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ADP + P i
<latexit sha1_base64="aVFU4upSK5mRgBj5oIpGcKWt/m4=">AAAB/3icbVDLSsNAFJ3UV62vqAsXbgaLIAglFUHd1cfCZQRjC20Ik+mkHTozCTMToYRs/BU3LlTc+hvu/BunaRbaeuDCmXPuZe49YcKo0o7zbVUWFpeWV6qrtbX1jc0te3vnQcWpxMTDMYtlJ0SKMCqIp6lmpJNIgnjISDscXU/89iORisbiXo8T4nM0EDSiGGkjBfZe1pMcXt64MIfHsHi4Ac1hYNedhlMAzpNmSeqghBvYX71+jFNOhMYMKdVtOon2MyQ1xYzktV6qSILwCA1I11CBOFF+VhyQw0Oj9GEUS1NCw0L9PZEhrtSYh6aTIz1Us95E/M/rpjo69zMqklQTgacfRSmDOoaTNGCfSoI1GxuCsKRmV4iHSCKsTWY1E0Jz9uR54p00LhrO3Wm9dVWmUQX74AAcgSY4Ay1wC1zgAQxy8AxewZv1ZL1Y79bHtLVilTO74A+szx+IypSi</latexit><latexit sha1_base64="aVFU4upSK5mRgBj5oIpGcKWt/m4=">AAAB/3icbVDLSsNAFJ3UV62vqAsXbgaLIAglFUHd1cfCZQRjC20Ik+mkHTozCTMToYRs/BU3LlTc+hvu/BunaRbaeuDCmXPuZe49YcKo0o7zbVUWFpeWV6qrtbX1jc0te3vnQcWpxMTDMYtlJ0SKMCqIp6lmpJNIgnjISDscXU/89iORisbiXo8T4nM0EDSiGGkjBfZe1pMcXt64MIfHsHi4Ac1hYNedhlMAzpNmSeqghBvYX71+jFNOhMYMKdVtOon2MyQ1xYzktV6qSILwCA1I11CBOFF+VhyQw0Oj9GEUS1NCw0L9PZEhrtSYh6aTIz1Us95E/M/rpjo69zMqklQTgacfRSmDOoaTNGCfSoI1GxuCsKRmV4iHSCKsTWY1E0Jz9uR54p00LhrO3Wm9dVWmUQX74AAcgSY4Ay1wC1zgAQxy8AxewZv1ZL1Y79bHtLVilTO74A+szx+IypSi</latexit><latexit sha1_base64="aVFU4upSK5mRgBj5oIpGcKWt/m4=">AAAB/3icbVDLSsNAFJ3UV62vqAsXbgaLIAglFUHd1cfCZQRjC20Ik+mkHTozCTMToYRs/BU3LlTc+hvu/BunaRbaeuDCmXPuZe49YcKo0o7zbVUWFpeWV6qrtbX1jc0te3vnQcWpxMTDMYtlJ0SKMCqIp6lmpJNIgnjISDscXU/89iORisbiXo8T4nM0EDSiGGkjBfZe1pMcXt64MIfHsHi4Ac1hYNedhlMAzpNmSeqghBvYX71+jFNOhMYMKdVtOon2MyQ1xYzktV6qSILwCA1I11CBOFF+VhyQw0Oj9GEUS1NCw0L9PZEhrtSYh6aTIz1Us95E/M/rpjo69zMqklQTgacfRSmDOoaTNGCfSoI1GxuCsKRmV4iHSCKsTWY1E0Jz9uR54p00LhrO3Wm9dVWmUQX74AAcgSY4Ay1wC1zgAQxy8AxewZv1ZL1Y79bHtLVilTO74A+szx+IypSi</latexit>

ATP
<latexit sha1_base64="woUuPNQImc177CWP4bwtXp8cjMs=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9VLx4rNLbShrLZbtqlu5uwuxFKyK/w4kHFq3/Hm//GbZuDtj4YeLw3w8y8MOFMG9f9dkorq2vrG+XNytb2zu5edf/gQcepItQnMY9VJ8Saciapb5jhtJMoikXIaTsc30799hNVmsWyZSYJDQQeShYxgo2VHrOeEui61cz71Zpbd2dAy8QrSA0KNPvVr94gJqmg0hCOte56bmKCDCvDCKd5pZdqmmAyxkPatVRiQXWQzQ7O0YlVBiiKlS1p0Ez9PZFhofVEhLZTYDPSi95U/M/rpia6DDImk9RQSeaLopQjE6Pp92jAFCWGTyzBRDF7KyIjrDAxNqOKDcFbfHmZ+Gf1q7p7f15r3BRplOEIjuEUPLiABtxBE3wgIOAZXuHNUc6L8+58zFtLTjFzCH/gfP4AsYyP3w==</latexit><latexit sha1_base64="woUuPNQImc177CWP4bwtXp8cjMs=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9VLx4rNLbShrLZbtqlu5uwuxFKyK/w4kHFq3/Hm//GbZuDtj4YeLw3w8y8MOFMG9f9dkorq2vrG+XNytb2zu5edf/gQcepItQnMY9VJ8Saciapb5jhtJMoikXIaTsc30799hNVmsWyZSYJDQQeShYxgo2VHrOeEui61cz71Zpbd2dAy8QrSA0KNPvVr94gJqmg0hCOte56bmKCDCvDCKd5pZdqmmAyxkPatVRiQXWQzQ7O0YlVBiiKlS1p0Ez9PZFhofVEhLZTYDPSi95U/M/rpia6DDImk9RQSeaLopQjE6Pp92jAFCWGTyzBRDF7KyIjrDAxNqOKDcFbfHmZ+Gf1q7p7f15r3BRplOEIjuEUPLiABtxBE3wgIOAZXuHNUc6L8+58zFtLTjFzCH/gfP4AsYyP3w==</latexit><latexit sha1_base64="woUuPNQImc177CWP4bwtXp8cjMs=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9VLx4rNLbShrLZbtqlu5uwuxFKyK/w4kHFq3/Hm//GbZuDtj4YeLw3w8y8MOFMG9f9dkorq2vrG+XNytb2zu5edf/gQcepItQnMY9VJ8Saciapb5jhtJMoikXIaTsc30799hNVmsWyZSYJDQQeShYxgo2VHrOeEui61cz71Zpbd2dAy8QrSA0KNPvVr94gJqmg0hCOte56bmKCDCvDCKd5pZdqmmAyxkPatVRiQXWQzQ7O0YlVBiiKlS1p0Ez9PZFhofVEhLZTYDPSi95U/M/rpia6DDImk9RQSeaLopQjE6Pp92jAFCWGTyzBRDF7KyIjrDAxNqOKDcFbfHmZ+Gf1q7p7f15r3BRplOEIjuEUPLiABtxBE3wgIOAZXuHNUc6L8+58zFtLTjFzCH/gfP4AsYyP3w==</latexit>

Quantitative modelling

Mathematical toolbox

Statistical mechanics



Introduction
• Biophysics: study of biological systems (by physicists)

• Biological systems are out of thermodynamic equilibrium

“Nonequilibrium boundary conditions”

Entropy production

Life

H+
<latexit sha1_base64="LKj+gn28ERE+ICDMNxKL2AtMHMg=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRZBEMquFNRb0UuPFVxbadeSTbNtaJJdkqxQlv4KLx5UvPp3vPlvTNs9aOuDgcd7M8zMCxPOtHHdb6ewsrq2vlHcLG1t7+zulfcP7nWcKkJ9EvNYtUOsKWeS+oYZTtuJoliEnLbC0c3Ubz1RpVks78w4oYHAA8kiRrCx0kPWVQI1Jo9nvXLFrbozoGXi5aQCOZq98le3H5NUUGkIx1p3PDcxQYaVYYTTSambappgMsID2rFUYkF1kM0OnqATq/RRFCtb0qCZ+nsiw0LrsQhtp8BmqBe9qfif10lNdBlkTCapoZLMF0UpRyZG0+9RnylKDB9bgoli9lZEhlhhYmxGJRuCt/jyMvHPq1dV97ZWqV/naRThCI7hFDy4gDo0oAk+EBDwDK/w5ijnxXl3PuatBSefOYQ/cD5/AJPFj8s=</latexit><latexit sha1_base64="LKj+gn28ERE+ICDMNxKL2AtMHMg=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRZBEMquFNRb0UuPFVxbadeSTbNtaJJdkqxQlv4KLx5UvPp3vPlvTNs9aOuDgcd7M8zMCxPOtHHdb6ewsrq2vlHcLG1t7+zulfcP7nWcKkJ9EvNYtUOsKWeS+oYZTtuJoliEnLbC0c3Ubz1RpVks78w4oYHAA8kiRrCx0kPWVQI1Jo9nvXLFrbozoGXi5aQCOZq98le3H5NUUGkIx1p3PDcxQYaVYYTTSambappgMsID2rFUYkF1kM0OnqATq/RRFCtb0qCZ+nsiw0LrsQhtp8BmqBe9qfif10lNdBlkTCapoZLMF0UpRyZG0+9RnylKDB9bgoli9lZEhlhhYmxGJRuCt/jyMvHPq1dV97ZWqV/naRThCI7hFDy4gDo0oAk+EBDwDK/w5ijnxXl3PuatBSefOYQ/cD5/AJPFj8s=</latexit><latexit sha1_base64="LKj+gn28ERE+ICDMNxKL2AtMHMg=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRZBEMquFNRb0UuPFVxbadeSTbNtaJJdkqxQlv4KLx5UvPp3vPlvTNs9aOuDgcd7M8zMCxPOtHHdb6ewsrq2vlHcLG1t7+zulfcP7nWcKkJ9EvNYtUOsKWeS+oYZTtuJoliEnLbC0c3Ubz1RpVks78w4oYHAA8kiRrCx0kPWVQI1Jo9nvXLFrbozoGXi5aQCOZq98le3H5NUUGkIx1p3PDcxQYaVYYTTSambappgMsID2rFUYkF1kM0OnqATq/RRFCtb0qCZ+nsiw0LrsQhtp8BmqBe9qfif10lNdBlkTCapoZLMF0UpRyZG0+9RnylKDB9bgoli9lZEhlhhYmxGJRuCt/jyMvHPq1dV97ZWqV/naRThCI7hFDy4gDo0oAk+EBDwDK/w5ijnxXl3PuatBSefOYQ/cD5/AJPFj8s=</latexit>

! H+
<latexit sha1_base64="57yzmlGLiWtxg5sn+dgJ1TOmR9s=">AAAB93icdVDLSsNAFJ3UV62PRl26GSyCIIREK212RV10WcHYQhPLZDpph04ezEyEGvolblyouPVX3Pk3TtoIKnrgwuGce7n3Hj9hVEjT/NBKS8srq2vl9crG5tZ2Vd/ZvRFxyjFxcMxi3vORIIxGxJFUMtJLOEGhz0jXn1zkfveOcEHj6FpOE+KFaBTRgGIklTTQq+4lYRJlLg9he3Z7PNBrpmE3z+zTOjQNc46c2JbVsKBVKDVQoDPQ391hjNOQRBIzJETfMhPpZYhLihmZVdxUkAThCRqRvqIRConwsvnhM3iolCEMYq4qknCufp/IUCjENPRVZ4jkWPz2cvEvr5/KoOllNEpSSSK8WBSkDMoY5inAIeUESzZVBGFO1a0QjxFHWKqsKiqEr0/h/8Q5MWzDvKrXWudFGmWwDw7AEbBAA7RAG3SAAzBIwQN4As/avfaovWivi9aSVszsgR/Q3j4BxhiStw==</latexit><latexit sha1_base64="57yzmlGLiWtxg5sn+dgJ1TOmR9s=">AAAB93icdVDLSsNAFJ3UV62PRl26GSyCIIREK212RV10WcHYQhPLZDpph04ezEyEGvolblyouPVX3Pk3TtoIKnrgwuGce7n3Hj9hVEjT/NBKS8srq2vl9crG5tZ2Vd/ZvRFxyjFxcMxi3vORIIxGxJFUMtJLOEGhz0jXn1zkfveOcEHj6FpOE+KFaBTRgGIklTTQq+4lYRJlLg9he3Z7PNBrpmE3z+zTOjQNc46c2JbVsKBVKDVQoDPQ391hjNOQRBIzJETfMhPpZYhLihmZVdxUkAThCRqRvqIRConwsvnhM3iolCEMYq4qknCufp/IUCjENPRVZ4jkWPz2cvEvr5/KoOllNEpSSSK8WBSkDMoY5inAIeUESzZVBGFO1a0QjxFHWKqsKiqEr0/h/8Q5MWzDvKrXWudFGmWwDw7AEbBAA7RAG3SAAzBIwQN4As/avfaovWivi9aSVszsgR/Q3j4BxhiStw==</latexit><latexit sha1_base64="57yzmlGLiWtxg5sn+dgJ1TOmR9s=">AAAB93icdVDLSsNAFJ3UV62PRl26GSyCIIREK212RV10WcHYQhPLZDpph04ezEyEGvolblyouPVX3Pk3TtoIKnrgwuGce7n3Hj9hVEjT/NBKS8srq2vl9crG5tZ2Vd/ZvRFxyjFxcMxi3vORIIxGxJFUMtJLOEGhz0jXn1zkfveOcEHj6FpOE+KFaBTRgGIklTTQq+4lYRJlLg9he3Z7PNBrpmE3z+zTOjQNc46c2JbVsKBVKDVQoDPQ391hjNOQRBIzJETfMhPpZYhLihmZVdxUkAThCRqRvqIRConwsvnhM3iolCEMYq4qknCufp/IUCjENPRVZ4jkWPz2cvEvr5/KoOllNEpSSSK8WBSkDMoY5inAIeUESzZVBGFO1a0QjxFHWKqsKiqEr0/h/8Q5MWzDvKrXWudFGmWwDw7AEbBAA7RAG3SAAzBIwQN4As/avfaovWivi9aSVszsgR/Q3j4BxhiStw==</latexit>

ADP + P i
<latexit sha1_base64="aVFU4upSK5mRgBj5oIpGcKWt/m4=">AAAB/3icbVDLSsNAFJ3UV62vqAsXbgaLIAglFUHd1cfCZQRjC20Ik+mkHTozCTMToYRs/BU3LlTc+hvu/BunaRbaeuDCmXPuZe49YcKo0o7zbVUWFpeWV6qrtbX1jc0te3vnQcWpxMTDMYtlJ0SKMCqIp6lmpJNIgnjISDscXU/89iORisbiXo8T4nM0EDSiGGkjBfZe1pMcXt64MIfHsHi4Ac1hYNedhlMAzpNmSeqghBvYX71+jFNOhMYMKdVtOon2MyQ1xYzktV6qSILwCA1I11CBOFF+VhyQw0Oj9GEUS1NCw0L9PZEhrtSYh6aTIz1Us95E/M/rpjo69zMqklQTgacfRSmDOoaTNGCfSoI1GxuCsKRmV4iHSCKsTWY1E0Jz9uR54p00LhrO3Wm9dVWmUQX74AAcgSY4Ay1wC1zgAQxy8AxewZv1ZL1Y79bHtLVilTO74A+szx+IypSi</latexit><latexit sha1_base64="aVFU4upSK5mRgBj5oIpGcKWt/m4=">AAAB/3icbVDLSsNAFJ3UV62vqAsXbgaLIAglFUHd1cfCZQRjC20Ik+mkHTozCTMToYRs/BU3LlTc+hvu/BunaRbaeuDCmXPuZe49YcKo0o7zbVUWFpeWV6qrtbX1jc0te3vnQcWpxMTDMYtlJ0SKMCqIp6lmpJNIgnjISDscXU/89iORisbiXo8T4nM0EDSiGGkjBfZe1pMcXt64MIfHsHi4Ac1hYNedhlMAzpNmSeqghBvYX71+jFNOhMYMKdVtOon2MyQ1xYzktV6qSILwCA1I11CBOFF+VhyQw0Oj9GEUS1NCw0L9PZEhrtSYh6aTIz1Us95E/M/rpjo69zMqklQTgacfRSmDOoaTNGCfSoI1GxuCsKRmV4iHSCKsTWY1E0Jz9uR54p00LhrO3Wm9dVWmUQX74AAcgSY4Ay1wC1zgAQxy8AxewZv1ZL1Y79bHtLVilTO74A+szx+IypSi</latexit><latexit sha1_base64="aVFU4upSK5mRgBj5oIpGcKWt/m4=">AAAB/3icbVDLSsNAFJ3UV62vqAsXbgaLIAglFUHd1cfCZQRjC20Ik+mkHTozCTMToYRs/BU3LlTc+hvu/BunaRbaeuDCmXPuZe49YcKo0o7zbVUWFpeWV6qrtbX1jc0te3vnQcWpxMTDMYtlJ0SKMCqIp6lmpJNIgnjISDscXU/89iORisbiXo8T4nM0EDSiGGkjBfZe1pMcXt64MIfHsHi4Ac1hYNedhlMAzpNmSeqghBvYX71+jFNOhMYMKdVtOon2MyQ1xYzktV6qSILwCA1I11CBOFF+VhyQw0Oj9GEUS1NCw0L9PZEhrtSYh6aTIz1Us95E/M/rpjo69zMqklQTgacfRSmDOoaTNGCfSoI1GxuCsKRmV4iHSCKsTWY1E0Jz9uR54p00LhrO3Wm9dVWmUQX74AAcgSY4Ay1wC1zgAQxy8AxewZv1ZL1Y79bHtLVilTO74A+szx+IypSi</latexit>

