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Extended Church-Turing Thesis (ECTT)
Feasible/Efficient computation in 
the physical world is in BPP.
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Q: Can any realistic model solve a problem 
beyond BPP?

A: Quantum computation!?

Q: Is BQP realizable? Does quantum 
computation break ECTT?
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[Shor 1994]: Quantum computer can solve Factoring in polynomial time!

Q: Can we really build scalable quantum computer? 
(It requires 2000+ qubits to demonstrate Shor’s algorithm.)

Q: Maybe there’s fundamental physical barriers?

(E.g., noise stability, error correction, etc.)

Q: Can we refute ECTT with near-term technology?
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<latexit sha1_base64="v1aXQlc3v/l1Ki4RSqvyhbR50vc="></latexit>

U ⌦ I2n�2

2n by 2n unitary matrix2-qubit gate

<latexit sha1_base64="lKp30eNTAIwWedfaljWXb9DOqg0=">AAACNnicbVDLSgNBEJz1bXwlevTgYhC8GHZF0WPAi94UTCIkQWZne+OQeSwzveq65Au86r/4K168iVc/wUnMwagFAzVV3XR3RangFoPg1Zuanpmdm19YLC0tr6yulSvrTaszw6DBtNDmKqIWBFfQQI4CrlIDVEYCWlH/ZOi3bsFYrtUl5il0Je0pnnBG0UkXjetyNagFI/h/STgmVTLG+XXF2+rEmmUSFDJBrW2HQYrdghrkTMCg1MkspJT1aQ/ajioqwXaL0aYDf8cpsZ9o455Cf6T+7CiotDaXkauUFG/sb28o/ue1M0yOuwVXaYag2PegJBM+an94th9zAwxF7ghlhrtdfXZDDWXowpmYkutM9ZBGE5cUyPsPeyx2ooI7pqWkKi46qRb5oOgg3KNNitFvUHKRhr8D/Eua+7XwsBZcHFTrZ+NwF8gm2Sa7JCRHpE5OyTlpEEaAPJIn8uy9eG/eu/fxXTrljXs2yAS8zy9nna0b</latexit>

U

<latexit sha1_base64="+lC3nLABJO7QNjlVil2IjdokGXA=">AAACNnicbVDJSgNBEO1xN+569OBgELwYZkTRiyB40ZuCWSAJ0tNTE5v0MnTXqOOQL/Cq/+KvePEmXv0EO8vBqA8aXr9XRVW9KBXcYhC8eROTU9Mzs3PzpYXFpeWV1bX1mtWZYVBlWmjTiKgFwRVUkaOARmqAykhAPeqe9f36HRjLtbrGPIW2pB3FE84oOunq5Ga1HFSCAfy/JByRMhnh8mbN22rFmmUSFDJBrW2GQYrtghrkTECv1MospJR1aQeajioqwbaLwaY9f8cpsZ9o455Cf6D+7CiotDaXkauUFG/tb68v/uc1M0yO2wVXaYag2HBQkgkftd8/24+5AYYid4Qyw92uPrulhjJ04YxNyXWmOkijsUsK5N3HPRY7UcE901JSFRetVIu8V7QQHtAmxeDXK7lIw98B/iW1/Up4WAmuDsqnF6Nw58gm2Sa7JCRH5JSck0tSJYwAeSLP5MV79d69D+9zWDrhjXo2yBi8r2877a0D</latexit>=
<latexit sha1_base64="7Ls4z0gMoTk+k1zraIUPerB4Tlg=">AAACNnicbVDLSgNBEJz1bXwlevTgYhC8GHZF0WPAi94UjAaSEGZne+OQeSwzveq65Au86r/4K168iVc/wUnMwagFAzVV3XR3RangFoPg1Zuanpmdm19YLC0tr6yulSvrV1ZnhkGDaaFNM6IWBFfQQI4CmqkBKiMB11H/ZOhf34KxXKtLzFPoSNpTPOGMopMuTrrlalALRvD/knBMqmSM827F22rHmmUSFDJBrW2FQYqdghrkTMCg1M4spJT1aQ9ajioqwXaK0aYDf8cpsZ9o455Cf6T+7CiotDaXkauUFG/sb28o/ue1MkyOOwVXaYag2PegJBM+an94th9zAwxF7ghlhrtdfXZDDWXowpmYkutM9ZBGE5cUyPsPeyx2ooI7pqWkKi7aqRb5oGgj3KNNitFvUHKRhr8D/Euu9mvhYS24OKjWz8bhLpBNsk12SUiOSJ2cknPSIIwAeSRP5Nl78d68d+/ju3TKG/dskAl4n19G2a0J</latexit>

C

2n by 2n unitary matrix

• Quantum circuits    .<latexit sha1_base64="7Ls4z0gMoTk+k1zraIUPerB4Tlg=">AAACNnicbVDLSgNBEJz1bXwlevTgYhC8GHZF0WPAi94UjAaSEGZne+OQeSwzveq65Au86r/4K168iVc/wUnMwagFAzVV3XR3RangFoPg1Zuanpmdm19YLC0tr6yulSvrV1ZnhkGDaaFNM6IWBFfQQI4CmqkBKiMB11H/ZOhf34KxXKtLzFPoSNpTPOGMopMuTrrlalALRvD/knBMqmSM827F22rHmmUSFDJBrW2FQYqdghrkTMCg1M4spJT1aQ9ajioqwXaK0aYDf8cpsZ9o455Cf6T+7CiotDaXkauUFG/sb28o/ue1MkyOOwVXaYag2PegJBM+an94th9zAwxF7ghlhrtdfXZDDWXowpmYkutM9ZBGE5cUyPsPeyx2ooI7pqWkKi7aqRb5oGgj3KNNitFvUHKRhr8D/Euu9mvhYS24OKjWz8bhLpBNsk12SUiOSJ2cknPSIIwAeSRP5Nl78d68d+/ju3TKG/dskAl4n19G2a0J</latexit>

C

• Quantum states     .
<latexit sha1_base64="zSlPdoJn1vYagRNC18fSIc7H4SA="></latexit>

| i • Quantum gates    .<latexit sha1_base64="lKp30eNTAIwWedfaljWXb9DOqg0=">AAACNnicbVDLSgNBEJz1bXwlevTgYhC8GHZF0WPAi94UTCIkQWZne+OQeSwzveq65Au86r/4K168iVc/wUnMwagFAzVV3XR3RangFoPg1Zuanpmdm19YLC0tr6yulSvrTaszw6DBtNDmKqIWBFfQQI4CrlIDVEYCWlH/ZOi3bsFYrtUl5il0Je0pnnBG0UkXjetyNagFI/h/STgmVTLG+XXF2+rEmmUSFDJBrW2HQYrdghrkTMCg1MkspJT1aQ/ajioqwXaL0aYDf8cpsZ9o455Cf6T+7CiotDaXkauUFG/sb28o/ue1M0yOuwVXaYag2PegJBM+an94th9zAwxF7ghlhrtdfXZDDWXowpmYkutM9ZBGE5cUyPsPeyx2ooI7pqWkKi46qRb5oOgg3KNNitFvUHKRhr8D/Eua+7XwsBZcHFTrZ+NwF8gm2Sa7JCRHpE5OyTlpEEaAPJIn8uy9eG/eu/fxXTrljXs2yAS8zy9nna0b</latexit>

U

<latexit sha1_base64="vU0NLrZmeu993VXSo1ouBOXtfnQ="></latexit>· · ·
<latexit sha1_base64="mfqXMqnJtH1tdq9GcUtxrYHXt4w=">AAACOHicbVDLSgNBEJz1bXzr0YOLQfBi2BVFj4IXj4rGBJIQZmd745B5LDO96rrkE7zqv/gn3ryJV7/ASczBJBYM1FR1090VpYJbDIJ3b2p6ZnZufmGxtLS8srq2vrF5a3VmGFSZFtrUI2pBcAVV5CignhqgMhJQi7rnfb92D8ZyrW4wT6ElaUfxhDOKTrqutsP2ejmoBAP4kyQckjIZ4rK94e00Y80yCQqZoNY2wiDFVkENciagV2pmFlLKurQDDUcVlWBbxWDXnr/nlNhPtHFPoT9Q/3YUVFqby8hVSop3dtzri/95jQyT01bBVZohKPY7KMmEj9rvH+7H3ABDkTtCmeFuV5/dUUMZunhGpuQ6Ux2k0cglBfLu0wGLnajggWkpqYqLZqpF3iuaCI9ok2Lw65VcpOF4gJPk9rASHleCq6Py2dEw3AWyTXbJPgnJCTkjF+SSVAkjHfJMXsir9+Z9eJ/e12/plDfs2SIj8L5/ALLqrao=</latexit>

U1

<latexit sha1_base64="Ll51Kbg0DavgUZ0CqHTjVtCYg0Y=">AAACOHicbVDLSgNBEJz1bXzr0YOLQfBi2BVFj4IXjxGNCkkIs7O9yZB5LDO96rrkE7zqv/gn3ryJV7/AyeNgjAUDNVXddHdFqeAWg+Ddm5qemZ2bX1gsLS2vrK6tb2zeWJ0ZBjWmhTZ3EbUguIIachRwlxqgMhJwG3XP+/7tPRjLtbrGPIWmpG3FE84oOumq1jpsrZeDSjCAP0nCESmTEaqtDW+nEWuWSVDIBLW2HgYpNgtqkDMBvVIjs5BS1qVtqDuqqATbLAa79vw9p8R+oo17Cv2B+rujoNLaXEauUlLs2L9eX/zPq2eYnDYLrtIMQbHhoCQTPmq/f7gfcwMMRe4IZYa7XX3WoYYydPGMTcl1ptpIo7FLCuTdpwMWO1HBA9NSUhUXjVSLvFc0EB7RJsXg1yu5SMO/AU6Sm8NKeFwJLo/KZ0ejcBfINtkl+yQkJ+SMXJAqqRFG2uSZvJBX78378D69r2HplDfq2SJj8L5/ALS8ras=</latexit>

