxqqI4oe0TN6RW/Wk/VivVsfs9aMNZ85RH9gff4At9yW3A==</latexit>

⌧(n) = O(poly(n))

• inefficient, if 
<latexit sha1_base64="ofrqavb2PQE0jA0UoQsOCPDI9FE=">AAACAHicbVA9SwNBEN3z2/gVtbCwWQxCbMKdSLSwEGwsIxgVkiPsbSbJkr3dY3dODMc1/hUbC0Vs/Rl2/hs3yRV+PRh4vDfDzLwokcKi7396M7Nz8wuLS8ulldW19Y3y5ta11anh0ORaanMbMQtSKGiiQAm3iQEWRxJuouH52L+5A2OFVlc4SiCMWV+JnuAMndQp77R1DH1WbSPcY5ZoOcppVR0cdMoVv+ZPQP+SoCAVUqDRKX+0u5qnMSjkklnbCvwEw4wZFFxCXmqnFhLGh6wPLUcVi8GG2eSBnO47pUt72rhSSCfq94mMxdaO4sh1xgwH9rc3Fv/zWin2TsJMqCRFUHy6qJdKipqO06BdYYCjHDnCuBHuVsoHzDCOLrOSCyH4/fJfcn1YC+q1+uVR5ey0iGOJ7JI9UiUBOSZn5II0SJNwkpNH8kxevAfvyXv13qatM14xs01+wHv/AgkTlgg=</latexit>

!(poly(n))
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• Definition [Hamiltonian access]: An algorithm       has black-box 
Hamiltonian access if it can access to the time evolution          for any 
reasonable time                          , as well as has access to the Gibbs  
state         for reasonably small temperatures  

HAMILTONIAN ACCESS

• What is reasonable access to an unknown Hamiltonian?

!
<latexit sha1_base64="QgiwUgC6QbEX1cLFrImQscGVzRw=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5EooVFwCZlAuYDkiPsbSbJmr29Y3dPCEd+gY2FIrb+JDv/jZvkCk18MPB4b4aZeUEsuDau++3kNja3tnfyu4W9/YPDo+LxSUtHiWLYZJGIVCegGgWX2DTcCOzECmkYCGwHk/u5335CpXkkH8w0Rj+kI8mHnFFjpUatXyy5ZXcBsk68jJQgQ71f/OoNIpaEKA0TVOuu58bGT6kynAmcFXqJxpiyCR1h11JJQ9R+ujh0Ri6sMiDDSNmShizU3xMpDbWehoHtDKkZ61VvLv7ndRMzvPVTLuPEoGTLRcNEEBOR+ddkwBUyI6aWUKa4vZWwMVWUGZtNwYbgrb68TlpXZa9SrjSuS9W7LI48nME5XIIHN1CFGtShCQwQnuEV3pxH58V5dz6WrTknmzmFP3A+fwCfPYzR</latexit>

H

<latexit sha1_base64="LGJ5BBFTTiZGTfkfKL3lK8bsSss=">AAAB73icbVA9SwNBEN3zM8avqKXNYhBsDHci0cIiYJMygvmA5Ax7m0myZG/v3J0TwpE/YWOhiK1/x85/4ya5QhMfDDzem2FmXhBLYdB1v52V1bX1jc3cVn57Z3dvv3Bw2DBRojnUeSQj3QqYASkU1FGghFasgYWBhGYwup36zSfQRkTqHscx+CEbKNEXnKGVWvCQngusTrqFoltyZ6DLxMtIkWSodQtfnV7EkxAUcsmMaXtujH7KNAouYZLvJAZixkdsAG1LFQvB+Ons3gk9tUqP9iNtSyGdqb8nUhYaMw4D2xkyHJpFbyr+57UT7F/7qVBxgqD4fFE/kRQjOn2e9oQGjnJsCeNa2FspHzLNONqI8jYEb/HlZdK4KHnlUvnusli5yeLIkWNyQs6IR65IhVRJjdQJJ5I8k1fy5jw6L8678zFvXXGymSPyB87nD97/j9w=</latexit>

e�itH

<latexit sha1_base64="KI5rDts2tAij/IJL8KORDzKAIjc=">AAAB8XicbVA9SwNBEJ3zM8avqKXNYhCswp1ItLCI2KSMYD4wiWFvM5cs2ds7dveEcORf2FgoYuu/sfPfuEmu0MQHA4/3ZpiZ58eCa+O6387K6tr6xmZuK7+9s7u3Xzg4bOgoUQzrLBKRavlUo+AS64Ybga1YIQ19gU1/dDv1m0+oNI/kvRnH2A3pQPKAM2qs9JB2GBXkZvJY7RWKbsmdgSwTLyNFyFDrFb46/YglIUrDBNW67bmx6aZUGc4ETvKdRGNM2YgOsG2ppCHqbjq7eEJOrdInQaRsSUNm6u+JlIZaj0PfdobUDPWiNxX/89qJCa66KZdxYlCy+aIgEcREZPo+6XOFzIixJZQpbm8lbEgVZcaGlLcheIsvL5PGeckrl8p3F8XKdRZHDo7hBM7Ag0uoQBVqUAcGEp7hFd4c7bw4787HvHXFyWaO4A+czx/uVJBu</latexit>

AH

<latexit sha1_base64="/pINAe3Y8T1y9/qQVqzw1UXGRJc=">AAACAHicbVA9TwJBEN3DL8SvUwsLm43EBBpyZwxaaEJiYycmAiZwIXvLAhv29i67c0Zy0PhXbCw0xtafYee/cYErFHzJJC/vzWRmnh8JrsFxvq3M0vLK6lp2PbexubW9Y+/u1XUYK8pqNBShuveJZoJLVgMOgt1HipHAF6zhD64mfuOBKc1DeQfDiHkB6Une5ZSAkdr2wQhG+BLfFFrAHiGJQjEcF2Sx2LbzTsmZAi8SNyV5lKLatr9anZDGAZNABdG66ToReAlRwKlg41wr1iwidEB6rGmoJAHTXjJ9YIyPjdLB3VCZkoCn6u+JhARaDwPfdAYE+nrem4j/ec0YuudewmUUA5N0tqgbCwwhnqSBO1wxCmJoCKGKm1sx7RNFKJjMciYEd/7lRVI/KbnlUvn2NF+5SOPIokN0hArIRWeogq5RFdUQRWP0jF7Rm/VkvVjv1sesNWOlM/voD6zPH4uslbs=</latexit>

|t| = O(poly(n))
<latexit sha1_base64="7SgLVHJo453o3bWmYZz8J8Kfuy8=">AAAB83icbVDLSgNBEOyNrxhfUY9eBoPgxbArEj14CHjJMYJ5QHYNs5PeZMjsg5lZISz5DS8eFPHqz3jzb5wke9DEgoaiqpvuLj8RXGnb/rYKa+sbm1vF7dLO7t7+QfnwqK3iVDJssVjEsutThYJH2NJcC+wmEmnoC+z447uZ33lCqXgcPehJgl5IhxEPOKPaSC4+Zheuj5qSxrRfrthVew6ySpycVCBHs1/+cgcxS0OMNBNUqZ5jJ9rLqNScCZyW3FRhQtmYDrFnaERDVF42v3lKzowyIEEsTUWazNXfExkNlZqEvukMqR6pZW8m/uf1Uh3ceBmPklRjxBaLglQQHZNZAGTAJTItJoZQJrm5lbARlZRpE1PJhOAsv7xK2pdVp1at3V9V6rd5HEU4gVM4BweuoQ4NaEILGCTwDK/wZqXWi/VufSxaC1Y+cwx/YH3+AF3xkT8=</latexit>

e��H
<latexit sha1_base64="rODDGrgnM/LvgSXR2rxuEThqKW8=">AAACAHicbVA9SwNBEN2LXzF+RS0sbA6DkDThTiRaKARs7IxgEiF3hL3NJFmyt3fszonhSONfsbFQxNafYee/cfNRaOKDgcd7M8zMC2LBNTrOt5VZWl5ZXcuu5zY2t7Z38rt7DR0likGdRSJS9wHVILiEOnIUcB8roGEgoBkMrsZ+8wGU5pG8w2EMfkh7knc5o2ikdv7ACwDp5U3RQ3jENI7EcFSUpVI7X3DKzgT2InFnpEBmqLXzX14nYkkIEpmgWrdcJ0Y/pQo5EzDKeYmGmLIB7UHLUElD0H46eWBkHxulY3cjZUqiPVF/T6Q01HoYBqYzpNjX895Y/M9rJdg991Mu4wRBsumibiJsjOxxGnaHK2AohoZQpri51WZ9qihDk1nOhODOv7xIGidlt1Ku3J4WqhezOLLkkByRInHJGamSa1IjdcLIiDyTV/JmPVkv1rv1MW3NWLOZffIH1ucPA5aWBw==</latexit>

� = O(poly(n))

<latexit sha1_base64="4CmfX6A1GHmugEhrWpBsA9VIjDc=">AAAB/XicbVDLSsNAFJ3UV62v+Ni5GSyCG0siUl24KLjpsoJ9QBPLZHrTDp1MwsxEqLH4K25cKOLW/3Dn3zh9LLT1wIXDOfdy7z1BwpnSjvNt5ZaWV1bX8uuFjc2t7R17d6+h4lRSqNOYx7IVEAWcCahrpjm0EgkkCjg0g8H12G/eg1QsFrd6mIAfkZ5gIaNEG6ljH8Bddsp0dfToJX3mSSJ6HDp20Sk5E+BF4s5IEc1Q69hfXjemaQRCU06UartOov2MSM0oh1HBSxUkhA5ID9qGChKB8rPJ9SN8bJQuDmNpSmg8UX9PZCRSahgFpjMiuq/mvbH4n9dOdXjpZ0wkqQZBp4vClGMd43EUuMskUM2HhhAqmbkV0z6RhGoTWMGE4M6/vEgaZyW3XCrfnBcrV7M48ugQHaET5KILVEFVVEN1RNEDekav6M16sl6sd+tj2pqzZjP76A+szx/MepVz</latexit>

e�itH |�i

<latexit sha1_base64="8VWMLifRbY6nMXHuWhIdRip0Fe4=">AAACFHicbVDJSgNBEO1xjXGLevTSGISIGGZEogcPAS85RjALZGLo6dTExp6F7hohDPMRXvwVLx4U8erBm39jZznE6IOCx3tVVNXzYik02va3tbC4tLyymlvLr29sbm0XdnabOkoUhwaPZKTaHtMgRQgNFCihHStggSeh5d1fjfzWAygtovAGhzF0AzYIhS84QyP1CseurxhP4TY9cT1ARmtZlqauCiiqrDQrH2W9QtEu22PQv8SZkiKZot4rfLn9iCcBhMgl07rj2DF2U6ZQcAlZ3k00xIzfswF0DA1ZALqbjp/K6KFR+tSPlKkQ6VidnUhZoPUw8ExnwPBOz3sj8T+vk6B/0U1FGCcIIZ8s8hNJMaKjhGhfKOAoh4YwroS5lfI7ZlJCk2PehODMv/yXNE/LTqVcuT4rVi+nceTIPjkgJeKQc1IlNVInDcLJI3kmr+TNerJerHfrY9K6YE1n9sgvWJ8/XvyeYA==</latexit>

e��H

tr(e��H)



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

• Definition [Computationally indistinguishable physical systems]: Two 
ensemble of Hamiltonians                  and                  are computationally 
indistinguishable if no efficient quantum algorithm can distinguish given 
black-box Hamiltonian access to samples from    and samples from  

<latexit sha1_base64="ieUi9xidmIq7r1Sbfwp6awOF9LQ=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqgcPBRE8VrAf2Iay2W7apZtN2J0IJfRfePGgiFf/jTf/jds2B60+GHi8N8PMvCCRwqDrfjmFldW19Y3iZmlre2d3r7x/0DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjK9nfvuRayNidY+ThPsRHSoRCkbRSg9Zj1FJbqZ9r1+uuFV3DvKXeDmpQI5Gv/zZG8QsjbhCJqkxXc9N0M+oRsEkn5Z6qeEJZWM65F1LFY248bP5xVNyYpUBCWNtSyGZqz8nMhoZM4kC2xlRHJllbyb+53VTDC/9TKgkRa7YYlGYSoIxmb1PBkJzhnJiCWVa2FsJG1FNGdqQSjYEb/nlv6R1VvVq1drdeaV+lcdRhCM4hlPw4ALqcAsNaAIDBU/wAq+OcZ6dN+d90Vpw8plD+AXn4xvTGZBc</latexit>

E1
<latexit sha1_base64="ObAGv1PkHoq4Fj1CyyDB8CPBDK0=">AAAB8XicbVDLSgNBEOyNrxhfUY9eBoPgKewGiR48BETwGME8MFnC7KSTDJmdXWZmhbDkL7x4UMSrf+PNv3GS7EETCxqKqm66u4JYcG1c99vJra1vbG7ltws7u3v7B8XDo6aOEsWwwSIRqXZANQousWG4EdiOFdIwENgKxjczv/WESvNIPphJjH5Ih5IPOKPGSo9pl1FBbqe9Sq9YcsvuHGSVeBkpQYZ6r/jV7UcsCVEaJqjWHc+NjZ9SZTgTOC10E40xZWM6xI6lkoao/XR+8ZScWaVPBpGyJQ2Zq78nUhpqPQkD2xlSM9LL3kz8z+skZnDlp1zGiUHJFosGiSAmIrP3SZ8rZEZMLKFMcXsrYSOqKDM2pIINwVt+eZU0K2WvWq7eX5Rq11kceTiBUzgHDy6hBndQhwYwkPAMr/DmaOfFeXc+Fq05J5s5hj9wPn8A1J2QXQ==</latexit>

E2

COMPUTATIONALLY INDISTINGUISHABLE SYSTEMS

!
<latexit sha1_base64="QgiwUgC6QbEX1cLFrImQscGVzRw=">AAAB6HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5EooVFwCZlAuYDkiPsbSbJmr29Y3dPCEd+gY2FIrb+JDv/jZvkCk18MPB4b4aZeUEsuDau++3kNja3tnfyu4W9/YPDo+LxSUtHiWLYZJGIVCegGgWX2DTcCOzECmkYCGwHk/u5335CpXkkH8w0Rj+kI8mHnFFjpUatXyy5ZXcBsk68jJQgQ71f/OoNIpaEKA0TVOuu58bGT6kynAmcFXqJxpiyCR1h11JJQ9R+ujh0Ri6sMiDDSNmShizU3xMpDbWehoHtDKkZ61VvLv7ndRMzvPVTLuPEoGTLRcNEEBOR+ddkwBUyI6aWUKa4vZWwMVWUGZtNwYbgrb68TlpXZa9SrjSuS9W7LI48nME5XIIHN1CFGtShCQwQnuEV3pxH58V5dz6WrTknmzmFP3A+fwCfPYzR</latexit>

H

<latexit sha1_base64="1gbNK/lEleVwocULdo1TSDY61+A=">AAAB/XicbVDJSgNBEK2JW4zbuNy8NAbBU5gRiR4UAiLkGMEskBmGnk5P0qZnobtHiMPgr3jxoIhX/8Obf2NnOWjig4LHe1VU1fMTzqSyrG+jsLS8srpWXC9tbG5t75i7ey0Zp4LQJol5LDo+lpSziDYVU5x2EkFx6HPa9ofXY7/9QIVkcXSnRgl1Q9yPWMAIVlryzIPMIZijm9yz0RVysrp37+SeWbYq1gRokdgzUoYZGp755fRikoY0UoRjKbu2lSg3w0IxwmleclJJE0yGuE+7mkY4pNLNJtfn6FgrPRTEQlek0ET9PZHhUMpR6OvOEKuBnPfG4n9eN1XBhZuxKEkVjch0UZBypGI0jgL1mKBE8ZEmmAimb0VkgAUmSgdW0iHY8y8vktZpxa5Wqrdn5drlLI4iHMIRnIAN51CDOjSgCQQe4Rle4c14Ml6Md+Nj2lowZjP78AfG5w/WXpQv</latexit>

