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NEAR-TERM QUANTUM COMPUTERS

• Quantum computers promise advantages in computational tasks

Arute, Arya, ..., Martinis, Nature 574, 505 (2019)

Wang, Qin, Ding, Chen, Chen, You, He, Jiang, Wang, You, Renema, Hoefling, Lu, Pan, Phys Rev Lett 123, 250503 (2019)
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NEAR-TERM QUANTUM COMPUTERS

• Can we reasonably hope noisy, realistic quantum devices  
to provide a speedup over classical computers? 

• Quantum computers promise advantages in computational tasks

Arute, Arya, ..., Martinis, Nature 574, 505 (2019)

Wang, Qin, Ding, Chen, Chen, You, He, Jiang, Wang, You, Renema, Hoefling, Lu, Pan, Phys Rev Lett 123, 250503 (2019)
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QUANTUM ADVANTAGES 

• Quantum computers promise advantages in computational tasks

• Quantum advantage for paradigmatic sampling problems

Arute, Arya, ..., Martinis, Nature 574, 505 (2019)

Wang, Qin, Ding, Chen, Chen, You, He, Jiang, Wang, You,  
Renema, Hoefling, Lu, Pan, Phys Rev Lett 123, 250503 (2019)

• Sampling up to a constant error in         distance is classically hard 
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Review: Hangleiter, Eisert, Rev Mod Phys 95, 035001 (2023)
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QUANTUM ADVANTAGES

• Quantum computers promise advantages in computational tasks

• Verification is subtle: XEB benchmarking, no black-box verification• Verification is subtle: XEB benchmarking, no black-box verification• Verification is subtle: XEB benchmarking, no black-box verification

• Quantum verification: Trapped ions (with Ringbauer-Blatt-Monz)

Hangleiter, Kliesch, Eisert, Gogolin, Phys Rev Lett 122, 210502 (2019) 
Neil, …, Martinis, Science, 360, 195 (2018) 
Boixo, Isakov, Smelyanskiy, Babbush, Ding, Jiang, Bremner, Martinis, Neven, Nature Phys 14, 595 (2018) 
Deshpande, Mehta, Vincent, Quesada, Hinsche, Ioannou, Madsen, Lavoie, Qi, Eisert, Hangleiter, Fefferman, Dhand,  
Science Advances 8, eabi7894 (2022)

Ringbauer, Hinsche, Feldker, Faehrmann, Bermejo-Vega, Edmunds, Stricker, Marciniak, Meth,  
Pogorelov, Postler, Blatt, Schindler, Eisert, Monz, Hangleiter, arXiv:2307.14424 (2023)

Review: Hangleiter, Eisert, Rev Mod Phys 95, 035001 (2023)
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QUANTUM ADVANTAGES

• Quantum computers promise advantages in computational tasks

• Verification is subtle

Review: Hangleiter, Eisert, Rev Mod Phys 95, 035001 (2023)

M Caro, “Classical verification  
of quantum learning”
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• Encouraging - but what next?

QUANTUM ADVANTAGES

• Instances of quantum-assisted machine learning

• Programmable quantum simulators

Hollerith, Srakaew, Wei, Rubio-Abadal, Adler, Weckesser, Kruckenhauser, Walther, 

Bijnen, Rui, Gross, Bloch, Zeiher, Phys Rev Lett 128, 113602 (2022)

• Variational quantum algorithms
McClean, Romero, Babbush, Aspuru-Guzik, New J Phys 18, 023023 (2016) 
Farhi, Goldsone, Gutmann, arXiv:1411.4028 (2014)
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MACHINE LEARNING

• Machine learning has changed the world we live in 

• Is there a scope for quantum-assisted machine learning?

Dunjko, Briegel, Rep Prog Phys 81, 074001 (2018)

Biamonte, Wittek, Pancotti, Rebentrost, Wiebe, Lloyd, Nature 549, 195 (2017)


Arunachalam, de Wolf, arXiv:1701.06806 (2017)

• Chat-GPT, DALL-E 2
• Machine learning in study of materials and quantum chemistry
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QUANTUM ADVANTAGES IN LEARNING TASKS?

• We would like to have rigorous guarantees for state-of-the-art  
learning algorithms applied on real-world datasets 

• Algorithm
• Stochastic gradient descent

• Expectation maximization 

• Model
• Neural networks

• Parameterised quantum circuits

• Probabilistic graphical models 

• Data set
• Pictures of cats and dogs

• Protein configurations

• Stock market data

• Sample complexity, computational  
complexity, generalisation bounds
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QUANTUM ADVANTAGES IN LEARNING TASKS?

• Quantum • Classical

• Algorithm
• Stochastic  

gradient descent

• Model
• Parametrized  

quantum circuits

• All classical learners
• All models
• All algorithms

• Even better would be “classical lower bounds”  
and “quantum upper bounds” 



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


QUANTUM ADVANTAGES IN LEARNING TASKS?

• Classical

• Can we make substantial progress  
for fine-tuned data sets?

• Quantum



PROVEN QUANTUM ADVANTAGES  
IN LEARNING TASKS?  

Sweke, Seifert, Hangleiter, Eisert, Quantum 5, 417 (2021) 
Pirnay, Sweke, Eisert, Seifert, Phys Rev A 107, 042416 (2023)

Liu, Liu, Liu, Ye, Alexeev, Eisert, Liang, arXiv:2303.03428 (2023)  

https://arxiv.org/abs/1803.00572
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Pirnay, Sweke, Eisert, Seifert, Phys Rev A 107, 042416 (2023)

PROBABILISTIC MODELLING

All distributions

Concept class
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All distributions

Concept class
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• Generator modelling 
Create samples

Sweke, Seifert, Hangleiter, Eisert, Quantum 5, 417 (2021) 

PROBABILISTIC MODELLING

• Task: Learn a generator             of a distribution   D
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• Can there be a quantum advantage? Are there distibutions that

• are efficiently quantum  
generator learnable?

• are not efficiently classical  
generator learnable?

QUANTUM ADVANTAGES IN PROBABILISTIC MODELLING?

• Classical• Quantum
Sweke, Seifert, Hangleiter, Eisert, Quantum 5, 417 (2021) 
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QUANTUM ADVANTAGES IN PROBABILISTIC MODELLING?

• A distribution class    is efficiently PAC learnable w.r.t. distance 
if there is an algorithm     which for every           and every 
given access to an oracle          , outputs in time         
                               


• with probability at least          (“probably”) a generator 
of a distribution     such that 
 
 

(“approximately correct”) 

C
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<latexit sha1_base64="2ch+1OCnODkjf2N/iOCdF55ew4E=">AAAB9XicbVBNS8NAEJ3Ur1q/qh69LBbRU0mkoicpqOhJKtgPaGPZbDft0s0m7G6UEvI/vHhQxKv/xZv/xm2bg7Y+GHi8N8PMPC/iTGnb/rZyC4tLyyv51cLa+sbmVnF7p6HCWBJaJyEPZcvDinImaF0zzWkrkhQHHqdNb3gx9puPVCoWins9iqgb4L5gPiNYG+kh6cgAXV/dpt3k8jDtFkt22Z4AzRMnIyXIUOsWvzq9kMQBFZpwrFTbsSPtJlhqRjhNC51Y0QiTIe7TtqECB1S5yeTqFB0YpYf8UJoSGk3U3xMJDpQaBZ7pDLAeqFlvLP7ntWPtn7kJE1GsqSDTRX7MkQ7ROALUY5ISzUeGYCKZuRWRAZaYaBNUwYTgzL48TxrHZadSPrmrlKrnWRx52IN9OAIHTqEKN1CDOhCQ8Ayv8GY9WS/Wu/Uxbc1Z2cwu/IH1+QOtg5H5</latexit>

D0

<latexit sha1_base64="CzXiZ+wdGMszzLwP0sID13wXysA=">AAAB63icbVBNSwMxEJ2tX7V+VT16CRbRU9mVFj1JQQ8eK9gPaJeSTbNtaJJdkqxQlv4FLx4U8eof8ua/MdvuQVsfDDzem2FmXhBzpo3rfjuFtfWNza3idmlnd2//oHx41NZRoghtkYhHqhtgTTmTtGWY4bQbK4pFwGknmNxmfueJKs0i+WimMfUFHkkWMoJNJqV357NBueJW3TnQKvFyUoEczUH5qz+MSCKoNIRjrXueGxs/xcowwums1E80jTGZ4BHtWSqxoNpP57fO0JlVhiiMlC1p0Fz9PZFiofVUBLZTYDPWy14m/uf1EhNe+ymTcWKoJItFYcKRiVD2OBoyRYnhU0swUczeisgYK0yMjadkQ/CWX14l7cuqV6vWH2qVxk0eRxFO4BQuwIMraMA9NKEFBMbwDK/w5gjnxXl3PhatBSefOYY/cD5/ALy5jgk=</latexit>

d(D,D0) < ✏

<latexit sha1_base64="H6iJ+6pkeeWfMdLKUp0HSahMWy0=">AAAB+3icbVDLSgNBEJyNrxhfMR69DAYxgoRdiehBJGAOHiOYByRLmJ3tJENmH8zMimHZX/HiQRGv/og3/8bZZA+aWNBQVHXT3eWEnEllmt9GbmV1bX0jv1nY2t7Z3Svul9oyiASFFg14ILoOkcCZDy3FFIduKIB4DoeOM7lN/c4jCMkC/0FNQ7A9MvLZkFGitDQoltxK4yxunCSn130IJeOpWDar5gx4mVgZKaMMzUHxq+8GNPLAV5QTKXuWGSo7JkIxyiEp9CMJIaETMoKepj7xQNrx7PYEH2vFxcNA6PIVnqm/J2LiSTn1HN3pETWWi14q/uf1IjW8smPmh5ECn84XDSOOVYDTILDLBFDFp5oQKpi+FdMxEYQqHVdBh2AtvrxM2udVq1a9uK+V6zdZHHl0iI5QBVnoEtXRHWqiFqLoCT2jV/RmJMaL8W58zFtzRjZzgP7A+PwBjFaTfQ==</latexit>

• “Probably approximately correct” learning of distribution classes

• Classical• Quantum
Sweke, Seifert, Hangleiter, Eisert, Quantum 5, 417 (2021) 



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


• Classical• Quantum

QUANTUM ADVANTAGES IN PROBABILISTIC MODELLING?

