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Tr(Am1Am2Am3 . . . AmNX)|m1,m2,m3, . . .mN →

 complex coefficientsdN

<latexit sha1_base64="/tN0nbK56OguB78OzHaLqFXOqzA=">AAACN3icbVDLSgMxFM3UV62vVjeCm2ApuCozIuqyYBe6q2Af0g4lk2ba0ExmTO4IdZivcKsf4qe4cidu/QPTx6IPLwQO59x7z83xIsE12PanlVlb39jcym7ndnb39g/yhcOGDmNFWZ2GIlQtj2gmuGR14CBYK1KMBJ5gTW94M9abz0xpHsoHGEXMDUhfcp9TAoZ6rHaAB0zjajdftMv2pPAqcGagiGZV6xas404vpHHAJFBBtG47dgRuQhRwKlia68SaRYQOSZ+1DZTE+LjJ5OIUlwzTw36ozJOAJ+z8REICrUeBZzoDAgO9rI3J/7R2DP61m3AZxcAknRr5scAQ4vH3cY8rRkGMDCBUcXMrpgOiCAUTUq40bwN8+JLiKTfGgnuKqFHyFBM50RbbJafMN4vSnMnSWU5uFTTOy85l2b6/KFbuZqlm0Qk6RWfIQVeogm5RDdURRQF6RW/o3fqwvqxv62famrFmM0dooazfP0X1rAQ=</latexit>

D ⇥D matrices

<latexit sha1_base64="lzKh/13klK+8CghCZQJR46s6UJ8=">AAACNHicbVC7TsMwFHXKq5RXgJHFUCExQJUgVBiLWBiLRB8SKZXjuNSq4wT7BqlEmfkaVvgWJDbEyhcw4LQdaOFI1j0+96V7/FhwDY7zZhXm5hcWl4rLpZXVtfUNe3OrqaNEUdagkYhU2yeaCS5ZAzgI1o4VI6EvWMsfXOT51gNTmkfyGoYx64TkTvIepwSM1LV3vRSf36ZOdpgH1wRPBBHo/BccuZmXde2yU3FGwH+JOyFlNEG9a397QUSTkEmggmh94zoxdFKigFPBspKXaBYTOiB37MZQSUKmO+nolAzvGyXAvUiZJwGP1N8dKQm1Hoa+qQwJ9PVsLhf/zd0nRAIfPM7sh95ZJ+UyToBJOl7fSwSGCOdu4YArRkEMDSFUcXMBpn2iCAXj6dR8X5EBg6xk7HJnzflLmscVt1qpXp2Ua5cT44poB+2hA+SiU1RDl6iOGoiiJ/SMXtCr9WK9Wx/W57i0YE16ttEUrK8f56Wq0g==</latexit>

{A0, A1, . . . Ad→1}



<latexit sha1_base64="PSAGDydxRET+pfEFqC5zOY8dUEw="></latexit>

| i =
X

m1,m2,...mN

 m1,m2,m3,...mN |m1,m2,m3, . . .mN i

A primer on matrix product states (MPS)
dimension

<latexit sha1_base64="6PQbl+SPWHzbEIBCTHUQYitDOBM=">AAACR3icbVDLTsMwEHTKq5RXC0cuFm0lTlHCAThWggPHIuhDaqPKcZzWquME20EKUT+BK3wTn8BXcEMccdJI9MFKlkYzuzvecSNGpbKsT6O0sbm1vVPereztHxweVWvHXRnGApMODlko+i6ShFFOOooqRvqRIChwGem505tM7z0TIWnIH1USESdAY059ipHS1EPDa4yqdcu08oLrwC5AHRTVHtUMc+iFOA4IV5ghKQe2FSknRUJRzMisMowliRCeojEZaMhRQKST5n+dwaZmPOiHQj+uYM4uTqScYuILhJf2pCiQMglcPR8gNZGrWkb+pw1i5V87KeVRrAjHc3s/ZlCFMIsDelQQrFiiAcKC6gsgniBtr3RoleaijaLTlxmccxlm1BVIJOlTjHiuLbf/3aETtlfzXAfdC9O+NK37i3rrtsi6DE7BGTgHNrgCLXAH2qADMBiDV/AG3o0P48v4Nn7mrSWjmDkBS1UyfgHkFbF+</latexit>

d

<latexit sha1_base64="jy40nHOQnuTauJ9kyNlu+7DjWhE=">AAACSXicbVDLSsNAFJ20Pmp9tbp0M9gWXJWkC3UjFHThsoJpC20ok+mkHTqZxJmJEEO/wa1+k1/gZ7gTV07SgH14YeBwzr33zD1uyKhUpvlpFIpb2zu7pb3y/sHh0XGletKVQSQwsXHAAtF3kSSMcmIrqhjph4Ig32Wk585uU733TISkAX9UcUgcH0049ShGSlN2nd5Y9VGlZjbNrOAmsHJQA3l1RlWjORwHOPIJV5ghKQeWGSonQUJRzMi8PIwkCRGeoQkZaMiRT6STZL+dw4ZmxtALhH5cwYxdnkg4xcQTCK/sSZAvZey7et5HairXtZT8TxtEyrt2EsrDSBGOF/ZexKAKYBoIHFNBsGKxBggLqi+AeIq0vdKxlRvLNorOXuZwwaWYUVcgESdPEeKZttr+d4dO2FrPcxN0W03rsmk+tGrtuzzrEjgD5+ACWOAKtME96AAbYEDBK3gD78aH8WV8Gz+L1oKRz5yClSoUfwEInLIF</latexit>

i = 1
<latexit sha1_base64="ZYTMfM6SA8uEuIAVPRQwqoThjaQ=">AAACSXicbVDLSsNAFJ20Pmp9tbp0M9gWXJXEhboRCrpwJRVMW2hDmUwn7dDJJM5MhBj6DW71m/wCP8OduHKSBuzDCwOHc+69Z+5xQ0alMs1Po1Dc2NzaLu2Ud/f2Dw4r1aOODCKBiY0DFoieiyRhlBNbUcVILxQE+S4jXXd6k+rdZyIkDfijikPi+GjMqUcxUpqy6/T6vj6s1MymmRVcB1YOaiCv9rBqNAejAEc+4QozJGXfMkPlJEgoihmZlQeRJCHCUzQmfQ058ol0kuy3M9jQzAh6gdCPK5ixixMJp5h4AuGlPQnypYx9V8/7SE3kqpaS/2n9SHlXTkJ5GCnC8dzeixhUAUwDgSMqCFYs1gBhQfUFEE+Qtlc6tnJj0UbR6csMzrkUM+oKJOLkKUI805bb/+7QCVurea6DznnTumiaD+e11m2edQmcgFNwBixwCVrgDrSBDTCg4BW8gXfjw/gyvo2feWvByGeOwVIVir8/NrIi</latexit>

i = N

Boundary conditions:

<latexit sha1_base64="ksvpth0YdGc68+43GxJKlNtZV+U="></latexit>

|!→ =
∑

m1,m2,...mN

Tr(Am1Am2Am3 . . . AmNX)|m1,m2,m3, . . .mN →

Periodic: X → I
Open: X → |R⟩⟨L |

<latexit sha1_base64="/tN0nbK56OguB78OzHaLqFXOqzA=">AAACN3icbVDLSgMxFM3UV62vVjeCm2ApuCozIuqyYBe6q2Af0g4lk2ba0ExmTO4IdZivcKsf4qe4cidu/QPTx6IPLwQO59x7z83xIsE12PanlVlb39jcym7ndnb39g/yhcOGDmNFWZ2GIlQtj2gmuGR14CBYK1KMBJ5gTW94M9abz0xpHsoHGEXMDUhfcp9TAoZ6rHaAB0zjajdftMv2pPAqcGagiGZV6xas404vpHHAJFBBtG47dgRuQhRwKlia68SaRYQOSZ+1DZTE+LjJ5OIUlwzTw36ozJOAJ+z8REICrUeBZzoDAgO9rI3J/7R2DP61m3AZxcAknRr5scAQ4vH3cY8rRkGMDCBUcXMrpgOiCAUTUq40bwN8+JLiKTfGgnuKqFHyFBM50RbbJafMN4vSnMnSWU5uFTTOy85l2b6/KFbuZqlm0Qk6RWfIQVeogm5RDdURRQF6RW/o3fqwvqxv62famrFmM0dooazfP0X1rAQ=</latexit>

D ⇥D matrices

<latexit sha1_base64="lzKh/13klK+8CghCZQJR46s6UJ8=">AAACNHicbVC7TsMwFHXKq5RXgJHFUCExQJUgVBiLWBiLRB8SKZXjuNSq4wT7BqlEmfkaVvgWJDbEyhcw4LQdaOFI1j0+96V7/FhwDY7zZhXm5hcWl4rLpZXVtfUNe3OrqaNEUdagkYhU2yeaCS5ZAzgI1o4VI6EvWMsfXOT51gNTmkfyGoYx64TkTvIepwSM1LV3vRSf36ZOdpgH1wRPBBHo/BccuZmXde2yU3FGwH+JOyFlNEG9a397QUSTkEmggmh94zoxdFKigFPBspKXaBYTOiB37MZQSUKmO+nolAzvGyXAvUiZJwGP1N8dKQm1Hoa+qQwJ9PVsLhf/zd0nRAIfPM7sh95ZJ+UyToBJOl7fSwSGCOdu4YArRkEMDSFUcXMBpn2iCAXj6dR8X5EBg6xk7HJnzflLmscVt1qpXp2Ua5cT44poB+2hA+SiU1RDl6iOGoiiJ/SMXtCr9WK9Wx/W57i0YE16ttEUrK8f56Wq0g==</latexit>

{A0, A1, . . . Ad→1}

 complex coefficientsdN



<latexit sha1_base64="PSAGDydxRET+pfEFqC5zOY8dUEw="></latexit>

| i =
X

m1,m2,...mN

 m1,m2,m3,...mN |m1,m2,m3, . . .mN i

A primer on matrix product states (MPS)
dimension

<latexit sha1_base64="6PQbl+SPWHzbEIBCTHUQYitDOBM=">AAACR3icbVDLTsMwEHTKq5RXC0cuFm0lTlHCAThWggPHIuhDaqPKcZzWquME20EKUT+BK3wTn8BXcEMccdJI9MFKlkYzuzvecSNGpbKsT6O0sbm1vVPereztHxweVWvHXRnGApMODlko+i6ShFFOOooqRvqRIChwGem505tM7z0TIWnIH1USESdAY059ipHS1EPDa4yqdcu08oLrwC5AHRTVHtUMc+iFOA4IV5ghKQe2FSknRUJRzMisMowliRCeojEZaMhRQKST5n+dwaZmPOiHQj+uYM4uTqScYuILhJf2pCiQMglcPR8gNZGrWkb+pw1i5V87KeVRrAjHc3s/ZlCFMIsDelQQrFiiAcKC6gsgniBtr3RoleaijaLTlxmccxlm1BVIJOlTjHiuLbf/3aETtlfzXAfdC9O+NK37i3rrtsi6DE7BGTgHNrgCLXAH2qADMBiDV/AG3o0P48v4Nn7mrSWjmDkBS1UyfgHkFbF+</latexit>

d

<latexit sha1_base64="jy40nHOQnuTauJ9kyNlu+7DjWhE=">AAACSXicbVDLSsNAFJ20Pmp9tbp0M9gWXJWkC3UjFHThsoJpC20ok+mkHTqZxJmJEEO/wa1+k1/gZ7gTV07SgH14YeBwzr33zD1uyKhUpvlpFIpb2zu7pb3y/sHh0XGletKVQSQwsXHAAtF3kSSMcmIrqhjph4Ig32Wk585uU733TISkAX9UcUgcH0049ShGSlN2nd5Y9VGlZjbNrOAmsHJQA3l1RlWjORwHOPIJV5ghKQeWGSonQUJRzMi8PIwkCRGeoQkZaMiRT6STZL+dw4ZmxtALhH5cwYxdnkg4xcQTCK/sSZAvZey7et5HairXtZT8TxtEyrt2EsrDSBGOF/ZexKAKYBoIHFNBsGKxBggLqi+AeIq0vdKxlRvLNorOXuZwwaWYUVcgESdPEeKZttr+d4dO2FrPcxN0W03rsmk+tGrtuzzrEjgD5+ACWOAKtME96AAbYEDBK3gD78aH8WV8Gz+L1oKRz5yClSoUfwEInLIF</latexit>

i = 1
<latexit sha1_base64="ZYTMfM6SA8uEuIAVPRQwqoThjaQ=">AAACSXicbVDLSsNAFJ20Pmp9tbp0M9gWXJXEhboRCrpwJRVMW2hDmUwn7dDJJM5MhBj6DW71m/wCP8OduHKSBuzDCwOHc+69Z+5xQ0alMs1Po1Dc2NzaLu2Ud/f2Dw4r1aOODCKBiY0DFoieiyRhlBNbUcVILxQE+S4jXXd6k+rdZyIkDfijikPi+GjMqUcxUpqy6/T6vj6s1MymmRVcB1YOaiCv9rBqNAejAEc+4QozJGXfMkPlJEgoihmZlQeRJCHCUzQmfQ058ol0kuy3M9jQzAh6gdCPK5ixixMJp5h4AuGlPQnypYx9V8/7SE3kqpaS/2n9SHlXTkJ5GCnC8dzeixhUAUwDgSMqCFYs1gBhQfUFEE+Qtlc6tnJj0UbR6csMzrkUM+oKJOLkKUI805bb/+7QCVurea6DznnTumiaD+e11m2edQmcgFNwBixwCVrgDrSBDTCg4BW8gXfjw/gyvo2feWvByGeOwVIVir8/NrIi</latexit>

i = N

<latexit sha1_base64="ksvpth0YdGc68+43GxJKlNtZV+U="></latexit>

|!→ =
∑

m1,m2,...mN

Tr(Am1Am2Am3 . . . AmNX)|m1,m2,m3, . . .mN →

Example:
<latexit sha1_base64="/tN0nbK56OguB78OzHaLqFXOqzA=">AAACN3icbVDLSgMxFM3UV62vVjeCm2ApuCozIuqyYBe6q2Af0g4lk2ba0ExmTO4IdZivcKsf4qe4cidu/QPTx6IPLwQO59x7z83xIsE12PanlVlb39jcym7ndnb39g/yhcOGDmNFWZ2GIlQtj2gmuGR14CBYK1KMBJ5gTW94M9abz0xpHsoHGEXMDUhfcp9TAoZ6rHaAB0zjajdftMv2pPAqcGagiGZV6xas404vpHHAJFBBtG47dgRuQhRwKlia68SaRYQOSZ+1DZTE+LjJ5OIUlwzTw36ozJOAJ+z8REICrUeBZzoDAgO9rI3J/7R2DP61m3AZxcAknRr5scAQ4vH3cY8rRkGMDCBUcXMrpgOiCAUTUq40bwN8+JLiKTfGgnuKqFHyFBM50RbbJafMN4vSnMnSWU5uFTTOy85l2b6/KFbuZqlm0Qk6RWfIQVeogm5RDdURRQF6RW/o3fqwvqxv62famrFmM0dooazfP0X1rAQ=</latexit>

D ⇥D matrices

<latexit sha1_base64="lzKh/13klK+8CghCZQJR46s6UJ8=">AAACNHicbVC7TsMwFHXKq5RXgJHFUCExQJUgVBiLWBiLRB8SKZXjuNSq4wT7BqlEmfkaVvgWJDbEyhcw4LQdaOFI1j0+96V7/FhwDY7zZhXm5hcWl4rLpZXVtfUNe3OrqaNEUdagkYhU2yeaCS5ZAzgI1o4VI6EvWMsfXOT51gNTmkfyGoYx64TkTvIepwSM1LV3vRSf36ZOdpgH1wRPBBHo/BccuZmXde2yU3FGwH+JOyFlNEG9a397QUSTkEmggmh94zoxdFKigFPBspKXaBYTOiB37MZQSUKmO+nolAzvGyXAvUiZJwGP1N8dKQm1Hoa+qQwJ9PVsLhf/zd0nRAIfPM7sh95ZJ+UyToBJOl7fSwSGCOdu4YArRkEMDSFUcXMBpn2iCAXj6dR8X5EBg6xk7HJnzflLmscVt1qpXp2Ua5cT44poB+2hA+SiU1RDl6iOGoiiJ/SMXtCr9WK9Wx/W57i0YE16ttEUrK8f56Wq0g==</latexit>

{A0, A1, . . . Ad→1} Tr(A0A1A1A0A1… A0) |01101…1⟩ (Periodic BC)

 complex coefficientsdN



<latexit sha1_base64="PSAGDydxRET+pfEFqC5zOY8dUEw="></latexit>

| i =
X

m1,m2,...mN

 m1,m2,m3,...mN |m1,m2,m3, . . .mN i

A primer on matrix product states (MPS)
dimension

<latexit sha1_base64="6PQbl+SPWHzbEIBCTHUQYitDOBM=">AAACR3icbVDLTsMwEHTKq5RXC0cuFm0lTlHCAThWggPHIuhDaqPKcZzWquME20EKUT+BK3wTn8BXcEMccdJI9MFKlkYzuzvecSNGpbKsT6O0sbm1vVPereztHxweVWvHXRnGApMODlko+i6ShFFOOooqRvqRIChwGem505tM7z0TIWnIH1USESdAY059ipHS1EPDa4yqdcu08oLrwC5AHRTVHtUMc+iFOA4IV5ghKQe2FSknRUJRzMisMowliRCeojEZaMhRQKST5n+dwaZmPOiHQj+uYM4uTqScYuILhJf2pCiQMglcPR8gNZGrWkb+pw1i5V87KeVRrAjHc3s/ZlCFMIsDelQQrFiiAcKC6gsgniBtr3RoleaijaLTlxmccxlm1BVIJOlTjHiuLbf/3aETtlfzXAfdC9O+NK37i3rrtsi6DE7BGTgHNrgCLXAH2qADMBiDV/AG3o0P48v4Nn7mrSWjmDkBS1UyfgHkFbF+</latexit>

d

<latexit sha1_base64="jy40nHOQnuTauJ9kyNlu+7DjWhE=">AAACSXicbVDLSsNAFJ20Pmp9tbp0M9gWXJWkC3UjFHThsoJpC20ok+mkHTqZxJmJEEO/wa1+k1/gZ7gTV07SgH14YeBwzr33zD1uyKhUpvlpFIpb2zu7pb3y/sHh0XGletKVQSQwsXHAAtF3kSSMcmIrqhjph4Ig32Wk585uU733TISkAX9UcUgcH0049ShGSlN2nd5Y9VGlZjbNrOAmsHJQA3l1RlWjORwHOPIJV5ghKQeWGSonQUJRzMi8PIwkCRGeoQkZaMiRT6STZL+dw4ZmxtALhH5cwYxdnkg4xcQTCK/sSZAvZey7et5HairXtZT8TxtEyrt2EsrDSBGOF/ZexKAKYBoIHFNBsGKxBggLqi+AeIq0vdKxlRvLNorOXuZwwaWYUVcgESdPEeKZttr+d4dO2FrPcxN0W03rsmk+tGrtuzzrEjgD5+ACWOAKtME96AAbYEDBK3gD78aH8WV8Gz+L1oKRz5yClSoUfwEInLIF</latexit>

i = 1
<latexit sha1_base64="ZYTMfM6SA8uEuIAVPRQwqoThjaQ=">AAACSXicbVDLSsNAFJ20Pmp9tbp0M9gWXJXEhboRCrpwJRVMW2hDmUwn7dDJJM5MhBj6DW71m/wCP8OduHKSBuzDCwOHc+69Z+5xQ0alMs1Po1Dc2NzaLu2Ud/f2Dw4r1aOODCKBiY0DFoieiyRhlBNbUcVILxQE+S4jXXd6k+rdZyIkDfijikPi+GjMqUcxUpqy6/T6vj6s1MymmRVcB1YOaiCv9rBqNAejAEc+4QozJGXfMkPlJEgoihmZlQeRJCHCUzQmfQ058ol0kuy3M9jQzAh6gdCPK5ixixMJp5h4AuGlPQnypYx9V8/7SE3kqpaS/2n9SHlXTkJ5GCnC8dzeixhUAUwDgSMqCFYs1gBhQfUFEE+Qtlc6tnJj0UbR6csMzrkUM+oKJOLkKUI805bb/+7QCVurea6DznnTumiaD+e11m2edQmcgFNwBixwCVrgDrSBDTCg4BW8gXfjw/gyvo2feWvByGeOwVIVir8/NrIi</latexit>

i = N

<latexit sha1_base64="ksvpth0YdGc68+43GxJKlNtZV+U="></latexit>

|!→ =
∑

m1,m2,...mN

Tr(Am1Am2Am3 . . . AmNX)|m1,m2,m3, . . .mN →

<latexit sha1_base64="/tN0nbK56OguB78OzHaLqFXOqzA=">AAACN3icbVDLSgMxFM3UV62vVjeCm2ApuCozIuqyYBe6q2Af0g4lk2ba0ExmTO4IdZivcKsf4qe4cidu/QPTx6IPLwQO59x7z83xIsE12PanlVlb39jcym7ndnb39g/yhcOGDmNFWZ2GIlQtj2gmuGR14CBYK1KMBJ5gTW94M9abz0xpHsoHGEXMDUhfcp9TAoZ6rHaAB0zjajdftMv2pPAqcGagiGZV6xas404vpHHAJFBBtG47dgRuQhRwKlia68SaRYQOSZ+1DZTE+LjJ5OIUlwzTw36ozJOAJ+z8REICrUeBZzoDAgO9rI3J/7R2DP61m3AZxcAknRr5scAQ4vH3cY8rRkGMDCBUcXMrpgOiCAUTUq40bwN8+JLiKTfGgnuKqFHyFBM50RbbJafMN4vSnMnSWU5uFTTOy85l2b6/KFbuZqlm0Qk6RWfIQVeogm5RDdURRQF6RW/o3fqwvqxv62famrFmM0dooazfP0X1rAQ=</latexit>

