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• Large-scale cluster-state entanglement 
• Quantum state engineering and characterization (quantum error correction encodings) 
• Quantum photonics on chip. Collab. w/ UVA ECE: Campbell, Beling, Yi 
• Quantum simulation of nuclear physics 
• Quantum simulation of condensed matter physics 

Today I will address the first two topics.

Current projects
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Gaussian quantum optics (fields) 
• Large-scale entanglement (squeezing) 
• No postselection

5

Building a continuous-variable quantum computer with light

Non-Gaussian quantum optics (photons) 
• Exponential speedup 
• Quantum error correction
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1. Circuit-based 

2. Measurement-based

Two main flavors of universal quantum computing
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<latexit sha1_base64="1yOoLk6Cfs/MhaY9UL9KGKx9TT4=">AAAB63icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCrYW2qVk02wbmmSXZFYoS/+CFw+KePUPefPfmLZ70NYXAg/vzJCZN0qlsOj7315pbX1jc6u8XdnZ3ds/qB4etW2SGcZbLJGJ6UTUcik0b6FAyTup4VRFkj9G49tZ/fGJGysS/YCTlIeKDrWIBaM4s3qpFf1qza/7c5FVCAqoQaFmv/rVGyQsU1wjk9TabuCnGObUoGCSTyu9zPKUsjEd8q5DTRW3YT7fdUrOnDMgcWLc00jm7u+JnCprJypynYriyC7XZuZ/tW6G8XWYC51myDVbfBRnkmBCZoeTgTCcoZw4oMwItythI2ooQxdPxYUQLJ+8Cu2LeuD4/rLWuCniKMMJnMI5BHAFDbiDJrSAwQie4RXePOW9eO/ex6K15BUzx/BH3ucPJEGOSg==</latexit><latexit sha1_base64="1yOoLk6Cfs/MhaY9UL9KGKx9TT4=">AAAB63icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCrYW2qVk02wbmmSXZFYoS/+CFw+KePUPefPfmLZ70NYXAg/vzJCZN0qlsOj7315pbX1jc6u8XdnZ3ds/qB4etW2SGcZbLJGJ6UTUcik0b6FAyTup4VRFkj9G49tZ/fGJGysS/YCTlIeKDrWIBaM4s3qpFf1qza/7c5FVCAqoQaFmv/rVGyQsU1wjk9TabuCnGObUoGCSTyu9zPKUsjEd8q5DTRW3YT7fdUrOnDMgcWLc00jm7u+JnCprJypynYriyC7XZuZ/tW6G8XWYC51myDVbfBRnkmBCZoeTgTCcoZw4oMwItythI2ooQxdPxYUQLJ+8Cu2LeuD4/rLWuCniKMMJnMI5BHAFDbiDJrSAwQie4RXePOW9eO/ex6K15BUzx/BH3ucPJEGOSg==</latexit><latexit sha1_base64="1yOoLk6Cfs/MhaY9UL9KGKx9TT4=">AAAB63icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCrYW2qVk02wbmmSXZFYoS/+CFw+KePUPefPfmLZ70NYXAg/vzJCZN0qlsOj7315pbX1jc6u8XdnZ3ds/qB4etW2SGcZbLJGJ6UTUcik0b6FAyTup4VRFkj9G49tZ/fGJGysS/YCTlIeKDrWIBaM4s3qpFf1qza/7c5FVCAqoQaFmv/rVGyQsU1wjk9TabuCnGObUoGCSTyu9zPKUsjEd8q5DTRW3YT7fdUrOnDMgcWLc00jm7u+JnCprJypynYriyC7XZuZ/tW6G8XWYC51myDVbfBRnkmBCZoeTgTCcoZw4oMwItythI2ooQxdPxYUQLJ+8Cu2LeuD4/rLWuCniKMMJnMI5BHAFDbiDJrSAwQie4RXePOW9eO/ex6K15BUzx/BH3ucPJEGOSg==</latexit><latexit sha1_base64="1yOoLk6Cfs/MhaY9UL9KGKx9TT4=">AAAB63icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCrYW2qVk02wbmmSXZFYoS/+CFw+KePUPefPfmLZ70NYXAg/vzJCZN0qlsOj7315pbX1jc6u8XdnZ3ds/qB4etW2SGcZbLJGJ6UTUcik0b6FAyTup4VRFkj9G49tZ/fGJGysS/YCTlIeKDrWIBaM4s3qpFf1qza/7c5FVCAqoQaFmv/rVGyQsU1wjk9TabuCnGObUoGCSTyu9zPKUsjEd8q5DTRW3YT7fdUrOnDMgcWLc00jm7u+JnCprJypynYriyC7XZuZ/tW6G8XWYC51myDVbfBRnkmBCZoeTgTCcoZw4oMwItythI2ooQxdPxYUQLJ+8Cu2LeuD4/rLWuCniKMMJnMI5BHAFDbiDJrSAwQie4RXePOW9eO/ex6K15BUzx/BH3ucPJEGOSg==</latexit>

| i =  0|0i+  1|1i
<latexit sha1_base64="oCzHOVfZN1kGZS6J1FWpzLFdnWQ=">AAACFnicbZDLSgMxFIbP1Futt1GXboJFEMQyI4JuhKIblxXsBTpDyaRpG5rJDElGKG2fwo2v4saFIm7FnW9jZjoLbf0h8OU/55CcP4g5U9pxvq3C0vLK6lpxvbSxubW9Y+/uNVSUSELrJOKRbAVYUc4ErWumOW3FkuIw4LQZDG/SevOBSsUica9HMfVD3BesxwjWxurYpxMvVsyTWPQ5vUq546CJkxsnmeFO3PzesctOxcmEFsHNoQy5ah37y+tGJAmp0IRjpdquE2t/jKVmhNNpyUsUjTEZ4j5tGxQ4pMofZ2tN0ZFxuqgXSXOERpn7e2KMQ6VGYWA6Q6wHar6Wmv/V2onuXfpjJuJEU0FmD/USjnSE0oxQl0lKNB8ZwEQy81dEBlhiok2SJROCO7/yIjTOKq7hu/Ny9TqPowgHcAjH4MIFVOEWalAHAo/wDK/wZj1ZL9a79TFrLVj5zD78kfX5Azawn2A=</latexit><latexit sha1_base64="oCzHOVfZN1kGZS6J1FWpzLFdnWQ=">AAACFnicbZDLSgMxFIbP1Futt1GXboJFEMQyI4JuhKIblxXsBTpDyaRpG5rJDElGKG2fwo2v4saFIm7FnW9jZjoLbf0h8OU/55CcP4g5U9pxvq3C0vLK6lpxvbSxubW9Y+/uNVSUSELrJOKRbAVYUc4ErWumOW3FkuIw4LQZDG/SevOBSsUica9HMfVD3BesxwjWxurYpxMvVsyTWPQ5vUq546CJkxsnmeFO3PzesctOxcmEFsHNoQy5ah37y+tGJAmp0IRjpdquE2t/jKVmhNNpyUsUjTEZ4j5tGxQ4pMofZ2tN0ZFxuqgXSXOERpn7e2KMQ6VGYWA6Q6wHar6Wmv/V2onuXfpjJuJEU0FmD/USjnSE0oxQl0lKNB8ZwEQy81dEBlhiok2SJROCO7/yIjTOKq7hu/Ny9TqPowgHcAjH4MIFVOEWalAHAo/wDK/wZj1ZL9a79TFrLVj5zD78kfX5Azawn2A=</latexit><latexit sha1_base64="oCzHOVfZN1kGZS6J1FWpzLFdnWQ=">AAACFnicbZDLSgMxFIbP1Futt1GXboJFEMQyI4JuhKIblxXsBTpDyaRpG5rJDElGKG2fwo2v4saFIm7FnW9jZjoLbf0h8OU/55CcP4g5U9pxvq3C0vLK6lpxvbSxubW9Y+/uNVSUSELrJOKRbAVYUc4ErWumOW3FkuIw4LQZDG/SevOBSsUica9HMfVD3BesxwjWxurYpxMvVsyTWPQ5vUq546CJkxsnmeFO3PzesctOxcmEFsHNoQy5ah37y+tGJAmp0IRjpdquE2t/jKVmhNNpyUsUjTEZ4j5tGxQ4pMofZ2tN0ZFxuqgXSXOERpn7e2KMQ6VGYWA6Q6wHar6Wmv/V2onuXfpjJuJEU0FmD/USjnSE0oxQl0lKNB8ZwEQy81dEBlhiok2SJROCO7/yIjTOKq7hu/Ny9TqPowgHcAjH4MIFVOEWalAHAo/wDK/wZj1ZL9a79TFrLVj5zD78kfX5Azawn2A=</latexit><latexit sha1_base64="oCzHOVfZN1kGZS6J1FWpzLFdnWQ=">AAACFnicbZDLSgMxFIbP1Futt1GXboJFEMQyI4JuhKIblxXsBTpDyaRpG5rJDElGKG2fwo2v4saFIm7FnW9jZjoLbf0h8OU/55CcP4g5U9pxvq3C0vLK6lpxvbSxubW9Y+/uNVSUSELrJOKRbAVYUc4ErWumOW3FkuIw4LQZDG/SevOBSsUica9HMfVD3BesxwjWxurYpxMvVsyTWPQ5vUq546CJkxsnmeFO3PzesctOxcmEFsHNoQy5ah37y+tGJAmp0IRjpdquE2t/jKVmhNNpyUsUjTEZ4j5tGxQ4pMofZ2tN0ZFxuqgXSXOERpn7e2KMQ6VGYWA6Q6wHar6Wmv/V2onuXfpjJuJEU0FmD/USjnSE0oxQl0lKNB8ZwEQy81dEBlhiok2SJROCO7/yIjTOKq7hu/Ny9TqPowgHcAjH4MIFVOEWalAHAo/wDK/wZj1ZL9a79TFrLVj5zD78kfX5Azawn2A=</latexit>
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<latexit sha1_base64="1yOoLk6Cfs/MhaY9UL9KGKx9TT4=">AAAB63icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCrYW2qVk02wbmmSXZFYoS/+CFw+KePUPefPfmLZ70NYXAg/vzJCZN0qlsOj7315pbX1jc6u8XdnZ3ds/qB4etW2SGcZbLJGJ6UTUcik0b6FAyTup4VRFkj9G49tZ/fGJGysS/YCTlIeKDrWIBaM4s3qpFf1qza/7c5FVCAqoQaFmv/rVGyQsU1wjk9TabuCnGObUoGCSTyu9zPKUsjEd8q5DTRW3YT7fdUrOnDMgcWLc00jm7u+JnCprJypynYriyC7XZuZ/tW6G8XWYC51myDVbfBRnkmBCZoeTgTCcoZw4oMwItythI2ooQxdPxYUQLJ+8Cu2LeuD4/rLWuCniKMMJnMI5BHAFDbiDJrSAwQie4RXePOW9eO/ex6K15BUzx/BH3ucPJEGOSg==</latexit><latexit sha1_base64="1yOoLk6Cfs/MhaY9UL9KGKx9TT4=">AAAB63icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCrYW2qVk02wbmmSXZFYoS/+CFw+KePUPefPfmLZ70NYXAg/vzJCZN0qlsOj7315pbX1jc6u8XdnZ3ds/qB4etW2SGcZbLJGJ6UTUcik0b6FAyTup4VRFkj9G49tZ/fGJGysS/YCTlIeKDrWIBaM4s3qpFf1qza/7c5FVCAqoQaFmv/rVGyQsU1wjk9TabuCnGObUoGCSTyu9zPKUsjEd8q5DTRW3YT7fdUrOnDMgcWLc00jm7u+JnCprJypynYriyC7XZuZ/tW6G8XWYC51myDVbfBRnkmBCZoeTgTCcoZw4oMwItythI2ooQxdPxYUQLJ+8Cu2LeuD4/rLWuCniKMMJnMI5BHAFDbiDJrSAwQie4RXePOW9eO/ex6K15BUzx/BH3ucPJEGOSg==</latexit><latexit sha1_base64="1yOoLk6Cfs/MhaY9UL9KGKx9TT4=">AAAB63icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCrYW2qVk02wbmmSXZFYoS/+CFw+KePUPefPfmLZ70NYXAg/vzJCZN0qlsOj7315pbX1jc6u8XdnZ3ds/qB4etW2SGcZbLJGJ6UTUcik0b6FAyTup4VRFkj9G49tZ/fGJGysS/YCTlIeKDrWIBaM4s3qpFf1qza/7c5FVCAqoQaFmv/rVGyQsU1wjk9TabuCnGObUoGCSTyu9zPKUsjEd8q5DTRW3YT7fdUrOnDMgcWLc00jm7u+JnCprJypynYriyC7XZuZ/tW6G8XWYC51myDVbfBRnkmBCZoeTgTCcoZw4oMwItythI2ooQxdPxYUQLJ+8Cu2LeuD4/rLWuCniKMMJnMI5BHAFDbiDJrSAwQie4RXePOW9eO/ex6K15BUzx/BH3ucPJEGOSg==</latexit><latexit sha1_base64="1yOoLk6Cfs/MhaY9UL9KGKx9TT4=">AAAB63icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCrYW2qVk02wbmmSXZFYoS/+CFw+KePUPefPfmLZ70NYXAg/vzJCZN0qlsOj7315pbX1jc6u8XdnZ3ds/qB4etW2SGcZbLJGJ6UTUcik0b6FAyTup4VRFkj9G49tZ/fGJGysS/YCTlIeKDrWIBaM4s3qpFf1qza/7c5FVCAqoQaFmv/rVGyQsU1wjk9TabuCnGObUoGCSTyu9zPKUsjEd8q5DTRW3YT7fdUrOnDMgcWLc00jm7u+JnCprJypynYriyC7XZuZ/tW6G8XWYC51myDVbfBRnkmBCZoeTgTCcoZw4oMwItythI2ooQxdPxYUQLJ+8Cu2LeuD4/rLWuCniKMMJnMI5BHAFDbiDJrSAwQie4RXePOW9eO/ex6K15BUzx/BH3ucPJEGOSg==</latexit>

