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Quantum Algorithms
• There are a lot of quantum algorithms  

• The ‘Quantum Algorithm Zoo’ cites 392 papers on 
quantum algorithms 

• Mostly, they solve specific mathematical problems 

• E.g. Factoring, matrix inversion 

• Often cleverly combine smaller quantum sub-
routines



This lecture
• Will focus on a few important algorithms / sub-routines: 

• Grover’s search, phase estimation, factoring, matrix inversion (HHL), 
Hamiltonian simulation 

• Mostly give high-level overviews 

• Hopefully enough detail to be able to implement Grover’s search (and 
understand what’s happening!) 

• For a more complete introduction: 

• Ashley Montanaro’s lecture notes www.people.maths.bris.ac.uk/~csxam/
teaching   

• Ronald de Wolf’s lecture notes www.homepages.cwi.nl/~rdewolf/qcnotes.pdf  

• Quantum Computation and Quantum Information by Nielsen and Chuang

http://people.maths.bris.ac.uk/~csxam/teaching
http://www.homepages.cwi.nl/~rdewolf/qcnotes.pdf


We might divide quantum algorithms into two categories:

Polynomial speedup Exponential speedup

Grover’s Search

Quantum walks

Graph algorithms

Minimum finding

Integer Factoring

Matrix Inversion

Quantum Fourier Transform

Phase Estimation

Quantum Simulation
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Solves the ‘Unstructured Search’ problem

- Quantum Computer:  ~       queries 

Find 1 marked item out of N items

- Classical Computer:      queries 
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N items

Works in the black box / query setting
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We represent an integer      as the quantum state
x

<latexit sha1_base64="I/iyyLd6HrGOloOS68ISyA/6FBI=">AAAB6HicjVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jEB84BkCbOT3mTM7MwyMyuGJV/gxYMiXv0kb/6Nk8dBRcGChqKqm+6uKBXcWN//8JaWV1bX1gsbxc2t7Z3d0t5+06hMM2wwJZRuR9Sg4BIblluB7VQjTSKBrWh0NfVbd6gNV/LGjlMMEzqQPOaMWifV73ulclDxZyB/kzIsUOuV3rt9xbIEpWWCGtMJ/NSGOdWWM4GTYjczmFI2ogPsOCppgibMZ4dOyLFT+iRW2pW0ZKZ+nchpYsw4iVxnQu3Q/PSm4m9eJ7PxRZhzmWYWJZsvijNBrCLTr0mfa2RWjB2hTHN3K2FDqimzLpvi/0JonlYCvxLUz8rVy0UcBTiEIziBAM6hCtdQgwYwQHiAJ3j2br1H78V7nbcueYuZA/gG7+0T6p6M/w==</latexit><latexit sha1_base64="I/iyyLd6HrGOloOS68ISyA/6FBI=">AAAB6HicjVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jEB84BkCbOT3mTM7MwyMyuGJV/gxYMiXv0kb/6Nk8dBRcGChqKqm+6uKBXcWN//8JaWV1bX1gsbxc2t7Z3d0t5+06hMM2wwJZRuR9Sg4BIblluB7VQjTSKBrWh0NfVbd6gNV/LGjlMMEzqQPOaMWifV73ulclDxZyB/kzIsUOuV3rt9xbIEpWWCGtMJ/NSGOdWWM4GTYjczmFI2ogPsOCppgibMZ4dOyLFT+iRW2pW0ZKZ+nchpYsw4iVxnQu3Q/PSm4m9eJ7PxRZhzmWYWJZsvijNBrCLTr0mfa2RWjB2hTHN3K2FDqimzLpvi/0JonlYCvxLUz8rVy0UcBTiEIziBAM6hCtdQgwYwQHiAJ3j2br1H78V7nbcueYuZA/gG7+0T6p6M/w==</latexit><latexit sha1_base64="I/iyyLd6HrGOloOS68ISyA/6FBI=">AAAB6HicjVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jEB84BkCbOT3mTM7MwyMyuGJV/gxYMiXv0kb/6Nk8dBRcGChqKqm+6uKBXcWN//8JaWV1bX1gsbxc2t7Z3d0t5+06hMM2wwJZRuR9Sg4BIblluB7VQjTSKBrWh0NfVbd6gNV/LGjlMMEzqQPOaMWifV73ulclDxZyB/kzIsUOuV3rt9xbIEpWWCGtMJ/NSGOdWWM4GTYjczmFI2ogPsOCppgibMZ4dOyLFT+iRW2pW0ZKZ+nchpYsw4iVxnQu3Q/PSm4m9eJ7PxRZhzmWYWJZsvijNBrCLTr0mfa2RWjB2hTHN3K2FDqimzLpvi/0JonlYCvxLUz8rVy0UcBTiEIziBAM6hCtdQgwYwQHiAJ3j2br1H78V7nbcueYuZA/gG7+0T6p6M/w==</latexit><latexit sha1_base64="I/iyyLd6HrGOloOS68ISyA/6FBI=">AAAB6HicjVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jEB84BkCbOT3mTM7MwyMyuGJV/gxYMiXv0kb/6Nk8dBRcGChqKqm+6uKBXcWN//8JaWV1bX1gsbxc2t7Z3d0t5+06hMM2wwJZRuR9Sg4BIblluB7VQjTSKBrWh0NfVbd6gNV/LGjlMMEzqQPOaMWifV73ulclDxZyB/kzIsUOuV3rt9xbIEpWWCGtMJ/NSGOdWWM4GTYjczmFI2ogPsOCppgibMZ4dOyLFT+iRW2pW0ZKZ+nchpYsw4iVxnQu3Q/PSm4m9eJ7PxRZhzmWYWJZsvijNBrCLTr0mfa2RWjB2hTHN3K2FDqimzLpvi/0JonlYCvxLUz8rVy0UcBTiEIziBAM6hCtdQgwYwQHiAJ3j2br1H78V7nbcueYuZA/gG7+0T6p6M/w==</latexit>

We represent quantum states using ket notation

| i
<latexit sha1_base64="mWp6JVh+VDJWNXT5U7Qpf7s7pAc=">AAAB9HicjVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOyS5id9CZDZmc3M7OBsOY7vHhQxKsf482/cfI4qChY0FBUddNFhang2rjuh1NYWV1b3yhulra2d3b3yvsHTZ1kimGDJSJR7ZBqFFxiw3AjsJ0qpHEosBUOr2d+a4xK80TemUmKQUz7kkecUWOl4N5PNfcVlX2BpFuueFV3DvI3qcAS9W753e8lLItRGiao1h3PTU2QU2U4Ezgt+ZnGlLIh7WPHUklj1EE+Dz0lJ1bpkShRdqQhc/XrRU5jrSdxaDdjagb6pzcTf/M6mYkug5zLNDMo2eJRlAliEjJrgPS4QmbExBLKFLdZCRtQRZmxPZX+V0LzrOq5Ve/2vFK7WtZRhCM4hlPw4AJqcAN1aACDETzAEzw7Y+fReXFeF6sFZ3lzCN/gvH0CyxOSGA==</latexit><latexit sha1_base64="mWp6JVh+VDJWNXT5U7Qpf7s7pAc=">AAAB9HicjVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOyS5id9CZDZmc3M7OBsOY7vHhQxKsf482/cfI4qChY0FBUddNFhang2rjuh1NYWV1b3yhulra2d3b3yvsHTZ1kimGDJSJR7ZBqFFxiw3AjsJ0qpHEosBUOr2d+a4xK80TemUmKQUz7kkecUWOl4N5PNfcVlX2BpFuueFV3DvI3qcAS9W753e8lLItRGiao1h3PTU2QU2U4Ezgt+ZnGlLIh7WPHUklj1EE+Dz0lJ1bpkShRdqQhc/XrRU5jrSdxaDdjagb6pzcTf/M6mYkug5zLNDMo2eJRlAliEjJrgPS4QmbExBLKFLdZCRtQRZmxPZX+V0LzrOq5Ve/2vFK7WtZRhCM4hlPw4AJqcAN1aACDETzAEzw7Y+fReXFeF6sFZ3lzCN/gvH0CyxOSGA==</latexit><latexit sha1_base64="mWp6JVh+VDJWNXT5U7Qpf7s7pAc=">AAAB9HicjVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOyS5id9CZDZmc3M7OBsOY7vHhQxKsf482/cfI4qChY0FBUddNFhang2rjuh1NYWV1b3yhulra2d3b3yvsHTZ1kimGDJSJR7ZBqFFxiw3AjsJ0qpHEosBUOr2d+a4xK80TemUmKQUz7kkecUWOl4N5PNfcVlX2BpFuueFV3DvI3qcAS9W753e8lLItRGiao1h3PTU2QU2U4Ezgt+ZnGlLIh7WPHUklj1EE+Dz0lJ1bpkShRdqQhc/XrRU5jrSdxaDdjagb6pzcTf/M6mYkug5zLNDMo2eJRlAliEjJrgPS4QmbExBLKFLdZCRtQRZmxPZX+V0LzrOq5Ve/2vFK7WtZRhCM4hlPw4AJqcAN1aACDETzAEzw7Y+fReXFeF6sFZ3lzCN/gvH0CyxOSGA==</latexit><latexit sha1_base64="mWp6JVh+VDJWNXT5U7Qpf7s7pAc=">AAAB9HicjVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOyS5id9CZDZmc3M7OBsOY7vHhQxKsf482/cfI4qChY0FBUddNFhang2rjuh1NYWV1b3yhulra2d3b3yvsHTZ1kimGDJSJR7ZBqFFxiw3AjsJ0qpHEosBUOr2d+a4xK80TemUmKQUz7kkecUWOl4N5PNfcVlX2BpFuueFV3DvI3qcAS9W753e8lLItRGiao1h3PTU2QU2U4Ezgt+ZnGlLIh7WPHUklj1EE+Dz0lJ1bpkShRdqQhc/XrRU5jrSdxaDdjagb6pzcTf/M6mYkug5zLNDMo2eJRlAliEjJrgPS4QmbExBLKFLdZCRtQRZmxPZX+V0LzrOq5Ve/2vFK7WtZRhCM4hlPw4AJqcAN1aACDETzAEzw7Y+fReXFeF6sFZ3lzCN/gvH0CyxOSGA==</latexit>

represents a column vector

h |
<latexit sha1_base64="c4ItRyrgyVWZ9YrISmYX/opVCkk=">AAAB9XicjVDLSgNBEOyNrxhfUY9eBoPgKeyKEI9BLx4jmAdk1zA76U2GzM4uM7NKWPMfXjwo4tV/8ebfOHkcVBQsaCiquumiwlRwbVz3wyksLa+srhXXSxubW9s75d29lk4yxbDJEpGoTkg1Ci6xabgR2EkV0jgU2A5HF1O/fYtK80Rem3GKQUwHkkecUWOlG19QORBI/FRzct8rV7yqOwP5m1RggUav/O73E5bFKA0TVOuu56YmyKkynAmclPxMY0rZiA6wa6mkMeogn6WekCOr9EmUKDvSkJn69SKnsdbjOLSbMTVD/dObir953cxEZ0HOZZoZlGz+KMoEMQmZVkD6XCEzYmwJZYrbrIQNqaLM2KJK/yuhdVL13Kp3dVqpny/qKMIBHMIxeFCDOlxCA5rAQMEDPMGzc+c8Oi/O63y14Cxu9uEbnLdPGVySPA==</latexit><latexit sha1_base64="c4ItRyrgyVWZ9YrISmYX/opVCkk=">AAAB9XicjVDLSgNBEOyNrxhfUY9eBoPgKeyKEI9BLx4jmAdk1zA76U2GzM4uM7NKWPMfXjwo4tV/8ebfOHkcVBQsaCiquumiwlRwbVz3wyksLa+srhXXSxubW9s75d29lk4yxbDJEpGoTkg1Ci6xabgR2EkV0jgU2A5HF1O/fYtK80Rem3GKQUwHkkecUWOlG19QORBI/FRzct8rV7yqOwP5m1RggUav/O73E5bFKA0TVOuu56YmyKkynAmclPxMY0rZiA6wa6mkMeogn6WekCOr9EmUKDvSkJn69SKnsdbjOLSbMTVD/dObir953cxEZ0HOZZoZlGz+KMoEMQmZVkD6XCEzYmwJZYrbrIQNqaLM2KJK/yuhdVL13Kp3dVqpny/qKMIBHMIxeFCDOlxCA5rAQMEDPMGzc+c8Oi/O63y14Cxu9uEbnLdPGVySPA==</latexit><latexit sha1_base64="c4ItRyrgyVWZ9YrISmYX/opVCkk=">AAAB9XicjVDLSgNBEOyNrxhfUY9eBoPgKeyKEI9BLx4jmAdk1zA76U2GzM4uM7NKWPMfXjwo4tV/8ebfOHkcVBQsaCiquumiwlRwbVz3wyksLa+srhXXSxubW9s75d29lk4yxbDJEpGoTkg1Ci6xabgR2EkV0jgU2A5HF1O/fYtK80Rem3GKQUwHkkecUWOlG19QORBI/FRzct8rV7yqOwP5m1RggUav/O73E5bFKA0TVOuu56YmyKkynAmclPxMY0rZiA6wa6mkMeogn6WekCOr9EmUKDvSkJn69SKnsdbjOLSbMTVD/dObir953cxEZ0HOZZoZlGz+KMoEMQmZVkD6XCEzYmwJZYrbrIQNqaLM2KJK/yuhdVL13Kp3dVqpny/qKMIBHMIxeFCDOlxCA5rAQMEDPMGzc+c8Oi/O63y14Cxu9uEbnLdPGVySPA==</latexit><latexit sha1_base64="c4ItRyrgyVWZ9YrISmYX/opVCkk=">AAAB9XicjVDLSgNBEOyNrxhfUY9eBoPgKeyKEI9BLx4jmAdk1zA76U2GzM4uM7NKWPMfXjwo4tV/8ebfOHkcVBQsaCiquumiwlRwbVz3wyksLa+srhXXSxubW9s75d29lk4yxbDJEpGoTkg1Ci6xabgR2EkV0jgU2A5HF1O/fYtK80Rem3GKQUwHkkecUWOlG19QORBI/FRzct8rV7yqOwP5m1RggUav/O73E5bFKA0TVOuu56YmyKkynAmclPxMY0rZiA6wa6mkMeogn6WekCOr9EmUKDvSkJn69SKnsdbjOLSbMTVD/dObir953cxEZ0HOZZoZlGz+KMoEMQmZVkD6XCEzYmwJZYrbrIQNqaLM2KJK/yuhdVL13Kp3dVqpny/qKMIBHMIxeFCDOlxCA5rAQMEDPMGzc+c8Oi/O63y14Cxu9uEbnLdPGVySPA==</latexit>

is its complex conjugate — a row vector



Reminder

|xi
<latexit sha1_base64="KA0QcBTuhwgRF55rzsUIcu6+Y6E=">AAAB8XicjVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeWCyhNlJbzJkZnaZmRXDmr/w4kERr/6NN//GyeOgomBBQ1HVTXdXlApurO9/eAuLS8srq4W14vrG5tZ2aWe3YZJMM6yzRCS6FVGDgiusW24FtlKNVEYCm9HwYuI3b1EbnqhrO0oxlLSveMwZtU66ub/raKr6Akm3VA4q/hTkb1KGOWrd0nunl7BMorJMUGPagZ/aMKfaciZwXOxkBlPKhrSPbUcVlWjCfHrxmBw6pUfiRLtSlkzVrxM5lcaMZOQ6JbUD89ObiL957czGZ2HOVZpZVGy2KM4EsQmZvE96XCOzYuQIZZq7WwkbUE2ZdSEV/xdC47gS+JXg6qRcPZ/HUYB9OIAjCOAUqnAJNagDAwUP8ATPnvEevRfvdda64M1n9uAbvLdPgfKQyg==</latexit><latexit sha1_base64="KA0QcBTuhwgRF55rzsUIcu6+Y6E=">AAAB8XicjVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeWCyhNlJbzJkZnaZmRXDmr/w4kERr/6NN//GyeOgomBBQ1HVTXdXlApurO9/eAuLS8srq4W14vrG5tZ2aWe3YZJMM6yzRCS6FVGDgiusW24FtlKNVEYCm9HwYuI3b1EbnqhrO0oxlLSveMwZtU66ub/raKr6Akm3VA4q/hTkb1KGOWrd0nunl7BMorJMUGPagZ/aMKfaciZwXOxkBlPKhrSPbUcVlWjCfHrxmBw6pUfiRLtSlkzVrxM5lcaMZOQ6JbUD89ObiL957czGZ2HOVZpZVGy2KM4EsQmZvE96XCOzYuQIZZq7WwkbUE2ZdSEV/xdC47gS+JXg6qRcPZ/HUYB9OIAjCOAUqnAJNagDAwUP8ATPnvEevRfvdda64M1n9uAbvLdPgfKQyg==</latexit><latexit sha1_base64="KA0QcBTuhwgRF55rzsUIcu6+Y6E=">AAAB8XicjVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeWCyhNlJbzJkZnaZmRXDmr/w4kERr/6NN//GyeOgomBBQ1HVTXdXlApurO9/eAuLS8srq4W14vrG5tZ2aWe3YZJMM6yzRCS6FVGDgiusW24FtlKNVEYCm9HwYuI3b1EbnqhrO0oxlLSveMwZtU66ub/raKr6Akm3VA4q/hTkb1KGOWrd0nunl7BMorJMUGPagZ/aMKfaciZwXOxkBlPKhrSPbUcVlWjCfHrxmBw6pUfiRLtSlkzVrxM5lcaMZOQ6JbUD89ObiL957czGZ2HOVZpZVGy2KM4EsQmZvE96XCOzYuQIZZq7WwkbUE2ZdSEV/xdC47gS+JXg6qRcPZ/HUYB9OIAjCOAUqnAJNagDAwUP8ATPnvEevRfvdda64M1n9uAbvLdPgfKQyg==</latexit><latexit sha1_base64="KA0QcBTuhwgRF55rzsUIcu6+Y6E=">AAAB8XicjVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeWCyhNlJbzJkZnaZmRXDmr/w4kERr/6NN//GyeOgomBBQ1HVTXdXlApurO9/eAuLS8srq4W14vrG5tZ2aWe3YZJMM6yzRCS6FVGDgiusW24FtlKNVEYCm9HwYuI3b1EbnqhrO0oxlLSveMwZtU66ub/raKr6Akm3VA4q/hTkb1KGOWrd0nunl7BMorJMUGPagZ/aMKfaciZwXOxkBlPKhrSPbUcVlWjCfHrxmBw6pUfiRLtSlkzVrxM5lcaMZOQ6JbUD89ObiL957czGZ2HOVZpZVGy2KM4EsQmZvE96XCOzYuQIZZq7WwkbUE2ZdSEV/xdC47gS+JXg6qRcPZ/HUYB9OIAjCOAUqnAJNagDAwUP8ATPnvEevRfvdda64M1n9uAbvLdPgfKQyg==</latexit>

We represent an integer      as the quantum state
x

<latexit sha1_base64="I/iyyLd6HrGOloOS68ISyA/6FBI=">AAAB6HicjVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jEB84BkCbOT3mTM7MwyMyuGJV/gxYMiXv0kb/6Nk8dBRcGChqKqm+6uKBXcWN//8JaWV1bX1gsbxc2t7Z3d0t5+06hMM2wwJZRuR9Sg4BIblluB7VQjTSKBrWh0NfVbd6gNV/LGjlMMEzqQPOaMWifV73ulclDxZyB/kzIsUOuV3rt9xbIEpWWCGtMJ/NSGOdWWM4GTYjczmFI2ogPsOCppgibMZ4dOyLFT+iRW2pW0ZKZ+nchpYsw4iVxnQu3Q/PSm4m9eJ7PxRZhzmWYWJZsvijNBrCLTr0mfa2RWjB2hTHN3K2FDqimzLpvi/0JonlYCvxLUz8rVy0UcBTiEIziBAM6hCtdQgwYwQHiAJ3j2br1H78V7nbcueYuZA/gG7+0T6p6M/w==</latexit><latexit sha1_base64="I/iyyLd6HrGOloOS68ISyA/6FBI=">AAAB6HicjVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jEB84BkCbOT3mTM7MwyMyuGJV/gxYMiXv0kb/6Nk8dBRcGChqKqm+6uKBXcWN//8JaWV1bX1gsbxc2t7Z3d0t5+06hMM2wwJZRuR9Sg4BIblluB7VQjTSKBrWh0NfVbd6gNV/LGjlMMEzqQPOaMWifV73ulclDxZyB/kzIsUOuV3rt9xbIEpWWCGtMJ/NSGOdWWM4GTYjczmFI2ogPsOCppgibMZ4dOyLFT+iRW2pW0ZKZ+nchpYsw4iVxnQu3Q/PSm4m9eJ7PxRZhzmWYWJZsvijNBrCLTr0mfa2RWjB2hTHN3K2FDqimzLpvi/0JonlYCvxLUz8rVy0UcBTiEIziBAM6hCtdQgwYwQHiAJ3j2br1H78V7nbcueYuZA/gG7+0T6p6M/w==</latexit><latexit sha1_base64="I/iyyLd6HrGOloOS68ISyA/6FBI=">AAAB6HicjVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jEB84BkCbOT3mTM7MwyMyuGJV/gxYMiXv0kb/6Nk8dBRcGChqKqm+6uKBXcWN//8JaWV1bX1gsbxc2t7Z3d0t5+06hMM2wwJZRuR9Sg4BIblluB7VQjTSKBrWh0NfVbd6gNV/LGjlMMEzqQPOaMWifV73ulclDxZyB/kzIsUOuV3rt9xbIEpWWCGtMJ/NSGOdWWM4GTYjczmFI2ogPsOCppgibMZ4dOyLFT+iRW2pW0ZKZ+nchpYsw4iVxnQu3Q/PSm4m9eJ7PxRZhzmWYWJZsvijNBrCLTr0mfa2RWjB2hTHN3K2FDqimzLpvi/0JonlYCvxLUz8rVy0UcBTiEIziBAM6hCtdQgwYwQHiAJ3j2br1H78V7nbcueYuZA/gG7+0T6p6M/w==</latexit><latexit sha1_base64="I/iyyLd6HrGOloOS68ISyA/6FBI=">AAAB6HicjVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jEB84BkCbOT3mTM7MwyMyuGJV/gxYMiXv0kb/6Nk8dBRcGChqKqm+6uKBXcWN//8JaWV1bX1gsbxc2t7Z3d0t5+06hMM2wwJZRuR9Sg4BIblluB7VQjTSKBrWh0NfVbd6gNV/LGjlMMEzqQPOaMWifV73ulclDxZyB/kzIsUOuV3rt9xbIEpWWCGtMJ/NSGOdWWM4GTYjczmFI2ogPsOCppgibMZ4dOyLFT+iRW2pW0ZKZ+nchpYsw4iVxnQu3Q/PSm4m9eJ7PxRZhzmWYWJZsvijNBrCLTr0mfa2RWjB2hTHN3K2FDqimzLpvi/0JonlYCvxLUz8rVy0UcBTiEIziBAM6hCtdQgwYwQHiAJ3j2br1H78V7nbcueYuZA/gG7+0T6p6M/w==</latexit>

|5i
<latexit sha1_base64="ucKR5W58vO3POPTneRhE3ZEaCXQ=">AAAB8HicdVDLSgMxFM34rPVVdekmWARXQ6Z2tN0V3bisYB/SDiWTZtrQJDMkGaGM/Qo3LhRx6+e4829MH4KKHrhwOOde7r0nTDjTBqEPZ2l5ZXVtPbeR39za3tkt7O03dZwqQhsk5rFqh1hTziRtGGY4bSeKYhFy2gpHl1O/dUeVZrG8MeOEBgIPJIsYwcZKt/d+V2E54LRXKCLXr54irwKRWyr51bJvSRWdlfwK9Fw0QxEsUO8V3rv9mKSCSkM41rrjocQEGVaGEU4n+W6qaYLJCA9ox1KJBdVBNjt4Ao+t0odRrGxJA2fq94kMC63HIrSdApuh/u1Nxb+8TmqiSpAxmaSGSjJfFKUcmhhOv4d9pigxfGwJJorZWyEZYoWJsRnlbQhfn8L/SbPkesj1rsvF2sUijhw4BEfgBHjgHNTAFaiDBiBAgAfwBJ4d5Tw6L87rvHXJWcwcgB9w3j4BNOGQrQ==</latexit><latexit sha1_base64="ucKR5W58vO3POPTneRhE3ZEaCXQ=">AAAB8HicdVDLSgMxFM34rPVVdekmWARXQ6Z2tN0V3bisYB/SDiWTZtrQJDMkGaGM/Qo3LhRx6+e4829MH4KKHrhwOOde7r0nTDjTBqEPZ2l5ZXVtPbeR39za3tkt7O03dZwqQhsk5rFqh1hTziRtGGY4bSeKYhFy2gpHl1O/dUeVZrG8MeOEBgIPJIsYwcZKt/d+V2E54LRXKCLXr54irwKRWyr51bJvSRWdlfwK9Fw0QxEsUO8V3rv9mKSCSkM41rrjocQEGVaGEU4n+W6qaYLJCA9ox1KJBdVBNjt4Ao+t0odRrGxJA2fq94kMC63HIrSdApuh/u1Nxb+8TmqiSpAxmaSGSjJfFKUcmhhOv4d9pigxfGwJJorZWyEZYoWJsRnlbQhfn8L/SbPkesj1rsvF2sUijhw4BEfgBHjgHNTAFaiDBiBAgAfwBJ4d5Tw6L87rvHXJWcwcgB9w3j4BNOGQrQ==</latexit><latexit sha1_base64="ucKR5W58vO3POPTneRhE3ZEaCXQ=">AAAB8HicdVDLSgMxFM34rPVVdekmWARXQ6Z2tN0V3bisYB/SDiWTZtrQJDMkGaGM/Qo3LhRx6+e4829MH4KKHrhwOOde7r0nTDjTBqEPZ2l5ZXVtPbeR39za3tkt7O03dZwqQhsk5rFqh1hTziRtGGY4bSeKYhFy2gpHl1O/dUeVZrG8MeOEBgIPJIsYwcZKt/d+V2E54LRXKCLXr54irwKRWyr51bJvSRWdlfwK9Fw0QxEsUO8V3rv9mKSCSkM41rrjocQEGVaGEU4n+W6qaYLJCA9ox1KJBdVBNjt4Ao+t0odRrGxJA2fq94kMC63HIrSdApuh/u1Nxb+8TmqiSpAxmaSGSjJfFKUcmhhOv4d9pigxfGwJJorZWyEZYoWJsRnlbQhfn8L/SbPkesj1rsvF2sUijhw4BEfgBHjgHNTAFaiDBiBAgAfwBJ4d5Tw6L87rvHXJWcwcgB9w3j4BNOGQrQ==</latexit><latexit sha1_base64="ucKR5W58vO3POPTneRhE3ZEaCXQ=">AAAB8HicdVDLSgMxFM34rPVVdekmWARXQ6Z2tN0V3bisYB/SDiWTZtrQJDMkGaGM/Qo3LhRx6+e4829MH4KKHrhwOOde7r0nTDjTBqEPZ2l5ZXVtPbeR39za3tkt7O03dZwqQhsk5rFqh1hTziRtGGY4bSeKYhFy2gpHl1O/dUeVZrG8MeOEBgIPJIsYwcZKt/d+V2E54LRXKCLXr54irwKRWyr51bJvSRWdlfwK9Fw0QxEsUO8V3rv9mKSCSkM41rrjocQEGVaGEU4n+W6qaYLJCA9ox1KJBdVBNjt4Ao+t0odRrGxJA2fq94kMC63HIrSdApuh/u1Nxb+8TmqiSpAxmaSGSjJfFKUcmhhOv4d9pigxfGwJJorZWyEZYoWJsRnlbQhfn8L/SbPkesj1rsvF2sUijhw4BEfgBHjgHNTAFaiDBiBAgAfwBJ4d5Tw6L87rvHXJWcwcgB9w3j4BNOGQrQ==</latexit>

We represent quantum states using ket notation

| i
<latexit sha1_base64="mWp6JVh+VDJWNXT5U7Qpf7s7pAc=">AAAB9HicjVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOyS5id9CZDZmc3M7OBsOY7vHhQxKsf482/cfI4qChY0FBUddNFhang2rjuh1NYWV1b3yhulra2d3b3yvsHTZ1kimGDJSJR7ZBqFFxiw3AjsJ0qpHEosBUOr2d+a4xK80TemUmKQUz7kkecUWOl4N5PNfcVlX2BpFuueFV3DvI3qcAS9W753e8lLItRGiao1h3PTU2QU2U4Ezgt+ZnGlLIh7WPHUklj1EE+Dz0lJ1bpkShRdqQhc/XrRU5jrSdxaDdjagb6pzcTf/M6mYkug5zLNDMo2eJRlAliEjJrgPS4QmbExBLKFLdZCRtQRZmxPZX+V0LzrOq5Ve/2vFK7WtZRhCM4hlPw4AJqcAN1aACDETzAEzw7Y+fReXFeF6sFZ3lzCN/gvH0CyxOSGA==</latexit><latexit sha1_base64="mWp6JVh+VDJWNXT5U7Qpf7s7pAc=">AAAB9HicjVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOyS5id9CZDZmc3M7OBsOY7vHhQxKsf482/cfI4qChY0FBUddNFhang2rjuh1NYWV1b3yhulra2d3b3yvsHTZ1kimGDJSJR7ZBqFFxiw3AjsJ0qpHEosBUOr2d+a4xK80TemUmKQUz7kkecUWOl4N5PNfcVlX2BpFuueFV3DvI3qcAS9W753e8lLItRGiao1h3PTU2QU2U4Ezgt+ZnGlLIh7WPHUklj1EE+Dz0lJ1bpkShRdqQhc/XrRU5jrSdxaDdjagb6pzcTf/M6mYkug5zLNDMo2eJRlAliEjJrgPS4QmbExBLKFLdZCRtQRZmxPZX+V0LzrOq5Ve/2vFK7WtZRhCM4hlPw4AJqcAN1aACDETzAEzw7Y+fReXFeF6sFZ3lzCN/gvH0CyxOSGA==</latexit><latexit sha1_base64="mWp6JVh+VDJWNXT5U7Qpf7s7pAc=">AAAB9HicjVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOyS5id9CZDZmc3M7OBsOY7vHhQxKsf482/cfI4qChY0FBUddNFhang2rjuh1NYWV1b3yhulra2d3b3yvsHTZ1kimGDJSJR7ZBqFFxiw3AjsJ0qpHEosBUOr2d+a4xK80TemUmKQUz7kkecUWOl4N5PNfcVlX2BpFuueFV3DvI3qcAS9W753e8lLItRGiao1h3PTU2QU2U4Ezgt+ZnGlLIh7WPHUklj1EE+Dz0lJ1bpkShRdqQhc/XrRU5jrSdxaDdjagb6pzcTf/M6mYkug5zLNDMo2eJRlAliEjJrgPS4QmbExBLKFLdZCRtQRZmxPZX+V0LzrOq5Ve/2vFK7WtZRhCM4hlPw4AJqcAN1aACDETzAEzw7Y+fReXFeF6sFZ3lzCN/gvH0CyxOSGA==</latexit><latexit sha1_base64="mWp6JVh+VDJWNXT5U7Qpf7s7pAc=">AAAB9HicjVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOyS5id9CZDZmc3M7OBsOY7vHhQxKsf482/cfI4qChY0FBUddNFhang2rjuh1NYWV1b3yhulra2d3b3yvsHTZ1kimGDJSJR7ZBqFFxiw3AjsJ0qpHEosBUOr2d+a4xK80TemUmKQUz7kkecUWOl4N5PNfcVlX2BpFuueFV3DvI3qcAS9W753e8lLItRGiao1h3PTU2QU2U4Ezgt+ZnGlLIh7WPHUklj1EE+Dz0lJ1bpkShRdqQhc/XrRU5jrSdxaDdjagb6pzcTf/M6mYkug5zLNDMo2eJRlAliEjJrgPS4QmbExBLKFLdZCRtQRZmxPZX+V0LzrOq5Ve/2vFK7WtZRhCM4hlPw4AJqcAN1aACDETzAEzw7Y+fReXFeF6sFZ3lzCN/gvH0CyxOSGA==</latexit>

represents a column vector

h |
<latexit sha1_base64="c4ItRyrgyVWZ9YrISmYX/opVCkk=">AAAB9XicjVDLSgNBEOyNrxhfUY9eBoPgKeyKEI9BLx4jmAdk1zA76U2GzM4uM7NKWPMfXjwo4tV/8ebfOHkcVBQsaCiquumiwlRwbVz3wyksLa+srhXXSxubW9s75d29lk4yxbDJEpGoTkg1Ci6xabgR2EkV0jgU2A5HF1O/fYtK80Rem3GKQUwHkkecUWOlG19QORBI/FRzct8rV7yqOwP5m1RggUav/O73E5bFKA0TVOuu56YmyKkynAmclPxMY0rZiA6wa6mkMeogn6WekCOr9EmUKDvSkJn69SKnsdbjOLSbMTVD/dObir953cxEZ0HOZZoZlGz+KMoEMQmZVkD6XCEzYmwJZYrbrIQNqaLM2KJK/yuhdVL13Kp3dVqpny/qKMIBHMIxeFCDOlxCA5rAQMEDPMGzc+c8Oi/O63y14Cxu9uEbnLdPGVySPA==</latexit><latexit sha1_base64="c4ItRyrgyVWZ9YrISmYX/opVCkk=">AAAB9XicjVDLSgNBEOyNrxhfUY9eBoPgKeyKEI9BLx4jmAdk1zA76U2GzM4uM7NKWPMfXjwo4tV/8ebfOHkcVBQsaCiquumiwlRwbVz3wyksLa+srhXXSxubW9s75d29lk4yxbDJEpGoTkg1Ci6xabgR2EkV0jgU2A5HF1O/fYtK80Rem3GKQUwHkkecUWOlG19QORBI/FRzct8rV7yqOwP5m1RggUav/O73E5bFKA0TVOuu56YmyKkynAmclPxMY0rZiA6wa6mkMeogn6WekCOr9EmUKDvSkJn69SKnsdbjOLSbMTVD/dObir953cxEZ0HOZZoZlGz+KMoEMQmZVkD6XCEzYmwJZYrbrIQNqaLM2KJK/yuhdVL13Kp3dVqpny/qKMIBHMIxeFCDOlxCA5rAQMEDPMGzc+c8Oi/O63y14Cxu9uEbnLdPGVySPA==</latexit><latexit sha1_base64="c4ItRyrgyVWZ9YrISmYX/opVCkk=">AAAB9XicjVDLSgNBEOyNrxhfUY9eBoPgKeyKEI9BLx4jmAdk1zA76U2GzM4uM7NKWPMfXjwo4tV/8ebfOHkcVBQsaCiquumiwlRwbVz3wyksLa+srhXXSxubW9s75d29lk4yxbDJEpGoTkg1Ci6xabgR2EkV0jgU2A5HF1O/fYtK80Rem3GKQUwHkkecUWOlG19QORBI/FRzct8rV7yqOwP5m1RggUav/O73E5bFKA0TVOuu56YmyKkynAmclPxMY0rZiA6wa6mkMeogn6WekCOr9EmUKDvSkJn69SKnsdbjOLSbMTVD/dObir953cxEZ0HOZZoZlGz+KMoEMQmZVkD6XCEzYmwJZYrbrIQNqaLM2KJK/yuhdVL13Kp3dVqpny/qKMIBHMIxeFCDOlxCA5rAQMEDPMGzc+c8Oi/O63y14Cxu9uEbnLdPGVySPA==</latexit><latexit sha1_base64="c4ItRyrgyVWZ9YrISmYX/opVCkk=">AAAB9XicjVDLSgNBEOyNrxhfUY9eBoPgKeyKEI9BLx4jmAdk1zA76U2GzM4uM7NKWPMfXjwo4tV/8ebfOHkcVBQsaCiquumiwlRwbVz3wyksLa+srhXXSxubW9s75d29lk4yxbDJEpGoTkg1Ci6xabgR2EkV0jgU2A5HF1O/fYtK80Rem3GKQUwHkkecUWOlG19QORBI/FRzct8rV7yqOwP5m1RggUav/O73E5bFKA0TVOuu56YmyKkynAmclPxMY0rZiA6wa6mkMeogn6WekCOr9EmUKDvSkJn69SKnsdbjOLSbMTVD/dObir953cxEZ0HOZZoZlGz+KMoEMQmZVkD6XCEzYmwJZYrbrIQNqaLM2KJK/yuhdVL13Kp3dVqpny/qKMIBHMIxeFCDOlxCA5rAQMEDPMGzc+c8Oi/O63y14Cxu9uEbnLdPGVySPA==</latexit>

is its complex conjugate — a row vector

e.g.



Reminder

|xi
<latexit sha1_base64="KA0QcBTuhwgRF55rzsUIcu6+Y6E=">AAAB8XicjVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeWCyhNlJbzJkZnaZmRXDmr/w4kERr/6NN//GyeOgomBBQ1HVTXdXlApurO9/eAuLS8srq4W14vrG5tZ2aWe3YZJMM6yzRCS6FVGDgiusW24FtlKNVEYCm9HwYuI3b1EbnqhrO0oxlLSveMwZtU66ub/raKr6Akm3VA4q/hTkb1KGOWrd0nunl7BMorJMUGPagZ/aMKfaciZwXOxkBlPKhrSPbUcVlWjCfHrxmBw6pUfiRLtSlkzVrxM5lcaMZOQ6JbUD89ObiL957czGZ2HOVZpZVGy2KM4EsQmZvE96XCOzYuQIZZq7WwkbUE2ZdSEV/xdC47gS+JXg6qRcPZ/HUYB9OIAjCOAUqnAJNagDAwUP8ATPnvEevRfvdda64M1n9uAbvLdPgfKQyg==</latexit><latexit sha1_base64="KA0QcBTuhwgRF55rzsUIcu6+Y6E=">AAAB8XicjVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeWCyhNlJbzJkZnaZmRXDmr/w4kERr/6NN//GyeOgomBBQ1HVTXdXlApurO9/eAuLS8srq4W14vrG5tZ2aWe3YZJMM6yzRCS6FVGDgiusW24FtlKNVEYCm9HwYuI3b1EbnqhrO0oxlLSveMwZtU66ub/raKr6Akm3VA4q/hTkb1KGOWrd0nunl7BMorJMUGPagZ/aMKfaciZwXOxkBlPKhrSPbUcVlWjCfHrxmBw6pUfiRLtSlkzVrxM5lcaMZOQ6JbUD89ObiL957czGZ2HOVZpZVGy2KM4EsQmZvE96XCOzYuQIZZq7WwkbUE2ZdSEV/xdC47gS+JXg6qRcPZ/HUYB9OIAjCOAUqnAJNagDAwUP8ATPnvEevRfvdda64M1n9uAbvLdPgfKQyg==</latexit><latexit sha1_base64="KA0QcBTuhwgRF55rzsUIcu6+Y6E=">AAAB8XicjVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeWCyhNlJbzJkZnaZmRXDmr/w4kERr/6NN//GyeOgomBBQ1HVTXdXlApurO9/eAuLS8srq4W14vrG5tZ2aWe3YZJMM6yzRCS6FVGDgiusW24FtlKNVEYCm9HwYuI3b1EbnqhrO0oxlLSveMwZtU66ub/raKr6Akm3VA4q/hTkb1KGOWrd0nunl7BMorJMUGPagZ/aMKfaciZwXOxkBlPKhrSPbUcVlWjCfHrxmBw6pUfiRLtSlkzVrxM5lcaMZOQ6JbUD89ObiL957czGZ2HOVZpZVGy2KM4EsQmZvE96XCOzYuQIZZq7WwkbUE2ZdSEV/xdC47gS+JXg6qRcPZ/HUYB9OIAjCOAUqnAJNagDAwUP8ATPnvEevRfvdda64M1n9uAbvLdPgfKQyg==</latexit><latexit sha1_base64="KA0QcBTuhwgRF55rzsUIcu6+Y6E=">AAAB8XicjVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeWCyhNlJbzJkZnaZmRXDmr/w4kERr/6NN//GyeOgomBBQ1HVTXdXlApurO9/eAuLS8srq4W14vrG5tZ2aWe3YZJMM6yzRCS6FVGDgiusW24FtlKNVEYCm9HwYuI3b1EbnqhrO0oxlLSveMwZtU66ub/raKr6Akm3VA4q/hTkb1KGOWrd0nunl7BMorJMUGPagZ/aMKfaciZwXOxkBlPKhrSPbUcVlWjCfHrxmBw6pUfiRLtSlkzVrxM5lcaMZOQ6JbUD89ObiL957czGZ2HOVZpZVGy2KM4EsQmZvE96XCOzYuQIZZq7WwkbUE2ZdSEV/xdC47gS+JXg6qRcPZ/HUYB9OIAjCOAUqnAJNagDAwUP8ATPnvEevRfvdda64M1n9uAbvLdPgfKQyg==</latexit>

We represent an integer      as the quantum state
x

<latexit sha1_base64="I/iyyLd6HrGOloOS68ISyA/6FBI=">AAAB6HicjVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jEB84BkCbOT3mTM7MwyMyuGJV/gxYMiXv0kb/6Nk8dBRcGChqKqm+6uKBXcWN//8JaWV1bX1gsbxc2t7Z3d0t5+06hMM2wwJZRuR9Sg4BIblluB7VQjTSKBrWh0NfVbd6gNV/LGjlMMEzqQPOaMWifV73ulclDxZyB/kzIsUOuV3rt9xbIEpWWCGtMJ/NSGOdWWM4GTYjczmFI2ogPsOCppgibMZ4dOyLFT+iRW2pW0ZKZ+nchpYsw4iVxnQu3Q/PSm4m9eJ7PxRZhzmWYWJZsvijNBrCLTr0mfa2RWjB2hTHN3K2FDqimzLpvi/0JonlYCvxLUz8rVy0UcBTiEIziBAM6hCtdQgwYwQHiAJ3j2br1H78V7nbcueYuZA/gG7+0T6p6M/w==</latexit><latexit sha1_base64="I/iyyLd6HrGOloOS68ISyA/6FBI=">AAAB6HicjVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jEB84BkCbOT3mTM7MwyMyuGJV/gxYMiXv0kb/6Nk8dBRcGChqKqm+6uKBXcWN//8JaWV1bX1gsbxc2t7Z3d0t5+06hMM2wwJZRuR9Sg4BIblluB7VQjTSKBrWh0NfVbd6gNV/LGjlMMEzqQPOaMWifV73ulclDxZyB/kzIsUOuV3rt9xbIEpWWCGtMJ/NSGOdWWM4GTYjczmFI2ogPsOCppgibMZ4dOyLFT+iRW2pW0ZKZ+nchpYsw4iVxnQu3Q/PSm4m9eJ7PxRZhzmWYWJZsvijNBrCLTr0mfa2RWjB2hTHN3K2FDqimzLpvi/0JonlYCvxLUz8rVy0UcBTiEIziBAM6hCtdQgwYwQHiAJ3j2br1H78V7nbcueYuZA/gG7+0T6p6M/w==</latexit><latexit sha1_base64="I/iyyLd6HrGOloOS68ISyA/6FBI=">AAAB6HicjVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jEB84BkCbOT3mTM7MwyMyuGJV/gxYMiXv0kb/6Nk8dBRcGChqKqm+6uKBXcWN//8JaWV1bX1gsbxc2t7Z3d0t5+06hMM2wwJZRuR9Sg4BIblluB7VQjTSKBrWh0NfVbd6gNV/LGjlMMEzqQPOaMWifV73ulclDxZyB/kzIsUOuV3rt9xbIEpWWCGtMJ/NSGOdWWM4GTYjczmFI2ogPsOCppgibMZ4dOyLFT+iRW2pW0ZKZ+nchpYsw4iVxnQu3Q/PSm4m9eJ7PxRZhzmWYWJZsvijNBrCLTr0mfa2RWjB2hTHN3K2FDqimzLpvi/0JonlYCvxLUz8rVy0UcBTiEIziBAM6hCtdQgwYwQHiAJ3j2br1H78V7nbcueYuZA/gG7+0T6p6M/w==</latexit><latexit sha1_base64="I/iyyLd6HrGOloOS68ISyA/6FBI=">AAAB6HicjVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jEB84BkCbOT3mTM7MwyMyuGJV/gxYMiXv0kb/6Nk8dBRcGChqKqm+6uKBXcWN//8JaWV1bX1gsbxc2t7Z3d0t5+06hMM2wwJZRuR9Sg4BIblluB7VQjTSKBrWh0NfVbd6gNV/LGjlMMEzqQPOaMWifV73ulclDxZyB/kzIsUOuV3rt9xbIEpWWCGtMJ/NSGOdWWM4GTYjczmFI2ogPsOCppgibMZ4dOyLFT+iRW2pW0ZKZ+nchpYsw4iVxnQu3Q/PSm4m9eJ7PxRZhzmWYWJZsvijNBrCLTr0mfa2RWjB2hTHN3K2FDqimzLpvi/0JonlYCvxLUz8rVy0UcBTiEIziBAM6hCtdQgwYwQHiAJ3j2br1H78V7nbcueYuZA/gG7+0T6p6M/w==</latexit>

|5i
<latexit sha1_base64="ucKR5W58vO3POPTneRhE3ZEaCXQ=">AAAB8HicdVDLSgMxFM34rPVVdekmWARXQ6Z2tN0V3bisYB/SDiWTZtrQJDMkGaGM/Qo3LhRx6+e4829MH4KKHrhwOOde7r0nTDjTBqEPZ2l5ZXVtPbeR39za3tkt7O03dZwqQhsk5rFqh1hTziRtGGY4bSeKYhFy2gpHl1O/dUeVZrG8MeOEBgIPJIsYwcZKt/d+V2E54LRXKCLXr54irwKRWyr51bJvSRWdlfwK9Fw0QxEsUO8V3rv9mKSCSkM41rrjocQEGVaGEU4n+W6qaYLJCA9ox1KJBdVBNjt4Ao+t0odRrGxJA2fq94kMC63HIrSdApuh/u1Nxb+8TmqiSpAxmaSGSjJfFKUcmhhOv4d9pigxfGwJJorZWyEZYoWJsRnlbQhfn8L/SbPkesj1rsvF2sUijhw4BEfgBHjgHNTAFaiDBiBAgAfwBJ4d5Tw6L87rvHXJWcwcgB9w3j4BNOGQrQ==</latexit><latexit sha1_base64="ucKR5W58vO3POPTneRhE3ZEaCXQ=">AAAB8HicdVDLSgMxFM34rPVVdekmWARXQ6Z2tN0V3bisYB/SDiWTZtrQJDMkGaGM/Qo3LhRx6+e4829MH4KKHrhwOOde7r0nTDjTBqEPZ2l5ZXVtPbeR39za3tkt7O03dZwqQhsk5rFqh1hTziRtGGY4bSeKYhFy2gpHl1O/dUeVZrG8MeOEBgIPJIsYwcZKt/d+V2E54LRXKCLXr54irwKRWyr51bJvSRWdlfwK9Fw0QxEsUO8V3rv9mKSCSkM41rrjocQEGVaGEU4n+W6qaYLJCA9ox1KJBdVBNjt4Ao+t0odRrGxJA2fq94kMC63HIrSdApuh/u1Nxb+8TmqiSpAxmaSGSjJfFKUcmhhOv4d9pigxfGwJJorZWyEZYoWJsRnlbQhfn8L/SbPkesj1rsvF2sUijhw4BEfgBHjgHNTAFaiDBiBAgAfwBJ4d5Tw6L87rvHXJWcwcgB9w3j4BNOGQrQ==</latexit><latexit sha1_base64="ucKR5W58vO3POPTneRhE3ZEaCXQ=">AAAB8HicdVDLSgMxFM34rPVVdekmWARXQ6Z2tN0V3bisYB/SDiWTZtrQJDMkGaGM/Qo3LhRx6+e4829MH4KKHrhwOOde7r0nTDjTBqEPZ2l5ZXVtPbeR39za3tkt7O03dZwqQhsk5rFqh1hTziRtGGY4bSeKYhFy2gpHl1O/dUeVZrG8MeOEBgIPJIsYwcZKt/d+V2E54LRXKCLXr54irwKRWyr51bJvSRWdlfwK9Fw0QxEsUO8V3rv9mKSCSkM41rrjocQEGVaGEU4n+W6qaYLJCA9ox1KJBdVBNjt4Ao+t0odRrGxJA2fq94kMC63HIrSdApuh/u1Nxb+8TmqiSpAxmaSGSjJfFKUcmhhOv4d9pigxfGwJJorZWyEZYoWJsRnlbQhfn8L/SbPkesj1rsvF2sUijhw4BEfgBHjgHNTAFaiDBiBAgAfwBJ4d5Tw6L87rvHXJWcwcgB9w3j4BNOGQrQ==</latexit><latexit sha1_base64="ucKR5W58vO3POPTneRhE3ZEaCXQ=">AAAB8HicdVDLSgMxFM34rPVVdekmWARXQ6Z2tN0V3bisYB/SDiWTZtrQJDMkGaGM/Qo3LhRx6+e4829MH4KKHrhwOOde7r0nTDjTBqEPZ2l5ZXVtPbeR39za3tkt7O03dZwqQhsk5rFqh1hTziRtGGY4bSeKYhFy2gpHl1O/dUeVZrG8MeOEBgIPJIsYwcZKt/d+V2E54LRXKCLXr54irwKRWyr51bJvSRWdlfwK9Fw0QxEsUO8V3rv9mKSCSkM41rrjocQEGVaGEU4n+W6qaYLJCA9ox1KJBdVBNjt4Ao+t0odRrGxJA2fq94kMC63HIrSdApuh/u1Nxb+8TmqiSpAxmaSGSjJfFKUcmhhOv4d9pigxfGwJJorZWyEZYoWJsRnlbQhfn8L/SbPkesj1rsvF2sUijhw4BEfgBHjgHNTAFaiDBiBAgAfwBJ4d5Tw6L87rvHXJWcwcgB9w3j4BNOGQrQ==</latexit>

We represent quantum states using ket notation

| i
<latexit sha1_base64="mWp6JVh+VDJWNXT5U7Qpf7s7pAc=">AAAB9HicjVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOyS5id9CZDZmc3M7OBsOY7vHhQxKsf482/cfI4qChY0FBUddNFhang2rjuh1NYWV1b3yhulra2d3b3yvsHTZ1kimGDJSJR7ZBqFFxiw3AjsJ0qpHEosBUOr2d+a4xK80TemUmKQUz7kkecUWOl4N5PNfcVlX2BpFuueFV3DvI3qcAS9W753e8lLItRGiao1h3PTU2QU2U4Ezgt+ZnGlLIh7WPHUklj1EE+Dz0lJ1bpkShRdqQhc/XrRU5jrSdxaDdjagb6pzcTf/M6mYkug5zLNDMo2eJRlAliEjJrgPS4QmbExBLKFLdZCRtQRZmxPZX+V0LzrOq5Ve/2vFK7WtZRhCM4hlPw4AJqcAN1aACDETzAEzw7Y+fReXFeF6sFZ3lzCN/gvH0CyxOSGA==</latexit><latexit sha1_base64="mWp6JVh+VDJWNXT5U7Qpf7s7pAc=">AAAB9HicjVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOyS5id9CZDZmc3M7OBsOY7vHhQxKsf482/cfI4qChY0FBUddNFhang2rjuh1NYWV1b3yhulra2d3b3yvsHTZ1kimGDJSJR7ZBqFFxiw3AjsJ0qpHEosBUOr2d+a4xK80TemUmKQUz7kkecUWOl4N5PNfcVlX2BpFuueFV3DvI3qcAS9W753e8lLItRGiao1h3PTU2QU2U4Ezgt+ZnGlLIh7WPHUklj1EE+Dz0lJ1bpkShRdqQhc/XrRU5jrSdxaDdjagb6pzcTf/M6mYkug5zLNDMo2eJRlAliEjJrgPS4QmbExBLKFLdZCRtQRZmxPZX+V0LzrOq5Ve/2vFK7WtZRhCM4hlPw4AJqcAN1aACDETzAEzw7Y+fReXFeF6sFZ3lzCN/gvH0CyxOSGA==</latexit><latexit sha1_base64="mWp6JVh+VDJWNXT5U7Qpf7s7pAc=">AAAB9HicjVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOyS5id9CZDZmc3M7OBsOY7vHhQxKsf482/cfI4qChY0FBUddNFhang2rjuh1NYWV1b3yhulra2d3b3yvsHTZ1kimGDJSJR7ZBqFFxiw3AjsJ0qpHEosBUOr2d+a4xK80TemUmKQUz7kkecUWOl4N5PNfcVlX2BpFuueFV3DvI3qcAS9W753e8lLItRGiao1h3PTU2QU2U4Ezgt+ZnGlLIh7WPHUklj1EE+Dz0lJ1bpkShRdqQhc/XrRU5jrSdxaDdjagb6pzcTf/M6mYkug5zLNDMo2eJRlAliEjJrgPS4QmbExBLKFLdZCRtQRZmxPZX+V0LzrOq5Ve/2vFK7WtZRhCM4hlPw4AJqcAN1aACDETzAEzw7Y+fReXFeF6sFZ3lzCN/gvH0CyxOSGA==</latexit><latexit sha1_base64="mWp6JVh+VDJWNXT5U7Qpf7s7pAc=">AAAB9HicjVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOyS5id9CZDZmc3M7OBsOY7vHhQxKsf482/cfI4qChY0FBUddNFhang2rjuh1NYWV1b3yhulra2d3b3yvsHTZ1kimGDJSJR7ZBqFFxiw3AjsJ0qpHEosBUOr2d+a4xK80TemUmKQUz7kkecUWOl4N5PNfcVlX2BpFuueFV3DvI3qcAS9W753e8lLItRGiao1h3PTU2QU2U4Ezgt+ZnGlLIh7WPHUklj1EE+Dz0lJ1bpkShRdqQhc/XrRU5jrSdxaDdjagb6pzcTf/M6mYkug5zLNDMo2eJRlAliEjJrgPS4QmbExBLKFLdZCRtQRZmxPZX+V0LzrOq5Ve/2vFK7WtZRhCM4hlPw4AJqcAN1aACDETzAEzw7Y+fReXFeF6sFZ3lzCN/gvH0CyxOSGA==</latexit>

represents a column vector

h |
<latexit sha1_base64="c4ItRyrgyVWZ9YrISmYX/opVCkk=">AAAB9XicjVDLSgNBEOyNrxhfUY9eBoPgKeyKEI9BLx4jmAdk1zA76U2GzM4uM7NKWPMfXjwo4tV/8ebfOHkcVBQsaCiquumiwlRwbVz3wyksLa+srhXXSxubW9s75d29lk4yxbDJEpGoTkg1Ci6xabgR2EkV0jgU2A5HF1O/fYtK80Rem3GKQUwHkkecUWOlG19QORBI/FRzct8rV7yqOwP5m1RggUav/O73E5bFKA0TVOuu56YmyKkynAmclPxMY0rZiA6wa6mkMeogn6WekCOr9EmUKDvSkJn69SKnsdbjOLSbMTVD/dObir953cxEZ0HOZZoZlGz+KMoEMQmZVkD6XCEzYmwJZYrbrIQNqaLM2KJK/yuhdVL13Kp3dVqpny/qKMIBHMIxeFCDOlxCA5rAQMEDPMGzc+c8Oi/O63y14Cxu9uEbnLdPGVySPA==</latexit><latexit sha1_base64="c4ItRyrgyVWZ9YrISmYX/opVCkk=">AAAB9XicjVDLSgNBEOyNrxhfUY9eBoPgKeyKEI9BLx4jmAdk1zA76U2GzM4uM7NKWPMfXjwo4tV/8ebfOHkcVBQsaCiquumiwlRwbVz3wyksLa+srhXXSxubW9s75d29lk4yxbDJEpGoTkg1Ci6xabgR2EkV0jgU2A5HF1O/fYtK80Rem3GKQUwHkkecUWOlG19QORBI/FRzct8rV7yqOwP5m1RggUav/O73E5bFKA0TVOuu56YmyKkynAmclPxMY0rZiA6wa6mkMeogn6WekCOr9EmUKDvSkJn69SKnsdbjOLSbMTVD/dObir953cxEZ0HOZZoZlGz+KMoEMQmZVkD6XCEzYmwJZYrbrIQNqaLM2KJK/yuhdVL13Kp3dVqpny/qKMIBHMIxeFCDOlxCA5rAQMEDPMGzc+c8Oi/O63y14Cxu9uEbnLdPGVySPA==</latexit><latexit sha1_base64="c4ItRyrgyVWZ9YrISmYX/opVCkk=">AAAB9XicjVDLSgNBEOyNrxhfUY9eBoPgKeyKEI9BLx4jmAdk1zA76U2GzM4uM7NKWPMfXjwo4tV/8ebfOHkcVBQsaCiquumiwlRwbVz3wyksLa+srhXXSxubW9s75d29lk4yxbDJEpGoTkg1Ci6xabgR2EkV0jgU2A5HF1O/fYtK80Rem3GKQUwHkkecUWOlG19QORBI/FRzct8rV7yqOwP5m1RggUav/O73E5bFKA0TVOuu56YmyKkynAmclPxMY0rZiA6wa6mkMeogn6WekCOr9EmUKDvSkJn69SKnsdbjOLSbMTVD/dObir953cxEZ0HOZZoZlGz+KMoEMQmZVkD6XCEzYmwJZYrbrIQNqaLM2KJK/yuhdVL13Kp3dVqpny/qKMIBHMIxeFCDOlxCA5rAQMEDPMGzc+c8Oi/O63y14Cxu9uEbnLdPGVySPA==</latexit><latexit sha1_base64="c4ItRyrgyVWZ9YrISmYX/opVCkk=">AAAB9XicjVDLSgNBEOyNrxhfUY9eBoPgKeyKEI9BLx4jmAdk1zA76U2GzM4uM7NKWPMfXjwo4tV/8ebfOHkcVBQsaCiquumiwlRwbVz3wyksLa+srhXXSxubW9s75d29lk4yxbDJEpGoTkg1Ci6xabgR2EkV0jgU2A5HF1O/fYtK80Rem3GKQUwHkkecUWOlG19QORBI/FRzct8rV7yqOwP5m1RggUav/O73E5bFKA0TVOuu56YmyKkynAmclPxMY0rZiA6wa6mkMeogn6WekCOr9EmUKDvSkJn69SKnsdbjOLSbMTVD/dObir953cxEZ0HOZZoZlGz+KMoEMQmZVkD6XCEzYmwJZYrbrIQNqaLM2KJK/yuhdVL13Kp3dVqpny/qKMIBHMIxeFCDOlxCA5rAQMEDPMGzc+c8Oi/O63y14Cxu9uEbnLdPGVySPA==</latexit>

is its complex conjugate — a row vector

e.g.