• Can there be a quantum advantage? Are there distibutions that

• are efficiently quantum  
generator learnable?

• are not efficiently classical  
generator learnable?

• For the Kullback Leibler divergence  
and the natural sample oracle? YES!

* under the decisional Diffie-Hellman assumption  
   for the group family of quadratic residues 


*

Sweke, Seifert, Hangleiter, Eisert, Quantum 5, 417 (2021) 



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


• It is quantum easy

• Classical• Quantum

• Is it classical hard

HINT AT THE PROOF

Sweke, Seifert, Hangleiter, Eisert, Quantum 5, 417 (2021) 



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


<latexit sha1_base64="eW02xpewGhf16t7GMClusL0eWGo=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqCcJCOIxAfOAZAmzk04yZnZ2mZkVwpIv8OJBEa9+kjf/xkmyB00saCiquunuCmLBtXHdbye3srq2vpHfLGxt7+zuFfcPGjpKFMM6i0SkWgHVKLjEuuFGYCtWSMNAYDMY3U795hMqzSP5YMYx+iEdSN7njBor1e66xZJbdmcgy8TLSAkyVLvFr04vYkmI0jBBtW57bmz8lCrDmcBJoZNojCkb0QG2LZU0RO2ns0Mn5MQqPdKPlC1pyEz9PZHSUOtxGNjOkJqhXvSm4n9eOzH9az/lMk4MSjZf1E8EMRGZfk16XCEzYmwJZYrbWwkbUkWZsdkUbAje4svLpHFW9i7L57WLUuUmiyMPR3AMp+DBFVTgHqpQBwYIz/AKb86j8+K8Ox/z1pyTzRzCHzifP5vZjM4=</latexit>

F

• Pseudorandom function
• A collection of keyed functions                                that cannot be 

distinguished from uniformly random functions                         by 
any polynomial time algorithm     

{Fk : D ! D0}k2K

<latexit sha1_base64="3mbRJBNkAllkQ0KSCJBPsymMnXw=">AAACEXicbVDLSsNAFJ34rPUVdelmsIhdlUQqigspWERwU8E+oAlhMp22QyaTMDNRSsgvuPFX3LhQxK07d/6N0zYLbT1w4XDOvdx7jx8zKpVlfRsLi0vLK6uFteL6xubWtrmz25JRIjBp4ohFouMjSRjlpKmoYqQTC4JCn5G2H1yO/fY9EZJG/E6NYuKGaMBpn2KktOSZZSe98oJzWHcEHQwVEiJ6gPUjJ/PSwKEcpg5GDN5kmWeWrIo1AZwndk5KIEfDM7+cXoSTkHCFGZKya1uxclMkFMWMZEUnkSRGOEAD0tWUo5BIN518lMFDrfRgPxK6uIIT9fdEikIpR6GvO0OkhnLWG4v/ed1E9c/clPI4UYTj6aJ+wqCK4Dge2KOCYMVGmiAsqL4V4iESCCsdYlGHYM++PE9axxW7Wjm5rZZqF3kcBbAPDkAZ2OAU1MA1aIAmwOARPINX8GY8GS/Gu/ExbV0w8pk98AfG5w+AsZzR</latexit>

{F : D ! D0}

<latexit sha1_base64="KBiiuDRhLCwHZfytEuuro7tuzC0=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2ARXZUZqSgupGARlxXsAzpDyaSZNjSTDElGKWMX/oobF4q49Tfc+Tem7Sy09cCFwzn3cu89Qcyo0o7zbeUWFpeWV/KrhbX1jc0te3unoUQiMaljwYRsBUgRRjmpa6oZacWSoChgpBkMrsZ+855IRQW/08OY+BHqcRpSjLSROvael15fwKonaa+vkZTiAVaPvFHHLjolZwI4T9yMFEGGWsf+8roCJxHhGjOkVNt1Yu2nSGqKGRkVvESRGOEB6pG2oRxFRPnp5P4RPDRKF4ZCmuIaTtTfEymKlBpGgemMkO6rWW8s/ue1Ex2e+ynlcaIJx9NFYcKgFnAcBuxSSbBmQ0MQltTcCnEfSYS1iaxgQnBnX54njZOSWy6d3paLlcssjjzYBwfgGLjgDFTADaiBOsDgETyDV/BmPVkv1rv1MW3NWdnMLvgD6/MHySWVTw==</latexit>

A

<latexit sha1_base64="wyICuIF87IzbQm2lSq0neFDccHk=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0ZNUvHisYD+gDWWz3bRLN5u4OxFK6J/w4kERr/4db/4bt20O2vpg4PHeDDPzgkQKg6777RRWVtfWN4qbpa3tnd298v5B08SpZrzBYhnrdkANl0LxBgqUvJ1oTqNA8lYwup36rSeujYjVA44T7kd0oEQoGEUrtbMuo5LcTHrlilt1ZyDLxMtJBXLUe+Wvbj9macQVMkmN6Xhugn5GNQom+aTUTQ1PKBvRAe9YqmjEjZ/N7p2QE6v0SRhrWwrJTP09kdHImHEU2M6I4tAselPxP6+TYnjlZ0IlKXLF5ovCVBKMyfR50heaM5RjSyjTwt5K2JBqytBGVLIheIsvL5PmWdU7r17cn1dq13kcRTiCYzgFDy6hBndQhwYwkPAMr/DmPDovzrvzMW8tOPnMIfyB8/kDoj+Psw==</latexit>

{Fk : D ! D0}k2K

<latexit sha1_base64="3mbRJBNkAllkQ0KSCJBPsymMnXw=">AAACEXicbVDLSsNAFJ34rPUVdelmsIhdlUQqigspWERwU8E+oAlhMp22QyaTMDNRSsgvuPFX3LhQxK07d/6N0zYLbT1w4XDOvdx7jx8zKpVlfRsLi0vLK6uFteL6xubWtrmz25JRIjBp4ohFouMjSRjlpKmoYqQTC4JCn5G2H1yO/fY9EZJG/E6NYuKGaMBpn2KktOSZZSe98oJzWHcEHQwVEiJ6gPUjJ/PSwKEcpg5GDN5kmWeWrIo1AZwndk5KIEfDM7+cXoSTkHCFGZKya1uxclMkFMWMZEUnkSRGOEAD0tWUo5BIN518lMFDrfRgPxK6uIIT9fdEikIpR6GvO0OkhnLWG4v/ed1E9c/clPI4UYTj6aJ+wqCK4Dge2KOCYMVGmiAsqL4V4iESCCsdYlGHYM++PE9axxW7Wjm5rZZqF3kcBbAPDkAZ2OAU1MA1aIAmwOARPINX8GY8GS/Gu/ExbV0w8pk98AfG5w+AsZzR</latexit>

{F : D ! D0}

<latexit sha1_base64="KBiiuDRhLCwHZfytEuuro7tuzC0=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2ARXZUZqSgupGARlxXsAzpDyaSZNjSTDElGKWMX/oobF4q49Tfc+Tem7Sy09cCFwzn3cu89Qcyo0o7zbeUWFpeWV/KrhbX1jc0te3unoUQiMaljwYRsBUgRRjmpa6oZacWSoChgpBkMrsZ+855IRQW/08OY+BHqcRpSjLSROvael15fwKonaa+vkZTiAVaPvFHHLjolZwI4T9yMFEGGWsf+8roCJxHhGjOkVNt1Yu2nSGqKGRkVvESRGOEB6pG2oRxFRPnp5P4RPDRKF4ZCmuIaTtTfEymKlBpGgemMkO6rWW8s/ue1Ex2e+ynlcaIJx9NFYcKgFnAcBuxSSbBmQ0MQltTcCnEfSYS1iaxgQnBnX54njZOSWy6d3paLlcssjjzYBwfgGLjgDFTADaiBOsDgETyDV/BmPVkv1rv1MW3NWdnMLvgD6/MHySWVTw==</latexit>

A

<latexit sha1_base64="wyICuIF87IzbQm2lSq0neFDccHk=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0ZNUvHisYD+gDWWz3bRLN5u4OxFK6J/w4kERr/4db/4bt20O2vpg4PHeDDPzgkQKg6777RRWVtfWN4qbpa3tnd298v5B08SpZrzBYhnrdkANl0LxBgqUvJ1oTqNA8lYwup36rSeujYjVA44T7kd0oEQoGEUrtbMuo5LcTHrlilt1ZyDLxMtJBXLUe+Wvbj9macQVMkmN6Xhugn5GNQom+aTUTQ1PKBvRAe9YqmjEjZ/N7p2QE6v0SRhrWwrJTP09kdHImHEU2M6I4tAselPxP6+TYnjlZ0IlKXLF5ovCVBKMyfR50heaM5RjSyjTwt5K2JBqytBGVLIheIsvL5PmWdU7r17cn1dq13kcRTiCYzgFDy6hBndQhwYwkPAMr/DmPDovzrvzMW8tOPnMIfyB8/kDoj+Psw==</latexit>

<latexit sha1_base64="QXqxAS93kjIgqFnM+yj7pAz2M4s=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU1JMUBPFY0X5AG8pmu2mXbjZhdyKU0J/gxYMiXv1F3vw3btsctPpg4PHeDDPzgkQKg6775RSWlldW14rrpY3Nre2d8u5e08SpZrzBYhnrdkANl0LxBgqUvJ1oTqNA8lYwup76rUeujYjVA44T7kd0oEQoGEUr3d/0Rr1yxa26M5C/xMtJBXLUe+XPbj9macQVMkmN6Xhugn5GNQom+aTUTQ1PKBvRAe9YqmjEjZ/NTp2QI6v0SRhrWwrJTP05kdHImHEU2M6I4tAselPxP6+TYnjpZ0IlKXLF5ovCVBKMyfRv0heaM5RjSyjTwt5K2JBqytCmU7IheIsv/yXNk6p3Xj29O6vUrvI4inAAh3AMHlxADW6hDg1gMIAneIFXRzrPzpvzPm8tOPnMPvyC8/ENGNSNrA==</latexit>

Fk

HINT AT THE PROOF: CLASSICAL PART

• Classical• Quantum
Kearns, Mansour, Sellie, STOC  (1994)