E1 = {Hj}
<latexit sha1_base64="gh8M+AxzRCDrI039awazVaHYpkE=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1gEVyUpUl0oFETosoJ9QBPCZDpth04ezEyEGoK/4saFIm79D3f+jdM2C209cOFwzr3ce48fcyaVZX0bhZXVtfWN4mZpa3tnd8/cP2jLKBGEtkjEI9H1saSchbSlmOK0GwuKA5/Tjj++mfqdByoki8J7NYmpG+BhyAaMYKUlzzxKHYI5us28KrpGTtrwxk7mmWWrYs2AlomdkzLkaHrml9OPSBLQUBGOpezZVqzcFAvFCKdZyUkkjTEZ4yHtaRrigEo3nV2foVOt9NEgErpChWbq74kUB1JOAl93BliN5KI3Ff/zeokaXLopC+NE0ZDMFw0SjlSEplGgPhOUKD7RBBPB9K2IjLDAROnASjoEe/HlZdKuVuxapXZ3Xq5f5XEU4RhO4AxsuIA6NKAJLSDwCM/wCm/Gk/FivBsf89aCkc8cwh8Ynz/ZcpQx</latexit>

E2 = {Hk}

<latexit sha1_base64="oDmmeiDEDoEoc4ZjjIZQKqAXiaE="></latexit>✓
e��H

tr(e��H)

◆⌦polyn

<latexit sha1_base64="XHWima7cJJu2cYySZ90e/IIpli8="></latexit>�
e�itH |�i

�⌦polyn



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

QUANTUM CHAOS

• It’s complicated

• Naive butterfly effect does not work

• There are naturally  constants of motion2n

Quantum systems with level  
statistics resembling chaos

Semi-classical approaches

<latexit sha1_base64="ZKOTcEJfMI6Sh97JvCHne12Rtqc=">AAACKnicbVDLSgMxFM34rPVVdekmWARXZUakulCouHFZwWkLnbFkMrfT0ExmSDJCqf0eN/6Kmy6U4tYPMX0s+vBA4HDOudzcE6ScKW3bI2ttfWNzazu3k9/d2z84LBwd11SSSQouTXgiGwFRwJkAVzPNoZFKIHHAoR50H8Z+/RWkYol41r0U/JhEgrUZJdpIrcK9x4mIOGAvVezNSzvMk1PhDi9Y2MXuixeSKAKJ54OtQtEu2RPgVeLMSBHNUG0Vhl6Y0CwGoSknSjUdO9V+n0jNKIdB3ssUpIR2SQRNQwWJQfn9yakDfG6UELcTaZ7QeKLOT/RJrFQvDkwyJrqjlr2x+J/XzHT7xu8zkWYaBJ0uamcc6wSPe8Mhk0A17xlCqGTmr5h2iCRUm3bzpgRn+eRVUrssOeVS+emqWLmd1ZFDp+gMXSAHXaMKekRV5CKK3tEn+kLf1oc1tEbWzzS6Zs1mTtACrN8/rDGnaw==</latexit>

h |�i = h |UU†|�i

<latexit sha1_base64="PMf3MkexD0XHpR2+isg/uxpFj9s="></latexit>

H =
X

i

Ei|EiihEi| ) [H, |EiihEi|] = 0

• What is quantum chaos?



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

• Wigner-Dyson stat associated with quantum chaos

• Level spacing
• Gaps

<latexit sha1_base64="Yy304MCyBCnvr8kh6gVGe1uHPy4=">AAAB+3icbZDLSsNAFIZPvNZ6i3XpZrAIglgSkepCoSCCywr2Am0Ik+m0HTqZhJmJWEJexY0LRdz6Iu58G6dtFtr6w8DHf87hnPmDmDOlHefbWlpeWV1bL2wUN7e2d3btvVJTRYkktEEiHsl2gBXlTNCGZprTdiwpDgNOW8HoZlJvPVKpWCQe9DimXogHgvUZwdpYvl1SPkPX6NZP2YmbnRpgvl12Ks5UaBHcHMqQq+7bX91eRJKQCk04VqrjOrH2Uiw1I5xmxW6iaIzJCA9ox6DAIVVeOr09Q0fG6aF+JM0TGk3d3xMpDpUah4HpDLEeqvnaxPyv1kl0/9JLmYgTTQWZLeonHOkITYJAPSYp0XxsABPJzK2IDLHERJu4iiYEd/7Li9A8q7jVSvX+vFy7yuMowAEcwjG4cAE1uIM6NIDAEzzDK7xZmfVivVsfs9YlK5/Zhz+yPn8AkHCS1w==</latexit>

si = Ei+1 � Ei

• Poisson statistics associated with integrability*

* Careful, exist integrable Wigner-Dyson 
   distributed quantum systems

Benet, Leyvraz, Seligman, Phys Rev E 68, 045201(R) (2003)

QUANTUM CHAOS

Level repulsion



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

• Localised quantum info in local operator     spreads  
by          : quantum information scrambling

<latexit sha1_base64="5hSc+BrtRkWpeR1nRd5PFBnSaPQ=">AAAB/XicbZDLSgMxFIYz9Vbrbbzs3ASL4MYyI1JduCi46c4K9gLtOGTSM21o5kKSEepQfBU3LhRx63u4823MtLPQ1h8CX/5zDjn5vZgzqSzr2ygsLa+srhXXSxubW9s75u5eS0aJoNCkEY9ExyMSOAuhqZji0IkFkMDj0PZG11m9/QBCsii8U+MYnIAMQuYzSpS2XPMA7tNTVlcTfOPaWF8yds2yVbGmwotg51BGuRqu+dXrRzQJIFSUEym7thUrJyVCMcphUuolEmJCR2QAXY0hCUA66XT7CT7WTh/7kdAnVHjq/p5ISSDlOPB0Z0DUUM7XMvO/WjdR/qWTsjBOFIR09pCfcKwinEWB+0wAVXysgVDB9K6YDokgVOnASjoEe/7Li9A6q9jVSvX2vFy7yuMookN0hE6QjS5QDdVRAzURRY/oGb2iN+PJeDHejY9Za8HIZ/bRHxmfP1kylIQ=</latexit>

e
�iHt

O1e
iHt

<latexit sha1_base64="ceOibUU9eZs0a2m/0s5xpar06mU=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe5EooVFwMbOiOYDkiPsbfaSJXt7x+6cEI78BBsLRWz9RXb+GzfJFRp9MPB4b4aZeUEihUHX/XIKK6tr6xvFzdLW9s7uXnn/oGXiVDPeZLGMdSeghkuheBMFSt5JNKdRIHk7GF/P/PYj10bE6gEnCfcjOlQiFIyile5v+16/XHGr7hzkL/FyUoEcjX75szeIWRpxhUxSY7qem6CfUY2CST4t9VLDE8rGdMi7lioaceNn81On5MQqAxLG2pZCMld/TmQ0MmYSBbYzojgyy95M/M/rphhe+plQSYpcscWiMJUEYzL7mwyE5gzlxBLKtLC3EjaimjK06ZRsCN7yy39J66zq1aq1u/NK/SqPowhHcAyn4MEF1OEGGtAEBkN4ghd4daTz7Lw574vWgpPPHMIvOB/fzu+NfA==</latexit>

O1
<latexit sha1_base64="9+YC0ksoRMZiieKnf6mQTdBoLj4=">AAAB73icbVA9SwNBEN3zM8avqKXNYhBsDHci0cIiYJMygvmA5Ax7m0myZG/v3J0TwpE/YWOhiK1/x85/4ya5QhMfDDzem2FmXhBLYdB1v52V1bX1jc3cVn57Z3dvv3Bw2DBRojnUeSQj3QqYASkU1FGghFasgYWBhGYwup36zSfQRkTqHscx+CEbKNEXnKGVWvCQnosqTrqFoltyZ6DLxMtIkWSodQtfnV7EkxAUcsmMaXtujH7KNAouYZLvJAZixkdsAG1LFQvB+Ons3gk9tUqP9iNtSyGdqb8nUhYaMw4D2xkyHJpFbyr+57UT7F/7qVBxgqD4fFE/kRQjOn2e9oQGjnJsCeNa2FspHzLNONqI8jYEb/HlZdK4KHnlUvnusli5yeLIkWNyQs6IR65IhVRJjdQJJ5I8k1fy5jw6L8678zFvXXGymSPyB87nD97Tj9w=</latexit>

e�iHt

for Choi state                                       ,

• Scrambling measured by a test operator 
via the decay of the “out-of-time-ordered- 
correlation functions” (OTOCs)

<latexit sha1_base64="Xi+1QynXl0T3VMbXY/2muMJ/yZI="></latexit>

OTOC(H,T ) = hO1(t)O2O1(t)O2i = O(exp(�n))

• Scrambling measured by the operator 
entanglement  

<latexit sha1_base64="i9o3DruPxftqY8urd6hUsV6q108="></latexit>

LOE(H,T ) = SA|B(|O1(t)i) = ⌦(n)
<latexit sha1_base64="t/wJd3XHZGijPwQ+xhCANhp6zcA=">AAACGXicbVA9SwNBFNyL3/ErammzGISkCXci0UJBsNFKBWMCSTj2Nu/ikr29Y/edEJL8DRv/io2FIpZa+W/cxCs0OrAwzMzj7ZsgkcKg6346uZnZufmFxaX88srq2nphY/PGxKnmUOOxjHUjYAakUFBDgRIaiQYWBRLqQe907NfvQBsRq2vsJ9COWFeJUHCGVvIL7vDC90pYbmmmuhLoMS1lQowiAkPPy8PWRQRdliX8QtGtuBPQv8TLSJFkuPQL761OzNMIFHLJjGl6boLtAdMouIRRvpUaSBjvsS40LVXMbm0PJpeN6K5VOjSMtX0K6UT9OTFgkTH9KLDJiOGtmfbG4n9eM8XwsD0QKkkRFP9eFKaSYkzHNdGO0MBR9i1hXAv7V8pvmWYcbZl5W4I3ffJfcrNX8aqV6tV+8eQoq2ORbJMdUiIeOSAn5Ixckhrh5J48kmfy4jw4T86r8/YdzTnZzBb5BefjC6n6nuM=</latexit>

|O1(t)i = (O1(t)⌦ I)|⌦i
<latexit sha1_base64="ccBC2IJy8MtudGFdjcpnl9i02mA="></latexit>

|⌦i = 1

2n/2

dX

j=1

|j, ji

<latexit sha1_base64="yJFRdnclvG+n4F+Ha0XElMPh9II=">AAAB6nicbVA9SwNBEJ2LXzF+RS1tFoNgFe6CRAuLgI2dEc0HJEfY28wlS/b2jt09IYT8BBsLRWz9RXb+GzfJFZr4YODx3gwz84JEcG1c99vJra1vbG7ltws7u3v7B8XDo6aOU8WwwWIRq3ZANQousWG4EdhOFNIoENgKRjczv/WESvNYPppxgn5EB5KHnFFjpYe7XqVXLLlldw6ySryMlCBDvVf86vZjlkYoDRNU647nJsafUGU4EzgtdFONCWUjOsCOpZJGqP3J/NQpObNKn4SxsiUNmau/JyY00nocBbYzomaol72Z+J/XSU145U+4TFKDki0WhakgJiazv0mfK2RGjC2hTHF7K2FDqigzNp2CDcFbfnmVNCtlr1qu3l+UatdZHHk4gVM4Bw8uoQa3UIcGMBjAM7zCmyOcF+fd+Vi05pxs5hj+wPn8AdBzjX0=</latexit>

O2

• Level spacing
• Gaps

<latexit sha1_base64="Yy304MCyBCnvr8kh6gVGe1uHPy4=">AAAB+3icbZDLSsNAFIZPvNZ6i3XpZrAIglgSkepCoSCCywr2Am0Ik+m0HTqZhJmJWEJexY0LRdz6Iu58G6dtFtr6w8DHf87hnPmDmDOlHefbWlpeWV1bL2wUN7e2d3btvVJTRYkktEEiHsl2gBXlTNCGZprTdiwpDgNOW8HoZlJvPVKpWCQe9DimXogHgvUZwdpYvl1SPkPX6NZP2YmbnRpgvl12Ks5UaBHcHMqQq+7bX91eRJKQCk04VqrjOrH2Uiw1I5xmxW6iaIzJCA9ox6DAIVVeOr09Q0fG6aF+JM0TGk3d3xMpDpUah4HpDLEeqvnaxPyv1kl0/9JLmYgTTQWZLeonHOkITYJAPSYp0XxsABPJzK2IDLHERJu4iiYEd/7Li9A8q7jVSvX+vFy7yuMowAEcwjG4cAE1uIM6NIDAEzzDK7xZmfVivVsfs9YlK5/Zhz+yPn8AkHCS1w==</latexit>

si = Ei+1 � Ei

QUANTUM CHAOS
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• Ensemble of Hamiltonians with  
unitarily invariant measure

<latexit sha1_base64="Rce0sUw1VwKqAhHzvO8JHRuXl/8=">AAACF3icbVBLSwMxGMzWV62vqkcvwSJU0GV3kerBQsFLjxXsA7rbks1m29DsgyQrlGX/hRf/ihcPinjVm//GtN2DVicEhplvSL5xY0aFNIwvrbCyura+UdwsbW3v7O6V9w86Iko4Jm0csYj3XCQIoyFpSyoZ6cWcoMBlpOtObmZ+955wQaPwTk5j4gRoFFKfYiSVNCzrXhPWIRmk57bPEU69LLUymNo8gJJn1ebAOs3ObHWgV7cGKlAxdGMO+JeYOamAHK1h+dP2IpwEJJSYISH6phFLJ0VcUsxIVrITQWKEJ2hE+oqGKCDCSed7ZfBEKR70I65uKOFc/ZlIUSDENHDVZIDkWCx7M/E/r59I/8pJaRgnkoR48ZCfMCgjOCsJepQTLNlUEYQ5VX+FeIxUP1JVWVIlmMsr/yUdSzdreu32otK4zusogiNwDKrABJegAZqgBdoAgwfwBF7Aq/aoPWtv2vtitKDlmUPwC9rHN14gnYg=</latexit>

dH = e
� d

2 tr(H
2)
, d = 2n

• Characterized by Hamiltonians 
<latexit sha1_base64="dEcYnp+VCVOCk6lb2XO5e9fGEr4=">AAACFHicbVDLSgMxFM34rPU16tJNsAiCUGZEqguFgghdVrAP6AxDJk3b0CQzJBmhTPsRbvwVNy4UcevCnX9jOp2Fth645HDOvdzcE8aMKu0439bS8srq2npho7i5tb2za+/tN1WUSEwaOGKRbIdIEUYFaWiqGWnHkiAeMtIKhzdTv/VApKKRuNejmPgc9QXtUYy0kQL7tAavoacSHlB4a2rsxYoG1JNI9Bnx2OzJtHFgl5yykwEuEjcnJZCjHthfXjfCCSdCY4aU6rhOrP0USU0xI5OilygSIzxEfdIxVCBOlJ9mR03gsVG6sBdJU0LDTP09kSKu1IiHppMjPVDz3lT8z+skunfpp1TEiSYCzxb1EgZ1BKcJwS6VBGs2MgRhSc1fIR4gibA2ORZNCO78yYukeVZ2K+XK3XmpepXHUQCH4AicABdcgCqogTpoAAwewTN4BW/Wk/VivVsfs9YlK585AH9gff4ARryeZQ==</latexit>

