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<latexit sha1_base64="g3fMRxo4NwirTkx8c404Dygh8kg=">AAACF3icjVDLSgMxFM3UV62vqks3wSK4kDIjgl2WunFZoS9shyGT3mlDk8yQZIQy9C/cuNBfcSduXfonLk0fC1sUPBA4nHNvcnLChDNtXPfTya2tb2xu5bcLO7t7+wfFw6OWjlNFoUljHqtOSDRwJqFpmOHQSRQQEXJoh6Obqd9+AKVZLBtmnIAvyECyiFFirHTfCGoXuCfSoBYUS17ZnQH/TUpogXpQ/Or1Y5oKkIZyonXXcxPjZ0QZRjlMCr1UQ0LoiAyga6kkArSfzRJP8JlV+jiKlT3S4Jn6cyMjQuuxCO2kIGaoV72p+KsXiqWXM8koRIrQlTwmqvgZk0lqQNJ5nCjl2MR4WhLuMwXU8LElhCpmf4TpkNhrjK2y8L+qWpdlzy17d1elamVRWh6doFN0jjx0jaroFtVRE1Ek0SN6Ri/Ok/PqvDnv89Gcs9g5RktwPr4BCsCf0w==</latexit><latexit sha1_base64="g3fMRxo4NwirTkx8c404Dygh8kg=">AAACF3icjVDLSgMxFM3UV62vqks3wSK4kDIjgl2WunFZoS9shyGT3mlDk8yQZIQy9C/cuNBfcSduXfonLk0fC1sUPBA4nHNvcnLChDNtXPfTya2tb2xu5bcLO7t7+wfFw6OWjlNFoUljHqtOSDRwJqFpmOHQSRQQEXJoh6Obqd9+AKVZLBtmnIAvyECyiFFirHTfCGoXuCfSoBYUS17ZnQH/TUpogXpQ/Or1Y5oKkIZyonXXcxPjZ0QZRjlMCr1UQ0LoiAyga6kkArSfzRJP8JlV+jiKlT3S4Jn6cyMjQuuxCO2kIGaoV72p+KsXiqWXM8koRIrQlTwmqvgZk0lqQNJ5nCjl2MR4WhLuMwXU8LElhCpmf4TpkNhrjK2y8L+qWpdlzy17d1elamVRWh6doFN0jjx0jaroFtVRE1Ek0SN6Ri/Ok/PqvDnv89Gcs9g5RktwPr4BCsCf0w==</latexit><latexit sha1_base64="g3fMRxo4NwirTkx8c404Dygh8kg=">AAACF3icjVDLSgMxFM3UV62vqks3wSK4kDIjgl2WunFZoS9shyGT3mlDk8yQZIQy9C/cuNBfcSduXfonLk0fC1sUPBA4nHNvcnLChDNtXPfTya2tb2xu5bcLO7t7+wfFw6OWjlNFoUljHqtOSDRwJqFpmOHQSRQQEXJoh6Obqd9+AKVZLBtmnIAvyECyiFFirHTfCGoXuCfSoBYUS17ZnQH/TUpogXpQ/Or1Y5oKkIZyonXXcxPjZ0QZRjlMCr1UQ0LoiAyga6kkArSfzRJP8JlV+jiKlT3S4Jn6cyMjQuuxCO2kIGaoV72p+KsXiqWXM8koRIrQlTwmqvgZk0lqQNJ5nCjl2MR4WhLuMwXU8LElhCpmf4TpkNhrjK2y8L+qWpdlzy17d1elamVRWh6doFN0jjx0jaroFtVRE1Ek0SN6Ri/Ok/PqvDnv89Gcs9g5RktwPr4BCsCf0w==</latexit><latexit sha1_base64="g3fMRxo4NwirTkx8c404Dygh8kg=">AAACF3icjVDLSgMxFM3UV62vqks3wSK4kDIjgl2WunFZoS9shyGT3mlDk8yQZIQy9C/cuNBfcSduXfonLk0fC1sUPBA4nHNvcnLChDNtXPfTya2tb2xu5bcLO7t7+wfFw6OWjlNFoUljHqtOSDRwJqFpmOHQSRQQEXJoh6Obqd9+AKVZLBtmnIAvyECyiFFirHTfCGoXuCfSoBYUS17ZnQH/TUpogXpQ/Or1Y5oKkIZyonXXcxPjZ0QZRjlMCr1UQ0LoiAyga6kkArSfzRJP8JlV+jiKlT3S4Jn6cyMjQuuxCO2kIGaoV72p+KsXiqWXM8koRIrQlTwmqvgZk0lqQNJ5nCjl2MR4WhLuMwXU8LElhCpmf4TpkNhrjK2y8L+qWpdlzy17d1elamVRWh6doFN0jjx0jaroFtVRE1Ek0SN6Ri/Ok/PqvDnv89Gcs9g5RktwPr4BCsCf0w==</latexit>

QE
<latexit sha1_base64="CK/QSglCjpSp+HNjjC+cn5+zADM=">AAACGnicbVDLSgMxFM3UV62vqks3wSK4KjMi2GVBBJct2Ae0Q8mkd9rQJDMmGaEM/Q43LvRX3IlbN/6JSzPtLGzrgcDhnHuTkxPEnGnjut9OYWNza3unuFva2z84PCofn7R1lCgKLRrxSHUDooEzCS3DDIdurICIgEMnmNxmfucJlGaRfDDTGHxBRpKFjBJjJb8viBlTwtPmbHA3KFfcqjsHXideTiooR2NQ/ukPI5oIkIZyonXPc2Pjp0QZRjnMSv1EQ0zohIygZ6kkArSfzkPP8IVVhjiMlD3S4Ln6dyMlQuupCOxkFlKvepn4rxeIpZdTySiEitCVPCas+SmTcWJA0kWcMOHYRDjrCQ+ZAmr41BJCFbM/wnRM7DXGtlmyVXmrxayT9lXVc6te87pSr+WlFdEZOkeXyEM3qI7uUQO1EEWP6Bm9ojfnxXl3PpzPxWjByXdO0RKcr1/geKHx</latexit><latexit sha1_base64="CK/QSglCjpSp+HNjjC+cn5+zADM=">AAACGnicbVDLSgMxFM3UV62vqks3wSK4KjMi2GVBBJct2Ae0Q8mkd9rQJDMmGaEM/Q43LvRX3IlbN/6JSzPtLGzrgcDhnHuTkxPEnGnjut9OYWNza3unuFva2z84PCofn7R1lCgKLRrxSHUDooEzCS3DDIdurICIgEMnmNxmfucJlGaRfDDTGHxBRpKFjBJjJb8viBlTwtPmbHA3KFfcqjsHXideTiooR2NQ/ukPI5oIkIZyonXPc2Pjp0QZRjnMSv1EQ0zohIygZ6kkArSfzkPP8IVVhjiMlD3S4Ln6dyMlQuupCOxkFlKvepn4rxeIpZdTySiEitCVPCas+SmTcWJA0kWcMOHYRDjrCQ+ZAmr41BJCFbM/wnRM7DXGtlmyVXmrxayT9lXVc6te87pSr+WlFdEZOkeXyEM3qI7uUQO1EEWP6Bm9ojfnxXl3PpzPxWjByXdO0RKcr1/geKHx</latexit><latexit sha1_base64="CK/QSglCjpSp+HNjjC+cn5+zADM=">AAACGnicbVDLSgMxFM3UV62vqks3wSK4KjMi2GVBBJct2Ae0Q8mkd9rQJDMmGaEM/Q43LvRX3IlbN/6JSzPtLGzrgcDhnHuTkxPEnGnjut9OYWNza3unuFva2z84PCofn7R1lCgKLRrxSHUDooEzCS3DDIdurICIgEMnmNxmfucJlGaRfDDTGHxBRpKFjBJjJb8viBlTwtPmbHA3KFfcqjsHXideTiooR2NQ/ukPI5oIkIZyonXPc2Pjp0QZRjnMSv1EQ0zohIygZ6kkArSfzkPP8IVVhjiMlD3S4Ln6dyMlQuupCOxkFlKvepn4rxeIpZdTySiEitCVPCas+SmTcWJA0kWcMOHYRDjrCQ+ZAmr41BJCFbM/wnRM7DXGtlmyVXmrxayT9lXVc6te87pSr+WlFdEZOkeXyEM3qI7uUQO1EEWP6Bm9ojfnxXl3PpzPxWjByXdO0RKcr1/geKHx</latexit><latexit sha1_base64="CK/QSglCjpSp+HNjjC+cn5+zADM=">AAACGnicbVDLSgMxFM3UV62vqks3wSK4KjMi2GVBBJct2Ae0Q8mkd9rQJDMmGaEM/Q43LvRX3IlbN/6JSzPtLGzrgcDhnHuTkxPEnGnjut9OYWNza3unuFva2z84PCofn7R1lCgKLRrxSHUDooEzCS3DDIdurICIgEMnmNxmfucJlGaRfDDTGHxBRpKFjBJjJb8viBlTwtPmbHA3KFfcqjsHXideTiooR2NQ/ukPI5oIkIZyonXPc2Pjp0QZRjnMSv1EQ0zohIygZ6kkArSfzkPP8IVVhjiMlD3S4Ln6dyMlQuupCOxkFlKvepn4rxeIpZdTySiEitCVPCas+SmTcWJA0kWcMOHYRDjrCQ+ZAmr41BJCFbM/wnRM7DXGtlmyVXmrxayT9lXVc6te87pSr+WlFdEZOkeXyEM3qI7uUQO1EEWP6Bm9ojfnxXl3PpzPxWjByXdO0RKcr1/geKHx</latexit>

QN
<latexit sha1_base64="NtrDLiXVEWHBj/EKCtBc+PrFfTc=">AAACGnicbVDLSgMxFM3UV62vqks3wSK4KjMi2GXBjStpwT6gHUomvdOGJpkxyQhl6He4caG/4k7cuvFPXJppZ2FbDwQO59ybnJwg5kwb1/12ChubW9s7xd3S3v7B4VH5+KSto0RRaNGIR6obEA2cSWgZZjh0YwVEBBw6weQ28ztPoDSL5IOZxuALMpIsZJQYK/l9QcyYEp42Z4P7QbniVt058DrxclJBORqD8k9/GNFEgDSUE617nhsbPyXKMMphVuonGmJCJ2QEPUslEaD9dB56hi+sMsRhpOyRBs/VvxspEVpPRWAns5B61cvEf71ALL2cSkYhVISu5DFhzU+ZjBMDki7ihAnHJsJZT3jIFFDDp5YQqpj9EaZjYq8xts2SrcpbLWadtK+qnlv1mteVei0vrYjO0Dm6RB66QXV0hxqohSh6RM/oFb05L8678+F8LkYLTr5zipbgfP0C73Kh+g==</latexit><latexit sha1_base64="NtrDLiXVEWHBj/EKCtBc+PrFfTc=">AAACGnicbVDLSgMxFM3UV62vqks3wSK4KjMi2GXBjStpwT6gHUomvdOGJpkxyQhl6He4caG/4k7cuvFPXJppZ2FbDwQO59ybnJwg5kwb1/12ChubW9s7xd3S3v7B4VH5+KSto0RRaNGIR6obEA2cSWgZZjh0YwVEBBw6weQ28ztPoDSL5IOZxuALMpIsZJQYK/l9QcyYEp42Z4P7QbniVt058DrxclJBORqD8k9/GNFEgDSUE617nhsbPyXKMMphVuonGmJCJ2QEPUslEaD9dB56hi+sMsRhpOyRBs/VvxspEVpPRWAns5B61cvEf71ALL2cSkYhVISu5DFhzU+ZjBMDki7ihAnHJsJZT3jIFFDDp5YQqpj9EaZjYq8xts2SrcpbLWadtK+qnlv1mteVei0vrYjO0Dm6RB66QXV0hxqohSh6RM/oFb05L8678+F8LkYLTr5zipbgfP0C73Kh+g==</latexit><latexit sha1_base64="NtrDLiXVEWHBj/EKCtBc+PrFfTc=">AAACGnicbVDLSgMxFM3UV62vqks3wSK4KjMi2GXBjStpwT6gHUomvdOGJpkxyQhl6He4caG/4k7cuvFPXJppZ2FbDwQO59ybnJwg5kwb1/12ChubW9s7xd3S3v7B4VH5+KSto0RRaNGIR6obEA2cSWgZZjh0YwVEBBw6weQ28ztPoDSL5IOZxuALMpIsZJQYK/l9QcyYEp42Z4P7QbniVt058DrxclJBORqD8k9/GNFEgDSUE617nhsbPyXKMMphVuonGmJCJ2QEPUslEaD9dB56hi+sMsRhpOyRBs/VvxspEVpPRWAns5B61cvEf71ALL2cSkYhVISu5DFhzU+ZjBMDki7ihAnHJsJZT3jIFFDDp5YQqpj9EaZjYq8xts2SrcpbLWadtK+qnlv1mteVei0vrYjO0Dm6RB66QXV0hxqohSh6RM/oFb05L8678+F8LkYLTr5zipbgfP0C73Kh+g==</latexit><latexit sha1_base64="NtrDLiXVEWHBj/EKCtBc+PrFfTc=">AAACGnicbVDLSgMxFM3UV62vqks3wSK4KjMi2GXBjStpwT6gHUomvdOGJpkxyQhl6He4caG/4k7cuvFPXJppZ2FbDwQO59ybnJwg5kwb1/12ChubW9s7xd3S3v7B4VH5+KSto0RRaNGIR6obEA2cSWgZZjh0YwVEBBw6weQ28ztPoDSL5IOZxuALMpIsZJQYK/l9QcyYEp42Z4P7QbniVt058DrxclJBORqD8k9/GNFEgDSUE617nhsbPyXKMMphVuonGmJCJ2QEPUslEaD9dB56hi+sMsRhpOyRBs/VvxspEVpPRWAns5B61cvEf71ALL2cSkYhVISu5DFhzU+ZjBMDki7ihAnHJsJZT3jIFFDDp5YQqpj9EaZjYq8xts2SrcpbLWadtK+qnlv1mteVei0vrYjO0Dm6RB66QXV0hxqohSh6RM/oFb05L8678+F8LkYLTr5zipbgfP0C73Kh+g==</latexit>
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TURs - Thermodynamics of Precision

TA, µA
<latexit sha1_base64="FRguHQM5ehTyT2A5lGnhHE0ENO4=">AAACF3icjVDLSgMxFM3UV62vqks3wSK4kDIjgl22uHFZoS9shyGT3mlDk8yQZIQy9C/cuNBfcSduXfonLk0fC1sUPBA4nHNvcnLChDNtXPfTya2tb2xu5bcLO7t7+wfFw6OWjlNFoUljHqtOSDRwJqFpmOHQSRQQEXJoh6Obqd9+AKVZLBtmnIAvyECyiFFirHTfCGoXuCfSoBYUS17ZnQH/TUpogXpQ/Or1Y5oKkIZyonXXcxPjZ0QZRjlMCr1UQ0LoiAyga6kkArSfzRJP8JlV+jiKlT3S4Jn6cyMjQuuxCO2kIGaoV72p+KsXiqWXM8koRIrQlTwmqvgZk0lqQNJ5nCjl2MR4WhLuMwXU8LElhCpmf4TpkNhrjK2y8L+qWpdlzy17d1elamVRWh6doFN0jjx0jaroFtVRE1Ek0SN6Ri/Ok/PqvDnv89Gcs9g5RktwPr4BB2Wf0Q==</latexit><latexit sha1_base64="FRguHQM5ehTyT2A5lGnhHE0ENO4=">AAACF3icjVDLSgMxFM3UV62vqks3wSK4kDIjgl22uHFZoS9shyGT3mlDk8yQZIQy9C/cuNBfcSduXfonLk0fC1sUPBA4nHNvcnLChDNtXPfTya2tb2xu5bcLO7t7+wfFw6OWjlNFoUljHqtOSDRwJqFpmOHQSRQQEXJoh6Obqd9+AKVZLBtmnIAvyECyiFFirHTfCGoXuCfSoBYUS17ZnQH/TUpogXpQ/Or1Y5oKkIZyonXXcxPjZ0QZRjlMCr1UQ0LoiAyga6kkArSfzRJP8JlV+jiKlT3S4Jn6cyMjQuuxCO2kIGaoV72p+KsXiqWXM8koRIrQlTwmqvgZk0lqQNJ5nCjl2MR4WhLuMwXU8LElhCpmf4TpkNhrjK2y8L+qWpdlzy17d1elamVRWh6doFN0jjx0jaroFtVRE1Ek0SN6Ri/Ok/PqvDnv89Gcs9g5RktwPr4BB2Wf0Q==</latexit><latexit sha1_base64="FRguHQM5ehTyT2A5lGnhHE0ENO4=">AAACF3icjVDLSgMxFM3UV62vqks3wSK4kDIjgl22uHFZoS9shyGT3mlDk8yQZIQy9C/cuNBfcSduXfonLk0fC1sUPBA4nHNvcnLChDNtXPfTya2tb2xu5bcLO7t7+wfFw6OWjlNFoUljHqtOSDRwJqFpmOHQSRQQEXJoh6Obqd9+AKVZLBtmnIAvyECyiFFirHTfCGoXuCfSoBYUS17ZnQH/TUpogXpQ/Or1Y5oKkIZyonXXcxPjZ0QZRjlMCr1UQ0LoiAyga6kkArSfzRJP8JlV+jiKlT3S4Jn6cyMjQuuxCO2kIGaoV72p+KsXiqWXM8koRIrQlTwmqvgZk0lqQNJ5nCjl2MR4WhLuMwXU8LElhCpmf4TpkNhrjK2y8L+qWpdlzy17d1elamVRWh6doFN0jjx0jaroFtVRE1Ek0SN6Ri/Ok/PqvDnv89Gcs9g5RktwPr4BB2Wf0Q==</latexit><latexit sha1_base64="FRguHQM5ehTyT2A5lGnhHE0ENO4=">AAACF3icjVDLSgMxFM3UV62vqks3wSK4kDIjgl22uHFZoS9shyGT3mlDk8yQZIQy9C/cuNBfcSduXfonLk0fC1sUPBA4nHNvcnLChDNtXPfTya2tb2xu5bcLO7t7+wfFw6OWjlNFoUljHqtOSDRwJqFpmOHQSRQQEXJoh6Obqd9+AKVZLBtmnIAvyECyiFFirHTfCGoXuCfSoBYUS17ZnQH/TUpogXpQ/Or1Y5oKkIZyonXXcxPjZ0QZRjlMCr1UQ0LoiAyga6kkArSfzRJP8JlV+jiKlT3S4Jn6cyMjQuuxCO2kIGaoV72p+KsXiqWXM8koRIrQlTwmqvgZk0lqQNJ5nCjl2MR4WhLuMwXU8LElhCpmf4TpkNhrjK2y8L+qWpdlzy17d1elamVRWh6doFN0jjx0jaroFtVRE1Ek0SN6Ri/Ok/PqvDnv89Gcs9g5RktwPr4BB2Wf0Q==</latexit>

TB , µB
<latexit sha1_base64="g3fMRxo4NwirTkx8c404Dygh8kg=">AAACF3icjVDLSgMxFM3UV62vqks3wSK4kDIjgl2WunFZoS9shyGT3mlDk8yQZIQy9C/cuNBfcSduXfonLk0fC1sUPBA4nHNvcnLChDNtXPfTya2tb2xu5bcLO7t7+wfFw6OWjlNFoUljHqtOSDRwJqFpmOHQSRQQEXJoh6Obqd9+AKVZLBtmnIAvyECyiFFirHTfCGoXuCfSoBYUS17ZnQH/TUpogXpQ/Or1Y5oKkIZyonXXcxPjZ0QZRjlMCr1UQ0LoiAyga6kkArSfzRJP8JlV+jiKlT3S4Jn6cyMjQuuxCO2kIGaoV72p+KsXiqWXM8koRIrQlTwmqvgZk0lqQNJ5nCjl2MR4WhLuMwXU8LElhCpmf4TpkNhrjK2y8L+qWpdlzy17d1elamVRWh6doFN0jjx0jaroFtVRE1Ek0SN6Ri/Ok/PqvDnv89Gcs9g5RktwPr4BCsCf0w==</latexit><latexit sha1_base64="g3fMRxo4NwirTkx8c404Dygh8kg=">AAACF3icjVDLSgMxFM3UV62vqks3wSK4kDIjgl2WunFZoS9shyGT3mlDk8yQZIQy9C/cuNBfcSduXfonLk0fC1sUPBA4nHNvcnLChDNtXPfTya2tb2xu5bcLO7t7+wfFw6OWjlNFoUljHqtOSDRwJqFpmOHQSRQQEXJoh6Obqd9+AKVZLBtmnIAvyECyiFFirHTfCGoXuCfSoBYUS17ZnQH/TUpogXpQ/Or1Y5oKkIZyonXXcxPjZ0QZRjlMCr1UQ0LoiAyga6kkArSfzRJP8JlV+jiKlT3S4Jn6cyMjQuuxCO2kIGaoV72p+KsXiqWXM8koRIrQlTwmqvgZk0lqQNJ5nCjl2MR4WhLuMwXU8LElhCpmf4TpkNhrjK2y8L+qWpdlzy17d1elamVRWh6doFN0jjx0jaroFtVRE1Ek0SN6Ri/Ok/PqvDnv89Gcs9g5RktwPr4BCsCf0w==</latexit><latexit sha1_base64="g3fMRxo4NwirTkx8c404Dygh8kg=">AAACF3icjVDLSgMxFM3UV62vqks3wSK4kDIjgl2WunFZoS9shyGT3mlDk8yQZIQy9C/cuNBfcSduXfonLk0fC1sUPBA4nHNvcnLChDNtXPfTya2tb2xu5bcLO7t7+wfFw6OWjlNFoUljHqtOSDRwJqFpmOHQSRQQEXJoh6Obqd9+AKVZLBtmnIAvyECyiFFirHTfCGoXuCfSoBYUS17ZnQH/TUpogXpQ/Or1Y5oKkIZyonXXcxPjZ0QZRjlMCr1UQ0LoiAyga6kkArSfzRJP8JlV+jiKlT3S4Jn6cyMjQuuxCO2kIGaoV72p+KsXiqWXM8koRIrQlTwmqvgZk0lqQNJ5nCjl2MR4WhLuMwXU8LElhCpmf4TpkNhrjK2y8L+qWpdlzy17d1elamVRWh6doFN0jjx0jaroFtVRE1Ek0SN6Ri/Ok/PqvDnv89Gcs9g5RktwPr4BCsCf0w==</latexit><latexit sha1_base64="g3fMRxo4NwirTkx8c404Dygh8kg=">AAACF3icjVDLSgMxFM3UV62vqks3wSK4kDIjgl2WunFZoS9shyGT3mlDk8yQZIQy9C/cuNBfcSduXfonLk0fC1sUPBA4nHNvcnLChDNtXPfTya2tb2xu5bcLO7t7+wfFw6OWjlNFoUljHqtOSDRwJqFpmOHQSRQQEXJoh6Obqd9+AKVZLBtmnIAvyECyiFFirHTfCGoXuCfSoBYUS17ZnQH/TUpogXpQ/Or1Y5oKkIZyonXXcxPjZ0QZRjlMCr1UQ0LoiAyga6kkArSfzRJP8JlV+jiKlT3S4Jn6cyMjQuuxCO2kIGaoV72p+KsXiqWXM8koRIrQlTwmqvgZk0lqQNJ5nCjl2MR4WhLuMwXU8LElhCpmf4TpkNhrjK2y8L+qWpdlzy17d1elamVRWh6doFN0jjx0jaroFtVRE1Ek0SN6Ri/Ok/PqvDnv89Gcs9g5RktwPr4BCsCf0w==</latexit>

QE
<latexit sha1_base64="CK/QSglCjpSp+HNjjC+cn5+zADM=">AAACGnicbVDLSgMxFM3UV62vqks3wSK4KjMi2GVBBJct2Ae0Q8mkd9rQJDMmGaEM/Q43LvRX3IlbN/6JSzPtLGzrgcDhnHuTkxPEnGnjut9OYWNza3unuFva2z84PCofn7R1lCgKLRrxSHUDooEzCS3DDIdurICIgEMnmNxmfucJlGaRfDDTGHxBRpKFjBJjJb8viBlTwtPmbHA3KFfcqjsHXideTiooR2NQ/ukPI5oIkIZyonXPc2Pjp0QZRjnMSv1EQ0zohIygZ6kkArSfzkPP8IVVhjiMlD3S4Ln6dyMlQuupCOxkFlKvepn4rxeIpZdTySiEitCVPCas+SmTcWJA0kWcMOHYRDjrCQ+ZAmr41BJCFbM/wnRM7DXGtlmyVXmrxayT9lXVc6te87pSr+WlFdEZOkeXyEM3qI7uUQO1EEWP6Bm9ojfnxXl3PpzPxWjByXdO0RKcr1/geKHx</latexit><latexit sha1_base64="CK/QSglCjpSp+HNjjC+cn5+zADM=">AAACGnicbVDLSgMxFM3UV62vqks3wSK4KjMi2GVBBJct2Ae0Q8mkd9rQJDMmGaEM/Q43LvRX3IlbN/6JSzPtLGzrgcDhnHuTkxPEnGnjut9OYWNza3unuFva2z84PCofn7R1lCgKLRrxSHUDooEzCS3DDIdurICIgEMnmNxmfucJlGaRfDDTGHxBRpKFjBJjJb8viBlTwtPmbHA3KFfcqjsHXideTiooR2NQ/ukPI5oIkIZyonXPc2Pjp0QZRjnMSv1EQ0zohIygZ6kkArSfzkPP8IVVhjiMlD3S4Ln6dyMlQuupCOxkFlKvepn4rxeIpZdTySiEitCVPCas+SmTcWJA0kWcMOHYRDjrCQ+ZAmr41BJCFbM/wnRM7DXGtlmyVXmrxayT9lXVc6te87pSr+WlFdEZOkeXyEM3qI7uUQO1EEWP6Bm9ojfnxXl3PpzPxWjByXdO0RKcr1/geKHx</latexit><latexit sha1_base64="CK/QSglCjpSp+HNjjC+cn5+zADM=">AAACGnicbVDLSgMxFM3UV62vqks3wSK4KjMi2GVBBJct2Ae0Q8mkd9rQJDMmGaEM/Q43LvRX3IlbN/6JSzPtLGzrgcDhnHuTkxPEnGnjut9OYWNza3unuFva2z84PCofn7R1lCgKLRrxSHUDooEzCS3DDIdurICIgEMnmNxmfucJlGaRfDDTGHxBRpKFjBJjJb8viBlTwtPmbHA3KFfcqjsHXideTiooR2NQ/ukPI5oIkIZyonXPc2Pjp0QZRjnMSv1EQ0zohIygZ6kkArSfzkPP8IVVhjiMlD3S4Ln6dyMlQuupCOxkFlKvepn4rxeIpZdTySiEitCVPCas+SmTcWJA0kWcMOHYRDjrCQ+ZAmr41BJCFbM/wnRM7DXGtlmyVXmrxayT9lXVc6te87pSr+WlFdEZOkeXyEM3qI7uUQO1EEWP6Bm9ojfnxXl3PpzPxWjByXdO0RKcr1/geKHx</latexit><latexit sha1_base64="CK/QSglCjpSp+HNjjC+cn5+zADM=">AAACGnicbVDLSgMxFM3UV62vqks3wSK4KjMi2GVBBJct2Ae0Q8mkd9rQJDMmGaEM/Q43LvRX3IlbN/6JSzPtLGzrgcDhnHuTkxPEnGnjut9OYWNza3unuFva2z84PCofn7R1lCgKLRrxSHUDooEzCS3DDIdurICIgEMnmNxmfucJlGaRfDDTGHxBRpKFjBJjJb8viBlTwtPmbHA3KFfcqjsHXideTiooR2NQ/ukPI5oIkIZyonXPc2Pjp0QZRjnMSv1EQ0zohIygZ6kkArSfzkPP8IVVhjiMlD3S4Ln6dyMlQuupCOxkFlKvepn4rxeIpZdTySiEitCVPCas+SmTcWJA0kWcMOHYRDjrCQ+ZAmr41BJCFbM/wnRM7DXGtlmyVXmrxayT9lXVc6te87pSr+WlFdEZOkeXyEM3qI7uUQO1EEWP6Bm9ojfnxXl3PpzPxWjByXdO0RKcr1/geKHx</latexit>

QN
<latexit sha1_base64="NtrDLiXVEWHBj/EKCtBc+PrFfTc=">AAACGnicbVDLSgMxFM3UV62vqks3wSK4KjMi2GXBjStpwT6gHUomvdOGJpkxyQhl6He4caG/4k7cuvFPXJppZ2FbDwQO59ybnJwg5kwb1/12ChubW9s7xd3S3v7B4VH5+KSto0RRaNGIR6obEA2cSWgZZjh0YwVEBBw6weQ28ztPoDSL5IOZxuALMpIsZJQYK/l9QcyYEp42Z4P7QbniVt058DrxclJBORqD8k9/GNFEgDSUE617nhsbPyXKMMphVuonGmJCJ2QEPUslEaD9dB56hi+sMsRhpOyRBs/VvxspEVpPRWAns5B61cvEf71ALL2cSkYhVISu5DFhzU+ZjBMDki7ihAnHJsJZT3jIFFDDp5YQqpj9EaZjYq8xts2SrcpbLWadtK+qnlv1mteVei0vrYjO0Dm6RB66QXV0hxqohSh6RM/oFb05L8678+F8LkYLTr5zipbgfP0C73Kh+g==</latexit><latexit sha1_base64="NtrDLiXVEWHBj/EKCtBc+PrFfTc=">AAACGnicbVDLSgMxFM3UV62vqks3wSK4KjMi2GXBjStpwT6gHUomvdOGJpkxyQhl6He4caG/4k7cuvFPXJppZ2FbDwQO59ybnJwg5kwb1/12ChubW9s7xd3S3v7B4VH5+KSto0RRaNGIR6obEA2cSWgZZjh0YwVEBBw6weQ28ztPoDSL5IOZxuALMpIsZJQYK/l9QcyYEp42Z4P7QbniVt058DrxclJBORqD8k9/GNFEgDSUE617nhsbPyXKMMphVuonGmJCJ2QEPUslEaD9dB56hi+sMsRhpOyRBs/VvxspEVpPRWAns5B61cvEf71ALL2cSkYhVISu5DFhzU+ZjBMDki7ihAnHJsJZT3jIFFDDp5YQqpj9EaZjYq8xts2SrcpbLWadtK+qnlv1mteVei0vrYjO0Dm6RB66QXV0hxqohSh6RM/oFb05L8678+F8LkYLTr5zipbgfP0C73Kh+g==</latexit><latexit sha1_base64="NtrDLiXVEWHBj/EKCtBc+PrFfTc=">AAACGnicbVDLSgMxFM3UV62vqks3wSK4KjMi2GXBjStpwT6gHUomvdOGJpkxyQhl6He4caG/4k7cuvFPXJppZ2FbDwQO59ybnJwg5kwb1/12ChubW9s7xd3S3v7B4VH5+KSto0RRaNGIR6obEA2cSWgZZjh0YwVEBBw6weQ28ztPoDSL5IOZxuALMpIsZJQYK/l9QcyYEp42Z4P7QbniVt058DrxclJBORqD8k9/GNFEgDSUE617nhsbPyXKMMphVuonGmJCJ2QEPUslEaD9dB56hi+sMsRhpOyRBs/VvxspEVpPRWAns5B61cvEf71ALL2cSkYhVISu5DFhzU+ZjBMDki7ihAnHJsJZT3jIFFDDp5YQqpj9EaZjYq8xts2SrcpbLWadtK+qnlv1mteVei0vrYjO0Dm6RB66QXV0hxqohSh6RM/oFb05L8678+F8LkYLTr5zipbgfP0C73Kh+g==</latexit><latexit sha1_base64="NtrDLiXVEWHBj/EKCtBc+PrFfTc=">AAACGnicbVDLSgMxFM3UV62vqks3wSK4KjMi2GXBjStpwT6gHUomvdOGJpkxyQhl6He4caG/4k7cuvFPXJppZ2FbDwQO59ybnJwg5kwb1/12ChubW9s7xd3S3v7B4VH5+KSto0RRaNGIR6obEA2cSWgZZjh0YwVEBBw6weQ28ztPoDSL5IOZxuALMpIsZJQYK/l9QcyYEp42Z4P7QbniVt058DrxclJBORqD8k9/GNFEgDSUE617nhsbPyXKMMphVuonGmJCJ2QEPUslEaD9dB56hi+sMsRhpOyRBs/VvxspEVpPRWAns5B61cvEf71ALL2cSkYhVISu5DFhzU+ZjBMDki7ihAnHJsJZT3jIFFDDp5YQqpj9EaZjYq8xts2SrcpbLWadtK+qnlv1mteVei0vrYjO0Dm6RB66QXV0hxqohSh6RM/oFb05L8678+F8LkYLTr5zipbgfP0C73Kh+g==</latexit>