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


<latexit sha1_base64="eW02xpewGhf16t7GMClusL0eWGo=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqCcJCOIxAfOAZAmzk04yZnZ2mZkVwpIv8OJBEa9+kjf/xkmyB00saCiquunuCmLBtXHdbye3srq2vpHfLGxt7+zuFfcPGjpKFMM6i0SkWgHVKLjEuuFGYCtWSMNAYDMY3U795hMqzSP5YMYx+iEdSN7njBor1e66xZJbdmcgy8TLSAkyVLvFr04vYkmI0jBBtW57bmz8lCrDmcBJoZNojCkb0QG2LZU0RO2ns0Mn5MQqPdKPlC1pyEz9PZHSUOtxGNjOkJqhXvSm4n9eOzH9az/lMk4MSjZf1E8EMRGZfk16XCEzYmwJZYrbWwkbUkWZsdkUbAje4svLpHFW9i7L57WLUuUmiyMPR3AMp+DBFVTgHqpQBwYIz/AKb86j8+K8Ox/z1pyTzRzCHzifP5vZjM4=</latexit>

F

• Pseudorandom function
• A collection of keyed functions                                that cannot be 

distinguished from uniformly random functions                         by 
any polynomial time algorithm     

{Fk : D ! D0}k2K

<latexit sha1_base64="3mbRJBNkAllkQ0KSCJBPsymMnXw=">AAACEXicbVDLSsNAFJ34rPUVdelmsIhdlUQqigspWERwU8E+oAlhMp22QyaTMDNRSsgvuPFX3LhQxK07d/6N0zYLbT1w4XDOvdx7jx8zKpVlfRsLi0vLK6uFteL6xubWtrmz25JRIjBp4ohFouMjSRjlpKmoYqQTC4JCn5G2H1yO/fY9EZJG/E6NYuKGaMBpn2KktOSZZSe98oJzWHcEHQwVEiJ6gPUjJ/PSwKEcpg5GDN5kmWeWrIo1AZwndk5KIEfDM7+cXoSTkHCFGZKya1uxclMkFMWMZEUnkSRGOEAD0tWUo5BIN518lMFDrfRgPxK6uIIT9fdEikIpR6GvO0OkhnLWG4v/ed1E9c/clPI4UYTj6aJ+wqCK4Dge2KOCYMVGmiAsqL4V4iESCCsdYlGHYM++PE9axxW7Wjm5rZZqF3kcBbAPDkAZ2OAU1MA1aIAmwOARPINX8GY8GS/Gu/ExbV0w8pk98AfG5w+AsZzR</latexit>

{F : D ! D0}

<latexit sha1_base64="KBiiuDRhLCwHZfytEuuro7tuzC0=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2ARXZUZqSgupGARlxXsAzpDyaSZNjSTDElGKWMX/oobF4q49Tfc+Tem7Sy09cCFwzn3cu89Qcyo0o7zbeUWFpeWV/KrhbX1jc0te3unoUQiMaljwYRsBUgRRjmpa6oZacWSoChgpBkMrsZ+855IRQW/08OY+BHqcRpSjLSROvael15fwKonaa+vkZTiAVaPvFHHLjolZwI4T9yMFEGGWsf+8roCJxHhGjOkVNt1Yu2nSGqKGRkVvESRGOEB6pG2oRxFRPnp5P4RPDRKF4ZCmuIaTtTfEymKlBpGgemMkO6rWW8s/ue1Ex2e+ynlcaIJx9NFYcKgFnAcBuxSSbBmQ0MQltTcCnEfSYS1iaxgQnBnX54njZOSWy6d3paLlcssjjzYBwfgGLjgDFTADaiBOsDgETyDV/BmPVkv1rv1MW3NWdnMLvgD6/MHySWVTw==</latexit>

A

<latexit sha1_base64="wyICuIF87IzbQm2lSq0neFDccHk=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0ZNUvHisYD+gDWWz3bRLN5u4OxFK6J/w4kERr/4db/4bt20O2vpg4PHeDDPzgkQKg6777RRWVtfWN4qbpa3tnd298v5B08SpZrzBYhnrdkANl0LxBgqUvJ1oTqNA8lYwup36rSeujYjVA44T7kd0oEQoGEUrtbMuo5LcTHrlilt1ZyDLxMtJBXLUe+Wvbj9macQVMkmN6Xhugn5GNQom+aTUTQ1PKBvRAe9YqmjEjZ/N7p2QE6v0SRhrWwrJTP09kdHImHEU2M6I4tAselPxP6+TYnjlZ0IlKXLF5ovCVBKMyfR50heaM5RjSyjTwt5K2JBqytBGVLIheIsvL5PmWdU7r17cn1dq13kcRTiCYzgFDy6hBndQhwYwkPAMr/DmPDovzrvzMW8tOPnMIfyB8/kDoj+Psw==</latexit>

{Fk : D ! D0}k2K

<latexit sha1_base64="3mbRJBNkAllkQ0KSCJBPsymMnXw=">AAACEXicbVDLSsNAFJ34rPUVdelmsIhdlUQqigspWERwU8E+oAlhMp22QyaTMDNRSsgvuPFX3LhQxK07d/6N0zYLbT1w4XDOvdx7jx8zKpVlfRsLi0vLK6uFteL6xubWtrmz25JRIjBp4ohFouMjSRjlpKmoYqQTC4JCn5G2H1yO/fY9EZJG/E6NYuKGaMBpn2KktOSZZSe98oJzWHcEHQwVEiJ6gPUjJ/PSwKEcpg5GDN5kmWeWrIo1AZwndk5KIEfDM7+cXoSTkHCFGZKya1uxclMkFMWMZEUnkSRGOEAD0tWUo5BIN518lMFDrfRgPxK6uIIT9fdEikIpR6GvO0OkhnLWG4v/ed1E9c/clPI4UYTj6aJ+wqCK4Dge2KOCYMVGmiAsqL4V4iESCCsdYlGHYM++PE9axxW7Wjm5rZZqF3kcBbAPDkAZ2OAU1MA1aIAmwOARPINX8GY8GS/Gu/ExbV0w8pk98AfG5w+AsZzR</latexit>

{F : D ! D0}

<latexit sha1_base64="KBiiuDRhLCwHZfytEuuro7tuzC0=">AAAB/3icbVDLSgMxFM3UV62vUcGNm2ARXZUZqSgupGARlxXsAzpDyaSZNjSTDElGKWMX/oobF4q49Tfc+Tem7Sy09cCFwzn3cu89Qcyo0o7zbeUWFpeWV/KrhbX1jc0te3unoUQiMaljwYRsBUgRRjmpa6oZacWSoChgpBkMrsZ+855IRQW/08OY+BHqcRpSjLSROvael15fwKonaa+vkZTiAVaPvFHHLjolZwI4T9yMFEGGWsf+8roCJxHhGjOkVNt1Yu2nSGqKGRkVvESRGOEB6pG2oRxFRPnp5P4RPDRKF4ZCmuIaTtTfEymKlBpGgemMkO6rWW8s/ue1Ex2e+ynlcaIJx9NFYcKgFnAcBuxSSbBmQ0MQltTcCnEfSYS1iaxgQnBnX54njZOSWy6d3paLlcssjjzYBwfgGLjgDFTADaiBOsDgETyDV/BmPVkv1rv1MW3NWdnMLvgD6/MHySWVTw==</latexit>

A

<latexit sha1_base64="wyICuIF87IzbQm2lSq0neFDccHk=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0ZNUvHisYD+gDWWz3bRLN5u4OxFK6J/w4kERr/4db/4bt20O2vpg4PHeDDPzgkQKg6777RRWVtfWN4qbpa3tnd298v5B08SpZrzBYhnrdkANl0LxBgqUvJ1oTqNA8lYwup36rSeujYjVA44T7kd0oEQoGEUrtbMuo5LcTHrlilt1ZyDLxMtJBXLUe+Wvbj9macQVMkmN6Xhugn5GNQom+aTUTQ1PKBvRAe9YqmjEjZ/N7p2QE6v0SRhrWwrJTP09kdHImHEU2M6I4tAselPxP6+TYnjlZ0IlKXLF5ovCVBKMyfR50heaM5RjSyjTwt5K2JBqytBGVLIheIsvL5PmWdU7r17cn1dq13kcRTiCYzgFDy6hBndQhwYwkPAMr/DmPDovzrvzMW8tOPnMIfyB8/kDoj+Psw==</latexit>

<latexit sha1_base64="QXqxAS93kjIgqFnM+yj7pAz2M4s=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU1JMUBPFY0X5AG8pmu2mXbjZhdyKU0J/gxYMiXv1F3vw3btsctPpg4PHeDDPzgkQKg6775RSWlldW14rrpY3Nre2d8u5e08SpZrzBYhnrdkANl0LxBgqUvJ1oTqNA8lYwup76rUeujYjVA44T7kd0oEQoGEUr3d/0Rr1yxa26M5C/xMtJBXLUe+XPbj9macQVMkmN6Xhugn5GNQom+aTUTQ1PKBvRAe9YqmjEjZ/NTp2QI6v0SRhrWwrJTP05kdHImHEU2M6I4tAselPxP6+TYnjpZ0IlKXLF5ovCVBKMyfRv0heaM5RjSyjTwt5K2JBqytCmU7IheIsv/yXNk6p3Xj29O6vUrvI4inAAh3AMHlxADW6hDg1gMIAneIFXRzrPzpvzPm8tOPnMPvyC8/ENGNSNrA==</latexit>

Fk

HINT AT THE PROOF: CLASSICAL PART

• Classical• Quantum
Kearns, Mansour, Sellie, STOC  (1994)

• Theorem
• Given a classical secure pseudorandom function           , the 

distribution class           defined by the “Kearns generator” 
 
 
cannot be efficiently classically generator learned

{Fk}k

<latexit sha1_base64="62OtJWyo2HnaQqOjwpL9I4m/QN8=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0ZMUBPFYwX5IE8Jmu2mX7m7C7kYoob/CiwdFvPpzvPlv3LY5aOuDgcd7M8zMi1LOtHHdb6e0srq2vlHerGxt7+zuVfcP2jrJFKEtkvBEdSOsKWeStgwznHZTRbGIOO1Eo5up33miSrNEPphxSgOBB5LFjGBjpUc/vw1H/iQchdWaW3dnQMvEK0gNCjTD6pffT0gmqDSEY617npuaIMfKMMLppOJnmqaYjPCA9iyVWFAd5LODJ+jEKn0UJ8qWNGim/p7IsdB6LCLbKbAZ6kVvKv7n9TITXwU5k2lmqCTzRXHGkUnQ9HvUZ4oSw8eWYKKYvRWRIVaYGJtRxYbgLb68TNpnde+8fnF/XmtcF3GU4QiO4RQ8uIQG3EETWkBAwDO8wpujnBfn3fmYt5acYuYQ/sD5/AHEbJBi</latexit>