D ⇥D matrices

<latexit sha1_base64="lzKh/13klK+8CghCZQJR46s6UJ8=">AAACNHicbVC7TsMwFHXKq5RXgJHFUCExQJUgVBiLWBiLRB8SKZXjuNSq4wT7BqlEmfkaVvgWJDbEyhcw4LQdaOFI1j0+96V7/FhwDY7zZhXm5hcWl4rLpZXVtfUNe3OrqaNEUdagkYhU2yeaCS5ZAzgI1o4VI6EvWMsfXOT51gNTmkfyGoYx64TkTvIepwSM1LV3vRSf36ZOdpgH1wRPBBHo/BccuZmXde2yU3FGwH+JOyFlNEG9a397QUSTkEmggmh94zoxdFKigFPBspKXaBYTOiB37MZQSUKmO+nolAzvGyXAvUiZJwGP1N8dKQm1Hoa+qQwJ9PVsLhf/zd0nRAIfPM7sh95ZJ+UyToBJOl7fSwSGCOdu4YArRkEMDSFUcXMBpn2iCAXj6dR8X5EBg6xk7HJnzflLmscVt1qpXp2Ua5cT44poB+2hA+SiU1RDl6iOGoiiJ/SMXtCr9WK9Wx/W57i0YE16ttEUrK8f56Wq0g==</latexit>

{A0, A1, . . . Ad→1}

 complex coefficientsdN

 complex coefficients(N)dD2



<latexit sha1_base64="PSAGDydxRET+pfEFqC5zOY8dUEw="></latexit>

| i =
X

m1,m2,...mN

 m1,m2,m3,...mN |m1,m2,m3, . . .mN i

A primer on matrix product states (MPS)
dimension

<latexit sha1_base64="6PQbl+SPWHzbEIBCTHUQYitDOBM=">AAACR3icbVDLTsMwEHTKq5RXC0cuFm0lTlHCAThWggPHIuhDaqPKcZzWquME20EKUT+BK3wTn8BXcEMccdJI9MFKlkYzuzvecSNGpbKsT6O0sbm1vVPereztHxweVWvHXRnGApMODlko+i6ShFFOOooqRvqRIChwGem505tM7z0TIWnIH1USESdAY059ipHS1EPDa4yqdcu08oLrwC5AHRTVHtUMc+iFOA4IV5ghKQe2FSknRUJRzMisMowliRCeojEZaMhRQKST5n+dwaZmPOiHQj+uYM4uTqScYuILhJf2pCiQMglcPR8gNZGrWkb+pw1i5V87KeVRrAjHc3s/ZlCFMIsDelQQrFiiAcKC6gsgniBtr3RoleaijaLTlxmccxlm1BVIJOlTjHiuLbf/3aETtlfzXAfdC9O+NK37i3rrtsi6DE7BGTgHNrgCLXAH2qADMBiDV/AG3o0P48v4Nn7mrSWjmDkBS1UyfgHkFbF+</latexit>

d

<latexit sha1_base64="jy40nHOQnuTauJ9kyNlu+7DjWhE=">AAACSXicbVDLSsNAFJ20Pmp9tbp0M9gWXJWkC3UjFHThsoJpC20ok+mkHTqZxJmJEEO/wa1+k1/gZ7gTV07SgH14YeBwzr33zD1uyKhUpvlpFIpb2zu7pb3y/sHh0XGletKVQSQwsXHAAtF3kSSMcmIrqhjph4Ig32Wk585uU733TISkAX9UcUgcH0049ShGSlN2nd5Y9VGlZjbNrOAmsHJQA3l1RlWjORwHOPIJV5ghKQeWGSonQUJRzMi8PIwkCRGeoQkZaMiRT6STZL+dw4ZmxtALhH5cwYxdnkg4xcQTCK/sSZAvZey7et5HairXtZT8TxtEyrt2EsrDSBGOF/ZexKAKYBoIHFNBsGKxBggLqi+AeIq0vdKxlRvLNorOXuZwwaWYUVcgESdPEeKZttr+d4dO2FrPcxN0W03rsmk+tGrtuzzrEjgD5+ACWOAKtME96AAbYEDBK3gD78aH8WV8Gz+L1oKRz5yClSoUfwEInLIF</latexit>

i = 1
<latexit sha1_base64="ZYTMfM6SA8uEuIAVPRQwqoThjaQ=">AAACSXicbVDLSsNAFJ20Pmp9tbp0M9gWXJXEhboRCrpwJRVMW2hDmUwn7dDJJM5MhBj6DW71m/wCP8OduHKSBuzDCwOHc+69Z+5xQ0alMs1Po1Dc2NzaLu2Ud/f2Dw4r1aOODCKBiY0DFoieiyRhlBNbUcVILxQE+S4jXXd6k+rdZyIkDfijikPi+GjMqUcxUpqy6/T6vj6s1MymmRVcB1YOaiCv9rBqNAejAEc+4QozJGXfMkPlJEgoihmZlQeRJCHCUzQmfQ058ol0kuy3M9jQzAh6gdCPK5ixixMJp5h4AuGlPQnypYx9V8/7SE3kqpaS/2n9SHlXTkJ5GCnC8dzeixhUAUwDgSMqCFYs1gBhQfUFEE+Qtlc6tnJj0UbR6csMzrkUM+oKJOLkKUI805bb/+7QCVurea6DznnTumiaD+e11m2edQmcgFNwBixwCVrgDrSBDTCg4BW8gXfjw/gyvo2feWvByGeOwVIVir8/NrIi</latexit>

i = N

<latexit sha1_base64="ksvpth0YdGc68+43GxJKlNtZV+U="></latexit>

|!→ =
∑

m1,m2,...mN

Tr(Am1Am2Am3 . . . AmNX)|m1,m2,m3, . . .mN →

<latexit sha1_base64="/tN0nbK56OguB78OzHaLqFXOqzA=">AAACN3icbVDLSgMxFM3UV62vVjeCm2ApuCozIuqyYBe6q2Af0g4lk2ba0ExmTO4IdZivcKsf4qe4cidu/QPTx6IPLwQO59x7z83xIsE12PanlVlb39jcym7ndnb39g/yhcOGDmNFWZ2GIlQtj2gmuGR14CBYK1KMBJ5gTW94M9abz0xpHsoHGEXMDUhfcp9TAoZ6rHaAB0zjajdftMv2pPAqcGagiGZV6xas404vpHHAJFBBtG47dgRuQhRwKlia68SaRYQOSZ+1DZTE+LjJ5OIUlwzTw36ozJOAJ+z8REICrUeBZzoDAgO9rI3J/7R2DP61m3AZxcAknRr5scAQ4vH3cY8rRkGMDCBUcXMrpgOiCAUTUq40bwN8+JLiKTfGgnuKqFHyFBM50RbbJafMN4vSnMnSWU5uFTTOy85l2b6/KFbuZqlm0Qk6RWfIQVeogm5RDdURRQF6RW/o3fqwvqxv62famrFmM0dooazfP0X1rAQ=</latexit>

D ⇥D matrices

<latexit sha1_base64="lzKh/13klK+8CghCZQJR46s6UJ8=">AAACNHicbVC7TsMwFHXKq5RXgJHFUCExQJUgVBiLWBiLRB8SKZXjuNSq4wT7BqlEmfkaVvgWJDbEyhcw4LQdaOFI1j0+96V7/FhwDY7zZhXm5hcWl4rLpZXVtfUNe3OrqaNEUdagkYhU2yeaCS5ZAzgI1o4VI6EvWMsfXOT51gNTmkfyGoYx64TkTvIepwSM1LV3vRSf36ZOdpgH1wRPBBHo/BccuZmXde2yU3FGwH+JOyFlNEG9a397QUSTkEmggmh94zoxdFKigFPBspKXaBYTOiB37MZQSUKmO+nolAzvGyXAvUiZJwGP1N8dKQm1Hoa+qQwJ9PVsLhf/zd0nRAIfPM7sh95ZJ+UyToBJOl7fSwSGCOdu4YArRkEMDSFUcXMBpn2iCAXj6dR8X5EBg6xk7HJnzflLmscVt1qpXp2Ua5cT44poB+2hA+SiU1RDl6iOGoiiJ/SMXtCr9WK9Wx/W57i0YE16ttEUrK8f56Wq0g==</latexit>

{A0, A1, . . . Ad→1}

 complex coefficientsdN

 complex coefficients(N)dD2

Matrix product state with  
bond (virtual) dimension , physical dimension D d



<latexit sha1_base64="PSAGDydxRET+pfEFqC5zOY8dUEw="></latexit>

| i =
X

m1,m2,...mN

 m1,m2,m3,...mN |m1,m2,m3, . . .mN i

A primer on matrix product states (MPS)
dimension

<latexit sha1_base64="6PQbl+SPWHzbEIBCTHUQYitDOBM=">AAACR3icbVDLTsMwEHTKq5RXC0cuFm0lTlHCAThWggPHIuhDaqPKcZzWquME20EKUT+BK3wTn8BXcEMccdJI9MFKlkYzuzvecSNGpbKsT6O0sbm1vVPereztHxweVWvHXRnGApMODlko+i6ShFFOOooqRvqRIChwGem505tM7z0TIWnIH1USESdAY059ipHS1EPDa4yqdcu08oLrwC5AHRTVHtUMc+iFOA4IV5ghKQe2FSknRUJRzMisMowliRCeojEZaMhRQKST5n+dwaZmPOiHQj+uYM4uTqScYuILhJf2pCiQMglcPR8gNZGrWkb+pw1i5V87KeVRrAjHc3s/ZlCFMIsDelQQrFiiAcKC6gsgniBtr3RoleaijaLTlxmccxlm1BVIJOlTjHiuLbf/3aETtlfzXAfdC9O+NK37i3rrtsi6DE7BGTgHNrgCLXAH2qADMBiDV/AG3o0P48v4Nn7mrSWjmDkBS1UyfgHkFbF+</latexit>

d

<latexit sha1_base64="jy40nHOQnuTauJ9kyNlu+7DjWhE=">AAACSXicbVDLSsNAFJ20Pmp9tbp0M9gWXJWkC3UjFHThsoJpC20ok+mkHTqZxJmJEEO/wa1+k1/gZ7gTV07SgH14YeBwzr33zD1uyKhUpvlpFIpb2zu7pb3y/sHh0XGletKVQSQwsXHAAtF3kSSMcmIrqhjph4Ig32Wk585uU733TISkAX9UcUgcH0049ShGSlN2nd5Y9VGlZjbNrOAmsHJQA3l1RlWjORwHOPIJV5ghKQeWGSonQUJRzMi8PIwkCRGeoQkZaMiRT6STZL+dw4ZmxtALhH5cwYxdnkg4xcQTCK/sSZAvZey7et5HairXtZT8TxtEyrt2EsrDSBGOF/ZexKAKYBoIHFNBsGKxBggLqi+AeIq0vdKxlRvLNorOXuZwwaWYUVcgESdPEeKZttr+d4dO2FrPcxN0W03rsmk+tGrtuzzrEjgD5+ACWOAKtME96AAbYEDBK3gD78aH8WV8Gz+L1oKRz5yClSoUfwEInLIF</latexit>

i = 1
<latexit sha1_base64="ZYTMfM6SA8uEuIAVPRQwqoThjaQ=">AAACSXicbVDLSsNAFJ20Pmp9tbp0M9gWXJXEhboRCrpwJRVMW2hDmUwn7dDJJM5MhBj6DW71m/wCP8OduHKSBuzDCwOHc+69Z+5xQ0alMs1Po1Dc2NzaLu2Ud/f2Dw4r1aOODCKBiY0DFoieiyRhlBNbUcVILxQE+S4jXXd6k+rdZyIkDfijikPi+GjMqUcxUpqy6/T6vj6s1MymmRVcB1YOaiCv9rBqNAejAEc+4QozJGXfMkPlJEgoihmZlQeRJCHCUzQmfQ058ol0kuy3M9jQzAh6gdCPK5ixixMJp5h4AuGlPQnypYx9V8/7SE3kqpaS/2n9SHlXTkJ5GCnC8dzeixhUAUwDgSMqCFYs1gBhQfUFEE+Qtlc6tnJj0UbR6csMzrkUM+oKJOLkKUI805bb/+7QCVurea6DznnTumiaD+e11m2edQmcgFNwBixwCVrgDrSBDTCg4BW8gXfjw/gyvo2feWvByGeOwVIVir8/NrIi</latexit>

i = N

<latexit sha1_base64="ksvpth0YdGc68+43GxJKlNtZV+U="></latexit>

|!→ =
∑

m1,m2,...mN

Tr(Am1Am2Am3 . . . AmNX)|m1,m2,m3, . . .mN →

<latexit sha1_base64="/tN0nbK56OguB78OzHaLqFXOqzA=">AAACN3icbVDLSgMxFM3UV62vVjeCm2ApuCozIuqyYBe6q2Af0g4lk2ba0ExmTO4IdZivcKsf4qe4cidu/QPTx6IPLwQO59x7z83xIsE12PanlVlb39jcym7ndnb39g/yhcOGDmNFWZ2GIlQtj2gmuGR14CBYK1KMBJ5gTW94M9abz0xpHsoHGEXMDUhfcp9TAoZ6rHaAB0zjajdftMv2pPAqcGagiGZV6xas404vpHHAJFBBtG47dgRuQhRwKlia68SaRYQOSZ+1DZTE+LjJ5OIUlwzTw36ozJOAJ+z8REICrUeBZzoDAgO9rI3J/7R2DP61m3AZxcAknRr5scAQ4vH3cY8rRkGMDCBUcXMrpgOiCAUTUq40bwN8+JLiKTfGgnuKqFHyFBM50RbbJafMN4vSnMnSWU5uFTTOy85l2b6/KFbuZqlm0Qk6RWfIQVeogm5RDdURRQF6RW/o3fqwvqxv62famrFmM0dooazfP0X1rAQ=</latexit>

D ⇥D matrices

<latexit sha1_base64="lzKh/13klK+8CghCZQJR46s6UJ8=">AAACNHicbVC7TsMwFHXKq5RXgJHFUCExQJUgVBiLWBiLRB8SKZXjuNSq4wT7BqlEmfkaVvgWJDbEyhcw4LQdaOFI1j0+96V7/FhwDY7zZhXm5hcWl4rLpZXVtfUNe3OrqaNEUdagkYhU2yeaCS5ZAzgI1o4VI6EvWMsfXOT51gNTmkfyGoYx64TkTvIepwSM1LV3vRSf36ZOdpgH1wRPBBHo/BccuZmXde2yU3FGwH+JOyFlNEG9a397QUSTkEmggmh94zoxdFKigFPBspKXaBYTOiB37MZQSUKmO+nolAzvGyXAvUiZJwGP1N8dKQm1Hoa+qQwJ9PVsLhf/zd0nRAIfPM7sh95ZJ+UyToBJOl7fSwSGCOdu4YArRkEMDSFUcXMBpn2iCAXj6dR8X5EBg6xk7HJnzflLmscVt1qpXp2Ua5cT44poB+2hA+SiU1RDl6iOGoiiJ/SMXtCr9WK9Wx/W57i0YE16ttEUrK8f56Wq0g==</latexit>

{A0, A1, . . . Ad→1}

 complex coefficientsdN

 complex coefficients(N)dD2

<latexit sha1_base64="PSMC3FjVAFKs49KGOnjAtOpnQ+w="></latexit>m1
<latexit sha1_base64="W4M/vlohgkN+UGVOWLY3YK1yMpY="></latexit>m2

<latexit sha1_base64="cv2uJPtNRwJo+BbL9CYY2Rjm1ig="></latexit>m3
<latexit sha1_base64="9nk+JjX+lsf+CWzmAt7efdCsWWY="></latexit>mN

<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A
<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A
<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A
<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A
<latexit sha1_base64="fwpVRMtbwpkuzQZXy792I5KZqD4="></latexit>

L
<latexit sha1_base64="JOJ0pxm35wI4nZJRNBCp8soL2rI="></latexit>

R



What states do MPS describe?

Example: the GHZ state

|Ψ⟩ =
1

2
( |000…0⟩ + |111…1⟩) = ∑⃗

m

Tr(Am1Am2Am3…AmN) |m1m2m3…mN⟩

A0 = [1 0
0 0] A1 = [0 0

0 1]



• Area law entanglement S ∼ O(1)

• Exponentially decaying correlations

• Ground state of gapped local 1D Hamiltonians

What states do MPS describe?

Example: the GHZ state

|Ψ⟩ =
1

2
( |000…0⟩ + |111…1⟩) = ∑⃗

m

Tr(Am1Am2Am3…AmN) |m1m2m3…mN⟩

A0 = [1 0
0 0] A1 = [0 0

0 1]
More broadly:

Hastings, Journal of Statistical Mechanics: Theory and Experiment (2007)



Some more resources on tensor networks

• PennyLane tutorial: “Introducing matrix product states for quantum practitioners” 
by Korbinian Kottmann

• Bridgeman and Chubb, “Hand-waving and Interpretive Dance: An Introductory 
Course on Tensor Networks”, arXiv:1603.03039v4

• Roman Orus, “A Practical Introduction to Tensor Networks: Matrix Product States 
and Projected Entangled Pair States”, arXiv:1306.2164

*Image from Pennylane



Why prepare matrix product states?



• Classification of quantum phases [1, 2], many paradigmatic examples (GHZ, AKLT, Dicke,…)

• Prepare MPS → dynamics [3]; Example: many-body scarring [4]

• Measurement-based quantum computation [5, 6]

[1] Cirac et al., Rev. Mod. Phys. (2021) 
[2] Schuch et al., PRB (2011)

[3] Martin et al., arXiv:2305.19231 (2024) 
[4] Gustafson et al., Quantum (2023)

[5] Gross et al., PRL (2007) 
[6] Wang et al., PRA (2017)

Reason #1: They are a fundamentally important and useful class of states

Why prepare matrix product states?