H =
X

i

Ei| iih i|

with           Haar measure and  
<latexit sha1_base64="DOsGhmKYedQctLROBFK2VR1ZipA=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCp5KIVA8eCl48VrAf0ISw2U7apZtN2N2IJfavePGgiFf/iDf/jds2B219MPB4b4aZeWHKmdKO822V1tY3NrfK25Wd3b39A/uw2lFJJim0acIT2QuJAs4EtDXTHHqpBBKHHLrh+Gbmdx9AKpaIez1JwY/JULCIUaKNFNjVJy9VLGCeJGLIwVMsDuyaU3fmwKvELUgNFWgF9pc3SGgWg9CUE6X6rpNqPydSM8phWvEyBSmhYzKEvqGCxKD8fH77FJ8aZYCjRJoSGs/V3xM5iZWaxKHpjIkeqWVvJv7n9TMdXfk5E2mmQdDFoijjWCd4FgQeMAlU84khhEpmbsV0RCSh2sRVMSG4yy+vks553W3UG3cXteZ1EUcZHaMTdIZcdIma6Ba1UBtR9Iie0St6s6bWi/VufSxaS1Yxc4T+wPr8AZUQlMo=</latexit>

| ii ⇠
<latexit sha1_base64="G5UxO2n4RyBDhbhUpwGutJFJHHA="></latexit>

�i ⇠ p(�1, . . . ,�d) ⇠ e�
d
2 (�1+···+�d)

2 Y

i>j

|�i � �j |2

Level repulsion

• Definition [GUE]: 

GAUSSIAN UNITARY ENSEMBLE

<latexit sha1_base64="1gbNK/lEleVwocULdo1TSDY61+A=">AAAB/XicbVDJSgNBEK2JW4zbuNy8NAbBU5gRiR4UAiLkGMEskBmGnk5P0qZnobtHiMPgr3jxoIhX/8Obf2NnOWjig4LHe1VU1fMTzqSyrG+jsLS8srpWXC9tbG5t75i7ey0Zp4LQJol5LDo+lpSziDYVU5x2EkFx6HPa9ofXY7/9QIVkcXSnRgl1Q9yPWMAIVlryzIPMIZijm9yz0RVysrp37+SeWbYq1gRokdgzUoYZGp755fRikoY0UoRjKbu2lSg3w0IxwmleclJJE0yGuE+7mkY4pNLNJtfn6FgrPRTEQlek0ET9PZHhUMpR6OvOEKuBnPfG4n9eN1XBhZuxKEkVjch0UZBypGI0jgL1mKBE8ZEmmAimb0VkgAUmSgdW0iHY8y8vktZpxa5Wqrdn5drlLI4iHMIRnIAN51CDOjSgCQQe4Rle4c14Ml6Md+Nj2lowZjP78AfG5w/WXpQv</latexit>

E1 = {Hj}
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GAUSSIAN UNITARY ENSEMBLE

• Level repulsion

• Deep scrambling

• Highly entangled states

• Definition [GUE]:

• The GUE paradigmatically  
fulfills those chaotic properties

<latexit sha1_base64="gnB4csSaPDRvVoW411G7eEA2elA=">AAACGHicbVDLSgNBEJz1GeMr6tHLYBASkLgroh48BLx4M0IShWwIs5PeODg7u8z0imHZz/Dir3jxoIhXb/6Nk8fBV0FDUdVNd1eQSGHQdT+dmdm5+YXFwlJxeWV1bb20sdk2cao5tHgsY30dMANSKGihQAnXiQYWBRKugtuzkX91B9qIWDVxmEA3YgMlQsEZWqlX2vcR7jG7aF6c5b3DyvkeVk+pH2rGMy/P/DiCAatkPtwnFVXNq3mvVHZr7hj0L/GmpEymaPRKH34/5mkECrlkxnQ8N8FuxjQKLiEv+qmBhPFbNoCOpYpFYLrZ+LGc7lqlT8NY21JIx+r3iYxFxgyjwHZGDG/Mb28k/ud1UgxPuplQSYqg+GRRmEqKMR2lRPtCA0c5tIRxLeytlN8wmwraLIs2BO/3y39J+6DmHdWOLg/L9dNpHAWyTXZIhXjkmNTJOWmQFuHkgTyRF/LqPDrPzpvzPmmdcaYzW+QHnI8vEGefKw==</latexit>

OTOC4(H, t) <
1

!(exp(n))

<latexit sha1_base64="GysleNkfxxilAoQXYW1cXCtTcmI=">AAAB+nicbVBNS8NAEJ34WetXq0cvi0WoICUpUj2IFLz0WNF+QBvKZrtpl242YXejlNif4sWDIl79Jd78N27bHLT1wcDjvRlm5nkRZ0rb9re1srq2vrGZ2cpu7+zu7efyB00VxpLQBgl5KNseVpQzQRuaaU7bkaQ48DhteaObqd96oFKxUNzrcUTdAA8E8xnB2ki9XP6uVy7WzvTpdRfzaIiR0Qp2yZ4BLRMnJQVIUe/lvrr9kMQBFZpwrFTHsSPtJlhqRjidZLuxohEmIzygHUMFDqhyk9npE3RilD7yQ2lKaDRTf08kOFBqHHimM8B6qBa9qfif14m1f+kmTESxpoLMF/kxRzpE0xxQn0lKNB8bgolk5lZEhlhiok1aWROCs/jyMmmWS06lVLk9L1Sv0jgycATHUAQHLqAKNahDAwg8wjO8wpv1ZL1Y79bHvHXFSmcO4Q+szx8nA5Kl</latexit>

S2(H, t) > ↵n

<latexit sha1_base64="1gbNK/lEleVwocULdo1TSDY61+A=">AAAB/XicbVDJSgNBEK2JW4zbuNy8NAbBU5gRiR4UAiLkGMEskBmGnk5P0qZnobtHiMPgr3jxoIhX/8Obf2NnOWjig4LHe1VU1fMTzqSyrG+jsLS8srpWXC9tbG5t75i7ey0Zp4LQJol5LDo+lpSziDYVU5x2EkFx6HPa9ofXY7/9QIVkcXSnRgl1Q9yPWMAIVlryzIPMIZijm9yz0RVysrp37+SeWbYq1gRokdgzUoYZGp755fRikoY0UoRjKbu2lSg3w0IxwmleclJJE0yGuE+7mkY4pNLNJtfn6FgrPRTEQlek0ET9PZHhUMpR6OvOEKuBnPfG4n9eN1XBhZuxKEkVjch0UZBypGI0jgL1mKBE8ZEmmAimb0VkgAUmSgdW0iHY8y8vktZpxa5Wqrdn5drlLI4iHMIRnIAN51CDOjSgCQQe4Rle4c14Ml6Md+Nj2lowZjP78AfG5w/WXpQv</latexit>

E1 = {Hj}
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GAUSSIAN UNITARY ENSEMBLE

• It can be efficiently 
quantum simulated

• A new ensemble
<latexit sha1_base64="gh8M+AxzRCDrI039awazVaHYpkE=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1gEVyUpUl0oFETosoJ9QBPCZDpth04ezEyEGoK/4saFIm79D3f+jdM2C209cOFwzr3ce48fcyaVZX0bhZXVtfWN4mZpa3tnd8/cP2jLKBGEtkjEI9H1saSchbSlmOK0GwuKA5/Tjj++mfqdByoki8J7NYmpG+BhyAaMYKUlzzxKHYI5us28KrpGTtrwxk7mmWWrYs2AlomdkzLkaHrml9OPSBLQUBGOpezZVqzcFAvFCKdZyUkkjTEZ4yHtaRrigEo3nV2foVOt9NEgErpChWbq74kUB1JOAl93BliN5KI3Ff/zeokaXLopC+NE0ZDMFw0SjlSEplGgPhOUKD7RBBPB9K2IjLDAROnASjoEe/HlZdKuVuxapXZ3Xq5f5XEU4RhO4AxsuIA6NKAJLSDwCM/wCm/Gk/FivBsf89aCkc8cwh8Ynz/ZcpQx</latexit>

E2 = {Hk}
• Level repulsion

• Deep scrambling

• Highly entangled states

• Definition [GUE]:

<latexit sha1_base64="gnB4csSaPDRvVoW411G7eEA2elA=">AAACGHicbVDLSgNBEJz1GeMr6tHLYBASkLgroh48BLx4M0IShWwIs5PeODg7u8z0imHZz/Dir3jxoIhXb/6Nk8fBV0FDUdVNd1eQSGHQdT+dmdm5+YXFwlJxeWV1bb20sdk2cao5tHgsY30dMANSKGihQAnXiQYWBRKugtuzkX91B9qIWDVxmEA3YgMlQsEZWqlX2vcR7jG7aF6c5b3DyvkeVk+pH2rGMy/P/DiCAatkPtwnFVXNq3mvVHZr7hj0L/GmpEymaPRKH34/5mkECrlkxnQ8N8FuxjQKLiEv+qmBhPFbNoCOpYpFYLrZ+LGc7lqlT8NY21JIx+r3iYxFxgyjwHZGDG/Mb28k/ud1UgxPuplQSYqg+GRRmEqKMR2lRPtCA0c5tIRxLeytlN8wmwraLIs2BO/3y39J+6DmHdWOLg/L9dNpHAWyTXZIhXjkmNTJOWmQFuHkgTyRF/LqPDrPzpvzPmmdcaYzW+QHnI8vEGefKw==</latexit>

OTOC4(H, t) <
1

!(exp(n))

<latexit sha1_base64="GysleNkfxxilAoQXYW1cXCtTcmI=">AAAB+nicbVBNS8NAEJ34WetXq0cvi0WoICUpUj2IFLz0WNF+QBvKZrtpl242YXejlNif4sWDIl79Jd78N27bHLT1wcDjvRlm5nkRZ0rb9re1srq2vrGZ2cpu7+zu7efyB00VxpLQBgl5KNseVpQzQRuaaU7bkaQ48DhteaObqd96oFKxUNzrcUTdAA8E8xnB2ki9XP6uVy7WzvTpdRfzaIiR0Qp2yZ4BLRMnJQVIUe/lvrr9kMQBFZpwrFTHsSPtJlhqRjidZLuxohEmIzygHUMFDqhyk9npE3RilD7yQ2lKaDRTf08kOFBqHHimM8B6qBa9qfif14m1f+kmTESxpoLMF/kxRzpE0xxQn0lKNB8bgolk5lZEhlhiok1aWROCs/jyMmmWS06lVLk9L1Sv0jgycATHUAQHLqAKNahDAwg8wjO8wpv1ZL1Y79bHvHXFSmcO4Q+szx8nA5Kl</latexit>

S2(H, t) > ↵n

<latexit sha1_base64="1gbNK/lEleVwocULdo1TSDY61+A=">AAAB/XicbVDJSgNBEK2JW4zbuNy8NAbBU5gRiR4UAiLkGMEskBmGnk5P0qZnobtHiMPgr3jxoIhX/8Obf2NnOWjig4LHe1VU1fMTzqSyrG+jsLS8srpWXC9tbG5t75i7ey0Zp4LQJol5LDo+lpSziDYVU5x2EkFx6HPa9ofXY7/9QIVkcXSnRgl1Q9yPWMAIVlryzIPMIZijm9yz0RVysrp37+SeWbYq1gRokdgzUoYZGp755fRikoY0UoRjKbu2lSg3w0IxwmleclJJE0yGuE+7mkY4pNLNJtfn6FgrPRTEQlek0ET9PZHhUMpR6OvOEKuBnPfG4n9eN1XBhZuxKEkVjch0UZBypGI0jgL1mKBE8ZEmmAimb0VkgAUmSgdW0iHY8y8vktZpxa5Wqrdn5drlLI4iHMIRnIAN51CDOjSgCQQe4Rle4c14Ml6Md+Nj2lowZjP78AfG5w/WXpQv</latexit>

E1 = {Hj}
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GAUSSIAN UNITARY ENSEMBLE

• Level repulsion

• Deep scrambling

• Highly entangled states

• Definition [GUE]:

<latexit sha1_base64="gnB4csSaPDRvVoW411G7eEA2elA=">AAACGHicbVDLSgNBEJz1GeMr6tHLYBASkLgroh48BLx4M0IShWwIs5PeODg7u8z0imHZz/Dir3jxoIhXb/6Nk8fBV0FDUdVNd1eQSGHQdT+dmdm5+YXFwlJxeWV1bb20sdk2cao5tHgsY30dMANSKGihQAnXiQYWBRKugtuzkX91B9qIWDVxmEA3YgMlQsEZWqlX2vcR7jG7aF6c5b3DyvkeVk+pH2rGMy/P/DiCAatkPtwnFVXNq3mvVHZr7hj0L/GmpEymaPRKH34/5mkECrlkxnQ8N8FuxjQKLiEv+qmBhPFbNoCOpYpFYLrZ+LGc7lqlT8NY21JIx+r3iYxFxgyjwHZGDG/Mb28k/ud1UgxPuplQSYqg+GRRmEqKMR2lRPtCA0c5tIRxLeytlN8wmwraLIs2BO/3y39J+6DmHdWOLg/L9dNpHAWyTXZIhXjkmNTJOWmQFuHkgTyRF/LqPDrPzpvzPmmdcaYzW+QHnI8vEGefKw==</latexit>

OTOC4(H, t) <
1

!(exp(n))

<latexit sha1_base64="GysleNkfxxilAoQXYW1cXCtTcmI=">AAAB+nicbVBNS8NAEJ34WetXq0cvi0WoICUpUj2IFLz0WNF+QBvKZrtpl242YXejlNif4sWDIl79Jd78N27bHLT1wcDjvRlm5nkRZ0rb9re1srq2vrGZ2cpu7+zu7efyB00VxpLQBgl5KNseVpQzQRuaaU7bkaQ48DhteaObqd96oFKxUNzrcUTdAA8E8xnB2ki9XP6uVy7WzvTpdRfzaIiR0Qp2yZ4BLRMnJQVIUe/lvrr9kMQBFZpwrFTHsSPtJlhqRjidZLuxohEmIzygHUMFDqhyk9npE3RilD7yQ2lKaDRTf08kOFBqHHimM8B6qBa9qfif14m1f+kmTESxpoLMF/kxRzpE0xxQn0lKNB8bgolk5lZEhlhiok1aWROCs/jyMmmWS06lVLk9L1Sv0jgycATHUAQHLqAKNahDAwg8wjO8wpv1ZL1Y79bHvHXFSmcO4Q+szx8nA5Kl</latexit>

S2(H, t) > ↵n

• No level repulsion

• OTOC saturating at levels

• Weakly entangled states

• A new ensemble

<latexit sha1_base64="vZhYDnXFy37I+gUoQf5HC8cDobY="></latexit>

OTOC4(H, t) � 1

!(poly(n))