{Dk}k

<latexit sha1_base64="SFDuGxgctPWeMl0P2Cc2jAjfziA=">AAAB8HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lE0ZMU9OCxgv2QJoTNdtMu3d2E3Y1QQn+FFw+KePXnePPfuG1z0NYHA4/3ZpiZF6WcaeO6305pZXVtfaO8Wdna3tndq+4ftHWSKUJbJOGJ6kZYU84kbRlmOO2mimIRcdqJRjdTv/NElWaJfDDjlAYCDySLGcHGSo9+fhuO/Ek4Cqs1t+7OgJaJV5AaFGiG1S+/n5BMUGkIx1r3PDc1QY6VYYTTScXPNE0xGeEB7VkqsaA6yGcHT9CJVfooTpQtadBM/T2RY6H1WES2U2Az1IveVPzP62UmvgpyJtPMUEnmi+KMI5Og6feozxQlho8twUQxeysiQ6wwMTajig3BW3x5mbTP6t55/eL+vNa4LuIowxEcwyl4cAkNuIMmtICAgGd4hTdHOS/Ou/Mxby05xcwh/IHz+QPBWJBg</latexit>

KGENk(x) = x||Fk(x)

<latexit sha1_base64="bZJAJOL9ry+2fNhLXe7fc0Jd7nQ=">AAACBXicbVDLSgMxFM3UV62vUZe6CBahbsqMVHSjFMQHCFLBPqAdhkyaaUMzD5KMtEy7ceOvuHGhiFv/wZ1/YzqdhbYeuHByzr3k3uOEjAppGN9aZm5+YXEpu5xbWV1b39A3t2oiiDgmVRywgDccJAijPqlKKhlphJwgz2Gk7vTOx379gXBBA/9eDkJieajjU5diJJVk67txi3vw5uridmT3Cv0DeAr7wyG8TB62njeKRgI4S8yU5EGKiq1/tdoBjjziS8yQEE3TCKUVIy4pZmSUa0WChAj3UIc0FfWRR4QVJ1eM4L5S2tANuCpfwkT9PREjT4iB56hOD8mumPbG4n9eM5LuiRVTP4wk8fHkIzdiUAZwHAlsU06wZANFEOZU7QpxF3GEpQoup0Iwp0+eJbXDolkqHt2V8uWzNI4s2AF7oABMcAzK4BpUQBVg8AiewSt40560F+1d+5i0ZrR0Zhv8gfb5A51jlrg=</latexit>
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• Quantum

•   pseudorandom generator9

<latexit sha1_base64="q0fxi3Yc4tmA1c754WVlgDyV3xg=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoicpePFYwX5AG8pmO2mXbjZhdyOW0B/hxYMiXv093vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2d++xGV5rF8MJME/YgOJQ85o8ZK7R4+2R26X664VXcOskq8nFQgR6Nf/uoNYpZGKA0TVOuu5ybGz6gynAmclnqpxoSyMR1i11JJI9R+Nj93Ss6sMiBhrGxJQ+bq74mMRlpPosB2RtSM9LI3E//zuqkJr/2MyyQ1KNliUZgKYmIy+50MuEJmxMQSyhS3txI2oooyYxMq2RC85ZdXSeui6tWql/e1Sv0mj6MIJ3AK5+DBFdThDhrQBAZjeIZXeHMS58V5dz4WrQUnnzmGP3A+fwCeBI/A</latexit>

•   pseudorandom function9

<latexit sha1_base64="q0fxi3Yc4tmA1c754WVlgDyV3xg=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoicpePFYwX5AG8pmO2mXbjZhdyOW0B/hxYMiXv093vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2d++xGV5rF8MJME/YgOJQ85o8ZK7R4+2R26X664VXcOskq8nFQgR6Nf/uoNYpZGKA0TVOuu5ybGz6gynAmclnqpxoSyMR1i11JJI9R+Nj93Ss6sMiBhrGxJQ+bq74mMRlpPosB2RtSM9LI3E//zuqkJr/2MyyQ1KNliUZgKYmIy+50MuEJmxMQSyhS3txI2oooyYxMq2RC85ZdXSeui6tWql/e1Sv0mj6MIJ3AK5+DBFdThDhrQBAZjeIZXeHMS58V5dz4WrQUnnzmGP3A+fwCeBI/A</latexit>

Sweke, Seifert, Hangleiter, Eisert, Quantum 5, 417 (2021) 

Shor, SIAM J Comp 26, 1484 (1997)

• Classical

•  one-way function9

<latexit sha1_base64="q0fxi3Yc4tmA1c754WVlgDyV3xg=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoicpePFYwX5AG8pmO2mXbjZhdyOW0B/hxYMiXv093vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2d++xGV5rF8MJME/YgOJQ85o8ZK7R4+2R26X664VXcOskq8nFQgR6Nf/uoNYpZGKA0TVOuu5ybGz6gynAmclnqpxoSyMR1i11JJI9R+Nj93Ss6sMiBhrGxJQ+bq74mMRlpPosB2RtSM9LI3E//zuqkJr/2MyyQ1KNliUZgKYmIy+50MuEJmxMQSyhS3txI2oooyYxMq2RC85ZdXSeui6tWql/e1Sv0mj6MIJ3AK5+DBFdThDhrQBAZjeIZXeHMS58V5dz4WrQUnnzmGP3A+fwCeBI/A</latexit>

•   hard-to-learn distribution class9

<latexit sha1_base64="q0fxi3Yc4tmA1c754WVlgDyV3xg=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoicpePFYwX5AG8pmO2mXbjZhdyOW0B/hxYMiXv093vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2d++xGV5rF8MJME/YgOJQ85o8ZK7R4+2R26X664VXcOskq8nFQgR6Nf/uoNYpZGKA0TVOuu5ybGz6gynAmclnqpxoSyMR1i11JJI9R+Nj93Ss6sMiBhrGxJQ+bq74mMRlpPosB2RtSM9LI3E//zuqkJr/2MyyQ1KNliUZgKYmIy+50MuEJmxMQSyhS3txI2oooyYxMq2RC85ZdXSeui6tWql/e1Sv0mj6MIJ3AK5+DBFdThDhrQBAZjeIZXeHMS58V5dz4WrQUnnzmGP3A+fwCeBI/A</latexit>

HINT AT THE PROOF: QUANTUM PART
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•   pseudorandom generator9

<latexit sha1_base64="q0fxi3Yc4tmA1c754WVlgDyV3xg=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoicpePFYwX5AG8pmO2mXbjZhdyOW0B/hxYMiXv093vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2d++xGV5rF8MJME/YgOJQ85o8ZK7R4+2R26X664VXcOskq8nFQgR6Nf/uoNYpZGKA0TVOuu5ybGz6gynAmclnqpxoSyMR1i11JJI9R+Nj93Ss6sMiBhrGxJQ+bq74mMRlpPosB2RtSM9LI3E//zuqkJr/2MyyQ1KNliUZgKYmIy+50MuEJmxMQSyhS3txI2oooyYxMq2RC85ZdXSeui6tWql/e1Sv0mj6MIJ3AK5+DBFdThDhrQBAZjeIZXeHMS58V5dz4WrQUnnzmGP3A+fwCeBI/A</latexit>

• Quantum
Sweke, Seifert, Hangleiter, Eisert, Quantum 5, 417 (2021) 


Shor, SIAM J Comp 26, 1484 (1997)

• Classical

9

<latexit sha1_base64="q0fxi3Yc4tmA1c754WVlgDyV3xg=">AAAB7nicbVBNS8NAEJ3Ur1q/qh69LBbBU0mkoicpePFYwX5AG8pmO2mXbjZhdyOW0B/hxYMiXv093vw3btsctPXBwOO9GWbmBYng2rjut1NYW9/Y3Cpul3Z29/YPyodHLR2nimGTxSJWnYBqFFxi03AjsJMopFEgsB2Mb2d++xGV5rF8MJME/YgOJQ85o8ZK7R4+2R26X664VXcOskq8nFQgR6Nf/uoNYpZGKA0TVOuu5ybGz6gynAmclnqpxoSyMR1i11JJI9R+Nj93Ss6sMiBhrGxJQ+bq74mMRlpPosB2RtSM9LI3E//zuqkJr/2MyyQ1KNliUZgKYmIy+50MuEJmxMQSyhS3txI2oooyYxMq2RC85ZdXSeui6tWql/e1Sv0mj6MIJ3AK5+DBFdThDhrQBAZjeIZXeHMS58V5dz4WrQUnnzmGP3A+fwCeBI/A</latexit>

•  one-way function

• Cracking hard-to-learn distribution classes with a QC

HINT AT THE PROOF: QUANTUM PART
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• There is a proven quantum generator learning advantage:  
“Quantum computers learn (exponentially) more efficiently”

LESSON

Sweke, Seifert, Hangleiter, Eisert, Quantum 5, 417 (2021) 
Pirnay, Sweke, Eisert, Seifert, Phys Rev A 107, 042416 (2023) 

Liu, Arunachalam, Temme, Nature Phys 17, 1013 (2021) 

>

<latexit sha1_base64="IwbgtZWhCPBrOV1AnjNOo7/vnWo=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKRE8h4MVjAuYByRJmJ73JmNnZZWZWCCFf4MWDIl79JG/+jZNkD5pY0FBUddPdFSSCa+O6305uY3Nreye/W9jbPzg8Kh6ftHScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvpv77SdUmsfywUwS9CM6lDzkjBorNar9YsktuwuQdeJlpAQZ6v3iV28QszRCaZigWnc9NzH+lCrDmcBZoZdqTCgb0yF2LZU0Qu1PF4fOyIVVBiSMlS1pyEL9PTGlkdaTKLCdETUjverNxf+8bmrCW3/KZZIalGy5KEwFMTGZf00GXCEzYmIJZYrbWwkbUUWZsdkUbAje6svrpHVV9irl60alVKtmceThDM7hEjy4gRrcQx2awADhGV7hzXl0Xpx352PZmnOymVP4A+fzB4+1jMY=</latexit>
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CAN QUANTUM COMPUTERS HELP IN CLASSICAL TRAINING?