• Pre-training variational algorithms [1, 2]

• Tensor network ansätze for quantum machine learning [3, 4]

• Loading classical data (e.g., images [5], probability distributions [6])

• Approximate quantum compilation [7] 

Reason #2: They offer an interface between classical and quantum computing 

Easy HardTensor network 
methods

[1] Rudolph et al., Nat. Comm. (2023) 
[2] Khan et al., Nat. Comm. (2023)

[3] Rieser et al., PRSA (2023) 
[4] Liu et al., PRL (2022)

[5] Jobst et al., arXiv: 2311.07666 (2023) 
[6] Iaconis et al., npj Quantum Info  (2024) 
[7] Robertson et al., arXiv: 2301.08609 (2024)

Why prepare matrix product states?



I. Introduction to MPS

1. What are they

2. Why prepare them?

II. Techniques for preparing MPS on quantum processors

1. Unitary preparation — various flavors and current literature

3. Bonus: Holographic preparation (spatial compression)

2. Adaptive preparation (temporal compression)



Unitary preparation of MPS

C. Schön et al, PRL (2005)

Target:
<latexit sha1_base64="mMLfHIdAVQiPKAH8top3Y+omFfY="></latexit>

| i =
X

~m

hL|Am1Am2Am3 . . . AmN |Ri |m1m2m3 . . .mN i

(for simplicity, assume D=2, d=2)



Target:
<latexit sha1_base64="mMLfHIdAVQiPKAH8top3Y+omFfY="></latexit>

| i =
X

~m

hL|Am1Am2Am3 . . . AmN |Ri |m1m2m3 . . .mN i

Bond qubit

Site qubits

<latexit sha1_base64="v+mUjC78g7YQHTGJxmcA7XZcbQw="></latexit>

{
C. Schön et al, PRL (2005)

Unitary preparation of MPS



Target:
<latexit sha1_base64="mMLfHIdAVQiPKAH8top3Y+omFfY="></latexit>

| i =
X

~m

hL|Am1Am2Am3 . . . AmN |Ri |m1m2m3 . . .mN i

Bond qubit

Site qubits

<latexit sha1_base64="v+mUjC78g7YQHTGJxmcA7XZcbQw="></latexit>

{
C. Schön et al, PRL (2005)

Unitary preparation of MPS

<latexit sha1_base64="l5fJa0HOJ9Hj+r9y4WHPHaKsxvM="></latexit>

U =
X

m

Am ⌦ |mi h0|+ C

Acts on  
bond qubit

Prepares 
site

Technical detail: Left-canonical form
<latexit sha1_base64="w1HRodFXfNHH63meAKWavE+frds="></latexit>∑

m

(Am)†Am = 1



Target:
<latexit sha1_base64="mMLfHIdAVQiPKAH8top3Y+omFfY="></latexit>

| i =
X

~m

hL|Am1Am2Am3 . . . AmN |Ri |m1m2m3 . . .mN i

<latexit sha1_base64="l5fJa0HOJ9Hj+r9y4WHPHaKsxvM="></latexit>

U =
X

m

Am ⌦ |mi h0|+ C

Acts on  
bond qubit

Prepares 
site

Unitary preparation of MPS

Bond qubit

Site qubits

<latexit sha1_base64="v+mUjC78g7YQHTGJxmcA7XZcbQw="></latexit>

{
mN

mN−1

mN−2

m1

C. Schön et al, PRL (2005)

Technical detail: Left-canonical form
<latexit sha1_base64="w1HRodFXfNHH63meAKWavE+frds="></latexit>∑

m

(Am)†Am = 1



Target:
<latexit sha1_base64="mMLfHIdAVQiPKAH8top3Y+omFfY="></latexit>

| i =
X

~m

hL|Am1Am2Am3 . . . AmN |Ri |m1m2m3 . . .mN i

Bond qubit

Site qubits

<latexit sha1_base64="v+mUjC78g7YQHTGJxmcA7XZcbQw="></latexit>

{

Unitary preparation of MPS

C. Schön et al, PRL (2005)

<latexit sha1_base64="l5fJa0HOJ9Hj+r9y4WHPHaKsxvM="></latexit>

U =
X

m

Am ⌦ |mi h0|+ C

mN

mN−1

mN−2

m1



Target:
<latexit sha1_base64="mMLfHIdAVQiPKAH8top3Y+omFfY="></latexit>

| i =
X

~m

hL|Am1Am2Am3 . . . AmN |Ri |m1m2m3 . . .mN i

Bond qubit

Site qubits

<latexit sha1_base64="v+mUjC78g7YQHTGJxmcA7XZcbQw="></latexit>

{

Unitary preparation of MPS

C. Schön et al, PRL (2005)

<latexit sha1_base64="l5fJa0HOJ9Hj+r9y4WHPHaKsxvM="></latexit>

U =
X

m

Am ⌦ |mi h0|+ C

mN

mN−1

mN−2

m1

Depth: O(N)



C. Schön et al, PRL (2005)

Target:
<latexit sha1_base64="mMLfHIdAVQiPKAH8top3Y+omFfY="></latexit>

| i =
X

~m

hL|Am1Am2Am3 . . . AmN |Ri |m1m2m3 . . .mN i

<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A
<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A
<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A
<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A
<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A
<latexit sha1_base64="fwpVRMtbwpkuzQZXy792I5KZqD4="></latexit>

L
<latexit sha1_base64="JOJ0pxm35wI4nZJRNBCp8soL2rI="></latexit>

R

<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A
<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A
<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A
<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A
<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A
<latexit sha1_base64="kSwpF8mi3G/yizXfpkrCZ/NeFd8="></latexit>

U
<latexit sha1_base64="kSwpF8mi3G/yizXfpkrCZ/NeFd8="></latexit>

U
<latexit sha1_base64="kSwpF8mi3G/yizXfpkrCZ/NeFd8="></latexit>

U
<latexit sha1_base64="kSwpF8mi3G/yizXfpkrCZ/NeFd8="></latexit>

U
<latexit sha1_base64="kSwpF8mi3G/yizXfpkrCZ/NeFd8="></latexit>

U

<latexit sha1_base64="8imS+nitj+6nJW3SDoJQGa2pfpI="></latexit>

|0i
<latexit sha1_base64="8imS+nitj+6nJW3SDoJQGa2pfpI="></latexit>

|0i
<latexit sha1_base64="8imS+nitj+6nJW3SDoJQGa2pfpI="></latexit>

|0i
<latexit sha1_base64="8imS+nitj+6nJW3SDoJQGa2pfpI="></latexit>

|0i
<latexit sha1_base64="8imS+nitj+6nJW3SDoJQGa2pfpI="></latexit>

|0i

<latexit sha1_base64="rnl1i8PaoUbZRPUjUhdP3LxGagA="></latexit>

|Li
<latexit sha1_base64="FQuREEvtoT76dMh68w9ilTWyZ+E="></latexit>

|Ri

Unitary preparation of MPS



C. Schön et al., PRL (2005)

Depth: O(N)

Sequential algorithm:

log2(dD)

For large :D

Depth: O(N)
Ran et al., PRA (2020)

Short-range correlations:

Depth: O(log N/ϵ)
Malz et al., PRL (2024)

Other approaches: Rudolph et al., arXiv: 2209.00595 (2023); Jaderberg et al., arXiv: 2503.09683 (2025); Wei et al., arXiv: 2503.14645 (2025)



Depth: O(N)
Ran et al., PRA (2020)

For large :D Short-range correlations:

Depth: O(log N/ϵ)
Malz et al., PRL (2024)

Other approaches: Rudolph et al., arXiv: 2209.00595 (2023); Jaderberg et al., arXiv: 2503.09683 (2025); Wei et al., arXiv: 2503.14645 (2025)

This talk: Adaptive preparation

Expand our toolbox with dynamic circuits

Depth: O(1) (For MPS with certain properties)

Smith, Crane, Wiebe and Girvin, PRX Quantum 4, 020315 (2023)

Smith, Khan, Clark, Wei, and Girvin, PRX Quantum 5, 030344 (2024)

C. Schön et al., PRL (2005)

Depth: O(N)

Sequential algorithm:

log2(dD)
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Unitary quantum circuit:
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• Depth scales with system size

- linear connectivity:
<latexit sha1_base64="ghs0s62bGfwzVFqvY1KOYlr++YI="></latexit>

t ⇠ O(N)

Bravyi et al., PRL (2006)

Unitary quantum circuit:



• Depth scales with system size

- linear connectivity:

- all-to-all connectivity:
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Bravyi et al., PRL (2006)

Unitary quantum circuit:



• Depth scales with system size

• NISQ-era: decoherence severely limits depth…

- linear connectivity:

- all-to-all connectivity:
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Bravyi et al., PRL (2006)

Unitary quantum circuit:



• Depth scales with system size

- linear connectivity:

- all-to-all connectivity:
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Bravyi et al., PRL (2006)

How do we approach large-scale problems 
(>100 qubits) with low-depth circuits?

Unitary quantum circuit:

• NISQ-era: decoherence severely limits depth…
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How do we approach large-scale problems 
(>100 qubits) with low-depth circuits?

• Depth scales with system size

- linear connectivity:

- all-to-all connectivity:

<latexit sha1_base64="ghs0s62bGfwzVFqvY1KOYlr++YI="></latexit>

t ⇠ O(N)
<latexit sha1_base64="pYw66XIZ5YMo3Z4zfDwiWEQKjiA="></latexit>

t ⇠ O(log(N))

Expand our toolbox to include mid-
circuit measurements + feedforward

One promising strategy:

Dynamic quantum circuit:

• NISQ-era: decoherence severely limits depth…



Example: GHZ state

linear depth
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constant depth
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Dynamic quantum circuit:

AKLT state

Generalization 
to other MPS
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2. Mid-circuit “fusion” measurements

3. Feedforward corrections

1. Unitarily prepare small MPS 

Three ingredients:

Constant-depth preparation of matrix product states

Example: Affleck-Kennedy-Lieb-Tasaki (AKLT) state

• Symmetry-protected topological order [1]

• Resource state for measurement-based quantum computation [2-3]

• Non-zero correlation length: faithful unitary preparation requires depth  [4] T = Ω(log N/ϵ)

[2] Verstraete et al., PRA (2004); [3] Brennen et al., PRL (2008); [4] Malz et al., PRL (2024)[1] Pollman et al., PRB (2012)



2. Mid-circuit “fusion” measurements

3. Feedforward corrections

1. Unitarily prepare small MPS 

Three ingredients:

Constant-depth preparation of matrix product states

Example: Affleck-Kennedy-Lieb-Tasaki (AKLT) state
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[2] Verstraete et al., PRA (2004); [3] Brennen et al., PRL (2008)[1] Pollman et al., PRB (2012)



Ingredient #1: Unitarily Prepare Small MPS
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Ingredient #2: MPS can be “fused” with measurements
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<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A
<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A
<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A
<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A

Measure in the Bell basis

<latexit sha1_base64="WR4L913wxHs7jh/yySf9BNHwobA="></latexit>

|0i H H

q
(1)
mem

q
(2)
mem

<latexit sha1_base64="jTdsmyg9Hc53Z9NHAZeAva1JopE=">AAACX3icbVBNSwMxEE3Xj2r9qnoSL8FS8FR2RdRjUQ8eFewHtKVk09k2bDa7JrNCXfojvOov8+g/Md0WtK0Dgcd7M/Myz0+kMOi6XwVnbX1js7i1XdrZ3ds/KB8eNU2cag4NHstYt31mQAoFDRQooZ1oYJEvoeWHd1O99QraiFg94ziBXsSGSgSCM7RUqxujiMD0yxW35uZFV4E3BxUyr8f+YeG2O4h5GoFCLpkxHc9NsJcxjYJLmJS6qYGE8ZANoWOhYtall+X/ndCqZQY0iLV9CmnO/p3IlOAQaMYX9mQsMmYc+XY+Yjgyy9qU/E/rpBjc9DKhkhRB8Zl9kEqKMZ1GQgdCA0c5toBxLewFlI+YtUcb3IKLr1kIOClV/5IowrcJnXFTLIVt0+PsJWUq1xbbf2+zqXvLGa+C5kXNu6q5T5eV+v08/y1ySs7IOfHINamTB/JIGoSTkLyTD/JZ+HaKzr5TnrU6hfnMMVko5+QHckS5VA==</latexit>⌦

<latexit sha1_base64="8+wfszo4ZsIjt4ZQYFtwc8A7rmc=">AAACJ3icdVDLTgIxFO3gC/EFunTTSExckWFAwB3BjUtIBEmAkE65QEOnM7YdE5zwBW71I/wad0aX/okdwESInqTJybmv0+MGnClt259WYmNza3snuZva2z84PEpnjlvKDyWFJvW5L9suUcCZgKZmmkM7kEA8l8OdO7mO63cPIBXzxa2eBtDzyEiwIaNEG6lR66ezdu6qUnIuHWznbLvsFEoxccpFp4DzRomRRUvU+xkr3R34NPRAaMqJUp28HeheRKRmlMMs1Q0VBIROyAg6hgrigepFc6czfG6UAR760jyh8Vz9PRERT6mp55pOj+ixWq/F4p+1+5AIzSaPK/ejgYrPrHnSw0ovYiIINQi6sDQMOdY+jgPCAyaBaj41hFDJzK8wHRNJqDYxrmx3JZmA2W4y/AkK/09aTi5fypUaxWy1tkwziU7RGbpAeVRGVXSD6qiJKAL0hJ7Ri/VqvVnv1seiNWEtZ07QCqyvb8XSpnM=</latexit>

B

<latexit sha1_base64="8+wfszo4ZsIjt4ZQYFtwc8A7rmc=">AAACJ3icdVDLTgIxFO3gC/EFunTTSExckWFAwB3BjUtIBEmAkE65QEOnM7YdE5zwBW71I/wad0aX/okdwESInqTJybmv0+MGnClt259WYmNza3snuZva2z84PEpnjlvKDyWFJvW5L9suUcCZgKZmmkM7kEA8l8OdO7mO63cPIBXzxa2eBtDzyEiwIaNEG6lR66ezdu6qUnIuHWznbLvsFEoxccpFp4DzRomRRUvU+xkr3R34NPRAaMqJUp28HeheRKRmlMMs1Q0VBIROyAg6hgrigepFc6czfG6UAR760jyh8Vz9PRERT6mp55pOj+ixWq/F4p+1+5AIzSaPK/ejgYrPrHnSw0ovYiIINQi6sDQMOdY+jgPCAyaBaj41hFDJzK8wHRNJqDYxrmx3JZmA2W4y/AkK/09aTi5fypUaxWy1tkwziU7RGbpAeVRGVXSD6qiJKAL0hJ7Ri/VqvVnv1seiNWEtZ07QCqyvb8XSpnM=</latexit>

B

<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A
<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A
<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A
<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A

Ingredient #3: Defects can be corrected by leveraging symmetry

Smith, Crane, Wiebe and Girvin, PRX Quantum 4, 020315 (2023)

<latexit sha1_base64="8IUvuqJt8ViQHnu5QlpmS0XRbq8="></latexit>

Z2 ⇥ Z2

<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A
<latexit sha1_base64="8+wfszo4ZsIjt4ZQYFtwc8A7rmc=">AAACJ3icdVDLTgIxFO3gC/EFunTTSExckWFAwB3BjUtIBEmAkE65QEOnM7YdE5zwBW71I/wad0aX/okdwESInqTJybmv0+MGnClt259WYmNza3snuZva2z84PEpnjlvKDyWFJvW5L9suUcCZgKZmmkM7kEA8l8OdO7mO63cPIBXzxa2eBtDzyEiwIaNEG6lR66ezdu6qUnIuHWznbLvsFEoxccpFp4DzRomRRUvU+xkr3R34NPRAaMqJUp28HeheRKRmlMMs1Q0VBIROyAg6hgrigepFc6czfG6UAR760jyh8Vz9PRERT6mp55pOj+ixWq/F4p+1+5AIzSaPK/ejgYrPrHnSw0ovYiIINQi6sDQMOdY+jgPCAyaBaj41hFDJzK8wHRNJqDYxrmx3JZmA2W4y/AkK/09aTi5fypUaxWy1tkwziU7RGbpAeVRGVXSD6qiJKAL0hJ7Ri/VqvVnv1seiNWEtZ07QCqyvb8XSpnM=</latexit>

B
<latexit sha1_base64="8+wfszo4ZsIjt4ZQYFtwc8A7rmc=">AAACJ3icdVDLTgIxFO3gC/EFunTTSExckWFAwB3BjUtIBEmAkE65QEOnM7YdE5zwBW71I/wad0aX/okdwESInqTJybmv0+MGnClt259WYmNza3snuZva2z84PEpnjlvKDyWFJvW5L9suUcCZgKZmmkM7kEA8l8OdO7mO63cPIBXzxa2eBtDzyEiwIaNEG6lR66ezdu6qUnIuHWznbLvsFEoxccpFp4DzRomRRUvU+xkr3R34NPRAaMqJUp28HeheRKRmlMMs1Q0VBIROyAg6hgrigepFc6czfG6UAR760jyh8Vz9PRERT6mp55pOj+ixWq/F4p+1+5AIzSaPK/ejgYrPrHnSw0ovYiIINQi6sDQMOdY+jgPCAyaBaj41hFDJzK8wHRNJqDYxrmx3JZmA2W4y/AkK/09aTi5fypUaxWy1tkwziU7RGbpAeVRGVXSD6qiJKAL0hJ7Ri/VqvVnv1seiNWEtZ07QCqyvb8XSpnM=</latexit>

B

<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A

<latexit sha1_base64="nfhQVeful2rzpNviOh20JTaGmTM=">AAACKXicdVBPT8IwHO3wH+I/0KOXRmLiiYyBA28ELx4xOjCBhXSlQLOum21nggsfwat+CD+NN/XqF7EDTIToS5q8vN+/1+dFjEplmh9GZm19Y3Mru53b2d3bP8gXDtsyjAUmDg5ZKO48JAmjnDiKKkbuIkFQ4DHS8fzLtN55IELSkN+qSUTcAI04HVKMlJZunH6zny+apYu6bZ1b0CyZZs2q2CmxalWrAstaSVEEC7T6BSPfG4Q4DghXmCEpu2UzUm6ChKKYkWmuF0sSIeyjEelqylFApJvMvE7hqVYGcBgK/biCM/X3RIICKSeBpzsDpMZytZaKf9buY8QV9R+X7icDmZ5Z8aSGdTehPIoV4XhuaRgzqEKYRgQHVBCs2EQThAXVv4J4jATCSge5tN0TyCd6u87wJyj4P2lbpbJdsq+rxUZzkWYWHIMTcAbKoAYa4Aq0gAMwGIEn8AxejFfjzXg3PuetGWMxcwSWYHx9A05dpzs=</latexit>

UB

AKLT state:



<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A
<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A
<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A
<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A

Measure in the Bell basis

<latexit sha1_base64="WR4L913wxHs7jh/yySf9BNHwobA="></latexit>

|0i H H

q
(1)
mem

q
(2)
mem

<latexit sha1_base64="jTdsmyg9Hc53Z9NHAZeAva1JopE=">AAACX3icbVBNSwMxEE3Xj2r9qnoSL8FS8FR2RdRjUQ8eFewHtKVk09k2bDa7JrNCXfojvOov8+g/Md0WtK0Dgcd7M/Myz0+kMOi6XwVnbX1js7i1XdrZ3ds/KB8eNU2cag4NHstYt31mQAoFDRQooZ1oYJEvoeWHd1O99QraiFg94ziBXsSGSgSCM7RUqxujiMD0yxW35uZFV4E3BxUyr8f+YeG2O4h5GoFCLpkxHc9NsJcxjYJLmJS6qYGE8ZANoWOhYtall+X/ndCqZQY0iLV9CmnO/p3IlOAQaMYX9mQsMmYc+XY+Yjgyy9qU/E/rpBjc9DKhkhRB8Zl9kEqKMZ1GQgdCA0c5toBxLewFlI+YtUcb3IKLr1kIOClV/5IowrcJnXFTLIVt0+PsJWUq1xbbf2+zqXvLGa+C5kXNu6q5T5eV+v08/y1ySs7IOfHINamTB/JIGoSTkLyTD/JZ+HaKzr5TnrU6hfnMMVko5+QHckS5VA==</latexit>⌦