U2

circuit with 1- and 2-qubit gates

<latexit sha1_base64="maLAB7TcZk7DqwBq0181T02dats=">AAACOHicbVDLSgNBEJz1bXzr0YOLQfBi2BVFj4IXj4rGBJIQZmd745B5LDO96rrkE7zqv/gn3ryJV7/ASczBJBYM1FR1090VpYJbDIJ3b2p6ZnZufmGxtLS8srq2vrF5a3VmGFSZFtrUI2pBcAVV5CignhqgMhJQi7rnfb92D8ZyrW4wT6ElaUfxhDOKTrqutmV7vRxUggH8SRIOSZkMcdne8HaasWaZBIVMUGsbYZBiq6AGORPQKzUzCyllXdqBhqOKSrCtYrBrz99zSuwn2rin0B+ofzsKKq3NZeQqJcU7O+71xf+8RobJaavgKs0QFPsdlGTCR+33D/djboChyB2hzHC3q8/uqKEMXTwjU3KdqQ7SaOSSAnn36YDFTlTwwLSUVMVFM9Ui7xVNhEe0STH49Uou0nA8wElye1gJjyvB1VH57GgY7gLZJrtkn4TkhJyRC3JJqoSRDnkmL+TVe/M+vE/v67d0yhv2bJEReN8/IDGt5g==</latexit>

Um

• Output distribution     .<latexit sha1_base64="JlQSqa3ilxppR4C1NiLGyyRjYMs=">AAACOHicbVC7TsNAEDzzJryhpMAiQqIhshEISiQa6ECQgJRE0fm8Dqfcw9ytAWPlE2jhX/gTOjpEyxdweRQEGOmkuZld7e5EqeAWg+DNGxufmJyanpktzc0vLC4tr6zWrM4MgyrTQpvriFoQXEEVOQq4Tg1QGQm4ijrHPf/qDozlWl1inkJT0rbiCWcUnXRx2zpuLZeDStCH/5eEQ1ImQ5y1VryNRqxZJkEhE9Taehik2CyoQc4EdEuNzEJKWYe2oe6oohJss+jv2vW3nBL7iTbuKfT76s+Ogkprcxm5Sknxxv72euJ/Xj3D5LBZcJVmCIoNBiWZ8FH7vcP9mBtgKHJHKDPc7eqzG2ooQxfPyJRcZ6qNNBq5pEDeedxhsRMV3DMtJVVx0Ui1yLtFA+EBbVL0f92SizT8HeBfUtuthPuV4HyvfHQ6DHeGrJNNsk1CckCOyAk5I1XCSJs8kWfy4r16796H9zkoHfOGPWtkBN7XNw0+re0=</latexit>qC
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<latexit sha1_base64="zSlPdoJn1vYagRNC18fSIc7H4SA="></latexit>

| i

n-qubit state

<latexit sha1_base64="+lC3nLABJO7QNjlVil2IjdokGXA=">AAACNnicbVDJSgNBEO1xN+569OBgELwYZkTRiyB40ZuCWSAJ0tNTE5v0MnTXqOOQL/Cq/+KvePEmXv0EO8vBqA8aXr9XRVW9KBXcYhC8eROTU9Mzs3PzpYXFpeWV1bX1mtWZYVBlWmjTiKgFwRVUkaOARmqAykhAPeqe9f36HRjLtbrGPIW2pB3FE84oOunq5Ga1HFSCAfy/JByRMhnh8mbN22rFmmUSFDJBrW2GQYrtghrkTECv1MospJR1aQeajioqwbaLwaY9f8cpsZ9o455Cf6D+7CiotDaXkauUFG/tb68v/uc1M0yO2wVXaYag2HBQkgkftd8/24+5AYYid4Qyw92uPrulhjJ04YxNyXWmOkijsUsK5N3HPRY7UcE901JSFRetVIu8V7QQHtAmxeDXK7lIw98B/iW1/Up4WAmuDsqnF6Nw58gm2Sa7JCRH5JSck0tSJYwAeSLP5MV79d69D+9zWDrhjXo2yBi8r2877a0D</latexit>=

<latexit sha1_base64="j0Oqr6FRPvoecrivYGPrhLLmlmU="></latexit>2
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length 2n unit complex vector

<latexit sha1_base64="+lC3nLABJO7QNjlVil2IjdokGXA=">AAACNnicbVDJSgNBEO1xN+569OBgELwYZkTRiyB40ZuCWSAJ0tNTE5v0MnTXqOOQL/Cq/+KvePEmXv0EO8vBqA8aXr9XRVW9KBXcYhC8eROTU9Mzs3PzpYXFpeWV1bX1mtWZYVBlWmjTiKgFwRVUkaOARmqAykhAPeqe9f36HRjLtbrGPIW2pB3FE84oOunq5Ga1HFSCAfy/JByRMhnh8mbN22rFmmUSFDJBrW2GQYrtghrkTECv1MospJR1aQeajioqwbaLwaY9f8cpsZ9o455Cf6D+7CiotDaXkauUFG/tb68v/uc1M0yO2wVXaYag2HBQkgkftd8/24+5AYYid4Qyw92uPrulhjJ04YxNyXWmOkijsUsK5N3HPRY7UcE901JSFRetVIu8V7QQHtAmxeDXK7lIw98B/iW1/Up4WAmuDsqnF6Nw58gm2Sa7JCRH5JSck0tSJYwAeSLP5MV79d69D+9zWDrhjXo2yBi8r2877a0D</latexit>=
<latexit sha1_base64="v1aXQlc3v/l1Ki4RSqvyhbR50vc="></latexit>

U ⌦ I2n�2

2n by 2n unitary matrix2-qubit gate

<latexit sha1_base64="lKp30eNTAIwWedfaljWXb9DOqg0=">AAACNnicbVDLSgNBEJz1bXwlevTgYhC8GHZF0WPAi94UTCIkQWZne+OQeSwzveq65Au86r/4K168iVc/wUnMwagFAzVV3XR3RangFoPg1Zuanpmdm19YLC0tr6yulSvrTaszw6DBtNDmKqIWBFfQQI4CrlIDVEYCWlH/ZOi3bsFYrtUl5il0Je0pnnBG0UkXjetyNagFI/h/STgmVTLG+XXF2+rEmmUSFDJBrW2HQYrdghrkTMCg1MkspJT1aQ/ajioqwXaL0aYDf8cpsZ9o455Cf6T+7CiotDaXkauUFG/sb28o/ue1M0yOuwVXaYag2PegJBM+an94th9zAwxF7ghlhrtdfXZDDWXowpmYkutM9ZBGE5cUyPsPeyx2ooI7pqWkKi46qRb5oOgg3KNNitFvUHKRhr8D/Eua+7XwsBZcHFTrZ+NwF8gm2Sa7JCRHpE5OyTlpEEaAPJIn8uy9eG/eu/fxXTrljXs2yAS8zy9nna0b</latexit>

U

<latexit sha1_base64="+lC3nLABJO7QNjlVil2IjdokGXA=">AAACNnicbVDJSgNBEO1xN+569OBgELwYZkTRiyB40ZuCWSAJ0tNTE5v0MnTXqOOQL/Cq/+KvePEmXv0EO8vBqA8aXr9XRVW9KBXcYhC8eROTU9Mzs3PzpYXFpeWV1bX1mtWZYVBlWmjTiKgFwRVUkaOARmqAykhAPeqe9f36HRjLtbrGPIW2pB3FE84oOunq5Ga1HFSCAfy/JByRMhnh8mbN22rFmmUSFDJBrW2GQYrtghrkTECv1MospJR1aQeajioqwbaLwaY9f8cpsZ9o455Cf6D+7CiotDaXkauUFG/tb68v/uc1M0yO2wVXaYag2HBQkgkftd8/24+5AYYid4Qyw92uPrulhjJ04YxNyXWmOkijsUsK5N3HPRY7UcE901JSFRetVIu8V7QQHtAmxeDXK7lIw98B/iW1/Up4WAmuDsqnF6Nw58gm2Sa7JCRH5JSck0tSJYwAeSLP5MV79d69D+9zWDrhjXo2yBi8r2877a0D</latexit>=
<latexit sha1_base64="7Ls4z0gMoTk+k1zraIUPerB4Tlg=">AAACNnicbVDLSgNBEJz1bXwlevTgYhC8GHZF0WPAi94UjAaSEGZne+OQeSwzveq65Au86r/4K168iVc/wUnMwagFAzVV3XR3RangFoPg1Zuanpmdm19YLC0tr6yulSvrV1ZnhkGDaaFNM6IWBFfQQI4CmqkBKiMB11H/ZOhf34KxXKtLzFPoSNpTPOGMopMuTrrlalALRvD/knBMqmSM827F22rHmmUSFDJBrW2FQYqdghrkTMCg1M4spJT1aQ9ajioqwXaK0aYDf8cpsZ9o455Cf6T+7CiotDaXkauUFG/sb28o/ue1MkyOOwVXaYag2PegJBM+an94th9zAwxF7ghlhrtdfXZDDWXowpmYkutM9ZBGE5cUyPsPeyx2ooI7pqWkKi7aqRb5oGgj3KNNitFvUHKRhr8D/Euu9mvhYS24OKjWz8bhLpBNsk12SUiOSJ2cknPSIIwAeSRP5Nl78d68d+/ju3TKG/dskAl4n19G2a0J</latexit>