• Can classical networks be better trained with quantum computers?

Liu, Liu, Liu, Ye, Alexeev, Eisert, Liang, submitted to Nature Communications, arXiv:2303.03428 (2023)  
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CAN QUANTUM COMPUTERS HELP IN CLASSICAL TRAINING?

• Can classical networks be better trained with quantum computers?

• Devise variants of HHL for training  
sparse (pruned) classical networks

Liu, Liu, Liu, Ye, Alexeev, Eisert, Liang, submitted to Nature Communications, arXiv:2303.03428 (2023)  
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CAN QUANTUM COMPUTERS HELP IN CLASSICAL TRAINING?

• Can classical networks be better trained with quantum computers?

• Quantum algorithms can have superpolynomial speedups over 
stochastic gradient descent in training pruned classical networks

• Devise variants of HHL for training  
sparse (pruned) classical networks

Liu, Liu, Liu, Ye, Alexeev, Eisert, Liang, submitted to Nature Communications, arXiv:2303.03428 (2023)  
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CAN QUANTUM COMPUTERS HELP IN CLASSICAL TRAINING?

Liu, Liu, Liu, Ye, Alexeev, Eisert, Liang, submitted to Nature Communications, arXiv:2303.03428 (2023)  

>

<latexit sha1_base64="IwbgtZWhCPBrOV1AnjNOo7/vnWo=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKexKRE8h4MVjAuYByRJmJ73JmNnZZWZWCCFf4MWDIl79JG/+jZNkD5pY0FBUddPdFSSCa+O6305uY3Nreye/W9jbPzg8Kh6ftHScKoZNFotYdQKqUXCJTcONwE6ikEaBwHYwvpv77SdUmsfywUwS9CM6lDzkjBorNar9YsktuwuQdeJlpAQZ6v3iV28QszRCaZigWnc9NzH+lCrDmcBZoZdqTCgb0yF2LZU0Qu1PF4fOyIVVBiSMlS1pyEL9PTGlkdaTKLCdETUjverNxf+8bmrCW3/KZZIalGy5KEwFMTGZf00GXCEzYmIJZYrbWwkbUUWZsdkUbAje6svrpHVV9irl60alVKtmceThDM7hEjy4gRrcQx2awADhGV7hzXl0Xpx352PZmnOymVP4A+fzB4+1jMY=</latexit>

• Quantum algorithms can have superpolynomial speedups over 
stochastic gradient descent in training pruned classical networks

• For unstructured data, but still fault tolerant quantum computers



LEARNING THE OUTPUT DISTRIBUTION 
OF QUANTUM CIRCUITS  

Hinsche, Ioannou, Nietner, Haferkamp, Quek, Hangleiter, Seifert, Eisert, Sweke, Phys Rev Lett 130, 240602 (2023) 
Haferkamp, Montealegre-Mora, Heinrich, Eisert, Gross, Roth, Comm Math Phys 397, 995-1041 (2023) 
Nietner, Ioannou, Sweke, Kueng, Eisert, Hinsche, Haferkamp, arXiv:2305.05765 (2023) 
Hinsche, Ioannou, Nietner, Haferkamp, Quek, Hangleiter, Seifert, Eisert, Sweke, arXiv:2110.05517 (2021)

https://arxiv.org/abs/1803.00572
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• Question: Can we find a near-term quantum-classical separation?

TOWARDS NEAR-TERM SEPARATIONS?

Hinsche, Ioannou, Nietner, Haferkamp, Quek, Hangleiter, Seifert, Eisert, Sweke, Phys Rev Lett 130, 240602 (2023) 
Hinsche, Ioannou, Nietner, Haferkamp, Quek, Hangleiter, Seifert, Eisert, Sweke, arXiv:2110.05517 (2021)
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Hinsche, Ioannou, Nietner, Haferkamp, Quek, Hangleiter, Seifert, Eisert, Sweke, Phys Rev Lett 130, 240602 (2023) 
Hinsche, Ioannou, Nietner, Haferkamp, Quek, Hangleiter, Seifert, Eisert, Sweke, arXiv:2110.05517 (2021)

TOWARDS NEAR-TERM SEPARATIONS?

• Hard to classically simulate, but to learn?

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

d

•         : product distributions<latexit sha1_base64="77AWP2h5zQs1LlQwbEgWjlz+1SI=">AAAB6nicbVBNS8NAEJ3Ur1q/qh69LBbBU0lU1ItS8OKxov2ANpTNdtMu3WzC7kQooT/BiwdFvPqLvPlv3LY5aPXBwOO9GWbmBYkUBl33yyksLa+srhXXSxubW9s75d29polTzXiDxTLW7YAaLoXiDRQoeTvRnEaB5K1gdDP1W49cGxGrBxwn3I/oQIlQMIpWuu9feb1yxa26M5C/xMtJBXLUe+XPbj9macQVMkmN6Xhugn5GNQom+aTUTQ1PKBvRAe9YqmjEjZ/NTp2QI6v0SRhrWwrJTP05kdHImHEU2M6I4tAselPxP6+TYnjpZ0IlKXLF5ovCVBKMyfRv0heaM5RjSyjTwt5K2JBqytCmU7IheIsv/yXNk6p3Xj29O6vUrvM4inAAh3AMHlxADW6hDg1gMIAneIFXRzrPzpvzPm8tOPnMPvyC8/ENuueNbg==</latexit>

d = 1

•           : all distributions
<latexit sha1_base64="DVNJ0k6UHdFAYcUZ7bYAM82APno=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSyCp5KoqCcpePFYwX5AE8pmu2mXbjZhd6KEUP+KFw+KePWHePPfuG1z0NYHA4/3ZpiZFySCa3Ccb6u0srq2vlHerGxt7+zu2fsHbR2nirIWjUWsugHRTHDJWsBBsG6iGIkCwTrB+Gbqdx6Y0jyW95AlzI/IUPKQUwJG6tvVgaf4cAREqfgRe1yGkPXtmlN3ZsDLxC1IDRVo9u0vbxDTNGISqCBa91wnAT8nCjgVbFLxUs0SQsdkyHqGShIx7eez4yf42CgDHMbKlAQ8U39P5CTSOosC0xkRGOlFbyr+5/VSCK/8nMskBSbpfFGYCgwxniaBB1wxCiIzhFDFza2YjogiFExeFROCu/jyMmmf1t2L+tndea1xXcRRRofoCJ0gF12iBrpFTdRCFGXoGb2iN+vJerHerY95a8kqZqroD6zPHy4ilRw=</latexit>

d ! 1

• When does hardness set in?

• Take output distributions of quantum circuits themselves

All distributions

Concept class
<latexit sha1_base64="oPiuk8WsYq7he/YqVvg08ecIQVE="></latexit>

C = {PU : depth  d, gates 2 G}
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Hinsche, Ioannou, Nietner, Haferkamp, Quek, Hangleiter, Seifert, Eisert, Sweke, Phys Rev Lett 130, 240602 (2023) 
Hinsche, Ioannou, Nietner, Haferkamp, Quek, Hangleiter, Seifert, Eisert, Sweke, arXiv:2110.05517 (2021)

• Theorem 2: If “standard-secure PRFs” exist, then depth                  
is hard, for generative and density modelling

TOWARDS NEAR-TERM SEPARATIONS?

<latexit sha1_base64="xhCWSfZs+K2J0stwxhOa1MzZKQE=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoJViEeimJinpRCl68WcF+QBvLZjNtl+5uwu5GqKG/xIsHRbz6U7z5b9y2OWjrg4HHezPMzAtiRpV23W8rt7S8srqWXy9sbG5tF+2d3YaKEkmgTiIWyVaAFTAqoK6pZtCKJWAeMGgGw+uJ33wEqWgk7vUoBp/jvqA9SrA2UtcuhpfiIe3ccujjsnc07tolt+JO4SwSLyMllKHWtb86YUQSDkIThpVqe26s/RRLTQmDcaGTKIgxGeI+tA0VmIPy0+nhY+fQKKHTi6QpoZ2p+nsixVypEQ9MJ8d6oOa9ifif105078JPqYgTDYLMFvUS5ujImaTghFQC0WxkCCaSmlsdMsASE22yKpgQvPmXF0njuOKdVU7uTkvVqyyOPNpHB6iMPHSOqugG1VAdEZSgZ/SK3qwn68V6tz5mrTkrm9lDf2B9/gCsEpJx</latexit>

d = n⌦(1)

• Any (quantum and classical) algorithm!
• This time, PRFs cannot even be broken 

by quantum algorithms: No advantage
\

<latexit sha1_base64="xhCWSfZs+K2J0stwxhOa1MzZKQE=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoJViEeimJinpRCl68WcF+QBvLZjNtl+5uwu5GqKG/xIsHRbz6U7z5b9y2OWjrg4HHezPMzAtiRpV23W8rt7S8srqWXy9sbG5tF+2d3YaKEkmgTiIWyVaAFTAqoK6pZtCKJWAeMGgGw+uJ33wEqWgk7vUoBp/jvqA9SrA2UtcuhpfiIe3ccujjsnc07tolt+JO4SwSLyMllKHWtb86YUQSDkIThpVqe26s/RRLTQmDcaGTKIgxGeI+tA0VmIPy0+nhY+fQKKHTi6QpoZ2p+nsixVypEQ9MJ8d6oOa9ifif105078JPqYgTDYLMFvUS5ujImaTghFQC0WxkCCaSmlsdMsASE22yKpgQvPmXF0njuOKdVU7uTkvVqyyOPNpHB6iMPHSOqugG1VAdEZSgZ/SK3qwn68V6tz5mrTkrm9lDf2B9/gCsEpJx</latexit>

d = n⌦(1)

<latexit sha1_base64="wgRxQkKRFLNYQWIMOpNb713u8Ko="></latexit>

C = {PU : d = n⌦(1), gates universal}

<latexit sha1_base64="tm14MfvS+fBfkwnsPUv1MrbDaRQ=">AAACDXicbVC7SgNBFJ2Nrxhfq5Y2g1GITdhVUSsJCGIZxU0CyRJmJ5NkyOyDmbuSsNkfsPFXbCwUsbW382+cPApNPDBwOOdc5t7jRYIrsKxvI7OwuLS8kl3Nra1vbG6Z2zsVFcaSMoeGIpQ1jygmeMAc4CBYLZKM+J5gVa93NfKrD0wqHgb3MIiY65NOwNucEtBS0zxoAOtD4mgtlD4OdRan/eFwIpfvrtNC/6hp5q2iNQaeJ/aU5NEU5ab51WiFNPZZAFQQpeq2FYGbEAmcCpbmGrFiEaE90mF1TQPiM+Um42tSfKiVFtbr6BcAHqu/JxLiKzXwPZ30CXTVrDcS//PqMbQv3IQHUQwsoJOP2rHAEOJRNbjFJaMgBpoQKrneFdMukYSCLjCnS7BnT54nleOifVY8uT3Nly6ndWTRHtpHBWSjc1RCN6iMHETRI3pGr+jNeDJejHfjYxLNGNOZXfQHxucPPXqcRg==</latexit>

Uniform over x||PRF(x)
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Hinsche, Ioannou, Nietner, Haferkamp, Quek, Hangleiter, Seifert, Eisert, Sweke, Phys Rev Lett 130, 240602 (2023) 
Hinsche, Ioannou, Nietner, Haferkamp, Quek, Hangleiter, Seifert, Eisert, Sweke, arXiv:2110.05517 (2021)

• Theorem 3: Depth                        is hard, from statistical queries 

TOWARDS NEAR-TERM SEPARATIONS?