<latexit sha1_base64="QX/NVEY1oUe7Eh8Uwi/pwiqHSZo=">AAACCXicbVA9SwNBEN2L3/ErammzGIQIEu5E1MJCsEkZ0SRCLoS9zSQu2ds9d+fEcKS18a/YWChi6z+w89+4iSn8ejDweG+GmXlRIoVF3//wclPTM7Nz8wv5xaXlldXC2nrd6tRwqHEttbmMmAUpFNRQoITLxACLIwmNqH868hs3YKzQ6gIHCbRi1lOiKzhDJ7UL9Ly9V6rs4k4o4ZqGCLeYJVoOhjSUuldSO+1C0S/7Y9C/JJiQIpmg2i68hx3N0xgUcsmsbQZ+gq2MGRRcwjAfphYSxvusB01HFYvBtrLxJ0O67ZQO7WrjSiEdq98nMhZbO4gj1xkzvLK/vZH4n9dMsXvUyoRKUgTFvxZ1U0lR01EstCMMcJQDRxg3wt1K+RUzjKMLL+9CCH6//JfU98rBQfngbL94cjyJY55ski1SIgE5JCekQqqkRji5Iw/kiTx7996j9+K9frXmvMnMBvkB7+0Ty4+ZJQ==</latexit>

S2(H, t)  poly log(n)

<latexit sha1_base64="1gbNK/lEleVwocULdo1TSDY61+A=">AAAB/XicbVDJSgNBEK2JW4zbuNy8NAbBU5gRiR4UAiLkGMEskBmGnk5P0qZnobtHiMPgr3jxoIhX/8Obf2NnOWjig4LHe1VU1fMTzqSyrG+jsLS8srpWXC9tbG5t75i7ey0Zp4LQJol5LDo+lpSziDYVU5x2EkFx6HPa9ofXY7/9QIVkcXSnRgl1Q9yPWMAIVlryzIPMIZijm9yz0RVysrp37+SeWbYq1gRokdgzUoYZGp755fRikoY0UoRjKbu2lSg3w0IxwmleclJJE0yGuE+7mkY4pNLNJtfn6FgrPRTEQlek0ET9PZHhUMpR6OvOEKuBnPfG4n9eN1XBhZuxKEkVjch0UZBypGI0jgL1mKBE8ZEmmAimb0VkgAUmSgdW0iHY8y8vktZpxa5Wqrdn5drlLI4iHMIRnIAN51CDOjSgCQQe4Rle4c14Ml6Md+Nj2lowZjP78AfG5w/WXpQv</latexit>

E1 = {Hj}
<latexit sha1_base64="gh8M+AxzRCDrI039awazVaHYpkE=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1gEVyUpUl0oFETosoJ9QBPCZDpth04ezEyEGoK/4saFIm79D3f+jdM2C209cOFwzr3ce48fcyaVZX0bhZXVtfWN4mZpa3tnd8/cP2jLKBGEtkjEI9H1saSchbSlmOK0GwuKA5/Tjj++mfqdByoki8J7NYmpG+BhyAaMYKUlzzxKHYI5us28KrpGTtrwxk7mmWWrYs2AlomdkzLkaHrml9OPSBLQUBGOpezZVqzcFAvFCKdZyUkkjTEZ4yHtaRrigEo3nV2foVOt9NEgErpChWbq74kUB1JOAl93BliN5KI3Ff/zeokaXLopC+NE0ZDMFw0SjlSEplGgPhOUKD7RBBPB9K2IjLDAROnASjoEe/HlZdKuVuxapXZ3Xq5f5XEU4RhO4AxsuIA6NKAJLSDwCM/wCm/Gk/FivBsf89aCkc8cwh8Ynz/ZcpQx</latexit>

E2 = {Hk}
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GAUSSIAN UNITARY ENSEMBLE

• Level repulsion

• Deep scrambling

• Highly entangled states

• Definition [GUE]:

<latexit sha1_base64="gnB4csSaPDRvVoW411G7eEA2elA=">AAACGHicbVDLSgNBEJz1GeMr6tHLYBASkLgroh48BLx4M0IShWwIs5PeODg7u8z0imHZz/Dir3jxoIhXb/6Nk8fBV0FDUdVNd1eQSGHQdT+dmdm5+YXFwlJxeWV1bb20sdk2cao5tHgsY30dMANSKGihQAnXiQYWBRKugtuzkX91B9qIWDVxmEA3YgMlQsEZWqlX2vcR7jG7aF6c5b3DyvkeVk+pH2rGMy/P/DiCAatkPtwnFVXNq3mvVHZr7hj0L/GmpEymaPRKH34/5mkECrlkxnQ8N8FuxjQKLiEv+qmBhPFbNoCOpYpFYLrZ+LGc7lqlT8NY21JIx+r3iYxFxgyjwHZGDG/Mb28k/ud1UgxPuplQSYqg+GRRmEqKMR2lRPtCA0c5tIRxLeytlN8wmwraLIs2BO/3y39J+6DmHdWOLg/L9dNpHAWyTXZIhXjkmNTJOWmQFuHkgTyRF/LqPDrPzpvzPmmdcaYzW+QHnI8vEGefKw==</latexit>

OTOC4(H, t) <
1

!(exp(n))

<latexit sha1_base64="GysleNkfxxilAoQXYW1cXCtTcmI=">AAAB+nicbVBNS8NAEJ34WetXq0cvi0WoICUpUj2IFLz0WNF+QBvKZrtpl242YXejlNif4sWDIl79Jd78N27bHLT1wcDjvRlm5nkRZ0rb9re1srq2vrGZ2cpu7+zu7efyB00VxpLQBgl5KNseVpQzQRuaaU7bkaQ48DhteaObqd96oFKxUNzrcUTdAA8E8xnB2ki9XP6uVy7WzvTpdRfzaIiR0Qp2yZ4BLRMnJQVIUe/lvrr9kMQBFZpwrFTHsSPtJlhqRjidZLuxohEmIzygHUMFDqhyk9npE3RilD7yQ2lKaDRTf08kOFBqHHimM8B6qBa9qfif14m1f+kmTESxpoLMF/kxRzpE0xxQn0lKNB8bgolk5lZEhlhiok1aWROCs/jyMmmWS06lVLk9L1Sv0jgycATHUAQHLqAKNahDAwg8wjO8wpv1ZL1Y79bHvHXFSmcO4Q+szx8nA5Kl</latexit>

S2(H, t) > ↵n

• No level repulsion

• Weakly entangled states

• OTOC saturating at levels

• A new ensemble

<latexit sha1_base64="vZhYDnXFy37I+gUoQf5HC8cDobY="></latexit>

OTOC4(H, t) � 1

!(poly(n))

<latexit sha1_base64="QX/NVEY1oUe7Eh8Uwi/pwiqHSZo=">AAACCXicbVA9SwNBEN2L3/ErammzGIQIEu5E1MJCsEkZ0SRCLoS9zSQu2ds9d+fEcKS18a/YWChi6z+w89+4iSn8ejDweG+GmXlRIoVF3//wclPTM7Nz8wv5xaXlldXC2nrd6tRwqHEttbmMmAUpFNRQoITLxACLIwmNqH868hs3YKzQ6gIHCbRi1lOiKzhDJ7UL9Ly9V6rs4k4o4ZqGCLeYJVoOhjSUuldSO+1C0S/7Y9C/JJiQIpmg2i68hx3N0xgUcsmsbQZ+gq2MGRRcwjAfphYSxvusB01HFYvBtrLxJ0O67ZQO7WrjSiEdq98nMhZbO4gj1xkzvLK/vZH4n9dMsXvUyoRKUgTFvxZ1U0lR01EstCMMcJQDRxg3wt1K+RUzjKMLL+9CCH6//JfU98rBQfngbL94cjyJY55ski1SIgE5JCekQqqkRji5Iw/kiTx7996j9+K9frXmvMnMBvkB7+0Ty4+ZJQ==</latexit>

S2(H, t)  poly log(n)

<latexit sha1_base64="1gbNK/lEleVwocULdo1TSDY61+A=">AAAB/XicbVDJSgNBEK2JW4zbuNy8NAbBU5gRiR4UAiLkGMEskBmGnk5P0qZnobtHiMPgr3jxoIhX/8Obf2NnOWjig4LHe1VU1fMTzqSyrG+jsLS8srpWXC9tbG5t75i7ey0Zp4LQJol5LDo+lpSziDYVU5x2EkFx6HPa9ofXY7/9QIVkcXSnRgl1Q9yPWMAIVlryzIPMIZijm9yz0RVysrp37+SeWbYq1gRokdgzUoYZGp755fRikoY0UoRjKbu2lSg3w0IxwmleclJJE0yGuE+7mkY4pNLNJtfn6FgrPRTEQlek0ET9PZHhUMpR6OvOEKuBnPfG4n9eN1XBhZuxKEkVjch0UZBypGI0jgL1mKBE8ZEmmAimb0VkgAUmSgdW0iHY8y8vktZpxa5Wqrdn5drlLI4iHMIRnIAN51CDOjSgCQQe4Rle4c14Ml6Md+Nj2lowZjP78AfG5w/WXpQv</latexit>

E1 = {Hj}
<latexit sha1_base64="gh8M+AxzRCDrI039awazVaHYpkE=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1gEVyUpUl0oFETosoJ9QBPCZDpth04ezEyEGoK/4saFIm79D3f+jdM2C209cOFwzr3ce48fcyaVZX0bhZXVtfWN4mZpa3tnd8/cP2jLKBGEtkjEI9H1saSchbSlmOK0GwuKA5/Tjj++mfqdByoki8J7NYmpG+BhyAaMYKUlzzxKHYI5us28KrpGTtrwxk7mmWWrYs2AlomdkzLkaHrml9OPSBLQUBGOpezZVqzcFAvFCKdZyUkkjTEZ4yHtaRrigEo3nV2foVOt9NEgErpChWbq74kUB1JOAl93BliN5KI3Ff/zeokaXLopC+NE0ZDMFw0SjlSEplGgPhOUKD7RBBPB9K2IjLDAROnASjoEe/HlZdKuVuxapXZ3Xq5f5XEU4RhO4AxsuIA6NKAJLSDwCM/wCm/Gk/FivBsf89aCkc8cwh8Ynz/ZcpQx</latexit>

E2 = {Hk}

• Theorem 3 [Pseudochaotic Hamiltonians]: […]
(i) it does not exhibit chaotic properties



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

GAUSSIAN UNITARY ENSEMBLE

• Level repulsion

• Deep scrambling

• Highly entangled states

• Definition [GUE]:

<latexit sha1_base64="gnB4csSaPDRvVoW411G7eEA2elA=">AAACGHicbVDLSgNBEJz1GeMr6tHLYBASkLgroh48BLx4M0IShWwIs5PeODg7u8z0imHZz/Dir3jxoIhXb/6Nk8fBV0FDUdVNd1eQSGHQdT+dmdm5+YXFwlJxeWV1bb20sdk2cao5tHgsY30dMANSKGihQAnXiQYWBRKugtuzkX91B9qIWDVxmEA3YgMlQsEZWqlX2vcR7jG7aF6c5b3DyvkeVk+pH2rGMy/P/DiCAatkPtwnFVXNq3mvVHZr7hj0L/GmpEymaPRKH34/5mkECrlkxnQ8N8FuxjQKLiEv+qmBhPFbNoCOpYpFYLrZ+LGc7lqlT8NY21JIx+r3iYxFxgyjwHZGDG/Mb28k/ud1UgxPuplQSYqg+GRRmEqKMR2lRPtCA0c5tIRxLeytlN8wmwraLIs2BO/3y39J+6DmHdWOLg/L9dNpHAWyTXZIhXjkmNTJOWmQFuHkgTyRF/LqPDrPzpvzPmmdcaYzW+QHnI8vEGefKw==</latexit>

OTOC4(H, t) <
1

!(exp(n))

<latexit sha1_base64="GysleNkfxxilAoQXYW1cXCtTcmI=">AAAB+nicbVBNS8NAEJ34WetXq0cvi0WoICUpUj2IFLz0WNF+QBvKZrtpl242YXejlNif4sWDIl79Jd78N27bHLT1wcDjvRlm5nkRZ0rb9re1srq2vrGZ2cpu7+zu7efyB00VxpLQBgl5KNseVpQzQRuaaU7bkaQ48DhteaObqd96oFKxUNzrcUTdAA8E8xnB2ki9XP6uVy7WzvTpdRfzaIiR0Qp2yZ4BLRMnJQVIUe/lvrr9kMQBFZpwrFTHsSPtJlhqRjidZLuxohEmIzygHUMFDqhyk9npE3RilD7yQ2lKaDRTf08kOFBqHHimM8B6qBa9qfif14m1f+kmTESxpoLMF/kxRzpE0xxQn0lKNB8bgolk5lZEhlhiok1aWROCs/jyMmmWS06lVLk9L1Sv0jgycATHUAQHLqAKNahDAwg8wjO8wpv1ZL1Y79bHvHXFSmcO4Q+szx8nA5Kl</latexit>

S2(H, t) > ↵n

• No level repulsion

• Weakly entangled states

• OTOC saturating at levels

• A new ensemble

<latexit sha1_base64="vZhYDnXFy37I+gUoQf5HC8cDobY="></latexit>

OTOC4(H, t) � 1

!(poly(n))

<latexit sha1_base64="QX/NVEY1oUe7Eh8Uwi/pwiqHSZo=">AAACCXicbVA9SwNBEN2L3/ErammzGIQIEu5E1MJCsEkZ0SRCLoS9zSQu2ds9d+fEcKS18a/YWChi6z+w89+4iSn8ejDweG+GmXlRIoVF3//wclPTM7Nz8wv5xaXlldXC2nrd6tRwqHEttbmMmAUpFNRQoITLxACLIwmNqH868hs3YKzQ6gIHCbRi1lOiKzhDJ7UL9Ly9V6rs4k4o4ZqGCLeYJVoOhjSUuldSO+1C0S/7Y9C/JJiQIpmg2i68hx3N0xgUcsmsbQZ+gq2MGRRcwjAfphYSxvusB01HFYvBtrLxJ0O67ZQO7WrjSiEdq98nMhZbO4gj1xkzvLK/vZH4n9dMsXvUyoRKUgTFvxZ1U0lR01EstCMMcJQDRxg3wt1K+RUzjKMLL+9CCH6//JfU98rBQfngbL94cjyJY55ski1SIgE5JCekQqqkRji5Iw/kiTx7996j9+K9frXmvMnMBvkB7+0Ty4+ZJQ==</latexit>

S2(H, t)  poly log(n)

<latexit sha1_base64="1gbNK/lEleVwocULdo1TSDY61+A=">AAAB/XicbVDJSgNBEK2JW4zbuNy8NAbBU5gRiR4UAiLkGMEskBmGnk5P0qZnobtHiMPgr3jxoIhX/8Obf2NnOWjig4LHe1VU1fMTzqSyrG+jsLS8srpWXC9tbG5t75i7ey0Zp4LQJol5LDo+lpSziDYVU5x2EkFx6HPa9ofXY7/9QIVkcXSnRgl1Q9yPWMAIVlryzIPMIZijm9yz0RVysrp37+SeWbYq1gRokdgzUoYZGp755fRikoY0UoRjKbu2lSg3w0IxwmleclJJE0yGuE+7mkY4pNLNJtfn6FgrPRTEQlek0ET9PZHhUMpR6OvOEKuBnPfG4n9eN1XBhZuxKEkVjch0UZBypGI0jgL1mKBE8ZEmmAimb0VkgAUmSgdW0iHY8y8vktZpxa5Wqrdn5drlLI4iHMIRnIAN51CDOjSgCQQe4Rle4c14Ml6Md+Nj2lowZjP78AfG5w/WXpQv</latexit>