<latexit sha1_base64="8+wfszo4ZsIjt4ZQYFtwc8A7rmc=">AAACJ3icdVDLTgIxFO3gC/EFunTTSExckWFAwB3BjUtIBEmAkE65QEOnM7YdE5zwBW71I/wad0aX/okdwESInqTJybmv0+MGnClt259WYmNza3snuZva2z84PEpnjlvKDyWFJvW5L9suUcCZgKZmmkM7kEA8l8OdO7mO63cPIBXzxa2eBtDzyEiwIaNEG6lR66ezdu6qUnIuHWznbLvsFEoxccpFp4DzRomRRUvU+xkr3R34NPRAaMqJUp28HeheRKRmlMMs1Q0VBIROyAg6hgrigepFc6czfG6UAR760jyh8Vz9PRERT6mp55pOj+ixWq/F4p+1+5AIzSaPK/ejgYrPrHnSw0ovYiIINQi6sDQMOdY+jgPCAyaBaj41hFDJzK8wHRNJqDYxrmx3JZmA2W4y/AkK/09aTi5fypUaxWy1tkwziU7RGbpAeVRGVXSD6qiJKAL0hJ7Ri/VqvVnv1seiNWEtZ07QCqyvb8XSpnM=</latexit>

B

<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A
<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A
<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A
<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A

Ingredient #3: Defects can be corrected by leveraging symmetry

Smith, Crane, Wiebe and Girvin, PRX Quantum 4, 020315 (2023)

<latexit sha1_base64="8IUvuqJt8ViQHnu5QlpmS0XRbq8="></latexit>

Z2 ⇥ Z2

<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A
<latexit sha1_base64="8+wfszo4ZsIjt4ZQYFtwc8A7rmc=">AAACJ3icdVDLTgIxFO3gC/EFunTTSExckWFAwB3BjUtIBEmAkE65QEOnM7YdE5zwBW71I/wad0aX/okdwESInqTJybmv0+MGnClt259WYmNza3snuZva2z84PEpnjlvKDyWFJvW5L9suUcCZgKZmmkM7kEA8l8OdO7mO63cPIBXzxa2eBtDzyEiwIaNEG6lR66ezdu6qUnIuHWznbLvsFEoxccpFp4DzRomRRUvU+xkr3R34NPRAaMqJUp28HeheRKRmlMMs1Q0VBIROyAg6hgrigepFc6czfG6UAR760jyh8Vz9PRERT6mp55pOj+ixWq/F4p+1+5AIzSaPK/ejgYrPrHnSw0ovYiIINQi6sDQMOdY+jgPCAyaBaj41hFDJzK8wHRNJqDYxrmx3JZmA2W4y/AkK/09aTi5fypUaxWy1tkwziU7RGbpAeVRGVXSD6qiJKAL0hJ7Ri/VqvVnv1seiNWEtZ07QCqyvb8XSpnM=</latexit>

B
<latexit sha1_base64="8+wfszo4ZsIjt4ZQYFtwc8A7rmc=">AAACJ3icdVDLTgIxFO3gC/EFunTTSExckWFAwB3BjUtIBEmAkE65QEOnM7YdE5zwBW71I/wad0aX/okdwESInqTJybmv0+MGnClt259WYmNza3snuZva2z84PEpnjlvKDyWFJvW5L9suUcCZgKZmmkM7kEA8l8OdO7mO63cPIBXzxa2eBtDzyEiwIaNEG6lR66ezdu6qUnIuHWznbLvsFEoxccpFp4DzRomRRUvU+xkr3R34NPRAaMqJUp28HeheRKRmlMMs1Q0VBIROyAg6hgrigepFc6czfG6UAR760jyh8Vz9PRERT6mp55pOj+ixWq/F4p+1+5AIzSaPK/ejgYrPrHnSw0ovYiIINQi6sDQMOdY+jgPCAyaBaj41hFDJzK8wHRNJqDYxrmx3JZmA2W4y/AkK/09aTi5fypUaxWy1tkwziU7RGbpAeVRGVXSD6qiJKAL0hJ7Ri/VqvVnv1seiNWEtZ07QCqyvb8XSpnM=</latexit>

B

<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A
<latexit sha1_base64="8+wfszo4ZsIjt4ZQYFtwc8A7rmc=">AAACJ3icdVDLTgIxFO3gC/EFunTTSExckWFAwB3BjUtIBEmAkE65QEOnM7YdE5zwBW71I/wad0aX/okdwESInqTJybmv0+MGnClt259WYmNza3snuZva2z84PEpnjlvKDyWFJvW5L9suUcCZgKZmmkM7kEA8l8OdO7mO63cPIBXzxa2eBtDzyEiwIaNEG6lR66ezdu6qUnIuHWznbLvsFEoxccpFp4DzRomRRUvU+xkr3R34NPRAaMqJUp28HeheRKRmlMMs1Q0VBIROyAg6hgrigepFc6czfG6UAR760jyh8Vz9PRERT6mp55pOj+ixWq/F4p+1+5AIzSaPK/ejgYrPrHnSw0ovYiIINQi6sDQMOdY+jgPCAyaBaj41hFDJzK8wHRNJqDYxrmx3JZmA2W4y/AkK/09aTi5fypUaxWy1tkwziU7RGbpAeVRGVXSD6qiJKAL0hJ7Ri/VqvVnv1seiNWEtZ07QCqyvb8XSpnM=</latexit>

B
<latexit sha1_base64="8+wfszo4ZsIjt4ZQYFtwc8A7rmc=">AAACJ3icdVDLTgIxFO3gC/EFunTTSExckWFAwB3BjUtIBEmAkE65QEOnM7YdE5zwBW71I/wad0aX/okdwESInqTJybmv0+MGnClt259WYmNza3snuZva2z84PEpnjlvKDyWFJvW5L9suUcCZgKZmmkM7kEA8l8OdO7mO63cPIBXzxa2eBtDzyEiwIaNEG6lR66ezdu6qUnIuHWznbLvsFEoxccpFp4DzRomRRUvU+xkr3R34NPRAaMqJUp28HeheRKRmlMMs1Q0VBIROyAg6hgrigepFc6czfG6UAR760jyh8Vz9PRERT6mp55pOj+ixWq/F4p+1+5AIzSaPK/ejgYrPrHnSw0ovYiIINQi6sDQMOdY+jgPCAyaBaj41hFDJzK8wHRNJqDYxrmx3JZmA2W4y/AkK/09aTi5fypUaxWy1tkwziU7RGbpAeVRGVXSD6qiJKAL0hJ7Ri/VqvVnv1seiNWEtZ07QCqyvb8XSpnM=</latexit>

B

<latexit sha1_base64="nfhQVeful2rzpNviOh20JTaGmTM=">AAACKXicdVBPT8IwHO3wH+I/0KOXRmLiiYyBA28ELx4xOjCBhXSlQLOum21nggsfwat+CD+NN/XqF7EDTIToS5q8vN+/1+dFjEplmh9GZm19Y3Mru53b2d3bP8gXDtsyjAUmDg5ZKO48JAmjnDiKKkbuIkFQ4DHS8fzLtN55IELSkN+qSUTcAI04HVKMlJZunH6zny+apYu6bZ1b0CyZZs2q2CmxalWrAstaSVEEC7T6BSPfG4Q4DghXmCEpu2UzUm6ChKKYkWmuF0sSIeyjEelqylFApJvMvE7hqVYGcBgK/biCM/X3RIICKSeBpzsDpMZytZaKf9buY8QV9R+X7icDmZ5Z8aSGdTehPIoV4XhuaRgzqEKYRgQHVBCs2EQThAXVv4J4jATCSge5tN0TyCd6u87wJyj4P2lbpbJdsq+rxUZzkWYWHIMTcAbKoAYa4Aq0gAMwGIEn8AxejFfjzXg3PuetGWMxcwSWYHx9A05dpzs=</latexit>

UB

AKLT state:

<latexit sha1_base64="nfhQVeful2rzpNviOh20JTaGmTM=">AAACKXicdVBPT8IwHO3wH+I/0KOXRmLiiYyBA28ELx4xOjCBhXSlQLOum21nggsfwat+CD+NN/XqF7EDTIToS5q8vN+/1+dFjEplmh9GZm19Y3Mru53b2d3bP8gXDtsyjAUmDg5ZKO48JAmjnDiKKkbuIkFQ4DHS8fzLtN55IELSkN+qSUTcAI04HVKMlJZunH6zny+apYu6bZ1b0CyZZs2q2CmxalWrAstaSVEEC7T6BSPfG4Q4DghXmCEpu2UzUm6ChKKYkWmuF0sSIeyjEelqylFApJvMvE7hqVYGcBgK/biCM/X3RIICKSeBpzsDpMZytZaKf9buY8QV9R+X7icDmZ5Z8aSGdTehPIoV4XhuaRgzqEKYRgQHVBCs2EQThAXVv4J4jATCSge5tN0TyCd6u87wJyj4P2lbpbJdsq+rxUZzkWYWHIMTcAbKoAYa4Aq0gAMwGIEn8AxejFfjzXg3PuetGWMxcwSWYHx9A05dpzs=</latexit>

UB

<latexit sha1_base64="8+wfszo4ZsIjt4ZQYFtwc8A7rmc=">AAACJ3icdVDLTgIxFO3gC/EFunTTSExckWFAwB3BjUtIBEmAkE65QEOnM7YdE5zwBW71I/wad0aX/okdwESInqTJybmv0+MGnClt259WYmNza3snuZva2z84PEpnjlvKDyWFJvW5L9suUcCZgKZmmkM7kEA8l8OdO7mO63cPIBXzxa2eBtDzyEiwIaNEG6lR66ezdu6qUnIuHWznbLvsFEoxccpFp4DzRomRRUvU+xkr3R34NPRAaMqJUp28HeheRKRmlMMs1Q0VBIROyAg6hgrigepFc6czfG6UAR760jyh8Vz9PRERT6mp55pOj+ixWq/F4p+1+5AIzSaPK/ejgYrPrHnSw0ovYiIINQi6sDQMOdY+jgPCAyaBaj41hFDJzK8wHRNJqDYxrmx3JZmA2W4y/AkK/09aTi5fypUaxWy1tkwziU7RGbpAeVRGVXSD6qiJKAL0hJ7Ri/VqvVnv1seiNWEtZ07QCqyvb8XSpnM=</latexit>

B
(B2 = I)

<latexit sha1_base64="+yhTlL777k2KcjRq7nIwP+C9nCc="></latexit>

B 2 {X,Y, Z, I}



<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A
<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A
<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A
<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A

Measure in the Bell basis

<latexit sha1_base64="WR4L913wxHs7jh/yySf9BNHwobA="></latexit>

|0i H H

q
(1)
mem

q
(2)
mem

<latexit sha1_base64="jTdsmyg9Hc53Z9NHAZeAva1JopE=">AAACX3icbVBNSwMxEE3Xj2r9qnoSL8FS8FR2RdRjUQ8eFewHtKVk09k2bDa7JrNCXfojvOov8+g/Md0WtK0Dgcd7M/Myz0+kMOi6XwVnbX1js7i1XdrZ3ds/KB8eNU2cag4NHstYt31mQAoFDRQooZ1oYJEvoeWHd1O99QraiFg94ziBXsSGSgSCM7RUqxujiMD0yxW35uZFV4E3BxUyr8f+YeG2O4h5GoFCLpkxHc9NsJcxjYJLmJS6qYGE8ZANoWOhYtall+X/ndCqZQY0iLV9CmnO/p3IlOAQaMYX9mQsMmYc+XY+Yjgyy9qU/E/rpBjc9DKhkhRB8Zl9kEqKMZ1GQgdCA0c5toBxLewFlI+YtUcb3IKLr1kIOClV/5IowrcJnXFTLIVt0+PsJWUq1xbbf2+zqXvLGa+C5kXNu6q5T5eV+v08/y1ySs7IOfHINamTB/JIGoSTkLyTD/JZ+HaKzr5TnrU6hfnMMVko5+QHckS5VA==</latexit>⌦

<latexit sha1_base64="8+wfszo4ZsIjt4ZQYFtwc8A7rmc=">AAACJ3icdVDLTgIxFO3gC/EFunTTSExckWFAwB3BjUtIBEmAkE65QEOnM7YdE5zwBW71I/wad0aX/okdwESInqTJybmv0+MGnClt259WYmNza3snuZva2z84PEpnjlvKDyWFJvW5L9suUcCZgKZmmkM7kEA8l8OdO7mO63cPIBXzxa2eBtDzyEiwIaNEG6lR66ezdu6qUnIuHWznbLvsFEoxccpFp4DzRomRRUvU+xkr3R34NPRAaMqJUp28HeheRKRmlMMs1Q0VBIROyAg6hgrigepFc6czfG6UAR760jyh8Vz9PRERT6mp55pOj+ixWq/F4p+1+5AIzSaPK/ejgYrPrHnSw0ovYiIINQi6sDQMOdY+jgPCAyaBaj41hFDJzK8wHRNJqDYxrmx3JZmA2W4y/AkK/09aTi5fypUaxWy1tkwziU7RGbpAeVRGVXSD6qiJKAL0hJ7Ri/VqvVnv1seiNWEtZ07QCqyvb8XSpnM=</latexit>

B

<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A
<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A
<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A
<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A

Ingredient #3: Defects can be corrected by leveraging symmetry

Smith, Crane, Wiebe and Girvin, PRX Quantum 4, 020315 (2023)

<latexit sha1_base64="8IUvuqJt8ViQHnu5QlpmS0XRbq8="></latexit>

Z2 ⇥ Z2

<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A
<latexit sha1_base64="8+wfszo4ZsIjt4ZQYFtwc8A7rmc=">AAACJ3icdVDLTgIxFO3gC/EFunTTSExckWFAwB3BjUtIBEmAkE65QEOnM7YdE5zwBW71I/wad0aX/okdwESInqTJybmv0+MGnClt259WYmNza3snuZva2z84PEpnjlvKDyWFJvW5L9suUcCZgKZmmkM7kEA8l8OdO7mO63cPIBXzxa2eBtDzyEiwIaNEG6lR66ezdu6qUnIuHWznbLvsFEoxccpFp4DzRomRRUvU+xkr3R34NPRAaMqJUp28HeheRKRmlMMs1Q0VBIROyAg6hgrigepFc6czfG6UAR760jyh8Vz9PRERT6mp55pOj+ixWq/F4p+1+5AIzSaPK/ejgYrPrHnSw0ovYiIINQi6sDQMOdY+jgPCAyaBaj41hFDJzK8wHRNJqDYxrmx3JZmA2W4y/AkK/09aTi5fypUaxWy1tkwziU7RGbpAeVRGVXSD6qiJKAL0hJ7Ri/VqvVnv1seiNWEtZ07QCqyvb8XSpnM=</latexit>

B
<latexit sha1_base64="8+wfszo4ZsIjt4ZQYFtwc8A7rmc=">AAACJ3icdVDLTgIxFO3gC/EFunTTSExckWFAwB3BjUtIBEmAkE65QEOnM7YdE5zwBW71I/wad0aX/okdwESInqTJybmv0+MGnClt259WYmNza3snuZva2z84PEpnjlvKDyWFJvW5L9suUcCZgKZmmkM7kEA8l8OdO7mO63cPIBXzxa2eBtDzyEiwIaNEG6lR66ezdu6qUnIuHWznbLvsFEoxccpFp4DzRomRRUvU+xkr3R34NPRAaMqJUp28HeheRKRmlMMs1Q0VBIROyAg6hgrigepFc6czfG6UAR760jyh8Vz9PRERT6mp55pOj+ixWq/F4p+1+5AIzSaPK/ejgYrPrHnSw0ovYiIINQi6sDQMOdY+jgPCAyaBaj41hFDJzK8wHRNJqDYxrmx3JZmA2W4y/AkK/09aTi5fypUaxWy1tkwziU7RGbpAeVRGVXSD6qiJKAL0hJ7Ri/VqvVnv1seiNWEtZ07QCqyvb8XSpnM=</latexit>

B

<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A
<latexit sha1_base64="8+wfszo4ZsIjt4ZQYFtwc8A7rmc=">AAACJ3icdVDLTgIxFO3gC/EFunTTSExckWFAwB3BjUtIBEmAkE65QEOnM7YdE5zwBW71I/wad0aX/okdwESInqTJybmv0+MGnClt259WYmNza3snuZva2z84PEpnjlvKDyWFJvW5L9suUcCZgKZmmkM7kEA8l8OdO7mO63cPIBXzxa2eBtDzyEiwIaNEG6lR66ezdu6qUnIuHWznbLvsFEoxccpFp4DzRomRRUvU+xkr3R34NPRAaMqJUp28HeheRKRmlMMs1Q0VBIROyAg6hgrigepFc6czfG6UAR760jyh8Vz9PRERT6mp55pOj+ixWq/F4p+1+5AIzSaPK/ejgYrPrHnSw0ovYiIINQi6sDQMOdY+jgPCAyaBaj41hFDJzK8wHRNJqDYxrmx3JZmA2W4y/AkK/09aTi5fypUaxWy1tkwziU7RGbpAeVRGVXSD6qiJKAL0hJ7Ri/VqvVnv1seiNWEtZ07QCqyvb8XSpnM=</latexit>

B
<latexit sha1_base64="8+wfszo4ZsIjt4ZQYFtwc8A7rmc=">AAACJ3icdVDLTgIxFO3gC/EFunTTSExckWFAwB3BjUtIBEmAkE65QEOnM7YdE5zwBW71I/wad0aX/okdwESInqTJybmv0+MGnClt259WYmNza3snuZva2z84PEpnjlvKDyWFJvW5L9suUcCZgKZmmkM7kEA8l8OdO7mO63cPIBXzxa2eBtDzyEiwIaNEG6lR66ezdu6qUnIuHWznbLvsFEoxccpFp4DzRomRRUvU+xkr3R34NPRAaMqJUp28HeheRKRmlMMs1Q0VBIROyAg6hgrigepFc6czfG6UAR760jyh8Vz9PRERT6mp55pOj+ixWq/F4p+1+5AIzSaPK/ejgYrPrHnSw0ovYiIINQi6sDQMOdY+jgPCAyaBaj41hFDJzK8wHRNJqDYxrmx3JZmA2W4y/AkK/09aTi5fypUaxWy1tkwziU7RGbpAeVRGVXSD6qiJKAL0hJ7Ri/VqvVnv1seiNWEtZ07QCqyvb8XSpnM=</latexit>

B

<latexit sha1_base64="nfhQVeful2rzpNviOh20JTaGmTM=">AAACKXicdVBPT8IwHO3wH+I/0KOXRmLiiYyBA28ELx4xOjCBhXSlQLOum21nggsfwat+CD+NN/XqF7EDTIToS5q8vN+/1+dFjEplmh9GZm19Y3Mru53b2d3bP8gXDtsyjAUmDg5ZKO48JAmjnDiKKkbuIkFQ4DHS8fzLtN55IELSkN+qSUTcAI04HVKMlJZunH6zny+apYu6bZ1b0CyZZs2q2CmxalWrAstaSVEEC7T6BSPfG4Q4DghXmCEpu2UzUm6ChKKYkWmuF0sSIeyjEelqylFApJvMvE7hqVYGcBgK/biCM/X3RIICKSeBpzsDpMZytZaKf9buY8QV9R+X7icDmZ5Z8aSGdTehPIoV4XhuaRgzqEKYRgQHVBCs2EQThAXVv4J4jATCSge5tN0TyCd6u87wJyj4P2lbpbJdsq+rxUZzkWYWHIMTcAbKoAYa4Aq0gAMwGIEn8AxejFfjzXg3PuetGWMxcwSWYHx9A05dpzs=</latexit>