The inner product between two states/vectors is written as



Reminder

|xi
<latexit sha1_base64="KA0QcBTuhwgRF55rzsUIcu6+Y6E=">AAAB8XicjVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeWCyhNlJbzJkZnaZmRXDmr/w4kERr/6NN//GyeOgomBBQ1HVTXdXlApurO9/eAuLS8srq4W14vrG5tZ2aWe3YZJMM6yzRCS6FVGDgiusW24FtlKNVEYCm9HwYuI3b1EbnqhrO0oxlLSveMwZtU66ub/raKr6Akm3VA4q/hTkb1KGOWrd0nunl7BMorJMUGPagZ/aMKfaciZwXOxkBlPKhrSPbUcVlWjCfHrxmBw6pUfiRLtSlkzVrxM5lcaMZOQ6JbUD89ObiL957czGZ2HOVZpZVGy2KM4EsQmZvE96XCOzYuQIZZq7WwkbUE2ZdSEV/xdC47gS+JXg6qRcPZ/HUYB9OIAjCOAUqnAJNagDAwUP8ATPnvEevRfvdda64M1n9uAbvLdPgfKQyg==</latexit><latexit sha1_base64="KA0QcBTuhwgRF55rzsUIcu6+Y6E=">AAAB8XicjVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeWCyhNlJbzJkZnaZmRXDmr/w4kERr/6NN//GyeOgomBBQ1HVTXdXlApurO9/eAuLS8srq4W14vrG5tZ2aWe3YZJMM6yzRCS6FVGDgiusW24FtlKNVEYCm9HwYuI3b1EbnqhrO0oxlLSveMwZtU66ub/raKr6Akm3VA4q/hTkb1KGOWrd0nunl7BMorJMUGPagZ/aMKfaciZwXOxkBlPKhrSPbUcVlWjCfHrxmBw6pUfiRLtSlkzVrxM5lcaMZOQ6JbUD89ObiL957czGZ2HOVZpZVGy2KM4EsQmZvE96XCOzYuQIZZq7WwkbUE2ZdSEV/xdC47gS+JXg6qRcPZ/HUYB9OIAjCOAUqnAJNagDAwUP8ATPnvEevRfvdda64M1n9uAbvLdPgfKQyg==</latexit><latexit sha1_base64="KA0QcBTuhwgRF55rzsUIcu6+Y6E=">AAAB8XicjVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeWCyhNlJbzJkZnaZmRXDmr/w4kERr/6NN//GyeOgomBBQ1HVTXdXlApurO9/eAuLS8srq4W14vrG5tZ2aWe3YZJMM6yzRCS6FVGDgiusW24FtlKNVEYCm9HwYuI3b1EbnqhrO0oxlLSveMwZtU66ub/raKr6Akm3VA4q/hTkb1KGOWrd0nunl7BMorJMUGPagZ/aMKfaciZwXOxkBlPKhrSPbUcVlWjCfHrxmBw6pUfiRLtSlkzVrxM5lcaMZOQ6JbUD89ObiL957czGZ2HOVZpZVGy2KM4EsQmZvE96XCOzYuQIZZq7WwkbUE2ZdSEV/xdC47gS+JXg6qRcPZ/HUYB9OIAjCOAUqnAJNagDAwUP8ATPnvEevRfvdda64M1n9uAbvLdPgfKQyg==</latexit><latexit sha1_base64="KA0QcBTuhwgRF55rzsUIcu6+Y6E=">AAAB8XicjVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeWCyhNlJbzJkZnaZmRXDmr/w4kERr/6NN//GyeOgomBBQ1HVTXdXlApurO9/eAuLS8srq4W14vrG5tZ2aWe3YZJMM6yzRCS6FVGDgiusW24FtlKNVEYCm9HwYuI3b1EbnqhrO0oxlLSveMwZtU66ub/raKr6Akm3VA4q/hTkb1KGOWrd0nunl7BMorJMUGPagZ/aMKfaciZwXOxkBlPKhrSPbUcVlWjCfHrxmBw6pUfiRLtSlkzVrxM5lcaMZOQ6JbUD89ObiL957czGZ2HOVZpZVGy2KM4EsQmZvE96XCOzYuQIZZq7WwkbUE2ZdSEV/xdC47gS+JXg6qRcPZ/HUYB9OIAjCOAUqnAJNagDAwUP8ATPnvEevRfvdda64M1n9uAbvLdPgfKQyg==</latexit>

We represent an integer      as the quantum state
x

<latexit sha1_base64="I/iyyLd6HrGOloOS68ISyA/6FBI=">AAAB6HicjVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jEB84BkCbOT3mTM7MwyMyuGJV/gxYMiXv0kb/6Nk8dBRcGChqKqm+6uKBXcWN//8JaWV1bX1gsbxc2t7Z3d0t5+06hMM2wwJZRuR9Sg4BIblluB7VQjTSKBrWh0NfVbd6gNV/LGjlMMEzqQPOaMWifV73ulclDxZyB/kzIsUOuV3rt9xbIEpWWCGtMJ/NSGOdWWM4GTYjczmFI2ogPsOCppgibMZ4dOyLFT+iRW2pW0ZKZ+nchpYsw4iVxnQu3Q/PSm4m9eJ7PxRZhzmWYWJZsvijNBrCLTr0mfa2RWjB2hTHN3K2FDqimzLpvi/0JonlYCvxLUz8rVy0UcBTiEIziBAM6hCtdQgwYwQHiAJ3j2br1H78V7nbcueYuZA/gG7+0T6p6M/w==</latexit><latexit sha1_base64="I/iyyLd6HrGOloOS68ISyA/6FBI=">AAAB6HicjVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jEB84BkCbOT3mTM7MwyMyuGJV/gxYMiXv0kb/6Nk8dBRcGChqKqm+6uKBXcWN//8JaWV1bX1gsbxc2t7Z3d0t5+06hMM2wwJZRuR9Sg4BIblluB7VQjTSKBrWh0NfVbd6gNV/LGjlMMEzqQPOaMWifV73ulclDxZyB/kzIsUOuV3rt9xbIEpWWCGtMJ/NSGOdWWM4GTYjczmFI2ogPsOCppgibMZ4dOyLFT+iRW2pW0ZKZ+nchpYsw4iVxnQu3Q/PSm4m9eJ7PxRZhzmWYWJZsvijNBrCLTr0mfa2RWjB2hTHN3K2FDqimzLpvi/0JonlYCvxLUz8rVy0UcBTiEIziBAM6hCtdQgwYwQHiAJ3j2br1H78V7nbcueYuZA/gG7+0T6p6M/w==</latexit><latexit sha1_base64="I/iyyLd6HrGOloOS68ISyA/6FBI=">AAAB6HicjVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jEB84BkCbOT3mTM7MwyMyuGJV/gxYMiXv0kb/6Nk8dBRcGChqKqm+6uKBXcWN//8JaWV1bX1gsbxc2t7Z3d0t5+06hMM2wwJZRuR9Sg4BIblluB7VQjTSKBrWh0NfVbd6gNV/LGjlMMEzqQPOaMWifV73ulclDxZyB/kzIsUOuV3rt9xbIEpWWCGtMJ/NSGOdWWM4GTYjczmFI2ogPsOCppgibMZ4dOyLFT+iRW2pW0ZKZ+nchpYsw4iVxnQu3Q/PSm4m9eJ7PxRZhzmWYWJZsvijNBrCLTr0mfa2RWjB2hTHN3K2FDqimzLpvi/0JonlYCvxLUz8rVy0UcBTiEIziBAM6hCtdQgwYwQHiAJ3j2br1H78V7nbcueYuZA/gG7+0T6p6M/w==</latexit><latexit sha1_base64="I/iyyLd6HrGOloOS68ISyA/6FBI=">AAAB6HicjVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jEB84BkCbOT3mTM7MwyMyuGJV/gxYMiXv0kb/6Nk8dBRcGChqKqm+6uKBXcWN//8JaWV1bX1gsbxc2t7Z3d0t5+06hMM2wwJZRuR9Sg4BIblluB7VQjTSKBrWh0NfVbd6gNV/LGjlMMEzqQPOaMWifV73ulclDxZyB/kzIsUOuV3rt9xbIEpWWCGtMJ/NSGOdWWM4GTYjczmFI2ogPsOCppgibMZ4dOyLFT+iRW2pW0ZKZ+nchpYsw4iVxnQu3Q/PSm4m9eJ7PxRZhzmWYWJZsvijNBrCLTr0mfa2RWjB2hTHN3K2FDqimzLpvi/0JonlYCvxLUz8rVy0UcBTiEIziBAM6hCtdQgwYwQHiAJ3j2br1H78V7nbcueYuZA/gG7+0T6p6M/w==</latexit>

|5i
<latexit sha1_base64="ucKR5W58vO3POPTneRhE3ZEaCXQ=">AAAB8HicdVDLSgMxFM34rPVVdekmWARXQ6Z2tN0V3bisYB/SDiWTZtrQJDMkGaGM/Qo3LhRx6+e4829MH4KKHrhwOOde7r0nTDjTBqEPZ2l5ZXVtPbeR39za3tkt7O03dZwqQhsk5rFqh1hTziRtGGY4bSeKYhFy2gpHl1O/dUeVZrG8MeOEBgIPJIsYwcZKt/d+V2E54LRXKCLXr54irwKRWyr51bJvSRWdlfwK9Fw0QxEsUO8V3rv9mKSCSkM41rrjocQEGVaGEU4n+W6qaYLJCA9ox1KJBdVBNjt4Ao+t0odRrGxJA2fq94kMC63HIrSdApuh/u1Nxb+8TmqiSpAxmaSGSjJfFKUcmhhOv4d9pigxfGwJJorZWyEZYoWJsRnlbQhfn8L/SbPkesj1rsvF2sUijhw4BEfgBHjgHNTAFaiDBiBAgAfwBJ4d5Tw6L87rvHXJWcwcgB9w3j4BNOGQrQ==</latexit><latexit sha1_base64="ucKR5W58vO3POPTneRhE3ZEaCXQ=">AAAB8HicdVDLSgMxFM34rPVVdekmWARXQ6Z2tN0V3bisYB/SDiWTZtrQJDMkGaGM/Qo3LhRx6+e4829MH4KKHrhwOOde7r0nTDjTBqEPZ2l5ZXVtPbeR39za3tkt7O03dZwqQhsk5rFqh1hTziRtGGY4bSeKYhFy2gpHl1O/dUeVZrG8MeOEBgIPJIsYwcZKt/d+V2E54LRXKCLXr54irwKRWyr51bJvSRWdlfwK9Fw0QxEsUO8V3rv9mKSCSkM41rrjocQEGVaGEU4n+W6qaYLJCA9ox1KJBdVBNjt4Ao+t0odRrGxJA2fq94kMC63HIrSdApuh/u1Nxb+8TmqiSpAxmaSGSjJfFKUcmhhOv4d9pigxfGwJJorZWyEZYoWJsRnlbQhfn8L/SbPkesj1rsvF2sUijhw4BEfgBHjgHNTAFaiDBiBAgAfwBJ4d5Tw6L87rvHXJWcwcgB9w3j4BNOGQrQ==</latexit><latexit sha1_base64="ucKR5W58vO3POPTneRhE3ZEaCXQ=">AAAB8HicdVDLSgMxFM34rPVVdekmWARXQ6Z2tN0V3bisYB/SDiWTZtrQJDMkGaGM/Qo3LhRx6+e4829MH4KKHrhwOOde7r0nTDjTBqEPZ2l5ZXVtPbeR39za3tkt7O03dZwqQhsk5rFqh1hTziRtGGY4bSeKYhFy2gpHl1O/dUeVZrG8MeOEBgIPJIsYwcZKt/d+V2E54LRXKCLXr54irwKRWyr51bJvSRWdlfwK9Fw0QxEsUO8V3rv9mKSCSkM41rrjocQEGVaGEU4n+W6qaYLJCA9ox1KJBdVBNjt4Ao+t0odRrGxJA2fq94kMC63HIrSdApuh/u1Nxb+8TmqiSpAxmaSGSjJfFKUcmhhOv4d9pigxfGwJJorZWyEZYoWJsRnlbQhfn8L/SbPkesj1rsvF2sUijhw4BEfgBHjgHNTAFaiDBiBAgAfwBJ4d5Tw6L87rvHXJWcwcgB9w3j4BNOGQrQ==</latexit><latexit sha1_base64="ucKR5W58vO3POPTneRhE3ZEaCXQ=">AAAB8HicdVDLSgMxFM34rPVVdekmWARXQ6Z2tN0V3bisYB/SDiWTZtrQJDMkGaGM/Qo3LhRx6+e4829MH4KKHrhwOOde7r0nTDjTBqEPZ2l5ZXVtPbeR39za3tkt7O03dZwqQhsk5rFqh1hTziRtGGY4bSeKYhFy2gpHl1O/dUeVZrG8MeOEBgIPJIsYwcZKt/d+V2E54LRXKCLXr54irwKRWyr51bJvSRWdlfwK9Fw0QxEsUO8V3rv9mKSCSkM41rrjocQEGVaGEU4n+W6qaYLJCA9ox1KJBdVBNjt4Ao+t0odRrGxJA2fq94kMC63HIrSdApuh/u1Nxb+8TmqiSpAxmaSGSjJfFKUcmhhOv4d9pigxfGwJJorZWyEZYoWJsRnlbQhfn8L/SbPkesj1rsvF2sUijhw4BEfgBHjgHNTAFaiDBiBAgAfwBJ4d5Tw6L87rvHXJWcwcgB9w3j4BNOGQrQ==</latexit>

We represent quantum states using ket notation

| i
<latexit sha1_base64="mWp6JVh+VDJWNXT5U7Qpf7s7pAc=">AAAB9HicjVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOyS5id9CZDZmc3M7OBsOY7vHhQxKsf482/cfI4qChY0FBUddNFhang2rjuh1NYWV1b3yhulra2d3b3yvsHTZ1kimGDJSJR7ZBqFFxiw3AjsJ0qpHEosBUOr2d+a4xK80TemUmKQUz7kkecUWOl4N5PNfcVlX2BpFuueFV3DvI3qcAS9W753e8lLItRGiao1h3PTU2QU2U4Ezgt+ZnGlLIh7WPHUklj1EE+Dz0lJ1bpkShRdqQhc/XrRU5jrSdxaDdjagb6pzcTf/M6mYkug5zLNDMo2eJRlAliEjJrgPS4QmbExBLKFLdZCRtQRZmxPZX+V0LzrOq5Ve/2vFK7WtZRhCM4hlPw4AJqcAN1aACDETzAEzw7Y+fReXFeF6sFZ3lzCN/gvH0CyxOSGA==</latexit><latexit sha1_base64="mWp6JVh+VDJWNXT5U7Qpf7s7pAc=">AAAB9HicjVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOyS5id9CZDZmc3M7OBsOY7vHhQxKsf482/cfI4qChY0FBUddNFhang2rjuh1NYWV1b3yhulra2d3b3yvsHTZ1kimGDJSJR7ZBqFFxiw3AjsJ0qpHEosBUOr2d+a4xK80TemUmKQUz7kkecUWOl4N5PNfcVlX2BpFuueFV3DvI3qcAS9W753e8lLItRGiao1h3PTU2QU2U4Ezgt+ZnGlLIh7WPHUklj1EE+Dz0lJ1bpkShRdqQhc/XrRU5jrSdxaDdjagb6pzcTf/M6mYkug5zLNDMo2eJRlAliEjJrgPS4QmbExBLKFLdZCRtQRZmxPZX+V0LzrOq5Ve/2vFK7WtZRhCM4hlPw4AJqcAN1aACDETzAEzw7Y+fReXFeF6sFZ3lzCN/gvH0CyxOSGA==</latexit><latexit sha1_base64="mWp6JVh+VDJWNXT5U7Qpf7s7pAc=">AAAB9HicjVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOyS5id9CZDZmc3M7OBsOY7vHhQxKsf482/cfI4qChY0FBUddNFhang2rjuh1NYWV1b3yhulra2d3b3yvsHTZ1kimGDJSJR7ZBqFFxiw3AjsJ0qpHEosBUOr2d+a4xK80TemUmKQUz7kkecUWOl4N5PNfcVlX2BpFuueFV3DvI3qcAS9W753e8lLItRGiao1h3PTU2QU2U4Ezgt+ZnGlLIh7WPHUklj1EE+Dz0lJ1bpkShRdqQhc/XrRU5jrSdxaDdjagb6pzcTf/M6mYkug5zLNDMo2eJRlAliEjJrgPS4QmbExBLKFLdZCRtQRZmxPZX+V0LzrOq5Ve/2vFK7WtZRhCM4hlPw4AJqcAN1aACDETzAEzw7Y+fReXFeF6sFZ3lzCN/gvH0CyxOSGA==</latexit><latexit sha1_base64="mWp6JVh+VDJWNXT5U7Qpf7s7pAc=">AAAB9HicjVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOyS5id9CZDZmc3M7OBsOY7vHhQxKsf482/cfI4qChY0FBUddNFhang2rjuh1NYWV1b3yhulra2d3b3yvsHTZ1kimGDJSJR7ZBqFFxiw3AjsJ0qpHEosBUOr2d+a4xK80TemUmKQUz7kkecUWOl4N5PNfcVlX2BpFuueFV3DvI3qcAS9W753e8lLItRGiao1h3PTU2QU2U4Ezgt+ZnGlLIh7WPHUklj1EE+Dz0lJ1bpkShRdqQhc/XrRU5jrSdxaDdjagb6pzcTf/M6mYkug5zLNDMo2eJRlAliEjJrgPS4QmbExBLKFLdZCRtQRZmxPZX+V0LzrOq5Ve/2vFK7WtZRhCM4hlPw4AJqcAN1aACDETzAEzw7Y+fReXFeF6sFZ3lzCN/gvH0CyxOSGA==</latexit>

represents a column vector

h |
<latexit sha1_base64="c4ItRyrgyVWZ9YrISmYX/opVCkk=">AAAB9XicjVDLSgNBEOyNrxhfUY9eBoPgKeyKEI9BLx4jmAdk1zA76U2GzM4uM7NKWPMfXjwo4tV/8ebfOHkcVBQsaCiquumiwlRwbVz3wyksLa+srhXXSxubW9s75d29lk4yxbDJEpGoTkg1Ci6xabgR2EkV0jgU2A5HF1O/fYtK80Rem3GKQUwHkkecUWOlG19QORBI/FRzct8rV7yqOwP5m1RggUav/O73E5bFKA0TVOuu56YmyKkynAmclPxMY0rZiA6wa6mkMeogn6WekCOr9EmUKDvSkJn69SKnsdbjOLSbMTVD/dObir953cxEZ0HOZZoZlGz+KMoEMQmZVkD6XCEzYmwJZYrbrIQNqaLM2KJK/yuhdVL13Kp3dVqpny/qKMIBHMIxeFCDOlxCA5rAQMEDPMGzc+c8Oi/O63y14Cxu9uEbnLdPGVySPA==</latexit><latexit sha1_base64="c4ItRyrgyVWZ9YrISmYX/opVCkk=">AAAB9XicjVDLSgNBEOyNrxhfUY9eBoPgKeyKEI9BLx4jmAdk1zA76U2GzM4uM7NKWPMfXjwo4tV/8ebfOHkcVBQsaCiquumiwlRwbVz3wyksLa+srhXXSxubW9s75d29lk4yxbDJEpGoTkg1Ci6xabgR2EkV0jgU2A5HF1O/fYtK80Rem3GKQUwHkkecUWOlG19QORBI/FRzct8rV7yqOwP5m1RggUav/O73E5bFKA0TVOuu56YmyKkynAmclPxMY0rZiA6wa6mkMeogn6WekCOr9EmUKDvSkJn69SKnsdbjOLSbMTVD/dObir953cxEZ0HOZZoZlGz+KMoEMQmZVkD6XCEzYmwJZYrbrIQNqaLM2KJK/yuhdVL13Kp3dVqpny/qKMIBHMIxeFCDOlxCA5rAQMEDPMGzc+c8Oi/O63y14Cxu9uEbnLdPGVySPA==</latexit><latexit sha1_base64="c4ItRyrgyVWZ9YrISmYX/opVCkk=">AAAB9XicjVDLSgNBEOyNrxhfUY9eBoPgKeyKEI9BLx4jmAdk1zA76U2GzM4uM7NKWPMfXjwo4tV/8ebfOHkcVBQsaCiquumiwlRwbVz3wyksLa+srhXXSxubW9s75d29lk4yxbDJEpGoTkg1Ci6xabgR2EkV0jgU2A5HF1O/fYtK80Rem3GKQUwHkkecUWOlG19QORBI/FRzct8rV7yqOwP5m1RggUav/O73E5bFKA0TVOuu56YmyKkynAmclPxMY0rZiA6wa6mkMeogn6WekCOr9EmUKDvSkJn69SKnsdbjOLSbMTVD/dObir953cxEZ0HOZZoZlGz+KMoEMQmZVkD6XCEzYmwJZYrbrIQNqaLM2KJK/yuhdVL13Kp3dVqpny/qKMIBHMIxeFCDOlxCA5rAQMEDPMGzc+c8Oi/O63y14Cxu9uEbnLdPGVySPA==</latexit><latexit sha1_base64="c4ItRyrgyVWZ9YrISmYX/opVCkk=">AAAB9XicjVDLSgNBEOyNrxhfUY9eBoPgKeyKEI9BLx4jmAdk1zA76U2GzM4uM7NKWPMfXjwo4tV/8ebfOHkcVBQsaCiquumiwlRwbVz3wyksLa+srhXXSxubW9s75d29lk4yxbDJEpGoTkg1Ci6xabgR2EkV0jgU2A5HF1O/fYtK80Rem3GKQUwHkkecUWOlG19QORBI/FRzct8rV7yqOwP5m1RggUav/O73E5bFKA0TVOuu56YmyKkynAmclPxMY0rZiA6wa6mkMeogn6WekCOr9EmUKDvSkJn69SKnsdbjOLSbMTVD/dObir953cxEZ0HOZZoZlGz+KMoEMQmZVkD6XCEzYmwJZYrbrIQNqaLM2KJK/yuhdVL13Kp3dVqpny/qKMIBHMIxeFCDOlxCA5rAQMEDPMGzc+c8Oi/O63y14Cxu9uEbnLdPGVySPA==</latexit>

is its complex conjugate — a row vector

e.g.

The inner product between two states/vectors is written as
h |�i

<latexit sha1_base64="zJ+ZqjYWiYovcz5o6i2SrimHvHI=">AAACBHicjVA9SwNBEJ2LXzF+RS3TLAbBKtyJoGXQxjKC+YDcEfY2c8mSvb1jd08IMYWNf8XGQhFbf4Sd/8bNJYWKgg+Wfbw3w8y8MBVcG9f9cApLyyura8X10sbm1vZOeXevpZNMMWyyRCSqE1KNgktsGm4EdlKFNA4FtsPRxcxv36DSPJHXZpxiENOB5BFn1FipV674gsqBQOKnmpNb+w058VWu9cpVr+bmIH+TKizQ6JXf/X7CshilYYJq3fXc1AQTqgxnAqclP9OYUjaiA+xaKmmMOpjkR0zJoVX6JEqUfdKQXP3aMaGx1uM4tJUxNUP905uJv3ndzERnwYTLNDMo2XxQlAliEjJLhPS5QmbE2BLKFLe7EjakijJjcyv9L4TWcc1za97VSbV+voijCBU4gCPw4BTqcAkNaAKDO3iAJ3h27p1H58V5nZcWnEXPPnyD8/YJ7/uXoQ==</latexit><latexit sha1_base64="zJ+ZqjYWiYovcz5o6i2SrimHvHI=">AAACBHicjVA9SwNBEJ2LXzF+RS3TLAbBKtyJoGXQxjKC+YDcEfY2c8mSvb1jd08IMYWNf8XGQhFbf4Sd/8bNJYWKgg+Wfbw3w8y8MBVcG9f9cApLyyura8X10sbm1vZOeXevpZNMMWyyRCSqE1KNgktsGm4EdlKFNA4FtsPRxcxv36DSPJHXZpxiENOB5BFn1FipV674gsqBQOKnmpNb+w058VWu9cpVr+bmIH+TKizQ6JXf/X7CshilYYJq3fXc1AQTqgxnAqclP9OYUjaiA+xaKmmMOpjkR0zJoVX6JEqUfdKQXP3aMaGx1uM4tJUxNUP905uJv3ndzERnwYTLNDMo2XxQlAliEjJLhPS5QmbE2BLKFLe7EjakijJjcyv9L4TWcc1za97VSbV+voijCBU4gCPw4BTqcAkNaAKDO3iAJ3h27p1H58V5nZcWnEXPPnyD8/YJ7/uXoQ==</latexit><latexit sha1_base64="zJ+ZqjYWiYovcz5o6i2SrimHvHI=">AAACBHicjVA9SwNBEJ2LXzF+RS3TLAbBKtyJoGXQxjKC+YDcEfY2c8mSvb1jd08IMYWNf8XGQhFbf4Sd/8bNJYWKgg+Wfbw3w8y8MBVcG9f9cApLyyura8X10sbm1vZOeXevpZNMMWyyRCSqE1KNgktsGm4EdlKFNA4FtsPRxcxv36DSPJHXZpxiENOB5BFn1FipV674gsqBQOKnmpNb+w058VWu9cpVr+bmIH+TKizQ6JXf/X7CshilYYJq3fXc1AQTqgxnAqclP9OYUjaiA+xaKmmMOpjkR0zJoVX6JEqUfdKQXP3aMaGx1uM4tJUxNUP905uJv3ndzERnwYTLNDMo2XxQlAliEjJLhPS5QmbE2BLKFLe7EjakijJjcyv9L4TWcc1za97VSbV+voijCBU4gCPw4BTqcAkNaAKDO3iAJ3h27p1H58V5nZcWnEXPPnyD8/YJ7/uXoQ==</latexit><latexit sha1_base64="zJ+ZqjYWiYovcz5o6i2SrimHvHI=">AAACBHicjVA9SwNBEJ2LXzF+RS3TLAbBKtyJoGXQxjKC+YDcEfY2c8mSvb1jd08IMYWNf8XGQhFbf4Sd/8bNJYWKgg+Wfbw3w8y8MBVcG9f9cApLyyura8X10sbm1vZOeXevpZNMMWyyRCSqE1KNgktsGm4EdlKFNA4FtsPRxcxv36DSPJHXZpxiENOB5BFn1FipV674gsqBQOKnmpNb+w058VWu9cpVr+bmIH+TKizQ6JXf/X7CshilYYJq3fXc1AQTqgxnAqclP9OYUjaiA+xaKmmMOpjkR0zJoVX6JEqUfdKQXP3aMaGx1uM4tJUxNUP905uJv3ndzERnwYTLNDMo2XxQlAliEjJLhPS5QmbE2BLKFLe7EjakijJjcyv9L4TWcc1za97VSbV+voijCBU4gCPw4BTqcAkNaAKDO3iAJ3h27p1H58V5nZcWnEXPPnyD8/YJ7/uXoQ==</latexit>



Reminder

|xi
<latexit sha1_base64="KA0QcBTuhwgRF55rzsUIcu6+Y6E=">AAAB8XicjVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeWCyhNlJbzJkZnaZmRXDmr/w4kERr/6NN//GyeOgomBBQ1HVTXdXlApurO9/eAuLS8srq4W14vrG5tZ2aWe3YZJMM6yzRCS6FVGDgiusW24FtlKNVEYCm9HwYuI3b1EbnqhrO0oxlLSveMwZtU66ub/raKr6Akm3VA4q/hTkb1KGOWrd0nunl7BMorJMUGPagZ/aMKfaciZwXOxkBlPKhrSPbUcVlWjCfHrxmBw6pUfiRLtSlkzVrxM5lcaMZOQ6JbUD89ObiL957czGZ2HOVZpZVGy2KM4EsQmZvE96XCOzYuQIZZq7WwkbUE2ZdSEV/xdC47gS+JXg6qRcPZ/HUYB9OIAjCOAUqnAJNagDAwUP8ATPnvEevRfvdda64M1n9uAbvLdPgfKQyg==</latexit><latexit sha1_base64="KA0QcBTuhwgRF55rzsUIcu6+Y6E=">AAAB8XicjVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeWCyhNlJbzJkZnaZmRXDmr/w4kERr/6NN//GyeOgomBBQ1HVTXdXlApurO9/eAuLS8srq4W14vrG5tZ2aWe3YZJMM6yzRCS6FVGDgiusW24FtlKNVEYCm9HwYuI3b1EbnqhrO0oxlLSveMwZtU66ub/raKr6Akm3VA4q/hTkb1KGOWrd0nunl7BMorJMUGPagZ/aMKfaciZwXOxkBlPKhrSPbUcVlWjCfHrxmBw6pUfiRLtSlkzVrxM5lcaMZOQ6JbUD89ObiL957czGZ2HOVZpZVGy2KM4EsQmZvE96XCOzYuQIZZq7WwkbUE2ZdSEV/xdC47gS+JXg6qRcPZ/HUYB9OIAjCOAUqnAJNagDAwUP8ATPnvEevRfvdda64M1n9uAbvLdPgfKQyg==</latexit><latexit sha1_base64="KA0QcBTuhwgRF55rzsUIcu6+Y6E=">AAAB8XicjVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeWCyhNlJbzJkZnaZmRXDmr/w4kERr/6NN//GyeOgomBBQ1HVTXdXlApurO9/eAuLS8srq4W14vrG5tZ2aWe3YZJMM6yzRCS6FVGDgiusW24FtlKNVEYCm9HwYuI3b1EbnqhrO0oxlLSveMwZtU66ub/raKr6Akm3VA4q/hTkb1KGOWrd0nunl7BMorJMUGPagZ/aMKfaciZwXOxkBlPKhrSPbUcVlWjCfHrxmBw6pUfiRLtSlkzVrxM5lcaMZOQ6JbUD89ObiL957czGZ2HOVZpZVGy2KM4EsQmZvE96XCOzYuQIZZq7WwkbUE2ZdSEV/xdC47gS+JXg6qRcPZ/HUYB9OIAjCOAUqnAJNagDAwUP8ATPnvEevRfvdda64M1n9uAbvLdPgfKQyg==</latexit><latexit sha1_base64="KA0QcBTuhwgRF55rzsUIcu6+Y6E=">AAAB8XicjVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jGCeWCyhNlJbzJkZnaZmRXDmr/w4kERr/6NN//GyeOgomBBQ1HVTXdXlApurO9/eAuLS8srq4W14vrG5tZ2aWe3YZJMM6yzRCS6FVGDgiusW24FtlKNVEYCm9HwYuI3b1EbnqhrO0oxlLSveMwZtU66ub/raKr6Akm3VA4q/hTkb1KGOWrd0nunl7BMorJMUGPagZ/aMKfaciZwXOxkBlPKhrSPbUcVlWjCfHrxmBw6pUfiRLtSlkzVrxM5lcaMZOQ6JbUD89ObiL957czGZ2HOVZpZVGy2KM4EsQmZvE96XCOzYuQIZZq7WwkbUE2ZdSEV/xdC47gS+JXg6qRcPZ/HUYB9OIAjCOAUqnAJNagDAwUP8ATPnvEevRfvdda64M1n9uAbvLdPgfKQyg==</latexit>

We represent an integer      as the quantum state
x

<latexit sha1_base64="I/iyyLd6HrGOloOS68ISyA/6FBI=">AAAB6HicjVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jEB84BkCbOT3mTM7MwyMyuGJV/gxYMiXv0kb/6Nk8dBRcGChqKqm+6uKBXcWN//8JaWV1bX1gsbxc2t7Z3d0t5+06hMM2wwJZRuR9Sg4BIblluB7VQjTSKBrWh0NfVbd6gNV/LGjlMMEzqQPOaMWifV73ulclDxZyB/kzIsUOuV3rt9xbIEpWWCGtMJ/NSGOdWWM4GTYjczmFI2ogPsOCppgibMZ4dOyLFT+iRW2pW0ZKZ+nchpYsw4iVxnQu3Q/PSm4m9eJ7PxRZhzmWYWJZsvijNBrCLTr0mfa2RWjB2hTHN3K2FDqimzLpvi/0JonlYCvxLUz8rVy0UcBTiEIziBAM6hCtdQgwYwQHiAJ3j2br1H78V7nbcueYuZA/gG7+0T6p6M/w==</latexit><latexit sha1_base64="I/iyyLd6HrGOloOS68ISyA/6FBI=">AAAB6HicjVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jEB84BkCbOT3mTM7MwyMyuGJV/gxYMiXv0kb/6Nk8dBRcGChqKqm+6uKBXcWN//8JaWV1bX1gsbxc2t7Z3d0t5+06hMM2wwJZRuR9Sg4BIblluB7VQjTSKBrWh0NfVbd6gNV/LGjlMMEzqQPOaMWifV73ulclDxZyB/kzIsUOuV3rt9xbIEpWWCGtMJ/NSGOdWWM4GTYjczmFI2ogPsOCppgibMZ4dOyLFT+iRW2pW0ZKZ+nchpYsw4iVxnQu3Q/PSm4m9eJ7PxRZhzmWYWJZsvijNBrCLTr0mfa2RWjB2hTHN3K2FDqimzLpvi/0JonlYCvxLUz8rVy0UcBTiEIziBAM6hCtdQgwYwQHiAJ3j2br1H78V7nbcueYuZA/gG7+0T6p6M/w==</latexit><latexit sha1_base64="I/iyyLd6HrGOloOS68ISyA/6FBI=">AAAB6HicjVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jEB84BkCbOT3mTM7MwyMyuGJV/gxYMiXv0kb/6Nk8dBRcGChqKqm+6uKBXcWN//8JaWV1bX1gsbxc2t7Z3d0t5+06hMM2wwJZRuR9Sg4BIblluB7VQjTSKBrWh0NfVbd6gNV/LGjlMMEzqQPOaMWifV73ulclDxZyB/kzIsUOuV3rt9xbIEpWWCGtMJ/NSGOdWWM4GTYjczmFI2ogPsOCppgibMZ4dOyLFT+iRW2pW0ZKZ+nchpYsw4iVxnQu3Q/PSm4m9eJ7PxRZhzmWYWJZsvijNBrCLTr0mfa2RWjB2hTHN3K2FDqimzLpvi/0JonlYCvxLUz8rVy0UcBTiEIziBAM6hCtdQgwYwQHiAJ3j2br1H78V7nbcueYuZA/gG7+0T6p6M/w==</latexit><latexit sha1_base64="I/iyyLd6HrGOloOS68ISyA/6FBI=">AAAB6HicjVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj04jEB84BkCbOT3mTM7MwyMyuGJV/gxYMiXv0kb/6Nk8dBRcGChqKqm+6uKBXcWN//8JaWV1bX1gsbxc2t7Z3d0t5+06hMM2wwJZRuR9Sg4BIblluB7VQjTSKBrWh0NfVbd6gNV/LGjlMMEzqQPOaMWifV73ulclDxZyB/kzIsUOuV3rt9xbIEpWWCGtMJ/NSGOdWWM4GTYjczmFI2ogPsOCppgibMZ4dOyLFT+iRW2pW0ZKZ+nchpYsw4iVxnQu3Q/PSm4m9eJ7PxRZhzmWYWJZsvijNBrCLTr0mfa2RWjB2hTHN3K2FDqimzLpvi/0JonlYCvxLUz8rVy0UcBTiEIziBAM6hCtdQgwYwQHiAJ3j2br1H78V7nbcueYuZA/gG7+0T6p6M/w==</latexit>

|5i
<latexit sha1_base64="ucKR5W58vO3POPTneRhE3ZEaCXQ=">AAAB8HicdVDLSgMxFM34rPVVdekmWARXQ6Z2tN0V3bisYB/SDiWTZtrQJDMkGaGM/Qo3LhRx6+e4829MH4KKHrhwOOde7r0nTDjTBqEPZ2l5ZXVtPbeR39za3tkt7O03dZwqQhsk5rFqh1hTziRtGGY4bSeKYhFy2gpHl1O/dUeVZrG8MeOEBgIPJIsYwcZKt/d+V2E54LRXKCLXr54irwKRWyr51bJvSRWdlfwK9Fw0QxEsUO8V3rv9mKSCSkM41rrjocQEGVaGEU4n+W6qaYLJCA9ox1KJBdVBNjt4Ao+t0odRrGxJA2fq94kMC63HIrSdApuh/u1Nxb+8TmqiSpAxmaSGSjJfFKUcmhhOv4d9pigxfGwJJorZWyEZYoWJsRnlbQhfn8L/SbPkesj1rsvF2sUijhw4BEfgBHjgHNTAFaiDBiBAgAfwBJ4d5Tw6L87rvHXJWcwcgB9w3j4BNOGQrQ==</latexit><latexit sha1_base64="ucKR5W58vO3POPTneRhE3ZEaCXQ=">AAAB8HicdVDLSgMxFM34rPVVdekmWARXQ6Z2tN0V3bisYB/SDiWTZtrQJDMkGaGM/Qo3LhRx6+e4829MH4KKHrhwOOde7r0nTDjTBqEPZ2l5ZXVtPbeR39za3tkt7O03dZwqQhsk5rFqh1hTziRtGGY4bSeKYhFy2gpHl1O/dUeVZrG8MeOEBgIPJIsYwcZKt/d+V2E54LRXKCLXr54irwKRWyr51bJvSRWdlfwK9Fw0QxEsUO8V3rv9mKSCSkM41rrjocQEGVaGEU4n+W6qaYLJCA9ox1KJBdVBNjt4Ao+t0odRrGxJA2fq94kMC63HIrSdApuh/u1Nxb+8TmqiSpAxmaSGSjJfFKUcmhhOv4d9pigxfGwJJorZWyEZYoWJsRnlbQhfn8L/SbPkesj1rsvF2sUijhw4BEfgBHjgHNTAFaiDBiBAgAfwBJ4d5Tw6L87rvHXJWcwcgB9w3j4BNOGQrQ==</latexit><latexit sha1_base64="ucKR5W58vO3POPTneRhE3ZEaCXQ=">AAAB8HicdVDLSgMxFM34rPVVdekmWARXQ6Z2tN0V3bisYB/SDiWTZtrQJDMkGaGM/Qo3LhRx6+e4829MH4KKHrhwOOde7r0nTDjTBqEPZ2l5ZXVtPbeR39za3tkt7O03dZwqQhsk5rFqh1hTziRtGGY4bSeKYhFy2gpHl1O/dUeVZrG8MeOEBgIPJIsYwcZKt/d+V2E54LRXKCLXr54irwKRWyr51bJvSRWdlfwK9Fw0QxEsUO8V3rv9mKSCSkM41rrjocQEGVaGEU4n+W6qaYLJCA9ox1KJBdVBNjt4Ao+t0odRrGxJA2fq94kMC63HIrSdApuh/u1Nxb+8TmqiSpAxmaSGSjJfFKUcmhhOv4d9pigxfGwJJorZWyEZYoWJsRnlbQhfn8L/SbPkesj1rsvF2sUijhw4BEfgBHjgHNTAFaiDBiBAgAfwBJ4d5Tw6L87rvHXJWcwcgB9w3j4BNOGQrQ==</latexit><latexit sha1_base64="ucKR5W58vO3POPTneRhE3ZEaCXQ=">AAAB8HicdVDLSgMxFM34rPVVdekmWARXQ6Z2tN0V3bisYB/SDiWTZtrQJDMkGaGM/Qo3LhRx6+e4829MH4KKHrhwOOde7r0nTDjTBqEPZ2l5ZXVtPbeR39za3tkt7O03dZwqQhsk5rFqh1hTziRtGGY4bSeKYhFy2gpHl1O/dUeVZrG8MeOEBgIPJIsYwcZKt/d+V2E54LRXKCLXr54irwKRWyr51bJvSRWdlfwK9Fw0QxEsUO8V3rv9mKSCSkM41rrjocQEGVaGEU4n+W6qaYLJCA9ox1KJBdVBNjt4Ao+t0odRrGxJA2fq94kMC63HIrSdApuh/u1Nxb+8TmqiSpAxmaSGSjJfFKUcmhhOv4d9pigxfGwJJorZWyEZYoWJsRnlbQhfn8L/SbPkesj1rsvF2sUijhw4BEfgBHjgHNTAFaiDBiBAgAfwBJ4d5Tw6L87rvHXJWcwcgB9w3j4BNOGQrQ==</latexit>

We represent quantum states using ket notation

| i
<latexit sha1_base64="mWp6JVh+VDJWNXT5U7Qpf7s7pAc=">AAAB9HicjVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOyS5id9CZDZmc3M7OBsOY7vHhQxKsf482/cfI4qChY0FBUddNFhang2rjuh1NYWV1b3yhulra2d3b3yvsHTZ1kimGDJSJR7ZBqFFxiw3AjsJ0qpHEosBUOr2d+a4xK80TemUmKQUz7kkecUWOl4N5PNfcVlX2BpFuueFV3DvI3qcAS9W753e8lLItRGiao1h3PTU2QU2U4Ezgt+ZnGlLIh7WPHUklj1EE+Dz0lJ1bpkShRdqQhc/XrRU5jrSdxaDdjagb6pzcTf/M6mYkug5zLNDMo2eJRlAliEjJrgPS4QmbExBLKFLdZCRtQRZmxPZX+V0LzrOq5Ve/2vFK7WtZRhCM4hlPw4AJqcAN1aACDETzAEzw7Y+fReXFeF6sFZ3lzCN/gvH0CyxOSGA==</latexit><latexit sha1_base64="mWp6JVh+VDJWNXT5U7Qpf7s7pAc=">AAAB9HicjVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOyS5id9CZDZmc3M7OBsOY7vHhQxKsf482/cfI4qChY0FBUddNFhang2rjuh1NYWV1b3yhulra2d3b3yvsHTZ1kimGDJSJR7ZBqFFxiw3AjsJ0qpHEosBUOr2d+a4xK80TemUmKQUz7kkecUWOl4N5PNfcVlX2BpFuueFV3DvI3qcAS9W753e8lLItRGiao1h3PTU2QU2U4Ezgt+ZnGlLIh7WPHUklj1EE+Dz0lJ1bpkShRdqQhc/XrRU5jrSdxaDdjagb6pzcTf/M6mYkug5zLNDMo2eJRlAliEjJrgPS4QmbExBLKFLdZCRtQRZmxPZX+V0LzrOq5Ve/2vFK7WtZRhCM4hlPw4AJqcAN1aACDETzAEzw7Y+fReXFeF6sFZ3lzCN/gvH0CyxOSGA==</latexit><latexit sha1_base64="mWp6JVh+VDJWNXT5U7Qpf7s7pAc=">AAAB9HicjVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOyS5id9CZDZmc3M7OBsOY7vHhQxKsf482/cfI4qChY0FBUddNFhang2rjuh1NYWV1b3yhulra2d3b3yvsHTZ1kimGDJSJR7ZBqFFxiw3AjsJ0qpHEosBUOr2d+a4xK80TemUmKQUz7kkecUWOl4N5PNfcVlX2BpFuueFV3DvI3qcAS9W753e8lLItRGiao1h3PTU2QU2U4Ezgt+ZnGlLIh7WPHUklj1EE+Dz0lJ1bpkShRdqQhc/XrRU5jrSdxaDdjagb6pzcTf/M6mYkug5zLNDMo2eJRlAliEjJrgPS4QmbExBLKFLdZCRtQRZmxPZX+V0LzrOq5Ve/2vFK7WtZRhCM4hlPw4AJqcAN1aACDETzAEzw7Y+fReXFeF6sFZ3lzCN/gvH0CyxOSGA==</latexit><latexit sha1_base64="mWp6JVh+VDJWNXT5U7Qpf7s7pAc=">AAAB9HicjVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOyS5id9CZDZmc3M7OBsOY7vHhQxKsf482/cfI4qChY0FBUddNFhang2rjuh1NYWV1b3yhulra2d3b3yvsHTZ1kimGDJSJR7ZBqFFxiw3AjsJ0qpHEosBUOr2d+a4xK80TemUmKQUz7kkecUWOl4N5PNfcVlX2BpFuueFV3DvI3qcAS9W753e8lLItRGiao1h3PTU2QU2U4Ezgt+ZnGlLIh7WPHUklj1EE+Dz0lJ1bpkShRdqQhc/XrRU5jrSdxaDdjagb6pzcTf/M6mYkug5zLNDMo2eJRlAliEjJrgPS4QmbExBLKFLdZCRtQRZmxPZX+V0LzrOq5Ve/2vFK7WtZRhCM4hlPw4AJqcAN1aACDETzAEzw7Y+fReXFeF6sFZ3lzCN/gvH0CyxOSGA==</latexit>

represents a column vector

h |
<latexit sha1_base64="c4ItRyrgyVWZ9YrISmYX/opVCkk=">AAAB9XicjVDLSgNBEOyNrxhfUY9eBoPgKeyKEI9BLx4jmAdk1zA76U2GzM4uM7NKWPMfXjwo4tV/8ebfOHkcVBQsaCiquumiwlRwbVz3wyksLa+srhXXSxubW9s75d29lk4yxbDJEpGoTkg1Ci6xabgR2EkV0jgU2A5HF1O/fYtK80Rem3GKQUwHkkecUWOlG19QORBI/FRzct8rV7yqOwP5m1RggUav/O73E5bFKA0TVOuu56YmyKkynAmclPxMY0rZiA6wa6mkMeogn6WekCOr9EmUKDvSkJn69SKnsdbjOLSbMTVD/dObir953cxEZ0HOZZoZlGz+KMoEMQmZVkD6XCEzYmwJZYrbrIQNqaLM2KJK/yuhdVL13Kp3dVqpny/qKMIBHMIxeFCDOlxCA5rAQMEDPMGzc+c8Oi/O63y14Cxu9uEbnLdPGVySPA==</latexit><latexit sha1_base64="c4ItRyrgyVWZ9YrISmYX/opVCkk=">AAAB9XicjVDLSgNBEOyNrxhfUY9eBoPgKeyKEI9BLx4jmAdk1zA76U2GzM4uM7NKWPMfXjwo4tV/8ebfOHkcVBQsaCiquumiwlRwbVz3wyksLa+srhXXSxubW9s75d29lk4yxbDJEpGoTkg1Ci6xabgR2EkV0jgU2A5HF1O/fYtK80Rem3GKQUwHkkecUWOlG19QORBI/FRzct8rV7yqOwP5m1RggUav/O73E5bFKA0TVOuu56YmyKkynAmclPxMY0rZiA6wa6mkMeogn6WekCOr9EmUKDvSkJn69SKnsdbjOLSbMTVD/dObir953cxEZ0HOZZoZlGz+KMoEMQmZVkD6XCEzYmwJZYrbrIQNqaLM2KJK/yuhdVL13Kp3dVqpny/qKMIBHMIxeFCDOlxCA5rAQMEDPMGzc+c8Oi/O63y14Cxu9uEbnLdPGVySPA==</latexit><latexit sha1_base64="c4ItRyrgyVWZ9YrISmYX/opVCkk=">AAAB9XicjVDLSgNBEOyNrxhfUY9eBoPgKeyKEI9BLx4jmAdk1zA76U2GzM4uM7NKWPMfXjwo4tV/8ebfOHkcVBQsaCiquumiwlRwbVz3wyksLa+srhXXSxubW9s75d29lk4yxbDJEpGoTkg1Ci6xabgR2EkV0jgU2A5HF1O/fYtK80Rem3GKQUwHkkecUWOlG19QORBI/FRzct8rV7yqOwP5m1RggUav/O73E5bFKA0TVOuu56YmyKkynAmclPxMY0rZiA6wa6mkMeogn6WekCOr9EmUKDvSkJn69SKnsdbjOLSbMTVD/dObir953cxEZ0HOZZoZlGz+KMoEMQmZVkD6XCEzYmwJZYrbrIQNqaLM2KJK/yuhdVL13Kp3dVqpny/qKMIBHMIxeFCDOlxCA5rAQMEDPMGzc+c8Oi/O63y14Cxu9uEbnLdPGVySPA==</latexit><latexit sha1_base64="c4ItRyrgyVWZ9YrISmYX/opVCkk=">AAAB9XicjVDLSgNBEOyNrxhfUY9eBoPgKeyKEI9BLx4jmAdk1zA76U2GzM4uM7NKWPMfXjwo4tV/8ebfOHkcVBQsaCiquumiwlRwbVz3wyksLa+srhXXSxubW9s75d29lk4yxbDJEpGoTkg1Ci6xabgR2EkV0jgU2A5HF1O/fYtK80Rem3GKQUwHkkecUWOlG19QORBI/FRzct8rV7yqOwP5m1RggUav/O73E5bFKA0TVOuu56YmyKkynAmclPxMY0rZiA6wa6mkMeogn6WekCOr9EmUKDvSkJn69SKnsdbjOLSbMTVD/dObir953cxEZ0HOZZoZlGz+KMoEMQmZVkD6XCEzYmwJZYrbrIQNqaLM2KJK/yuhdVL13Kp3dVqpny/qKMIBHMIxeFCDOlxCA5rAQMEDPMGzc+c8Oi/O63y14Cxu9uEbnLdPGVySPA==</latexit>

is its complex conjugate — a row vector

e.g.

The inner product between two states/vectors is written as
h |�i

<latexit sha1_base64="zJ+ZqjYWiYovcz5o6i2SrimHvHI=">AAACBHicjVA9SwNBEJ2LXzF+RS3TLAbBKtyJoGXQxjKC+YDcEfY2c8mSvb1jd08IMYWNf8XGQhFbf4Sd/8bNJYWKgg+Wfbw3w8y8MBVcG9f9cApLyyura8X10sbm1vZOeXevpZNMMWyyRCSqE1KNgktsGm4EdlKFNA4FtsPRxcxv36DSPJHXZpxiENOB5BFn1FipV674gsqBQOKnmpNb+w058VWu9cpVr+bmIH+TKizQ6JXf/X7CshilYYJq3fXc1AQTqgxnAqclP9OYUjaiA+xaKmmMOpjkR0zJoVX6JEqUfdKQXP3aMaGx1uM4tJUxNUP905uJv3ndzERnwYTLNDMo2XxQlAliEjJLhPS5QmbE2BLKFLe7EjakijJjcyv9L4TWcc1za97VSbV+voijCBU4gCPw4BTqcAkNaAKDO3iAJ3h27p1H58V5nZcWnEXPPnyD8/YJ7/uXoQ==</latexit><latexit sha1_base64="zJ+ZqjYWiYovcz5o6i2SrimHvHI=">AAACBHicjVA9SwNBEJ2LXzF+RS3TLAbBKtyJoGXQxjKC+YDcEfY2c8mSvb1jd08IMYWNf8XGQhFbf4Sd/8bNJYWKgg+Wfbw3w8y8MBVcG9f9cApLyyura8X10sbm1vZOeXevpZNMMWyyRCSqE1KNgktsGm4EdlKFNA4FtsPRxcxv36DSPJHXZpxiENOB5BFn1FipV674gsqBQOKnmpNb+w058VWu9cpVr+bmIH+TKizQ6JXf/X7CshilYYJq3fXc1AQTqgxnAqclP9OYUjaiA+xaKmmMOpjkR0zJoVX6JEqUfdKQXP3aMaGx1uM4tJUxNUP905uJv3ndzERnwYTLNDMo2XxQlAliEjJLhPS5QmbE2BLKFLe7EjakijJjcyv9L4TWcc1za97VSbV+voijCBU4gCPw4BTqcAkNaAKDO3iAJ3h27p1H58V5nZcWnEXPPnyD8/YJ7/uXoQ==</latexit><latexit sha1_base64="zJ+ZqjYWiYovcz5o6i2SrimHvHI=">AAACBHicjVA9SwNBEJ2LXzF+RS3TLAbBKtyJoGXQxjKC+YDcEfY2c8mSvb1jd08IMYWNf8XGQhFbf4Sd/8bNJYWKgg+Wfbw3w8y8MBVcG9f9cApLyyura8X10sbm1vZOeXevpZNMMWyyRCSqE1KNgktsGm4EdlKFNA4FtsPRxcxv36DSPJHXZpxiENOB5BFn1FipV674gsqBQOKnmpNb+w058VWu9cpVr+bmIH+TKizQ6JXf/X7CshilYYJq3fXc1AQTqgxnAqclP9OYUjaiA+xaKmmMOpjkR0zJoVX6JEqUfdKQXP3aMaGx1uM4tJUxNUP905uJv3ndzERnwYTLNDMo2XxQlAliEjJLhPS5QmbE2BLKFLe7EjakijJjcyv9L4TWcc1za97VSbV+voijCBU4gCPw4BTqcAkNaAKDO3iAJ3h27p1H58V5nZcWnEXPPnyD8/YJ7/uXoQ==</latexit><latexit sha1_base64="zJ+ZqjYWiYovcz5o6i2SrimHvHI=">AAACBHicjVA9SwNBEJ2LXzF+RS3TLAbBKtyJoGXQxjKC+YDcEfY2c8mSvb1jd08IMYWNf8XGQhFbf4Sd/8bNJYWKgg+Wfbw3w8y8MBVcG9f9cApLyyura8X10sbm1vZOeXevpZNMMWyyRCSqE1KNgktsGm4EdlKFNA4FtsPRxcxv36DSPJHXZpxiENOB5BFn1FipV674gsqBQOKnmpNb+w058VWu9cpVr+bmIH+TKizQ6JXf/X7CshilYYJq3fXc1AQTqgxnAqclP9OYUjaiA+xaKmmMOpjkR0zJoVX6JEqUfdKQXP3aMaGx1uM4tJUxNUP905uJv3ndzERnwYTLNDMo2XxQlAliEjJLhPS5QmbE2BLKFLe7EjakijJjcyv9L4TWcc1za97VSbV+voijCBU4gCPw4BTqcAkNaAKDO3iAJ3h27p1H58V5nZcWnEXPPnyD8/YJ7/uXoQ==</latexit>

= cos ✓
<latexit sha1_base64="Sd0ERCaQcX/OVpOU6htHnwaTd4A=">AAAB9HicjVDLSgNBEOz1GeMr6tHLYBA8hV0R9CIEvXiMYB6QLGF2MpsMmZ1ZZ3oDYcl3ePGgiFc/xpt/4+RxUFGwoKGo6qaLilIpLPr+h7e0vLK6tl7YKG5ube/slvb2G1ZnhvE601KbVkQtl0LxOgqUvJUaTpNI8mY0vJ76zRE3Vmh1h+OUhwntKxELRtFJ4SXpMG1JBwccabdUDir+DORvUoYFat3Se6enWZZwhUxSa9uBn2KYU4OCST4pdjLLU8qGtM/bjiqacBvms9ATcuyUHom1caOQzNSvFzlNrB0nkdtMKA7sT28q/ua1M4wvwlyoNEOu2PxRnEmCmkwbID1hOEM5doQyI1xWwgbUUIaup+L/SmicVgK/EtyelatXizoKcAhHcAIBnEMVbqAGdWBwDw/wBM/eyHv0XrzX+eqSt7g5gG/w3j4B82iRjw==</latexit><latexit sha1_base64="Sd0ERCaQcX/OVpOU6htHnwaTd4A=">AAAB9HicjVDLSgNBEOz1GeMr6tHLYBA8hV0R9CIEvXiMYB6QLGF2MpsMmZ1ZZ3oDYcl3ePGgiFc/xpt/4+RxUFGwoKGo6qaLilIpLPr+h7e0vLK6tl7YKG5ube/slvb2G1ZnhvE601KbVkQtl0LxOgqUvJUaTpNI8mY0vJ76zRE3Vmh1h+OUhwntKxELRtFJ4SXpMG1JBwccabdUDir+DORvUoYFat3Se6enWZZwhUxSa9uBn2KYU4OCST4pdjLLU8qGtM/bjiqacBvms9ATcuyUHom1caOQzNSvFzlNrB0nkdtMKA7sT28q/ua1M4wvwlyoNEOu2PxRnEmCmkwbID1hOEM5doQyI1xWwgbUUIaup+L/SmicVgK/EtyelatXizoKcAhHcAIBnEMVbqAGdWBwDw/wBM/eyHv0XrzX+eqSt7g5gG/w3j4B82iRjw==</latexit><latexit sha1_base64="Sd0ERCaQcX/OVpOU6htHnwaTd4A=">AAAB9HicjVDLSgNBEOz1GeMr6tHLYBA8hV0R9CIEvXiMYB6QLGF2MpsMmZ1ZZ3oDYcl3ePGgiFc/xpt/4+RxUFGwoKGo6qaLilIpLPr+h7e0vLK6tl7YKG5ube/slvb2G1ZnhvE601KbVkQtl0LxOgqUvJUaTpNI8mY0vJ76zRE3Vmh1h+OUhwntKxELRtFJ4SXpMG1JBwccabdUDir+DORvUoYFat3Se6enWZZwhUxSa9uBn2KYU4OCST4pdjLLU8qGtM/bjiqacBvms9ATcuyUHom1caOQzNSvFzlNrB0nkdtMKA7sT28q/ua1M4wvwlyoNEOu2PxRnEmCmkwbID1hOEM5doQyI1xWwgbUUIaup+L/SmicVgK/EtyelatXizoKcAhHcAIBnEMVbqAGdWBwDw/wBM/eyHv0XrzX+eqSt7g5gG/w3j4B82iRjw==</latexit><latexit sha1_base64="Sd0ERCaQcX/OVpOU6htHnwaTd4A=">AAAB9HicjVDLSgNBEOz1GeMr6tHLYBA8hV0R9CIEvXiMYB6QLGF2MpsMmZ1ZZ3oDYcl3ePGgiFc/xpt/4+RxUFGwoKGo6qaLilIpLPr+h7e0vLK6tl7YKG5ube/slvb2G1ZnhvE601KbVkQtl0LxOgqUvJUaTpNI8mY0vJ76zRE3Vmh1h+OUhwntKxELRtFJ4SXpMG1JBwccabdUDir+DORvUoYFat3Se6enWZZwhUxSa9uBn2KYU4OCST4pdjLLU8qGtM/bjiqacBvms9ATcuyUHom1caOQzNSvFzlNrB0nkdtMKA7sT28q/ua1M4wvwlyoNEOu2PxRnEmCmkwbID1hOEM5doQyI1xWwgbUUIaup+L/SmicVgK/EtyelatXizoKcAhHcAIBnEMVbqAGdWBwDw/wBM/eyHv0XrzX+eqSt7g5gG/w3j4B82iRjw==</latexit>





Operations on quantum states are via unitary operators  
(Matrices that preserve the norm of the vector)



Operations on quantum states are via unitary operators  
(Matrices that preserve the norm of the vector)

E.g. the Hadamard gate:

H =
1p
2


1 1
1 �1

�

<latexit sha1_base64="YUZKaJMyelaY9KaUVOr5BMdA28k=">AAACLXicjVBNS8NAEN34WeNX1KOXxaJ4sWRF0Isg6qFHBatCU8pmO2mXbjZxdyOWkD/kxb8iggdFvPo33MaCHyj4YODx3gwz88JUcG18/8kZG5+YnJquzLizc/MLi97S8rlOMsWgwRKRqMuQahBcQsNwI+AyVUDjUMBF2D8a+hfXoDRP5JkZpNCKaVfyiDNqrNT2jut4HweRoiwnRR7oK2Xy7aIIQuhymYcxNYrfFC7BG5jgICjJFnEDkJ1Pt+1VSc0vgf8mVTTCSdt7CDoJy2KQhgmqdZP4qWnlVBnOBBRukGlIKevTLjQtlTQG3crLbwu8bpUOjhJlSxpcql8nchprPYhD22kP7Omf3lD8zWtmJtpr5VymmQHJPhZFmcAmwcPocIcrYEYMLKFMcXsrZj1qozM24H+GcL5dI36NnO5UDw5HcVTQKlpDm4igXXSA6ugENRBDt+gePaFn5855dF6c14/WMWc0s4K+wXl7B/ktphM=</latexit><latexit sha1_base64="YUZKaJMyelaY9KaUVOr5BMdA28k=">AAACLXicjVBNS8NAEN34WeNX1KOXxaJ4sWRF0Isg6qFHBatCU8pmO2mXbjZxdyOWkD/kxb8iggdFvPo33MaCHyj4YODx3gwz88JUcG18/8kZG5+YnJquzLizc/MLi97S8rlOMsWgwRKRqMuQahBcQsNwI+AyVUDjUMBF2D8a+hfXoDRP5JkZpNCKaVfyiDNqrNT2jut4HweRoiwnRR7oK2Xy7aIIQuhymYcxNYrfFC7BG5jgICjJFnEDkJ1Pt+1VSc0vgf8mVTTCSdt7CDoJy2KQhgmqdZP4qWnlVBnOBBRukGlIKevTLjQtlTQG3crLbwu8bpUOjhJlSxpcql8nchprPYhD22kP7Omf3lD8zWtmJtpr5VymmQHJPhZFmcAmwcPocIcrYEYMLKFMcXsrZj1qozM24H+GcL5dI36NnO5UDw5HcVTQKlpDm4igXXSA6ugENRBDt+gePaFn5855dF6c14/WMWc0s4K+wXl7B/ktphM=</latexit><latexit sha1_base64="YUZKaJMyelaY9KaUVOr5BMdA28k=">AAACLXicjVBNS8NAEN34WeNX1KOXxaJ4sWRF0Isg6qFHBatCU8pmO2mXbjZxdyOWkD/kxb8iggdFvPo33MaCHyj4YODx3gwz88JUcG18/8kZG5+YnJquzLizc/MLi97S8rlOMsWgwRKRqMuQahBcQsNwI+AyVUDjUMBF2D8a+hfXoDRP5JkZpNCKaVfyiDNqrNT2jut4HweRoiwnRR7oK2Xy7aIIQuhymYcxNYrfFC7BG5jgICjJFnEDkJ1Pt+1VSc0vgf8mVTTCSdt7CDoJy2KQhgmqdZP4qWnlVBnOBBRukGlIKevTLjQtlTQG3crLbwu8bpUOjhJlSxpcql8nchprPYhD22kP7Omf3lD8zWtmJtpr5VymmQHJPhZFmcAmwcPocIcrYEYMLKFMcXsrZj1qozM24H+GcL5dI36NnO5UDw5HcVTQKlpDm4igXXSA6ugENRBDt+gePaFn5855dF6c14/WMWc0s4K+wXl7B/ktphM=</latexit><latexit sha1_base64="YUZKaJMyelaY9KaUVOr5BMdA28k=">AAACLXicjVBNS8NAEN34WeNX1KOXxaJ4sWRF0Isg6qFHBatCU8pmO2mXbjZxdyOWkD/kxb8iggdFvPo33MaCHyj4YODx3gwz88JUcG18/8kZG5+YnJquzLizc/MLi97S8rlOMsWgwRKRqMuQahBcQsNwI+AyVUDjUMBF2D8a+hfXoDRP5JkZpNCKaVfyiDNqrNT2jut4HweRoiwnRR7oK2Xy7aIIQuhymYcxNYrfFC7BG5jgICjJFnEDkJ1Pt+1VSc0vgf8mVTTCSdt7CDoJy2KQhgmqdZP4qWnlVBnOBBRukGlIKevTLjQtlTQG3crLbwu8bpUOjhJlSxpcql8nchprPYhD22kP7Omf3lD8zWtmJtpr5VymmQHJPhZFmcAmwcPocIcrYEYMLKFMcXsrZj1qozM24H+GcL5dI36NnO5UDw5HcVTQKlpDm4igXXSA6ugENRBDt+gePaFn5855dF6c14/WMWc0s4K+wXl7B/ktphM=</latexit>