C

2n by 2n unitary matrix

<latexit sha1_base64="P/7f6YzeDOTPGWwZ8ljwSffOUtw="></latexit>

C| i

• Quantum circuits    .<latexit sha1_base64="7Ls4z0gMoTk+k1zraIUPerB4Tlg=">AAACNnicbVDLSgNBEJz1bXwlevTgYhC8GHZF0WPAi94UjAaSEGZne+OQeSwzveq65Au86r/4K168iVc/wUnMwagFAzVV3XR3RangFoPg1Zuanpmdm19YLC0tr6yulSvrV1ZnhkGDaaFNM6IWBFfQQI4CmqkBKiMB11H/ZOhf34KxXKtLzFPoSNpTPOGMopMuTrrlalALRvD/knBMqmSM827F22rHmmUSFDJBrW2FQYqdghrkTMCg1M4spJT1aQ9ajioqwXaK0aYDf8cpsZ9o455Cf6T+7CiotDaXkauUFG/sb28o/ue1MkyOOwVXaYag2PegJBM+an94th9zAwxF7ghlhrtdfXZDDWXowpmYkutM9ZBGE5cUyPsPeyx2ooI7pqWkKi7aqRb5oGgj3KNNitFvUHKRhr8D/Euu9mvhYS24OKjWz8bhLpBNsk12SUiOSJ2cknPSIIwAeSRP5Nl78d68d+/ju3TKG/dskAl4n19G2a0J</latexit>

C

• Quantum states     .
<latexit sha1_base64="zSlPdoJn1vYagRNC18fSIc7H4SA="></latexit>

| i • Quantum gates    .<latexit sha1_base64="lKp30eNTAIwWedfaljWXb9DOqg0=">AAACNnicbVDLSgNBEJz1bXwlevTgYhC8GHZF0WPAi94UTCIkQWZne+OQeSwzveq65Au86r/4K168iVc/wUnMwagFAzVV3XR3RangFoPg1Zuanpmdm19YLC0tr6yulSvrTaszw6DBtNDmKqIWBFfQQI4CrlIDVEYCWlH/ZOi3bsFYrtUl5il0Je0pnnBG0UkXjetyNagFI/h/STgmVTLG+XXF2+rEmmUSFDJBrW2HQYrdghrkTMCg1MkspJT1aQ/ajioqwXaL0aYDf8cpsZ9o455Cf6T+7CiotDaXkauUFG/sb28o/ue1M0yOuwVXaYag2PegJBM+an94th9zAwxF7ghlhrtdfXZDDWXowpmYkutM9ZBGE5cUyPsPeyx2ooI7pqWkKi46qRb5oOgg3KNNitFvUHKRhr8D/Eua+7XwsBZcHFTrZ+NwF8gm2Sa7JCRHpE5OyTlpEEaAPJIn8uy9eG/eu/fxXTrljXs2yAS8zy9nna0b</latexit>

U

<latexit sha1_base64="+lC3nLABJO7QNjlVil2IjdokGXA=">AAACNnicbVDJSgNBEO1xN+569OBgELwYZkTRiyB40ZuCWSAJ0tNTE5v0MnTXqOOQL/Cq/+KvePEmXv0EO8vBqA8aXr9XRVW9KBXcYhC8eROTU9Mzs3PzpYXFpeWV1bX1mtWZYVBlWmjTiKgFwRVUkaOARmqAykhAPeqe9f36HRjLtbrGPIW2pB3FE84oOunq5Ga1HFSCAfy/JByRMhnh8mbN22rFmmUSFDJBrW2GQYrtghrkTECv1MospJR1aQeajioqwbaLwaY9f8cpsZ9o455Cf6D+7CiotDaXkauUFG/tb68v/uc1M0yO2wVXaYag2HBQkgkftd8/24+5AYYid4Qyw92uPrulhjJ04YxNyXWmOkijsUsK5N3HPRY7UcE901JSFRetVIu8V7QQHtAmxeDXK7lIw98B/iW1/Up4WAmuDsqnF6Nw58gm2Sa7JCRH5JSck0tSJYwAeSLP5MV79d69D+9zWDrhjXo2yBi8r2877a0D</latexit>=

length 2n unit complex vector

<latexit sha1_base64="j0Oqr6FRPvoecrivYGPrhLLmlmU="></latexit>2

6664

↵0···00
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...
↵1···11

3

7775
<latexit sha1_base64="vU0NLrZmeu993VXSo1ouBOXtfnQ="></latexit>· · ·

<latexit sha1_base64="mfqXMqnJtH1tdq9GcUtxrYHXt4w=">AAACOHicbVDLSgNBEJz1bXzr0YOLQfBi2BVFj4IXj4rGBJIQZmd745B5LDO96rrkE7zqv/gn3ryJV7/ASczBJBYM1FR1090VpYJbDIJ3b2p6ZnZufmGxtLS8srq2vrF5a3VmGFSZFtrUI2pBcAVV5CignhqgMhJQi7rnfb92D8ZyrW4wT6ElaUfxhDOKTrqutsP2ejmoBAP4kyQckjIZ4rK94e00Y80yCQqZoNY2wiDFVkENciagV2pmFlLKurQDDUcVlWBbxWDXnr/nlNhPtHFPoT9Q/3YUVFqby8hVSop3dtzri/95jQyT01bBVZohKPY7KMmEj9rvH+7H3ABDkTtCmeFuV5/dUUMZunhGpuQ6Ux2k0cglBfLu0wGLnajggWkpqYqLZqpF3iuaCI9ok2Lw65VcpOF4gJPk9rASHleCq6Py2dEw3AWyTXbJPgnJCTkjF+SSVAkjHfJMXsir9+Z9eJ/e12/plDfs2SIj8L5/ALLqrao=</latexit>

U1

<latexit sha1_base64="Ll51Kbg0DavgUZ0CqHTjVtCYg0Y=">AAACOHicbVDLSgNBEJz1bXzr0YOLQfBi2BVFj4IXjxGNCkkIs7O9yZB5LDO96rrkE7zqv/gn3ryJV7/AyeNgjAUDNVXddHdFqeAWg+Ddm5qemZ2bX1gsLS2vrK6tb2zeWJ0ZBjWmhTZ3EbUguIIachRwlxqgMhJwG3XP+/7tPRjLtbrGPIWmpG3FE84oOumq1jpsrZeDSjCAP0nCESmTEaqtDW+nEWuWSVDIBLW2HgYpNgtqkDMBvVIjs5BS1qVtqDuqqATbLAa79vw9p8R+oo17Cv2B+rujoNLaXEauUlLs2L9eX/zPq2eYnDYLrtIMQbHhoCQTPmq/f7gfcwMMRe4IZYa7XX3WoYYydPGMTcl1ptpIo7FLCuTdpwMWO1HBA9NSUhUXjVSLvFc0EB7RJsXg1yu5SMO/AU6Sm8NKeFwJLo/KZ0ejcBfINtkl+yQkJ+SMXJAqqRFG2uSZvJBX78378D69r2HplDfq2SJj8L5/ALS8ras=</latexit>

U2

circuit with 1- and 2-qubit gates

<latexit sha1_base64="maLAB7TcZk7DqwBq0181T02dats=">AAACOHicbVDLSgNBEJz1bXzr0YOLQfBi2BVFj4IXj4rGBJIQZmd745B5LDO96rrkE7zqv/gn3ryJV7/ASczBJBYM1FR1090VpYJbDIJ3b2p6ZnZufmGxtLS8srq2vrF5a3VmGFSZFtrUI2pBcAVV5CignhqgMhJQi7rnfb92D8ZyrW4wT6ElaUfxhDOKTrqutmV7vRxUggH8SRIOSZkMcdne8HaasWaZBIVMUGsbYZBiq6AGORPQKzUzCyllXdqBhqOKSrCtYrBrz99zSuwn2rin0B+ofzsKKq3NZeQqJcU7O+71xf+8RobJaavgKs0QFPsdlGTCR+33D/djboChyB2hzHC3q8/uqKEMXTwjU3KdqQ7SaOSSAnn36YDFTlTwwLSUVMVFM9Ui7xVNhEe0STH49Uou0nA8wElye1gJjyvB1VH57GgY7gLZJrtkn4TkhJyRC3JJqoSRDnkmL+TVe/M+vE/v67d0yhv2bJEReN8/IDGt5g==</latexit>

Um

• Output distribution     .<latexit sha1_base64="JlQSqa3ilxppR4C1NiLGyyRjYMs=">AAACOHicbVC7TsNAEDzzJryhpMAiQqIhshEISiQa6ECQgJRE0fm8Dqfcw9ytAWPlE2jhX/gTOjpEyxdweRQEGOmkuZld7e5EqeAWg+DNGxufmJyanpktzc0vLC4tr6zWrM4MgyrTQpvriFoQXEEVOQq4Tg1QGQm4ijrHPf/qDozlWl1inkJT0rbiCWcUnXRx2zpuLZeDStCH/5eEQ1ImQ5y1VryNRqxZJkEhE9Taehik2CyoQc4EdEuNzEJKWYe2oe6oohJss+jv2vW3nBL7iTbuKfT76s+Ogkprcxm5Sknxxv72euJ/Xj3D5LBZcJVmCIoNBiWZ8FH7vcP9mBtgKHJHKDPc7eqzG2ooQxfPyJRcZ6qNNBq5pEDeedxhsRMV3DMtJVVx0Ui1yLtFA+EBbVL0f92SizT8HeBfUtuthPuV4HyvfHQ6DHeGrJNNsk1CckCOyAk5I1XCSJs8kWfy4r16796H9zkoHfOGPWtkBN7XNw0+re0=</latexit>qC