| i =  0|0i+  1|1i
<latexit sha1_base64="oCzHOVfZN1kGZS6J1FWpzLFdnWQ=">AAACFnicbZDLSgMxFIbP1Futt1GXboJFEMQyI4JuhKIblxXsBTpDyaRpG5rJDElGKG2fwo2v4saFIm7FnW9jZjoLbf0h8OU/55CcP4g5U9pxvq3C0vLK6lpxvbSxubW9Y+/uNVSUSELrJOKRbAVYUc4ErWumOW3FkuIw4LQZDG/SevOBSsUica9HMfVD3BesxwjWxurYpxMvVsyTWPQ5vUq546CJkxsnmeFO3PzesctOxcmEFsHNoQy5ah37y+tGJAmp0IRjpdquE2t/jKVmhNNpyUsUjTEZ4j5tGxQ4pMofZ2tN0ZFxuqgXSXOERpn7e2KMQ6VGYWA6Q6wHar6Wmv/V2onuXfpjJuJEU0FmD/USjnSE0oxQl0lKNB8ZwEQy81dEBlhiok2SJROCO7/yIjTOKq7hu/Ny9TqPowgHcAjH4MIFVOEWalAHAo/wDK/wZj1ZL9a79TFrLVj5zD78kfX5Azawn2A=</latexit><latexit sha1_base64="oCzHOVfZN1kGZS6J1FWpzLFdnWQ=">AAACFnicbZDLSgMxFIbP1Futt1GXboJFEMQyI4JuhKIblxXsBTpDyaRpG5rJDElGKG2fwo2v4saFIm7FnW9jZjoLbf0h8OU/55CcP4g5U9pxvq3C0vLK6lpxvbSxubW9Y+/uNVSUSELrJOKRbAVYUc4ErWumOW3FkuIw4LQZDG/SevOBSsUica9HMfVD3BesxwjWxurYpxMvVsyTWPQ5vUq546CJkxsnmeFO3PzesctOxcmEFsHNoQy5ah37y+tGJAmp0IRjpdquE2t/jKVmhNNpyUsUjTEZ4j5tGxQ4pMofZ2tN0ZFxuqgXSXOERpn7e2KMQ6VGYWA6Q6wHar6Wmv/V2onuXfpjJuJEU0FmD/USjnSE0oxQl0lKNB8ZwEQy81dEBlhiok2SJROCO7/yIjTOKq7hu/Ny9TqPowgHcAjH4MIFVOEWalAHAo/wDK/wZj1ZL9a79TFrLVj5zD78kfX5Azawn2A=</latexit><latexit sha1_base64="oCzHOVfZN1kGZS6J1FWpzLFdnWQ=">AAACFnicbZDLSgMxFIbP1Futt1GXboJFEMQyI4JuhKIblxXsBTpDyaRpG5rJDElGKG2fwo2v4saFIm7FnW9jZjoLbf0h8OU/55CcP4g5U9pxvq3C0vLK6lpxvbSxubW9Y+/uNVSUSELrJOKRbAVYUc4ErWumOW3FkuIw4LQZDG/SevOBSsUica9HMfVD3BesxwjWxurYpxMvVsyTWPQ5vUq546CJkxsnmeFO3PzesctOxcmEFsHNoQy5ah37y+tGJAmp0IRjpdquE2t/jKVmhNNpyUsUjTEZ4j5tGxQ4pMofZ2tN0ZFxuqgXSXOERpn7e2KMQ6VGYWA6Q6wHar6Wmv/V2onuXfpjJuJEU0FmD/USjnSE0oxQl0lKNB8ZwEQy81dEBlhiok2SJROCO7/yIjTOKq7hu/Ny9TqPowgHcAjH4MIFVOEWalAHAo/wDK/wZj1ZL9a79TFrLVj5zD78kfX5Azawn2A=</latexit><latexit sha1_base64="oCzHOVfZN1kGZS6J1FWpzLFdnWQ=">AAACFnicbZDLSgMxFIbP1Futt1GXboJFEMQyI4JuhKIblxXsBTpDyaRpG5rJDElGKG2fwo2v4saFIm7FnW9jZjoLbf0h8OU/55CcP4g5U9pxvq3C0vLK6lpxvbSxubW9Y+/uNVSUSELrJOKRbAVYUc4ErWumOW3FkuIw4LQZDG/SevOBSsUica9HMfVD3BesxwjWxurYpxMvVsyTWPQ5vUq546CJkxsnmeFO3PzesctOxcmEFsHNoQy5ah37y+tGJAmp0IRjpdquE2t/jKVmhNNpyUsUjTEZ4j5tGxQ4pMofZ2tN0ZFxuqgXSXOERpn7e2KMQ6VGYWA6Q6wHar6Wmv/V2onuXfpjJuJEU0FmD/USjnSE0oxQl0lKNB8ZwEQy81dEBlhiok2SJROCO7/yIjTOKq7hu/Ny9TqPowgHcAjH4MIFVOEWalAHAo/wDK/wZj1ZL9a79TFrLVj5zD78kfX5Azawn2A=</latexit>
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<latexit sha1_base64="1yOoLk6Cfs/MhaY9UL9KGKx9TT4=">AAAB63icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCrYW2qVk02wbmmSXZFYoS/+CFw+KePUPefPfmLZ70NYXAg/vzJCZN0qlsOj7315pbX1jc6u8XdnZ3ds/qB4etW2SGcZbLJGJ6UTUcik0b6FAyTup4VRFkj9G49tZ/fGJGysS/YCTlIeKDrWIBaM4s3qpFf1qza/7c5FVCAqoQaFmv/rVGyQsU1wjk9TabuCnGObUoGCSTyu9zPKUsjEd8q5DTRW3YT7fdUrOnDMgcWLc00jm7u+JnCprJypynYriyC7XZuZ/tW6G8XWYC51myDVbfBRnkmBCZoeTgTCcoZw4oMwItythI2ooQxdPxYUQLJ+8Cu2LeuD4/rLWuCniKMMJnMI5BHAFDbiDJrSAwQie4RXePOW9eO/ex6K15BUzx/BH3ucPJEGOSg==</latexit><latexit sha1_base64="1yOoLk6Cfs/MhaY9UL9KGKx9TT4=">AAAB63icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCrYW2qVk02wbmmSXZFYoS/+CFw+KePUPefPfmLZ70NYXAg/vzJCZN0qlsOj7315pbX1jc6u8XdnZ3ds/qB4etW2SGcZbLJGJ6UTUcik0b6FAyTup4VRFkj9G49tZ/fGJGysS/YCTlIeKDrWIBaM4s3qpFf1qza/7c5FVCAqoQaFmv/rVGyQsU1wjk9TabuCnGObUoGCSTyu9zPKUsjEd8q5DTRW3YT7fdUrOnDMgcWLc00jm7u+JnCprJypynYriyC7XZuZ/tW6G8XWYC51myDVbfBRnkmBCZoeTgTCcoZw4oMwItythI2ooQxdPxYUQLJ+8Cu2LeuD4/rLWuCniKMMJnMI5BHAFDbiDJrSAwQie4RXePOW9eO/ex6K15BUzx/BH3ucPJEGOSg==</latexit><latexit sha1_base64="1yOoLk6Cfs/MhaY9UL9KGKx9TT4=">AAAB63icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCrYW2qVk02wbmmSXZFYoS/+CFw+KePUPefPfmLZ70NYXAg/vzJCZN0qlsOj7315pbX1jc6u8XdnZ3ds/qB4etW2SGcZbLJGJ6UTUcik0b6FAyTup4VRFkj9G49tZ/fGJGysS/YCTlIeKDrWIBaM4s3qpFf1qza/7c5FVCAqoQaFmv/rVGyQsU1wjk9TabuCnGObUoGCSTyu9zPKUsjEd8q5DTRW3YT7fdUrOnDMgcWLc00jm7u+JnCprJypynYriyC7XZuZ/tW6G8XWYC51myDVbfBRnkmBCZoeTgTCcoZw4oMwItythI2ooQxdPxYUQLJ+8Cu2LeuD4/rLWuCniKMMJnMI5BHAFDbiDJrSAwQie4RXePOW9eO/ex6K15BUzx/BH3ucPJEGOSg==</latexit><latexit sha1_base64="1yOoLk6Cfs/MhaY9UL9KGKx9TT4=">AAAB63icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCrYW2qVk02wbmmSXZFYoS/+CFw+KePUPefPfmLZ70NYXAg/vzJCZN0qlsOj7315pbX1jc6u8XdnZ3ds/qB4etW2SGcZbLJGJ6UTUcik0b6FAyTup4VRFkj9G49tZ/fGJGysS/YCTlIeKDrWIBaM4s3qpFf1qza/7c5FVCAqoQaFmv/rVGyQsU1wjk9TabuCnGObUoGCSTyu9zPKUsjEd8q5DTRW3YT7fdUrOnDMgcWLc00jm7u+JnCprJypynYriyC7XZuZ/tW6G8XWYC51myDVbfBRnkmBCZoeTgTCcoZw4oMwItythI2ooQxdPxYUQLJ+8Cu2LeuD4/rLWuCniKMMJnMI5BHAFDbiDJrSAwQie4RXePOW9eO/ex6K15BUzx/BH3ucPJEGOSg==</latexit>