Operations on quantum states are via unitary operators  
(Matrices that preserve the norm of the vector)

H|0i = 1p
2
(|0i+ |1i)

<latexit sha1_base64="GFsymoHSjy3FtDXB/X1a5H6yXZM=">AAACH3icjZBLSwMxFIUzPmt9VV26CRahIpSZIupGKLrpsoJ9QKeUTHqnDc1kxiQjlOn8Ezf+FTcuFBF3/TemD/CBggcCh3PuJcnnRZwpbdtja2FxaXllNbOWXd/Y3NrO7ezWVRhLCjUa8lA2PaKAMwE1zTSHZiSBBB6Hhje4mvSNO5CKheJGDyNoB6QnmM8o0Sbq5E4rI9uVRPQ44Avs+pLQxEkTV91KnZTStPBZH+ORM/dHnVzeKdpT4b9NHs1V7eTe3W5I4wCEppwo1XLsSLcTIjWjHNKsGyuICB2QHrSMFSQA1U6m/0vxoUm62A+lOULjafp1IyGBUsPAM5MB0X31s5uEv3WtWPvn7YSJKNYg6OwiP+ZYh3gCC3eZBKr50BhCJTNvxbRPDCNtkGb/B6FeKjp20bk+yZcv5zgyaB8doAJy0Bkqowqqohqi6B49omf0Yj1YT9ar9TYbXbDmO3vom6zxB9uxojg=</latexit><latexit sha1_base64="GFsymoHSjy3FtDXB/X1a5H6yXZM=">AAACH3icjZBLSwMxFIUzPmt9VV26CRahIpSZIupGKLrpsoJ9QKeUTHqnDc1kxiQjlOn8Ezf+FTcuFBF3/TemD/CBggcCh3PuJcnnRZwpbdtja2FxaXllNbOWXd/Y3NrO7ezWVRhLCjUa8lA2PaKAMwE1zTSHZiSBBB6Hhje4mvSNO5CKheJGDyNoB6QnmM8o0Sbq5E4rI9uVRPQ44Avs+pLQxEkTV91KnZTStPBZH+ORM/dHnVzeKdpT4b9NHs1V7eTe3W5I4wCEppwo1XLsSLcTIjWjHNKsGyuICB2QHrSMFSQA1U6m/0vxoUm62A+lOULjafp1IyGBUsPAM5MB0X31s5uEv3WtWPvn7YSJKNYg6OwiP+ZYh3gCC3eZBKr50BhCJTNvxbRPDCNtkGb/B6FeKjp20bk+yZcv5zgyaB8doAJy0Bkqowqqohqi6B49omf0Yj1YT9ar9TYbXbDmO3vom6zxB9uxojg=</latexit><latexit sha1_base64="GFsymoHSjy3FtDXB/X1a5H6yXZM=">AAACH3icjZBLSwMxFIUzPmt9VV26CRahIpSZIupGKLrpsoJ9QKeUTHqnDc1kxiQjlOn8Ezf+FTcuFBF3/TemD/CBggcCh3PuJcnnRZwpbdtja2FxaXllNbOWXd/Y3NrO7ezWVRhLCjUa8lA2PaKAMwE1zTSHZiSBBB6Hhje4mvSNO5CKheJGDyNoB6QnmM8o0Sbq5E4rI9uVRPQ44Avs+pLQxEkTV91KnZTStPBZH+ORM/dHnVzeKdpT4b9NHs1V7eTe3W5I4wCEppwo1XLsSLcTIjWjHNKsGyuICB2QHrSMFSQA1U6m/0vxoUm62A+lOULjafp1IyGBUsPAM5MB0X31s5uEv3WtWPvn7YSJKNYg6OwiP+ZYh3gCC3eZBKr50BhCJTNvxbRPDCNtkGb/B6FeKjp20bk+yZcv5zgyaB8doAJy0Bkqowqqohqi6B49omf0Yj1YT9ar9TYbXbDmO3vom6zxB9uxojg=</latexit><latexit sha1_base64="GFsymoHSjy3FtDXB/X1a5H6yXZM=">AAACH3icjZBLSwMxFIUzPmt9VV26CRahIpSZIupGKLrpsoJ9QKeUTHqnDc1kxiQjlOn8Ezf+FTcuFBF3/TemD/CBggcCh3PuJcnnRZwpbdtja2FxaXllNbOWXd/Y3NrO7ezWVRhLCjUa8lA2PaKAMwE1zTSHZiSBBB6Hhje4mvSNO5CKheJGDyNoB6QnmM8o0Sbq5E4rI9uVRPQ44Avs+pLQxEkTV91KnZTStPBZH+ORM/dHnVzeKdpT4b9NHs1V7eTe3W5I4wCEppwo1XLsSLcTIjWjHNKsGyuICB2QHrSMFSQA1U6m/0vxoUm62A+lOULjafp1IyGBUsPAM5MB0X31s5uEv3WtWPvn7YSJKNYg6OwiP+ZYh3gCC3eZBKr50BhCJTNvxbRPDCNtkGb/B6FeKjp20bk+yZcv5zgyaB8doAJy0Bkqowqqohqi6B49omf0Yj1YT9ar9TYbXbDmO3vom6zxB9uxojg=</latexit>

E.g. the Hadamard gate:

H =
1p
2


1 1
1 �1

�

<latexit sha1_base64="YUZKaJMyelaY9KaUVOr5BMdA28k=">AAACLXicjVBNS8NAEN34WeNX1KOXxaJ4sWRF0Isg6qFHBatCU8pmO2mXbjZxdyOWkD/kxb8iggdFvPo33MaCHyj4YODx3gwz88JUcG18/8kZG5+YnJquzLizc/MLi97S8rlOMsWgwRKRqMuQahBcQsNwI+AyVUDjUMBF2D8a+hfXoDRP5JkZpNCKaVfyiDNqrNT2jut4HweRoiwnRR7oK2Xy7aIIQuhymYcxNYrfFC7BG5jgICjJFnEDkJ1Pt+1VSc0vgf8mVTTCSdt7CDoJy2KQhgmqdZP4qWnlVBnOBBRukGlIKevTLjQtlTQG3crLbwu8bpUOjhJlSxpcql8nchprPYhD22kP7Omf3lD8zWtmJtpr5VymmQHJPhZFmcAmwcPocIcrYEYMLKFMcXsrZj1qozM24H+GcL5dI36NnO5UDw5HcVTQKlpDm4igXXSA6ugENRBDt+gePaFn5855dF6c14/WMWc0s4K+wXl7B/ktphM=</latexit><latexit sha1_base64="YUZKaJMyelaY9KaUVOr5BMdA28k=">AAACLXicjVBNS8NAEN34WeNX1KOXxaJ4sWRF0Isg6qFHBatCU8pmO2mXbjZxdyOWkD/kxb8iggdFvPo33MaCHyj4YODx3gwz88JUcG18/8kZG5+YnJquzLizc/MLi97S8rlOMsWgwRKRqMuQahBcQsNwI+AyVUDjUMBF2D8a+hfXoDRP5JkZpNCKaVfyiDNqrNT2jut4HweRoiwnRR7oK2Xy7aIIQuhymYcxNYrfFC7BG5jgICjJFnEDkJ1Pt+1VSc0vgf8mVTTCSdt7CDoJy2KQhgmqdZP4qWnlVBnOBBRukGlIKevTLjQtlTQG3crLbwu8bpUOjhJlSxpcql8nchprPYhD22kP7Omf3lD8zWtmJtpr5VymmQHJPhZFmcAmwcPocIcrYEYMLKFMcXsrZj1qozM24H+GcL5dI36NnO5UDw5HcVTQKlpDm4igXXSA6ugENRBDt+gePaFn5855dF6c14/WMWc0s4K+wXl7B/ktphM=</latexit><latexit sha1_base64="YUZKaJMyelaY9KaUVOr5BMdA28k=">AAACLXicjVBNS8NAEN34WeNX1KOXxaJ4sWRF0Isg6qFHBatCU8pmO2mXbjZxdyOWkD/kxb8iggdFvPo33MaCHyj4YODx3gwz88JUcG18/8kZG5+YnJquzLizc/MLi97S8rlOMsWgwRKRqMuQahBcQsNwI+AyVUDjUMBF2D8a+hfXoDRP5JkZpNCKaVfyiDNqrNT2jut4HweRoiwnRR7oK2Xy7aIIQuhymYcxNYrfFC7BG5jgICjJFnEDkJ1Pt+1VSc0vgf8mVTTCSdt7CDoJy2KQhgmqdZP4qWnlVBnOBBRukGlIKevTLjQtlTQG3crLbwu8bpUOjhJlSxpcql8nchprPYhD22kP7Omf3lD8zWtmJtpr5VymmQHJPhZFmcAmwcPocIcrYEYMLKFMcXsrZj1qozM24H+GcL5dI36NnO5UDw5HcVTQKlpDm4igXXSA6ugENRBDt+gePaFn5855dF6c14/WMWc0s4K+wXl7B/ktphM=</latexit><latexit sha1_base64="YUZKaJMyelaY9KaUVOr5BMdA28k=">AAACLXicjVBNS8NAEN34WeNX1KOXxaJ4sWRF0Isg6qFHBatCU8pmO2mXbjZxdyOWkD/kxb8iggdFvPo33MaCHyj4YODx3gwz88JUcG18/8kZG5+YnJquzLizc/MLi97S8rlOMsWgwRKRqMuQahBcQsNwI+AyVUDjUMBF2D8a+hfXoDRP5JkZpNCKaVfyiDNqrNT2jut4HweRoiwnRR7oK2Xy7aIIQuhymYcxNYrfFC7BG5jgICjJFnEDkJ1Pt+1VSc0vgf8mVTTCSdt7CDoJy2KQhgmqdZP4qWnlVBnOBBRukGlIKevTLjQtlTQG3crLbwu8bpUOjhJlSxpcql8nchprPYhD22kP7Omf3lD8zWtmJtpr5VymmQHJPhZFmcAmwcPocIcrYEYMLKFMcXsrZj1qozM24H+GcL5dI36NnO5UDw5HcVTQKlpDm4igXXSA6ugENRBDt+gePaFn5855dF6c14/WMWc0s4K+wXl7B/ktphM=</latexit>



Operations on quantum states are via unitary operators  
(Matrices that preserve the norm of the vector)

H|0i = 1p
2
(|0i+ |1i)

<latexit sha1_base64="GFsymoHSjy3FtDXB/X1a5H6yXZM=">AAACH3icjZBLSwMxFIUzPmt9VV26CRahIpSZIupGKLrpsoJ9QKeUTHqnDc1kxiQjlOn8Ezf+FTcuFBF3/TemD/CBggcCh3PuJcnnRZwpbdtja2FxaXllNbOWXd/Y3NrO7ezWVRhLCjUa8lA2PaKAMwE1zTSHZiSBBB6Hhje4mvSNO5CKheJGDyNoB6QnmM8o0Sbq5E4rI9uVRPQ44Avs+pLQxEkTV91KnZTStPBZH+ORM/dHnVzeKdpT4b9NHs1V7eTe3W5I4wCEppwo1XLsSLcTIjWjHNKsGyuICB2QHrSMFSQA1U6m/0vxoUm62A+lOULjafp1IyGBUsPAM5MB0X31s5uEv3WtWPvn7YSJKNYg6OwiP+ZYh3gCC3eZBKr50BhCJTNvxbRPDCNtkGb/B6FeKjp20bk+yZcv5zgyaB8doAJy0Bkqowqqohqi6B49omf0Yj1YT9ar9TYbXbDmO3vom6zxB9uxojg=</latexit><latexit sha1_base64="GFsymoHSjy3FtDXB/X1a5H6yXZM=">AAACH3icjZBLSwMxFIUzPmt9VV26CRahIpSZIupGKLrpsoJ9QKeUTHqnDc1kxiQjlOn8Ezf+FTcuFBF3/TemD/CBggcCh3PuJcnnRZwpbdtja2FxaXllNbOWXd/Y3NrO7ezWVRhLCjUa8lA2PaKAMwE1zTSHZiSBBB6Hhje4mvSNO5CKheJGDyNoB6QnmM8o0Sbq5E4rI9uVRPQ44Avs+pLQxEkTV91KnZTStPBZH+ORM/dHnVzeKdpT4b9NHs1V7eTe3W5I4wCEppwo1XLsSLcTIjWjHNKsGyuICB2QHrSMFSQA1U6m/0vxoUm62A+lOULjafp1IyGBUsPAM5MB0X31s5uEv3WtWPvn7YSJKNYg6OwiP+ZYh3gCC3eZBKr50BhCJTNvxbRPDCNtkGb/B6FeKjp20bk+yZcv5zgyaB8doAJy0Bkqowqqohqi6B49omf0Yj1YT9ar9TYbXbDmO3vom6zxB9uxojg=</latexit><latexit sha1_base64="GFsymoHSjy3FtDXB/X1a5H6yXZM=">AAACH3icjZBLSwMxFIUzPmt9VV26CRahIpSZIupGKLrpsoJ9QKeUTHqnDc1kxiQjlOn8Ezf+FTcuFBF3/TemD/CBggcCh3PuJcnnRZwpbdtja2FxaXllNbOWXd/Y3NrO7ezWVRhLCjUa8lA2PaKAMwE1zTSHZiSBBB6Hhje4mvSNO5CKheJGDyNoB6QnmM8o0Sbq5E4rI9uVRPQ44Avs+pLQxEkTV91KnZTStPBZH+ORM/dHnVzeKdpT4b9NHs1V7eTe3W5I4wCEppwo1XLsSLcTIjWjHNKsGyuICB2QHrSMFSQA1U6m/0vxoUm62A+lOULjafp1IyGBUsPAM5MB0X31s5uEv3WtWPvn7YSJKNYg6OwiP+ZYh3gCC3eZBKr50BhCJTNvxbRPDCNtkGb/B6FeKjp20bk+yZcv5zgyaB8doAJy0Bkqowqqohqi6B49omf0Yj1YT9ar9TYbXbDmO3vom6zxB9uxojg=</latexit><latexit sha1_base64="GFsymoHSjy3FtDXB/X1a5H6yXZM=">AAACH3icjZBLSwMxFIUzPmt9VV26CRahIpSZIupGKLrpsoJ9QKeUTHqnDc1kxiQjlOn8Ezf+FTcuFBF3/TemD/CBggcCh3PuJcnnRZwpbdtja2FxaXllNbOWXd/Y3NrO7ezWVRhLCjUa8lA2PaKAMwE1zTSHZiSBBB6Hhje4mvSNO5CKheJGDyNoB6QnmM8o0Sbq5E4rI9uVRPQ44Avs+pLQxEkTV91KnZTStPBZH+ORM/dHnVzeKdpT4b9NHs1V7eTe3W5I4wCEppwo1XLsSLcTIjWjHNKsGyuICB2QHrSMFSQA1U6m/0vxoUm62A+lOULjafp1IyGBUsPAM5MB0X31s5uEv3WtWPvn7YSJKNYg6OwiP+ZYh3gCC3eZBKr50BhCJTNvxbRPDCNtkGb/B6FeKjp20bk+yZcv5zgyaB8doAJy0Bkqowqqohqi6B49omf0Yj1YT9ar9TYbXbDmO3vom6zxB9uxojg=</latexit>

H|1i = 1p
2
(|0i � |1i)

<latexit sha1_base64="/4BlE4ZSMwAAd2OSUk2uAvsXFPw=">AAACH3icjVBNSwMxFMzWr1q/Vj16CRahHiy7RdSLUPTSo4K1hW4p2fRtG5rNrklWKNv9J178K148KCLe/DemtYqKggMPhpl5JG/8mDOlHefVys3Mzs0v5BcLS8srq2v2+salihJJoU4jHsmmTxRwJqCumebQjCWQ0OfQ8AenY79xDVKxSFzoYQztkPQECxgl2kgd+6A2cj1JRI8DPsZeIAlN3Sz11JXUaSXLSiPnw97Dn9Hdjl10y84E+G9SRFOcdewXrxvRJAShKSdKtVwn1u2USM0oh6zgJQpiQgekBy1DBQlBtdPJfRneMUoXB5E0IzSeqF83UhIqNQx9kwyJ7quf3lj8zWslOjhqp0zEiQZB3x8KEo51hMdl4S6TQDUfGkKoZOavmPaJ6UibSgv/K+GyUnadsnu+X6yeTOvIoy20jUrIRYeoimroDNURRTfoDj2gR+vWureerOf3aM6a7myib7Be3wDghqI7</latexit><latexit sha1_base64="/4BlE4ZSMwAAd2OSUk2uAvsXFPw=">AAACH3icjVBNSwMxFMzWr1q/Vj16CRahHiy7RdSLUPTSo4K1hW4p2fRtG5rNrklWKNv9J178K148KCLe/DemtYqKggMPhpl5JG/8mDOlHefVys3Mzs0v5BcLS8srq2v2+salihJJoU4jHsmmTxRwJqCumebQjCWQ0OfQ8AenY79xDVKxSFzoYQztkPQECxgl2kgd+6A2cj1JRI8DPsZeIAlN3Sz11JXUaSXLSiPnw97Dn9Hdjl10y84E+G9SRFOcdewXrxvRJAShKSdKtVwn1u2USM0oh6zgJQpiQgekBy1DBQlBtdPJfRneMUoXB5E0IzSeqF83UhIqNQx9kwyJ7quf3lj8zWslOjhqp0zEiQZB3x8KEo51hMdl4S6TQDUfGkKoZOavmPaJ6UibSgv/K+GyUnadsnu+X6yeTOvIoy20jUrIRYeoimroDNURRTfoDj2gR+vWureerOf3aM6a7myib7Be3wDghqI7</latexit><latexit sha1_base64="/4BlE4ZSMwAAd2OSUk2uAvsXFPw=">AAACH3icjVBNSwMxFMzWr1q/Vj16CRahHiy7RdSLUPTSo4K1hW4p2fRtG5rNrklWKNv9J178K148KCLe/DemtYqKggMPhpl5JG/8mDOlHefVys3Mzs0v5BcLS8srq2v2+salihJJoU4jHsmmTxRwJqCumebQjCWQ0OfQ8AenY79xDVKxSFzoYQztkPQECxgl2kgd+6A2cj1JRI8DPsZeIAlN3Sz11JXUaSXLSiPnw97Dn9Hdjl10y84E+G9SRFOcdewXrxvRJAShKSdKtVwn1u2USM0oh6zgJQpiQgekBy1DBQlBtdPJfRneMUoXB5E0IzSeqF83UhIqNQx9kwyJ7quf3lj8zWslOjhqp0zEiQZB3x8KEo51hMdl4S6TQDUfGkKoZOavmPaJ6UibSgv/K+GyUnadsnu+X6yeTOvIoy20jUrIRYeoimroDNURRTfoDj2gR+vWureerOf3aM6a7myib7Be3wDghqI7</latexit><latexit sha1_base64="/4BlE4ZSMwAAd2OSUk2uAvsXFPw=">AAACH3icjVBNSwMxFMzWr1q/Vj16CRahHiy7RdSLUPTSo4K1hW4p2fRtG5rNrklWKNv9J178K148KCLe/DemtYqKggMPhpl5JG/8mDOlHefVys3Mzs0v5BcLS8srq2v2+salihJJoU4jHsmmTxRwJqCumebQjCWQ0OfQ8AenY79xDVKxSFzoYQztkPQECxgl2kgd+6A2cj1JRI8DPsZeIAlN3Sz11JXUaSXLSiPnw97Dn9Hdjl10y84E+G9SRFOcdewXrxvRJAShKSdKtVwn1u2USM0oh6zgJQpiQgekBy1DBQlBtdPJfRneMUoXB5E0IzSeqF83UhIqNQx9kwyJ7quf3lj8zWslOjhqp0zEiQZB3x8KEo51hMdl4S6TQDUfGkKoZOavmPaJ6UibSgv/K+GyUnadsnu+X6yeTOvIoy20jUrIRYeoimroDNURRTfoDj2gR+vWureerOf3aM6a7myib7Be3wDghqI7</latexit>

E.g. the Hadamard gate:

H =
1p
2


1 1
1 �1

�

<latexit sha1_base64="YUZKaJMyelaY9KaUVOr5BMdA28k=">AAACLXicjVBNS8NAEN34WeNX1KOXxaJ4sWRF0Isg6qFHBatCU8pmO2mXbjZxdyOWkD/kxb8iggdFvPo33MaCHyj4YODx3gwz88JUcG18/8kZG5+YnJquzLizc/MLi97S8rlOMsWgwRKRqMuQahBcQsNwI+AyVUDjUMBF2D8a+hfXoDRP5JkZpNCKaVfyiDNqrNT2jut4HweRoiwnRR7oK2Xy7aIIQuhymYcxNYrfFC7BG5jgICjJFnEDkJ1Pt+1VSc0vgf8mVTTCSdt7CDoJy2KQhgmqdZP4qWnlVBnOBBRukGlIKevTLjQtlTQG3crLbwu8bpUOjhJlSxpcql8nchprPYhD22kP7Omf3lD8zWtmJtpr5VymmQHJPhZFmcAmwcPocIcrYEYMLKFMcXsrZj1qozM24H+GcL5dI36NnO5UDw5HcVTQKlpDm4igXXSA6ugENRBDt+gePaFn5855dF6c14/WMWc0s4K+wXl7B/ktphM=</latexit><latexit sha1_base64="YUZKaJMyelaY9KaUVOr5BMdA28k=">AAACLXicjVBNS8NAEN34WeNX1KOXxaJ4sWRF0Isg6qFHBatCU8pmO2mXbjZxdyOWkD/kxb8iggdFvPo33MaCHyj4YODx3gwz88JUcG18/8kZG5+YnJquzLizc/MLi97S8rlOMsWgwRKRqMuQahBcQsNwI+AyVUDjUMBF2D8a+hfXoDRP5JkZpNCKaVfyiDNqrNT2jut4HweRoiwnRR7oK2Xy7aIIQuhymYcxNYrfFC7BG5jgICjJFnEDkJ1Pt+1VSc0vgf8mVTTCSdt7CDoJy2KQhgmqdZP4qWnlVBnOBBRukGlIKevTLjQtlTQG3crLbwu8bpUOjhJlSxpcql8nchprPYhD22kP7Omf3lD8zWtmJtpr5VymmQHJPhZFmcAmwcPocIcrYEYMLKFMcXsrZj1qozM24H+GcL5dI36NnO5UDw5HcVTQKlpDm4igXXSA6ugENRBDt+gePaFn5855dF6c14/WMWc0s4K+wXl7B/ktphM=</latexit><latexit sha1_base64="YUZKaJMyelaY9KaUVOr5BMdA28k=">AAACLXicjVBNS8NAEN34WeNX1KOXxaJ4sWRF0Isg6qFHBatCU8pmO2mXbjZxdyOWkD/kxb8iggdFvPo33MaCHyj4YODx3gwz88JUcG18/8kZG5+YnJquzLizc/MLi97S8rlOMsWgwRKRqMuQahBcQsNwI+AyVUDjUMBF2D8a+hfXoDRP5JkZpNCKaVfyiDNqrNT2jut4HweRoiwnRR7oK2Xy7aIIQuhymYcxNYrfFC7BG5jgICjJFnEDkJ1Pt+1VSc0vgf8mVTTCSdt7CDoJy2KQhgmqdZP4qWnlVBnOBBRukGlIKevTLjQtlTQG3crLbwu8bpUOjhJlSxpcql8nchprPYhD22kP7Omf3lD8zWtmJtpr5VymmQHJPhZFmcAmwcPocIcrYEYMLKFMcXsrZj1qozM24H+GcL5dI36NnO5UDw5HcVTQKlpDm4igXXSA6ugENRBDt+gePaFn5855dF6c14/WMWc0s4K+wXl7B/ktphM=</latexit><latexit sha1_base64="YUZKaJMyelaY9KaUVOr5BMdA28k=">AAACLXicjVBNS8NAEN34WeNX1KOXxaJ4sWRF0Isg6qFHBatCU8pmO2mXbjZxdyOWkD/kxb8iggdFvPo33MaCHyj4YODx3gwz88JUcG18/8kZG5+YnJquzLizc/MLi97S8rlOMsWgwRKRqMuQahBcQsNwI+AyVUDjUMBF2D8a+hfXoDRP5JkZpNCKaVfyiDNqrNT2jut4HweRoiwnRR7oK2Xy7aIIQuhymYcxNYrfFC7BG5jgICjJFnEDkJ1Pt+1VSc0vgf8mVTTCSdt7CDoJy2KQhgmqdZP4qWnlVBnOBBRukGlIKevTLjQtlTQG3crLbwu8bpUOjhJlSxpcql8nchprPYhD22kP7Omf3lD8zWtmJtpr5VymmQHJPhZFmcAmwcPocIcrYEYMLKFMcXsrZj1qozM24H+GcL5dI36NnO5UDw5HcVTQKlpDm4igXXSA6ugENRBDt+gePaFn5855dF6c14/WMWc0s4K+wXl7B/ktphM=</latexit>



Operations on quantum states are via unitary operators  
(Matrices that preserve the norm of the vector)

H|0i = 1p
2
(|0i+ |1i)

<latexit sha1_base64="GFsymoHSjy3FtDXB/X1a5H6yXZM=">AAACH3icjZBLSwMxFIUzPmt9VV26CRahIpSZIupGKLrpsoJ9QKeUTHqnDc1kxiQjlOn8Ezf+FTcuFBF3/TemD/CBggcCh3PuJcnnRZwpbdtja2FxaXllNbOWXd/Y3NrO7ezWVRhLCjUa8lA2PaKAMwE1zTSHZiSBBB6Hhje4mvSNO5CKheJGDyNoB6QnmM8o0Sbq5E4rI9uVRPQ44Avs+pLQxEkTV91KnZTStPBZH+ORM/dHnVzeKdpT4b9NHs1V7eTe3W5I4wCEppwo1XLsSLcTIjWjHNKsGyuICB2QHrSMFSQA1U6m/0vxoUm62A+lOULjafp1IyGBUsPAM5MB0X31s5uEv3WtWPvn7YSJKNYg6OwiP+ZYh3gCC3eZBKr50BhCJTNvxbRPDCNtkGb/B6FeKjp20bk+yZcv5zgyaB8doAJy0Bkqowqqohqi6B49omf0Yj1YT9ar9TYbXbDmO3vom6zxB9uxojg=</latexit><latexit sha1_base64="GFsymoHSjy3FtDXB/X1a5H6yXZM=">AAACH3icjZBLSwMxFIUzPmt9VV26CRahIpSZIupGKLrpsoJ9QKeUTHqnDc1kxiQjlOn8Ezf+FTcuFBF3/TemD/CBggcCh3PuJcnnRZwpbdtja2FxaXllNbOWXd/Y3NrO7ezWVRhLCjUa8lA2PaKAMwE1zTSHZiSBBB6Hhje4mvSNO5CKheJGDyNoB6QnmM8o0Sbq5E4rI9uVRPQ44Avs+pLQxEkTV91KnZTStPBZH+ORM/dHnVzeKdpT4b9NHs1V7eTe3W5I4wCEppwo1XLsSLcTIjWjHNKsGyuICB2QHrSMFSQA1U6m/0vxoUm62A+lOULjafp1IyGBUsPAM5MB0X31s5uEv3WtWPvn7YSJKNYg6OwiP+ZYh3gCC3eZBKr50BhCJTNvxbRPDCNtkGb/B6FeKjp20bk+yZcv5zgyaB8doAJy0Bkqowqqohqi6B49omf0Yj1YT9ar9TYbXbDmO3vom6zxB9uxojg=</latexit><latexit sha1_base64="GFsymoHSjy3FtDXB/X1a5H6yXZM=">AAACH3icjZBLSwMxFIUzPmt9VV26CRahIpSZIupGKLrpsoJ9QKeUTHqnDc1kxiQjlOn8Ezf+FTcuFBF3/TemD/CBggcCh3PuJcnnRZwpbdtja2FxaXllNbOWXd/Y3NrO7ezWVRhLCjUa8lA2PaKAMwE1zTSHZiSBBB6Hhje4mvSNO5CKheJGDyNoB6QnmM8o0Sbq5E4rI9uVRPQ44Avs+pLQxEkTV91KnZTStPBZH+ORM/dHnVzeKdpT4b9NHs1V7eTe3W5I4wCEppwo1XLsSLcTIjWjHNKsGyuICB2QHrSMFSQA1U6m/0vxoUm62A+lOULjafp1IyGBUsPAM5MB0X31s5uEv3WtWPvn7YSJKNYg6OwiP+ZYh3gCC3eZBKr50BhCJTNvxbRPDCNtkGb/B6FeKjp20bk+yZcv5zgyaB8doAJy0Bkqowqqohqi6B49omf0Yj1YT9ar9TYbXbDmO3vom6zxB9uxojg=</latexit><latexit sha1_base64="GFsymoHSjy3FtDXB/X1a5H6yXZM=">AAACH3icjZBLSwMxFIUzPmt9VV26CRahIpSZIupGKLrpsoJ9QKeUTHqnDc1kxiQjlOn8Ezf+FTcuFBF3/TemD/CBggcCh3PuJcnnRZwpbdtja2FxaXllNbOWXd/Y3NrO7ezWVRhLCjUa8lA2PaKAMwE1zTSHZiSBBB6Hhje4mvSNO5CKheJGDyNoB6QnmM8o0Sbq5E4rI9uVRPQ44Avs+pLQxEkTV91KnZTStPBZH+ORM/dHnVzeKdpT4b9NHs1V7eTe3W5I4wCEppwo1XLsSLcTIjWjHNKsGyuICB2QHrSMFSQA1U6m/0vxoUm62A+lOULjafp1IyGBUsPAM5MB0X31s5uEv3WtWPvn7YSJKNYg6OwiP+ZYh3gCC3eZBKr50BhCJTNvxbRPDCNtkGb/B6FeKjp20bk+yZcv5zgyaB8doAJy0Bkqowqqohqi6B49omf0Yj1YT9ar9TYbXbDmO3vom6zxB9uxojg=</latexit>

H|1i = 1p
2
(|0i � |1i)

<latexit sha1_base64="/4BlE4ZSMwAAd2OSUk2uAvsXFPw=">AAACH3icjVBNSwMxFMzWr1q/Vj16CRahHiy7RdSLUPTSo4K1hW4p2fRtG5rNrklWKNv9J178K148KCLe/DemtYqKggMPhpl5JG/8mDOlHefVys3Mzs0v5BcLS8srq2v2+salihJJoU4jHsmmTxRwJqCumebQjCWQ0OfQ8AenY79xDVKxSFzoYQztkPQECxgl2kgd+6A2cj1JRI8DPsZeIAlN3Sz11JXUaSXLSiPnw97Dn9Hdjl10y84E+G9SRFOcdewXrxvRJAShKSdKtVwn1u2USM0oh6zgJQpiQgekBy1DBQlBtdPJfRneMUoXB5E0IzSeqF83UhIqNQx9kwyJ7quf3lj8zWslOjhqp0zEiQZB3x8KEo51hMdl4S6TQDUfGkKoZOavmPaJ6UibSgv/K+GyUnadsnu+X6yeTOvIoy20jUrIRYeoimroDNURRTfoDj2gR+vWureerOf3aM6a7myib7Be3wDghqI7</latexit><latexit sha1_base64="/4BlE4ZSMwAAd2OSUk2uAvsXFPw=">AAACH3icjVBNSwMxFMzWr1q/Vj16CRahHiy7RdSLUPTSo4K1hW4p2fRtG5rNrklWKNv9J178K148KCLe/DemtYqKggMPhpl5JG/8mDOlHefVys3Mzs0v5BcLS8srq2v2+salihJJoU4jHsmmTxRwJqCumebQjCWQ0OfQ8AenY79xDVKxSFzoYQztkPQECxgl2kgd+6A2cj1JRI8DPsZeIAlN3Sz11JXUaSXLSiPnw97Dn9Hdjl10y84E+G9SRFOcdewXrxvRJAShKSdKtVwn1u2USM0oh6zgJQpiQgekBy1DBQlBtdPJfRneMUoXB5E0IzSeqF83UhIqNQx9kwyJ7quf3lj8zWslOjhqp0zEiQZB3x8KEo51hMdl4S6TQDUfGkKoZOavmPaJ6UibSgv/K+GyUnadsnu+X6yeTOvIoy20jUrIRYeoimroDNURRTfoDj2gR+vWureerOf3aM6a7myib7Be3wDghqI7</latexit><latexit sha1_base64="/4BlE4ZSMwAAd2OSUk2uAvsXFPw=">AAACH3icjVBNSwMxFMzWr1q/Vj16CRahHiy7RdSLUPTSo4K1hW4p2fRtG5rNrklWKNv9J178K148KCLe/DemtYqKggMPhpl5JG/8mDOlHefVys3Mzs0v5BcLS8srq2v2+salihJJoU4jHsmmTxRwJqCumebQjCWQ0OfQ8AenY79xDVKxSFzoYQztkPQECxgl2kgd+6A2cj1JRI8DPsZeIAlN3Sz11JXUaSXLSiPnw97Dn9Hdjl10y84E+G9SRFOcdewXrxvRJAShKSdKtVwn1u2USM0oh6zgJQpiQgekBy1DBQlBtdPJfRneMUoXB5E0IzSeqF83UhIqNQx9kwyJ7quf3lj8zWslOjhqp0zEiQZB3x8KEo51hMdl4S6TQDUfGkKoZOavmPaJ6UibSgv/K+GyUnadsnu+X6yeTOvIoy20jUrIRYeoimroDNURRTfoDj2gR+vWureerOf3aM6a7myib7Be3wDghqI7</latexit><latexit sha1_base64="/4BlE4ZSMwAAd2OSUk2uAvsXFPw=">AAACH3icjVBNSwMxFMzWr1q/Vj16CRahHiy7RdSLUPTSo4K1hW4p2fRtG5rNrklWKNv9J178K148KCLe/DemtYqKggMPhpl5JG/8mDOlHefVys3Mzs0v5BcLS8srq2v2+salihJJoU4jHsmmTxRwJqCumebQjCWQ0OfQ8AenY79xDVKxSFzoYQztkPQECxgl2kgd+6A2cj1JRI8DPsZeIAlN3Sz11JXUaSXLSiPnw97Dn9Hdjl10y84E+G9SRFOcdewXrxvRJAShKSdKtVwn1u2USM0oh6zgJQpiQgekBy1DBQlBtdPJfRneMUoXB5E0IzSeqF83UhIqNQx9kwyJ7quf3lj8zWslOjhqp0zEiQZB3x8KEo51hMdl4S6TQDUfGkKoZOavmPaJ6UibSgv/K+GyUnadsnu+X6yeTOvIoy20jUrIRYeoimroDNURRTfoDj2gR+vWureerOf3aM6a7myib7Be3wDghqI7</latexit>

E.g. the Hadamard gate:

H =
1p
2


1 1
1 �1

�

<latexit sha1_base64="YUZKaJMyelaY9KaUVOr5BMdA28k=">AAACLXicjVBNS8NAEN34WeNX1KOXxaJ4sWRF0Isg6qFHBatCU8pmO2mXbjZxdyOWkD/kxb8iggdFvPo33MaCHyj4YODx3gwz88JUcG18/8kZG5+YnJquzLizc/MLi97S8rlOMsWgwRKRqMuQahBcQsNwI+AyVUDjUMBF2D8a+hfXoDRP5JkZpNCKaVfyiDNqrNT2jut4HweRoiwnRR7oK2Xy7aIIQuhymYcxNYrfFC7BG5jgICjJFnEDkJ1Pt+1VSc0vgf8mVTTCSdt7CDoJy2KQhgmqdZP4qWnlVBnOBBRukGlIKevTLjQtlTQG3crLbwu8bpUOjhJlSxpcql8nchprPYhD22kP7Omf3lD8zWtmJtpr5VymmQHJPhZFmcAmwcPocIcrYEYMLKFMcXsrZj1qozM24H+GcL5dI36NnO5UDw5HcVTQKlpDm4igXXSA6ugENRBDt+gePaFn5855dF6c14/WMWc0s4K+wXl7B/ktphM=</latexit><latexit sha1_base64="YUZKaJMyelaY9KaUVOr5BMdA28k=">AAACLXicjVBNS8NAEN34WeNX1KOXxaJ4sWRF0Isg6qFHBatCU8pmO2mXbjZxdyOWkD/kxb8iggdFvPo33MaCHyj4YODx3gwz88JUcG18/8kZG5+YnJquzLizc/MLi97S8rlOMsWgwRKRqMuQahBcQsNwI+AyVUDjUMBF2D8a+hfXoDRP5JkZpNCKaVfyiDNqrNT2jut4HweRoiwnRR7oK2Xy7aIIQuhymYcxNYrfFC7BG5jgICjJFnEDkJ1Pt+1VSc0vgf8mVTTCSdt7CDoJy2KQhgmqdZP4qWnlVBnOBBRukGlIKevTLjQtlTQG3crLbwu8bpUOjhJlSxpcql8nchprPYhD22kP7Omf3lD8zWtmJtpr5VymmQHJPhZFmcAmwcPocIcrYEYMLKFMcXsrZj1qozM24H+GcL5dI36NnO5UDw5HcVTQKlpDm4igXXSA6ugENRBDt+gePaFn5855dF6c14/WMWc0s4K+wXl7B/ktphM=</latexit><latexit sha1_base64="YUZKaJMyelaY9KaUVOr5BMdA28k=">AAACLXicjVBNS8NAEN34WeNX1KOXxaJ4sWRF0Isg6qFHBatCU8pmO2mXbjZxdyOWkD/kxb8iggdFvPo33MaCHyj4YODx3gwz88JUcG18/8kZG5+YnJquzLizc/MLi97S8rlOMsWgwRKRqMuQahBcQsNwI+AyVUDjUMBF2D8a+hfXoDRP5JkZpNCKaVfyiDNqrNT2jut4HweRoiwnRR7oK2Xy7aIIQuhymYcxNYrfFC7BG5jgICjJFnEDkJ1Pt+1VSc0vgf8mVTTCSdt7CDoJy2KQhgmqdZP4qWnlVBnOBBRukGlIKevTLjQtlTQG3crLbwu8bpUOjhJlSxpcql8nchprPYhD22kP7Omf3lD8zWtmJtpr5VymmQHJPhZFmcAmwcPocIcrYEYMLKFMcXsrZj1qozM24H+GcL5dI36NnO5UDw5HcVTQKlpDm4igXXSA6ugENRBDt+gePaFn5855dF6c14/WMWc0s4K+wXl7B/ktphM=</latexit><latexit sha1_base64="YUZKaJMyelaY9KaUVOr5BMdA28k=">AAACLXicjVBNS8NAEN34WeNX1KOXxaJ4sWRF0Isg6qFHBatCU8pmO2mXbjZxdyOWkD/kxb8iggdFvPo33MaCHyj4YODx3gwz88JUcG18/8kZG5+YnJquzLizc/MLi97S8rlOMsWgwRKRqMuQahBcQsNwI+AyVUDjUMBF2D8a+hfXoDRP5JkZpNCKaVfyiDNqrNT2jut4HweRoiwnRR7oK2Xy7aIIQuhymYcxNYrfFC7BG5jgICjJFnEDkJ1Pt+1VSc0vgf8mVTTCSdt7CDoJy2KQhgmqdZP4qWnlVBnOBBRukGlIKevTLjQtlTQG3crLbwu8bpUOjhJlSxpcql8nchprPYhD22kP7Omf3lD8zWtmJtpr5VymmQHJPhZFmcAmwcPocIcrYEYMLKFMcXsrZj1qozM24H+GcL5dI36NnO5UDw5HcVTQKlpDm4igXXSA6ugENRBDt+gePaFn5855dF6c14/WMWc0s4K+wXl7B/ktphM=</latexit>

We represent sequences of operations as circuits:



Operations on quantum states are via unitary operators  
(Matrices that preserve the norm of the vector)

H|0i = 1p
2
(|0i+ |1i)

<latexit sha1_base64="GFsymoHSjy3FtDXB/X1a5H6yXZM=">AAACH3icjZBLSwMxFIUzPmt9VV26CRahIpSZIupGKLrpsoJ9QKeUTHqnDc1kxiQjlOn8Ezf+FTcuFBF3/TemD/CBggcCh3PuJcnnRZwpbdtja2FxaXllNbOWXd/Y3NrO7ezWVRhLCjUa8lA2PaKAMwE1zTSHZiSBBB6Hhje4mvSNO5CKheJGDyNoB6QnmM8o0Sbq5E4rI9uVRPQ44Avs+pLQxEkTV91KnZTStPBZH+ORM/dHnVzeKdpT4b9NHs1V7eTe3W5I4wCEppwo1XLsSLcTIjWjHNKsGyuICB2QHrSMFSQA1U6m/0vxoUm62A+lOULjafp1IyGBUsPAM5MB0X31s5uEv3WtWPvn7YSJKNYg6OwiP+ZYh3gCC3eZBKr50BhCJTNvxbRPDCNtkGb/B6FeKjp20bk+yZcv5zgyaB8doAJy0Bkqowqqohqi6B49omf0Yj1YT9ar9TYbXbDmO3vom6zxB9uxojg=</latexit><latexit sha1_base64="GFsymoHSjy3FtDXB/X1a5H6yXZM=">AAACH3icjZBLSwMxFIUzPmt9VV26CRahIpSZIupGKLrpsoJ9QKeUTHqnDc1kxiQjlOn8Ezf+FTcuFBF3/TemD/CBggcCh3PuJcnnRZwpbdtja2FxaXllNbOWXd/Y3NrO7ezWVRhLCjUa8lA2PaKAMwE1zTSHZiSBBB6Hhje4mvSNO5CKheJGDyNoB6QnmM8o0Sbq5E4rI9uVRPQ44Avs+pLQxEkTV91KnZTStPBZH+ORM/dHnVzeKdpT4b9NHs1V7eTe3W5I4wCEppwo1XLsSLcTIjWjHNKsGyuICB2QHrSMFSQA1U6m/0vxoUm62A+lOULjafp1IyGBUsPAM5MB0X31s5uEv3WtWPvn7YSJKNYg6OwiP+ZYh3gCC3eZBKr50BhCJTNvxbRPDCNtkGb/B6FeKjp20bk+yZcv5zgyaB8doAJy0Bkqowqqohqi6B49omf0Yj1YT9ar9TYbXbDmO3vom6zxB9uxojg=</latexit><latexit sha1_base64="GFsymoHSjy3FtDXB/X1a5H6yXZM=">AAACH3icjZBLSwMxFIUzPmt9VV26CRahIpSZIupGKLrpsoJ9QKeUTHqnDc1kxiQjlOn8Ezf+FTcuFBF3/TemD/CBggcCh3PuJcnnRZwpbdtja2FxaXllNbOWXd/Y3NrO7ezWVRhLCjUa8lA2PaKAMwE1zTSHZiSBBB6Hhje4mvSNO5CKheJGDyNoB6QnmM8o0Sbq5E4rI9uVRPQ44Avs+pLQxEkTV91KnZTStPBZH+ORM/dHnVzeKdpT4b9NHs1V7eTe3W5I4wCEppwo1XLsSLcTIjWjHNKsGyuICB2QHrSMFSQA1U6m/0vxoUm62A+lOULjafp1IyGBUsPAM5MB0X31s5uEv3WtWPvn7YSJKNYg6OwiP+ZYh3gCC3eZBKr50BhCJTNvxbRPDCNtkGb/B6FeKjp20bk+yZcv5zgyaB8doAJy0Bkqowqqohqi6B49omf0Yj1YT9ar9TYbXbDmO3vom6zxB9uxojg=</latexit><latexit sha1_base64="GFsymoHSjy3FtDXB/X1a5H6yXZM=">AAACH3icjZBLSwMxFIUzPmt9VV26CRahIpSZIupGKLrpsoJ9QKeUTHqnDc1kxiQjlOn8Ezf+FTcuFBF3/TemD/CBggcCh3PuJcnnRZwpbdtja2FxaXllNbOWXd/Y3NrO7ezWVRhLCjUa8lA2PaKAMwE1zTSHZiSBBB6Hhje4mvSNO5CKheJGDyNoB6QnmM8o0Sbq5E4rI9uVRPQ44Avs+pLQxEkTV91KnZTStPBZH+ORM/dHnVzeKdpT4b9NHs1V7eTe3W5I4wCEppwo1XLsSLcTIjWjHNKsGyuICB2QHrSMFSQA1U6m/0vxoUm62A+lOULjafp1IyGBUsPAM5MB0X31s5uEv3WtWPvn7YSJKNYg6OwiP+ZYh3gCC3eZBKr50BhCJTNvxbRPDCNtkGb/B6FeKjp20bk+yZcv5zgyaB8doAJy0Bkqowqqohqi6B49omf0Yj1YT9ar9TYbXbDmO3vom6zxB9uxojg=</latexit>

H|1i = 1p
2
(|0i � |1i)

<latexit sha1_base64="/4BlE4ZSMwAAd2OSUk2uAvsXFPw=">AAACH3icjVBNSwMxFMzWr1q/Vj16CRahHiy7RdSLUPTSo4K1hW4p2fRtG5rNrklWKNv9J178K148KCLe/DemtYqKggMPhpl5JG/8mDOlHefVys3Mzs0v5BcLS8srq2v2+salihJJoU4jHsmmTxRwJqCumebQjCWQ0OfQ8AenY79xDVKxSFzoYQztkPQECxgl2kgd+6A2cj1JRI8DPsZeIAlN3Sz11JXUaSXLSiPnw97Dn9Hdjl10y84E+G9SRFOcdewXrxvRJAShKSdKtVwn1u2USM0oh6zgJQpiQgekBy1DBQlBtdPJfRneMUoXB5E0IzSeqF83UhIqNQx9kwyJ7quf3lj8zWslOjhqp0zEiQZB3x8KEo51hMdl4S6TQDUfGkKoZOavmPaJ6UibSgv/K+GyUnadsnu+X6yeTOvIoy20jUrIRYeoimroDNURRTfoDj2gR+vWureerOf3aM6a7myib7Be3wDghqI7</latexit><latexit sha1_base64="/4BlE4ZSMwAAd2OSUk2uAvsXFPw=">AAACH3icjVBNSwMxFMzWr1q/Vj16CRahHiy7RdSLUPTSo4K1hW4p2fRtG5rNrklWKNv9J178K148KCLe/DemtYqKggMPhpl5JG/8mDOlHefVys3Mzs0v5BcLS8srq2v2+salihJJoU4jHsmmTxRwJqCumebQjCWQ0OfQ8AenY79xDVKxSFzoYQztkPQECxgl2kgd+6A2cj1JRI8DPsZeIAlN3Sz11JXUaSXLSiPnw97Dn9Hdjl10y84E+G9SRFOcdewXrxvRJAShKSdKtVwn1u2USM0oh6zgJQpiQgekBy1DBQlBtdPJfRneMUoXB5E0IzSeqF83UhIqNQx9kwyJ7quf3lj8zWslOjhqp0zEiQZB3x8KEo51hMdl4S6TQDUfGkKoZOavmPaJ6UibSgv/K+GyUnadsnu+X6yeTOvIoy20jUrIRYeoimroDNURRTfoDj2gR+vWureerOf3aM6a7myib7Be3wDghqI7</latexit><latexit sha1_base64="/4BlE4ZSMwAAd2OSUk2uAvsXFPw=">AAACH3icjVBNSwMxFMzWr1q/Vj16CRahHiy7RdSLUPTSo4K1hW4p2fRtG5rNrklWKNv9J178K148KCLe/DemtYqKggMPhpl5JG/8mDOlHefVys3Mzs0v5BcLS8srq2v2+salihJJoU4jHsmmTxRwJqCumebQjCWQ0OfQ8AenY79xDVKxSFzoYQztkPQECxgl2kgd+6A2cj1JRI8DPsZeIAlN3Sz11JXUaSXLSiPnw97Dn9Hdjl10y84E+G9SRFOcdewXrxvRJAShKSdKtVwn1u2USM0oh6zgJQpiQgekBy1DBQlBtdPJfRneMUoXB5E0IzSeqF83UhIqNQx9kwyJ7quf3lj8zWslOjhqp0zEiQZB3x8KEo51hMdl4S6TQDUfGkKoZOavmPaJ6UibSgv/K+GyUnadsnu+X6yeTOvIoy20jUrIRYeoimroDNURRTfoDj2gR+vWureerOf3aM6a7myib7Be3wDghqI7</latexit><latexit sha1_base64="/4BlE4ZSMwAAd2OSUk2uAvsXFPw=">AAACH3icjVBNSwMxFMzWr1q/Vj16CRahHiy7RdSLUPTSo4K1hW4p2fRtG5rNrklWKNv9J178K148KCLe/DemtYqKggMPhpl5JG/8mDOlHefVys3Mzs0v5BcLS8srq2v2+salihJJoU4jHsmmTxRwJqCumebQjCWQ0OfQ8AenY79xDVKxSFzoYQztkPQECxgl2kgd+6A2cj1JRI8DPsZeIAlN3Sz11JXUaSXLSiPnw97Dn9Hdjl10y84E+G9SRFOcdewXrxvRJAShKSdKtVwn1u2USM0oh6zgJQpiQgekBy1DBQlBtdPJfRneMUoXB5E0IzSeqF83UhIqNQx9kwyJ7quf3lj8zWslOjhqp0zEiQZB3x8KEo51hMdl4S6TQDUfGkKoZOavmPaJ6UibSgv/K+GyUnadsnu+X6yeTOvIoy20jUrIRYeoimroDNURRTfoDj2gR+vWureerOf3aM6a7myib7Be3wDghqI7</latexit>

E.g. the Hadamard gate:

H =
1p
2


1 1
1 �1

�

<latexit sha1_base64="YUZKaJMyelaY9KaUVOr5BMdA28k=">AAACLXicjVBNS8NAEN34WeNX1KOXxaJ4sWRF0Isg6qFHBatCU8pmO2mXbjZxdyOWkD/kxb8iggdFvPo33MaCHyj4YODx3gwz88JUcG18/8kZG5+YnJquzLizc/MLi97S8rlOMsWgwRKRqMuQahBcQsNwI+AyVUDjUMBF2D8a+hfXoDRP5JkZpNCKaVfyiDNqrNT2jut4HweRoiwnRR7oK2Xy7aIIQuhymYcxNYrfFC7BG5jgICjJFnEDkJ1Pt+1VSc0vgf8mVTTCSdt7CDoJy2KQhgmqdZP4qWnlVBnOBBRukGlIKevTLjQtlTQG3crLbwu8bpUOjhJlSxpcql8nchprPYhD22kP7Omf3lD8zWtmJtpr5VymmQHJPhZFmcAmwcPocIcrYEYMLKFMcXsrZj1qozM24H+GcL5dI36NnO5UDw5HcVTQKlpDm4igXXSA6ugENRBDt+gePaFn5855dF6c14/WMWc0s4K+wXl7B/ktphM=</latexit><latexit sha1_base64="YUZKaJMyelaY9KaUVOr5BMdA28k=">AAACLXicjVBNS8NAEN34WeNX1KOXxaJ4sWRF0Isg6qFHBatCU8pmO2mXbjZxdyOWkD/kxb8iggdFvPo33MaCHyj4YODx3gwz88JUcG18/8kZG5+YnJquzLizc/MLi97S8rlOMsWgwRKRqMuQahBcQsNwI+AyVUDjUMBF2D8a+hfXoDRP5JkZpNCKaVfyiDNqrNT2jut4HweRoiwnRR7oK2Xy7aIIQuhymYcxNYrfFC7BG5jgICjJFnEDkJ1Pt+1VSc0vgf8mVTTCSdt7CDoJy2KQhgmqdZP4qWnlVBnOBBRukGlIKevTLjQtlTQG3crLbwu8bpUOjhJlSxpcql8nchprPYhD22kP7Omf3lD8zWtmJtpr5VymmQHJPhZFmcAmwcPocIcrYEYMLKFMcXsrZj1qozM24H+GcL5dI36NnO5UDw5HcVTQKlpDm4igXXSA6ugENRBDt+gePaFn5855dF6c14/WMWc0s4K+wXl7B/ktphM=</latexit><latexit sha1_base64="YUZKaJMyelaY9KaUVOr5BMdA28k=">AAACLXicjVBNS8NAEN34WeNX1KOXxaJ4sWRF0Isg6qFHBatCU8pmO2mXbjZxdyOWkD/kxb8iggdFvPo33MaCHyj4YODx3gwz88JUcG18/8kZG5+YnJquzLizc/MLi97S8rlOMsWgwRKRqMuQahBcQsNwI+AyVUDjUMBF2D8a+hfXoDRP5JkZpNCKaVfyiDNqrNT2jut4HweRoiwnRR7oK2Xy7aIIQuhymYcxNYrfFC7BG5jgICjJFnEDkJ1Pt+1VSc0vgf8mVTTCSdt7CDoJy2KQhgmqdZP4qWnlVBnOBBRukGlIKevTLjQtlTQG3crLbwu8bpUOjhJlSxpcql8nchprPYhD22kP7Omf3lD8zWtmJtpr5VymmQHJPhZFmcAmwcPocIcrYEYMLKFMcXsrZj1qozM24H+GcL5dI36NnO5UDw5HcVTQKlpDm4igXXSA6ugENRBDt+gePaFn5855dF6c14/WMWc0s4K+wXl7B/ktphM=</latexit><latexit sha1_base64="YUZKaJMyelaY9KaUVOr5BMdA28k=">AAACLXicjVBNS8NAEN34WeNX1KOXxaJ4sWRF0Isg6qFHBatCU8pmO2mXbjZxdyOWkD/kxb8iggdFvPo33MaCHyj4YODx3gwz88JUcG18/8kZG5+YnJquzLizc/MLi97S8rlOMsWgwRKRqMuQahBcQsNwI+AyVUDjUMBF2D8a+hfXoDRP5JkZpNCKaVfyiDNqrNT2jut4HweRoiwnRR7oK2Xy7aIIQuhymYcxNYrfFC7BG5jgICjJFnEDkJ1Pt+1VSc0vgf8mVTTCSdt7CDoJy2KQhgmqdZP4qWnlVBnOBBRukGlIKevTLjQtlTQG3crLbwu8bpUOjhJlSxpcql8nchprPYhD22kP7Omf3lD8zWtmJtpr5VymmQHJPhZFmcAmwcPocIcrYEYMLKFMcXsrZj1qozM24H+GcL5dI36NnO5UDw5HcVTQKlpDm4igXXSA6ugENRBDt+gePaFn5855dF6c14/WMWc0s4K+wXl7B/ktphM=</latexit>

We represent sequences of operations as circuits:

Given a state      , the probability of measuring       is:| i
<latexit sha1_base64="mWp6JVh+VDJWNXT5U7Qpf7s7pAc=">AAAB9HicjVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOyS5id9CZDZmc3M7OBsOY7vHhQxKsf482/cfI4qChY0FBUddNFhang2rjuh1NYWV1b3yhulra2d3b3yvsHTZ1kimGDJSJR7ZBqFFxiw3AjsJ0qpHEosBUOr2d+a4xK80TemUmKQUz7kkecUWOl4N5PNfcVlX2BpFuueFV3DvI3qcAS9W753e8lLItRGiao1h3PTU2QU2U4Ezgt+ZnGlLIh7WPHUklj1EE+Dz0lJ1bpkShRdqQhc/XrRU5jrSdxaDdjagb6pzcTf/M6mYkug5zLNDMo2eJRlAliEjJrgPS4QmbExBLKFLdZCRtQRZmxPZX+V0LzrOq5Ve/2vFK7WtZRhCM4hlPw4AJqcAN1aACDETzAEzw7Y+fReXFeF6sFZ3lzCN/gvH0CyxOSGA==</latexit><latexit sha1_base64="mWp6JVh+VDJWNXT5U7Qpf7s7pAc=">AAAB9HicjVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOyS5id9CZDZmc3M7OBsOY7vHhQxKsf482/cfI4qChY0FBUddNFhang2rjuh1NYWV1b3yhulra2d3b3yvsHTZ1kimGDJSJR7ZBqFFxiw3AjsJ0qpHEosBUOr2d+a4xK80TemUmKQUz7kkecUWOl4N5PNfcVlX2BpFuueFV3DvI3qcAS9W753e8lLItRGiao1h3PTU2QU2U4Ezgt+ZnGlLIh7WPHUklj1EE+Dz0lJ1bpkShRdqQhc/XrRU5jrSdxaDdjagb6pzcTf/M6mYkug5zLNDMo2eJRlAliEjJrgPS4QmbExBLKFLdZCRtQRZmxPZX+V0LzrOq5Ve/2vFK7WtZRhCM4hlPw4AJqcAN1aACDETzAEzw7Y+fReXFeF6sFZ3lzCN/gvH0CyxOSGA==</latexit><latexit sha1_base64="mWp6JVh+VDJWNXT5U7Qpf7s7pAc=">AAAB9HicjVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOyS5id9CZDZmc3M7OBsOY7vHhQxKsf482/cfI4qChY0FBUddNFhang2rjuh1NYWV1b3yhulra2d3b3yvsHTZ1kimGDJSJR7ZBqFFxiw3AjsJ0qpHEosBUOr2d+a4xK80TemUmKQUz7kkecUWOl4N5PNfcVlX2BpFuueFV3DvI3qcAS9W753e8lLItRGiao1h3PTU2QU2U4Ezgt+ZnGlLIh7WPHUklj1EE+Dz0lJ1bpkShRdqQhc/XrRU5jrSdxaDdjagb6pzcTf/M6mYkug5zLNDMo2eJRlAliEjJrgPS4QmbExBLKFLdZCRtQRZmxPZX+V0LzrOq5Ve/2vFK7WtZRhCM4hlPw4AJqcAN1aACDETzAEzw7Y+fReXFeF6sFZ3lzCN/gvH0CyxOSGA==</latexit><latexit sha1_base64="mWp6JVh+VDJWNXT5U7Qpf7s7pAc=">AAAB9HicjVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOyS5id9CZDZmc3M7OBsOY7vHhQxKsf482/cfI4qChY0FBUddNFhang2rjuh1NYWV1b3yhulra2d3b3yvsHTZ1kimGDJSJR7ZBqFFxiw3AjsJ0qpHEosBUOr2d+a4xK80TemUmKQUz7kkecUWOl4N5PNfcVlX2BpFuueFV3DvI3qcAS9W753e8lLItRGiao1h3PTU2QU2U4Ezgt+ZnGlLIh7WPHUklj1EE+Dz0lJ1bpkShRdqQhc/XrRU5jrSdxaDdjagb6pzcTf/M6mYkug5zLNDMo2eJRlAliEjJrgPS4QmbExBLKFLdZCRtQRZmxPZX+V0LzrOq5Ve/2vFK7WtZRhCM4hlPw4AJqcAN1aACDETzAEzw7Y+fReXFeF6sFZ3lzCN/gvH0CyxOSGA==</latexit>

|�i
<latexit sha1_base64="lw1gFhDaMW5w68RFWzzG6H9OeZw=">AAAB83icjVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RTCJklzA76U2GzM4OM7NCWPMbXjwo4tWf8ebfOHkcVBQsaCiquumiYiW4sb7/4ZWWlldW18rrlY3Nre2d6u5e22S5Zthimcj0bUwNCi6xZbkVeKs00jQW2IlHl1O/c4fa8Eze2LHCKKUDyRPOqHVSeB+qIQ81lQOBvWotqPszkL9JDRZo9qrvYT9jeYrSMkGN6Qa+slFBteVM4KQS5gYVZSM6wK6jkqZoomKWeUKOnNInSabdSEtm6teLgqbGjNPYbabUDs1Pbyr+5nVzm5xHBZcqtyjZ/FGSC2IzMi2A9LlGZsXYEco0d1kJG1JNmXU1Vf5XQvukHvj14Pq01rhY1FGGAziEYwjgDBpwBU1oAQMFD/AEz17uPXov3ut8teQtbvbhG7y3T1+ckeM=</latexit><latexit sha1_base64="lw1gFhDaMW5w68RFWzzG6H9OeZw=">AAAB83icjVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RTCJklzA76U2GzM4OM7NCWPMbXjwo4tWf8ebfOHkcVBQsaCiquumiYiW4sb7/4ZWWlldW18rrlY3Nre2d6u5e22S5Zthimcj0bUwNCi6xZbkVeKs00jQW2IlHl1O/c4fa8Eze2LHCKKUDyRPOqHVSeB+qIQ81lQOBvWotqPszkL9JDRZo9qrvYT9jeYrSMkGN6Qa+slFBteVM4KQS5gYVZSM6wK6jkqZoomKWeUKOnNInSabdSEtm6teLgqbGjNPYbabUDs1Pbyr+5nVzm5xHBZcqtyjZ/FGSC2IzMi2A9LlGZsXYEco0d1kJG1JNmXU1Vf5XQvukHvj14Pq01rhY1FGGAziEYwjgDBpwBU1oAQMFD/AEz17uPXov3ut8teQtbvbhG7y3T1+ckeM=</latexit><latexit sha1_base64="lw1gFhDaMW5w68RFWzzG6H9OeZw=">AAAB83icjVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RTCJklzA76U2GzM4OM7NCWPMbXjwo4tWf8ebfOHkcVBQsaCiquumiYiW4sb7/4ZWWlldW18rrlY3Nre2d6u5e22S5Zthimcj0bUwNCi6xZbkVeKs00jQW2IlHl1O/c4fa8Eze2LHCKKUDyRPOqHVSeB+qIQ81lQOBvWotqPszkL9JDRZo9qrvYT9jeYrSMkGN6Qa+slFBteVM4KQS5gYVZSM6wK6jkqZoomKWeUKOnNInSabdSEtm6teLgqbGjNPYbabUDs1Pbyr+5nVzm5xHBZcqtyjZ/FGSC2IzMi2A9LlGZsXYEco0d1kJG1JNmXU1Vf5XQvukHvj14Pq01rhY1FGGAziEYwjgDBpwBU1oAQMFD/AEz17uPXov3ut8teQtbvbhG7y3T1+ckeM=</latexit><latexit sha1_base64="lw1gFhDaMW5w68RFWzzG6H9OeZw=">AAAB83icjVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RTCJklzA76U2GzM4OM7NCWPMbXjwo4tWf8ebfOHkcVBQsaCiquumiYiW4sb7/4ZWWlldW18rrlY3Nre2d6u5e22S5Zthimcj0bUwNCi6xZbkVeKs00jQW2IlHl1O/c4fa8Eze2LHCKKUDyRPOqHVSeB+qIQ81lQOBvWotqPszkL9JDRZo9qrvYT9jeYrSMkGN6Qa+slFBteVM4KQS5gYVZSM6wK6jkqZoomKWeUKOnNInSabdSEtm6teLgqbGjNPYbabUDs1Pbyr+5nVzm5xHBZcqtyjZ/FGSC2IzMi2A9LlGZsXYEco0d1kJG1JNmXU1Vf5XQvukHvj14Pq01rhY1FGGAziEYwjgDBpwBU1oAQMFD/AEz17uPXov3ut8teQtbvbhG7y3T1+ckeM=</latexit>