ATP
<latexit sha1_base64="woUuPNQImc177CWP4bwtXp8cjMs=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9VLx4rNLbShrLZbtqlu5uwuxFKyK/w4kHFq3/Hm//GbZuDtj4YeLw3w8y8MOFMG9f9dkorq2vrG+XNytb2zu5edf/gQcepItQnMY9VJ8Saciapb5jhtJMoikXIaTsc30799hNVmsWyZSYJDQQeShYxgo2VHrOeEui61cz71Zpbd2dAy8QrSA0KNPvVr94gJqmg0hCOte56bmKCDCvDCKd5pZdqmmAyxkPatVRiQXWQzQ7O0YlVBiiKlS1p0Ez9PZFhofVEhLZTYDPSi95U/M/rpia6DDImk9RQSeaLopQjE6Pp92jAFCWGTyzBRDF7KyIjrDAxNqOKDcFbfHmZ+Gf1q7p7f15r3BRplOEIjuEUPLiABtxBE3wgIOAZXuHNUc6L8+58zFtLTjFzCH/gfP4AsYyP3w==</latexit><latexit sha1_base64="woUuPNQImc177CWP4bwtXp8cjMs=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9VLx4rNLbShrLZbtqlu5uwuxFKyK/w4kHFq3/Hm//GbZuDtj4YeLw3w8y8MOFMG9f9dkorq2vrG+XNytb2zu5edf/gQcepItQnMY9VJ8Saciapb5jhtJMoikXIaTsc30799hNVmsWyZSYJDQQeShYxgo2VHrOeEui61cz71Zpbd2dAy8QrSA0KNPvVr94gJqmg0hCOte56bmKCDCvDCKd5pZdqmmAyxkPatVRiQXWQzQ7O0YlVBiiKlS1p0Ez9PZFhofVEhLZTYDPSi95U/M/rpia6DDImk9RQSeaLopQjE6Pp92jAFCWGTyzBRDF7KyIjrDAxNqOKDcFbfHmZ+Gf1q7p7f15r3BRplOEIjuEUPLiABtxBE3wgIOAZXuHNUc6L8+58zFtLTjFzCH/gfP4AsYyP3w==</latexit><latexit sha1_base64="woUuPNQImc177CWP4bwtXp8cjMs=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9VLx4rNLbShrLZbtqlu5uwuxFKyK/w4kHFq3/Hm//GbZuDtj4YeLw3w8y8MOFMG9f9dkorq2vrG+XNytb2zu5edf/gQcepItQnMY9VJ8Saciapb5jhtJMoikXIaTsc30799hNVmsWyZSYJDQQeShYxgo2VHrOeEui61cz71Zpbd2dAy8QrSA0KNPvVr94gJqmg0hCOte56bmKCDCvDCKd5pZdqmmAyxkPatVRiQXWQzQ7O0YlVBiiKlS1p0Ez9PZFhofVEhLZTYDPSi95U/M/rpia6DDImk9RQSeaLopQjE6Pp92jAFCWGTyzBRDF7KyIjrDAxNqOKDcFbfHmZ+Gf1q7p7f15r3BRplOEIjuEUPLiABtxBE3wgIOAZXuHNUc6L8+58zFtLTjFzCH/gfP4AsYyP3w==</latexit>

Quantitative modelling

Mathematical toolbox

Statistical mechanics



Introduction

• Quantifying flows of energy  (and other things) in nanoscale systems is a 
central challenge to understanding microscopic physics of biological systems

• Biophysics: study of biological systems (by physicists)

• Biological systems are out of thermodynamic equilibrium

“Nonequilibrium boundary conditions”

Entropy production

Life

H+
<latexit sha1_base64="LKj+gn28ERE+ICDMNxKL2AtMHMg=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRZBEMquFNRb0UuPFVxbadeSTbNtaJJdkqxQlv4KLx5UvPp3vPlvTNs9aOuDgcd7M8zMCxPOtHHdb6ewsrq2vlHcLG1t7+zulfcP7nWcKkJ9EvNYtUOsKWeS+oYZTtuJoliEnLbC0c3Ubz1RpVks78w4oYHAA8kiRrCx0kPWVQI1Jo9nvXLFrbozoGXi5aQCOZq98le3H5NUUGkIx1p3PDcxQYaVYYTTSambappgMsID2rFUYkF1kM0OnqATq/RRFCtb0qCZ+nsiw0LrsQhtp8BmqBe9qfif10lNdBlkTCapoZLMF0UpRyZG0+9RnylKDB9bgoli9lZEhlhhYmxGJRuCt/jyMvHPq1dV97ZWqV/naRThCI7hFDy4gDo0oAk+EBDwDK/w5ijnxXl3PuatBSefOYQ/cD5/AJPFj8s=</latexit><latexit sha1_base64="LKj+gn28ERE+ICDMNxKL2AtMHMg=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRZBEMquFNRb0UuPFVxbadeSTbNtaJJdkqxQlv4KLx5UvPp3vPlvTNs9aOuDgcd7M8zMCxPOtHHdb6ewsrq2vlHcLG1t7+zulfcP7nWcKkJ9EvNYtUOsKWeS+oYZTtuJoliEnLbC0c3Ubz1RpVks78w4oYHAA8kiRrCx0kPWVQI1Jo9nvXLFrbozoGXi5aQCOZq98le3H5NUUGkIx1p3PDcxQYaVYYTTSambappgMsID2rFUYkF1kM0OnqATq/RRFCtb0qCZ+nsiw0LrsQhtp8BmqBe9qfif10lNdBlkTCapoZLMF0UpRyZG0+9RnylKDB9bgoli9lZEhlhhYmxGJRuCt/jyMvHPq1dV97ZWqV/naRThCI7hFDy4gDo0oAk+EBDwDK/w5ijnxXl3PuatBSefOYQ/cD5/AJPFj8s=</latexit><latexit sha1_base64="LKj+gn28ERE+ICDMNxKL2AtMHMg=">AAAB73icbVBNSwMxEJ2tX7V+VT16CRZBEMquFNRb0UuPFVxbadeSTbNtaJJdkqxQlv4KLx5UvPp3vPlvTNs9aOuDgcd7M8zMCxPOtHHdb6ewsrq2vlHcLG1t7+zulfcP7nWcKkJ9EvNYtUOsKWeS+oYZTtuJoliEnLbC0c3Ubz1RpVks78w4oYHAA8kiRrCx0kPWVQI1Jo9nvXLFrbozoGXi5aQCOZq98le3H5NUUGkIx1p3PDcxQYaVYYTTSambappgMsID2rFUYkF1kM0OnqATq/RRFCtb0qCZ+nsiw0LrsQhtp8BmqBe9qfif10lNdBlkTCapoZLMF0UpRyZG0+9RnylKDB9bgoli9lZEhlhhYmxGJRuCt/jyMvHPq1dV97ZWqV/naRThCI7hFDy4gDo0oAk+EBDwDK/w5ijnxXl3PuatBSefOYQ/cD5/AJPFj8s=</latexit>

! H+
<latexit sha1_base64="57yzmlGLiWtxg5sn+dgJ1TOmR9s=">AAAB93icdVDLSsNAFJ3UV62PRl26GSyCIIREK212RV10WcHYQhPLZDpph04ezEyEGvolblyouPVX3Pk3TtoIKnrgwuGce7n3Hj9hVEjT/NBKS8srq2vl9crG5tZ2Vd/ZvRFxyjFxcMxi3vORIIxGxJFUMtJLOEGhz0jXn1zkfveOcEHj6FpOE+KFaBTRgGIklTTQq+4lYRJlLg9he3Z7PNBrpmE3z+zTOjQNc46c2JbVsKBVKDVQoDPQ391hjNOQRBIzJETfMhPpZYhLihmZVdxUkAThCRqRvqIRConwsvnhM3iolCEMYq4qknCufp/IUCjENPRVZ4jkWPz2cvEvr5/KoOllNEpSSSK8WBSkDMoY5inAIeUESzZVBGFO1a0QjxFHWKqsKiqEr0/h/8Q5MWzDvKrXWudFGmWwDw7AEbBAA7RAG3SAAzBIwQN4As/avfaovWivi9aSVszsgR/Q3j4BxhiStw==</latexit><latexit sha1_base64="57yzmlGLiWtxg5sn+dgJ1TOmR9s=">AAAB93icdVDLSsNAFJ3UV62PRl26GSyCIIREK212RV10WcHYQhPLZDpph04ezEyEGvolblyouPVX3Pk3TtoIKnrgwuGce7n3Hj9hVEjT/NBKS8srq2vl9crG5tZ2Vd/ZvRFxyjFxcMxi3vORIIxGxJFUMtJLOEGhz0jXn1zkfveOcEHj6FpOE+KFaBTRgGIklTTQq+4lYRJlLg9he3Z7PNBrpmE3z+zTOjQNc46c2JbVsKBVKDVQoDPQ391hjNOQRBIzJETfMhPpZYhLihmZVdxUkAThCRqRvqIRConwsvnhM3iolCEMYq4qknCufp/IUCjENPRVZ4jkWPz2cvEvr5/KoOllNEpSSSK8WBSkDMoY5inAIeUESzZVBGFO1a0QjxFHWKqsKiqEr0/h/8Q5MWzDvKrXWudFGmWwDw7AEbBAA7RAG3SAAzBIwQN4As/avfaovWivi9aSVszsgR/Q3j4BxhiStw==</latexit><latexit sha1_base64="57yzmlGLiWtxg5sn+dgJ1TOmR9s=">AAAB93icdVDLSsNAFJ3UV62PRl26GSyCIIREK212RV10WcHYQhPLZDpph04ezEyEGvolblyouPVX3Pk3TtoIKnrgwuGce7n3Hj9hVEjT/NBKS8srq2vl9crG5tZ2Vd/ZvRFxyjFxcMxi3vORIIxGxJFUMtJLOEGhz0jXn1zkfveOcEHj6FpOE+KFaBTRgGIklTTQq+4lYRJlLg9he3Z7PNBrpmE3z+zTOjQNc46c2JbVsKBVKDVQoDPQ391hjNOQRBIzJETfMhPpZYhLihmZVdxUkAThCRqRvqIRConwsvnhM3iolCEMYq4qknCufp/IUCjENPRVZ4jkWPz2cvEvr5/KoOllNEpSSSK8WBSkDMoY5inAIeUESzZVBGFO1a0QjxFHWKqsKiqEr0/h/8Q5MWzDvKrXWudFGmWwDw7AEbBAA7RAG3SAAzBIwQN4As/avfaovWivi9aSVszsgR/Q3j4BxhiStw==</latexit>

ADP + P i
<latexit sha1_base64="aVFU4upSK5mRgBj5oIpGcKWt/m4=">AAAB/3icbVDLSsNAFJ3UV62vqAsXbgaLIAglFUHd1cfCZQRjC20Ik+mkHTozCTMToYRs/BU3LlTc+hvu/BunaRbaeuDCmXPuZe49YcKo0o7zbVUWFpeWV6qrtbX1jc0te3vnQcWpxMTDMYtlJ0SKMCqIp6lmpJNIgnjISDscXU/89iORisbiXo8T4nM0EDSiGGkjBfZe1pMcXt64MIfHsHi4Ac1hYNedhlMAzpNmSeqghBvYX71+jFNOhMYMKdVtOon2MyQ1xYzktV6qSILwCA1I11CBOFF+VhyQw0Oj9GEUS1NCw0L9PZEhrtSYh6aTIz1Us95E/M/rpjo69zMqklQTgacfRSmDOoaTNGCfSoI1GxuCsKRmV4iHSCKsTWY1E0Jz9uR54p00LhrO3Wm9dVWmUQX74AAcgSY4Ay1wC1zgAQxy8AxewZv1ZL1Y79bHtLVilTO74A+szx+IypSi</latexit><latexit sha1_base64="aVFU4upSK5mRgBj5oIpGcKWt/m4=">AAAB/3icbVDLSsNAFJ3UV62vqAsXbgaLIAglFUHd1cfCZQRjC20Ik+mkHTozCTMToYRs/BU3LlTc+hvu/BunaRbaeuDCmXPuZe49YcKo0o7zbVUWFpeWV6qrtbX1jc0te3vnQcWpxMTDMYtlJ0SKMCqIp6lmpJNIgnjISDscXU/89iORisbiXo8T4nM0EDSiGGkjBfZe1pMcXt64MIfHsHi4Ac1hYNedhlMAzpNmSeqghBvYX71+jFNOhMYMKdVtOon2MyQ1xYzktV6qSILwCA1I11CBOFF+VhyQw0Oj9GEUS1NCw0L9PZEhrtSYh6aTIz1Us95E/M/rpjo69zMqklQTgacfRSmDOoaTNGCfSoI1GxuCsKRmV4iHSCKsTWY1E0Jz9uR54p00LhrO3Wm9dVWmUQX74AAcgSY4Ay1wC1zgAQxy8AxewZv1ZL1Y79bHtLVilTO74A+szx+IypSi</latexit><latexit sha1_base64="aVFU4upSK5mRgBj5oIpGcKWt/m4=">AAAB/3icbVDLSsNAFJ3UV62vqAsXbgaLIAglFUHd1cfCZQRjC20Ik+mkHTozCTMToYRs/BU3LlTc+hvu/BunaRbaeuDCmXPuZe49YcKo0o7zbVUWFpeWV6qrtbX1jc0te3vnQcWpxMTDMYtlJ0SKMCqIp6lmpJNIgnjISDscXU/89iORisbiXo8T4nM0EDSiGGkjBfZe1pMcXt64MIfHsHi4Ac1hYNedhlMAzpNmSeqghBvYX71+jFNOhMYMKdVtOon2MyQ1xYzktV6qSILwCA1I11CBOFF+VhyQw0Oj9GEUS1NCw0L9PZEhrtSYh6aTIz1Us95E/M/rpjo69zMqklQTgacfRSmDOoaTNGCfSoI1GxuCsKRmV4iHSCKsTWY1E0Jz9uR54p00LhrO3Wm9dVWmUQX74AAcgSY4Ay1wC1zgAQxy8AxewZv1ZL1Y79bHtLVilTO74A+szx+IypSi</latexit>

