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THE UNBEARABLE DIFFICULTY 
OF FINDING NEAR-TERM QUANTUM ADVANTAGES
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• Quantum computing was a purely conceptual idea

Feynman Benioff, Deutsch Shor



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

• Seems to be moving closer to reality

QuERAGoogle IBM

Chinese efforts

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

European efforts, MQV, 
planqc, Pasqal, etc 



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

• Quantum algorithms

Montanaro, arXiv:1511.04206 (2015)

• Potentially controversial: We do not know as much about practically 
minded problems and near-term algorithms as we would like to



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

OBSTRUCTIONS FOR NOISY QUANTUM CIRCUITS
arXiv:2502.14252 (2025)  
arXiv:2403.13927 (2024)  
Nature Communications 15, 434 (2024)
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NOISY QUANTUM CIRCUITS

Quantum  
circuit

Expectation 
values or samples

<latexit sha1_base64="Tr/h2z8gxyQeiTYYEzhY3kUMUxE=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQzEg8cI5gHJEmYns8mQ2dl1plcIS37CiwdFvPo73vwbJ8keNLGgoajqprsrSKQw6Lrfzsrq2vrGZmGruL2zu7dfOjhsmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGtanfeuLaiFg94DjhfkQHSoSCUbRSO+syKklt0iuV3Yo7A1kmXk7KkKPeK311+zFLI66QSWpMx3MT9DOqUTDJJ8VuanhC2YgOeMdSRSNu/Gx274ScWqVPwljbUkhm6u+JjEbGjKPAdkYUh2bRm4r/eZ0Uwxs/EypJkSs2XxSmkmBMps+TvtCcoRxbQpkW9lbChlRThjaiog3BW3x5mTTPK95V5fL+oly9zeMowDGcwBl4cA1VuIM6NICBhGd4hTfn0Xlx3p2PeeuKk88cwR84nz+nv4+9</latexit>

C

• Actual circuits are noisy
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NOISY QUANTUM CIRCUITS

<latexit sha1_base64="Tr/h2z8gxyQeiTYYEzhY3kUMUxE=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQzEg8cI5gHJEmYns8mQ2dl1plcIS37CiwdFvPo73vwbJ8keNLGgoajqprsrSKQw6Lrfzsrq2vrGZmGruL2zu7dfOjhsmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGtanfeuLaiFg94DjhfkQHSoSCUbRSO+syKklt0iuV3Yo7A1kmXk7KkKPeK311+zFLI66QSWpMx3MT9DOqUTDJJ8VuanhC2YgOeMdSRSNu/Gx274ScWqVPwljbUkhm6u+JjEbGjKPAdkYUh2bRm4r/eZ0Uwxs/EypJkSs2XxSmkmBMps+TvtCcoRxbQpkW9lbChlRThjaiog3BW3x5mTTPK95V5fL+oly9zeMowDGcwBl4cA1VuIM6NICBhGd4hTfn0Xlx3p2PeeuKk88cwR84nz+nv4+9</latexit>

C

<latexit sha1_base64="ECUxwPN7hkI9et5CV/NWPu9cWAU=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdfAQ8OIxAfOAZAmzk95kzOzsMjMrhCVf4MWDIl79JG/+jZNkD5pY0FBUddPdFSSCa+O6387K6tr6xmZhq7i9s7u3Xzo4bOo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDf1W0+oNI/lgxkn6Ed0IHnIGTVWqsteqexW3BnIMvFyUoYctV7pq9uPWRqhNExQrTuemxg/o8pwJnBS7KYaE8pGdIAdSyWNUPvZ7NAJObVKn4SxsiUNmam/JzIaaT2OAtsZUTPUi95U/M/rpCa88TMuk9SgZPNFYSqIicn0a9LnCpkRY0soU9zeStiQKsqMzaZoQ/AWX14mzfOKd1W5rF+Uq7d5HAU4hhM4Aw+uoQr3UIMGMEB4hld4cx6dF+fd+Zi3rjj5zBH8gfP5A9iDjPY=</latexit>n

• Noise and decoherence, 
e.g., depolarizing

but can also be non-unital

<latexit sha1_base64="yobXSQTCK2i+oN0nW62UhXwVPgM="></latexit>

Dp(M) = pM + (1� p)tr(M)
I
2

• Actual circuits are noisy



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

<latexit sha1_base64="oWvJ9RnLOcUSiCXZhkiudHD/GEg=">AAAB7nicbVDLSgMxFL3xWeur6tJNsAh1U2bE18JFwY3LCvYB7VAyaaYNzSRDkhHK0I9w40IRt36PO//GtJ2Fth64cDjnXu69J0wEN9bzvtHK6tr6xmZhq7i9s7u3Xzo4bBqVasoaVAml2yExTHDJGpZbwdqJZiQOBWuFo7up33pi2nAlH+04YUFMBpJHnBLrpFZXqEFFnvVKZa/qzYCXiZ+TMuSo90pf3b6iacykpYIY0/G9xAYZ0ZZTwSbFbmpYQuiIDFjHUUliZoJsdu4EnzqljyOlXUmLZ+rviYzExozj0HXGxA7NojcV//M6qY1ugozLJLVM0vmiKBXYKjz9Hfe5ZtSKsSOEau5uxXRINKHWJVR0IfiLLy+T5nnVv6pePlyUa7d5HAU4hhOogA/XUIN7qEMDKIzgGV7hDSXoBb2jj3nrCspnjuAP0OcPrGSPIQ==</latexit>

log(n)

<latexit sha1_base64="ECUxwPN7hkI9et5CV/NWPu9cWAU=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdfAQ8OIxAfOAZAmzk95kzOzsMjMrhCVf4MWDIl79JG/+jZNkD5pY0FBUddPdFSSCa+O6387K6tr6xmZhq7i9s7u3Xzo4bOo4VQwbLBaxagdUo+ASG4Ybge1EIY0Cga1gdDf1W0+oNI/lgxkn6Ed0IHnIGTVWqsteqexW3BnIMvFyUoYctV7pq9uPWRqhNExQrTuemxg/o8pwJnBS7KYaE8pGdIAdSyWNUPvZ7NAJObVKn4SxsiUNmam/JzIaaT2OAtsZUTPUi95U/M/rpCa88TMuk9SgZPNFYSqIicn0a9LnCpkRY0soU9zeStiQKsqMzaZoQ/AWX14mzfOKd1W5rF+Uq7d5HAU4hhM4Aw+uoQr3UIMGMEB4hld4cx6dF+fd+Zi3rjj5zBH8gfP5A9iDjPY=</latexit>n

EFFECTIVE LOGARITHMIC DEPTH

• Theorem (all informal): Deep random quantum circuits, on average, 
under any possibly non-unital, noise, effectively get “truncated”

• Influence of gates on Pauli expectation values decreases exponentially

• Logarithmic depth is all we have

Mele, Angrisani, Ghosh, Khatri, Eisert, Stilck França, Quek, arXiv:2403.13927 (2024)  
Compare also Fawzi, Mueller-Herles, Shayeghi, ITCS (2022)

<latexit sha1_base64="Tr/h2z8gxyQeiTYYEzhY3kUMUxE=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQzEg8cI5gHJEmYns8mQ2dl1plcIS37CiwdFvPo73vwbJ8keNLGgoajqprsrSKQw6Lrfzsrq2vrGZmGruL2zu7dfOjhsmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGtanfeuLaiFg94DjhfkQHSoSCUbRSO+syKklt0iuV3Yo7A1kmXk7KkKPeK311+zFLI66QSWpMx3MT9DOqUTDJJ8VuanhC2YgOeMdSRSNu/Gx274ScWqVPwljbUkhm6u+JjEbGjKPAdkYUh2bRm4r/eZ0Uwxs/EypJkSs2XxSmkmBMps+TvtCcoRxbQpkW9lbChlRThjaiog3BW3x5mTTPK95V5fL+oly9zeMowDGcwBl4cA1VuIM6NICBhGd4hTfn0Xlx3p2PeeuKk88cwR84nz+nv4+9</latexit>