UB

AKLT state:

<latexit sha1_base64="nfhQVeful2rzpNviOh20JTaGmTM=">AAACKXicdVBPT8IwHO3wH+I/0KOXRmLiiYyBA28ELx4xOjCBhXSlQLOum21nggsfwat+CD+NN/XqF7EDTIToS5q8vN+/1+dFjEplmh9GZm19Y3Mru53b2d3bP8gXDtsyjAUmDg5ZKO48JAmjnDiKKkbuIkFQ4DHS8fzLtN55IELSkN+qSUTcAI04HVKMlJZunH6zny+apYu6bZ1b0CyZZs2q2CmxalWrAstaSVEEC7T6BSPfG4Q4DghXmCEpu2UzUm6ChKKYkWmuF0sSIeyjEelqylFApJvMvE7hqVYGcBgK/biCM/X3RIICKSeBpzsDpMZytZaKf9buY8QV9R+X7icDmZ5Z8aSGdTehPIoV4XhuaRgzqEKYRgQHVBCs2EQThAXVv4J4jATCSge5tN0TyCd6u87wJyj4P2lbpbJdsq+rxUZzkWYWHIMTcAbKoAYa4Aq0gAMwGIEn8AxejFfjzXg3PuetGWMxcwSWYHx9A05dpzs=</latexit>

UB
<latexit sha1_base64="nfhQVeful2rzpNviOh20JTaGmTM=">AAACKXicdVBPT8IwHO3wH+I/0KOXRmLiiYyBA28ELx4xOjCBhXSlQLOum21nggsfwat+CD+NN/XqF7EDTIToS5q8vN+/1+dFjEplmh9GZm19Y3Mru53b2d3bP8gXDtsyjAUmDg5ZKO48JAmjnDiKKkbuIkFQ4DHS8fzLtN55IELSkN+qSUTcAI04HVKMlJZunH6zny+apYu6bZ1b0CyZZs2q2CmxalWrAstaSVEEC7T6BSPfG4Q4DghXmCEpu2UzUm6ChKKYkWmuF0sSIeyjEelqylFApJvMvE7hqVYGcBgK/biCM/X3RIICKSeBpzsDpMZytZaKf9buY8QV9R+X7icDmZ5Z8aSGdTehPIoV4XhuaRgzqEKYRgQHVBCs2EQThAXVv4J4jATCSge5tN0TyCd6u87wJyj4P2lbpbJdsq+rxUZzkWYWHIMTcAbKoAYa4Aq0gAMwGIEn8AxejFfjzXg3PuetGWMxcwSWYHx9A05dpzs=</latexit>

UB

<latexit sha1_base64="+yhTlL777k2KcjRq7nIwP+C9nCc="></latexit>

B 2 {X,Y, Z, I}
<latexit sha1_base64="8+wfszo4ZsIjt4ZQYFtwc8A7rmc=">AAACJ3icdVDLTgIxFO3gC/EFunTTSExckWFAwB3BjUtIBEmAkE65QEOnM7YdE5zwBW71I/wad0aX/okdwESInqTJybmv0+MGnClt259WYmNza3snuZva2z84PEpnjlvKDyWFJvW5L9suUcCZgKZmmkM7kEA8l8OdO7mO63cPIBXzxa2eBtDzyEiwIaNEG6lR66ezdu6qUnIuHWznbLvsFEoxccpFp4DzRomRRUvU+xkr3R34NPRAaMqJUp28HeheRKRmlMMs1Q0VBIROyAg6hgrigepFc6czfG6UAR760jyh8Vz9PRERT6mp55pOj+ixWq/F4p+1+5AIzSaPK/ejgYrPrHnSw0ovYiIINQi6sDQMOdY+jgPCAyaBaj41hFDJzK8wHRNJqDYxrmx3JZmA2W4y/AkK/09aTi5fypUaxWy1tkwziU7RGbpAeVRGVXSD6qiJKAL0hJ7Ri/VqvVnv1seiNWEtZ07QCqyvb8XSpnM=</latexit>

B



<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A
<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A
<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A
<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A

Measure in the Bell basis

<latexit sha1_base64="WR4L913wxHs7jh/yySf9BNHwobA="></latexit>

|0i H H

q
(1)
mem

q
(2)
mem

<latexit sha1_base64="jTdsmyg9Hc53Z9NHAZeAva1JopE=">AAACX3icbVBNSwMxEE3Xj2r9qnoSL8FS8FR2RdRjUQ8eFewHtKVk09k2bDa7JrNCXfojvOov8+g/Md0WtK0Dgcd7M/Myz0+kMOi6XwVnbX1js7i1XdrZ3ds/KB8eNU2cag4NHstYt31mQAoFDRQooZ1oYJEvoeWHd1O99QraiFg94ziBXsSGSgSCM7RUqxujiMD0yxW35uZFV4E3BxUyr8f+YeG2O4h5GoFCLpkxHc9NsJcxjYJLmJS6qYGE8ZANoWOhYtall+X/ndCqZQY0iLV9CmnO/p3IlOAQaMYX9mQsMmYc+XY+Yjgyy9qU/E/rpBjc9DKhkhRB8Zl9kEqKMZ1GQgdCA0c5toBxLewFlI+YtUcb3IKLr1kIOClV/5IowrcJnXFTLIVt0+PsJWUq1xbbf2+zqXvLGa+C5kXNu6q5T5eV+v08/y1ySs7IOfHINamTB/JIGoSTkLyTD/JZ+HaKzr5TnrU6hfnMMVko5+QHckS5VA==</latexit>⌦

<latexit sha1_base64="8+wfszo4ZsIjt4ZQYFtwc8A7rmc=">AAACJ3icdVDLTgIxFO3gC/EFunTTSExckWFAwB3BjUtIBEmAkE65QEOnM7YdE5zwBW71I/wad0aX/okdwESInqTJybmv0+MGnClt259WYmNza3snuZva2z84PEpnjlvKDyWFJvW5L9suUcCZgKZmmkM7kEA8l8OdO7mO63cPIBXzxa2eBtDzyEiwIaNEG6lR66ezdu6qUnIuHWznbLvsFEoxccpFp4DzRomRRUvU+xkr3R34NPRAaMqJUp28HeheRKRmlMMs1Q0VBIROyAg6hgrigepFc6czfG6UAR760jyh8Vz9PRERT6mp55pOj+ixWq/F4p+1+5AIzSaPK/ejgYrPrHnSw0ovYiIINQi6sDQMOdY+jgPCAyaBaj41hFDJzK8wHRNJqDYxrmx3JZmA2W4y/AkK/09aTi5fypUaxWy1tkwziU7RGbpAeVRGVXSD6qiJKAL0hJ7Ri/VqvVnv1seiNWEtZ07QCqyvb8XSpnM=</latexit>

B

<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A
<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A
<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A
<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A

Ingredient #3: Defects can be corrected by leveraging symmetry

Smith, Crane, Wiebe and Girvin, PRX Quantum 4, 020315 (2023)

<latexit sha1_base64="8IUvuqJt8ViQHnu5QlpmS0XRbq8="></latexit>

Z2 ⇥ Z2

<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A
<latexit sha1_base64="8+wfszo4ZsIjt4ZQYFtwc8A7rmc=">AAACJ3icdVDLTgIxFO3gC/EFunTTSExckWFAwB3BjUtIBEmAkE65QEOnM7YdE5zwBW71I/wad0aX/okdwESInqTJybmv0+MGnClt259WYmNza3snuZva2z84PEpnjlvKDyWFJvW5L9suUcCZgKZmmkM7kEA8l8OdO7mO63cPIBXzxa2eBtDzyEiwIaNEG6lR66ezdu6qUnIuHWznbLvsFEoxccpFp4DzRomRRUvU+xkr3R34NPRAaMqJUp28HeheRKRmlMMs1Q0VBIROyAg6hgrigepFc6czfG6UAR760jyh8Vz9PRERT6mp55pOj+ixWq/F4p+1+5AIzSaPK/ejgYrPrHnSw0ovYiIINQi6sDQMOdY+jgPCAyaBaj41hFDJzK8wHRNJqDYxrmx3JZmA2W4y/AkK/09aTi5fypUaxWy1tkwziU7RGbpAeVRGVXSD6qiJKAL0hJ7Ri/VqvVnv1seiNWEtZ07QCqyvb8XSpnM=</latexit>

B
<latexit sha1_base64="8+wfszo4ZsIjt4ZQYFtwc8A7rmc=">AAACJ3icdVDLTgIxFO3gC/EFunTTSExckWFAwB3BjUtIBEmAkE65QEOnM7YdE5zwBW71I/wad0aX/okdwESInqTJybmv0+MGnClt259WYmNza3snuZva2z84PEpnjlvKDyWFJvW5L9suUcCZgKZmmkM7kEA8l8OdO7mO63cPIBXzxa2eBtDzyEiwIaNEG6lR66ezdu6qUnIuHWznbLvsFEoxccpFp4DzRomRRUvU+xkr3R34NPRAaMqJUp28HeheRKRmlMMs1Q0VBIROyAg6hgrigepFc6czfG6UAR760jyh8Vz9PRERT6mp55pOj+ixWq/F4p+1+5AIzSaPK/ejgYrPrHnSw0ovYiIINQi6sDQMOdY+jgPCAyaBaj41hFDJzK8wHRNJqDYxrmx3JZmA2W4y/AkK/09aTi5fypUaxWy1tkwziU7RGbpAeVRGVXSD6qiJKAL0hJ7Ri/VqvVnv1seiNWEtZ07QCqyvb8XSpnM=</latexit>

B

<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A
<latexit sha1_base64="8+wfszo4ZsIjt4ZQYFtwc8A7rmc=">AAACJ3icdVDLTgIxFO3gC/EFunTTSExckWFAwB3BjUtIBEmAkE65QEOnM7YdE5zwBW71I/wad0aX/okdwESInqTJybmv0+MGnClt259WYmNza3snuZva2z84PEpnjlvKDyWFJvW5L9suUcCZgKZmmkM7kEA8l8OdO7mO63cPIBXzxa2eBtDzyEiwIaNEG6lR66ezdu6qUnIuHWznbLvsFEoxccpFp4DzRomRRUvU+xkr3R34NPRAaMqJUp28HeheRKRmlMMs1Q0VBIROyAg6hgrigepFc6czfG6UAR760jyh8Vz9PRERT6mp55pOj+ixWq/F4p+1+5AIzSaPK/ejgYrPrHnSw0ovYiIINQi6sDQMOdY+jgPCAyaBaj41hFDJzK8wHRNJqDYxrmx3JZmA2W4y/AkK/09aTi5fypUaxWy1tkwziU7RGbpAeVRGVXSD6qiJKAL0hJ7Ri/VqvVnv1seiNWEtZ07QCqyvb8XSpnM=</latexit>

B
<latexit sha1_base64="8+wfszo4ZsIjt4ZQYFtwc8A7rmc=">AAACJ3icdVDLTgIxFO3gC/EFunTTSExckWFAwB3BjUtIBEmAkE65QEOnM7YdE5zwBW71I/wad0aX/okdwESInqTJybmv0+MGnClt259WYmNza3snuZva2z84PEpnjlvKDyWFJvW5L9suUcCZgKZmmkM7kEA8l8OdO7mO63cPIBXzxa2eBtDzyEiwIaNEG6lR66ezdu6qUnIuHWznbLvsFEoxccpFp4DzRomRRUvU+xkr3R34NPRAaMqJUp28HeheRKRmlMMs1Q0VBIROyAg6hgrigepFc6czfG6UAR760jyh8Vz9PRERT6mp55pOj+ixWq/F4p+1+5AIzSaPK/ejgYrPrHnSw0ovYiIINQi6sDQMOdY+jgPCAyaBaj41hFDJzK8wHRNJqDYxrmx3JZmA2W4y/AkK/09aTi5fypUaxWy1tkwziU7RGbpAeVRGVXSD6qiJKAL0hJ7Ri/VqvVnv1seiNWEtZ07QCqyvb8XSpnM=</latexit>

B

<latexit sha1_base64="nfhQVeful2rzpNviOh20JTaGmTM=">AAACKXicdVBPT8IwHO3wH+I/0KOXRmLiiYyBA28ELx4xOjCBhXSlQLOum21nggsfwat+CD+NN/XqF7EDTIToS5q8vN+/1+dFjEplmh9GZm19Y3Mru53b2d3bP8gXDtsyjAUmDg5ZKO48JAmjnDiKKkbuIkFQ4DHS8fzLtN55IELSkN+qSUTcAI04HVKMlJZunH6zny+apYu6bZ1b0CyZZs2q2CmxalWrAstaSVEEC7T6BSPfG4Q4DghXmCEpu2UzUm6ChKKYkWmuF0sSIeyjEelqylFApJvMvE7hqVYGcBgK/biCM/X3RIICKSeBpzsDpMZytZaKf9buY8QV9R+X7icDmZ5Z8aSGdTehPIoV4XhuaRgzqEKYRgQHVBCs2EQThAXVv4J4jATCSge5tN0TyCd6u87wJyj4P2lbpbJdsq+rxUZzkWYWHIMTcAbKoAYa4Aq0gAMwGIEn8AxejFfjzXg3PuetGWMxcwSWYHx9A05dpzs=</latexit>

UB

AKLT state:

<latexit sha1_base64="nfhQVeful2rzpNviOh20JTaGmTM=">AAACKXicdVBPT8IwHO3wH+I/0KOXRmLiiYyBA28ELx4xOjCBhXSlQLOum21nggsfwat+CD+NN/XqF7EDTIToS5q8vN+/1+dFjEplmh9GZm19Y3Mru53b2d3bP8gXDtsyjAUmDg5ZKO48JAmjnDiKKkbuIkFQ4DHS8fzLtN55IELSkN+qSUTcAI04HVKMlJZunH6zny+apYu6bZ1b0CyZZs2q2CmxalWrAstaSVEEC7T6BSPfG4Q4DghXmCEpu2UzUm6ChKKYkWmuF0sSIeyjEelqylFApJvMvE7hqVYGcBgK/biCM/X3RIICKSeBpzsDpMZytZaKf9buY8QV9R+X7icDmZ5Z8aSGdTehPIoV4XhuaRgzqEKYRgQHVBCs2EQThAXVv4J4jATCSge5tN0TyCd6u87wJyj4P2lbpbJdsq+rxUZzkWYWHIMTcAbKoAYa4Aq0gAMwGIEn8AxejFfjzXg3PuetGWMxcwSWYHx9A05dpzs=</latexit>

UB
<latexit sha1_base64="nfhQVeful2rzpNviOh20JTaGmTM=">AAACKXicdVBPT8IwHO3wH+I/0KOXRmLiiYyBA28ELx4xOjCBhXSlQLOum21nggsfwat+CD+NN/XqF7EDTIToS5q8vN+/1+dFjEplmh9GZm19Y3Mru53b2d3bP8gXDtsyjAUmDg5ZKO48JAmjnDiKKkbuIkFQ4DHS8fzLtN55IELSkN+qSUTcAI04HVKMlJZunH6zny+apYu6bZ1b0CyZZs2q2CmxalWrAstaSVEEC7T6BSPfG4Q4DghXmCEpu2UzUm6ChKKYkWmuF0sSIeyjEelqylFApJvMvE7hqVYGcBgK/biCM/X3RIICKSeBpzsDpMZytZaKf9buY8QV9R+X7icDmZ5Z8aSGdTehPIoV4XhuaRgzqEKYRgQHVBCs2EQThAXVv4J4jATCSge5tN0TyCd6u87wJyj4P2lbpbJdsq+rxUZzkWYWHIMTcAbKoAYa4Aq0gAMwGIEn8AxejFfjzXg3PuetGWMxcwSWYHx9A05dpzs=</latexit>

UB

<latexit sha1_base64="+yhTlL777k2KcjRq7nIwP+C9nCc="></latexit>

B 2 {X,Y, Z, I}

<latexit sha1_base64="8+wfszo4ZsIjt4ZQYFtwc8A7rmc=">AAACJ3icdVDLTgIxFO3gC/EFunTTSExckWFAwB3BjUtIBEmAkE65QEOnM7YdE5zwBW71I/wad0aX/okdwESInqTJybmv0+MGnClt259WYmNza3snuZva2z84PEpnjlvKDyWFJvW5L9suUcCZgKZmmkM7kEA8l8OdO7mO63cPIBXzxa2eBtDzyEiwIaNEG6lR66ezdu6qUnIuHWznbLvsFEoxccpFp4DzRomRRUvU+xkr3R34NPRAaMqJUp28HeheRKRmlMMs1Q0VBIROyAg6hgrigepFc6czfG6UAR760jyh8Vz9PRERT6mp55pOj+ixWq/F4p+1+5AIzSaPK/ejgYrPrHnSw0ovYiIINQi6sDQMOdY+jgPCAyaBaj41hFDJzK8wHRNJqDYxrmx3JZmA2W4y/AkK/09aTi5fypUaxWy1tkwziU7RGbpAeVRGVXSD6qiJKAL0hJ7Ri/VqvVnv1seiNWEtZ07QCqyvb8XSpnM=</latexit>

B



Measure in the Bell basis

<latexit sha1_base64="WR4L913wxHs7jh/yySf9BNHwobA="></latexit>

|0i H H

q
(1)
mem

q
(2)
mem

<latexit sha1_base64="jTdsmyg9Hc53Z9NHAZeAva1JopE=">AAACX3icbVBNSwMxEE3Xj2r9qnoSL8FS8FR2RdRjUQ8eFewHtKVk09k2bDa7JrNCXfojvOov8+g/Md0WtK0Dgcd7M/Myz0+kMOi6XwVnbX1js7i1XdrZ3ds/KB8eNU2cag4NHstYt31mQAoFDRQooZ1oYJEvoeWHd1O99QraiFg94ziBXsSGSgSCM7RUqxujiMD0yxW35uZFV4E3BxUyr8f+YeG2O4h5GoFCLpkxHc9NsJcxjYJLmJS6qYGE8ZANoWOhYtall+X/ndCqZQY0iLV9CmnO/p3IlOAQaMYX9mQsMmYc+XY+Yjgyy9qU/E/rpBjc9DKhkhRB8Zl9kEqKMZ1GQgdCA0c5toBxLewFlI+YtUcb3IKLr1kIOClV/5IowrcJnXFTLIVt0+PsJWUq1xbbf2+zqXvLGa+C5kXNu6q5T5eV+v08/y1ySs7IOfHINamTB/JIGoSTkLyTD/JZ+HaKzr5TnrU6hfnMMVko5+QHckS5VA==</latexit>⌦

<latexit sha1_base64="8+wfszo4ZsIjt4ZQYFtwc8A7rmc=">AAACJ3icdVDLTgIxFO3gC/EFunTTSExckWFAwB3BjUtIBEmAkE65QEOnM7YdE5zwBW71I/wad0aX/okdwESInqTJybmv0+MGnClt259WYmNza3snuZva2z84PEpnjlvKDyWFJvW5L9suUcCZgKZmmkM7kEA8l8OdO7mO63cPIBXzxa2eBtDzyEiwIaNEG6lR66ezdu6qUnIuHWznbLvsFEoxccpFp4DzRomRRUvU+xkr3R34NPRAaMqJUp28HeheRKRmlMMs1Q0VBIROyAg6hgrigepFc6czfG6UAR760jyh8Vz9PRERT6mp55pOj+ixWq/F4p+1+5AIzSaPK/ejgYrPrHnSw0ovYiIINQi6sDQMOdY+jgPCAyaBaj41hFDJzK8wHRNJqDYxrmx3JZmA2W4y/AkK/09aTi5fypUaxWy1tkwziU7RGbpAeVRGVXSD6qiJKAL0hJ7Ri/VqvVnv1seiNWEtZ07QCqyvb8XSpnM=</latexit>

B

<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A
<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A
<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A
<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A

Ingredient #3: Defects can be corrected by leveraging symmetry

Smith, Crane, Wiebe and Girvin, PRX Quantum 4, 020315 (2023)