ATP
<latexit sha1_base64="woUuPNQImc177CWP4bwtXp8cjMs=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9VLx4rNLbShrLZbtqlu5uwuxFKyK/w4kHFq3/Hm//GbZuDtj4YeLw3w8y8MOFMG9f9dkorq2vrG+XNytb2zu5edf/gQcepItQnMY9VJ8Saciapb5jhtJMoikXIaTsc30799hNVmsWyZSYJDQQeShYxgo2VHrOeEui61cz71Zpbd2dAy8QrSA0KNPvVr94gJqmg0hCOte56bmKCDCvDCKd5pZdqmmAyxkPatVRiQXWQzQ7O0YlVBiiKlS1p0Ez9PZFhofVEhLZTYDPSi95U/M/rpia6DDImk9RQSeaLopQjE6Pp92jAFCWGTyzBRDF7KyIjrDAxNqOKDcFbfHmZ+Gf1q7p7f15r3BRplOEIjuEUPLiABtxBE3wgIOAZXuHNUc6L8+58zFtLTjFzCH/gfP4AsYyP3w==</latexit><latexit sha1_base64="woUuPNQImc177CWP4bwtXp8cjMs=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9VLx4rNLbShrLZbtqlu5uwuxFKyK/w4kHFq3/Hm//GbZuDtj4YeLw3w8y8MOFMG9f9dkorq2vrG+XNytb2zu5edf/gQcepItQnMY9VJ8Saciapb5jhtJMoikXIaTsc30799hNVmsWyZSYJDQQeShYxgo2VHrOeEui61cz71Zpbd2dAy8QrSA0KNPvVr94gJqmg0hCOte56bmKCDCvDCKd5pZdqmmAyxkPatVRiQXWQzQ7O0YlVBiiKlS1p0Ez9PZFhofVEhLZTYDPSi95U/M/rpia6DDImk9RQSeaLopQjE6Pp92jAFCWGTyzBRDF7KyIjrDAxNqOKDcFbfHmZ+Gf1q7p7f15r3BRplOEIjuEUPLiABtxBE3wgIOAZXuHNUc6L8+58zFtLTjFzCH/gfP4AsYyP3w==</latexit><latexit sha1_base64="woUuPNQImc177CWP4bwtXp8cjMs=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBU0lEUG9VLx4rNLbShrLZbtqlu5uwuxFKyK/w4kHFq3/Hm//GbZuDtj4YeLw3w8y8MOFMG9f9dkorq2vrG+XNytb2zu5edf/gQcepItQnMY9VJ8Saciapb5jhtJMoikXIaTsc30799hNVmsWyZSYJDQQeShYxgo2VHrOeEui61cz71Zpbd2dAy8QrSA0KNPvVr94gJqmg0hCOte56bmKCDCvDCKd5pZdqmmAyxkPatVRiQXWQzQ7O0YlVBiiKlS1p0Ez9PZFhofVEhLZTYDPSi95U/M/rpia6DDImk9RQSeaLopQjE6Pp92jAFCWGTyzBRDF7KyIjrDAxNqOKDcFbfHmZ+Gf1q7p7f15r3BRplOEIjuEUPLiABtxBE3wgIOAZXuHNUc6L8+58zFtLTjFzCH/gfP4AsYyP3w==</latexit>
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<latexit sha1_base64="2s9GrnSaN0UeHLWjQi368ueWc14=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxVQlCgrGChbFI9CE1UeQ4TmvVdoLtIFVRfoCFX2FhACFWdjb+BrfNQFuOZOnonHN1fU+YMqq04/xYlZXVtfWN6mZta3tnd8/eP+ioJJOYtHHCEtkLkSKMCtLWVDPSSyVBPGSkG45uJn73kUhFE3GvxynxORoIGlOMtJEC+8RjJhyhIPckh7TwHjIUwTkxLgK77jScKeAycUtSByVagf3tRQnOOBEaM6RU33VS7edIaooZKWpepkiK8AgNSN9QgThRfj69poCnRolgnEjzhIZT9e9EjrhSYx6aJEd6qBa9ifif1890fOXnVKSZJgLPFsUZgzqBk2pgRCXBmo0NQVhS81eIh0girE2BNVOCu3jyMumcN1yn4d5d1JvXZR1VcASOwRlwwSVoglvQAm2AwRN4AW/g3Xq2Xq0P63MWrVjlzCGYg/X1C6Sfm+c=</latexit><latexit sha1_base64="2s9GrnSaN0UeHLWjQi368ueWc14=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxVQlCgrGChbFI9CE1UeQ4TmvVdoLtIFVRfoCFX2FhACFWdjb+BrfNQFuOZOnonHN1fU+YMqq04/xYlZXVtfWN6mZta3tnd8/eP+ioJJOYtHHCEtkLkSKMCtLWVDPSSyVBPGSkG45uJn73kUhFE3GvxynxORoIGlOMtJEC+8RjJhyhIPckh7TwHjIUwTkxLgK77jScKeAycUtSByVagf3tRQnOOBEaM6RU33VS7edIaooZKWpepkiK8AgNSN9QgThRfj69poCnRolgnEjzhIZT9e9EjrhSYx6aJEd6qBa9ifif1890fOXnVKSZJgLPFsUZgzqBk2pgRCXBmo0NQVhS81eIh0girE2BNVOCu3jyMumcN1yn4d5d1JvXZR1VcASOwRlwwSVoglvQAm2AwRN4AW/g3Xq2Xq0P63MWrVjlzCGYg/X1C6Sfm+c=</latexit><latexit sha1_base64="2s9GrnSaN0UeHLWjQi368ueWc14=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxVQlCgrGChbFI9CE1UeQ4TmvVdoLtIFVRfoCFX2FhACFWdjb+BrfNQFuOZOnonHN1fU+YMqq04/xYlZXVtfWN6mZta3tnd8/eP+ioJJOYtHHCEtkLkSKMCtLWVDPSSyVBPGSkG45uJn73kUhFE3GvxynxORoIGlOMtJEC+8RjJhyhIPckh7TwHjIUwTkxLgK77jScKeAycUtSByVagf3tRQnOOBEaM6RU33VS7edIaooZKWpepkiK8AgNSN9QgThRfj69poCnRolgnEjzhIZT9e9EjrhSYx6aJEd6qBa9ifif1890fOXnVKSZJgLPFsUZgzqBk2pgRCXBmo0NQVhS81eIh0girE2BNVOCu3jyMumcN1yn4d5d1JvXZR1VcASOwRlwwSVoglvQAm2AwRN4AW/g3Xq2Xq0P63MWrVjlzCGYg/X1C6Sfm+c=</latexit><latexit sha1_base64="2s9GrnSaN0UeHLWjQi368ueWc14=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxVQlCgrGChbFI9CE1UeQ4TmvVdoLtIFVRfoCFX2FhACFWdjb+BrfNQFuOZOnonHN1fU+YMqq04/xYlZXVtfWN6mZta3tnd8/eP+ioJJOYtHHCEtkLkSKMCtLWVDPSSyVBPGSkG45uJn73kUhFE3GvxynxORoIGlOMtJEC+8RjJhyhIPckh7TwHjIUwTkxLgK77jScKeAycUtSByVagf3tRQnOOBEaM6RU33VS7edIaooZKWpepkiK8AgNSN9QgThRfj69poCnRolgnEjzhIZT9e9EjrhSYx6aJEd6qBa9ifif1890fOXnVKSZJgLPFsUZgzqBk2pgRCXBmo0NQVhS81eIh0girE2BNVOCu3jyMumcN1yn4d5d1JvXZR1VcASOwRlwwSVoglvQAm2AwRN4AW/g3Xq2Xq0P63MWrVjlzCGYg/X1C6Sfm+c=</latexit>
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<latexit sha1_base64="2s9GrnSaN0UeHLWjQi368ueWc14=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxVQlCgrGChbFI9CE1UeQ4TmvVdoLtIFVRfoCFX2FhACFWdjb+BrfNQFuOZOnonHN1fU+YMqq04/xYlZXVtfWN6mZta3tnd8/eP+ioJJOYtHHCEtkLkSKMCtLWVDPSSyVBPGSkG45uJn73kUhFE3GvxynxORoIGlOMtJEC+8RjJhyhIPckh7TwHjIUwTkxLgK77jScKeAycUtSByVagf3tRQnOOBEaM6RU33VS7edIaooZKWpepkiK8AgNSN9QgThRfj69poCnRolgnEjzhIZT9e9EjrhSYx6aJEd6qBa9ifif1890fOXnVKSZJgLPFsUZgzqBk2pgRCXBmo0NQVhS81eIh0girE2BNVOCu3jyMumcN1yn4d5d1JvXZR1VcASOwRlwwSVoglvQAm2AwRN4AW/g3Xq2Xq0P63MWrVjlzCGYg/X1C6Sfm+c=</latexit><latexit sha1_base64="2s9GrnSaN0UeHLWjQi368ueWc14=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxVQlCgrGChbFI9CE1UeQ4TmvVdoLtIFVRfoCFX2FhACFWdjb+BrfNQFuOZOnonHN1fU+YMqq04/xYlZXVtfWN6mZta3tnd8/eP+ioJJOYtHHCEtkLkSKMCtLWVDPSSyVBPGSkG45uJn73kUhFE3GvxynxORoIGlOMtJEC+8RjJhyhIPckh7TwHjIUwTkxLgK77jScKeAycUtSByVagf3tRQnOOBEaM6RU33VS7edIaooZKWpepkiK8AgNSN9QgThRfj69poCnRolgnEjzhIZT9e9EjrhSYx6aJEd6qBa9ifif1890fOXnVKSZJgLPFsUZgzqBk2pgRCXBmo0NQVhS81eIh0girE2BNVOCu3jyMumcN1yn4d5d1JvXZR1VcASOwRlwwSVoglvQAm2AwRN4AW/g3Xq2Xq0P63MWrVjlzCGYg/X1C6Sfm+c=</latexit><latexit sha1_base64="2s9GrnSaN0UeHLWjQi368ueWc14=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxVQlCgrGChbFI9CE1UeQ4TmvVdoLtIFVRfoCFX2FhACFWdjb+BrfNQFuOZOnonHN1fU+YMqq04/xYlZXVtfWN6mZta3tnd8/eP+ioJJOYtHHCEtkLkSKMCtLWVDPSSyVBPGSkG45uJn73kUhFE3GvxynxORoIGlOMtJEC+8RjJhyhIPckh7TwHjIUwTkxLgK77jScKeAycUtSByVagf3tRQnOOBEaM6RU33VS7edIaooZKWpepkiK8AgNSN9QgThRfj69poCnRolgnEjzhIZT9e9EjrhSYx6aJEd6qBa9ifif1890fOXnVKSZJgLPFsUZgzqBk2pgRCXBmo0NQVhS81eIh0girE2BNVOCu3jyMumcN1yn4d5d1JvXZR1VcASOwRlwwSVoglvQAm2AwRN4AW/g3Xq2Xq0P63MWrVjlzCGYg/X1C6Sfm+c=</latexit><latexit sha1_base64="2s9GrnSaN0UeHLWjQi368ueWc14=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxVQlCgrGChbFI9CE1UeQ4TmvVdoLtIFVRfoCFX2FhACFWdjb+BrfNQFuOZOnonHN1fU+YMqq04/xYlZXVtfWN6mZta3tnd8/eP+ioJJOYtHHCEtkLkSKMCtLWVDPSSyVBPGSkG45uJn73kUhFE3GvxynxORoIGlOMtJEC+8RjJhyhIPckh7TwHjIUwTkxLgK77jScKeAycUtSByVagf3tRQnOOBEaM6RU33VS7edIaooZKWpepkiK8AgNSN9QgThRfj69poCnRolgnEjzhIZT9e9EjrhSYx6aJEd6qBa9ifif1890fOXnVKSZJgLPFsUZgzqBk2pgRCXBmo0NQVhS81eIh0girE2BNVOCu3jyMumcN1yn4d5d1JvXZR1VcASOwRlwwSVoglvQAm2AwRN4AW/g3Xq2Xq0P63MWrVjlzCGYg/X1C6Sfm+c=</latexit>

! i ! f
<latexit sha1_base64="2s9GrnSaN0UeHLWjQi368ueWc14=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxVQlCgrGChbFI9CE1UeQ4TmvVdoLtIFVRfoCFX2FhACFWdjb+BrfNQFuOZOnonHN1fU+YMqq04/xYlZXVtfWN6mZta3tnd8/eP+ioJJOYtHHCEtkLkSKMCtLWVDPSSyVBPGSkG45uJn73kUhFE3GvxynxORoIGlOMtJEC+8RjJhyhIPckh7TwHjIUwTkxLgK77jScKeAycUtSByVagf3tRQnOOBEaM6RU33VS7edIaooZKWpepkiK8AgNSN9QgThRfj69poCnRolgnEjzhIZT9e9EjrhSYx6aJEd6qBa9ifif1890fOXnVKSZJgLPFsUZgzqBk2pgRCXBmo0NQVhS81eIh0girE2BNVOCu3jyMumcN1yn4d5d1JvXZR1VcASOwRlwwSVoglvQAm2AwRN4AW/g3Xq2Xq0P63MWrVjlzCGYg/X1C6Sfm+c=</latexit><latexit sha1_base64="2s9GrnSaN0UeHLWjQi368ueWc14=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxVQlCgrGChbFI9CE1UeQ4TmvVdoLtIFVRfoCFX2FhACFWdjb+BrfNQFuOZOnonHN1fU+YMqq04/xYlZXVtfWN6mZta3tnd8/eP+ioJJOYtHHCEtkLkSKMCtLWVDPSSyVBPGSkG45uJn73kUhFE3GvxynxORoIGlOMtJEC+8RjJhyhIPckh7TwHjIUwTkxLgK77jScKeAycUtSByVagf3tRQnOOBEaM6RU33VS7edIaooZKWpepkiK8AgNSN9QgThRfj69poCnRolgnEjzhIZT9e9EjrhSYx6aJEd6qBa9ifif1890fOXnVKSZJgLPFsUZgzqBk2pgRCXBmo0NQVhS81eIh0girE2BNVOCu3jyMumcN1yn4d5d1JvXZR1VcASOwRlwwSVoglvQAm2AwRN4AW/g3Xq2Xq0P63MWrVjlzCGYg/X1C6Sfm+c=</latexit><latexit sha1_base64="2s9GrnSaN0UeHLWjQi368ueWc14=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxVQlCgrGChbFI9CE1UeQ4TmvVdoLtIFVRfoCFX2FhACFWdjb+BrfNQFuOZOnonHN1fU+YMqq04/xYlZXVtfWN6mZta3tnd8/eP+ioJJOYtHHCEtkLkSKMCtLWVDPSSyVBPGSkG45uJn73kUhFE3GvxynxORoIGlOMtJEC+8RjJhyhIPckh7TwHjIUwTkxLgK77jScKeAycUtSByVagf3tRQnOOBEaM6RU33VS7edIaooZKWpepkiK8AgNSN9QgThRfj69poCnRolgnEjzhIZT9e9EjrhSYx6aJEd6qBa9ifif1890fOXnVKSZJgLPFsUZgzqBk2pgRCXBmo0NQVhS81eIh0girE2BNVOCu3jyMumcN1yn4d5d1JvXZR1VcASOwRlwwSVoglvQAm2AwRN4AW/g3Xq2Xq0P63MWrVjlzCGYg/X1C6Sfm+c=</latexit><latexit sha1_base64="2s9GrnSaN0UeHLWjQi368ueWc14=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxVQlCgrGChbFI9CE1UeQ4TmvVdoLtIFVRfoCFX2FhACFWdjb+BrfNQFuOZOnonHN1fU+YMqq04/xYlZXVtfWN6mZta3tnd8/eP+ioJJOYtHHCEtkLkSKMCtLWVDPSSyVBPGSkG45uJn73kUhFE3GvxynxORoIGlOMtJEC+8RjJhyhIPckh7TwHjIUwTkxLgK77jScKeAycUtSByVagf3tRQnOOBEaM6RU33VS7edIaooZKWpepkiK8AgNSN9QgThRfj69poCnRolgnEjzhIZT9e9EjrhSYx6aJEd6qBa9ifif1890fOXnVKSZJgLPFsUZgzqBk2pgRCXBmo0NQVhS81eIh0girE2BNVOCu3jyMumcN1yn4d5d1JvXZR1VcASOwRlwwSVoglvQAm2AwRN4AW/g3Xq2Xq0P63MWrVjlzCGYg/X1C6Sfm+c=</latexit>

!
<latexit sha1_base64="qQO9a7FE3YpCEG8qG2hSkxAgKIA=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxoWLCvYBbSg3k0k7dDIJMxOhhH6EGxeKuPV73Pk3TtsstPXAwOGcc5l7T5AKro3rfjultfWNza3ydmVnd2//oHp41NZJpihr0UQkqhugZoJL1jLcCNZNFcM4EKwTjG9nfueJKc0T+WgmKfNjHEoecYrGSp3+vY2GOKjW3Lo7B1klXkFqUKA5qH71w4RmMZOGCtS657mp8XNUhlPBppV+plmKdIxD1rNUYsy0n8/XnZIzq4QkSpR90pC5+nsix1jrSRzYZIxmpJe9mfif18tMdO3nXKaZYZIuPooyQUxCZreTkCtGjZhYglRxuyuhI1RIjW2oYkvwlk9eJe2LuufWvYfLWuOmqKMMJ3AK5+DBFTTgDprQAgpjeIZXeHNS58V5dz4W0ZJTzBzDHzifPwulj10=</latexit><latexit sha1_base64="qQO9a7FE3YpCEG8qG2hSkxAgKIA=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxoWLCvYBbSg3k0k7dDIJMxOhhH6EGxeKuPV73Pk3TtsstPXAwOGcc5l7T5AKro3rfjultfWNza3ydmVnd2//oHp41NZJpihr0UQkqhugZoJL1jLcCNZNFcM4EKwTjG9nfueJKc0T+WgmKfNjHEoecYrGSp3+vY2GOKjW3Lo7B1klXkFqUKA5qH71w4RmMZOGCtS657mp8XNUhlPBppV+plmKdIxD1rNUYsy0n8/XnZIzq4QkSpR90pC5+nsix1jrSRzYZIxmpJe9mfif18tMdO3nXKaZYZIuPooyQUxCZreTkCtGjZhYglRxuyuhI1RIjW2oYkvwlk9eJe2LuufWvYfLWuOmqKMMJ3AK5+DBFTTgDprQAgpjeIZXeHNS58V5dz4W0ZJTzBzDHzifPwulj10=</latexit><latexit sha1_base64="qQO9a7FE3YpCEG8qG2hSkxAgKIA=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxoWLCvYBbSg3k0k7dDIJMxOhhH6EGxeKuPV73Pk3TtsstPXAwOGcc5l7T5AKro3rfjultfWNza3ydmVnd2//oHp41NZJpihr0UQkqhugZoJL1jLcCNZNFcM4EKwTjG9nfueJKc0T+WgmKfNjHEoecYrGSp3+vY2GOKjW3Lo7B1klXkFqUKA5qH71w4RmMZOGCtS657mp8XNUhlPBppV+plmKdIxD1rNUYsy0n8/XnZIzq4QkSpR90pC5+nsix1jrSRzYZIxmpJe9mfif18tMdO3nXKaZYZIuPooyQUxCZreTkCtGjZhYglRxuyuhI1RIjW2oYkvwlk9eJe2LuufWvYfLWuOmqKMMJ3AK5+DBFTTgDprQAgpjeIZXeHNS58V5dz4W0ZJTzBzDHzifPwulj10=</latexit><latexit sha1_base64="qQO9a7FE3YpCEG8qG2hSkxAgKIA=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxoWLCvYBbSg3k0k7dDIJMxOhhH6EGxeKuPV73Pk3TtsstPXAwOGcc5l7T5AKro3rfjultfWNza3ydmVnd2//oHp41NZJpihr0UQkqhugZoJL1jLcCNZNFcM4EKwTjG9nfueJKc0T+WgmKfNjHEoecYrGSp3+vY2GOKjW3Lo7B1klXkFqUKA5qH71w4RmMZOGCtS657mp8XNUhlPBppV+plmKdIxD1rNUYsy0n8/XnZIzq4QkSpR90pC5+nsix1jrSRzYZIxmpJe9mfif18tMdO3nXKaZYZIuPooyQUxCZreTkCtGjZhYglRxuyuhI1RIjW2oYkvwlk9eJe2LuufWvYfLWuOmqKMMJ3AK5+DBFTTgDprQAgpjeIZXeHNS58V5dz4W0ZJTzBzDHzifPwulj10=</latexit>

Excess work:!Wex"! = !W "! # ! F
<latexit sha1_base64="JfYPz8dSu46YuScKGvx5EwCRSgY="></latexit><latexit sha1_base64="JfYPz8dSu46YuScKGvx5EwCRSgY="></latexit><latexit sha1_base64="JfYPz8dSu46YuScKGvx5EwCRSgY="></latexit><latexit sha1_base64="JfYPz8dSu46YuScKGvx5EwCRSgY="></latexit>

Excess work:!Wex"! = !W "! # ! F
<latexit sha1_base64="JfYPz8dSu46YuScKGvx5EwCRSgY="></latexit><latexit sha1_base64="JfYPz8dSu46YuScKGvx5EwCRSgY="></latexit><latexit sha1_base64="JfYPz8dSu46YuScKGvx5EwCRSgY="></latexit><latexit sha1_base64="JfYPz8dSu46YuScKGvx5EwCRSgY="></latexit>



Introduction

• How can we formulate a mathematical description of a nonequilibrium 
system?