Operations on quantum states are via unitary operators  
(Matrices that preserve the norm of the vector)

H|0i = 1p
2
(|0i+ |1i)

<latexit sha1_base64="GFsymoHSjy3FtDXB/X1a5H6yXZM=">AAACH3icjZBLSwMxFIUzPmt9VV26CRahIpSZIupGKLrpsoJ9QKeUTHqnDc1kxiQjlOn8Ezf+FTcuFBF3/TemD/CBggcCh3PuJcnnRZwpbdtja2FxaXllNbOWXd/Y3NrO7ezWVRhLCjUa8lA2PaKAMwE1zTSHZiSBBB6Hhje4mvSNO5CKheJGDyNoB6QnmM8o0Sbq5E4rI9uVRPQ44Avs+pLQxEkTV91KnZTStPBZH+ORM/dHnVzeKdpT4b9NHs1V7eTe3W5I4wCEppwo1XLsSLcTIjWjHNKsGyuICB2QHrSMFSQA1U6m/0vxoUm62A+lOULjafp1IyGBUsPAM5MB0X31s5uEv3WtWPvn7YSJKNYg6OwiP+ZYh3gCC3eZBKr50BhCJTNvxbRPDCNtkGb/B6FeKjp20bk+yZcv5zgyaB8doAJy0Bkqowqqohqi6B49omf0Yj1YT9ar9TYbXbDmO3vom6zxB9uxojg=</latexit><latexit sha1_base64="GFsymoHSjy3FtDXB/X1a5H6yXZM=">AAACH3icjZBLSwMxFIUzPmt9VV26CRahIpSZIupGKLrpsoJ9QKeUTHqnDc1kxiQjlOn8Ezf+FTcuFBF3/TemD/CBggcCh3PuJcnnRZwpbdtja2FxaXllNbOWXd/Y3NrO7ezWVRhLCjUa8lA2PaKAMwE1zTSHZiSBBB6Hhje4mvSNO5CKheJGDyNoB6QnmM8o0Sbq5E4rI9uVRPQ44Avs+pLQxEkTV91KnZTStPBZH+ORM/dHnVzeKdpT4b9NHs1V7eTe3W5I4wCEppwo1XLsSLcTIjWjHNKsGyuICB2QHrSMFSQA1U6m/0vxoUm62A+lOULjafp1IyGBUsPAM5MB0X31s5uEv3WtWPvn7YSJKNYg6OwiP+ZYh3gCC3eZBKr50BhCJTNvxbRPDCNtkGb/B6FeKjp20bk+yZcv5zgyaB8doAJy0Bkqowqqohqi6B49omf0Yj1YT9ar9TYbXbDmO3vom6zxB9uxojg=</latexit><latexit sha1_base64="GFsymoHSjy3FtDXB/X1a5H6yXZM=">AAACH3icjZBLSwMxFIUzPmt9VV26CRahIpSZIupGKLrpsoJ9QKeUTHqnDc1kxiQjlOn8Ezf+FTcuFBF3/TemD/CBggcCh3PuJcnnRZwpbdtja2FxaXllNbOWXd/Y3NrO7ezWVRhLCjUa8lA2PaKAMwE1zTSHZiSBBB6Hhje4mvSNO5CKheJGDyNoB6QnmM8o0Sbq5E4rI9uVRPQ44Avs+pLQxEkTV91KnZTStPBZH+ORM/dHnVzeKdpT4b9NHs1V7eTe3W5I4wCEppwo1XLsSLcTIjWjHNKsGyuICB2QHrSMFSQA1U6m/0vxoUm62A+lOULjafp1IyGBUsPAM5MB0X31s5uEv3WtWPvn7YSJKNYg6OwiP+ZYh3gCC3eZBKr50BhCJTNvxbRPDCNtkGb/B6FeKjp20bk+yZcv5zgyaB8doAJy0Bkqowqqohqi6B49omf0Yj1YT9ar9TYbXbDmO3vom6zxB9uxojg=</latexit><latexit sha1_base64="GFsymoHSjy3FtDXB/X1a5H6yXZM=">AAACH3icjZBLSwMxFIUzPmt9VV26CRahIpSZIupGKLrpsoJ9QKeUTHqnDc1kxiQjlOn8Ezf+FTcuFBF3/TemD/CBggcCh3PuJcnnRZwpbdtja2FxaXllNbOWXd/Y3NrO7ezWVRhLCjUa8lA2PaKAMwE1zTSHZiSBBB6Hhje4mvSNO5CKheJGDyNoB6QnmM8o0Sbq5E4rI9uVRPQ44Avs+pLQxEkTV91KnZTStPBZH+ORM/dHnVzeKdpT4b9NHs1V7eTe3W5I4wCEppwo1XLsSLcTIjWjHNKsGyuICB2QHrSMFSQA1U6m/0vxoUm62A+lOULjafp1IyGBUsPAM5MB0X31s5uEv3WtWPvn7YSJKNYg6OwiP+ZYh3gCC3eZBKr50BhCJTNvxbRPDCNtkGb/B6FeKjp20bk+yZcv5zgyaB8doAJy0Bkqowqqohqi6B49omf0Yj1YT9ar9TYbXbDmO3vom6zxB9uxojg=</latexit>

H|1i = 1p
2
(|0i � |1i)

<latexit sha1_base64="/4BlE4ZSMwAAd2OSUk2uAvsXFPw=">AAACH3icjVBNSwMxFMzWr1q/Vj16CRahHiy7RdSLUPTSo4K1hW4p2fRtG5rNrklWKNv9J178K148KCLe/DemtYqKggMPhpl5JG/8mDOlHefVys3Mzs0v5BcLS8srq2v2+salihJJoU4jHsmmTxRwJqCumebQjCWQ0OfQ8AenY79xDVKxSFzoYQztkPQECxgl2kgd+6A2cj1JRI8DPsZeIAlN3Sz11JXUaSXLSiPnw97Dn9Hdjl10y84E+G9SRFOcdewXrxvRJAShKSdKtVwn1u2USM0oh6zgJQpiQgekBy1DBQlBtdPJfRneMUoXB5E0IzSeqF83UhIqNQx9kwyJ7quf3lj8zWslOjhqp0zEiQZB3x8KEo51hMdl4S6TQDUfGkKoZOavmPaJ6UibSgv/K+GyUnadsnu+X6yeTOvIoy20jUrIRYeoimroDNURRTfoDj2gR+vWureerOf3aM6a7myib7Be3wDghqI7</latexit><latexit sha1_base64="/4BlE4ZSMwAAd2OSUk2uAvsXFPw=">AAACH3icjVBNSwMxFMzWr1q/Vj16CRahHiy7RdSLUPTSo4K1hW4p2fRtG5rNrklWKNv9J178K148KCLe/DemtYqKggMPhpl5JG/8mDOlHefVys3Mzs0v5BcLS8srq2v2+salihJJoU4jHsmmTxRwJqCumebQjCWQ0OfQ8AenY79xDVKxSFzoYQztkPQECxgl2kgd+6A2cj1JRI8DPsZeIAlN3Sz11JXUaSXLSiPnw97Dn9Hdjl10y84E+G9SRFOcdewXrxvRJAShKSdKtVwn1u2USM0oh6zgJQpiQgekBy1DBQlBtdPJfRneMUoXB5E0IzSeqF83UhIqNQx9kwyJ7quf3lj8zWslOjhqp0zEiQZB3x8KEo51hMdl4S6TQDUfGkKoZOavmPaJ6UibSgv/K+GyUnadsnu+X6yeTOvIoy20jUrIRYeoimroDNURRTfoDj2gR+vWureerOf3aM6a7myib7Be3wDghqI7</latexit><latexit sha1_base64="/4BlE4ZSMwAAd2OSUk2uAvsXFPw=">AAACH3icjVBNSwMxFMzWr1q/Vj16CRahHiy7RdSLUPTSo4K1hW4p2fRtG5rNrklWKNv9J178K148KCLe/DemtYqKggMPhpl5JG/8mDOlHefVys3Mzs0v5BcLS8srq2v2+salihJJoU4jHsmmTxRwJqCumebQjCWQ0OfQ8AenY79xDVKxSFzoYQztkPQECxgl2kgd+6A2cj1JRI8DPsZeIAlN3Sz11JXUaSXLSiPnw97Dn9Hdjl10y84E+G9SRFOcdewXrxvRJAShKSdKtVwn1u2USM0oh6zgJQpiQgekBy1DBQlBtdPJfRneMUoXB5E0IzSeqF83UhIqNQx9kwyJ7quf3lj8zWslOjhqp0zEiQZB3x8KEo51hMdl4S6TQDUfGkKoZOavmPaJ6UibSgv/K+GyUnadsnu+X6yeTOvIoy20jUrIRYeoimroDNURRTfoDj2gR+vWureerOf3aM6a7myib7Be3wDghqI7</latexit><latexit sha1_base64="/4BlE4ZSMwAAd2OSUk2uAvsXFPw=">AAACH3icjVBNSwMxFMzWr1q/Vj16CRahHiy7RdSLUPTSo4K1hW4p2fRtG5rNrklWKNv9J178K148KCLe/DemtYqKggMPhpl5JG/8mDOlHefVys3Mzs0v5BcLS8srq2v2+salihJJoU4jHsmmTxRwJqCumebQjCWQ0OfQ8AenY79xDVKxSFzoYQztkPQECxgl2kgd+6A2cj1JRI8DPsZeIAlN3Sz11JXUaSXLSiPnw97Dn9Hdjl10y84E+G9SRFOcdewXrxvRJAShKSdKtVwn1u2USM0oh6zgJQpiQgekBy1DBQlBtdPJfRneMUoXB5E0IzSeqF83UhIqNQx9kwyJ7quf3lj8zWslOjhqp0zEiQZB3x8KEo51hMdl4S6TQDUfGkKoZOavmPaJ6UibSgv/K+GyUnadsnu+X6yeTOvIoy20jUrIRYeoimroDNURRTfoDj2gR+vWureerOf3aM6a7myib7Be3wDghqI7</latexit>

E.g. the Hadamard gate:

H =
1p
2


1 1
1 �1

�

<latexit sha1_base64="YUZKaJMyelaY9KaUVOr5BMdA28k=">AAACLXicjVBNS8NAEN34WeNX1KOXxaJ4sWRF0Isg6qFHBatCU8pmO2mXbjZxdyOWkD/kxb8iggdFvPo33MaCHyj4YODx3gwz88JUcG18/8kZG5+YnJquzLizc/MLi97S8rlOMsWgwRKRqMuQahBcQsNwI+AyVUDjUMBF2D8a+hfXoDRP5JkZpNCKaVfyiDNqrNT2jut4HweRoiwnRR7oK2Xy7aIIQuhymYcxNYrfFC7BG5jgICjJFnEDkJ1Pt+1VSc0vgf8mVTTCSdt7CDoJy2KQhgmqdZP4qWnlVBnOBBRukGlIKevTLjQtlTQG3crLbwu8bpUOjhJlSxpcql8nchprPYhD22kP7Omf3lD8zWtmJtpr5VymmQHJPhZFmcAmwcPocIcrYEYMLKFMcXsrZj1qozM24H+GcL5dI36NnO5UDw5HcVTQKlpDm4igXXSA6ugENRBDt+gePaFn5855dF6c14/WMWc0s4K+wXl7B/ktphM=</latexit><latexit sha1_base64="YUZKaJMyelaY9KaUVOr5BMdA28k=">AAACLXicjVBNS8NAEN34WeNX1KOXxaJ4sWRF0Isg6qFHBatCU8pmO2mXbjZxdyOWkD/kxb8iggdFvPo33MaCHyj4YODx3gwz88JUcG18/8kZG5+YnJquzLizc/MLi97S8rlOMsWgwRKRqMuQahBcQsNwI+AyVUDjUMBF2D8a+hfXoDRP5JkZpNCKaVfyiDNqrNT2jut4HweRoiwnRR7oK2Xy7aIIQuhymYcxNYrfFC7BG5jgICjJFnEDkJ1Pt+1VSc0vgf8mVTTCSdt7CDoJy2KQhgmqdZP4qWnlVBnOBBRukGlIKevTLjQtlTQG3crLbwu8bpUOjhJlSxpcql8nchprPYhD22kP7Omf3lD8zWtmJtpr5VymmQHJPhZFmcAmwcPocIcrYEYMLKFMcXsrZj1qozM24H+GcL5dI36NnO5UDw5HcVTQKlpDm4igXXSA6ugENRBDt+gePaFn5855dF6c14/WMWc0s4K+wXl7B/ktphM=</latexit><latexit sha1_base64="YUZKaJMyelaY9KaUVOr5BMdA28k=">AAACLXicjVBNS8NAEN34WeNX1KOXxaJ4sWRF0Isg6qFHBatCU8pmO2mXbjZxdyOWkD/kxb8iggdFvPo33MaCHyj4YODx3gwz88JUcG18/8kZG5+YnJquzLizc/MLi97S8rlOMsWgwRKRqMuQahBcQsNwI+AyVUDjUMBF2D8a+hfXoDRP5JkZpNCKaVfyiDNqrNT2jut4HweRoiwnRR7oK2Xy7aIIQuhymYcxNYrfFC7BG5jgICjJFnEDkJ1Pt+1VSc0vgf8mVTTCSdt7CDoJy2KQhgmqdZP4qWnlVBnOBBRukGlIKevTLjQtlTQG3crLbwu8bpUOjhJlSxpcql8nchprPYhD22kP7Omf3lD8zWtmJtpr5VymmQHJPhZFmcAmwcPocIcrYEYMLKFMcXsrZj1qozM24H+GcL5dI36NnO5UDw5HcVTQKlpDm4igXXSA6ugENRBDt+gePaFn5855dF6c14/WMWc0s4K+wXl7B/ktphM=</latexit><latexit sha1_base64="YUZKaJMyelaY9KaUVOr5BMdA28k=">AAACLXicjVBNS8NAEN34WeNX1KOXxaJ4sWRF0Isg6qFHBatCU8pmO2mXbjZxdyOWkD/kxb8iggdFvPo33MaCHyj4YODx3gwz88JUcG18/8kZG5+YnJquzLizc/MLi97S8rlOMsWgwRKRqMuQahBcQsNwI+AyVUDjUMBF2D8a+hfXoDRP5JkZpNCKaVfyiDNqrNT2jut4HweRoiwnRR7oK2Xy7aIIQuhymYcxNYrfFC7BG5jgICjJFnEDkJ1Pt+1VSc0vgf8mVTTCSdt7CDoJy2KQhgmqdZP4qWnlVBnOBBRukGlIKevTLjQtlTQG3crLbwu8bpUOjhJlSxpcql8nchprPYhD22kP7Omf3lD8zWtmJtpr5VymmQHJPhZFmcAmwcPocIcrYEYMLKFMcXsrZj1qozM24H+GcL5dI36NnO5UDw5HcVTQKlpDm4igXXSA6ugENRBDt+gePaFn5855dF6c14/WMWc0s4K+wXl7B/ktphM=</latexit>

We represent sequences of operations as circuits:

Given a state      , the probability of measuring       is:| i
<latexit sha1_base64="mWp6JVh+VDJWNXT5U7Qpf7s7pAc=">AAAB9HicjVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOyS5id9CZDZmc3M7OBsOY7vHhQxKsf482/cfI4qChY0FBUddNFhang2rjuh1NYWV1b3yhulra2d3b3yvsHTZ1kimGDJSJR7ZBqFFxiw3AjsJ0qpHEosBUOr2d+a4xK80TemUmKQUz7kkecUWOl4N5PNfcVlX2BpFuueFV3DvI3qcAS9W753e8lLItRGiao1h3PTU2QU2U4Ezgt+ZnGlLIh7WPHUklj1EE+Dz0lJ1bpkShRdqQhc/XrRU5jrSdxaDdjagb6pzcTf/M6mYkug5zLNDMo2eJRlAliEjJrgPS4QmbExBLKFLdZCRtQRZmxPZX+V0LzrOq5Ve/2vFK7WtZRhCM4hlPw4AJqcAN1aACDETzAEzw7Y+fReXFeF6sFZ3lzCN/gvH0CyxOSGA==</latexit><latexit sha1_base64="mWp6JVh+VDJWNXT5U7Qpf7s7pAc=">AAAB9HicjVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOyS5id9CZDZmc3M7OBsOY7vHhQxKsf482/cfI4qChY0FBUddNFhang2rjuh1NYWV1b3yhulra2d3b3yvsHTZ1kimGDJSJR7ZBqFFxiw3AjsJ0qpHEosBUOr2d+a4xK80TemUmKQUz7kkecUWOl4N5PNfcVlX2BpFuueFV3DvI3qcAS9W753e8lLItRGiao1h3PTU2QU2U4Ezgt+ZnGlLIh7WPHUklj1EE+Dz0lJ1bpkShRdqQhc/XrRU5jrSdxaDdjagb6pzcTf/M6mYkug5zLNDMo2eJRlAliEjJrgPS4QmbExBLKFLdZCRtQRZmxPZX+V0LzrOq5Ve/2vFK7WtZRhCM4hlPw4AJqcAN1aACDETzAEzw7Y+fReXFeF6sFZ3lzCN/gvH0CyxOSGA==</latexit><latexit sha1_base64="mWp6JVh+VDJWNXT5U7Qpf7s7pAc=">AAAB9HicjVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOyS5id9CZDZmc3M7OBsOY7vHhQxKsf482/cfI4qChY0FBUddNFhang2rjuh1NYWV1b3yhulra2d3b3yvsHTZ1kimGDJSJR7ZBqFFxiw3AjsJ0qpHEosBUOr2d+a4xK80TemUmKQUz7kkecUWOl4N5PNfcVlX2BpFuueFV3DvI3qcAS9W753e8lLItRGiao1h3PTU2QU2U4Ezgt+ZnGlLIh7WPHUklj1EE+Dz0lJ1bpkShRdqQhc/XrRU5jrSdxaDdjagb6pzcTf/M6mYkug5zLNDMo2eJRlAliEjJrgPS4QmbExBLKFLdZCRtQRZmxPZX+V0LzrOq5Ve/2vFK7WtZRhCM4hlPw4AJqcAN1aACDETzAEzw7Y+fReXFeF6sFZ3lzCN/gvH0CyxOSGA==</latexit><latexit sha1_base64="mWp6JVh+VDJWNXT5U7Qpf7s7pAc=">AAAB9HicjVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RzAOyS5id9CZDZmc3M7OBsOY7vHhQxKsf482/cfI4qChY0FBUddNFhang2rjuh1NYWV1b3yhulra2d3b3yvsHTZ1kimGDJSJR7ZBqFFxiw3AjsJ0qpHEosBUOr2d+a4xK80TemUmKQUz7kkecUWOl4N5PNfcVlX2BpFuueFV3DvI3qcAS9W753e8lLItRGiao1h3PTU2QU2U4Ezgt+ZnGlLIh7WPHUklj1EE+Dz0lJ1bpkShRdqQhc/XrRU5jrSdxaDdjagb6pzcTf/M6mYkug5zLNDMo2eJRlAliEjJrgPS4QmbExBLKFLdZCRtQRZmxPZX+V0LzrOq5Ve/2vFK7WtZRhCM4hlPw4AJqcAN1aACDETzAEzw7Y+fReXFeF6sFZ3lzCN/gvH0CyxOSGA==</latexit>

|�i
<latexit sha1_base64="lw1gFhDaMW5w68RFWzzG6H9OeZw=">AAAB83icjVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RTCJklzA76U2GzM4OM7NCWPMbXjwo4tWf8ebfOHkcVBQsaCiquumiYiW4sb7/4ZWWlldW18rrlY3Nre2d6u5e22S5Zthimcj0bUwNCi6xZbkVeKs00jQW2IlHl1O/c4fa8Eze2LHCKKUDyRPOqHVSeB+qIQ81lQOBvWotqPszkL9JDRZo9qrvYT9jeYrSMkGN6Qa+slFBteVM4KQS5gYVZSM6wK6jkqZoomKWeUKOnNInSabdSEtm6teLgqbGjNPYbabUDs1Pbyr+5nVzm5xHBZcqtyjZ/FGSC2IzMi2A9LlGZsXYEco0d1kJG1JNmXU1Vf5XQvukHvj14Pq01rhY1FGGAziEYwjgDBpwBU1oAQMFD/AEz17uPXov3ut8teQtbvbhG7y3T1+ckeM=</latexit><latexit sha1_base64="lw1gFhDaMW5w68RFWzzG6H9OeZw=">AAAB83icjVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RTCJklzA76U2GzM4OM7NCWPMbXjwo4tWf8ebfOHkcVBQsaCiquumiYiW4sb7/4ZWWlldW18rrlY3Nre2d6u5e22S5Zthimcj0bUwNCi6xZbkVeKs00jQW2IlHl1O/c4fa8Eze2LHCKKUDyRPOqHVSeB+qIQ81lQOBvWotqPszkL9JDRZo9qrvYT9jeYrSMkGN6Qa+slFBteVM4KQS5gYVZSM6wK6jkqZoomKWeUKOnNInSabdSEtm6teLgqbGjNPYbabUDs1Pbyr+5nVzm5xHBZcqtyjZ/FGSC2IzMi2A9LlGZsXYEco0d1kJG1JNmXU1Vf5XQvukHvj14Pq01rhY1FGGAziEYwjgDBpwBU1oAQMFD/AEz17uPXov3ut8teQtbvbhG7y3T1+ckeM=</latexit><latexit sha1_base64="lw1gFhDaMW5w68RFWzzG6H9OeZw=">AAAB83icjVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RTCJklzA76U2GzM4OM7NCWPMbXjwo4tWf8ebfOHkcVBQsaCiquumiYiW4sb7/4ZWWlldW18rrlY3Nre2d6u5e22S5Zthimcj0bUwNCi6xZbkVeKs00jQW2IlHl1O/c4fa8Eze2LHCKKUDyRPOqHVSeB+qIQ81lQOBvWotqPszkL9JDRZo9qrvYT9jeYrSMkGN6Qa+slFBteVM4KQS5gYVZSM6wK6jkqZoomKWeUKOnNInSabdSEtm6teLgqbGjNPYbabUDs1Pbyr+5nVzm5xHBZcqtyjZ/FGSC2IzMi2A9LlGZsXYEco0d1kJG1JNmXU1Vf5XQvukHvj14Pq01rhY1FGGAziEYwjgDBpwBU1oAQMFD/AEz17uPXov3ut8teQtbvbhG7y3T1+ckeM=</latexit><latexit sha1_base64="lw1gFhDaMW5w68RFWzzG6H9OeZw=">AAAB83icjVDLSgNBEOyNrxhfUY9eBoPgKeyKoMegF48RTCJklzA76U2GzM4OM7NCWPMbXjwo4tWf8ebfOHkcVBQsaCiquumiYiW4sb7/4ZWWlldW18rrlY3Nre2d6u5e22S5Zthimcj0bUwNCi6xZbkVeKs00jQW2IlHl1O/c4fa8Eze2LHCKKUDyRPOqHVSeB+qIQ81lQOBvWotqPszkL9JDRZo9qrvYT9jeYrSMkGN6Qa+slFBteVM4KQS5gYVZSM6wK6jkqZoomKWeUKOnNInSabdSEtm6teLgqbGjNPYbabUDs1Pbyr+5nVzm5xHBZcqtyjZ/FGSC2IzMi2A9LlGZsXYEco0d1kJG1JNmXU1Vf5XQvukHvj14Pq01rhY1FGGAziEYwjgDBpwBU1oAQMFD/AEz17uPXov3ut8teQtbvbhG7y3T1+ckeM=</latexit>

Pr[measure |�i] = |h�| i|2
<latexit sha1_base64="Uq0YDeJL3tpY8NQC+Oc51pBQokg=">AAACKnicjVBNSwMxEM3W7/pV9eglWARPZbcIehGqXjxWsLXQXUs2nbah2eySzIpl29/jxb/ixYNSvPpDTGsFFQUfhDzem2FmXphIYdB1x05ubn5hcWl5Jb+6tr6xWdjarps41RxqPJaxboTMgBQKaihQQiPRwKJQwnXYP5/417egjYjVFQ4SCCLWVaIjOEMrtQqnflU3fYQ7zCJgJtVAR0M/6QlfM9WVENATOvTllNOJTof2M5/28KbcKhS9kjsF/ZsUyQzVVuHJb8c8jUAhl8yYpucmGGRMo+ASRnk/NZAw3mddaFqqWAQmyKanjui+Vdq0E2v7FNKp+rUjY5Exgyi0lRHDnvnpTcTfvGaKneMgEypJERT/GNRJJcWYTnKjbaGBoxxYwrgWdlfKe0wzjjbd/P9CqJdLnlvyLg+LlbNZHMtkl+yRA+KRI1IhF6RKaoSTe/JInsmL8+A8OWPn9aM058x6dsg3OG/vnZ2n8Q==</latexit><latexit sha1_base64="Uq0YDeJL3tpY8NQC+Oc51pBQokg=">AAACKnicjVBNSwMxEM3W7/pV9eglWARPZbcIehGqXjxWsLXQXUs2nbah2eySzIpl29/jxb/ixYNSvPpDTGsFFQUfhDzem2FmXphIYdB1x05ubn5hcWl5Jb+6tr6xWdjarps41RxqPJaxboTMgBQKaihQQiPRwKJQwnXYP5/417egjYjVFQ4SCCLWVaIjOEMrtQqnflU3fYQ7zCJgJtVAR0M/6QlfM9WVENATOvTllNOJTof2M5/28KbcKhS9kjsF/ZsUyQzVVuHJb8c8jUAhl8yYpucmGGRMo+ASRnk/NZAw3mddaFqqWAQmyKanjui+Vdq0E2v7FNKp+rUjY5Exgyi0lRHDnvnpTcTfvGaKneMgEypJERT/GNRJJcWYTnKjbaGBoxxYwrgWdlfKe0wzjjbd/P9CqJdLnlvyLg+LlbNZHMtkl+yRA+KRI1IhF6RKaoSTe/JInsmL8+A8OWPn9aM058x6dsg3OG/vnZ2n8Q==</latexit><latexit sha1_base64="Uq0YDeJL3tpY8NQC+Oc51pBQokg=">AAACKnicjVBNSwMxEM3W7/pV9eglWARPZbcIehGqXjxWsLXQXUs2nbah2eySzIpl29/jxb/ixYNSvPpDTGsFFQUfhDzem2FmXphIYdB1x05ubn5hcWl5Jb+6tr6xWdjarps41RxqPJaxboTMgBQKaihQQiPRwKJQwnXYP5/417egjYjVFQ4SCCLWVaIjOEMrtQqnflU3fYQ7zCJgJtVAR0M/6QlfM9WVENATOvTllNOJTof2M5/28KbcKhS9kjsF/ZsUyQzVVuHJb8c8jUAhl8yYpucmGGRMo+ASRnk/NZAw3mddaFqqWAQmyKanjui+Vdq0E2v7FNKp+rUjY5Exgyi0lRHDnvnpTcTfvGaKneMgEypJERT/GNRJJcWYTnKjbaGBoxxYwrgWdlfKe0wzjjbd/P9CqJdLnlvyLg+LlbNZHMtkl+yRA+KRI1IhF6RKaoSTe/JInsmL8+A8OWPn9aM058x6dsg3OG/vnZ2n8Q==</latexit><latexit sha1_base64="Uq0YDeJL3tpY8NQC+Oc51pBQokg=">AAACKnicjVBNSwMxEM3W7/pV9eglWARPZbcIehGqXjxWsLXQXUs2nbah2eySzIpl29/jxb/ixYNSvPpDTGsFFQUfhDzem2FmXphIYdB1x05ubn5hcWl5Jb+6tr6xWdjarps41RxqPJaxboTMgBQKaihQQiPRwKJQwnXYP5/417egjYjVFQ4SCCLWVaIjOEMrtQqnflU3fYQ7zCJgJtVAR0M/6QlfM9WVENATOvTllNOJTof2M5/28KbcKhS9kjsF/ZsUyQzVVuHJb8c8jUAhl8yYpucmGGRMo+ASRnk/NZAw3mddaFqqWAQmyKanjui+Vdq0E2v7FNKp+rUjY5Exgyi0lRHDnvnpTcTfvGaKneMgEypJERT/GNRJJcWYTnKjbaGBoxxYwrgWdlfKe0wzjjbd/P9CqJdLnlvyLg+LlbNZHMtkl+yRA+KRI1IhF6RKaoSTe/JInsmL8+A8OWPn9aM058x6dsg3OG/vnZ2n8Q==</latexit>



Ingredients for Grover’s Algorithm:



Ingredients for Grover’s Algorithm:

1. An ‘Oracle’

Uf |xi 7!
(

|xi if x is the marked item

�|xi Otherwise
<latexit sha1_base64="4z9bQlPsA/hEh/lYuFviFK4pYa8="></latexit><latexit sha1_base64="4z9bQlPsA/hEh/lYuFviFK4pYa8="></latexit><latexit sha1_base64="4z9bQlPsA/hEh/lYuFviFK4pYa8="></latexit><latexit sha1_base64="4z9bQlPsA/hEh/lYuFviFK4pYa8="></latexit>



Ingredients for Grover’s Algorithm:

2. An operator 

U0|xi 7!
(
�|xi if x = 0n

|xi Otherwise
<latexit sha1_base64="0rA6/CIce6ZCwO10xfCDfCivxhs="></latexit><latexit sha1_base64="0rA6/CIce6ZCwO10xfCDfCivxhs="></latexit><latexit sha1_base64="0rA6/CIce6ZCwO10xfCDfCivxhs="></latexit><latexit sha1_base64="0rA6/CIce6ZCwO10xfCDfCivxhs="></latexit>

1. An ‘Oracle’

Uf |xi 7!
(

|xi if x is the marked item

�|xi Otherwise
<latexit sha1_base64="4z9bQlPsA/hEh/lYuFviFK4pYa8="></latexit><latexit sha1_base64="4z9bQlPsA/hEh/lYuFviFK4pYa8="></latexit><latexit sha1_base64="4z9bQlPsA/hEh/lYuFviFK4pYa8="></latexit><latexit sha1_base64="4z9bQlPsA/hEh/lYuFviFK4pYa8="></latexit>



3. Some Hadamards Hadamard gates on all n qubits

Ingredients for Grover’s Algorithm:

2. An operator 

U0|xi 7!
(
�|xi if x = 0n

|xi Otherwise
<latexit sha1_base64="0rA6/CIce6ZCwO10xfCDfCivxhs="></latexit><latexit sha1_base64="0rA6/CIce6ZCwO10xfCDfCivxhs="></latexit><latexit sha1_base64="0rA6/CIce6ZCwO10xfCDfCivxhs="></latexit><latexit sha1_base64="0rA6/CIce6ZCwO10xfCDfCivxhs="></latexit>

1. An ‘Oracle’

Uf |xi 7!
(

|xi if x is the marked item

�|xi Otherwise
<latexit sha1_base64="4z9bQlPsA/hEh/lYuFviFK4pYa8="></latexit><latexit sha1_base64="4z9bQlPsA/hEh/lYuFviFK4pYa8="></latexit><latexit sha1_base64="4z9bQlPsA/hEh/lYuFviFK4pYa8="></latexit><latexit sha1_base64="4z9bQlPsA/hEh/lYuFviFK4pYa8="></latexit>



1. An ‘Oracle’

2. An operator 

3. Some Hadamards

Otherwise

If     is the marked item

If     

Otherwise

Ingredients:



1. An ‘Oracle’

2. An operator 

3. Some Hadamards

Otherwise

If     is the marked item

If     

Otherwise

Ingredients:

Using       we define the operator 

D = H⌦nU0H
⌦n
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D = H⌦nU0H
⌦n

<latexit sha1_base64="P1LPu1nk21x9M8DyOtwWmQrLuvA=">AAACCnicjVDLSsNAFL2pr1pfUZduRovgqiQi6EYo6qLLCqYttDFMppN26GQSZiZCCV278VfcuFDErV/gzr9x+lhYUfDAhTPn3Mude8KUM6Ud59MqLCwuLa8UV0tr6xubW/b2TkMlmSTUIwlPZCvEinImqKeZ5rSVSorjkNNmOLgc+807KhVLxI0eptSPcU+wiBGsjRTY+1foHNVu806iWUwVEiMvcObegV12K84E6G9Shhnqgf3R6SYki6nQhGOl2q6Taj/HUjPC6ajUyRRNMRngHm0bKrDZ4+eTU0bo0ChdFCXSlNBoon6fyHGs1DAOTWeMdV/99Mbib14709GZnzORZpoKMl0UZRzpBI1zQV0mKdF8aAgmkpm/ItLHEhNt0iv9L4TGccV1Ku71Sbl6MYujCHtwAEfgwilUoQZ18IDAPTzCM7xYD9aT9Wq9TVsL1mxmF+ZgvX8B9B2Zzw==</latexit><latexit sha1_base64="P1LPu1nk21x9M8DyOtwWmQrLuvA=">AAACCnicjVDLSsNAFL2pr1pfUZduRovgqiQi6EYo6qLLCqYttDFMppN26GQSZiZCCV278VfcuFDErV/gzr9x+lhYUfDAhTPn3Mude8KUM6Ud59MqLCwuLa8UV0tr6xubW/b2TkMlmSTUIwlPZCvEinImqKeZ5rSVSorjkNNmOLgc+807KhVLxI0eptSPcU+wiBGsjRTY+1foHNVu806iWUwVEiMvcObegV12K84E6G9Shhnqgf3R6SYki6nQhGOl2q6Taj/HUjPC6ajUyRRNMRngHm0bKrDZ4+eTU0bo0ChdFCXSlNBoon6fyHGs1DAOTWeMdV/99Mbib14709GZnzORZpoKMl0UZRzpBI1zQV0mKdF8aAgmkpm/ItLHEhNt0iv9L4TGccV1Ku71Sbl6MYujCHtwAEfgwilUoQZ18IDAPTzCM7xYD9aT9Wq9TVsL1mxmF+ZgvX8B9B2Zzw==</latexit><latexit sha1_base64="P1LPu1nk21x9M8DyOtwWmQrLuvA=">AAACCnicjVDLSsNAFL2pr1pfUZduRovgqiQi6EYo6qLLCqYttDFMppN26GQSZiZCCV278VfcuFDErV/gzr9x+lhYUfDAhTPn3Mude8KUM6Ud59MqLCwuLa8UV0tr6xubW/b2TkMlmSTUIwlPZCvEinImqKeZ5rSVSorjkNNmOLgc+807KhVLxI0eptSPcU+wiBGsjRTY+1foHNVu806iWUwVEiMvcObegV12K84E6G9Shhnqgf3R6SYki6nQhGOl2q6Taj/HUjPC6ajUyRRNMRngHm0bKrDZ4+eTU0bo0ChdFCXSlNBoon6fyHGs1DAOTWeMdV/99Mbib14709GZnzORZpoKMl0UZRzpBI1zQV0mKdF8aAgmkpm/ItLHEhNt0iv9L4TGccV1Ku71Sbl6MYujCHtwAEfgwilUoQZ18IDAPTzCM7xYD9aT9Wq9TVsL1mxmF+ZgvX8B9B2Zzw==</latexit><latexit sha1_base64="P1LPu1nk21x9M8DyOtwWmQrLuvA=">AAACCnicjVDLSsNAFL2pr1pfUZduRovgqiQi6EYo6qLLCqYttDFMppN26GQSZiZCCV278VfcuFDErV/gzr9x+lhYUfDAhTPn3Mude8KUM6Ud59MqLCwuLa8UV0tr6xubW/b2TkMlmSTUIwlPZCvEinImqKeZ5rSVSorjkNNmOLgc+807KhVLxI0eptSPcU+wiBGsjRTY+1foHNVu806iWUwVEiMvcObegV12K84E6G9Shhnqgf3R6SYki6nQhGOl2q6Taj/HUjPC6ajUyRRNMRngHm0bKrDZ4+eTU0bo0ChdFCXSlNBoon6fyHGs1DAOTWeMdV/99Mbib14709GZnzORZpoKMl0UZRzpBI1zQV0mKdF8aAgmkpm/ItLHEhNt0iv9L4TGccV1Ku71Sbl6MYujCHtwAEfgwilUoQZ18IDAPTzCM7xYD9aT9Wq9TVsL1mxmF+ZgvX8B9B2Zzw==</latexit>

D = H⌦nU0H
⌦n

<latexit sha1_base64="P1LPu1nk21x9M8DyOtwWmQrLuvA=">AAACCnicjVDLSsNAFL2pr1pfUZduRovgqiQi6EYo6qLLCqYttDFMppN26GQSZiZCCV278VfcuFDErV/gzr9x+lhYUfDAhTPn3Mude8KUM6Ud59MqLCwuLa8UV0tr6xubW/b2TkMlmSTUIwlPZCvEinImqKeZ5rSVSorjkNNmOLgc+807KhVLxI0eptSPcU+wiBGsjRTY+1foHNVu806iWUwVEiMvcObegV12K84E6G9Shhnqgf3R6SYki6nQhGOl2q6Taj/HUjPC6ajUyRRNMRngHm0bKrDZ4+eTU0bo0ChdFCXSlNBoon6fyHGs1DAOTWeMdV/99Mbib14709GZnzORZpoKMl0UZRzpBI1zQV0mKdF8aAgmkpm/ItLHEhNt0iv9L4TGccV1Ku71Sbl6MYujCHtwAEfgwilUoQZ18IDAPTzCM7xYD9aT9Wq9TVsL1mxmF+ZgvX8B9B2Zzw==</latexit><latexit sha1_base64="P1LPu1nk21x9M8DyOtwWmQrLuvA=">AAACCnicjVDLSsNAFL2pr1pfUZduRovgqiQi6EYo6qLLCqYttDFMppN26GQSZiZCCV278VfcuFDErV/gzr9x+lhYUfDAhTPn3Mude8KUM6Ud59MqLCwuLa8UV0tr6xubW/b2TkMlmSTUIwlPZCvEinImqKeZ5rSVSorjkNNmOLgc+807KhVLxI0eptSPcU+wiBGsjRTY+1foHNVu806iWUwVEiMvcObegV12K84E6G9Shhnqgf3R6SYki6nQhGOl2q6Taj/HUjPC6ajUyRRNMRngHm0bKrDZ4+eTU0bo0ChdFCXSlNBoon6fyHGs1DAOTWeMdV/99Mbib14709GZnzORZpoKMl0UZRzpBI1zQV0mKdF8aAgmkpm/ItLHEhNt0iv9L4TGccV1Ku71Sbl6MYujCHtwAEfgwilUoQZ18IDAPTzCM7xYD9aT9Wq9TVsL1mxmF+ZgvX8B9B2Zzw==</latexit><latexit sha1_base64="P1LPu1nk21x9M8DyOtwWmQrLuvA=">AAACCnicjVDLSsNAFL2pr1pfUZduRovgqiQi6EYo6qLLCqYttDFMppN26GQSZiZCCV278VfcuFDErV/gzr9x+lhYUfDAhTPn3Mude8KUM6Ud59MqLCwuLa8UV0tr6xubW/b2TkMlmSTUIwlPZCvEinImqKeZ5rSVSorjkNNmOLgc+807KhVLxI0eptSPcU+wiBGsjRTY+1foHNVu806iWUwVEiMvcObegV12K84E6G9Shhnqgf3R6SYki6nQhGOl2q6Taj/HUjPC6ajUyRRNMRngHm0bKrDZ4+eTU0bo0ChdFCXSlNBoon6fyHGs1DAOTWeMdV/99Mbib14709GZnzORZpoKMl0UZRzpBI1zQV0mKdF8aAgmkpm/ItLHEhNt0iv9L4TGccV1Ku71Sbl6MYujCHtwAEfgwilUoQZ18IDAPTzCM7xYD9aT9Wq9TVsL1mxmF+ZgvX8B9B2Zzw==</latexit><latexit sha1_base64="P1LPu1nk21x9M8DyOtwWmQrLuvA=">AAACCnicjVDLSsNAFL2pr1pfUZduRovgqiQi6EYo6qLLCqYttDFMppN26GQSZiZCCV278VfcuFDErV/gzr9x+lhYUfDAhTPn3Mude8KUM6Ud59MqLCwuLa8UV0tr6xubW/b2TkMlmSTUIwlPZCvEinImqKeZ5rSVSorjkNNmOLgc+807KhVLxI0eptSPcU+wiBGsjRTY+1foHNVu806iWUwVEiMvcObegV12K84E6G9Shhnqgf3R6SYki6nQhGOl2q6Taj/HUjPC6ajUyRRNMRngHm0bKrDZ4+eTU0bo0ChdFCXSlNBoon6fyHGs1DAOTWeMdV/99Mbib14709GZnzORZpoKMl0UZRzpBI1zQV0mKdF8aAgmkpm/ItLHEhNt0iv9L4TGccV1Ku71Sbl6MYujCHtwAEfgwilUoQZ18IDAPTzCM7xYD9aT9Wq9TVsL1mxmF+ZgvX8B9B2Zzw==</latexit>



D = H⌦nU0H
⌦n

<latexit sha1_base64="P1LPu1nk21x9M8DyOtwWmQrLuvA=">AAACCnicjVDLSsNAFL2pr1pfUZduRovgqiQi6EYo6qLLCqYttDFMppN26GQSZiZCCV278VfcuFDErV/gzr9x+lhYUfDAhTPn3Mude8KUM6Ud59MqLCwuLa8UV0tr6xubW/b2TkMlmSTUIwlPZCvEinImqKeZ5rSVSorjkNNmOLgc+807KhVLxI0eptSPcU+wiBGsjRTY+1foHNVu806iWUwVEiMvcObegV12K84E6G9Shhnqgf3R6SYki6nQhGOl2q6Taj/HUjPC6ajUyRRNMRngHm0bKrDZ4+eTU0bo0ChdFCXSlNBoon6fyHGs1DAOTWeMdV/99Mbib14709GZnzORZpoKMl0UZRzpBI1zQV0mKdF8aAgmkpm/ItLHEhNt0iv9L4TGccV1Ku71Sbl6MYujCHtwAEfgwilUoQZ18IDAPTzCM7xYD9aT9Wq9TVsL1mxmF+ZgvX8B9B2Zzw==</latexit><latexit sha1_base64="P1LPu1nk21x9M8DyOtwWmQrLuvA=">AAACCnicjVDLSsNAFL2pr1pfUZduRovgqiQi6EYo6qLLCqYttDFMppN26GQSZiZCCV278VfcuFDErV/gzr9x+lhYUfDAhTPn3Mude8KUM6Ud59MqLCwuLa8UV0tr6xubW/b2TkMlmSTUIwlPZCvEinImqKeZ5rSVSorjkNNmOLgc+807KhVLxI0eptSPcU+wiBGsjRTY+1foHNVu806iWUwVEiMvcObegV12K84E6G9Shhnqgf3R6SYki6nQhGOl2q6Taj/HUjPC6ajUyRRNMRngHm0bKrDZ4+eTU0bo0ChdFCXSlNBoon6fyHGs1DAOTWeMdV/99Mbib14709GZnzORZpoKMl0UZRzpBI1zQV0mKdF8aAgmkpm/ItLHEhNt0iv9L4TGccV1Ku71Sbl6MYujCHtwAEfgwilUoQZ18IDAPTzCM7xYD9aT9Wq9TVsL1mxmF+ZgvX8B9B2Zzw==</latexit><latexit sha1_base64="P1LPu1nk21x9M8DyOtwWmQrLuvA=">AAACCnicjVDLSsNAFL2pr1pfUZduRovgqiQi6EYo6qLLCqYttDFMppN26GQSZiZCCV278VfcuFDErV/gzr9x+lhYUfDAhTPn3Mude8KUM6Ud59MqLCwuLa8UV0tr6xubW/b2TkMlmSTUIwlPZCvEinImqKeZ5rSVSorjkNNmOLgc+807KhVLxI0eptSPcU+wiBGsjRTY+1foHNVu806iWUwVEiMvcObegV12K84E6G9Shhnqgf3R6SYki6nQhGOl2q6Taj/HUjPC6ajUyRRNMRngHm0bKrDZ4+eTU0bo0ChdFCXSlNBoon6fyHGs1DAOTWeMdV/99Mbib14709GZnzORZpoKMl0UZRzpBI1zQV0mKdF8aAgmkpm/ItLHEhNt0iv9L4TGccV1Ku71Sbl6MYujCHtwAEfgwilUoQZ18IDAPTzCM7xYD9aT9Wq9TVsL1mxmF+ZgvX8B9B2Zzw==</latexit><latexit sha1_base64="P1LPu1nk21x9M8DyOtwWmQrLuvA=">AAACCnicjVDLSsNAFL2pr1pfUZduRovgqiQi6EYo6qLLCqYttDFMppN26GQSZiZCCV278VfcuFDErV/gzr9x+lhYUfDAhTPn3Mude8KUM6Ud59MqLCwuLa8UV0tr6xubW/b2TkMlmSTUIwlPZCvEinImqKeZ5rSVSorjkNNmOLgc+807KhVLxI0eptSPcU+wiBGsjRTY+1foHNVu806iWUwVEiMvcObegV12K84E6G9Shhnqgf3R6SYki6nQhGOl2q6Taj/HUjPC6ajUyRRNMRngHm0bKrDZ4+eTU0bo0ChdFCXSlNBoon6fyHGs1DAOTWeMdV/99Mbib14709GZnzORZpoKMl0UZRzpBI1zQV0mKdF8aAgmkpm/ItLHEhNt0iv9L4TGccV1Ku71Sbl6MYujCHtwAEfgwilUoQZ18IDAPTzCM7xYD9aT9Wq9TVsL1mxmF+ZgvX8B9B2Zzw==</latexit>

�Uf
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D = H⌦nU0H
⌦n

<latexit sha1_base64="P1LPu1nk21x9M8DyOtwWmQrLuvA=">AAACCnicjVDLSsNAFL2pr1pfUZduRovgqiQi6EYo6qLLCqYttDFMppN26GQSZiZCCV278VfcuFDErV/gzr9x+lhYUfDAhTPn3Mude8KUM6Ud59MqLCwuLa8UV0tr6xubW/b2TkMlmSTUIwlPZCvEinImqKeZ5rSVSorjkNNmOLgc+807KhVLxI0eptSPcU+wiBGsjRTY+1foHNVu806iWUwVEiMvcObegV12K84E6G9Shhnqgf3R6SYki6nQhGOl2q6Taj/HUjPC6ajUyRRNMRngHm0bKrDZ4+eTU0bo0ChdFCXSlNBoon6fyHGs1DAOTWeMdV/99Mbib14709GZnzORZpoKMl0UZRzpBI1zQV0mKdF8aAgmkpm/ItLHEhNt0iv9L4TGccV1Ku71Sbl6MYujCHtwAEfgwilUoQZ18IDAPTzCM7xYD9aT9Wq9TVsL1mxmF+ZgvX8B9B2Zzw==</latexit><latexit sha1_base64="P1LPu1nk21x9M8DyOtwWmQrLuvA=">AAACCnicjVDLSsNAFL2pr1pfUZduRovgqiQi6EYo6qLLCqYttDFMppN26GQSZiZCCV278VfcuFDErV/gzr9x+lhYUfDAhTPn3Mude8KUM6Ud59MqLCwuLa8UV0tr6xubW/b2TkMlmSTUIwlPZCvEinImqKeZ5rSVSorjkNNmOLgc+807KhVLxI0eptSPcU+wiBGsjRTY+1foHNVu806iWUwVEiMvcObegV12K84E6G9Shhnqgf3R6SYki6nQhGOl2q6Taj/HUjPC6ajUyRRNMRngHm0bKrDZ4+eTU0bo0ChdFCXSlNBoon6fyHGs1DAOTWeMdV/99Mbib14709GZnzORZpoKMl0UZRzpBI1zQV0mKdF8aAgmkpm/ItLHEhNt0iv9L4TGccV1Ku71Sbl6MYujCHtwAEfgwilUoQZ18IDAPTzCM7xYD9aT9Wq9TVsL1mxmF+ZgvX8B9B2Zzw==</latexit><latexit sha1_base64="P1LPu1nk21x9M8DyOtwWmQrLuvA=">AAACCnicjVDLSsNAFL2pr1pfUZduRovgqiQi6EYo6qLLCqYttDFMppN26GQSZiZCCV278VfcuFDErV/gzr9x+lhYUfDAhTPn3Mude8KUM6Ud59MqLCwuLa8UV0tr6xubW/b2TkMlmSTUIwlPZCvEinImqKeZ5rSVSorjkNNmOLgc+807KhVLxI0eptSPcU+wiBGsjRTY+1foHNVu806iWUwVEiMvcObegV12K84E6G9Shhnqgf3R6SYki6nQhGOl2q6Taj/HUjPC6ajUyRRNMRngHm0bKrDZ4+eTU0bo0ChdFCXSlNBoon6fyHGs1DAOTWeMdV/99Mbib14709GZnzORZpoKMl0UZRzpBI1zQV0mKdF8aAgmkpm/ItLHEhNt0iv9L4TGccV1Ku71Sbl6MYujCHtwAEfgwilUoQZ18IDAPTzCM7xYD9aT9Wq9TVsL1mxmF+ZgvX8B9B2Zzw==</latexit><latexit sha1_base64="P1LPu1nk21x9M8DyOtwWmQrLuvA=">AAACCnicjVDLSsNAFL2pr1pfUZduRovgqiQi6EYo6qLLCqYttDFMppN26GQSZiZCCV278VfcuFDErV/gzr9x+lhYUfDAhTPn3Mude8KUM6Ud59MqLCwuLa8UV0tr6xubW/b2TkMlmSTUIwlPZCvEinImqKeZ5rSVSorjkNNmOLgc+807KhVLxI0eptSPcU+wiBGsjRTY+1foHNVu806iWUwVEiMvcObegV12K84E6G9Shhnqgf3R6SYki6nQhGOl2q6Taj/HUjPC6ajUyRRNMRngHm0bKrDZ4+eTU0bo0ChdFCXSlNBoon6fyHGs1DAOTWeMdV/99Mbib14709GZnzORZpoKMl0UZRzpBI1zQV0mKdF8aAgmkpm/ItLHEhNt0iv9L4TGccV1Ku71Sbl6MYujCHtwAEfgwilUoQZ18IDAPTzCM7xYD9aT9Wq9TVsL1mxmF+ZgvX8B9B2Zzw==</latexit>

D = H⌦nU0H
⌦n

<latexit sha1_base64="P1LPu1nk21x9M8DyOtwWmQrLuvA=">AAACCnicjVDLSsNAFL2pr1pfUZduRovgqiQi6EYo6qLLCqYttDFMppN26GQSZiZCCV278VfcuFDErV/gzr9x+lhYUfDAhTPn3Mude8KUM6Ud59MqLCwuLa8UV0tr6xubW/b2TkMlmSTUIwlPZCvEinImqKeZ5rSVSorjkNNmOLgc+807KhVLxI0eptSPcU+wiBGsjRTY+1foHNVu806iWUwVEiMvcObegV12K84E6G9Shhnqgf3R6SYki6nQhGOl2q6Taj/HUjPC6ajUyRRNMRngHm0bKrDZ4+eTU0bo0ChdFCXSlNBoon6fyHGs1DAOTWeMdV/99Mbib14709GZnzORZpoKMl0UZRzpBI1zQV0mKdF8aAgmkpm/ItLHEhNt0iv9L4TGccV1Ku71Sbl6MYujCHtwAEfgwilUoQZ18IDAPTzCM7xYD9aT9Wq9TVsL1mxmF+ZgvX8B9B2Zzw==</latexit><latexit sha1_base64="P1LPu1nk21x9M8DyOtwWmQrLuvA=">AAACCnicjVDLSsNAFL2pr1pfUZduRovgqiQi6EYo6qLLCqYttDFMppN26GQSZiZCCV278VfcuFDErV/gzr9x+lhYUfDAhTPn3Mude8KUM6Ud59MqLCwuLa8UV0tr6xubW/b2TkMlmSTUIwlPZCvEinImqKeZ5rSVSorjkNNmOLgc+807KhVLxI0eptSPcU+wiBGsjRTY+1foHNVu806iWUwVEiMvcObegV12K84E6G9Shhnqgf3R6SYki6nQhGOl2q6Taj/HUjPC6ajUyRRNMRngHm0bKrDZ4+eTU0bo0ChdFCXSlNBoon6fyHGs1DAOTWeMdV/99Mbib14709GZnzORZpoKMl0UZRzpBI1zQV0mKdF8aAgmkpm/ItLHEhNt0iv9L4TGccV1Ku71Sbl6MYujCHtwAEfgwilUoQZ18IDAPTzCM7xYD9aT9Wq9TVsL1mxmF+ZgvX8B9B2Zzw==</latexit><latexit sha1_base64="P1LPu1nk21x9M8DyOtwWmQrLuvA=">AAACCnicjVDLSsNAFL2pr1pfUZduRovgqiQi6EYo6qLLCqYttDFMppN26GQSZiZCCV278VfcuFDErV/gzr9x+lhYUfDAhTPn3Mude8KUM6Ud59MqLCwuLa8UV0tr6xubW/b2TkMlmSTUIwlPZCvEinImqKeZ5rSVSorjkNNmOLgc+807KhVLxI0eptSPcU+wiBGsjRTY+1foHNVu806iWUwVEiMvcObegV12K84E6G9Shhnqgf3R6SYki6nQhGOl2q6Taj/HUjPC6ajUyRRNMRngHm0bKrDZ4+eTU0bo0ChdFCXSlNBoon6fyHGs1DAOTWeMdV/99Mbib14709GZnzORZpoKMl0UZRzpBI1zQV0mKdF8aAgmkpm/ItLHEhNt0iv9L4TGccV1Ku71Sbl6MYujCHtwAEfgwilUoQZ18IDAPTzCM7xYD9aT9Wq9TVsL1mxmF+ZgvX8B9B2Zzw==</latexit><latexit sha1_base64="P1LPu1nk21x9M8DyOtwWmQrLuvA=">AAACCnicjVDLSsNAFL2pr1pfUZduRovgqiQi6EYo6qLLCqYttDFMppN26GQSZiZCCV278VfcuFDErV/gzr9x+lhYUfDAhTPn3Mude8KUM6Ud59MqLCwuLa8UV0tr6xubW/b2TkMlmSTUIwlPZCvEinImqKeZ5rSVSorjkNNmOLgc+807KhVLxI0eptSPcU+wiBGsjRTY+1foHNVu806iWUwVEiMvcObegV12K84E6G9Shhnqgf3R6SYki6nQhGOl2q6Taj/HUjPC6ajUyRRNMRngHm0bKrDZ4+eTU0bo0ChdFCXSlNBoon6fyHGs1DAOTWeMdV/99Mbib14709GZnzORZpoKMl0UZRzpBI1zQV0mKdF8aAgmkpm/ItLHEhNt0iv9L4TGccV1Ku71Sbl6MYujCHtwAEfgwilUoQZ18IDAPTzCM7xYD9aT9Wq9TVsL1mxmF+ZgvX8B9B2Zzw==</latexit>



T times 
z }| {

<latexit sha1_base64="cJOjdgr554qZXoNTbfLW7poWUEI=">AAACL3icnVDLSsNAFJ3UV62vqEs3g0VwFZLSmmZXFMRlBfuANpTJdNIOnUzCzEQooX6RG3+lGxFF3PoXTh+Cim48cOFwzr3ce0+QMCqVbT8ZuZXVtfWN/GZha3tnd8/cP2jKOBWYNHDMYtEOkCSMctJQVDHSTgRBUcBIKxhdzPzWLRGSxvxGjRPiR2jAaUgxUlrqmZfdWNuBQJhkd//GpGcWbcv1zmy3CjVxS5Wyp4lXrtheFTqWPUcRLFHvmdNuP8ZpRLjCDEnZcexE+RkSimJGJoVuKkmC8AgNSEdTjiIi/Wz+7wSeaKUPw1jo4grO1a8TGYqkHEeB7oyQGsqf3kz8zeukKqz6GeVJqgjHi0VhyqCK4Sw82KeCYMXGmiAsqL4V4iHS4SkdcUGH8Pkp/Js0S5ZjW851uVg7X8aRB0fgGJwCB7igBq5AHTQABvdgCp7Bi/FgPBqvxtuiNWcsZw7BNxjvH6mrsWo=</latexit><latexit sha1_base64="cJOjdgr554qZXoNTbfLW7poWUEI=">AAACL3icnVDLSsNAFJ3UV62vqEs3g0VwFZLSmmZXFMRlBfuANpTJdNIOnUzCzEQooX6RG3+lGxFF3PoXTh+Cim48cOFwzr3ce0+QMCqVbT8ZuZXVtfWN/GZha3tnd8/cP2jKOBWYNHDMYtEOkCSMctJQVDHSTgRBUcBIKxhdzPzWLRGSxvxGjRPiR2jAaUgxUlrqmZfdWNuBQJhkd//GpGcWbcv1zmy3CjVxS5Wyp4lXrtheFTqWPUcRLFHvmdNuP8ZpRLjCDEnZcexE+RkSimJGJoVuKkmC8AgNSEdTjiIi/Wz+7wSeaKUPw1jo4grO1a8TGYqkHEeB7oyQGsqf3kz8zeukKqz6GeVJqgjHi0VhyqCK4Sw82KeCYMXGmiAsqL4V4iHS4SkdcUGH8Pkp/Js0S5ZjW851uVg7X8aRB0fgGJwCB7igBq5AHTQABvdgCp7Bi/FgPBqvxtuiNWcsZw7BNxjvH6mrsWo=</latexit><latexit sha1_base64="cJOjdgr554qZXoNTbfLW7poWUEI=">AAACL3icnVDLSsNAFJ3UV62vqEs3g0VwFZLSmmZXFMRlBfuANpTJdNIOnUzCzEQooX6RG3+lGxFF3PoXTh+Cim48cOFwzr3ce0+QMCqVbT8ZuZXVtfWN/GZha3tnd8/cP2jKOBWYNHDMYtEOkCSMctJQVDHSTgRBUcBIKxhdzPzWLRGSxvxGjRPiR2jAaUgxUlrqmZfdWNuBQJhkd//GpGcWbcv1zmy3CjVxS5Wyp4lXrtheFTqWPUcRLFHvmdNuP8ZpRLjCDEnZcexE+RkSimJGJoVuKkmC8AgNSEdTjiIi/Wz+7wSeaKUPw1jo4grO1a8TGYqkHEeB7oyQGsqf3kz8zeukKqz6GeVJqgjHi0VhyqCK4Sw82KeCYMXGmiAsqL4V4iHS4SkdcUGH8Pkp/Js0S5ZjW851uVg7X8aRB0fgGJwCB7igBq5AHTQABvdgCp7Bi/FgPBqvxtuiNWcsZw7BNxjvH6mrsWo=</latexit><latexit sha1_base64="cJOjdgr554qZXoNTbfLW7poWUEI=">AAACL3icnVDLSsNAFJ3UV62vqEs3g0VwFZLSmmZXFMRlBfuANpTJdNIOnUzCzEQooX6RG3+lGxFF3PoXTh+Cim48cOFwzr3ce0+QMCqVbT8ZuZXVtfWN/GZha3tnd8/cP2jKOBWYNHDMYtEOkCSMctJQVDHSTgRBUcBIKxhdzPzWLRGSxvxGjRPiR2jAaUgxUlrqmZfdWNuBQJhkd//GpGcWbcv1zmy3CjVxS5Wyp4lXrtheFTqWPUcRLFHvmdNuP8ZpRLjCDEnZcexE+RkSimJGJoVuKkmC8AgNSEdTjiIi/Wz+7wSeaKUPw1jo4grO1a8TGYqkHEeB7oyQGsqf3kz8zeukKqz6GeVJqgjHi0VhyqCK4Sw82KeCYMXGmiAsqL4V4iHS4SkdcUGH8Pkp/Js0S5ZjW851uVg7X8aRB0fgGJwCB7igBq5AHTQABvdgCp7Bi/FgPBqvxtuiNWcsZw7BNxjvH6mrsWo=</latexit>