<latexit sha1_base64="8IUvuqJt8ViQHnu5QlpmS0XRbq8="></latexit>

Z2 ⇥ Z2

<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A
<latexit sha1_base64="8+wfszo4ZsIjt4ZQYFtwc8A7rmc=">AAACJ3icdVDLTgIxFO3gC/EFunTTSExckWFAwB3BjUtIBEmAkE65QEOnM7YdE5zwBW71I/wad0aX/okdwESInqTJybmv0+MGnClt259WYmNza3snuZva2z84PEpnjlvKDyWFJvW5L9suUcCZgKZmmkM7kEA8l8OdO7mO63cPIBXzxa2eBtDzyEiwIaNEG6lR66ezdu6qUnIuHWznbLvsFEoxccpFp4DzRomRRUvU+xkr3R34NPRAaMqJUp28HeheRKRmlMMs1Q0VBIROyAg6hgrigepFc6czfG6UAR760jyh8Vz9PRERT6mp55pOj+ixWq/F4p+1+5AIzSaPK/ejgYrPrHnSw0ovYiIINQi6sDQMOdY+jgPCAyaBaj41hFDJzK8wHRNJqDYxrmx3JZmA2W4y/AkK/09aTi5fypUaxWy1tkwziU7RGbpAeVRGVXSD6qiJKAL0hJ7Ri/VqvVnv1seiNWEtZ07QCqyvb8XSpnM=</latexit>

B
<latexit sha1_base64="8+wfszo4ZsIjt4ZQYFtwc8A7rmc=">AAACJ3icdVDLTgIxFO3gC/EFunTTSExckWFAwB3BjUtIBEmAkE65QEOnM7YdE5zwBW71I/wad0aX/okdwESInqTJybmv0+MGnClt259WYmNza3snuZva2z84PEpnjlvKDyWFJvW5L9suUcCZgKZmmkM7kEA8l8OdO7mO63cPIBXzxa2eBtDzyEiwIaNEG6lR66ezdu6qUnIuHWznbLvsFEoxccpFp4DzRomRRUvU+xkr3R34NPRAaMqJUp28HeheRKRmlMMs1Q0VBIROyAg6hgrigepFc6czfG6UAR760jyh8Vz9PRERT6mp55pOj+ixWq/F4p+1+5AIzSaPK/ejgYrPrHnSw0ovYiIINQi6sDQMOdY+jgPCAyaBaj41hFDJzK8wHRNJqDYxrmx3JZmA2W4y/AkK/09aTi5fypUaxWy1tkwziU7RGbpAeVRGVXSD6qiJKAL0hJ7Ri/VqvVnv1seiNWEtZ07QCqyvb8XSpnM=</latexit>

B

<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A
<latexit sha1_base64="8+wfszo4ZsIjt4ZQYFtwc8A7rmc=">AAACJ3icdVDLTgIxFO3gC/EFunTTSExckWFAwB3BjUtIBEmAkE65QEOnM7YdE5zwBW71I/wad0aX/okdwESInqTJybmv0+MGnClt259WYmNza3snuZva2z84PEpnjlvKDyWFJvW5L9suUcCZgKZmmkM7kEA8l8OdO7mO63cPIBXzxa2eBtDzyEiwIaNEG6lR66ezdu6qUnIuHWznbLvsFEoxccpFp4DzRomRRUvU+xkr3R34NPRAaMqJUp28HeheRKRmlMMs1Q0VBIROyAg6hgrigepFc6czfG6UAR760jyh8Vz9PRERT6mp55pOj+ixWq/F4p+1+5AIzSaPK/ejgYrPrHnSw0ovYiIINQi6sDQMOdY+jgPCAyaBaj41hFDJzK8wHRNJqDYxrmx3JZmA2W4y/AkK/09aTi5fypUaxWy1tkwziU7RGbpAeVRGVXSD6qiJKAL0hJ7Ri/VqvVnv1seiNWEtZ07QCqyvb8XSpnM=</latexit>

B
<latexit sha1_base64="8+wfszo4ZsIjt4ZQYFtwc8A7rmc=">AAACJ3icdVDLTgIxFO3gC/EFunTTSExckWFAwB3BjUtIBEmAkE65QEOnM7YdE5zwBW71I/wad0aX/okdwESInqTJybmv0+MGnClt259WYmNza3snuZva2z84PEpnjlvKDyWFJvW5L9suUcCZgKZmmkM7kEA8l8OdO7mO63cPIBXzxa2eBtDzyEiwIaNEG6lR66ezdu6qUnIuHWznbLvsFEoxccpFp4DzRomRRUvU+xkr3R34NPRAaMqJUp28HeheRKRmlMMs1Q0VBIROyAg6hgrigepFc6czfG6UAR760jyh8Vz9PRERT6mp55pOj+ixWq/F4p+1+5AIzSaPK/ejgYrPrHnSw0ovYiIINQi6sDQMOdY+jgPCAyaBaj41hFDJzK8wHRNJqDYxrmx3JZmA2W4y/AkK/09aTi5fypUaxWy1tkwziU7RGbpAeVRGVXSD6qiJKAL0hJ7Ri/VqvVnv1seiNWEtZ07QCqyvb8XSpnM=</latexit>

B

<latexit sha1_base64="nfhQVeful2rzpNviOh20JTaGmTM=">AAACKXicdVBPT8IwHO3wH+I/0KOXRmLiiYyBA28ELx4xOjCBhXSlQLOum21nggsfwat+CD+NN/XqF7EDTIToS5q8vN+/1+dFjEplmh9GZm19Y3Mru53b2d3bP8gXDtsyjAUmDg5ZKO48JAmjnDiKKkbuIkFQ4DHS8fzLtN55IELSkN+qSUTcAI04HVKMlJZunH6zny+apYu6bZ1b0CyZZs2q2CmxalWrAstaSVEEC7T6BSPfG4Q4DghXmCEpu2UzUm6ChKKYkWmuF0sSIeyjEelqylFApJvMvE7hqVYGcBgK/biCM/X3RIICKSeBpzsDpMZytZaKf9buY8QV9R+X7icDmZ5Z8aSGdTehPIoV4XhuaRgzqEKYRgQHVBCs2EQThAXVv4J4jATCSge5tN0TyCd6u87wJyj4P2lbpbJdsq+rxUZzkWYWHIMTcAbKoAYa4Aq0gAMwGIEn8AxejFfjzXg3PuetGWMxcwSWYHx9A05dpzs=</latexit>

UB

AKLT state:

<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A
<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A
<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A
<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A

<latexit sha1_base64="+yhTlL777k2KcjRq7nIwP+C9nCc="></latexit>

B 2 {X,Y, Z, I}



Putting it all 
together:



Putting it all 
together:



Putting it all 
together:



Putting it all 
together:

Deterministic + 
constant-depth

T ∼ O(1)
nanc ∼ O(N)



Preparation on an IBM Quantum processor

See Smith et al, PRX Quantum 4, 020315 (2023) for details

String order Quantum teleportationEntanglement spectra 

and more… 
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What other matrix product states 
are preparable with this algorithm?

Smith, Khan, Clark, Wei, and Girvin, PRX Quantum 5, 030344 (2024)

Related work:

Sahay and Verresen, arXiv: 2404.16753 (2024)

Stephen and Hart, arXiv: 2404.16360 (2024)

Our work:

Zhang, Gopalakrishnan, Styliaris, arXiv: 2405.09615 (2024)



<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A
<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A
<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A
<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A
<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A
<latexit sha1_base64="kSwpF8mi3G/yizXfpkrCZ/NeFd8="></latexit>

U
<latexit sha1_base64="kSwpF8mi3G/yizXfpkrCZ/NeFd8="></latexit>

U
<latexit sha1_base64="kSwpF8mi3G/yizXfpkrCZ/NeFd8="></latexit>

U
<latexit sha1_base64="kSwpF8mi3G/yizXfpkrCZ/NeFd8="></latexit>

U
<latexit sha1_base64="kSwpF8mi3G/yizXfpkrCZ/NeFd8="></latexit>

U

<latexit sha1_base64="8imS+nitj+6nJW3SDoJQGa2pfpI="></latexit>

|0i
<latexit sha1_base64="8imS+nitj+6nJW3SDoJQGa2pfpI="></latexit>

|0i
<latexit sha1_base64="8imS+nitj+6nJW3SDoJQGa2pfpI="></latexit>

|0i
<latexit sha1_base64="8imS+nitj+6nJW3SDoJQGa2pfpI="></latexit>

|0i
<latexit sha1_base64="8imS+nitj+6nJW3SDoJQGa2pfpI="></latexit>

|0i

Sequential preparation1 Operator pushing3Fusion measurements2

(ii)(ii)

(ii)(ii)

<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A
<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A
<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A
<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A

Smith, Khan, Clark, Wei, and Girvin, PRX Quantum 5, 030344 (2024)



Operator pushing3Fusion measurements2

(ii)(ii)

(ii)(ii)
<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A
<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A
<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A
<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A
<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A
<latexit sha1_base64="kSwpF8mi3G/yizXfpkrCZ/NeFd8="></latexit>

U
<latexit sha1_base64="kSwpF8mi3G/yizXfpkrCZ/NeFd8="></latexit>

U
<latexit sha1_base64="kSwpF8mi3G/yizXfpkrCZ/NeFd8="></latexit>

U
<latexit sha1_base64="kSwpF8mi3G/yizXfpkrCZ/NeFd8="></latexit>

U
<latexit sha1_base64="kSwpF8mi3G/yizXfpkrCZ/NeFd8="></latexit>

U

<latexit sha1_base64="8imS+nitj+6nJW3SDoJQGa2pfpI="></latexit>

|0i
<latexit sha1_base64="8imS+nitj+6nJW3SDoJQGa2pfpI="></latexit>

|0i
<latexit sha1_base64="8imS+nitj+6nJW3SDoJQGa2pfpI="></latexit>

|0i
<latexit sha1_base64="8imS+nitj+6nJW3SDoJQGa2pfpI="></latexit>

|0i
<latexit sha1_base64="8imS+nitj+6nJW3SDoJQGa2pfpI="></latexit>

|0i

Sequential preparation1

<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A
<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A
<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A
<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A

Smith, Khan, Clark, Wei, and Girvin, PRX Quantum 5, 030344 (2024)



Operator pushing3Fusion measurements2

(ii)(ii)

(ii)(ii)
<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A
<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A
<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A
<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A
<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A
<latexit sha1_base64="kSwpF8mi3G/yizXfpkrCZ/NeFd8="></latexit>

U
<latexit sha1_base64="kSwpF8mi3G/yizXfpkrCZ/NeFd8="></latexit>

U
<latexit sha1_base64="kSwpF8mi3G/yizXfpkrCZ/NeFd8="></latexit>

U
<latexit sha1_base64="kSwpF8mi3G/yizXfpkrCZ/NeFd8="></latexit>

U
<latexit sha1_base64="kSwpF8mi3G/yizXfpkrCZ/NeFd8="></latexit>

U

<latexit sha1_base64="8imS+nitj+6nJW3SDoJQGa2pfpI="></latexit>

|0i
<latexit sha1_base64="8imS+nitj+6nJW3SDoJQGa2pfpI="></latexit>

|0i
<latexit sha1_base64="8imS+nitj+6nJW3SDoJQGa2pfpI="></latexit>

|0i
<latexit sha1_base64="8imS+nitj+6nJW3SDoJQGa2pfpI="></latexit>

|0i
<latexit sha1_base64="8imS+nitj+6nJW3SDoJQGa2pfpI="></latexit>

|0i

Sequential preparation1

<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A
<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A
<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A
<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A

Smith, Khan, Clark, Wei, and Girvin, PRX Quantum 5, 030344 (2024)



Operator pushing3Fusion measurements2

(ii)(ii)

(ii)(ii)

?

<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A
<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A
<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A
<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A
<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A
<latexit sha1_base64="kSwpF8mi3G/yizXfpkrCZ/NeFd8="></latexit>

U
<latexit sha1_base64="kSwpF8mi3G/yizXfpkrCZ/NeFd8="></latexit>

U
<latexit sha1_base64="kSwpF8mi3G/yizXfpkrCZ/NeFd8="></latexit>

U
<latexit sha1_base64="kSwpF8mi3G/yizXfpkrCZ/NeFd8="></latexit>

U
<latexit sha1_base64="kSwpF8mi3G/yizXfpkrCZ/NeFd8="></latexit>

U

<latexit sha1_base64="8imS+nitj+6nJW3SDoJQGa2pfpI="></latexit>

|0i
<latexit sha1_base64="8imS+nitj+6nJW3SDoJQGa2pfpI="></latexit>

|0i
<latexit sha1_base64="8imS+nitj+6nJW3SDoJQGa2pfpI="></latexit>

|0i
<latexit sha1_base64="8imS+nitj+6nJW3SDoJQGa2pfpI="></latexit>

|0i
<latexit sha1_base64="8imS+nitj+6nJW3SDoJQGa2pfpI="></latexit>

|0i

Sequential preparation1

<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A
<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A
<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A
<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A

Smith, Khan, Clark, Wei, and Girvin, PRX Quantum 5, 030344 (2024)



•  Challenge: need a complete measurement basis (dim       ) that is “pushable.”
<latexit sha1_base64="7uXBggxIE38BCg893EJt5UTsj/M="></latexit>

D2

Operator pushing3Fusion measurements2

(ii)

(ii)(ii)

(ii)

?

<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A
<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A
<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A
<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A
<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A
<latexit sha1_base64="kSwpF8mi3G/yizXfpkrCZ/NeFd8="></latexit>

U
<latexit sha1_base64="kSwpF8mi3G/yizXfpkrCZ/NeFd8="></latexit>

U
<latexit sha1_base64="kSwpF8mi3G/yizXfpkrCZ/NeFd8="></latexit>

U
<latexit sha1_base64="kSwpF8mi3G/yizXfpkrCZ/NeFd8="></latexit>

U
<latexit sha1_base64="kSwpF8mi3G/yizXfpkrCZ/NeFd8="></latexit>

U

<latexit sha1_base64="8imS+nitj+6nJW3SDoJQGa2pfpI="></latexit>

|0i
<latexit sha1_base64="8imS+nitj+6nJW3SDoJQGa2pfpI="></latexit>

|0i
<latexit sha1_base64="8imS+nitj+6nJW3SDoJQGa2pfpI="></latexit>

|0i
<latexit sha1_base64="8imS+nitj+6nJW3SDoJQGa2pfpI="></latexit>

|0i
<latexit sha1_base64="8imS+nitj+6nJW3SDoJQGa2pfpI="></latexit>

|0i

Sequential preparation1

<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A
<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A
<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A
<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A

Smith, Khan, Clark, Wei, and Girvin, PRX Quantum 5, 030344 (2024)



Operator pushing3Fusion measurements2

(ii)

(ii)(ii)

• One special scenario: on-site symmetry guarantees pushing relations

(ii)

<latexit sha1_base64="Wa9ye1HDGRx9M1G1x7bwMS34YbE="></latexit>

g 2 G

Representation of    
<latexit sha1_base64="VXFGBC0GzRvrTwrBW0h4bis/+aM="></latexit>

G

(ii)

•  Challenge: need a complete measurement basis (dim       ) that is “pushable.”
<latexit sha1_base64="7uXBggxIE38BCg893EJt5UTsj/M="></latexit>

D2

?

<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A
<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A
<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A
<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A
<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A
<latexit sha1_base64="kSwpF8mi3G/yizXfpkrCZ/NeFd8="></latexit>

U
<latexit sha1_base64="kSwpF8mi3G/yizXfpkrCZ/NeFd8="></latexit>

U
<latexit sha1_base64="kSwpF8mi3G/yizXfpkrCZ/NeFd8="></latexit>

U
<latexit sha1_base64="kSwpF8mi3G/yizXfpkrCZ/NeFd8="></latexit>

U
<latexit sha1_base64="kSwpF8mi3G/yizXfpkrCZ/NeFd8="></latexit>

U

<latexit sha1_base64="8imS+nitj+6nJW3SDoJQGa2pfpI="></latexit>

|0i
<latexit sha1_base64="8imS+nitj+6nJW3SDoJQGa2pfpI="></latexit>

|0i
<latexit sha1_base64="8imS+nitj+6nJW3SDoJQGa2pfpI="></latexit>

|0i
<latexit sha1_base64="8imS+nitj+6nJW3SDoJQGa2pfpI="></latexit>

|0i
<latexit sha1_base64="8imS+nitj+6nJW3SDoJQGa2pfpI="></latexit>

|0i

Sequential preparation1

<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A
<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A
<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A
<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A

Smith, Khan, Clark, Wei, and Girvin, PRX Quantum 5, 030344 (2024)



Operator pushing3Fusion measurements2

(ii)

(ii)(ii)

• One special scenario: on-site symmetry guarantees pushing relations

(ii)

<latexit sha1_base64="Wa9ye1HDGRx9M1G1x7bwMS34YbE="></latexit>

g 2 G

Representation of    
<latexit sha1_base64="VXFGBC0GzRvrTwrBW0h4bis/+aM="></latexit>

G
Key takeaway: Symmetry ↔ Measurement basis! 

(ii)

If          form an irreducible representation of 
<latexit sha1_base64="Ydmhk3XEh1z3SP5vH3jImFLlXzQ="></latexit>

{Vg}
<latexit sha1_base64="VXFGBC0GzRvrTwrBW0h4bis/+aM="></latexit>

G

Can prepare in constant depth

•  Challenge: need a complete measurement basis (dim       ) that is “pushable.”
<latexit sha1_base64="7uXBggxIE38BCg893EJt5UTsj/M="></latexit>

D2

?