• Average excess work required depends on the particular control protocol

! i ! f
<latexit sha1_base64="2s9GrnSaN0UeHLWjQi368ueWc14=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxVQlCgrGChbFI9CE1UeQ4TmvVdoLtIFVRfoCFX2FhACFWdjb+BrfNQFuOZOnonHN1fU+YMqq04/xYlZXVtfWN6mZta3tnd8/eP+ioJJOYtHHCEtkLkSKMCtLWVDPSSyVBPGSkG45uJn73kUhFE3GvxynxORoIGlOMtJEC+8RjJhyhIPckh7TwHjIUwTkxLgK77jScKeAycUtSByVagf3tRQnOOBEaM6RU33VS7edIaooZKWpepkiK8AgNSN9QgThRfj69poCnRolgnEjzhIZT9e9EjrhSYx6aJEd6qBa9ifif1890fOXnVKSZJgLPFsUZgzqBk2pgRCXBmo0NQVhS81eIh0girE2BNVOCu3jyMumcN1yn4d5d1JvXZR1VcASOwRlwwSVoglvQAm2AwRN4AW/g3Xq2Xq0P63MWrVjlzCGYg/X1C6Sfm+c=</latexit><latexit sha1_base64="2s9GrnSaN0UeHLWjQi368ueWc14=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxVQlCgrGChbFI9CE1UeQ4TmvVdoLtIFVRfoCFX2FhACFWdjb+BrfNQFuOZOnonHN1fU+YMqq04/xYlZXVtfWN6mZta3tnd8/eP+ioJJOYtHHCEtkLkSKMCtLWVDPSSyVBPGSkG45uJn73kUhFE3GvxynxORoIGlOMtJEC+8RjJhyhIPckh7TwHjIUwTkxLgK77jScKeAycUtSByVagf3tRQnOOBEaM6RU33VS7edIaooZKWpepkiK8AgNSN9QgThRfj69poCnRolgnEjzhIZT9e9EjrhSYx6aJEd6qBa9ifif1890fOXnVKSZJgLPFsUZgzqBk2pgRCXBmo0NQVhS81eIh0girE2BNVOCu3jyMumcN1yn4d5d1JvXZR1VcASOwRlwwSVoglvQAm2AwRN4AW/g3Xq2Xq0P63MWrVjlzCGYg/X1C6Sfm+c=</latexit><latexit sha1_base64="2s9GrnSaN0UeHLWjQi368ueWc14=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxVQlCgrGChbFI9CE1UeQ4TmvVdoLtIFVRfoCFX2FhACFWdjb+BrfNQFuOZOnonHN1fU+YMqq04/xYlZXVtfWN6mZta3tnd8/eP+ioJJOYtHHCEtkLkSKMCtLWVDPSSyVBPGSkG45uJn73kUhFE3GvxynxORoIGlOMtJEC+8RjJhyhIPckh7TwHjIUwTkxLgK77jScKeAycUtSByVagf3tRQnOOBEaM6RU33VS7edIaooZKWpepkiK8AgNSN9QgThRfj69poCnRolgnEjzhIZT9e9EjrhSYx6aJEd6qBa9ifif1890fOXnVKSZJgLPFsUZgzqBk2pgRCXBmo0NQVhS81eIh0girE2BNVOCu3jyMumcN1yn4d5d1JvXZR1VcASOwRlwwSVoglvQAm2AwRN4AW/g3Xq2Xq0P63MWrVjlzCGYg/X1C6Sfm+c=</latexit><latexit sha1_base64="2s9GrnSaN0UeHLWjQi368ueWc14=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxVQlCgrGChbFI9CE1UeQ4TmvVdoLtIFVRfoCFX2FhACFWdjb+BrfNQFuOZOnonHN1fU+YMqq04/xYlZXVtfWN6mZta3tnd8/eP+ioJJOYtHHCEtkLkSKMCtLWVDPSSyVBPGSkG45uJn73kUhFE3GvxynxORoIGlOMtJEC+8RjJhyhIPckh7TwHjIUwTkxLgK77jScKeAycUtSByVagf3tRQnOOBEaM6RU33VS7edIaooZKWpepkiK8AgNSN9QgThRfj69poCnRolgnEjzhIZT9e9EjrhSYx6aJEd6qBa9ifif1890fOXnVKSZJgLPFsUZgzqBk2pgRCXBmo0NQVhS81eIh0girE2BNVOCu3jyMumcN1yn4d5d1JvXZR1VcASOwRlwwSVoglvQAm2AwRN4AW/g3Xq2Xq0P63MWrVjlzCGYg/X1C6Sfm+c=</latexit>

! i ! f
<latexit sha1_base64="2s9GrnSaN0UeHLWjQi368ueWc14=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxVQlCgrGChbFI9CE1UeQ4TmvVdoLtIFVRfoCFX2FhACFWdjb+BrfNQFuOZOnonHN1fU+YMqq04/xYlZXVtfWN6mZta3tnd8/eP+ioJJOYtHHCEtkLkSKMCtLWVDPSSyVBPGSkG45uJn73kUhFE3GvxynxORoIGlOMtJEC+8RjJhyhIPckh7TwHjIUwTkxLgK77jScKeAycUtSByVagf3tRQnOOBEaM6RU33VS7edIaooZKWpepkiK8AgNSN9QgThRfj69poCnRolgnEjzhIZT9e9EjrhSYx6aJEd6qBa9ifif1890fOXnVKSZJgLPFsUZgzqBk2pgRCXBmo0NQVhS81eIh0girE2BNVOCu3jyMumcN1yn4d5d1JvXZR1VcASOwRlwwSVoglvQAm2AwRN4AW/g3Xq2Xq0P63MWrVjlzCGYg/X1C6Sfm+c=</latexit><latexit sha1_base64="2s9GrnSaN0UeHLWjQi368ueWc14=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxVQlCgrGChbFI9CE1UeQ4TmvVdoLtIFVRfoCFX2FhACFWdjb+BrfNQFuOZOnonHN1fU+YMqq04/xYlZXVtfWN6mZta3tnd8/eP+ioJJOYtHHCEtkLkSKMCtLWVDPSSyVBPGSkG45uJn73kUhFE3GvxynxORoIGlOMtJEC+8RjJhyhIPckh7TwHjIUwTkxLgK77jScKeAycUtSByVagf3tRQnOOBEaM6RU33VS7edIaooZKWpepkiK8AgNSN9QgThRfj69poCnRolgnEjzhIZT9e9EjrhSYx6aJEd6qBa9ifif1890fOXnVKSZJgLPFsUZgzqBk2pgRCXBmo0NQVhS81eIh0girE2BNVOCu3jyMumcN1yn4d5d1JvXZR1VcASOwRlwwSVoglvQAm2AwRN4AW/g3Xq2Xq0P63MWrVjlzCGYg/X1C6Sfm+c=</latexit><latexit sha1_base64="2s9GrnSaN0UeHLWjQi368ueWc14=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxVQlCgrGChbFI9CE1UeQ4TmvVdoLtIFVRfoCFX2FhACFWdjb+BrfNQFuOZOnonHN1fU+YMqq04/xYlZXVtfWN6mZta3tnd8/eP+ioJJOYtHHCEtkLkSKMCtLWVDPSSyVBPGSkG45uJn73kUhFE3GvxynxORoIGlOMtJEC+8RjJhyhIPckh7TwHjIUwTkxLgK77jScKeAycUtSByVagf3tRQnOOBEaM6RU33VS7edIaooZKWpepkiK8AgNSN9QgThRfj69poCnRolgnEjzhIZT9e9EjrhSYx6aJEd6qBa9ifif1890fOXnVKSZJgLPFsUZgzqBk2pgRCXBmo0NQVhS81eIh0girE2BNVOCu3jyMumcN1yn4d5d1JvXZR1VcASOwRlwwSVoglvQAm2AwRN4AW/g3Xq2Xq0P63MWrVjlzCGYg/X1C6Sfm+c=</latexit><latexit sha1_base64="2s9GrnSaN0UeHLWjQi368ueWc14=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxVQlCgrGChbFI9CE1UeQ4TmvVdoLtIFVRfoCFX2FhACFWdjb+BrfNQFuOZOnonHN1fU+YMqq04/xYlZXVtfWN6mZta3tnd8/eP+ioJJOYtHHCEtkLkSKMCtLWVDPSSyVBPGSkG45uJn73kUhFE3GvxynxORoIGlOMtJEC+8RjJhyhIPckh7TwHjIUwTkxLgK77jScKeAycUtSByVagf3tRQnOOBEaM6RU33VS7edIaooZKWpepkiK8AgNSN9QgThRfj69poCnRolgnEjzhIZT9e9EjrhSYx6aJEd6qBa9ifif1890fOXnVKSZJgLPFsUZgzqBk2pgRCXBmo0NQVhS81eIh0girE2BNVOCu3jyMumcN1yn4d5d1JvXZR1VcASOwRlwwSVoglvQAm2AwRN4AW/g3Xq2Xq0P63MWrVjlzCGYg/X1C6Sfm+c=</latexit>

!
<latexit sha1_base64="qQO9a7FE3YpCEG8qG2hSkxAgKIA=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxoWLCvYBbSg3k0k7dDIJMxOhhH6EGxeKuPV73Pk3TtsstPXAwOGcc5l7T5AKro3rfjultfWNza3ydmVnd2//oHp41NZJpihr0UQkqhugZoJL1jLcCNZNFcM4EKwTjG9nfueJKc0T+WgmKfNjHEoecYrGSp3+vY2GOKjW3Lo7B1klXkFqUKA5qH71w4RmMZOGCtS657mp8XNUhlPBppV+plmKdIxD1rNUYsy0n8/XnZIzq4QkSpR90pC5+nsix1jrSRzYZIxmpJe9mfif18tMdO3nXKaZYZIuPooyQUxCZreTkCtGjZhYglRxuyuhI1RIjW2oYkvwlk9eJe2LuufWvYfLWuOmqKMMJ3AK5+DBFTTgDprQAgpjeIZXeHNS58V5dz4W0ZJTzBzDHzifPwulj10=</latexit><latexit sha1_base64="qQO9a7FE3YpCEG8qG2hSkxAgKIA=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxoWLCvYBbSg3k0k7dDIJMxOhhH6EGxeKuPV73Pk3TtsstPXAwOGcc5l7T5AKro3rfjultfWNza3ydmVnd2//oHp41NZJpihr0UQkqhugZoJL1jLcCNZNFcM4EKwTjG9nfueJKc0T+WgmKfNjHEoecYrGSp3+vY2GOKjW3Lo7B1klXkFqUKA5qH71w4RmMZOGCtS657mp8XNUhlPBppV+plmKdIxD1rNUYsy0n8/XnZIzq4QkSpR90pC5+nsix1jrSRzYZIxmpJe9mfif18tMdO3nXKaZYZIuPooyQUxCZreTkCtGjZhYglRxuyuhI1RIjW2oYkvwlk9eJe2LuufWvYfLWuOmqKMMJ3AK5+DBFTTgDprQAgpjeIZXeHNS58V5dz4W0ZJTzBzDHzifPwulj10=</latexit><latexit sha1_base64="qQO9a7FE3YpCEG8qG2hSkxAgKIA=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxoWLCvYBbSg3k0k7dDIJMxOhhH6EGxeKuPV73Pk3TtsstPXAwOGcc5l7T5AKro3rfjultfWNza3ydmVnd2//oHp41NZJpihr0UQkqhugZoJL1jLcCNZNFcM4EKwTjG9nfueJKc0T+WgmKfNjHEoecYrGSp3+vY2GOKjW3Lo7B1klXkFqUKA5qH71w4RmMZOGCtS657mp8XNUhlPBppV+plmKdIxD1rNUYsy0n8/XnZIzq4QkSpR90pC5+nsix1jrSRzYZIxmpJe9mfif18tMdO3nXKaZYZIuPooyQUxCZreTkCtGjZhYglRxuyuhI1RIjW2oYkvwlk9eJe2LuufWvYfLWuOmqKMMJ3AK5+DBFTTgDprQAgpjeIZXeHNS58V5dz4W0ZJTzBzDHzifPwulj10=</latexit><latexit sha1_base64="qQO9a7FE3YpCEG8qG2hSkxAgKIA=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxoWLCvYBbSg3k0k7dDIJMxOhhH6EGxeKuPV73Pk3TtsstPXAwOGcc5l7T5AKro3rfjultfWNza3ydmVnd2//oHp41NZJpihr0UQkqhugZoJL1jLcCNZNFcM4EKwTjG9nfueJKc0T+WgmKfNjHEoecYrGSp3+vY2GOKjW3Lo7B1klXkFqUKA5qH71w4RmMZOGCtS657mp8XNUhlPBppV+plmKdIxD1rNUYsy0n8/XnZIzq4QkSpR90pC5+nsix1jrSRzYZIxmpJe9mfif18tMdO3nXKaZYZIuPooyQUxCZreTkCtGjZhYglRxuyuhI1RIjW2oYkvwlk9eJe2LuufWvYfLWuOmqKMMJ3AK5+DBFTTgDprQAgpjeIZXeHNS58V5dz4W0ZJTzBzDHzifPwulj10=</latexit>

Excess work:!Wex"! = !W "! # ! F
<latexit sha1_base64="JfYPz8dSu46YuScKGvx5EwCRSgY="></latexit><latexit sha1_base64="JfYPz8dSu46YuScKGvx5EwCRSgY="></latexit><latexit sha1_base64="JfYPz8dSu46YuScKGvx5EwCRSgY="></latexit><latexit sha1_base64="JfYPz8dSu46YuScKGvx5EwCRSgY="></latexit>

Excess work:!Wex"! = !W "! # ! F
<latexit sha1_base64="JfYPz8dSu46YuScKGvx5EwCRSgY="></latexit><latexit sha1_base64="JfYPz8dSu46YuScKGvx5EwCRSgY="></latexit><latexit sha1_base64="JfYPz8dSu46YuScKGvx5EwCRSgY="></latexit><latexit sha1_base64="JfYPz8dSu46YuScKGvx5EwCRSgY="></latexit>



Introduction

• How can we formulate a mathematical description of a nonequilibrium 
system?