C



https://www.physik.fu-berlin.de/en/einrichtungen/ag/ag-eisert 
Mele, Angrisani, Ghosh, Khatri, Eisert, Stilck França, Quek, arXiv:2403.13927 (2024) 

EFFICIENT CLASSICAL SIMULATION

>

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

<latexit sha1_base64="2h56hMb3Z+Edud3iPJSBINYvPQ0=">AAAB8XicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdfAQ8OIxgnmQZAmzk9lkyOzsMtMrhCV/4cWDIl79G2/+jZNkD5pY0FBUddPdFSRSGHTdb2dldW19Y7OwVdze2d3bLx0cNkycasbrLJaxbgXUcCkUr6NAyVuJ5jQKJG8Go7up33zi2ohYPeI44X5EB0qEglG0UrvdjVFE3JBWr1R2K+4MZJl4OSlDjlqv9NXtxyyNuEImqTEdz03Qz6hGwSSfFLup4QllIzrgHUsVtWv8bHbxhJxapU/CWNtSSGbq74mMRsaMo8B2RhSHZtGbiv95nRTDGz8TKkmRKzZfFKaSYEym75O+0JyhHFtCmRb2VsKGVFOGNqSiDcFbfHmZNM4r3lXl8uGiXL3N4yjAMZzAGXhwDVW4hxrUgYGCZ3iFN8c4L8678zFvXXHymSP4A+fzBz29kKE=</latexit> Z
⌦

X

<latexit sha1_base64="oWvJ9RnLOcUSiCXZhkiudHD/GEg=">AAAB7nicbVDLSgMxFL3xWeur6tJNsAh1U2bE18JFwY3LCvYB7VAyaaYNzSRDkhHK0I9w40IRt36PO//GtJ2Fth64cDjnXu69J0wEN9bzvtHK6tr6xmZhq7i9s7u3Xzo4bBqVasoaVAml2yExTHDJGpZbwdqJZiQOBWuFo7up33pi2nAlH+04YUFMBpJHnBLrpFZXqEFFnvVKZa/qzYCXiZ+TMuSo90pf3b6iacykpYIY0/G9xAYZ0ZZTwSbFbmpYQuiIDFjHUUliZoJsdu4EnzqljyOlXUmLZ+rviYzExozj0HXGxA7NojcV//M6qY1ugozLJLVM0vmiKBXYKjz9Hfe5ZtSKsSOEau5uxXRINKHWJVR0IfiLLy+T5nnVv6pePlyUa7d5HAU4hhOogA/XUIN7qEMDKIzgGV7hDSXoBb2jj3nrCspnjuAP0OcPrGSPIQ==</latexit>

log(n)
<latexit sha1_base64="oWvJ9RnLOcUSiCXZhkiudHD/GEg=">AAAB7nicbVDLSgMxFL3xWeur6tJNsAh1U2bE18JFwY3LCvYB7VAyaaYNzSRDkhHK0I9w40IRt36PO//GtJ2Fth64cDjnXu69J0wEN9bzvtHK6tr6xmZhq7i9s7u3Xzo4bBqVasoaVAml2yExTHDJGpZbwdqJZiQOBWuFo7up33pi2nAlH+04YUFMBpJHnBLrpFZXqEFFnvVKZa/qzYCXiZ+TMuSo90pf3b6iacykpYIY0/G9xAYZ0ZZTwSbFbmpYQuiIDFjHUUliZoJsdu4EnzqljyOlXUmLZ+rviYzExozj0HXGxA7NojcV//M6qY1ugozLJLVM0vmiKBXYKjz9Hfe5ZtSKsSOEau5uxXRINKHWJVR0IfiLLy+T5nnVv6pePlyUa7d5HAU4hhOogA/XUIN7qEMDKIzgGV7hDSXoBb2jj3nrCspnjuAP0OcPrGSPIQ==</latexit>

log(n)

• Theorem: Can classically simulate on average expectation values observables 
to   additive precision, with probability          , at any depth, with runtime of <latexit sha1_base64="iwJhuILvH46ax1AsAzcgMuBb3OQ=">AAAB8nicbVDLSgNBEOyNrxhfUY9eFoPgKeyKr4OHgBePEcwDNkuYncwmQ2ZnlpneQAj5DC8eFPHq13jzb5wke9DEgoaiqpvurigV3KDnfTuFtfWNza3idmlnd2//oHx41DQq05Q1qBJKtyNimOCSNZCjYO1UM5JEgrWi4f3Mb42YNlzJJxynLExIX/KYU4JWCjojollquFCyW654VW8Od5X4OalAjnq3/NXpKZolTCIVxJjA91IMJ0Qjp4JNS53MsJTQIemzwFJJEmbCyfzkqXtmlZ4bK21LojtXf09MSGLMOIlsZ0JwYJa9mfifF2QY34YTLtMMmaSLRXEmXFTu7H+3xzWjKMaWEKq5vdWlA6IJRZtSyYbgL7+8SpoXVf+6evV4Wand5XEU4QRO4Rx8uIEaPEAdGkBBwTO8wpuDzovz7nwsWgtOPnMMf+B8/gC7QZGL</latexit>"

<latexit sha1_base64="DDrcgBtQKvcTYRXjVnQXZpwfAtE=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBC8GHbF18FDwIvHCOYByRJmJ7PJkNnZdaZXCEt+wosHRbz6O978GyfJHjSxoKGo6qa7K0ikMOi6387S8srq2npho7i5tb2zW9rbb5g41YzXWSxj3Qqo4VIoXkeBkrcSzWkUSN4MhrcTv/nEtRGxesBRwv2I9pUIBaNopZZ32ulxibRbKrsVdwqySLyclCFHrVv66vRilkZcIZPUmLbnJuhnVKNgko+LndTwhLIh7fO2pYpG3PjZ9N4xObZKj4SxtqWQTNXfExmNjBlFge2MKA7MvDcR//PaKYbXfiZUkiJXbLYoTCXBmEyeJz2hOUM5soQyLeythA2opgxtREUbgjf/8iJpnFW8y8rF/Xm5epPHUYBDOIIT8OAKqnAHNagDAwnP8ApvzqPz4rw7H7PWJSefOYA/cD5/AG3Ij5I=</latexit>

1� �
<latexit sha1_base64="MX/lqL/Za1CSrAGLzj5EKO9Nn/M="></latexit>

O(exp
⇣
logD(��1

"
�2)

⌘

• Can often “dequantize”

<latexit sha1_base64="Tr/h2z8gxyQeiTYYEzhY3kUMUxE=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBA8hV3xdQzEg8cI5gHJEmYns8mQ2dl1plcIS37CiwdFvPo73vwbJ8keNLGgoajqprsrSKQw6Lrfzsrq2vrGZmGruL2zu7dfOjhsmjjVjDdYLGPdDqjhUijeQIGStxPNaRRI3gpGtanfeuLaiFg94DjhfkQHSoSCUbRSO+syKklt0iuV3Yo7A1kmXk7KkKPeK311+zFLI66QSWpMx3MT9DOqUTDJJ8VuanhC2YgOeMdSRSNu/Gx274ScWqVPwljbUkhm6u+JjEbGjKPAdkYUh2bRm4r/eZ0Uwxs/EypJkSs2XxSmkmBMps+TvtCcoRxbQpkW9lbChlRThjaiog3BW3x5mTTPK95V5fL+oly9zeMowDGcwBl4cA1VuIM6NICBhGd4hTfn0Xlx3p2PeeuKk88cwR84nz+nv4+9</latexit>

C



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

CAN QUANTUM ERROR MITIGATION HELP?