<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A
<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A
<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A
<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A
<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A
<latexit sha1_base64="kSwpF8mi3G/yizXfpkrCZ/NeFd8="></latexit>

U
<latexit sha1_base64="kSwpF8mi3G/yizXfpkrCZ/NeFd8="></latexit>

U
<latexit sha1_base64="kSwpF8mi3G/yizXfpkrCZ/NeFd8="></latexit>

U
<latexit sha1_base64="kSwpF8mi3G/yizXfpkrCZ/NeFd8="></latexit>

U
<latexit sha1_base64="kSwpF8mi3G/yizXfpkrCZ/NeFd8="></latexit>

U

<latexit sha1_base64="8imS+nitj+6nJW3SDoJQGa2pfpI="></latexit>

|0i
<latexit sha1_base64="8imS+nitj+6nJW3SDoJQGa2pfpI="></latexit>

|0i
<latexit sha1_base64="8imS+nitj+6nJW3SDoJQGa2pfpI="></latexit>

|0i
<latexit sha1_base64="8imS+nitj+6nJW3SDoJQGa2pfpI="></latexit>

|0i
<latexit sha1_base64="8imS+nitj+6nJW3SDoJQGa2pfpI="></latexit>

|0i

Sequential preparation1

<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A
<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A
<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A
<latexit sha1_base64="BhwMQGjX4dLNgrSQCtZUiq03gYM="></latexit>

A



A zoo of MPS: some highlights

<latexit sha1_base64="jxbusJoRTEUKPXY9iN/aRPr7jm4="></latexit>

Am =

<latexit sha1_base64="P8D9MuYjWFalVswDVVHkTPBGwm8="></latexit>

(
<latexit sha1_base64="P8D9MuYjWFalVswDVVHkTPBGwm8="></latexit>

(
<latexit sha1_base64="P8D9MuYjWFalVswDVVHkTPBGwm8="></latexit>

(
<latexit sha1_base64="P8D9MuYjWFalVswDVVHkTPBGwm8="></latexit>

(<latexit sha1_base64="jxbusJoRTEUKPXY9iN/aRPr7jm4="></latexit>

Am =

<latexit sha1_base64="Ze5HzXdSvetc7jRi9H32QijM4kw="></latexit>

0

<latexit sha1_base64="Ze5HzXdSvetc7jRi9H32QijM4kw="></latexit>

0

Normal vs. non-normal MPS: Schuch et al., PRB (2011); [1] Malz et al., PRL (2023) [2] Bravyi et al., PRL (2006)

• Can prepare both normal and non-normal* MPS in constant-depth

*with two rounds of measurement and feedforward



A zoo of MPS: some highlights

<latexit sha1_base64="jxbusJoRTEUKPXY9iN/aRPr7jm4="></latexit>

Am =

<latexit sha1_base64="P8D9MuYjWFalVswDVVHkTPBGwm8="></latexit>

(
<latexit sha1_base64="P8D9MuYjWFalVswDVVHkTPBGwm8="></latexit>

(
<latexit sha1_base64="P8D9MuYjWFalVswDVVHkTPBGwm8="></latexit>

(
<latexit sha1_base64="P8D9MuYjWFalVswDVVHkTPBGwm8="></latexit>

(<latexit sha1_base64="jxbusJoRTEUKPXY9iN/aRPr7jm4="></latexit>

Am =

<latexit sha1_base64="Ze5HzXdSvetc7jRi9H32QijM4kw="></latexit>

0

<latexit sha1_base64="Ze5HzXdSvetc7jRi9H32QijM4kw="></latexit>

0

• Short-range entangled (e.g., AKLT)

Normal vs. non-normal MPS: Schuch et al., PRB (2011); [1] Malz et al., PRL (2023) [2] Bravyi et al., PRL (2006)

• Can prepare both normal and non-normal* MPS in constant-depth

*with two rounds of measurement and feedforward



A zoo of MPS: some highlights

<latexit sha1_base64="jxbusJoRTEUKPXY9iN/aRPr7jm4="></latexit>

Am =

<latexit sha1_base64="P8D9MuYjWFalVswDVVHkTPBGwm8="></latexit>

(
<latexit sha1_base64="P8D9MuYjWFalVswDVVHkTPBGwm8="></latexit>

(
<latexit sha1_base64="P8D9MuYjWFalVswDVVHkTPBGwm8="></latexit>

(
<latexit sha1_base64="P8D9MuYjWFalVswDVVHkTPBGwm8="></latexit>

(<latexit sha1_base64="jxbusJoRTEUKPXY9iN/aRPr7jm4="></latexit>

Am =

<latexit sha1_base64="Ze5HzXdSvetc7jRi9H32QijM4kw="></latexit>

0

<latexit sha1_base64="Ze5HzXdSvetc7jRi9H32QijM4kw="></latexit>

0

• Symmetry protected topological phases

• Short-range entangled (e.g., AKLT)

Normal vs. non-normal MPS: Schuch et al., PRB (2011); [1] Malz et al., PRL (2023) [2] Bravyi et al., PRL (2006)

• Can prepare both normal and non-normal* MPS in constant-depth

*with two rounds of measurement and feedforward



A zoo of MPS: some highlights

<latexit sha1_base64="jxbusJoRTEUKPXY9iN/aRPr7jm4="></latexit>

Am =

<latexit sha1_base64="P8D9MuYjWFalVswDVVHkTPBGwm8="></latexit>

(
<latexit sha1_base64="P8D9MuYjWFalVswDVVHkTPBGwm8="></latexit>

(
<latexit sha1_base64="P8D9MuYjWFalVswDVVHkTPBGwm8="></latexit>

(
<latexit sha1_base64="P8D9MuYjWFalVswDVVHkTPBGwm8="></latexit>

(<latexit sha1_base64="jxbusJoRTEUKPXY9iN/aRPr7jm4="></latexit>

Am =

<latexit sha1_base64="Ze5HzXdSvetc7jRi9H32QijM4kw="></latexit>

0

<latexit sha1_base64="Ze5HzXdSvetc7jRi9H32QijM4kw="></latexit>

0

• Symmetry protected topological phases

• Short-range entangled (e.g., AKLT)

Normal vs. non-normal MPS: Schuch et al., PRB (2011); [1] Malz et al., PRL (2023) [2] Bravyi et al., PRL (2006)

• Can prepare both normal and non-normal* MPS in constant-depth

*with two rounds of measurement and feedforward

• Unitary [1]:                             →  Adaptive:    
<latexit sha1_base64="XS6Cd987t2Zcwu18qJLePJkwNto="></latexit>

T = ⌦(log(N))
<latexit sha1_base64="x1cSEINA8voojAbA3k+BapV/44o="></latexit>

T = O(1)



A zoo of MPS: some highlights

<latexit sha1_base64="jxbusJoRTEUKPXY9iN/aRPr7jm4="></latexit>

Am =

<latexit sha1_base64="P8D9MuYjWFalVswDVVHkTPBGwm8="></latexit>

(
<latexit sha1_base64="P8D9MuYjWFalVswDVVHkTPBGwm8="></latexit>

(
<latexit sha1_base64="P8D9MuYjWFalVswDVVHkTPBGwm8="></latexit>

(
<latexit sha1_base64="P8D9MuYjWFalVswDVVHkTPBGwm8="></latexit>

(<latexit sha1_base64="jxbusJoRTEUKPXY9iN/aRPr7jm4="></latexit>

Am =

<latexit sha1_base64="Ze5HzXdSvetc7jRi9H32QijM4kw="></latexit>

0

<latexit sha1_base64="Ze5HzXdSvetc7jRi9H32QijM4kw="></latexit>

0

• Long-range entangled (e.g., GHZ state)

• Symmetry protected topological phases

• Short-range entangled (e.g., AKLT)

Normal vs. non-normal MPS: Schuch et al., PRB (2011); [1] Malz et al., PRL (2023) [2] Bravyi et al., PRL (2006)

• Can prepare both normal and non-normal* MPS in constant-depth

*with two rounds of measurement and feedforward

• Unitary [1]:                             →  Adaptive:    
<latexit sha1_base64="XS6Cd987t2Zcwu18qJLePJkwNto="></latexit>

T = ⌦(log(N))
<latexit sha1_base64="x1cSEINA8voojAbA3k+BapV/44o="></latexit>

T = O(1)



A zoo of MPS: some highlights

<latexit sha1_base64="jxbusJoRTEUKPXY9iN/aRPr7jm4="></latexit>

Am =

<latexit sha1_base64="P8D9MuYjWFalVswDVVHkTPBGwm8="></latexit>

(
<latexit sha1_base64="P8D9MuYjWFalVswDVVHkTPBGwm8="></latexit>

(
<latexit sha1_base64="P8D9MuYjWFalVswDVVHkTPBGwm8="></latexit>

(
<latexit sha1_base64="P8D9MuYjWFalVswDVVHkTPBGwm8="></latexit>

(<latexit sha1_base64="jxbusJoRTEUKPXY9iN/aRPr7jm4="></latexit>

Am =

<latexit sha1_base64="Ze5HzXdSvetc7jRi9H32QijM4kw="></latexit>

0

<latexit sha1_base64="Ze5HzXdSvetc7jRi9H32QijM4kw="></latexit>

0

• Long-range entangled (e.g., GHZ state)

• Symmetry protected topological phases

• Short-range entangled (e.g., AKLT)

• Symmetry broken phases

Normal vs. non-normal MPS: Schuch et al., PRB (2011); [1] Malz et al., PRL (2023) [2] Bravyi et al., PRL (2006)

• Can prepare both normal and non-normal* MPS in constant-depth

*with two rounds of measurement and feedforward

• Unitary [1]:                             →  Adaptive:    
<latexit sha1_base64="XS6Cd987t2Zcwu18qJLePJkwNto="></latexit>

T = ⌦(log(N))
<latexit sha1_base64="x1cSEINA8voojAbA3k+BapV/44o="></latexit>

T = O(1)



A zoo of MPS: some highlights

• Can prepare both normal and non-normal* MPS in constant-depth

<latexit sha1_base64="jxbusJoRTEUKPXY9iN/aRPr7jm4="></latexit>

Am =

<latexit sha1_base64="P8D9MuYjWFalVswDVVHkTPBGwm8="></latexit>

(
<latexit sha1_base64="P8D9MuYjWFalVswDVVHkTPBGwm8="></latexit>

(
<latexit sha1_base64="P8D9MuYjWFalVswDVVHkTPBGwm8="></latexit>

(
<latexit sha1_base64="P8D9MuYjWFalVswDVVHkTPBGwm8="></latexit>

(<latexit sha1_base64="jxbusJoRTEUKPXY9iN/aRPr7jm4="></latexit>

Am =

<latexit sha1_base64="Ze5HzXdSvetc7jRi9H32QijM4kw="></latexit>

0

<latexit sha1_base64="Ze5HzXdSvetc7jRi9H32QijM4kw="></latexit>

0

• Long-range entangled (e.g., GHZ state)

• Symmetry protected topological phases

• Short-range entangled (e.g., AKLT)

• Symmetry broken phases

Normal vs. non-normal MPS: Schuch et al., PRB (2011); [1] Malz et al., PRL (2023) [2] Bravyi et al., PRL (2006)

• Unitary [2]:                     →  Adaptive:
<latexit sha1_base64="TgaSyu0c+Hn+b8xVUaIrDw+o8kw="></latexit>

T = O(N)

*with two rounds of measurement and feedforward

<latexit sha1_base64="1duEq0uSQdmWqmO6J/v4qzy67Bk="></latexit>

T = O(1)

• Unitary [1]:                             →  Adaptive:    
<latexit sha1_base64="XS6Cd987t2Zcwu18qJLePJkwNto="></latexit>

T = ⌦(log(N))
<latexit sha1_base64="x1cSEINA8voojAbA3k+BapV/44o="></latexit>

T = O(1)



A zoo of MPS: some highlights

• Can prepare both normal and non-normal* MPS in constant-depth

• Many interesting examples —  see Smith et al., PRX Quantum 5, 030344 (2024)

[1] Piroli et al., PRL (2021)



A zoo of MPS: some highlights

• Can prepare both normal and non-normal* MPS in constant-depth

Any state with zero correlation length (i.e., fixed points) [1]

[1] Piroli et al., PRL (2021)

• Many interesting examples —  see Smith et al., PRX Quantum 5, 030344 (2024)



A zoo of MPS: some highlights

• Can prepare both normal and non-normal* MPS in constant-depth

<latexit sha1_base64="euh3KDZvQK9eMhVd02/wwxD/sQY="></latexit>

Z2 -symmetric family with tunable correlation length (cluster state → GHZ state) [2]

Any state with zero correlation length (i.e., fixed points) [1]

[1] Piroli et al., PRL (2021); [2] Wolf et al., PRL (2006)

• Many interesting examples —  see Smith et al., PRX Quantum 5, 030344 (2024)



A zoo of MPS: some highlights

• Can prepare both normal and non-normal* MPS in constant-depth

Families of MPS with finite abelian, non-abelian, and continuous symmetries

<latexit sha1_base64="euh3KDZvQK9eMhVd02/wwxD/sQY="></latexit>

Z2 -symmetric family with tunable correlation length (cluster state → GHZ state) [2]

Any state with zero correlation length (i.e., fixed points) [1]

<latexit sha1_base64="3r7yukoL1hMpYdACQwvGRW9QEx4="></latexit>

SU(n), SO(2`+ 1), Sp(2n)

<latexit sha1_base64="jnqp2bdcXA7b7/WUNf9nZlXUeas="></latexit> {
Measurement-based quantum 

computation with qudits [3]

[1] Piroli et al., PRL (2021); [2] Wolf et al., PRL (2006); [3] Wang et al., PRA (2017)

• Many interesting examples —  see Smith et al., PRX Quantum 5, 030344 (2024)



A zoo of MPS: some highlights

• Can prepare both normal and non-normal* MPS in constant-depth

Families of MPS with finite abelian, non-abelian, and continuous symmetries

<latexit sha1_base64="euh3KDZvQK9eMhVd02/wwxD/sQY="></latexit>

Z2 -symmetric family with tunable correlation length (cluster state → GHZ state) [2]

Any state with zero correlation length (i.e., fixed points) [1]

Sampling random MPS (highly magical [4]), or from a SPT phase

[1] Piroli et al., PRL (2021); [2] Wolf et al., PRL (2006); [3] Wang et al., PRA (2017); [4] Chen et al., (2024)

• Many interesting examples —  see Smith et al., PRX Quantum 5, 030344 (2024)



I. Introduction to MPS

1. What are they?

2. Why prepare them?

II. Techniques for preparing MPS on quantum processors

1. Unitary preparation — various flavors and current literature

2. Adaptive preparation (temporal compression)

3. Bonus: Holographic preparation (spatial compression)



“Holographic” preparation: high-level idea

Foss-Feig et al., Physical Review Research (2021);  Foss-Feig et al, Phys. Rev. Lett. (2021)

<latexit sha1_base64="mMLfHIdAVQiPKAH8top3Y+omFfY="></latexit>

| i =
X

~m

hL|Am1Am2Am3 . . . AmN |Ri |m1m2m3 . . .mN i

|0⟩

|0⟩

|0⟩

|0⟩

<latexit sha1_base64="bklfKZlJYDVWVOKEQVLgtO2JuQs=">AAACL3icbVDLSgMxFM3UV62vVjeCm2ApuCozIuqy4EZ3LdgHtEPJpHfa0ExmTDLCOPQL3OqH+DXiRtz6F6btLPrwQOBwzn3leBFnStv2l5Xb2Nza3snvFvb2Dw6PiqXjlgpjSaFJQx7KjkcUcCagqZnm0IkkkMDj0PbGd1O//QxSsVA86iQCNyBDwXxGiTZSo9kvlu2qPQNeJ05GyihDvV+yTnuDkMYBCE05Uarr2JF2UyI1oxwmhV6sICJ0TIbQNVSQAJSbzi6d4IpRBtgPpXlC45m62JGSQKkk8ExlQPRIrXpT8T+vG2v/1k2ZiGINgs4X+THHOsTTb+MBk0A1TwwhVDJzK6YjIgnVJpxCZXGNZuOXCZ5rU86ZJ4lM0qeYiJm3XC4YBd8MmhRMls5qcuukdVl1rqt246pce8hSzaMzdI4ukINuUA3dozpqIooAvaI39G59WJ/Wt/UzL81ZWc8JWoL1+wcB/qjj</latexit>

U

<latexit sha1_base64="bklfKZlJYDVWVOKEQVLgtO2JuQs=">AAACL3icbVDLSgMxFM3UV62vVjeCm2ApuCozIuqy4EZ3LdgHtEPJpHfa0ExmTDLCOPQL3OqH+DXiRtz6F6btLPrwQOBwzn3leBFnStv2l5Xb2Nza3snvFvb2Dw6PiqXjlgpjSaFJQx7KjkcUcCagqZnm0IkkkMDj0PbGd1O//QxSsVA86iQCNyBDwXxGiTZSo9kvlu2qPQNeJ05GyihDvV+yTnuDkMYBCE05Uarr2JF2UyI1oxwmhV6sICJ0TIbQNVSQAJSbzi6d4IpRBtgPpXlC45m62JGSQKkk8ExlQPRIrXpT8T+vG2v/1k2ZiGINgs4X+THHOsTTb+MBk0A1TwwhVDJzK6YjIgnVJpxCZXGNZuOXCZ5rU86ZJ4lM0qeYiJm3XC4YBd8MmhRMls5qcuukdVl1rqt246pce8hSzaMzdI4ukINuUA3dozpqIooAvaI39G59WJ/Wt/UzL81ZWc8JWoL1+wcB/qjj</latexit>

U
<latexit sha1_base64="bklfKZlJYDVWVOKEQVLgtO2JuQs=">AAACL3icbVDLSgMxFM3UV62vVjeCm2ApuCozIuqy4EZ3LdgHtEPJpHfa0ExmTDLCOPQL3OqH+DXiRtz6F6btLPrwQOBwzn3leBFnStv2l5Xb2Nza3snvFvb2Dw6PiqXjlgpjSaFJQx7KjkcUcCagqZnm0IkkkMDj0PbGd1O//QxSsVA86iQCNyBDwXxGiTZSo9kvlu2qPQNeJ05GyihDvV+yTnuDkMYBCE05Uarr2JF2UyI1oxwmhV6sICJ0TIbQNVSQAJSbzi6d4IpRBtgPpXlC45m62JGSQKkk8ExlQPRIrXpT8T+vG2v/1k2ZiGINgs4X+THHOsTTb+MBk0A1TwwhVDJzK6YjIgnVJpxCZXGNZuOXCZ5rU86ZJ4lM0qeYiJm3XC4YBd8MmhRMls5qcuukdVl1rqt246pce8hSzaMzdI4ukINuUA3dozpqIooAvaI39G59WJ/Wt/UzL81ZWc8JWoL1+wcB/qjj</latexit>
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“Holographic” preparation: high-level idea

Foss-Feig et al., Physical Review Research (2021);  Foss-Feig et al, Phys. Rev. Lett. (2021)
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“Holographic” preparation: high-level idea

Foss-Feig et al., Physical Review Research (2021);  Foss-Feig et al, Phys. Rev. Lett. (2021)
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“Holographic” preparation: high-level idea

Foss-Feig et al., Physical Review Research (2021);  Foss-Feig et al, Phys. Rev. Lett. (2021)
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Spatial resources:  qubitslog2(dD)



|0⟩
<latexit sha1_base64="WR4L913wxHs7jh/yySf9BNHwobA="></latexit>

|0i H H
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(1)
mem
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(2)
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|0⟩
<latexit sha1_base64="WR4L913wxHs7jh/yySf9BNHwobA="></latexit>

|0i H H

q
(1)
mem

q
(2)
mem

|0⟩|0⟩
<latexit sha1_base64="WR4L913wxHs7jh/yySf9BNHwobA="></latexit>

|0i H H

q
(1)
mem

q
(2)
mem

“Holographic” preparation: high-level idea

Foss-Feig et al., Physical Review Research (2021);  Foss-Feig et al, Phys. Rev. Lett. (2021)

<latexit sha1_base64="bklfKZlJYDVWVOKEQVLgtO2JuQs=">AAACL3icbVDLSgMxFM3UV62vVjeCm2ApuCozIuqy4EZ3LdgHtEPJpHfa0ExmTDLCOPQL3OqH+DXiRtz6F6btLPrwQOBwzn3leBFnStv2l5Xb2Nza3snvFvb2Dw6PiqXjlgpjSaFJQx7KjkcUcCagqZnm0IkkkMDj0PbGd1O//QxSsVA86iQCNyBDwXxGiTZSo9kvlu2qPQNeJ05GyihDvV+yTnuDkMYBCE05Uarr2JF2UyI1oxwmhV6sICJ0TIbQNVSQAJSbzi6d4IpRBtgPpXlC45m62JGSQKkk8ExlQPRIrXpT8T+vG2v/1k2ZiGINgs4X+THHOsTTb+MBk0A1TwwhVDJzK6YjIgnVJpxCZXGNZuOXCZ5rU86ZJ4lM0qeYiJm3XC4YBd8MmhRMls5qcuukdVl1rqt246pce8hSzaMzdI4ukINuUA3dozpqIooAvaI39G59WJ/Wt/UzL81ZWc8JWoL1+wcB/qjj</latexit>

U
Bond qudit |R⟩

Site qudit

<latexit sha1_base64="mMLfHIdAVQiPKAH8top3Y+omFfY="></latexit>

| i =
X

~m

hL|Am1Am2Am3 . . . AmN |Ri |m1m2m3 . . .mN i

<latexit sha1_base64="bklfKZlJYDVWVOKEQVLgtO2JuQs=">AAACL3icbVDLSgMxFM3UV62vVjeCm2ApuCozIuqy4EZ3LdgHtEPJpHfa0ExmTDLCOPQL3OqH+DXiRtz6F6btLPrwQOBwzn3leBFnStv2l5Xb2Nza3snvFvb2Dw6PiqXjlgpjSaFJQx7KjkcUcCagqZnm0IkkkMDj0PbGd1O//QxSsVA86iQCNyBDwXxGiTZSo9kvlu2qPQNeJ05GyihDvV+yTnuDkMYBCE05Uarr2JF2UyI1oxwmhV6sICJ0TIbQNVSQAJSbzi6d4IpRBtgPpXlC45m62JGSQKkk8ExlQPRIrXpT8T+vG2v/1k2ZiGINgs4X+THHOsTTb+MBk0A1TwwhVDJzK6YjIgnVJpxCZXGNZuOXCZ5rU86ZJ4lM0qeYiJm3XC4YBd8MmhRMls5qcuukdVl1rqt246pce8hSzaMzdI4ukINuUA3dozpqIooAvaI39G59WJ/Wt/UzL81ZWc8JWoL1+wcB/qjj</latexit>