S

�

����

�

����



TURs - Thermodynamics of Precision

TA, µA
<latexit sha1_base64="FRguHQM5ehTyT2A5lGnhHE0ENO4=">AAACF3icjVDLSgMxFM3UV62vqks3wSK4kDIjgl22uHFZoS9shyGT3mlDk8yQZIQy9C/cuNBfcSduXfonLk0fC1sUPBA4nHNvcnLChDNtXPfTya2tb2xu5bcLO7t7+wfFw6OWjlNFoUljHqtOSDRwJqFpmOHQSRQQEXJoh6Obqd9+AKVZLBtmnIAvyECyiFFirHTfCGoXuCfSoBYUS17ZnQH/TUpogXpQ/Or1Y5oKkIZyonXXcxPjZ0QZRjlMCr1UQ0LoiAyga6kkArSfzRJP8JlV+jiKlT3S4Jn6cyMjQuuxCO2kIGaoV72p+KsXiqWXM8koRIrQlTwmqvgZk0lqQNJ5nCjl2MR4WhLuMwXU8LElhCpmf4TpkNhrjK2y8L+qWpdlzy17d1elamVRWh6doFN0jjx0jaroFtVRE1Ek0SN6Ri/Ok/PqvDnv89Gcs9g5RktwPr4BB2Wf0Q==</latexit><latexit sha1_base64="FRguHQM5ehTyT2A5lGnhHE0ENO4=">AAACF3icjVDLSgMxFM3UV62vqks3wSK4kDIjgl22uHFZoS9shyGT3mlDk8yQZIQy9C/cuNBfcSduXfonLk0fC1sUPBA4nHNvcnLChDNtXPfTya2tb2xu5bcLO7t7+wfFw6OWjlNFoUljHqtOSDRwJqFpmOHQSRQQEXJoh6Obqd9+AKVZLBtmnIAvyECyiFFirHTfCGoXuCfSoBYUS17ZnQH/TUpogXpQ/Or1Y5oKkIZyonXXcxPjZ0QZRjlMCr1UQ0LoiAyga6kkArSfzRJP8JlV+jiKlT3S4Jn6cyMjQuuxCO2kIGaoV72p+KsXiqWXM8koRIrQlTwmqvgZk0lqQNJ5nCjl2MR4WhLuMwXU8LElhCpmf4TpkNhrjK2y8L+qWpdlzy17d1elamVRWh6doFN0jjx0jaroFtVRE1Ek0SN6Ri/Ok/PqvDnv89Gcs9g5RktwPr4BB2Wf0Q==</latexit><latexit sha1_base64="FRguHQM5ehTyT2A5lGnhHE0ENO4=">AAACF3icjVDLSgMxFM3UV62vqks3wSK4kDIjgl22uHFZoS9shyGT3mlDk8yQZIQy9C/cuNBfcSduXfonLk0fC1sUPBA4nHNvcnLChDNtXPfTya2tb2xu5bcLO7t7+wfFw6OWjlNFoUljHqtOSDRwJqFpmOHQSRQQEXJoh6Obqd9+AKVZLBtmnIAvyECyiFFirHTfCGoXuCfSoBYUS17ZnQH/TUpogXpQ/Or1Y5oKkIZyonXXcxPjZ0QZRjlMCr1UQ0LoiAyga6kkArSfzRJP8JlV+jiKlT3S4Jn6cyMjQuuxCO2kIGaoV72p+KsXiqWXM8koRIrQlTwmqvgZk0lqQNJ5nCjl2MR4WhLuMwXU8LElhCpmf4TpkNhrjK2y8L+qWpdlzy17d1elamVRWh6doFN0jjx0jaroFtVRE1Ek0SN6Ri/Ok/PqvDnv89Gcs9g5RktwPr4BB2Wf0Q==</latexit><latexit sha1_base64="FRguHQM5ehTyT2A5lGnhHE0ENO4=">AAACF3icjVDLSgMxFM3UV62vqks3wSK4kDIjgl22uHFZoS9shyGT3mlDk8yQZIQy9C/cuNBfcSduXfonLk0fC1sUPBA4nHNvcnLChDNtXPfTya2tb2xu5bcLO7t7+wfFw6OWjlNFoUljHqtOSDRwJqFpmOHQSRQQEXJoh6Obqd9+AKVZLBtmnIAvyECyiFFirHTfCGoXuCfSoBYUS17ZnQH/TUpogXpQ/Or1Y5oKkIZyonXXcxPjZ0QZRjlMCr1UQ0LoiAyga6kkArSfzRJP8JlV+jiKlT3S4Jn6cyMjQuuxCO2kIGaoV72p+KsXiqWXM8koRIrQlTwmqvgZk0lqQNJ5nCjl2MR4WhLuMwXU8LElhCpmf4TpkNhrjK2y8L+qWpdlzy17d1elamVRWh6doFN0jjx0jaroFtVRE1Ek0SN6Ri/Ok/PqvDnv89Gcs9g5RktwPr4BB2Wf0Q==</latexit>

TB , µB
<latexit sha1_base64="g3fMRxo4NwirTkx8c404Dygh8kg=">AAACF3icjVDLSgMxFM3UV62vqks3wSK4kDIjgl2WunFZoS9shyGT3mlDk8yQZIQy9C/cuNBfcSduXfonLk0fC1sUPBA4nHNvcnLChDNtXPfTya2tb2xu5bcLO7t7+wfFw6OWjlNFoUljHqtOSDRwJqFpmOHQSRQQEXJoh6Obqd9+AKVZLBtmnIAvyECyiFFirHTfCGoXuCfSoBYUS17ZnQH/TUpogXpQ/Or1Y5oKkIZyonXXcxPjZ0QZRjlMCr1UQ0LoiAyga6kkArSfzRJP8JlV+jiKlT3S4Jn6cyMjQuuxCO2kIGaoV72p+KsXiqWXM8koRIrQlTwmqvgZk0lqQNJ5nCjl2MR4WhLuMwXU8LElhCpmf4TpkNhrjK2y8L+qWpdlzy17d1elamVRWh6doFN0jjx0jaroFtVRE1Ek0SN6Ri/Ok/PqvDnv89Gcs9g5RktwPr4BCsCf0w==</latexit><latexit sha1_base64="g3fMRxo4NwirTkx8c404Dygh8kg=">AAACF3icjVDLSgMxFM3UV62vqks3wSK4kDIjgl2WunFZoS9shyGT3mlDk8yQZIQy9C/cuNBfcSduXfonLk0fC1sUPBA4nHNvcnLChDNtXPfTya2tb2xu5bcLO7t7+wfFw6OWjlNFoUljHqtOSDRwJqFpmOHQSRQQEXJoh6Obqd9+AKVZLBtmnIAvyECyiFFirHTfCGoXuCfSoBYUS17ZnQH/TUpogXpQ/Or1Y5oKkIZyonXXcxPjZ0QZRjlMCr1UQ0LoiAyga6kkArSfzRJP8JlV+jiKlT3S4Jn6cyMjQuuxCO2kIGaoV72p+KsXiqWXM8koRIrQlTwmqvgZk0lqQNJ5nCjl2MR4WhLuMwXU8LElhCpmf4TpkNhrjK2y8L+qWpdlzy17d1elamVRWh6doFN0jjx0jaroFtVRE1Ek0SN6Ri/Ok/PqvDnv89Gcs9g5RktwPr4BCsCf0w==</latexit><latexit sha1_base64="g3fMRxo4NwirTkx8c404Dygh8kg=">AAACF3icjVDLSgMxFM3UV62vqks3wSK4kDIjgl2WunFZoS9shyGT3mlDk8yQZIQy9C/cuNBfcSduXfonLk0fC1sUPBA4nHNvcnLChDNtXPfTya2tb2xu5bcLO7t7+wfFw6OWjlNFoUljHqtOSDRwJqFpmOHQSRQQEXJoh6Obqd9+AKVZLBtmnIAvyECyiFFirHTfCGoXuCfSoBYUS17ZnQH/TUpogXpQ/Or1Y5oKkIZyonXXcxPjZ0QZRjlMCr1UQ0LoiAyga6kkArSfzRJP8JlV+jiKlT3S4Jn6cyMjQuuxCO2kIGaoV72p+KsXiqWXM8koRIrQlTwmqvgZk0lqQNJ5nCjl2MR4WhLuMwXU8LElhCpmf4TpkNhrjK2y8L+qWpdlzy17d1elamVRWh6doFN0jjx0jaroFtVRE1Ek0SN6Ri/Ok/PqvDnv89Gcs9g5RktwPr4BCsCf0w==</latexit><latexit sha1_base64="g3fMRxo4NwirTkx8c404Dygh8kg=">AAACF3icjVDLSgMxFM3UV62vqks3wSK4kDIjgl2WunFZoS9shyGT3mlDk8yQZIQy9C/cuNBfcSduXfonLk0fC1sUPBA4nHNvcnLChDNtXPfTya2tb2xu5bcLO7t7+wfFw6OWjlNFoUljHqtOSDRwJqFpmOHQSRQQEXJoh6Obqd9+AKVZLBtmnIAvyECyiFFirHTfCGoXuCfSoBYUS17ZnQH/TUpogXpQ/Or1Y5oKkIZyonXXcxPjZ0QZRjlMCr1UQ0LoiAyga6kkArSfzRJP8JlV+jiKlT3S4Jn6cyMjQuuxCO2kIGaoV72p+KsXiqWXM8koRIrQlTwmqvgZk0lqQNJ5nCjl2MR4WhLuMwXU8LElhCpmf4TpkNhrjK2y8L+qWpdlzy17d1elamVRWh6doFN0jjx0jaroFtVRE1Ek0SN6Ri/Ok/PqvDnv89Gcs9g5RktwPr4BCsCf0w==</latexit>

QE
<latexit sha1_base64="CK/QSglCjpSp+HNjjC+cn5+zADM=">AAACGnicbVDLSgMxFM3UV62vqks3wSK4KjMi2GVBBJct2Ae0Q8mkd9rQJDMmGaEM/Q43LvRX3IlbN/6JSzPtLGzrgcDhnHuTkxPEnGnjut9OYWNza3unuFva2z84PCofn7R1lCgKLRrxSHUDooEzCS3DDIdurICIgEMnmNxmfucJlGaRfDDTGHxBRpKFjBJjJb8viBlTwtPmbHA3KFfcqjsHXideTiooR2NQ/ukPI5oIkIZyonXPc2Pjp0QZRjnMSv1EQ0zohIygZ6kkArSfzkPP8IVVhjiMlD3S4Ln6dyMlQuupCOxkFlKvepn4rxeIpZdTySiEitCVPCas+SmTcWJA0kWcMOHYRDjrCQ+ZAmr41BJCFbM/wnRM7DXGtlmyVXmrxayT9lXVc6te87pSr+WlFdEZOkeXyEM3qI7uUQO1EEWP6Bm9ojfnxXl3PpzPxWjByXdO0RKcr1/geKHx</latexit><latexit sha1_base64="CK/QSglCjpSp+HNjjC+cn5+zADM=">AAACGnicbVDLSgMxFM3UV62vqks3wSK4KjMi2GVBBJct2Ae0Q8mkd9rQJDMmGaEM/Q43LvRX3IlbN/6JSzPtLGzrgcDhnHuTkxPEnGnjut9OYWNza3unuFva2z84PCofn7R1lCgKLRrxSHUDooEzCS3DDIdurICIgEMnmNxmfucJlGaRfDDTGHxBRpKFjBJjJb8viBlTwtPmbHA3KFfcqjsHXideTiooR2NQ/ukPI5oIkIZyonXPc2Pjp0QZRjnMSv1EQ0zohIygZ6kkArSfzkPP8IVVhjiMlD3S4Ln6dyMlQuupCOxkFlKvepn4rxeIpZdTySiEitCVPCas+SmTcWJA0kWcMOHYRDjrCQ+ZAmr41BJCFbM/wnRM7DXGtlmyVXmrxayT9lXVc6te87pSr+WlFdEZOkeXyEM3qI7uUQO1EEWP6Bm9ojfnxXl3PpzPxWjByXdO0RKcr1/geKHx</latexit><latexit sha1_base64="CK/QSglCjpSp+HNjjC+cn5+zADM=">AAACGnicbVDLSgMxFM3UV62vqks3wSK4KjMi2GVBBJct2Ae0Q8mkd9rQJDMmGaEM/Q43LvRX3IlbN/6JSzPtLGzrgcDhnHuTkxPEnGnjut9OYWNza3unuFva2z84PCofn7R1lCgKLRrxSHUDooEzCS3DDIdurICIgEMnmNxmfucJlGaRfDDTGHxBRpKFjBJjJb8viBlTwtPmbHA3KFfcqjsHXideTiooR2NQ/ukPI5oIkIZyonXPc2Pjp0QZRjnMSv1EQ0zohIygZ6kkArSfzkPP8IVVhjiMlD3S4Ln6dyMlQuupCOxkFlKvepn4rxeIpZdTySiEitCVPCas+SmTcWJA0kWcMOHYRDjrCQ+ZAmr41BJCFbM/wnRM7DXGtlmyVXmrxayT9lXVc6te87pSr+WlFdEZOkeXyEM3qI7uUQO1EEWP6Bm9ojfnxXl3PpzPxWjByXdO0RKcr1/geKHx</latexit><latexit sha1_base64="CK/QSglCjpSp+HNjjC+cn5+zADM=">AAACGnicbVDLSgMxFM3UV62vqks3wSK4KjMi2GVBBJct2Ae0Q8mkd9rQJDMmGaEM/Q43LvRX3IlbN/6JSzPtLGzrgcDhnHuTkxPEnGnjut9OYWNza3unuFva2z84PCofn7R1lCgKLRrxSHUDooEzCS3DDIdurICIgEMnmNxmfucJlGaRfDDTGHxBRpKFjBJjJb8viBlTwtPmbHA3KFfcqjsHXideTiooR2NQ/ukPI5oIkIZyonXPc2Pjp0QZRjnMSv1EQ0zohIygZ6kkArSfzkPP8IVVhjiMlD3S4Ln6dyMlQuupCOxkFlKvepn4rxeIpZdTySiEitCVPCas+SmTcWJA0kWcMOHYRDjrCQ+ZAmr41BJCFbM/wnRM7DXGtlmyVXmrxayT9lXVc6te87pSr+WlFdEZOkeXyEM3qI7uUQO1EEWP6Bm9ojfnxXl3PpzPxWjByXdO0RKcr1/geKHx</latexit>

QN
<latexit sha1_base64="NtrDLiXVEWHBj/EKCtBc+PrFfTc=">AAACGnicbVDLSgMxFM3UV62vqks3wSK4KjMi2GXBjStpwT6gHUomvdOGJpkxyQhl6He4caG/4k7cuvFPXJppZ2FbDwQO59ybnJwg5kwb1/12ChubW9s7xd3S3v7B4VH5+KSto0RRaNGIR6obEA2cSWgZZjh0YwVEBBw6weQ28ztPoDSL5IOZxuALMpIsZJQYK/l9QcyYEp42Z4P7QbniVt058DrxclJBORqD8k9/GNFEgDSUE617nhsbPyXKMMphVuonGmJCJ2QEPUslEaD9dB56hi+sMsRhpOyRBs/VvxspEVpPRWAns5B61cvEf71ALL2cSkYhVISu5DFhzU+ZjBMDki7ihAnHJsJZT3jIFFDDp5YQqpj9EaZjYq8xts2SrcpbLWadtK+qnlv1mteVei0vrYjO0Dm6RB66QXV0hxqohSh6RM/oFb05L8678+F8LkYLTr5zipbgfP0C73Kh+g==</latexit><latexit sha1_base64="NtrDLiXVEWHBj/EKCtBc+PrFfTc=">AAACGnicbVDLSgMxFM3UV62vqks3wSK4KjMi2GXBjStpwT6gHUomvdOGJpkxyQhl6He4caG/4k7cuvFPXJppZ2FbDwQO59ybnJwg5kwb1/12ChubW9s7xd3S3v7B4VH5+KSto0RRaNGIR6obEA2cSWgZZjh0YwVEBBw6weQ28ztPoDSL5IOZxuALMpIsZJQYK/l9QcyYEp42Z4P7QbniVt058DrxclJBORqD8k9/GNFEgDSUE617nhsbPyXKMMphVuonGmJCJ2QEPUslEaD9dB56hi+sMsRhpOyRBs/VvxspEVpPRWAns5B61cvEf71ALL2cSkYhVISu5DFhzU+ZjBMDki7ihAnHJsJZT3jIFFDDp5YQqpj9EaZjYq8xts2SrcpbLWadtK+qnlv1mteVei0vrYjO0Dm6RB66QXV0hxqohSh6RM/oFb05L8678+F8LkYLTr5zipbgfP0C73Kh+g==</latexit><latexit sha1_base64="NtrDLiXVEWHBj/EKCtBc+PrFfTc=">AAACGnicbVDLSgMxFM3UV62vqks3wSK4KjMi2GXBjStpwT6gHUomvdOGJpkxyQhl6He4caG/4k7cuvFPXJppZ2FbDwQO59ybnJwg5kwb1/12ChubW9s7xd3S3v7B4VH5+KSto0RRaNGIR6obEA2cSWgZZjh0YwVEBBw6weQ28ztPoDSL5IOZxuALMpIsZJQYK/l9QcyYEp42Z4P7QbniVt058DrxclJBORqD8k9/GNFEgDSUE617nhsbPyXKMMphVuonGmJCJ2QEPUslEaD9dB56hi+sMsRhpOyRBs/VvxspEVpPRWAns5B61cvEf71ALL2cSkYhVISu5DFhzU+ZjBMDki7ihAnHJsJZT3jIFFDDp5YQqpj9EaZjYq8xts2SrcpbLWadtK+qnlv1mteVei0vrYjO0Dm6RB66QXV0hxqohSh6RM/oFb05L8678+F8LkYLTr5zipbgfP0C73Kh+g==</latexit><latexit sha1_base64="NtrDLiXVEWHBj/EKCtBc+PrFfTc=">AAACGnicbVDLSgMxFM3UV62vqks3wSK4KjMi2GXBjStpwT6gHUomvdOGJpkxyQhl6He4caG/4k7cuvFPXJppZ2FbDwQO59ybnJwg5kwb1/12ChubW9s7xd3S3v7B4VH5+KSto0RRaNGIR6obEA2cSWgZZjh0YwVEBBw6weQ28ztPoDSL5IOZxuALMpIsZJQYK/l9QcyYEp42Z4P7QbniVt058DrxclJBORqD8k9/GNFEgDSUE617nhsbPyXKMMphVuonGmJCJ2QEPUslEaD9dB56hi+sMsRhpOyRBs/VvxspEVpPRWAns5B61cvEf71ALL2cSkYhVISu5DFhzU+ZjBMDki7ihAnHJsJZT3jIFFDDp5YQqpj9EaZjYq8xts2SrcpbLWadtK+qnlv1mteVei0vrYjO0Dm6RB66QXV0hxqohSh6RM/oFb05L8678+F8LkYLTr5zipbgfP0C73Kh+g==</latexit>
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TURs - Thermodynamics of Precision

TA, µA
<latexit sha1_base64="FRguHQM5ehTyT2A5lGnhHE0ENO4=">AAACF3icjVDLSgMxFM3UV62vqks3wSK4kDIjgl22uHFZoS9shyGT3mlDk8yQZIQy9C/cuNBfcSduXfonLk0fC1sUPBA4nHNvcnLChDNtXPfTya2tb2xu5bcLO7t7+wfFw6OWjlNFoUljHqtOSDRwJqFpmOHQSRQQEXJoh6Obqd9+AKVZLBtmnIAvyECyiFFirHTfCGoXuCfSoBYUS17ZnQH/TUpogXpQ/Or1Y5oKkIZyonXXcxPjZ0QZRjlMCr1UQ0LoiAyga6kkArSfzRJP8JlV+jiKlT3S4Jn6cyMjQuuxCO2kIGaoV72p+KsXiqWXM8koRIrQlTwmqvgZk0lqQNJ5nCjl2MR4WhLuMwXU8LElhCpmf4TpkNhrjK2y8L+qWpdlzy17d1elamVRWh6doFN0jjx0jaroFtVRE1Ek0SN6Ri/Ok/PqvDnv89Gcs9g5RktwPr4BB2Wf0Q==</latexit><latexit sha1_base64="FRguHQM5ehTyT2A5lGnhHE0ENO4=">AAACF3icjVDLSgMxFM3UV62vqks3wSK4kDIjgl22uHFZoS9shyGT3mlDk8yQZIQy9C/cuNBfcSduXfonLk0fC1sUPBA4nHNvcnLChDNtXPfTya2tb2xu5bcLO7t7+wfFw6OWjlNFoUljHqtOSDRwJqFpmOHQSRQQEXJoh6Obqd9+AKVZLBtmnIAvyECyiFFirHTfCGoXuCfSoBYUS17ZnQH/TUpogXpQ/Or1Y5oKkIZyonXXcxPjZ0QZRjlMCr1UQ0LoiAyga6kkArSfzRJP8JlV+jiKlT3S4Jn6cyMjQuuxCO2kIGaoV72p+KsXiqWXM8koRIrQlTwmqvgZk0lqQNJ5nCjl2MR4WhLuMwXU8LElhCpmf4TpkNhrjK2y8L+qWpdlzy17d1elamVRWh6doFN0jjx0jaroFtVRE1Ek0SN6Ri/Ok/PqvDnv89Gcs9g5RktwPr4BB2Wf0Q==</latexit><latexit sha1_base64="FRguHQM5ehTyT2A5lGnhHE0ENO4=">AAACF3icjVDLSgMxFM3UV62vqks3wSK4kDIjgl22uHFZoS9shyGT3mlDk8yQZIQy9C/cuNBfcSduXfonLk0fC1sUPBA4nHNvcnLChDNtXPfTya2tb2xu5bcLO7t7+wfFw6OWjlNFoUljHqtOSDRwJqFpmOHQSRQQEXJoh6Obqd9+AKVZLBtmnIAvyECyiFFirHTfCGoXuCfSoBYUS17ZnQH/TUpogXpQ/Or1Y5oKkIZyonXXcxPjZ0QZRjlMCr1UQ0LoiAyga6kkArSfzRJP8JlV+jiKlT3S4Jn6cyMjQuuxCO2kIGaoV72p+KsXiqWXM8koRIrQlTwmqvgZk0lqQNJ5nCjl2MR4WhLuMwXU8LElhCpmf4TpkNhrjK2y8L+qWpdlzy17d1elamVRWh6doFN0jjx0jaroFtVRE1Ek0SN6Ri/Ok/PqvDnv89Gcs9g5RktwPr4BB2Wf0Q==</latexit><latexit sha1_base64="FRguHQM5ehTyT2A5lGnhHE0ENO4=">AAACF3icjVDLSgMxFM3UV62vqks3wSK4kDIjgl22uHFZoS9shyGT3mlDk8yQZIQy9C/cuNBfcSduXfonLk0fC1sUPBA4nHNvcnLChDNtXPfTya2tb2xu5bcLO7t7+wfFw6OWjlNFoUljHqtOSDRwJqFpmOHQSRQQEXJoh6Obqd9+AKVZLBtmnIAvyECyiFFirHTfCGoXuCfSoBYUS17ZnQH/TUpogXpQ/Or1Y5oKkIZyonXXcxPjZ0QZRjlMCr1UQ0LoiAyga6kkArSfzRJP8JlV+jiKlT3S4Jn6cyMjQuuxCO2kIGaoV72p+KsXiqWXM8koRIrQlTwmqvgZk0lqQNJ5nCjl2MR4WhLuMwXU8LElhCpmf4TpkNhrjK2y8L+qWpdlzy17d1elamVRWh6doFN0jjx0jaroFtVRE1Ek0SN6Ri/Ok/PqvDnv89Gcs9g5RktwPr4BB2Wf0Q==</latexit>

TB , µB
<latexit sha1_base64="g3fMRxo4NwirTkx8c404Dygh8kg=">AAACF3icjVDLSgMxFM3UV62vqks3wSK4kDIjgl2WunFZoS9shyGT3mlDk8yQZIQy9C/cuNBfcSduXfonLk0fC1sUPBA4nHNvcnLChDNtXPfTya2tb2xu5bcLO7t7+wfFw6OWjlNFoUljHqtOSDRwJqFpmOHQSRQQEXJoh6Obqd9+AKVZLBtmnIAvyECyiFFirHTfCGoXuCfSoBYUS17ZnQH/TUpogXpQ/Or1Y5oKkIZyonXXcxPjZ0QZRjlMCr1UQ0LoiAyga6kkArSfzRJP8JlV+jiKlT3S4Jn6cyMjQuuxCO2kIGaoV72p+KsXiqWXM8koRIrQlTwmqvgZk0lqQNJ5nCjl2MR4WhLuMwXU8LElhCpmf4TpkNhrjK2y8L+qWpdlzy17d1elamVRWh6doFN0jjx0jaroFtVRE1Ek0SN6Ri/Ok/PqvDnv89Gcs9g5RktwPr4BCsCf0w==</latexit><latexit sha1_base64="g3fMRxo4NwirTkx8c404Dygh8kg=">AAACF3icjVDLSgMxFM3UV62vqks3wSK4kDIjgl2WunFZoS9shyGT3mlDk8yQZIQy9C/cuNBfcSduXfonLk0fC1sUPBA4nHNvcnLChDNtXPfTya2tb2xu5bcLO7t7+wfFw6OWjlNFoUljHqtOSDRwJqFpmOHQSRQQEXJoh6Obqd9+AKVZLBtmnIAvyECyiFFirHTfCGoXuCfSoBYUS17ZnQH/TUpogXpQ/Or1Y5oKkIZyonXXcxPjZ0QZRjlMCr1UQ0LoiAyga6kkArSfzRJP8JlV+jiKlT3S4Jn6cyMjQuuxCO2kIGaoV72p+KsXiqWXM8koRIrQlTwmqvgZk0lqQNJ5nCjl2MR4WhLuMwXU8LElhCpmf4TpkNhrjK2y8L+qWpdlzy17d1elamVRWh6doFN0jjx0jaroFtVRE1Ek0SN6Ri/Ok/PqvDnv89Gcs9g5RktwPr4BCsCf0w==</latexit><latexit sha1_base64="g3fMRxo4NwirTkx8c404Dygh8kg=">AAACF3icjVDLSgMxFM3UV62vqks3wSK4kDIjgl2WunFZoS9shyGT3mlDk8yQZIQy9C/cuNBfcSduXfonLk0fC1sUPBA4nHNvcnLChDNtXPfTya2tb2xu5bcLO7t7+wfFw6OWjlNFoUljHqtOSDRwJqFpmOHQSRQQEXJoh6Obqd9+AKVZLBtmnIAvyECyiFFirHTfCGoXuCfSoBYUS17ZnQH/TUpogXpQ/Or1Y5oKkIZyonXXcxPjZ0QZRjlMCr1UQ0LoiAyga6kkArSfzRJP8JlV+jiKlT3S4Jn6cyMjQuuxCO2kIGaoV72p+KsXiqWXM8koRIrQlTwmqvgZk0lqQNJ5nCjl2MR4WhLuMwXU8LElhCpmf4TpkNhrjK2y8L+qWpdlzy17d1elamVRWh6doFN0jjx0jaroFtVRE1Ek0SN6Ri/Ok/PqvDnv89Gcs9g5RktwPr4BCsCf0w==</latexit><latexit sha1_base64="g3fMRxo4NwirTkx8c404Dygh8kg=">AAACF3icjVDLSgMxFM3UV62vqks3wSK4kDIjgl2WunFZoS9shyGT3mlDk8yQZIQy9C/cuNBfcSduXfonLk0fC1sUPBA4nHNvcnLChDNtXPfTya2tb2xu5bcLO7t7+wfFw6OWjlNFoUljHqtOSDRwJqFpmOHQSRQQEXJoh6Obqd9+AKVZLBtmnIAvyECyiFFirHTfCGoXuCfSoBYUS17ZnQH/TUpogXpQ/Or1Y5oKkIZyonXXcxPjZ0QZRjlMCr1UQ0LoiAyga6kkArSfzRJP8JlV+jiKlT3S4Jn6cyMjQuuxCO2kIGaoV72p+KsXiqWXM8koRIrQlTwmqvgZk0lqQNJ5nCjl2MR4WhLuMwXU8LElhCpmf4TpkNhrjK2y8L+qWpdlzy17d1elamVRWh6doFN0jjx0jaroFtVRE1Ek0SN6Ri/Ok/PqvDnv89Gcs9g5RktwPr4BCsCf0w==</latexit>