E1 = {Hj}
<latexit sha1_base64="gh8M+AxzRCDrI039awazVaHYpkE=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1gEVyUpUl0oFETosoJ9QBPCZDpth04ezEyEGoK/4saFIm79D3f+jdM2C209cOFwzr3ce48fcyaVZX0bhZXVtfWN4mZpa3tnd8/cP2jLKBGEtkjEI9H1saSchbSlmOK0GwuKA5/Tjj++mfqdByoki8J7NYmpG+BhyAaMYKUlzzxKHYI5us28KrpGTtrwxk7mmWWrYs2AlomdkzLkaHrml9OPSBLQUBGOpezZVqzcFAvFCKdZyUkkjTEZ4yHtaRrigEo3nV2foVOt9NEgErpChWbq74kUB1JOAl93BliN5KI3Ff/zeokaXLopC+NE0ZDMFw0SjlSEplGgPhOUKD7RBBPB9K2IjLDAROnASjoEe/HlZdKuVuxapXZ3Xq5f5XEU4RhO4AxsuIA6NKAJLSDwCM/wCm/Gk/FivBsf89aCkc8cwh8Ynz/ZcpQx</latexit>

E2 = {Hk}

(i) it does not exhibit chaotic properties 
(ii) It is indistinguishable from     to every computationally 
efficient algorithm with Hamiltonian access* 

<latexit sha1_base64="ieUi9xidmIq7r1Sbfwp6awOF9LQ=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqgcPBRE8VrAf2Iay2W7apZtN2J0IJfRfePGgiFf/jTf/jds2B60+GHi8N8PMvCCRwqDrfjmFldW19Y3iZmlre2d3r7x/0DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjK9nfvuRayNidY+ThPsRHSoRCkbRSg9Zj1FJbqZ9r1+uuFV3DvKXeDmpQI5Gv/zZG8QsjbhCJqkxXc9N0M+oRsEkn5Z6qeEJZWM65F1LFY248bP5xVNyYpUBCWNtSyGZqz8nMhoZM4kC2xlRHJllbyb+53VTDC/9TKgkRa7YYlGYSoIxmb1PBkJzhnJiCWVa2FsJG1FNGdqQSjYEb/nlv6R1VvVq1drdeaV+lcdRhCM4hlPw4ALqcAsNaAIDBU/wAq+OcZ6dN+d90Vpw8plD+AXn4xvTGZBc</latexit>

E1

• Theorem 3 [Pseudochaotic Hamiltonians]: […]

*Implies sample complexity 
  bound for spectrum testing



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

• Level repulsion

• Deep scrambling

• Highly entangled states

• Theorem [Pseudochaotic Hamiltonians]: […]

GAUSSIAN UNITARY ENSEMBLE

• Definition [GUE]:

<latexit sha1_base64="gnB4csSaPDRvVoW411G7eEA2elA=">AAACGHicbVDLSgNBEJz1GeMr6tHLYBASkLgroh48BLx4M0IShWwIs5PeODg7u8z0imHZz/Dir3jxoIhXb/6Nk8fBV0FDUdVNd1eQSGHQdT+dmdm5+YXFwlJxeWV1bb20sdk2cao5tHgsY30dMANSKGihQAnXiQYWBRKugtuzkX91B9qIWDVxmEA3YgMlQsEZWqlX2vcR7jG7aF6c5b3DyvkeVk+pH2rGMy/P/DiCAatkPtwnFVXNq3mvVHZr7hj0L/GmpEymaPRKH34/5mkECrlkxnQ8N8FuxjQKLiEv+qmBhPFbNoCOpYpFYLrZ+LGc7lqlT8NY21JIx+r3iYxFxgyjwHZGDG/Mb28k/ud1UgxPuplQSYqg+GRRmEqKMR2lRPtCA0c5tIRxLeytlN8wmwraLIs2BO/3y39J+6DmHdWOLg/L9dNpHAWyTXZIhXjkmNTJOWmQFuHkgTyRF/LqPDrPzpvzPmmdcaYzW+QHnI8vEGefKw==</latexit>

OTOC4(H, t) <
1

!(exp(n))

<latexit sha1_base64="GysleNkfxxilAoQXYW1cXCtTcmI=">AAAB+nicbVBNS8NAEJ34WetXq0cvi0WoICUpUj2IFLz0WNF+QBvKZrtpl242YXejlNif4sWDIl79Jd78N27bHLT1wcDjvRlm5nkRZ0rb9re1srq2vrGZ2cpu7+zu7efyB00VxpLQBgl5KNseVpQzQRuaaU7bkaQ48DhteaObqd96oFKxUNzrcUTdAA8E8xnB2ki9XP6uVy7WzvTpdRfzaIiR0Qp2yZ4BLRMnJQVIUe/lvrr9kMQBFZpwrFTHsSPtJlhqRjidZLuxohEmIzygHUMFDqhyk9npE3RilD7yQ2lKaDRTf08kOFBqHHimM8B6qBa9qfif14m1f+kmTESxpoLMF/kxRzpE0xxQn0lKNB8bgolk5lZEhlhiok1aWROCs/jyMmmWS06lVLk9L1Sv0jgycATHUAQHLqAKNahDAwg8wjO8wpv1ZL1Y79bHvHXFSmcO4Q+szx8nA5Kl</latexit>

S2(H, t) > ↵n

• No level repulsion

• Weakly entangled states

• OTOC saturating at levels

• A new ensemble

<latexit sha1_base64="vZhYDnXFy37I+gUoQf5HC8cDobY="></latexit>

OTOC4(H, t) � 1

!(poly(n))

<latexit sha1_base64="QX/NVEY1oUe7Eh8Uwi/pwiqHSZo=">AAACCXicbVA9SwNBEN2L3/ErammzGIQIEu5E1MJCsEkZ0SRCLoS9zSQu2ds9d+fEcKS18a/YWChi6z+w89+4iSn8ejDweG+GmXlRIoVF3//wclPTM7Nz8wv5xaXlldXC2nrd6tRwqHEttbmMmAUpFNRQoITLxACLIwmNqH868hs3YKzQ6gIHCbRi1lOiKzhDJ7UL9Ly9V6rs4k4o4ZqGCLeYJVoOhjSUuldSO+1C0S/7Y9C/JJiQIpmg2i68hx3N0xgUcsmsbQZ+gq2MGRRcwjAfphYSxvusB01HFYvBtrLxJ0O67ZQO7WrjSiEdq98nMhZbO4gj1xkzvLK/vZH4n9dMsXvUyoRKUgTFvxZ1U0lR01EstCMMcJQDRxg3wt1K+RUzjKMLL+9CCH6//JfU98rBQfngbL94cjyJY55ski1SIgE5JCekQqqkRji5Iw/kiTx7996j9+K9frXmvMnMBvkB7+0Ty4+ZJQ==</latexit>

S2(H, t)  poly log(n)

<latexit sha1_base64="1gbNK/lEleVwocULdo1TSDY61+A=">AAAB/XicbVDJSgNBEK2JW4zbuNy8NAbBU5gRiR4UAiLkGMEskBmGnk5P0qZnobtHiMPgr3jxoIhX/8Obf2NnOWjig4LHe1VU1fMTzqSyrG+jsLS8srpWXC9tbG5t75i7ey0Zp4LQJol5LDo+lpSziDYVU5x2EkFx6HPa9ofXY7/9QIVkcXSnRgl1Q9yPWMAIVlryzIPMIZijm9yz0RVysrp37+SeWbYq1gRokdgzUoYZGp755fRikoY0UoRjKbu2lSg3w0IxwmleclJJE0yGuE+7mkY4pNLNJtfn6FgrPRTEQlek0ET9PZHhUMpR6OvOEKuBnPfG4n9eN1XBhZuxKEkVjch0UZBypGI0jgL1mKBE8ZEmmAimb0VkgAUmSgdW0iHY8y8vktZpxa5Wqrdn5drlLI4iHMIRnIAN51CDOjSgCQQe4Rle4c14Ml6Md+Nj2lowZjP78AfG5w/WXpQv</latexit>

E1 = {Hj}
<latexit sha1_base64="gh8M+AxzRCDrI039awazVaHYpkE=">AAAB/XicbVDLSsNAFL2pr1pf8bFzM1gEVyUpUl0oFETosoJ9QBPCZDpth04ezEyEGoK/4saFIm79D3f+jdM2C209cOFwzr3ce48fcyaVZX0bhZXVtfWN4mZpa3tnd8/cP2jLKBGEtkjEI9H1saSchbSlmOK0GwuKA5/Tjj++mfqdByoki8J7NYmpG+BhyAaMYKUlzzxKHYI5us28KrpGTtrwxk7mmWWrYs2AlomdkzLkaHrml9OPSBLQUBGOpezZVqzcFAvFCKdZyUkkjTEZ4yHtaRrigEo3nV2foVOt9NEgErpChWbq74kUB1JOAl93BliN5KI3Ff/zeokaXLopC+NE0ZDMFw0SjlSEplGgPhOUKD7RBBPB9K2IjLDAROnASjoEe/HlZdKuVuxapXZ3Xq5f5XEU4RhO4AxsuIA6NKAJLSDwCM/wCm/Gk/FivBsf89aCkc8cwh8Ynz/ZcpQx</latexit>

E2 = {Hk}

(i) it does not exhibit chaotic properties: no level repulsion, 
weak scrambling, low magic and entanglement production 

<latexit sha1_base64="ieUi9xidmIq7r1Sbfwp6awOF9LQ=">AAAB8XicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqgcPBRE8VrAf2Iay2W7apZtN2J0IJfRfePGgiFf/jTf/jds2B60+GHi8N8PMvCCRwqDrfjmFldW19Y3iZmlre2d3r7x/0DJxqhlvsljGuhNQw6VQvIkCJe8kmtMokLwdjK9nfvuRayNidY+ThPsRHSoRCkbRSg9Zj1FJbqZ9r1+uuFV3DvKXeDmpQI5Gv/zZG8QsjbhCJqkxXc9N0M+oRsEkn5Z6qeEJZWM65F1LFY248bP5xVNyYpUBCWNtSyGZqz8nMhoZM4kC2xlRHJllbyb+53VTDC/9TKgkRa7YYlGYSoIxmb1PBkJzhnJiCWVa2FsJG1FNGdqQSjYEb/nlv6R1VvVq1drdeaV+lcdRhCM4hlPw4ALqcAsNaAIDBU/wAq+OcZ6dN+d90Vpw8plD+AXn4xvTGZBc</latexit>

E1

• Wait, what, what what? It cannot exist!

• If it existed, all so-called 'necessary probes' of quantum 
chaos lead to the same emergent phenomena!



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

PSEUDOCHAOTIC HAMILTONIANS

Gu, Quek, Yelin, Eisert, Leone, arXiv:2410.18196 (2024)  

• It does exist



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

<latexit sha1_base64="DOsGhmKYedQctLROBFK2VR1ZipA=">AAAB+3icbVBNS8NAEN3Ur1q/Yj16WSyCp5KIVA8eCl48VrAf0ISw2U7apZtN2N2IJfavePGgiFf/iDf/jds2B219MPB4b4aZeWHKmdKO822V1tY3NrfK25Wd3b39A/uw2lFJJim0acIT2QuJAs4EtDXTHHqpBBKHHLrh+Gbmdx9AKpaIez1JwY/JULCIUaKNFNjVJy9VLGCeJGLIwVMsDuyaU3fmwKvELUgNFWgF9pc3SGgWg9CUE6X6rpNqPydSM8phWvEyBSmhYzKEvqGCxKD8fH77FJ8aZYCjRJoSGs/V3xM5iZWaxKHpjIkeqWVvJv7n9TMdXfk5E2mmQdDFoijjWCd4FgQeMAlU84khhEpmbsV0RCSh2sRVMSG4yy+vks553W3UG3cXteZ1EUcZHaMTdIZcdIma6Ba1UBtR9Iie0St6s6bWi/VufSxaS1Yxc4T+wPr8AZUQlMo=</latexit>

| ii ⇠

PSEUDOCHAOTIC HAMILTONIANS

Gu, Quek, Yelin, Eisert, Leone, arXiv:2410.18196 (2024)  

• “Spoof” eigenvalues and eigenvectors separately

pseudorandom state
<latexit sha1_base64="6hYylSkNNmHYpDaq+fEEH9stXzM=">AAACHXicbVDLSsNAFJ34rPUVdelmsAjtwpKUUF0oFNy4rGAf0KRlMpm0QycPZyZCCfkRN/6KGxeKuHAj/o3TNgttPTBwOOdc7tzjxowKaRjf2srq2vrGZmGruL2zu7evHxy2RZRwTFo4YhHvukgQRkPSklQy0o05QYHLSMcdX0/9zgPhgkbhnZzExAnQMKQ+xUgqaaBbcT8tm5WsbDM15KEKvIK2zxFOzSy17JjCzBb3XKbWWZ7o17KBXjKqxgxwmZg5KYEczYH+aXsRTgISSsyQED3TiKWTIi4pZiQr2okgMcJjNCQ9RUMUEOGks+syeKoUD/oRVy+UcKb+nkhRIMQkcFUyQHIkFr2p+J/XS6R/4aQ0jBNJQjxf5CcMyghOq4Ie5QRLNlEEYU7VXyEeIdWNVIUWVQnm4snLpF2rmvVq/dYqNS7zOgrgGJyAMjDBOWiAG9AELYDBI3gGr+BNe9JetHftYx5d0fKZI/AH2tcPgDOg+Q==</latexit>

p(1)(�) =
1

4⇡

p
4� �2

<latexit sha1_base64="/TBq34+mvBKPN/di/2CN573nrgw=">AAAB9HicbVA9SwNBEJ2LXzF+RS1tFoNgFe5EooVFwMYygomB3BH29uaSJXsf7u4FwpHfYWOhiK0/xs5/4ya5QhMfDDzem2Fmnp8KrrRtf1ultfWNza3ydmVnd2//oHp41FFJJhm2WSIS2fWpQsFjbGuuBXZTiTTyBT76o9uZ/zhGqXgSP+hJil5EBzEPOaPaSJ6ruQiQBK4QJOhXa3bdnoOsEqcgNSjQ6le/3CBhWYSxZoIq1XPsVHs5lZozgdOKmylMKRvRAfYMjWmEysvnR0/JmVECEibSVKzJXP09kdNIqUnkm86I6qFa9mbif14v0+G1l/M4zTTGbLEozATRCZklQAIukWkxMYQyyc2thA2ppEybnComBGf55VXSuag7jXrj/rLWvCniKMMJnMI5OHAFTbiDFrSBwRM8wyu8WWPrxXq3PhatJauYOYY/sD5/ABz1kas=</latexit>

d̃ ⌧ d

I.i.d. distribution
Highly degenerate distribution

Wigner semi-circle law

Independent energy 
levels - no repulsion

<latexit sha1_base64="fnNUsAJeQiv8W16U2RQ9PO6MilY="></latexit>

�i ⇠ p̃(�1, . . . ,�d̃) =
d̃Y

j=1

p(1)(�j)

<latexit sha1_base64="7PrnpMf7IpEIUSKLXCohW8QZus0="></latexit>

Ed = {
X

i

�i| iihi| : | ii 2 pseudorandom,� ⇠ p̃}



https://www.physik.fu-berlin.de/en/einrichtungen/ag/ag-eisert 
Gu, Quek, Yelin, Eisert, Leone, arXiv:2410.18196 (2024)  

INTERPRETATION?