Quantum Circuits

!5

<latexit sha1_base64="zSlPdoJn1vYagRNC18fSIc7H4SA="></latexit>

| i

n-qubit state

<latexit sha1_base64="+lC3nLABJO7QNjlVil2IjdokGXA=">AAACNnicbVDJSgNBEO1xN+569OBgELwYZkTRiyB40ZuCWSAJ0tNTE5v0MnTXqOOQL/Cq/+KvePEmXv0EO8vBqA8aXr9XRVW9KBXcYhC8eROTU9Mzs3PzpYXFpeWV1bX1mtWZYVBlWmjTiKgFwRVUkaOARmqAykhAPeqe9f36HRjLtbrGPIW2pB3FE84oOunq5Ga1HFSCAfy/JByRMhnh8mbN22rFmmUSFDJBrW2GQYrtghrkTECv1MospJR1aQeajioqwbaLwaY9f8cpsZ9o455Cf6D+7CiotDaXkauUFG/tb68v/uc1M0yO2wVXaYag2HBQkgkftd8/24+5AYYid4Qyw92uPrulhjJ04YxNyXWmOkijsUsK5N3HPRY7UcE901JSFRetVIu8V7QQHtAmxeDXK7lIw98B/iW1/Up4WAmuDsqnF6Nw58gm2Sa7JCRH5JSck0tSJYwAeSLP5MV79d69D+9zWDrhjXo2yBi8r2877a0D</latexit>=

<latexit sha1_base64="j0Oqr6FRPvoecrivYGPrhLLmlmU="></latexit>2
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length 2n unit complex vector

<latexit sha1_base64="+lC3nLABJO7QNjlVil2IjdokGXA=">AAACNnicbVDJSgNBEO1xN+569OBgELwYZkTRiyB40ZuCWSAJ0tNTE5v0MnTXqOOQL/Cq/+KvePEmXv0EO8vBqA8aXr9XRVW9KBXcYhC8eROTU9Mzs3PzpYXFpeWV1bX1mtWZYVBlWmjTiKgFwRVUkaOARmqAykhAPeqe9f36HRjLtbrGPIW2pB3FE84oOunq5Ga1HFSCAfy/JByRMhnh8mbN22rFmmUSFDJBrW2GQYrtghrkTECv1MospJR1aQeajioqwbaLwaY9f8cpsZ9o455Cf6D+7CiotDaXkauUFG/tb68v/uc1M0yO2wVXaYag2HBQkgkftd8/24+5AYYid4Qyw92uPrulhjJ04YxNyXWmOkijsUsK5N3HPRY7UcE901JSFRetVIu8V7QQHtAmxeDXK7lIw98B/iW1/Up4WAmuDsqnF6Nw58gm2Sa7JCRH5JSck0tSJYwAeSLP5MV79d69D+9zWDrhjXo2yBi8r2877a0D</latexit>=
<latexit sha1_base64="v1aXQlc3v/l1Ki4RSqvyhbR50vc="></latexit>

U ⌦ I2n�2

2n by 2n unitary matrix2-qubit gate

<latexit sha1_base64="lKp30eNTAIwWedfaljWXb9DOqg0=">AAACNnicbVDLSgNBEJz1bXwlevTgYhC8GHZF0WPAi94UTCIkQWZne+OQeSwzveq65Au86r/4K168iVc/wUnMwagFAzVV3XR3RangFoPg1Zuanpmdm19YLC0tr6yulSvrTaszw6DBtNDmKqIWBFfQQI4CrlIDVEYCWlH/ZOi3bsFYrtUl5il0Je0pnnBG0UkXjetyNagFI/h/STgmVTLG+XXF2+rEmmUSFDJBrW2HQYrdghrkTMCg1MkspJT1aQ/ajioqwXaL0aYDf8cpsZ9o455Cf6T+7CiotDaXkauUFG/sb28o/ue1M0yOuwVXaYag2PegJBM+an94th9zAwxF7ghlhrtdfXZDDWXowpmYkutM9ZBGE5cUyPsPeyx2ooI7pqWkKi46qRb5oOgg3KNNitFvUHKRhr8D/Eua+7XwsBZcHFTrZ+NwF8gm2Sa7JCRHpE5OyTlpEEaAPJIn8uy9eG/eu/fxXTrljXs2yAS8zy9nna0b</latexit>

U

<latexit sha1_base64="+lC3nLABJO7QNjlVil2IjdokGXA=">AAACNnicbVDJSgNBEO1xN+569OBgELwYZkTRiyB40ZuCWSAJ0tNTE5v0MnTXqOOQL/Cq/+KvePEmXv0EO8vBqA8aXr9XRVW9KBXcYhC8eROTU9Mzs3PzpYXFpeWV1bX1mtWZYVBlWmjTiKgFwRVUkaOARmqAykhAPeqe9f36HRjLtbrGPIW2pB3FE84oOunq5Ga1HFSCAfy/JByRMhnh8mbN22rFmmUSFDJBrW2GQYrtghrkTECv1MospJR1aQeajioqwbaLwaY9f8cpsZ9o455Cf6D+7CiotDaXkauUFG/tb68v/uc1M0yO2wVXaYag2HBQkgkftd8/24+5AYYid4Qyw92uPrulhjJ04YxNyXWmOkijsUsK5N3HPRY7UcE901JSFRetVIu8V7QQHtAmxeDXK7lIw98B/iW1/Up4WAmuDsqnF6Nw58gm2Sa7JCRH5JSck0tSJYwAeSLP5MV79d69D+9zWDrhjXo2yBi8r2877a0D</latexit>=
<latexit sha1_base64="7Ls4z0gMoTk+k1zraIUPerB4Tlg=">AAACNnicbVDLSgNBEJz1bXwlevTgYhC8GHZF0WPAi94UjAaSEGZne+OQeSwzveq65Au86r/4K168iVc/wUnMwagFAzVV3XR3RangFoPg1Zuanpmdm19YLC0tr6yulSvrV1ZnhkGDaaFNM6IWBFfQQI4CmqkBKiMB11H/ZOhf34KxXKtLzFPoSNpTPOGMopMuTrrlalALRvD/knBMqmSM827F22rHmmUSFDJBrW2FQYqdghrkTMCg1M4spJT1aQ9ajioqwXaK0aYDf8cpsZ9o455Cf6T+7CiotDaXkauUFG/sb28o/ue1MkyOOwVXaYag2PegJBM+an94th9zAwxF7ghlhrtdfXZDDWXowpmYkutM9ZBGE5cUyPsPeyx2ooI7pqWkKi7aqRb5oGgj3KNNitFvUHKRhr8D/Euu9mvhYS24OKjWz8bhLpBNsk12SUiOSJ2cknPSIIwAeSRP5Nl78d68d+/ju3TKG/dskAl4n19G2a0J</latexit>

C

2n by 2n unitary matrix

<latexit sha1_base64="P/7f6YzeDOTPGWwZ8ljwSffOUtw="></latexit>

C| i

• Quantum circuits    .<latexit sha1_base64="7Ls4z0gMoTk+k1zraIUPerB4Tlg=">AAACNnicbVDLSgNBEJz1bXwlevTgYhC8GHZF0WPAi94UjAaSEGZne+OQeSwzveq65Au86r/4K168iVc/wUnMwagFAzVV3XR3RangFoPg1Zuanpmdm19YLC0tr6yulSvrV1ZnhkGDaaFNM6IWBFfQQI4CmqkBKiMB11H/ZOhf34KxXKtLzFPoSNpTPOGMopMuTrrlalALRvD/knBMqmSM827F22rHmmUSFDJBrW2FQYqdghrkTMCg1M4spJT1aQ9ajioqwXaK0aYDf8cpsZ9o455Cf6T+7CiotDaXkauUFG/sb28o/ue1MkyOOwVXaYag2PegJBM+an94th9zAwxF7ghlhrtdfXZDDWXowpmYkutM9ZBGE5cUyPsPeyx2ooI7pqWkKi7aqRb5oGgj3KNNitFvUHKRhr8D/Euu9mvhYS24OKjWz8bhLpBNsk12SUiOSJ2cknPSIIwAeSRP5Nl78d68d+/ju3TKG/dskAl4n19G2a0J</latexit>

C

• Quantum states     .
<latexit sha1_base64="zSlPdoJn1vYagRNC18fSIc7H4SA="></latexit>

| i • Quantum gates    .<latexit sha1_base64="lKp30eNTAIwWedfaljWXb9DOqg0=">AAACNnicbVDLSgNBEJz1bXwlevTgYhC8GHZF0WPAi94UTCIkQWZne+OQeSwzveq65Au86r/4K168iVc/wUnMwagFAzVV3XR3RangFoPg1Zuanpmdm19YLC0tr6yulSvrTaszw6DBtNDmKqIWBFfQQI4CrlIDVEYCWlH/ZOi3bsFYrtUl5il0Je0pnnBG0UkXjetyNagFI/h/STgmVTLG+XXF2+rEmmUSFDJBrW2HQYrdghrkTMCg1MkspJT1aQ/ajioqwXaL0aYDf8cpsZ9o455Cf6T+7CiotDaXkauUFG/sb28o/ue1M0yOuwVXaYag2PegJBM+an94th9zAwxF7ghlhrtdfXZDDWXowpmYkutM9ZBGE5cUyPsPeyx2ooI7pqWkKi46qRb5oOgg3KNNitFvUHKRhr8D/Eua+7XwsBZcHFTrZ+NwF8gm2Sa7JCRHpE5OyTlpEEaAPJIn8uy9eG/eu/fxXTrljXs2yAS8zy9nna0b</latexit>