• Average excess work required depends on the particular control protocol

! i ! f
<latexit sha1_base64="2s9GrnSaN0UeHLWjQi368ueWc14=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxVQlCgrGChbFI9CE1UeQ4TmvVdoLtIFVRfoCFX2FhACFWdjb+BrfNQFuOZOnonHN1fU+YMqq04/xYlZXVtfWN6mZta3tnd8/eP+ioJJOYtHHCEtkLkSKMCtLWVDPSSyVBPGSkG45uJn73kUhFE3GvxynxORoIGlOMtJEC+8RjJhyhIPckh7TwHjIUwTkxLgK77jScKeAycUtSByVagf3tRQnOOBEaM6RU33VS7edIaooZKWpepkiK8AgNSN9QgThRfj69poCnRolgnEjzhIZT9e9EjrhSYx6aJEd6qBa9ifif1890fOXnVKSZJgLPFsUZgzqBk2pgRCXBmo0NQVhS81eIh0girE2BNVOCu3jyMumcN1yn4d5d1JvXZR1VcASOwRlwwSVoglvQAm2AwRN4AW/g3Xq2Xq0P63MWrVjlzCGYg/X1C6Sfm+c=</latexit><latexit sha1_base64="2s9GrnSaN0UeHLWjQi368ueWc14=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxVQlCgrGChbFI9CE1UeQ4TmvVdoLtIFVRfoCFX2FhACFWdjb+BrfNQFuOZOnonHN1fU+YMqq04/xYlZXVtfWN6mZta3tnd8/eP+ioJJOYtHHCEtkLkSKMCtLWVDPSSyVBPGSkG45uJn73kUhFE3GvxynxORoIGlOMtJEC+8RjJhyhIPckh7TwHjIUwTkxLgK77jScKeAycUtSByVagf3tRQnOOBEaM6RU33VS7edIaooZKWpepkiK8AgNSN9QgThRfj69poCnRolgnEjzhIZT9e9EjrhSYx6aJEd6qBa9ifif1890fOXnVKSZJgLPFsUZgzqBk2pgRCXBmo0NQVhS81eIh0girE2BNVOCu3jyMumcN1yn4d5d1JvXZR1VcASOwRlwwSVoglvQAm2AwRN4AW/g3Xq2Xq0P63MWrVjlzCGYg/X1C6Sfm+c=</latexit><latexit sha1_base64="2s9GrnSaN0UeHLWjQi368ueWc14=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxVQlCgrGChbFI9CE1UeQ4TmvVdoLtIFVRfoCFX2FhACFWdjb+BrfNQFuOZOnonHN1fU+YMqq04/xYlZXVtfWN6mZta3tnd8/eP+ioJJOYtHHCEtkLkSKMCtLWVDPSSyVBPGSkG45uJn73kUhFE3GvxynxORoIGlOMtJEC+8RjJhyhIPckh7TwHjIUwTkxLgK77jScKeAycUtSByVagf3tRQnOOBEaM6RU33VS7edIaooZKWpepkiK8AgNSN9QgThRfj69poCnRolgnEjzhIZT9e9EjrhSYx6aJEd6qBa9ifif1890fOXnVKSZJgLPFsUZgzqBk2pgRCXBmo0NQVhS81eIh0girE2BNVOCu3jyMumcN1yn4d5d1JvXZR1VcASOwRlwwSVoglvQAm2AwRN4AW/g3Xq2Xq0P63MWrVjlzCGYg/X1C6Sfm+c=</latexit><latexit sha1_base64="2s9GrnSaN0UeHLWjQi368ueWc14=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxVQlCgrGChbFI9CE1UeQ4TmvVdoLtIFVRfoCFX2FhACFWdjb+BrfNQFuOZOnonHN1fU+YMqq04/xYlZXVtfWN6mZta3tnd8/eP+ioJJOYtHHCEtkLkSKMCtLWVDPSSyVBPGSkG45uJn73kUhFE3GvxynxORoIGlOMtJEC+8RjJhyhIPckh7TwHjIUwTkxLgK77jScKeAycUtSByVagf3tRQnOOBEaM6RU33VS7edIaooZKWpepkiK8AgNSN9QgThRfj69poCnRolgnEjzhIZT9e9EjrhSYx6aJEd6qBa9ifif1890fOXnVKSZJgLPFsUZgzqBk2pgRCXBmo0NQVhS81eIh0girE2BNVOCu3jyMumcN1yn4d5d1JvXZR1VcASOwRlwwSVoglvQAm2AwRN4AW/g3Xq2Xq0P63MWrVjlzCGYg/X1C6Sfm+c=</latexit>

! i ! f
<latexit sha1_base64="2s9GrnSaN0UeHLWjQi368ueWc14=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxVQlCgrGChbFI9CE1UeQ4TmvVdoLtIFVRfoCFX2FhACFWdjb+BrfNQFuOZOnonHN1fU+YMqq04/xYlZXVtfWN6mZta3tnd8/eP+ioJJOYtHHCEtkLkSKMCtLWVDPSSyVBPGSkG45uJn73kUhFE3GvxynxORoIGlOMtJEC+8RjJhyhIPckh7TwHjIUwTkxLgK77jScKeAycUtSByVagf3tRQnOOBEaM6RU33VS7edIaooZKWpepkiK8AgNSN9QgThRfj69poCnRolgnEjzhIZT9e9EjrhSYx6aJEd6qBa9ifif1890fOXnVKSZJgLPFsUZgzqBk2pgRCXBmo0NQVhS81eIh0girE2BNVOCu3jyMumcN1yn4d5d1JvXZR1VcASOwRlwwSVoglvQAm2AwRN4AW/g3Xq2Xq0P63MWrVjlzCGYg/X1C6Sfm+c=</latexit><latexit sha1_base64="2s9GrnSaN0UeHLWjQi368ueWc14=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxVQlCgrGChbFI9CE1UeQ4TmvVdoLtIFVRfoCFX2FhACFWdjb+BrfNQFuOZOnonHN1fU+YMqq04/xYlZXVtfWN6mZta3tnd8/eP+ioJJOYtHHCEtkLkSKMCtLWVDPSSyVBPGSkG45uJn73kUhFE3GvxynxORoIGlOMtJEC+8RjJhyhIPckh7TwHjIUwTkxLgK77jScKeAycUtSByVagf3tRQnOOBEaM6RU33VS7edIaooZKWpepkiK8AgNSN9QgThRfj69poCnRolgnEjzhIZT9e9EjrhSYx6aJEd6qBa9ifif1890fOXnVKSZJgLPFsUZgzqBk2pgRCXBmo0NQVhS81eIh0girE2BNVOCu3jyMumcN1yn4d5d1JvXZR1VcASOwRlwwSVoglvQAm2AwRN4AW/g3Xq2Xq0P63MWrVjlzCGYg/X1C6Sfm+c=</latexit><latexit sha1_base64="2s9GrnSaN0UeHLWjQi368ueWc14=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxVQlCgrGChbFI9CE1UeQ4TmvVdoLtIFVRfoCFX2FhACFWdjb+BrfNQFuOZOnonHN1fU+YMqq04/xYlZXVtfWN6mZta3tnd8/eP+ioJJOYtHHCEtkLkSKMCtLWVDPSSyVBPGSkG45uJn73kUhFE3GvxynxORoIGlOMtJEC+8RjJhyhIPckh7TwHjIUwTkxLgK77jScKeAycUtSByVagf3tRQnOOBEaM6RU33VS7edIaooZKWpepkiK8AgNSN9QgThRfj69poCnRolgnEjzhIZT9e9EjrhSYx6aJEd6qBa9ifif1890fOXnVKSZJgLPFsUZgzqBk2pgRCXBmo0NQVhS81eIh0girE2BNVOCu3jyMumcN1yn4d5d1JvXZR1VcASOwRlwwSVoglvQAm2AwRN4AW/g3Xq2Xq0P63MWrVjlzCGYg/X1C6Sfm+c=</latexit><latexit sha1_base64="2s9GrnSaN0UeHLWjQi368ueWc14=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxVQlCgrGChbFI9CE1UeQ4TmvVdoLtIFVRfoCFX2FhACFWdjb+BrfNQFuOZOnonHN1fU+YMqq04/xYlZXVtfWN6mZta3tnd8/eP+ioJJOYtHHCEtkLkSKMCtLWVDPSSyVBPGSkG45uJn73kUhFE3GvxynxORoIGlOMtJEC+8RjJhyhIPckh7TwHjIUwTkxLgK77jScKeAycUtSByVagf3tRQnOOBEaM6RU33VS7edIaooZKWpepkiK8AgNSN9QgThRfj69poCnRolgnEjzhIZT9e9EjrhSYx6aJEd6qBa9ifif1890fOXnVKSZJgLPFsUZgzqBk2pgRCXBmo0NQVhS81eIh0girE2BNVOCu3jyMumcN1yn4d5d1JvXZR1VcASOwRlwwSVoglvQAm2AwRN4AW/g3Xq2Xq0P63MWrVjlzCGYg/X1C6Sfm+c=</latexit>

!
<latexit sha1_base64="qQO9a7FE3YpCEG8qG2hSkxAgKIA=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxoWLCvYBbSg3k0k7dDIJMxOhhH6EGxeKuPV73Pk3TtsstPXAwOGcc5l7T5AKro3rfjultfWNza3ydmVnd2//oHp41NZJpihr0UQkqhugZoJL1jLcCNZNFcM4EKwTjG9nfueJKc0T+WgmKfNjHEoecYrGSp3+vY2GOKjW3Lo7B1klXkFqUKA5qH71w4RmMZOGCtS657mp8XNUhlPBppV+plmKdIxD1rNUYsy0n8/XnZIzq4QkSpR90pC5+nsix1jrSRzYZIxmpJe9mfif18tMdO3nXKaZYZIuPooyQUxCZreTkCtGjZhYglRxuyuhI1RIjW2oYkvwlk9eJe2LuufWvYfLWuOmqKMMJ3AK5+DBFTTgDprQAgpjeIZXeHNS58V5dz4W0ZJTzBzDHzifPwulj10=</latexit><latexit sha1_base64="qQO9a7FE3YpCEG8qG2hSkxAgKIA=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxoWLCvYBbSg3k0k7dDIJMxOhhH6EGxeKuPV73Pk3TtsstPXAwOGcc5l7T5AKro3rfjultfWNza3ydmVnd2//oHp41NZJpihr0UQkqhugZoJL1jLcCNZNFcM4EKwTjG9nfueJKc0T+WgmKfNjHEoecYrGSp3+vY2GOKjW3Lo7B1klXkFqUKA5qH71w4RmMZOGCtS657mp8XNUhlPBppV+plmKdIxD1rNUYsy0n8/XnZIzq4QkSpR90pC5+nsix1jrSRzYZIxmpJe9mfif18tMdO3nXKaZYZIuPooyQUxCZreTkCtGjZhYglRxuyuhI1RIjW2oYkvwlk9eJe2LuufWvYfLWuOmqKMMJ3AK5+DBFTTgDprQAgpjeIZXeHNS58V5dz4W0ZJTzBzDHzifPwulj10=</latexit><latexit sha1_base64="qQO9a7FE3YpCEG8qG2hSkxAgKIA=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxoWLCvYBbSg3k0k7dDIJMxOhhH6EGxeKuPV73Pk3TtsstPXAwOGcc5l7T5AKro3rfjultfWNza3ydmVnd2//oHp41NZJpihr0UQkqhugZoJL1jLcCNZNFcM4EKwTjG9nfueJKc0T+WgmKfNjHEoecYrGSp3+vY2GOKjW3Lo7B1klXkFqUKA5qH71w4RmMZOGCtS657mp8XNUhlPBppV+plmKdIxD1rNUYsy0n8/XnZIzq4QkSpR90pC5+nsix1jrSRzYZIxmpJe9mfif18tMdO3nXKaZYZIuPooyQUxCZreTkCtGjZhYglRxuyuhI1RIjW2oYkvwlk9eJe2LuufWvYfLWuOmqKMMJ3AK5+DBFTTgDprQAgpjeIZXeHNS58V5dz4W0ZJTzBzDHzifPwulj10=</latexit><latexit sha1_base64="qQO9a7FE3YpCEG8qG2hSkxAgKIA=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxoWLCvYBbSg3k0k7dDIJMxOhhH6EGxeKuPV73Pk3TtsstPXAwOGcc5l7T5AKro3rfjultfWNza3ydmVnd2//oHp41NZJpihr0UQkqhugZoJL1jLcCNZNFcM4EKwTjG9nfueJKc0T+WgmKfNjHEoecYrGSp3+vY2GOKjW3Lo7B1klXkFqUKA5qH71w4RmMZOGCtS657mp8XNUhlPBppV+plmKdIxD1rNUYsy0n8/XnZIzq4QkSpR90pC5+nsix1jrSRzYZIxmpJe9mfif18tMdO3nXKaZYZIuPooyQUxCZreTkCtGjZhYglRxuyuhI1RIjW2oYkvwlk9eJe2LuufWvYfLWuOmqKMMJ3AK5+DBFTTgDprQAgpjeIZXeHNS58V5dz4W0ZJTzBzDHzifPwulj10=</latexit>

Excess work:!Wex"! = !W "! # ! F
<latexit sha1_base64="JfYPz8dSu46YuScKGvx5EwCRSgY="></latexit><latexit sha1_base64="JfYPz8dSu46YuScKGvx5EwCRSgY="></latexit><latexit sha1_base64="JfYPz8dSu46YuScKGvx5EwCRSgY="></latexit><latexit sha1_base64="JfYPz8dSu46YuScKGvx5EwCRSgY="></latexit>

Excess work:!Wex"! = !W "! # ! F
<latexit sha1_base64="JfYPz8dSu46YuScKGvx5EwCRSgY="></latexit><latexit sha1_base64="JfYPz8dSu46YuScKGvx5EwCRSgY="></latexit><latexit sha1_base64="JfYPz8dSu46YuScKGvx5EwCRSgY="></latexit><latexit sha1_base64="JfYPz8dSu46YuScKGvx5EwCRSgY="></latexit>

!Wex"! =
! !

0

ú! 2" (! )dt
<latexit sha1_base64="SsZO3H35W2d9s1rTKPMLdZ4HYIE="></latexit><latexit sha1_base64="SsZO3H35W2d9s1rTKPMLdZ4HYIE="></latexit><latexit sha1_base64="SsZO3H35W2d9s1rTKPMLdZ4HYIE="></latexit><latexit sha1_base64="SsZO3H35W2d9s1rTKPMLdZ4HYIE="></latexit>

D. A. Sivak & G. E. Crooks, Phys Rev Lett, 2012, 108, 190602



Average excess work

Introduction

• How can we formulate a mathematical description of a nonequilibrium 
system?