• What does all this mean?
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• What does all this mean?

INTERPRETATION?



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

A PROGRAMME IN RESOURCE THEORY

• A programme: Hypothesis testing and Stein’s lemma 
under computational constraints

Meyer, Raza, Rizzo, Leone, Jerbi, Eisert, arXiv:2509.20472 (2025)

• There are channels with positive quantum  
capacity, but zero computational capacity
Meyer, Rizzo, Raza, Leone, Jerbi, Eisert, arXiv:2601.15393 (2026)

• Computationally bounded devices make a big difference in QIT

• There exists pseudomagic
Gu, Leone, Ghosh, Eisert, Yelin, Quek, Phys Rev Lett 132, 210602 (2024)



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

DECIDING ABOUT MAGIC

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

Leone, Oliviero, arXiv:2602.22330 (2026)



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

MID-CIRCUIT MEASUREMENTS AS A RESOURCE

• Magic is a resource responsible  
for quantum speedups

Efficient classical simulation with 
Pauli propagation methods

Potential quantum advantages

MAGIC NO MAGIC

• Magic is a resource responsible  
for quantum speedups

• Where is the 
fine line?



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

MID-CIRCUIT MEASUREMENTS AS A RESOURCE

• Magic is a resource responsible  
for quantum speedups

MAGIC NO MAGIC

• Does a state contain magic?



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

• Does a state contain magic?

WEAK MEMBERSHIP PROBLEM FOR THE STABILIZER POLYTOPE



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

WEAK MEMBERSHIP PROBLEM FOR THE STABILIZER POLYTOPE

• Weak membership problem of a state  
being contained in the stabilizer polytope

<latexit sha1_base64="1+92DrbUFGuq055yc9DIFJwgkg4=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKRA8eAl48RjAPSJYwO5nNDpnHMjMrhJBf8OJBEa/+kDf/xtlkDxotaCiquunuilLOjPX9L6+0tr6xuVXeruzs7u0fVA+POkZlmtA2UVzpXoQN5UzStmWW016qKRYRp91ocpv73UeqDVPywU5TGgo8lixmBNtcGuhEDas1v+4vgP6SoCA1KNAaVj8HI0UyQaUlHBvTD/zUhjOsLSOcziuDzNAUkwke076jEgtqwtni1jk6c8oIxUq7khYt1J8TMyyMmYrIdQpsE7Pq5eJ/Xj+z8XU4YzLNLJVkuSjOOLIK5Y+jEdOUWD51BBPN3K2IJFhjYl08FRdCsPryX9K5qAeNeuP+sta8KeIowwmcwjkEcAVNuIMWtIFAAk/wAq+e8J69N+992Vryiplj+AXv4xshcI5M</latexit>⇢

<latexit sha1_base64="kq9sHZ+2nP2aDbVd0Brnzq3qomk="></latexit>

⇢ =

2

6664

. . .

. . .
...

...
...

. . .
...

. . .

3

7775



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

HARDNESS OF DECIDING ABOUT MAGIC

<latexit sha1_base64="kq9sHZ+2nP2aDbVd0Brnzq3qomk="></latexit>

⇢ =

2

6664

. . .

. . .
...

...
...

. . .
...

. . .

3

7775
Loading

Runtime 
<latexit sha1_base64="Av7kpeCzpFxpDzw/j2u4YgRoV1U=">AAAB+HicbZBLSwMxFIXv1Fetj466dBMsQt2UmSLVZcWNOyvYB7TTkkkzbWgmMyQZoQ4F/4cbF4q49ae489+YPhbaeiDwcc4NuTl+zJnSjvNtZdbWNza3stu5nd29/bx9cNhQUSIJrZOIR7LlY0U5E7Sumea0FUuKQ5/Tpj+6nubNByoVi8S9HsfUC/FAsIARrI3Vs/Plbtq5DekAF0W3fDbp2QWn5MyEVsFdQAEWqvXsr04/IklIhSYcK9V2nVh7KZaaEU4nuU6iaIzJCA9o26DAIVVeOlt8gk6N00dBJM0RGs3c3zdSHCo1Dn0zGWI9VMvZ1Pwvayc6uPRSJuJEU0HmDwUJRzpC0xZQn0lKNB8bwEQysysiQywx0aarnCnBXf7yKjTKJbdSqtydF6pXT/M6snAMJ1AEFy6gCjdQgzoQSOAZXuHNerRerHfrYz6asRYVHsEfWZ8/uhKS5w==</latexit>

2⌦(n2)

• Weak membership problem of a state  
being contained in the stabilizer polytope

<latexit sha1_base64="1+92DrbUFGuq055yc9DIFJwgkg4=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKRA8eAl48RjAPSJYwO5nNDpnHMjMrhJBf8OJBEa/+kDf/xtlkDxotaCiquunuilLOjPX9L6+0tr6xuVXeruzs7u0fVA+POkZlmtA2UVzpXoQN5UzStmWW016qKRYRp91ocpv73UeqDVPywU5TGgo8lixmBNtcGuhEDas1v+4vgP6SoCA1KNAaVj8HI0UyQaUlHBvTD/zUhjOsLSOcziuDzNAUkwke076jEgtqwtni1jk6c8oIxUq7khYt1J8TMyyMmYrIdQpsE7Pq5eJ/Xj+z8XU4YzLNLJVkuSjOOLIK5Y+jEdOUWD51BBPN3K2IJFhjYl08FRdCsPryX9K5qAeNeuP+sta8KeIowwmcwjkEcAVNuIMWtIFAAk/wAq+e8J69N+992Vryiplj+AXv4xshcI5M</latexit>⇢• Theorem 4: Deciding whether a state   lies in the stabilizer polytope   ,  
or is -far from every state in , belongs to the complexity class        for  
any                      

<latexit sha1_base64="ED79AXtaJi8etGQyvERKbEy4aoQ=">AAAB8nicbVA9SwNBEN2LXzF+RS1tDoNgFe5EooVFwMYygvmA5Ah7m7lkyd7usTsXCEd+ho2FIrb+Gjv/jZvkCk18MPB4b4aZeWEiuEHP+3YKG5tb2zvF3dLe/sHhUfn4pGVUqhk0mRJKd0JqQHAJTeQooJNooHEooB2O7+d+ewLacCWfcJpAENOh5BFnFK3U7U2ohsRwoWS/XPGq3gLuOvFzUiE5Gv3yV2+gWBqDRCaoMV3fSzDIqEbOBMxKvdRAQtmYDqFrqaQxmCBbnDxzL6wycCOlbUl0F+rviYzGxkzj0HbGFEdm1ZuL/3ndFKPbIOMySREkWy6KUuGicuf/uwOugaGYWkKZ5vZWl42opgxtSiUbgr/68jppXVX9WrX2eF2p3+VxFMkZOSeXxCc3pE4eSIM0CSOKPJNX8uag8+K8Ox/L1oKTz5ySP3A+fwC7k5GM</latexit>"
<latexit sha1_base64="ieShFTC0ZpygDCbyy18eV3ET7JE=">AAAB73icbVA9SwNBEJ3zM8avqKXNYhCswp1ItLAI2FhGNB+QHGFvs5cs2ds7d+eEcORP2FgoYuvfsfPfuEmu0MQHA4/3ZpiZFyRSGHTdb2dldW19Y7OwVdze2d3bLx0cNk2casYbLJaxbgfUcCkUb6BAyduJ5jQKJG8Fo5up33ri2ohYPeA44X5EB0qEglG0Urs7pEiy+0mvVHYr7gxkmXg5KUOOeq/01e3HLI24QiapMR3PTdDPqEbBJJ8Uu6nhCWUjOuAdSxWNuPGz2b0TcmqVPgljbUshmam/JzIaGTOOAtsZURyaRW8q/ud1Ugyv/EyoJEWu2HxRmEqCMZk+T/pCc4ZybAllWthbCRtSTRnaiIo2BG/x5WXSPK941Ur17qJcu87jKMAxnMAZeHAJNbiFOjSAgYRneIU359F5cd6dj3nripPPHMEfOJ8/0TCP0w==</latexit>

Ŝ

<latexit sha1_base64="1+92DrbUFGuq055yc9DIFJwgkg4=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKRA8eAl48RjAPSJYwO5nNDpnHMjMrhJBf8OJBEa/+kDf/xtlkDxotaCiquunuilLOjPX9L6+0tr6xuVXeruzs7u0fVA+POkZlmtA2UVzpXoQN5UzStmWW016qKRYRp91ocpv73UeqDVPywU5TGgo8lixmBNtcGuhEDas1v+4vgP6SoCA1KNAaVj8HI0UyQaUlHBvTD/zUhjOsLSOcziuDzNAUkwke076jEgtqwtni1jk6c8oIxUq7khYt1J8TMyyMmYrIdQpsE7Pq5eJ/Xj+z8XU4YzLNLJVkuSjOOLIK5Y+jEdOUWD51BBPN3K2IJFhjYl08FRdCsPryX9K5qAeNeuP+sta8KeIowwmcwjkEcAVNuIMWtIFAAk/wAq+e8J69N+992Vryiplj+AXv4xshcI5M</latexit>⇢
<latexit sha1_base64="ieShFTC0ZpygDCbyy18eV3ET7JE=">AAAB73icbVA9SwNBEJ3zM8avqKXNYhCswp1ItLAI2FhGNB+QHGFvs5cs2ds7d+eEcORP2FgoYuvfsfPfuEmu0MQHA4/3ZpiZFyRSGHTdb2dldW19Y7OwVdze2d3bLx0cNk2casYbLJaxbgfUcCkUb6BAyduJ5jQKJG8Fo5up33ri2ohYPeA44X5EB0qEglG0Urs7pEiy+0mvVHYr7gxkmXg5KUOOeq/01e3HLI24QiapMR3PTdDPqEbBJJ8Uu6nhCWUjOuAdSxWNuPGz2b0TcmqVPgljbUshmam/JzIaGTOOAtsZURyaRW8q/ud1Ugyv/EyoJEWu2HxRmEqCMZk+T/pCc4ZybAllWthbCRtSTRnaiIo2BG/x5WXSPK941Ur17qJcu87jKMAxnMAZeHAJNbiFOjSAgYRneIU359F5cd6dj3nripPPHMEfOJ8/0TCP0w==</latexit>

Ŝ

<latexit sha1_base64="9UxycBwfqHNeOQIu5TPsETOfZaM=">AAACBnicbVDLSsNAFJ3UV62vqEsRBotQNzURqS4UCm5cVrAPaEKZTCbt0MlMmJkUSujKjb/ixoUibv0Gd/6N0zYLrR64cDjnXu69J0gYVdpxvqzC0vLK6lpxvbSxubW9Y+/utZRIJSZNLJiQnQApwignTU01I51EEhQHjLSD4c3Ub4+IVFTwez1OiB+jPqcRxUgbqWcfeiMkSaIoExxeQ/c082QME8HGk0p40rPLTtWZAf4lbk7KIEejZ396ocBpTLjGDCnVdZ1E+xmSmmJGJiUvVSRBeIj6pGsoRzFRfjZ7YwKPjRLCSEhTXMOZ+nMiQ7FS4zgwnTHSA7XoTcX/vG6qo0s/ozxJNeF4vihKGdQCTjOBIZUEazY2BGFJza0QD5BEWJvkSiYEd/Hlv6R1VnVr1drdebl+lcdRBAfgCFSACy5AHdyCBmgCDB7AE3gBr9aj9Wy9We/z1oKVz+yDX7A+vgHjWZga</latexit>

" = 1/poly(d)

<latexit sha1_base64="fTaaxnkApYw1lGKTuewESblPzrE=">AAAB9HicbVDLSsNAFL2pr1pfVZdugkVwVZIi1YWLghuXLdgHtLFMptN26GQSZ24KJfQ73LhQxK0f486/cdJmoa0HBg7n3Ms9c/xIcI2O823lNja3tnfyu4W9/YPDo+LxSUuHsaKsSUMRqo5PNBNcsiZyFKwTKUYCX7C2P7lL/faUKc1D+YCziHkBGUk+5JSgkbxeQHCMmDTq88dKv1hyys4C9jpxM1KCDPV+8as3CGkcMIlUEK27rhOhlxCFnAo2L/RizSJCJ2TEuoZKEjDtJYvQc/vCKAN7GCrzJNoL9fdGQgKtZ4FvJtOQetVLxf+8bozDGy/hMoqRSbo8NIyFjaGdNmAPuGIUxcwQQhU3WW06JopQND0VTAnu6pfXSatSdqvlauOqVLvN6sjDGZzDJbhwDTW4hzo0gcITPMMrvFlT68V6tz6Wozkr2zmFP7A+fwDEqJIY</latexit>

QP2

Leone, Oliviero, arXiv:2602.22330 (2026)

* For           , a decision problem with input size   is said to lie in  

if there exists a deterministic Turing machine solving it in time

<latexit sha1_base64="R8V1lV3jM9Gu4GQ0oK8wrYcEAsM=">AAAB+nicbVDLSsNAFL2pr1pfqS7dDBZBEEoiUrssuHFZxT6gCWUynbZDJ5MwM1FK7Ke4caGIW7/EnX/jpM1CWw8MHM65l3vmBDFnSjvOt1VYW9/Y3Cpul3Z29/YP7PJhW0WJJLRFIh7JboAV5UzQlmaa024sKQ4DTjvB5DrzOw9UKhaJez2NqR/ikWBDRrA2Ut8uTzwmkBdiPQ6C9G7WP+/bFafqzIFWiZuTCuRo9u0vbxCRJKRCE46V6rlOrP0US80Ip7OSlygaYzLBI9ozVOCQKj+dR5+hU6MM0DCS5gmN5urvjRSHSk3DwExmGdWyl4n/eb1ED+t+ykScaCrI4tAw4UhHKOsBDZikRPOpIZhIZrIiMsYSE23aKpkS3OUvr5L2RdWtVWu3l5VGPa+jCMdwAmfgwhU04Aaa0AICj/AMr/BmPVkv1rv1sRgtWPnOEfyB9fkDz6CTsg==</latexit>

k 2 R+
<latexit sha1_base64="B/KvJEhgvIikdtvFNhmbAO/bYKM=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KolI7bHgxWML9gPaUDababt2swm7G6GE/gIvHhTx6k/y5r9x2+agrQ8GHu/NMDMvSATXxnW/nY3Nre2d3cJecf/g8Oi4dHLa1nGqGLZYLGLVDahGwSW2DDcCu4lCGgUCO8Hkbu53nlBpHssHM03Qj+hI8iFn1FipGQ5KZbfiLkDWiZeTMuRoDEpf/TBmaYTSMEG17nluYvyMKsOZwFmxn2pMKJvQEfYslTRC7WeLQ2fk0iohGcbKljRkof6eyGik9TQKbGdEzVivenPxP6+XmmHNz7hMUoOSLRcNU0FMTOZfk5ArZEZMLaFMcXsrYWOqKDM2m6INwVt9eZ20rytetVJt3pTrtTyOApzDBVyBB7dQh3toQAsYIDzDK7w5j86L8+58LFs3nHzmDP7A+fwByHmM6Q==</latexit>

d
<latexit sha1_base64="8y8Ig9NbxA1ByEyKDL8qsRmYwj0=">AAAB9HicbVDLSsNAFL3xWeur6tJNsAiuSiJSuyy4cdmCfUAby2Q6aYdOJnHmplBCv8ONC0Xc+jHu/BsnbRbaemDgcM693DPHjwXX6Djf1sbm1vbObmGvuH9weHRcOjlt6yhRlLVoJCLV9YlmgkvWQo6CdWPFSOgL1vEnd5nfmTKleSQfcBYzLyQjyQNOCRrJ64cEx4hpszF/nAxKZafiLGCvEzcnZcjRGJS++sOIJiGTSAXRuuc6MXopUcipYPNiP9EsJnRCRqxnqCQh0166CD23L40ytINImSfRXqi/N1ISaj0LfTOZhdSrXib+5/USDGpeymWcIJN0eShIhI2RnTVgD7liFMXMEEIVN1ltOiaKUDQ9FU0J7uqX10n7uuJWK9XmTbley+sowDlcwBW4cAt1uIcGtIDCEzzDK7xZU+vFerc+lqMbVr5zBn9gff4AGeeSTQ==</latexit>