U

<latexit sha1_base64="+lC3nLABJO7QNjlVil2IjdokGXA=">AAACNnicbVDJSgNBEO1xN+569OBgELwYZkTRiyB40ZuCWSAJ0tNTE5v0MnTXqOOQL/Cq/+KvePEmXv0EO8vBqA8aXr9XRVW9KBXcYhC8eROTU9Mzs3PzpYXFpeWV1bX1mtWZYVBlWmjTiKgFwRVUkaOARmqAykhAPeqe9f36HRjLtbrGPIW2pB3FE84oOunq5Ga1HFSCAfy/JByRMhnh8mbN22rFmmUSFDJBrW2GQYrtghrkTECv1MospJR1aQeajioqwbaLwaY9f8cpsZ9o455Cf6D+7CiotDaXkauUFG/tb68v/uc1M0yO2wVXaYag2HBQkgkftd8/24+5AYYid4Qyw92uPrulhjJ04YxNyXWmOkijsUsK5N3HPRY7UcE901JSFRetVIu8V7QQHtAmxeDXK7lIw98B/iW1/Up4WAmuDsqnF6Nw58gm2Sa7JCRH5JSck0tSJYwAeSLP5MV79d69D+9zWDrhjXo2yBi8r2877a0D</latexit>=

length 2n unit complex vector

<latexit sha1_base64="j0Oqr6FRPvoecrivYGPrhLLmlmU="></latexit>2

6664

↵0···00
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...
↵1···11

3
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<latexit sha1_base64="vU0NLrZmeu993VXSo1ouBOXtfnQ="></latexit>· · ·

<latexit sha1_base64="mfqXMqnJtH1tdq9GcUtxrYHXt4w=">AAACOHicbVDLSgNBEJz1bXzr0YOLQfBi2BVFj4IXj4rGBJIQZmd745B5LDO96rrkE7zqv/gn3ryJV7/ASczBJBYM1FR1090VpYJbDIJ3b2p6ZnZufmGxtLS8srq2vrF5a3VmGFSZFtrUI2pBcAVV5CignhqgMhJQi7rnfb92D8ZyrW4wT6ElaUfxhDOKTrqutsP2ejmoBAP4kyQckjIZ4rK94e00Y80yCQqZoNY2wiDFVkENciagV2pmFlLKurQDDUcVlWBbxWDXnr/nlNhPtHFPoT9Q/3YUVFqby8hVSop3dtzri/95jQyT01bBVZohKPY7KMmEj9rvH+7H3ABDkTtCmeFuV5/dUUMZunhGpuQ6Ux2k0cglBfLu0wGLnajggWkpqYqLZqpF3iuaCI9ok2Lw65VcpOF4gJPk9rASHleCq6Py2dEw3AWyTXbJPgnJCTkjF+SSVAkjHfJMXsir9+Z9eJ/e12/plDfs2SIj8L5/ALLqrao=</latexit>

U1

<latexit sha1_base64="Ll51Kbg0DavgUZ0CqHTjVtCYg0Y=">AAACOHicbVDLSgNBEJz1bXzr0YOLQfBi2BVFj4IXjxGNCkkIs7O9yZB5LDO96rrkE7zqv/gn3ryJV7/AyeNgjAUDNVXddHdFqeAWg+Ddm5qemZ2bX1gsLS2vrK6tb2zeWJ0ZBjWmhTZ3EbUguIIachRwlxqgMhJwG3XP+/7tPRjLtbrGPIWmpG3FE84oOumq1jpsrZeDSjCAP0nCESmTEaqtDW+nEWuWSVDIBLW2HgYpNgtqkDMBvVIjs5BS1qVtqDuqqATbLAa79vw9p8R+oo17Cv2B+rujoNLaXEauUlLs2L9eX/zPq2eYnDYLrtIMQbHhoCQTPmq/f7gfcwMMRe4IZYa7XX3WoYYydPGMTcl1ptpIo7FLCuTdpwMWO1HBA9NSUhUXjVSLvFc0EB7RJsXg1yu5SMO/AU6Sm8NKeFwJLo/KZ0ejcBfINtkl+yQkJ+SMXJAqqRFG2uSZvJBX78378D69r2HplDfq2SJj8L5/ALS8ras=</latexit>

U2

circuit with 1- and 2-qubit gates

<latexit sha1_base64="maLAB7TcZk7DqwBq0181T02dats=">AAACOHicbVDLSgNBEJz1bXzr0YOLQfBi2BVFj4IXj4rGBJIQZmd745B5LDO96rrkE7zqv/gn3ryJV7/ASczBJBYM1FR1090VpYJbDIJ3b2p6ZnZufmGxtLS8srq2vrF5a3VmGFSZFtrUI2pBcAVV5CignhqgMhJQi7rnfb92D8ZyrW4wT6ElaUfxhDOKTrqutmV7vRxUggH8SRIOSZkMcdne8HaasWaZBIVMUGsbYZBiq6AGORPQKzUzCyllXdqBhqOKSrCtYrBrz99zSuwn2rin0B+ofzsKKq3NZeQqJcU7O+71xf+8RobJaavgKs0QFPsdlGTCR+33D/djboChyB2hzHC3q8/uqKEMXTwjU3KdqQ7SaOSSAnn36YDFTlTwwLSUVMVFM9Ui7xVNhEe0STH49Uou0nA8wElye1gJjyvB1VH57GgY7gLZJrtkn4TkhJyRC3JJqoSRDnkmL+TVe/M+vE/v67d0yhv2bJEReN8/IDGt5g==</latexit>

Um

<latexit sha1_base64="yitC7t9SzUFkOR1eHpaG9+D/5ds="></latexit>

qC(x) = |↵x|2

• Output distribution     .<latexit sha1_base64="JlQSqa3ilxppR4C1NiLGyyRjYMs=">AAACOHicbVC7TsNAEDzzJryhpMAiQqIhshEISiQa6ECQgJRE0fm8Dqfcw9ytAWPlE2jhX/gTOjpEyxdweRQEGOmkuZld7e5EqeAWg+DNGxufmJyanpktzc0vLC4tr6zWrM4MgyrTQpvriFoQXEEVOQq4Tg1QGQm4ijrHPf/qDozlWl1inkJT0rbiCWcUnXRx2zpuLZeDStCH/5eEQ1ImQ5y1VryNRqxZJkEhE9Taehik2CyoQc4EdEuNzEJKWYe2oe6oohJss+jv2vW3nBL7iTbuKfT76s+Ogkprcxm5Sknxxv72euJ/Xj3D5LBZcJVmCIoNBiWZ8FH7vcP9mBtgKHJHKDPc7eqzG2ooQxfPyJRcZ6qNNBq5pEDeedxhsRMV3DMtJVVx0Ui1yLtFA+EBbVL0f92SizT8HeBfUtuthPuV4HyvfHQ6DHeGrJNNsk1CckCOyAk5I1XCSJs8kWfy4r16796H9zkoHfOGPWtkBN7XNw0+re0=</latexit>qC



Random Circuit Sampling

!6

The lead-candidate used by Google’s Sycamore

<latexit sha1_base64="vU0NLrZmeu993VXSo1ouBOXtfnQ="></latexit>· · ·<latexit sha1_base64="XYmq0ovIh1x02/HMXz2+QM74Opc="></latexit>...
<latexit sha1_base64="XYmq0ovIh1x02/HMXz2+QM74Opc="></latexit>...

<latexit sha1_base64="XYmq0ovIh1x02/HMXz2+QM74Opc="></latexit>...



Random Circuit Sampling

!6

The lead-candidate used by Google’s Sycamore

<latexit sha1_base64="vU0NLrZmeu993VXSo1ouBOXtfnQ="></latexit>· · ·<latexit sha1_base64="XYmq0ovIh1x02/HMXz2+QM74Opc="></latexit>...
<latexit sha1_base64="XYmq0ovIh1x02/HMXz2+QM74Opc="></latexit>...

<latexit sha1_base64="XYmq0ovIh1x02/HMXz2+QM74Opc="></latexit>...

Challenger 
(E.g., Quantum skeptics)



Random Circuit Sampling

!6

The lead-candidate used by Google’s Sycamore

<latexit sha1_base64="vU0NLrZmeu993VXSo1ouBOXtfnQ="></latexit>· · ·<latexit sha1_base64="XYmq0ovIh1x02/HMXz2+QM74Opc="></latexit>...
<latexit sha1_base64="XYmq0ovIh1x02/HMXz2+QM74Opc="></latexit>...

<latexit sha1_base64="XYmq0ovIh1x02/HMXz2+QM74Opc="></latexit>...

Challenger 
(E.g., Quantum skeptics)

Prover 
(E.g., Google)



Random Circuit Sampling

!6

The lead-candidate used by Google’s Sycamore

<latexit sha1_base64="vU0NLrZmeu993VXSo1ouBOXtfnQ="></latexit>· · ·<latexit sha1_base64="XYmq0ovIh1x02/HMXz2+QM74Opc="></latexit>...
<latexit sha1_base64="XYmq0ovIh1x02/HMXz2+QM74Opc="></latexit>...

<latexit sha1_base64="XYmq0ovIh1x02/HMXz2+QM74Opc="></latexit>...