QE
<latexit sha1_base64="CK/QSglCjpSp+HNjjC+cn5+zADM=">AAACGnicbVDLSgMxFM3UV62vqks3wSK4KjMi2GVBBJct2Ae0Q8mkd9rQJDMmGaEM/Q43LvRX3IlbN/6JSzPtLGzrgcDhnHuTkxPEnGnjut9OYWNza3unuFva2z84PCofn7R1lCgKLRrxSHUDooEzCS3DDIdurICIgEMnmNxmfucJlGaRfDDTGHxBRpKFjBJjJb8viBlTwtPmbHA3KFfcqjsHXideTiooR2NQ/ukPI5oIkIZyonXPc2Pjp0QZRjnMSv1EQ0zohIygZ6kkArSfzkPP8IVVhjiMlD3S4Ln6dyMlQuupCOxkFlKvepn4rxeIpZdTySiEitCVPCas+SmTcWJA0kWcMOHYRDjrCQ+ZAmr41BJCFbM/wnRM7DXGtlmyVXmrxayT9lXVc6te87pSr+WlFdEZOkeXyEM3qI7uUQO1EEWP6Bm9ojfnxXl3PpzPxWjByXdO0RKcr1/geKHx</latexit><latexit sha1_base64="CK/QSglCjpSp+HNjjC+cn5+zADM=">AAACGnicbVDLSgMxFM3UV62vqks3wSK4KjMi2GVBBJct2Ae0Q8mkd9rQJDMmGaEM/Q43LvRX3IlbN/6JSzPtLGzrgcDhnHuTkxPEnGnjut9OYWNza3unuFva2z84PCofn7R1lCgKLRrxSHUDooEzCS3DDIdurICIgEMnmNxmfucJlGaRfDDTGHxBRpKFjBJjJb8viBlTwtPmbHA3KFfcqjsHXideTiooR2NQ/ukPI5oIkIZyonXPc2Pjp0QZRjnMSv1EQ0zohIygZ6kkArSfzkPP8IVVhjiMlD3S4Ln6dyMlQuupCOxkFlKvepn4rxeIpZdTySiEitCVPCas+SmTcWJA0kWcMOHYRDjrCQ+ZAmr41BJCFbM/wnRM7DXGtlmyVXmrxayT9lXVc6te87pSr+WlFdEZOkeXyEM3qI7uUQO1EEWP6Bm9ojfnxXl3PpzPxWjByXdO0RKcr1/geKHx</latexit><latexit sha1_base64="CK/QSglCjpSp+HNjjC+cn5+zADM=">AAACGnicbVDLSgMxFM3UV62vqks3wSK4KjMi2GVBBJct2Ae0Q8mkd9rQJDMmGaEM/Q43LvRX3IlbN/6JSzPtLGzrgcDhnHuTkxPEnGnjut9OYWNza3unuFva2z84PCofn7R1lCgKLRrxSHUDooEzCS3DDIdurICIgEMnmNxmfucJlGaRfDDTGHxBRpKFjBJjJb8viBlTwtPmbHA3KFfcqjsHXideTiooR2NQ/ukPI5oIkIZyonXPc2Pjp0QZRjnMSv1EQ0zohIygZ6kkArSfzkPP8IVVhjiMlD3S4Ln6dyMlQuupCOxkFlKvepn4rxeIpZdTySiEitCVPCas+SmTcWJA0kWcMOHYRDjrCQ+ZAmr41BJCFbM/wnRM7DXGtlmyVXmrxayT9lXVc6te87pSr+WlFdEZOkeXyEM3qI7uUQO1EEWP6Bm9ojfnxXl3PpzPxWjByXdO0RKcr1/geKHx</latexit><latexit sha1_base64="CK/QSglCjpSp+HNjjC+cn5+zADM=">AAACGnicbVDLSgMxFM3UV62vqks3wSK4KjMi2GVBBJct2Ae0Q8mkd9rQJDMmGaEM/Q43LvRX3IlbN/6JSzPtLGzrgcDhnHuTkxPEnGnjut9OYWNza3unuFva2z84PCofn7R1lCgKLRrxSHUDooEzCS3DDIdurICIgEMnmNxmfucJlGaRfDDTGHxBRpKFjBJjJb8viBlTwtPmbHA3KFfcqjsHXideTiooR2NQ/ukPI5oIkIZyonXPc2Pjp0QZRjnMSv1EQ0zohIygZ6kkArSfzkPP8IVVhjiMlD3S4Ln6dyMlQuupCOxkFlKvepn4rxeIpZdTySiEitCVPCas+SmTcWJA0kWcMOHYRDjrCQ+ZAmr41BJCFbM/wnRM7DXGtlmyVXmrxayT9lXVc6te87pSr+WlFdEZOkeXyEM3qI7uUQO1EEWP6Bm9ojfnxXl3PpzPxWjByXdO0RKcr1/geKHx</latexit>

QN
<latexit sha1_base64="NtrDLiXVEWHBj/EKCtBc+PrFfTc=">AAACGnicbVDLSgMxFM3UV62vqks3wSK4KjMi2GXBjStpwT6gHUomvdOGJpkxyQhl6He4caG/4k7cuvFPXJppZ2FbDwQO59ybnJwg5kwb1/12ChubW9s7xd3S3v7B4VH5+KSto0RRaNGIR6obEA2cSWgZZjh0YwVEBBw6weQ28ztPoDSL5IOZxuALMpIsZJQYK/l9QcyYEp42Z4P7QbniVt058DrxclJBORqD8k9/GNFEgDSUE617nhsbPyXKMMphVuonGmJCJ2QEPUslEaD9dB56hi+sMsRhpOyRBs/VvxspEVpPRWAns5B61cvEf71ALL2cSkYhVISu5DFhzU+ZjBMDki7ihAnHJsJZT3jIFFDDp5YQqpj9EaZjYq8xts2SrcpbLWadtK+qnlv1mteVei0vrYjO0Dm6RB66QXV0hxqohSh6RM/oFb05L8678+F8LkYLTr5zipbgfP0C73Kh+g==</latexit><latexit sha1_base64="NtrDLiXVEWHBj/EKCtBc+PrFfTc=">AAACGnicbVDLSgMxFM3UV62vqks3wSK4KjMi2GXBjStpwT6gHUomvdOGJpkxyQhl6He4caG/4k7cuvFPXJppZ2FbDwQO59ybnJwg5kwb1/12ChubW9s7xd3S3v7B4VH5+KSto0RRaNGIR6obEA2cSWgZZjh0YwVEBBw6weQ28ztPoDSL5IOZxuALMpIsZJQYK/l9QcyYEp42Z4P7QbniVt058DrxclJBORqD8k9/GNFEgDSUE617nhsbPyXKMMphVuonGmJCJ2QEPUslEaD9dB56hi+sMsRhpOyRBs/VvxspEVpPRWAns5B61cvEf71ALL2cSkYhVISu5DFhzU+ZjBMDki7ihAnHJsJZT3jIFFDDp5YQqpj9EaZjYq8xts2SrcpbLWadtK+qnlv1mteVei0vrYjO0Dm6RB66QXV0hxqohSh6RM/oFb05L8678+F8LkYLTr5zipbgfP0C73Kh+g==</latexit><latexit sha1_base64="NtrDLiXVEWHBj/EKCtBc+PrFfTc=">AAACGnicbVDLSgMxFM3UV62vqks3wSK4KjMi2GXBjStpwT6gHUomvdOGJpkxyQhl6He4caG/4k7cuvFPXJppZ2FbDwQO59ybnJwg5kwb1/12ChubW9s7xd3S3v7B4VH5+KSto0RRaNGIR6obEA2cSWgZZjh0YwVEBBw6weQ28ztPoDSL5IOZxuALMpIsZJQYK/l9QcyYEp42Z4P7QbniVt058DrxclJBORqD8k9/GNFEgDSUE617nhsbPyXKMMphVuonGmJCJ2QEPUslEaD9dB56hi+sMsRhpOyRBs/VvxspEVpPRWAns5B61cvEf71ALL2cSkYhVISu5DFhzU+ZjBMDki7ihAnHJsJZT3jIFFDDp5YQqpj9EaZjYq8xts2SrcpbLWadtK+qnlv1mteVei0vrYjO0Dm6RB66QXV0hxqohSh6RM/oFb05L8678+F8LkYLTr5zipbgfP0C73Kh+g==</latexit><latexit sha1_base64="NtrDLiXVEWHBj/EKCtBc+PrFfTc=">AAACGnicbVDLSgMxFM3UV62vqks3wSK4KjMi2GXBjStpwT6gHUomvdOGJpkxyQhl6He4caG/4k7cuvFPXJppZ2FbDwQO59ybnJwg5kwb1/12ChubW9s7xd3S3v7B4VH5+KSto0RRaNGIR6obEA2cSWgZZjh0YwVEBBw6weQ28ztPoDSL5IOZxuALMpIsZJQYK/l9QcyYEp42Z4P7QbniVt058DrxclJBORqD8k9/GNFEgDSUE617nhsbPyXKMMphVuonGmJCJ2QEPUslEaD9dB56hi+sMsRhpOyRBs/VvxspEVpPRWAns5B61cvEf71ALL2cSkYhVISu5DFhzU+ZjBMDki7ihAnHJsJZT3jIFFDDp5YQqpj9EaZjYq8xts2SrcpbLWadtK+qnlv1mteVei0vrYjO0Dm6RB66QXV0hxqohSh6RM/oFb05L8678+F8LkYLTr5zipbgfP0C73Kh+g==</latexit>
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A. C. Barato, U. Seifert, “Thermodynamic Uncertainty Relation for Biomolecular Processes”, 
Physical Review Letters, 114, 158101 (2015)

var(Q)

hQi2 � 2

h⌃i
<latexit sha1_base64="OBZ99n17aysDZ4Uep+UtHElhdSE="></latexit><latexit sha1_base64="OBZ99n17aysDZ4Uep+UtHElhdSE="></latexit><latexit sha1_base64="OBZ99n17aysDZ4Uep+UtHElhdSE="></latexit><latexit sha1_base64="OBZ99n17aysDZ4Uep+UtHElhdSE="></latexit>



TURs - Thermodynamics of Precision

TA, µA
<latexit sha1_base64="FRguHQM5ehTyT2A5lGnhHE0ENO4=">AAACF3icjVDLSgMxFM3UV62vqks3wSK4kDIjgl22uHFZoS9shyGT3mlDk8yQZIQy9C/cuNBfcSduXfonLk0fC1sUPBA4nHNvcnLChDNtXPfTya2tb2xu5bcLO7t7+wfFw6OWjlNFoUljHqtOSDRwJqFpmOHQSRQQEXJoh6Obqd9+AKVZLBtmnIAvyECyiFFirHTfCGoXuCfSoBYUS17ZnQH/TUpogXpQ/Or1Y5oKkIZyonXXcxPjZ0QZRjlMCr1UQ0LoiAyga6kkArSfzRJP8JlV+jiKlT3S4Jn6cyMjQuuxCO2kIGaoV72p+KsXiqWXM8koRIrQlTwmqvgZk0lqQNJ5nCjl2MR4WhLuMwXU8LElhCpmf4TpkNhrjK2y8L+qWpdlzy17d1elamVRWh6doFN0jjx0jaroFtVRE1Ek0SN6Ri/Ok/PqvDnv89Gcs9g5RktwPr4BB2Wf0Q==</latexit><latexit sha1_base64="FRguHQM5ehTyT2A5lGnhHE0ENO4=">AAACF3icjVDLSgMxFM3UV62vqks3wSK4kDIjgl22uHFZoS9shyGT3mlDk8yQZIQy9C/cuNBfcSduXfonLk0fC1sUPBA4nHNvcnLChDNtXPfTya2tb2xu5bcLO7t7+wfFw6OWjlNFoUljHqtOSDRwJqFpmOHQSRQQEXJoh6Obqd9+AKVZLBtmnIAvyECyiFFirHTfCGoXuCfSoBYUS17ZnQH/TUpogXpQ/Or1Y5oKkIZyonXXcxPjZ0QZRjlMCr1UQ0LoiAyga6kkArSfzRJP8JlV+jiKlT3S4Jn6cyMjQuuxCO2kIGaoV72p+KsXiqWXM8koRIrQlTwmqvgZk0lqQNJ5nCjl2MR4WhLuMwXU8LElhCpmf4TpkNhrjK2y8L+qWpdlzy17d1elamVRWh6doFN0jjx0jaroFtVRE1Ek0SN6Ri/Ok/PqvDnv89Gcs9g5RktwPr4BB2Wf0Q==</latexit><latexit sha1_base64="FRguHQM5ehTyT2A5lGnhHE0ENO4=">AAACF3icjVDLSgMxFM3UV62vqks3wSK4kDIjgl22uHFZoS9shyGT3mlDk8yQZIQy9C/cuNBfcSduXfonLk0fC1sUPBA4nHNvcnLChDNtXPfTya2tb2xu5bcLO7t7+wfFw6OWjlNFoUljHqtOSDRwJqFpmOHQSRQQEXJoh6Obqd9+AKVZLBtmnIAvyECyiFFirHTfCGoXuCfSoBYUS17ZnQH/TUpogXpQ/Or1Y5oKkIZyonXXcxPjZ0QZRjlMCr1UQ0LoiAyga6kkArSfzRJP8JlV+jiKlT3S4Jn6cyMjQuuxCO2kIGaoV72p+KsXiqWXM8koRIrQlTwmqvgZk0lqQNJ5nCjl2MR4WhLuMwXU8LElhCpmf4TpkNhrjK2y8L+qWpdlzy17d1elamVRWh6doFN0jjx0jaroFtVRE1Ek0SN6Ri/Ok/PqvDnv89Gcs9g5RktwPr4BB2Wf0Q==</latexit><latexit sha1_base64="FRguHQM5ehTyT2A5lGnhHE0ENO4=">AAACF3icjVDLSgMxFM3UV62vqks3wSK4kDIjgl22uHFZoS9shyGT3mlDk8yQZIQy9C/cuNBfcSduXfonLk0fC1sUPBA4nHNvcnLChDNtXPfTya2tb2xu5bcLO7t7+wfFw6OWjlNFoUljHqtOSDRwJqFpmOHQSRQQEXJoh6Obqd9+AKVZLBtmnIAvyECyiFFirHTfCGoXuCfSoBYUS17ZnQH/TUpogXpQ/Or1Y5oKkIZyonXXcxPjZ0QZRjlMCr1UQ0LoiAyga6kkArSfzRJP8JlV+jiKlT3S4Jn6cyMjQuuxCO2kIGaoV72p+KsXiqWXM8koRIrQlTwmqvgZk0lqQNJ5nCjl2MR4WhLuMwXU8LElhCpmf4TpkNhrjK2y8L+qWpdlzy17d1elamVRWh6doFN0jjx0jaroFtVRE1Ek0SN6Ri/Ok/PqvDnv89Gcs9g5RktwPr4BB2Wf0Q==</latexit>

TB , µB
<latexit sha1_base64="g3fMRxo4NwirTkx8c404Dygh8kg=">AAACF3icjVDLSgMxFM3UV62vqks3wSK4kDIjgl2WunFZoS9shyGT3mlDk8yQZIQy9C/cuNBfcSduXfonLk0fC1sUPBA4nHNvcnLChDNtXPfTya2tb2xu5bcLO7t7+wfFw6OWjlNFoUljHqtOSDRwJqFpmOHQSRQQEXJoh6Obqd9+AKVZLBtmnIAvyECyiFFirHTfCGoXuCfSoBYUS17ZnQH/TUpogXpQ/Or1Y5oKkIZyonXXcxPjZ0QZRjlMCr1UQ0LoiAyga6kkArSfzRJP8JlV+jiKlT3S4Jn6cyMjQuuxCO2kIGaoV72p+KsXiqWXM8koRIrQlTwmqvgZk0lqQNJ5nCjl2MR4WhLuMwXU8LElhCpmf4TpkNhrjK2y8L+qWpdlzy17d1elamVRWh6doFN0jjx0jaroFtVRE1Ek0SN6Ri/Ok/PqvDnv89Gcs9g5RktwPr4BCsCf0w==</latexit><latexit sha1_base64="g3fMRxo4NwirTkx8c404Dygh8kg=">AAACF3icjVDLSgMxFM3UV62vqks3wSK4kDIjgl2WunFZoS9shyGT3mlDk8yQZIQy9C/cuNBfcSduXfonLk0fC1sUPBA4nHNvcnLChDNtXPfTya2tb2xu5bcLO7t7+wfFw6OWjlNFoUljHqtOSDRwJqFpmOHQSRQQEXJoh6Obqd9+AKVZLBtmnIAvyECyiFFirHTfCGoXuCfSoBYUS17ZnQH/TUpogXpQ/Or1Y5oKkIZyonXXcxPjZ0QZRjlMCr1UQ0LoiAyga6kkArSfzRJP8JlV+jiKlT3S4Jn6cyMjQuuxCO2kIGaoV72p+KsXiqWXM8koRIrQlTwmqvgZk0lqQNJ5nCjl2MR4WhLuMwXU8LElhCpmf4TpkNhrjK2y8L+qWpdlzy17d1elamVRWh6doFN0jjx0jaroFtVRE1Ek0SN6Ri/Ok/PqvDnv89Gcs9g5RktwPr4BCsCf0w==</latexit><latexit sha1_base64="g3fMRxo4NwirTkx8c404Dygh8kg=">AAACF3icjVDLSgMxFM3UV62vqks3wSK4kDIjgl2WunFZoS9shyGT3mlDk8yQZIQy9C/cuNBfcSduXfonLk0fC1sUPBA4nHNvcnLChDNtXPfTya2tb2xu5bcLO7t7+wfFw6OWjlNFoUljHqtOSDRwJqFpmOHQSRQQEXJoh6Obqd9+AKVZLBtmnIAvyECyiFFirHTfCGoXuCfSoBYUS17ZnQH/TUpogXpQ/Or1Y5oKkIZyonXXcxPjZ0QZRjlMCr1UQ0LoiAyga6kkArSfzRJP8JlV+jiKlT3S4Jn6cyMjQuuxCO2kIGaoV72p+KsXiqWXM8koRIrQlTwmqvgZk0lqQNJ5nCjl2MR4WhLuMwXU8LElhCpmf4TpkNhrjK2y8L+qWpdlzy17d1elamVRWh6doFN0jjx0jaroFtVRE1Ek0SN6Ri/Ok/PqvDnv89Gcs9g5RktwPr4BCsCf0w==</latexit><latexit sha1_base64="g3fMRxo4NwirTkx8c404Dygh8kg=">AAACF3icjVDLSgMxFM3UV62vqks3wSK4kDIjgl2WunFZoS9shyGT3mlDk8yQZIQy9C/cuNBfcSduXfonLk0fC1sUPBA4nHNvcnLChDNtXPfTya2tb2xu5bcLO7t7+wfFw6OWjlNFoUljHqtOSDRwJqFpmOHQSRQQEXJoh6Obqd9+AKVZLBtmnIAvyECyiFFirHTfCGoXuCfSoBYUS17ZnQH/TUpogXpQ/Or1Y5oKkIZyonXXcxPjZ0QZRjlMCr1UQ0LoiAyga6kkArSfzRJP8JlV+jiKlT3S4Jn6cyMjQuuxCO2kIGaoV72p+KsXiqWXM8koRIrQlTwmqvgZk0lqQNJ5nCjl2MR4WhLuMwXU8LElhCpmf4TpkNhrjK2y8L+qWpdlzy17d1elamVRWh6doFN0jjx0jaroFtVRE1Ek0SN6Ri/Ok/PqvDnv89Gcs9g5RktwPr4BCsCf0w==</latexit>

QE
<latexit sha1_base64="CK/QSglCjpSp+HNjjC+cn5+zADM=">AAACGnicbVDLSgMxFM3UV62vqks3wSK4KjMi2GVBBJct2Ae0Q8mkd9rQJDMmGaEM/Q43LvRX3IlbN/6JSzPtLGzrgcDhnHuTkxPEnGnjut9OYWNza3unuFva2z84PCofn7R1lCgKLRrxSHUDooEzCS3DDIdurICIgEMnmNxmfucJlGaRfDDTGHxBRpKFjBJjJb8viBlTwtPmbHA3KFfcqjsHXideTiooR2NQ/ukPI5oIkIZyonXPc2Pjp0QZRjnMSv1EQ0zohIygZ6kkArSfzkPP8IVVhjiMlD3S4Ln6dyMlQuupCOxkFlKvepn4rxeIpZdTySiEitCVPCas+SmTcWJA0kWcMOHYRDjrCQ+ZAmr41BJCFbM/wnRM7DXGtlmyVXmrxayT9lXVc6te87pSr+WlFdEZOkeXyEM3qI7uUQO1EEWP6Bm9ojfnxXl3PpzPxWjByXdO0RKcr1/geKHx</latexit><latexit sha1_base64="CK/QSglCjpSp+HNjjC+cn5+zADM=">AAACGnicbVDLSgMxFM3UV62vqks3wSK4KjMi2GVBBJct2Ae0Q8mkd9rQJDMmGaEM/Q43LvRX3IlbN/6JSzPtLGzrgcDhnHuTkxPEnGnjut9OYWNza3unuFva2z84PCofn7R1lCgKLRrxSHUDooEzCS3DDIdurICIgEMnmNxmfucJlGaRfDDTGHxBRpKFjBJjJb8viBlTwtPmbHA3KFfcqjsHXideTiooR2NQ/ukPI5oIkIZyonXPc2Pjp0QZRjnMSv1EQ0zohIygZ6kkArSfzkPP8IVVhjiMlD3S4Ln6dyMlQuupCOxkFlKvepn4rxeIpZdTySiEitCVPCas+SmTcWJA0kWcMOHYRDjrCQ+ZAmr41BJCFbM/wnRM7DXGtlmyVXmrxayT9lXVc6te87pSr+WlFdEZOkeXyEM3qI7uUQO1EEWP6Bm9ojfnxXl3PpzPxWjByXdO0RKcr1/geKHx</latexit><latexit sha1_base64="CK/QSglCjpSp+HNjjC+cn5+zADM=">AAACGnicbVDLSgMxFM3UV62vqks3wSK4KjMi2GVBBJct2Ae0Q8mkd9rQJDMmGaEM/Q43LvRX3IlbN/6JSzPtLGzrgcDhnHuTkxPEnGnjut9OYWNza3unuFva2z84PCofn7R1lCgKLRrxSHUDooEzCS3DDIdurICIgEMnmNxmfucJlGaRfDDTGHxBRpKFjBJjJb8viBlTwtPmbHA3KFfcqjsHXideTiooR2NQ/ukPI5oIkIZyonXPc2Pjp0QZRjnMSv1EQ0zohIygZ6kkArSfzkPP8IVVhjiMlD3S4Ln6dyMlQuupCOxkFlKvepn4rxeIpZdTySiEitCVPCas+SmTcWJA0kWcMOHYRDjrCQ+ZAmr41BJCFbM/wnRM7DXGtlmyVXmrxayT9lXVc6te87pSr+WlFdEZOkeXyEM3qI7uUQO1EEWP6Bm9ojfnxXl3PpzPxWjByXdO0RKcr1/geKHx</latexit><latexit sha1_base64="CK/QSglCjpSp+HNjjC+cn5+zADM=">AAACGnicbVDLSgMxFM3UV62vqks3wSK4KjMi2GVBBJct2Ae0Q8mkd9rQJDMmGaEM/Q43LvRX3IlbN/6JSzPtLGzrgcDhnHuTkxPEnGnjut9OYWNza3unuFva2z84PCofn7R1lCgKLRrxSHUDooEzCS3DDIdurICIgEMnmNxmfucJlGaRfDDTGHxBRpKFjBJjJb8viBlTwtPmbHA3KFfcqjsHXideTiooR2NQ/ukPI5oIkIZyonXPc2Pjp0QZRjnMSv1EQ0zohIygZ6kkArSfzkPP8IVVhjiMlD3S4Ln6dyMlQuupCOxkFlKvepn4rxeIpZdTySiEitCVPCas+SmTcWJA0kWcMOHYRDjrCQ+ZAmr41BJCFbM/wnRM7DXGtlmyVXmrxayT9lXVc6te87pSr+WlFdEZOkeXyEM3qI7uUQO1EEWP6Bm9ojfnxXl3PpzPxWjByXdO0RKcr1/geKHx</latexit>

QN
<latexit sha1_base64="NtrDLiXVEWHBj/EKCtBc+PrFfTc=">AAACGnicbVDLSgMxFM3UV62vqks3wSK4KjMi2GXBjStpwT6gHUomvdOGJpkxyQhl6He4caG/4k7cuvFPXJppZ2FbDwQO59ybnJwg5kwb1/12ChubW9s7xd3S3v7B4VH5+KSto0RRaNGIR6obEA2cSWgZZjh0YwVEBBw6weQ28ztPoDSL5IOZxuALMpIsZJQYK/l9QcyYEp42Z4P7QbniVt058DrxclJBORqD8k9/GNFEgDSUE617nhsbPyXKMMphVuonGmJCJ2QEPUslEaD9dB56hi+sMsRhpOyRBs/VvxspEVpPRWAns5B61cvEf71ALL2cSkYhVISu5DFhzU+ZjBMDki7ihAnHJsJZT3jIFFDDp5YQqpj9EaZjYq8xts2SrcpbLWadtK+qnlv1mteVei0vrYjO0Dm6RB66QXV0hxqohSh6RM/oFb05L8678+F8LkYLTr5zipbgfP0C73Kh+g==</latexit><latexit sha1_base64="NtrDLiXVEWHBj/EKCtBc+PrFfTc=">AAACGnicbVDLSgMxFM3UV62vqks3wSK4KjMi2GXBjStpwT6gHUomvdOGJpkxyQhl6He4caG/4k7cuvFPXJppZ2FbDwQO59ybnJwg5kwb1/12ChubW9s7xd3S3v7B4VH5+KSto0RRaNGIR6obEA2cSWgZZjh0YwVEBBw6weQ28ztPoDSL5IOZxuALMpIsZJQYK/l9QcyYEp42Z4P7QbniVt058DrxclJBORqD8k9/GNFEgDSUE617nhsbPyXKMMphVuonGmJCJ2QEPUslEaD9dB56hi+sMsRhpOyRBs/VvxspEVpPRWAns5B61cvEf71ALL2cSkYhVISu5DFhzU+ZjBMDki7ihAnHJsJZT3jIFFDDp5YQqpj9EaZjYq8xts2SrcpbLWadtK+qnlv1mteVei0vrYjO0Dm6RB66QXV0hxqohSh6RM/oFb05L8678+F8LkYLTr5zipbgfP0C73Kh+g==</latexit><latexit sha1_base64="NtrDLiXVEWHBj/EKCtBc+PrFfTc=">AAACGnicbVDLSgMxFM3UV62vqks3wSK4KjMi2GXBjStpwT6gHUomvdOGJpkxyQhl6He4caG/4k7cuvFPXJppZ2FbDwQO59ybnJwg5kwb1/12ChubW9s7xd3S3v7B4VH5+KSto0RRaNGIR6obEA2cSWgZZjh0YwVEBBw6weQ28ztPoDSL5IOZxuALMpIsZJQYK/l9QcyYEp42Z4P7QbniVt058DrxclJBORqD8k9/GNFEgDSUE617nhsbPyXKMMphVuonGmJCJ2QEPUslEaD9dB56hi+sMsRhpOyRBs/VvxspEVpPRWAns5B61cvEf71ALL2cSkYhVISu5DFhzU+ZjBMDki7ihAnHJsJZT3jIFFDDp5YQqpj9EaZjYq8xts2SrcpbLWadtK+qnlv1mteVei0vrYjO0Dm6RB66QXV0hxqohSh6RM/oFb05L8678+F8LkYLTr5zipbgfP0C73Kh+g==</latexit><latexit sha1_base64="NtrDLiXVEWHBj/EKCtBc+PrFfTc=">AAACGnicbVDLSgMxFM3UV62vqks3wSK4KjMi2GXBjStpwT6gHUomvdOGJpkxyQhl6He4caG/4k7cuvFPXJppZ2FbDwQO59ybnJwg5kwb1/12ChubW9s7xd3S3v7B4VH5+KSto0RRaNGIR6obEA2cSWgZZjh0YwVEBBw6weQ28ztPoDSL5IOZxuALMpIsZJQYK/l9QcyYEp42Z4P7QbniVt058DrxclJBORqD8k9/GNFEgDSUE617nhsbPyXKMMphVuonGmJCJ2QEPUslEaD9dB56hi+sMsRhpOyRBs/VvxspEVpPRWAns5B61cvEf71ALL2cSkYhVISu5DFhzU+ZjBMDki7ihAnHJsJZT3jIFFDDp5YQqpj9EaZjYq8xts2SrcpbLWadtK+qnlv1mteVei0vrYjO0Dm6RB66QXV0hxqohSh6RM/oFb05L8678+F8LkYLTr5zipbgfP0C73Kh+g==</latexit>
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A. C. Barato, U. Seifert, “Thermodynamic Uncertainty Relation for Biomolecular Processes”, 
Physical Review Letters, 114, 158101 (2015)

var(Q)

hQi2 � 2

h⌃i
<latexit sha1_base64="OBZ99n17aysDZ4Uep+UtHElhdSE="></latexit><latexit sha1_base64="OBZ99n17aysDZ4Uep+UtHElhdSE="></latexit><latexit sha1_base64="OBZ99n17aysDZ4Uep+UtHElhdSE="></latexit><latexit sha1_base64="OBZ99n17aysDZ4Uep+UtHElhdSE="></latexit>

arXiv 1705.05817

var(P ) � 2THhP i ⌘

⌘C � ⌘
<latexit sha1_base64="uXtRec+8nkiKsHLAyyDQG9hJ/8I="></latexit><latexit sha1_base64="uXtRec+8nkiKsHLAyyDQG9hJ/8I="></latexit><latexit sha1_base64="uXtRec+8nkiKsHLAyyDQG9hJ/8I="></latexit><latexit sha1_base64="uXtRec+8nkiKsHLAyyDQG9hJ/8I="></latexit>

• Implications for quantum 
heat engines:



TURs - Thermodynamics of Precision

TA, µA
<latexit sha1_base64="FRguHQM5ehTyT2A5lGnhHE0ENO4=">AAACF3icjVDLSgMxFM3UV62vqks3wSK4kDIjgl22uHFZoS9shyGT3mlDk8yQZIQy9C/cuNBfcSduXfonLk0fC1sUPBA4nHNvcnLChDNtXPfTya2tb2xu5bcLO7t7+wfFw6OWjlNFoUljHqtOSDRwJqFpmOHQSRQQEXJoh6Obqd9+AKVZLBtmnIAvyECyiFFirHTfCGoXuCfSoBYUS17ZnQH/TUpogXpQ/Or1Y5oKkIZyonXXcxPjZ0QZRjlMCr1UQ0LoiAyga6kkArSfzRJP8JlV+jiKlT3S4Jn6cyMjQuuxCO2kIGaoV72p+KsXiqWXM8koRIrQlTwmqvgZk0lqQNJ5nCjl2MR4WhLuMwXU8LElhCpmf4TpkNhrjK2y8L+qWpdlzy17d1elamVRWh6doFN0jjx0jaroFtVRE1Ek0SN6Ri/Ok/PqvDnv89Gcs9g5RktwPr4BB2Wf0Q==</latexit><latexit sha1_base64="FRguHQM5ehTyT2A5lGnhHE0ENO4=">AAACF3icjVDLSgMxFM3UV62vqks3wSK4kDIjgl22uHFZoS9shyGT3mlDk8yQZIQy9C/cuNBfcSduXfonLk0fC1sUPBA4nHNvcnLChDNtXPfTya2tb2xu5bcLO7t7+wfFw6OWjlNFoUljHqtOSDRwJqFpmOHQSRQQEXJoh6Obqd9+AKVZLBtmnIAvyECyiFFirHTfCGoXuCfSoBYUS17ZnQH/TUpogXpQ/Or1Y5oKkIZyonXXcxPjZ0QZRjlMCr1UQ0LoiAyga6kkArSfzRJP8JlV+jiKlT3S4Jn6cyMjQuuxCO2kIGaoV72p+KsXiqWXM8koRIrQlTwmqvgZk0lqQNJ5nCjl2MR4WhLuMwXU8LElhCpmf4TpkNhrjK2y8L+qWpdlzy17d1elamVRWh6doFN0jjx0jaroFtVRE1Ek0SN6Ri/Ok/PqvDnv89Gcs9g5RktwPr4BB2Wf0Q==</latexit><latexit sha1_base64="FRguHQM5ehTyT2A5lGnhHE0ENO4=">AAACF3icjVDLSgMxFM3UV62vqks3wSK4kDIjgl22uHFZoS9shyGT3mlDk8yQZIQy9C/cuNBfcSduXfonLk0fC1sUPBA4nHNvcnLChDNtXPfTya2tb2xu5bcLO7t7+wfFw6OWjlNFoUljHqtOSDRwJqFpmOHQSRQQEXJoh6Obqd9+AKVZLBtmnIAvyECyiFFirHTfCGoXuCfSoBYUS17ZnQH/TUpogXpQ/Or1Y5oKkIZyonXXcxPjZ0QZRjlMCr1UQ0LoiAyga6kkArSfzRJP8JlV+jiKlT3S4Jn6cyMjQuuxCO2kIGaoV72p+KsXiqWXM8koRIrQlTwmqvgZk0lqQNJ5nCjl2MR4WhLuMwXU8LElhCpmf4TpkNhrjK2y8L+qWpdlzy17d1elamVRWh6doFN0jjx0jaroFtVRE1Ek0SN6Ri/Ok/PqvDnv89Gcs9g5RktwPr4BB2Wf0Q==</latexit><latexit sha1_base64="FRguHQM5ehTyT2A5lGnhHE0ENO4=">AAACF3icjVDLSgMxFM3UV62vqks3wSK4kDIjgl22uHFZoS9shyGT3mlDk8yQZIQy9C/cuNBfcSduXfonLk0fC1sUPBA4nHNvcnLChDNtXPfTya2tb2xu5bcLO7t7+wfFw6OWjlNFoUljHqtOSDRwJqFpmOHQSRQQEXJoh6Obqd9+AKVZLBtmnIAvyECyiFFirHTfCGoXuCfSoBYUS17ZnQH/TUpogXpQ/Or1Y5oKkIZyonXXcxPjZ0QZRjlMCr1UQ0LoiAyga6kkArSfzRJP8JlV+jiKlT3S4Jn6cyMjQuuxCO2kIGaoV72p+KsXiqWXM8koRIrQlTwmqvgZk0lqQNJ5nCjl2MR4WhLuMwXU8LElhCpmf4TpkNhrjK2y8L+qWpdlzy17d1elamVRWh6doFN0jjx0jaroFtVRE1Ek0SN6Ri/Ok/PqvDnv89Gcs9g5RktwPr4BB2Wf0Q==</latexit>

TB , µB
<latexit sha1_base64="g3fMRxo4NwirTkx8c404Dygh8kg=">AAACF3icjVDLSgMxFM3UV62vqks3wSK4kDIjgl2WunFZoS9shyGT3mlDk8yQZIQy9C/cuNBfcSduXfonLk0fC1sUPBA4nHNvcnLChDNtXPfTya2tb2xu5bcLO7t7+wfFw6OWjlNFoUljHqtOSDRwJqFpmOHQSRQQEXJoh6Obqd9+AKVZLBtmnIAvyECyiFFirHTfCGoXuCfSoBYUS17ZnQH/TUpogXpQ/Or1Y5oKkIZyonXXcxPjZ0QZRjlMCr1UQ0LoiAyga6kkArSfzRJP8JlV+jiKlT3S4Jn6cyMjQuuxCO2kIGaoV72p+KsXiqWXM8koRIrQlTwmqvgZk0lqQNJ5nCjl2MR4WhLuMwXU8LElhCpmf4TpkNhrjK2y8L+qWpdlzy17d1elamVRWh6doFN0jjx0jaroFtVRE1Ek0SN6Ri/Ok/PqvDnv89Gcs9g5RktwPr4BCsCf0w==</latexit><latexit sha1_base64="g3fMRxo4NwirTkx8c404Dygh8kg=">AAACF3icjVDLSgMxFM3UV62vqks3wSK4kDIjgl2WunFZoS9shyGT3mlDk8yQZIQy9C/cuNBfcSduXfonLk0fC1sUPBA4nHNvcnLChDNtXPfTya2tb2xu5bcLO7t7+wfFw6OWjlNFoUljHqtOSDRwJqFpmOHQSRQQEXJoh6Obqd9+AKVZLBtmnIAvyECyiFFirHTfCGoXuCfSoBYUS17ZnQH/TUpogXpQ/Or1Y5oKkIZyonXXcxPjZ0QZRjlMCr1UQ0LoiAyga6kkArSfzRJP8JlV+jiKlT3S4Jn6cyMjQuuxCO2kIGaoV72p+KsXiqWXM8koRIrQlTwmqvgZk0lqQNJ5nCjl2MR4WhLuMwXU8LElhCpmf4TpkNhrjK2y8L+qWpdlzy17d1elamVRWh6doFN0jjx0jaroFtVRE1Ek0SN6Ri/Ok/PqvDnv89Gcs9g5RktwPr4BCsCf0w==</latexit><latexit sha1_base64="g3fMRxo4NwirTkx8c404Dygh8kg=">AAACF3icjVDLSgMxFM3UV62vqks3wSK4kDIjgl2WunFZoS9shyGT3mlDk8yQZIQy9C/cuNBfcSduXfonLk0fC1sUPBA4nHNvcnLChDNtXPfTya2tb2xu5bcLO7t7+wfFw6OWjlNFoUljHqtOSDRwJqFpmOHQSRQQEXJoh6Obqd9+AKVZLBtmnIAvyECyiFFirHTfCGoXuCfSoBYUS17ZnQH/TUpogXpQ/Or1Y5oKkIZyonXXcxPjZ0QZRjlMCr1UQ0LoiAyga6kkArSfzRJP8JlV+jiKlT3S4Jn6cyMjQuuxCO2kIGaoV72p+KsXiqWXM8koRIrQlTwmqvgZk0lqQNJ5nCjl2MR4WhLuMwXU8LElhCpmf4TpkNhrjK2y8L+qWpdlzy17d1elamVRWh6doFN0jjx0jaroFtVRE1Ek0SN6Ri/Ok/PqvDnv89Gcs9g5RktwPr4BCsCf0w==</latexit><latexit sha1_base64="g3fMRxo4NwirTkx8c404Dygh8kg=">AAACF3icjVDLSgMxFM3UV62vqks3wSK4kDIjgl2WunFZoS9shyGT3mlDk8yQZIQy9C/cuNBfcSduXfonLk0fC1sUPBA4nHNvcnLChDNtXPfTya2tb2xu5bcLO7t7+wfFw6OWjlNFoUljHqtOSDRwJqFpmOHQSRQQEXJoh6Obqd9+AKVZLBtmnIAvyECyiFFirHTfCGoXuCfSoBYUS17ZnQH/TUpogXpQ/Or1Y5oKkIZyonXXcxPjZ0QZRjlMCr1UQ0LoiAyga6kkArSfzRJP8JlV+jiKlT3S4Jn6cyMjQuuxCO2kIGaoV72p+KsXiqWXM8koRIrQlTwmqvgZk0lqQNJ5nCjl2MR4WhLuMwXU8LElhCpmf4TpkNhrjK2y8L+qWpdlzy17d1elamVRWh6doFN0jjx0jaroFtVRE1Ek0SN6Ri/Ok/PqvDnv89Gcs9g5RktwPr4BCsCf0w==</latexit>

QE
<latexit sha1_base64="CK/QSglCjpSp+HNjjC+cn5+zADM=">AAACGnicbVDLSgMxFM3UV62vqks3wSK4KjMi2GVBBJct2Ae0Q8mkd9rQJDMmGaEM/Q43LvRX3IlbN/6JSzPtLGzrgcDhnHuTkxPEnGnjut9OYWNza3unuFva2z84PCofn7R1lCgKLRrxSHUDooEzCS3DDIdurICIgEMnmNxmfucJlGaRfDDTGHxBRpKFjBJjJb8viBlTwtPmbHA3KFfcqjsHXideTiooR2NQ/ukPI5oIkIZyonXPc2Pjp0QZRjnMSv1EQ0zohIygZ6kkArSfzkPP8IVVhjiMlD3S4Ln6dyMlQuupCOxkFlKvepn4rxeIpZdTySiEitCVPCas+SmTcWJA0kWcMOHYRDjrCQ+ZAmr41BJCFbM/wnRM7DXGtlmyVXmrxayT9lXVc6te87pSr+WlFdEZOkeXyEM3qI7uUQO1EEWP6Bm9ojfnxXl3PpzPxWjByXdO0RKcr1/geKHx</latexit><latexit sha1_base64="CK/QSglCjpSp+HNjjC+cn5+zADM=">AAACGnicbVDLSgMxFM3UV62vqks3wSK4KjMi2GVBBJct2Ae0Q8mkd9rQJDMmGaEM/Q43LvRX3IlbN/6JSzPtLGzrgcDhnHuTkxPEnGnjut9OYWNza3unuFva2z84PCofn7R1lCgKLRrxSHUDooEzCS3DDIdurICIgEMnmNxmfucJlGaRfDDTGHxBRpKFjBJjJb8viBlTwtPmbHA3KFfcqjsHXideTiooR2NQ/ukPI5oIkIZyonXPc2Pjp0QZRjnMSv1EQ0zohIygZ6kkArSfzkPP8IVVhjiMlD3S4Ln6dyMlQuupCOxkFlKvepn4rxeIpZdTySiEitCVPCas+SmTcWJA0kWcMOHYRDjrCQ+ZAmr41BJCFbM/wnRM7DXGtlmyVXmrxayT9lXVc6te87pSr+WlFdEZOkeXyEM3qI7uUQO1EEWP6Bm9ojfnxXl3PpzPxWjByXdO0RKcr1/geKHx</latexit><latexit sha1_base64="CK/QSglCjpSp+HNjjC+cn5+zADM=">AAACGnicbVDLSgMxFM3UV62vqks3wSK4KjMi2GVBBJct2Ae0Q8mkd9rQJDMmGaEM/Q43LvRX3IlbN/6JSzPtLGzrgcDhnHuTkxPEnGnjut9OYWNza3unuFva2z84PCofn7R1lCgKLRrxSHUDooEzCS3DDIdurICIgEMnmNxmfucJlGaRfDDTGHxBRpKFjBJjJb8viBlTwtPmbHA3KFfcqjsHXideTiooR2NQ/ukPI5oIkIZyonXPc2Pjp0QZRjnMSv1EQ0zohIygZ6kkArSfzkPP8IVVhjiMlD3S4Ln6dyMlQuupCOxkFlKvepn4rxeIpZdTySiEitCVPCas+SmTcWJA0kWcMOHYRDjrCQ+ZAmr41BJCFbM/wnRM7DXGtlmyVXmrxayT9lXVc6te87pSr+WlFdEZOkeXyEM3qI7uUQO1EEWP6Bm9ojfnxXl3PpzPxWjByXdO0RKcr1/geKHx</latexit><latexit sha1_base64="CK/QSglCjpSp+HNjjC+cn5+zADM=">AAACGnicbVDLSgMxFM3UV62vqks3wSK4KjMi2GVBBJct2Ae0Q8mkd9rQJDMmGaEM/Q43LvRX3IlbN/6JSzPtLGzrgcDhnHuTkxPEnGnjut9OYWNza3unuFva2z84PCofn7R1lCgKLRrxSHUDooEzCS3DDIdurICIgEMnmNxmfucJlGaRfDDTGHxBRpKFjBJjJb8viBlTwtPmbHA3KFfcqjsHXideTiooR2NQ/ukPI5oIkIZyonXPc2Pjp0QZRjnMSv1EQ0zohIygZ6kkArSfzkPP8IVVhjiMlD3S4Ln6dyMlQuupCOxkFlKvepn4rxeIpZdTySiEitCVPCas+SmTcWJA0kWcMOHYRDjrCQ+ZAmr41BJCFbM/wnRM7DXGtlmyVXmrxayT9lXVc6te87pSr+WlFdEZOkeXyEM3qI7uUQO1EEWP6Bm9ojfnxXl3PpzPxWjByXdO0RKcr1/geKHx</latexit>

QN
<latexit sha1_base64="NtrDLiXVEWHBj/EKCtBc+PrFfTc=">AAACGnicbVDLSgMxFM3UV62vqks3wSK4KjMi2GXBjStpwT6gHUomvdOGJpkxyQhl6He4caG/4k7cuvFPXJppZ2FbDwQO59ybnJwg5kwb1/12ChubW9s7xd3S3v7B4VH5+KSto0RRaNGIR6obEA2cSWgZZjh0YwVEBBw6weQ28ztPoDSL5IOZxuALMpIsZJQYK/l9QcyYEp42Z4P7QbniVt058DrxclJBORqD8k9/GNFEgDSUE617nhsbPyXKMMphVuonGmJCJ2QEPUslEaD9dB56hi+sMsRhpOyRBs/VvxspEVpPRWAns5B61cvEf71ALL2cSkYhVISu5DFhzU+ZjBMDki7ihAnHJsJZT3jIFFDDp5YQqpj9EaZjYq8xts2SrcpbLWadtK+qnlv1mteVei0vrYjO0Dm6RB66QXV0hxqohSh6RM/oFb05L8678+F8LkYLTr5zipbgfP0C73Kh+g==</latexit><latexit sha1_base64="NtrDLiXVEWHBj/EKCtBc+PrFfTc=">AAACGnicbVDLSgMxFM3UV62vqks3wSK4KjMi2GXBjStpwT6gHUomvdOGJpkxyQhl6He4caG/4k7cuvFPXJppZ2FbDwQO59ybnJwg5kwb1/12ChubW9s7xd3S3v7B4VH5+KSto0RRaNGIR6obEA2cSWgZZjh0YwVEBBw6weQ28ztPoDSL5IOZxuALMpIsZJQYK/l9QcyYEp42Z4P7QbniVt058DrxclJBORqD8k9/GNFEgDSUE617nhsbPyXKMMphVuonGmJCJ2QEPUslEaD9dB56hi+sMsRhpOyRBs/VvxspEVpPRWAns5B61cvEf71ALL2cSkYhVISu5DFhzU+ZjBMDki7ihAnHJsJZT3jIFFDDp5YQqpj9EaZjYq8xts2SrcpbLWadtK+qnlv1mteVei0vrYjO0Dm6RB66QXV0hxqohSh6RM/oFb05L8678+F8LkYLTr5zipbgfP0C73Kh+g==</latexit><latexit sha1_base64="NtrDLiXVEWHBj/EKCtBc+PrFfTc=">AAACGnicbVDLSgMxFM3UV62vqks3wSK4KjMi2GXBjStpwT6gHUomvdOGJpkxyQhl6He4caG/4k7cuvFPXJppZ2FbDwQO59ybnJwg5kwb1/12ChubW9s7xd3S3v7B4VH5+KSto0RRaNGIR6obEA2cSWgZZjh0YwVEBBw6weQ28ztPoDSL5IOZxuALMpIsZJQYK/l9QcyYEp42Z4P7QbniVt058DrxclJBORqD8k9/GNFEgDSUE617nhsbPyXKMMphVuonGmJCJ2QEPUslEaD9dB56hi+sMsRhpOyRBs/VvxspEVpPRWAns5B61cvEf71ALL2cSkYhVISu5DFhzU+ZjBMDki7ihAnHJsJZT3jIFFDDp5YQqpj9EaZjYq8xts2SrcpbLWadtK+qnlv1mteVei0vrYjO0Dm6RB66QXV0hxqohSh6RM/oFb05L8678+F8LkYLTr5zipbgfP0C73Kh+g==</latexit><latexit sha1_base64="NtrDLiXVEWHBj/EKCtBc+PrFfTc=">AAACGnicbVDLSgMxFM3UV62vqks3wSK4KjMi2GXBjStpwT6gHUomvdOGJpkxyQhl6He4caG/4k7cuvFPXJppZ2FbDwQO59ybnJwg5kwb1/12ChubW9s7xd3S3v7B4VH5+KSto0RRaNGIR6obEA2cSWgZZjh0YwVEBBw6weQ28ztPoDSL5IOZxuALMpIsZJQYK/l9QcyYEp42Z4P7QbniVt058DrxclJBORqD8k9/GNFEgDSUE617nhsbPyXKMMphVuonGmJCJ2QEPUslEaD9dB56hi+sMsRhpOyRBs/VvxspEVpPRWAns5B61cvEf71ALL2cSkYhVISu5DFhzU+ZjBMDki7ihAnHJsJZT3jIFFDDp5YQqpj9EaZjYq8xts2SrcpbLWadtK+qnlv1mteVei0vrYjO0Dm6RB66QXV0hxqohSh6RM/oFb05L8678+F8LkYLTr5zipbgfP0C73Kh+g==</latexit>
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• Regime of validity?

A. C. Barato, U. Seifert, “Thermodynamic Uncertainty Relation for Biomolecular Processes”, 
Physical Review Letters, 114, 158101 (2015)

var(Q)

hQi2 � 2

h⌃i
<latexit sha1_base64="OBZ99n17aysDZ4Uep+UtHElhdSE="></latexit><latexit sha1_base64="OBZ99n17aysDZ4Uep+UtHElhdSE="></latexit><latexit sha1_base64="OBZ99n17aysDZ4Uep+UtHElhdSE="></latexit><latexit sha1_base64="OBZ99n17aysDZ4Uep+UtHElhdSE="></latexit>

arXiv 1705.05817

var(P ) � 2THhP i ⌘

⌘C � ⌘
<latexit sha1_base64="uXtRec+8nkiKsHLAyyDQG9hJ/8I="></latexit><latexit sha1_base64="uXtRec+8nkiKsHLAyyDQG9hJ/8I="></latexit><latexit sha1_base64="uXtRec+8nkiKsHLAyyDQG9hJ/8I="></latexit><latexit sha1_base64="uXtRec+8nkiKsHLAyyDQG9hJ/8I="></latexit>

• Implications for quantum 
heat engines:



TURs - Thermodynamics of Precision

TA, µA
<latexit sha1_base64="FRguHQM5ehTyT2A5lGnhHE0ENO4=">AAACF3icjVDLSgMxFM3UV62vqks3wSK4kDIjgl22uHFZoS9shyGT3mlDk8yQZIQy9C/cuNBfcSduXfonLk0fC1sUPBA4nHNvcnLChDNtXPfTya2tb2xu5bcLO7t7+wfFw6OWjlNFoUljHqtOSDRwJqFpmOHQSRQQEXJoh6Obqd9+AKVZLBtmnIAvyECyiFFirHTfCGoXuCfSoBYUS17ZnQH/TUpogXpQ/Or1Y5oKkIZyonXXcxPjZ0QZRjlMCr1UQ0LoiAyga6kkArSfzRJP8JlV+jiKlT3S4Jn6cyMjQuuxCO2kIGaoV72p+KsXiqWXM8koRIrQlTwmqvgZk0lqQNJ5nCjl2MR4WhLuMwXU8LElhCpmf4TpkNhrjK2y8L+qWpdlzy17d1elamVRWh6doFN0jjx0jaroFtVRE1Ek0SN6Ri/Ok/PqvDnv89Gcs9g5RktwPr4BB2Wf0Q==</latexit><latexit sha1_base64="FRguHQM5ehTyT2A5lGnhHE0ENO4=">AAACF3icjVDLSgMxFM3UV62vqks3wSK4kDIjgl22uHFZoS9shyGT3mlDk8yQZIQy9C/cuNBfcSduXfonLk0fC1sUPBA4nHNvcnLChDNtXPfTya2tb2xu5bcLO7t7+wfFw6OWjlNFoUljHqtOSDRwJqFpmOHQSRQQEXJoh6Obqd9+AKVZLBtmnIAvyECyiFFirHTfCGoXuCfSoBYUS17ZnQH/TUpogXpQ/Or1Y5oKkIZyonXXcxPjZ0QZRjlMCr1UQ0LoiAyga6kkArSfzRJP8JlV+jiKlT3S4Jn6cyMjQuuxCO2kIGaoV72p+KsXiqWXM8koRIrQlTwmqvgZk0lqQNJ5nCjl2MR4WhLuMwXU8LElhCpmf4TpkNhrjK2y8L+qWpdlzy17d1elamVRWh6doFN0jjx0jaroFtVRE1Ek0SN6Ri/Ok/PqvDnv89Gcs9g5RktwPr4BB2Wf0Q==</latexit><latexit sha1_base64="FRguHQM5ehTyT2A5lGnhHE0ENO4=">AAACF3icjVDLSgMxFM3UV62vqks3wSK4kDIjgl22uHFZoS9shyGT3mlDk8yQZIQy9C/cuNBfcSduXfonLk0fC1sUPBA4nHNvcnLChDNtXPfTya2tb2xu5bcLO7t7+wfFw6OWjlNFoUljHqtOSDRwJqFpmOHQSRQQEXJoh6Obqd9+AKVZLBtmnIAvyECyiFFirHTfCGoXuCfSoBYUS17ZnQH/TUpogXpQ/Or1Y5oKkIZyonXXcxPjZ0QZRjlMCr1UQ0LoiAyga6kkArSfzRJP8JlV+jiKlT3S4Jn6cyMjQuuxCO2kIGaoV72p+KsXiqWXM8koRIrQlTwmqvgZk0lqQNJ5nCjl2MR4WhLuMwXU8LElhCpmf4TpkNhrjK2y8L+qWpdlzy17d1elamVRWh6doFN0jjx0jaroFtVRE1Ek0SN6Ri/Ok/PqvDnv89Gcs9g5RktwPr4BB2Wf0Q==</latexit><latexit sha1_base64="FRguHQM5ehTyT2A5lGnhHE0ENO4=">AAACF3icjVDLSgMxFM3UV62vqks3wSK4kDIjgl22uHFZoS9shyGT3mlDk8yQZIQy9C/cuNBfcSduXfonLk0fC1sUPBA4nHNvcnLChDNtXPfTya2tb2xu5bcLO7t7+wfFw6OWjlNFoUljHqtOSDRwJqFpmOHQSRQQEXJoh6Obqd9+AKVZLBtmnIAvyECyiFFirHTfCGoXuCfSoBYUS17ZnQH/TUpogXpQ/Or1Y5oKkIZyonXXcxPjZ0QZRjlMCr1UQ0LoiAyga6kkArSfzRJP8JlV+jiKlT3S4Jn6cyMjQuuxCO2kIGaoV72p+KsXiqWXM8koRIrQlTwmqvgZk0lqQNJ5nCjl2MR4WhLuMwXU8LElhCpmf4TpkNhrjK2y8L+qWpdlzy17d1elamVRWh6doFN0jjx0jaroFtVRE1Ek0SN6Ri/Ok/PqvDnv89Gcs9g5RktwPr4BB2Wf0Q==</latexit>

TB , µB
<latexit sha1_base64="g3fMRxo4NwirTkx8c404Dygh8kg=">AAACF3icjVDLSgMxFM3UV62vqks3wSK4kDIjgl2WunFZoS9shyGT3mlDk8yQZIQy9C/cuNBfcSduXfonLk0fC1sUPBA4nHNvcnLChDNtXPfTya2tb2xu5bcLO7t7+wfFw6OWjlNFoUljHqtOSDRwJqFpmOHQSRQQEXJoh6Obqd9+AKVZLBtmnIAvyECyiFFirHTfCGoXuCfSoBYUS17ZnQH/TUpogXpQ/Or1Y5oKkIZyonXXcxPjZ0QZRjlMCr1UQ0LoiAyga6kkArSfzRJP8JlV+jiKlT3S4Jn6cyMjQuuxCO2kIGaoV72p+KsXiqWXM8koRIrQlTwmqvgZk0lqQNJ5nCjl2MR4WhLuMwXU8LElhCpmf4TpkNhrjK2y8L+qWpdlzy17d1elamVRWh6doFN0jjx0jaroFtVRE1Ek0SN6Ri/Ok/PqvDnv89Gcs9g5RktwPr4BCsCf0w==</latexit><latexit sha1_base64="g3fMRxo4NwirTkx8c404Dygh8kg=">AAACF3icjVDLSgMxFM3UV62vqks3wSK4kDIjgl2WunFZoS9shyGT3mlDk8yQZIQy9C/cuNBfcSduXfonLk0fC1sUPBA4nHNvcnLChDNtXPfTya2tb2xu5bcLO7t7+wfFw6OWjlNFoUljHqtOSDRwJqFpmOHQSRQQEXJoh6Obqd9+AKVZLBtmnIAvyECyiFFirHTfCGoXuCfSoBYUS17ZnQH/TUpogXpQ/Or1Y5oKkIZyonXXcxPjZ0QZRjlMCr1UQ0LoiAyga6kkArSfzRJP8JlV+jiKlT3S4Jn6cyMjQuuxCO2kIGaoV72p+KsXiqWXM8koRIrQlTwmqvgZk0lqQNJ5nCjl2MR4WhLuMwXU8LElhCpmf4TpkNhrjK2y8L+qWpdlzy17d1elamVRWh6doFN0jjx0jaroFtVRE1Ek0SN6Ri/Ok/PqvDnv89Gcs9g5RktwPr4BCsCf0w==</latexit><latexit sha1_base64="g3fMRxo4NwirTkx8c404Dygh8kg=">AAACF3icjVDLSgMxFM3UV62vqks3wSK4kDIjgl2WunFZoS9shyGT3mlDk8yQZIQy9C/cuNBfcSduXfonLk0fC1sUPBA4nHNvcnLChDNtXPfTya2tb2xu5bcLO7t7+wfFw6OWjlNFoUljHqtOSDRwJqFpmOHQSRQQEXJoh6Obqd9+AKVZLBtmnIAvyECyiFFirHTfCGoXuCfSoBYUS17ZnQH/TUpogXpQ/Or1Y5oKkIZyonXXcxPjZ0QZRjlMCr1UQ0LoiAyga6kkArSfzRJP8JlV+jiKlT3S4Jn6cyMjQuuxCO2kIGaoV72p+KsXiqWXM8koRIrQlTwmqvgZk0lqQNJ5nCjl2MR4WhLuMwXU8LElhCpmf4TpkNhrjK2y8L+qWpdlzy17d1elamVRWh6doFN0jjx0jaroFtVRE1Ek0SN6Ri/Ok/PqvDnv89Gcs9g5RktwPr4BCsCf0w==</latexit><latexit sha1_base64="g3fMRxo4NwirTkx8c404Dygh8kg=">AAACF3icjVDLSgMxFM3UV62vqks3wSK4kDIjgl2WunFZoS9shyGT3mlDk8yQZIQy9C/cuNBfcSduXfonLk0fC1sUPBA4nHNvcnLChDNtXPfTya2tb2xu5bcLO7t7+wfFw6OWjlNFoUljHqtOSDRwJqFpmOHQSRQQEXJoh6Obqd9+AKVZLBtmnIAvyECyiFFirHTfCGoXuCfSoBYUS17ZnQH/TUpogXpQ/Or1Y5oKkIZyonXXcxPjZ0QZRjlMCr1UQ0LoiAyga6kkArSfzRJP8JlV+jiKlT3S4Jn6cyMjQuuxCO2kIGaoV72p+KsXiqWXM8koRIrQlTwmqvgZk0lqQNJ5nCjl2MR4WhLuMwXU8LElhCpmf4TpkNhrjK2y8L+qWpdlzy17d1elamVRWh6doFN0jjx0jaroFtVRE1Ek0SN6Ri/Ok/PqvDnv89Gcs9g5RktwPr4BCsCf0w==</latexit>

QE
<latexit sha1_base64="CK/QSglCjpSp+HNjjC+cn5+zADM=">AAACGnicbVDLSgMxFM3UV62vqks3wSK4KjMi2GVBBJct2Ae0Q8mkd9rQJDMmGaEM/Q43LvRX3IlbN/6JSzPtLGzrgcDhnHuTkxPEnGnjut9OYWNza3unuFva2z84PCofn7R1lCgKLRrxSHUDooEzCS3DDIdurICIgEMnmNxmfucJlGaRfDDTGHxBRpKFjBJjJb8viBlTwtPmbHA3KFfcqjsHXideTiooR2NQ/ukPI5oIkIZyonXPc2Pjp0QZRjnMSv1EQ0zohIygZ6kkArSfzkPP8IVVhjiMlD3S4Ln6dyMlQuupCOxkFlKvepn4rxeIpZdTySiEitCVPCas+SmTcWJA0kWcMOHYRDjrCQ+ZAmr41BJCFbM/wnRM7DXGtlmyVXmrxayT9lXVc6te87pSr+WlFdEZOkeXyEM3qI7uUQO1EEWP6Bm9ojfnxXl3PpzPxWjByXdO0RKcr1/geKHx</latexit><latexit sha1_base64="CK/QSglCjpSp+HNjjC+cn5+zADM=">AAACGnicbVDLSgMxFM3UV62vqks3wSK4KjMi2GVBBJct2Ae0Q8mkd9rQJDMmGaEM/Q43LvRX3IlbN/6JSzPtLGzrgcDhnHuTkxPEnGnjut9OYWNza3unuFva2z84PCofn7R1lCgKLRrxSHUDooEzCS3DDIdurICIgEMnmNxmfucJlGaRfDDTGHxBRpKFjBJjJb8viBlTwtPmbHA3KFfcqjsHXideTiooR2NQ/ukPI5oIkIZyonXPc2Pjp0QZRjnMSv1EQ0zohIygZ6kkArSfzkPP8IVVhjiMlD3S4Ln6dyMlQuupCOxkFlKvepn4rxeIpZdTySiEitCVPCas+SmTcWJA0kWcMOHYRDjrCQ+ZAmr41BJCFbM/wnRM7DXGtlmyVXmrxayT9lXVc6te87pSr+WlFdEZOkeXyEM3qI7uUQO1EEWP6Bm9ojfnxXl3PpzPxWjByXdO0RKcr1/geKHx</latexit><latexit sha1_base64="CK/QSglCjpSp+HNjjC+cn5+zADM=">AAACGnicbVDLSgMxFM3UV62vqks3wSK4KjMi2GVBBJct2Ae0Q8mkd9rQJDMmGaEM/Q43LvRX3IlbN/6JSzPtLGzrgcDhnHuTkxPEnGnjut9OYWNza3unuFva2z84PCofn7R1lCgKLRrxSHUDooEzCS3DDIdurICIgEMnmNxmfucJlGaRfDDTGHxBRpKFjBJjJb8viBlTwtPmbHA3KFfcqjsHXideTiooR2NQ/ukPI5oIkIZyonXPc2Pjp0QZRjnMSv1EQ0zohIygZ6kkArSfzkPP8IVVhjiMlD3S4Ln6dyMlQuupCOxkFlKvepn4rxeIpZdTySiEitCVPCas+SmTcWJA0kWcMOHYRDjrCQ+ZAmr41BJCFbM/wnRM7DXGtlmyVXmrxayT9lXVc6te87pSr+WlFdEZOkeXyEM3qI7uUQO1EEWP6Bm9ojfnxXl3PpzPxWjByXdO0RKcr1/geKHx</latexit><latexit sha1_base64="CK/QSglCjpSp+HNjjC+cn5+zADM=">AAACGnicbVDLSgMxFM3UV62vqks3wSK4KjMi2GVBBJct2Ae0Q8mkd9rQJDMmGaEM/Q43LvRX3IlbN/6JSzPtLGzrgcDhnHuTkxPEnGnjut9OYWNza3unuFva2z84PCofn7R1lCgKLRrxSHUDooEzCS3DDIdurICIgEMnmNxmfucJlGaRfDDTGHxBRpKFjBJjJb8viBlTwtPmbHA3KFfcqjsHXideTiooR2NQ/ukPI5oIkIZyonXPc2Pjp0QZRjnMSv1EQ0zohIygZ6kkArSfzkPP8IVVhjiMlD3S4Ln6dyMlQuupCOxkFlKvepn4rxeIpZdTySiEitCVPCas+SmTcWJA0kWcMOHYRDjrCQ+ZAmr41BJCFbM/wnRM7DXGtlmyVXmrxayT9lXVc6te87pSr+WlFdEZOkeXyEM3qI7uUQO1EEWP6Bm9ojfnxXl3PpzPxWjByXdO0RKcr1/geKHx</latexit>