| i =  0|0i+  1|1i
<latexit sha1_base64="oCzHOVfZN1kGZS6J1FWpzLFdnWQ=">AAACFnicbZDLSgMxFIbP1Futt1GXboJFEMQyI4JuhKIblxXsBTpDyaRpG5rJDElGKG2fwo2v4saFIm7FnW9jZjoLbf0h8OU/55CcP4g5U9pxvq3C0vLK6lpxvbSxubW9Y+/uNVSUSELrJOKRbAVYUc4ErWumOW3FkuIw4LQZDG/SevOBSsUica9HMfVD3BesxwjWxurYpxMvVsyTWPQ5vUq546CJkxsnmeFO3PzesctOxcmEFsHNoQy5ah37y+tGJAmp0IRjpdquE2t/jKVmhNNpyUsUjTEZ4j5tGxQ4pMofZ2tN0ZFxuqgXSXOERpn7e2KMQ6VGYWA6Q6wHar6Wmv/V2onuXfpjJuJEU0FmD/USjnSE0oxQl0lKNB8ZwEQy81dEBlhiok2SJROCO7/yIjTOKq7hu/Ny9TqPowgHcAjH4MIFVOEWalAHAo/wDK/wZj1ZL9a79TFrLVj5zD78kfX5Azawn2A=</latexit><latexit sha1_base64="oCzHOVfZN1kGZS6J1FWpzLFdnWQ=">AAACFnicbZDLSgMxFIbP1Futt1GXboJFEMQyI4JuhKIblxXsBTpDyaRpG5rJDElGKG2fwo2v4saFIm7FnW9jZjoLbf0h8OU/55CcP4g5U9pxvq3C0vLK6lpxvbSxubW9Y+/uNVSUSELrJOKRbAVYUc4ErWumOW3FkuIw4LQZDG/SevOBSsUica9HMfVD3BesxwjWxurYpxMvVsyTWPQ5vUq546CJkxsnmeFO3PzesctOxcmEFsHNoQy5ah37y+tGJAmp0IRjpdquE2t/jKVmhNNpyUsUjTEZ4j5tGxQ4pMofZ2tN0ZFxuqgXSXOERpn7e2KMQ6VGYWA6Q6wHar6Wmv/V2onuXfpjJuJEU0FmD/USjnSE0oxQl0lKNB8ZwEQy81dEBlhiok2SJROCO7/yIjTOKq7hu/Ny9TqPowgHcAjH4MIFVOEWalAHAo/wDK/wZj1ZL9a79TFrLVj5zD78kfX5Azawn2A=</latexit><latexit sha1_base64="oCzHOVfZN1kGZS6J1FWpzLFdnWQ=">AAACFnicbZDLSgMxFIbP1Futt1GXboJFEMQyI4JuhKIblxXsBTpDyaRpG5rJDElGKG2fwo2v4saFIm7FnW9jZjoLbf0h8OU/55CcP4g5U9pxvq3C0vLK6lpxvbSxubW9Y+/uNVSUSELrJOKRbAVYUc4ErWumOW3FkuIw4LQZDG/SevOBSsUica9HMfVD3BesxwjWxurYpxMvVsyTWPQ5vUq546CJkxsnmeFO3PzesctOxcmEFsHNoQy5ah37y+tGJAmp0IRjpdquE2t/jKVmhNNpyUsUjTEZ4j5tGxQ4pMofZ2tN0ZFxuqgXSXOERpn7e2KMQ6VGYWA6Q6wHar6Wmv/V2onuXfpjJuJEU0FmD/USjnSE0oxQl0lKNB8ZwEQy81dEBlhiok2SJROCO7/yIjTOKq7hu/Ny9TqPowgHcAjH4MIFVOEWalAHAo/wDK/wZj1ZL9a79TFrLVj5zD78kfX5Azawn2A=</latexit><latexit sha1_base64="oCzHOVfZN1kGZS6J1FWpzLFdnWQ=">AAACFnicbZDLSgMxFIbP1Futt1GXboJFEMQyI4JuhKIblxXsBTpDyaRpG5rJDElGKG2fwo2v4saFIm7FnW9jZjoLbf0h8OU/55CcP4g5U9pxvq3C0vLK6lpxvbSxubW9Y+/uNVSUSELrJOKRbAVYUc4ErWumOW3FkuIw4LQZDG/SevOBSsUica9HMfVD3BesxwjWxurYpxMvVsyTWPQ5vUq546CJkxsnmeFO3PzesctOxcmEFsHNoQy5ah37y+tGJAmp0IRjpdquE2t/jKVmhNNpyUsUjTEZ4j5tGxQ4pMofZ2tN0ZFxuqgXSXOERpn7e2KMQ6VGYWA6Q6wHar6Wmv/V2onuXfpjJuJEU0FmD/USjnSE0oxQl0lKNB8ZwEQy81dEBlhiok2SJROCO7/yIjTOKq7hu/Ny9TqPowgHcAjH4MIFVOEWalAHAo/wDK/wZj1ZL9a79TFrLVj5zD78kfX5Azawn2A=</latexit>
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+CZ

 
<latexit sha1_base64="1yOoLk6Cfs/MhaY9UL9KGKx9TT4=">AAAB63icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCrYW2qVk02wbmmSXZFYoS/+CFw+KePUPefPfmLZ70NYXAg/vzJCZN0qlsOj7315pbX1jc6u8XdnZ3ds/qB4etW2SGcZbLJGJ6UTUcik0b6FAyTup4VRFkj9G49tZ/fGJGysS/YCTlIeKDrWIBaM4s3qpFf1qza/7c5FVCAqoQaFmv/rVGyQsU1wjk9TabuCnGObUoGCSTyu9zPKUsjEd8q5DTRW3YT7fdUrOnDMgcWLc00jm7u+JnCprJypynYriyC7XZuZ/tW6G8XWYC51myDVbfBRnkmBCZoeTgTCcoZw4oMwItythI2ooQxdPxYUQLJ+8Cu2LeuD4/rLWuCniKMMJnMI5BHAFDbiDJrSAwQie4RXePOW9eO/ex6K15BUzx/BH3ucPJEGOSg==</latexit><latexit sha1_base64="1yOoLk6Cfs/MhaY9UL9KGKx9TT4=">AAAB63icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCrYW2qVk02wbmmSXZFYoS/+CFw+KePUPefPfmLZ70NYXAg/vzJCZN0qlsOj7315pbX1jc6u8XdnZ3ds/qB4etW2SGcZbLJGJ6UTUcik0b6FAyTup4VRFkj9G49tZ/fGJGysS/YCTlIeKDrWIBaM4s3qpFf1qza/7c5FVCAqoQaFmv/rVGyQsU1wjk9TabuCnGObUoGCSTyu9zPKUsjEd8q5DTRW3YT7fdUrOnDMgcWLc00jm7u+JnCprJypynYriyC7XZuZ/tW6G8XWYC51myDVbfBRnkmBCZoeTgTCcoZw4oMwItythI2ooQxdPxYUQLJ+8Cu2LeuD4/rLWuCniKMMJnMI5BHAFDbiDJrSAwQie4RXePOW9eO/ex6K15BUzx/BH3ucPJEGOSg==</latexit><latexit sha1_base64="1yOoLk6Cfs/MhaY9UL9KGKx9TT4=">AAAB63icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCrYW2qVk02wbmmSXZFYoS/+CFw+KePUPefPfmLZ70NYXAg/vzJCZN0qlsOj7315pbX1jc6u8XdnZ3ds/qB4etW2SGcZbLJGJ6UTUcik0b6FAyTup4VRFkj9G49tZ/fGJGysS/YCTlIeKDrWIBaM4s3qpFf1qza/7c5FVCAqoQaFmv/rVGyQsU1wjk9TabuCnGObUoGCSTyu9zPKUsjEd8q5DTRW3YT7fdUrOnDMgcWLc00jm7u+JnCprJypynYriyC7XZuZ/tW6G8XWYC51myDVbfBRnkmBCZoeTgTCcoZw4oMwItythI2ooQxdPxYUQLJ+8Cu2LeuD4/rLWuCniKMMJnMI5BHAFDbiDJrSAwQie4RXePOW9eO/ex6K15BUzx/BH3ucPJEGOSg==</latexit><latexit sha1_base64="1yOoLk6Cfs/MhaY9UL9KGKx9TT4=">AAAB63icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCrYW2qVk02wbmmSXZFYoS/+CFw+KePUPefPfmLZ70NYXAg/vzJCZN0qlsOj7315pbX1jc6u8XdnZ3ds/qB4etW2SGcZbLJGJ6UTUcik0b6FAyTup4VRFkj9G49tZ/fGJGysS/YCTlIeKDrWIBaM4s3qpFf1qza/7c5FVCAqoQaFmv/rVGyQsU1wjk9TabuCnGObUoGCSTyu9zPKUsjEd8q5DTRW3YT7fdUrOnDMgcWLc00jm7u+JnCprJypynYriyC7XZuZ/tW6G8XWYC51myDVbfBRnkmBCZoeTgTCcoZw4oMwItythI2ooQxdPxYUQLJ+8Cu2LeuD4/rLWuCniKMMJnMI5BHAFDbiDJrSAwQie4RXePOW9eO/ex6K15BUzx/BH3ucPJEGOSg==</latexit>

| i =  0|0i+  1|1i
<latexit sha1_base64="oCzHOVfZN1kGZS6J1FWpzLFdnWQ=">AAACFnicbZDLSgMxFIbP1Futt1GXboJFEMQyI4JuhKIblxXsBTpDyaRpG5rJDElGKG2fwo2v4saFIm7FnW9jZjoLbf0h8OU/55CcP4g5U9pxvq3C0vLK6lpxvbSxubW9Y+/uNVSUSELrJOKRbAVYUc4ErWumOW3FkuIw4LQZDG/SevOBSsUica9HMfVD3BesxwjWxurYpxMvVsyTWPQ5vUq546CJkxsnmeFO3PzesctOxcmEFsHNoQy5ah37y+tGJAmp0IRjpdquE2t/jKVmhNNpyUsUjTEZ4j5tGxQ4pMofZ2tN0ZFxuqgXSXOERpn7e2KMQ6VGYWA6Q6wHar6Wmv/V2onuXfpjJuJEU0FmD/USjnSE0oxQl0lKNB8ZwEQy81dEBlhiok2SJROCO7/yIjTOKq7hu/Ny9TqPowgHcAjH4MIFVOEWalAHAo/wDK/wZj1ZL9a79TFrLVj5zD78kfX5Azawn2A=</latexit><latexit sha1_base64="oCzHOVfZN1kGZS6J1FWpzLFdnWQ=">AAACFnicbZDLSgMxFIbP1Futt1GXboJFEMQyI4JuhKIblxXsBTpDyaRpG5rJDElGKG2fwo2v4saFIm7FnW9jZjoLbf0h8OU/55CcP4g5U9pxvq3C0vLK6lpxvbSxubW9Y+/uNVSUSELrJOKRbAVYUc4ErWumOW3FkuIw4LQZDG/SevOBSsUica9HMfVD3BesxwjWxurYpxMvVsyTWPQ5vUq546CJkxsnmeFO3PzesctOxcmEFsHNoQy5ah37y+tGJAmp0IRjpdquE2t/jKVmhNNpyUsUjTEZ4j5tGxQ4pMofZ2tN0ZFxuqgXSXOERpn7e2KMQ6VGYWA6Q6wHar6Wmv/V2onuXfpjJuJEU0FmD/USjnSE0oxQl0lKNB8ZwEQy81dEBlhiok2SJROCO7/yIjTOKq7hu/Ny9TqPowgHcAjH4MIFVOEWalAHAo/wDK/wZj1ZL9a79TFrLVj5zD78kfX5Azawn2A=</latexit><latexit sha1_base64="oCzHOVfZN1kGZS6J1FWpzLFdnWQ=">AAACFnicbZDLSgMxFIbP1Futt1GXboJFEMQyI4JuhKIblxXsBTpDyaRpG5rJDElGKG2fwo2v4saFIm7FnW9jZjoLbf0h8OU/55CcP4g5U9pxvq3C0vLK6lpxvbSxubW9Y+/uNVSUSELrJOKRbAVYUc4ErWumOW3FkuIw4LQZDG/SevOBSsUica9HMfVD3BesxwjWxurYpxMvVsyTWPQ5vUq546CJkxsnmeFO3PzesctOxcmEFsHNoQy5ah37y+tGJAmp0IRjpdquE2t/jKVmhNNpyUsUjTEZ4j5tGxQ4pMofZ2tN0ZFxuqgXSXOERpn7e2KMQ6VGYWA6Q6wHar6Wmv/V2onuXfpjJuJEU0FmD/USjnSE0oxQl0lKNB8ZwEQy81dEBlhiok2SJROCO7/yIjTOKq7hu/Ny9TqPowgHcAjH4MIFVOEWalAHAo/wDK/wZj1ZL9a79TFrLVj5zD78kfX5Azawn2A=</latexit><latexit sha1_base64="oCzHOVfZN1kGZS6J1FWpzLFdnWQ=">AAACFnicbZDLSgMxFIbP1Futt1GXboJFEMQyI4JuhKIblxXsBTpDyaRpG5rJDElGKG2fwo2v4saFIm7FnW9jZjoLbf0h8OU/55CcP4g5U9pxvq3C0vLK6lpxvbSxubW9Y+/uNVSUSELrJOKRbAVYUc4ErWumOW3FkuIw4LQZDG/SevOBSsUica9HMfVD3BesxwjWxurYpxMvVsyTWPQ5vUq546CJkxsnmeFO3PzesctOxcmEFsHNoQy5ah37y+tGJAmp0IRjpdquE2t/jKVmhNNpyUsUjTEZ4j5tGxQ4pMofZ2tN0ZFxuqgXSXOERpn7e2KMQ6VGYWA6Q6wHar6Wmv/V2onuXfpjJuJEU0FmD/USjnSE0oxQl0lKNB8ZwEQy81dEBlhiok2SJROCO7/yIjTOKq7hu/Ny9TqPowgHcAjH4MIFVOEWalAHAo/wDK/wZj1ZL9a79TFrLVj5zD78kfX5Azawn2A=</latexit>