Challenger 
(E.g., Quantum skeptics)

Prover 
(E.g., Google)

1. Randomly pick                   . 
<latexit sha1_base64="tGJmgIX6mbV70B99/3ch5bs8IDM="></latexit>

U1, . . . , Um

<latexit sha1_base64="vVXG8b7Xur+KTD4n1EwrNZltBTs="></latexit>

U1

<latexit sha1_base64="eRQhaoIiQzBa/Cydd46gJgn/61o="></latexit>

Un
2

<latexit sha1_base64="vWTvAOF4H3qFAVmUd5re4WAziNo="></latexit>

Ua

<latexit sha1_base64="jS7IoMhstMPQXET9eOP+k26tW/4="></latexit>

Ub

<latexit sha1_base64="Q68pFjnoASsGhsFE8fMPvCFbPo8="></latexit>

Uc

<latexit sha1_base64="MLKYXc1vU5PPHObHtbpeNJUzbkM="></latexit>

Ud

<latexit sha1_base64="zo11SEM+vZx6XMQrDBPbHdXTz1Q=">AAACOHicbVDLSgNBEJz1GeMr6tGDi0HwYtgVRY+CF71FNCokIczO9sYh81hmetV1ySd41X/xT7x5E69+gZOYg1ELBmqquunuilLBLQbBqzcxOTU9M1uaK88vLC4tV1ZWL63ODIMG00Kb64haEFxBAzkKuE4NUBkJuIp6xwP/6haM5VpdYJ5CW9Ku4glnFJ103uhAp1INasEQ/l8SjkiVjFDvrHgbrVizTIJCJqi1zTBIsV1Qg5wJ6JdbmYWUsh7tQtNRRSXYdjHcte9vOSX2E23cU+gP1Z8dBZXW5jJylZLijf3tDcT/vGaGyWG74CrNEBT7HpRkwkftDw73Y26Aocgdocxwt6vPbqihDF08Y1Nynaku0mjskgJ572GHxU5UcMe0lFTFRSvVIu8XLYR7tEkx/PXLLtLwd4B/yeVuLdyvBWd71aPTUbglsk42yTYJyQE5IiekThqEkS55JE/k2Xvx3rx37+O7dMIb9ayRMXifXxfyrfM=</latexit>

Ue

<latexit sha1_base64="HPDXfIqtTSjPVqABA+CKqfIxZrs="></latexit>

Um



Random Circuit Sampling

!6

The lead-candidate used by Google’s Sycamore
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Intuition: Without quantumness, the prover requires exponential time!?

3. Sample many strings from 
the output distribution     .<latexit sha1_base64="wlD3bFckVUuAO5m5lA93xxOtMgQ=">AAACOHicbVC7TsNAEDzzJryhpMAiQqIhshEISiQoKEGQgJRE0fm8Dqfcw9ytAWPlE2jhX/gTOjpEyxdweRQEGOmkuZld7e5EqeAWg+DNGxufmJyanpktzc0vLC4tr6zWrM4MgyrTQpvriFoQXEEVOQq4Tg1QGQm4ijrHPf/qDozlWl1inkJT0rbiCWcUnXRx2zpuLZeDStCH/5eEQ1ImQ5y1VryNRqxZJkEhE9Taehik2CyoQc4EdEuNzEJKWYe2oe6oohJss+jv2vW3nBL7iTbuKfT76s+Ogkprcxm5Sknxxv72euJ/Xj3D5LBZcJVmCIoNBiWZ8FH7vcP9mBtgKHJHKDPc7eqzG2ooQxfPyJRcZ6qNNBq5pEDeedxhsRMV3DMtJVVx0Ui1yLtFA+EBbVL0f92SizT8HeBfUtuthPuV4HyvfHQyDHeGrJNNsk1CckCOyCk5I1XCSJs8kWfy4r16796H9zkoHfOGPWtkBN7XNwu9reg=</latexit>qC

<latexit sha1_base64="vVXG8b7Xur+KTD4n1EwrNZltBTs="></latexit>

U1

<latexit sha1_base64="eRQhaoIiQzBa/Cydd46gJgn/61o="></latexit>

Un
2

<latexit sha1_base64="vWTvAOF4H3qFAVmUd5re4WAziNo="></latexit>

Ua

<latexit sha1_base64="jS7IoMhstMPQXET9eOP+k26tW/4="></latexit>

Ub

<latexit sha1_base64="Q68pFjnoASsGhsFE8fMPvCFbPo8="></latexit>

Uc

<latexit sha1_base64="MLKYXc1vU5PPHObHtbpeNJUzbkM="></latexit>

Ud

<latexit sha1_base64="zo11SEM+vZx6XMQrDBPbHdXTz1Q=">AAACOHicbVDLSgNBEJz1GeMr6tGDi0HwYtgVRY+CF71FNCokIczO9sYh81hmetV1ySd41X/xT7x5E69+gZOYg1ELBmqquunuilLBLQbBqzcxOTU9M1uaK88vLC4tV1ZWL63ODIMG00Kb64haEFxBAzkKuE4NUBkJuIp6xwP/6haM5VpdYJ5CW9Ku4glnFJ103uhAp1INasEQ/l8SjkiVjFDvrHgbrVizTIJCJqi1zTBIsV1Qg5wJ6JdbmYWUsh7tQtNRRSXYdjHcte9vOSX2E23cU+gP1Z8dBZXW5jJylZLijf3tDcT/vGaGyWG74CrNEBT7HpRkwkftDw73Y26Aocgdocxwt6vPbqihDF08Y1Nynaku0mjskgJ572GHxU5UcMe0lFTFRSvVIu8XLYR7tEkx/PXLLtLwd4B/yeVuLdyvBWd71aPTUbglsk42yTYJyQE5IiekThqEkS55JE/k2Xvx3rx37+O7dMIb9ayRMXifXxfyrfM=</latexit>

Ue

<latexit sha1_base64="HPDXfIqtTSjPVqABA+CKqfIxZrs="></latexit>

Um



How to Verify?

!7

Challenger 
(E.g., Quantum skeptics)

Prover 
(E.g., Google)

1. Randomly pick                   . 

2. Pick input state, e.g.,       .

<latexit sha1_base64="tGJmgIX6mbV70B99/3ch5bs8IDM="></latexit>

U1, . . . , Um
<latexit sha1_base64="naZn9YNGLfJZV65Y3Jfko2H1Jhg="></latexit>
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4. Verify samples follow     .<latexit sha1_base64="3L3/XDzI1vYVCZLjjELZTUrHh9Q="></latexit>qC

3. Sample many strings from 
the output distribution     .<latexit sha1_base64="wlD3bFckVUuAO5m5lA93xxOtMgQ=">AAACOHicbVC7TsNAEDzzJryhpMAiQqIhshEISiQoKEGQgJRE0fm8Dqfcw9ytAWPlE2jhX/gTOjpEyxdweRQEGOmkuZld7e5EqeAWg+DNGxufmJyanpktzc0vLC4tr6zWrM4MgyrTQpvriFoQXEEVOQq4Tg1QGQm4ijrHPf/qDozlWl1inkJT0rbiCWcUnXRx2zpuLZeDStCH/5eEQ1ImQ5y1VryNRqxZJkEhE9Taehik2CyoQc4EdEuNzEJKWYe2oe6oohJss+jv2vW3nBL7iTbuKfT76s+Ogkprcxm5Sknxxv72euJ/Xj3D5LBZcJVmCIoNBiWZ8FH7vcP9mBtgKHJHKDPc7eqzG2ooQxfPyJRcZ6qNNBq5pEDeedxhsRMV3DMtJVVx0Ui1yLtFA+EBbVL0f92SizT8HeBfUtuthPuV4HyvfHQyDHeGrJNNsk1CckCOyCk5I1XCSJs8kWfy4r16796H9zkoHfOGPWtkBN7XNwu9reg=</latexit>qC



How to Verify?

!7

Challenger 
(E.g., Quantum skeptics)

Prover 
(E.g., Google)

1. Randomly pick                   . 

2. Pick input state, e.g.,       .

<latexit sha1_base64="tGJmgIX6mbV70B99/3ch5bs8IDM="></latexit>

U1, . . . , Um
<latexit sha1_base64="naZn9YNGLfJZV65Y3Jfko2H1Jhg="></latexit>

|0ni

4. Verify samples follow     .<latexit sha1_base64="3L3/XDzI1vYVCZLjjELZTUrHh9Q="></latexit>qC

3. Sample many strings from 
the output distribution     .<latexit sha1_base64="wlD3bFckVUuAO5m5lA93xxOtMgQ=">AAACOHicbVC7TsNAEDzzJryhpMAiQqIhshEISiQoKEGQgJRE0fm8Dqfcw9ytAWPlE2jhX/gTOjpEyxdweRQEGOmkuZld7e5EqeAWg+DNGxufmJyanpktzc0vLC4tr6zWrM4MgyrTQpvriFoQXEEVOQq4Tg1QGQm4ijrHPf/qDozlWl1inkJT0rbiCWcUnXRx2zpuLZeDStCH/5eEQ1ImQ5y1VryNRqxZJkEhE9Taehik2CyoQc4EdEuNzEJKWYe2oe6oohJss+jv2vW3nBL7iTbuKfT76s+Ogkprcxm5Sknxxv72euJ/Xj3D5LBZcJVmCIoNBiWZ8FH7vcP9mBtgKHJHKDPc7eqzG2ooQxfPyJRcZ6qNNBq5pEDeedxhsRMV3DMtJVVx0Ui1yLtFA+EBbVL0f92SizT8HeBfUtuthPuV4HyvfHQyDHeGrJNNsk1CckCOyCk5I1XCSJs8kWfy4r16796H9zkoHfOGPWtkBN7XNwu9reg=</latexit>qC

• Efficiency: The verification 
should be scalable.
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• Completeness: If the Prover’s 
distribution is close to     , then 
accept w.h.p.