• Average excess work required depends on the particular control protocol

! i ! f
<latexit sha1_base64="2s9GrnSaN0UeHLWjQi368ueWc14=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxVQlCgrGChbFI9CE1UeQ4TmvVdoLtIFVRfoCFX2FhACFWdjb+BrfNQFuOZOnonHN1fU+YMqq04/xYlZXVtfWN6mZta3tnd8/eP+ioJJOYtHHCEtkLkSKMCtLWVDPSSyVBPGSkG45uJn73kUhFE3GvxynxORoIGlOMtJEC+8RjJhyhIPckh7TwHjIUwTkxLgK77jScKeAycUtSByVagf3tRQnOOBEaM6RU33VS7edIaooZKWpepkiK8AgNSN9QgThRfj69poCnRolgnEjzhIZT9e9EjrhSYx6aJEd6qBa9ifif1890fOXnVKSZJgLPFsUZgzqBk2pgRCXBmo0NQVhS81eIh0girE2BNVOCu3jyMumcN1yn4d5d1JvXZR1VcASOwRlwwSVoglvQAm2AwRN4AW/g3Xq2Xq0P63MWrVjlzCGYg/X1C6Sfm+c=</latexit><latexit sha1_base64="2s9GrnSaN0UeHLWjQi368ueWc14=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxVQlCgrGChbFI9CE1UeQ4TmvVdoLtIFVRfoCFX2FhACFWdjb+BrfNQFuOZOnonHN1fU+YMqq04/xYlZXVtfWN6mZta3tnd8/eP+ioJJOYtHHCEtkLkSKMCtLWVDPSSyVBPGSkG45uJn73kUhFE3GvxynxORoIGlOMtJEC+8RjJhyhIPckh7TwHjIUwTkxLgK77jScKeAycUtSByVagf3tRQnOOBEaM6RU33VS7edIaooZKWpepkiK8AgNSN9QgThRfj69poCnRolgnEjzhIZT9e9EjrhSYx6aJEd6qBa9ifif1890fOXnVKSZJgLPFsUZgzqBk2pgRCXBmo0NQVhS81eIh0girE2BNVOCu3jyMumcN1yn4d5d1JvXZR1VcASOwRlwwSVoglvQAm2AwRN4AW/g3Xq2Xq0P63MWrVjlzCGYg/X1C6Sfm+c=</latexit><latexit sha1_base64="2s9GrnSaN0UeHLWjQi368ueWc14=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxVQlCgrGChbFI9CE1UeQ4TmvVdoLtIFVRfoCFX2FhACFWdjb+BrfNQFuOZOnonHN1fU+YMqq04/xYlZXVtfWN6mZta3tnd8/eP+ioJJOYtHHCEtkLkSKMCtLWVDPSSyVBPGSkG45uJn73kUhFE3GvxynxORoIGlOMtJEC+8RjJhyhIPckh7TwHjIUwTkxLgK77jScKeAycUtSByVagf3tRQnOOBEaM6RU33VS7edIaooZKWpepkiK8AgNSN9QgThRfj69poCnRolgnEjzhIZT9e9EjrhSYx6aJEd6qBa9ifif1890fOXnVKSZJgLPFsUZgzqBk2pgRCXBmo0NQVhS81eIh0girE2BNVOCu3jyMumcN1yn4d5d1JvXZR1VcASOwRlwwSVoglvQAm2AwRN4AW/g3Xq2Xq0P63MWrVjlzCGYg/X1C6Sfm+c=</latexit><latexit sha1_base64="2s9GrnSaN0UeHLWjQi368ueWc14=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxVQlCgrGChbFI9CE1UeQ4TmvVdoLtIFVRfoCFX2FhACFWdjb+BrfNQFuOZOnonHN1fU+YMqq04/xYlZXVtfWN6mZta3tnd8/eP+ioJJOYtHHCEtkLkSKMCtLWVDPSSyVBPGSkG45uJn73kUhFE3GvxynxORoIGlOMtJEC+8RjJhyhIPckh7TwHjIUwTkxLgK77jScKeAycUtSByVagf3tRQnOOBEaM6RU33VS7edIaooZKWpepkiK8AgNSN9QgThRfj69poCnRolgnEjzhIZT9e9EjrhSYx6aJEd6qBa9ifif1890fOXnVKSZJgLPFsUZgzqBk2pgRCXBmo0NQVhS81eIh0girE2BNVOCu3jyMumcN1yn4d5d1JvXZR1VcASOwRlwwSVoglvQAm2AwRN4AW/g3Xq2Xq0P63MWrVjlzCGYg/X1C6Sfm+c=</latexit>

! i ! f
<latexit sha1_base64="2s9GrnSaN0UeHLWjQi368ueWc14=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxVQlCgrGChbFI9CE1UeQ4TmvVdoLtIFVRfoCFX2FhACFWdjb+BrfNQFuOZOnonHN1fU+YMqq04/xYlZXVtfWN6mZta3tnd8/eP+ioJJOYtHHCEtkLkSKMCtLWVDPSSyVBPGSkG45uJn73kUhFE3GvxynxORoIGlOMtJEC+8RjJhyhIPckh7TwHjIUwTkxLgK77jScKeAycUtSByVagf3tRQnOOBEaM6RU33VS7edIaooZKWpepkiK8AgNSN9QgThRfj69poCnRolgnEjzhIZT9e9EjrhSYx6aJEd6qBa9ifif1890fOXnVKSZJgLPFsUZgzqBk2pgRCXBmo0NQVhS81eIh0girE2BNVOCu3jyMumcN1yn4d5d1JvXZR1VcASOwRlwwSVoglvQAm2AwRN4AW/g3Xq2Xq0P63MWrVjlzCGYg/X1C6Sfm+c=</latexit><latexit sha1_base64="2s9GrnSaN0UeHLWjQi368ueWc14=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxVQlCgrGChbFI9CE1UeQ4TmvVdoLtIFVRfoCFX2FhACFWdjb+BrfNQFuOZOnonHN1fU+YMqq04/xYlZXVtfWN6mZta3tnd8/eP+ioJJOYtHHCEtkLkSKMCtLWVDPSSyVBPGSkG45uJn73kUhFE3GvxynxORoIGlOMtJEC+8RjJhyhIPckh7TwHjIUwTkxLgK77jScKeAycUtSByVagf3tRQnOOBEaM6RU33VS7edIaooZKWpepkiK8AgNSN9QgThRfj69poCnRolgnEjzhIZT9e9EjrhSYx6aJEd6qBa9ifif1890fOXnVKSZJgLPFsUZgzqBk2pgRCXBmo0NQVhS81eIh0girE2BNVOCu3jyMumcN1yn4d5d1JvXZR1VcASOwRlwwSVoglvQAm2AwRN4AW/g3Xq2Xq0P63MWrVjlzCGYg/X1C6Sfm+c=</latexit><latexit sha1_base64="2s9GrnSaN0UeHLWjQi368ueWc14=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxVQlCgrGChbFI9CE1UeQ4TmvVdoLtIFVRfoCFX2FhACFWdjb+BrfNQFuOZOnonHN1fU+YMqq04/xYlZXVtfWN6mZta3tnd8/eP+ioJJOYtHHCEtkLkSKMCtLWVDPSSyVBPGSkG45uJn73kUhFE3GvxynxORoIGlOMtJEC+8RjJhyhIPckh7TwHjIUwTkxLgK77jScKeAycUtSByVagf3tRQnOOBEaM6RU33VS7edIaooZKWpepkiK8AgNSN9QgThRfj69poCnRolgnEjzhIZT9e9EjrhSYx6aJEd6qBa9ifif1890fOXnVKSZJgLPFsUZgzqBk2pgRCXBmo0NQVhS81eIh0girE2BNVOCu3jyMumcN1yn4d5d1JvXZR1VcASOwRlwwSVoglvQAm2AwRN4AW/g3Xq2Xq0P63MWrVjlzCGYg/X1C6Sfm+c=</latexit><latexit sha1_base64="2s9GrnSaN0UeHLWjQi368ueWc14=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxVQlCgrGChbFI9CE1UeQ4TmvVdoLtIFVRfoCFX2FhACFWdjb+BrfNQFuOZOnonHN1fU+YMqq04/xYlZXVtfWN6mZta3tnd8/eP+ioJJOYtHHCEtkLkSKMCtLWVDPSSyVBPGSkG45uJn73kUhFE3GvxynxORoIGlOMtJEC+8RjJhyhIPckh7TwHjIUwTkxLgK77jScKeAycUtSByVagf3tRQnOOBEaM6RU33VS7edIaooZKWpepkiK8AgNSN9QgThRfj69poCnRolgnEjzhIZT9e9EjrhSYx6aJEd6qBa9ifif1890fOXnVKSZJgLPFsUZgzqBk2pgRCXBmo0NQVhS81eIh0girE2BNVOCu3jyMumcN1yn4d5d1JvXZR1VcASOwRlwwSVoglvQAm2AwRN4AW/g3Xq2Xq0P63MWrVjlzCGYg/X1C6Sfm+c=</latexit>

!
<latexit sha1_base64="qQO9a7FE3YpCEG8qG2hSkxAgKIA=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxoWLCvYBbSg3k0k7dDIJMxOhhH6EGxeKuPV73Pk3TtsstPXAwOGcc5l7T5AKro3rfjultfWNza3ydmVnd2//oHp41NZJpihr0UQkqhugZoJL1jLcCNZNFcM4EKwTjG9nfueJKc0T+WgmKfNjHEoecYrGSp3+vY2GOKjW3Lo7B1klXkFqUKA5qH71w4RmMZOGCtS657mp8XNUhlPBppV+plmKdIxD1rNUYsy0n8/XnZIzq4QkSpR90pC5+nsix1jrSRzYZIxmpJe9mfif18tMdO3nXKaZYZIuPooyQUxCZreTkCtGjZhYglRxuyuhI1RIjW2oYkvwlk9eJe2LuufWvYfLWuOmqKMMJ3AK5+DBFTTgDprQAgpjeIZXeHNS58V5dz4W0ZJTzBzDHzifPwulj10=</latexit><latexit sha1_base64="qQO9a7FE3YpCEG8qG2hSkxAgKIA=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxoWLCvYBbSg3k0k7dDIJMxOhhH6EGxeKuPV73Pk3TtsstPXAwOGcc5l7T5AKro3rfjultfWNza3ydmVnd2//oHp41NZJpihr0UQkqhugZoJL1jLcCNZNFcM4EKwTjG9nfueJKc0T+WgmKfNjHEoecYrGSp3+vY2GOKjW3Lo7B1klXkFqUKA5qH71w4RmMZOGCtS657mp8XNUhlPBppV+plmKdIxD1rNUYsy0n8/XnZIzq4QkSpR90pC5+nsix1jrSRzYZIxmpJe9mfif18tMdO3nXKaZYZIuPooyQUxCZreTkCtGjZhYglRxuyuhI1RIjW2oYkvwlk9eJe2LuufWvYfLWuOmqKMMJ3AK5+DBFTTgDprQAgpjeIZXeHNS58V5dz4W0ZJTzBzDHzifPwulj10=</latexit><latexit sha1_base64="qQO9a7FE3YpCEG8qG2hSkxAgKIA=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxoWLCvYBbSg3k0k7dDIJMxOhhH6EGxeKuPV73Pk3TtsstPXAwOGcc5l7T5AKro3rfjultfWNza3ydmVnd2//oHp41NZJpihr0UQkqhugZoJL1jLcCNZNFcM4EKwTjG9nfueJKc0T+WgmKfNjHEoecYrGSp3+vY2GOKjW3Lo7B1klXkFqUKA5qH71w4RmMZOGCtS657mp8XNUhlPBppV+plmKdIxD1rNUYsy0n8/XnZIzq4QkSpR90pC5+nsix1jrSRzYZIxmpJe9mfif18tMdO3nXKaZYZIuPooyQUxCZreTkCtGjZhYglRxuyuhI1RIjW2oYkvwlk9eJe2LuufWvYfLWuOmqKMMJ3AK5+DBFTTgDprQAgpjeIZXeHNS58V5dz4W0ZJTzBzDHzifPwulj10=</latexit><latexit sha1_base64="qQO9a7FE3YpCEG8qG2hSkxAgKIA=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxoWLCvYBbSg3k0k7dDIJMxOhhH6EGxeKuPV73Pk3TtsstPXAwOGcc5l7T5AKro3rfjultfWNza3ydmVnd2//oHp41NZJpihr0UQkqhugZoJL1jLcCNZNFcM4EKwTjG9nfueJKc0T+WgmKfNjHEoecYrGSp3+vY2GOKjW3Lo7B1klXkFqUKA5qH71w4RmMZOGCtS657mp8XNUhlPBppV+plmKdIxD1rNUYsy0n8/XnZIzq4QkSpR90pC5+nsix1jrSRzYZIxmpJe9mfif18tMdO3nXKaZYZIuPooyQUxCZreTkCtGjZhYglRxuyuhI1RIjW2oYkvwlk9eJe2LuufWvYfLWuOmqKMMJ3AK5+DBFTTgDprQAgpjeIZXeHNS58V5dz4W0ZJTzBzDHzifPwulj10=</latexit>

Excess work:!Wex"! = !W "! # ! F
<latexit sha1_base64="JfYPz8dSu46YuScKGvx5EwCRSgY="></latexit><latexit sha1_base64="JfYPz8dSu46YuScKGvx5EwCRSgY="></latexit><latexit sha1_base64="JfYPz8dSu46YuScKGvx5EwCRSgY="></latexit><latexit sha1_base64="JfYPz8dSu46YuScKGvx5EwCRSgY="></latexit>

Excess work:!Wex"! = !W "! # ! F
<latexit sha1_base64="JfYPz8dSu46YuScKGvx5EwCRSgY="></latexit><latexit sha1_base64="JfYPz8dSu46YuScKGvx5EwCRSgY="></latexit><latexit sha1_base64="JfYPz8dSu46YuScKGvx5EwCRSgY="></latexit><latexit sha1_base64="JfYPz8dSu46YuScKGvx5EwCRSgY="></latexit>

!Wex"! =
! !

0

ú! 2" (! )dt
<latexit sha1_base64="SsZO3H35W2d9s1rTKPMLdZ4HYIE="></latexit><latexit sha1_base64="SsZO3H35W2d9s1rTKPMLdZ4HYIE="></latexit><latexit sha1_base64="SsZO3H35W2d9s1rTKPMLdZ4HYIE="></latexit><latexit sha1_base64="SsZO3H35W2d9s1rTKPMLdZ4HYIE="></latexit>

D. A. Sivak & G. E. Crooks, Phys Rev Lett, 2012, 108, 190602



Protocol durationAverage excess work

Introduction

• How can we formulate a mathematical description of a nonequilibrium 
system?

• Average excess work required depends on the particular control protocol

! i ! f
<latexit sha1_base64="2s9GrnSaN0UeHLWjQi368ueWc14=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxVQlCgrGChbFI9CE1UeQ4TmvVdoLtIFVRfoCFX2FhACFWdjb+BrfNQFuOZOnonHN1fU+YMqq04/xYlZXVtfWN6mZta3tnd8/eP+ioJJOYtHHCEtkLkSKMCtLWVDPSSyVBPGSkG45uJn73kUhFE3GvxynxORoIGlOMtJEC+8RjJhyhIPckh7TwHjIUwTkxLgK77jScKeAycUtSByVagf3tRQnOOBEaM6RU33VS7edIaooZKWpepkiK8AgNSN9QgThRfj69poCnRolgnEjzhIZT9e9EjrhSYx6aJEd6qBa9ifif1890fOXnVKSZJgLPFsUZgzqBk2pgRCXBmo0NQVhS81eIh0girE2BNVOCu3jyMumcN1yn4d5d1JvXZR1VcASOwRlwwSVoglvQAm2AwRN4AW/g3Xq2Xq0P63MWrVjlzCGYg/X1C6Sfm+c=</latexit><latexit sha1_base64="2s9GrnSaN0UeHLWjQi368ueWc14=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxVQlCgrGChbFI9CE1UeQ4TmvVdoLtIFVRfoCFX2FhACFWdjb+BrfNQFuOZOnonHN1fU+YMqq04/xYlZXVtfWN6mZta3tnd8/eP+ioJJOYtHHCEtkLkSKMCtLWVDPSSyVBPGSkG45uJn73kUhFE3GvxynxORoIGlOMtJEC+8RjJhyhIPckh7TwHjIUwTkxLgK77jScKeAycUtSByVagf3tRQnOOBEaM6RU33VS7edIaooZKWpepkiK8AgNSN9QgThRfj69poCnRolgnEjzhIZT9e9EjrhSYx6aJEd6qBa9ifif1890fOXnVKSZJgLPFsUZgzqBk2pgRCXBmo0NQVhS81eIh0girE2BNVOCu3jyMumcN1yn4d5d1JvXZR1VcASOwRlwwSVoglvQAm2AwRN4AW/g3Xq2Xq0P63MWrVjlzCGYg/X1C6Sfm+c=</latexit><latexit sha1_base64="2s9GrnSaN0UeHLWjQi368ueWc14=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxVQlCgrGChbFI9CE1UeQ4TmvVdoLtIFVRfoCFX2FhACFWdjb+BrfNQFuOZOnonHN1fU+YMqq04/xYlZXVtfWN6mZta3tnd8/eP+ioJJOYtHHCEtkLkSKMCtLWVDPSSyVBPGSkG45uJn73kUhFE3GvxynxORoIGlOMtJEC+8RjJhyhIPckh7TwHjIUwTkxLgK77jScKeAycUtSByVagf3tRQnOOBEaM6RU33VS7edIaooZKWpepkiK8AgNSN9QgThRfj69poCnRolgnEjzhIZT9e9EjrhSYx6aJEd6qBa9ifif1890fOXnVKSZJgLPFsUZgzqBk2pgRCXBmo0NQVhS81eIh0girE2BNVOCu3jyMumcN1yn4d5d1JvXZR1VcASOwRlwwSVoglvQAm2AwRN4AW/g3Xq2Xq0P63MWrVjlzCGYg/X1C6Sfm+c=</latexit><latexit sha1_base64="2s9GrnSaN0UeHLWjQi368ueWc14=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxVQlCgrGChbFI9CE1UeQ4TmvVdoLtIFVRfoCFX2FhACFWdjb+BrfNQFuOZOnonHN1fU+YMqq04/xYlZXVtfWN6mZta3tnd8/eP+ioJJOYtHHCEtkLkSKMCtLWVDPSSyVBPGSkG45uJn73kUhFE3GvxynxORoIGlOMtJEC+8RjJhyhIPckh7TwHjIUwTkxLgK77jScKeAycUtSByVagf3tRQnOOBEaM6RU33VS7edIaooZKWpepkiK8AgNSN9QgThRfj69poCnRolgnEjzhIZT9e9EjrhSYx6aJEd6qBa9ifif1890fOXnVKSZJgLPFsUZgzqBk2pgRCXBmo0NQVhS81eIh0girE2BNVOCu3jyMumcN1yn4d5d1JvXZR1VcASOwRlwwSVoglvQAm2AwRN4AW/g3Xq2Xq0P63MWrVjlzCGYg/X1C6Sfm+c=</latexit>