M(±)
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±| i =  0|0i+  1|1i
<latexit sha1_base64="oCzHOVfZN1kGZS6J1FWpzLFdnWQ=">AAACFnicbZDLSgMxFIbP1Futt1GXboJFEMQyI4JuhKIblxXsBTpDyaRpG5rJDElGKG2fwo2v4saFIm7FnW9jZjoLbf0h8OU/55CcP4g5U9pxvq3C0vLK6lpxvbSxubW9Y+/uNVSUSELrJOKRbAVYUc4ErWumOW3FkuIw4LQZDG/SevOBSsUica9HMfVD3BesxwjWxurYpxMvVsyTWPQ5vUq546CJkxsnmeFO3PzesctOxcmEFsHNoQy5ah37y+tGJAmp0IRjpdquE2t/jKVmhNNpyUsUjTEZ4j5tGxQ4pMofZ2tN0ZFxuqgXSXOERpn7e2KMQ6VGYWA6Q6wHar6Wmv/V2onuXfpjJuJEU0FmD/USjnSE0oxQl0lKNB8ZwEQy81dEBlhiok2SJROCO7/yIjTOKq7hu/Ny9TqPowgHcAjH4MIFVOEWalAHAo/wDK/wZj1ZL9a79TFrLVj5zD78kfX5Azawn2A=</latexit><latexit sha1_base64="oCzHOVfZN1kGZS6J1FWpzLFdnWQ=">AAACFnicbZDLSgMxFIbP1Futt1GXboJFEMQyI4JuhKIblxXsBTpDyaRpG5rJDElGKG2fwo2v4saFIm7FnW9jZjoLbf0h8OU/55CcP4g5U9pxvq3C0vLK6lpxvbSxubW9Y+/uNVSUSELrJOKRbAVYUc4ErWumOW3FkuIw4LQZDG/SevOBSsUica9HMfVD3BesxwjWxurYpxMvVsyTWPQ5vUq546CJkxsnmeFO3PzesctOxcmEFsHNoQy5ah37y+tGJAmp0IRjpdquE2t/jKVmhNNpyUsUjTEZ4j5tGxQ4pMofZ2tN0ZFxuqgXSXOERpn7e2KMQ6VGYWA6Q6wHar6Wmv/V2onuXfpjJuJEU0FmD/USjnSE0oxQl0lKNB8ZwEQy81dEBlhiok2SJROCO7/yIjTOKq7hu/Ny9TqPowgHcAjH4MIFVOEWalAHAo/wDK/wZj1ZL9a79TFrLVj5zD78kfX5Azawn2A=</latexit><latexit sha1_base64="oCzHOVfZN1kGZS6J1FWpzLFdnWQ=">AAACFnicbZDLSgMxFIbP1Futt1GXboJFEMQyI4JuhKIblxXsBTpDyaRpG5rJDElGKG2fwo2v4saFIm7FnW9jZjoLbf0h8OU/55CcP4g5U9pxvq3C0vLK6lpxvbSxubW9Y+/uNVSUSELrJOKRbAVYUc4ErWumOW3FkuIw4LQZDG/SevOBSsUica9HMfVD3BesxwjWxurYpxMvVsyTWPQ5vUq546CJkxsnmeFO3PzesctOxcmEFsHNoQy5ah37y+tGJAmp0IRjpdquE2t/jKVmhNNpyUsUjTEZ4j5tGxQ4pMofZ2tN0ZFxuqgXSXOERpn7e2KMQ6VGYWA6Q6wHar6Wmv/V2onuXfpjJuJEU0FmD/USjnSE0oxQl0lKNB8ZwEQy81dEBlhiok2SJROCO7/yIjTOKq7hu/Ny9TqPowgHcAjH4MIFVOEWalAHAo/wDK/wZj1ZL9a79TFrLVj5zD78kfX5Azawn2A=</latexit><latexit sha1_base64="oCzHOVfZN1kGZS6J1FWpzLFdnWQ=">AAACFnicbZDLSgMxFIbP1Futt1GXboJFEMQyI4JuhKIblxXsBTpDyaRpG5rJDElGKG2fwo2v4saFIm7FnW9jZjoLbf0h8OU/55CcP4g5U9pxvq3C0vLK6lpxvbSxubW9Y+/uNVSUSELrJOKRbAVYUc4ErWumOW3FkuIw4LQZDG/SevOBSsUica9HMfVD3BesxwjWxurYpxMvVsyTWPQ5vUq546CJkxsnmeFO3PzesctOxcmEFsHNoQy5ah37y+tGJAmp0IRjpdquE2t/jKVmhNNpyUsUjTEZ4j5tGxQ4pMofZ2tN0ZFxuqgXSXOERpn7e2KMQ6VGYWA6Q6wHar6Wmv/V2onuXfpjJuJEU0FmD/USjnSE0oxQl0lKNB8ZwEQy81dEBlhiok2SJROCO7/yIjTOKq7hu/Ny9TqPowgHcAjH4MIFVOEWalAHAo/wDK/wZj1ZL9a79TFrLVj5zD78kfX5Azawn2A=</latexit>

M(±)