<latexit sha1_base64="JlQSqa3ilxppR4C1NiLGyyRjYMs=">AAACOHicbVC7TsNAEDzzJryhpMAiQqIhshEISiQa6ECQgJRE0fm8Dqfcw9ytAWPlE2jhX/gTOjpEyxdweRQEGOmkuZld7e5EqeAWg+DNGxufmJyanpktzc0vLC4tr6zWrM4MgyrTQpvriFoQXEEVOQq4Tg1QGQm4ijrHPf/qDozlWl1inkJT0rbiCWcUnXRx2zpuLZeDStCH/5eEQ1ImQ5y1VryNRqxZJkEhE9Taehik2CyoQc4EdEuNzEJKWYe2oe6oohJss+jv2vW3nBL7iTbuKfT76s+Ogkprcxm5Sknxxv72euJ/Xj3D5LBZcJVmCIoNBiWZ8FH7vcP9mBtgKHJHKDPc7eqzG2ooQxfPyJRcZ6qNNBq5pEDeedxhsRMV3DMtJVVx0Ui1yLtFA+EBbVL0f92SizT8HeBfUtuthPuV4HyvfHQ6DHeGrJNNsk1CckCOyAk5I1XCSJs8kWfy4r16796H9zkoHfOGPWtkBN7XNw0+re0=</latexit>qC



How to Verify?
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Challenger 
(E.g., Quantum skeptics)

Prover 
(E.g., Google)

1. Randomly pick                   . 

2. Pick input state, e.g.,       .

<latexit sha1_base64="tGJmgIX6mbV70B99/3ch5bs8IDM="></latexit>

U1, . . . , Um
<latexit sha1_base64="naZn9YNGLfJZV65Y3Jfko2H1Jhg="></latexit>

|0ni

4. Verify samples follow     .<latexit sha1_base64="3L3/XDzI1vYVCZLjjELZTUrHh9Q="></latexit>qC

3. Sample many strings from 
the output distribution     .<latexit sha1_base64="wlD3bFckVUuAO5m5lA93xxOtMgQ=">AAACOHicbVC7TsNAEDzzJryhpMAiQqIhshEISiQoKEGQgJRE0fm8Dqfcw9ytAWPlE2jhX/gTOjpEyxdweRQEGOmkuZld7e5EqeAWg+DNGxufmJyanpktzc0vLC4tr6zWrM4MgyrTQpvriFoQXEEVOQq4Tg1QGQm4ijrHPf/qDozlWl1inkJT0rbiCWcUnXRx2zpuLZeDStCH/5eEQ1ImQ5y1VryNRqxZJkEhE9Taehik2CyoQc4EdEuNzEJKWYe2oe6oohJss+jv2vW3nBL7iTbuKfT76s+Ogkprcxm5Sknxxv72euJ/Xj3D5LBZcJVmCIoNBiWZ8FH7vcP9mBtgKHJHKDPc7eqzG2ooQxfPyJRcZ6qNNBq5pEDeedxhsRMV3DMtJVVx0Ui1yLtFA+EBbVL0f92SizT8HeBfUtuthPuV4HyvfHQyDHeGrJNNsk1CckCOyCk5I1XCSJs8kWfy4r16796H9zkoHfOGPWtkBN7XNwu9reg=</latexit>qC

• Efficiency: The verification 
should be scalable.

• Completeness: If the Prover’s 
distribution is close to     , then 
accept w.h.p.

• Soundness: If the distribution 
came from a classical device, 
then reject w.h.p.

<latexit sha1_base64="JlQSqa3ilxppR4C1NiLGyyRjYMs=">AAACOHicbVC7TsNAEDzzJryhpMAiQqIhshEISiQa6ECQgJRE0fm8Dqfcw9ytAWPlE2jhX/gTOjpEyxdweRQEGOmkuZld7e5EqeAWg+DNGxufmJyanpktzc0vLC4tr6zWrM4MgyrTQpvriFoQXEEVOQq4Tg1QGQm4ijrHPf/qDozlWl1inkJT0rbiCWcUnXRx2zpuLZeDStCH/5eEQ1ImQ5y1VryNRqxZJkEhE9Taehik2CyoQc4EdEuNzEJKWYe2oe6oohJss+jv2vW3nBL7iTbuKfT76s+Ogkprcxm5Sknxxv72euJ/Xj3D5LBZcJVmCIoNBiWZ8FH7vcP9mBtgKHJHKDPc7eqzG2ooQxfPyJRcZ6qNNBq5pEDeedxhsRMV3DMtJVVx0Ui1yLtFA+EBbVL0f92SizT8HeBfUtuthPuV4HyvfHQ6DHeGrJNNsk1CckCOyAk5I1XCSJs8kWfy4r16796H9zkoHfOGPWtkBN7XNw0+re0=</latexit>qC
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A statistic for verifying RCS-based quantum supremacy

Definition (Linear XEB).

Let     be an n-qubit quantum circuit 
and    be a distribution over n-bit 
strings. The Linear XEB fidelity of     
w.r.t.      is defined as 
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A statistic for verifying RCS-based quantum supremacy

Definition (Linear XEB).

Let     be an n-qubit quantum circuit 
and    be a distribution over n-bit 
strings. The Linear XEB fidelity of     
w.r.t.      is defined as 
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C

<latexit sha1_base64="IANvq+sfO968EEXvNvQY8SZDmGc="></latexit>

FC(p) = E
x⇠p

[2nqC(x)� 1] .
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A statistic for verifying RCS-based quantum supremacy

Definition (Linear XEB).

Let     be an n-qubit quantum circuit 
and    be a distribution over n-bit 
strings. The Linear XEB fidelity of     
w.r.t.      is defined as 
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C

•Efficiency: Need to compute 
the marginal probability         .

-Exponential time 😢
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qC(x)
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FC(p) = E
x⇠p

[2nqC(x)� 1] .



Linear Cross-Entropy Benchmarking

!8

A statistic for verifying RCS-based quantum supremacy

Definition (Linear XEB).

Let     be an n-qubit quantum circuit 
and    be a distribution over n-bit 
strings. The Linear XEB fidelity of     
w.r.t.      is defined as 
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C
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C

•Efficiency: Need to compute 
the marginal probability         .

-Exponential time 😢
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qC(x)

<latexit sha1_base64="IANvq+sfO968EEXvNvQY8SZDmGc="></latexit>

FC(p) = E
x⇠p

[2nqC(x)� 1] .

•Completeness: When     is 
random enough:                   .

<latexit sha1_base64="xZiX07HgsABBcuylQVH3y6oy+js="></latexit>

FC(qC) = 1

<latexit sha1_base64="Y4Yj5lzDSDfV/Muo/Ge+04XY6o0="></latexit>

C



Linear Cross-Entropy Benchmarking

!8

A statistic for verifying RCS-based quantum supremacy

Definition (Linear XEB).

Let     be an n-qubit quantum circuit 
and    be a distribution over n-bit 
strings. The Linear XEB fidelity of     
w.r.t.      is defined as 
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<latexit sha1_base64="jI/wasZdvSBWg1Oy8MAojGau9BY="></latexit>p
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C
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C

•Efficiency: Need to compute 
the marginal probability         .

-Exponential time 😢

<latexit sha1_base64="S5jRC+gEWGAedg06/Gj4QJ03zJE="></latexit>

qC(x)

<latexit sha1_base64="IANvq+sfO968EEXvNvQY8SZDmGc="></latexit>

FC(p) = E
x⇠p

[2nqC(x)� 1] . •Soundness: When    is the 
uniform distribution:                 .

<latexit sha1_base64="iA+MmbqR1lzdPRjJ28oMVDc38Mk="></latexit>

FC(p) ⇡ 0

<latexit sha1_base64="dyAU265l7cyt2oIvkcoBVqXjk20="></latexit>p

•Completeness: When     is 
random enough:                   .
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FC(qC) = 1
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C
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Google’s Quantum Supremacy

!9

• 2D nearest neighbors circuit.

• #qubits: from 12 to 53.

•Depth: from 14 to 20.

* We use m for # gates but in Google’s paper m denotes depth.
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• They can only verify up 
to depth-14 so the rest 
were extrapolated.

•Achieve                           
linear XEB when 53-
qubit and depth-20 in 
few minutes.

<latexit sha1_base64="yp7ON5/a3Yjtl+yntVF3+bqZl2w="></latexit>

(2.24± 0.21)⇥ 10�3

Classically verifiable



Extrapolation

Google’s Quantum Supremacy

!10

• They can only verify up 
to depth-14 so the rest 
were extrapolated.

•Achieve                           
linear XEB when 53-
qubit and depth-20 in 
few minutes.

• They conjectured 
classical sampling 
takes 10,000 years.

<latexit sha1_base64="yp7ON5/a3Yjtl+yntVF3+bqZl2w="></latexit>

(2.24± 0.21)⇥ 10�3

Classically verifiable
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• Verification is too inefficient.
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Spoofing Linear XEB!?

!12

Are there classical algorithms specialized for spoofing Linear XEB?

<latexit sha1_base64="vU0NLrZmeu993VXSo1ouBOXtfnQ="></latexit>· · ·

<latexit sha1_base64="vVXG8b7Xur+KTD4n1EwrNZltBTs="></latexit>

U1

<latexit sha1_base64="eRQhaoIiQzBa/Cydd46gJgn/61o="></latexit>

Un
2

<latexit sha1_base64="XYmq0ovIh1x02/HMXz2+QM74Opc="></latexit>...
<latexit sha1_base64="XYmq0ovIh1x02/HMXz2+QM74Opc="></latexit>...

<latexit sha1_base64="XYmq0ovIh1x02/HMXz2+QM74Opc="></latexit>...