QPk
<latexit sha1_base64="d7VTvtIvZobCe+7c7Zu2B7WO5g0=">AAAB9XicbVBNS8NAEN34WetX1aOXxSLUS0lEao8FLx4r2A9o0rLZTNqlm03Y3agl9H948aCIV/+LN/+N2zYHbX0w8Hhvhpl5fsKZ0rb9ba2tb2xubRd2irt7+weHpaPjtopTSaFFYx7Lrk8UcCagpZnm0E0kkMjn0PHHNzO/8wBSsVjc60kCXkSGgoWMEm2kvgtPScXl8bA/xsHFoFS2q/YceJU4OSmjHM1B6csNYppGIDTlRKmeYyfay4jUjHKYFt1UQULomAyhZ6ggESgvm189xedGCXAYS1NC47n6eyIjkVKTyDedEdEjtezNxP+8XqrDupcxkaQaBF0sClOOdYxnEeCASaCaTwwhVDJzK6YjIgnVJqiiCcFZfnmVtC+rTq1au7sqN+p5HAV0is5QBTnoGjXQLWqiFqJIomf0it6sR+vFerc+Fq1rVj5zgv7A+vwBntqR7A==</latexit>

exp(logk d)

*



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

A GLIMPSE AT THE PROOF

The decision problem lies in 
<latexit sha1_base64="fTaaxnkApYw1lGKTuewESblPzrE=">AAAB9HicbVDLSsNAFL2pr1pfVZdugkVwVZIi1YWLghuXLdgHtLFMptN26GQSZ24KJfQ73LhQxK0f486/cdJmoa0HBg7n3Ms9c/xIcI2O823lNja3tnfyu4W9/YPDo+LxSUuHsaKsSUMRqo5PNBNcsiZyFKwTKUYCX7C2P7lL/faUKc1D+YCziHkBGUk+5JSgkbxeQHCMmDTq88dKv1hyys4C9jpxM1KCDPV+8as3CGkcMIlUEK27rhOhlxCFnAo2L/RizSJCJ2TEuoZKEjDtJYvQc/vCKAN7GCrzJNoL9fdGQgKtZ4FvJtOQetVLxf+8bozDGy/hMoqRSbo8NIyFjaGdNmAPuGIUxcwQQhU3WW06JopQND0VTAnu6pfXSatSdqvlauOqVLvN6sjDGZzDJbhwDTW4hzo0gcITPMMrvFlT68V6tz6Wozkr2zmFP7A+fwDEqJIY</latexit>

QP2

Compute robustness of magic, a  
magic monotone, in time 

<latexit sha1_base64="FPAPEGmf+2pL5le/Zia9DIYRMRk=">AAAB9XicbVDLSsNAFJ3UV62vqks3g0Wom5IUqS5cFNy4rGAf0KRlMrlph04mYWailtD/cONCEbf+izv/xuljoa0HLhzOuZd77/ETzpS27W8rt7a+sbmV3y7s7O7tHxQPj1oqTiWFJo15LDs+UcCZgKZmmkMnkUAin0PbH91M/fYDSMVica/HCXgRGQgWMkq0kXouPCVll8eDXjXA5/1iya7YM+BV4ixICS3Q6Be/3CCmaQRCU06U6jp2or2MSM0oh0nBTRUkhI7IALqGChKB8rLZ1RN8ZpQAh7E0JTSeqb8nMhIpNY580xkRPVTL3lT8z+umOrzyMiaSVIOg80VhyrGO8TQCHDAJVPOxIYRKZm7FdEgkodoEVTAhOMsvr5JWteLUKrW7i1L9ehFHHp2gU1RGDrpEdXSLGqiJKJLoGb2iN+vRerHerY95a85azByjP7A+fwBJQ5G3</latexit>

exp(log2 d)

• Weak membership problem of a state  
being contained in the stabilizer polytope

<latexit sha1_base64="1+92DrbUFGuq055yc9DIFJwgkg4=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKRA8eAl48RjAPSJYwO5nNDpnHMjMrhJBf8OJBEa/+kDf/xtlkDxotaCiquunuilLOjPX9L6+0tr6xuVXeruzs7u0fVA+POkZlmtA2UVzpXoQN5UzStmWW016qKRYRp91ocpv73UeqDVPywU5TGgo8lixmBNtcGuhEDas1v+4vgP6SoCA1KNAaVj8HI0UyQaUlHBvTD/zUhjOsLSOcziuDzNAUkwke076jEgtqwtni1jk6c8oIxUq7khYt1J8TMyyMmYrIdQpsE7Pq5eJ/Xj+z8XU4YzLNLJVkuSjOOLIK5Y+jEdOUWD51BBPN3K2IJFhjYl08FRdCsPryX9K5qAeNeuP+sta8KeIowwmcwjkEcAVNuIMWtIFAAk/wAq+e8J69N+992Vryiplj+AXv4xshcI5M</latexit>⇢• Theorem 4: Deciding whether a state   lies in the stabilizer polytope   ,  
or is -far from every state in , belongs to the complexity class        for  
any

<latexit sha1_base64="ED79AXtaJi8etGQyvERKbEy4aoQ=">AAAB8nicbVA9SwNBEN2LXzF+RS1tDoNgFe5EooVFwMYygvmA5Ah7m7lkyd7usTsXCEd+ho2FIrb+Gjv/jZvkCk18MPB4b4aZeWEiuEHP+3YKG5tb2zvF3dLe/sHhUfn4pGVUqhk0mRJKd0JqQHAJTeQooJNooHEooB2O7+d+ewLacCWfcJpAENOh5BFnFK3U7U2ohsRwoWS/XPGq3gLuOvFzUiE5Gv3yV2+gWBqDRCaoMV3fSzDIqEbOBMxKvdRAQtmYDqFrqaQxmCBbnDxzL6wycCOlbUl0F+rviYzGxkzj0HbGFEdm1ZuL/3ndFKPbIOMySREkWy6KUuGicuf/uwOugaGYWkKZ5vZWl42opgxtSiUbgr/68jppXVX9WrX2eF2p3+VxFMkZOSeXxCc3pE4eSIM0CSOKPJNX8uag8+K8Ox/L1oKTz5ySP3A+fwC7k5GM</latexit>"
<latexit sha1_base64="ieShFTC0ZpygDCbyy18eV3ET7JE=">AAAB73icbVA9SwNBEJ3zM8avqKXNYhCswp1ItLAI2FhGNB+QHGFvs5cs2ds7d+eEcORP2FgoYuvfsfPfuEmu0MQHA4/3ZpiZFyRSGHTdb2dldW19Y7OwVdze2d3bLx0cNk2casYbLJaxbgfUcCkUb6BAyduJ5jQKJG8Fo5up33ri2ohYPeA44X5EB0qEglG0Urs7pEiy+0mvVHYr7gxkmXg5KUOOeq/01e3HLI24QiapMR3PTdDPqEbBJJ8Uu6nhCWUjOuAdSxWNuPGz2b0TcmqVPgljbUshmam/JzIaGTOOAtsZURyaRW8q/ud1Ugyv/EyoJEWu2HxRmEqCMZk+T/pCc4ZybAllWthbCRtSTRnaiIo2BG/x5WXSPK941Ur17qJcu87jKMAxnMAZeHAJNbiFOjSAgYRneIU359F5cd6dj3nripPPHMEfOJ8/0TCP0w==</latexit>

Ŝ

<latexit sha1_base64="1+92DrbUFGuq055yc9DIFJwgkg4=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKRA8eAl48RjAPSJYwO5nNDpnHMjMrhJBf8OJBEa/+kDf/xtlkDxotaCiquunuilLOjPX9L6+0tr6xuVXeruzs7u0fVA+POkZlmtA2UVzpXoQN5UzStmWW016qKRYRp91ocpv73UeqDVPywU5TGgo8lixmBNtcGuhEDas1v+4vgP6SoCA1KNAaVj8HI0UyQaUlHBvTD/zUhjOsLSOcziuDzNAUkwke076jEgtqwtni1jk6c8oIxUq7khYt1J8TMyyMmYrIdQpsE7Pq5eJ/Xj+z8XU4YzLNLJVkuSjOOLIK5Y+jEdOUWD51BBPN3K2IJFhjYl08FRdCsPryX9K5qAeNeuP+sta8KeIowwmcwjkEcAVNuIMWtIFAAk/wAq+e8J69N+992Vryiplj+AXv4xshcI5M</latexit>⇢
<latexit sha1_base64="ieShFTC0ZpygDCbyy18eV3ET7JE=">AAAB73icbVA9SwNBEJ3zM8avqKXNYhCswp1ItLAI2FhGNB+QHGFvs5cs2ds7d+eEcORP2FgoYuvfsfPfuEmu0MQHA4/3ZpiZFyRSGHTdb2dldW19Y7OwVdze2d3bLx0cNk2casYbLJaxbgfUcCkUb6BAyduJ5jQKJG8Fo5up33ri2ohYPeA44X5EB0qEglG0Urs7pEiy+0mvVHYr7gxkmXg5KUOOeq/01e3HLI24QiapMR3PTdDPqEbBJJ8Uu6nhCWUjOuAdSxWNuPGz2b0TcmqVPgljbUshmam/JzIaGTOOAtsZURyaRW8q/ud1Ugyv/EyoJEWu2HxRmEqCMZk+T/pCc4ZybAllWthbCRtSTRnaiIo2BG/x5WXSPK941Ur17qJcu87jKMAxnMAZeHAJNbiFOjSAgYRneIU359F5cd6dj3nripPPHMEfOJ8/0TCP0w==</latexit>

Ŝ

<latexit sha1_base64="9UxycBwfqHNeOQIu5TPsETOfZaM=">AAACBnicbVDLSsNAFJ3UV62vqEsRBotQNzURqS4UCm5cVrAPaEKZTCbt0MlMmJkUSujKjb/ixoUibv0Gd/6N0zYLrR64cDjnXu69J0gYVdpxvqzC0vLK6lpxvbSxubW9Y+/utZRIJSZNLJiQnQApwignTU01I51EEhQHjLSD4c3Ub4+IVFTwez1OiB+jPqcRxUgbqWcfeiMkSaIoExxeQ/c082QME8HGk0p40rPLTtWZAf4lbk7KIEejZ396ocBpTLjGDCnVdZ1E+xmSmmJGJiUvVSRBeIj6pGsoRzFRfjZ7YwKPjRLCSEhTXMOZ+nMiQ7FS4zgwnTHSA7XoTcX/vG6qo0s/ozxJNeF4vihKGdQCTjOBIZUEazY2BGFJza0QD5BEWJvkSiYEd/Hlv6R1VnVr1drdebl+lcdRBAfgCFSACy5AHdyCBmgCDB7AE3gBr9aj9Wy9We/z1oKVz+yDX7A+vgHjWZga</latexit>

" = 1/poly(d)

<latexit sha1_base64="fTaaxnkApYw1lGKTuewESblPzrE=">AAAB9HicbVDLSsNAFL2pr1pfVZdugkVwVZIi1YWLghuXLdgHtLFMptN26GQSZ24KJfQ73LhQxK0f486/cdJmoa0HBg7n3Ms9c/xIcI2O823lNja3tnfyu4W9/YPDo+LxSUuHsaKsSUMRqo5PNBNcsiZyFKwTKUYCX7C2P7lL/faUKc1D+YCziHkBGUk+5JSgkbxeQHCMmDTq88dKv1hyys4C9jpxM1KCDPV+8as3CGkcMIlUEK27rhOhlxCFnAo2L/RizSJCJ2TEuoZKEjDtJYvQc/vCKAN7GCrzJNoL9fdGQgKtZ4FvJtOQetVLxf+8bozDGy/hMoqRSbo8NIyFjaGdNmAPuGIUxcwQQhU3WW06JopQND0VTAnu6pfXSatSdqvlauOqVLvN6sjDGZzDJbhwDTW4hzo0gcITPMMrvFlT68V6tz6Wozkr2zmFP7A+fwDEqJIY</latexit>

QP2

Leone, Oliviero, arXiv:2602.22330 (2026) 
Howard, Campbell, Phys Rev Lett 118, 090501 (2017) 



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

A GLIMPSE AT THE PROOF

Optimising a Hamiltonian over two copies of graph  
states requires solving a 3-SAT problem with        
variables (with suitable penalty terms)

<latexit sha1_base64="vmTqrkffyx7HL2VBg5E/TuXkfNc=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBahXkpSpHrwUPDizQr2A9JYNptNu3STDbsboYT+DC8eFPHqr/Hmv3Hb5qCtDwYe780wM89POFPatr+twtr6xuZWcbu0s7u3f1A+POookUpC20RwIXs+VpSzmLY105z2Eklx5HPa9cc3M7/7RKViIn7Qk4R6ER7GLGQEayO5d9U+F8PHOgrOB+WKXbPnQKvEyUkFcrQG5a9+IEga0VgTjpVyHTvRXoalZoTTaamfKppgMsZD6hoa44gqL5ufPEVnRglQKKSpWKO5+nsiw5FSk8g3nRHWI7XszcT/PDfV4ZWXsThJNY3JYlGYcqQFmv2PAiYp0XxiCCaSmVsRGWGJiTYplUwIzvLLq6RTrzmNWuP+otK8zuMowgmcQhUcuIQm3EIL2kBAwDO8wpulrRfr3fpYtBasfOYY/sD6/AG9opA/</latexit>

O(log2 d)

It does not belong to              for any 
<latexit sha1_base64="OeenzrOWRocrxLFaHmHNFKFNRvU=">AAAB+3icbVDLSsNAFJ34rPUV69JNsAhuLEmR6sJFwY3LFuwDmlgm00k7dDIJMzdiCfkVNy4UceuPuPNvnLRZaOuBgcM593LPHD/mTIFtfxtr6xubW9ulnfLu3v7BoXlU6aookYR2SMQj2fexopwJ2gEGnPZjSXHoc9rzp7e533ukUrFI3MMspl6Ix4IFjGDQ0tCsuCGGCUDabmUP9QuXAh6aVbtmz2GtEqcgVVSgNTS/3FFEkpAKIBwrNXDsGLwUS2CE06zsJorGmEzxmA40FTikykvn2TPrTCsjK4ikfgKsufp7I8WhUrPQ15N5UrXs5eJ/3iCB4NpLmYgToIIsDgUJtyCy8iKsEZOUAJ9pgolkOqtFJlhiArqusi7BWf7yKunWa06j1mhfVps3RR0ldIJO0Tly0BVqojvUQh1E0BN6Rq/ozciMF+Pd+FiMrhnFzjH6A+PzB737lD4=</latexit>