HZ
1�m

2 | i
<latexit sha1_base64="MuhAKeEn99Paa57rpijiO8geeo8=">AAACBXicbZC7TsMwFIadcivlFmCEwaJCYqFKKiQYK1g6FoleRBMqx3Vaq7YT2Q5SFbKw8CosDCDEyjuw8Ta4bQZo+SVLn/5zjo7PH8SMKu0431ZhaXllda24XtrY3NresXf3WipKJCZNHLFIdgKkCKOCNDXVjHRiSRAPGGkHo6tJvX1PpKKRuNHjmPgcDQQNKUbaWD37sH57l3qhRDh1T3lWzR68WFFPIjFgpGeXnYozFVwEN4cyyNXo2V9eP8IJJ0JjhpTquk6s/RRJTTEjWclLFIkRHqEB6RoUiBPlp9MrMnhsnD4MI2me0HDq/p5IEVdqzAPTyZEeqvnaxPyv1k10eOGnVMSJJgLPFoUJgzqCk0hgn0qCNRsbQFhS81eIh8hEok1wJROCO3/yIrSqFdfw9Vm5dpnHUQQH4AicABecgxqogwZoAgwewTN4BW/Wk/VivVsfs9aClc/sgz+yPn8AmPSYoQ==</latexit><latexit sha1_base64="MuhAKeEn99Paa57rpijiO8geeo8=">AAACBXicbZC7TsMwFIadcivlFmCEwaJCYqFKKiQYK1g6FoleRBMqx3Vaq7YT2Q5SFbKw8CosDCDEyjuw8Ta4bQZo+SVLn/5zjo7PH8SMKu0431ZhaXllda24XtrY3NresXf3WipKJCZNHLFIdgKkCKOCNDXVjHRiSRAPGGkHo6tJvX1PpKKRuNHjmPgcDQQNKUbaWD37sH57l3qhRDh1T3lWzR68WFFPIjFgpGeXnYozFVwEN4cyyNXo2V9eP8IJJ0JjhpTquk6s/RRJTTEjWclLFIkRHqEB6RoUiBPlp9MrMnhsnD4MI2me0HDq/p5IEVdqzAPTyZEeqvnaxPyv1k10eOGnVMSJJgLPFoUJgzqCk0hgn0qCNRsbQFhS81eIh8hEok1wJROCO3/yIrSqFdfw9Vm5dpnHUQQH4AicABecgxqogwZoAgwewTN4BW/Wk/VivVsfs9aClc/sgz+yPn8AmPSYoQ==</latexit><latexit sha1_base64="MuhAKeEn99Paa57rpijiO8geeo8=">AAACBXicbZC7TsMwFIadcivlFmCEwaJCYqFKKiQYK1g6FoleRBMqx3Vaq7YT2Q5SFbKw8CosDCDEyjuw8Ta4bQZo+SVLn/5zjo7PH8SMKu0431ZhaXllda24XtrY3NresXf3WipKJCZNHLFIdgKkCKOCNDXVjHRiSRAPGGkHo6tJvX1PpKKRuNHjmPgcDQQNKUbaWD37sH57l3qhRDh1T3lWzR68WFFPIjFgpGeXnYozFVwEN4cyyNXo2V9eP8IJJ0JjhpTquk6s/RRJTTEjWclLFIkRHqEB6RoUiBPlp9MrMnhsnD4MI2me0HDq/p5IEVdqzAPTyZEeqvnaxPyv1k10eOGnVMSJJgLPFoUJgzqCk0hgn0qCNRsbQFhS81eIh8hEok1wJROCO3/yIrSqFdfw9Vm5dpnHUQQH4AicABecgxqogwZoAgwewTN4BW/Wk/VivVsfs9aClc/sgz+yPn8AmPSYoQ==</latexit><latexit sha1_base64="MuhAKeEn99Paa57rpijiO8geeo8=">AAACBXicbZC7TsMwFIadcivlFmCEwaJCYqFKKiQYK1g6FoleRBMqx3Vaq7YT2Q5SFbKw8CosDCDEyjuw8Ta4bQZo+SVLn/5zjo7PH8SMKu0431ZhaXllda24XtrY3NresXf3WipKJCZNHLFIdgKkCKOCNDXVjHRiSRAPGGkHo6tJvX1PpKKRuNHjmPgcDQQNKUbaWD37sH57l3qhRDh1T3lWzR68WFFPIjFgpGeXnYozFVwEN4cyyNXo2V9eP8IJJ0JjhpTquk6s/RRJTTEjWclLFIkRHqEB6RoUiBPlp9MrMnhsnD4MI2me0HDq/p5IEVdqzAPTyZEeqvnaxPyv1k10eOGnVMSJJgLPFoUJgzqCk0hgn0qCNRsbQFhS81eIh8hEok1wJROCO3/yIrSqFdfw9Vm5dpnHUQQH4AicABecgxqogwZoAgwewTN4BW/Wk/VivVsfs9aClc/sgz+yPn8AmPSYoQ==</latexit>
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±| i =  0|0i+  1|1i
<latexit sha1_base64="oCzHOVfZN1kGZS6J1FWpzLFdnWQ=">AAACFnicbZDLSgMxFIbP1Futt1GXboJFEMQyI4JuhKIblxXsBTpDyaRpG5rJDElGKG2fwo2v4saFIm7FnW9jZjoLbf0h8OU/55CcP4g5U9pxvq3C0vLK6lpxvbSxubW9Y+/uNVSUSELrJOKRbAVYUc4ErWumOW3FkuIw4LQZDG/SevOBSsUica9HMfVD3BesxwjWxurYpxMvVsyTWPQ5vUq546CJkxsnmeFO3PzesctOxcmEFsHNoQy5ah37y+tGJAmp0IRjpdquE2t/jKVmhNNpyUsUjTEZ4j5tGxQ4pMofZ2tN0ZFxuqgXSXOERpn7e2KMQ6VGYWA6Q6wHar6Wmv/V2onuXfpjJuJEU0FmD/USjnSE0oxQl0lKNB8ZwEQy81dEBlhiok2SJROCO7/yIjTOKq7hu/Ny9TqPowgHcAjH4MIFVOEWalAHAo/wDK/wZj1ZL9a79TFrLVj5zD78kfX5Azawn2A=</latexit><latexit sha1_base64="oCzHOVfZN1kGZS6J1FWpzLFdnWQ=">AAACFnicbZDLSgMxFIbP1Futt1GXboJFEMQyI4JuhKIblxXsBTpDyaRpG5rJDElGKG2fwo2v4saFIm7FnW9jZjoLbf0h8OU/55CcP4g5U9pxvq3C0vLK6lpxvbSxubW9Y+/uNVSUSELrJOKRbAVYUc4ErWumOW3FkuIw4LQZDG/SevOBSsUica9HMfVD3BesxwjWxurYpxMvVsyTWPQ5vUq546CJkxsnmeFO3PzesctOxcmEFsHNoQy5ah37y+tGJAmp0IRjpdquE2t/jKVmhNNpyUsUjTEZ4j5tGxQ4pMofZ2tN0ZFxuqgXSXOERpn7e2KMQ6VGYWA6Q6wHar6Wmv/V2onuXfpjJuJEU0FmD/USjnSE0oxQl0lKNB8ZwEQy81dEBlhiok2SJROCO7/yIjTOKq7hu/Ny9TqPowgHcAjH4MIFVOEWalAHAo/wDK/wZj1ZL9a79TFrLVj5zD78kfX5Azawn2A=</latexit><latexit sha1_base64="oCzHOVfZN1kGZS6J1FWpzLFdnWQ=">AAACFnicbZDLSgMxFIbP1Futt1GXboJFEMQyI4JuhKIblxXsBTpDyaRpG5rJDElGKG2fwo2v4saFIm7FnW9jZjoLbf0h8OU/55CcP4g5U9pxvq3C0vLK6lpxvbSxubW9Y+/uNVSUSELrJOKRbAVYUc4ErWumOW3FkuIw4LQZDG/SevOBSsUica9HMfVD3BesxwjWxurYpxMvVsyTWPQ5vUq546CJkxsnmeFO3PzesctOxcmEFsHNoQy5ah37y+tGJAmp0IRjpdquE2t/jKVmhNNpyUsUjTEZ4j5tGxQ4pMofZ2tN0ZFxuqgXSXOERpn7e2KMQ6VGYWA6Q6wHar6Wmv/V2onuXfpjJuJEU0FmD/USjnSE0oxQl0lKNB8ZwEQy81dEBlhiok2SJROCO7/yIjTOKq7hu/Ny9TqPowgHcAjH4MIFVOEWalAHAo/wDK/wZj1ZL9a79TFrLVj5zD78kfX5Azawn2A=</latexit><latexit sha1_base64="oCzHOVfZN1kGZS6J1FWpzLFdnWQ=">AAACFnicbZDLSgMxFIbP1Futt1GXboJFEMQyI4JuhKIblxXsBTpDyaRpG5rJDElGKG2fwo2v4saFIm7FnW9jZjoLbf0h8OU/55CcP4g5U9pxvq3C0vLK6lpxvbSxubW9Y+/uNVSUSELrJOKRbAVYUc4ErWumOW3FkuIw4LQZDG/SevOBSsUica9HMfVD3BesxwjWxurYpxMvVsyTWPQ5vUq546CJkxsnmeFO3PzesctOxcmEFsHNoQy5ah37y+tGJAmp0IRjpdquE2t/jKVmhNNpyUsUjTEZ4j5tGxQ4pMofZ2tN0ZFxuqgXSXOERpn7e2KMQ6VGYWA6Q6wHar6Wmv/V2onuXfpjJuJEU0FmD/USjnSE0oxQl0lKNB8ZwEQy81dEBlhiok2SJROCO7/yIjTOKq7hu/Ny9TqPowgHcAjH4MIFVOEWalAHAo/wDK/wZj1ZL9a79TFrLVj5zD78kfX5Azawn2A=</latexit>

M(±)

HZ
1�m

2 | i
<latexit sha1_base64="MuhAKeEn99Paa57rpijiO8geeo8=">AAACBXicbZC7TsMwFIadcivlFmCEwaJCYqFKKiQYK1g6FoleRBMqx3Vaq7YT2Q5SFbKw8CosDCDEyjuw8Ta4bQZo+SVLn/5zjo7PH8SMKu0431ZhaXllda24XtrY3NresXf3WipKJCZNHLFIdgKkCKOCNDXVjHRiSRAPGGkHo6tJvX1PpKKRuNHjmPgcDQQNKUbaWD37sH57l3qhRDh1T3lWzR68WFFPIjFgpGeXnYozFVwEN4cyyNXo2V9eP8IJJ0JjhpTquk6s/RRJTTEjWclLFIkRHqEB6RoUiBPlp9MrMnhsnD4MI2me0HDq/p5IEVdqzAPTyZEeqvnaxPyv1k10eOGnVMSJJgLPFoUJgzqCk0hgn0qCNRsbQFhS81eIh8hEok1wJROCO3/yIrSqFdfw9Vm5dpnHUQQH4AicABecgxqogwZoAgwewTN4BW/Wk/VivVsfs9aClc/sgz+yPn8AmPSYoQ==</latexit><latexit sha1_base64="MuhAKeEn99Paa57rpijiO8geeo8=">AAACBXicbZC7TsMwFIadcivlFmCEwaJCYqFKKiQYK1g6FoleRBMqx3Vaq7YT2Q5SFbKw8CosDCDEyjuw8Ta4bQZo+SVLn/5zjo7PH8SMKu0431ZhaXllda24XtrY3NresXf3WipKJCZNHLFIdgKkCKOCNDXVjHRiSRAPGGkHo6tJvX1PpKKRuNHjmPgcDQQNKUbaWD37sH57l3qhRDh1T3lWzR68WFFPIjFgpGeXnYozFVwEN4cyyNXo2V9eP8IJJ0JjhpTquk6s/RRJTTEjWclLFIkRHqEB6RoUiBPlp9MrMnhsnD4MI2me0HDq/p5IEVdqzAPTyZEeqvnaxPyv1k10eOGnVMSJJgLPFoUJgzqCk0hgn0qCNRsbQFhS81eIh8hEok1wJROCO3/yIrSqFdfw9Vm5dpnHUQQH4AicABecgxqogwZoAgwewTN4BW/Wk/VivVsfs9aClc/sgz+yPn8AmPSYoQ==</latexit><latexit sha1_base64="MuhAKeEn99Paa57rpijiO8geeo8=">AAACBXicbZC7TsMwFIadcivlFmCEwaJCYqFKKiQYK1g6FoleRBMqx3Vaq7YT2Q5SFbKw8CosDCDEyjuw8Ta4bQZo+SVLn/5zjo7PH8SMKu0431ZhaXllda24XtrY3NresXf3WipKJCZNHLFIdgKkCKOCNDXVjHRiSRAPGGkHo6tJvX1PpKKRuNHjmPgcDQQNKUbaWD37sH57l3qhRDh1T3lWzR68WFFPIjFgpGeXnYozFVwEN4cyyNXo2V9eP8IJJ0JjhpTquk6s/RRJTTEjWclLFIkRHqEB6RoUiBPlp9MrMnhsnD4MI2me0HDq/p5IEVdqzAPTyZEeqvnaxPyv1k10eOGnVMSJJgLPFoUJgzqCk0hgn0qCNRsbQFhS81eIh8hEok1wJROCO3/yIrSqFdfw9Vm5dpnHUQQH4AicABecgxqogwZoAgwewTN4BW/Wk/VivVsfs9aClc/sgz+yPn8AmPSYoQ==</latexit><latexit sha1_base64="MuhAKeEn99Paa57rpijiO8geeo8=">AAACBXicbZC7TsMwFIadcivlFmCEwaJCYqFKKiQYK1g6FoleRBMqx3Vaq7YT2Q5SFbKw8CosDCDEyjuw8Ta4bQZo+SVLn/5zjo7PH8SMKu0431ZhaXllda24XtrY3NresXf3WipKJCZNHLFIdgKkCKOCNDXVjHRiSRAPGGkHo6tJvX1PpKKRuNHjmPgcDQQNKUbaWD37sH57l3qhRDh1T3lWzR68WFFPIjFgpGeXnYozFVwEN4cyyNXo2V9eP8IJJ0JjhpTquk6s/RRJTTEjWclLFIkRHqEB6RoUiBPlp9MrMnhsnD4MI2me0HDq/p5IEVdqzAPTyZEeqvnaxPyv1k10eOGnVMSJJgLPFoUJgzqCk0hgn0qCNRsbQFhS81eIh8hEok1wJROCO3/yIrSqFdfw9Vm5dpnHUQQH4AicABecgxqogwZoAgwewTN4BW/Wk/VivVsfs9aClc/sgz+yPn8AmPSYoQ==</latexit>