D = H⌦nU0H
⌦n

<latexit sha1_base64="P1LPu1nk21x9M8DyOtwWmQrLuvA=">AAACCnicjVDLSsNAFL2pr1pfUZduRovgqiQi6EYo6qLLCqYttDFMppN26GQSZiZCCV278VfcuFDErV/gzr9x+lhYUfDAhTPn3Mude8KUM6Ud59MqLCwuLa8UV0tr6xubW/b2TkMlmSTUIwlPZCvEinImqKeZ5rSVSorjkNNmOLgc+807KhVLxI0eptSPcU+wiBGsjRTY+1foHNVu806iWUwVEiMvcObegV12K84E6G9Shhnqgf3R6SYki6nQhGOl2q6Taj/HUjPC6ajUyRRNMRngHm0bKrDZ4+eTU0bo0ChdFCXSlNBoon6fyHGs1DAOTWeMdV/99Mbib14709GZnzORZpoKMl0UZRzpBI1zQV0mKdF8aAgmkpm/ItLHEhNt0iv9L4TGccV1Ku71Sbl6MYujCHtwAEfgwilUoQZ18IDAPTzCM7xYD9aT9Wq9TVsL1mxmF+ZgvX8B9B2Zzw==</latexit><latexit sha1_base64="P1LPu1nk21x9M8DyOtwWmQrLuvA=">AAACCnicjVDLSsNAFL2pr1pfUZduRovgqiQi6EYo6qLLCqYttDFMppN26GQSZiZCCV278VfcuFDErV/gzr9x+lhYUfDAhTPn3Mude8KUM6Ud59MqLCwuLa8UV0tr6xubW/b2TkMlmSTUIwlPZCvEinImqKeZ5rSVSorjkNNmOLgc+807KhVLxI0eptSPcU+wiBGsjRTY+1foHNVu806iWUwVEiMvcObegV12K84E6G9Shhnqgf3R6SYki6nQhGOl2q6Taj/HUjPC6ajUyRRNMRngHm0bKrDZ4+eTU0bo0ChdFCXSlNBoon6fyHGs1DAOTWeMdV/99Mbib14709GZnzORZpoKMl0UZRzpBI1zQV0mKdF8aAgmkpm/ItLHEhNt0iv9L4TGccV1Ku71Sbl6MYujCHtwAEfgwilUoQZ18IDAPTzCM7xYD9aT9Wq9TVsL1mxmF+ZgvX8B9B2Zzw==</latexit><latexit sha1_base64="P1LPu1nk21x9M8DyOtwWmQrLuvA=">AAACCnicjVDLSsNAFL2pr1pfUZduRovgqiQi6EYo6qLLCqYttDFMppN26GQSZiZCCV278VfcuFDErV/gzr9x+lhYUfDAhTPn3Mude8KUM6Ud59MqLCwuLa8UV0tr6xubW/b2TkMlmSTUIwlPZCvEinImqKeZ5rSVSorjkNNmOLgc+807KhVLxI0eptSPcU+wiBGsjRTY+1foHNVu806iWUwVEiMvcObegV12K84E6G9Shhnqgf3R6SYki6nQhGOl2q6Taj/HUjPC6ajUyRRNMRngHm0bKrDZ4+eTU0bo0ChdFCXSlNBoon6fyHGs1DAOTWeMdV/99Mbib14709GZnzORZpoKMl0UZRzpBI1zQV0mKdF8aAgmkpm/ItLHEhNt0iv9L4TGccV1Ku71Sbl6MYujCHtwAEfgwilUoQZ18IDAPTzCM7xYD9aT9Wq9TVsL1mxmF+ZgvX8B9B2Zzw==</latexit><latexit sha1_base64="P1LPu1nk21x9M8DyOtwWmQrLuvA=">AAACCnicjVDLSsNAFL2pr1pfUZduRovgqiQi6EYo6qLLCqYttDFMppN26GQSZiZCCV278VfcuFDErV/gzr9x+lhYUfDAhTPn3Mude8KUM6Ud59MqLCwuLa8UV0tr6xubW/b2TkMlmSTUIwlPZCvEinImqKeZ5rSVSorjkNNmOLgc+807KhVLxI0eptSPcU+wiBGsjRTY+1foHNVu806iWUwVEiMvcObegV12K84E6G9Shhnqgf3R6SYki6nQhGOl2q6Taj/HUjPC6ajUyRRNMRngHm0bKrDZ4+eTU0bo0ChdFCXSlNBoon6fyHGs1DAOTWeMdV/99Mbib14709GZnzORZpoKMl0UZRzpBI1zQV0mKdF8aAgmkpm/ItLHEhNt0iv9L4TGccV1Ku71Sbl6MYujCHtwAEfgwilUoQZ18IDAPTzCM7xYD9aT9Wq9TVsL1mxmF+ZgvX8B9B2Zzw==</latexit>
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D = H⌦nU0H
⌦n

<latexit sha1_base64="P1LPu1nk21x9M8DyOtwWmQrLuvA=">AAACCnicjVDLSsNAFL2pr1pfUZduRovgqiQi6EYo6qLLCqYttDFMppN26GQSZiZCCV278VfcuFDErV/gzr9x+lhYUfDAhTPn3Mude8KUM6Ud59MqLCwuLa8UV0tr6xubW/b2TkMlmSTUIwlPZCvEinImqKeZ5rSVSorjkNNmOLgc+807KhVLxI0eptSPcU+wiBGsjRTY+1foHNVu806iWUwVEiMvcObegV12K84E6G9Shhnqgf3R6SYki6nQhGOl2q6Taj/HUjPC6ajUyRRNMRngHm0bKrDZ4+eTU0bo0ChdFCXSlNBoon6fyHGs1DAOTWeMdV/99Mbib14709GZnzORZpoKMl0UZRzpBI1zQV0mKdF8aAgmkpm/ItLHEhNt0iv9L4TGccV1Ku71Sbl6MYujCHtwAEfgwilUoQZ18IDAPTzCM7xYD9aT9Wq9TVsL1mxmF+ZgvX8B9B2Zzw==</latexit><latexit sha1_base64="P1LPu1nk21x9M8DyOtwWmQrLuvA=">AAACCnicjVDLSsNAFL2pr1pfUZduRovgqiQi6EYo6qLLCqYttDFMppN26GQSZiZCCV278VfcuFDErV/gzr9x+lhYUfDAhTPn3Mude8KUM6Ud59MqLCwuLa8UV0tr6xubW/b2TkMlmSTUIwlPZCvEinImqKeZ5rSVSorjkNNmOLgc+807KhVLxI0eptSPcU+wiBGsjRTY+1foHNVu806iWUwVEiMvcObegV12K84E6G9Shhnqgf3R6SYki6nQhGOl2q6Taj/HUjPC6ajUyRRNMRngHm0bKrDZ4+eTU0bo0ChdFCXSlNBoon6fyHGs1DAOTWeMdV/99Mbib14709GZnzORZpoKMl0UZRzpBI1zQV0mKdF8aAgmkpm/ItLHEhNt0iv9L4TGccV1Ku71Sbl6MYujCHtwAEfgwilUoQZ18IDAPTzCM7xYD9aT9Wq9TVsL1mxmF+ZgvX8B9B2Zzw==</latexit><latexit sha1_base64="P1LPu1nk21x9M8DyOtwWmQrLuvA=">AAACCnicjVDLSsNAFL2pr1pfUZduRovgqiQi6EYo6qLLCqYttDFMppN26GQSZiZCCV278VfcuFDErV/gzr9x+lhYUfDAhTPn3Mude8KUM6Ud59MqLCwuLa8UV0tr6xubW/b2TkMlmSTUIwlPZCvEinImqKeZ5rSVSorjkNNmOLgc+807KhVLxI0eptSPcU+wiBGsjRTY+1foHNVu806iWUwVEiMvcObegV12K84E6G9Shhnqgf3R6SYki6nQhGOl2q6Taj/HUjPC6ajUyRRNMRngHm0bKrDZ4+eTU0bo0ChdFCXSlNBoon6fyHGs1DAOTWeMdV/99Mbib14709GZnzORZpoKMl0UZRzpBI1zQV0mKdF8aAgmkpm/ItLHEhNt0iv9L4TGccV1Ku71Sbl6MYujCHtwAEfgwilUoQZ18IDAPTzCM7xYD9aT9Wq9TVsL1mxmF+ZgvX8B9B2Zzw==</latexit><latexit sha1_base64="P1LPu1nk21x9M8DyOtwWmQrLuvA=">AAACCnicjVDLSsNAFL2pr1pfUZduRovgqiQi6EYo6qLLCqYttDFMppN26GQSZiZCCV278VfcuFDErV/gzr9x+lhYUfDAhTPn3Mude8KUM6Ud59MqLCwuLa8UV0tr6xubW/b2TkMlmSTUIwlPZCvEinImqKeZ5rSVSorjkNNmOLgc+807KhVLxI0eptSPcU+wiBGsjRTY+1foHNVu806iWUwVEiMvcObegV12K84E6G9Shhnqgf3R6SYki6nQhGOl2q6Taj/HUjPC6ajUyRRNMRngHm0bKrDZ4+eTU0bo0ChdFCXSlNBoon6fyHGs1DAOTWeMdV/99Mbib14709GZnzORZpoKMl0UZRzpBI1zQV0mKdF8aAgmkpm/ItLHEhNt0iv9L4TGccV1Ku71Sbl6MYujCHtwAEfgwilUoQZ18IDAPTzCM7xYD9aT9Wq9TVsL1mxmF+ZgvX8B9B2Zzw==</latexit>

D = H⌦nU0H
⌦n

<latexit sha1_base64="P1LPu1nk21x9M8DyOtwWmQrLuvA=">AAACCnicjVDLSsNAFL2pr1pfUZduRovgqiQi6EYo6qLLCqYttDFMppN26GQSZiZCCV278VfcuFDErV/gzr9x+lhYUfDAhTPn3Mude8KUM6Ud59MqLCwuLa8UV0tr6xubW/b2TkMlmSTUIwlPZCvEinImqKeZ5rSVSorjkNNmOLgc+807KhVLxI0eptSPcU+wiBGsjRTY+1foHNVu806iWUwVEiMvcObegV12K84E6G9Shhnqgf3R6SYki6nQhGOl2q6Taj/HUjPC6ajUyRRNMRngHm0bKrDZ4+eTU0bo0ChdFCXSlNBoon6fyHGs1DAOTWeMdV/99Mbib14709GZnzORZpoKMl0UZRzpBI1zQV0mKdF8aAgmkpm/ItLHEhNt0iv9L4TGccV1Ku71Sbl6MYujCHtwAEfgwilUoQZ18IDAPTzCM7xYD9aT9Wq9TVsL1mxmF+ZgvX8B9B2Zzw==</latexit><latexit sha1_base64="P1LPu1nk21x9M8DyOtwWmQrLuvA=">AAACCnicjVDLSsNAFL2pr1pfUZduRovgqiQi6EYo6qLLCqYttDFMppN26GQSZiZCCV278VfcuFDErV/gzr9x+lhYUfDAhTPn3Mude8KUM6Ud59MqLCwuLa8UV0tr6xubW/b2TkMlmSTUIwlPZCvEinImqKeZ5rSVSorjkNNmOLgc+807KhVLxI0eptSPcU+wiBGsjRTY+1foHNVu806iWUwVEiMvcObegV12K84E6G9Shhnqgf3R6SYki6nQhGOl2q6Taj/HUjPC6ajUyRRNMRngHm0bKrDZ4+eTU0bo0ChdFCXSlNBoon6fyHGs1DAOTWeMdV/99Mbib14709GZnzORZpoKMl0UZRzpBI1zQV0mKdF8aAgmkpm/ItLHEhNt0iv9L4TGccV1Ku71Sbl6MYujCHtwAEfgwilUoQZ18IDAPTzCM7xYD9aT9Wq9TVsL1mxmF+ZgvX8B9B2Zzw==</latexit><latexit sha1_base64="P1LPu1nk21x9M8DyOtwWmQrLuvA=">AAACCnicjVDLSsNAFL2pr1pfUZduRovgqiQi6EYo6qLLCqYttDFMppN26GQSZiZCCV278VfcuFDErV/gzr9x+lhYUfDAhTPn3Mude8KUM6Ud59MqLCwuLa8UV0tr6xubW/b2TkMlmSTUIwlPZCvEinImqKeZ5rSVSorjkNNmOLgc+807KhVLxI0eptSPcU+wiBGsjRTY+1foHNVu806iWUwVEiMvcObegV12K84E6G9Shhnqgf3R6SYki6nQhGOl2q6Taj/HUjPC6ajUyRRNMRngHm0bKrDZ4+eTU0bo0ChdFCXSlNBoon6fyHGs1DAOTWeMdV/99Mbib14709GZnzORZpoKMl0UZRzpBI1zQV0mKdF8aAgmkpm/ItLHEhNt0iv9L4TGccV1Ku71Sbl6MYujCHtwAEfgwilUoQZ18IDAPTzCM7xYD9aT9Wq9TVsL1mxmF+ZgvX8B9B2Zzw==</latexit><latexit sha1_base64="P1LPu1nk21x9M8DyOtwWmQrLuvA=">AAACCnicjVDLSsNAFL2pr1pfUZduRovgqiQi6EYo6qLLCqYttDFMppN26GQSZiZCCV278VfcuFDErV/gzr9x+lhYUfDAhTPn3Mude8KUM6Ud59MqLCwuLa8UV0tr6xubW/b2TkMlmSTUIwlPZCvEinImqKeZ5rSVSorjkNNmOLgc+807KhVLxI0eptSPcU+wiBGsjRTY+1foHNVu806iWUwVEiMvcObegV12K84E6G9Shhnqgf3R6SYki6nQhGOl2q6Taj/HUjPC6ajUyRRNMRngHm0bKrDZ4+eTU0bo0ChdFCXSlNBoon6fyHGs1DAOTWeMdV/99Mbib14709GZnzORZpoKMl0UZRzpBI1zQV0mKdF8aAgmkpm/ItLHEhNt0iv9L4TGccV1Ku71Sbl6MYujCHtwAEfgwilUoQZ18IDAPTzCM7xYD9aT9Wq9TVsL1mxmF+ZgvX8B9B2Zzw==</latexit>



Why does this work?



Why does this work?
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Why does this work?

      and      are reflections�Uf
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Why does this work?

      and      are reflections�Uf
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Uf |xi 7!
(

|xi if x is the marked item

�|xi Otherwise
<latexit sha1_base64="4z9bQlPsA/hEh/lYuFviFK4pYa8="></latexit><latexit sha1_base64="4z9bQlPsA/hEh/lYuFviFK4pYa8="></latexit><latexit sha1_base64="4z9bQlPsA/hEh/lYuFviFK4pYa8="></latexit><latexit sha1_base64="4z9bQlPsA/hEh/lYuFviFK4pYa8="></latexit>



Reflection about the marked item 

Why does this work?

      and      are reflections�Uf
<latexit sha1_base64="AzpRg71di65HUYHAoj/L1fkGHMY=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBiyWRgh6LXjxWMG2hDWWznbRLdzdhdyOU0L/gxYMiXv1D3vw3Jm0PKgo+GHi8N8PMvDAR3FjX/XBKK6tr6xvlzcrW9s7uXnX/oG3iVDP0WSxi3Q2pQcEV+pZbgd1EI5WhwE44uS78zj1qw2N1Z6cJBpKOFI84o7aQzvxBNKjWvLo7B/mb1GCJ1qD63h/GLJWoLBPUmJ7nJjbIqLacCZxV+qnBhLIJHWEvp4pKNEE2v3VGTnJlSKJY56UsmatfJzIqjZnKMO+U1I7NT68Qf/N6qY0ug4yrJLWo2GJRlApiY1I8ToZcI7NimhPKNM9vJWxMNWU2j6fyvxDa53XPrXu3jVrzahlHGY7gGE7Bgwtowg20wAcGY3iAJ3h2pPPovDivi9aSs5w5hG9w3j4BlLqN7A==</latexit><latexit sha1_base64="AzpRg71di65HUYHAoj/L1fkGHMY=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBiyWRgh6LXjxWMG2hDWWznbRLdzdhdyOU0L/gxYMiXv1D3vw3Jm0PKgo+GHi8N8PMvDAR3FjX/XBKK6tr6xvlzcrW9s7uXnX/oG3iVDP0WSxi3Q2pQcEV+pZbgd1EI5WhwE44uS78zj1qw2N1Z6cJBpKOFI84o7aQzvxBNKjWvLo7B/mb1GCJ1qD63h/GLJWoLBPUmJ7nJjbIqLacCZxV+qnBhLIJHWEvp4pKNEE2v3VGTnJlSKJY56UsmatfJzIqjZnKMO+U1I7NT68Qf/N6qY0ug4yrJLWo2GJRlApiY1I8ToZcI7NimhPKNM9vJWxMNWU2j6fyvxDa53XPrXu3jVrzahlHGY7gGE7Bgwtowg20wAcGY3iAJ3h2pPPovDivi9aSs5w5hG9w3j4BlLqN7A==</latexit><latexit sha1_base64="AzpRg71di65HUYHAoj/L1fkGHMY=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBiyWRgh6LXjxWMG2hDWWznbRLdzdhdyOU0L/gxYMiXv1D3vw3Jm0PKgo+GHi8N8PMvDAR3FjX/XBKK6tr6xvlzcrW9s7uXnX/oG3iVDP0WSxi3Q2pQcEV+pZbgd1EI5WhwE44uS78zj1qw2N1Z6cJBpKOFI84o7aQzvxBNKjWvLo7B/mb1GCJ1qD63h/GLJWoLBPUmJ7nJjbIqLacCZxV+qnBhLIJHWEvp4pKNEE2v3VGTnJlSKJY56UsmatfJzIqjZnKMO+U1I7NT68Qf/N6qY0ug4yrJLWo2GJRlApiY1I8ToZcI7NimhPKNM9vJWxMNWU2j6fyvxDa53XPrXu3jVrzahlHGY7gGE7Bgwtowg20wAcGY3iAJ3h2pPPovDivi9aSs5w5hG9w3j4BlLqN7A==</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="TPtHWu8zkDYP1dVLMXD+NoovrHU=">AAAB4HicbZDNSgMxFIXv1L9aq1a3boJFcGOZcaNLwY3LCk5baIeSSe+0oUlmSDJCGfoKblwo4lO5823MtF1o64HAxzkJuffEmeDG+v63V9na3tndq+7XDuqHR8eNk3rHpLlmGLJUpLoXU4OCKwwttwJ7mUYqY4HdeHpf5t1n1Ian6snOMowkHSuecEZtaV2Fw2TYaPotfyGyCcEKmrBSe9j4GoxSlktUlglqTD/wMxsVVFvOBM5rg9xgRtmUjrHvUFGJJioWs87JhXNGJEm1O8qShfv7RUGlMTMZu5uS2olZz0rzv6yf2+Q2KrjKcouKLT9KckFsSsrFyYhrZFbMHFCmuZuVsAnVlFlXT82VEKyvvAmd61bgt4JHH6pwBudwCQHcwB08QBtCYDCBF3iDd096r97Hsq6Kt+rtFP7I+/wBcgqMkw==</latexit><latexit sha1_base64="rPHAeu2vly4AihaKTYyHkN9qZM8=">AAAB4HicjVBNS8NAEJ3Ur1qrVq9eFovgxZJ40aPgxWMF0wptKJvtpF26uwm7E6GU/gUvHhTxV3nz35i0Pago+GDg8d4MM/PiTElHvv/hVdbWNza3qtu1nfru3n7joN5xaW4FhiJVqb2PuUMlDYYkSeF9ZpHrWGE3nlyXfvcBrZOpuaNphpHmIyMTKTiV0lk4SAaNZtDyF2B/kyas0B403vvDVOQaDQnFnesFfkbRjFuSQuG81s8dZlxM+Ah7BTVco4tmi1vn7KRQhixJbVGG2EL9OjHj2rmpjotOzWnsfnql+JvXyym5jGbSZDmhEctFSa4Ypax8nA2lRUFqWhAurCxuZWLMLRdUxFP7Xwid81bgt4JbH6pwBMdwCgFcwBXcQBtCEDCGR3iGF097T97rMq6Kt8rtEL7Be/sEdk6Mlg==</latexit><latexit sha1_base64="3F+ZrQWXNZO/7B82ibLEpJfACaI=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBiyXxoseiF48VTFtoQ9lsN+3S3U3YnQgl9C948aCIV/+QN/+NSdqDioIPBh7vzTAzL0yksOi6H05lZXVtfaO6Wdva3tndq+8fdGycGsZ9FsvY9EJquRSa+yhQ8l5iOFWh5N1wel343XturIj1Hc4SHig61iISjGIhnfnDaFhveE23BPmbNGCJ9rD+PhjFLFVcI5PU2r7nJhhk1KBgks9rg9TyhLIpHfN+TjVV3AZZeeucnOTKiESxyUsjKdWvExlV1s5UmHcqihP70yvE37x+itFlkAmdpMg1WyyKUkkwJsXjZCQMZyhnOaHMiPxWwibUUIZ5PLX/hdA5b3pu07t1G62rZRxVOIJjOAUPLqAFN9AGHxhM4AGe4NlRzqPz4rwuWivOcuYQvsF5+wSTeo3o</latexit><latexit sha1_base64="AzpRg71di65HUYHAoj/L1fkGHMY=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBiyWRgh6LXjxWMG2hDWWznbRLdzdhdyOU0L/gxYMiXv1D3vw3Jm0PKgo+GHi8N8PMvDAR3FjX/XBKK6tr6xvlzcrW9s7uXnX/oG3iVDP0WSxi3Q2pQcEV+pZbgd1EI5WhwE44uS78zj1qw2N1Z6cJBpKOFI84o7aQzvxBNKjWvLo7B/mb1GCJ1qD63h/GLJWoLBPUmJ7nJjbIqLacCZxV+qnBhLIJHWEvp4pKNEE2v3VGTnJlSKJY56UsmatfJzIqjZnKMO+U1I7NT68Qf/N6qY0ug4yrJLWo2GJRlApiY1I8ToZcI7NimhPKNM9vJWxMNWU2j6fyvxDa53XPrXu3jVrzahlHGY7gGE7Bgwtowg20wAcGY3iAJ3h2pPPovDivi9aSs5w5hG9w3j4BlLqN7A==</latexit><latexit sha1_base64="AzpRg71di65HUYHAoj/L1fkGHMY=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBiyWRgh6LXjxWMG2hDWWznbRLdzdhdyOU0L/gxYMiXv1D3vw3Jm0PKgo+GHi8N8PMvDAR3FjX/XBKK6tr6xvlzcrW9s7uXnX/oG3iVDP0WSxi3Q2pQcEV+pZbgd1EI5WhwE44uS78zj1qw2N1Z6cJBpKOFI84o7aQzvxBNKjWvLo7B/mb1GCJ1qD63h/GLJWoLBPUmJ7nJjbIqLacCZxV+qnBhLIJHWEvp4pKNEE2v3VGTnJlSKJY56UsmatfJzIqjZnKMO+U1I7NT68Qf/N6qY0ug4yrJLWo2GJRlApiY1I8ToZcI7NimhPKNM9vJWxMNWU2j6fyvxDa53XPrXu3jVrzahlHGY7gGE7Bgwtowg20wAcGY3iAJ3h2pPPovDivi9aSs5w5hG9w3j4BlLqN7A==</latexit><latexit sha1_base64="AzpRg71di65HUYHAoj/L1fkGHMY=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBiyWRgh6LXjxWMG2hDWWznbRLdzdhdyOU0L/gxYMiXv1D3vw3Jm0PKgo+GHi8N8PMvDAR3FjX/XBKK6tr6xvlzcrW9s7uXnX/oG3iVDP0WSxi3Q2pQcEV+pZbgd1EI5WhwE44uS78zj1qw2N1Z6cJBpKOFI84o7aQzvxBNKjWvLo7B/mb1GCJ1qD63h/GLJWoLBPUmJ7nJjbIqLacCZxV+qnBhLIJHWEvp4pKNEE2v3VGTnJlSKJY56UsmatfJzIqjZnKMO+U1I7NT68Qf/N6qY0ug4yrJLWo2GJRlApiY1I8ToZcI7NimhPKNM9vJWxMNWU2j6fyvxDa53XPrXu3jVrzahlHGY7gGE7Bgwtowg20wAcGY3iAJ3h2pPPovDivi9aSs5w5hG9w3j4BlLqN7A==</latexit><latexit sha1_base64="AzpRg71di65HUYHAoj/L1fkGHMY=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBiyWRgh6LXjxWMG2hDWWznbRLdzdhdyOU0L/gxYMiXv1D3vw3Jm0PKgo+GHi8N8PMvDAR3FjX/XBKK6tr6xvlzcrW9s7uXnX/oG3iVDP0WSxi3Q2pQcEV+pZbgd1EI5WhwE44uS78zj1qw2N1Z6cJBpKOFI84o7aQzvxBNKjWvLo7B/mb1GCJ1qD63h/GLJWoLBPUmJ7nJjbIqLacCZxV+qnBhLIJHWEvp4pKNEE2v3VGTnJlSKJY56UsmatfJzIqjZnKMO+U1I7NT68Qf/N6qY0ug4yrJLWo2GJRlApiY1I8ToZcI7NimhPKNM9vJWxMNWU2j6fyvxDa53XPrXu3jVrzahlHGY7gGE7Bgwtowg20wAcGY3iAJ3h2pPPovDivi9aSs5w5hG9w3j4BlLqN7A==</latexit><latexit sha1_base64="AzpRg71di65HUYHAoj/L1fkGHMY=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBiyWRgh6LXjxWMG2hDWWznbRLdzdhdyOU0L/gxYMiXv1D3vw3Jm0PKgo+GHi8N8PMvDAR3FjX/XBKK6tr6xvlzcrW9s7uXnX/oG3iVDP0WSxi3Q2pQcEV+pZbgd1EI5WhwE44uS78zj1qw2N1Z6cJBpKOFI84o7aQzvxBNKjWvLo7B/mb1GCJ1qD63h/GLJWoLBPUmJ7nJjbIqLacCZxV+qnBhLIJHWEvp4pKNEE2v3VGTnJlSKJY56UsmatfJzIqjZnKMO+U1I7NT68Qf/N6qY0ug4yrJLWo2GJRlApiY1I8ToZcI7NimhPKNM9vJWxMNWU2j6fyvxDa53XPrXu3jVrzahlHGY7gGE7Bgwtowg20wAcGY3iAJ3h2pPPovDivi9aSs5w5hG9w3j4BlLqN7A==</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="TPtHWu8zkDYP1dVLMXD+NoovrHU=">AAAB4HicbZDNSgMxFIXv1L9aq1a3boJFcGOZcaNLwY3LCk5baIeSSe+0oUlmSDJCGfoKblwo4lO5823MtF1o64HAxzkJuffEmeDG+v63V9na3tndq+7XDuqHR8eNk3rHpLlmGLJUpLoXU4OCKwwttwJ7mUYqY4HdeHpf5t1n1Ian6snOMowkHSuecEZtaV2Fw2TYaPotfyGyCcEKmrBSe9j4GoxSlktUlglqTD/wMxsVVFvOBM5rg9xgRtmUjrHvUFGJJioWs87JhXNGJEm1O8qShfv7RUGlMTMZu5uS2olZz0rzv6yf2+Q2KrjKcouKLT9KckFsSsrFyYhrZFbMHFCmuZuVsAnVlFlXT82VEKyvvAmd61bgt4JHH6pwBudwCQHcwB08QBtCYDCBF3iDd096r97Hsq6Kt+rtFP7I+/wBcgqMkw==</latexit><latexit sha1_base64="rPHAeu2vly4AihaKTYyHkN9qZM8=">AAAB4HicjVBNS8NAEJ3Ur1qrVq9eFovgxZJ40aPgxWMF0wptKJvtpF26uwm7E6GU/gUvHhTxV3nz35i0Pago+GDg8d4MM/PiTElHvv/hVdbWNza3qtu1nfru3n7joN5xaW4FhiJVqb2PuUMlDYYkSeF9ZpHrWGE3nlyXfvcBrZOpuaNphpHmIyMTKTiV0lk4SAaNZtDyF2B/kyas0B403vvDVOQaDQnFnesFfkbRjFuSQuG81s8dZlxM+Ah7BTVco4tmi1vn7KRQhixJbVGG2EL9OjHj2rmpjotOzWnsfnql+JvXyym5jGbSZDmhEctFSa4Ypax8nA2lRUFqWhAurCxuZWLMLRdUxFP7Xwid81bgt4JbH6pwBMdwCgFcwBXcQBtCEDCGR3iGF097T97rMq6Kt8rtEL7Be/sEdk6Mlg==</latexit><latexit sha1_base64="3F+ZrQWXNZO/7B82ibLEpJfACaI=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBiyXxoseiF48VTFtoQ9lsN+3S3U3YnQgl9C948aCIV/+QN/+NSdqDioIPBh7vzTAzL0yksOi6H05lZXVtfaO6Wdva3tndq+8fdGycGsZ9FsvY9EJquRSa+yhQ8l5iOFWh5N1wel343XturIj1Hc4SHig61iISjGIhnfnDaFhveE23BPmbNGCJ9rD+PhjFLFVcI5PU2r7nJhhk1KBgks9rg9TyhLIpHfN+TjVV3AZZeeucnOTKiESxyUsjKdWvExlV1s5UmHcqihP70yvE37x+itFlkAmdpMg1WyyKUkkwJsXjZCQMZyhnOaHMiPxWwibUUIZ5PLX/hdA5b3pu07t1G62rZRxVOIJjOAUPLqAFN9AGHxhM4AGe4NlRzqPz4rwuWivOcuYQvsF5+wSTeo3o</latexit><latexit sha1_base64="AzpRg71di65HUYHAoj/L1fkGHMY=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBiyWRgh6LXjxWMG2hDWWznbRLdzdhdyOU0L/gxYMiXv1D3vw3Jm0PKgo+GHi8N8PMvDAR3FjX/XBKK6tr6xvlzcrW9s7uXnX/oG3iVDP0WSxi3Q2pQcEV+pZbgd1EI5WhwE44uS78zj1qw2N1Z6cJBpKOFI84o7aQzvxBNKjWvLo7B/mb1GCJ1qD63h/GLJWoLBPUmJ7nJjbIqLacCZxV+qnBhLIJHWEvp4pKNEE2v3VGTnJlSKJY56UsmatfJzIqjZnKMO+U1I7NT68Qf/N6qY0ug4yrJLWo2GJRlApiY1I8ToZcI7NimhPKNM9vJWxMNWU2j6fyvxDa53XPrXu3jVrzahlHGY7gGE7Bgwtowg20wAcGY3iAJ3h2pPPovDivi9aSs5w5hG9w3j4BlLqN7A==</latexit><latexit sha1_base64="AzpRg71di65HUYHAoj/L1fkGHMY=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBiyWRgh6LXjxWMG2hDWWznbRLdzdhdyOU0L/gxYMiXv1D3vw3Jm0PKgo+GHi8N8PMvDAR3FjX/XBKK6tr6xvlzcrW9s7uXnX/oG3iVDP0WSxi3Q2pQcEV+pZbgd1EI5WhwE44uS78zj1qw2N1Z6cJBpKOFI84o7aQzvxBNKjWvLo7B/mb1GCJ1qD63h/GLJWoLBPUmJ7nJjbIqLacCZxV+qnBhLIJHWEvp4pKNEE2v3VGTnJlSKJY56UsmatfJzIqjZnKMO+U1I7NT68Qf/N6qY0ug4yrJLWo2GJRlApiY1I8ToZcI7NimhPKNM9vJWxMNWU2j6fyvxDa53XPrXu3jVrzahlHGY7gGE7Bgwtowg20wAcGY3iAJ3h2pPPovDivi9aSs5w5hG9w3j4BlLqN7A==</latexit><latexit sha1_base64="AzpRg71di65HUYHAoj/L1fkGHMY=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBiyWRgh6LXjxWMG2hDWWznbRLdzdhdyOU0L/gxYMiXv1D3vw3Jm0PKgo+GHi8N8PMvDAR3FjX/XBKK6tr6xvlzcrW9s7uXnX/oG3iVDP0WSxi3Q2pQcEV+pZbgd1EI5WhwE44uS78zj1qw2N1Z6cJBpKOFI84o7aQzvxBNKjWvLo7B/mb1GCJ1qD63h/GLJWoLBPUmJ7nJjbIqLacCZxV+qnBhLIJHWEvp4pKNEE2v3VGTnJlSKJY56UsmatfJzIqjZnKMO+U1I7NT68Qf/N6qY0ug4yrJLWo2GJRlApiY1I8ToZcI7NimhPKNM9vJWxMNWU2j6fyvxDa53XPrXu3jVrzahlHGY7gGE7Bgwtowg20wAcGY3iAJ3h2pPPovDivi9aSs5w5hG9w3j4BlLqN7A==</latexit><latexit sha1_base64="AzpRg71di65HUYHAoj/L1fkGHMY=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBiyWRgh6LXjxWMG2hDWWznbRLdzdhdyOU0L/gxYMiXv1D3vw3Jm0PKgo+GHi8N8PMvDAR3FjX/XBKK6tr6xvlzcrW9s7uXnX/oG3iVDP0WSxi3Q2pQcEV+pZbgd1EI5WhwE44uS78zj1qw2N1Z6cJBpKOFI84o7aQzvxBNKjWvLo7B/mb1GCJ1qD63h/GLJWoLBPUmJ7nJjbIqLacCZxV+qnBhLIJHWEvp4pKNEE2v3VGTnJlSKJY56UsmatfJzIqjZnKMO+U1I7NT68Qf/N6qY0ug4yrJLWo2GJRlApiY1I8ToZcI7NimhPKNM9vJWxMNWU2j6fyvxDa53XPrXu3jVrzahlHGY7gGE7Bgwtowg20wAcGY3iAJ3h2pPPovDivi9aSs5w5hG9w3j4BlLqN7A==</latexit><latexit sha1_base64="AzpRg71di65HUYHAoj/L1fkGHMY=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBiyWRgh6LXjxWMG2hDWWznbRLdzdhdyOU0L/gxYMiXv1D3vw3Jm0PKgo+GHi8N8PMvDAR3FjX/XBKK6tr6xvlzcrW9s7uXnX/oG3iVDP0WSxi3Q2pQcEV+pZbgd1EI5WhwE44uS78zj1qw2N1Z6cJBpKOFI84o7aQzvxBNKjWvLo7B/mb1GCJ1qD63h/GLJWoLBPUmJ7nJjbIqLacCZxV+qnBhLIJHWEvp4pKNEE2v3VGTnJlSKJY56UsmatfJzIqjZnKMO+U1I7NT68Qf/N6qY0ug4yrJLWo2GJRlApiY1I8ToZcI7NimhPKNM9vJWxMNWU2j6fyvxDa53XPrXu3jVrzahlHGY7gGE7Bgwtowg20wAcGY3iAJ3h2pPPovDivi9aSs5w5hG9w3j4BlLqN7A==</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="TPtHWu8zkDYP1dVLMXD+NoovrHU=">AAAB4HicbZDNSgMxFIXv1L9aq1a3boJFcGOZcaNLwY3LCk5baIeSSe+0oUlmSDJCGfoKblwo4lO5823MtF1o64HAxzkJuffEmeDG+v63V9na3tndq+7XDuqHR8eNk3rHpLlmGLJUpLoXU4OCKwwttwJ7mUYqY4HdeHpf5t1n1Ian6snOMowkHSuecEZtaV2Fw2TYaPotfyGyCcEKmrBSe9j4GoxSlktUlglqTD/wMxsVVFvOBM5rg9xgRtmUjrHvUFGJJioWs87JhXNGJEm1O8qShfv7RUGlMTMZu5uS2olZz0rzv6yf2+Q2KrjKcouKLT9KckFsSsrFyYhrZFbMHFCmuZuVsAnVlFlXT82VEKyvvAmd61bgt4JHH6pwBudwCQHcwB08QBtCYDCBF3iDd096r97Hsq6Kt+rtFP7I+/wBcgqMkw==</latexit><latexit sha1_base64="rPHAeu2vly4AihaKTYyHkN9qZM8=">AAAB4HicjVBNS8NAEJ3Ur1qrVq9eFovgxZJ40aPgxWMF0wptKJvtpF26uwm7E6GU/gUvHhTxV3nz35i0Pago+GDg8d4MM/PiTElHvv/hVdbWNza3qtu1nfru3n7joN5xaW4FhiJVqb2PuUMlDYYkSeF9ZpHrWGE3nlyXfvcBrZOpuaNphpHmIyMTKTiV0lk4SAaNZtDyF2B/kyas0B403vvDVOQaDQnFnesFfkbRjFuSQuG81s8dZlxM+Ah7BTVco4tmi1vn7KRQhixJbVGG2EL9OjHj2rmpjotOzWnsfnql+JvXyym5jGbSZDmhEctFSa4Ypax8nA2lRUFqWhAurCxuZWLMLRdUxFP7Xwid81bgt4JbH6pwBMdwCgFcwBXcQBtCEDCGR3iGF097T97rMq6Kt8rtEL7Be/sEdk6Mlg==</latexit><latexit sha1_base64="3F+ZrQWXNZO/7B82ibLEpJfACaI=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBiyXxoseiF48VTFtoQ9lsN+3S3U3YnQgl9C948aCIV/+QN/+NSdqDioIPBh7vzTAzL0yksOi6H05lZXVtfaO6Wdva3tndq+8fdGycGsZ9FsvY9EJquRSa+yhQ8l5iOFWh5N1wel343XturIj1Hc4SHig61iISjGIhnfnDaFhveE23BPmbNGCJ9rD+PhjFLFVcI5PU2r7nJhhk1KBgks9rg9TyhLIpHfN+TjVV3AZZeeucnOTKiESxyUsjKdWvExlV1s5UmHcqihP70yvE37x+itFlkAmdpMg1WyyKUkkwJsXjZCQMZyhnOaHMiPxWwibUUIZ5PLX/hdA5b3pu07t1G62rZRxVOIJjOAUPLqAFN9AGHxhM4AGe4NlRzqPz4rwuWivOcuYQvsF5+wSTeo3o</latexit><latexit sha1_base64="AzpRg71di65HUYHAoj/L1fkGHMY=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBiyWRgh6LXjxWMG2hDWWznbRLdzdhdyOU0L/gxYMiXv1D3vw3Jm0PKgo+GHi8N8PMvDAR3FjX/XBKK6tr6xvlzcrW9s7uXnX/oG3iVDP0WSxi3Q2pQcEV+pZbgd1EI5WhwE44uS78zj1qw2N1Z6cJBpKOFI84o7aQzvxBNKjWvLo7B/mb1GCJ1qD63h/GLJWoLBPUmJ7nJjbIqLacCZxV+qnBhLIJHWEvp4pKNEE2v3VGTnJlSKJY56UsmatfJzIqjZnKMO+U1I7NT68Qf/N6qY0ug4yrJLWo2GJRlApiY1I8ToZcI7NimhPKNM9vJWxMNWU2j6fyvxDa53XPrXu3jVrzahlHGY7gGE7Bgwtowg20wAcGY3iAJ3h2pPPovDivi9aSs5w5hG9w3j4BlLqN7A==</latexit><latexit sha1_base64="AzpRg71di65HUYHAoj/L1fkGHMY=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBiyWRgh6LXjxWMG2hDWWznbRLdzdhdyOU0L/gxYMiXv1D3vw3Jm0PKgo+GHi8N8PMvDAR3FjX/XBKK6tr6xvlzcrW9s7uXnX/oG3iVDP0WSxi3Q2pQcEV+pZbgd1EI5WhwE44uS78zj1qw2N1Z6cJBpKOFI84o7aQzvxBNKjWvLo7B/mb1GCJ1qD63h/GLJWoLBPUmJ7nJjbIqLacCZxV+qnBhLIJHWEvp4pKNEE2v3VGTnJlSKJY56UsmatfJzIqjZnKMO+U1I7NT68Qf/N6qY0ug4yrJLWo2GJRlApiY1I8ToZcI7NimhPKNM9vJWxMNWU2j6fyvxDa53XPrXu3jVrzahlHGY7gGE7Bgwtowg20wAcGY3iAJ3h2pPPovDivi9aSs5w5hG9w3j4BlLqN7A==</latexit><latexit sha1_base64="AzpRg71di65HUYHAoj/L1fkGHMY=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBiyWRgh6LXjxWMG2hDWWznbRLdzdhdyOU0L/gxYMiXv1D3vw3Jm0PKgo+GHi8N8PMvDAR3FjX/XBKK6tr6xvlzcrW9s7uXnX/oG3iVDP0WSxi3Q2pQcEV+pZbgd1EI5WhwE44uS78zj1qw2N1Z6cJBpKOFI84o7aQzvxBNKjWvLo7B/mb1GCJ1qD63h/GLJWoLBPUmJ7nJjbIqLacCZxV+qnBhLIJHWEvp4pKNEE2v3VGTnJlSKJY56UsmatfJzIqjZnKMO+U1I7NT68Qf/N6qY0ug4yrJLWo2GJRlApiY1I8ToZcI7NimhPKNM9vJWxMNWU2j6fyvxDa53XPrXu3jVrzahlHGY7gGE7Bgwtowg20wAcGY3iAJ3h2pPPovDivi9aSs5w5hG9w3j4BlLqN7A==</latexit><latexit sha1_base64="AzpRg71di65HUYHAoj/L1fkGHMY=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBiyWRgh6LXjxWMG2hDWWznbRLdzdhdyOU0L/gxYMiXv1D3vw3Jm0PKgo+GHi8N8PMvDAR3FjX/XBKK6tr6xvlzcrW9s7uXnX/oG3iVDP0WSxi3Q2pQcEV+pZbgd1EI5WhwE44uS78zj1qw2N1Z6cJBpKOFI84o7aQzvxBNKjWvLo7B/mb1GCJ1qD63h/GLJWoLBPUmJ7nJjbIqLacCZxV+qnBhLIJHWEvp4pKNEE2v3VGTnJlSKJY56UsmatfJzIqjZnKMO+U1I7NT68Qf/N6qY0ug4yrJLWo2GJRlApiY1I8ToZcI7NimhPKNM9vJWxMNWU2j6fyvxDa53XPrXu3jVrzahlHGY7gGE7Bgwtowg20wAcGY3iAJ3h2pPPovDivi9aSs5w5hG9w3j4BlLqN7A==</latexit><latexit sha1_base64="AzpRg71di65HUYHAoj/L1fkGHMY=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBiyWRgh6LXjxWMG2hDWWznbRLdzdhdyOU0L/gxYMiXv1D3vw3Jm0PKgo+GHi8N8PMvDAR3FjX/XBKK6tr6xvlzcrW9s7uXnX/oG3iVDP0WSxi3Q2pQcEV+pZbgd1EI5WhwE44uS78zj1qw2N1Z6cJBpKOFI84o7aQzvxBNKjWvLo7B/mb1GCJ1qD63h/GLJWoLBPUmJ7nJjbIqLacCZxV+qnBhLIJHWEvp4pKNEE2v3VGTnJlSKJY56UsmatfJzIqjZnKMO+U1I7NT68Qf/N6qY0ug4yrJLWo2GJRlApiY1I8ToZcI7NimhPKNM9vJWxMNWU2j6fyvxDa53XPrXu3jVrzahlHGY7gGE7Bgwtowg20wAcGY3iAJ3h2pPPovDivi9aSs5w5hG9w3j4BlLqN7A==</latexit><latexit sha1_base64="AzpRg71di65HUYHAoj/L1fkGHMY=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBiyWRgh6LXjxWMG2hDWWznbRLdzdhdyOU0L/gxYMiXv1D3vw3Jm0PKgo+GHi8N8PMvDAR3FjX/XBKK6tr6xvlzcrW9s7uXnX/oG3iVDP0WSxi3Q2pQcEV+pZbgd1EI5WhwE44uS78zj1qw2N1Z6cJBpKOFI84o7aQzvxBNKjWvLo7B/mb1GCJ1qD63h/GLJWoLBPUmJ7nJjbIqLacCZxV+qnBhLIJHWEvp4pKNEE2v3VGTnJlSKJY56UsmatfJzIqjZnKMO+U1I7NT68Qf/N6qY0ug4yrJLWo2GJRlApiY1I8ToZcI7NimhPKNM9vJWxMNWU2j6fyvxDa53XPrXu3jVrzahlHGY7gGE7Bgwtowg20wAcGY3iAJ3h2pPPovDivi9aSs5w5hG9w3j4BlLqN7A==</latexit>

Uf |xi 7!
(

|xi if x is the marked item

�|xi Otherwise
<latexit sha1_base64="4z9bQlPsA/hEh/lYuFviFK4pYa8="></latexit><latexit sha1_base64="4z9bQlPsA/hEh/lYuFviFK4pYa8="></latexit><latexit sha1_base64="4z9bQlPsA/hEh/lYuFviFK4pYa8="></latexit><latexit sha1_base64="4z9bQlPsA/hEh/lYuFviFK4pYa8="></latexit>



Reflection about the marked item 

Why does this work?

      and      are reflections�Uf
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Uf |xi 7!
(

|xi if x is the marked item

�|xi Otherwise
<latexit sha1_base64="4z9bQlPsA/hEh/lYuFviFK4pYa8="></latexit><latexit sha1_base64="4z9bQlPsA/hEh/lYuFviFK4pYa8="></latexit><latexit sha1_base64="4z9bQlPsA/hEh/lYuFviFK4pYa8="></latexit><latexit sha1_base64="4z9bQlPsA/hEh/lYuFviFK4pYa8="></latexit>



Reflection about the marked item 

Why does this work?

      and      are reflections�Uf
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Uf |xi 7!
(

|xi if x is the marked item

�|xi Otherwise
<latexit sha1_base64="4z9bQlPsA/hEh/lYuFviFK4pYa8="></latexit><latexit sha1_base64="4z9bQlPsA/hEh/lYuFviFK4pYa8="></latexit><latexit sha1_base64="4z9bQlPsA/hEh/lYuFviFK4pYa8="></latexit><latexit sha1_base64="4z9bQlPsA/hEh/lYuFviFK4pYa8="></latexit>



Reflection about the marked item 

Why does this work?