QN
<latexit sha1_base64="NtrDLiXVEWHBj/EKCtBc+PrFfTc=">AAACGnicbVDLSgMxFM3UV62vqks3wSK4KjMi2GXBjStpwT6gHUomvdOGJpkxyQhl6He4caG/4k7cuvFPXJppZ2FbDwQO59ybnJwg5kwb1/12ChubW9s7xd3S3v7B4VH5+KSto0RRaNGIR6obEA2cSWgZZjh0YwVEBBw6weQ28ztPoDSL5IOZxuALMpIsZJQYK/l9QcyYEp42Z4P7QbniVt058DrxclJBORqD8k9/GNFEgDSUE617nhsbPyXKMMphVuonGmJCJ2QEPUslEaD9dB56hi+sMsRhpOyRBs/VvxspEVpPRWAns5B61cvEf71ALL2cSkYhVISu5DFhzU+ZjBMDki7ihAnHJsJZT3jIFFDDp5YQqpj9EaZjYq8xts2SrcpbLWadtK+qnlv1mteVei0vrYjO0Dm6RB66QXV0hxqohSh6RM/oFb05L8678+F8LkYLTr5zipbgfP0C73Kh+g==</latexit><latexit sha1_base64="NtrDLiXVEWHBj/EKCtBc+PrFfTc=">AAACGnicbVDLSgMxFM3UV62vqks3wSK4KjMi2GXBjStpwT6gHUomvdOGJpkxyQhl6He4caG/4k7cuvFPXJppZ2FbDwQO59ybnJwg5kwb1/12ChubW9s7xd3S3v7B4VH5+KSto0RRaNGIR6obEA2cSWgZZjh0YwVEBBw6weQ28ztPoDSL5IOZxuALMpIsZJQYK/l9QcyYEp42Z4P7QbniVt058DrxclJBORqD8k9/GNFEgDSUE617nhsbPyXKMMphVuonGmJCJ2QEPUslEaD9dB56hi+sMsRhpOyRBs/VvxspEVpPRWAns5B61cvEf71ALL2cSkYhVISu5DFhzU+ZjBMDki7ihAnHJsJZT3jIFFDDp5YQqpj9EaZjYq8xts2SrcpbLWadtK+qnlv1mteVei0vrYjO0Dm6RB66QXV0hxqohSh6RM/oFb05L8678+F8LkYLTr5zipbgfP0C73Kh+g==</latexit><latexit sha1_base64="NtrDLiXVEWHBj/EKCtBc+PrFfTc=">AAACGnicbVDLSgMxFM3UV62vqks3wSK4KjMi2GXBjStpwT6gHUomvdOGJpkxyQhl6He4caG/4k7cuvFPXJppZ2FbDwQO59ybnJwg5kwb1/12ChubW9s7xd3S3v7B4VH5+KSto0RRaNGIR6obEA2cSWgZZjh0YwVEBBw6weQ28ztPoDSL5IOZxuALMpIsZJQYK/l9QcyYEp42Z4P7QbniVt058DrxclJBORqD8k9/GNFEgDSUE617nhsbPyXKMMphVuonGmJCJ2QEPUslEaD9dB56hi+sMsRhpOyRBs/VvxspEVpPRWAns5B61cvEf71ALL2cSkYhVISu5DFhzU+ZjBMDki7ihAnHJsJZT3jIFFDDp5YQqpj9EaZjYq8xts2SrcpbLWadtK+qnlv1mteVei0vrYjO0Dm6RB66QXV0hxqohSh6RM/oFb05L8678+F8LkYLTr5zipbgfP0C73Kh+g==</latexit><latexit sha1_base64="NtrDLiXVEWHBj/EKCtBc+PrFfTc=">AAACGnicbVDLSgMxFM3UV62vqks3wSK4KjMi2GXBjStpwT6gHUomvdOGJpkxyQhl6He4caG/4k7cuvFPXJppZ2FbDwQO59ybnJwg5kwb1/12ChubW9s7xd3S3v7B4VH5+KSto0RRaNGIR6obEA2cSWgZZjh0YwVEBBw6weQ28ztPoDSL5IOZxuALMpIsZJQYK/l9QcyYEp42Z4P7QbniVt058DrxclJBORqD8k9/GNFEgDSUE617nhsbPyXKMMphVuonGmJCJ2QEPUslEaD9dB56hi+sMsRhpOyRBs/VvxspEVpPRWAns5B61cvEf71ALL2cSkYhVISu5DFhzU+ZjBMDki7ihAnHJsJZT3jIFFDDp5YQqpj9EaZjYq8xts2SrcpbLWadtK+qnlv1mteVei0vrYjO0Dm6RB66QXV0hxqohSh6RM/oFb05L8678+F8LkYLTr5zipbgfP0C73Kh+g==</latexit>
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• Regime of validity?

• Origin? Beyond Fluctuation 
theorems?

A. C. Barato, U. Seifert, “Thermodynamic Uncertainty Relation for Biomolecular Processes”, 
Physical Review Letters, 114, 158101 (2015)

var(Q)

hQi2 � 2

h⌃i
<latexit sha1_base64="OBZ99n17aysDZ4Uep+UtHElhdSE="></latexit><latexit sha1_base64="OBZ99n17aysDZ4Uep+UtHElhdSE="></latexit><latexit sha1_base64="OBZ99n17aysDZ4Uep+UtHElhdSE="></latexit><latexit sha1_base64="OBZ99n17aysDZ4Uep+UtHElhdSE="></latexit>

arXiv 1705.05817

var(P ) � 2THhP i ⌘

⌘C � ⌘
<latexit sha1_base64="uXtRec+8nkiKsHLAyyDQG9hJ/8I="></latexit><latexit sha1_base64="uXtRec+8nkiKsHLAyyDQG9hJ/8I="></latexit><latexit sha1_base64="uXtRec+8nkiKsHLAyyDQG9hJ/8I="></latexit><latexit sha1_base64="uXtRec+8nkiKsHLAyyDQG9hJ/8I="></latexit>

• Implications for quantum 
heat engines:



TURs - Thermodynamics of Precision

TA, µA
<latexit sha1_base64="FRguHQM5ehTyT2A5lGnhHE0ENO4=">AAACF3icjVDLSgMxFM3UV62vqks3wSK4kDIjgl22uHFZoS9shyGT3mlDk8yQZIQy9C/cuNBfcSduXfonLk0fC1sUPBA4nHNvcnLChDNtXPfTya2tb2xu5bcLO7t7+wfFw6OWjlNFoUljHqtOSDRwJqFpmOHQSRQQEXJoh6Obqd9+AKVZLBtmnIAvyECyiFFirHTfCGoXuCfSoBYUS17ZnQH/TUpogXpQ/Or1Y5oKkIZyonXXcxPjZ0QZRjlMCr1UQ0LoiAyga6kkArSfzRJP8JlV+jiKlT3S4Jn6cyMjQuuxCO2kIGaoV72p+KsXiqWXM8koRIrQlTwmqvgZk0lqQNJ5nCjl2MR4WhLuMwXU8LElhCpmf4TpkNhrjK2y8L+qWpdlzy17d1elamVRWh6doFN0jjx0jaroFtVRE1Ek0SN6Ri/Ok/PqvDnv89Gcs9g5RktwPr4BB2Wf0Q==</latexit><latexit sha1_base64="FRguHQM5ehTyT2A5lGnhHE0ENO4=">AAACF3icjVDLSgMxFM3UV62vqks3wSK4kDIjgl22uHFZoS9shyGT3mlDk8yQZIQy9C/cuNBfcSduXfonLk0fC1sUPBA4nHNvcnLChDNtXPfTya2tb2xu5bcLO7t7+wfFw6OWjlNFoUljHqtOSDRwJqFpmOHQSRQQEXJoh6Obqd9+AKVZLBtmnIAvyECyiFFirHTfCGoXuCfSoBYUS17ZnQH/TUpogXpQ/Or1Y5oKkIZyonXXcxPjZ0QZRjlMCr1UQ0LoiAyga6kkArSfzRJP8JlV+jiKlT3S4Jn6cyMjQuuxCO2kIGaoV72p+KsXiqWXM8koRIrQlTwmqvgZk0lqQNJ5nCjl2MR4WhLuMwXU8LElhCpmf4TpkNhrjK2y8L+qWpdlzy17d1elamVRWh6doFN0jjx0jaroFtVRE1Ek0SN6Ri/Ok/PqvDnv89Gcs9g5RktwPr4BB2Wf0Q==</latexit><latexit sha1_base64="FRguHQM5ehTyT2A5lGnhHE0ENO4=">AAACF3icjVDLSgMxFM3UV62vqks3wSK4kDIjgl22uHFZoS9shyGT3mlDk8yQZIQy9C/cuNBfcSduXfonLk0fC1sUPBA4nHNvcnLChDNtXPfTya2tb2xu5bcLO7t7+wfFw6OWjlNFoUljHqtOSDRwJqFpmOHQSRQQEXJoh6Obqd9+AKVZLBtmnIAvyECyiFFirHTfCGoXuCfSoBYUS17ZnQH/TUpogXpQ/Or1Y5oKkIZyonXXcxPjZ0QZRjlMCr1UQ0LoiAyga6kkArSfzRJP8JlV+jiKlT3S4Jn6cyMjQuuxCO2kIGaoV72p+KsXiqWXM8koRIrQlTwmqvgZk0lqQNJ5nCjl2MR4WhLuMwXU8LElhCpmf4TpkNhrjK2y8L+qWpdlzy17d1elamVRWh6doFN0jjx0jaroFtVRE1Ek0SN6Ri/Ok/PqvDnv89Gcs9g5RktwPr4BB2Wf0Q==</latexit><latexit sha1_base64="FRguHQM5ehTyT2A5lGnhHE0ENO4=">AAACF3icjVDLSgMxFM3UV62vqks3wSK4kDIjgl22uHFZoS9shyGT3mlDk8yQZIQy9C/cuNBfcSduXfonLk0fC1sUPBA4nHNvcnLChDNtXPfTya2tb2xu5bcLO7t7+wfFw6OWjlNFoUljHqtOSDRwJqFpmOHQSRQQEXJoh6Obqd9+AKVZLBtmnIAvyECyiFFirHTfCGoXuCfSoBYUS17ZnQH/TUpogXpQ/Or1Y5oKkIZyonXXcxPjZ0QZRjlMCr1UQ0LoiAyga6kkArSfzRJP8JlV+jiKlT3S4Jn6cyMjQuuxCO2kIGaoV72p+KsXiqWXM8koRIrQlTwmqvgZk0lqQNJ5nCjl2MR4WhLuMwXU8LElhCpmf4TpkNhrjK2y8L+qWpdlzy17d1elamVRWh6doFN0jjx0jaroFtVRE1Ek0SN6Ri/Ok/PqvDnv89Gcs9g5RktwPr4BB2Wf0Q==</latexit>

TB , µB
<latexit sha1_base64="g3fMRxo4NwirTkx8c404Dygh8kg=">AAACF3icjVDLSgMxFM3UV62vqks3wSK4kDIjgl2WunFZoS9shyGT3mlDk8yQZIQy9C/cuNBfcSduXfonLk0fC1sUPBA4nHNvcnLChDNtXPfTya2tb2xu5bcLO7t7+wfFw6OWjlNFoUljHqtOSDRwJqFpmOHQSRQQEXJoh6Obqd9+AKVZLBtmnIAvyECyiFFirHTfCGoXuCfSoBYUS17ZnQH/TUpogXpQ/Or1Y5oKkIZyonXXcxPjZ0QZRjlMCr1UQ0LoiAyga6kkArSfzRJP8JlV+jiKlT3S4Jn6cyMjQuuxCO2kIGaoV72p+KsXiqWXM8koRIrQlTwmqvgZk0lqQNJ5nCjl2MR4WhLuMwXU8LElhCpmf4TpkNhrjK2y8L+qWpdlzy17d1elamVRWh6doFN0jjx0jaroFtVRE1Ek0SN6Ri/Ok/PqvDnv89Gcs9g5RktwPr4BCsCf0w==</latexit><latexit sha1_base64="g3fMRxo4NwirTkx8c404Dygh8kg=">AAACF3icjVDLSgMxFM3UV62vqks3wSK4kDIjgl2WunFZoS9shyGT3mlDk8yQZIQy9C/cuNBfcSduXfonLk0fC1sUPBA4nHNvcnLChDNtXPfTya2tb2xu5bcLO7t7+wfFw6OWjlNFoUljHqtOSDRwJqFpmOHQSRQQEXJoh6Obqd9+AKVZLBtmnIAvyECyiFFirHTfCGoXuCfSoBYUS17ZnQH/TUpogXpQ/Or1Y5oKkIZyonXXcxPjZ0QZRjlMCr1UQ0LoiAyga6kkArSfzRJP8JlV+jiKlT3S4Jn6cyMjQuuxCO2kIGaoV72p+KsXiqWXM8koRIrQlTwmqvgZk0lqQNJ5nCjl2MR4WhLuMwXU8LElhCpmf4TpkNhrjK2y8L+qWpdlzy17d1elamVRWh6doFN0jjx0jaroFtVRE1Ek0SN6Ri/Ok/PqvDnv89Gcs9g5RktwPr4BCsCf0w==</latexit><latexit sha1_base64="g3fMRxo4NwirTkx8c404Dygh8kg=">AAACF3icjVDLSgMxFM3UV62vqks3wSK4kDIjgl2WunFZoS9shyGT3mlDk8yQZIQy9C/cuNBfcSduXfonLk0fC1sUPBA4nHNvcnLChDNtXPfTya2tb2xu5bcLO7t7+wfFw6OWjlNFoUljHqtOSDRwJqFpmOHQSRQQEXJoh6Obqd9+AKVZLBtmnIAvyECyiFFirHTfCGoXuCfSoBYUS17ZnQH/TUpogXpQ/Or1Y5oKkIZyonXXcxPjZ0QZRjlMCr1UQ0LoiAyga6kkArSfzRJP8JlV+jiKlT3S4Jn6cyMjQuuxCO2kIGaoV72p+KsXiqWXM8koRIrQlTwmqvgZk0lqQNJ5nCjl2MR4WhLuMwXU8LElhCpmf4TpkNhrjK2y8L+qWpdlzy17d1elamVRWh6doFN0jjx0jaroFtVRE1Ek0SN6Ri/Ok/PqvDnv89Gcs9g5RktwPr4BCsCf0w==</latexit><latexit sha1_base64="g3fMRxo4NwirTkx8c404Dygh8kg=">AAACF3icjVDLSgMxFM3UV62vqks3wSK4kDIjgl2WunFZoS9shyGT3mlDk8yQZIQy9C/cuNBfcSduXfonLk0fC1sUPBA4nHNvcnLChDNtXPfTya2tb2xu5bcLO7t7+wfFw6OWjlNFoUljHqtOSDRwJqFpmOHQSRQQEXJoh6Obqd9+AKVZLBtmnIAvyECyiFFirHTfCGoXuCfSoBYUS17ZnQH/TUpogXpQ/Or1Y5oKkIZyonXXcxPjZ0QZRjlMCr1UQ0LoiAyga6kkArSfzRJP8JlV+jiKlT3S4Jn6cyMjQuuxCO2kIGaoV72p+KsXiqWXM8koRIrQlTwmqvgZk0lqQNJ5nCjl2MR4WhLuMwXU8LElhCpmf4TpkNhrjK2y8L+qWpdlzy17d1elamVRWh6doFN0jjx0jaroFtVRE1Ek0SN6Ri/Ok/PqvDnv89Gcs9g5RktwPr4BCsCf0w==</latexit>

QE
<latexit sha1_base64="CK/QSglCjpSp+HNjjC+cn5+zADM=">AAACGnicbVDLSgMxFM3UV62vqks3wSK4KjMi2GVBBJct2Ae0Q8mkd9rQJDMmGaEM/Q43LvRX3IlbN/6JSzPtLGzrgcDhnHuTkxPEnGnjut9OYWNza3unuFva2z84PCofn7R1lCgKLRrxSHUDooEzCS3DDIdurICIgEMnmNxmfucJlGaRfDDTGHxBRpKFjBJjJb8viBlTwtPmbHA3KFfcqjsHXideTiooR2NQ/ukPI5oIkIZyonXPc2Pjp0QZRjnMSv1EQ0zohIygZ6kkArSfzkPP8IVVhjiMlD3S4Ln6dyMlQuupCOxkFlKvepn4rxeIpZdTySiEitCVPCas+SmTcWJA0kWcMOHYRDjrCQ+ZAmr41BJCFbM/wnRM7DXGtlmyVXmrxayT9lXVc6te87pSr+WlFdEZOkeXyEM3qI7uUQO1EEWP6Bm9ojfnxXl3PpzPxWjByXdO0RKcr1/geKHx</latexit><latexit sha1_base64="CK/QSglCjpSp+HNjjC+cn5+zADM=">AAACGnicbVDLSgMxFM3UV62vqks3wSK4KjMi2GVBBJct2Ae0Q8mkd9rQJDMmGaEM/Q43LvRX3IlbN/6JSzPtLGzrgcDhnHuTkxPEnGnjut9OYWNza3unuFva2z84PCofn7R1lCgKLRrxSHUDooEzCS3DDIdurICIgEMnmNxmfucJlGaRfDDTGHxBRpKFjBJjJb8viBlTwtPmbHA3KFfcqjsHXideTiooR2NQ/ukPI5oIkIZyonXPc2Pjp0QZRjnMSv1EQ0zohIygZ6kkArSfzkPP8IVVhjiMlD3S4Ln6dyMlQuupCOxkFlKvepn4rxeIpZdTySiEitCVPCas+SmTcWJA0kWcMOHYRDjrCQ+ZAmr41BJCFbM/wnRM7DXGtlmyVXmrxayT9lXVc6te87pSr+WlFdEZOkeXyEM3qI7uUQO1EEWP6Bm9ojfnxXl3PpzPxWjByXdO0RKcr1/geKHx</latexit><latexit sha1_base64="CK/QSglCjpSp+HNjjC+cn5+zADM=">AAACGnicbVDLSgMxFM3UV62vqks3wSK4KjMi2GVBBJct2Ae0Q8mkd9rQJDMmGaEM/Q43LvRX3IlbN/6JSzPtLGzrgcDhnHuTkxPEnGnjut9OYWNza3unuFva2z84PCofn7R1lCgKLRrxSHUDooEzCS3DDIdurICIgEMnmNxmfucJlGaRfDDTGHxBRpKFjBJjJb8viBlTwtPmbHA3KFfcqjsHXideTiooR2NQ/ukPI5oIkIZyonXPc2Pjp0QZRjnMSv1EQ0zohIygZ6kkArSfzkPP8IVVhjiMlD3S4Ln6dyMlQuupCOxkFlKvepn4rxeIpZdTySiEitCVPCas+SmTcWJA0kWcMOHYRDjrCQ+ZAmr41BJCFbM/wnRM7DXGtlmyVXmrxayT9lXVc6te87pSr+WlFdEZOkeXyEM3qI7uUQO1EEWP6Bm9ojfnxXl3PpzPxWjByXdO0RKcr1/geKHx</latexit><latexit sha1_base64="CK/QSglCjpSp+HNjjC+cn5+zADM=">AAACGnicbVDLSgMxFM3UV62vqks3wSK4KjMi2GVBBJct2Ae0Q8mkd9rQJDMmGaEM/Q43LvRX3IlbN/6JSzPtLGzrgcDhnHuTkxPEnGnjut9OYWNza3unuFva2z84PCofn7R1lCgKLRrxSHUDooEzCS3DDIdurICIgEMnmNxmfucJlGaRfDDTGHxBRpKFjBJjJb8viBlTwtPmbHA3KFfcqjsHXideTiooR2NQ/ukPI5oIkIZyonXPc2Pjp0QZRjnMSv1EQ0zohIygZ6kkArSfzkPP8IVVhjiMlD3S4Ln6dyMlQuupCOxkFlKvepn4rxeIpZdTySiEitCVPCas+SmTcWJA0kWcMOHYRDjrCQ+ZAmr41BJCFbM/wnRM7DXGtlmyVXmrxayT9lXVc6te87pSr+WlFdEZOkeXyEM3qI7uUQO1EEWP6Bm9ojfnxXl3PpzPxWjByXdO0RKcr1/geKHx</latexit>

QN
<latexit sha1_base64="NtrDLiXVEWHBj/EKCtBc+PrFfTc=">AAACGnicbVDLSgMxFM3UV62vqks3wSK4KjMi2GXBjStpwT6gHUomvdOGJpkxyQhl6He4caG/4k7cuvFPXJppZ2FbDwQO59ybnJwg5kwb1/12ChubW9s7xd3S3v7B4VH5+KSto0RRaNGIR6obEA2cSWgZZjh0YwVEBBw6weQ28ztPoDSL5IOZxuALMpIsZJQYK/l9QcyYEp42Z4P7QbniVt058DrxclJBORqD8k9/GNFEgDSUE617nhsbPyXKMMphVuonGmJCJ2QEPUslEaD9dB56hi+sMsRhpOyRBs/VvxspEVpPRWAns5B61cvEf71ALL2cSkYhVISu5DFhzU+ZjBMDki7ihAnHJsJZT3jIFFDDp5YQqpj9EaZjYq8xts2SrcpbLWadtK+qnlv1mteVei0vrYjO0Dm6RB66QXV0hxqohSh6RM/oFb05L8678+F8LkYLTr5zipbgfP0C73Kh+g==</latexit><latexit sha1_base64="NtrDLiXVEWHBj/EKCtBc+PrFfTc=">AAACGnicbVDLSgMxFM3UV62vqks3wSK4KjMi2GXBjStpwT6gHUomvdOGJpkxyQhl6He4caG/4k7cuvFPXJppZ2FbDwQO59ybnJwg5kwb1/12ChubW9s7xd3S3v7B4VH5+KSto0RRaNGIR6obEA2cSWgZZjh0YwVEBBw6weQ28ztPoDSL5IOZxuALMpIsZJQYK/l9QcyYEp42Z4P7QbniVt058DrxclJBORqD8k9/GNFEgDSUE617nhsbPyXKMMphVuonGmJCJ2QEPUslEaD9dB56hi+sMsRhpOyRBs/VvxspEVpPRWAns5B61cvEf71ALL2cSkYhVISu5DFhzU+ZjBMDki7ihAnHJsJZT3jIFFDDp5YQqpj9EaZjYq8xts2SrcpbLWadtK+qnlv1mteVei0vrYjO0Dm6RB66QXV0hxqohSh6RM/oFb05L8678+F8LkYLTr5zipbgfP0C73Kh+g==</latexit><latexit sha1_base64="NtrDLiXVEWHBj/EKCtBc+PrFfTc=">AAACGnicbVDLSgMxFM3UV62vqks3wSK4KjMi2GXBjStpwT6gHUomvdOGJpkxyQhl6He4caG/4k7cuvFPXJppZ2FbDwQO59ybnJwg5kwb1/12ChubW9s7xd3S3v7B4VH5+KSto0RRaNGIR6obEA2cSWgZZjh0YwVEBBw6weQ28ztPoDSL5IOZxuALMpIsZJQYK/l9QcyYEp42Z4P7QbniVt058DrxclJBORqD8k9/GNFEgDSUE617nhsbPyXKMMphVuonGmJCJ2QEPUslEaD9dB56hi+sMsRhpOyRBs/VvxspEVpPRWAns5B61cvEf71ALL2cSkYhVISu5DFhzU+ZjBMDki7ihAnHJsJZT3jIFFDDp5YQqpj9EaZjYq8xts2SrcpbLWadtK+qnlv1mteVei0vrYjO0Dm6RB66QXV0hxqohSh6RM/oFb05L8678+F8LkYLTr5zipbgfP0C73Kh+g==</latexit><latexit sha1_base64="NtrDLiXVEWHBj/EKCtBc+PrFfTc=">AAACGnicbVDLSgMxFM3UV62vqks3wSK4KjMi2GXBjStpwT6gHUomvdOGJpkxyQhl6He4caG/4k7cuvFPXJppZ2FbDwQO59ybnJwg5kwb1/12ChubW9s7xd3S3v7B4VH5+KSto0RRaNGIR6obEA2cSWgZZjh0YwVEBBw6weQ28ztPoDSL5IOZxuALMpIsZJQYK/l9QcyYEp42Z4P7QbniVt058DrxclJBORqD8k9/GNFEgDSUE617nhsbPyXKMMphVuonGmJCJ2QEPUslEaD9dB56hi+sMsRhpOyRBs/VvxspEVpPRWAns5B61cvEf71ALL2cSkYhVISu5DFhzU+ZjBMDki7ihAnHJsJZT3jIFFDDp5YQqpj9EaZjYq8xts2SrcpbLWadtK+qnlv1mteVei0vrYjO0Dm6RB66QXV0hxqohSh6RM/oFb05L8678+F8LkYLTr5zipbgfP0C73Kh+g==</latexit>
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• Regime of validity?

• Origin? Beyond Fluctuation 
theorems?

• Quantum coherent effects?