QP2 � ⌘
<latexit sha1_base64="Cu2bixJPE2DhOzuj2FWW22IRoBQ=">AAAB7XicbVBNS8NAEJ34WetX1aOXxSJ4KolI9SBS8OKxgv2ANpTNdtOu3WTD7kQoof/BiwdFvPp/vPlv3LY5aOuDgcd7M8zMCxIpDLrut7Oyura+sVnYKm7v7O7tlw4Om0almvEGU1LpdkANlyLmDRQoeTvRnEaB5K1gdDv1W09cG6HiBxwn3I/oIBahYBSt1OxypDdur1R2K+4MZJl4OSlDjnqv9NXtK5ZGPEYmqTEdz03Qz6hGwSSfFLup4QllIzrgHUtjGnHjZ7NrJ+TUKn0SKm0rRjJTf09kNDJmHAW2M6I4NIveVPzP66QYXvmZiJMUeczmi8JUElRk+jrpC80ZyrEllGlhbyVsSDVlaAMq2hC8xZeXSfO84lUr1fuLcu06j6MAx3ACZ+DBJdTgDurQAAaP8Ayv8OYo58V5dz7mrStOPnMEf+B8/gD+no6/</latexit>

⌘ > 0

<latexit sha1_base64="Cu2bixJPE2DhOzuj2FWW22IRoBQ=">AAAB7XicbVBNS8NAEJ34WetX1aOXxSJ4KolI9SBS8OKxgv2ANpTNdtOu3WTD7kQoof/BiwdFvPp/vPlv3LY5aOuDgcd7M8zMCxIpDLrut7Oyura+sVnYKm7v7O7tlw4Om0almvEGU1LpdkANlyLmDRQoeTvRnEaB5K1gdDv1W09cG6HiBxwn3I/oIBahYBSt1OxypDdur1R2K+4MZJl4OSlDjnqv9NXtK5ZGPEYmqTEdz03Qz6hGwSSfFLup4QllIzrgHUtjGnHjZ7NrJ+TUKn0SKm0rRjJTf09kNDJmHAW2M6I4NIveVPzP66QYXvmZiJMUeczmi8JUElRk+jrpC80ZyrEllGlhbyVsSDVlaAMq2hC8xZeXSfO84lUr1fuLcu06j6MAx3ACZ+DBJdTgDurQAAaP8Ayv8OYo58V5dz7mrStOPnMEf+B8/gD+no6/</latexit>

⌘ > 0
Encodes an instance as a 3-SAT instance in                variables, by  
the ETH, this cannot be solved in time                        for any

<latexit sha1_base64="TxUJiSsTVgw/2jXDVQCsjng45bs=">AAAB8nicbVBNS8NAEJ3Ur1q/qh69LBahXkpSpHrwUPDizQr2A9JYNptNu3STDbsboYT+DC8eFPHqr/Hmv3Hb5qCtDwYe780wM89POFPatr+twtr6xuZWcbu0s7u3f1A+POookUpC20RwIXs+VpSzmLY105z2Eklx5HPa9cc3M7/7RKViIn7Qk4R6ER7GLGQEayO5d9U+F8PHeoDOB+WKXbPnQKvEyUkFcrQG5a9+IEga0VgTjpVyHTvRXoalZoTTaamfKppgMsZD6hoa44gqL5ufPEVnRglQKKSpWKO5+nsiw5FSk8g3nRHWI7XszcT/PDfV4ZWXsThJNY3JYlGYcqQFmv2PAiYp0XxiCCaSmVsRGWGJiTYplUwIzvLLq6RTrzmNWuP+otK8zuMowgmcQhUcuIQm3EIL2kBAwDO8wpulrRfr3fpYtBasfOYY/sD6/AG95pA/</latexit>

O(log2 d)
<latexit sha1_base64="yArWCYDaJ2IpNRzywHul5lzdaP4=">AAAB/nicbVDLSsNAFJ3UV62vqLhyM1iEurAkRaoLFwU3LivYBzSxTCY37dDJg5mJWELBX3HjQhG3foc7/8Zpm4VWD1w4nHMv997jJZxJZVlfRmFpeWV1rbhe2tjc2t4xd/faMk4FhRaNeSy6HpHAWQQtxRSHbiKAhB6Hjje6mvqdexCSxdGtGifghmQQsYBRorTUNw8ceEgqDo8Hd1nt1AFFJtg/6Ztlq2rNgP8SOydllKPZNz8dP6ZpCJGinEjZs61EuRkRilEOk5KTSkgIHZEB9DSNSAjSzWbnT/CxVnwcxEJXpPBM/TmRkVDKcejpzpCooVz0puJ/Xi9VwYWbsShJFUR0vihIOVYxnmaBfSaAKj7WhFDB9K2YDokgVOnESjoEe/Hlv6Rdq9r1av3mrNy4zOMookN0hCrIRueoga5RE7UQRRl6Qi/o1Xg0no03433eWjDymX30C8bHNxRulOk=</latexit>

exp(log2�⌘ d)

• Weak membership problem of a state  
being contained in the stabilizer polytope

<latexit sha1_base64="1+92DrbUFGuq055yc9DIFJwgkg4=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKRA8eAl48RjAPSJYwO5nNDpnHMjMrhJBf8OJBEa/+kDf/xtlkDxotaCiquunuilLOjPX9L6+0tr6xuVXeruzs7u0fVA+POkZlmtA2UVzpXoQN5UzStmWW016qKRYRp91ocpv73UeqDVPywU5TGgo8lixmBNtcGuhEDas1v+4vgP6SoCA1KNAaVj8HI0UyQaUlHBvTD/zUhjOsLSOcziuDzNAUkwke076jEgtqwtni1jk6c8oIxUq7khYt1J8TMyyMmYrIdQpsE7Pq5eJ/Xj+z8XU4YzLNLJVkuSjOOLIK5Y+jEdOUWD51BBPN3K2IJFhjYl08FRdCsPryX9K5qAeNeuP+sta8KeIowwmcwjkEcAVNuIMWtIFAAk/wAq+e8J69N+992Vryiplj+AXv4xshcI5M</latexit>⇢• Theorem 4: Deciding whether a state   lies in the stabilizer polytope   ,  
or is -far from every state in , belongs to the complexity class        for  
any

<latexit sha1_base64="ED79AXtaJi8etGQyvERKbEy4aoQ=">AAAB8nicbVA9SwNBEN2LXzF+RS1tDoNgFe5EooVFwMYygvmA5Ah7m7lkyd7usTsXCEd+ho2FIrb+Gjv/jZvkCk18MPB4b4aZeWEiuEHP+3YKG5tb2zvF3dLe/sHhUfn4pGVUqhk0mRJKd0JqQHAJTeQooJNooHEooB2O7+d+ewLacCWfcJpAENOh5BFnFK3U7U2ohsRwoWS/XPGq3gLuOvFzUiE5Gv3yV2+gWBqDRCaoMV3fSzDIqEbOBMxKvdRAQtmYDqFrqaQxmCBbnDxzL6wycCOlbUl0F+rviYzGxkzj0HbGFEdm1ZuL/3ndFKPbIOMySREkWy6KUuGicuf/uwOugaGYWkKZ5vZWl42opgxtSiUbgr/68jppXVX9WrX2eF2p3+VxFMkZOSeXxCc3pE4eSIM0CSOKPJNX8uag8+K8Ox/L1oKTz5ySP3A+fwC7k5GM</latexit>"
<latexit sha1_base64="ieShFTC0ZpygDCbyy18eV3ET7JE=">AAAB73icbVA9SwNBEJ3zM8avqKXNYhCswp1ItLAI2FhGNB+QHGFvs5cs2ds7d+eEcORP2FgoYuvfsfPfuEmu0MQHA4/3ZpiZFyRSGHTdb2dldW19Y7OwVdze2d3bLx0cNk2casYbLJaxbgfUcCkUb6BAyduJ5jQKJG8Fo5up33ri2ohYPeA44X5EB0qEglG0Urs7pEiy+0mvVHYr7gxkmXg5KUOOeq/01e3HLI24QiapMR3PTdDPqEbBJJ8Uu6nhCWUjOuAdSxWNuPGz2b0TcmqVPgljbUshmam/JzIaGTOOAtsZURyaRW8q/ud1Ugyv/EyoJEWu2HxRmEqCMZk+T/pCc4ZybAllWthbCRtSTRnaiIo2BG/x5WXSPK941Ur17qJcu87jKMAxnMAZeHAJNbiFOjSAgYRneIU359F5cd6dj3nripPPHMEfOJ8/0TCP0w==</latexit>

Ŝ

<latexit sha1_base64="1+92DrbUFGuq055yc9DIFJwgkg4=">AAAB63icbVDLSgNBEOyNrxhfUY9eBoPgKeyKRA8eAl48RjAPSJYwO5nNDpnHMjMrhJBf8OJBEa/+kDf/xtlkDxotaCiquunuilLOjPX9L6+0tr6xuVXeruzs7u0fVA+POkZlmtA2UVzpXoQN5UzStmWW016qKRYRp91ocpv73UeqDVPywU5TGgo8lixmBNtcGuhEDas1v+4vgP6SoCA1KNAaVj8HI0UyQaUlHBvTD/zUhjOsLSOcziuDzNAUkwke076jEgtqwtni1jk6c8oIxUq7khYt1J8TMyyMmYrIdQpsE7Pq5eJ/Xj+z8XU4YzLNLJVkuSjOOLIK5Y+jEdOUWD51BBPN3K2IJFhjYl08FRdCsPryX9K5qAeNeuP+sta8KeIowwmcwjkEcAVNuIMWtIFAAk/wAq+e8J69N+992Vryiplj+AXv4xshcI5M</latexit>⇢
<latexit sha1_base64="ieShFTC0ZpygDCbyy18eV3ET7JE=">AAAB73icbVA9SwNBEJ3zM8avqKXNYhCswp1ItLAI2FhGNB+QHGFvs5cs2ds7d+eEcORP2FgoYuvfsfPfuEmu0MQHA4/3ZpiZFyRSGHTdb2dldW19Y7OwVdze2d3bLx0cNk2casYbLJaxbgfUcCkUb6BAyduJ5jQKJG8Fo5up33ri2ohYPeA44X5EB0qEglG0Urs7pEiy+0mvVHYr7gxkmXg5KUOOeq/01e3HLI24QiapMR3PTdDPqEbBJJ8Uu6nhCWUjOuAdSxWNuPGz2b0TcmqVPgljbUshmam/JzIaGTOOAtsZURyaRW8q/ud1Ugyv/EyoJEWu2HxRmEqCMZk+T/pCc4ZybAllWthbCRtSTRnaiIo2BG/x5WXSPK941Ur17qJcu87jKMAxnMAZeHAJNbiFOjSAgYRneIU359F5cd6dj3nripPPHMEfOJ8/0TCP0w==</latexit>

Ŝ

<latexit sha1_base64="9UxycBwfqHNeOQIu5TPsETOfZaM=">AAACBnicbVDLSsNAFJ3UV62vqEsRBotQNzURqS4UCm5cVrAPaEKZTCbt0MlMmJkUSujKjb/ixoUibv0Gd/6N0zYLrR64cDjnXu69J0gYVdpxvqzC0vLK6lpxvbSxubW9Y+/utZRIJSZNLJiQnQApwignTU01I51EEhQHjLSD4c3Ub4+IVFTwez1OiB+jPqcRxUgbqWcfeiMkSaIoExxeQ/c082QME8HGk0p40rPLTtWZAf4lbk7KIEejZ396ocBpTLjGDCnVdZ1E+xmSmmJGJiUvVSRBeIj6pGsoRzFRfjZ7YwKPjRLCSEhTXMOZ+nMiQ7FS4zgwnTHSA7XoTcX/vG6qo0s/ozxJNeF4vihKGdQCTjOBIZUEazY2BGFJza0QD5BEWJvkSiYEd/Hlv6R1VnVr1drdebl+lcdRBAfgCFSACy5AHdyCBmgCDB7AE3gBr9aj9Wy9We/z1oKVz+yDX7A+vgHjWZga</latexit>

" = 1/poly(d)

<latexit sha1_base64="fTaaxnkApYw1lGKTuewESblPzrE=">AAAB9HicbVDLSsNAFL2pr1pfVZdugkVwVZIi1YWLghuXLdgHtLFMptN26GQSZ24KJfQ73LhQxK0f486/cdJmoa0HBg7n3Ms9c/xIcI2O823lNja3tnfyu4W9/YPDo+LxSUuHsaKsSUMRqo5PNBNcsiZyFKwTKUYCX7C2P7lL/faUKc1D+YCziHkBGUk+5JSgkbxeQHCMmDTq88dKv1hyys4C9jpxM1KCDPV+8as3CGkcMIlUEK27rhOhlxCFnAo2L/RizSJCJ2TEuoZKEjDtJYvQc/vCKAN7GCrzJNoL9fdGQgKtZ4FvJtOQetVLxf+8bozDGy/hMoqRSbo8NIyFjaGdNmAPuGIUxcwQQhU3WW06JopQND0VTAnu6pfXSatSdqvlauOqVLvN6sjDGZzDJbhwDTW4hzo0gcITPMMrvFlT68V6tz6Wozkr2zmFP7A+fwDEqJIY</latexit>

QP2

Leone, Oliviero, arXiv:2602.22330 (2026) 
Hein, Eisert, Briegel, Phys Rev A 69, 062311 (2004) 



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

MID-CIRCUIT MEASUREMENTS AS A RESOURCE

• Magic is a resource responsible  
for quantum speedups

• No efficient magic monotones  
(computing takes                  time) 

<latexit sha1_base64="+LJ2OpsZLmwLcEI3rASz6T0iflQ=">AAAB9XicbVDLSsNAFJ3UV62vqks3g0Wom5IUqS5cFNy4rGAf0KRlMrlph04mYWailtD/cONCEbf+izv/xuljoa0HLhzOuZd77/ETzpS27W8rt7a+sbmV3y7s7O7tHxQPj1oqTiWFJo15LDs+UcCZgKZmmkMnkUAin0PbH91M/fYDSMVica/HCXgRGQgWMkq0kXouPCVll8eDXhUH5/1iya7YM+BV4ixICS3Q6Be/3CCmaQRCU06U6jp2or2MSM0oh0nBTRUkhI7IALqGChKB8rLZ1RN8ZpQAh7E0JTSeqb8nMhIpNY580xkRPVTL3lT8z+umOrzyMiaSVIOg80VhyrGO8TQCHDAJVPOxIYRKZm7FdEgkodoEVTAhOMsvr5JWteLUKrW7i1L9ehFHHp2gU1RGDrpEdXSLGqiJKJLoGb2iN+vRerHerY95a85azByjP7A+fwBI/5G3</latexit>

exp(log2 d)

• Optimizing witnesses is hard 

• So is deciding whether Pauli  
propagation is efficient



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

MID-CIRCUIT MEASUREMENTS AS A RESOURCE

• Magic is a resource responsible  
for quantum speedups

• Think of new magic state  
distillation in QEC, but how?



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

QUANTUM RESOURCES CLASSICAL

• Measurement is  
a quantum resource 
 

• The fine line  
is subtle

• Looked at three readings of quantum resources



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

QUANTUM RESOURCES CLASSICAL

• Measurement is  
a quantum resource 
 

• The fine line  
is subtle

• Computationally bounded observers introduce a new perspective  
to physics and resources, where the observer is not a mere verifier  
of the quantum theory, but an integral part of the theory itself

THANKS FOR THE ATTENTION

• Looked at three readings of quantum resources