• Add noise levels to 
<latexit sha1_base64="1G6hYj4vJNGTx2ugM6T9duZlAGk=">AAAB+XicbVDLSsNAFJ3UV62vqEs3g0VwVRLxtSzUhcsK1haaEG4mk3boZBJmJoUS+iduXCji1j9x5984bbPQ1gMDh3Pu4d45YcaZ0o7zbVXW1jc2t6rbtZ3dvf0D+/DoSaW5JLRDUp7KXgiKciZoRzPNaS+TFJKQ0244as387phKxVLxqCcZ9RMYCBYzAtpIgW0XHgGOW9PA4yYVQWDXnYYzB14lbknqqEQ7sL+8KCV5QoUmHJTqu06m/QKkZoTTac3LFc2AjGBA+4YKSKjyi/nlU3xmlAjHqTRPaDxXfycKSJSaJKGZTEAP1bI3E//z+rmOb/2CiSzXVJDFojjnWKd4VgOOmKRE84khQCQzt2IyBAlEm7JqpgR3+cur5Omi4V43rh4u6827so4qOkGn6By56AY10T1qow4iaIye0St6swrrxXq3PhajFavMHKM/sD5/ACA8k1o=</latexit>

C�
<latexit sha1_base64="HoyC+GMCQqR51lb4ofrFZ3y2ZFQ=">AAAB+XicbVDLSsNAFL2pr1pfUZduBovgqiTia1nsxmUFawtNCJPJpB06mYSZSaGE/okbF4q49U/c+TdO2yy09cDA4Zx7uHdOmHGmtON8W5W19Y3Nrep2bWd3b//APjx6UmkuCe2QlKeyF2JFORO0o5nmtJdJipOQ0244as387phKxVLxqCcZ9RM8ECxmBGsjBbZdeARz1JoGHjepCAd23Wk4c6BV4pakDiXagf3lRSnJEyo04Vipvutk2i+w1IxwOq15uaIZJiM8oH1DBU6o8ov55VN0ZpQIxak0T2g0V38nCpwoNUlCM5lgPVTL3kz8z+vnOr71CyayXFNBFovinCOdolkNKGKSEs0nhmAimbkVkSGWmGhTVs2U4C5/eZU8XTTc68bVw2W9eVfWUYUTOIVzcOEGmnAPbegAgTE8wyu8WYX1Yr1bH4vRilVmjuEPrM8fH6KTWA==</latexit>

C�
<latexit sha1_base64="jmJ6YificKEUjszPHmPnN/ilPqU=">AAACF3icbVDLSsNAFJ3UV62vqEs3g0VoNyURXxuhWAR3VrAPaEKYTKft0MkkzEyEEvIXbvwVNy4Ucas7/8ZpmoW2Hhg4nHMud+7xI0alsqxvo7C0vLK6VlwvbWxube+Yu3ttGcYCkxYOWSi6PpKEUU5aiipGupEgKPAZ6fjjxtTvPBAhacjv1SQiboCGnA4oRkpLnlm7rjhMx/uoepk4IoBKpJWGl2sVR4xCL9MpT6u3Vc8sWzUrA1wkdk7KIEfTM7+cfojjgHCFGZKyZ1uRchMkFMWMpCUnliRCeIyGpKcpRwGRbpLdlcIjrfThIBT6cQUz9fdEggIpJ4GvkwFSIznvTcX/vF6sBhduQnkUK8LxbNEgZlCFcFoS7FNBsGITTRAWVP8V4hESCCtdZUmXYM+fvEjaxzX7rHZ6d1KuX+V1FMEBOAQVYINzUAc3oAlaAINH8AxewZvxZLwY78bHLFow8pl98AfG5w9NaJ7I</latexit>

E(�) = tr(C�(⇢in)O)• Measure

• Extrapolate to 
<latexit sha1_base64="GRK6guX8zkuxAPEiC0+5Y2YnLrw=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIVTdC0Y3LCvYh7VAymUwbmmSGJCOUoV/hxoUibv0cd/6NaTsLbT0QOJxzLrn3BAln2rjut1NYWV1b3yhulra2d3b3yvsHLR2nitAmiXmsOgHWlDNJm4YZTjuJolgEnLaD0e3Ubz9RpVksH8w4ob7AA8kiRrCx0mOP22iIr91+ueJW3RnQMvFyUoEcjX75qxfGJBVUGsKx1l3PTYyfYWUY4XRS6qWaJpiM8IB2LZVYUO1ns4Un6MQqIYpiZZ80aKb+nsiw0HosApsU2Az1ojcV//O6qYmu/IzJJDVUkvlHUcqRidH0ehQyRYnhY0swUczuisgQK0yM7ahkS/AWT14mrbOqd1Gt3Z9X6jd5HUU4gmM4BQ8uoQ530IAmEBDwDK/w5ijnxXl3PubRgpPPHMIfOJ8/NOGQCA==</latexit>

� = 0

Majumdar, Rivero, Metz, Hasan, Wang, 2023 IEEE Int Conf Quant Comp Eng (2023)

Temme, Bravyi, Gambetta, Phys Rev Lett 119, 180509 (2017) 
Cai, Babbush, Benjamin, Endo, Huggins, Li, McClean, O'Brien, arXiv:2210.00921 (2022)

• Zero-noise extrapolation
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• How many copies of    are needed to estimate                                                    
    for              to precision   and probability         ?

OUR ABSTRACTION

<latexit sha1_base64="11ZHZtELNTKncLY2nOr0bSghht8=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBA8hV3xdYzowWME84BkCbOT2WTI7Ow60yuEJT/hxYMiXv0db/6Nk2QPmljQUFR1090VJFIYdN1vZ2l5ZXVtvbBR3Nza3tkt7e03TJxqxusslrFuBdRwKRSvo0DJW4nmNAokbwbDm4nffOLaiFg94CjhfkT7SoSCUbRSK+swKsn1uFsquxV3CrJIvJyUIUetW/rq9GKWRlwhk9SYtucm6GdUo2CSj4ud1PCEsiHt87alikbc+Nn03jE5tkqPhLG2pZBM1d8TGY2MGUWB7YwoDsy8NxH/89ophld+JlSSIldstihMJcGYTJ4nPaE5QzmyhDIt7K2EDaimDG1ERRuCN//yImmcVryLyvn9Wbl6m8dRgEM4ghPw4BKqcAc1qAMDCc/wCm/Oo/PivDsfs9YlJ585gD9wPn8ApLWPuw==</latexit>

A

<latexit sha1_base64="3V5/5uSKX6hM6nM7L2dORTTpcx8=">AAAB7nicbVDLSgMxFL2pr1pfVZdugkV0VWbE17KgC5cV7APaoWTSTBuaZIYkI5ShH+HGhSJu/R53/o1pOwttPXDhcM693HtPmAhurOd9o8LK6tr6RnGztLW9s7tX3j9omjjVlDVoLGLdDolhgivWsNwK1k40IzIUrBWObqd+64lpw2P1aMcJCyQZKB5xSqyTWl3DB5Kc9soVr+rNgJeJn5MK5Kj3yl/dfkxTyZSlghjT8b3EBhnRllPBJqVualhC6IgMWMdRRSQzQTY7d4JPnNLHUaxdKYtn6u+JjEhjxjJ0nZLYoVn0puJ/Xie10U2QcZWklik6XxSlAtsYT3/Hfa4ZtWLsCKGau1sxHRJNqHUJlVwI/uLLy6R5XvWvqpcPF5XaXR5HEY7gGM7Ah2uowT3UoQEURvAMr/CGEvSC3tHHvLWA8plD+AP0+QMCv49g</latexit>