Z
1�m

2 H
<latexit sha1_base64="veqZD/zOuMUsjXhkuo6rH1dPotc=">AAACBnicbZDLSsNAFIYnXmu9RV2KECyCG0tSBF0W3XRZwV6wiWUyPWmHTiZhZiKUkJUbX8WNC0Xc+gzufBunaRbaemDg4//PmTnz+zGjUtn2t7G0vLK6tl7aKG9ube/smnv7bRklgkCLRCwSXR9LYJRDS1HFoBsLwKHPoOOPr6d+5wGEpBG/VZMYvBAPOQ0owUpLffPIze9IhwKAZ3f3qRsITFLnLMxqWaNvVuyqnZe1CE4BFVRUs29+uYOIJCFwRRiWsufYsfJSLBQlDLKym0iIMRnjIfQ0chyC9NJ8hcw60crACiKhD1dWrv6eSHEo5ST0dWeI1UjOe1PxP6+XqODSSymPEwWczB4KEmapyJpmYg2oAKLYRAMmgupdLTLCOgelkyvrEJz5Ly9Cu1Z1NN+cV+pXRRwldIiO0Sly0AWqowZqohYi6BE9o1f0ZjwZL8a78TFrXTKKmQP0p4zPH6hxmTY=</latexit><latexit sha1_base64="veqZD/zOuMUsjXhkuo6rH1dPotc=">AAACBnicbZDLSsNAFIYnXmu9RV2KECyCG0tSBF0W3XRZwV6wiWUyPWmHTiZhZiKUkJUbX8WNC0Xc+gzufBunaRbaemDg4//PmTnz+zGjUtn2t7G0vLK6tl7aKG9ube/smnv7bRklgkCLRCwSXR9LYJRDS1HFoBsLwKHPoOOPr6d+5wGEpBG/VZMYvBAPOQ0owUpLffPIze9IhwKAZ3f3qRsITFLnLMxqWaNvVuyqnZe1CE4BFVRUs29+uYOIJCFwRRiWsufYsfJSLBQlDLKym0iIMRnjIfQ0chyC9NJ8hcw60crACiKhD1dWrv6eSHEo5ST0dWeI1UjOe1PxP6+XqODSSymPEwWczB4KEmapyJpmYg2oAKLYRAMmgupdLTLCOgelkyvrEJz5Ly9Cu1Z1NN+cV+pXRRwldIiO0Sly0AWqowZqohYi6BE9o1f0ZjwZL8a78TFrXTKKmQP0p4zPH6hxmTY=</latexit><latexit sha1_base64="veqZD/zOuMUsjXhkuo6rH1dPotc=">AAACBnicbZDLSsNAFIYnXmu9RV2KECyCG0tSBF0W3XRZwV6wiWUyPWmHTiZhZiKUkJUbX8WNC0Xc+gzufBunaRbaemDg4//PmTnz+zGjUtn2t7G0vLK6tl7aKG9ube/smnv7bRklgkCLRCwSXR9LYJRDS1HFoBsLwKHPoOOPr6d+5wGEpBG/VZMYvBAPOQ0owUpLffPIze9IhwKAZ3f3qRsITFLnLMxqWaNvVuyqnZe1CE4BFVRUs29+uYOIJCFwRRiWsufYsfJSLBQlDLKym0iIMRnjIfQ0chyC9NJ8hcw60crACiKhD1dWrv6eSHEo5ST0dWeI1UjOe1PxP6+XqODSSymPEwWczB4KEmapyJpmYg2oAKLYRAMmgupdLTLCOgelkyvrEJz5Ly9Cu1Z1NN+cV+pXRRwldIiO0Sly0AWqowZqohYi6BE9o1f0ZjwZL8a78TFrXTKKmQP0p4zPH6hxmTY=</latexit><latexit sha1_base64="veqZD/zOuMUsjXhkuo6rH1dPotc=">AAACBnicbZDLSsNAFIYnXmu9RV2KECyCG0tSBF0W3XRZwV6wiWUyPWmHTiZhZiKUkJUbX8WNC0Xc+gzufBunaRbaemDg4//PmTnz+zGjUtn2t7G0vLK6tl7aKG9ube/smnv7bRklgkCLRCwSXR9LYJRDS1HFoBsLwKHPoOOPr6d+5wGEpBG/VZMYvBAPOQ0owUpLffPIze9IhwKAZ3f3qRsITFLnLMxqWaNvVuyqnZe1CE4BFVRUs29+uYOIJCFwRRiWsufYsfJSLBQlDLKym0iIMRnjIfQ0chyC9NJ8hcw60crACiKhD1dWrv6eSHEo5ST0dWeI1UjOe1PxP6+XqODSSymPEwWczB4KEmapyJpmYg2oAKLYRAMmgupdLTLCOgelkyvrEJz5Ly9Cu1Z1NN+cV+pXRRwldIiO0Sly0AWqowZqohYi6BE9o1f0ZjwZL8a78TFrXTKKmQP0p4zPH6hxmTY=</latexit>
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±| i =  0|0i+  1|1i
<latexit sha1_base64="oCzHOVfZN1kGZS6J1FWpzLFdnWQ=">AAACFnicbZDLSgMxFIbP1Futt1GXboJFEMQyI4JuhKIblxXsBTpDyaRpG5rJDElGKG2fwo2v4saFIm7FnW9jZjoLbf0h8OU/55CcP4g5U9pxvq3C0vLK6lpxvbSxubW9Y+/uNVSUSELrJOKRbAVYUc4ErWumOW3FkuIw4LQZDG/SevOBSsUica9HMfVD3BesxwjWxurYpxMvVsyTWPQ5vUq546CJkxsnmeFO3PzesctOxcmEFsHNoQy5ah37y+tGJAmp0IRjpdquE2t/jKVmhNNpyUsUjTEZ4j5tGxQ4pMofZ2tN0ZFxuqgXSXOERpn7e2KMQ6VGYWA6Q6wHar6Wmv/V2onuXfpjJuJEU0FmD/USjnSE0oxQl0lKNB8ZwEQy81dEBlhiok2SJROCO7/yIjTOKq7hu/Ny9TqPowgHcAjH4MIFVOEWalAHAo/wDK/wZj1ZL9a79TFrLVj5zD78kfX5Azawn2A=</latexit><latexit sha1_base64="oCzHOVfZN1kGZS6J1FWpzLFdnWQ=">AAACFnicbZDLSgMxFIbP1Futt1GXboJFEMQyI4JuhKIblxXsBTpDyaRpG5rJDElGKG2fwo2v4saFIm7FnW9jZjoLbf0h8OU/55CcP4g5U9pxvq3C0vLK6lpxvbSxubW9Y+/uNVSUSELrJOKRbAVYUc4ErWumOW3FkuIw4LQZDG/SevOBSsUica9HMfVD3BesxwjWxurYpxMvVsyTWPQ5vUq546CJkxsnmeFO3PzesctOxcmEFsHNoQy5ah37y+tGJAmp0IRjpdquE2t/jKVmhNNpyUsUjTEZ4j5tGxQ4pMofZ2tN0ZFxuqgXSXOERpn7e2KMQ6VGYWA6Q6wHar6Wmv/V2onuXfpjJuJEU0FmD/USjnSE0oxQl0lKNB8ZwEQy81dEBlhiok2SJROCO7/yIjTOKq7hu/Ny9TqPowgHcAjH4MIFVOEWalAHAo/wDK/wZj1ZL9a79TFrLVj5zD78kfX5Azawn2A=</latexit><latexit sha1_base64="oCzHOVfZN1kGZS6J1FWpzLFdnWQ=">AAACFnicbZDLSgMxFIbP1Futt1GXboJFEMQyI4JuhKIblxXsBTpDyaRpG5rJDElGKG2fwo2v4saFIm7FnW9jZjoLbf0h8OU/55CcP4g5U9pxvq3C0vLK6lpxvbSxubW9Y+/uNVSUSELrJOKRbAVYUc4ErWumOW3FkuIw4LQZDG/SevOBSsUica9HMfVD3BesxwjWxurYpxMvVsyTWPQ5vUq546CJkxsnmeFO3PzesctOxcmEFsHNoQy5ah37y+tGJAmp0IRjpdquE2t/jKVmhNNpyUsUjTEZ4j5tGxQ4pMofZ2tN0ZFxuqgXSXOERpn7e2KMQ6VGYWA6Q6wHar6Wmv/V2onuXfpjJuJEU0FmD/USjnSE0oxQl0lKNB8ZwEQy81dEBlhiok2SJROCO7/yIjTOKq7hu/Ny9TqPowgHcAjH4MIFVOEWalAHAo/wDK/wZj1ZL9a79TFrLVj5zD78kfX5Azawn2A=</latexit><latexit sha1_base64="oCzHOVfZN1kGZS6J1FWpzLFdnWQ=">AAACFnicbZDLSgMxFIbP1Futt1GXboJFEMQyI4JuhKIblxXsBTpDyaRpG5rJDElGKG2fwo2v4saFIm7FnW9jZjoLbf0h8OU/55CcP4g5U9pxvq3C0vLK6lpxvbSxubW9Y+/uNVSUSELrJOKRbAVYUc4ErWumOW3FkuIw4LQZDG/SevOBSsUica9HMfVD3BesxwjWxurYpxMvVsyTWPQ5vUq546CJkxsnmeFO3PzesctOxcmEFsHNoQy5ah37y+tGJAmp0IRjpdquE2t/jKVmhNNpyUsUjTEZ4j5tGxQ4pMofZ2tN0ZFxuqgXSXOERpn7e2KMQ6VGYWA6Q6wHar6Wmv/V2onuXfpjJuJEU0FmD/USjnSE0oxQl0lKNB8ZwEQy81dEBlhiok2SJROCO7/yIjTOKq7hu/Ny9TqPowgHcAjH4MIFVOEWalAHAo/wDK/wZj1ZL9a79TFrLVj5zD78kfX5Azawn2A=</latexit>

M(±)

 
<latexit sha1_base64="1yOoLk6Cfs/MhaY9UL9KGKx9TT4=">AAAB63icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCrYW2qVk02wbmmSXZFYoS/+CFw+KePUPefPfmLZ70NYXAg/vzJCZN0qlsOj7315pbX1jc6u8XdnZ3ds/qB4etW2SGcZbLJGJ6UTUcik0b6FAyTup4VRFkj9G49tZ/fGJGysS/YCTlIeKDrWIBaM4s3qpFf1qza/7c5FVCAqoQaFmv/rVGyQsU1wjk9TabuCnGObUoGCSTyu9zPKUsjEd8q5DTRW3YT7fdUrOnDMgcWLc00jm7u+JnCprJypynYriyC7XZuZ/tW6G8XWYC51myDVbfBRnkmBCZoeTgTCcoZw4oMwItythI2ooQxdPxYUQLJ+8Cu2LeuD4/rLWuCniKMMJnMI5BHAFDbiDJrSAwQie4RXePOW9eO/ex6K15BUzx/BH3ucPJEGOSg==</latexit><latexit sha1_base64="1yOoLk6Cfs/MhaY9UL9KGKx9TT4=">AAAB63icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCrYW2qVk02wbmmSXZFYoS/+CFw+KePUPefPfmLZ70NYXAg/vzJCZN0qlsOj7315pbX1jc6u8XdnZ3ds/qB4etW2SGcZbLJGJ6UTUcik0b6FAyTup4VRFkj9G49tZ/fGJGysS/YCTlIeKDrWIBaM4s3qpFf1qza/7c5FVCAqoQaFmv/rVGyQsU1wjk9TabuCnGObUoGCSTyu9zPKUsjEd8q5DTRW3YT7fdUrOnDMgcWLc00jm7u+JnCprJypynYriyC7XZuZ/tW6G8XWYC51myDVbfBRnkmBCZoeTgTCcoZw4oMwItythI2ooQxdPxYUQLJ+8Cu2LeuD4/rLWuCniKMMJnMI5BHAFDbiDJrSAwQie4RXePOW9eO/ex6K15BUzx/BH3ucPJEGOSg==</latexit><latexit sha1_base64="1yOoLk6Cfs/MhaY9UL9KGKx9TT4=">AAAB63icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCrYW2qVk02wbmmSXZFYoS/+CFw+KePUPefPfmLZ70NYXAg/vzJCZN0qlsOj7315pbX1jc6u8XdnZ3ds/qB4etW2SGcZbLJGJ6UTUcik0b6FAyTup4VRFkj9G49tZ/fGJGysS/YCTlIeKDrWIBaM4s3qpFf1qza/7c5FVCAqoQaFmv/rVGyQsU1wjk9TabuCnGObUoGCSTyu9zPKUsjEd8q5DTRW3YT7fdUrOnDMgcWLc00jm7u+JnCprJypynYriyC7XZuZ/tW6G8XWYC51myDVbfBRnkmBCZoeTgTCcoZw4oMwItythI2ooQxdPxYUQLJ+8Cu2LeuD4/rLWuCniKMMJnMI5BHAFDbiDJrSAwQie4RXePOW9eO/ex6K15BUzx/BH3ucPJEGOSg==</latexit><latexit sha1_base64="1yOoLk6Cfs/MhaY9UL9KGKx9TT4=">AAAB63icbZBNSwMxEIZn61etX1WPXoJF8FR2RdBj0YvHCrYW2qVk02wbmmSXZFYoS/+CFw+KePUPefPfmLZ70NYXAg/vzJCZN0qlsOj7315pbX1jc6u8XdnZ3ds/qB4etW2SGcZbLJGJ6UTUcik0b6FAyTup4VRFkj9G49tZ/fGJGysS/YCTlIeKDrWIBaM4s3qpFf1qza/7c5FVCAqoQaFmv/rVGyQsU1wjk9TabuCnGObUoGCSTyu9zPKUsjEd8q5DTRW3YT7fdUrOnDMgcWLc00jm7u+JnCprJypynYriyC7XZuZ/tW6G8XWYC51myDVbfBRnkmBCZoeTgTCcoZw4oMwItythI2ooQxdPxYUQLJ+8Cu2LeuD4/rLWuCniKMMJnMI5BHAFDbiDJrSAwQie4RXePOW9eO/ex6K15BUzx/BH3ucPJEGOSg==</latexit>
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Qubits                                       Qumodes