A. C. Barato, U. Seifert, “Thermodynamic Uncertainty Relation for Biomolecular Processes”, 
Physical Review Letters, 114, 158101 (2015)

var(Q)

hQi2 � 2

h⌃i
<latexit sha1_base64="OBZ99n17aysDZ4Uep+UtHElhdSE="></latexit><latexit sha1_base64="OBZ99n17aysDZ4Uep+UtHElhdSE="></latexit><latexit sha1_base64="OBZ99n17aysDZ4Uep+UtHElhdSE="></latexit><latexit sha1_base64="OBZ99n17aysDZ4Uep+UtHElhdSE="></latexit>

arXiv 1705.05817

var(P ) � 2THhP i ⌘
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<latexit sha1_base64="uXtRec+8nkiKsHLAyyDQG9hJ/8I="></latexit><latexit sha1_base64="uXtRec+8nkiKsHLAyyDQG9hJ/8I="></latexit><latexit sha1_base64="uXtRec+8nkiKsHLAyyDQG9hJ/8I="></latexit><latexit sha1_base64="uXtRec+8nkiKsHLAyyDQG9hJ/8I="></latexit>

• Implications for quantum 
heat engines:





Ĥ = Ĥ0 + Ĥint
<latexit sha1_base64="QO9Qs9bIY3+QCdueNTkwTA6eh/w=">AAACR3icbVBLS8NAEN7UV62vqEcvi0UQhJKIoBeh6KV4qmBroQlls920SzcPdidCDflP/g3/gOBJT169iUc3bQ728cHAN9/MMDOfFwuuwLLejdLK6tr6RnmzsrW9s7tn7h+0VZRIylo0EpHseEQxwUPWAg6CdWLJSOAJ9uiNbvP64xOTikfhA4xj5gZkEHKfUwJa6pl3zpBA6gQEhpSItJFl+BovaD0Lny1Rp5kMUh6CTs2qVbMmwIvELkgVFWj2zC+nH9EkYCFQQZTq2lYMbkokcCpYVnESxWJCR2TAupqGJGDKTSc/Z/hEK33sR1JHCHii/p9ISaDUOPB0Z36kmq/l4rJaNwH/ytUfxQmwkE4X+YnAEOHcQNznklEQY00IlVzfiumQSEJB2zyzBfjoOcO4oo2x521YJO3zmm3V7PuLav2msKiMjtAxOkU2ukR11EBN1EIUvaA39IE+jVfj2/gxfqetJaOYOUQzKBl/e7izjA==</latexit><latexit sha1_base64="QO9Qs9bIY3+QCdueNTkwTA6eh/w=">AAACR3icbVBLS8NAEN7UV62vqEcvi0UQhJKIoBeh6KV4qmBroQlls920SzcPdidCDflP/g3/gOBJT169iUc3bQ728cHAN9/MMDOfFwuuwLLejdLK6tr6RnmzsrW9s7tn7h+0VZRIylo0EpHseEQxwUPWAg6CdWLJSOAJ9uiNbvP64xOTikfhA4xj5gZkEHKfUwJa6pl3zpBA6gQEhpSItJFl+BovaD0Lny1Rp5kMUh6CTs2qVbMmwIvELkgVFWj2zC+nH9EkYCFQQZTq2lYMbkokcCpYVnESxWJCR2TAupqGJGDKTSc/Z/hEK33sR1JHCHii/p9ISaDUOPB0Z36kmq/l4rJaNwH/ytUfxQmwkE4X+YnAEOHcQNznklEQY00IlVzfiumQSEJB2zyzBfjoOcO4oo2x521YJO3zmm3V7PuLav2msKiMjtAxOkU2ukR11EBN1EIUvaA39IE+jVfj2/gxfqetJaOYOUQzKBl/e7izjA==</latexit><latexit sha1_base64="QO9Qs9bIY3+QCdueNTkwTA6eh/w=">AAACR3icbVBLS8NAEN7UV62vqEcvi0UQhJKIoBeh6KV4qmBroQlls920SzcPdidCDflP/g3/gOBJT169iUc3bQ728cHAN9/MMDOfFwuuwLLejdLK6tr6RnmzsrW9s7tn7h+0VZRIylo0EpHseEQxwUPWAg6CdWLJSOAJ9uiNbvP64xOTikfhA4xj5gZkEHKfUwJa6pl3zpBA6gQEhpSItJFl+BovaD0Lny1Rp5kMUh6CTs2qVbMmwIvELkgVFWj2zC+nH9EkYCFQQZTq2lYMbkokcCpYVnESxWJCR2TAupqGJGDKTSc/Z/hEK33sR1JHCHii/p9ISaDUOPB0Z36kmq/l4rJaNwH/ytUfxQmwkE4X+YnAEOHcQNznklEQY00IlVzfiumQSEJB2zyzBfjoOcO4oo2x521YJO3zmm3V7PuLav2msKiMjtAxOkU2ukR11EBN1EIUvaA39IE+jVfj2/gxfqetJaOYOUQzKBl/e7izjA==</latexit><latexit sha1_base64="QO9Qs9bIY3+QCdueNTkwTA6eh/w=">AAACR3icbVBLS8NAEN7UV62vqEcvi0UQhJKIoBeh6KV4qmBroQlls920SzcPdidCDflP/g3/gOBJT169iUc3bQ728cHAN9/MMDOfFwuuwLLejdLK6tr6RnmzsrW9s7tn7h+0VZRIylo0EpHseEQxwUPWAg6CdWLJSOAJ9uiNbvP64xOTikfhA4xj5gZkEHKfUwJa6pl3zpBA6gQEhpSItJFl+BovaD0Lny1Rp5kMUh6CTs2qVbMmwIvELkgVFWj2zC+nH9EkYCFQQZTq2lYMbkokcCpYVnESxWJCR2TAupqGJGDKTSc/Z/hEK33sR1JHCHii/p9ISaDUOPB0Z36kmq/l4rJaNwH/ytUfxQmwkE4X+YnAEOHcQNznklEQY00IlVzfiumQSEJB2zyzBfjoOcO4oo2x521YJO3zmm3V7PuLav2msKiMjtAxOkU2ukR11EBN1EIUvaA39IE+jVfj2/gxfqetJaOYOUQzKBl/e7izjA==</latexit>

Total Hamiltonian:

⇢̂0 = Z�1
L e��L(ĤL�µLN̂L) ⌦ ⇢̂C ⌦ Z�1

R e��R(ĤR�µRN̂R)
<latexit sha1_base64="RkZTyyixC1q9uhIHikDQ4HEmVMk="></latexit><latexit sha1_base64="RkZTyyixC1q9uhIHikDQ4HEmVMk="></latexit><latexit sha1_base64="RkZTyyixC1q9uhIHikDQ4HEmVMk="></latexit><latexit sha1_base64="RkZTyyixC1q9uhIHikDQ4HEmVMk="></latexit>

Initial factorized condition:

Ĥint = V̂LC + V̂RC
<latexit sha1_base64="D36fwls7LE9o3cmCYwcFcMIdprw="></latexit><latexit sha1_base64="D36fwls7LE9o3cmCYwcFcMIdprw="></latexit><latexit sha1_base64="D36fwls7LE9o3cmCYwcFcMIdprw="></latexit><latexit sha1_base64="D36fwls7LE9o3cmCYwcFcMIdprw="></latexit>

Ĥ0 = ĤC + ĤR + ĤL
<latexit sha1_base64="Yh6/VXLN8WOn7OmH5QuLM5Xnhi4=">AAACZHicbZFNS8MwGMez+jbn1OrwJEhwCIIwWhHcRRjssoOHKe4F1lLSLN2CaVqSVBiln8xP4tGLB/0CHk23HtzLA4E/v+d5kuf5x48ZlcqyPkrG1vbO7l55v3JQPTw6Nk9O+zJKBCY9HLFIDH0kCaOc9BRVjAxjQVDoMzLwX9t5fvBGhKQRf1GzmLghmnAaUIyURp7Zc6ZIpU6I1BQjlnayzLPgA1ynbXizgT5vpI+eWbca1jzgurALUQdFdD3z1xlHOAkJV5ghKUe2FSs3RUJRzEhWcRJJYoRf0YSMtOQoJNJN5+tn8EqTMQwioQ9XcE7/d6QolHIW+royn1Ku5nK4MeeHSy+nnGISCIRX5lFB000pjxNFOF6MEyQMqgjmjsMxFQQrNtMCYUH1RhBPkb5G6X+paKvsVWPWRf+2YVsN++mu3moWppXBObgE18AG96AFOqALegCDd/AJvsFP6cuoGjXjbFFqlIqeGlgK4+IPUga7zw==</latexit><latexit sha1_base64="Yh6/VXLN8WOn7OmH5QuLM5Xnhi4=">AAACZHicbZFNS8MwGMez+jbn1OrwJEhwCIIwWhHcRRjssoOHKe4F1lLSLN2CaVqSVBiln8xP4tGLB/0CHk23HtzLA4E/v+d5kuf5x48ZlcqyPkrG1vbO7l55v3JQPTw6Nk9O+zJKBCY9HLFIDH0kCaOc9BRVjAxjQVDoMzLwX9t5fvBGhKQRf1GzmLghmnAaUIyURp7Zc6ZIpU6I1BQjlnayzLPgA1ynbXizgT5vpI+eWbca1jzgurALUQdFdD3z1xlHOAkJV5ghKUe2FSs3RUJRzEhWcRJJYoRf0YSMtOQoJNJN5+tn8EqTMQwioQ9XcE7/d6QolHIW+royn1Ku5nK4MeeHSy+nnGISCIRX5lFB000pjxNFOF6MEyQMqgjmjsMxFQQrNtMCYUH1RhBPkb5G6X+paKvsVWPWRf+2YVsN++mu3moWppXBObgE18AG96AFOqALegCDd/AJvsFP6cuoGjXjbFFqlIqeGlgK4+IPUga7zw==</latexit><latexit sha1_base64="Yh6/VXLN8WOn7OmH5QuLM5Xnhi4=">AAACZHicbZFNS8MwGMez+jbn1OrwJEhwCIIwWhHcRRjssoOHKe4F1lLSLN2CaVqSVBiln8xP4tGLB/0CHk23HtzLA4E/v+d5kuf5x48ZlcqyPkrG1vbO7l55v3JQPTw6Nk9O+zJKBCY9HLFIDH0kCaOc9BRVjAxjQVDoMzLwX9t5fvBGhKQRf1GzmLghmnAaUIyURp7Zc6ZIpU6I1BQjlnayzLPgA1ynbXizgT5vpI+eWbca1jzgurALUQdFdD3z1xlHOAkJV5ghKUe2FSs3RUJRzEhWcRJJYoRf0YSMtOQoJNJN5+tn8EqTMQwioQ9XcE7/d6QolHIW+royn1Ku5nK4MeeHSy+nnGISCIRX5lFB000pjxNFOF6MEyQMqgjmjsMxFQQrNtMCYUH1RhBPkb5G6X+paKvsVWPWRf+2YVsN++mu3moWppXBObgE18AG96AFOqALegCDd/AJvsFP6cuoGjXjbFFqlIqeGlgK4+IPUga7zw==</latexit><latexit sha1_base64="Yh6/VXLN8WOn7OmH5QuLM5Xnhi4=">AAACZHicbZFNS8MwGMez+jbn1OrwJEhwCIIwWhHcRRjssoOHKe4F1lLSLN2CaVqSVBiln8xP4tGLB/0CHk23HtzLA4E/v+d5kuf5x48ZlcqyPkrG1vbO7l55v3JQPTw6Nk9O+zJKBCY9HLFIDH0kCaOc9BRVjAxjQVDoMzLwX9t5fvBGhKQRf1GzmLghmnAaUIyURp7Zc6ZIpU6I1BQjlnayzLPgA1ynbXizgT5vpI+eWbca1jzgurALUQdFdD3z1xlHOAkJV5ghKUe2FSs3RUJRzEhWcRJJYoRf0YSMtOQoJNJN5+tn8EqTMQwioQ9XcE7/d6QolHIW+royn1Ku5nK4MeeHSy+nnGISCIRX5lFB000pjxNFOF6MEyQMqgjmjsMxFQQrNtMCYUH1RhBPkb5G6X+paKvsVWPWRf+2YVsN++mu3moWppXBObgE18AG96AFOqALegCDd/AJvsFP6cuoGjXjbFFqlIqeGlgK4+IPUga7zw==</latexit>

⇢̂ness = Z�1
nesse

��(Ĥ�µN̂)�⌃̂
<latexit sha1_base64="3W0GO2IJwQ0Ovf2Xks1AX6SffFM="></latexit><latexit sha1_base64="3W0GO2IJwQ0Ovf2Xks1AX6SffFM="></latexit><latexit sha1_base64="3W0GO2IJwQ0Ovf2Xks1AX6SffFM="></latexit><latexit sha1_base64="3W0GO2IJwQ0Ovf2Xks1AX6SffFM="></latexit>

⌃̂ = ���QE + ��µQµ
<latexit sha1_base64="z5KAEutrAOahhRQJZ5iFedXLZ/0="></latexit><latexit sha1_base64="z5KAEutrAOahhRQJZ5iFedXLZ/0="></latexit><latexit sha1_base64="z5KAEutrAOahhRQJZ5iFedXLZ/0="></latexit><latexit sha1_base64="z5KAEutrAOahhRQJZ5iFedXLZ/0="></latexit>



⇢̂les ⌘ Z�1
les e

��(Ĥ�µN̂)
<latexit sha1_base64="JTRXn/CEnSbJMoMK5vzp/aXzXh4="></latexit><latexit sha1_base64="JTRXn/CEnSbJMoMK5vzp/aXzXh4="></latexit><latexit sha1_base64="JTRXn/CEnSbJMoMK5vzp/aXzXh4="></latexit><latexit sha1_base64="JTRXn/CEnSbJMoMK5vzp/aXzXh4="></latexit>

� = ln

✓
Zness

Zles

◆

<latexit sha1_base64="q2rzzklVAoeDo7K+EYZDnWydlkI="></latexit><latexit sha1_base64="q2rzzklVAoeDo7K+EYZDnWydlkI="></latexit><latexit sha1_base64="q2rzzklVAoeDo7K+EYZDnWydlkI="></latexit><latexit sha1_base64="q2rzzklVAoeDo7K+EYZDnWydlkI="></latexit>

h⌃̂i = D(⇢̂ness||⇢̂les) +� 
<latexit sha1_base64="FGCq7WO0C9RlxP6ZQXk31sVWA0E="></latexit><latexit sha1_base64="FGCq7WO0C9RlxP6ZQXk31sVWA0E="></latexit><latexit sha1_base64="FGCq7WO0C9RlxP6ZQXk31sVWA0E="></latexit><latexit sha1_base64="FGCq7WO0C9RlxP6ZQXk31sVWA0E="></latexit>

D(⇢||�) = tr

⇢
⇢ log ⇢� ⇢ log �

�

<latexit sha1_base64="WPTLMNk45uSl1Uc5mOrzcVLnLBo="></latexit><latexit sha1_base64="WPTLMNk45uSl1Uc5mOrzcVLnLBo="></latexit><latexit sha1_base64="WPTLMNk45uSl1Uc5mOrzcVLnLBo="></latexit><latexit sha1_base64="WPTLMNk45uSl1Uc5mOrzcVLnLBo="></latexit>

TUR stems from the geometry of quantum states

⇢̂ness = Z�1
nesse

��(Ĥ�µN̂)�⌃̂
<latexit sha1_base64="3W0GO2IJwQ0Ovf2Xks1AX6SffFM="></latexit><latexit sha1_base64="3W0GO2IJwQ0Ovf2Xks1AX6SffFM="></latexit><latexit sha1_base64="3W0GO2IJwQ0Ovf2Xks1AX6SffFM="></latexit><latexit sha1_base64="3W0GO2IJwQ0Ovf2Xks1AX6SffFM="></latexit>



⇢̂les ⌘ Z�1
les e

��(Ĥ�µN̂)
<latexit sha1_base64="JTRXn/CEnSbJMoMK5vzp/aXzXh4="></latexit><latexit sha1_base64="JTRXn/CEnSbJMoMK5vzp/aXzXh4="></latexit><latexit sha1_base64="JTRXn/CEnSbJMoMK5vzp/aXzXh4="></latexit><latexit sha1_base64="JTRXn/CEnSbJMoMK5vzp/aXzXh4="></latexit>

� = ln

✓
Zness

Zles

◆

<latexit sha1_base64="q2rzzklVAoeDo7K+EYZDnWydlkI="></latexit><latexit sha1_base64="q2rzzklVAoeDo7K+EYZDnWydlkI="></latexit><latexit sha1_base64="q2rzzklVAoeDo7K+EYZDnWydlkI="></latexit><latexit sha1_base64="q2rzzklVAoeDo7K+EYZDnWydlkI="></latexit>

h⌃̂i = D(⇢̂ness||⇢̂les) +� 
<latexit sha1_base64="FGCq7WO0C9RlxP6ZQXk31sVWA0E="></latexit><latexit sha1_base64="FGCq7WO0C9RlxP6ZQXk31sVWA0E="></latexit><latexit sha1_base64="FGCq7WO0C9RlxP6ZQXk31sVWA0E="></latexit><latexit sha1_base64="FGCq7WO0C9RlxP6ZQXk31sVWA0E="></latexit>

D(⇢||�) = tr

⇢
⇢ log ⇢� ⇢ log �

�

<latexit sha1_base64="WPTLMNk45uSl1Uc5mOrzcVLnLBo="></latexit><latexit sha1_base64="WPTLMNk45uSl1Uc5mOrzcVLnLBo="></latexit><latexit sha1_base64="WPTLMNk45uSl1Uc5mOrzcVLnLBo="></latexit><latexit sha1_base64="WPTLMNk45uSl1Uc5mOrzcVLnLBo="></latexit>

• Fisher Information metric. 

• Quantum Cramer-Rao bound. 

TUR stems from the geometry of quantum states

⇢̂ness = Z�1
nesse

��(Ĥ�µN̂)�⌃̂
<latexit sha1_base64="3W0GO2IJwQ0Ovf2Xks1AX6SffFM="></latexit><latexit sha1_base64="3W0GO2IJwQ0Ovf2Xks1AX6SffFM="></latexit><latexit sha1_base64="3W0GO2IJwQ0Ovf2Xks1AX6SffFM="></latexit><latexit sha1_base64="3W0GO2IJwQ0Ovf2Xks1AX6SffFM="></latexit>



⇢̂les ⌘ Z�1
les e

��(Ĥ�µN̂)
<latexit sha1_base64="JTRXn/CEnSbJMoMK5vzp/aXzXh4="></latexit><latexit sha1_base64="JTRXn/CEnSbJMoMK5vzp/aXzXh4="></latexit><latexit sha1_base64="JTRXn/CEnSbJMoMK5vzp/aXzXh4="></latexit><latexit sha1_base64="JTRXn/CEnSbJMoMK5vzp/aXzXh4="></latexit>

� = ln

✓
Zness

Zles

◆

<latexit sha1_base64="q2rzzklVAoeDo7K+EYZDnWydlkI="></latexit><latexit sha1_base64="q2rzzklVAoeDo7K+EYZDnWydlkI="></latexit><latexit sha1_base64="q2rzzklVAoeDo7K+EYZDnWydlkI="></latexit><latexit sha1_base64="q2rzzklVAoeDo7K+EYZDnWydlkI="></latexit>

h⌃̂i = D(⇢̂ness||⇢̂les) +� 
<latexit sha1_base64="FGCq7WO0C9RlxP6ZQXk31sVWA0E="></latexit><latexit sha1_base64="FGCq7WO0C9RlxP6ZQXk31sVWA0E="></latexit><latexit sha1_base64="FGCq7WO0C9RlxP6ZQXk31sVWA0E="></latexit><latexit sha1_base64="FGCq7WO0C9RlxP6ZQXk31sVWA0E="></latexit>

D(⇢||�) = tr

⇢
⇢ log ⇢� ⇢ log �

�

<latexit sha1_base64="WPTLMNk45uSl1Uc5mOrzcVLnLBo="></latexit><latexit sha1_base64="WPTLMNk45uSl1Uc5mOrzcVLnLBo="></latexit><latexit sha1_base64="WPTLMNk45uSl1Uc5mOrzcVLnLBo="></latexit><latexit sha1_base64="WPTLMNk45uSl1Uc5mOrzcVLnLBo="></latexit>

• Fisher Information metric. 

• Quantum Cramer-Rao bound. 

TUR stems from the geometry of quantum states

⇢̂ness = Z�1
nesse

��(Ĥ�µN̂)�⌃̂
<latexit sha1_base64="3W0GO2IJwQ0Ovf2Xks1AX6SffFM="></latexit><latexit sha1_base64="3W0GO2IJwQ0Ovf2Xks1AX6SffFM="></latexit><latexit sha1_base64="3W0GO2IJwQ0Ovf2Xks1AX6SffFM="></latexit><latexit sha1_base64="3W0GO2IJwQ0Ovf2Xks1AX6SffFM="></latexit>

var(Q)

hQi2 � 1

2h⌃i
<latexit sha1_base64="Jkm2p062DcJ5mO4nxfliNRi8KAk="></latexit><latexit sha1_base64="Jkm2p062DcJ5mO4nxfliNRi8KAk="></latexit><latexit sha1_base64="Jkm2p062DcJ5mO4nxfliNRi8KAk="></latexit><latexit sha1_base64="Jkm2p062DcJ5mO4nxfliNRi8KAk="></latexit>

G. Guarnieri, G. T. Landi, S. R. Clark, J. Goold,  “Thermodynamics of precision in quantum non 
equilibrium steady states”, arXiv 1902.10428



TURs from Fluctuation Theorems

Stronger than regular FTs since there is only the 
forward distribution.

TA

TB

P (Q)

P (�Q)
= e��Q

<latexit sha1_base64="DKxhgMSaHA+DE/erm9SsCbqhsPw="></latexit><latexit sha1_base64="DKxhgMSaHA+DE/erm9SsCbqhsPw="></latexit><latexit sha1_base64="DKxhgMSaHA+DE/erm9SsCbqhsPw="></latexit><latexit sha1_base64="DKxhgMSaHA+DE/erm9SsCbqhsPw="></latexit>

Jarzynski-Wójcik Fluctuation Theorem  
(Phys. Rev. Lett. 92, 230602 (2004)

�! ��hQi � 0
<latexit sha1_base64="kyD/nHwBsNcC9fWNfx4TW3Tyq8o="></latexit><latexit sha1_base64="kyD/nHwBsNcC9fWNfx4TW3Tyq8o="></latexit><latexit sha1_base64="kyD/nHwBsNcC9fWNfx4TW3Tyq8o="></latexit><latexit sha1_base64="kyD/nHwBsNcC9fWNfx4TW3Tyq8o="></latexit>



TURs from Fluctuation Theorems

Stronger than regular FTs since there is only the 
forward distribution.

Can be generalized to an arbitrary number of systems 
and an arbitrary number of currents: 

P (Q1, . . . ,Qn)

P (�Q1, . . . ,�Qn)
= e

P
i
AiQi

<latexit sha1_base64="IrQ2DfDpsjNQxwfBfBiKhWoH2fk="></latexit><latexit sha1_base64="IrQ2DfDpsjNQxwfBfBiKhWoH2fk="></latexit><latexit sha1_base64="IrQ2DfDpsjNQxwfBfBiKhWoH2fk="></latexit><latexit sha1_base64="IrQ2DfDpsjNQxwfBfBiKhWoH2fk="></latexit>

TA

TB

P (Q)

P (�Q)
= e��Q

<latexit sha1_base64="DKxhgMSaHA+DE/erm9SsCbqhsPw="></latexit><latexit sha1_base64="DKxhgMSaHA+DE/erm9SsCbqhsPw="></latexit><latexit sha1_base64="DKxhgMSaHA+DE/erm9SsCbqhsPw="></latexit><latexit sha1_base64="DKxhgMSaHA+DE/erm9SsCbqhsPw="></latexit>

Jarzynski-Wójcik Fluctuation Theorem  
(Phys. Rev. Lett. 92, 230602 (2004)

�! ��hQi � 0
<latexit sha1_base64="kyD/nHwBsNcC9fWNfx4TW3Tyq8o="></latexit><latexit sha1_base64="kyD/nHwBsNcC9fWNfx4TW3Tyq8o="></latexit><latexit sha1_base64="kyD/nHwBsNcC9fWNfx4TW3Tyq8o="></latexit><latexit sha1_base64="kyD/nHwBsNcC9fWNfx4TW3Tyq8o="></latexit>



TUR for the currents:

var(Qi)

hQii2
� f(h⌃i)

<latexit sha1_base64="UjEpJOLIZeQRohbzNDl8G7EnFRk="></latexit><latexit sha1_base64="UjEpJOLIZeQRohbzNDl8G7EnFRk="></latexit><latexit sha1_base64="UjEpJOLIZeQRohbzNDl8G7EnFRk="></latexit><latexit sha1_base64="UjEpJOLIZeQRohbzNDl8G7EnFRk="></latexit>

�/�
�(�)

� � � ��

�

�

�

This is the tighest (saturable) bound 
possible for this scenario.



TUR for the currents:

var(Qi)

hQii2
� f(h⌃i)

<latexit sha1_base64="UjEpJOLIZeQRohbzNDl8G7EnFRk="></latexit><latexit sha1_base64="UjEpJOLIZeQRohbzNDl8G7EnFRk="></latexit><latexit sha1_base64="UjEpJOLIZeQRohbzNDl8G7EnFRk="></latexit><latexit sha1_base64="UjEpJOLIZeQRohbzNDl8G7EnFRk="></latexit>

�/�
�(�)
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�

�

�

TUR for the covariance matrix:

C � f(h⌃i)qqT � 0
<latexit sha1_base64="sGuazx+n7ebg/gSXqyvHehmTOps="></latexit><latexit sha1_base64="sGuazx+n7ebg/gSXqyvHehmTOps="></latexit><latexit sha1_base64="sGuazx+n7ebg/gSXqyvHehmTOps="></latexit><latexit sha1_base64="sGuazx+n7ebg/gSXqyvHehmTOps="></latexit>

Cij = cov(Qi,Qj)
<latexit sha1_base64="H5A0PkAdVAf1eaHWnbaitiVbsa8="></latexit><latexit sha1_base64="H5A0PkAdVAf1eaHWnbaitiVbsa8="></latexit><latexit sha1_base64="H5A0PkAdVAf1eaHWnbaitiVbsa8="></latexit><latexit sha1_base64="H5A0PkAdVAf1eaHWnbaitiVbsa8="></latexit>

q = (hQ1i, . . . , hQni)
<latexit sha1_base64="IQ/ZpS2Rs46bJChD4f7pSmD9TfA="></latexit><latexit sha1_base64="IQ/ZpS2Rs46bJChD4f7pSmD9TfA="></latexit><latexit sha1_base64="IQ/ZpS2Rs46bJChD4f7pSmD9TfA="></latexit><latexit sha1_base64="IQ/ZpS2Rs46bJChD4f7pSmD9TfA="></latexit>

This is the tighest (saturable) bound 
possible for this scenario.



TUR for the currents:

var(Qi)

hQii2
� f(h⌃i)

<latexit sha1_base64="UjEpJOLIZeQRohbzNDl8G7EnFRk="></latexit><latexit sha1_base64="UjEpJOLIZeQRohbzNDl8G7EnFRk="></latexit><latexit sha1_base64="UjEpJOLIZeQRohbzNDl8G7EnFRk="></latexit><latexit sha1_base64="UjEpJOLIZeQRohbzNDl8G7EnFRk="></latexit>

�/�
�(�)

� � � ��

�

�

�

TUR for the covariance matrix:

C � f(h⌃i)qqT � 0
<latexit sha1_base64="sGuazx+n7ebg/gSXqyvHehmTOps="></latexit><latexit sha1_base64="sGuazx+n7ebg/gSXqyvHehmTOps="></latexit><latexit sha1_base64="sGuazx+n7ebg/gSXqyvHehmTOps="></latexit><latexit sha1_base64="sGuazx+n7ebg/gSXqyvHehmTOps="></latexit>

Cij = cov(Qi,Qj)
<latexit sha1_base64="H5A0PkAdVAf1eaHWnbaitiVbsa8="></latexit><latexit sha1_base64="H5A0PkAdVAf1eaHWnbaitiVbsa8="></latexit><latexit sha1_base64="H5A0PkAdVAf1eaHWnbaitiVbsa8="></latexit><latexit sha1_base64="H5A0PkAdVAf1eaHWnbaitiVbsa8="></latexit>

q = (hQ1i, . . . , hQni)
<latexit sha1_base64="IQ/ZpS2Rs46bJChD4f7pSmD9TfA="></latexit><latexit sha1_base64="IQ/ZpS2Rs46bJChD4f7pSmD9TfA="></latexit><latexit sha1_base64="IQ/ZpS2Rs46bJChD4f7pSmD9TfA="></latexit><latexit sha1_base64="IQ/ZpS2Rs46bJChD4f7pSmD9TfA="></latexit>

This is the tighest (saturable) bound 
possible for this scenario.

Conditions on the signs of the covariances:

q2i
var(Qi)

+
q2j

var(Qj)
� 1

f(h⌃i) �! sign cov(Qi,Qj) = sign qiqj
<latexit sha1_base64="WL+0I+jjCxx+LZRjQsBa+o66UYs="></latexit><latexit sha1_base64="WL+0I+jjCxx+LZRjQsBa+o66UYs="></latexit><latexit sha1_base64="WL+0I+jjCxx+LZRjQsBa+o66UYs="></latexit><latexit sha1_base64="WL+0I+jjCxx+LZRjQsBa+o66UYs="></latexit>



TA

TB

✏A
<latexit sha1_base64="NC046Wyb7yorMtq0XW9dZJbjiaU=">AAACF3icdVDLSgMxFM3UV62vqks3wSK4GmZEtN1V3LisYFuxHUomvdOGJpkhyQhl6F+4caG/4k7cuvRPXJo+BFv1QOBwzr3JyQkTzrTxvA8nt7S8srqWXy9sbG5t7xR39xo6ThWFOo15rG5DooEzCXXDDIfbRAERIYdmOLgc+817UJrF8sYMEwgE6UkWMUqMle7akGjGY9m56BRLnlvx/MqZj38T3/UmKKEZap3iZ7sb01SANJQTrVu+l5ggI8owymFUaKcaEkIHpActSyURoINskniEj6zSxVGs7JEGT9SfGxkRWg9FaCcFMX296I3FP71QzL2cSUYhUoQu5DFROciYTFIDkk7jRCnHJsbjknCXKaCGDy0hVDH7I0z7xF5jbJUFW9V3H/h/0jhxfc/1r09L1fKstDw6QIfoGPnoHFXRFaqhOqJIogf0hJ6dR+fFeXXepqM5Z7azj+bgvH8B66mg9A==</latexit><latexit sha1_base64="NC046Wyb7yorMtq0XW9dZJbjiaU=">AAACF3icdVDLSgMxFM3UV62vqks3wSK4GmZEtN1V3LisYFuxHUomvdOGJpkhyQhl6F+4caG/4k7cuvRPXJo+BFv1QOBwzr3JyQkTzrTxvA8nt7S8srqWXy9sbG5t7xR39xo6ThWFOo15rG5DooEzCXXDDIfbRAERIYdmOLgc+817UJrF8sYMEwgE6UkWMUqMle7akGjGY9m56BRLnlvx/MqZj38T3/UmKKEZap3iZ7sb01SANJQTrVu+l5ggI8owymFUaKcaEkIHpActSyURoINskniEj6zSxVGs7JEGT9SfGxkRWg9FaCcFMX296I3FP71QzL2cSUYhUoQu5DFROciYTFIDkk7jRCnHJsbjknCXKaCGDy0hVDH7I0z7xF5jbJUFW9V3H/h/0jhxfc/1r09L1fKstDw6QIfoGPnoHFXRFaqhOqJIogf0hJ6dR+fFeXXepqM5Z7azj+bgvH8B66mg9A==</latexit><latexit sha1_base64="NC046Wyb7yorMtq0XW9dZJbjiaU=">AAACF3icdVDLSgMxFM3UV62vqks3wSK4GmZEtN1V3LisYFuxHUomvdOGJpkhyQhl6F+4caG/4k7cuvRPXJo+BFv1QOBwzr3JyQkTzrTxvA8nt7S8srqWXy9sbG5t7xR39xo6ThWFOo15rG5DooEzCXXDDIfbRAERIYdmOLgc+817UJrF8sYMEwgE6UkWMUqMle7akGjGY9m56BRLnlvx/MqZj38T3/UmKKEZap3iZ7sb01SANJQTrVu+l5ggI8owymFUaKcaEkIHpActSyURoINskniEj6zSxVGs7JEGT9SfGxkRWg9FaCcFMX296I3FP71QzL2cSUYhUoQu5DFROciYTFIDkk7jRCnHJsbjknCXKaCGDy0hVDH7I0z7xF5jbJUFW9V3H/h/0jhxfc/1r09L1fKstDw6QIfoGPnoHFXRFaqhOqJIogf0hJ6dR+fFeXXepqM5Z7azj+bgvH8B66mg9A==</latexit><latexit sha1_base64="NC046Wyb7yorMtq0XW9dZJbjiaU=">AAACF3icdVDLSgMxFM3UV62vqks3wSK4GmZEtN1V3LisYFuxHUomvdOGJpkhyQhl6F+4caG/4k7cuvRPXJo+BFv1QOBwzr3JyQkTzrTxvA8nt7S8srqWXy9sbG5t7xR39xo6ThWFOo15rG5DooEzCXXDDIfbRAERIYdmOLgc+817UJrF8sYMEwgE6UkWMUqMle7akGjGY9m56BRLnlvx/MqZj38T3/UmKKEZap3iZ7sb01SANJQTrVu+l5ggI8owymFUaKcaEkIHpActSyURoINskniEj6zSxVGs7JEGT9SfGxkRWg9FaCcFMX296I3FP71QzL2cSUYhUoQu5DFROciYTFIDkk7jRCnHJsbjknCXKaCGDy0hVDH7I0z7xF5jbJUFW9V3H/h/0jhxfc/1r09L1fKstDw6QIfoGPnoHFXRFaqhOqJIogf0hJ6dR+fFeXXepqM5Z7azj+bgvH8B66mg9A==</latexit>