�0

<latexit sha1_base64="atXmJHTqMD6yxM9Nnc/Ph3P115I=">AAAB/nicbVDLSsNAFL2pr1pfUXHlZrAIdVMS8bURCm7cWcE+oAlhMp22Y2eSMDMRSij4K25cKOLW73Dn3zhts9DqgQuHc+7l3nvChDOlHefLKiwsLi2vFFdLa+sbm1v29k5TxakktEFiHst2iBXlLKINzTSn7URSLEJOW+HwauK3HqhULI7u9CihvsD9iPUYwdpIgb2XeVIgLccVT7G+wOgmuD9CgV12qs4U6C9xc1KGHPXA/vS6MUkFjTThWKmO6yTaz7DUjHA6LnmpogkmQ9ynHUMjLKjys+n5Y3RolC7qxdJUpNFU/TmRYaHUSISmU2A9UPPeRPzP66S6d+FnLEpSTSMyW9RLOdIxmmSBukxSovnIEEwkM7ciMsASE20SK5kQ3PmX/5LmcdU9q57enpRrl3kcRdiHA6iAC+dQg2uoQwMIZPAEL/BqPVrP1pv1PmstWPnMLvyC9fEN8eWU0Q==</latexit>

tr(�Oj)
<latexit sha1_base64="fuHOnjTn3igAIiF7WvbJzofhI7o=">AAAB7nicbVDLSgMxFL2pr1pfVZdugkV0VWbE10YouHFZwT6gHUomzbShSWZIMkIZ+hFuXCji1u9x59+YtrPQ1gMXDufcy733hIngxnreNyqsrK6tbxQ3S1vbO7t75f2DpolTTVmDxiLW7ZAYJrhiDcutYO1EMyJDwVrh6G7qt56YNjxWj3acsECSgeIRp8Q6qdU1fCDJaa9c8areDHiZ+DmpQI56r/zV7cc0lUxZKogxHd9LbJARbTkVbFLqpoYlhI7IgHUcVUQyE2Szcyf4xCl9HMXalbJ4pv6eyIg0ZixD1ymJHZpFbyr+53VSG90EGVdJapmi80VRKrCN8fR33OeaUSvGjhCqubsV0yHRhFqXUMmF4C++vEya51X/qnr5cFGp3eZxFOEIjuEMfLiGGtxDHRpAYQTP8ApvKEEv6B19zFsLKJ85hD9Anz8ApI9Z</latexit>

�0

<latexit sha1_base64="1gAwhBxhq09ciIimalkN2TqYTtk=">AAAB8nicbVDLSgNBEOyNrxhfUY9eFoPgKeyKr4sQ8OIxgnnAZgmzk9lkyOzMMtMbCCGf4cWDIl79Gm/+jZNkD5pY0FBUddPdFaWCG/S8b6ewtr6xuVXcLu3s7u0flA+PmkZlmrIGVULpdkQME1yyBnIUrJ1qRpJIsFY0vJ/5rRHThiv5hOOUhQnpSx5zStBKQWdENEsNF0p2yxWv6s3hrhI/JxXIUe+Wvzo9RbOESaSCGBP4XorhhGjkVLBpqZMZlhI6JH0WWCpJwkw4mZ88dc+s0nNjpW1JdOfq74kJSYwZJ5HtTAgOzLI3E//zggzj23DCZZohk3SxKM6Ei8qd/e/2uGYUxdgSQjW3t7p0QDShaFMq2RD85ZdXSfOi6l9Xrx4vK7W7PI4inMApnIMPN1CDB6hDAygoeIZXeHPQeXHenY9Fa8HJZ47hD5zPH7uOkYw=</latexit>"
<latexit sha1_base64="Ro3X9rKenk2sbrLP/3RZbCbTY3E=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBC8GHbF10UIePEYwTwgWcLsZDYZMju7zvQKYclPePGgiFd/x5t/4yTZgyYWNBRV3XR3BYkUBl3321laXlldWy9sFDe3tnd2S3v7DROnmvE6i2WsWwE1XArF6yhQ8laiOY0CyZvB8HbiN5+4NiJWDzhKuB/RvhKhYBSt1PJOOz0ukXZLZbfiTkEWiZeTMuSodUtfnV7M0ogrZJIa0/bcBP2MahRM8nGxkxqeUDakfd62VNGIGz+b3jsmx1bpkTDWthSSqfp7IqORMaMosJ0RxYGZ9ybif147xfDaz4RKUuSKzRaFqSQYk8nzpCc0ZyhHllCmhb2VsAHVlKGNqGhD8OZfXiSNs4p3Wbm4Py9Xb/I4CnAIR3ACHlxBFe6gBnVgIOEZXuHNeXRenHfnY9a65OQzB/AHzucPbhWPkw==</latexit>

1� �
<latexit sha1_base64="GWNrrTr3Mzsc8X+9CnqgK1Vgiio=">AAAB+HicbVDLSsNAFL2pr1ofjbp0M1gEVyURXxuh4MaNWME+oAlhMp20YyeTMDMRauiXuHGhiFs/xZ1/4/Sx0NYDFw7n3Mu994QpZ0o7zrdVWFpeWV0rrpc2Nre2y/bOblMlmSS0QRKeyHaIFeVM0IZmmtN2KimOQ05b4eBq7LceqVQsEfd6mFI/xj3BIkawNlJgl2+DB48JlHsEc3QzCuyKU3UmQIvEnZEKzFAP7C+vm5AspkITjpXquE6q/RxLzQino5KXKZpiMsA92jFU4JgqP58cPkKHRumiKJGmhEYT9fdEjmOlhnFoOmOs+2reG4v/eZ1MRxd+zkSaaSrIdFGUcaQTNE4BdZmkRPOhIZhIZm5FpI8lJtpkVTIhuPMvL5LmcdU9q57enVRql7M4irAPB3AELpxDDa6hDg0gkMEzvMKb9WS9WO/Wx7S1YM1m9uAPrM8f9NOSog==</latexit>

Oj 2 M

<latexit sha1_base64="atXmJHTqMD6yxM9Nnc/Ph3P115I=">AAAB/nicbVDLSsNAFL2pr1pfUXHlZrAIdVMS8bURCm7cWcE+oAlhMp22Y2eSMDMRSij4K25cKOLW73Dn3zhts9DqgQuHc+7l3nvChDOlHefLKiwsLi2vFFdLa+sbm1v29k5TxakktEFiHst2iBXlLKINzTSn7URSLEJOW+HwauK3HqhULI7u9CihvsD9iPUYwdpIgb2XeVIgLccVT7G+wOgmuD9CgV12qs4U6C9xc1KGHPXA/vS6MUkFjTThWKmO6yTaz7DUjHA6LnmpogkmQ9ynHUMjLKjys+n5Y3RolC7qxdJUpNFU/TmRYaHUSISmU2A9UPPeRPzP66S6d+FnLEpSTSMyW9RLOdIxmmSBukxSovnIEEwkM7ciMsASE20SK5kQ3PmX/5LmcdU9q57enpRrl3kcRdiHA6iAC+dQg2uoQwMIZPAEL/BqPVrP1pv1PmstWPnMLvyC9fEN8eWU0Q==</latexit>

tr(�Oj)

Quek, Stilck França, Khatri, Meyer, Eisert, Nature Physics 20, 1648 (2024)

• Statistical inference problem
• in terms of circuit depth  
• circuit width  
• depolarizing noise strength