      and      are reflections�Uf
<latexit sha1_base64="AzpRg71di65HUYHAoj/L1fkGHMY=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBiyWRgh6LXjxWMG2hDWWznbRLdzdhdyOU0L/gxYMiXv1D3vw3Jm0PKgo+GHi8N8PMvDAR3FjX/XBKK6tr6xvlzcrW9s7uXnX/oG3iVDP0WSxi3Q2pQcEV+pZbgd1EI5WhwE44uS78zj1qw2N1Z6cJBpKOFI84o7aQzvxBNKjWvLo7B/mb1GCJ1qD63h/GLJWoLBPUmJ7nJjbIqLacCZxV+qnBhLIJHWEvp4pKNEE2v3VGTnJlSKJY56UsmatfJzIqjZnKMO+U1I7NT68Qf/N6qY0ug4yrJLWo2GJRlApiY1I8ToZcI7NimhPKNM9vJWxMNWU2j6fyvxDa53XPrXu3jVrzahlHGY7gGE7Bgwtowg20wAcGY3iAJ3h2pPPovDivi9aSs5w5hG9w3j4BlLqN7A==</latexit><latexit sha1_base64="AzpRg71di65HUYHAoj/L1fkGHMY=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBiyWRgh6LXjxWMG2hDWWznbRLdzdhdyOU0L/gxYMiXv1D3vw3Jm0PKgo+GHi8N8PMvDAR3FjX/XBKK6tr6xvlzcrW9s7uXnX/oG3iVDP0WSxi3Q2pQcEV+pZbgd1EI5WhwE44uS78zj1qw2N1Z6cJBpKOFI84o7aQzvxBNKjWvLo7B/mb1GCJ1qD63h/GLJWoLBPUmJ7nJjbIqLacCZxV+qnBhLIJHWEvp4pKNEE2v3VGTnJlSKJY56UsmatfJzIqjZnKMO+U1I7NT68Qf/N6qY0ug4yrJLWo2GJRlApiY1I8ToZcI7NimhPKNM9vJWxMNWU2j6fyvxDa53XPrXu3jVrzahlHGY7gGE7Bgwtowg20wAcGY3iAJ3h2pPPovDivi9aSs5w5hG9w3j4BlLqN7A==</latexit><latexit sha1_base64="AzpRg71di65HUYHAoj/L1fkGHMY=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBiyWRgh6LXjxWMG2hDWWznbRLdzdhdyOU0L/gxYMiXv1D3vw3Jm0PKgo+GHi8N8PMvDAR3FjX/XBKK6tr6xvlzcrW9s7uXnX/oG3iVDP0WSxi3Q2pQcEV+pZbgd1EI5WhwE44uS78zj1qw2N1Z6cJBpKOFI84o7aQzvxBNKjWvLo7B/mb1GCJ1qD63h/GLJWoLBPUmJ7nJjbIqLacCZxV+qnBhLIJHWEvp4pKNEE2v3VGTnJlSKJY56UsmatfJzIqjZnKMO+U1I7NT68Qf/N6qY0ug4yrJLWo2GJRlApiY1I8ToZcI7NimhPKNM9vJWxMNWU2j6fyvxDa53XPrXu3jVrzahlHGY7gGE7Bgwtowg20wAcGY3iAJ3h2pPPovDivi9aSs5w5hG9w3j4BlLqN7A==</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="TPtHWu8zkDYP1dVLMXD+NoovrHU=">AAAB4HicbZDNSgMxFIXv1L9aq1a3boJFcGOZcaNLwY3LCk5baIeSSe+0oUlmSDJCGfoKblwo4lO5823MtF1o64HAxzkJuffEmeDG+v63V9na3tndq+7XDuqHR8eNk3rHpLlmGLJUpLoXU4OCKwwttwJ7mUYqY4HdeHpf5t1n1Ian6snOMowkHSuecEZtaV2Fw2TYaPotfyGyCcEKmrBSe9j4GoxSlktUlglqTD/wMxsVVFvOBM5rg9xgRtmUjrHvUFGJJioWs87JhXNGJEm1O8qShfv7RUGlMTMZu5uS2olZz0rzv6yf2+Q2KrjKcouKLT9KckFsSsrFyYhrZFbMHFCmuZuVsAnVlFlXT82VEKyvvAmd61bgt4JHH6pwBudwCQHcwB08QBtCYDCBF3iDd096r97Hsq6Kt+rtFP7I+/wBcgqMkw==</latexit><latexit sha1_base64="rPHAeu2vly4AihaKTYyHkN9qZM8=">AAAB4HicjVBNS8NAEJ3Ur1qrVq9eFovgxZJ40aPgxWMF0wptKJvtpF26uwm7E6GU/gUvHhTxV3nz35i0Pago+GDg8d4MM/PiTElHvv/hVdbWNza3qtu1nfru3n7joN5xaW4FhiJVqb2PuUMlDYYkSeF9ZpHrWGE3nlyXfvcBrZOpuaNphpHmIyMTKTiV0lk4SAaNZtDyF2B/kyas0B403vvDVOQaDQnFnesFfkbRjFuSQuG81s8dZlxM+Ah7BTVco4tmi1vn7KRQhixJbVGG2EL9OjHj2rmpjotOzWnsfnql+JvXyym5jGbSZDmhEctFSa4Ypax8nA2lRUFqWhAurCxuZWLMLRdUxFP7Xwid81bgt4JbH6pwBMdwCgFcwBXcQBtCEDCGR3iGF097T97rMq6Kt8rtEL7Be/sEdk6Mlg==</latexit><latexit sha1_base64="3F+ZrQWXNZO/7B82ibLEpJfACaI=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBiyXxoseiF48VTFtoQ9lsN+3S3U3YnQgl9C948aCIV/+QN/+NSdqDioIPBh7vzTAzL0yksOi6H05lZXVtfaO6Wdva3tndq+8fdGycGsZ9FsvY9EJquRSa+yhQ8l5iOFWh5N1wel343XturIj1Hc4SHig61iISjGIhnfnDaFhveE23BPmbNGCJ9rD+PhjFLFVcI5PU2r7nJhhk1KBgks9rg9TyhLIpHfN+TjVV3AZZeeucnOTKiESxyUsjKdWvExlV1s5UmHcqihP70yvE37x+itFlkAmdpMg1WyyKUkkwJsXjZCQMZyhnOaHMiPxWwibUUIZ5PLX/hdA5b3pu07t1G62rZRxVOIJjOAUPLqAFN9AGHxhM4AGe4NlRzqPz4rwuWivOcuYQvsF5+wSTeo3o</latexit><latexit sha1_base64="AzpRg71di65HUYHAoj/L1fkGHMY=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBiyWRgh6LXjxWMG2hDWWznbRLdzdhdyOU0L/gxYMiXv1D3vw3Jm0PKgo+GHi8N8PMvDAR3FjX/XBKK6tr6xvlzcrW9s7uXnX/oG3iVDP0WSxi3Q2pQcEV+pZbgd1EI5WhwE44uS78zj1qw2N1Z6cJBpKOFI84o7aQzvxBNKjWvLo7B/mb1GCJ1qD63h/GLJWoLBPUmJ7nJjbIqLacCZxV+qnBhLIJHWEvp4pKNEE2v3VGTnJlSKJY56UsmatfJzIqjZnKMO+U1I7NT68Qf/N6qY0ug4yrJLWo2GJRlApiY1I8ToZcI7NimhPKNM9vJWxMNWU2j6fyvxDa53XPrXu3jVrzahlHGY7gGE7Bgwtowg20wAcGY3iAJ3h2pPPovDivi9aSs5w5hG9w3j4BlLqN7A==</latexit><latexit sha1_base64="AzpRg71di65HUYHAoj/L1fkGHMY=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBiyWRgh6LXjxWMG2hDWWznbRLdzdhdyOU0L/gxYMiXv1D3vw3Jm0PKgo+GHi8N8PMvDAR3FjX/XBKK6tr6xvlzcrW9s7uXnX/oG3iVDP0WSxi3Q2pQcEV+pZbgd1EI5WhwE44uS78zj1qw2N1Z6cJBpKOFI84o7aQzvxBNKjWvLo7B/mb1GCJ1qD63h/GLJWoLBPUmJ7nJjbIqLacCZxV+qnBhLIJHWEvp4pKNEE2v3VGTnJlSKJY56UsmatfJzIqjZnKMO+U1I7NT68Qf/N6qY0ug4yrJLWo2GJRlApiY1I8ToZcI7NimhPKNM9vJWxMNWU2j6fyvxDa53XPrXu3jVrzahlHGY7gGE7Bgwtowg20wAcGY3iAJ3h2pPPovDivi9aSs5w5hG9w3j4BlLqN7A==</latexit><latexit sha1_base64="AzpRg71di65HUYHAoj/L1fkGHMY=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBiyWRgh6LXjxWMG2hDWWznbRLdzdhdyOU0L/gxYMiXv1D3vw3Jm0PKgo+GHi8N8PMvDAR3FjX/XBKK6tr6xvlzcrW9s7uXnX/oG3iVDP0WSxi3Q2pQcEV+pZbgd1EI5WhwE44uS78zj1qw2N1Z6cJBpKOFI84o7aQzvxBNKjWvLo7B/mb1GCJ1qD63h/GLJWoLBPUmJ7nJjbIqLacCZxV+qnBhLIJHWEvp4pKNEE2v3VGTnJlSKJY56UsmatfJzIqjZnKMO+U1I7NT68Qf/N6qY0ug4yrJLWo2GJRlApiY1I8ToZcI7NimhPKNM9vJWxMNWU2j6fyvxDa53XPrXu3jVrzahlHGY7gGE7Bgwtowg20wAcGY3iAJ3h2pPPovDivi9aSs5w5hG9w3j4BlLqN7A==</latexit><latexit sha1_base64="AzpRg71di65HUYHAoj/L1fkGHMY=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBiyWRgh6LXjxWMG2hDWWznbRLdzdhdyOU0L/gxYMiXv1D3vw3Jm0PKgo+GHi8N8PMvDAR3FjX/XBKK6tr6xvlzcrW9s7uXnX/oG3iVDP0WSxi3Q2pQcEV+pZbgd1EI5WhwE44uS78zj1qw2N1Z6cJBpKOFI84o7aQzvxBNKjWvLo7B/mb1GCJ1qD63h/GLJWoLBPUmJ7nJjbIqLacCZxV+qnBhLIJHWEvp4pKNEE2v3VGTnJlSKJY56UsmatfJzIqjZnKMO+U1I7NT68Qf/N6qY0ug4yrJLWo2GJRlApiY1I8ToZcI7NimhPKNM9vJWxMNWU2j6fyvxDa53XPrXu3jVrzahlHGY7gGE7Bgwtowg20wAcGY3iAJ3h2pPPovDivi9aSs5w5hG9w3j4BlLqN7A==</latexit><latexit sha1_base64="AzpRg71di65HUYHAoj/L1fkGHMY=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBiyWRgh6LXjxWMG2hDWWznbRLdzdhdyOU0L/gxYMiXv1D3vw3Jm0PKgo+GHi8N8PMvDAR3FjX/XBKK6tr6xvlzcrW9s7uXnX/oG3iVDP0WSxi3Q2pQcEV+pZbgd1EI5WhwE44uS78zj1qw2N1Z6cJBpKOFI84o7aQzvxBNKjWvLo7B/mb1GCJ1qD63h/GLJWoLBPUmJ7nJjbIqLacCZxV+qnBhLIJHWEvp4pKNEE2v3VGTnJlSKJY56UsmatfJzIqjZnKMO+U1I7NT68Qf/N6qY0ug4yrJLWo2GJRlApiY1I8ToZcI7NimhPKNM9vJWxMNWU2j6fyvxDa53XPrXu3jVrzahlHGY7gGE7Bgwtowg20wAcGY3iAJ3h2pPPovDivi9aSs5w5hG9w3j4BlLqN7A==</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="TPtHWu8zkDYP1dVLMXD+NoovrHU=">AAAB4HicbZDNSgMxFIXv1L9aq1a3boJFcGOZcaNLwY3LCk5baIeSSe+0oUlmSDJCGfoKblwo4lO5823MtF1o64HAxzkJuffEmeDG+v63V9na3tndq+7XDuqHR8eNk3rHpLlmGLJUpLoXU4OCKwwttwJ7mUYqY4HdeHpf5t1n1Ian6snOMowkHSuecEZtaV2Fw2TYaPotfyGyCcEKmrBSe9j4GoxSlktUlglqTD/wMxsVVFvOBM5rg9xgRtmUjrHvUFGJJioWs87JhXNGJEm1O8qShfv7RUGlMTMZu5uS2olZz0rzv6yf2+Q2KrjKcouKLT9KckFsSsrFyYhrZFbMHFCmuZuVsAnVlFlXT82VEKyvvAmd61bgt4JHH6pwBudwCQHcwB08QBtCYDCBF3iDd096r97Hsq6Kt+rtFP7I+/wBcgqMkw==</latexit><latexit sha1_base64="rPHAeu2vly4AihaKTYyHkN9qZM8=">AAAB4HicjVBNS8NAEJ3Ur1qrVq9eFovgxZJ40aPgxWMF0wptKJvtpF26uwm7E6GU/gUvHhTxV3nz35i0Pago+GDg8d4MM/PiTElHvv/hVdbWNza3qtu1nfru3n7joN5xaW4FhiJVqb2PuUMlDYYkSeF9ZpHrWGE3nlyXfvcBrZOpuaNphpHmIyMTKTiV0lk4SAaNZtDyF2B/kyas0B403vvDVOQaDQnFnesFfkbRjFuSQuG81s8dZlxM+Ah7BTVco4tmi1vn7KRQhixJbVGG2EL9OjHj2rmpjotOzWnsfnql+JvXyym5jGbSZDmhEctFSa4Ypax8nA2lRUFqWhAurCxuZWLMLRdUxFP7Xwid81bgt4JbH6pwBMdwCgFcwBXcQBtCEDCGR3iGF097T97rMq6Kt8rtEL7Be/sEdk6Mlg==</latexit><latexit sha1_base64="3F+ZrQWXNZO/7B82ibLEpJfACaI=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBiyXxoseiF48VTFtoQ9lsN+3S3U3YnQgl9C948aCIV/+QN/+NSdqDioIPBh7vzTAzL0yksOi6H05lZXVtfaO6Wdva3tndq+8fdGycGsZ9FsvY9EJquRSa+yhQ8l5iOFWh5N1wel343XturIj1Hc4SHig61iISjGIhnfnDaFhveE23BPmbNGCJ9rD+PhjFLFVcI5PU2r7nJhhk1KBgks9rg9TyhLIpHfN+TjVV3AZZeeucnOTKiESxyUsjKdWvExlV1s5UmHcqihP70yvE37x+itFlkAmdpMg1WyyKUkkwJsXjZCQMZyhnOaHMiPxWwibUUIZ5PLX/hdA5b3pu07t1G62rZRxVOIJjOAUPLqAFN9AGHxhM4AGe4NlRzqPz4rwuWivOcuYQvsF5+wSTeo3o</latexit><latexit sha1_base64="AzpRg71di65HUYHAoj/L1fkGHMY=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBiyWRgh6LXjxWMG2hDWWznbRLdzdhdyOU0L/gxYMiXv1D3vw3Jm0PKgo+GHi8N8PMvDAR3FjX/XBKK6tr6xvlzcrW9s7uXnX/oG3iVDP0WSxi3Q2pQcEV+pZbgd1EI5WhwE44uS78zj1qw2N1Z6cJBpKOFI84o7aQzvxBNKjWvLo7B/mb1GCJ1qD63h/GLJWoLBPUmJ7nJjbIqLacCZxV+qnBhLIJHWEvp4pKNEE2v3VGTnJlSKJY56UsmatfJzIqjZnKMO+U1I7NT68Qf/N6qY0ug4yrJLWo2GJRlApiY1I8ToZcI7NimhPKNM9vJWxMNWU2j6fyvxDa53XPrXu3jVrzahlHGY7gGE7Bgwtowg20wAcGY3iAJ3h2pPPovDivi9aSs5w5hG9w3j4BlLqN7A==</latexit><latexit sha1_base64="AzpRg71di65HUYHAoj/L1fkGHMY=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBiyWRgh6LXjxWMG2hDWWznbRLdzdhdyOU0L/gxYMiXv1D3vw3Jm0PKgo+GHi8N8PMvDAR3FjX/XBKK6tr6xvlzcrW9s7uXnX/oG3iVDP0WSxi3Q2pQcEV+pZbgd1EI5WhwE44uS78zj1qw2N1Z6cJBpKOFI84o7aQzvxBNKjWvLo7B/mb1GCJ1qD63h/GLJWoLBPUmJ7nJjbIqLacCZxV+qnBhLIJHWEvp4pKNEE2v3VGTnJlSKJY56UsmatfJzIqjZnKMO+U1I7NT68Qf/N6qY0ug4yrJLWo2GJRlApiY1I8ToZcI7NimhPKNM9vJWxMNWU2j6fyvxDa53XPrXu3jVrzahlHGY7gGE7Bgwtowg20wAcGY3iAJ3h2pPPovDivi9aSs5w5hG9w3j4BlLqN7A==</latexit><latexit sha1_base64="AzpRg71di65HUYHAoj/L1fkGHMY=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBiyWRgh6LXjxWMG2hDWWznbRLdzdhdyOU0L/gxYMiXv1D3vw3Jm0PKgo+GHi8N8PMvDAR3FjX/XBKK6tr6xvlzcrW9s7uXnX/oG3iVDP0WSxi3Q2pQcEV+pZbgd1EI5WhwE44uS78zj1qw2N1Z6cJBpKOFI84o7aQzvxBNKjWvLo7B/mb1GCJ1qD63h/GLJWoLBPUmJ7nJjbIqLacCZxV+qnBhLIJHWEvp4pKNEE2v3VGTnJlSKJY56UsmatfJzIqjZnKMO+U1I7NT68Qf/N6qY0ug4yrJLWo2GJRlApiY1I8ToZcI7NimhPKNM9vJWxMNWU2j6fyvxDa53XPrXu3jVrzahlHGY7gGE7Bgwtowg20wAcGY3iAJ3h2pPPovDivi9aSs5w5hG9w3j4BlLqN7A==</latexit><latexit sha1_base64="AzpRg71di65HUYHAoj/L1fkGHMY=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBiyWRgh6LXjxWMG2hDWWznbRLdzdhdyOU0L/gxYMiXv1D3vw3Jm0PKgo+GHi8N8PMvDAR3FjX/XBKK6tr6xvlzcrW9s7uXnX/oG3iVDP0WSxi3Q2pQcEV+pZbgd1EI5WhwE44uS78zj1qw2N1Z6cJBpKOFI84o7aQzvxBNKjWvLo7B/mb1GCJ1qD63h/GLJWoLBPUmJ7nJjbIqLacCZxV+qnBhLIJHWEvp4pKNEE2v3VGTnJlSKJY56UsmatfJzIqjZnKMO+U1I7NT68Qf/N6qY0ug4yrJLWo2GJRlApiY1I8ToZcI7NimhPKNM9vJWxMNWU2j6fyvxDa53XPrXu3jVrzahlHGY7gGE7Bgwtowg20wAcGY3iAJ3h2pPPovDivi9aSs5w5hG9w3j4BlLqN7A==</latexit><latexit sha1_base64="AzpRg71di65HUYHAoj/L1fkGHMY=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBiyWRgh6LXjxWMG2hDWWznbRLdzdhdyOU0L/gxYMiXv1D3vw3Jm0PKgo+GHi8N8PMvDAR3FjX/XBKK6tr6xvlzcrW9s7uXnX/oG3iVDP0WSxi3Q2pQcEV+pZbgd1EI5WhwE44uS78zj1qw2N1Z6cJBpKOFI84o7aQzvxBNKjWvLo7B/mb1GCJ1qD63h/GLJWoLBPUmJ7nJjbIqLacCZxV+qnBhLIJHWEvp4pKNEE2v3VGTnJlSKJY56UsmatfJzIqjZnKMO+U1I7NT68Qf/N6qY0ug4yrJLWo2GJRlApiY1I8ToZcI7NimhPKNM9vJWxMNWU2j6fyvxDa53XPrXu3jVrzahlHGY7gGE7Bgwtowg20wAcGY3iAJ3h2pPPovDivi9aSs5w5hG9w3j4BlLqN7A==</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="TPtHWu8zkDYP1dVLMXD+NoovrHU=">AAAB4HicbZDNSgMxFIXv1L9aq1a3boJFcGOZcaNLwY3LCk5baIeSSe+0oUlmSDJCGfoKblwo4lO5823MtF1o64HAxzkJuffEmeDG+v63V9na3tndq+7XDuqHR8eNk3rHpLlmGLJUpLoXU4OCKwwttwJ7mUYqY4HdeHpf5t1n1Ian6snOMowkHSuecEZtaV2Fw2TYaPotfyGyCcEKmrBSe9j4GoxSlktUlglqTD/wMxsVVFvOBM5rg9xgRtmUjrHvUFGJJioWs87JhXNGJEm1O8qShfv7RUGlMTMZu5uS2olZz0rzv6yf2+Q2KrjKcouKLT9KckFsSsrFyYhrZFbMHFCmuZuVsAnVlFlXT82VEKyvvAmd61bgt4JHH6pwBudwCQHcwB08QBtCYDCBF3iDd096r97Hsq6Kt+rtFP7I+/wBcgqMkw==</latexit><latexit sha1_base64="rPHAeu2vly4AihaKTYyHkN9qZM8=">AAAB4HicjVBNS8NAEJ3Ur1qrVq9eFovgxZJ40aPgxWMF0wptKJvtpF26uwm7E6GU/gUvHhTxV3nz35i0Pago+GDg8d4MM/PiTElHvv/hVdbWNza3qtu1nfru3n7joN5xaW4FhiJVqb2PuUMlDYYkSeF9ZpHrWGE3nlyXfvcBrZOpuaNphpHmIyMTKTiV0lk4SAaNZtDyF2B/kyas0B403vvDVOQaDQnFnesFfkbRjFuSQuG81s8dZlxM+Ah7BTVco4tmi1vn7KRQhixJbVGG2EL9OjHj2rmpjotOzWnsfnql+JvXyym5jGbSZDmhEctFSa4Ypax8nA2lRUFqWhAurCxuZWLMLRdUxFP7Xwid81bgt4JbH6pwBMdwCgFcwBXcQBtCEDCGR3iGF097T97rMq6Kt8rtEL7Be/sEdk6Mlg==</latexit><latexit sha1_base64="3F+ZrQWXNZO/7B82ibLEpJfACaI=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBiyXxoseiF48VTFtoQ9lsN+3S3U3YnQgl9C948aCIV/+QN/+NSdqDioIPBh7vzTAzL0yksOi6H05lZXVtfaO6Wdva3tndq+8fdGycGsZ9FsvY9EJquRSa+yhQ8l5iOFWh5N1wel343XturIj1Hc4SHig61iISjGIhnfnDaFhveE23BPmbNGCJ9rD+PhjFLFVcI5PU2r7nJhhk1KBgks9rg9TyhLIpHfN+TjVV3AZZeeucnOTKiESxyUsjKdWvExlV1s5UmHcqihP70yvE37x+itFlkAmdpMg1WyyKUkkwJsXjZCQMZyhnOaHMiPxWwibUUIZ5PLX/hdA5b3pu07t1G62rZRxVOIJjOAUPLqAFN9AGHxhM4AGe4NlRzqPz4rwuWivOcuYQvsF5+wSTeo3o</latexit><latexit sha1_base64="AzpRg71di65HUYHAoj/L1fkGHMY=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBiyWRgh6LXjxWMG2hDWWznbRLdzdhdyOU0L/gxYMiXv1D3vw3Jm0PKgo+GHi8N8PMvDAR3FjX/XBKK6tr6xvlzcrW9s7uXnX/oG3iVDP0WSxi3Q2pQcEV+pZbgd1EI5WhwE44uS78zj1qw2N1Z6cJBpKOFI84o7aQzvxBNKjWvLo7B/mb1GCJ1qD63h/GLJWoLBPUmJ7nJjbIqLacCZxV+qnBhLIJHWEvp4pKNEE2v3VGTnJlSKJY56UsmatfJzIqjZnKMO+U1I7NT68Qf/N6qY0ug4yrJLWo2GJRlApiY1I8ToZcI7NimhPKNM9vJWxMNWU2j6fyvxDa53XPrXu3jVrzahlHGY7gGE7Bgwtowg20wAcGY3iAJ3h2pPPovDivi9aSs5w5hG9w3j4BlLqN7A==</latexit><latexit sha1_base64="AzpRg71di65HUYHAoj/L1fkGHMY=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBiyWRgh6LXjxWMG2hDWWznbRLdzdhdyOU0L/gxYMiXv1D3vw3Jm0PKgo+GHi8N8PMvDAR3FjX/XBKK6tr6xvlzcrW9s7uXnX/oG3iVDP0WSxi3Q2pQcEV+pZbgd1EI5WhwE44uS78zj1qw2N1Z6cJBpKOFI84o7aQzvxBNKjWvLo7B/mb1GCJ1qD63h/GLJWoLBPUmJ7nJjbIqLacCZxV+qnBhLIJHWEvp4pKNEE2v3VGTnJlSKJY56UsmatfJzIqjZnKMO+U1I7NT68Qf/N6qY0ug4yrJLWo2GJRlApiY1I8ToZcI7NimhPKNM9vJWxMNWU2j6fyvxDa53XPrXu3jVrzahlHGY7gGE7Bgwtowg20wAcGY3iAJ3h2pPPovDivi9aSs5w5hG9w3j4BlLqN7A==</latexit><latexit sha1_base64="AzpRg71di65HUYHAoj/L1fkGHMY=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBiyWRgh6LXjxWMG2hDWWznbRLdzdhdyOU0L/gxYMiXv1D3vw3Jm0PKgo+GHi8N8PMvDAR3FjX/XBKK6tr6xvlzcrW9s7uXnX/oG3iVDP0WSxi3Q2pQcEV+pZbgd1EI5WhwE44uS78zj1qw2N1Z6cJBpKOFI84o7aQzvxBNKjWvLo7B/mb1GCJ1qD63h/GLJWoLBPUmJ7nJjbIqLacCZxV+qnBhLIJHWEvp4pKNEE2v3VGTnJlSKJY56UsmatfJzIqjZnKMO+U1I7NT68Qf/N6qY0ug4yrJLWo2GJRlApiY1I8ToZcI7NimhPKNM9vJWxMNWU2j6fyvxDa53XPrXu3jVrzahlHGY7gGE7Bgwtowg20wAcGY3iAJ3h2pPPovDivi9aSs5w5hG9w3j4BlLqN7A==</latexit><latexit sha1_base64="AzpRg71di65HUYHAoj/L1fkGHMY=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBiyWRgh6LXjxWMG2hDWWznbRLdzdhdyOU0L/gxYMiXv1D3vw3Jm0PKgo+GHi8N8PMvDAR3FjX/XBKK6tr6xvlzcrW9s7uXnX/oG3iVDP0WSxi3Q2pQcEV+pZbgd1EI5WhwE44uS78zj1qw2N1Z6cJBpKOFI84o7aQzvxBNKjWvLo7B/mb1GCJ1qD63h/GLJWoLBPUmJ7nJjbIqLacCZxV+qnBhLIJHWEvp4pKNEE2v3VGTnJlSKJY56UsmatfJzIqjZnKMO+U1I7NT68Qf/N6qY0ug4yrJLWo2GJRlApiY1I8ToZcI7NimhPKNM9vJWxMNWU2j6fyvxDa53XPrXu3jVrzahlHGY7gGE7Bgwtowg20wAcGY3iAJ3h2pPPovDivi9aSs5w5hG9w3j4BlLqN7A==</latexit><latexit sha1_base64="AzpRg71di65HUYHAoj/L1fkGHMY=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBiyWRgh6LXjxWMG2hDWWznbRLdzdhdyOU0L/gxYMiXv1D3vw3Jm0PKgo+GHi8N8PMvDAR3FjX/XBKK6tr6xvlzcrW9s7uXnX/oG3iVDP0WSxi3Q2pQcEV+pZbgd1EI5WhwE44uS78zj1qw2N1Z6cJBpKOFI84o7aQzvxBNKjWvLo7B/mb1GCJ1qD63h/GLJWoLBPUmJ7nJjbIqLacCZxV+qnBhLIJHWEvp4pKNEE2v3VGTnJlSKJY56UsmatfJzIqjZnKMO+U1I7NT68Qf/N6qY0ug4yrJLWo2GJRlApiY1I8ToZcI7NimhPKNM9vJWxMNWU2j6fyvxDa53XPrXu3jVrzahlHGY7gGE7Bgwtowg20wAcGY3iAJ3h2pPPovDivi9aSs5w5hG9w3j4BlLqN7A==</latexit><latexit sha1_base64="AzpRg71di65HUYHAoj/L1fkGHMY=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBiyWRgh6LXjxWMG2hDWWznbRLdzdhdyOU0L/gxYMiXv1D3vw3Jm0PKgo+GHi8N8PMvDAR3FjX/XBKK6tr6xvlzcrW9s7uXnX/oG3iVDP0WSxi3Q2pQcEV+pZbgd1EI5WhwE44uS78zj1qw2N1Z6cJBpKOFI84o7aQzvxBNKjWvLo7B/mb1GCJ1qD63h/GLJWoLBPUmJ7nJjbIqLacCZxV+qnBhLIJHWEvp4pKNEE2v3VGTnJlSKJY56UsmatfJzIqjZnKMO+U1I7NT68Qf/N6qY0ug4yrJLWo2GJRlApiY1I8ToZcI7NimhPKNM9vJWxMNWU2j6fyvxDa53XPrXu3jVrzahlHGY7gGE7Bgwtowg20wAcGY3iAJ3h2pPPovDivi9aSs5w5hG9w3j4BlLqN7A==</latexit>

Uf |xi 7!
(

|xi if x is the marked item

�|xi Otherwise
<latexit sha1_base64="4z9bQlPsA/hEh/lYuFviFK4pYa8="></latexit><latexit sha1_base64="4z9bQlPsA/hEh/lYuFviFK4pYa8="></latexit><latexit sha1_base64="4z9bQlPsA/hEh/lYuFviFK4pYa8="></latexit><latexit sha1_base64="4z9bQlPsA/hEh/lYuFviFK4pYa8="></latexit>



Reflection about the marked item 

Why does this work?

      and      are reflections�Uf
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Uf |xi 7!
(

|xi if x is the marked item

�|xi Otherwise
<latexit sha1_base64="4z9bQlPsA/hEh/lYuFviFK4pYa8="></latexit><latexit sha1_base64="4z9bQlPsA/hEh/lYuFviFK4pYa8="></latexit><latexit sha1_base64="4z9bQlPsA/hEh/lYuFviFK4pYa8="></latexit><latexit sha1_base64="4z9bQlPsA/hEh/lYuFviFK4pYa8="></latexit>



Reflection about the marked item 

Why does this work?

      and      are reflections�Uf
<latexit sha1_base64="AzpRg71di65HUYHAoj/L1fkGHMY=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBiyWRgh6LXjxWMG2hDWWznbRLdzdhdyOU0L/gxYMiXv1D3vw3Jm0PKgo+GHi8N8PMvDAR3FjX/XBKK6tr6xvlzcrW9s7uXnX/oG3iVDP0WSxi3Q2pQcEV+pZbgd1EI5WhwE44uS78zj1qw2N1Z6cJBpKOFI84o7aQzvxBNKjWvLo7B/mb1GCJ1qD63h/GLJWoLBPUmJ7nJjbIqLacCZxV+qnBhLIJHWEvp4pKNEE2v3VGTnJlSKJY56UsmatfJzIqjZnKMO+U1I7NT68Qf/N6qY0ug4yrJLWo2GJRlApiY1I8ToZcI7NimhPKNM9vJWxMNWU2j6fyvxDa53XPrXu3jVrzahlHGY7gGE7Bgwtowg20wAcGY3iAJ3h2pPPovDivi9aSs5w5hG9w3j4BlLqN7A==</latexit><latexit sha1_base64="AzpRg71di65HUYHAoj/L1fkGHMY=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBiyWRgh6LXjxWMG2hDWWznbRLdzdhdyOU0L/gxYMiXv1D3vw3Jm0PKgo+GHi8N8PMvDAR3FjX/XBKK6tr6xvlzcrW9s7uXnX/oG3iVDP0WSxi3Q2pQcEV+pZbgd1EI5WhwE44uS78zj1qw2N1Z6cJBpKOFI84o7aQzvxBNKjWvLo7B/mb1GCJ1qD63h/GLJWoLBPUmJ7nJjbIqLacCZxV+qnBhLIJHWEvp4pKNEE2v3VGTnJlSKJY56UsmatfJzIqjZnKMO+U1I7NT68Qf/N6qY0ug4yrJLWo2GJRlApiY1I8ToZcI7NimhPKNM9vJWxMNWU2j6fyvxDa53XPrXu3jVrzahlHGY7gGE7Bgwtowg20wAcGY3iAJ3h2pPPovDivi9aSs5w5hG9w3j4BlLqN7A==</latexit><latexit sha1_base64="AzpRg71di65HUYHAoj/L1fkGHMY=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBiyWRgh6LXjxWMG2hDWWznbRLdzdhdyOU0L/gxYMiXv1D3vw3Jm0PKgo+GHi8N8PMvDAR3FjX/XBKK6tr6xvlzcrW9s7uXnX/oG3iVDP0WSxi3Q2pQcEV+pZbgd1EI5WhwE44uS78zj1qw2N1Z6cJBpKOFI84o7aQzvxBNKjWvLo7B/mb1GCJ1qD63h/GLJWoLBPUmJ7nJjbIqLacCZxV+qnBhLIJHWEvp4pKNEE2v3VGTnJlSKJY56UsmatfJzIqjZnKMO+U1I7NT68Qf/N6qY0ug4yrJLWo2GJRlApiY1I8ToZcI7NimhPKNM9vJWxMNWU2j6fyvxDa53XPrXu3jVrzahlHGY7gGE7Bgwtowg20wAcGY3iAJ3h2pPPovDivi9aSs5w5hG9w3j4BlLqN7A==</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="TPtHWu8zkDYP1dVLMXD+NoovrHU=">AAAB4HicbZDNSgMxFIXv1L9aq1a3boJFcGOZcaNLwY3LCk5baIeSSe+0oUlmSDJCGfoKblwo4lO5823MtF1o64HAxzkJuffEmeDG+v63V9na3tndq+7XDuqHR8eNk3rHpLlmGLJUpLoXU4OCKwwttwJ7mUYqY4HdeHpf5t1n1Ian6snOMowkHSuecEZtaV2Fw2TYaPotfyGyCcEKmrBSe9j4GoxSlktUlglqTD/wMxsVVFvOBM5rg9xgRtmUjrHvUFGJJioWs87JhXNGJEm1O8qShfv7RUGlMTMZu5uS2olZz0rzv6yf2+Q2KrjKcouKLT9KckFsSsrFyYhrZFbMHFCmuZuVsAnVlFlXT82VEKyvvAmd61bgt4JHH6pwBudwCQHcwB08QBtCYDCBF3iDd096r97Hsq6Kt+rtFP7I+/wBcgqMkw==</latexit><latexit sha1_base64="rPHAeu2vly4AihaKTYyHkN9qZM8=">AAAB4HicjVBNS8NAEJ3Ur1qrVq9eFovgxZJ40aPgxWMF0wptKJvtpF26uwm7E6GU/gUvHhTxV3nz35i0Pago+GDg8d4MM/PiTElHvv/hVdbWNza3qtu1nfru3n7joN5xaW4FhiJVqb2PuUMlDYYkSeF9ZpHrWGE3nlyXfvcBrZOpuaNphpHmIyMTKTiV0lk4SAaNZtDyF2B/kyas0B403vvDVOQaDQnFnesFfkbRjFuSQuG81s8dZlxM+Ah7BTVco4tmi1vn7KRQhixJbVGG2EL9OjHj2rmpjotOzWnsfnql+JvXyym5jGbSZDmhEctFSa4Ypax8nA2lRUFqWhAurCxuZWLMLRdUxFP7Xwid81bgt4JbH6pwBMdwCgFcwBXcQBtCEDCGR3iGF097T97rMq6Kt8rtEL7Be/sEdk6Mlg==</latexit><latexit sha1_base64="3F+ZrQWXNZO/7B82ibLEpJfACaI=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBiyXxoseiF48VTFtoQ9lsN+3S3U3YnQgl9C948aCIV/+QN/+NSdqDioIPBh7vzTAzL0yksOi6H05lZXVtfaO6Wdva3tndq+8fdGycGsZ9FsvY9EJquRSa+yhQ8l5iOFWh5N1wel343XturIj1Hc4SHig61iISjGIhnfnDaFhveE23BPmbNGCJ9rD+PhjFLFVcI5PU2r7nJhhk1KBgks9rg9TyhLIpHfN+TjVV3AZZeeucnOTKiESxyUsjKdWvExlV1s5UmHcqihP70yvE37x+itFlkAmdpMg1WyyKUkkwJsXjZCQMZyhnOaHMiPxWwibUUIZ5PLX/hdA5b3pu07t1G62rZRxVOIJjOAUPLqAFN9AGHxhM4AGe4NlRzqPz4rwuWivOcuYQvsF5+wSTeo3o</latexit><latexit sha1_base64="AzpRg71di65HUYHAoj/L1fkGHMY=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBiyWRgh6LXjxWMG2hDWWznbRLdzdhdyOU0L/gxYMiXv1D3vw3Jm0PKgo+GHi8N8PMvDAR3FjX/XBKK6tr6xvlzcrW9s7uXnX/oG3iVDP0WSxi3Q2pQcEV+pZbgd1EI5WhwE44uS78zj1qw2N1Z6cJBpKOFI84o7aQzvxBNKjWvLo7B/mb1GCJ1qD63h/GLJWoLBPUmJ7nJjbIqLacCZxV+qnBhLIJHWEvp4pKNEE2v3VGTnJlSKJY56UsmatfJzIqjZnKMO+U1I7NT68Qf/N6qY0ug4yrJLWo2GJRlApiY1I8ToZcI7NimhPKNM9vJWxMNWU2j6fyvxDa53XPrXu3jVrzahlHGY7gGE7Bgwtowg20wAcGY3iAJ3h2pPPovDivi9aSs5w5hG9w3j4BlLqN7A==</latexit><latexit sha1_base64="AzpRg71di65HUYHAoj/L1fkGHMY=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBiyWRgh6LXjxWMG2hDWWznbRLdzdhdyOU0L/gxYMiXv1D3vw3Jm0PKgo+GHi8N8PMvDAR3FjX/XBKK6tr6xvlzcrW9s7uXnX/oG3iVDP0WSxi3Q2pQcEV+pZbgd1EI5WhwE44uS78zj1qw2N1Z6cJBpKOFI84o7aQzvxBNKjWvLo7B/mb1GCJ1qD63h/GLJWoLBPUmJ7nJjbIqLacCZxV+qnBhLIJHWEvp4pKNEE2v3VGTnJlSKJY56UsmatfJzIqjZnKMO+U1I7NT68Qf/N6qY0ug4yrJLWo2GJRlApiY1I8ToZcI7NimhPKNM9vJWxMNWU2j6fyvxDa53XPrXu3jVrzahlHGY7gGE7Bgwtowg20wAcGY3iAJ3h2pPPovDivi9aSs5w5hG9w3j4BlLqN7A==</latexit><latexit sha1_base64="AzpRg71di65HUYHAoj/L1fkGHMY=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBiyWRgh6LXjxWMG2hDWWznbRLdzdhdyOU0L/gxYMiXv1D3vw3Jm0PKgo+GHi8N8PMvDAR3FjX/XBKK6tr6xvlzcrW9s7uXnX/oG3iVDP0WSxi3Q2pQcEV+pZbgd1EI5WhwE44uS78zj1qw2N1Z6cJBpKOFI84o7aQzvxBNKjWvLo7B/mb1GCJ1qD63h/GLJWoLBPUmJ7nJjbIqLacCZxV+qnBhLIJHWEvp4pKNEE2v3VGTnJlSKJY56UsmatfJzIqjZnKMO+U1I7NT68Qf/N6qY0ug4yrJLWo2GJRlApiY1I8ToZcI7NimhPKNM9vJWxMNWU2j6fyvxDa53XPrXu3jVrzahlHGY7gGE7Bgwtowg20wAcGY3iAJ3h2pPPovDivi9aSs5w5hG9w3j4BlLqN7A==</latexit><latexit sha1_base64="AzpRg71di65HUYHAoj/L1fkGHMY=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBiyWRgh6LXjxWMG2hDWWznbRLdzdhdyOU0L/gxYMiXv1D3vw3Jm0PKgo+GHi8N8PMvDAR3FjX/XBKK6tr6xvlzcrW9s7uXnX/oG3iVDP0WSxi3Q2pQcEV+pZbgd1EI5WhwE44uS78zj1qw2N1Z6cJBpKOFI84o7aQzvxBNKjWvLo7B/mb1GCJ1qD63h/GLJWoLBPUmJ7nJjbIqLacCZxV+qnBhLIJHWEvp4pKNEE2v3VGTnJlSKJY56UsmatfJzIqjZnKMO+U1I7NT68Qf/N6qY0ug4yrJLWo2GJRlApiY1I8ToZcI7NimhPKNM9vJWxMNWU2j6fyvxDa53XPrXu3jVrzahlHGY7gGE7Bgwtowg20wAcGY3iAJ3h2pPPovDivi9aSs5w5hG9w3j4BlLqN7A==</latexit><latexit sha1_base64="AzpRg71di65HUYHAoj/L1fkGHMY=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBiyWRgh6LXjxWMG2hDWWznbRLdzdhdyOU0L/gxYMiXv1D3vw3Jm0PKgo+GHi8N8PMvDAR3FjX/XBKK6tr6xvlzcrW9s7uXnX/oG3iVDP0WSxi3Q2pQcEV+pZbgd1EI5WhwE44uS78zj1qw2N1Z6cJBpKOFI84o7aQzvxBNKjWvLo7B/mb1GCJ1qD63h/GLJWoLBPUmJ7nJjbIqLacCZxV+qnBhLIJHWEvp4pKNEE2v3VGTnJlSKJY56UsmatfJzIqjZnKMO+U1I7NT68Qf/N6qY0ug4yrJLWo2GJRlApiY1I8ToZcI7NimhPKNM9vJWxMNWU2j6fyvxDa53XPrXu3jVrzahlHGY7gGE7Bgwtowg20wAcGY3iAJ3h2pPPovDivi9aSs5w5hG9w3j4BlLqN7A==</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="TPtHWu8zkDYP1dVLMXD+NoovrHU=">AAAB4HicbZDNSgMxFIXv1L9aq1a3boJFcGOZcaNLwY3LCk5baIeSSe+0oUlmSDJCGfoKblwo4lO5823MtF1o64HAxzkJuffEmeDG+v63V9na3tndq+7XDuqHR8eNk3rHpLlmGLJUpLoXU4OCKwwttwJ7mUYqY4HdeHpf5t1n1Ian6snOMowkHSuecEZtaV2Fw2TYaPotfyGyCcEKmrBSe9j4GoxSlktUlglqTD/wMxsVVFvOBM5rg9xgRtmUjrHvUFGJJioWs87JhXNGJEm1O8qShfv7RUGlMTMZu5uS2olZz0rzv6yf2+Q2KrjKcouKLT9KckFsSsrFyYhrZFbMHFCmuZuVsAnVlFlXT82VEKyvvAmd61bgt4JHH6pwBudwCQHcwB08QBtCYDCBF3iDd096r97Hsq6Kt+rtFP7I+/wBcgqMkw==</latexit><latexit sha1_base64="rPHAeu2vly4AihaKTYyHkN9qZM8=">AAAB4HicjVBNS8NAEJ3Ur1qrVq9eFovgxZJ40aPgxWMF0wptKJvtpF26uwm7E6GU/gUvHhTxV3nz35i0Pago+GDg8d4MM/PiTElHvv/hVdbWNza3qtu1nfru3n7joN5xaW4FhiJVqb2PuUMlDYYkSeF9ZpHrWGE3nlyXfvcBrZOpuaNphpHmIyMTKTiV0lk4SAaNZtDyF2B/kyas0B403vvDVOQaDQnFnesFfkbRjFuSQuG81s8dZlxM+Ah7BTVco4tmi1vn7KRQhixJbVGG2EL9OjHj2rmpjotOzWnsfnql+JvXyym5jGbSZDmhEctFSa4Ypax8nA2lRUFqWhAurCxuZWLMLRdUxFP7Xwid81bgt4JbH6pwBMdwCgFcwBXcQBtCEDCGR3iGF097T97rMq6Kt8rtEL7Be/sEdk6Mlg==</latexit><latexit sha1_base64="3F+ZrQWXNZO/7B82ibLEpJfACaI=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBiyXxoseiF48VTFtoQ9lsN+3S3U3YnQgl9C948aCIV/+QN/+NSdqDioIPBh7vzTAzL0yksOi6H05lZXVtfaO6Wdva3tndq+8fdGycGsZ9FsvY9EJquRSa+yhQ8l5iOFWh5N1wel343XturIj1Hc4SHig61iISjGIhnfnDaFhveE23BPmbNGCJ9rD+PhjFLFVcI5PU2r7nJhhk1KBgks9rg9TyhLIpHfN+TjVV3AZZeeucnOTKiESxyUsjKdWvExlV1s5UmHcqihP70yvE37x+itFlkAmdpMg1WyyKUkkwJsXjZCQMZyhnOaHMiPxWwibUUIZ5PLX/hdA5b3pu07t1G62rZRxVOIJjOAUPLqAFN9AGHxhM4AGe4NlRzqPz4rwuWivOcuYQvsF5+wSTeo3o</latexit><latexit sha1_base64="AzpRg71di65HUYHAoj/L1fkGHMY=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBiyWRgh6LXjxWMG2hDWWznbRLdzdhdyOU0L/gxYMiXv1D3vw3Jm0PKgo+GHi8N8PMvDAR3FjX/XBKK6tr6xvlzcrW9s7uXnX/oG3iVDP0WSxi3Q2pQcEV+pZbgd1EI5WhwE44uS78zj1qw2N1Z6cJBpKOFI84o7aQzvxBNKjWvLo7B/mb1GCJ1qD63h/GLJWoLBPUmJ7nJjbIqLacCZxV+qnBhLIJHWEvp4pKNEE2v3VGTnJlSKJY56UsmatfJzIqjZnKMO+U1I7NT68Qf/N6qY0ug4yrJLWo2GJRlApiY1I8ToZcI7NimhPKNM9vJWxMNWU2j6fyvxDa53XPrXu3jVrzahlHGY7gGE7Bgwtowg20wAcGY3iAJ3h2pPPovDivi9aSs5w5hG9w3j4BlLqN7A==</latexit><latexit sha1_base64="AzpRg71di65HUYHAoj/L1fkGHMY=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBiyWRgh6LXjxWMG2hDWWznbRLdzdhdyOU0L/gxYMiXv1D3vw3Jm0PKgo+GHi8N8PMvDAR3FjX/XBKK6tr6xvlzcrW9s7uXnX/oG3iVDP0WSxi3Q2pQcEV+pZbgd1EI5WhwE44uS78zj1qw2N1Z6cJBpKOFI84o7aQzvxBNKjWvLo7B/mb1GCJ1qD63h/GLJWoLBPUmJ7nJjbIqLacCZxV+qnBhLIJHWEvp4pKNEE2v3VGTnJlSKJY56UsmatfJzIqjZnKMO+U1I7NT68Qf/N6qY0ug4yrJLWo2GJRlApiY1I8ToZcI7NimhPKNM9vJWxMNWU2j6fyvxDa53XPrXu3jVrzahlHGY7gGE7Bgwtowg20wAcGY3iAJ3h2pPPovDivi9aSs5w5hG9w3j4BlLqN7A==</latexit><latexit sha1_base64="AzpRg71di65HUYHAoj/L1fkGHMY=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBiyWRgh6LXjxWMG2hDWWznbRLdzdhdyOU0L/gxYMiXv1D3vw3Jm0PKgo+GHi8N8PMvDAR3FjX/XBKK6tr6xvlzcrW9s7uXnX/oG3iVDP0WSxi3Q2pQcEV+pZbgd1EI5WhwE44uS78zj1qw2N1Z6cJBpKOFI84o7aQzvxBNKjWvLo7B/mb1GCJ1qD63h/GLJWoLBPUmJ7nJjbIqLacCZxV+qnBhLIJHWEvp4pKNEE2v3VGTnJlSKJY56UsmatfJzIqjZnKMO+U1I7NT68Qf/N6qY0ug4yrJLWo2GJRlApiY1I8ToZcI7NimhPKNM9vJWxMNWU2j6fyvxDa53XPrXu3jVrzahlHGY7gGE7Bgwtowg20wAcGY3iAJ3h2pPPovDivi9aSs5w5hG9w3j4BlLqN7A==</latexit><latexit sha1_base64="AzpRg71di65HUYHAoj/L1fkGHMY=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBiyWRgh6LXjxWMG2hDWWznbRLdzdhdyOU0L/gxYMiXv1D3vw3Jm0PKgo+GHi8N8PMvDAR3FjX/XBKK6tr6xvlzcrW9s7uXnX/oG3iVDP0WSxi3Q2pQcEV+pZbgd1EI5WhwE44uS78zj1qw2N1Z6cJBpKOFI84o7aQzvxBNKjWvLo7B/mb1GCJ1qD63h/GLJWoLBPUmJ7nJjbIqLacCZxV+qnBhLIJHWEvp4pKNEE2v3VGTnJlSKJY56UsmatfJzIqjZnKMO+U1I7NT68Qf/N6qY0ug4yrJLWo2GJRlApiY1I8ToZcI7NimhPKNM9vJWxMNWU2j6fyvxDa53XPrXu3jVrzahlHGY7gGE7Bgwtowg20wAcGY3iAJ3h2pPPovDivi9aSs5w5hG9w3j4BlLqN7A==</latexit><latexit sha1_base64="AzpRg71di65HUYHAoj/L1fkGHMY=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBiyWRgh6LXjxWMG2hDWWznbRLdzdhdyOU0L/gxYMiXv1D3vw3Jm0PKgo+GHi8N8PMvDAR3FjX/XBKK6tr6xvlzcrW9s7uXnX/oG3iVDP0WSxi3Q2pQcEV+pZbgd1EI5WhwE44uS78zj1qw2N1Z6cJBpKOFI84o7aQzvxBNKjWvLo7B/mb1GCJ1qD63h/GLJWoLBPUmJ7nJjbIqLacCZxV+qnBhLIJHWEvp4pKNEE2v3VGTnJlSKJY56UsmatfJzIqjZnKMO+U1I7NT68Qf/N6qY0ug4yrJLWo2GJRlApiY1I8ToZcI7NimhPKNM9vJWxMNWU2j6fyvxDa53XPrXu3jVrzahlHGY7gGE7Bgwtowg20wAcGY3iAJ3h2pPPovDivi9aSs5w5hG9w3j4BlLqN7A==</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="TPtHWu8zkDYP1dVLMXD+NoovrHU=">AAAB4HicbZDNSgMxFIXv1L9aq1a3boJFcGOZcaNLwY3LCk5baIeSSe+0oUlmSDJCGfoKblwo4lO5823MtF1o64HAxzkJuffEmeDG+v63V9na3tndq+7XDuqHR8eNk3rHpLlmGLJUpLoXU4OCKwwttwJ7mUYqY4HdeHpf5t1n1Ian6snOMowkHSuecEZtaV2Fw2TYaPotfyGyCcEKmrBSe9j4GoxSlktUlglqTD/wMxsVVFvOBM5rg9xgRtmUjrHvUFGJJioWs87JhXNGJEm1O8qShfv7RUGlMTMZu5uS2olZz0rzv6yf2+Q2KrjKcouKLT9KckFsSsrFyYhrZFbMHFCmuZuVsAnVlFlXT82VEKyvvAmd61bgt4JHH6pwBudwCQHcwB08QBtCYDCBF3iDd096r97Hsq6Kt+rtFP7I+/wBcgqMkw==</latexit><latexit sha1_base64="rPHAeu2vly4AihaKTYyHkN9qZM8=">AAAB4HicjVBNS8NAEJ3Ur1qrVq9eFovgxZJ40aPgxWMF0wptKJvtpF26uwm7E6GU/gUvHhTxV3nz35i0Pago+GDg8d4MM/PiTElHvv/hVdbWNza3qtu1nfru3n7joN5xaW4FhiJVqb2PuUMlDYYkSeF9ZpHrWGE3nlyXfvcBrZOpuaNphpHmIyMTKTiV0lk4SAaNZtDyF2B/kyas0B403vvDVOQaDQnFnesFfkbRjFuSQuG81s8dZlxM+Ah7BTVco4tmi1vn7KRQhixJbVGG2EL9OjHj2rmpjotOzWnsfnql+JvXyym5jGbSZDmhEctFSa4Ypax8nA2lRUFqWhAurCxuZWLMLRdUxFP7Xwid81bgt4JbH6pwBMdwCgFcwBXcQBtCEDCGR3iGF097T97rMq6Kt8rtEL7Be/sEdk6Mlg==</latexit><latexit sha1_base64="3F+ZrQWXNZO/7B82ibLEpJfACaI=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBiyXxoseiF48VTFtoQ9lsN+3S3U3YnQgl9C948aCIV/+QN/+NSdqDioIPBh7vzTAzL0yksOi6H05lZXVtfaO6Wdva3tndq+8fdGycGsZ9FsvY9EJquRSa+yhQ8l5iOFWh5N1wel343XturIj1Hc4SHig61iISjGIhnfnDaFhveE23BPmbNGCJ9rD+PhjFLFVcI5PU2r7nJhhk1KBgks9rg9TyhLIpHfN+TjVV3AZZeeucnOTKiESxyUsjKdWvExlV1s5UmHcqihP70yvE37x+itFlkAmdpMg1WyyKUkkwJsXjZCQMZyhnOaHMiPxWwibUUIZ5PLX/hdA5b3pu07t1G62rZRxVOIJjOAUPLqAFN9AGHxhM4AGe4NlRzqPz4rwuWivOcuYQvsF5+wSTeo3o</latexit><latexit sha1_base64="AzpRg71di65HUYHAoj/L1fkGHMY=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBiyWRgh6LXjxWMG2hDWWznbRLdzdhdyOU0L/gxYMiXv1D3vw3Jm0PKgo+GHi8N8PMvDAR3FjX/XBKK6tr6xvlzcrW9s7uXnX/oG3iVDP0WSxi3Q2pQcEV+pZbgd1EI5WhwE44uS78zj1qw2N1Z6cJBpKOFI84o7aQzvxBNKjWvLo7B/mb1GCJ1qD63h/GLJWoLBPUmJ7nJjbIqLacCZxV+qnBhLIJHWEvp4pKNEE2v3VGTnJlSKJY56UsmatfJzIqjZnKMO+U1I7NT68Qf/N6qY0ug4yrJLWo2GJRlApiY1I8ToZcI7NimhPKNM9vJWxMNWU2j6fyvxDa53XPrXu3jVrzahlHGY7gGE7Bgwtowg20wAcGY3iAJ3h2pPPovDivi9aSs5w5hG9w3j4BlLqN7A==</latexit><latexit sha1_base64="AzpRg71di65HUYHAoj/L1fkGHMY=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBiyWRgh6LXjxWMG2hDWWznbRLdzdhdyOU0L/gxYMiXv1D3vw3Jm0PKgo+GHi8N8PMvDAR3FjX/XBKK6tr6xvlzcrW9s7uXnX/oG3iVDP0WSxi3Q2pQcEV+pZbgd1EI5WhwE44uS78zj1qw2N1Z6cJBpKOFI84o7aQzvxBNKjWvLo7B/mb1GCJ1qD63h/GLJWoLBPUmJ7nJjbIqLacCZxV+qnBhLIJHWEvp4pKNEE2v3VGTnJlSKJY56UsmatfJzIqjZnKMO+U1I7NT68Qf/N6qY0ug4yrJLWo2GJRlApiY1I8ToZcI7NimhPKNM9vJWxMNWU2j6fyvxDa53XPrXu3jVrzahlHGY7gGE7Bgwtowg20wAcGY3iAJ3h2pPPovDivi9aSs5w5hG9w3j4BlLqN7A==</latexit><latexit sha1_base64="AzpRg71di65HUYHAoj/L1fkGHMY=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBiyWRgh6LXjxWMG2hDWWznbRLdzdhdyOU0L/gxYMiXv1D3vw3Jm0PKgo+GHi8N8PMvDAR3FjX/XBKK6tr6xvlzcrW9s7uXnX/oG3iVDP0WSxi3Q2pQcEV+pZbgd1EI5WhwE44uS78zj1qw2N1Z6cJBpKOFI84o7aQzvxBNKjWvLo7B/mb1GCJ1qD63h/GLJWoLBPUmJ7nJjbIqLacCZxV+qnBhLIJHWEvp4pKNEE2v3VGTnJlSKJY56UsmatfJzIqjZnKMO+U1I7NT68Qf/N6qY0ug4yrJLWo2GJRlApiY1I8ToZcI7NimhPKNM9vJWxMNWU2j6fyvxDa53XPrXu3jVrzahlHGY7gGE7Bgwtowg20wAcGY3iAJ3h2pPPovDivi9aSs5w5hG9w3j4BlLqN7A==</latexit><latexit sha1_base64="AzpRg71di65HUYHAoj/L1fkGHMY=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBiyWRgh6LXjxWMG2hDWWznbRLdzdhdyOU0L/gxYMiXv1D3vw3Jm0PKgo+GHi8N8PMvDAR3FjX/XBKK6tr6xvlzcrW9s7uXnX/oG3iVDP0WSxi3Q2pQcEV+pZbgd1EI5WhwE44uS78zj1qw2N1Z6cJBpKOFI84o7aQzvxBNKjWvLo7B/mb1GCJ1qD63h/GLJWoLBPUmJ7nJjbIqLacCZxV+qnBhLIJHWEvp4pKNEE2v3VGTnJlSKJY56UsmatfJzIqjZnKMO+U1I7NT68Qf/N6qY0ug4yrJLWo2GJRlApiY1I8ToZcI7NimhPKNM9vJWxMNWU2j6fyvxDa53XPrXu3jVrzahlHGY7gGE7Bgwtowg20wAcGY3iAJ3h2pPPovDivi9aSs5w5hG9w3j4BlLqN7A==</latexit><latexit sha1_base64="AzpRg71di65HUYHAoj/L1fkGHMY=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBiyWRgh6LXjxWMG2hDWWznbRLdzdhdyOU0L/gxYMiXv1D3vw3Jm0PKgo+GHi8N8PMvDAR3FjX/XBKK6tr6xvlzcrW9s7uXnX/oG3iVDP0WSxi3Q2pQcEV+pZbgd1EI5WhwE44uS78zj1qw2N1Z6cJBpKOFI84o7aQzvxBNKjWvLo7B/mb1GCJ1qD63h/GLJWoLBPUmJ7nJjbIqLacCZxV+qnBhLIJHWEvp4pKNEE2v3VGTnJlSKJY56UsmatfJzIqjZnKMO+U1I7NT68Qf/N6qY0ug4yrJLWo2GJRlApiY1I8ToZcI7NimhPKNM9vJWxMNWU2j6fyvxDa53XPrXu3jVrzahlHGY7gGE7Bgwtowg20wAcGY3iAJ3h2pPPovDivi9aSs5w5hG9w3j4BlLqN7A==</latexit><latexit sha1_base64="AzpRg71di65HUYHAoj/L1fkGHMY=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBiyWRgh6LXjxWMG2hDWWznbRLdzdhdyOU0L/gxYMiXv1D3vw3Jm0PKgo+GHi8N8PMvDAR3FjX/XBKK6tr6xvlzcrW9s7uXnX/oG3iVDP0WSxi3Q2pQcEV+pZbgd1EI5WhwE44uS78zj1qw2N1Z6cJBpKOFI84o7aQzvxBNKjWvLo7B/mb1GCJ1qD63h/GLJWoLBPUmJ7nJjbIqLacCZxV+qnBhLIJHWEvp4pKNEE2v3VGTnJlSKJY56UsmatfJzIqjZnKMO+U1I7NT68Qf/N6qY0ug4yrJLWo2GJRlApiY1I8ToZcI7NimhPKNM9vJWxMNWU2j6fyvxDa53XPrXu3jVrzahlHGY7gGE7Bgwtowg20wAcGY3iAJ3h2pPPovDivi9aSs5w5hG9w3j4BlLqN7A==</latexit>

Uf |xi 7!
(

|xi if x is the marked item

�|xi Otherwise
<latexit sha1_base64="4z9bQlPsA/hEh/lYuFviFK4pYa8="></latexit><latexit sha1_base64="4z9bQlPsA/hEh/lYuFviFK4pYa8="></latexit><latexit sha1_base64="4z9bQlPsA/hEh/lYuFviFK4pYa8="></latexit><latexit sha1_base64="4z9bQlPsA/hEh/lYuFviFK4pYa8="></latexit>



Reflection about the marked item 

Why does this work?

      and      are reflections�Uf
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Uf |xi 7!
(

|xi if x is the marked item

�|xi Otherwise
<latexit sha1_base64="4z9bQlPsA/hEh/lYuFviFK4pYa8="></latexit><latexit sha1_base64="4z9bQlPsA/hEh/lYuFviFK4pYa8="></latexit><latexit sha1_base64="4z9bQlPsA/hEh/lYuFviFK4pYa8="></latexit><latexit sha1_base64="4z9bQlPsA/hEh/lYuFviFK4pYa8="></latexit>



Reflection about the marked item 

Why does this work?