✏B
<latexit sha1_base64="oBHMhLocGGtE0Bwshi0HlWOSDf0=">AAACF3icdVDLSgMxFM3UV62vqks3wSK4GmZEtN0V3bisYFuxHUomvdOGJpkhyQhl6F+4caG/4k7cuvRPXJo+BFv1QOBwzr3JyQkTzrTxvA8nt7S8srqWXy9sbG5t7xR39xo6ThWFOo15rG5DooEzCXXDDIfbRAERIYdmOLgc+817UJrF8sYMEwgE6UkWMUqMle7akGjGY9m56BRLnlvx/MqZj38T3/UmKKEZap3iZ7sb01SANJQTrVu+l5ggI8owymFUaKcaEkIHpActSyURoINskniEj6zSxVGs7JEGT9SfGxkRWg9FaCcFMX296I3FP71QzL2cSUYhUoQu5DFROciYTFIDkk7jRCnHJsbjknCXKaCGDy0hVDH7I0z7xF5jbJUFW9V3H/h/0jhxfc/1r09L1fKstDw6QIfoGPnoHFXRFaqhOqJIogf0hJ6dR+fFeXXepqM5Z7azj+bgvH8B7VOg9Q==</latexit><latexit sha1_base64="oBHMhLocGGtE0Bwshi0HlWOSDf0=">AAACF3icdVDLSgMxFM3UV62vqks3wSK4GmZEtN0V3bisYFuxHUomvdOGJpkhyQhl6F+4caG/4k7cuvRPXJo+BFv1QOBwzr3JyQkTzrTxvA8nt7S8srqWXy9sbG5t7xR39xo6ThWFOo15rG5DooEzCXXDDIfbRAERIYdmOLgc+817UJrF8sYMEwgE6UkWMUqMle7akGjGY9m56BRLnlvx/MqZj38T3/UmKKEZap3iZ7sb01SANJQTrVu+l5ggI8owymFUaKcaEkIHpActSyURoINskniEj6zSxVGs7JEGT9SfGxkRWg9FaCcFMX296I3FP71QzL2cSUYhUoQu5DFROciYTFIDkk7jRCnHJsbjknCXKaCGDy0hVDH7I0z7xF5jbJUFW9V3H/h/0jhxfc/1r09L1fKstDw6QIfoGPnoHFXRFaqhOqJIogf0hJ6dR+fFeXXepqM5Z7azj+bgvH8B7VOg9Q==</latexit><latexit sha1_base64="oBHMhLocGGtE0Bwshi0HlWOSDf0=">AAACF3icdVDLSgMxFM3UV62vqks3wSK4GmZEtN0V3bisYFuxHUomvdOGJpkhyQhl6F+4caG/4k7cuvRPXJo+BFv1QOBwzr3JyQkTzrTxvA8nt7S8srqWXy9sbG5t7xR39xo6ThWFOo15rG5DooEzCXXDDIfbRAERIYdmOLgc+817UJrF8sYMEwgE6UkWMUqMle7akGjGY9m56BRLnlvx/MqZj38T3/UmKKEZap3iZ7sb01SANJQTrVu+l5ggI8owymFUaKcaEkIHpActSyURoINskniEj6zSxVGs7JEGT9SfGxkRWg9FaCcFMX296I3FP71QzL2cSUYhUoQu5DFROciYTFIDkk7jRCnHJsbjknCXKaCGDy0hVDH7I0z7xF5jbJUFW9V3H/h/0jhxfc/1r09L1fKstDw6QIfoGPnoHFXRFaqhOqJIogf0hJ6dR+fFeXXepqM5Z7azj+bgvH8B7VOg9Q==</latexit><latexit sha1_base64="oBHMhLocGGtE0Bwshi0HlWOSDf0=">AAACF3icdVDLSgMxFM3UV62vqks3wSK4GmZEtN0V3bisYFuxHUomvdOGJpkhyQhl6F+4caG/4k7cuvRPXJo+BFv1QOBwzr3JyQkTzrTxvA8nt7S8srqWXy9sbG5t7xR39xo6ThWFOo15rG5DooEzCXXDDIfbRAERIYdmOLgc+817UJrF8sYMEwgE6UkWMUqMle7akGjGY9m56BRLnlvx/MqZj38T3/UmKKEZap3iZ7sb01SANJQTrVu+l5ggI8owymFUaKcaEkIHpActSyURoINskniEj6zSxVGs7JEGT9SfGxkRWg9FaCcFMX296I3FP71QzL2cSUYhUoQu5DFROciYTFIDkk7jRCnHJsbjknCXKaCGDy0hVDH7I0z7xF5jbJUFW9V3H/h/0jhxfc/1r09L1fKstDw6QIfoGPnoHFXRFaqhOqJIogf0hJ6dR+fFeXXepqM5Z7azj+bgvH8B7VOg9Q==</latexit>

(a) SWAP engine



SWAP

TA

TB

TA

TB

✏A
<latexit sha1_base64="NC046Wyb7yorMtq0XW9dZJbjiaU=">AAACF3icdVDLSgMxFM3UV62vqks3wSK4GmZEtN1V3LisYFuxHUomvdOGJpkhyQhl6F+4caG/4k7cuvRPXJo+BFv1QOBwzr3JyQkTzrTxvA8nt7S8srqWXy9sbG5t7xR39xo6ThWFOo15rG5DooEzCXXDDIfbRAERIYdmOLgc+817UJrF8sYMEwgE6UkWMUqMle7akGjGY9m56BRLnlvx/MqZj38T3/UmKKEZap3iZ7sb01SANJQTrVu+l5ggI8owymFUaKcaEkIHpActSyURoINskniEj6zSxVGs7JEGT9SfGxkRWg9FaCcFMX296I3FP71QzL2cSUYhUoQu5DFROciYTFIDkk7jRCnHJsbjknCXKaCGDy0hVDH7I0z7xF5jbJUFW9V3H/h/0jhxfc/1r09L1fKstDw6QIfoGPnoHFXRFaqhOqJIogf0hJ6dR+fFeXXepqM5Z7azj+bgvH8B66mg9A==</latexit><latexit sha1_base64="NC046Wyb7yorMtq0XW9dZJbjiaU=">AAACF3icdVDLSgMxFM3UV62vqks3wSK4GmZEtN1V3LisYFuxHUomvdOGJpkhyQhl6F+4caG/4k7cuvRPXJo+BFv1QOBwzr3JyQkTzrTxvA8nt7S8srqWXy9sbG5t7xR39xo6ThWFOo15rG5DooEzCXXDDIfbRAERIYdmOLgc+817UJrF8sYMEwgE6UkWMUqMle7akGjGY9m56BRLnlvx/MqZj38T3/UmKKEZap3iZ7sb01SANJQTrVu+l5ggI8owymFUaKcaEkIHpActSyURoINskniEj6zSxVGs7JEGT9SfGxkRWg9FaCcFMX296I3FP71QzL2cSUYhUoQu5DFROciYTFIDkk7jRCnHJsbjknCXKaCGDy0hVDH7I0z7xF5jbJUFW9V3H/h/0jhxfc/1r09L1fKstDw6QIfoGPnoHFXRFaqhOqJIogf0hJ6dR+fFeXXepqM5Z7azj+bgvH8B66mg9A==</latexit><latexit sha1_base64="NC046Wyb7yorMtq0XW9dZJbjiaU=">AAACF3icdVDLSgMxFM3UV62vqks3wSK4GmZEtN1V3LisYFuxHUomvdOGJpkhyQhl6F+4caG/4k7cuvRPXJo+BFv1QOBwzr3JyQkTzrTxvA8nt7S8srqWXy9sbG5t7xR39xo6ThWFOo15rG5DooEzCXXDDIfbRAERIYdmOLgc+817UJrF8sYMEwgE6UkWMUqMle7akGjGY9m56BRLnlvx/MqZj38T3/UmKKEZap3iZ7sb01SANJQTrVu+l5ggI8owymFUaKcaEkIHpActSyURoINskniEj6zSxVGs7JEGT9SfGxkRWg9FaCcFMX296I3FP71QzL2cSUYhUoQu5DFROciYTFIDkk7jRCnHJsbjknCXKaCGDy0hVDH7I0z7xF5jbJUFW9V3H/h/0jhxfc/1r09L1fKstDw6QIfoGPnoHFXRFaqhOqJIogf0hJ6dR+fFeXXepqM5Z7azj+bgvH8B66mg9A==</latexit><latexit sha1_base64="NC046Wyb7yorMtq0XW9dZJbjiaU=">AAACF3icdVDLSgMxFM3UV62vqks3wSK4GmZEtN1V3LisYFuxHUomvdOGJpkhyQhl6F+4caG/4k7cuvRPXJo+BFv1QOBwzr3JyQkTzrTxvA8nt7S8srqWXy9sbG5t7xR39xo6ThWFOo15rG5DooEzCXXDDIfbRAERIYdmOLgc+817UJrF8sYMEwgE6UkWMUqMle7akGjGY9m56BRLnlvx/MqZj38T3/UmKKEZap3iZ7sb01SANJQTrVu+l5ggI8owymFUaKcaEkIHpActSyURoINskniEj6zSxVGs7JEGT9SfGxkRWg9FaCcFMX296I3FP71QzL2cSUYhUoQu5DFROciYTFIDkk7jRCnHJsbjknCXKaCGDy0hVDH7I0z7xF5jbJUFW9V3H/h/0jhxfc/1r09L1fKstDw6QIfoGPnoHFXRFaqhOqJIogf0hJ6dR+fFeXXepqM5Z7azj+bgvH8B66mg9A==</latexit>

✏B
<latexit sha1_base64="oBHMhLocGGtE0Bwshi0HlWOSDf0=">AAACF3icdVDLSgMxFM3UV62vqks3wSK4GmZEtN0V3bisYFuxHUomvdOGJpkhyQhl6F+4caG/4k7cuvRPXJo+BFv1QOBwzr3JyQkTzrTxvA8nt7S8srqWXy9sbG5t7xR39xo6ThWFOo15rG5DooEzCXXDDIfbRAERIYdmOLgc+817UJrF8sYMEwgE6UkWMUqMle7akGjGY9m56BRLnlvx/MqZj38T3/UmKKEZap3iZ7sb01SANJQTrVu+l5ggI8owymFUaKcaEkIHpActSyURoINskniEj6zSxVGs7JEGT9SfGxkRWg9FaCcFMX296I3FP71QzL2cSUYhUoQu5DFROciYTFIDkk7jRCnHJsbjknCXKaCGDy0hVDH7I0z7xF5jbJUFW9V3H/h/0jhxfc/1r09L1fKstDw6QIfoGPnoHFXRFaqhOqJIogf0hJ6dR+fFeXXepqM5Z7azj+bgvH8B7VOg9Q==</latexit><latexit sha1_base64="oBHMhLocGGtE0Bwshi0HlWOSDf0=">AAACF3icdVDLSgMxFM3UV62vqks3wSK4GmZEtN0V3bisYFuxHUomvdOGJpkhyQhl6F+4caG/4k7cuvRPXJo+BFv1QOBwzr3JyQkTzrTxvA8nt7S8srqWXy9sbG5t7xR39xo6ThWFOo15rG5DooEzCXXDDIfbRAERIYdmOLgc+817UJrF8sYMEwgE6UkWMUqMle7akGjGY9m56BRLnlvx/MqZj38T3/UmKKEZap3iZ7sb01SANJQTrVu+l5ggI8owymFUaKcaEkIHpActSyURoINskniEj6zSxVGs7JEGT9SfGxkRWg9FaCcFMX296I3FP71QzL2cSUYhUoQu5DFROciYTFIDkk7jRCnHJsbjknCXKaCGDy0hVDH7I0z7xF5jbJUFW9V3H/h/0jhxfc/1r09L1fKstDw6QIfoGPnoHFXRFaqhOqJIogf0hJ6dR+fFeXXepqM5Z7azj+bgvH8B7VOg9Q==</latexit><latexit sha1_base64="oBHMhLocGGtE0Bwshi0HlWOSDf0=">AAACF3icdVDLSgMxFM3UV62vqks3wSK4GmZEtN0V3bisYFuxHUomvdOGJpkhyQhl6F+4caG/4k7cuvRPXJo+BFv1QOBwzr3JyQkTzrTxvA8nt7S8srqWXy9sbG5t7xR39xo6ThWFOo15rG5DooEzCXXDDIfbRAERIYdmOLgc+817UJrF8sYMEwgE6UkWMUqMle7akGjGY9m56BRLnlvx/MqZj38T3/UmKKEZap3iZ7sb01SANJQTrVu+l5ggI8owymFUaKcaEkIHpActSyURoINskniEj6zSxVGs7JEGT9SfGxkRWg9FaCcFMX296I3FP71QzL2cSUYhUoQu5DFROciYTFIDkk7jRCnHJsbjknCXKaCGDy0hVDH7I0z7xF5jbJUFW9V3H/h/0jhxfc/1r09L1fKstDw6QIfoGPnoHFXRFaqhOqJIogf0hJ6dR+fFeXXepqM5Z7azj+bgvH8B7VOg9Q==</latexit><latexit sha1_base64="oBHMhLocGGtE0Bwshi0HlWOSDf0=">AAACF3icdVDLSgMxFM3UV62vqks3wSK4GmZEtN0V3bisYFuxHUomvdOGJpkhyQhl6F+4caG/4k7cuvRPXJo+BFv1QOBwzr3JyQkTzrTxvA8nt7S8srqWXy9sbG5t7xR39xo6ThWFOo15rG5DooEzCXXDDIfbRAERIYdmOLgc+817UJrF8sYMEwgE6UkWMUqMle7akGjGY9m56BRLnlvx/MqZj38T3/UmKKEZap3iZ7sb01SANJQTrVu+l5ggI8owymFUaKcaEkIHpActSyURoINskniEj6zSxVGs7JEGT9SfGxkRWg9FaCcFMX296I3FP71QzL2cSUYhUoQu5DFROciYTFIDkk7jRCnHJsbjknCXKaCGDy0hVDH7I0z7xF5jbJUFW9V3H/h/0jhxfc/1r09L1fKstDw6QIfoGPnoHFXRFaqhOqJIogf0hJ6dR+fFeXXepqM5Z7azj+bgvH8B7VOg9Q==</latexit>

(a) SWAP engine



SWAP

TA

TB

TA

TB

TA

TB

✏A
<latexit sha1_base64="NC046Wyb7yorMtq0XW9dZJbjiaU=">AAACF3icdVDLSgMxFM3UV62vqks3wSK4GmZEtN1V3LisYFuxHUomvdOGJpkhyQhl6F+4caG/4k7cuvRPXJo+BFv1QOBwzr3JyQkTzrTxvA8nt7S8srqWXy9sbG5t7xR39xo6ThWFOo15rG5DooEzCXXDDIfbRAERIYdmOLgc+817UJrF8sYMEwgE6UkWMUqMle7akGjGY9m56BRLnlvx/MqZj38T3/UmKKEZap3iZ7sb01SANJQTrVu+l5ggI8owymFUaKcaEkIHpActSyURoINskniEj6zSxVGs7JEGT9SfGxkRWg9FaCcFMX296I3FP71QzL2cSUYhUoQu5DFROciYTFIDkk7jRCnHJsbjknCXKaCGDy0hVDH7I0z7xF5jbJUFW9V3H/h/0jhxfc/1r09L1fKstDw6QIfoGPnoHFXRFaqhOqJIogf0hJ6dR+fFeXXepqM5Z7azj+bgvH8B66mg9A==</latexit><latexit sha1_base64="NC046Wyb7yorMtq0XW9dZJbjiaU=">AAACF3icdVDLSgMxFM3UV62vqks3wSK4GmZEtN1V3LisYFuxHUomvdOGJpkhyQhl6F+4caG/4k7cuvRPXJo+BFv1QOBwzr3JyQkTzrTxvA8nt7S8srqWXy9sbG5t7xR39xo6ThWFOo15rG5DooEzCXXDDIfbRAERIYdmOLgc+817UJrF8sYMEwgE6UkWMUqMle7akGjGY9m56BRLnlvx/MqZj38T3/UmKKEZap3iZ7sb01SANJQTrVu+l5ggI8owymFUaKcaEkIHpActSyURoINskniEj6zSxVGs7JEGT9SfGxkRWg9FaCcFMX296I3FP71QzL2cSUYhUoQu5DFROciYTFIDkk7jRCnHJsbjknCXKaCGDy0hVDH7I0z7xF5jbJUFW9V3H/h/0jhxfc/1r09L1fKstDw6QIfoGPnoHFXRFaqhOqJIogf0hJ6dR+fFeXXepqM5Z7azj+bgvH8B66mg9A==</latexit><latexit sha1_base64="NC046Wyb7yorMtq0XW9dZJbjiaU=">AAACF3icdVDLSgMxFM3UV62vqks3wSK4GmZEtN1V3LisYFuxHUomvdOGJpkhyQhl6F+4caG/4k7cuvRPXJo+BFv1QOBwzr3JyQkTzrTxvA8nt7S8srqWXy9sbG5t7xR39xo6ThWFOo15rG5DooEzCXXDDIfbRAERIYdmOLgc+817UJrF8sYMEwgE6UkWMUqMle7akGjGY9m56BRLnlvx/MqZj38T3/UmKKEZap3iZ7sb01SANJQTrVu+l5ggI8owymFUaKcaEkIHpActSyURoINskniEj6zSxVGs7JEGT9SfGxkRWg9FaCcFMX296I3FP71QzL2cSUYhUoQu5DFROciYTFIDkk7jRCnHJsbjknCXKaCGDy0hVDH7I0z7xF5jbJUFW9V3H/h/0jhxfc/1r09L1fKstDw6QIfoGPnoHFXRFaqhOqJIogf0hJ6dR+fFeXXepqM5Z7azj+bgvH8B66mg9A==</latexit><latexit sha1_base64="NC046Wyb7yorMtq0XW9dZJbjiaU=">AAACF3icdVDLSgMxFM3UV62vqks3wSK4GmZEtN1V3LisYFuxHUomvdOGJpkhyQhl6F+4caG/4k7cuvRPXJo+BFv1QOBwzr3JyQkTzrTxvA8nt7S8srqWXy9sbG5t7xR39xo6ThWFOo15rG5DooEzCXXDDIfbRAERIYdmOLgc+817UJrF8sYMEwgE6UkWMUqMle7akGjGY9m56BRLnlvx/MqZj38T3/UmKKEZap3iZ7sb01SANJQTrVu+l5ggI8owymFUaKcaEkIHpActSyURoINskniEj6zSxVGs7JEGT9SfGxkRWg9FaCcFMX296I3FP71QzL2cSUYhUoQu5DFROciYTFIDkk7jRCnHJsbjknCXKaCGDy0hVDH7I0z7xF5jbJUFW9V3H/h/0jhxfc/1r09L1fKstDw6QIfoGPnoHFXRFaqhOqJIogf0hJ6dR+fFeXXepqM5Z7azj+bgvH8B66mg9A==</latexit>

✏B
<latexit sha1_base64="oBHMhLocGGtE0Bwshi0HlWOSDf0=">AAACF3icdVDLSgMxFM3UV62vqks3wSK4GmZEtN0V3bisYFuxHUomvdOGJpkhyQhl6F+4caG/4k7cuvRPXJo+BFv1QOBwzr3JyQkTzrTxvA8nt7S8srqWXy9sbG5t7xR39xo6ThWFOo15rG5DooEzCXXDDIfbRAERIYdmOLgc+817UJrF8sYMEwgE6UkWMUqMle7akGjGY9m56BRLnlvx/MqZj38T3/UmKKEZap3iZ7sb01SANJQTrVu+l5ggI8owymFUaKcaEkIHpActSyURoINskniEj6zSxVGs7JEGT9SfGxkRWg9FaCcFMX296I3FP71QzL2cSUYhUoQu5DFROciYTFIDkk7jRCnHJsbjknCXKaCGDy0hVDH7I0z7xF5jbJUFW9V3H/h/0jhxfc/1r09L1fKstDw6QIfoGPnoHFXRFaqhOqJIogf0hJ6dR+fFeXXepqM5Z7azj+bgvH8B7VOg9Q==</latexit><latexit sha1_base64="oBHMhLocGGtE0Bwshi0HlWOSDf0=">AAACF3icdVDLSgMxFM3UV62vqks3wSK4GmZEtN0V3bisYFuxHUomvdOGJpkhyQhl6F+4caG/4k7cuvRPXJo+BFv1QOBwzr3JyQkTzrTxvA8nt7S8srqWXy9sbG5t7xR39xo6ThWFOo15rG5DooEzCXXDDIfbRAERIYdmOLgc+817UJrF8sYMEwgE6UkWMUqMle7akGjGY9m56BRLnlvx/MqZj38T3/UmKKEZap3iZ7sb01SANJQTrVu+l5ggI8owymFUaKcaEkIHpActSyURoINskniEj6zSxVGs7JEGT9SfGxkRWg9FaCcFMX296I3FP71QzL2cSUYhUoQu5DFROciYTFIDkk7jRCnHJsbjknCXKaCGDy0hVDH7I0z7xF5jbJUFW9V3H/h/0jhxfc/1r09L1fKstDw6QIfoGPnoHFXRFaqhOqJIogf0hJ6dR+fFeXXepqM5Z7azj+bgvH8B7VOg9Q==</latexit><latexit sha1_base64="oBHMhLocGGtE0Bwshi0HlWOSDf0=">AAACF3icdVDLSgMxFM3UV62vqks3wSK4GmZEtN0V3bisYFuxHUomvdOGJpkhyQhl6F+4caG/4k7cuvRPXJo+BFv1QOBwzr3JyQkTzrTxvA8nt7S8srqWXy9sbG5t7xR39xo6ThWFOo15rG5DooEzCXXDDIfbRAERIYdmOLgc+817UJrF8sYMEwgE6UkWMUqMle7akGjGY9m56BRLnlvx/MqZj38T3/UmKKEZap3iZ7sb01SANJQTrVu+l5ggI8owymFUaKcaEkIHpActSyURoINskniEj6zSxVGs7JEGT9SfGxkRWg9FaCcFMX296I3FP71QzL2cSUYhUoQu5DFROciYTFIDkk7jRCnHJsbjknCXKaCGDy0hVDH7I0z7xF5jbJUFW9V3H/h/0jhxfc/1r09L1fKstDw6QIfoGPnoHFXRFaqhOqJIogf0hJ6dR+fFeXXepqM5Z7azj+bgvH8B7VOg9Q==</latexit><latexit sha1_base64="oBHMhLocGGtE0Bwshi0HlWOSDf0=">AAACF3icdVDLSgMxFM3UV62vqks3wSK4GmZEtN0V3bisYFuxHUomvdOGJpkhyQhl6F+4caG/4k7cuvRPXJo+BFv1QOBwzr3JyQkTzrTxvA8nt7S8srqWXy9sbG5t7xR39xo6ThWFOo15rG5DooEzCXXDDIfbRAERIYdmOLgc+817UJrF8sYMEwgE6UkWMUqMle7akGjGY9m56BRLnlvx/MqZj38T3/UmKKEZap3iZ7sb01SANJQTrVu+l5ggI8owymFUaKcaEkIHpActSyURoINskniEj6zSxVGs7JEGT9SfGxkRWg9FaCcFMX296I3FP71QzL2cSUYhUoQu5DFROciYTFIDkk7jRCnHJsbjknCXKaCGDy0hVDH7I0z7xF5jbJUFW9V3H/h/0jhxfc/1r09L1fKstDw6QIfoGPnoHFXRFaqhOqJIogf0hJ6dR+fFeXXepqM5Z7azj+bgvH8B7VOg9Q==</latexit>

(a) SWAP engine



SWAP

TA

TB

TA
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TA

TB

✏A
<latexit sha1_base64="NC046Wyb7yorMtq0XW9dZJbjiaU=">AAACF3icdVDLSgMxFM3UV62vqks3wSK4GmZEtN1V3LisYFuxHUomvdOGJpkhyQhl6F+4caG/4k7cuvRPXJo+BFv1QOBwzr3JyQkTzrTxvA8nt7S8srqWXy9sbG5t7xR39xo6ThWFOo15rG5DooEzCXXDDIfbRAERIYdmOLgc+817UJrF8sYMEwgE6UkWMUqMle7akGjGY9m56BRLnlvx/MqZj38T3/UmKKEZap3iZ7sb01SANJQTrVu+l5ggI8owymFUaKcaEkIHpActSyURoINskniEj6zSxVGs7JEGT9SfGxkRWg9FaCcFMX296I3FP71QzL2cSUYhUoQu5DFROciYTFIDkk7jRCnHJsbjknCXKaCGDy0hVDH7I0z7xF5jbJUFW9V3H/h/0jhxfc/1r09L1fKstDw6QIfoGPnoHFXRFaqhOqJIogf0hJ6dR+fFeXXepqM5Z7azj+bgvH8B66mg9A==</latexit><latexit sha1_base64="NC046Wyb7yorMtq0XW9dZJbjiaU=">AAACF3icdVDLSgMxFM3UV62vqks3wSK4GmZEtN1V3LisYFuxHUomvdOGJpkhyQhl6F+4caG/4k7cuvRPXJo+BFv1QOBwzr3JyQkTzrTxvA8nt7S8srqWXy9sbG5t7xR39xo6ThWFOo15rG5DooEzCXXDDIfbRAERIYdmOLgc+817UJrF8sYMEwgE6UkWMUqMle7akGjGY9m56BRLnlvx/MqZj38T3/UmKKEZap3iZ7sb01SANJQTrVu+l5ggI8owymFUaKcaEkIHpActSyURoINskniEj6zSxVGs7JEGT9SfGxkRWg9FaCcFMX296I3FP71QzL2cSUYhUoQu5DFROciYTFIDkk7jRCnHJsbjknCXKaCGDy0hVDH7I0z7xF5jbJUFW9V3H/h/0jhxfc/1r09L1fKstDw6QIfoGPnoHFXRFaqhOqJIogf0hJ6dR+fFeXXepqM5Z7azj+bgvH8B66mg9A==</latexit><latexit sha1_base64="NC046Wyb7yorMtq0XW9dZJbjiaU=">AAACF3icdVDLSgMxFM3UV62vqks3wSK4GmZEtN1V3LisYFuxHUomvdOGJpkhyQhl6F+4caG/4k7cuvRPXJo+BFv1QOBwzr3JyQkTzrTxvA8nt7S8srqWXy9sbG5t7xR39xo6ThWFOo15rG5DooEzCXXDDIfbRAERIYdmOLgc+817UJrF8sYMEwgE6UkWMUqMle7akGjGY9m56BRLnlvx/MqZj38T3/UmKKEZap3iZ7sb01SANJQTrVu+l5ggI8owymFUaKcaEkIHpActSyURoINskniEj6zSxVGs7JEGT9SfGxkRWg9FaCcFMX296I3FP71QzL2cSUYhUoQu5DFROciYTFIDkk7jRCnHJsbjknCXKaCGDy0hVDH7I0z7xF5jbJUFW9V3H/h/0jhxfc/1r09L1fKstDw6QIfoGPnoHFXRFaqhOqJIogf0hJ6dR+fFeXXepqM5Z7azj+bgvH8B66mg9A==</latexit><latexit sha1_base64="NC046Wyb7yorMtq0XW9dZJbjiaU=">AAACF3icdVDLSgMxFM3UV62vqks3wSK4GmZEtN1V3LisYFuxHUomvdOGJpkhyQhl6F+4caG/4k7cuvRPXJo+BFv1QOBwzr3JyQkTzrTxvA8nt7S8srqWXy9sbG5t7xR39xo6ThWFOo15rG5DooEzCXXDDIfbRAERIYdmOLgc+817UJrF8sYMEwgE6UkWMUqMle7akGjGY9m56BRLnlvx/MqZj38T3/UmKKEZap3iZ7sb01SANJQTrVu+l5ggI8owymFUaKcaEkIHpActSyURoINskniEj6zSxVGs7JEGT9SfGxkRWg9FaCcFMX296I3FP71QzL2cSUYhUoQu5DFROciYTFIDkk7jRCnHJsbjknCXKaCGDy0hVDH7I0z7xF5jbJUFW9V3H/h/0jhxfc/1r09L1fKstDw6QIfoGPnoHFXRFaqhOqJIogf0hJ6dR+fFeXXepqM5Z7azj+bgvH8B66mg9A==</latexit>

✏B
<latexit sha1_base64="oBHMhLocGGtE0Bwshi0HlWOSDf0=">AAACF3icdVDLSgMxFM3UV62vqks3wSK4GmZEtN0V3bisYFuxHUomvdOGJpkhyQhl6F+4caG/4k7cuvRPXJo+BFv1QOBwzr3JyQkTzrTxvA8nt7S8srqWXy9sbG5t7xR39xo6ThWFOo15rG5DooEzCXXDDIfbRAERIYdmOLgc+817UJrF8sYMEwgE6UkWMUqMle7akGjGY9m56BRLnlvx/MqZj38T3/UmKKEZap3iZ7sb01SANJQTrVu+l5ggI8owymFUaKcaEkIHpActSyURoINskniEj6zSxVGs7JEGT9SfGxkRWg9FaCcFMX296I3FP71QzL2cSUYhUoQu5DFROciYTFIDkk7jRCnHJsbjknCXKaCGDy0hVDH7I0z7xF5jbJUFW9V3H/h/0jhxfc/1r09L1fKstDw6QIfoGPnoHFXRFaqhOqJIogf0hJ6dR+fFeXXepqM5Z7azj+bgvH8B7VOg9Q==</latexit><latexit sha1_base64="oBHMhLocGGtE0Bwshi0HlWOSDf0=">AAACF3icdVDLSgMxFM3UV62vqks3wSK4GmZEtN0V3bisYFuxHUomvdOGJpkhyQhl6F+4caG/4k7cuvRPXJo+BFv1QOBwzr3JyQkTzrTxvA8nt7S8srqWXy9sbG5t7xR39xo6ThWFOo15rG5DooEzCXXDDIfbRAERIYdmOLgc+817UJrF8sYMEwgE6UkWMUqMle7akGjGY9m56BRLnlvx/MqZj38T3/UmKKEZap3iZ7sb01SANJQTrVu+l5ggI8owymFUaKcaEkIHpActSyURoINskniEj6zSxVGs7JEGT9SfGxkRWg9FaCcFMX296I3FP71QzL2cSUYhUoQu5DFROciYTFIDkk7jRCnHJsbjknCXKaCGDy0hVDH7I0z7xF5jbJUFW9V3H/h/0jhxfc/1r09L1fKstDw6QIfoGPnoHFXRFaqhOqJIogf0hJ6dR+fFeXXepqM5Z7azj+bgvH8B7VOg9Q==</latexit><latexit sha1_base64="oBHMhLocGGtE0Bwshi0HlWOSDf0=">AAACF3icdVDLSgMxFM3UV62vqks3wSK4GmZEtN0V3bisYFuxHUomvdOGJpkhyQhl6F+4caG/4k7cuvRPXJo+BFv1QOBwzr3JyQkTzrTxvA8nt7S8srqWXy9sbG5t7xR39xo6ThWFOo15rG5DooEzCXXDDIfbRAERIYdmOLgc+817UJrF8sYMEwgE6UkWMUqMle7akGjGY9m56BRLnlvx/MqZj38T3/UmKKEZap3iZ7sb01SANJQTrVu+l5ggI8owymFUaKcaEkIHpActSyURoINskniEj6zSxVGs7JEGT9SfGxkRWg9FaCcFMX296I3FP71QzL2cSUYhUoQu5DFROciYTFIDkk7jRCnHJsbjknCXKaCGDy0hVDH7I0z7xF5jbJUFW9V3H/h/0jhxfc/1r09L1fKstDw6QIfoGPnoHFXRFaqhOqJIogf0hJ6dR+fFeXXepqM5Z7azj+bgvH8B7VOg9Q==</latexit><latexit sha1_base64="oBHMhLocGGtE0Bwshi0HlWOSDf0=">AAACF3icdVDLSgMxFM3UV62vqks3wSK4GmZEtN0V3bisYFuxHUomvdOGJpkhyQhl6F+4caG/4k7cuvRPXJo+BFv1QOBwzr3JyQkTzrTxvA8nt7S8srqWXy9sbG5t7xR39xo6ThWFOo15rG5DooEzCXXDDIfbRAERIYdmOLgc+817UJrF8sYMEwgE6UkWMUqMle7akGjGY9m56BRLnlvx/MqZj38T3/UmKKEZap3iZ7sb01SANJQTrVu+l5ggI8owymFUaKcaEkIHpActSyURoINskniEj6zSxVGs7JEGT9SfGxkRWg9FaCcFMX296I3FP71QzL2cSUYhUoQu5DFROciYTFIDkk7jRCnHJsbjknCXKaCGDy0hVDH7I0z7xF5jbJUFW9V3H/h/0jhxfc/1r09L1fKstDw6QIfoGPnoHFXRFaqhOqJIogf0hJ6dR+fFeXXepqM5Z7azj+bgvH8B7VOg9Q==</latexit>