<latexit sha1_base64="sejTsp+ZbyjrkKq1npyucNBjZXI=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdZKAF48JmAckS5id9CZjZmeXmVkhLPkCLx4U8eonefNvnCR70MSChqKqm+6uIBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWju6nfekKleSwfzDhBP6IDyUPOqLFSXfZKZbfizkCWiZeTMuSo9Upf3X7M0gilYYJq3fHcxPgZVYYzgZNiN9WYUDaiA+xYKmmE2s9mh07IqVX6JIyVLWnITP09kdFI63EU2M6ImqFe9Kbif14nNeGNn3GZpAYlmy8KU0FMTKZfkz5XyIwYW0KZ4vZWwoZUUWZsNkUbgrf48jJpnle8q8pl/aJcvc3jKMAxnMAZeHANVbiHGjSAAcIzvMKb8+i8OO/Ox7x1xclnjuAPnM8f2R2M+A==</latexit>n
<latexit sha1_base64="Fhou74JEGFAfH3Iv25O2/UCxNiY=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdZKAF48JmAckS5id9CZjZmeXmVkhLPkCLx4U8eonefNvnCR70MSChqKqm+6uIBFcG9f9dlZW19Y3Ngtbxe2d3b390sFhU8epYthgsYhVO6AaBZfYMNwIbCcKaRQIbAWju6nfekKleSwfzDhBP6IDyUPOqLFSPemVym7FnYEsEy8nZchR65W+uv2YpRFKwwTVuuO5ifEzqgxnAifFbqoxoWxEB9ixVNIItZ/NDp2QU6v0SRgrW9KQmfp7IqOR1uMosJ0RNUO96E3F/7xOasIbP+MySQ1KNl8UpoKYmEy/Jn2ukBkxtoQyxe2thA2poszYbIo2BG/x5WXSPK94V5XL+kW5epvHUYBjOIEz8OAaqnAPNWgAA4RneIU359F5cd6dj3nripPPHMEfOJ8/3CWM+g==</latexit>p

<latexit sha1_base64="Yex+vYJNvMl5Z78AK3SMBkAgmDc=">AAAB6HicbVDLSgNBEOz1GeMr6tHLYBA8hV3xdZKAF48JmAckS5id7U3GzM4uM7NCCPkCLx4U8eonefNvnCR70MSChqKqm+6uIBVcG9f9dlZW19Y3Ngtbxe2d3b390sFhUyeZYthgiUhUO6AaBZfYMNwIbKcKaRwIbAXDu6nfekKleSIfzChFP6Z9ySPOqLFSPeyVym7FnYEsEy8nZchR65W+umHCshilYYJq3fHc1PhjqgxnAifFbqYxpWxI+9ixVNIYtT+eHTohp1YJSZQoW9KQmfp7YkxjrUdxYDtjagZ60ZuK/3mdzEQ3/pjLNDMo2XxRlAliEjL9moRcITNiZAllittbCRtQRZmx2RRtCN7iy8ukeV7xriqX9Yty9TaPowDHcAJn4ME1VOEeatAABgjP8ApvzqPz4rw7H/PWFSefOYI/cD5/AMn1jO4=</latexit>

d

<latexit sha1_base64="3V5/5uSKX6hM6nM7L2dORTTpcx8=">AAAB7nicbVDLSgMxFL2pr1pfVZdugkV0VWbE17KgC5cV7APaoWTSTBuaZIYkI5ShH+HGhSJu/R53/o1pOwttPXDhcM693HtPmAhurOd9o8LK6tr6RnGztLW9s7tX3j9omjjVlDVoLGLdDolhgivWsNwK1k40IzIUrBWObqd+64lpw2P1aMcJCyQZKB5xSqyTWl3DB5Kc9soVr+rNgJeJn5MK5Kj3yl/dfkxTyZSlghjT8b3EBhnRllPBJqVualhC6IgMWMdRRSQzQTY7d4JPnNLHUaxdKYtn6u+JjEhjxjJ0nZLYoVn0puJ/Xie10U2QcZWklik6XxSlAtsYT3/Hfa4ZtWLsCKGau1sxHRJNqHUJlVwI/uLLy6R5XvWvqpcPF5XaXR5HEY7gGM7Ah2uowT3UoQEURvAMr/CGEvSC3tHHvLWA8plD+AP0+QMCv49g</latexit>

�0

<latexit sha1_base64="3V5/5uSKX6hM6nM7L2dORTTpcx8=">AAAB7nicbVDLSgMxFL2pr1pfVZdugkV0VWbE17KgC5cV7APaoWTSTBuaZIYkI5ShH+HGhSJu/R53/o1pOwttPXDhcM693HtPmAhurOd9o8LK6tr6RnGztLW9s7tX3j9omjjVlDVoLGLdDolhgivWsNwK1k40IzIUrBWObqd+64lpw2P1aMcJCyQZKB5xSqyTWl3DB5Kc9soVr+rNgJeJn5MK5Kj3yl/dfkxTyZSlghjT8b3EBhnRllPBJqVualhC6IgMWMdRRSQzQTY7d4JPnNLHUaxdKYtn6u+JjEhjxjJ0nZLYoVn0puJ/Xie10U2QcZWklik6XxSlAtsYT3/Hfa4ZtWLsCKGau1sxHRJNqHUJlVwI/uLLy6R5XvWvqpcPF5XaXR5HEY7gGM7Ah2uowT3UoQEURvAMr/CGEvSC3tHHvLWA8plD+AP0+QMCv49g</latexit>

�0

<latexit sha1_base64="3V5/5uSKX6hM6nM7L2dORTTpcx8=">AAAB7nicbVDLSgMxFL2pr1pfVZdugkV0VWbE17KgC5cV7APaoWTSTBuaZIYkI5ShH+HGhSJu/R53/o1pOwttPXDhcM693HtPmAhurOd9o8LK6tr6RnGztLW9s7tX3j9omjjVlDVoLGLdDolhgivWsNwK1k40IzIUrBWObqd+64lpw2P1aMcJCyQZKB5xSqyTWl3DB5Kc9soVr+rNgJeJn5MK5Kj3yl/dfkxTyZSlghjT8b3EBhnRllPBJqVualhC6IgMWMdRRSQzQTY7d4JPnNLHUaxdKYtn6u+JjEhjxjJ0nZLYoVn0puJ/Xie10U2QcZWklik6XxSlAtsYT3/Hfa4ZtWLsCKGau1sxHRJNqHUJlVwI/uLLy6R5XvWvqpcPF5XaXR5HEY7gGM7Ah2uowT3UoQEURvAMr/CGEvSC3tHHvLWA8plD+AP0+QMCv49g</latexit>

�0



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

<latexit sha1_base64="11ZHZtELNTKncLY2nOr0bSghht8=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBA8hV3xdYzowWME84BkCbOT2WTI7Ow60yuEJT/hxYMiXv0db/6Nk2QPmljQUFR1090VJFIYdN1vZ2l5ZXVtvbBR3Nza3tkt7e03TJxqxusslrFuBdRwKRSvo0DJW4nmNAokbwbDm4nffOLaiFg94CjhfkT7SoSCUbRSK+swKsn1uFsquxV3CrJIvJyUIUetW/rq9GKWRlwhk9SYtucm6GdUo2CSj4ud1PCEsiHt87alikbc+Nn03jE5tkqPhLG2pZBM1d8TGY2MGUWB7YwoDsy8NxH/89ophld+JlSSIldstihMJcGYTJ4nPaE5QzmyhDIt7K2EDaimDG1ERRuCN//yImmcVryLyvn9Wbl6m8dRgEM4ghPw4BKqcAc1qAMDCc/wCm/Oo/PivDsfs9YlJ585gD9wPn8ApLWPuw==</latexit>

A

<latexit sha1_base64="3V5/5uSKX6hM6nM7L2dORTTpcx8=">AAAB7nicbVDLSgMxFL2pr1pfVZdugkV0VWbE17KgC5cV7APaoWTSTBuaZIYkI5ShH+HGhSJu/R53/o1pOwttPXDhcM693HtPmAhurOd9o8LK6tr6RnGztLW9s7tX3j9omjjVlDVoLGLdDolhgivWsNwK1k40IzIUrBWObqd+64lpw2P1aMcJCyQZKB5xSqyTWl3DB5Kc9soVr+rNgJeJn5MK5Kj3yl/dfkxTyZSlghjT8b3EBhnRllPBJqVualhC6IgMWMdRRSQzQTY7d4JPnNLHUaxdKYtn6u+JjEhjxjJ0nZLYoVn0puJ/Xie10U2QcZWklik6XxSlAtsYT3/Hfa4ZtWLsCKGau1sxHRJNqHUJlVwI/uLLy6R5XvWvqpcPF5XaXR5HEY7gGM7Ah2uowT3UoQEURvAMr/CGEvSC3tHHvLWA8plD+AP0+QMCv49g</latexit>