      and      are reflections�Uf
<latexit sha1_base64="AzpRg71di65HUYHAoj/L1fkGHMY=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBiyWRgh6LXjxWMG2hDWWznbRLdzdhdyOU0L/gxYMiXv1D3vw3Jm0PKgo+GHi8N8PMvDAR3FjX/XBKK6tr6xvlzcrW9s7uXnX/oG3iVDP0WSxi3Q2pQcEV+pZbgd1EI5WhwE44uS78zj1qw2N1Z6cJBpKOFI84o7aQzvxBNKjWvLo7B/mb1GCJ1qD63h/GLJWoLBPUmJ7nJjbIqLacCZxV+qnBhLIJHWEvp4pKNEE2v3VGTnJlSKJY56UsmatfJzIqjZnKMO+U1I7NT68Qf/N6qY0ug4yrJLWo2GJRlApiY1I8ToZcI7NimhPKNM9vJWxMNWU2j6fyvxDa53XPrXu3jVrzahlHGY7gGE7Bgwtowg20wAcGY3iAJ3h2pPPovDivi9aSs5w5hG9w3j4BlLqN7A==</latexit><latexit sha1_base64="AzpRg71di65HUYHAoj/L1fkGHMY=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBiyWRgh6LXjxWMG2hDWWznbRLdzdhdyOU0L/gxYMiXv1D3vw3Jm0PKgo+GHi8N8PMvDAR3FjX/XBKK6tr6xvlzcrW9s7uXnX/oG3iVDP0WSxi3Q2pQcEV+pZbgd1EI5WhwE44uS78zj1qw2N1Z6cJBpKOFI84o7aQzvxBNKjWvLo7B/mb1GCJ1qD63h/GLJWoLBPUmJ7nJjbIqLacCZxV+qnBhLIJHWEvp4pKNEE2v3VGTnJlSKJY56UsmatfJzIqjZnKMO+U1I7NT68Qf/N6qY0ug4yrJLWo2GJRlApiY1I8ToZcI7NimhPKNM9vJWxMNWU2j6fyvxDa53XPrXu3jVrzahlHGY7gGE7Bgwtowg20wAcGY3iAJ3h2pPPovDivi9aSs5w5hG9w3j4BlLqN7A==</latexit><latexit sha1_base64="AzpRg71di65HUYHAoj/L1fkGHMY=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBiyWRgh6LXjxWMG2hDWWznbRLdzdhdyOU0L/gxYMiXv1D3vw3Jm0PKgo+GHi8N8PMvDAR3FjX/XBKK6tr6xvlzcrW9s7uXnX/oG3iVDP0WSxi3Q2pQcEV+pZbgd1EI5WhwE44uS78zj1qw2N1Z6cJBpKOFI84o7aQzvxBNKjWvLo7B/mb1GCJ1qD63h/GLJWoLBPUmJ7nJjbIqLacCZxV+qnBhLIJHWEvp4pKNEE2v3VGTnJlSKJY56UsmatfJzIqjZnKMO+U1I7NT68Qf/N6qY0ug4yrJLWo2GJRlApiY1I8ToZcI7NimhPKNM9vJWxMNWU2j6fyvxDa53XPrXu3jVrzahlHGY7gGE7Bgwtowg20wAcGY3iAJ3h2pPPovDivi9aSs5w5hG9w3j4BlLqN7A==</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="TPtHWu8zkDYP1dVLMXD+NoovrHU=">AAAB4HicbZDNSgMxFIXv1L9aq1a3boJFcGOZcaNLwY3LCk5baIeSSe+0oUlmSDJCGfoKblwo4lO5823MtF1o64HAxzkJuffEmeDG+v63V9na3tndq+7XDuqHR8eNk3rHpLlmGLJUpLoXU4OCKwwttwJ7mUYqY4HdeHpf5t1n1Ian6snOMowkHSuecEZtaV2Fw2TYaPotfyGyCcEKmrBSe9j4GoxSlktUlglqTD/wMxsVVFvOBM5rg9xgRtmUjrHvUFGJJioWs87JhXNGJEm1O8qShfv7RUGlMTMZu5uS2olZz0rzv6yf2+Q2KrjKcouKLT9KckFsSsrFyYhrZFbMHFCmuZuVsAnVlFlXT82VEKyvvAmd61bgt4JHH6pwBudwCQHcwB08QBtCYDCBF3iDd096r97Hsq6Kt+rtFP7I+/wBcgqMkw==</latexit><latexit sha1_base64="rPHAeu2vly4AihaKTYyHkN9qZM8=">AAAB4HicjVBNS8NAEJ3Ur1qrVq9eFovgxZJ40aPgxWMF0wptKJvtpF26uwm7E6GU/gUvHhTxV3nz35i0Pago+GDg8d4MM/PiTElHvv/hVdbWNza3qtu1nfru3n7joN5xaW4FhiJVqb2PuUMlDYYkSeF9ZpHrWGE3nlyXfvcBrZOpuaNphpHmIyMTKTiV0lk4SAaNZtDyF2B/kyas0B403vvDVOQaDQnFnesFfkbRjFuSQuG81s8dZlxM+Ah7BTVco4tmi1vn7KRQhixJbVGG2EL9OjHj2rmpjotOzWnsfnql+JvXyym5jGbSZDmhEctFSa4Ypax8nA2lRUFqWhAurCxuZWLMLRdUxFP7Xwid81bgt4JbH6pwBMdwCgFcwBXcQBtCEDCGR3iGF097T97rMq6Kt8rtEL7Be/sEdk6Mlg==</latexit><latexit sha1_base64="3F+ZrQWXNZO/7B82ibLEpJfACaI=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBiyXxoseiF48VTFtoQ9lsN+3S3U3YnQgl9C948aCIV/+QN/+NSdqDioIPBh7vzTAzL0yksOi6H05lZXVtfaO6Wdva3tndq+8fdGycGsZ9FsvY9EJquRSa+yhQ8l5iOFWh5N1wel343XturIj1Hc4SHig61iISjGIhnfnDaFhveE23BPmbNGCJ9rD+PhjFLFVcI5PU2r7nJhhk1KBgks9rg9TyhLIpHfN+TjVV3AZZeeucnOTKiESxyUsjKdWvExlV1s5UmHcqihP70yvE37x+itFlkAmdpMg1WyyKUkkwJsXjZCQMZyhnOaHMiPxWwibUUIZ5PLX/hdA5b3pu07t1G62rZRxVOIJjOAUPLqAFN9AGHxhM4AGe4NlRzqPz4rwuWivOcuYQvsF5+wSTeo3o</latexit><latexit sha1_base64="AzpRg71di65HUYHAoj/L1fkGHMY=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBiyWRgh6LXjxWMG2hDWWznbRLdzdhdyOU0L/gxYMiXv1D3vw3Jm0PKgo+GHi8N8PMvDAR3FjX/XBKK6tr6xvlzcrW9s7uXnX/oG3iVDP0WSxi3Q2pQcEV+pZbgd1EI5WhwE44uS78zj1qw2N1Z6cJBpKOFI84o7aQzvxBNKjWvLo7B/mb1GCJ1qD63h/GLJWoLBPUmJ7nJjbIqLacCZxV+qnBhLIJHWEvp4pKNEE2v3VGTnJlSKJY56UsmatfJzIqjZnKMO+U1I7NT68Qf/N6qY0ug4yrJLWo2GJRlApiY1I8ToZcI7NimhPKNM9vJWxMNWU2j6fyvxDa53XPrXu3jVrzahlHGY7gGE7Bgwtowg20wAcGY3iAJ3h2pPPovDivi9aSs5w5hG9w3j4BlLqN7A==</latexit><latexit sha1_base64="AzpRg71di65HUYHAoj/L1fkGHMY=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBiyWRgh6LXjxWMG2hDWWznbRLdzdhdyOU0L/gxYMiXv1D3vw3Jm0PKgo+GHi8N8PMvDAR3FjX/XBKK6tr6xvlzcrW9s7uXnX/oG3iVDP0WSxi3Q2pQcEV+pZbgd1EI5WhwE44uS78zj1qw2N1Z6cJBpKOFI84o7aQzvxBNKjWvLo7B/mb1GCJ1qD63h/GLJWoLBPUmJ7nJjbIqLacCZxV+qnBhLIJHWEvp4pKNEE2v3VGTnJlSKJY56UsmatfJzIqjZnKMO+U1I7NT68Qf/N6qY0ug4yrJLWo2GJRlApiY1I8ToZcI7NimhPKNM9vJWxMNWU2j6fyvxDa53XPrXu3jVrzahlHGY7gGE7Bgwtowg20wAcGY3iAJ3h2pPPovDivi9aSs5w5hG9w3j4BlLqN7A==</latexit><latexit sha1_base64="AzpRg71di65HUYHAoj/L1fkGHMY=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBiyWRgh6LXjxWMG2hDWWznbRLdzdhdyOU0L/gxYMiXv1D3vw3Jm0PKgo+GHi8N8PMvDAR3FjX/XBKK6tr6xvlzcrW9s7uXnX/oG3iVDP0WSxi3Q2pQcEV+pZbgd1EI5WhwE44uS78zj1qw2N1Z6cJBpKOFI84o7aQzvxBNKjWvLo7B/mb1GCJ1qD63h/GLJWoLBPUmJ7nJjbIqLacCZxV+qnBhLIJHWEvp4pKNEE2v3VGTnJlSKJY56UsmatfJzIqjZnKMO+U1I7NT68Qf/N6qY0ug4yrJLWo2GJRlApiY1I8ToZcI7NimhPKNM9vJWxMNWU2j6fyvxDa53XPrXu3jVrzahlHGY7gGE7Bgwtowg20wAcGY3iAJ3h2pPPovDivi9aSs5w5hG9w3j4BlLqN7A==</latexit><latexit sha1_base64="AzpRg71di65HUYHAoj/L1fkGHMY=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBiyWRgh6LXjxWMG2hDWWznbRLdzdhdyOU0L/gxYMiXv1D3vw3Jm0PKgo+GHi8N8PMvDAR3FjX/XBKK6tr6xvlzcrW9s7uXnX/oG3iVDP0WSxi3Q2pQcEV+pZbgd1EI5WhwE44uS78zj1qw2N1Z6cJBpKOFI84o7aQzvxBNKjWvLo7B/mb1GCJ1qD63h/GLJWoLBPUmJ7nJjbIqLacCZxV+qnBhLIJHWEvp4pKNEE2v3VGTnJlSKJY56UsmatfJzIqjZnKMO+U1I7NT68Qf/N6qY0ug4yrJLWo2GJRlApiY1I8ToZcI7NimhPKNM9vJWxMNWU2j6fyvxDa53XPrXu3jVrzahlHGY7gGE7Bgwtowg20wAcGY3iAJ3h2pPPovDivi9aSs5w5hG9w3j4BlLqN7A==</latexit><latexit sha1_base64="AzpRg71di65HUYHAoj/L1fkGHMY=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBiyWRgh6LXjxWMG2hDWWznbRLdzdhdyOU0L/gxYMiXv1D3vw3Jm0PKgo+GHi8N8PMvDAR3FjX/XBKK6tr6xvlzcrW9s7uXnX/oG3iVDP0WSxi3Q2pQcEV+pZbgd1EI5WhwE44uS78zj1qw2N1Z6cJBpKOFI84o7aQzvxBNKjWvLo7B/mb1GCJ1qD63h/GLJWoLBPUmJ7nJjbIqLacCZxV+qnBhLIJHWEvp4pKNEE2v3VGTnJlSKJY56UsmatfJzIqjZnKMO+U1I7NT68Qf/N6qY0ug4yrJLWo2GJRlApiY1I8ToZcI7NimhPKNM9vJWxMNWU2j6fyvxDa53XPrXu3jVrzahlHGY7gGE7Bgwtowg20wAcGY3iAJ3h2pPPovDivi9aSs5w5hG9w3j4BlLqN7A==</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="TPtHWu8zkDYP1dVLMXD+NoovrHU=">AAAB4HicbZDNSgMxFIXv1L9aq1a3boJFcGOZcaNLwY3LCk5baIeSSe+0oUlmSDJCGfoKblwo4lO5823MtF1o64HAxzkJuffEmeDG+v63V9na3tndq+7XDuqHR8eNk3rHpLlmGLJUpLoXU4OCKwwttwJ7mUYqY4HdeHpf5t1n1Ian6snOMowkHSuecEZtaV2Fw2TYaPotfyGyCcEKmrBSe9j4GoxSlktUlglqTD/wMxsVVFvOBM5rg9xgRtmUjrHvUFGJJioWs87JhXNGJEm1O8qShfv7RUGlMTMZu5uS2olZz0rzv6yf2+Q2KrjKcouKLT9KckFsSsrFyYhrZFbMHFCmuZuVsAnVlFlXT82VEKyvvAmd61bgt4JHH6pwBudwCQHcwB08QBtCYDCBF3iDd096r97Hsq6Kt+rtFP7I+/wBcgqMkw==</latexit><latexit sha1_base64="rPHAeu2vly4AihaKTYyHkN9qZM8=">AAAB4HicjVBNS8NAEJ3Ur1qrVq9eFovgxZJ40aPgxWMF0wptKJvtpF26uwm7E6GU/gUvHhTxV3nz35i0Pago+GDg8d4MM/PiTElHvv/hVdbWNza3qtu1nfru3n7joN5xaW4FhiJVqb2PuUMlDYYkSeF9ZpHrWGE3nlyXfvcBrZOpuaNphpHmIyMTKTiV0lk4SAaNZtDyF2B/kyas0B403vvDVOQaDQnFnesFfkbRjFuSQuG81s8dZlxM+Ah7BTVco4tmi1vn7KRQhixJbVGG2EL9OjHj2rmpjotOzWnsfnql+JvXyym5jGbSZDmhEctFSa4Ypax8nA2lRUFqWhAurCxuZWLMLRdUxFP7Xwid81bgt4JbH6pwBMdwCgFcwBXcQBtCEDCGR3iGF097T97rMq6Kt8rtEL7Be/sEdk6Mlg==</latexit><latexit sha1_base64="3F+ZrQWXNZO/7B82ibLEpJfACaI=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBiyXxoseiF48VTFtoQ9lsN+3S3U3YnQgl9C948aCIV/+QN/+NSdqDioIPBh7vzTAzL0yksOi6H05lZXVtfaO6Wdva3tndq+8fdGycGsZ9FsvY9EJquRSa+yhQ8l5iOFWh5N1wel343XturIj1Hc4SHig61iISjGIhnfnDaFhveE23BPmbNGCJ9rD+PhjFLFVcI5PU2r7nJhhk1KBgks9rg9TyhLIpHfN+TjVV3AZZeeucnOTKiESxyUsjKdWvExlV1s5UmHcqihP70yvE37x+itFlkAmdpMg1WyyKUkkwJsXjZCQMZyhnOaHMiPxWwibUUIZ5PLX/hdA5b3pu07t1G62rZRxVOIJjOAUPLqAFN9AGHxhM4AGe4NlRzqPz4rwuWivOcuYQvsF5+wSTeo3o</latexit><latexit sha1_base64="AzpRg71di65HUYHAoj/L1fkGHMY=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBiyWRgh6LXjxWMG2hDWWznbRLdzdhdyOU0L/gxYMiXv1D3vw3Jm0PKgo+GHi8N8PMvDAR3FjX/XBKK6tr6xvlzcrW9s7uXnX/oG3iVDP0WSxi3Q2pQcEV+pZbgd1EI5WhwE44uS78zj1qw2N1Z6cJBpKOFI84o7aQzvxBNKjWvLo7B/mb1GCJ1qD63h/GLJWoLBPUmJ7nJjbIqLacCZxV+qnBhLIJHWEvp4pKNEE2v3VGTnJlSKJY56UsmatfJzIqjZnKMO+U1I7NT68Qf/N6qY0ug4yrJLWo2GJRlApiY1I8ToZcI7NimhPKNM9vJWxMNWU2j6fyvxDa53XPrXu3jVrzahlHGY7gGE7Bgwtowg20wAcGY3iAJ3h2pPPovDivi9aSs5w5hG9w3j4BlLqN7A==</latexit><latexit sha1_base64="AzpRg71di65HUYHAoj/L1fkGHMY=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBiyWRgh6LXjxWMG2hDWWznbRLdzdhdyOU0L/gxYMiXv1D3vw3Jm0PKgo+GHi8N8PMvDAR3FjX/XBKK6tr6xvlzcrW9s7uXnX/oG3iVDP0WSxi3Q2pQcEV+pZbgd1EI5WhwE44uS78zj1qw2N1Z6cJBpKOFI84o7aQzvxBNKjWvLo7B/mb1GCJ1qD63h/GLJWoLBPUmJ7nJjbIqLacCZxV+qnBhLIJHWEvp4pKNEE2v3VGTnJlSKJY56UsmatfJzIqjZnKMO+U1I7NT68Qf/N6qY0ug4yrJLWo2GJRlApiY1I8ToZcI7NimhPKNM9vJWxMNWU2j6fyvxDa53XPrXu3jVrzahlHGY7gGE7Bgwtowg20wAcGY3iAJ3h2pPPovDivi9aSs5w5hG9w3j4BlLqN7A==</latexit><latexit sha1_base64="AzpRg71di65HUYHAoj/L1fkGHMY=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBiyWRgh6LXjxWMG2hDWWznbRLdzdhdyOU0L/gxYMiXv1D3vw3Jm0PKgo+GHi8N8PMvDAR3FjX/XBKK6tr6xvlzcrW9s7uXnX/oG3iVDP0WSxi3Q2pQcEV+pZbgd1EI5WhwE44uS78zj1qw2N1Z6cJBpKOFI84o7aQzvxBNKjWvLo7B/mb1GCJ1qD63h/GLJWoLBPUmJ7nJjbIqLacCZxV+qnBhLIJHWEvp4pKNEE2v3VGTnJlSKJY56UsmatfJzIqjZnKMO+U1I7NT68Qf/N6qY0ug4yrJLWo2GJRlApiY1I8ToZcI7NimhPKNM9vJWxMNWU2j6fyvxDa53XPrXu3jVrzahlHGY7gGE7Bgwtowg20wAcGY3iAJ3h2pPPovDivi9aSs5w5hG9w3j4BlLqN7A==</latexit><latexit sha1_base64="AzpRg71di65HUYHAoj/L1fkGHMY=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBiyWRgh6LXjxWMG2hDWWznbRLdzdhdyOU0L/gxYMiXv1D3vw3Jm0PKgo+GHi8N8PMvDAR3FjX/XBKK6tr6xvlzcrW9s7uXnX/oG3iVDP0WSxi3Q2pQcEV+pZbgd1EI5WhwE44uS78zj1qw2N1Z6cJBpKOFI84o7aQzvxBNKjWvLo7B/mb1GCJ1qD63h/GLJWoLBPUmJ7nJjbIqLacCZxV+qnBhLIJHWEvp4pKNEE2v3VGTnJlSKJY56UsmatfJzIqjZnKMO+U1I7NT68Qf/N6qY0ug4yrJLWo2GJRlApiY1I8ToZcI7NimhPKNM9vJWxMNWU2j6fyvxDa53XPrXu3jVrzahlHGY7gGE7Bgwtowg20wAcGY3iAJ3h2pPPovDivi9aSs5w5hG9w3j4BlLqN7A==</latexit><latexit sha1_base64="AzpRg71di65HUYHAoj/L1fkGHMY=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBiyWRgh6LXjxWMG2hDWWznbRLdzdhdyOU0L/gxYMiXv1D3vw3Jm0PKgo+GHi8N8PMvDAR3FjX/XBKK6tr6xvlzcrW9s7uXnX/oG3iVDP0WSxi3Q2pQcEV+pZbgd1EI5WhwE44uS78zj1qw2N1Z6cJBpKOFI84o7aQzvxBNKjWvLo7B/mb1GCJ1qD63h/GLJWoLBPUmJ7nJjbIqLacCZxV+qnBhLIJHWEvp4pKNEE2v3VGTnJlSKJY56UsmatfJzIqjZnKMO+U1I7NT68Qf/N6qY0ug4yrJLWo2GJRlApiY1I8ToZcI7NimhPKNM9vJWxMNWU2j6fyvxDa53XPrXu3jVrzahlHGY7gGE7Bgwtowg20wAcGY3iAJ3h2pPPovDivi9aSs5w5hG9w3j4BlLqN7A==</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="TPtHWu8zkDYP1dVLMXD+NoovrHU=">AAAB4HicbZDNSgMxFIXv1L9aq1a3boJFcGOZcaNLwY3LCk5baIeSSe+0oUlmSDJCGfoKblwo4lO5823MtF1o64HAxzkJuffEmeDG+v63V9na3tndq+7XDuqHR8eNk3rHpLlmGLJUpLoXU4OCKwwttwJ7mUYqY4HdeHpf5t1n1Ian6snOMowkHSuecEZtaV2Fw2TYaPotfyGyCcEKmrBSe9j4GoxSlktUlglqTD/wMxsVVFvOBM5rg9xgRtmUjrHvUFGJJioWs87JhXNGJEm1O8qShfv7RUGlMTMZu5uS2olZz0rzv6yf2+Q2KrjKcouKLT9KckFsSsrFyYhrZFbMHFCmuZuVsAnVlFlXT82VEKyvvAmd61bgt4JHH6pwBudwCQHcwB08QBtCYDCBF3iDd096r97Hsq6Kt+rtFP7I+/wBcgqMkw==</latexit><latexit sha1_base64="rPHAeu2vly4AihaKTYyHkN9qZM8=">AAAB4HicjVBNS8NAEJ3Ur1qrVq9eFovgxZJ40aPgxWMF0wptKJvtpF26uwm7E6GU/gUvHhTxV3nz35i0Pago+GDg8d4MM/PiTElHvv/hVdbWNza3qtu1nfru3n7joN5xaW4FhiJVqb2PuUMlDYYkSeF9ZpHrWGE3nlyXfvcBrZOpuaNphpHmIyMTKTiV0lk4SAaNZtDyF2B/kyas0B403vvDVOQaDQnFnesFfkbRjFuSQuG81s8dZlxM+Ah7BTVco4tmi1vn7KRQhixJbVGG2EL9OjHj2rmpjotOzWnsfnql+JvXyym5jGbSZDmhEctFSa4Ypax8nA2lRUFqWhAurCxuZWLMLRdUxFP7Xwid81bgt4JbH6pwBMdwCgFcwBXcQBtCEDCGR3iGF097T97rMq6Kt8rtEL7Be/sEdk6Mlg==</latexit><latexit sha1_base64="3F+ZrQWXNZO/7B82ibLEpJfACaI=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBiyXxoseiF48VTFtoQ9lsN+3S3U3YnQgl9C948aCIV/+QN/+NSdqDioIPBh7vzTAzL0yksOi6H05lZXVtfaO6Wdva3tndq+8fdGycGsZ9FsvY9EJquRSa+yhQ8l5iOFWh5N1wel343XturIj1Hc4SHig61iISjGIhnfnDaFhveE23BPmbNGCJ9rD+PhjFLFVcI5PU2r7nJhhk1KBgks9rg9TyhLIpHfN+TjVV3AZZeeucnOTKiESxyUsjKdWvExlV1s5UmHcqihP70yvE37x+itFlkAmdpMg1WyyKUkkwJsXjZCQMZyhnOaHMiPxWwibUUIZ5PLX/hdA5b3pu07t1G62rZRxVOIJjOAUPLqAFN9AGHxhM4AGe4NlRzqPz4rwuWivOcuYQvsF5+wSTeo3o</latexit><latexit sha1_base64="AzpRg71di65HUYHAoj/L1fkGHMY=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBiyWRgh6LXjxWMG2hDWWznbRLdzdhdyOU0L/gxYMiXv1D3vw3Jm0PKgo+GHi8N8PMvDAR3FjX/XBKK6tr6xvlzcrW9s7uXnX/oG3iVDP0WSxi3Q2pQcEV+pZbgd1EI5WhwE44uS78zj1qw2N1Z6cJBpKOFI84o7aQzvxBNKjWvLo7B/mb1GCJ1qD63h/GLJWoLBPUmJ7nJjbIqLacCZxV+qnBhLIJHWEvp4pKNEE2v3VGTnJlSKJY56UsmatfJzIqjZnKMO+U1I7NT68Qf/N6qY0ug4yrJLWo2GJRlApiY1I8ToZcI7NimhPKNM9vJWxMNWU2j6fyvxDa53XPrXu3jVrzahlHGY7gGE7Bgwtowg20wAcGY3iAJ3h2pPPovDivi9aSs5w5hG9w3j4BlLqN7A==</latexit><latexit sha1_base64="AzpRg71di65HUYHAoj/L1fkGHMY=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBiyWRgh6LXjxWMG2hDWWznbRLdzdhdyOU0L/gxYMiXv1D3vw3Jm0PKgo+GHi8N8PMvDAR3FjX/XBKK6tr6xvlzcrW9s7uXnX/oG3iVDP0WSxi3Q2pQcEV+pZbgd1EI5WhwE44uS78zj1qw2N1Z6cJBpKOFI84o7aQzvxBNKjWvLo7B/mb1GCJ1qD63h/GLJWoLBPUmJ7nJjbIqLacCZxV+qnBhLIJHWEvp4pKNEE2v3VGTnJlSKJY56UsmatfJzIqjZnKMO+U1I7NT68Qf/N6qY0ug4yrJLWo2GJRlApiY1I8ToZcI7NimhPKNM9vJWxMNWU2j6fyvxDa53XPrXu3jVrzahlHGY7gGE7Bgwtowg20wAcGY3iAJ3h2pPPovDivi9aSs5w5hG9w3j4BlLqN7A==</latexit><latexit sha1_base64="AzpRg71di65HUYHAoj/L1fkGHMY=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBiyWRgh6LXjxWMG2hDWWznbRLdzdhdyOU0L/gxYMiXv1D3vw3Jm0PKgo+GHi8N8PMvDAR3FjX/XBKK6tr6xvlzcrW9s7uXnX/oG3iVDP0WSxi3Q2pQcEV+pZbgd1EI5WhwE44uS78zj1qw2N1Z6cJBpKOFI84o7aQzvxBNKjWvLo7B/mb1GCJ1qD63h/GLJWoLBPUmJ7nJjbIqLacCZxV+qnBhLIJHWEvp4pKNEE2v3VGTnJlSKJY56UsmatfJzIqjZnKMO+U1I7NT68Qf/N6qY0ug4yrJLWo2GJRlApiY1I8ToZcI7NimhPKNM9vJWxMNWU2j6fyvxDa53XPrXu3jVrzahlHGY7gGE7Bgwtowg20wAcGY3iAJ3h2pPPovDivi9aSs5w5hG9w3j4BlLqN7A==</latexit><latexit sha1_base64="AzpRg71di65HUYHAoj/L1fkGHMY=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBiyWRgh6LXjxWMG2hDWWznbRLdzdhdyOU0L/gxYMiXv1D3vw3Jm0PKgo+GHi8N8PMvDAR3FjX/XBKK6tr6xvlzcrW9s7uXnX/oG3iVDP0WSxi3Q2pQcEV+pZbgd1EI5WhwE44uS78zj1qw2N1Z6cJBpKOFI84o7aQzvxBNKjWvLo7B/mb1GCJ1qD63h/GLJWoLBPUmJ7nJjbIqLacCZxV+qnBhLIJHWEvp4pKNEE2v3VGTnJlSKJY56UsmatfJzIqjZnKMO+U1I7NT68Qf/N6qY0ug4yrJLWo2GJRlApiY1I8ToZcI7NimhPKNM9vJWxMNWU2j6fyvxDa53XPrXu3jVrzahlHGY7gGE7Bgwtowg20wAcGY3iAJ3h2pPPovDivi9aSs5w5hG9w3j4BlLqN7A==</latexit><latexit sha1_base64="AzpRg71di65HUYHAoj/L1fkGHMY=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBiyWRgh6LXjxWMG2hDWWznbRLdzdhdyOU0L/gxYMiXv1D3vw3Jm0PKgo+GHi8N8PMvDAR3FjX/XBKK6tr6xvlzcrW9s7uXnX/oG3iVDP0WSxi3Q2pQcEV+pZbgd1EI5WhwE44uS78zj1qw2N1Z6cJBpKOFI84o7aQzvxBNKjWvLo7B/mb1GCJ1qD63h/GLJWoLBPUmJ7nJjbIqLacCZxV+qnBhLIJHWEvp4pKNEE2v3VGTnJlSKJY56UsmatfJzIqjZnKMO+U1I7NT68Qf/N6qY0ug4yrJLWo2GJRlApiY1I8ToZcI7NimhPKNM9vJWxMNWU2j6fyvxDa53XPrXu3jVrzahlHGY7gGE7Bgwtowg20wAcGY3iAJ3h2pPPovDivi9aSs5w5hG9w3j4BlLqN7A==</latexit><latexit sha1_base64="AzpRg71di65HUYHAoj/L1fkGHMY=">AAAB63icjVBNS8NAEJ3Ur1q/qh69LBbBiyWRgh6LXjxWMG2hDWWznbRLdzdhdyOU0L/gxYMiXv1D3vw3Jm0PKgo+GHi8N8PMvDAR3FjX/XBKK6tr6xvlzcrW9s7uXnX/oG3iVDP0WSxi3Q2pQcEV+pZbgd1EI5WhwE44uS78zj1qw2N1Z6cJBpKOFI84o7aQzvxBNKjWvLo7B/mb1GCJ1qD63h/GLJWoLBPUmJ7nJjbIqLacCZxV+qnBhLIJHWEvp4pKNEE2v3VGTnJlSKJY56UsmatfJzIqjZnKMO+U1I7NT68Qf/N6qY0ug4yrJLWo2GJRlApiY1I8ToZcI7NimhPKNM9vJWxMNWU2j6fyvxDa53XPrXu3jVrzahlHGY7gGE7Bgwtowg20wAcGY3iAJ3h2pPPovDivi9aSs5w5hG9w3j4BlLqN7A==</latexit>

Uf |xi 7!
(

|xi if x is the marked item

�|xi Otherwise
<latexit sha1_base64="4z9bQlPsA/hEh/lYuFviFK4pYa8="></latexit><latexit sha1_base64="4z9bQlPsA/hEh/lYuFviFK4pYa8="></latexit><latexit sha1_base64="4z9bQlPsA/hEh/lYuFviFK4pYa8="></latexit><latexit sha1_base64="4z9bQlPsA/hEh/lYuFviFK4pYa8="></latexit>



Reflection about the marked item 

Why does this work?

      and      are reflections�Uf
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If     

Otherwise

Uf |xi 7!
(

|xi if x is the marked item

�|xi Otherwise
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Reflection about the marked item 

Why does this work?
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If     

Otherwise

Uf |xi 7!
(

|xi if x is the marked item

�|xi Otherwise
<latexit sha1_base64="4z9bQlPsA/hEh/lYuFviFK4pYa8="></latexit><latexit sha1_base64="4z9bQlPsA/hEh/lYuFviFK4pYa8="></latexit><latexit sha1_base64="4z9bQlPsA/hEh/lYuFviFK4pYa8="></latexit><latexit sha1_base64="4z9bQlPsA/hEh/lYuFviFK4pYa8="></latexit>



Reflection about the marked item 

Why does this work?

      and      are reflections�Uf
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If     

Otherwise

Reflection about the state orthogonal to the uniform superposition,

Uf |xi 7!
(

|xi if x is the marked item

�|xi Otherwise
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Reflection about the marked item 

Why does this work?

      and      are reflections�Uf
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If     

Otherwise

Reflection about the state orthogonal to the uniform superposition,

Uf |xi 7!
(

|xi if x is the marked item

�|xi Otherwise
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Reflection about the marked item 

Why does this work?

      and      are reflections�Uf
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If     

Otherwise

Reflection about the state orthogonal to the uniform superposition,

Uf |xi 7!
(

|xi if x is the marked item

�|xi Otherwise
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Reflection about the marked item 

Why does this work?

      and      are reflections�Uf
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If     

Otherwise

Reflection about the state orthogonal to the uniform superposition,

Uf |xi 7!
(

|xi if x is the marked item

�|xi Otherwise
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Reflection about the marked item 

Why does this work?

      and      are reflections�Uf
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If     

Otherwise

Reflection about the state orthogonal to the uniform superposition,

Uf |xi 7!
(

|xi if x is the marked item

�|xi Otherwise
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Reflection about the marked item 

Why does this work?

      and      are reflections�Uf
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If     

Otherwise

Reflection about the state orthogonal to the uniform superposition,

Uf |xi 7!
(

|xi if x is the marked item

�|xi Otherwise
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Why does this work?

Probability of measuring  

With high probability, the 
algorithm outputs m 
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• Grover’s search is very general!

• A ‘query’ might involving running some other 

classical/quantum algorithm

Summary: Grover’s search

• Gives a generic square-root speedup
• But not always faster than classical!
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Phase Estimation
• An important quantum computing primitive
• Often used as an ingredient in more complex algorithms:

• Integer factorisation
• Matrix inversion 
• Quantum counting
• Quantum walks
• …
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Eigenvector Eigenvalue

For a unitary    :
Phase

Phase Estimation: Given    and    , estimate    
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Phase Estimation Circuit
Inverse quantum Fourier transform 

• Can be seen as a generalisation of 
the Hadamard gate

Quantum Fourier transform (QFT)

• Formally:

QFTN |xi = 1p
N

X

y2{0,...,N�1}

e

2⇡ixy

N |yi
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15  =  3  x  5
Important modern crypto-systems (e.g. RSA) rely on this 

problem being intractable for computers.

But a quantum computer can solve it quickly!
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How quickly?
Recommended key size for RSA is 2048 bits

227018012937850141935804051202045867410612359627665839070940218792151
714831191398948701330911110449016834009494838468182995180417635079489
225907749254660881718792594659210265970467004498198990968620394600177
430944738110569912941285428918808553627074076707225937377726669734409
773612433363973080517630915068363107953126072395203652900321058488395
079814523072994171857157962974549950235053160409198591937180233074148
804462179228008317660409386563445710347785534571210805307363945359239
326518660305150410609664373133236728315393235000679371075419554373624
33248361242525945868802353916766181532375855504886901432221349733

=  ?   x   ?

Best known classical algorithm : ~ 1 Billion Years

Shor’s algorithm : ~ 100 Seconds*
*For a quantum computer running at ~1GHz. 

Source: “A Compare between Shor's quantum factoring algorithm and General Number Field Sieve”, Hamdi et al.
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Reduces the problem of factoring to the problem of period 

finding

Uses a quantum algorithm for fast period finding.

Fast Quantum algorithm using

 Phase Estimation

1. If N is even, return f=2 
2. If N=p^k for p prime, return p 
3. Randomly choose 1<q<N-1 

3.1. If f=gcd(q,N)>1, return f 
4. Determine the order k of q modulo N 

4.1. If k is odd, repeat from step 3 
5. Write k=2l and determine q^l mod N with 1<r<N 

5.1. If 1<f=gcd(r-1,N)<N, return f 
5.2. If 1<f=gcd(r+1,N)<N, return f 
5.3. Else, repeat from step 3

Shor’s Algorithm

All other steps can be performed efficiently by a classical 
computer.



Given an n-bit integer: 

Classical number field sieve : 

Shor’s algorithm :

Source: “A Compare between Shor's quantum factoring algorithm and General Number Field Sieve”, Hamdi et al.

O(n3)
<latexit sha1_base64="mUhi2qN0qqltHP4ULEaFFjUNYdY=">AAAB7XicdVDLSgMxFM3UV62vqks3wSLUzZBpp9juim7cWcE+oB1LJs20sZnMkGSEUvoPblwo4tb/ceffmGkrqOiBC4dz7uXee/yYM6UR+rAyK6tr6xvZzdzW9s7uXn7/oKWiRBLaJBGPZMfHinImaFMzzWknlhSHPqdtf3yR+u17KhWLxI2exNQL8VCwgBGsjdS6Korb8mk/X0B2reqWHRciu1qulGopQRW3hkrQsdEcBbBEo59/7w0ikoRUaMKxUl0HxdqbYqkZ4XSW6yWKxpiM8ZB2DRU4pMqbzq+dwROjDGAQSVNCw7n6fWKKQ6UmoW86Q6xH6reXin953UQHVW/KRJxoKshiUZBwqCOYvg4HTFKi+cQQTCQzt0IywhITbQLKmRC+PoX/k1bJdpDtXLuF+vkyjiw4AsegCBxwBurgEjRAExBwBx7AE3i2IuvRerFeF60ZazlzCH7AevsE1qGOpQ==</latexit><latexit sha1_base64="mUhi2qN0qqltHP4ULEaFFjUNYdY=">AAAB7XicdVDLSgMxFM3UV62vqks3wSLUzZBpp9juim7cWcE+oB1LJs20sZnMkGSEUvoPblwo4tb/ceffmGkrqOiBC4dz7uXee/yYM6UR+rAyK6tr6xvZzdzW9s7uXn7/oKWiRBLaJBGPZMfHinImaFMzzWknlhSHPqdtf3yR+u17KhWLxI2exNQL8VCwgBGsjdS6Korb8mk/X0B2reqWHRciu1qulGopQRW3hkrQsdEcBbBEo59/7w0ikoRUaMKxUl0HxdqbYqkZ4XSW6yWKxpiM8ZB2DRU4pMqbzq+dwROjDGAQSVNCw7n6fWKKQ6UmoW86Q6xH6reXin953UQHVW/KRJxoKshiUZBwqCOYvg4HTFKi+cQQTCQzt0IywhITbQLKmRC+PoX/k1bJdpDtXLuF+vkyjiw4AsegCBxwBurgEjRAExBwBx7AE3i2IuvRerFeF60ZazlzCH7AevsE1qGOpQ==</latexit><latexit sha1_base64="mUhi2qN0qqltHP4ULEaFFjUNYdY=">AAAB7XicdVDLSgMxFM3UV62vqks3wSLUzZBpp9juim7cWcE+oB1LJs20sZnMkGSEUvoPblwo4tb/ceffmGkrqOiBC4dz7uXee/yYM6UR+rAyK6tr6xvZzdzW9s7uXn7/oKWiRBLaJBGPZMfHinImaFMzzWknlhSHPqdtf3yR+u17KhWLxI2exNQL8VCwgBGsjdS6Korb8mk/X0B2reqWHRciu1qulGopQRW3hkrQsdEcBbBEo59/7w0ikoRUaMKxUl0HxdqbYqkZ4XSW6yWKxpiM8ZB2DRU4pMqbzq+dwROjDGAQSVNCw7n6fWKKQ6UmoW86Q6xH6reXin953UQHVW/KRJxoKshiUZBwqCOYvg4HTFKi+cQQTCQzt0IywhITbQLKmRC+PoX/k1bJdpDtXLuF+vkyjiw4AsegCBxwBurgEjRAExBwBx7AE3i2IuvRerFeF60ZazlzCH7AevsE1qGOpQ==</latexit><latexit sha1_base64="mUhi2qN0qqltHP4ULEaFFjUNYdY=">AAAB7XicdVDLSgMxFM3UV62vqks3wSLUzZBpp9juim7cWcE+oB1LJs20sZnMkGSEUvoPblwo4tb/ceffmGkrqOiBC4dz7uXee/yYM6UR+rAyK6tr6xvZzdzW9s7uXn7/oKWiRBLaJBGPZMfHinImaFMzzWknlhSHPqdtf3yR+u17KhWLxI2exNQL8VCwgBGsjdS6Korb8mk/X0B2reqWHRciu1qulGopQRW3hkrQsdEcBbBEo59/7w0ikoRUaMKxUl0HxdqbYqkZ4XSW6yWKxpiM8ZB2DRU4pMqbzq+dwROjDGAQSVNCw7n6fWKKQ6UmoW86Q6xH6reXin953UQHVW/KRJxoKshiUZBwqCOYvg4HTFKi+cQQTCQzt0IywhITbQLKmRC+PoX/k1bJdpDtXLuF+vkyjiw4AsegCBxwBurgEjRAExBwBx7AE3i2IuvRerFeF60ZazlzCH7AevsE1qGOpQ==</latexit>

O(2n
1/3

)
<latexit sha1_base64="Al5p/S3GfznawNbfrxTTGrHRfOc=">AAAB9XicdVDLSgMxFM3UV62vqks3wSLUzZjpA9td0Y07K9gH9EUmTdvQTGZIMkoZ5j/cuFDErf/izr8x01ZQ0QMXDufcy733uAFnSiP0YaVWVtfWN9Kbma3tnd297P5BU/mhJLRBfO7LtosV5UzQhmaa03YgKfZcTlvu9DLxW3dUKuaLWz0LaM/DY8FGjGBtpP51vtCPRD9yzopxfDrI5pBdrZSKTgkiu1IsF6oJQeVSFRWgY6M5cmCJ+iD73h36JPSo0IRjpToOCnQvwlIzwmmc6YaKBphM8Zh2DBXYo6oXza+O4YlRhnDkS1NCw7n6fSLCnlIzzzWdHtYT9dtLxL+8TqhHlV7ERBBqKshi0SjkUPswiQAOmaRE85khmEhmboVkgiUm2gSVMSF8fQr/J82C7SDbuSnlahfLONLgCByDPHDAOaiBK1AHDUCABA/gCTxb99aj9WK9LlpT1nLmEPyA9fYJcmyR1Q==</latexit><latexit sha1_base64="Al5p/S3GfznawNbfrxTTGrHRfOc=">AAAB9XicdVDLSgMxFM3UV62vqks3wSLUzZjpA9td0Y07K9gH9EUmTdvQTGZIMkoZ5j/cuFDErf/izr8x01ZQ0QMXDufcy733uAFnSiP0YaVWVtfWN9Kbma3tnd297P5BU/mhJLRBfO7LtosV5UzQhmaa03YgKfZcTlvu9DLxW3dUKuaLWz0LaM/DY8FGjGBtpP51vtCPRD9yzopxfDrI5pBdrZSKTgkiu1IsF6oJQeVSFRWgY6M5cmCJ+iD73h36JPSo0IRjpToOCnQvwlIzwmmc6YaKBphM8Zh2DBXYo6oXza+O4YlRhnDkS1NCw7n6fSLCnlIzzzWdHtYT9dtLxL+8TqhHlV7ERBBqKshi0SjkUPswiQAOmaRE85khmEhmboVkgiUm2gSVMSF8fQr/J82C7SDbuSnlahfLONLgCByDPHDAOaiBK1AHDUCABA/gCTxb99aj9WK9LlpT1nLmEPyA9fYJcmyR1Q==</latexit><latexit sha1_base64="Al5p/S3GfznawNbfrxTTGrHRfOc=">AAAB9XicdVDLSgMxFM3UV62vqks3wSLUzZjpA9td0Y07K9gH9EUmTdvQTGZIMkoZ5j/cuFDErf/izr8x01ZQ0QMXDufcy733uAFnSiP0YaVWVtfWN9Kbma3tnd297P5BU/mhJLRBfO7LtosV5UzQhmaa03YgKfZcTlvu9DLxW3dUKuaLWz0LaM/DY8FGjGBtpP51vtCPRD9yzopxfDrI5pBdrZSKTgkiu1IsF6oJQeVSFRWgY6M5cmCJ+iD73h36JPSo0IRjpToOCnQvwlIzwmmc6YaKBphM8Zh2DBXYo6oXza+O4YlRhnDkS1NCw7n6fSLCnlIzzzWdHtYT9dtLxL+8TqhHlV7ERBBqKshi0SjkUPswiQAOmaRE85khmEhmboVkgiUm2gSVMSF8fQr/J82C7SDbuSnlahfLONLgCByDPHDAOaiBK1AHDUCABA/gCTxb99aj9WK9LlpT1nLmEPyA9fYJcmyR1Q==</latexit><latexit sha1_base64="Al5p/S3GfznawNbfrxTTGrHRfOc=">AAAB9XicdVDLSgMxFM3UV62vqks3wSLUzZjpA9td0Y07K9gH9EUmTdvQTGZIMkoZ5j/cuFDErf/izr8x01ZQ0QMXDufcy733uAFnSiP0YaVWVtfWN9Kbma3tnd297P5BU/mhJLRBfO7LtosV5UzQhmaa03YgKfZcTlvu9DLxW3dUKuaLWz0LaM/DY8FGjGBtpP51vtCPRD9yzopxfDrI5pBdrZSKTgkiu1IsF6oJQeVSFRWgY6M5cmCJ+iD73h36JPSo0IRjpToOCnQvwlIzwmmc6YaKBphM8Zh2DBXYo6oXza+O4YlRhnDkS1NCw7n6fSLCnlIzzzWdHtYT9dtLxL+8TqhHlV7ERBBqKshi0SjkUPswiQAOmaRE85khmEhmboVkgiUm2gSVMSF8fQr/J82C7SDbuSnlahfLONLgCByDPHDAOaiBK1AHDUCABA/gCTxb99aj9WK9LlpT1nLmEPyA9fYJcmyR1Q==</latexit>
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Hamiltonian Simulation
• In quantum mechanics, physical systems are described by 
‘Hamiltonians’.

• For our purposes, these are Hermitian (            ) matrices, 
which we will write as 

A = A†
<latexit sha1_base64="WO6jWkUIFbv04ArN1I/9j8m7tfI=">AAAB8XicjVDLSgNBEOz1GeMr6tHLYBA8hV0R9CIkevEYwTwwWcPsbG8yZHZ2mZkVwpK/8OJBEa/+jTf/xsnjoKJgQUNR1U13V5AKro3rfjgLi0vLK6uFteL6xubWdmlnt6mTTDFssEQkqh1QjYJLbBhuBLZThTQOBLaC4eXEb92j0jyRN2aUoh/TvuQRZ9RY6bZGzkntrhvSfq9U9iruFORvUoY56r3SezdMWBajNExQrTuemxo/p8pwJnBc7GYaU8qGtI8dSyWNUfv59OIxObRKSKJE2ZKGTNWvEzmNtR7Fge2MqRnon95E/M3rZCY683Mu08ygZLNFUSaIScjkfRJyhcyIkSWUKW5vJWxAFWXGhlT8XwjN44rnVrzrk3L1Yh5HAfbhAI7Ag1OowhXUoQEMJDzAEzw72nl0XpzXWeuCM5/Zg29w3j4B7xePxg==</latexit><latexit sha1_base64="WO6jWkUIFbv04ArN1I/9j8m7tfI=">AAAB8XicjVDLSgNBEOz1GeMr6tHLYBA8hV0R9CIkevEYwTwwWcPsbG8yZHZ2mZkVwpK/8OJBEa/+jTf/xsnjoKJgQUNR1U13V5AKro3rfjgLi0vLK6uFteL6xubWdmlnt6mTTDFssEQkqh1QjYJLbBhuBLZThTQOBLaC4eXEb92j0jyRN2aUoh/TvuQRZ9RY6bZGzkntrhvSfq9U9iruFORvUoY56r3SezdMWBajNExQrTuemxo/p8pwJnBc7GYaU8qGtI8dSyWNUfv59OIxObRKSKJE2ZKGTNWvEzmNtR7Fge2MqRnon95E/M3rZCY683Mu08ygZLNFUSaIScjkfRJyhcyIkSWUKW5vJWxAFWXGhlT8XwjN44rnVrzrk3L1Yh5HAfbhAI7Ag1OowhXUoQEMJDzAEzw72nl0XpzXWeuCM5/Zg29w3j4B7xePxg==</latexit><latexit sha1_base64="WO6jWkUIFbv04ArN1I/9j8m7tfI=">AAAB8XicjVDLSgNBEOz1GeMr6tHLYBA8hV0R9CIkevEYwTwwWcPsbG8yZHZ2mZkVwpK/8OJBEa/+jTf/xsnjoKJgQUNR1U13V5AKro3rfjgLi0vLK6uFteL6xubWdmlnt6mTTDFssEQkqh1QjYJLbBhuBLZThTQOBLaC4eXEb92j0jyRN2aUoh/TvuQRZ9RY6bZGzkntrhvSfq9U9iruFORvUoY56r3SezdMWBajNExQrTuemxo/p8pwJnBc7GYaU8qGtI8dSyWNUfv59OIxObRKSKJE2ZKGTNWvEzmNtR7Fge2MqRnon95E/M3rZCY683Mu08ygZLNFUSaIScjkfRJyhcyIkSWUKW5vJWxAFWXGhlT8XwjN44rnVrzrk3L1Yh5HAfbhAI7Ag1OowhXUoQEMJDzAEzw72nl0XpzXWeuCM5/Zg29w3j4B7xePxg==</latexit><latexit sha1_base64="WO6jWkUIFbv04ArN1I/9j8m7tfI=">AAAB8XicjVDLSgNBEOz1GeMr6tHLYBA8hV0R9CIkevEYwTwwWcPsbG8yZHZ2mZkVwpK/8OJBEa/+jTf/xsnjoKJgQUNR1U13V5AKro3rfjgLi0vLK6uFteL6xubWdmlnt6mTTDFssEQkqh1QjYJLbBhuBLZThTQOBLaC4eXEb92j0jyRN2aUoh/TvuQRZ9RY6bZGzkntrhvSfq9U9iruFORvUoY56r3SezdMWBajNExQrTuemxo/p8pwJnBc7GYaU8qGtI8dSyWNUfv59OIxObRKSKJE2ZKGTNWvEzmNtR7Fge2MqRnon95E/M3rZCY683Mu08ygZLNFUSaIScjkfRJyhcyIkSWUKW5vJWxAFWXGhlT8XwjN44rnVrzrk3L1Yh5HAfbhAI7Ag1OowhXUoQEMJDzAEzw72nl0XpzXWeuCM5/Zg29w3j4B7xePxg==</latexit>

H
<latexit sha1_base64="Sta26lp3bCOD0sDu52PpXM1KREs=">AAAB6HicjVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj0kmMC5gHJEmYnvcmY2ZllZlYIS77AiwdFvPpJ3vwbJ4+DioIFDUVVN91dUSq4sb7/4a2srq1vbBa2its7u3v7pYPDllGZZthkSijdiahBwSU2LbcCO6lGmkQC29H4Zua371EbruStnaQYJnQoecwZtU5q1PqlclDx5yB/kzIsUe+X3nsDxbIEpWWCGtMN/NSGOdWWM4HTYi8zmFI2pkPsOippgibM54dOyalTBiRW2pW0ZK5+nchpYswkiVxnQu3I/PRm4m9eN7PxVZhzmWYWJVssijNBrCKzr8mAa2RWTByhTHN3K2EjqimzLpvi/0JonVcCvxI0LsrV62UcBTiGEziDAC6hCjWoQxMYIDzAEzx7d96j9+K9LlpXvOXMEXyD9/YJod6Mzw==</latexit><latexit sha1_base64="Sta26lp3bCOD0sDu52PpXM1KREs=">AAAB6HicjVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj0kmMC5gHJEmYnvcmY2ZllZlYIS77AiwdFvPpJ3vwbJ4+DioIFDUVVN91dUSq4sb7/4a2srq1vbBa2its7u3v7pYPDllGZZthkSijdiahBwSU2LbcCO6lGmkQC29H4Zua371EbruStnaQYJnQoecwZtU5q1PqlclDx5yB/kzIsUe+X3nsDxbIEpWWCGtMN/NSGOdWWM4HTYi8zmFI2pkPsOippgibM54dOyalTBiRW2pW0ZK5+nchpYswkiVxnQu3I/PRm4m9eN7PxVZhzmWYWJVssijNBrCKzr8mAa2RWTByhTHN3K2EjqimzLpvi/0JonVcCvxI0LsrV62UcBTiGEziDAC6hCjWoQxMYIDzAEzx7d96j9+K9LlpXvOXMEXyD9/YJod6Mzw==</latexit><latexit sha1_base64="Sta26lp3bCOD0sDu52PpXM1KREs=">AAAB6HicjVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj0kmMC5gHJEmYnvcmY2ZllZlYIS77AiwdFvPpJ3vwbJ4+DioIFDUVVN91dUSq4sb7/4a2srq1vbBa2its7u3v7pYPDllGZZthkSijdiahBwSU2LbcCO6lGmkQC29H4Zua371EbruStnaQYJnQoecwZtU5q1PqlclDx5yB/kzIsUe+X3nsDxbIEpWWCGtMN/NSGOdWWM4HTYi8zmFI2pkPsOippgibM54dOyalTBiRW2pW0ZK5+nchpYswkiVxnQu3I/PRm4m9eN7PxVZhzmWYWJVssijNBrCKzr8mAa2RWTByhTHN3K2EjqimzLpvi/0JonVcCvxI0LsrV62UcBTiGEziDAC6hCjWoQxMYIDzAEzx7d96j9+K9LlpXvOXMEXyD9/YJod6Mzw==</latexit><latexit sha1_base64="Sta26lp3bCOD0sDu52PpXM1KREs=">AAAB6HicjVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj0kmMC5gHJEmYnvcmY2ZllZlYIS77AiwdFvPpJ3vwbJ4+DioIFDUVVN91dUSq4sb7/4a2srq1vbBa2its7u3v7pYPDllGZZthkSijdiahBwSU2LbcCO6lGmkQC29H4Zua371EbruStnaQYJnQoecwZtU5q1PqlclDx5yB/kzIsUe+X3nsDxbIEpWWCGtMN/NSGOdWWM4HTYi8zmFI2pkPsOippgibM54dOyalTBiRW2pW0ZK5+nchpYswkiVxnQu3I/PRm4m9eN7PxVZhzmWYWJVssijNBrCKzr8mAa2RWTByhTHN3K2EjqimzLpvi/0JonVcCvxI0LsrV62UcBTiGEziDAC6hCjWoQxMYIDzAEzx7d96j9+K9LlpXvOXMEXyD9/YJod6Mzw==</latexit>
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• In quantum mechanics, physical systems are described by 
‘Hamiltonians’.

• For our purposes, these are Hermitian (            ) matrices, 
which we will write as 

A = A†
<latexit sha1_base64="WO6jWkUIFbv04ArN1I/9j8m7tfI=">AAAB8XicjVDLSgNBEOz1GeMr6tHLYBA8hV0R9CIkevEYwTwwWcPsbG8yZHZ2mZkVwpK/8OJBEa/+jTf/xsnjoKJgQUNR1U13V5AKro3rfjgLi0vLK6uFteL6xubWdmlnt6mTTDFssEQkqh1QjYJLbBhuBLZThTQOBLaC4eXEb92j0jyRN2aUoh/TvuQRZ9RY6bZGzkntrhvSfq9U9iruFORvUoY56r3SezdMWBajNExQrTuemxo/p8pwJnBc7GYaU8qGtI8dSyWNUfv59OIxObRKSKJE2ZKGTNWvEzmNtR7Fge2MqRnon95E/M3rZCY683Mu08ygZLNFUSaIScjkfRJyhcyIkSWUKW5vJWxAFWXGhlT8XwjN44rnVrzrk3L1Yh5HAfbhAI7Ag1OowhXUoQEMJDzAEzw72nl0XpzXWeuCM5/Zg29w3j4B7xePxg==</latexit><latexit sha1_base64="WO6jWkUIFbv04ArN1I/9j8m7tfI=">AAAB8XicjVDLSgNBEOz1GeMr6tHLYBA8hV0R9CIkevEYwTwwWcPsbG8yZHZ2mZkVwpK/8OJBEa/+jTf/xsnjoKJgQUNR1U13V5AKro3rfjgLi0vLK6uFteL6xubWdmlnt6mTTDFssEQkqh1QjYJLbBhuBLZThTQOBLaC4eXEb92j0jyRN2aUoh/TvuQRZ9RY6bZGzkntrhvSfq9U9iruFORvUoY56r3SezdMWBajNExQrTuemxo/p8pwJnBc7GYaU8qGtI8dSyWNUfv59OIxObRKSKJE2ZKGTNWvEzmNtR7Fge2MqRnon95E/M3rZCY683Mu08ygZLNFUSaIScjkfRJyhcyIkSWUKW5vJWxAFWXGhlT8XwjN44rnVrzrk3L1Yh5HAfbhAI7Ag1OowhXUoQEMJDzAEzw72nl0XpzXWeuCM5/Zg29w3j4B7xePxg==</latexit><latexit sha1_base64="WO6jWkUIFbv04ArN1I/9j8m7tfI=">AAAB8XicjVDLSgNBEOz1GeMr6tHLYBA8hV0R9CIkevEYwTwwWcPsbG8yZHZ2mZkVwpK/8OJBEa/+jTf/xsnjoKJgQUNR1U13V5AKro3rfjgLi0vLK6uFteL6xubWdmlnt6mTTDFssEQkqh1QjYJLbBhuBLZThTQOBLaC4eXEb92j0jyRN2aUoh/TvuQRZ9RY6bZGzkntrhvSfq9U9iruFORvUoY56r3SezdMWBajNExQrTuemxo/p8pwJnBc7GYaU8qGtI8dSyWNUfv59OIxObRKSKJE2ZKGTNWvEzmNtR7Fge2MqRnon95E/M3rZCY683Mu08ygZLNFUSaIScjkfRJyhcyIkSWUKW5vJWxAFWXGhlT8XwjN44rnVrzrk3L1Yh5HAfbhAI7Ag1OowhXUoQEMJDzAEzw72nl0XpzXWeuCM5/Zg29w3j4B7xePxg==</latexit><latexit sha1_base64="WO6jWkUIFbv04ArN1I/9j8m7tfI=">AAAB8XicjVDLSgNBEOz1GeMr6tHLYBA8hV0R9CIkevEYwTwwWcPsbG8yZHZ2mZkVwpK/8OJBEa/+jTf/xsnjoKJgQUNR1U13V5AKro3rfjgLi0vLK6uFteL6xubWdmlnt6mTTDFssEQkqh1QjYJLbBhuBLZThTQOBLaC4eXEb92j0jyRN2aUoh/TvuQRZ9RY6bZGzkntrhvSfq9U9iruFORvUoY56r3SezdMWBajNExQrTuemxo/p8pwJnBc7GYaU8qGtI8dSyWNUfv59OIxObRKSKJE2ZKGTNWvEzmNtR7Fge2MqRnon95E/M3rZCY683Mu08ygZLNFUSaIScjkfRJyhcyIkSWUKW5vJWxAFWXGhlT8XwjN44rnVrzrk3L1Yh5HAfbhAI7Ag1OowhXUoQEMJDzAEzw72nl0XpzXWeuCM5/Zg29w3j4B7xePxg==</latexit>

H
<latexit sha1_base64="Sta26lp3bCOD0sDu52PpXM1KREs=">AAAB6HicjVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj0kmMC5gHJEmYnvcmY2ZllZlYIS77AiwdFvPpJ3vwbJ4+DioIFDUVVN91dUSq4sb7/4a2srq1vbBa2its7u3v7pYPDllGZZthkSijdiahBwSU2LbcCO6lGmkQC29H4Zua371EbruStnaQYJnQoecwZtU5q1PqlclDx5yB/kzIsUe+X3nsDxbIEpWWCGtMN/NSGOdWWM4HTYi8zmFI2pkPsOippgibM54dOyalTBiRW2pW0ZK5+nchpYswkiVxnQu3I/PRm4m9eN7PxVZhzmWYWJVssijNBrCKzr8mAa2RWTByhTHN3K2EjqimzLpvi/0JonVcCvxI0LsrV62UcBTiGEziDAC6hCjWoQxMYIDzAEzx7d96j9+K9LlpXvOXMEXyD9/YJod6Mzw==</latexit><latexit sha1_base64="Sta26lp3bCOD0sDu52PpXM1KREs=">AAAB6HicjVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj0kmMC5gHJEmYnvcmY2ZllZlYIS77AiwdFvPpJ3vwbJ4+DioIFDUVVN91dUSq4sb7/4a2srq1vbBa2its7u3v7pYPDllGZZthkSijdiahBwSU2LbcCO6lGmkQC29H4Zua371EbruStnaQYJnQoecwZtU5q1PqlclDx5yB/kzIsUe+X3nsDxbIEpWWCGtMN/NSGOdWWM4HTYi8zmFI2pkPsOippgibM54dOyalTBiRW2pW0ZK5+nchpYswkiVxnQu3I/PRm4m9eN7PxVZhzmWYWJVssijNBrCKzr8mAa2RWTByhTHN3K2EjqimzLpvi/0JonVcCvxI0LsrV62UcBTiGEziDAC6hCjWoQxMYIDzAEzx7d96j9+K9LlpXvOXMEXyD9/YJod6Mzw==</latexit><latexit sha1_base64="Sta26lp3bCOD0sDu52PpXM1KREs=">AAAB6HicjVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj0kmMC5gHJEmYnvcmY2ZllZlYIS77AiwdFvPpJ3vwbJ4+DioIFDUVVN91dUSq4sb7/4a2srq1vbBa2its7u3v7pYPDllGZZthkSijdiahBwSU2LbcCO6lGmkQC29H4Zua371EbruStnaQYJnQoecwZtU5q1PqlclDx5yB/kzIsUe+X3nsDxbIEpWWCGtMN/NSGOdWWM4HTYi8zmFI2pkPsOippgibM54dOyalTBiRW2pW0ZK5+nchpYswkiVxnQu3I/PRm4m9eN7PxVZhzmWYWJVssijNBrCKzr8mAa2RWTByhTHN3K2EjqimzLpvi/0JonVcCvxI0LsrV62UcBTiGEziDAC6hCjWoQxMYIDzAEzx7d96j9+K9LlpXvOXMEXyD9/YJod6Mzw==</latexit><latexit sha1_base64="Sta26lp3bCOD0sDu52PpXM1KREs=">AAAB6HicjVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj0kmMC5gHJEmYnvcmY2ZllZlYIS77AiwdFvPpJ3vwbJ4+DioIFDUVVN91dUSq4sb7/4a2srq1vbBa2its7u3v7pYPDllGZZthkSijdiahBwSU2LbcCO6lGmkQC29H4Zua371EbruStnaQYJnQoecwZtU5q1PqlclDx5yB/kzIsUe+X3nsDxbIEpWWCGtMN/NSGOdWWM4HTYi8zmFI2pkPsOippgibM54dOyalTBiRW2pW0ZK5+nchpYswkiVxnQu3I/PRm4m9eN7PxVZhzmWYWJVssijNBrCKzr8mAa2RWTByhTHN3K2EjqimzLpvi/0JonVcCvxI0LsrV62UcBTiGEziDAC6hCjWoQxMYIDzAEzx7d96j9+K9LlpXvOXMEXyD9/YJod6Mzw==</latexit>

i~ d

dt
| (t)i = H(t)| (t)i

<latexit sha1_base64="h/uHBHZQLYI2TVNwU0qCZ7flVnk=">AAACI3icjVDLSsNAFJ34rPUVdelmsAh1UxIRFEEouumygn1AE8pkMmmHTiZh5kYosf/ixl9x40Ipblz4L04fCy0KHrhw5px7uXNPkAquwXE+rKXlldW19cJGcXNre2fX3ttv6iRTlDVoIhLVDohmgkvWAA6CtVPFSBwI1goGNxO/dc+U5om8g2HK/Jj0JI84JWCkrn3JsdcPiMJepAjNw1Eewgg/eKnmZTjxFJE9wfAVrpnXgtq1S27FmQL/TUpojnrXHnthQrOYSaCCaN1xnRT8nCjgVLBR0cs0SwkdkB7rGCpJzLSfT28c4WOjhDhKlCkJeKp+n8hJrPUwDkxnTKCvF72J+JvXySC68HMu0wyYpLNFUSYwJHgSGA65YhTE0BBCFTd/xbRPTFhgYi3+L4TmacV1Ku7tWal6PY+jgA7RESojF52jKqqhOmogih7RM3pFb9aT9WKNrfdZ65I1nzlAP2B9fgEHV6Pe</latexit><latexit sha1_base64="h/uHBHZQLYI2TVNwU0qCZ7flVnk=">AAACI3icjVDLSsNAFJ34rPUVdelmsAh1UxIRFEEouumygn1AE8pkMmmHTiZh5kYosf/ixl9x40Ipblz4L04fCy0KHrhw5px7uXNPkAquwXE+rKXlldW19cJGcXNre2fX3ttv6iRTlDVoIhLVDohmgkvWAA6CtVPFSBwI1goGNxO/dc+U5om8g2HK/Jj0JI84JWCkrn3JsdcPiMJepAjNw1Eewgg/eKnmZTjxFJE9wfAVrpnXgtq1S27FmQL/TUpojnrXHnthQrOYSaCCaN1xnRT8nCjgVLBR0cs0SwkdkB7rGCpJzLSfT28c4WOjhDhKlCkJeKp+n8hJrPUwDkxnTKCvF72J+JvXySC68HMu0wyYpLNFUSYwJHgSGA65YhTE0BBCFTd/xbRPTFhgYi3+L4TmacV1Ku7tWal6PY+jgA7RESojF52jKqqhOmogih7RM3pFb9aT9WKNrfdZ65I1nzlAP2B9fgEHV6Pe</latexit><latexit sha1_base64="h/uHBHZQLYI2TVNwU0qCZ7flVnk=">AAACI3icjVDLSsNAFJ34rPUVdelmsAh1UxIRFEEouumygn1AE8pkMmmHTiZh5kYosf/ixl9x40Ipblz4L04fCy0KHrhw5px7uXNPkAquwXE+rKXlldW19cJGcXNre2fX3ttv6iRTlDVoIhLVDohmgkvWAA6CtVPFSBwI1goGNxO/dc+U5om8g2HK/Jj0JI84JWCkrn3JsdcPiMJepAjNw1Eewgg/eKnmZTjxFJE9wfAVrpnXgtq1S27FmQL/TUpojnrXHnthQrOYSaCCaN1xnRT8nCjgVLBR0cs0SwkdkB7rGCpJzLSfT28c4WOjhDhKlCkJeKp+n8hJrPUwDkxnTKCvF72J+JvXySC68HMu0wyYpLNFUSYwJHgSGA65YhTE0BBCFTd/xbRPTFhgYi3+L4TmacV1Ku7tWal6PY+jgA7RESojF52jKqqhOmogih7RM3pFb9aT9WKNrfdZ65I1nzlAP2B9fgEHV6Pe</latexit><latexit sha1_base64="h/uHBHZQLYI2TVNwU0qCZ7flVnk=">AAACI3icjVDLSsNAFJ34rPUVdelmsAh1UxIRFEEouumygn1AE8pkMmmHTiZh5kYosf/ixl9x40Ipblz4L04fCy0KHrhw5px7uXNPkAquwXE+rKXlldW19cJGcXNre2fX3ttv6iRTlDVoIhLVDohmgkvWAA6CtVPFSBwI1goGNxO/dc+U5om8g2HK/Jj0JI84JWCkrn3JsdcPiMJepAjNw1Eewgg/eKnmZTjxFJE9wfAVrpnXgtq1S27FmQL/TUpojnrXHnthQrOYSaCCaN1xnRT8nCjgVLBR0cs0SwkdkB7rGCpJzLSfT28c4WOjhDhKlCkJeKp+n8hJrPUwDkxnTKCvF72J+JvXySC68HMu0wyYpLNFUSYwJHgSGA65YhTE0BBCFTd/xbRPTFhgYi3+L4TmacV1Ku7tWal6PY+jgA7RESojF52jKqqhOmogih7RM3pFb9aT9WKNrfdZ65I1nzlAP2B9fgEHV6Pe</latexit>

• The evolution of quantum systems is governed by 
Schrödinger’s equation:



Hamiltonian Simulation
• In quantum mechanics, physical systems are described by 
‘Hamiltonians’.