• Think of ”generic” learning algorithms

\

<latexit sha1_base64="xmmjXR50ZavFL6ySpaeIqBwr9hQ=">AAAB+nicbVDLSsNAFJ3UV62vVJdugkVoNyVRUTdKwY3LCvYBTSiTySQdOo8wM1FK7ae4caGIW7/EnX/jtM1CWw9cOJxzL/feE6aUKO2631ZhZXVtfaO4Wdra3tnds8v7bSUyiXALCSpkN4QKU8JxSxNNcTeVGLKQ4k44vJn6nQcsFRH8Xo9SHDCYcBITBLWR+nY5uvIFwwms+lQkVV6r9e2KW3dncJaJl5MKyNHs219+JFDGMNeIQqV6npvqYAylJojiScnPFE4hGsIE9wzlkGEVjGenT5xjo0ROLKQprp2Z+ntiDJlSIxaaTgb1QC16U/E/r5fp+DIYE55mGnM0XxRn1NHCmebgRERipOnIEIgkMbc6aAAlRNqkVTIheIsvL5P2Sd07r5/enVUa13kcRXAIjkAVeOACNMAtaIIWQOARPINX8GY9WS/Wu/Uxby1Y+cwB+APr8wfPSZMN</latexit>

d = !(log(n))

<latexit sha1_base64="xmmjXR50ZavFL6ySpaeIqBwr9hQ=">AAAB+nicbVDLSsNAFJ3UV62vVJdugkVoNyVRUTdKwY3LCvYBTSiTySQdOo8wM1FK7ae4caGIW7/EnX/jtM1CWw9cOJxzL/feE6aUKO2631ZhZXVtfaO4Wdra3tnds8v7bSUyiXALCSpkN4QKU8JxSxNNcTeVGLKQ4k44vJn6nQcsFRH8Xo9SHDCYcBITBLWR+nY5uvIFwwms+lQkVV6r9e2KW3dncJaJl5MKyNHs219+JFDGMNeIQqV6npvqYAylJojiScnPFE4hGsIE9wzlkGEVjGenT5xjo0ROLKQprp2Z+ntiDJlSIxaaTgb1QC16U/E/r5fp+DIYE55mGnM0XxRn1NHCmebgRERipOnIEIgkMbc6aAAlRNqkVTIheIsvL5P2Sd07r5/enVUa13kcRXAIjkAVeOACNMAtaIIWQOARPINX8GY9WS/Wu/Uxby1Y+cwB+APr8wfPSZMN</latexit>

d = !(log(n))
<latexit sha1_base64="xhCWSfZs+K2J0stwxhOa1MzZKQE=">AAAB+HicbVBNS8NAEN3Ur1o/GvXoJViEeimJinpRCl68WcF+QBvLZjNtl+5uwu5GqKG/xIsHRbz6U7z5b9y2OWjrg4HHezPMzAtiRpV23W8rt7S8srqWXy9sbG5tF+2d3YaKEkmgTiIWyVaAFTAqoK6pZtCKJWAeMGgGw+uJ33wEqWgk7vUoBp/jvqA9SrA2UtcuhpfiIe3ccujjsnc07tolt+JO4SwSLyMllKHWtb86YUQSDkIThpVqe26s/RRLTQmDcaGTKIgxGeI+tA0VmIPy0+nhY+fQKKHTi6QpoZ2p+nsixVypEQ9MJ8d6oOa9ifif105078JPqYgTDYLMFvUS5ujImaTghFQC0WxkCCaSmlsdMsASE22yKpgQvPmXF0njuOKdVU7uTkvVqyyOPNpHB6iMPHSOqugG1VAdEZSgZ/SK3qwn68V6tz5mrTkrm9lDf2B9/gCsEpJx</latexit>

d = n⌦(1)

<latexit sha1_base64="CIy0nD4eSri/Uy93a6xq6lw2VmI="></latexit>

C = {PU : d = !(log(n)), gates universal}

<latexit sha1_base64="U+JZlCcC/9nDL6s+zpxkOFyycDQ=">AAACBHicbVDLSsNAFJ34rPUVddlNsAiuSqKirqTgxmUF+4A2lMn0th06mYSZG7GELtz4K25cKOLWj3Dn3zhps9DWAxcO59zL5ZwgFlyj635bS8srq2vrhY3i5tb2zq69t9/QUaIY1FkkItUKqAbBJdSRo4BWrICGgYBmMLrO/OY9KM0jeYfjGPyQDiTvc0bRSF271EF4wLRGFcex0zMPFQ+SzNOTrl12K+4UziLxclImOWpd+6vTi1gSgkQmqNZtz43RT6lCzgRMip1EQ0zZiA6gbaikIWg/nYaYOEdG6Tn9SJmR6EzV3xcpDbUeh4HZDCkO9byXif957QT7l37KZZwgSDZ71E+Eg5GTNWJCK2AosvSUmRo4c9iQKsrQ9FY0JXjzkRdJ46TinVdOb8/K1au8jgIpkUNyTDxyQarkhtRInTDySJ7JK3mznqwX6936mK0uWfnNAfkD6/MHEq+ZAg==</latexit>

Parity distributions
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CLASSICAL SIMULATION AND LEARNING

\

• How are simulation and learning related?

Simulation Learning

Hinsche, Ioannou, Nietner, Haferkamp, Quek, Hangleiter, Seifert, Eisert, Sweke, Phys Rev Lett 130, 240602 (2023) 
Hinsche, Ioannou, Nietner, Haferkamp, Quek, Hangleiter, Seifert, Eisert, Sweke, arXiv:2110.05517 (2021)
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CLASSICAL SIMULATION AND LEARNING

\

• Theorem 4:

Clifford circuits, any depth

Simulation Learning

Clifford circuits, any depth

• Clifford-circuit output distributions are 
uniform over affine subspaces of the finite 
   -dimensional vector space <latexit sha1_base64="ToFvKQFSIR12cdGheUdX9syTeh8=">AAAB6HicbVBNS8NAEJ34WetX1aOXxSJ4KomKepKCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWju6nfekKleSwfzDhBP6IDyUPOqLFSXfZKZbfizkCWiZeTMuSo9Upf3X7M0gilYYJq3fHcxPgZVYYzgZNiN9WYUDaiA+xYKmmE2s9mh07IqVX6JIyVLWnITP09kdFI63EU2M6ImqFe9Kbif14nNeGNn3GZpAYlmy8KU0FMTKZfkz5XyIwYW0KZ4vZWwoZUUWZsNkUbgrf48jJpnle8q8pF/bJcvc3jKMAxnMAZeHANVbiHGjSAAcIzvMKb8+i8OO/Ox7x1xclnjuAPnM8f2HmM9g==</latexit>n

<latexit sha1_base64="zBXIu7hXZDfWFDK6SHkJQgowq1o=">AAAB9XicbVDLSsNAFL2pr1pfUZduBovgqiRV1JUUBHFZwT6gTctkOmmHTiZhZqKU0P9w40IRt/6LO//GSZuFth4YOJxzL/fM8WPOlHacb6uwsrq2vlHcLG1t7+zu2fsHTRUlktAGiXgk2z5WlDNBG5ppTtuxpDj0OW3545vMbz1SqVgkHvQkpl6Ih4IFjGBtpF43xHrk++nttF/tib5ddirODGiZuDkpQ4563/7qDiKShFRowrFSHdeJtZdiqRnhdFrqJorGmIzxkHYMFTikyktnqafoxCgDFETSPKHRTP29keJQqUnom8kspVr0MvE/r5Po4MpLmYgTTQWZHwoSjnSEsgrQgElKNJ8YgolkJisiIywx0aaokinBXfzyMmlWK+5F5ez+vFy7zusowhEcwym4cAk1uIM6NICAhGd4hTfryXqx3q2P+WjByncO4Q+szx9jj5Jv</latexit>

Fn
2

Hinsche, Ioannou, Nietner, Haferkamp, Quek, Hangleiter, Seifert, Eisert, Sweke, Phys Rev Lett 130, 240602 (2023) 
Hinsche, Ioannou, Nietner, Haferkamp, Quek, Hangleiter, Seifert, Eisert, Sweke, arXiv:2110.05517 (2021)
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CLASSICAL SIMULATION AND LEARNING

\

• Theorem 5: A single   -gate renders learning hard

Clifford circuits and a single 
   -gate, linear depth

<latexit sha1_base64="UmWhLyRkySwkpG9S6JfvmMYEnQM=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqCcJePGYQF6QLGF20puMmZ1dZmaFEPIFXjwo4tVP8ubfOEn2oIkFDUVVN91dQSK4Nq777eTW1jc2t/LbhZ3dvf2D4uFRU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj+5nfekKleSzrZpygH9GB5CFn1FipVu8VS27ZnYOsEi8jJchQ7RW/uv2YpRFKwwTVuuO5ifEnVBnOBE4L3VRjQtmIDrBjqaQRan8yP3RKzqzSJ2GsbElD5urviQmNtB5Hge2MqBnqZW8m/ud1UhPe+hMuk9SgZItFYSqIicnsa9LnCpkRY0soU9zeStiQKsqMzaZgQ/CWX14lzYuyd12+rF2VKndZHHk4gVM4Bw9uoAIPUIUGMEB4hld4cx6dF+fd+Vi05pxs5hj+wPn8AbERjNw=</latexit>