U
<latexit sha1_base64="bklfKZlJYDVWVOKEQVLgtO2JuQs=">AAACL3icbVDLSgMxFM3UV62vVjeCm2ApuCozIuqy4EZ3LdgHtEPJpHfa0ExmTDLCOPQL3OqH+DXiRtz6F6btLPrwQOBwzn3leBFnStv2l5Xb2Nza3snvFvb2Dw6PiqXjlgpjSaFJQx7KjkcUcCagqZnm0IkkkMDj0PbGd1O//QxSsVA86iQCNyBDwXxGiTZSo9kvlu2qPQNeJ05GyihDvV+yTnuDkMYBCE05Uarr2JF2UyI1oxwmhV6sICJ0TIbQNVSQAJSbzi6d4IpRBtgPpXlC45m62JGSQKkk8ExlQPRIrXpT8T+vG2v/1k2ZiGINgs4X+THHOsTTb+MBk0A1TwwhVDJzK6YjIgnVJpxCZXGNZuOXCZ5rU86ZJ4lM0qeYiJm3XC4YBd8MmhRMls5qcuukdVl1rqt246pce8hSzaMzdI4ukINuUA3dozpqIooAvaI39G59WJ/Wt/UzL81ZWc8JWoL1+wcB/qjj</latexit>

U

Spatial resources:  qubitslog2(dD)

• holoVQE: U → U(θ)

• holoQUADs: time dynamics [Chertkov et al., Nature Physics (2022)] 

• Higher dimensional (isometric) tensor networks [Liu et al., Phys. Rev. Research (2024)] 



Closing thoughts: a spacetime picture
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<latexit sha1_base64="Dbv3so446myRgeCAnLnvDmDZscw=">AAACAnicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI8BLx4jmAckS5id9CbDzj6YmRXCsjd/wKv+gTfx6o/4A36Hk2QPJrGgoajqprvLSwRX2ra/rdLG5tb2Tnm3srd/cHhUPT7pqDiVDNssFrHseVSh4BG2NdcCe4lEGnoCu15wN/O7TygVj6NHPU3QDek44j5nVBupOwhQZ3Y+rNbsuj0HWSdOQWpQoDWs/gxGMUtDjDQTVKm+YyfazajUnAnMK4NUYUJZQMfYNzSiISo3m5+bkwujjIgfS1ORJnP170RGQ6WmoWc6Q6onatWbif95/VT7t27GoyTVGLHFIj8VRMdk9jsZcYlMi6khlElubiVsQiVl2iS0tMWT1CSTV0wwzmoM66RzVXca9cbDda3ZLCIqwxmcwyU4cANNuIcWtIFBAC/wCm/Ws/VufVifi9aSVcycwhKsr1+WDJf5</latexit>

|0i
<latexit sha1_base64="Dbv3so446myRgeCAnLnvDmDZscw=">AAACAnicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI8BLx4jmAckS5id9CbDzj6YmRXCsjd/wKv+gTfx6o/4A36Hk2QPJrGgoajqprvLSwRX2ra/rdLG5tb2Tnm3srd/cHhUPT7pqDiVDNssFrHseVSh4BG2NdcCe4lEGnoCu15wN/O7TygVj6NHPU3QDek44j5nVBupOwhQZ3Y+rNbsuj0HWSdOQWpQoDWs/gxGMUtDjDQTVKm+YyfazajUnAnMK4NUYUJZQMfYNzSiISo3m5+bkwujjIgfS1ORJnP170RGQ6WmoWc6Q6onatWbif95/VT7t27GoyTVGLHFIj8VRMdk9jsZcYlMi6khlElubiVsQiVl2iS0tMWT1CSTV0wwzmoM66RzVXca9cbDda3ZLCIqwxmcwyU4cANNuIcWtIFBAC/wCm/Ws/VufVifi9aSVcycwhKsr1+WDJf5</latexit>

|0i
<latexit sha1_base64="Dbv3so446myRgeCAnLnvDmDZscw=">AAACAnicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI8BLx4jmAckS5id9CbDzj6YmRXCsjd/wKv+gTfx6o/4A36Hk2QPJrGgoajqprvLSwRX2ra/rdLG5tb2Tnm3srd/cHhUPT7pqDiVDNssFrHseVSh4BG2NdcCe4lEGnoCu15wN/O7TygVj6NHPU3QDek44j5nVBupOwhQZ3Y+rNbsuj0HWSdOQWpQoDWs/gxGMUtDjDQTVKm+YyfazajUnAnMK4NUYUJZQMfYNzSiISo3m5+bkwujjIgfS1ORJnP170RGQ6WmoWc6Q6onatWbif95/VT7t27GoyTVGLHFIj8VRMdk9jsZcYlMi6khlElubiVsQiVl2iS0tMWT1CSTV0wwzmoM66RzVXca9cbDda3ZLCIqwxmcwyU4cANNuIcWtIFBAC/wCm/Ws/VufVifi9aSVcycwhKsr1+WDJf5</latexit>

|0i
<latexit sha1_base64="Dbv3so446myRgeCAnLnvDmDZscw=">AAACAnicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI8BLx4jmAckS5id9CbDzj6YmRXCsjd/wKv+gTfx6o/4A36Hk2QPJrGgoajqprvLSwRX2ra/rdLG5tb2Tnm3srd/cHhUPT7pqDiVDNssFrHseVSh4BG2NdcCe4lEGnoCu15wN/O7TygVj6NHPU3QDek44j5nVBupOwhQZ3Y+rNbsuj0HWSdOQWpQoDWs/gxGMUtDjDQTVKm+YyfazajUnAnMK4NUYUJZQMfYNzSiISo3m5+bkwujjIgfS1ORJnP170RGQ6WmoWc6Q6onatWbif95/VT7t27GoyTVGLHFIj8VRMdk9jsZcYlMi6khlElubiVsQiVl2iS0tMWT1CSTV0wwzmoM66RzVXca9cbDda3ZLCIqwxmcwyU4cANNuIcWtIFBAC/wCm/Ws/VufVifi9aSVcycwhKsr1+WDJf5</latexit>

|0i
<latexit sha1_base64="Dbv3so446myRgeCAnLnvDmDZscw=">AAACAnicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI8BLx4jmAckS5id9CbDzj6YmRXCsjd/wKv+gTfx6o/4A36Hk2QPJrGgoajqprvLSwRX2ra/rdLG5tb2Tnm3srd/cHhUPT7pqDiVDNssFrHseVSh4BG2NdcCe4lEGnoCu15wN/O7TygVj6NHPU3QDek44j5nVBupOwhQZ3Y+rNbsuj0HWSdOQWpQoDWs/gxGMUtDjDQTVKm+YyfazajUnAnMK4NUYUJZQMfYNzSiISo3m5+bkwujjIgfS1ORJnP170RGQ6WmoWc6Q6onatWbif95/VT7t27GoyTVGLHFIj8VRMdk9jsZcYlMi6khlElubiVsQiVl2iS0tMWT1CSTV0wwzmoM66RzVXca9cbDda3ZLCIqwxmcwyU4cANNuIcWtIFBAC/wCm/Ws/VufVifi9aSVcycwhKsr1+WDJf5</latexit>

|0i|R⟩



Closing thoughts: a spacetime picture

|R⟩
<latexit sha1_base64="Dbv3so446myRgeCAnLnvDmDZscw=">AAACAnicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI8BLx4jmAckS5id9CbDzj6YmRXCsjd/wKv+gTfx6o/4A36Hk2QPJrGgoajqprvLSwRX2ra/rdLG5tb2Tnm3srd/cHhUPT7pqDiVDNssFrHseVSh4BG2NdcCe4lEGnoCu15wN/O7TygVj6NHPU3QDek44j5nVBupOwhQZ3Y+rNbsuj0HWSdOQWpQoDWs/gxGMUtDjDQTVKm+YyfazajUnAnMK4NUYUJZQMfYNzSiISo3m5+bkwujjIgfS1ORJnP170RGQ6WmoWc6Q6onatWbif95/VT7t27GoyTVGLHFIj8VRMdk9jsZcYlMi6khlElubiVsQiVl2iS0tMWT1CSTV0wwzmoM66RzVXca9cbDda3ZLCIqwxmcwyU4cANNuIcWtIFBAC/wCm/Ws/VufVifi9aSVcycwhKsr1+WDJf5</latexit>

|0i
<latexit sha1_base64="Dbv3so446myRgeCAnLnvDmDZscw=">AAACAnicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI8BLx4jmAckS5id9CbDzj6YmRXCsjd/wKv+gTfx6o/4A36Hk2QPJrGgoajqprvLSwRX2ra/rdLG5tb2Tnm3srd/cHhUPT7pqDiVDNssFrHseVSh4BG2NdcCe4lEGnoCu15wN/O7TygVj6NHPU3QDek44j5nVBupOwhQZ3Y+rNbsuj0HWSdOQWpQoDWs/gxGMUtDjDQTVKm+YyfazajUnAnMK4NUYUJZQMfYNzSiISo3m5+bkwujjIgfS1ORJnP170RGQ6WmoWc6Q6onatWbif95/VT7t27GoyTVGLHFIj8VRMdk9jsZcYlMi6khlElubiVsQiVl2iS0tMWT1CSTV0wwzmoM66RzVXca9cbDda3ZLCIqwxmcwyU4cANNuIcWtIFBAC/wCm/Ws/VufVifi9aSVcycwhKsr1+WDJf5</latexit>

|0i
<latexit sha1_base64="Dbv3so446myRgeCAnLnvDmDZscw=">AAACAnicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI8BLx4jmAckS5id9CbDzj6YmRXCsjd/wKv+gTfx6o/4A36Hk2QPJrGgoajqprvLSwRX2ra/rdLG5tb2Tnm3srd/cHhUPT7pqDiVDNssFrHseVSh4BG2NdcCe4lEGnoCu15wN/O7TygVj6NHPU3QDek44j5nVBupOwhQZ3Y+rNbsuj0HWSdOQWpQoDWs/gxGMUtDjDQTVKm+YyfazajUnAnMK4NUYUJZQMfYNzSiISo3m5+bkwujjIgfS1ORJnP170RGQ6WmoWc6Q6onatWbif95/VT7t27GoyTVGLHFIj8VRMdk9jsZcYlMi6khlElubiVsQiVl2iS0tMWT1CSTV0wwzmoM66RzVXca9cbDda3ZLCIqwxmcwyU4cANNuIcWtIFBAC/wCm/Ws/VufVifi9aSVcycwhKsr1+WDJf5</latexit>

|0i
<latexit sha1_base64="Dbv3so446myRgeCAnLnvDmDZscw=">AAACAnicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI8BLx4jmAckS5id9CbDzj6YmRXCsjd/wKv+gTfx6o/4A36Hk2QPJrGgoajqprvLSwRX2ra/rdLG5tb2Tnm3srd/cHhUPT7pqDiVDNssFrHseVSh4BG2NdcCe4lEGnoCu15wN/O7TygVj6NHPU3QDek44j5nVBupOwhQZ3Y+rNbsuj0HWSdOQWpQoDWs/gxGMUtDjDQTVKm+YyfazajUnAnMK4NUYUJZQMfYNzSiISo3m5+bkwujjIgfS1ORJnP170RGQ6WmoWc6Q6onatWbif95/VT7t27GoyTVGLHFIj8VRMdk9jsZcYlMi6khlElubiVsQiVl2iS0tMWT1CSTV0wwzmoM66RzVXca9cbDda3ZLCIqwxmcwyU4cANNuIcWtIFBAC/wCm/Ws/VufVifi9aSVcycwhKsr1+WDJf5</latexit>

|0i
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<latexit sha1_base64="Dbv3so446myRgeCAnLnvDmDZscw=">AAACAnicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI8BLx4jmAckS5id9CbDzj6YmRXCsjd/wKv+gTfx6o/4A36Hk2QPJrGgoajqprvLSwRX2ra/rdLG5tb2Tnm3srd/cHhUPT7pqDiVDNssFrHseVSh4BG2NdcCe4lEGnoCu15wN/O7TygVj6NHPU3QDek44j5nVBupOwhQZ3Y+rNbsuj0HWSdOQWpQoDWs/gxGMUtDjDQTVKm+YyfazajUnAnMK4NUYUJZQMfYNzSiISo3m5+bkwujjIgfS1ORJnP170RGQ6WmoWc6Q6onatWbif95/VT7t27GoyTVGLHFIj8VRMdk9jsZcYlMi6khlElubiVsQiVl2iS0tMWT1CSTV0wwzmoM66RzVXca9cbDda3ZLCIqwxmcwyU4cANNuIcWtIFBAC/wCm/Ws/VufVifi9aSVcycwhKsr1+WDJf5</latexit>

|0i
<latexit sha1_base64="Dbv3so446myRgeCAnLnvDmDZscw=">AAACAnicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI8BLx4jmAckS5id9CbDzj6YmRXCsjd/wKv+gTfx6o/4A36Hk2QPJrGgoajqprvLSwRX2ra/rdLG5tb2Tnm3srd/cHhUPT7pqDiVDNssFrHseVSh4BG2NdcCe4lEGnoCu15wN/O7TygVj6NHPU3QDek44j5nVBupOwhQZ3Y+rNbsuj0HWSdOQWpQoDWs/gxGMUtDjDQTVKm+YyfazajUnAnMK4NUYUJZQMfYNzSiISo3m5+bkwujjIgfS1ORJnP170RGQ6WmoWc6Q6onatWbif95/VT7t27GoyTVGLHFIj8VRMdk9jsZcYlMi6khlElubiVsQiVl2iS0tMWT1CSTV0wwzmoM66RzVXca9cbDda3ZLCIqwxmcwyU4cANNuIcWtIFBAC/wCm/Ws/VufVifi9aSVcycwhKsr1+WDJf5</latexit>

|0i
<latexit sha1_base64="Dbv3so446myRgeCAnLnvDmDZscw=">AAACAnicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI8BLx4jmAckS5id9CbDzj6YmRXCsjd/wKv+gTfx6o/4A36Hk2QPJrGgoajqprvLSwRX2ra/rdLG5tb2Tnm3srd/cHhUPT7pqDiVDNssFrHseVSh4BG2NdcCe4lEGnoCu15wN/O7TygVj6NHPU3QDek44j5nVBupOwhQZ3Y+rNbsuj0HWSdOQWpQoDWs/gxGMUtDjDQTVKm+YyfazajUnAnMK4NUYUJZQMfYNzSiISo3m5+bkwujjIgfS1ORJnP170RGQ6WmoWc6Q6onatWbif95/VT7t27GoyTVGLHFIj8VRMdk9jsZcYlMi6khlElubiVsQiVl2iS0tMWT1CSTV0wwzmoM66RzVXca9cbDda3ZLCIqwxmcwyU4cANNuIcWtIFBAC/wCm/Ws/VufVifi9aSVcycwhKsr1+WDJf5</latexit>

|0i
<latexit sha1_base64="Dbv3so446myRgeCAnLnvDmDZscw=">AAACAnicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI8BLx4jmAckS5id9CbDzj6YmRXCsjd/wKv+gTfx6o/4A36Hk2QPJrGgoajqprvLSwRX2ra/rdLG5tb2Tnm3srd/cHhUPT7pqDiVDNssFrHseVSh4BG2NdcCe4lEGnoCu15wN/O7TygVj6NHPU3QDek44j5nVBupOwhQZ3Y+rNbsuj0HWSdOQWpQoDWs/gxGMUtDjDQTVKm+YyfazajUnAnMK4NUYUJZQMfYNzSiISo3m5+bkwujjIgfS1ORJnP170RGQ6WmoWc6Q6onatWbif95/VT7t27GoyTVGLHFIj8VRMdk9jsZcYlMi6khlElubiVsQiVl2iS0tMWT1CSTV0wwzmoM66RzVXca9cbDda3ZLCIqwxmcwyU4cANNuIcWtIFBAC/wCm/Ws/VufVifi9aSVcycwhKsr1+WDJf5</latexit>

|0i
<latexit sha1_base64="Dbv3so446myRgeCAnLnvDmDZscw=">AAACAnicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI8BLx4jmAckS5id9CbDzj6YmRXCsjd/wKv+gTfx6o/4A36Hk2QPJrGgoajqprvLSwRX2ra/rdLG5tb2Tnm3srd/cHhUPT7pqDiVDNssFrHseVSh4BG2NdcCe4lEGnoCu15wN/O7TygVj6NHPU3QDek44j5nVBupOwhQZ3Y+rNbsuj0HWSdOQWpQoDWs/gxGMUtDjDQTVKm+YyfazajUnAnMK4NUYUJZQMfYNzSiISo3m5+bkwujjIgfS1ORJnP170RGQ6WmoWc6Q6onatWbif95/VT7t27GoyTVGLHFIj8VRMdk9jsZcYlMi6khlElubiVsQiVl2iS0tMWT1CSTV0wwzmoM66RzVXca9cbDda3ZLCIqwxmcwyU4cANNuIcWtIFBAC/wCm/Ws/VufVifi9aSVcycwhKsr1+WDJf5</latexit>

|0i|R⟩



Closing thoughts: a spacetime picture

<latexit sha1_base64="Dbv3so446myRgeCAnLnvDmDZscw=">AAACAnicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI8BLx4jmAckS5id9CbDzj6YmRXCsjd/wKv+gTfx6o/4A36Hk2QPJrGgoajqprvLSwRX2ra/rdLG5tb2Tnm3srd/cHhUPT7pqDiVDNssFrHseVSh4BG2NdcCe4lEGnoCu15wN/O7TygVj6NHPU3QDek44j5nVBupOwhQZ3Y+rNbsuj0HWSdOQWpQoDWs/gxGMUtDjDQTVKm+YyfazajUnAnMK4NUYUJZQMfYNzSiISo3m5+bkwujjIgfS1ORJnP170RGQ6WmoWc6Q6onatWbif95/VT7t27GoyTVGLHFIj8VRMdk9jsZcYlMi6khlElubiVsQiVl2iS0tMWT1CSTV0wwzmoM66RzVXca9cbDda3ZLCIqwxmcwyU4cANNuIcWtIFBAC/wCm/Ws/VufVifi9aSVcycwhKsr1+WDJf5</latexit>

|0i

<latexit sha1_base64="WR4L913wxHs7jh/yySf9BNHwobA="></latexit>

|0i H H

q
(1)
mem

q
(2)
mem

<latexit sha1_base64="Dbv3so446myRgeCAnLnvDmDZscw=">AAACAnicbVDLSgNBEOyNrxhfUY9eBoPgKeyKRI8BLx4jmAckS5id9CbDzj6YmRXCsjd/wKv+gTfx6o/4A36Hk2QPJrGgoajqprvLSwRX2ra/rdLG5tb2Tnm3srd/cHhUPT7pqDiVDNssFrHseVSh4BG2NdcCe4lEGnoCu15wN/O7TygVj6NHPU3QDek44j5nVBupOwhQZ3Y+rNbsuj0HWSdOQWpQoDWs/gxGMUtDjDQTVKm+YyfazajUnAnMK4NUYUJZQMfYNzSiISo3m5+bkwujjIgfS1ORJnP170RGQ6WmoWc6Q6onatWbif95/VT7t27GoyTVGLHFIj8VRMdk9jsZcYlMi6khlElubiVsQiVl2iS0tMWT1CSTV0wwzmoM66RzVXca9cbDda3ZLCIqwxmcwyU4cANNuIcWtIFBAC/wCm/Ws/VufVifi9aSVcycwhKsr1+WDJf5</latexit>

|0i
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