<latexit sha1_base64="vWTvAOF4H3qFAVmUd5re4WAziNo="></latexit>

Ua

<latexit sha1_base64="jS7IoMhstMPQXET9eOP+k26tW/4="></latexit>

Ub

<latexit sha1_base64="Q68pFjnoASsGhsFE8fMPvCFbPo8="></latexit>

Uc

<latexit sha1_base64="MLKYXc1vU5PPHObHtbpeNJUzbkM="></latexit>

Ud

<latexit sha1_base64="zo11SEM+vZx6XMQrDBPbHdXTz1Q=">AAACOHicbVDLSgNBEJz1GeMr6tGDi0HwYtgVRY+CF71FNCokIczO9sYh81hmetV1ySd41X/xT7x5E69+gZOYg1ELBmqquunuilLBLQbBqzcxOTU9M1uaK88vLC4tV1ZWL63ODIMG00Kb64haEFxBAzkKuE4NUBkJuIp6xwP/6haM5VpdYJ5CW9Ku4glnFJ103uhAp1INasEQ/l8SjkiVjFDvrHgbrVizTIJCJqi1zTBIsV1Qg5wJ6JdbmYWUsh7tQtNRRSXYdjHcte9vOSX2E23cU+gP1Z8dBZXW5jJylZLijf3tDcT/vGaGyWG74CrNEBT7HpRkwkftDw73Y26Aocgdocxwt6vPbqihDF08Y1Nynaku0mjskgJ572GHxU5UcMe0lFTFRSvVIu8XLYR7tEkx/PXLLtLwd4B/yeVuLdyvBWd71aPTUbglsk42yTYJyQE5IiekThqEkS55JE/k2Xvx3rx37+O7dMIb9ayRMXifXxfyrfM=</latexit>

Ue

<latexit sha1_base64="HPDXfIqtTSjPVqABA+CKqfIxZrs="></latexit>

Um

<latexit sha1_base64="IANvq+sfO968EEXvNvQY8SZDmGc="></latexit>

FC(p) = E
x⇠p

[2nqC(x)� 1] .
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• Is a full simulation for the circuit necessary 
for achieving high Linear XEB?
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and the definition of Linear XEB!?
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• Is a full simulation for the circuit necessary 
for achieving high Linear XEB?

• Can we leverage the structure of the circuits 
and the definition of Linear XEB!?
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Spoofing Linear XEB!?

!12

Are there classical algorithms specialized for spoofing Linear XEB?

<latexit sha1_base64="vU0NLrZmeu993VXSo1ouBOXtfnQ="></latexit>· · ·

<latexit sha1_base64="vVXG8b7Xur+KTD4n1EwrNZltBTs="></latexit>

U1

<latexit sha1_base64="eRQhaoIiQzBa/Cydd46gJgn/61o="></latexit>

Un
2

<latexit sha1_base64="XYmq0ovIh1x02/HMXz2+QM74Opc="></latexit>...
<latexit sha1_base64="XYmq0ovIh1x02/HMXz2+QM74Opc="></latexit>...

<latexit sha1_base64="XYmq0ovIh1x02/HMXz2+QM74Opc="></latexit>...

<latexit sha1_base64="vWTvAOF4H3qFAVmUd5re4WAziNo="></latexit>

Ua

<latexit sha1_base64="jS7IoMhstMPQXET9eOP+k26tW/4="></latexit>

Ub

<latexit sha1_base64="Q68pFjnoASsGhsFE8fMPvCFbPo8="></latexit>

Uc

<latexit sha1_base64="MLKYXc1vU5PPHObHtbpeNJUzbkM="></latexit>

Ud

<latexit sha1_base64="zo11SEM+vZx6XMQrDBPbHdXTz1Q=">AAACOHicbVDLSgNBEJz1GeMr6tGDi0HwYtgVRY+CF71FNCokIczO9sYh81hmetV1ySd41X/xT7x5E69+gZOYg1ELBmqquunuilLBLQbBqzcxOTU9M1uaK88vLC4tV1ZWL63ODIMG00Kb64haEFxBAzkKuE4NUBkJuIp6xwP/6haM5VpdYJ5CW9Ku4glnFJ103uhAp1INasEQ/l8SjkiVjFDvrHgbrVizTIJCJqi1zTBIsV1Qg5wJ6JdbmYWUsh7tQtNRRSXYdjHcte9vOSX2E23cU+gP1Z8dBZXW5jJylZLijf3tDcT/vGaGyWG74CrNEBT7HpRkwkftDw73Y26Aocgdocxwt6vPbqihDF08Y1Nynaku0mjskgJ572GHxU5UcMe0lFTFRSvVIu8XLYR7tEkx/PXLLtLwd4B/yeVuLdyvBWd71aPTUbglsk42yTYJyQE5IiekThqEkS55JE/k2Xvx3rx37+O7dMIb9ayRMXifXxfyrfM=</latexit>

Ue

<latexit sha1_base64="HPDXfIqtTSjPVqABA+CKqfIxZrs="></latexit>

Um

• Is a full simulation for the circuit necessary 
for achieving high Linear XEB?

• Can we leverage the structure of the circuits 
and the definition of Linear XEB!?

<latexit sha1_base64="IANvq+sfO968EEXvNvQY8SZDmGc="></latexit>

FC(p) = E
x⇠p

[2nqC(x)� 1] .

Two difficulties to spoof Linear XEB:

• Theoretically, challenging to analyze.



Spoofing Linear XEB!?

!12

Are there classical algorithms specialized for spoofing Linear XEB?

<latexit sha1_base64="vU0NLrZmeu993VXSo1ouBOXtfnQ="></latexit>· · ·

<latexit sha1_base64="vVXG8b7Xur+KTD4n1EwrNZltBTs="></latexit>

U1

<latexit sha1_base64="eRQhaoIiQzBa/Cydd46gJgn/61o="></latexit>

Un
2

<latexit sha1_base64="XYmq0ovIh1x02/HMXz2+QM74Opc="></latexit>...
<latexit sha1_base64="XYmq0ovIh1x02/HMXz2+QM74Opc="></latexit>...

<latexit sha1_base64="XYmq0ovIh1x02/HMXz2+QM74Opc="></latexit>...

<latexit sha1_base64="vWTvAOF4H3qFAVmUd5re4WAziNo="></latexit>

Ua

<latexit sha1_base64="jS7IoMhstMPQXET9eOP+k26tW/4="></latexit>

Ub

<latexit sha1_base64="Q68pFjnoASsGhsFE8fMPvCFbPo8="></latexit>

Uc

<latexit sha1_base64="MLKYXc1vU5PPHObHtbpeNJUzbkM="></latexit>

Ud

<latexit sha1_base64="zo11SEM+vZx6XMQrDBPbHdXTz1Q=">AAACOHicbVDLSgNBEJz1GeMr6tGDi0HwYtgVRY+CF71FNCokIczO9sYh81hmetV1ySd41X/xT7x5E69+gZOYg1ELBmqquunuilLBLQbBqzcxOTU9M1uaK88vLC4tV1ZWL63ODIMG00Kb64haEFxBAzkKuE4NUBkJuIp6xwP/6haM5VpdYJ5CW9Ku4glnFJ103uhAp1INasEQ/l8SjkiVjFDvrHgbrVizTIJCJqi1zTBIsV1Qg5wJ6JdbmYWUsh7tQtNRRSXYdjHcte9vOSX2E23cU+gP1Z8dBZXW5jJylZLijf3tDcT/vGaGyWG74CrNEBT7HpRkwkftDw73Y26Aocgdocxwt6vPbqihDF08Y1Nynaku0mjskgJ572GHxU5UcMe0lFTFRSvVIu8XLYR7tEkx/PXLLtLwd4B/yeVuLdyvBWd71aPTUbglsk42yTYJyQE5IiekThqEkS55JE/k2Xvx3rx37+O7dMIb9ayRMXifXxfyrfM=</latexit>

Ue

<latexit sha1_base64="HPDXfIqtTSjPVqABA+CKqfIxZrs="></latexit>

Um
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for achieving high Linear XEB?

• Can we leverage the structure of the circuits 
and the definition of Linear XEB!?
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Observation: The marginal of an output qubit only depends on its lightcone!
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• Calculating the marginal of output 1 
only requires O(24) time instead of 
O(26) time.
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• For a depth-d circuit, we can 
calculate the marginal of each output 
qubit in time O(22d).
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Observation: The marginal of an output qubit only depends on its lightcone!
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• Calculating the marginal of output 1 
only requires O(24) time instead of 
O(26) time.

• For a depth-d circuit, we can 
calculate the marginal of each output 
qubit in time O(22d).

Idea: Use the marginal of each output 
qubit to perform biased sampling!
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1. Find a set of output qubits whose lightcones are disjoint 
and of size L.
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1. Find a set of output qubits whose lightcones are disjoint 
and of size L.

2. Calculate the marginal of each output qubits in time O(2L).
3. Sample the output qubits independently:
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1. Find a set of output qubits whose lightcones are disjoint 
and of size L.

2. Calculate the marginal of each output qubits in time O(2L).
3. Sample the output qubits independently:
• If the output qubits were chosen, then sample according 

to the marginal.
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A Classical Algorithm Spoofing Linear XEB 
Using Lightcone
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1. Find a set of output qubits whose lightcones are disjoint 
and of size L.

2. Calculate the marginal of each output qubits in time O(2L).
3. Sample the output qubits independently:
• If the output qubits were chosen, then sample according 

to the marginal.
• If not, then sample uniformly.
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A Classical Algorithm Spoofing Linear XEB 
Using Lightcone

!14

1. Find a set of output qubits whose lightcones are disjoint 
and of size L.

2. Calculate the marginal of each output qubits in time O(2L).
3. Sample the output qubits independently:
• If the output qubits were chosen, then sample according 

to the marginal.
• If not, then sample uniformly.
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Theoretical analysis? Empirical performance? Other variants?



Theoretical Analysis

!15

First non-trivial classical algorithm challenging Linear XEB



Theorem.

Theoretical Analysis

!15

First non-trivial classical algorithm challenging Linear XEB



Theorem.

Theoretical Analysis

!15

Let     be an n-qubit depth-d circuit 
with (i) lightcone size at most    and 
(ii) each 2-qubit gate is Haar random, 
then the algorithm outputs a 
distribution    in time                   and<latexit sha1_base64="jI/wasZdvSBWg1Oy8MAojGau9BY="></latexit>p
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adding noise to non-chosen 
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We are still few steps away from the quantum supremacy regime?

• There is a classical algorithm 
spoofing Linear XEB (in shallow 
circuits)!

• Noise in real-world quantum 
devices is essential and subtle.

• A random walk picture for 
Linear XEB.
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Thanks for your attention!