T

<latexit sha1_base64="Pa01N9qMkLm9pCcoF7JMpdpys8k=">AAAB6HicdVDJSgNBEO2JW4xb1KOXxiB4GmbGTIwXCXjxmEA2SIbQ06lJ2vQsdPcIYcgXePGgiFc/yZt/Y2cRVPRBweO9Kqrq+QlnUlnWh5FbW9/Y3MpvF3Z29/YPiodHbRmngkKLxjwWXZ9I4CyClmKKQzcRQEKfQ8ef3Mz9zj0IyeKoqaYJeCEZRSxglCgtNZqDYskybceqVGxsmWXHdVxXE/dKC1Vsm9YCJbRCfVB87w9jmoYQKcqJlD3bSpSXEaEY5TAr9FMJCaETMoKephEJQXrZ4tAZPtPKEAex0BUpvFC/T2QklHIa+rozJGosf3tz8S+vl6qg6mUsSlIFEV0uClKOVYznX+MhE0AVn2pCqGD6VkzHRBCqdDYFHcLXp/h/0nZMu2JeNMql2vUqjjw6QafoHNnoEtXQLaqjFqII0AN6Qs/GnfFovBivy9acsZo5Rj9gvH0CG4SNJg==</latexit>

T

<latexit sha1_base64="UmWhLyRkySwkpG9S6JfvmMYEnQM=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqCcJePGYQF6QLGF20puMmZ1dZmaFEPIFXjwo4tVP8ubfOEn2oIkFDUVVN91dQSK4Nq777eTW1jc2t/LbhZ3dvf2D4uFRU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj+5nfekKleSzrZpygH9GB5CFn1FipVu8VS27ZnYOsEi8jJchQ7RW/uv2YpRFKwwTVuuO5ifEnVBnOBE4L3VRjQtmIDrBjqaQRan8yP3RKzqzSJ2GsbElD5urviQmNtB5Hge2MqBnqZW8m/ud1UhPe+hMuk9SgZItFYSqIicnsa9LnCpkRY0soU9zeStiQKsqMzaZgQ/CWX14lzYuyd12+rF2VKndZHHk4gVM4Bw9uoAIPUIUGMEB4hld4cx6dF+fd+Vi05pxs5hj+wPn8AbERjNw=</latexit>

T

Simulation Learning

• But circuits with logarithmically many 
   -gates can be efficiently simulated

<latexit sha1_base64="UmWhLyRkySwkpG9S6JfvmMYEnQM=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqCcJePGYQF6QLGF20puMmZ1dZmaFEPIFXjwo4tVP8ubfOEn2oIkFDUVVN91dQSK4Nq777eTW1jc2t/LbhZ3dvf2D4uFRU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj+5nfekKleSzrZpygH9GB5CFn1FipVu8VS27ZnYOsEi8jJchQ7RW/uv2YpRFKwwTVuuO5ifEnVBnOBE4L3VRjQtmIDrBjqaQRan8yP3RKzqzSJ2GsbElD5urviQmNtB5Hge2MqBnqZW8m/ud1UhPe+hMuk9SgZItFYSqIicnsa9LnCpkRY0soU9zeStiQKsqMzaZgQ/CWX14lzYuyd12+rF2VKndZHHk4gVM4Bw9uoAIPUIUGMEB4hld4cx6dF+fd+Vi05pxs5hj+wPn8AbERjNw=</latexit>

T

Hinsche, Ioannou, Nietner, Haferkamp, Quek, Hangleiter, Seifert, Eisert, Sweke, Phys Rev Lett 130, 240602 (2023) 
Hinsche, Ioannou, Nietner, Haferkamp, Quek, Hangleiter, Seifert, Eisert, Sweke, arXiv:2110.05517 (2021)
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CLASSICAL SIMULATION AND LEARNING

\

• Theorem 5: A single   -gate renders learning hard

Clifford circuits and a single 
   -gate, linear depth

<latexit sha1_base64="UmWhLyRkySwkpG9S6JfvmMYEnQM=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqCcJePGYQF6QLGF20puMmZ1dZmaFEPIFXjwo4tVP8ubfOEn2oIkFDUVVN91dQSK4Nq777eTW1jc2t/LbhZ3dvf2D4uFRU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj+5nfekKleSzrZpygH9GB5CFn1FipVu8VS27ZnYOsEi8jJchQ7RW/uv2YpRFKwwTVuuO5ifEnVBnOBE4L3VRjQtmIDrBjqaQRan8yP3RKzqzSJ2GsbElD5urviQmNtB5Hge2MqBnqZW8m/ud1UhPe+hMuk9SgZItFYSqIicnsa9LnCpkRY0soU9zeStiQKsqMzaZgQ/CWX14lzYuyd12+rF2VKndZHHk4gVM4Bw9uoAIPUIUGMEB4hld4cx6dF+fd+Vi05pxs5hj+wPn8AbERjNw=</latexit>

T

<latexit sha1_base64="Pa01N9qMkLm9pCcoF7JMpdpys8k=">AAAB6HicdVDJSgNBEO2JW4xb1KOXxiB4GmbGTIwXCXjxmEA2SIbQ06lJ2vQsdPcIYcgXePGgiFc/yZt/Y2cRVPRBweO9Kqrq+QlnUlnWh5FbW9/Y3MpvF3Z29/YPiodHbRmngkKLxjwWXZ9I4CyClmKKQzcRQEKfQ8ef3Mz9zj0IyeKoqaYJeCEZRSxglCgtNZqDYskybceqVGxsmWXHdVxXE/dKC1Vsm9YCJbRCfVB87w9jmoYQKcqJlD3bSpSXEaEY5TAr9FMJCaETMoKephEJQXrZ4tAZPtPKEAex0BUpvFC/T2QklHIa+rozJGosf3tz8S+vl6qg6mUsSlIFEV0uClKOVYznX+MhE0AVn2pCqGD6VkzHRBCqdDYFHcLXp/h/0nZMu2JeNMql2vUqjjw6QafoHNnoEtXQLaqjFqII0AN6Qs/GnfFovBivy9acsZo5Rj9gvH0CG4SNJg==</latexit>

T

<latexit sha1_base64="UmWhLyRkySwkpG9S6JfvmMYEnQM=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqCcJePGYQF6QLGF20puMmZ1dZmaFEPIFXjwo4tVP8ubfOEn2oIkFDUVVN91dQSK4Nq777eTW1jc2t/LbhZ3dvf2D4uFRU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj+5nfekKleSzrZpygH9GB5CFn1FipVu8VS27ZnYOsEi8jJchQ7RW/uv2YpRFKwwTVuuO5ifEnVBnOBE4L3VRjQtmIDrBjqaQRan8yP3RKzqzSJ2GsbElD5urviQmNtB5Hge2MqBnqZW8m/ud1UhPe+hMuk9SgZItFYSqIicnsa9LnCpkRY0soU9zeStiQKsqMzaZgQ/CWX14lzYuyd12+rF2VKndZHHk4gVM4Bw9uoAIPUIUGMEB4hld4cx6dF+fd+Vi05pxs5hj+wPn8AbERjNw=</latexit>

T

Simulation Learning

Hinsche, Ioannou, Nietner, Haferkamp, Quek, Hangleiter, Seifert, Eisert, Sweke, Phys Rev Lett 130, 240602 (2023) 
Hinsche, Ioannou, Nietner, Haferkamp, Quek, Hangleiter, Seifert, Eisert, Sweke, arXiv:2110.05517 (2021)

R Sweke: “Should we use parametrized 
quantum circuits for machine learning?”
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• But circuits with logarithmically many 
   -gates can be efficiently simulated

Hinsche, Ioannou, Nietner, Haferkamp, Quek, Hangleiter, Seifert, Eisert, Sweke, Phys Rev Lett 130, 240602 (2023) 
Hinsche, Ioannou, Nietner, Haferkamp, Quek, Hangleiter, Seifert, Eisert, Sweke, arXiv:2110.05517 (2021)

CLASSICAL SIMULATION AND LEARNING

\

• Theorem 5: A single   -gate renders learning hard

<latexit sha1_base64="UmWhLyRkySwkpG9S6JfvmMYEnQM=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqCcJePGYQF6QLGF20puMmZ1dZmaFEPIFXjwo4tVP8ubfOEn2oIkFDUVVN91dQSK4Nq777eTW1jc2t/LbhZ3dvf2D4uFRU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj+5nfekKleSzrZpygH9GB5CFn1FipVu8VS27ZnYOsEi8jJchQ7RW/uv2YpRFKwwTVuuO5ifEnVBnOBE4L3VRjQtmIDrBjqaQRan8yP3RKzqzSJ2GsbElD5urviQmNtB5Hge2MqBnqZW8m/ud1UhPe+hMuk9SgZItFYSqIicnsa9LnCpkRY0soU9zeStiQKsqMzaZgQ/CWX14lzYuyd12+rF2VKndZHHk4gVM4Bw9uoAIPUIUGMEB4hld4cx6dF+fd+Vi05pxs5hj+wPn8AbERjNw=</latexit>

T

<latexit sha1_base64="Pa01N9qMkLm9pCcoF7JMpdpys8k=">AAAB6HicdVDJSgNBEO2JW4xb1KOXxiB4GmbGTIwXCXjxmEA2SIbQ06lJ2vQsdPcIYcgXePGgiFc/yZt/Y2cRVPRBweO9Kqrq+QlnUlnWh5FbW9/Y3MpvF3Z29/YPiodHbRmngkKLxjwWXZ9I4CyClmKKQzcRQEKfQ8ef3Mz9zj0IyeKoqaYJeCEZRSxglCgtNZqDYskybceqVGxsmWXHdVxXE/dKC1Vsm9YCJbRCfVB87w9jmoYQKcqJlD3bSpSXEaEY5TAr9FMJCaETMoKephEJQXrZ4tAZPtPKEAex0BUpvFC/T2QklHIa+rozJGosf3tz8S+vl6qg6mUsSlIFEV0uClKOVYznX+MhE0AVn2pCqGD6VkzHRBCqdDYFHcLXp/h/0nZMu2JeNMql2vUqjjw6QafoHNnoEtXQLaqjFqII0AN6Qs/GnfFovBivy9acsZo5Rj9gvH0CG4SNJg==</latexit>