Discrete vs. continuous variables, 
qubits vs. qumodes

9

{| q i}q2R{| 0 i , | 1 i}

{| p i}p2R =

⇢Z
eipq | q i dq

�

p2R
{|± i} = {| 0 i± | 1 i}

P =
ip
2
(a† � a)

Q =
1p
2
(a+ a†)

[Q,P ] = i

�Q�P =
1

2

Hadamard
transform

Fourier
transform

| i =  0|0i+  1|1i
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| i =
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 (q)|qidq
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e.g. eigenstates of Sz

e.g. eigenstates of Sx

e.g. eigenstates of Q: position / amplitude quadr.

e.g. eigenstates of P: momentum / phase quadr.

| 00 i+ | 11 i
Bell state

Z
| q i1 | q i2 dq

EPR state

O. Pfister, Continuous-variable quantum computing in the quantum optical frequency comb,  J Phys B 53, 012001 (2020).
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qubits vs. qumodes

9

P =
ip
2
(a† � a)

Q =
1p
2
(a+ a†)

[Q,P ] = i

�Q�P =
1

2

Because CV SCALE

O. Pfister, Continuous-variable quantum computing in the quantum optical frequency comb,  J Phys B 53, 012001 (2020).
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Gaussian quantum optics (EM fields)
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The eigenmodes of a cavity form a large ensemble of classically coherent modes
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 Multipartite cluster entanglement  
in one fell swoop:  

a top-down, large-scale quantum register

A good starting point: the quantum optical frequency comb

Why not turn the QOFC into a quantum computer?
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Larger...

1315 pump modes into YZY, ZZZ, ZYY

Single-OPO scalable square-grid cluster



QSS#13 07/16/2020 14



QSS#13 07/16/2020 15



QSS#13 07/16/2020

PZT 
Laser1 x2 

Laser2 x2 

Laser3 

~ 

~ 

Pump 
OPO comb 

LO 

OPO 
locking 

PZT 
PZT 

PLL 

PLL 

SA 

SA 

flip mirror 
HWP 

HWP 

PBS 

PPKTP 

PPKTP 

Filter 
Cavity 

OPO 

~ 

~ 

PDH Lock 

PDH Lock 

zzz 

yyy 

𝟐𝒎∆𝝎 

9.2 MHz 

9.2 MHz 

~ 𝝎𝒐𝒇𝒇 ± 
70 MHz 

 

AO
M

 

70 MHz 

EOM EOM 

~ 
𝛀 = ሺ𝒏 +

𝟏
𝟐ሻ∆𝛚 

Entanglement 
Verification 

𝜽𝟎 

SA 

Beams  

Experimental setup

16



QSS#13 07/16/2020

Interference between identical frequencies of different combs

Interfering quantum combs

17

Chen, Menicucci, and Pfister, Experimental realization of multipartite entanglement of 60 modes of a quantum optical frequency comb, PRL 112, 120505 (2014)
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• Akira Furusawa’s group: sequential entanglement of 104 qumodes (2 at a time)

“Dual-rail quantum wire”
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2D cluster states have arrived
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The generation of sophisticated, QC-universal cluster states on a very large 
scale (thousands of qumodes) is 

EASY 

over continuous variables and is also  

highly compatible with an integrated optics approach. (Stay tuned.)

Take-home message

23O. Pfister, Continuous-variable quantum computing in the quantum optical frequency comb, Journal of Physics B: Atomic, Molecular, and Optical Physics 53, 012001 (2020); invited topical review.

https://www.google.com/url?q=https%3A%2F%2Fdoi.org%2F10.1088%2F1361-6455%2Fab526f&sa=D&sntz=1&usg=AFQjCNHow5sDsmc4jiUKExWCArIOFlfe6Q
https://www.google.com/url?q=https%3A%2F%2Fdoi.org%2F10.1088%2F1361-6455%2Fab526f&sa=D&sntz=1&usg=AFQjCNHow5sDsmc4jiUKExWCArIOFlfe6Q
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Non-Gaussian quantum optics (photons)
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An experimentally accessible non-Gaussian 
operation: photon-number detection
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                           POVM set ≡                                                        (ideally!)

Superconducting transition-edge sensor 

An experimentally accessible non-Gaussian 
operation: photon-number detection

25

{|n i hn |}n=0,...,nmax
<latexit sha1_base64="DIdGKAfkIyWjS1Gkf1ssZcFEQNQ="></latexit><latexit sha1_base64="DIdGKAfkIyWjS1Gkf1ssZcFEQNQ="></latexit><latexit sha1_base64="DIdGKAfkIyWjS1Gkf1ssZcFEQNQ="></latexit><latexit sha1_base64="DIdGKAfkIyWjS1Gkf1ssZcFEQNQ="></latexit>

Physics Today 71, 8, 28 (2018)

Sae Woo Nam
(NIST)

Aaron Miller
(Quantum Opus)



QSS#13 07/16/2020

                           POVM set ≡                                                        (ideally!)

Superconducting transition-edge sensor 

An experimentally accessible non-Gaussian 
operation: photon-number detection

25

{|n i hn |}n=0,...,nmax
<latexit sha1_base64="DIdGKAfkIyWjS1Gkf1ssZcFEQNQ="></latexit><latexit sha1_base64="DIdGKAfkIyWjS1Gkf1ssZcFEQNQ="></latexit><latexit sha1_base64="DIdGKAfkIyWjS1Gkf1ssZcFEQNQ="></latexit><latexit sha1_base64="DIdGKAfkIyWjS1Gkf1ssZcFEQNQ="></latexit>

�T�R

TTbias
0

R

Physics Today 71, 8, 28 (2018)

Sae Woo Nam
(NIST)

Aaron Miller
(Quantum Opus)



QSS#13 07/16/2020

                           POVM set ≡                                                        (ideally!)

Superconducting transition-edge sensor 

An experimentally accessible non-Gaussian 
operation: photon-number detection

25

{|n i hn |}n=0,...,nmax
<latexit sha1_base64="DIdGKAfkIyWjS1Gkf1ssZcFEQNQ="></latexit><latexit sha1_base64="DIdGKAfkIyWjS1Gkf1ssZcFEQNQ="></latexit><latexit sha1_base64="DIdGKAfkIyWjS1Gkf1ssZcFEQNQ="></latexit><latexit sha1_base64="DIdGKAfkIyWjS1Gkf1ssZcFEQNQ="></latexit>

�T�R

TTbias
0

R

Physics Today 71, 8, 28 (2018)

Sae Woo Nam
(NIST)

Aaron Miller
(Quantum Opus)



QSS#13 07/16/2020

                           POVM set ≡                                                        (ideally!)

Superconducting transition-edge sensor 

An experimentally accessible non-Gaussian 
operation: photon-number detection

25

{|n i hn |}n=0,...,nmax
<latexit sha1_base64="DIdGKAfkIyWjS1Gkf1ssZcFEQNQ="></latexit><latexit sha1_base64="DIdGKAfkIyWjS1Gkf1ssZcFEQNQ="></latexit><latexit sha1_base64="DIdGKAfkIyWjS1Gkf1ssZcFEQNQ="></latexit><latexit sha1_base64="DIdGKAfkIyWjS1Gkf1ssZcFEQNQ="></latexit>

�T�R

TTbias
0

R

Physics Today 71, 8, 28 (2018) 0 0.01 0.02 0.03 0.04 0.05 0.06 0.07

−200

0

200

400

600

800

1000

1200

Time (s)

TE
S 

Si
gn

al
 (a

rb
itr

ar
y 

un
its

)

One−Photon

Two−Photon

Three−Photon

Sae Woo Nam
(NIST)

Aaron Miller
(Quantum Opus)



QSS#13 07/16/2020

Processing TES signal: PNR detection
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TES @ PfisterLabs
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Quantum tomography with photon counting

28

S. Wallentowitz & W. Vogel, PRA (1996)
K. Banaszek & W. Wódkiewicz, PRL (1996)
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- Only function whose marginals yield the quantum probability distributions 
- Can be NONPOSITIVE (i.e., nonGaussian for a pure state)

WIGNER FUNCTION 
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- Expectation value of the photon-number parity  
- Easily measured directly with photon-number-resolving detection 
- Raster scan of phase space by amplitude/phase shifts gives whole W(q,p)