! i ! f
<latexit sha1_base64="2s9GrnSaN0UeHLWjQi368ueWc14=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxVQlCgrGChbFI9CE1UeQ4TmvVdoLtIFVRfoCFX2FhACFWdjb+BrfNQFuOZOnonHN1fU+YMqq04/xYlZXVtfWN6mZta3tnd8/eP+ioJJOYtHHCEtkLkSKMCtLWVDPSSyVBPGSkG45uJn73kUhFE3GvxynxORoIGlOMtJEC+8RjJhyhIPckh7TwHjIUwTkxLgK77jScKeAycUtSByVagf3tRQnOOBEaM6RU33VS7edIaooZKWpepkiK8AgNSN9QgThRfj69poCnRolgnEjzhIZT9e9EjrhSYx6aJEd6qBa9ifif1890fOXnVKSZJgLPFsUZgzqBk2pgRCXBmo0NQVhS81eIh0girE2BNVOCu3jyMumcN1yn4d5d1JvXZR1VcASOwRlwwSVoglvQAm2AwRN4AW/g3Xq2Xq0P63MWrVjlzCGYg/X1C6Sfm+c=</latexit><latexit sha1_base64="2s9GrnSaN0UeHLWjQi368ueWc14=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxVQlCgrGChbFI9CE1UeQ4TmvVdoLtIFVRfoCFX2FhACFWdjb+BrfNQFuOZOnonHN1fU+YMqq04/xYlZXVtfWN6mZta3tnd8/eP+ioJJOYtHHCEtkLkSKMCtLWVDPSSyVBPGSkG45uJn73kUhFE3GvxynxORoIGlOMtJEC+8RjJhyhIPckh7TwHjIUwTkxLgK77jScKeAycUtSByVagf3tRQnOOBEaM6RU33VS7edIaooZKWpepkiK8AgNSN9QgThRfj69poCnRolgnEjzhIZT9e9EjrhSYx6aJEd6qBa9ifif1890fOXnVKSZJgLPFsUZgzqBk2pgRCXBmo0NQVhS81eIh0girE2BNVOCu3jyMumcN1yn4d5d1JvXZR1VcASOwRlwwSVoglvQAm2AwRN4AW/g3Xq2Xq0P63MWrVjlzCGYg/X1C6Sfm+c=</latexit><latexit sha1_base64="2s9GrnSaN0UeHLWjQi368ueWc14=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxVQlCgrGChbFI9CE1UeQ4TmvVdoLtIFVRfoCFX2FhACFWdjb+BrfNQFuOZOnonHN1fU+YMqq04/xYlZXVtfWN6mZta3tnd8/eP+ioJJOYtHHCEtkLkSKMCtLWVDPSSyVBPGSkG45uJn73kUhFE3GvxynxORoIGlOMtJEC+8RjJhyhIPckh7TwHjIUwTkxLgK77jScKeAycUtSByVagf3tRQnOOBEaM6RU33VS7edIaooZKWpepkiK8AgNSN9QgThRfj69poCnRolgnEjzhIZT9e9EjrhSYx6aJEd6qBa9ifif1890fOXnVKSZJgLPFsUZgzqBk2pgRCXBmo0NQVhS81eIh0girE2BNVOCu3jyMumcN1yn4d5d1JvXZR1VcASOwRlwwSVoglvQAm2AwRN4AW/g3Xq2Xq0P63MWrVjlzCGYg/X1C6Sfm+c=</latexit><latexit sha1_base64="2s9GrnSaN0UeHLWjQi368ueWc14=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxVQlCgrGChbFI9CE1UeQ4TmvVdoLtIFVRfoCFX2FhACFWdjb+BrfNQFuOZOnonHN1fU+YMqq04/xYlZXVtfWN6mZta3tnd8/eP+ioJJOYtHHCEtkLkSKMCtLWVDPSSyVBPGSkG45uJn73kUhFE3GvxynxORoIGlOMtJEC+8RjJhyhIPckh7TwHjIUwTkxLgK77jScKeAycUtSByVagf3tRQnOOBEaM6RU33VS7edIaooZKWpepkiK8AgNSN9QgThRfj69poCnRolgnEjzhIZT9e9EjrhSYx6aJEd6qBa9ifif1890fOXnVKSZJgLPFsUZgzqBk2pgRCXBmo0NQVhS81eIh0girE2BNVOCu3jyMumcN1yn4d5d1JvXZR1VcASOwRlwwSVoglvQAm2AwRN4AW/g3Xq2Xq0P63MWrVjlzCGYg/X1C6Sfm+c=</latexit>

!
<latexit sha1_base64="qQO9a7FE3YpCEG8qG2hSkxAgKIA=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxoWLCvYBbSg3k0k7dDIJMxOhhH6EGxeKuPV73Pk3TtsstPXAwOGcc5l7T5AKro3rfjultfWNza3ydmVnd2//oHp41NZJpihr0UQkqhugZoJL1jLcCNZNFcM4EKwTjG9nfueJKc0T+WgmKfNjHEoecYrGSp3+vY2GOKjW3Lo7B1klXkFqUKA5qH71w4RmMZOGCtS657mp8XNUhlPBppV+plmKdIxD1rNUYsy0n8/XnZIzq4QkSpR90pC5+nsix1jrSRzYZIxmpJe9mfif18tMdO3nXKaZYZIuPooyQUxCZreTkCtGjZhYglRxuyuhI1RIjW2oYkvwlk9eJe2LuufWvYfLWuOmqKMMJ3AK5+DBFTTgDprQAgpjeIZXeHNS58V5dz4W0ZJTzBzDHzifPwulj10=</latexit><latexit sha1_base64="qQO9a7FE3YpCEG8qG2hSkxAgKIA=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxoWLCvYBbSg3k0k7dDIJMxOhhH6EGxeKuPV73Pk3TtsstPXAwOGcc5l7T5AKro3rfjultfWNza3ydmVnd2//oHp41NZJpihr0UQkqhugZoJL1jLcCNZNFcM4EKwTjG9nfueJKc0T+WgmKfNjHEoecYrGSp3+vY2GOKjW3Lo7B1klXkFqUKA5qH71w4RmMZOGCtS657mp8XNUhlPBppV+plmKdIxD1rNUYsy0n8/XnZIzq4QkSpR90pC5+nsix1jrSRzYZIxmpJe9mfif18tMdO3nXKaZYZIuPooyQUxCZreTkCtGjZhYglRxuyuhI1RIjW2oYkvwlk9eJe2LuufWvYfLWuOmqKMMJ3AK5+DBFTTgDprQAgpjeIZXeHNS58V5dz4W0ZJTzBzDHzifPwulj10=</latexit><latexit sha1_base64="qQO9a7FE3YpCEG8qG2hSkxAgKIA=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxoWLCvYBbSg3k0k7dDIJMxOhhH6EGxeKuPV73Pk3TtsstPXAwOGcc5l7T5AKro3rfjultfWNza3ydmVnd2//oHp41NZJpihr0UQkqhugZoJL1jLcCNZNFcM4EKwTjG9nfueJKc0T+WgmKfNjHEoecYrGSp3+vY2GOKjW3Lo7B1klXkFqUKA5qH71w4RmMZOGCtS657mp8XNUhlPBppV+plmKdIxD1rNUYsy0n8/XnZIzq4QkSpR90pC5+nsix1jrSRzYZIxmpJe9mfif18tMdO3nXKaZYZIuPooyQUxCZreTkCtGjZhYglRxuyuhI1RIjW2oYkvwlk9eJe2LuufWvYfLWuOmqKMMJ3AK5+DBFTTgDprQAgpjeIZXeHNS58V5dz4W0ZJTzBzDHzifPwulj10=</latexit><latexit sha1_base64="qQO9a7FE3YpCEG8qG2hSkxAgKIA=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxoWLCvYBbSg3k0k7dDIJMxOhhH6EGxeKuPV73Pk3TtsstPXAwOGcc5l7T5AKro3rfjultfWNza3ydmVnd2//oHp41NZJpihr0UQkqhugZoJL1jLcCNZNFcM4EKwTjG9nfueJKc0T+WgmKfNjHEoecYrGSp3+vY2GOKjW3Lo7B1klXkFqUKA5qH71w4RmMZOGCtS657mp8XNUhlPBppV+plmKdIxD1rNUYsy0n8/XnZIzq4QkSpR90pC5+nsix1jrSRzYZIxmpJe9mfif18tMdO3nXKaZYZIuPooyQUxCZreTkCtGjZhYglRxuyuhI1RIjW2oYkvwlk9eJe2LuufWvYfLWuOmqKMMJ3AK5+DBFTTgDprQAgpjeIZXeHNS58V5dz4W0ZJTzBzDHzifPwulj10=</latexit>

Excess work:!Wex"! = !W "! # ! F
<latexit sha1_base64="JfYPz8dSu46YuScKGvx5EwCRSgY="></latexit><latexit sha1_base64="JfYPz8dSu46YuScKGvx5EwCRSgY="></latexit><latexit sha1_base64="JfYPz8dSu46YuScKGvx5EwCRSgY="></latexit><latexit sha1_base64="JfYPz8dSu46YuScKGvx5EwCRSgY="></latexit>

Excess work:!Wex"! = !W "! # ! F
<latexit sha1_base64="JfYPz8dSu46YuScKGvx5EwCRSgY="></latexit><latexit sha1_base64="JfYPz8dSu46YuScKGvx5EwCRSgY="></latexit><latexit sha1_base64="JfYPz8dSu46YuScKGvx5EwCRSgY="></latexit><latexit sha1_base64="JfYPz8dSu46YuScKGvx5EwCRSgY="></latexit>

!Wex"! =
! !

0

ú! 2" (! )dt
<latexit sha1_base64="SsZO3H35W2d9s1rTKPMLdZ4HYIE="></latexit><latexit sha1_base64="SsZO3H35W2d9s1rTKPMLdZ4HYIE="></latexit><latexit sha1_base64="SsZO3H35W2d9s1rTKPMLdZ4HYIE="></latexit><latexit sha1_base64="SsZO3H35W2d9s1rTKPMLdZ4HYIE="></latexit>

D. A. Sivak & G. E. Crooks, Phys Rev Lett, 2012, 108, 190602



Control protocol 
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Introduction

• How can we formulate a mathematical description of a nonequilibrium 
system?

• Average excess work required depends on the particular control protocol

! i ! f
<latexit sha1_base64="2s9GrnSaN0UeHLWjQi368ueWc14=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxVQlCgrGChbFI9CE1UeQ4TmvVdoLtIFVRfoCFX2FhACFWdjb+BrfNQFuOZOnonHN1fU+YMqq04/xYlZXVtfWN6mZta3tnd8/eP+ioJJOYtHHCEtkLkSKMCtLWVDPSSyVBPGSkG45uJn73kUhFE3GvxynxORoIGlOMtJEC+8RjJhyhIPckh7TwHjIUwTkxLgK77jScKeAycUtSByVagf3tRQnOOBEaM6RU33VS7edIaooZKWpepkiK8AgNSN9QgThRfj69poCnRolgnEjzhIZT9e9EjrhSYx6aJEd6qBa9ifif1890fOXnVKSZJgLPFsUZgzqBk2pgRCXBmo0NQVhS81eIh0girE2BNVOCu3jyMumcN1yn4d5d1JvXZR1VcASOwRlwwSVoglvQAm2AwRN4AW/g3Xq2Xq0P63MWrVjlzCGYg/X1C6Sfm+c=</latexit><latexit sha1_base64="2s9GrnSaN0UeHLWjQi368ueWc14=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxVQlCgrGChbFI9CE1UeQ4TmvVdoLtIFVRfoCFX2FhACFWdjb+BrfNQFuOZOnonHN1fU+YMqq04/xYlZXVtfWN6mZta3tnd8/eP+ioJJOYtHHCEtkLkSKMCtLWVDPSSyVBPGSkG45uJn73kUhFE3GvxynxORoIGlOMtJEC+8RjJhyhIPckh7TwHjIUwTkxLgK77jScKeAycUtSByVagf3tRQnOOBEaM6RU33VS7edIaooZKWpepkiK8AgNSN9QgThRfj69poCnRolgnEjzhIZT9e9EjrhSYx6aJEd6qBa9ifif1890fOXnVKSZJgLPFsUZgzqBk2pgRCXBmo0NQVhS81eIh0girE2BNVOCu3jyMumcN1yn4d5d1JvXZR1VcASOwRlwwSVoglvQAm2AwRN4AW/g3Xq2Xq0P63MWrVjlzCGYg/X1C6Sfm+c=</latexit><latexit sha1_base64="2s9GrnSaN0UeHLWjQi368ueWc14=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxVQlCgrGChbFI9CE1UeQ4TmvVdoLtIFVRfoCFX2FhACFWdjb+BrfNQFuOZOnonHN1fU+YMqq04/xYlZXVtfWN6mZta3tnd8/eP+ioJJOYtHHCEtkLkSKMCtLWVDPSSyVBPGSkG45uJn73kUhFE3GvxynxORoIGlOMtJEC+8RjJhyhIPckh7TwHjIUwTkxLgK77jScKeAycUtSByVagf3tRQnOOBEaM6RU33VS7edIaooZKWpepkiK8AgNSN9QgThRfj69poCnRolgnEjzhIZT9e9EjrhSYx6aJEd6qBa9ifif1890fOXnVKSZJgLPFsUZgzqBk2pgRCXBmo0NQVhS81eIh0girE2BNVOCu3jyMumcN1yn4d5d1JvXZR1VcASOwRlwwSVoglvQAm2AwRN4AW/g3Xq2Xq0P63MWrVjlzCGYg/X1C6Sfm+c=</latexit><latexit sha1_base64="2s9GrnSaN0UeHLWjQi368ueWc14=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxVQlCgrGChbFI9CE1UeQ4TmvVdoLtIFVRfoCFX2FhACFWdjb+BrfNQFuOZOnonHN1fU+YMqq04/xYlZXVtfWN6mZta3tnd8/eP+ioJJOYtHHCEtkLkSKMCtLWVDPSSyVBPGSkG45uJn73kUhFE3GvxynxORoIGlOMtJEC+8RjJhyhIPckh7TwHjIUwTkxLgK77jScKeAycUtSByVagf3tRQnOOBEaM6RU33VS7edIaooZKWpepkiK8AgNSN9QgThRfj69poCnRolgnEjzhIZT9e9EjrhSYx6aJEd6qBa9ifif1890fOXnVKSZJgLPFsUZgzqBk2pgRCXBmo0NQVhS81eIh0girE2BNVOCu3jyMumcN1yn4d5d1JvXZR1VcASOwRlwwSVoglvQAm2AwRN4AW/g3Xq2Xq0P63MWrVjlzCGYg/X1C6Sfm+c=</latexit>

! i ! f
<latexit sha1_base64="2s9GrnSaN0UeHLWjQi368ueWc14=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxVQlCgrGChbFI9CE1UeQ4TmvVdoLtIFVRfoCFX2FhACFWdjb+BrfNQFuOZOnonHN1fU+YMqq04/xYlZXVtfWN6mZta3tnd8/eP+ioJJOYtHHCEtkLkSKMCtLWVDPSSyVBPGSkG45uJn73kUhFE3GvxynxORoIGlOMtJEC+8RjJhyhIPckh7TwHjIUwTkxLgK77jScKeAycUtSByVagf3tRQnOOBEaM6RU33VS7edIaooZKWpepkiK8AgNSN9QgThRfj69poCnRolgnEjzhIZT9e9EjrhSYx6aJEd6qBa9ifif1890fOXnVKSZJgLPFsUZgzqBk2pgRCXBmo0NQVhS81eIh0girE2BNVOCu3jyMumcN1yn4d5d1JvXZR1VcASOwRlwwSVoglvQAm2AwRN4AW/g3Xq2Xq0P63MWrVjlzCGYg/X1C6Sfm+c=</latexit><latexit sha1_base64="2s9GrnSaN0UeHLWjQi368ueWc14=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxVQlCgrGChbFI9CE1UeQ4TmvVdoLtIFVRfoCFX2FhACFWdjb+BrfNQFuOZOnonHN1fU+YMqq04/xYlZXVtfWN6mZta3tnd8/eP+ioJJOYtHHCEtkLkSKMCtLWVDPSSyVBPGSkG45uJn73kUhFE3GvxynxORoIGlOMtJEC+8RjJhyhIPckh7TwHjIUwTkxLgK77jScKeAycUtSByVagf3tRQnOOBEaM6RU33VS7edIaooZKWpepkiK8AgNSN9QgThRfj69poCnRolgnEjzhIZT9e9EjrhSYx6aJEd6qBa9ifif1890fOXnVKSZJgLPFsUZgzqBk2pgRCXBmo0NQVhS81eIh0girE2BNVOCu3jyMumcN1yn4d5d1JvXZR1VcASOwRlwwSVoglvQAm2AwRN4AW/g3Xq2Xq0P63MWrVjlzCGYg/X1C6Sfm+c=</latexit><latexit sha1_base64="2s9GrnSaN0UeHLWjQi368ueWc14=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxVQlCgrGChbFI9CE1UeQ4TmvVdoLtIFVRfoCFX2FhACFWdjb+BrfNQFuOZOnonHN1fU+YMqq04/xYlZXVtfWN6mZta3tnd8/eP+ioJJOYtHHCEtkLkSKMCtLWVDPSSyVBPGSkG45uJn73kUhFE3GvxynxORoIGlOMtJEC+8RjJhyhIPckh7TwHjIUwTkxLgK77jScKeAycUtSByVagf3tRQnOOBEaM6RU33VS7edIaooZKWpepkiK8AgNSN9QgThRfj69poCnRolgnEjzhIZT9e9EjrhSYx6aJEd6qBa9ifif1890fOXnVKSZJgLPFsUZgzqBk2pgRCXBmo0NQVhS81eIh0girE2BNVOCu3jyMumcN1yn4d5d1JvXZR1VcASOwRlwwSVoglvQAm2AwRN4AW/g3Xq2Xq0P63MWrVjlzCGYg/X1C6Sfm+c=</latexit><latexit sha1_base64="2s9GrnSaN0UeHLWjQi368ueWc14=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxVQlCgrGChbFI9CE1UeQ4TmvVdoLtIFVRfoCFX2FhACFWdjb+BrfNQFuOZOnonHN1fU+YMqq04/xYlZXVtfWN6mZta3tnd8/eP+ioJJOYtHHCEtkLkSKMCtLWVDPSSyVBPGSkG45uJn73kUhFE3GvxynxORoIGlOMtJEC+8RjJhyhIPckh7TwHjIUwTkxLgK77jScKeAycUtSByVagf3tRQnOOBEaM6RU33VS7edIaooZKWpepkiK8AgNSN9QgThRfj69poCnRolgnEjzhIZT9e9EjrhSYx6aJEd6qBa9ifif1890fOXnVKSZJgLPFsUZgzqBk2pgRCXBmo0NQVhS81eIh0girE2BNVOCu3jyMumcN1yn4d5d1JvXZR1VcASOwRlwwSVoglvQAm2AwRN4AW/g3Xq2Xq0P63MWrVjlzCGYg/X1C6Sfm+c=</latexit>