T

Simulation Learning

<latexit sha1_base64="UmWhLyRkySwkpG9S6JfvmMYEnQM=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqCcJePGYQF6QLGF20puMmZ1dZmaFEPIFXjwo4tVP8ubfOEn2oIkFDUVVN91dQSK4Nq777eTW1jc2t/LbhZ3dvf2D4uFRU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj+5nfekKleSzrZpygH9GB5CFn1FipVu8VS27ZnYOsEi8jJchQ7RW/uv2YpRFKwwTVuuO5ifEnVBnOBE4L3VRjQtmIDrBjqaQRan8yP3RKzqzSJ2GsbElD5urviQmNtB5Hge2MqBnqZW8m/ud1UhPe+hMuk9SgZItFYSqIicnsa9LnCpkRY0soU9zeStiQKsqMzaZgQ/CWX14lzYuyd12+rF2VKndZHHk4gVM4Bw9uoAIPUIUGMEB4hld4cx6dF+fd+Vi05pxs5hj+wPn8AbERjNw=</latexit>

T

• -gates uplift then to (approximate) 
arbitrary order designs


<latexit sha1_base64="UmWhLyRkySwkpG9S6JfvmMYEnQM=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqCcJePGYQF6QLGF20puMmZ1dZmaFEPIFXjwo4tVP8ubfOEn2oIkFDUVVN91dQSK4Nq777eTW1jc2t/LbhZ3dvf2D4uFRU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj+5nfekKleSzrZpygH9GB5CFn1FipVu8VS27ZnYOsEi8jJchQ7RW/uv2YpRFKwwTVuuO5ifEnVBnOBE4L3VRjQtmIDrBjqaQRan8yP3RKzqzSJ2GsbElD5urviQmNtB5Hge2MqBnqZW8m/ud1UhPe+hMuk9SgZItFYSqIicnsa9LnCpkRY0soU9zeStiQKsqMzaZgQ/CWX14lzYuyd12+rF2VKndZHHk4gVM4Bw9uoAIPUIUGMEB4hld4cx6dF+fd+Vi05pxs5hj+wPn8AbERjNw=</latexit>

T

• Random Clifford circuits are unitary  
3-designs

• Theorem 6: A constant (!) number of 
-gates is sufficient

<latexit sha1_base64="UmWhLyRkySwkpG9S6JfvmMYEnQM=">AAAB6HicbVDLSgNBEOyNrxhfUY9eBoPgKeyqqCcJePGYQF6QLGF20puMmZ1dZmaFEPIFXjwo4tVP8ubfOEn2oIkFDUVVN91dQSK4Nq777eTW1jc2t/LbhZ3dvf2D4uFRU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWj+5nfekKleSzrZpygH9GB5CFn1FipVu8VS27ZnYOsEi8jJchQ7RW/uv2YpRFKwwTVuuO5ifEnVBnOBE4L3VRjQtmIDrBjqaQRan8yP3RKzqzSJ2GsbElD5urviQmNtB5Hge2MqBnqZW8m/ud1UhPe+hMuk9SgZItFYSqIicnsa9LnCpkRY0soU9zeStiQKsqMzaZgQ/CWX14lzYuyd12+rF2VKndZHHk4gVM4Bw9uoAIPUIUGMEB4hld4cx6dF+fd+Vi05pxs5hj+wPn8AbERjNw=</latexit>
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LESSON

• The connection between simulation and learning is intricate
• Obstruction to proving quantum advantages

• First rigorous insights into learnability of outputs of quantum circuits

Hinsche, Ioannou, Nietner, Haferkamp, Quek, Hangleiter, Seifert, Eisert, Sweke, Phys Rev Lett 130, 240602 (2023) 
Hinsche, Ioannou, Nietner, Haferkamp, Quek, Hangleiter, Seifert, Eisert, Sweke, arXiv:2110.05517 (2021)

Compare Coyle, Mills, Danos, Kashefi, npj Quant Inf 6, 1 (2020)
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NEAR TERM QUANTUM COMPUTERS AND LEARNING TASKS

Quek, Franca, Khatri, Meyer, Eisert,  
arXiv:2210.11505 (2022)  

• Strong limitations for 
quantum error mitigation

Y Quek: “The signal and the noise: 
Learning with random quantum ciruits

and other agents of noise”



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


NEAR TERM QUANTUM COMPUTERS AND LEARNING TASKS

Quek, Franca, Khatri, Meyer, Eisert,  
arXiv:2210.11505 (2022)  

• Strong limitations for 
quantum error mitigation

• Symmetry helps
Meyer, Mularski, Gil-Fuster, Mele, Arzani, Wilms,  
Eisert, PRX Quantum 4, 010328 (2023)


Liu, Wilde, Mele, Jiang, Eisert,  
arXiv:2210.06723 (2022)

• Noise can help in variational 
quantum algorithms

• Expressivity of  
embedding quantum kernels
Gil-Fuster, Eisert, Dunjko, arXiv:2303.14419 (2023)

• Hamiltonian learning
Wilde, Kshetrimayum, Roth, Hangleiter,  
Sweke, Eisert, arXiv:2209.14328 (2022) 
Hangleiter, Roth, Eisert, Roushan,  
arXiv:2108.08319 (2021)


• Gadgets against barren plateaus
Simon, Faehrmann, Khatri, Eisert, arXiv:2210.03099 (2022) 



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


NEAR TERM QUANTUM COMPUTERS AND LEARNING TASKS

Caro, Gil-Fuster, Meyer, Eisert, Sweke, Quantum 5, 582 (2021) 
Gil-Fuster, Eisert, Bravo-Prieto, arXiv:2306.13461 (2023)

• Generalization bounds for  
parametrized quantum circuits

Quek, Franca, Khatri, Meyer, Eisert,  
arXiv:2210.11505 (2022)  

• Strong limitations for 
quantum error mitigation

• Symmetry helps
Meyer, Mularski, Gil-Fuster, Mele, Arzani, Wilms,  
Eisert, PRX Quantum 4, 010328 (2023)


C Bravo Prieto: “Understanding  
quantum machine learning also 
requires rethinking generalization”

• Expressivity of  
embedding quantum kernels
Gil-Fuster, Eisert, Dunjko, arXiv:2303.14419 (2023)

Liu, Wilde, Mele, Jiang, Eisert,  
arXiv:2210.06723 (2022)

• Noise can help in variational 
quantum algorithms

• Hamiltonian learning
Wilde, Kshetrimayum, Roth, Hangleiter,  
Sweke, Eisert, arXiv:2209.14328 (2022) 
Hangleiter, Roth, Eisert, Roushan,  
arXiv:2108.08319 (2021)


• Gadgets against barren plateaus
Simon, Faehrmann, Khatri, Eisert, arXiv:2210.03099 (2022) 



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


NEAR TERM QUANTUM COMPUTERS AND LEARNING TASKS

Caro, Gil-Fuster, Meyer, Eisert, Sweke, Quantum 5, 582 (2021) 
Gil-Fuster, Eisert, Bravo-Prieto, arXiv:2306.13461 (2023)

• Generalization bounds for  
parametrized quantum circuits

Quek, Franca, Khatri, Meyer, Eisert,  
arXiv:2210.11505 (2022)  

• Strong limitations for 
quantum error mitigation

• Symmetry helps
Meyer, Mularski, Gil-Fuster, Mele, Arzani, Wilms,  
Eisert, PRX Quantum 4, 010328 (2023)


• Expressivity of  
embedding quantum kernels
Gil-Fuster, Eisert, Dunjko, arXiv:2303.14419 (2023)

• Gadgets against barren plateaus
Simon, Faehrmann, Khatri, Eisert, arXiv:2210.03099 (2022) 

Liu, Wilde, Mele, Jiang, Eisert,  
arXiv:2210.06723 (2022)

• Noise can help in variational 
quantum algorithms

• Hamiltonian learning
Wilde, Kshetrimayum, Roth, Hangleiter,  
Sweke, Eisert, arXiv:2209.14328 (2022) 
Hangleiter, Roth, Eisert, Roushan,  
arXiv:2108.08319 (2021)


Schreiber, Eisert, Meyer, Phys Rev Lett 131, 100803 (2023) 
Sweke, Recio, Jerbi, Gil-Fuster, Fuller, Eisert, Meyer, arXiv:2309.11647 (2023)

• Classical surrogates for 
quantum learning models



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


• Can we hope to see advantages for combinatorial optimization?

• Commonly NP-hard in worst case complexity

• E.g., integer programming

• In what sense can there be quantum advantages?

QUANTUM COMPUTING FOR COMBINATORIAL OPTIMIZATION?

Pirnay, Ulitzsch, Wilde, Eisert, Seifert, arXiv:2212.08678 (2022)
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• A quantum computer can approximate hard instances, originating  
from the hardness of inverting the RSA function, in polynomial time

Pirnay, Ulitzsch, Wilde, Eisert, Seifert, arXiv:2212.08678 (2022)

QUANTUM COMPUTING FOR COMBINATORIAL OPTIMIZATION?



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


• So there is a super-polynomial speed-up!

• Can be translated to variational Hamiltonian problems?

• Constructive: Find classically“hard instances”

Pirnay, Ulitzsch, Wilde, Eisert, Seifert, arXiv:2212.08678 (2022)

• A quantum computer can approximate hard instances, originating  
from the hardness of inverting the RSA function, in polynomial time

QUANTUM COMPUTING FOR COMBINATORIAL OPTIMIZATION?

• Connection to QAOA?



OUTLOOK
  

https://arxiv.org/abs/1803.00572
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OUTLOOK

• Yes, find super-polynomial  
advantages in PAC-learning!

• Well, but how much  
structure do we need?

• A single-T gate renders  
learning hard

• A little noise can  
be a good thing!

• But error mitigation already 
fails for log-log deep circuits• We have found super-polynomial  

advantages in optimization!
• Let us see …

• Can we hope noisy, realistic quantum devices to  
provide a speedup over classical computers? 
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