�0

<latexit sha1_base64="atXmJHTqMD6yxM9Nnc/Ph3P115I=">AAAB/nicbVDLSsNAFL2pr1pfUXHlZrAIdVMS8bURCm7cWcE+oAlhMp22Y2eSMDMRSij4K25cKOLW73Dn3zhts9DqgQuHc+7l3nvChDOlHefLKiwsLi2vFFdLa+sbm1v29k5TxakktEFiHst2iBXlLKINzTSn7URSLEJOW+HwauK3HqhULI7u9CihvsD9iPUYwdpIgb2XeVIgLccVT7G+wOgmuD9CgV12qs4U6C9xc1KGHPXA/vS6MUkFjTThWKmO6yTaz7DUjHA6LnmpogkmQ9ynHUMjLKjys+n5Y3RolC7qxdJUpNFU/TmRYaHUSISmU2A9UPPeRPzP66S6d+FnLEpSTSMyW9RLOdIxmmSBukxSovnIEEwkM7ciMsASE20SK5kQ3PmX/5LmcdU9q57enpRrl3kcRdiHA6iAC+dQg2uoQwMIZPAEL/BqPVrP1pv1PmstWPnMLvyC9fEN8eWU0Q==</latexit>

tr(�Oj)

PROOF TECHNIQUES

Quek, Stilck França, Khatri, Meyer, Eisert, Nature Physics 20, 1648 (2024)

• Proof techniques
• Multi-hypothesis testing 
• Fano’s Lemma 
• Log-depth Clifford circuits  

approximate unitary 2-designs

<latexit sha1_base64="3V5/5uSKX6hM6nM7L2dORTTpcx8=">AAAB7nicbVDLSgMxFL2pr1pfVZdugkV0VWbE17KgC5cV7APaoWTSTBuaZIYkI5ShH+HGhSJu/R53/o1pOwttPXDhcM693HtPmAhurOd9o8LK6tr6RnGztLW9s7tX3j9omjjVlDVoLGLdDolhgivWsNwK1k40IzIUrBWObqd+64lpw2P1aMcJCyQZKB5xSqyTWl3DB5Kc9soVr+rNgJeJn5MK5Kj3yl/dfkxTyZSlghjT8b3EBhnRllPBJqVualhC6IgMWMdRRSQzQTY7d4JPnNLHUaxdKYtn6u+JjEhjxjJ0nZLYoVn0puJ/Xie10U2QcZWklik6XxSlAtsYT3/Hfa4ZtWLsCKGau1sxHRJNqHUJlVwI/uLLy6R5XvWvqpcPF5XaXR5HEY7gGM7Ah2uowT3UoQEURvAMr/CGEvSC3tHHvLWA8plD+AP0+QMCv49g</latexit>

�0

<latexit sha1_base64="3V5/5uSKX6hM6nM7L2dORTTpcx8=">AAAB7nicbVDLSgMxFL2pr1pfVZdugkV0VWbE17KgC5cV7APaoWTSTBuaZIYkI5ShH+HGhSJu/R53/o1pOwttPXDhcM693HtPmAhurOd9o8LK6tr6RnGztLW9s7tX3j9omjjVlDVoLGLdDolhgivWsNwK1k40IzIUrBWObqd+64lpw2P1aMcJCyQZKB5xSqyTWl3DB5Kc9soVr+rNgJeJn5MK5Kj3yl/dfkxTyZSlghjT8b3EBhnRllPBJqVualhC6IgMWMdRRSQzQTY7d4JPnNLHUaxdKYtn6u+JjEhjxjJ0nZLYoVn0puJ/Xie10U2QcZWklik6XxSlAtsYT3/Hfa4ZtWLsCKGau1sxHRJNqHUJlVwI/uLLy6R5XvWvqpcPF5XaXR5HEY7gGM7Ah2uowT3UoQEURvAMr/CGEvSC3tHHvLWA8plD+AP0+QMCv49g</latexit>

�0

<latexit sha1_base64="3V5/5uSKX6hM6nM7L2dORTTpcx8=">AAAB7nicbVDLSgMxFL2pr1pfVZdugkV0VWbE17KgC5cV7APaoWTSTBuaZIYkI5ShH+HGhSJu/R53/o1pOwttPXDhcM693HtPmAhurOd9o8LK6tr6RnGztLW9s7tX3j9omjjVlDVoLGLdDolhgivWsNwK1k40IzIUrBWObqd+64lpw2P1aMcJCyQZKB5xSqyTWl3DB5Kc9soVr+rNgJeJn5MK5Kj3yl/dfkxTyZSlghjT8b3EBhnRllPBJqVualhC6IgMWMdRRSQzQTY7d4JPnNLHUaxdKYtn6u+JjEhjxjJ0nZLYoVn0puJ/Xie10U2QcZWklik6XxSlAtsYT3/Hfa4ZtWLsCKGau1sxHRJNqHUJlVwI/uLLy6R5XvWvqpcPF5XaXR5HEY7gGM7Ah2uowT3UoQEURvAMr/CGEvSC3tHHvLWA8plD+AP0+QMCv49g</latexit>

�0



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

<latexit sha1_base64="11ZHZtELNTKncLY2nOr0bSghht8=">AAAB73icbVDLSgNBEOz1GeMr6tHLYBA8hV3xdYzowWME84BkCbOT2WTI7Ow60yuEJT/hxYMiXv0db/6Nk2QPmljQUFR1090VJFIYdN1vZ2l5ZXVtvbBR3Nza3tkt7e03TJxqxusslrFuBdRwKRSvo0DJW4nmNAokbwbDm4nffOLaiFg94CjhfkT7SoSCUbRSK+swKsn1uFsquxV3CrJIvJyUIUetW/rq9GKWRlwhk9SYtucm6GdUo2CSj4ud1PCEsiHt87alikbc+Nn03jE5tkqPhLG2pZBM1d8TGY2MGUWB7YwoDsy8NxH/89ophld+JlSSIldstihMJcGYTJ4nPaE5QzmyhDIt7K2EDaimDG1ERRuCN//yImmcVryLyvn9Wbl6m8dRgEM4ghPw4BKqcAc1qAMDCc/wCm/Oo/PivDsfs9YlJ585gD9wPn8ApLWPuw==</latexit>

A

<latexit sha1_base64="3V5/5uSKX6hM6nM7L2dORTTpcx8=">AAAB7nicbVDLSgMxFL2pr1pfVZdugkV0VWbE17KgC5cV7APaoWTSTBuaZIYkI5ShH+HGhSJu/R53/o1pOwttPXDhcM693HtPmAhurOd9o8LK6tr6RnGztLW9s7tX3j9omjjVlDVoLGLdDolhgivWsNwK1k40IzIUrBWObqd+64lpw2P1aMcJCyQZKB5xSqyTWl3DB5Kc9soVr+rNgJeJn5MK5Kj3yl/dfkxTyZSlghjT8b3EBhnRllPBJqVualhC6IgMWMdRRSQzQTY7d4JPnNLHUaxdKYtn6u+JjEhjxjJ0nZLYoVn0puJ/Xie10U2QcZWklik6XxSlAtsYT3/Hfa4ZtWLsCKGau1sxHRJNqHUJlVwI/uLLy6R5XvWvqpcPF5XaXR5HEY7gGM7Ah2uowT3UoQEURvAMr/CGEvSC3tHHvLWA8plD+AP0+QMCv49g</latexit>
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tr(�Oj)

OUR RESULTS

Quek, Stilck França, Khatri, Meyer, Eisert, Nature Physics 20, 1648 (2024)