Quantum tomography with photon counting

28

S. Wallentowitz & W. Vogel, PRA (1996)
K. Banaszek & W. Wódkiewicz, PRL (1996)
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↵ := q + ip
<latexit sha1_base64="iJC/7ntVLbMUWQMvhbe1ES+Osh8=">AAAB9XicbVDLSgNBEOz1GeMr6tHLYBAEIeyKoAhC0IvHCOYByRp6J7PJkNnZdWZWCUv+w4sHRbz6L978GyePgyYWNBRV3XR3BYng2rjut7OwuLS8sppby69vbG5tF3Z2azpOFWVVGotYNQLUTHDJqoYbwRqJYhgFgtWD/vXIrz8ypXks78wgYX6EXclDTtFY6b6FIukhubgkD8c8aReKbskdg8wTb0qKMEWlXfhqdWKaRkwaKlDrpucmxs9QGU4FG+ZbqWYJ0j52WdNSiRHTfja+ekgOrdIhYaxsSUPG6u+JDCOtB1FgOyM0PT3rjcT/vGZqwnM/4zJJDZN0sihMBTExGUVAOlwxasTAEqSK21sJ7aFCamxQeRuCN/vyPKmdlDy35N2eFstX0zhysA8HcAQenEEZbqACVaCg4Ble4c15cl6cd+dj0rrgTGf24A+czx8XM5GU</latexit><latexit sha1_base64="iJC/7ntVLbMUWQMvhbe1ES+Osh8=">AAAB9XicbVDLSgNBEOz1GeMr6tHLYBAEIeyKoAhC0IvHCOYByRp6J7PJkNnZdWZWCUv+w4sHRbz6L978GyePgyYWNBRV3XR3BYng2rjut7OwuLS8sppby69vbG5tF3Z2azpOFWVVGotYNQLUTHDJqoYbwRqJYhgFgtWD/vXIrz8ypXks78wgYX6EXclDTtFY6b6FIukhubgkD8c8aReKbskdg8wTb0qKMEWlXfhqdWKaRkwaKlDrpucmxs9QGU4FG+ZbqWYJ0j52WdNSiRHTfja+ekgOrdIhYaxsSUPG6u+JDCOtB1FgOyM0PT3rjcT/vGZqwnM/4zJJDZN0sihMBTExGUVAOlwxasTAEqSK21sJ7aFCamxQeRuCN/vyPKmdlDy35N2eFstX0zhysA8HcAQenEEZbqACVaCg4Ble4c15cl6cd+dj0rrgTGf24A+czx8XM5GU</latexit><latexit sha1_base64="iJC/7ntVLbMUWQMvhbe1ES+Osh8=">AAAB9XicbVDLSgNBEOz1GeMr6tHLYBAEIeyKoAhC0IvHCOYByRp6J7PJkNnZdWZWCUv+w4sHRbz6L978GyePgyYWNBRV3XR3BYng2rjut7OwuLS8sppby69vbG5tF3Z2azpOFWVVGotYNQLUTHDJqoYbwRqJYhgFgtWD/vXIrz8ypXks78wgYX6EXclDTtFY6b6FIukhubgkD8c8aReKbskdg8wTb0qKMEWlXfhqdWKaRkwaKlDrpucmxs9QGU4FG+ZbqWYJ0j52WdNSiRHTfja+ekgOrdIhYaxsSUPG6u+JDCOtB1FgOyM0PT3rjcT/vGZqwnM/4zJJDZN0sihMBTExGUVAOlwxasTAEqSK21sJ7aFCamxQeRuCN/vyPKmdlDy35N2eFstX0zhysA8HcAQenEEZbqACVaCg4Ble4c15cl6cd+dj0rrgTGf24A+czx8XM5GU</latexit><latexit sha1_base64="iJC/7ntVLbMUWQMvhbe1ES+Osh8=">AAAB9XicbVDLSgNBEOz1GeMr6tHLYBAEIeyKoAhC0IvHCOYByRp6J7PJkNnZdWZWCUv+w4sHRbz6L978GyePgyYWNBRV3XR3BYng2rjut7OwuLS8sppby69vbG5tF3Z2azpOFWVVGotYNQLUTHDJqoYbwRqJYhgFgtWD/vXIrz8ypXks78wgYX6EXclDTtFY6b6FIukhubgkD8c8aReKbskdg8wTb0qKMEWlXfhqdWKaRkwaKlDrpucmxs9QGU4FG+ZbqWYJ0j52WdNSiRHTfja+ekgOrdIhYaxsSUPG6u+JDCOtB1FgOyM0PT3rjcT/vGZqwnM/4zJJDZN0sihMBTExGUVAOlwxasTAEqSK21sJ7aFCamxQeRuCN/vyPKmdlDy35N2eFstX0zhysA8HcAQenEEZbqACVaCg4Ble4c15cl6cd+dj0rrgTGf24A+czx8XM5GU</latexit>

W⇢̂(↵) =
1

⇡
Tr[⇢̂D(↵)(�1)n̂D†(↵)]

<latexit sha1_base64="NaTxB8flrp6kwfzzaxgX+QaYhD4="></latexit><latexit sha1_base64="NaTxB8flrp6kwfzzaxgX+QaYhD4="></latexit><latexit sha1_base64="NaTxB8flrp6kwfzzaxgX+QaYhD4="></latexit><latexit sha1_base64="NaTxB8flrp6kwfzzaxgX+QaYhD4="></latexit>

- Only function whose marginals yield the quantum probability distributions 
- Can be NONPOSITIVE (i.e., nonGaussian for a pure state)

WIGNER FUNCTION 
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Displacement Setup 
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— PPKTP(YZY) 
— Doubly resonance  
— Well below 

IF : Interference Filter. 
FC : Filter cavity 
TES : Transition Edge Sensor

T
E
S

30

Heralding(idler) 
 Channel 

Heralded(Signal)  
Channel 

⌘h = Nc
Ni

= 0.58(2)

Overall efficiency 
of the signal path. 

Nd: YAG 
532 nm,  
FWHM = 1kHz 
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➢ Experimental results 

31

 Negativity was observed in the raw data without any 
inference or correcting for losses.  

⌘fit = 0.57(3)
<latexit sha1_base64="QQ+s+JiDndVHmEwjOp0R9Nt6gXQ=">AAAB/XicbVDJSgNBEO2JW4zbuNy8NAYhXoYZF+JFCHrxGMEskAxDT6cnadKz0F0jxCH4K148KOLV//Dm39hJ5qCJDwoe71VRVc9PBFdg299GYWl5ZXWtuF7a2Nza3jF395oqTiVlDRqLWLZ9opjgEWsAB8HaiWQk9AVr+cObid96YFLxOLqHUcLckPQjHnBKQEueedBlQLws4DDGV9i2LqqVsxPPLNuWPQVeJE5OyihH3TO/ur2YpiGLgAqiVMexE3AzIoFTwcalbqpYQuiQ9FlH04iETLnZ9PoxPtZKDwex1BUBnqq/JzISKjUKfd0ZEhioeW8i/ud1Uggu3YxHSQosorNFQSowxHgSBe5xySiIkSaESq5vxXRAJKGgAyvpEJz5lxdJ89RybMu5Oy/XrvM4iugQHaEKclAV1dAtqqMGougRPaNX9GY8GS/Gu/Exay0Y+cw++gPj8we76pNu</latexit><latexit sha1_base64="QQ+s+JiDndVHmEwjOp0R9Nt6gXQ=">AAAB/XicbVDJSgNBEO2JW4zbuNy8NAYhXoYZF+JFCHrxGMEskAxDT6cnadKz0F0jxCH4K148KOLV//Dm39hJ5qCJDwoe71VRVc9PBFdg299GYWl5ZXWtuF7a2Nza3jF395oqTiVlDRqLWLZ9opjgEWsAB8HaiWQk9AVr+cObid96YFLxOLqHUcLckPQjHnBKQEueedBlQLws4DDGV9i2LqqVsxPPLNuWPQVeJE5OyihH3TO/ur2YpiGLgAqiVMexE3AzIoFTwcalbqpYQuiQ9FlH04iETLnZ9PoxPtZKDwex1BUBnqq/JzISKjUKfd0ZEhioeW8i/ud1Uggu3YxHSQosorNFQSowxHgSBe5xySiIkSaESq5vxXRAJKGgAyvpEJz5lxdJ89RybMu5Oy/XrvM4iugQHaEKclAV1dAtqqMGougRPaNX9GY8GS/Gu/Exay0Y+cw++gPj8we76pNu</latexit><latexit sha1_base64="QQ+s+JiDndVHmEwjOp0R9Nt6gXQ=">AAAB/XicbVDJSgNBEO2JW4zbuNy8NAYhXoYZF+JFCHrxGMEskAxDT6cnadKz0F0jxCH4K148KOLV//Dm39hJ5qCJDwoe71VRVc9PBFdg299GYWl5ZXWtuF7a2Nza3jF395oqTiVlDRqLWLZ9opjgEWsAB8HaiWQk9AVr+cObid96YFLxOLqHUcLckPQjHnBKQEueedBlQLws4DDGV9i2LqqVsxPPLNuWPQVeJE5OyihH3TO/ur2YpiGLgAqiVMexE3AzIoFTwcalbqpYQuiQ9FlH04iETLnZ9PoxPtZKDwex1BUBnqq/JzISKjUKfd0ZEhioeW8i/ud1Uggu3YxHSQosorNFQSowxHgSBe5xySiIkSaESq5vxXRAJKGgAyvpEJz5lxdJ89RybMu5Oy/XrvM4iugQHaEKclAV1dAtqqMGougRPaNX9GY8GS/Gu/Exay0Y+cw++gPj8we76pNu</latexit><latexit sha1_base64="QQ+s+JiDndVHmEwjOp0R9Nt6gXQ=">AAAB/XicbVDJSgNBEO2JW4zbuNy8NAYhXoYZF+JFCHrxGMEskAxDT6cnadKz0F0jxCH4K148KOLV//Dm39hJ5qCJDwoe71VRVc9PBFdg299GYWl5ZXWtuF7a2Nza3jF395oqTiVlDRqLWLZ9opjgEWsAB8HaiWQk9AVr+cObid96YFLxOLqHUcLckPQjHnBKQEueedBlQLws4DDGV9i2LqqVsxPPLNuWPQVeJE5OyihH3TO/ur2YpiGLgAqiVMexE3AzIoFTwcalbqpYQuiQ9FlH04iETLnZ9PoxPtZKDwex1BUBnqq/JzISKjUKfd0ZEhioeW8i/ud1Uggu3YxHSQosorNFQSowxHgSBe5xySiIkSaESq5vxXRAJKGgAyvpEJz5lxdJ89RybMu5Oy/XrvM4iugQHaEKclAV1dAtqqMGougRPaNX9GY8GS/Gu/Exay0Y+cw++gPj8we76pNu</latexit>
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An even better way to do it

32

- Efficient reconstruction using semidefinite programming 
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Non-Gaussian resources => quantum error correction 
Gottesman-Kitaev-Preskill (GKP) States

34

Tzitrin et al. arXiv preprint arXiv:1910.03673 (2019).

Ancilla	GKP	
states

Feed-forward	
displacement	to	
correct	error

Gottesman	et	al.	Phys.	Rev.	A	(2001)

Simultaneous	eigenstates	of
𝑿 = 𝒆−𝒊�̂�𝜶,   𝒁 = 𝒆 𝒊𝝅

𝜶 �̂�
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Tzitrin et al. arXiv preprint arXiv:1910.03673 (2019).

Ancilla	GKP	
states

Feed-forward	
displacement	to	
correct	error

Gottesman	et	al.	Phys.	Rev.	A	(2001)

Walshe, et al. Physical Review A (2019).

Simultaneous	eigenstates	of
𝑿 = 𝒆−𝒊�̂�𝜶,   𝒁 = 𝒆 𝒊𝝅

𝜶 �̂�

Error corrected

GKP states

Cluster state 
nodes
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Non-Gaussian resources => quantum error correction 
Gottesman-Kitaev-Preskill (GKP) States

34

Tzitrin et al. arXiv preprint arXiv:1910.03673 (2019).

Ancilla	GKP	
states

Feed-forward	
displacement	to	
correct	error

Gottesman	et	al.	Phys.	Rev.	A	(2001)
Δ = 0.3

Walshe, et al. Physical Review A (2019).

Simultaneous	eigenstates	of
𝑿 = 𝒆−𝒊�̂�𝜶,   𝒁 = 𝒆 𝒊𝝅

𝜶 �̂�

0̄⟩ ∝ 𝑒Δ2�̂�
∞

∑
𝑛1,𝑛2=−∞

𝑒−𝑖𝑛1�̂� 𝜋𝑒𝑖𝑛2Q̂ 𝜋 |𝑣𝑎𝑐⟩

Realistic implementation: Delta spikes ! peak width Δ

Error corrected

GKP states

Cluster state 
nodes
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Quantum engineering of GKP states 
for CV quantum error correction

35
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H. M. Vasconcelos, L. Sanz, and S. Glancy, “All-optical generation of states for ‘Encoding 
a qubit in an oscillator,’” Opt. Lett., OL, vol. 35, no. 19, pp. 3261–3263, Oct. 2010.

M. Eaton, R. Nehra, and O. Pfister, Non-Gaussian and Gottesman-Kitaev-Preskill state preparation by photon catalysis, New Journal of Physics 21, 113034 (2019).
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BIG PICTURE: beating lattice-gauge QCD calculations  
on classical supercomputers

36
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Conclusion
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The quantum optical frequency comb is a viable platform for universal quantum computing 

• LARGE-SCALE Gaussian entanglement
• No postselection
• Universal measurement-based QC, strictly equivalent to qubit model

• FAULT TOLERANT non-Gaussian technology for universal QC

• INTEGRABLE in photonic circuits

• TRANSLATABLE to any bosonic mode:
• microwave cavity photons
• phonons
• transverse spatial modes (Hermite- or Laguerre-Gauss)
• temporal modes

Conclusion
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A lesson in research from Ted Hänsch...
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