• For our purposes, these are Hermitian (            ) matrices, 
which we will write as 

A = A†
<latexit sha1_base64="WO6jWkUIFbv04ArN1I/9j8m7tfI=">AAAB8XicjVDLSgNBEOz1GeMr6tHLYBA8hV0R9CIkevEYwTwwWcPsbG8yZHZ2mZkVwpK/8OJBEa/+jTf/xsnjoKJgQUNR1U13V5AKro3rfjgLi0vLK6uFteL6xubWdmlnt6mTTDFssEQkqh1QjYJLbBhuBLZThTQOBLaC4eXEb92j0jyRN2aUoh/TvuQRZ9RY6bZGzkntrhvSfq9U9iruFORvUoY56r3SezdMWBajNExQrTuemxo/p8pwJnBc7GYaU8qGtI8dSyWNUfv59OIxObRKSKJE2ZKGTNWvEzmNtR7Fge2MqRnon95E/M3rZCY683Mu08ygZLNFUSaIScjkfRJyhcyIkSWUKW5vJWxAFWXGhlT8XwjN44rnVrzrk3L1Yh5HAfbhAI7Ag1OowhXUoQEMJDzAEzw72nl0XpzXWeuCM5/Zg29w3j4B7xePxg==</latexit><latexit sha1_base64="WO6jWkUIFbv04ArN1I/9j8m7tfI=">AAAB8XicjVDLSgNBEOz1GeMr6tHLYBA8hV0R9CIkevEYwTwwWcPsbG8yZHZ2mZkVwpK/8OJBEa/+jTf/xsnjoKJgQUNR1U13V5AKro3rfjgLi0vLK6uFteL6xubWdmlnt6mTTDFssEQkqh1QjYJLbBhuBLZThTQOBLaC4eXEb92j0jyRN2aUoh/TvuQRZ9RY6bZGzkntrhvSfq9U9iruFORvUoY56r3SezdMWBajNExQrTuemxo/p8pwJnBc7GYaU8qGtI8dSyWNUfv59OIxObRKSKJE2ZKGTNWvEzmNtR7Fge2MqRnon95E/M3rZCY683Mu08ygZLNFUSaIScjkfRJyhcyIkSWUKW5vJWxAFWXGhlT8XwjN44rnVrzrk3L1Yh5HAfbhAI7Ag1OowhXUoQEMJDzAEzw72nl0XpzXWeuCM5/Zg29w3j4B7xePxg==</latexit><latexit sha1_base64="WO6jWkUIFbv04ArN1I/9j8m7tfI=">AAAB8XicjVDLSgNBEOz1GeMr6tHLYBA8hV0R9CIkevEYwTwwWcPsbG8yZHZ2mZkVwpK/8OJBEa/+jTf/xsnjoKJgQUNR1U13V5AKro3rfjgLi0vLK6uFteL6xubWdmlnt6mTTDFssEQkqh1QjYJLbBhuBLZThTQOBLaC4eXEb92j0jyRN2aUoh/TvuQRZ9RY6bZGzkntrhvSfq9U9iruFORvUoY56r3SezdMWBajNExQrTuemxo/p8pwJnBc7GYaU8qGtI8dSyWNUfv59OIxObRKSKJE2ZKGTNWvEzmNtR7Fge2MqRnon95E/M3rZCY683Mu08ygZLNFUSaIScjkfRJyhcyIkSWUKW5vJWxAFWXGhlT8XwjN44rnVrzrk3L1Yh5HAfbhAI7Ag1OowhXUoQEMJDzAEzw72nl0XpzXWeuCM5/Zg29w3j4B7xePxg==</latexit><latexit sha1_base64="WO6jWkUIFbv04ArN1I/9j8m7tfI=">AAAB8XicjVDLSgNBEOz1GeMr6tHLYBA8hV0R9CIkevEYwTwwWcPsbG8yZHZ2mZkVwpK/8OJBEa/+jTf/xsnjoKJgQUNR1U13V5AKro3rfjgLi0vLK6uFteL6xubWdmlnt6mTTDFssEQkqh1QjYJLbBhuBLZThTQOBLaC4eXEb92j0jyRN2aUoh/TvuQRZ9RY6bZGzkntrhvSfq9U9iruFORvUoY56r3SezdMWBajNExQrTuemxo/p8pwJnBc7GYaU8qGtI8dSyWNUfv59OIxObRKSKJE2ZKGTNWvEzmNtR7Fge2MqRnon95E/M3rZCY683Mu08ygZLNFUSaIScjkfRJyhcyIkSWUKW5vJWxAFWXGhlT8XwjN44rnVrzrk3L1Yh5HAfbhAI7Ag1OowhXUoQEMJDzAEzw72nl0XpzXWeuCM5/Zg29w3j4B7xePxg==</latexit>

H
<latexit sha1_base64="Sta26lp3bCOD0sDu52PpXM1KREs=">AAAB6HicjVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj0kmMC5gHJEmYnvcmY2ZllZlYIS77AiwdFvPpJ3vwbJ4+DioIFDUVVN91dUSq4sb7/4a2srq1vbBa2its7u3v7pYPDllGZZthkSijdiahBwSU2LbcCO6lGmkQC29H4Zua371EbruStnaQYJnQoecwZtU5q1PqlclDx5yB/kzIsUe+X3nsDxbIEpWWCGtMN/NSGOdWWM4HTYi8zmFI2pkPsOippgibM54dOyalTBiRW2pW0ZK5+nchpYswkiVxnQu3I/PRm4m9eN7PxVZhzmWYWJVssijNBrCKzr8mAa2RWTByhTHN3K2EjqimzLpvi/0JonVcCvxI0LsrV62UcBTiGEziDAC6hCjWoQxMYIDzAEzx7d96j9+K9LlpXvOXMEXyD9/YJod6Mzw==</latexit><latexit sha1_base64="Sta26lp3bCOD0sDu52PpXM1KREs=">AAAB6HicjVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj0kmMC5gHJEmYnvcmY2ZllZlYIS77AiwdFvPpJ3vwbJ4+DioIFDUVVN91dUSq4sb7/4a2srq1vbBa2its7u3v7pYPDllGZZthkSijdiahBwSU2LbcCO6lGmkQC29H4Zua371EbruStnaQYJnQoecwZtU5q1PqlclDx5yB/kzIsUe+X3nsDxbIEpWWCGtMN/NSGOdWWM4HTYi8zmFI2pkPsOippgibM54dOyalTBiRW2pW0ZK5+nchpYswkiVxnQu3I/PRm4m9eN7PxVZhzmWYWJVssijNBrCKzr8mAa2RWTByhTHN3K2EjqimzLpvi/0JonVcCvxI0LsrV62UcBTiGEziDAC6hCjWoQxMYIDzAEzx7d96j9+K9LlpXvOXMEXyD9/YJod6Mzw==</latexit><latexit sha1_base64="Sta26lp3bCOD0sDu52PpXM1KREs=">AAAB6HicjVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj0kmMC5gHJEmYnvcmY2ZllZlYIS77AiwdFvPpJ3vwbJ4+DioIFDUVVN91dUSq4sb7/4a2srq1vbBa2its7u3v7pYPDllGZZthkSijdiahBwSU2LbcCO6lGmkQC29H4Zua371EbruStnaQYJnQoecwZtU5q1PqlclDx5yB/kzIsUe+X3nsDxbIEpWWCGtMN/NSGOdWWM4HTYi8zmFI2pkPsOippgibM54dOyalTBiRW2pW0ZK5+nchpYswkiVxnQu3I/PRm4m9eN7PxVZhzmWYWJVssijNBrCKzr8mAa2RWTByhTHN3K2EjqimzLpvi/0JonVcCvxI0LsrV62UcBTiGEziDAC6hCjWoQxMYIDzAEzx7d96j9+K9LlpXvOXMEXyD9/YJod6Mzw==</latexit><latexit sha1_base64="Sta26lp3bCOD0sDu52PpXM1KREs=">AAAB6HicjVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj0kmMC5gHJEmYnvcmY2ZllZlYIS77AiwdFvPpJ3vwbJ4+DioIFDUVVN91dUSq4sb7/4a2srq1vbBa2its7u3v7pYPDllGZZthkSijdiahBwSU2LbcCO6lGmkQC29H4Zua371EbruStnaQYJnQoecwZtU5q1PqlclDx5yB/kzIsUe+X3nsDxbIEpWWCGtMN/NSGOdWWM4HTYi8zmFI2pkPsOippgibM54dOyalTBiRW2pW0ZK5+nchpYswkiVxnQu3I/PRm4m9eN7PxVZhzmWYWJVssijNBrCKzr8mAa2RWTByhTHN3K2EjqimzLpvi/0JonVcCvxI0LsrV62UcBTiGEziDAC6hCjWoQxMYIDzAEzx7d96j9+K9LlpXvOXMEXyD9/YJod6Mzw==</latexit>

i~ d

dt
| (t)i = H(t)| (t)i

<latexit sha1_base64="h/uHBHZQLYI2TVNwU0qCZ7flVnk=">AAACI3icjVDLSsNAFJ34rPUVdelmsAh1UxIRFEEouumygn1AE8pkMmmHTiZh5kYosf/ixl9x40Ipblz4L04fCy0KHrhw5px7uXNPkAquwXE+rKXlldW19cJGcXNre2fX3ttv6iRTlDVoIhLVDohmgkvWAA6CtVPFSBwI1goGNxO/dc+U5om8g2HK/Jj0JI84JWCkrn3JsdcPiMJepAjNw1Eewgg/eKnmZTjxFJE9wfAVrpnXgtq1S27FmQL/TUpojnrXHnthQrOYSaCCaN1xnRT8nCjgVLBR0cs0SwkdkB7rGCpJzLSfT28c4WOjhDhKlCkJeKp+n8hJrPUwDkxnTKCvF72J+JvXySC68HMu0wyYpLNFUSYwJHgSGA65YhTE0BBCFTd/xbRPTFhgYi3+L4TmacV1Ku7tWal6PY+jgA7RESojF52jKqqhOmogih7RM3pFb9aT9WKNrfdZ65I1nzlAP2B9fgEHV6Pe</latexit><latexit sha1_base64="h/uHBHZQLYI2TVNwU0qCZ7flVnk=">AAACI3icjVDLSsNAFJ34rPUVdelmsAh1UxIRFEEouumygn1AE8pkMmmHTiZh5kYosf/ixl9x40Ipblz4L04fCy0KHrhw5px7uXNPkAquwXE+rKXlldW19cJGcXNre2fX3ttv6iRTlDVoIhLVDohmgkvWAA6CtVPFSBwI1goGNxO/dc+U5om8g2HK/Jj0JI84JWCkrn3JsdcPiMJepAjNw1Eewgg/eKnmZTjxFJE9wfAVrpnXgtq1S27FmQL/TUpojnrXHnthQrOYSaCCaN1xnRT8nCjgVLBR0cs0SwkdkB7rGCpJzLSfT28c4WOjhDhKlCkJeKp+n8hJrPUwDkxnTKCvF72J+JvXySC68HMu0wyYpLNFUSYwJHgSGA65YhTE0BBCFTd/xbRPTFhgYi3+L4TmacV1Ku7tWal6PY+jgA7RESojF52jKqqhOmogih7RM3pFb9aT9WKNrfdZ65I1nzlAP2B9fgEHV6Pe</latexit><latexit sha1_base64="h/uHBHZQLYI2TVNwU0qCZ7flVnk=">AAACI3icjVDLSsNAFJ34rPUVdelmsAh1UxIRFEEouumygn1AE8pkMmmHTiZh5kYosf/ixl9x40Ipblz4L04fCy0KHrhw5px7uXNPkAquwXE+rKXlldW19cJGcXNre2fX3ttv6iRTlDVoIhLVDohmgkvWAA6CtVPFSBwI1goGNxO/dc+U5om8g2HK/Jj0JI84JWCkrn3JsdcPiMJepAjNw1Eewgg/eKnmZTjxFJE9wfAVrpnXgtq1S27FmQL/TUpojnrXHnthQrOYSaCCaN1xnRT8nCjgVLBR0cs0SwkdkB7rGCpJzLSfT28c4WOjhDhKlCkJeKp+n8hJrPUwDkxnTKCvF72J+JvXySC68HMu0wyYpLNFUSYwJHgSGA65YhTE0BBCFTd/xbRPTFhgYi3+L4TmacV1Ku7tWal6PY+jgA7RESojF52jKqqhOmogih7RM3pFb9aT9WKNrfdZ65I1nzlAP2B9fgEHV6Pe</latexit><latexit sha1_base64="h/uHBHZQLYI2TVNwU0qCZ7flVnk=">AAACI3icjVDLSsNAFJ34rPUVdelmsAh1UxIRFEEouumygn1AE8pkMmmHTiZh5kYosf/ixl9x40Ipblz4L04fCy0KHrhw5px7uXNPkAquwXE+rKXlldW19cJGcXNre2fX3ttv6iRTlDVoIhLVDohmgkvWAA6CtVPFSBwI1goGNxO/dc+U5om8g2HK/Jj0JI84JWCkrn3JsdcPiMJepAjNw1Eewgg/eKnmZTjxFJE9wfAVrpnXgtq1S27FmQL/TUpojnrXHnthQrOYSaCCaN1xnRT8nCjgVLBR0cs0SwkdkB7rGCpJzLSfT28c4WOjhDhKlCkJeKp+n8hJrPUwDkxnTKCvF72J+JvXySC68HMu0wyYpLNFUSYwJHgSGA65YhTE0BBCFTd/xbRPTFhgYi3+L4TmacV1Ku7tWal6PY+jgA7RESojF52jKqqhOmogih7RM3pFb9aT9WKNrfdZ65I1nzlAP2B9fgEHV6Pe</latexit>

• The evolution of quantum systems is governed by 
Schrödinger’s equation:

• When    doesn’t change over time, the solution to this 
equation is

| (t)i = e�iHt| (0)i
<latexit sha1_base64="vvGWLb+rkwQh8rz/Cmnd6K0gOmY=">AAACEnicjZBLSwMxFIUzPmt9VV26CRahXVhmRNCNUHTTZQX7gE4tmfROG5rJDMkdoYz9DW78K25cKOLWlTv/jdOHoKLggcDhfPeS5HiRFAZt+92am19YXFrOrGRX19Y3NnNb23UTxppDjYcy1E2PGZBCQQ0FSmhGGljgSWh4g/Mxb1yDNiJUlziMoB2wnhK+4AzTqJMr3riREQUsupqpngR6SuEqORAVHE2J/Uk6ubxTsieif5s8manayb253ZDHASjkkhnTcuwI2wnTKLiEUdaNDUSMD1gPWqlVLADTTiZfGtH9NOlSP9TpUUgn6deNhAXGDAMvnQwY9s1PNg5/Y60Y/ZN2IlQUIyg+vciPJcWQjvuhXaGBoxymhnEt0rdS3meacUxbzP6vhPphybFLzsVRvnw2qyNDdskeKRCHHJMyqZAqqRFObsk9eSRP1p31YD1bL9PROWu2s0O+yXr9AACznQo=</latexit><latexit sha1_base64="vvGWLb+rkwQh8rz/Cmnd6K0gOmY=">AAACEnicjZBLSwMxFIUzPmt9VV26CRahXVhmRNCNUHTTZQX7gE4tmfROG5rJDMkdoYz9DW78K25cKOLWlTv/jdOHoKLggcDhfPeS5HiRFAZt+92am19YXFrOrGRX19Y3NnNb23UTxppDjYcy1E2PGZBCQQ0FSmhGGljgSWh4g/Mxb1yDNiJUlziMoB2wnhK+4AzTqJMr3riREQUsupqpngR6SuEqORAVHE2J/Uk6ubxTsieif5s8manayb253ZDHASjkkhnTcuwI2wnTKLiEUdaNDUSMD1gPWqlVLADTTiZfGtH9NOlSP9TpUUgn6deNhAXGDAMvnQwY9s1PNg5/Y60Y/ZN2IlQUIyg+vciPJcWQjvuhXaGBoxymhnEt0rdS3meacUxbzP6vhPphybFLzsVRvnw2qyNDdskeKRCHHJMyqZAqqRFObsk9eSRP1p31YD1bL9PROWu2s0O+yXr9AACznQo=</latexit><latexit sha1_base64="vvGWLb+rkwQh8rz/Cmnd6K0gOmY=">AAACEnicjZBLSwMxFIUzPmt9VV26CRahXVhmRNCNUHTTZQX7gE4tmfROG5rJDMkdoYz9DW78K25cKOLWlTv/jdOHoKLggcDhfPeS5HiRFAZt+92am19YXFrOrGRX19Y3NnNb23UTxppDjYcy1E2PGZBCQQ0FSmhGGljgSWh4g/Mxb1yDNiJUlziMoB2wnhK+4AzTqJMr3riREQUsupqpngR6SuEqORAVHE2J/Uk6ubxTsieif5s8manayb253ZDHASjkkhnTcuwI2wnTKLiEUdaNDUSMD1gPWqlVLADTTiZfGtH9NOlSP9TpUUgn6deNhAXGDAMvnQwY9s1PNg5/Y60Y/ZN2IlQUIyg+vciPJcWQjvuhXaGBoxymhnEt0rdS3meacUxbzP6vhPphybFLzsVRvnw2qyNDdskeKRCHHJMyqZAqqRFObsk9eSRP1p31YD1bL9PROWu2s0O+yXr9AACznQo=</latexit><latexit sha1_base64="vvGWLb+rkwQh8rz/Cmnd6K0gOmY=">AAACEnicjZBLSwMxFIUzPmt9VV26CRahXVhmRNCNUHTTZQX7gE4tmfROG5rJDMkdoYz9DW78K25cKOLWlTv/jdOHoKLggcDhfPeS5HiRFAZt+92am19YXFrOrGRX19Y3NnNb23UTxppDjYcy1E2PGZBCQQ0FSmhGGljgSWh4g/Mxb1yDNiJUlziMoB2wnhK+4AzTqJMr3riREQUsupqpngR6SuEqORAVHE2J/Uk6ubxTsieif5s8manayb253ZDHASjkkhnTcuwI2wnTKLiEUdaNDUSMD1gPWqlVLADTTiZfGtH9NOlSP9TpUUgn6deNhAXGDAMvnQwY9s1PNg5/Y60Y/ZN2IlQUIyg+vciPJcWQjvuhXaGBoxymhnEt0rdS3meacUxbzP6vhPphybFLzsVRvnw2qyNDdskeKRCHHJMyqZAqqRFObsk9eSRP1p31YD1bL9PROWu2s0O+yXr9AACznQo=</latexit>

H
<latexit sha1_base64="Sta26lp3bCOD0sDu52PpXM1KREs=">AAAB6HicjVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj0kmMC5gHJEmYnvcmY2ZllZlYIS77AiwdFvPpJ3vwbJ4+DioIFDUVVN91dUSq4sb7/4a2srq1vbBa2its7u3v7pYPDllGZZthkSijdiahBwSU2LbcCO6lGmkQC29H4Zua371EbruStnaQYJnQoecwZtU5q1PqlclDx5yB/kzIsUe+X3nsDxbIEpWWCGtMN/NSGOdWWM4HTYi8zmFI2pkPsOippgibM54dOyalTBiRW2pW0ZK5+nchpYswkiVxnQu3I/PRm4m9eN7PxVZhzmWYWJVssijNBrCKzr8mAa2RWTByhTHN3K2EjqimzLpvi/0JonVcCvxI0LsrV62UcBTiGEziDAC6hCjWoQxMYIDzAEzx7d96j9+K9LlpXvOXMEXyD9/YJod6Mzw==</latexit><latexit sha1_base64="Sta26lp3bCOD0sDu52PpXM1KREs=">AAAB6HicjVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj0kmMC5gHJEmYnvcmY2ZllZlYIS77AiwdFvPpJ3vwbJ4+DioIFDUVVN91dUSq4sb7/4a2srq1vbBa2its7u3v7pYPDllGZZthkSijdiahBwSU2LbcCO6lGmkQC29H4Zua371EbruStnaQYJnQoecwZtU5q1PqlclDx5yB/kzIsUe+X3nsDxbIEpWWCGtMN/NSGOdWWM4HTYi8zmFI2pkPsOippgibM54dOyalTBiRW2pW0ZK5+nchpYswkiVxnQu3I/PRm4m9eN7PxVZhzmWYWJVssijNBrCKzr8mAa2RWTByhTHN3K2EjqimzLpvi/0JonVcCvxI0LsrV62UcBTiGEziDAC6hCjWoQxMYIDzAEzx7d96j9+K9LlpXvOXMEXyD9/YJod6Mzw==</latexit><latexit sha1_base64="Sta26lp3bCOD0sDu52PpXM1KREs=">AAAB6HicjVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj0kmMC5gHJEmYnvcmY2ZllZlYIS77AiwdFvPpJ3vwbJ4+DioIFDUVVN91dUSq4sb7/4a2srq1vbBa2its7u3v7pYPDllGZZthkSijdiahBwSU2LbcCO6lGmkQC29H4Zua371EbruStnaQYJnQoecwZtU5q1PqlclDx5yB/kzIsUe+X3nsDxbIEpWWCGtMN/NSGOdWWM4HTYi8zmFI2pkPsOippgibM54dOyalTBiRW2pW0ZK5+nchpYswkiVxnQu3I/PRm4m9eN7PxVZhzmWYWJVssijNBrCKzr8mAa2RWTByhTHN3K2EjqimzLpvi/0JonVcCvxI0LsrV62UcBTiGEziDAC6hCjWoQxMYIDzAEzx7d96j9+K9LlpXvOXMEXyD9/YJod6Mzw==</latexit><latexit sha1_base64="Sta26lp3bCOD0sDu52PpXM1KREs=">AAAB6HicjVDLSgNBEOz1GeMr6tHLYBA8hV0R9Bj0kmMC5gHJEmYnvcmY2ZllZlYIS77AiwdFvPpJ3vwbJ4+DioIFDUVVN91dUSq4sb7/4a2srq1vbBa2its7u3v7pYPDllGZZthkSijdiahBwSU2LbcCO6lGmkQC29H4Zua371EbruStnaQYJnQoecwZtU5q1PqlclDx5yB/kzIsUe+X3nsDxbIEpWWCGtMN/NSGOdWWM4HTYi8zmFI2pkPsOippgibM54dOyalTBiRW2pW0ZK5+nchpYswkiVxnQu3I/PRm4m9eN7PxVZhzmWYWJVssijNBrCKzr8mAa2RWTByhTHN3K2EjqimzLpvi/0JonVcCvxI0LsrV62UcBTiGEziDAC6hCjWoQxMYIDzAEzx7d96j9+K9LlpXvOXMEXyD9/YJod6Mzw==</latexit>



| (t)i = e�iHt| (0)i
<latexit sha1_base64="vvGWLb+rkwQh8rz/Cmnd6K0gOmY=">AAACEnicjZBLSwMxFIUzPmt9VV26CRahXVhmRNCNUHTTZQX7gE4tmfROG5rJDMkdoYz9DW78K25cKOLWlTv/jdOHoKLggcDhfPeS5HiRFAZt+92am19YXFrOrGRX19Y3NnNb23UTxppDjYcy1E2PGZBCQQ0FSmhGGljgSWh4g/Mxb1yDNiJUlziMoB2wnhK+4AzTqJMr3riREQUsupqpngR6SuEqORAVHE2J/Uk6ubxTsieif5s8manayb253ZDHASjkkhnTcuwI2wnTKLiEUdaNDUSMD1gPWqlVLADTTiZfGtH9NOlSP9TpUUgn6deNhAXGDAMvnQwY9s1PNg5/Y60Y/ZN2IlQUIyg+vciPJcWQjvuhXaGBoxymhnEt0rdS3meacUxbzP6vhPphybFLzsVRvnw2qyNDdskeKRCHHJMyqZAqqRFObsk9eSRP1p31YD1bL9PROWu2s0O+yXr9AACznQo=</latexit><latexit sha1_base64="vvGWLb+rkwQh8rz/Cmnd6K0gOmY=">AAACEnicjZBLSwMxFIUzPmt9VV26CRahXVhmRNCNUHTTZQX7gE4tmfROG5rJDMkdoYz9DW78K25cKOLWlTv/jdOHoKLggcDhfPeS5HiRFAZt+92am19YXFrOrGRX19Y3NnNb23UTxppDjYcy1E2PGZBCQQ0FSmhGGljgSWh4g/Mxb1yDNiJUlziMoB2wnhK+4AzTqJMr3riREQUsupqpngR6SuEqORAVHE2J/Uk6ubxTsieif5s8manayb253ZDHASjkkhnTcuwI2wnTKLiEUdaNDUSMD1gPWqlVLADTTiZfGtH9NOlSP9TpUUgn6deNhAXGDAMvnQwY9s1PNg5/Y60Y/ZN2IlQUIyg+vciPJcWQjvuhXaGBoxymhnEt0rdS3meacUxbzP6vhPphybFLzsVRvnw2qyNDdskeKRCHHJMyqZAqqRFObsk9eSRP1p31YD1bL9PROWu2s0O+yXr9AACznQo=</latexit><latexit sha1_base64="vvGWLb+rkwQh8rz/Cmnd6K0gOmY=">AAACEnicjZBLSwMxFIUzPmt9VV26CRahXVhmRNCNUHTTZQX7gE4tmfROG5rJDMkdoYz9DW78K25cKOLWlTv/jdOHoKLggcDhfPeS5HiRFAZt+92am19YXFrOrGRX19Y3NnNb23UTxppDjYcy1E2PGZBCQQ0FSmhGGljgSWh4g/Mxb1yDNiJUlziMoB2wnhK+4AzTqJMr3riREQUsupqpngR6SuEqORAVHE2J/Uk6ubxTsieif5s8manayb253ZDHASjkkhnTcuwI2wnTKLiEUdaNDUSMD1gPWqlVLADTTiZfGtH9NOlSP9TpUUgn6deNhAXGDAMvnQwY9s1PNg5/Y60Y/ZN2IlQUIyg+vciPJcWQjvuhXaGBoxymhnEt0rdS3meacUxbzP6vhPphybFLzsVRvnw2qyNDdskeKRCHHJMyqZAqqRFObsk9eSRP1p31YD1bL9PROWu2s0O+yXr9AACznQo=</latexit><latexit sha1_base64="vvGWLb+rkwQh8rz/Cmnd6K0gOmY=">AAACEnicjZBLSwMxFIUzPmt9VV26CRahXVhmRNCNUHTTZQX7gE4tmfROG5rJDMkdoYz9DW78K25cKOLWlTv/jdOHoKLggcDhfPeS5HiRFAZt+92am19YXFrOrGRX19Y3NnNb23UTxppDjYcy1E2PGZBCQQ0FSmhGGljgSWh4g/Mxb1yDNiJUlziMoB2wnhK+4AzTqJMr3riREQUsupqpngR6SuEqORAVHE2J/Uk6ubxTsieif5s8manayb253ZDHASjkkhnTcuwI2wnTKLiEUdaNDUSMD1gPWqlVLADTTiZfGtH9NOlSP9TpUUgn6deNhAXGDAMvnQwY9s1PNg5/Y60Y/ZN2IlQUIyg+vciPJcWQjvuhXaGBoxymhnEt0rdS3meacUxbzP6vhPphybFLzsVRvnw2qyNDdskeKRCHHJMyqZAqqRFObsk9eSRP1p31YD1bL9PROWu2s0O+yXr9AACznQo=</latexit>

This is a unitary matrix



| (t)i = e�iHt| (0)i
<latexit sha1_base64="vvGWLb+rkwQh8rz/Cmnd6K0gOmY=">AAACEnicjZBLSwMxFIUzPmt9VV26CRahXVhmRNCNUHTTZQX7gE4tmfROG5rJDMkdoYz9DW78K25cKOLWlTv/jdOHoKLggcDhfPeS5HiRFAZt+92am19YXFrOrGRX19Y3NnNb23UTxppDjYcy1E2PGZBCQQ0FSmhGGljgSWh4g/Mxb1yDNiJUlziMoB2wnhK+4AzTqJMr3riREQUsupqpngR6SuEqORAVHE2J/Uk6ubxTsieif5s8manayb253ZDHASjkkhnTcuwI2wnTKLiEUdaNDUSMD1gPWqlVLADTTiZfGtH9NOlSP9TpUUgn6deNhAXGDAMvnQwY9s1PNg5/Y60Y/ZN2IlQUIyg+vciPJcWQjvuhXaGBoxymhnEt0rdS3meacUxbzP6vhPphybFLzsVRvnw2qyNDdskeKRCHHJMyqZAqqRFObsk9eSRP1p31YD1bL9PROWu2s0O+yXr9AACznQo=</latexit><latexit sha1_base64="vvGWLb+rkwQh8rz/Cmnd6K0gOmY=">AAACEnicjZBLSwMxFIUzPmt9VV26CRahXVhmRNCNUHTTZQX7gE4tmfROG5rJDMkdoYz9DW78K25cKOLWlTv/jdOHoKLggcDhfPeS5HiRFAZt+92am19YXFrOrGRX19Y3NnNb23UTxppDjYcy1E2PGZBCQQ0FSmhGGljgSWh4g/Mxb1yDNiJUlziMoB2wnhK+4AzTqJMr3riREQUsupqpngR6SuEqORAVHE2J/Uk6ubxTsieif5s8manayb253ZDHASjkkhnTcuwI2wnTKLiEUdaNDUSMD1gPWqlVLADTTiZfGtH9NOlSP9TpUUgn6deNhAXGDAMvnQwY9s1PNg5/Y60Y/ZN2IlQUIyg+vciPJcWQjvuhXaGBoxymhnEt0rdS3meacUxbzP6vhPphybFLzsVRvnw2qyNDdskeKRCHHJMyqZAqqRFObsk9eSRP1p31YD1bL9PROWu2s0O+yXr9AACznQo=</latexit><latexit sha1_base64="vvGWLb+rkwQh8rz/Cmnd6K0gOmY=">AAACEnicjZBLSwMxFIUzPmt9VV26CRahXVhmRNCNUHTTZQX7gE4tmfROG5rJDMkdoYz9DW78K25cKOLWlTv/jdOHoKLggcDhfPeS5HiRFAZt+92am19YXFrOrGRX19Y3NnNb23UTxppDjYcy1E2PGZBCQQ0FSmhGGljgSWh4g/Mxb1yDNiJUlziMoB2wnhK+4AzTqJMr3riREQUsupqpngR6SuEqORAVHE2J/Uk6ubxTsieif5s8manayb253ZDHASjkkhnTcuwI2wnTKLiEUdaNDUSMD1gPWqlVLADTTiZfGtH9NOlSP9TpUUgn6deNhAXGDAMvnQwY9s1PNg5/Y60Y/ZN2IlQUIyg+vciPJcWQjvuhXaGBoxymhnEt0rdS3meacUxbzP6vhPphybFLzsVRvnw2qyNDdskeKRCHHJMyqZAqqRFObsk9eSRP1p31YD1bL9PROWu2s0O+yXr9AACznQo=</latexit><latexit sha1_base64="vvGWLb+rkwQh8rz/Cmnd6K0gOmY=">AAACEnicjZBLSwMxFIUzPmt9VV26CRahXVhmRNCNUHTTZQX7gE4tmfROG5rJDMkdoYz9DW78K25cKOLWlTv/jdOHoKLggcDhfPeS5HiRFAZt+92am19YXFrOrGRX19Y3NnNb23UTxppDjYcy1E2PGZBCQQ0FSmhGGljgSWh4g/Mxb1yDNiJUlziMoB2wnhK+4AzTqJMr3riREQUsupqpngR6SuEqORAVHE2J/Uk6ubxTsieif5s8manayb253ZDHASjkkhnTcuwI2wnTKLiEUdaNDUSMD1gPWqlVLADTTiZfGtH9NOlSP9TpUUgn6deNhAXGDAMvnQwY9s1PNg5/Y60Y/ZN2IlQUIyg+vciPJcWQjvuhXaGBoxymhnEt0rdS3meacUxbzP6vhPphybFLzsVRvnw2qyNDdskeKRCHHJMyqZAqqRFObsk9eSRP1p31YD1bL9PROWu2s0O+yXr9AACznQo=</latexit>

This is a unitary matrix

Given a Hamiltonian    , construct a quantum circuit that 
approximates 

Hamiltonian Simulation:

H
<latexit sha1_base64="DVJ7osZjYqr+kzDsKU5Y/7TtWSM=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4GmbG0UxuQS85JmAWSIbQ0+lJ2vQsdPcIIeQLvHhQxKuf5M2/sbMIKvqg4PFeFVX1gpQzqSzrw8itrW9sbuW3Czu7e/sHxcOjlkwyQWiTJDwRnQBLyllMm4opTjupoDgKOG0H45u5376nQrIkvlWTlPoRHsYsZAQrLTVq/WLJMj3vquJdIst0XefCcTSxrYprl5FtWguUYIV6v/jeGyQki2isCMdSdm0rVf4UC8UIp7NCL5M0xWSMh7SraYwjKv3p4tAZOtPKAIWJ0BUrtFC/T0xxJOUkCnRnhNVI/vbm4l9eN1Oh509ZnGaKxmS5KMw4Ugmaf40GTFCi+EQTTATTtyIywgITpbMp6BC+PkX/k5ajYzHthluqXq/iyMMJnMI52FCGKtSgDk0gQOEBnuDZuDMejRfjddmaM1Yzx/ADxtsnFm2NHw==</latexit><latexit sha1_base64="DVJ7osZjYqr+kzDsKU5Y/7TtWSM=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4GmbG0UxuQS85JmAWSIbQ0+lJ2vQsdPcIIeQLvHhQxKuf5M2/sbMIKvqg4PFeFVX1gpQzqSzrw8itrW9sbuW3Czu7e/sHxcOjlkwyQWiTJDwRnQBLyllMm4opTjupoDgKOG0H45u5376nQrIkvlWTlPoRHsYsZAQrLTVq/WLJMj3vquJdIst0XefCcTSxrYprl5FtWguUYIV6v/jeGyQki2isCMdSdm0rVf4UC8UIp7NCL5M0xWSMh7SraYwjKv3p4tAZOtPKAIWJ0BUrtFC/T0xxJOUkCnRnhNVI/vbm4l9eN1Oh509ZnGaKxmS5KMw4Ugmaf40GTFCi+EQTTATTtyIywgITpbMp6BC+PkX/k5ajYzHthluqXq/iyMMJnMI52FCGKtSgDk0gQOEBnuDZuDMejRfjddmaM1Yzx/ADxtsnFm2NHw==</latexit><latexit sha1_base64="DVJ7osZjYqr+kzDsKU5Y/7TtWSM=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4GmbG0UxuQS85JmAWSIbQ0+lJ2vQsdPcIIeQLvHhQxKuf5M2/sbMIKvqg4PFeFVX1gpQzqSzrw8itrW9sbuW3Czu7e/sHxcOjlkwyQWiTJDwRnQBLyllMm4opTjupoDgKOG0H45u5376nQrIkvlWTlPoRHsYsZAQrLTVq/WLJMj3vquJdIst0XefCcTSxrYprl5FtWguUYIV6v/jeGyQki2isCMdSdm0rVf4UC8UIp7NCL5M0xWSMh7SraYwjKv3p4tAZOtPKAIWJ0BUrtFC/T0xxJOUkCnRnhNVI/vbm4l9eN1Oh509ZnGaKxmS5KMw4Ugmaf40GTFCi+EQTTATTtyIywgITpbMp6BC+PkX/k5ajYzHthluqXq/iyMMJnMI52FCGKtSgDk0gQOEBnuDZuDMejRfjddmaM1Yzx/ADxtsnFm2NHw==</latexit><latexit sha1_base64="DVJ7osZjYqr+kzDsKU5Y/7TtWSM=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4GmbG0UxuQS85JmAWSIbQ0+lJ2vQsdPcIIeQLvHhQxKuf5M2/sbMIKvqg4PFeFVX1gpQzqSzrw8itrW9sbuW3Czu7e/sHxcOjlkwyQWiTJDwRnQBLyllMm4opTjupoDgKOG0H45u5376nQrIkvlWTlPoRHsYsZAQrLTVq/WLJMj3vquJdIst0XefCcTSxrYprl5FtWguUYIV6v/jeGyQki2isCMdSdm0rVf4UC8UIp7NCL5M0xWSMh7SraYwjKv3p4tAZOtPKAIWJ0BUrtFC/T0xxJOUkCnRnhNVI/vbm4l9eN1Oh509ZnGaKxmS5KMw4Ugmaf40GTFCi+EQTTATTtyIywgITpbMp6BC+PkX/k5ajYzHthluqXq/iyMMJnMI52FCGKtSgDk0gQOEBnuDZuDMejRfjddmaM1Yzx/ADxtsnFm2NHw==</latexit>

e�iHt
<latexit sha1_base64="fgUXpUFMBBkxZTXIC0FwJfG5JMM=">AAAB73icdVDJSgNBEK1xjXGLevTSGAQvDjNxNJNb0EuOEcwCyRh6Oj1Jk57F7h4hDPkJLx4U8ervePNv7CyCij4oeLxXRVU9P+FMKsv6MJaWV1bX1nMb+c2t7Z3dwt5+U8apILRBYh6Lto8l5SyiDcUUp+1EUBz6nLb80dXUb91TIVkc3ahxQr0QDyIWMIKVltr0NjtlNTXpFYqW6boXFfccWabjlM5KJU1sq+LYZWSb1gxFWKDeK7x3+zFJQxopwrGUHdtKlJdhoRjhdJLvppImmIzwgHY0jXBIpZfN7p2gY630URALXZFCM/X7RIZDKcehrztDrIbytzcV//I6qQpcL2NRkioakfmiIOVIxWj6POozQYniY00wEUzfisgQC0yUjiivQ/j6FP1PmiUdi2lfO8Xq5SKOHBzCEZyADWWoQg3q0AACHB7gCZ6NO+PReDFe561LxmLmAH7AePsEVgOQKg==</latexit><latexit sha1_base64="fgUXpUFMBBkxZTXIC0FwJfG5JMM=">AAAB73icdVDJSgNBEK1xjXGLevTSGAQvDjNxNJNb0EuOEcwCyRh6Oj1Jk57F7h4hDPkJLx4U8ervePNv7CyCij4oeLxXRVU9P+FMKsv6MJaWV1bX1nMb+c2t7Z3dwt5+U8apILRBYh6Lto8l5SyiDcUUp+1EUBz6nLb80dXUb91TIVkc3ahxQr0QDyIWMIKVltr0NjtlNTXpFYqW6boXFfccWabjlM5KJU1sq+LYZWSb1gxFWKDeK7x3+zFJQxopwrGUHdtKlJdhoRjhdJLvppImmIzwgHY0jXBIpZfN7p2gY630URALXZFCM/X7RIZDKcehrztDrIbytzcV//I6qQpcL2NRkioakfmiIOVIxWj6POozQYniY00wEUzfisgQC0yUjiivQ/j6FP1PmiUdi2lfO8Xq5SKOHBzCEZyADWWoQg3q0AACHB7gCZ6NO+PReDFe561LxmLmAH7AePsEVgOQKg==</latexit><latexit sha1_base64="fgUXpUFMBBkxZTXIC0FwJfG5JMM=">AAAB73icdVDJSgNBEK1xjXGLevTSGAQvDjNxNJNb0EuOEcwCyRh6Oj1Jk57F7h4hDPkJLx4U8ervePNv7CyCij4oeLxXRVU9P+FMKsv6MJaWV1bX1nMb+c2t7Z3dwt5+U8apILRBYh6Lto8l5SyiDcUUp+1EUBz6nLb80dXUb91TIVkc3ahxQr0QDyIWMIKVltr0NjtlNTXpFYqW6boXFfccWabjlM5KJU1sq+LYZWSb1gxFWKDeK7x3+zFJQxopwrGUHdtKlJdhoRjhdJLvppImmIzwgHY0jXBIpZfN7p2gY630URALXZFCM/X7RIZDKcehrztDrIbytzcV//I6qQpcL2NRkioakfmiIOVIxWj6POozQYniY00wEUzfisgQC0yUjiivQ/j6FP1PmiUdi2lfO8Xq5SKOHBzCEZyADWWoQg3q0AACHB7gCZ6NO+PReDFe561LxmLmAH7AePsEVgOQKg==</latexit><latexit sha1_base64="fgUXpUFMBBkxZTXIC0FwJfG5JMM=">AAAB73icdVDJSgNBEK1xjXGLevTSGAQvDjNxNJNb0EuOEcwCyRh6Oj1Jk57F7h4hDPkJLx4U8ervePNv7CyCij4oeLxXRVU9P+FMKsv6MJaWV1bX1nMb+c2t7Z3dwt5+U8apILRBYh6Lto8l5SyiDcUUp+1EUBz6nLb80dXUb91TIVkc3ahxQr0QDyIWMIKVltr0NjtlNTXpFYqW6boXFfccWabjlM5KJU1sq+LYZWSb1gxFWKDeK7x3+zFJQxopwrGUHdtKlJdhoRjhdJLvppImmIzwgHY0jXBIpZfN7p2gY630URALXZFCM/X7RIZDKcehrztDrIbytzcV//I6qQpcL2NRkioakfmiIOVIxWj6POozQYniY00wEUzfisgQC0yUjiivQ/j6FP1PmiUdi2lfO8Xq5SKOHBzCEZyADWWoQg3q0AACHB7gCZ6NO+PReDFe561LxmLmAH7AePsEVgOQKg==</latexit>



| (t)i = e�iHt| (0)i
<latexit sha1_base64="vvGWLb+rkwQh8rz/Cmnd6K0gOmY=">AAACEnicjZBLSwMxFIUzPmt9VV26CRahXVhmRNCNUHTTZQX7gE4tmfROG5rJDMkdoYz9DW78K25cKOLWlTv/jdOHoKLggcDhfPeS5HiRFAZt+92am19YXFrOrGRX19Y3NnNb23UTxppDjYcy1E2PGZBCQQ0FSmhGGljgSWh4g/Mxb1yDNiJUlziMoB2wnhK+4AzTqJMr3riREQUsupqpngR6SuEqORAVHE2J/Uk6ubxTsieif5s8manayb253ZDHASjkkhnTcuwI2wnTKLiEUdaNDUSMD1gPWqlVLADTTiZfGtH9NOlSP9TpUUgn6deNhAXGDAMvnQwY9s1PNg5/Y60Y/ZN2IlQUIyg+vciPJcWQjvuhXaGBoxymhnEt0rdS3meacUxbzP6vhPphybFLzsVRvnw2qyNDdskeKRCHHJMyqZAqqRFObsk9eSRP1p31YD1bL9PROWu2s0O+yXr9AACznQo=</latexit><latexit sha1_base64="vvGWLb+rkwQh8rz/Cmnd6K0gOmY=">AAACEnicjZBLSwMxFIUzPmt9VV26CRahXVhmRNCNUHTTZQX7gE4tmfROG5rJDMkdoYz9DW78K25cKOLWlTv/jdOHoKLggcDhfPeS5HiRFAZt+92am19YXFrOrGRX19Y3NnNb23UTxppDjYcy1E2PGZBCQQ0FSmhGGljgSWh4g/Mxb1yDNiJUlziMoB2wnhK+4AzTqJMr3riREQUsupqpngR6SuEqORAVHE2J/Uk6ubxTsieif5s8manayb253ZDHASjkkhnTcuwI2wnTKLiEUdaNDUSMD1gPWqlVLADTTiZfGtH9NOlSP9TpUUgn6deNhAXGDAMvnQwY9s1PNg5/Y60Y/ZN2IlQUIyg+vciPJcWQjvuhXaGBoxymhnEt0rdS3meacUxbzP6vhPphybFLzsVRvnw2qyNDdskeKRCHHJMyqZAqqRFObsk9eSRP1p31YD1bL9PROWu2s0O+yXr9AACznQo=</latexit><latexit sha1_base64="vvGWLb+rkwQh8rz/Cmnd6K0gOmY=">AAACEnicjZBLSwMxFIUzPmt9VV26CRahXVhmRNCNUHTTZQX7gE4tmfROG5rJDMkdoYz9DW78K25cKOLWlTv/jdOHoKLggcDhfPeS5HiRFAZt+92am19YXFrOrGRX19Y3NnNb23UTxppDjYcy1E2PGZBCQQ0FSmhGGljgSWh4g/Mxb1yDNiJUlziMoB2wnhK+4AzTqJMr3riREQUsupqpngR6SuEqORAVHE2J/Uk6ubxTsieif5s8manayb253ZDHASjkkhnTcuwI2wnTKLiEUdaNDUSMD1gPWqlVLADTTiZfGtH9NOlSP9TpUUgn6deNhAXGDAMvnQwY9s1PNg5/Y60Y/ZN2IlQUIyg+vciPJcWQjvuhXaGBoxymhnEt0rdS3meacUxbzP6vhPphybFLzsVRvnw2qyNDdskeKRCHHJMyqZAqqRFObsk9eSRP1p31YD1bL9PROWu2s0O+yXr9AACznQo=</latexit><latexit sha1_base64="vvGWLb+rkwQh8rz/Cmnd6K0gOmY=">AAACEnicjZBLSwMxFIUzPmt9VV26CRahXVhmRNCNUHTTZQX7gE4tmfROG5rJDMkdoYz9DW78K25cKOLWlTv/jdOHoKLggcDhfPeS5HiRFAZt+92am19YXFrOrGRX19Y3NnNb23UTxppDjYcy1E2PGZBCQQ0FSmhGGljgSWh4g/Mxb1yDNiJUlziMoB2wnhK+4AzTqJMr3riREQUsupqpngR6SuEqORAVHE2J/Uk6ubxTsieif5s8manayb253ZDHASjkkhnTcuwI2wnTKLiEUdaNDUSMD1gPWqlVLADTTiZfGtH9NOlSP9TpUUgn6deNhAXGDAMvnQwY9s1PNg5/Y60Y/ZN2IlQUIyg+vciPJcWQjvuhXaGBoxymhnEt0rdS3meacUxbzP6vhPphybFLzsVRvnw2qyNDdskeKRCHHJMyqZAqqRFObsk9eSRP1p31YD1bL9PROWu2s0O+yXr9AACznQo=</latexit>

This is a unitary matrix

Given a Hamiltonian    , construct a quantum circuit that 
approximates 

Hamiltonian Simulation:

H
<latexit sha1_base64="DVJ7osZjYqr+kzDsKU5Y/7TtWSM=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4GmbG0UxuQS85JmAWSIbQ0+lJ2vQsdPcIIeQLvHhQxKuf5M2/sbMIKvqg4PFeFVX1gpQzqSzrw8itrW9sbuW3Czu7e/sHxcOjlkwyQWiTJDwRnQBLyllMm4opTjupoDgKOG0H45u5376nQrIkvlWTlPoRHsYsZAQrLTVq/WLJMj3vquJdIst0XefCcTSxrYprl5FtWguUYIV6v/jeGyQki2isCMdSdm0rVf4UC8UIp7NCL5M0xWSMh7SraYwjKv3p4tAZOtPKAIWJ0BUrtFC/T0xxJOUkCnRnhNVI/vbm4l9eN1Oh509ZnGaKxmS5KMw4Ugmaf40GTFCi+EQTTATTtyIywgITpbMp6BC+PkX/k5ajYzHthluqXq/iyMMJnMI52FCGKtSgDk0gQOEBnuDZuDMejRfjddmaM1Yzx/ADxtsnFm2NHw==</latexit><latexit sha1_base64="DVJ7osZjYqr+kzDsKU5Y/7TtWSM=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4GmbG0UxuQS85JmAWSIbQ0+lJ2vQsdPcIIeQLvHhQxKuf5M2/sbMIKvqg4PFeFVX1gpQzqSzrw8itrW9sbuW3Czu7e/sHxcOjlkwyQWiTJDwRnQBLyllMm4opTjupoDgKOG0H45u5376nQrIkvlWTlPoRHsYsZAQrLTVq/WLJMj3vquJdIst0XefCcTSxrYprl5FtWguUYIV6v/jeGyQki2isCMdSdm0rVf4UC8UIp7NCL5M0xWSMh7SraYwjKv3p4tAZOtPKAIWJ0BUrtFC/T0xxJOUkCnRnhNVI/vbm4l9eN1Oh509ZnGaKxmS5KMw4Ugmaf40GTFCi+EQTTATTtyIywgITpbMp6BC+PkX/k5ajYzHthluqXq/iyMMJnMI52FCGKtSgDk0gQOEBnuDZuDMejRfjddmaM1Yzx/ADxtsnFm2NHw==</latexit><latexit sha1_base64="DVJ7osZjYqr+kzDsKU5Y/7TtWSM=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4GmbG0UxuQS85JmAWSIbQ0+lJ2vQsdPcIIeQLvHhQxKuf5M2/sbMIKvqg4PFeFVX1gpQzqSzrw8itrW9sbuW3Czu7e/sHxcOjlkwyQWiTJDwRnQBLyllMm4opTjupoDgKOG0H45u5376nQrIkvlWTlPoRHsYsZAQrLTVq/WLJMj3vquJdIst0XefCcTSxrYprl5FtWguUYIV6v/jeGyQki2isCMdSdm0rVf4UC8UIp7NCL5M0xWSMh7SraYwjKv3p4tAZOtPKAIWJ0BUrtFC/T0xxJOUkCnRnhNVI/vbm4l9eN1Oh509ZnGaKxmS5KMw4Ugmaf40GTFCi+EQTTATTtyIywgITpbMp6BC+PkX/k5ajYzHthluqXq/iyMMJnMI52FCGKtSgDk0gQOEBnuDZuDMejRfjddmaM1Yzx/ADxtsnFm2NHw==</latexit><latexit sha1_base64="DVJ7osZjYqr+kzDsKU5Y/7TtWSM=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4GmbG0UxuQS85JmAWSIbQ0+lJ2vQsdPcIIeQLvHhQxKuf5M2/sbMIKvqg4PFeFVX1gpQzqSzrw8itrW9sbuW3Czu7e/sHxcOjlkwyQWiTJDwRnQBLyllMm4opTjupoDgKOG0H45u5376nQrIkvlWTlPoRHsYsZAQrLTVq/WLJMj3vquJdIst0XefCcTSxrYprl5FtWguUYIV6v/jeGyQki2isCMdSdm0rVf4UC8UIp7NCL5M0xWSMh7SraYwjKv3p4tAZOtPKAIWJ0BUrtFC/T0xxJOUkCnRnhNVI/vbm4l9eN1Oh509ZnGaKxmS5KMw4Ugmaf40GTFCi+EQTTATTtyIywgITpbMp6BC+PkX/k5ajYzHthluqXq/iyMMJnMI52FCGKtSgDk0gQOEBnuDZuDMejRfjddmaM1Yzx/ADxtsnFm2NHw==</latexit>

e�iHt
<latexit sha1_base64="fgUXpUFMBBkxZTXIC0FwJfG5JMM=">AAAB73icdVDJSgNBEK1xjXGLevTSGAQvDjNxNJNb0EuOEcwCyRh6Oj1Jk57F7h4hDPkJLx4U8ervePNv7CyCij4oeLxXRVU9P+FMKsv6MJaWV1bX1nMb+c2t7Z3dwt5+U8apILRBYh6Lto8l5SyiDcUUp+1EUBz6nLb80dXUb91TIVkc3ahxQr0QDyIWMIKVltr0NjtlNTXpFYqW6boXFfccWabjlM5KJU1sq+LYZWSb1gxFWKDeK7x3+zFJQxopwrGUHdtKlJdhoRjhdJLvppImmIzwgHY0jXBIpZfN7p2gY630URALXZFCM/X7RIZDKcehrztDrIbytzcV//I6qQpcL2NRkioakfmiIOVIxWj6POozQYniY00wEUzfisgQC0yUjiivQ/j6FP1PmiUdi2lfO8Xq5SKOHBzCEZyADWWoQg3q0AACHB7gCZ6NO+PReDFe561LxmLmAH7AePsEVgOQKg==</latexit><latexit sha1_base64="fgUXpUFMBBkxZTXIC0FwJfG5JMM=">AAAB73icdVDJSgNBEK1xjXGLevTSGAQvDjNxNJNb0EuOEcwCyRh6Oj1Jk57F7h4hDPkJLx4U8ervePNv7CyCij4oeLxXRVU9P+FMKsv6MJaWV1bX1nMb+c2t7Z3dwt5+U8apILRBYh6Lto8l5SyiDcUUp+1EUBz6nLb80dXUb91TIVkc3ahxQr0QDyIWMIKVltr0NjtlNTXpFYqW6boXFfccWabjlM5KJU1sq+LYZWSb1gxFWKDeK7x3+zFJQxopwrGUHdtKlJdhoRjhdJLvppImmIzwgHY0jXBIpZfN7p2gY630URALXZFCM/X7RIZDKcehrztDrIbytzcV//I6qQpcL2NRkioakfmiIOVIxWj6POozQYniY00wEUzfisgQC0yUjiivQ/j6FP1PmiUdi2lfO8Xq5SKOHBzCEZyADWWoQg3q0AACHB7gCZ6NO+PReDFe561LxmLmAH7AePsEVgOQKg==</latexit><latexit sha1_base64="fgUXpUFMBBkxZTXIC0FwJfG5JMM=">AAAB73icdVDJSgNBEK1xjXGLevTSGAQvDjNxNJNb0EuOEcwCyRh6Oj1Jk57F7h4hDPkJLx4U8ervePNv7CyCij4oeLxXRVU9P+FMKsv6MJaWV1bX1nMb+c2t7Z3dwt5+U8apILRBYh6Lto8l5SyiDcUUp+1EUBz6nLb80dXUb91TIVkc3ahxQr0QDyIWMIKVltr0NjtlNTXpFYqW6boXFfccWabjlM5KJU1sq+LYZWSb1gxFWKDeK7x3+zFJQxopwrGUHdtKlJdhoRjhdJLvppImmIzwgHY0jXBIpZfN7p2gY630URALXZFCM/X7RIZDKcehrztDrIbytzcV//I6qQpcL2NRkioakfmiIOVIxWj6POozQYniY00wEUzfisgQC0yUjiivQ/j6FP1PmiUdi2lfO8Xq5SKOHBzCEZyADWWoQg3q0AACHB7gCZ6NO+PReDFe561LxmLmAH7AePsEVgOQKg==</latexit><latexit sha1_base64="fgUXpUFMBBkxZTXIC0FwJfG5JMM=">AAAB73icdVDJSgNBEK1xjXGLevTSGAQvDjNxNJNb0EuOEcwCyRh6Oj1Jk57F7h4hDPkJLx4U8ervePNv7CyCij4oeLxXRVU9P+FMKsv6MJaWV1bX1nMb+c2t7Z3dwt5+U8apILRBYh6Lto8l5SyiDcUUp+1EUBz6nLb80dXUb91TIVkc3ahxQr0QDyIWMIKVltr0NjtlNTXpFYqW6boXFfccWabjlM5KJU1sq+LYZWSb1gxFWKDeK7x3+zFJQxopwrGUHdtKlJdhoRjhdJLvppImmIzwgHY0jXBIpZfN7p2gY630URALXZFCM/X7RIZDKcehrztDrIbytzcV//I6qQpcL2NRkioakfmiIOVIxWj6POozQYniY00wEUzfisgQC0yUjiivQ/j6FP1PmiUdi2lfO8Xq5SKOHBzCEZyADWWoQg3q0AACHB7gCZ6NO+PReDFe561LxmLmAH7AePsEVgOQKg==</latexit>

There are a number of quantum algorithms that can do this 
efficiently for certain types of Hamiltonian
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Quantum system

| (t)i = e�iHt| (0)i
<latexit sha1_base64="vvGWLb+rkwQh8rz/Cmnd6K0gOmY=">AAACEnicjZBLSwMxFIUzPmt9VV26CRahXVhmRNCNUHTTZQX7gE4tmfROG5rJDMkdoYz9DW78K25cKOLWlTv/jdOHoKLggcDhfPeS5HiRFAZt+92am19YXFrOrGRX19Y3NnNb23UTxppDjYcy1E2PGZBCQQ0FSmhGGljgSWh4g/Mxb1yDNiJUlziMoB2wnhK+4AzTqJMr3riREQUsupqpngR6SuEqORAVHE2J/Uk6ubxTsieif5s8manayb253ZDHASjkkhnTcuwI2wnTKLiEUdaNDUSMD1gPWqlVLADTTiZfGtH9NOlSP9TpUUgn6deNhAXGDAMvnQwY9s1PNg5/Y60Y/ZN2IlQUIyg+vciPJcWQjvuhXaGBoxymhnEt0rdS3meacUxbzP6vhPphybFLzsVRvnw2qyNDdskeKRCHHJMyqZAqqRFObsk9eSRP1p31YD1bL9PROWu2s0O+yXr9AACznQo=</latexit><latexit sha1_base64="vvGWLb+rkwQh8rz/Cmnd6K0gOmY=">AAACEnicjZBLSwMxFIUzPmt9VV26CRahXVhmRNCNUHTTZQX7gE4tmfROG5rJDMkdoYz9DW78K25cKOLWlTv/jdOHoKLggcDhfPeS5HiRFAZt+92am19YXFrOrGRX19Y3NnNb23UTxppDjYcy1E2PGZBCQQ0FSmhGGljgSWh4g/Mxb1yDNiJUlziMoB2wnhK+4AzTqJMr3riREQUsupqpngR6SuEqORAVHE2J/Uk6ubxTsieif5s8manayb253ZDHASjkkhnTcuwI2wnTKLiEUdaNDUSMD1gPWqlVLADTTiZfGtH9NOlSP9TpUUgn6deNhAXGDAMvnQwY9s1PNg5/Y60Y/ZN2IlQUIyg+vciPJcWQjvuhXaGBoxymhnEt0rdS3meacUxbzP6vhPphybFLzsVRvnw2qyNDdskeKRCHHJMyqZAqqRFObsk9eSRP1p31YD1bL9PROWu2s0O+yXr9AACznQo=</latexit><latexit sha1_base64="vvGWLb+rkwQh8rz/Cmnd6K0gOmY=">AAACEnicjZBLSwMxFIUzPmt9VV26CRahXVhmRNCNUHTTZQX7gE4tmfROG5rJDMkdoYz9DW78K25cKOLWlTv/jdOHoKLggcDhfPeS5HiRFAZt+92am19YXFrOrGRX19Y3NnNb23UTxppDjYcy1E2PGZBCQQ0FSmhGGljgSWh4g/Mxb1yDNiJUlziMoB2wnhK+4AzTqJMr3riREQUsupqpngR6SuEqORAVHE2J/Uk6ubxTsieif5s8manayb253ZDHASjkkhnTcuwI2wnTKLiEUdaNDUSMD1gPWqlVLADTTiZfGtH9NOlSP9TpUUgn6deNhAXGDAMvnQwY9s1PNg5/Y60Y/ZN2IlQUIyg+vciPJcWQjvuhXaGBoxymhnEt0rdS3meacUxbzP6vhPphybFLzsVRvnw2qyNDdskeKRCHHJMyqZAqqRFObsk9eSRP1p31YD1bL9PROWu2s0O+yXr9AACznQo=</latexit><latexit sha1_base64="vvGWLb+rkwQh8rz/Cmnd6K0gOmY=">AAACEnicjZBLSwMxFIUzPmt9VV26CRahXVhmRNCNUHTTZQX7gE4tmfROG5rJDMkdoYz9DW78K25cKOLWlTv/jdOHoKLggcDhfPeS5HiRFAZt+92am19YXFrOrGRX19Y3NnNb23UTxppDjYcy1E2PGZBCQQ0FSmhGGljgSWh4g/Mxb1yDNiJUlziMoB2wnhK+4AzTqJMr3riREQUsupqpngR6SuEqORAVHE2J/Uk6ubxTsieif5s8manayb253ZDHASjkkhnTcuwI2wnTKLiEUdaNDUSMD1gPWqlVLADTTiZfGtH9NOlSP9TpUUgn6deNhAXGDAMvnQwY9s1PNg5/Y60Y/ZN2IlQUIyg+vciPJcWQjvuhXaGBoxymhnEt0rdS3meacUxbzP6vhPphybFLzsVRvnw2qyNDdskeKRCHHJMyqZAqqRFObsk9eSRP1p31YD1bL9PROWu2s0O+yXr9AACznQo=</latexit>
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| (t)i = e�iHt| (0)i
<latexit sha1_base64="vvGWLb+rkwQh8rz/Cmnd6K0gOmY=">AAACEnicjZBLSwMxFIUzPmt9VV26CRahXVhmRNCNUHTTZQX7gE4tmfROG5rJDMkdoYz9DW78K25cKOLWlTv/jdOHoKLggcDhfPeS5HiRFAZt+92am19YXFrOrGRX19Y3NnNb23UTxppDjYcy1E2PGZBCQQ0FSmhGGljgSWh4g/Mxb1yDNiJUlziMoB2wnhK+4AzTqJMr3riREQUsupqpngR6SuEqORAVHE2J/Uk6ubxTsieif5s8manayb253ZDHASjkkhnTcuwI2wnTKLiEUdaNDUSMD1gPWqlVLADTTiZfGtH9NOlSP9TpUUgn6deNhAXGDAMvnQwY9s1PNg5/Y60Y/ZN2IlQUIyg+vciPJcWQjvuhXaGBoxymhnEt0rdS3meacUxbzP6vhPphybFLzsVRvnw2qyNDdskeKRCHHJMyqZAqqRFObsk9eSRP1p31YD1bL9PROWu2s0O+yXr9AACznQo=</latexit><latexit sha1_base64="vvGWLb+rkwQh8rz/Cmnd6K0gOmY=">AAACEnicjZBLSwMxFIUzPmt9VV26CRahXVhmRNCNUHTTZQX7gE4tmfROG5rJDMkdoYz9DW78K25cKOLWlTv/jdOHoKLggcDhfPeS5HiRFAZt+92am19YXFrOrGRX19Y3NnNb23UTxppDjYcy1E2PGZBCQQ0FSmhGGljgSWh4g/Mxb1yDNiJUlziMoB2wnhK+4AzTqJMr3riREQUsupqpngR6SuEqORAVHE2J/Uk6ubxTsieif5s8manayb253ZDHASjkkhnTcuwI2wnTKLiEUdaNDUSMD1gPWqlVLADTTiZfGtH9NOlSP9TpUUgn6deNhAXGDAMvnQwY9s1PNg5/Y60Y/ZN2IlQUIyg+vciPJcWQjvuhXaGBoxymhnEt0rdS3meacUxbzP6vhPphybFLzsVRvnw2qyNDdskeKRCHHJMyqZAqqRFObsk9eSRP1p31YD1bL9PROWu2s0O+yXr9AACznQo=</latexit><latexit sha1_base64="vvGWLb+rkwQh8rz/Cmnd6K0gOmY=">AAACEnicjZBLSwMxFIUzPmt9VV26CRahXVhmRNCNUHTTZQX7gE4tmfROG5rJDMkdoYz9DW78K25cKOLWlTv/jdOHoKLggcDhfPeS5HiRFAZt+92am19YXFrOrGRX19Y3NnNb23UTxppDjYcy1E2PGZBCQQ0FSmhGGljgSWh4g/Mxb1yDNiJUlziMoB2wnhK+4AzTqJMr3riREQUsupqpngR6SuEqORAVHE2J/Uk6ubxTsieif5s8manayb253ZDHASjkkhnTcuwI2wnTKLiEUdaNDUSMD1gPWqlVLADTTiZfGtH9NOlSP9TpUUgn6deNhAXGDAMvnQwY9s1PNg5/Y60Y/ZN2IlQUIyg+vciPJcWQjvuhXaGBoxymhnEt0rdS3meacUxbzP6vhPphybFLzsVRvnw2qyNDdskeKRCHHJMyqZAqqRFObsk9eSRP1p31YD1bL9PROWu2s0O+yXr9AACznQo=</latexit><latexit sha1_base64="vvGWLb+rkwQh8rz/Cmnd6K0gOmY=">AAACEnicjZBLSwMxFIUzPmt9VV26CRahXVhmRNCNUHTTZQX7gE4tmfROG5rJDMkdoYz9DW78K25cKOLWlTv/jdOHoKLggcDhfPeS5HiRFAZt+92am19YXFrOrGRX19Y3NnNb23UTxppDjYcy1E2PGZBCQQ0FSmhGGljgSWh4g/Mxb1yDNiJUlziMoB2wnhK+4AzTqJMr3riREQUsupqpngR6SuEqORAVHE2J/Uk6ubxTsieif5s8manayb253ZDHASjkkhnTcuwI2wnTKLiEUdaNDUSMD1gPWqlVLADTTiZfGtH9NOlSP9TpUUgn6deNhAXGDAMvnQwY9s1PNg5/Y60Y/ZN2IlQUIyg+vciPJcWQjvuhXaGBoxymhnEt0rdS3meacUxbzP6vhPphybFLzsVRvnw2qyNDdskeKRCHHJMyqZAqqRFObsk9eSRP1p31YD1bL9PROWu2s0O+yXr9AACznQo=</latexit>
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Attacks one of the most fundamental tasks in science — 
solving systems of linear equations:

Solve for 

Classically: Takes time polynomial in the size of the matrix

HHL ‘solves’ this problem in logarithmic time
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Output: quantum state 

So long as we can prepare     , and only need to know global 
properties of      , this is useful.
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• Solving Systems of Differential Equations 

• E.g. Finite Element Method (FEM) 

• Data fitting 

• Various tasks in machine learning 

• E.g. clustering, support-vector machines, principal 

component analysis

Applications
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Classical : polynomial in n

Run-time

For a system of n equations:

Condition number
Sparsity Accuracy



Summary
• We saw some of the most frequently used quantum algorithms 

and sub-routines 

• Grover’s Search 

• Phase Estimation 

• Factoring 

• Hamiltonian Simulation 

• Matrix Inversion 

• There are a lot more quantum algorithms, this is just a taster! 

• Finding real-world applications is an ongoing challenge