• Theorem (informal): One needs                    many samples 

• Previously thought:                  , and since in NISQ regime                     
                           , our results are exponentially stronger
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d = O(log(n))
Takagi, Endo, Minagawa, Gu, npj Quant Inf 8, 114 (2022) 
Takagi, Tajima, Gu, arXiv:2208.09178 (2022) 
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A

LESSON

• Does not mean it does not work: It does not 
scale and not work well for all circuits 

Quek, Stilck França, Khatri, Meyer, Eisert, Nature Physics 20, 1648 (2024)

Compare also Gonzales-Garcia, Trivedi, Cirac, arXiv:2203.15632 (2022) 

• Depolarizing noise catastrophic, non- 
unital noise allows quantum refrigeration 
Ben-Or, Gottesman, Hassidim, arXiv:1301.1995 (2013)
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• There are strong obstructions against error  
mitigation already at log-log depth in worst case
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F = 0.999• For small error rates, this allows for reasonable depth and QEM increases 
circuit volume: presently, common two-qubit average gate fidelities 
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• More intermediate steps: coherent quantum error mitigation

Onorati, Kitzinger, Helsen, Ioannou, Werner, Roth, Eisert, arXiv:2403.04751 (2024)  
Seif, Cian, Zhou, Chen, Jiang, arXiv:2203.07309 (2022)  
Koczor, Phys Rev X 11, 031057 (2021) 
Huggins et al Phys Rev X 11, 041036 (2021)
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• Steps between mitigation and fault tolerance, or virtual  
quantum channel purification - and will remain
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Suzuki, Endo, Fujii Tokunaga, PRX Quantum 3, 010345 (2022) 
Liu, Zhang, Fei, Cai, arXiv:2402.07866 (2024) 

• For small error rates, this allows for reasonable depth and QEM increases 
circuit volume: presently, common two-qubit average gate fidelities 
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IS THERE HOPE FOR USEFUL NEAR-TERM ALGORITHMS?
arXiv:2502.14252 (2025) 
arXiv:2505.04705 (2025) 
arXiv:2505.15913, Phys Rev Lett, in press (2025)  
arXiv:2411.15548 (2024)  
Nature Comm 15, 9595 (2024)
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CONSTANT DEPTH ADVANTAGES?

• Are there constant depth quantum  
advantages with a “practical feel”?

Pirnay, Jerbi, Seifert, Eisert, arXiv:2411.15548 (2024) 
Compare Huang, Liu, Broughton, Kim, Anshu, Landau, McClean, arXiv:2401.10095 (2024)
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• Construct concept classes from quantum 
advantages from shallow circuits

• Proof techniques • Features

• Theorem: There is a PAC learning advantage  
for shallow quantum circuits

• Constant-depth quantum vs  
                     (NC0) circuits 

• Classical and artificial data 
• Near-term quantum computer
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CONSTANT DEPTH ADVANTAGES?

Pirnay, Jerbi, Seifert, Eisert, arXiv:2411.15548 (2024) 
Compare Huang, Liu, Broughton, Kim, Anshu, Landau, McClean, arXiv:2401.10095 (2024) 

Building on Bene Watts, Parham, arXiv:2301.00995 (2013) 
Bravyi, Gosset, König, Science 362, 308 (2018)
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• Construct concept classes from quantum 
advantages from shallow circuits

• Proof techniques • Features

• Theorem: There is a PAC learning advantage  
for shallow quantum circuits

• Constant-depth quantum vs  
                     (NC0) circuits 

• Classical and artificial data 
• Near-term quantum computer
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Pirnay, Jerbi, Seifert, Eisert, arXiv:2411.15548 (2024) 
Compare Huang, Liu, Broughton, Kim, Anshu, Landau, McClean, arXiv:2401.10095 (2024) 

Building on Bene Watts, Parham, arXiv:2301.00995 (2013) 
Bravyi, Gosset, König, Science 362, 308 (2018)

CONSTANT DEPTH ADVANTAGES?
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Pirnay, Jerbi, Seifert, Eisert, arXiv:2411.15548 (2024) 
Compare Huang, Liu, Broughton, Kim, Anshu, Landau, McClean, arXiv:2401.10095 (2024) 

Building on Bene Watts, Parham, arXiv:2301.00995 (2013) 
Bravyi, Gosset, König, Science 362, 308 (2018)

• Theorem: There is a PAC learning advantage  
for shallow quantum circuits

• Construct concept classes from quantum 
advantages from shallow circuits

• Proof techniques • Features
• Constant-depth quantum vs  

                     (NC0) circuits 
• Classical and artificial data 
• Near-term quantum computer
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• Core idea: Devise a PAC generator learning advantage from an 
unconditional sampling advantage of QNC0 over NC0 

• Encode hyperplane learning problem into the “majority mod p”

Building on Bene Watts, Parham, arXiv:2301.00995 (2013) 
Bravyi, Gosset, König, Science 362, 308 (2018)

CONSTANT DEPTH ADVANTAGES?

• Lesson: Think of first applications beyond sampling
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STATE HIDDEN SUBGROUP PROBLEM

Bouland, Giurgica-Tiron, Wright, arXiv:2410.12706 (2024) 

• Identifying the symmetry properties of quantum states

• Definition [State hidden subgroup problem] Let    be a finite group with a  
unitary representation                   acting on the Hilbert space    and let   
            be a subgroup of    . Assume you have access to copies of an 
unknown state vector              that is promised to have the properties 
 
 
 
 
The problem is to identify 
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• Are there simple learning algorithms?
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STATE HIDDEN SUBGROUP PROBLEM

• Their application: Find “hidden cuts” along which pure states are unentangled

• Our contribution: Understand representation  
theory of problem and define “character POVM”

Hinsche, Eisert, Carrasco, arXiv:2505.15770 (2025) 
Perez-Salinas, Hinsche, Eisert, Carrasco,  

in preparation (2025) 
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STATE HIDDEN SUBGROUP PROBLEM

• Our contribution: Understand representation  
theory of problem and define “character POVM”

Hinsche, Eisert, Carrasco, arXiv:2505.15770 (2025) 
Perez-Salinas, Hinsche, Eisert, Carrasco,  

in preparation (2025) 

• Lesson: Is relatively 
near-term



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

MID-CIRCUIT MEASUREMENTS

• Can mid-circuit measurements help?

Cao, Eisert, arXiv:2505.04705 (2025) 
Cao, Eisert, in preparation (2025) 
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MID-CIRCUIT MEASUREMENTS

• Theorem: Sampling from constant depth 1D IQP circuits with mid- 
circuit measurements up to a constant error in       -norm is hard
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k.kl1

Cao, Eisert, arXiv:2505.04705 (2025) 
Cao, Eisert, in preparation (2025) 

• Lesson: Can be made geometry-informed IQP framework for  
learning ground states - mid-circuit measurements seem to help

• Can mid-circuit measurements help?
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HADAMARD TEST

• Can we improve quantum algorithmic primitives?

Faehrmann, Eisert, Kueng, arXiv:2505.15913, Phys Rev Lett, in press (2025) 

• Lesson: Hadamard test on a single auxiliary readout qubit with classical  
shadows on the remaining n-qubit work register improves primitive
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• Quenched ultra-cold atoms

vs matrix product states
Trotzky, Chen, Flesch, McCulloch, Schollwoeck, Eisert,  
Bloch, Nature Phys 8, 325 (2012)

• Sweet spot provided by two-dimensional systems in non-equilibrium

• Annealers

vs tensor networks, belief prop, neural network states

• Superconducting circuits 

King et al, Science (2025) 
Tindall, Mello, Fishman, Stoudenmire,  
Sels, arXiv:2503.05693 (2025)

Kim et al, Nature, 618, 500–5 (2023) 
Tindall, Fishman, Stoudenmire, Sels,  
PRX Quantum 5, 010308 (2024)

QUANTUM UTILITY IN QUANTUM SIMULATION?