P (QH ,W )

P (�QH ,�W )
= e(�B��A)QH+�BW

<latexit sha1_base64="UTdIZqoXSoUdwUzbeR7vLPcuvlc="></latexit><latexit sha1_base64="UTdIZqoXSoUdwUzbeR7vLPcuvlc="></latexit><latexit sha1_base64="UTdIZqoXSoUdwUzbeR7vLPcuvlc="></latexit><latexit sha1_base64="UTdIZqoXSoUdwUzbeR7vLPcuvlc="></latexit>

(a) SWAP engine
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✏A
<latexit sha1_base64="NC046Wyb7yorMtq0XW9dZJbjiaU=">AAACF3icdVDLSgMxFM3UV62vqks3wSK4GmZEtN1V3LisYFuxHUomvdOGJpkhyQhl6F+4caG/4k7cuvRPXJo+BFv1QOBwzr3JyQkTzrTxvA8nt7S8srqWXy9sbG5t7xR39xo6ThWFOo15rG5DooEzCXXDDIfbRAERIYdmOLgc+817UJrF8sYMEwgE6UkWMUqMle7akGjGY9m56BRLnlvx/MqZj38T3/UmKKEZap3iZ7sb01SANJQTrVu+l5ggI8owymFUaKcaEkIHpActSyURoINskniEj6zSxVGs7JEGT9SfGxkRWg9FaCcFMX296I3FP71QzL2cSUYhUoQu5DFROciYTFIDkk7jRCnHJsbjknCXKaCGDy0hVDH7I0z7xF5jbJUFW9V3H/h/0jhxfc/1r09L1fKstDw6QIfoGPnoHFXRFaqhOqJIogf0hJ6dR+fFeXXepqM5Z7azj+bgvH8B66mg9A==</latexit><latexit sha1_base64="NC046Wyb7yorMtq0XW9dZJbjiaU=">AAACF3icdVDLSgMxFM3UV62vqks3wSK4GmZEtN1V3LisYFuxHUomvdOGJpkhyQhl6F+4caG/4k7cuvRPXJo+BFv1QOBwzr3JyQkTzrTxvA8nt7S8srqWXy9sbG5t7xR39xo6ThWFOo15rG5DooEzCXXDDIfbRAERIYdmOLgc+817UJrF8sYMEwgE6UkWMUqMle7akGjGY9m56BRLnlvx/MqZj38T3/UmKKEZap3iZ7sb01SANJQTrVu+l5ggI8owymFUaKcaEkIHpActSyURoINskniEj6zSxVGs7JEGT9SfGxkRWg9FaCcFMX296I3FP71QzL2cSUYhUoQu5DFROciYTFIDkk7jRCnHJsbjknCXKaCGDy0hVDH7I0z7xF5jbJUFW9V3H/h/0jhxfc/1r09L1fKstDw6QIfoGPnoHFXRFaqhOqJIogf0hJ6dR+fFeXXepqM5Z7azj+bgvH8B66mg9A==</latexit><latexit sha1_base64="NC046Wyb7yorMtq0XW9dZJbjiaU=">AAACF3icdVDLSgMxFM3UV62vqks3wSK4GmZEtN1V3LisYFuxHUomvdOGJpkhyQhl6F+4caG/4k7cuvRPXJo+BFv1QOBwzr3JyQkTzrTxvA8nt7S8srqWXy9sbG5t7xR39xo6ThWFOo15rG5DooEzCXXDDIfbRAERIYdmOLgc+817UJrF8sYMEwgE6UkWMUqMle7akGjGY9m56BRLnlvx/MqZj38T3/UmKKEZap3iZ7sb01SANJQTrVu+l5ggI8owymFUaKcaEkIHpActSyURoINskniEj6zSxVGs7JEGT9SfGxkRWg9FaCcFMX296I3FP71QzL2cSUYhUoQu5DFROciYTFIDkk7jRCnHJsbjknCXKaCGDy0hVDH7I0z7xF5jbJUFW9V3H/h/0jhxfc/1r09L1fKstDw6QIfoGPnoHFXRFaqhOqJIogf0hJ6dR+fFeXXepqM5Z7azj+bgvH8B66mg9A==</latexit><latexit sha1_base64="NC046Wyb7yorMtq0XW9dZJbjiaU=">AAACF3icdVDLSgMxFM3UV62vqks3wSK4GmZEtN1V3LisYFuxHUomvdOGJpkhyQhl6F+4caG/4k7cuvRPXJo+BFv1QOBwzr3JyQkTzrTxvA8nt7S8srqWXy9sbG5t7xR39xo6ThWFOo15rG5DooEzCXXDDIfbRAERIYdmOLgc+817UJrF8sYMEwgE6UkWMUqMle7akGjGY9m56BRLnlvx/MqZj38T3/UmKKEZap3iZ7sb01SANJQTrVu+l5ggI8owymFUaKcaEkIHpActSyURoINskniEj6zSxVGs7JEGT9SfGxkRWg9FaCcFMX296I3FP71QzL2cSUYhUoQu5DFROciYTFIDkk7jRCnHJsbjknCXKaCGDy0hVDH7I0z7xF5jbJUFW9V3H/h/0jhxfc/1r09L1fKstDw6QIfoGPnoHFXRFaqhOqJIogf0hJ6dR+fFeXXepqM5Z7azj+bgvH8B66mg9A==</latexit>

✏B
<latexit sha1_base64="oBHMhLocGGtE0Bwshi0HlWOSDf0=">AAACF3icdVDLSgMxFM3UV62vqks3wSK4GmZEtN0V3bisYFuxHUomvdOGJpkhyQhl6F+4caG/4k7cuvRPXJo+BFv1QOBwzr3JyQkTzrTxvA8nt7S8srqWXy9sbG5t7xR39xo6ThWFOo15rG5DooEzCXXDDIfbRAERIYdmOLgc+817UJrF8sYMEwgE6UkWMUqMle7akGjGY9m56BRLnlvx/MqZj38T3/UmKKEZap3iZ7sb01SANJQTrVu+l5ggI8owymFUaKcaEkIHpActSyURoINskniEj6zSxVGs7JEGT9SfGxkRWg9FaCcFMX296I3FP71QzL2cSUYhUoQu5DFROciYTFIDkk7jRCnHJsbjknCXKaCGDy0hVDH7I0z7xF5jbJUFW9V3H/h/0jhxfc/1r09L1fKstDw6QIfoGPnoHFXRFaqhOqJIogf0hJ6dR+fFeXXepqM5Z7azj+bgvH8B7VOg9Q==</latexit><latexit sha1_base64="oBHMhLocGGtE0Bwshi0HlWOSDf0=">AAACF3icdVDLSgMxFM3UV62vqks3wSK4GmZEtN0V3bisYFuxHUomvdOGJpkhyQhl6F+4caG/4k7cuvRPXJo+BFv1QOBwzr3JyQkTzrTxvA8nt7S8srqWXy9sbG5t7xR39xo6ThWFOo15rG5DooEzCXXDDIfbRAERIYdmOLgc+817UJrF8sYMEwgE6UkWMUqMle7akGjGY9m56BRLnlvx/MqZj38T3/UmKKEZap3iZ7sb01SANJQTrVu+l5ggI8owymFUaKcaEkIHpActSyURoINskniEj6zSxVGs7JEGT9SfGxkRWg9FaCcFMX296I3FP71QzL2cSUYhUoQu5DFROciYTFIDkk7jRCnHJsbjknCXKaCGDy0hVDH7I0z7xF5jbJUFW9V3H/h/0jhxfc/1r09L1fKstDw6QIfoGPnoHFXRFaqhOqJIogf0hJ6dR+fFeXXepqM5Z7azj+bgvH8B7VOg9Q==</latexit><latexit sha1_base64="oBHMhLocGGtE0Bwshi0HlWOSDf0=">AAACF3icdVDLSgMxFM3UV62vqks3wSK4GmZEtN0V3bisYFuxHUomvdOGJpkhyQhl6F+4caG/4k7cuvRPXJo+BFv1QOBwzr3JyQkTzrTxvA8nt7S8srqWXy9sbG5t7xR39xo6ThWFOo15rG5DooEzCXXDDIfbRAERIYdmOLgc+817UJrF8sYMEwgE6UkWMUqMle7akGjGY9m56BRLnlvx/MqZj38T3/UmKKEZap3iZ7sb01SANJQTrVu+l5ggI8owymFUaKcaEkIHpActSyURoINskniEj6zSxVGs7JEGT9SfGxkRWg9FaCcFMX296I3FP71QzL2cSUYhUoQu5DFROciYTFIDkk7jRCnHJsbjknCXKaCGDy0hVDH7I0z7xF5jbJUFW9V3H/h/0jhxfc/1r09L1fKstDw6QIfoGPnoHFXRFaqhOqJIogf0hJ6dR+fFeXXepqM5Z7azj+bgvH8B7VOg9Q==</latexit><latexit sha1_base64="oBHMhLocGGtE0Bwshi0HlWOSDf0=">AAACF3icdVDLSgMxFM3UV62vqks3wSK4GmZEtN0V3bisYFuxHUomvdOGJpkhyQhl6F+4caG/4k7cuvRPXJo+BFv1QOBwzr3JyQkTzrTxvA8nt7S8srqWXy9sbG5t7xR39xo6ThWFOo15rG5DooEzCXXDDIfbRAERIYdmOLgc+817UJrF8sYMEwgE6UkWMUqMle7akGjGY9m56BRLnlvx/MqZj38T3/UmKKEZap3iZ7sb01SANJQTrVu+l5ggI8owymFUaKcaEkIHpActSyURoINskniEj6zSxVGs7JEGT9SfGxkRWg9FaCcFMX296I3FP71QzL2cSUYhUoQu5DFROciYTFIDkk7jRCnHJsbjknCXKaCGDy0hVDH7I0z7xF5jbJUFW9V3H/h/0jhxfc/1r09L1fKstDw6QIfoGPnoHFXRFaqhOqJIogf0hJ6dR+fFeXXepqM5Z7azj+bgvH8B7VOg9Q==</latexit>

P (QH ,W )

P (�QH ,�W )
= e(�B��A)QH+�BW

<latexit sha1_base64="UTdIZqoXSoUdwUzbeR7vLPcuvlc="></latexit><latexit sha1_base64="UTdIZqoXSoUdwUzbeR7vLPcuvlc="></latexit><latexit sha1_base64="UTdIZqoXSoUdwUzbeR7vLPcuvlc="></latexit><latexit sha1_base64="UTdIZqoXSoUdwUzbeR7vLPcuvlc="></latexit>

� β�/β�=�/� � ���

-���

���

���

���

ϵ�/ϵ�

������� ������ ������

〈�〉

〈��〉

〈Σ 〉

(�)

(a) SWAP engine



SWAP

TA

TB

TA

TB

TA

TB

✏A
<latexit sha1_base64="NC046Wyb7yorMtq0XW9dZJbjiaU=">AAACF3icdVDLSgMxFM3UV62vqks3wSK4GmZEtN1V3LisYFuxHUomvdOGJpkhyQhl6F+4caG/4k7cuvRPXJo+BFv1QOBwzr3JyQkTzrTxvA8nt7S8srqWXy9sbG5t7xR39xo6ThWFOo15rG5DooEzCXXDDIfbRAERIYdmOLgc+817UJrF8sYMEwgE6UkWMUqMle7akGjGY9m56BRLnlvx/MqZj38T3/UmKKEZap3iZ7sb01SANJQTrVu+l5ggI8owymFUaKcaEkIHpActSyURoINskniEj6zSxVGs7JEGT9SfGxkRWg9FaCcFMX296I3FP71QzL2cSUYhUoQu5DFROciYTFIDkk7jRCnHJsbjknCXKaCGDy0hVDH7I0z7xF5jbJUFW9V3H/h/0jhxfc/1r09L1fKstDw6QIfoGPnoHFXRFaqhOqJIogf0hJ6dR+fFeXXepqM5Z7azj+bgvH8B66mg9A==</latexit><latexit sha1_base64="NC046Wyb7yorMtq0XW9dZJbjiaU=">AAACF3icdVDLSgMxFM3UV62vqks3wSK4GmZEtN1V3LisYFuxHUomvdOGJpkhyQhl6F+4caG/4k7cuvRPXJo+BFv1QOBwzr3JyQkTzrTxvA8nt7S8srqWXy9sbG5t7xR39xo6ThWFOo15rG5DooEzCXXDDIfbRAERIYdmOLgc+817UJrF8sYMEwgE6UkWMUqMle7akGjGY9m56BRLnlvx/MqZj38T3/UmKKEZap3iZ7sb01SANJQTrVu+l5ggI8owymFUaKcaEkIHpActSyURoINskniEj6zSxVGs7JEGT9SfGxkRWg9FaCcFMX296I3FP71QzL2cSUYhUoQu5DFROciYTFIDkk7jRCnHJsbjknCXKaCGDy0hVDH7I0z7xF5jbJUFW9V3H/h/0jhxfc/1r09L1fKstDw6QIfoGPnoHFXRFaqhOqJIogf0hJ6dR+fFeXXepqM5Z7azj+bgvH8B66mg9A==</latexit><latexit sha1_base64="NC046Wyb7yorMtq0XW9dZJbjiaU=">AAACF3icdVDLSgMxFM3UV62vqks3wSK4GmZEtN1V3LisYFuxHUomvdOGJpkhyQhl6F+4caG/4k7cuvRPXJo+BFv1QOBwzr3JyQkTzrTxvA8nt7S8srqWXy9sbG5t7xR39xo6ThWFOo15rG5DooEzCXXDDIfbRAERIYdmOLgc+817UJrF8sYMEwgE6UkWMUqMle7akGjGY9m56BRLnlvx/MqZj38T3/UmKKEZap3iZ7sb01SANJQTrVu+l5ggI8owymFUaKcaEkIHpActSyURoINskniEj6zSxVGs7JEGT9SfGxkRWg9FaCcFMX296I3FP71QzL2cSUYhUoQu5DFROciYTFIDkk7jRCnHJsbjknCXKaCGDy0hVDH7I0z7xF5jbJUFW9V3H/h/0jhxfc/1r09L1fKstDw6QIfoGPnoHFXRFaqhOqJIogf0hJ6dR+fFeXXepqM5Z7azj+bgvH8B66mg9A==</latexit><latexit sha1_base64="NC046Wyb7yorMtq0XW9dZJbjiaU=">AAACF3icdVDLSgMxFM3UV62vqks3wSK4GmZEtN1V3LisYFuxHUomvdOGJpkhyQhl6F+4caG/4k7cuvRPXJo+BFv1QOBwzr3JyQkTzrTxvA8nt7S8srqWXy9sbG5t7xR39xo6ThWFOo15rG5DooEzCXXDDIfbRAERIYdmOLgc+817UJrF8sYMEwgE6UkWMUqMle7akGjGY9m56BRLnlvx/MqZj38T3/UmKKEZap3iZ7sb01SANJQTrVu+l5ggI8owymFUaKcaEkIHpActSyURoINskniEj6zSxVGs7JEGT9SfGxkRWg9FaCcFMX296I3FP71QzL2cSUYhUoQu5DFROciYTFIDkk7jRCnHJsbjknCXKaCGDy0hVDH7I0z7xF5jbJUFW9V3H/h/0jhxfc/1r09L1fKstDw6QIfoGPnoHFXRFaqhOqJIogf0hJ6dR+fFeXXepqM5Z7azj+bgvH8B66mg9A==</latexit>

✏B
<latexit sha1_base64="oBHMhLocGGtE0Bwshi0HlWOSDf0=">AAACF3icdVDLSgMxFM3UV62vqks3wSK4GmZEtN0V3bisYFuxHUomvdOGJpkhyQhl6F+4caG/4k7cuvRPXJo+BFv1QOBwzr3JyQkTzrTxvA8nt7S8srqWXy9sbG5t7xR39xo6ThWFOo15rG5DooEzCXXDDIfbRAERIYdmOLgc+817UJrF8sYMEwgE6UkWMUqMle7akGjGY9m56BRLnlvx/MqZj38T3/UmKKEZap3iZ7sb01SANJQTrVu+l5ggI8owymFUaKcaEkIHpActSyURoINskniEj6zSxVGs7JEGT9SfGxkRWg9FaCcFMX296I3FP71QzL2cSUYhUoQu5DFROciYTFIDkk7jRCnHJsbjknCXKaCGDy0hVDH7I0z7xF5jbJUFW9V3H/h/0jhxfc/1r09L1fKstDw6QIfoGPnoHFXRFaqhOqJIogf0hJ6dR+fFeXXepqM5Z7azj+bgvH8B7VOg9Q==</latexit><latexit sha1_base64="oBHMhLocGGtE0Bwshi0HlWOSDf0=">AAACF3icdVDLSgMxFM3UV62vqks3wSK4GmZEtN0V3bisYFuxHUomvdOGJpkhyQhl6F+4caG/4k7cuvRPXJo+BFv1QOBwzr3JyQkTzrTxvA8nt7S8srqWXy9sbG5t7xR39xo6ThWFOo15rG5DooEzCXXDDIfbRAERIYdmOLgc+817UJrF8sYMEwgE6UkWMUqMle7akGjGY9m56BRLnlvx/MqZj38T3/UmKKEZap3iZ7sb01SANJQTrVu+l5ggI8owymFUaKcaEkIHpActSyURoINskniEj6zSxVGs7JEGT9SfGxkRWg9FaCcFMX296I3FP71QzL2cSUYhUoQu5DFROciYTFIDkk7jRCnHJsbjknCXKaCGDy0hVDH7I0z7xF5jbJUFW9V3H/h/0jhxfc/1r09L1fKstDw6QIfoGPnoHFXRFaqhOqJIogf0hJ6dR+fFeXXepqM5Z7azj+bgvH8B7VOg9Q==</latexit><latexit sha1_base64="oBHMhLocGGtE0Bwshi0HlWOSDf0=">AAACF3icdVDLSgMxFM3UV62vqks3wSK4GmZEtN0V3bisYFuxHUomvdOGJpkhyQhl6F+4caG/4k7cuvRPXJo+BFv1QOBwzr3JyQkTzrTxvA8nt7S8srqWXy9sbG5t7xR39xo6ThWFOo15rG5DooEzCXXDDIfbRAERIYdmOLgc+817UJrF8sYMEwgE6UkWMUqMle7akGjGY9m56BRLnlvx/MqZj38T3/UmKKEZap3iZ7sb01SANJQTrVu+l5ggI8owymFUaKcaEkIHpActSyURoINskniEj6zSxVGs7JEGT9SfGxkRWg9FaCcFMX296I3FP71QzL2cSUYhUoQu5DFROciYTFIDkk7jRCnHJsbjknCXKaCGDy0hVDH7I0z7xF5jbJUFW9V3H/h/0jhxfc/1r09L1fKstDw6QIfoGPnoHFXRFaqhOqJIogf0hJ6dR+fFeXXepqM5Z7azj+bgvH8B7VOg9Q==</latexit><latexit sha1_base64="oBHMhLocGGtE0Bwshi0HlWOSDf0=">AAACF3icdVDLSgMxFM3UV62vqks3wSK4GmZEtN0V3bisYFuxHUomvdOGJpkhyQhl6F+4caG/4k7cuvRPXJo+BFv1QOBwzr3JyQkTzrTxvA8nt7S8srqWXy9sbG5t7xR39xo6ThWFOo15rG5DooEzCXXDDIfbRAERIYdmOLgc+817UJrF8sYMEwgE6UkWMUqMle7akGjGY9m56BRLnlvx/MqZj38T3/UmKKEZap3iZ7sb01SANJQTrVu+l5ggI8owymFUaKcaEkIHpActSyURoINskniEj6zSxVGs7JEGT9SfGxkRWg9FaCcFMX296I3FP71QzL2cSUYhUoQu5DFROciYTFIDkk7jRCnHJsbjknCXKaCGDy0hVDH7I0z7xF5jbJUFW9V3H/h/0jhxfc/1r09L1fKstDw6QIfoGPnoHFXRFaqhOqJIogf0hJ6dR+fFeXXepqM5Z7azj+bgvH8B7VOg9Q==</latexit>

P (QH ,W )

P (�QH ,�W )
= e(�B��A)QH+�BW

<latexit sha1_base64="UTdIZqoXSoUdwUzbeR7vLPcuvlc="></latexit><latexit sha1_base64="UTdIZqoXSoUdwUzbeR7vLPcuvlc="></latexit><latexit sha1_base64="UTdIZqoXSoUdwUzbeR7vLPcuvlc="></latexit><latexit sha1_base64="UTdIZqoXSoUdwUzbeR7vLPcuvlc="></latexit>
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✏A
<latexit sha1_base64="NC046Wyb7yorMtq0XW9dZJbjiaU=">AAACF3icdVDLSgMxFM3UV62vqks3wSK4GmZEtN1V3LisYFuxHUomvdOGJpkhyQhl6F+4caG/4k7cuvRPXJo+BFv1QOBwzr3JyQkTzrTxvA8nt7S8srqWXy9sbG5t7xR39xo6ThWFOo15rG5DooEzCXXDDIfbRAERIYdmOLgc+817UJrF8sYMEwgE6UkWMUqMle7akGjGY9m56BRLnlvx/MqZj38T3/UmKKEZap3iZ7sb01SANJQTrVu+l5ggI8owymFUaKcaEkIHpActSyURoINskniEj6zSxVGs7JEGT9SfGxkRWg9FaCcFMX296I3FP71QzL2cSUYhUoQu5DFROciYTFIDkk7jRCnHJsbjknCXKaCGDy0hVDH7I0z7xF5jbJUFW9V3H/h/0jhxfc/1r09L1fKstDw6QIfoGPnoHFXRFaqhOqJIogf0hJ6dR+fFeXXepqM5Z7azj+bgvH8B66mg9A==</latexit><latexit sha1_base64="NC046Wyb7yorMtq0XW9dZJbjiaU=">AAACF3icdVDLSgMxFM3UV62vqks3wSK4GmZEtN1V3LisYFuxHUomvdOGJpkhyQhl6F+4caG/4k7cuvRPXJo+BFv1QOBwzr3JyQkTzrTxvA8nt7S8srqWXy9sbG5t7xR39xo6ThWFOo15rG5DooEzCXXDDIfbRAERIYdmOLgc+817UJrF8sYMEwgE6UkWMUqMle7akGjGY9m56BRLnlvx/MqZj38T3/UmKKEZap3iZ7sb01SANJQTrVu+l5ggI8owymFUaKcaEkIHpActSyURoINskniEj6zSxVGs7JEGT9SfGxkRWg9FaCcFMX296I3FP71QzL2cSUYhUoQu5DFROciYTFIDkk7jRCnHJsbjknCXKaCGDy0hVDH7I0z7xF5jbJUFW9V3H/h/0jhxfc/1r09L1fKstDw6QIfoGPnoHFXRFaqhOqJIogf0hJ6dR+fFeXXepqM5Z7azj+bgvH8B66mg9A==</latexit><latexit sha1_base64="NC046Wyb7yorMtq0XW9dZJbjiaU=">AAACF3icdVDLSgMxFM3UV62vqks3wSK4GmZEtN1V3LisYFuxHUomvdOGJpkhyQhl6F+4caG/4k7cuvRPXJo+BFv1QOBwzr3JyQkTzrTxvA8nt7S8srqWXy9sbG5t7xR39xo6ThWFOo15rG5DooEzCXXDDIfbRAERIYdmOLgc+817UJrF8sYMEwgE6UkWMUqMle7akGjGY9m56BRLnlvx/MqZj38T3/UmKKEZap3iZ7sb01SANJQTrVu+l5ggI8owymFUaKcaEkIHpActSyURoINskniEj6zSxVGs7JEGT9SfGxkRWg9FaCcFMX296I3FP71QzL2cSUYhUoQu5DFROciYTFIDkk7jRCnHJsbjknCXKaCGDy0hVDH7I0z7xF5jbJUFW9V3H/h/0jhxfc/1r09L1fKstDw6QIfoGPnoHFXRFaqhOqJIogf0hJ6dR+fFeXXepqM5Z7azj+bgvH8B66mg9A==</latexit><latexit sha1_base64="NC046Wyb7yorMtq0XW9dZJbjiaU=">AAACF3icdVDLSgMxFM3UV62vqks3wSK4GmZEtN1V3LisYFuxHUomvdOGJpkhyQhl6F+4caG/4k7cuvRPXJo+BFv1QOBwzr3JyQkTzrTxvA8nt7S8srqWXy9sbG5t7xR39xo6ThWFOo15rG5DooEzCXXDDIfbRAERIYdmOLgc+817UJrF8sYMEwgE6UkWMUqMle7akGjGY9m56BRLnlvx/MqZj38T3/UmKKEZap3iZ7sb01SANJQTrVu+l5ggI8owymFUaKcaEkIHpActSyURoINskniEj6zSxVGs7JEGT9SfGxkRWg9FaCcFMX296I3FP71QzL2cSUYhUoQu5DFROciYTFIDkk7jRCnHJsbjknCXKaCGDy0hVDH7I0z7xF5jbJUFW9V3H/h/0jhxfc/1r09L1fKstDw6QIfoGPnoHFXRFaqhOqJIogf0hJ6dR+fFeXXepqM5Z7azj+bgvH8B66mg9A==</latexit>

✏B
<latexit sha1_base64="oBHMhLocGGtE0Bwshi0HlWOSDf0=">AAACF3icdVDLSgMxFM3UV62vqks3wSK4GmZEtN0V3bisYFuxHUomvdOGJpkhyQhl6F+4caG/4k7cuvRPXJo+BFv1QOBwzr3JyQkTzrTxvA8nt7S8srqWXy9sbG5t7xR39xo6ThWFOo15rG5DooEzCXXDDIfbRAERIYdmOLgc+817UJrF8sYMEwgE6UkWMUqMle7akGjGY9m56BRLnlvx/MqZj38T3/UmKKEZap3iZ7sb01SANJQTrVu+l5ggI8owymFUaKcaEkIHpActSyURoINskniEj6zSxVGs7JEGT9SfGxkRWg9FaCcFMX296I3FP71QzL2cSUYhUoQu5DFROciYTFIDkk7jRCnHJsbjknCXKaCGDy0hVDH7I0z7xF5jbJUFW9V3H/h/0jhxfc/1r09L1fKstDw6QIfoGPnoHFXRFaqhOqJIogf0hJ6dR+fFeXXepqM5Z7azj+bgvH8B7VOg9Q==</latexit><latexit sha1_base64="oBHMhLocGGtE0Bwshi0HlWOSDf0=">AAACF3icdVDLSgMxFM3UV62vqks3wSK4GmZEtN0V3bisYFuxHUomvdOGJpkhyQhl6F+4caG/4k7cuvRPXJo+BFv1QOBwzr3JyQkTzrTxvA8nt7S8srqWXy9sbG5t7xR39xo6ThWFOo15rG5DooEzCXXDDIfbRAERIYdmOLgc+817UJrF8sYMEwgE6UkWMUqMle7akGjGY9m56BRLnlvx/MqZj38T3/UmKKEZap3iZ7sb01SANJQTrVu+l5ggI8owymFUaKcaEkIHpActSyURoINskniEj6zSxVGs7JEGT9SfGxkRWg9FaCcFMX296I3FP71QzL2cSUYhUoQu5DFROciYTFIDkk7jRCnHJsbjknCXKaCGDy0hVDH7I0z7xF5jbJUFW9V3H/h/0jhxfc/1r09L1fKstDw6QIfoGPnoHFXRFaqhOqJIogf0hJ6dR+fFeXXepqM5Z7azj+bgvH8B7VOg9Q==</latexit><latexit sha1_base64="oBHMhLocGGtE0Bwshi0HlWOSDf0=">AAACF3icdVDLSgMxFM3UV62vqks3wSK4GmZEtN0V3bisYFuxHUomvdOGJpkhyQhl6F+4caG/4k7cuvRPXJo+BFv1QOBwzr3JyQkTzrTxvA8nt7S8srqWXy9sbG5t7xR39xo6ThWFOo15rG5DooEzCXXDDIfbRAERIYdmOLgc+817UJrF8sYMEwgE6UkWMUqMle7akGjGY9m56BRLnlvx/MqZj38T3/UmKKEZap3iZ7sb01SANJQTrVu+l5ggI8owymFUaKcaEkIHpActSyURoINskniEj6zSxVGs7JEGT9SfGxkRWg9FaCcFMX296I3FP71QzL2cSUYhUoQu5DFROciYTFIDkk7jRCnHJsbjknCXKaCGDy0hVDH7I0z7xF5jbJUFW9V3H/h/0jhxfc/1r09L1fKstDw6QIfoGPnoHFXRFaqhOqJIogf0hJ6dR+fFeXXepqM5Z7azj+bgvH8B7VOg9Q==</latexit><latexit sha1_base64="oBHMhLocGGtE0Bwshi0HlWOSDf0=">AAACF3icdVDLSgMxFM3UV62vqks3wSK4GmZEtN0V3bisYFuxHUomvdOGJpkhyQhl6F+4caG/4k7cuvRPXJo+BFv1QOBwzr3JyQkTzrTxvA8nt7S8srqWXy9sbG5t7xR39xo6ThWFOo15rG5DooEzCXXDDIfbRAERIYdmOLgc+817UJrF8sYMEwgE6UkWMUqMle7akGjGY9m56BRLnlvx/MqZj38T3/UmKKEZap3iZ7sb01SANJQTrVu+l5ggI8owymFUaKcaEkIHpActSyURoINskniEj6zSxVGs7JEGT9SfGxkRWg9FaCcFMX296I3FP71QzL2cSUYhUoQu5DFROciYTFIDkk7jRCnHJsbjknCXKaCGDy0hVDH7I0z7xF5jbJUFW9V3H/h/0jhxfc/1r09L1fKstDw6QIfoGPnoHFXRFaqhOqJIogf0hJ6dR+fFeXXepqM5Z7azj+bgvH8B7VOg9Q==</latexit>
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• TURs: simple but with enormous predictive power.

• A loose TURs exists solely as a consequence of the geometry of non-
equilibrium steady-states.

• A dynamical TUR can be derived as a consequence of Fluctuation 
Theorems. 
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