• Can quantum simulation provide first quantum utility?
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• Hamiltonian and Liovillian learning

• Lesson: Such techniques can increase predictive power

QUANTUM UTILITY IN QUANTUM SIMULATION?

Hangleiter, Roth, Fuksa, Eisert, Roushan, Nature Comm 15, 9595 (2024) 
Wilde, Kshetrimayum, Roth, Hangleiter, Sweke, Eisert, arXiv:2209.14328 (2022) 
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OUTLOOK IN … 

Entanglement theory with limited computational resources
arXiv:2502.12284, Nature Physics, in press (2025).

https://www.nature.com/articles/s41467-023-43957-x
CODA
arXiv:2502.14252 (2025)  
Science Advances 10,  eadj5170 (2024) 
Nature Cimmunications 15, 434 (2024) 
arXiv:2411.15548 (2024)  
Quantum 5, 417 (2021) 
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• Coda: Near-term quantum advantages  
are not easy - constant factors matter
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• Coda: Only part of the issue - need robust  
advantages for families of instances
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• Coda: Only part of the issue - need robust  
advantages for families of instances

• Result by Google AI: Decoded quantum interferometry

• Find            satisfying as many as  
possible among the     linear mod-2  
equations            , with                ,

<latexit sha1_base64="3qjoIZ5pZAujItsipvPm779SrBY=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0lEqseCF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipGQ3KFbfqLkDWiZeTCuRoDMpf/WHM0gilYYJq3fPcxPgZVYYzgbNSP9WYUDahI+xZKmmE2s8Wh87IhVWGJIyVLWnIQv09kdFI62kU2M6ImrFe9ebif14vNeGtn3GZpAYlWy4KU0FMTOZfkyFXyIyYWkKZ4vZWwsZUUWZsNiUbgrf68jppX1W9WrXWvK7Ua3kcRTiDc7gED26gDvfQgBYwQHiGV3hzHp0X5935WLYWnHzmFP7A+fwB1YOM8A==</latexit>m
<latexit sha1_base64="IZMB4wfOZgCCQ9pn6qlorNUBs04=">AAACBnicbVDLSsNAFJ34rPUVdSnCYBFclaRIdVkUxGUF+4Amhsl00g6dmYSZiVBCV278FTcuFHHrN7jzb5y0WWjrgQuHc+7l3nvChFGlHefbWlpeWV1bL22UN7e2d3btvf22ilOJSQvHLJbdECnCqCAtTTUj3UQSxENGOuHoKvc7D0QqGos7PU6Iz9FA0IhipI0U2EeXHhXQ40gPwzC7ngS1+4x7mnKioJgEdsWpOlPAReIWpAIKNAP7y+vHOOVEaMyQUj3XSbSfIakpZmRS9lJFEoRHaEB6hgpk9vjZ9I0JPDFKH0axNCU0nKq/JzLElRrz0HTm96p5Lxf/83qpji78jIok1UTg2aIoZVDHMM8E9qkkWLOxIQhLam6FeIgkwtokVzYhuPMvL5J2rerWq/Xbs0qjXsRRAofgGJwCF5yDBrgBTdACGDyCZ/AK3qwn68V6tz5mrUtWMXMA/sD6/AH0GJjJ</latexit>

B 2 Fm⇥n
2

<latexit sha1_base64="WY6HLs8c33yZF27eCZGbujuOsAM=">AAACB3icbVDLSgMxFM34rPU16lKQYBFclZki1WVBEJcV7APaccikmTY0yQxJplCG2bnxV9y4UMStv+DOvzHTzkJbDwROzrmXe+8JYkaVdpxva2V1bX1js7RV3t7Z3du3Dw7bKkokJi0csUh2A6QIo4K0NNWMdGNJEA8Y6QTj69zvTIhUNBL3ehoTj6OhoCHFSBvJt0/6HOlREKaTrE8FnP+C9Cbzaw8pz3y74lSdGeAycQtSAQWavv3VH0Q44URozJBSPdeJtZciqSlmJCv3E0VihMdoSHqGCsSJ8tLZHRk8M8oAhpE0T2g4U393pIgrNeWBqcz3VIteLv7n9RIdXnkpFXGiicDzQWHCoI5gHgocUEmwZlNDEJbU7ArxCEmEtYmubEJwF09eJu1a1a1X63cXlUa9iKMEjsEpOAcuuAQNcAuaoAUweATP4BW8WU/Wi/VufcxLV6yi5wj8gfX5A5oEmcE=</latexit>

v 2 Fm
2

<latexit sha1_base64="a5uA42p5oZ26bYqF2fTlYH5tOUk=">AAACB3icbVDLSsNAFL3xWeur6lKQwSK4KkmR6rIgiMsK9gFtDJPppB06mYSZiVhCdm78FTcuFHHrL7jzb5y0XWjrgYEz59zLvff4MWdK2/a3tbS8srq2Xtgobm5t7+yW9vZbKkokoU0S8Uh2fKwoZ4I2NdOcdmJJcehz2vZHl7nfvqdSsUjc6nFM3RAPBAsYwdpIXumoF2I99IP0IesxgaY/P73KvOpdKjKvVLYr9gRokTgzUoYZGl7pq9ePSBJSoQnHSnUdO9ZuiqVmhNOs2EsUjTEZ4QHtGipwSJWbTu7I0IlR+iiIpHlCo4n6uyPFoVLj0DeV+Z5q3svF/7xuooMLN2UiTjQVZDooSDjSEcpDQX0mKdF8bAgmkpldERliiYk20RVNCM78yYukVa04tUrt5qxcr83iKMAhHMMpOHAOdbiGBjSBwCM8wyu8WU/Wi/VufUxLl6xZzwH8gfX5A567mcQ=</latexit>

x 2 Fn
2

<latexit sha1_base64="YlT5dfpYUarWnFVMu1hgIjMbhOs=">AAACAXicbVDLSsNAFL2pr1pfUTeCm8EiuCqJSHUjFN24rGAf0IYymU7aoZMHM5NiCXHjr7hxoYhb/8Kdf+OkjaCtBwbOnHMv997jRpxJZVlfRmFpeWV1rbhe2tjc2t4xd/eaMowFoQ0S8lC0XSwpZwFtKKY4bUeCYt/ltOWOrjO/NaZCsjC4U5OIOj4eBMxjBCst9cyDq66P1dD1kvsUXaKfzzjtmWWrYk2BFomdkzLkqPfMz24/JLFPA0U4lrJjW5FyEiwUI5ympW4saYTJCA9oR9MA+1Q6yfSCFB1rpY+8UOgXKDRVf3ck2Jdy4ru6MttQznuZ+J/XiZV34SQsiGJFAzIb5MUcqRBlcaA+E5QoPtEEE8H0rogMscBE6dBKOgR7/uRF0jyt2NVK9fasXKvmcRThEI7gBGw4hxrcQB0aQOABnuAFXo1H49l4M95npQUj79mHPzA+vgFd2pbT</latexit>

Bx = v

• Approximate solutions of  
optimization by reduction to  
decoding of classical codes

• Our results on optimization: • Approximate classically hard 
instances of integer programming

Jordan, Shutty, Wootters, Zalcman, Schmiedhuber, King, Isokov, Babbush, arXiv:2408.08292 (2024) 

• Max-k-XORSAT

Pirnay, Ulitzsch, Wilde, Eisert, Seifert, arXiv:2212.08678, Science Advances 10,  eadj5170 (2024) 

• Question to audience



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

• Coda: Only part of the issue - need robust  
advantages for families of instances

• Quantum probability diffusion models

Wang, Jiang, Fan, Jia, Eisert, Liu, Liu, arXiv:2502.14252 (2025) 
Liu, Liu, Liu, Ye, Wang, Alexeev, Eisert, Jiang, Nature Communications 15, 434 (2024)



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

• Coda: As long as we stay away from the hype  
and take step by step, all will be well



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

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