!
<latexit sha1_base64="qQO9a7FE3YpCEG8qG2hSkxAgKIA=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxoWLCvYBbSg3k0k7dDIJMxOhhH6EGxeKuPV73Pk3TtsstPXAwOGcc5l7T5AKro3rfjultfWNza3ydmVnd2//oHp41NZJpihr0UQkqhugZoJL1jLcCNZNFcM4EKwTjG9nfueJKc0T+WgmKfNjHEoecYrGSp3+vY2GOKjW3Lo7B1klXkFqUKA5qH71w4RmMZOGCtS657mp8XNUhlPBppV+plmKdIxD1rNUYsy0n8/XnZIzq4QkSpR90pC5+nsix1jrSRzYZIxmpJe9mfif18tMdO3nXKaZYZIuPooyQUxCZreTkCtGjZhYglRxuyuhI1RIjW2oYkvwlk9eJe2LuufWvYfLWuOmqKMMJ3AK5+DBFTTgDprQAgpjeIZXeHNS58V5dz4W0ZJTzBzDHzifPwulj10=</latexit><latexit sha1_base64="qQO9a7FE3YpCEG8qG2hSkxAgKIA=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxoWLCvYBbSg3k0k7dDIJMxOhhH6EGxeKuPV73Pk3TtsstPXAwOGcc5l7T5AKro3rfjultfWNza3ydmVnd2//oHp41NZJpihr0UQkqhugZoJL1jLcCNZNFcM4EKwTjG9nfueJKc0T+WgmKfNjHEoecYrGSp3+vY2GOKjW3Lo7B1klXkFqUKA5qH71w4RmMZOGCtS657mp8XNUhlPBppV+plmKdIxD1rNUYsy0n8/XnZIzq4QkSpR90pC5+nsix1jrSRzYZIxmpJe9mfif18tMdO3nXKaZYZIuPooyQUxCZreTkCtGjZhYglRxuyuhI1RIjW2oYkvwlk9eJe2LuufWvYfLWuOmqKMMJ3AK5+DBFTTgDprQAgpjeIZXeHNS58V5dz4W0ZJTzBzDHzifPwulj10=</latexit><latexit sha1_base64="qQO9a7FE3YpCEG8qG2hSkxAgKIA=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxoWLCvYBbSg3k0k7dDIJMxOhhH6EGxeKuPV73Pk3TtsstPXAwOGcc5l7T5AKro3rfjultfWNza3ydmVnd2//oHp41NZJpihr0UQkqhugZoJL1jLcCNZNFcM4EKwTjG9nfueJKc0T+WgmKfNjHEoecYrGSp3+vY2GOKjW3Lo7B1klXkFqUKA5qH71w4RmMZOGCtS657mp8XNUhlPBppV+plmKdIxD1rNUYsy0n8/XnZIzq4QkSpR90pC5+nsix1jrSRzYZIxmpJe9mfif18tMdO3nXKaZYZIuPooyQUxCZreTkCtGjZhYglRxuyuhI1RIjW2oYkvwlk9eJe2LuufWvYfLWuOmqKMMJ3AK5+DBFTTgDprQAgpjeIZXeHNS58V5dz4W0ZJTzBzDHzifPwulj10=</latexit><latexit sha1_base64="qQO9a7FE3YpCEG8qG2hSkxAgKIA=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxoWLCvYBbSg3k0k7dDIJMxOhhH6EGxeKuPV73Pk3TtsstPXAwOGcc5l7T5AKro3rfjultfWNza3ydmVnd2//oHp41NZJpihr0UQkqhugZoJL1jLcCNZNFcM4EKwTjG9nfueJKc0T+WgmKfNjHEoecYrGSp3+vY2GOKjW3Lo7B1klXkFqUKA5qH71w4RmMZOGCtS657mp8XNUhlPBppV+plmKdIxD1rNUYsy0n8/XnZIzq4QkSpR90pC5+nsix1jrSRzYZIxmpJe9mfif18tMdO3nXKaZYZIuPooyQUxCZreTkCtGjZhYglRxuyuhI1RIjW2oYkvwlk9eJe2LuufWvYfLWuOmqKMMJ3AK5+DBFTTgDprQAgpjeIZXeHNS58V5dz4W0ZJTzBzDHzifPwulj10=</latexit>

Excess work:!Wex"! = !W "! # ! F
<latexit sha1_base64="JfYPz8dSu46YuScKGvx5EwCRSgY="></latexit><latexit sha1_base64="JfYPz8dSu46YuScKGvx5EwCRSgY="></latexit><latexit sha1_base64="JfYPz8dSu46YuScKGvx5EwCRSgY="></latexit><latexit sha1_base64="JfYPz8dSu46YuScKGvx5EwCRSgY="></latexit>

Excess work:!Wex"! = !W "! # ! F
<latexit sha1_base64="JfYPz8dSu46YuScKGvx5EwCRSgY="></latexit><latexit sha1_base64="JfYPz8dSu46YuScKGvx5EwCRSgY="></latexit><latexit sha1_base64="JfYPz8dSu46YuScKGvx5EwCRSgY="></latexit><latexit sha1_base64="JfYPz8dSu46YuScKGvx5EwCRSgY="></latexit>

!Wex"! =
! !

0

ú! 2" (! )dt
<latexit sha1_base64="SsZO3H35W2d9s1rTKPMLdZ4HYIE="></latexit><latexit sha1_base64="SsZO3H35W2d9s1rTKPMLdZ4HYIE="></latexit><latexit sha1_base64="SsZO3H35W2d9s1rTKPMLdZ4HYIE="></latexit><latexit sha1_base64="SsZO3H35W2d9s1rTKPMLdZ4HYIE="></latexit>

D. A. Sivak & G. E. Crooks, Phys Rev Lett, 2012, 108, 190602
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Introduction

• How can we formulate a mathematical description of a nonequilibrium 
system?

• Average excess work required depends on the particular control protocol

! i ! f
<latexit sha1_base64="2s9GrnSaN0UeHLWjQi368ueWc14=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxVQlCgrGChbFI9CE1UeQ4TmvVdoLtIFVRfoCFX2FhACFWdjb+BrfNQFuOZOnonHN1fU+YMqq04/xYlZXVtfWN6mZta3tnd8/eP+ioJJOYtHHCEtkLkSKMCtLWVDPSSyVBPGSkG45uJn73kUhFE3GvxynxORoIGlOMtJEC+8RjJhyhIPckh7TwHjIUwTkxLgK77jScKeAycUtSByVagf3tRQnOOBEaM6RU33VS7edIaooZKWpepkiK8AgNSN9QgThRfj69poCnRolgnEjzhIZT9e9EjrhSYx6aJEd6qBa9ifif1890fOXnVKSZJgLPFsUZgzqBk2pgRCXBmo0NQVhS81eIh0girE2BNVOCu3jyMumcN1yn4d5d1JvXZR1VcASOwRlwwSVoglvQAm2AwRN4AW/g3Xq2Xq0P63MWrVjlzCGYg/X1C6Sfm+c=</latexit><latexit sha1_base64="2s9GrnSaN0UeHLWjQi368ueWc14=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxVQlCgrGChbFI9CE1UeQ4TmvVdoLtIFVRfoCFX2FhACFWdjb+BrfNQFuOZOnonHN1fU+YMqq04/xYlZXVtfWN6mZta3tnd8/eP+ioJJOYtHHCEtkLkSKMCtLWVDPSSyVBPGSkG45uJn73kUhFE3GvxynxORoIGlOMtJEC+8RjJhyhIPckh7TwHjIUwTkxLgK77jScKeAycUtSByVagf3tRQnOOBEaM6RU33VS7edIaooZKWpepkiK8AgNSN9QgThRfj69poCnRolgnEjzhIZT9e9EjrhSYx6aJEd6qBa9ifif1890fOXnVKSZJgLPFsUZgzqBk2pgRCXBmo0NQVhS81eIh0girE2BNVOCu3jyMumcN1yn4d5d1JvXZR1VcASOwRlwwSVoglvQAm2AwRN4AW/g3Xq2Xq0P63MWrVjlzCGYg/X1C6Sfm+c=</latexit><latexit sha1_base64="2s9GrnSaN0UeHLWjQi368ueWc14=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxVQlCgrGChbFI9CE1UeQ4TmvVdoLtIFVRfoCFX2FhACFWdjb+BrfNQFuOZOnonHN1fU+YMqq04/xYlZXVtfWN6mZta3tnd8/eP+ioJJOYtHHCEtkLkSKMCtLWVDPSSyVBPGSkG45uJn73kUhFE3GvxynxORoIGlOMtJEC+8RjJhyhIPckh7TwHjIUwTkxLgK77jScKeAycUtSByVagf3tRQnOOBEaM6RU33VS7edIaooZKWpepkiK8AgNSN9QgThRfj69poCnRolgnEjzhIZT9e9EjrhSYx6aJEd6qBa9ifif1890fOXnVKSZJgLPFsUZgzqBk2pgRCXBmo0NQVhS81eIh0girE2BNVOCu3jyMumcN1yn4d5d1JvXZR1VcASOwRlwwSVoglvQAm2AwRN4AW/g3Xq2Xq0P63MWrVjlzCGYg/X1C6Sfm+c=</latexit><latexit sha1_base64="2s9GrnSaN0UeHLWjQi368ueWc14=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxVQlCgrGChbFI9CE1UeQ4TmvVdoLtIFVRfoCFX2FhACFWdjb+BrfNQFuOZOnonHN1fU+YMqq04/xYlZXVtfWN6mZta3tnd8/eP+ioJJOYtHHCEtkLkSKMCtLWVDPSSyVBPGSkG45uJn73kUhFE3GvxynxORoIGlOMtJEC+8RjJhyhIPckh7TwHjIUwTkxLgK77jScKeAycUtSByVagf3tRQnOOBEaM6RU33VS7edIaooZKWpepkiK8AgNSN9QgThRfj69poCnRolgnEjzhIZT9e9EjrhSYx6aJEd6qBa9ifif1890fOXnVKSZJgLPFsUZgzqBk2pgRCXBmo0NQVhS81eIh0girE2BNVOCu3jyMumcN1yn4d5d1JvXZR1VcASOwRlwwSVoglvQAm2AwRN4AW/g3Xq2Xq0P63MWrVjlzCGYg/X1C6Sfm+c=</latexit>

! i ! f
<latexit sha1_base64="2s9GrnSaN0UeHLWjQi368ueWc14=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxVQlCgrGChbFI9CE1UeQ4TmvVdoLtIFVRfoCFX2FhACFWdjb+BrfNQFuOZOnonHN1fU+YMqq04/xYlZXVtfWN6mZta3tnd8/eP+ioJJOYtHHCEtkLkSKMCtLWVDPSSyVBPGSkG45uJn73kUhFE3GvxynxORoIGlOMtJEC+8RjJhyhIPckh7TwHjIUwTkxLgK77jScKeAycUtSByVagf3tRQnOOBEaM6RU33VS7edIaooZKWpepkiK8AgNSN9QgThRfj69poCnRolgnEjzhIZT9e9EjrhSYx6aJEd6qBa9ifif1890fOXnVKSZJgLPFsUZgzqBk2pgRCXBmo0NQVhS81eIh0girE2BNVOCu3jyMumcN1yn4d5d1JvXZR1VcASOwRlwwSVoglvQAm2AwRN4AW/g3Xq2Xq0P63MWrVjlzCGYg/X1C6Sfm+c=</latexit><latexit sha1_base64="2s9GrnSaN0UeHLWjQi368ueWc14=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxVQlCgrGChbFI9CE1UeQ4TmvVdoLtIFVRfoCFX2FhACFWdjb+BrfNQFuOZOnonHN1fU+YMqq04/xYlZXVtfWN6mZta3tnd8/eP+ioJJOYtHHCEtkLkSKMCtLWVDPSSyVBPGSkG45uJn73kUhFE3GvxynxORoIGlOMtJEC+8RjJhyhIPckh7TwHjIUwTkxLgK77jScKeAycUtSByVagf3tRQnOOBEaM6RU33VS7edIaooZKWpepkiK8AgNSN9QgThRfj69poCnRolgnEjzhIZT9e9EjrhSYx6aJEd6qBa9ifif1890fOXnVKSZJgLPFsUZgzqBk2pgRCXBmo0NQVhS81eIh0girE2BNVOCu3jyMumcN1yn4d5d1JvXZR1VcASOwRlwwSVoglvQAm2AwRN4AW/g3Xq2Xq0P63MWrVjlzCGYg/X1C6Sfm+c=</latexit><latexit sha1_base64="2s9GrnSaN0UeHLWjQi368ueWc14=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxVQlCgrGChbFI9CE1UeQ4TmvVdoLtIFVRfoCFX2FhACFWdjb+BrfNQFuOZOnonHN1fU+YMqq04/xYlZXVtfWN6mZta3tnd8/eP+ioJJOYtHHCEtkLkSKMCtLWVDPSSyVBPGSkG45uJn73kUhFE3GvxynxORoIGlOMtJEC+8RjJhyhIPckh7TwHjIUwTkxLgK77jScKeAycUtSByVagf3tRQnOOBEaM6RU33VS7edIaooZKWpepkiK8AgNSN9QgThRfj69poCnRolgnEjzhIZT9e9EjrhSYx6aJEd6qBa9ifif1890fOXnVKSZJgLPFsUZgzqBk2pgRCXBmo0NQVhS81eIh0girE2BNVOCu3jyMumcN1yn4d5d1JvXZR1VcASOwRlwwSVoglvQAm2AwRN4AW/g3Xq2Xq0P63MWrVjlzCGYg/X1C6Sfm+c=</latexit><latexit sha1_base64="2s9GrnSaN0UeHLWjQi368ueWc14=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxVQlCgrGChbFI9CE1UeQ4TmvVdoLtIFVRfoCFX2FhACFWdjb+BrfNQFuOZOnonHN1fU+YMqq04/xYlZXVtfWN6mZta3tnd8/eP+ioJJOYtHHCEtkLkSKMCtLWVDPSSyVBPGSkG45uJn73kUhFE3GvxynxORoIGlOMtJEC+8RjJhyhIPckh7TwHjIUwTkxLgK77jScKeAycUtSByVagf3tRQnOOBEaM6RU33VS7edIaooZKWpepkiK8AgNSN9QgThRfj69poCnRolgnEjzhIZT9e9EjrhSYx6aJEd6qBa9ifif1890fOXnVKSZJgLPFsUZgzqBk2pgRCXBmo0NQVhS81eIh0girE2BNVOCu3jyMumcN1yn4d5d1JvXZR1VcASOwRlwwSVoglvQAm2AwRN4AW/g3Xq2Xq0P63MWrVjlzCGYg/X1C6Sfm+c=</latexit>

!
<latexit sha1_base64="qQO9a7FE3YpCEG8qG2hSkxAgKIA=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxoWLCvYBbSg3k0k7dDIJMxOhhH6EGxeKuPV73Pk3TtsstPXAwOGcc5l7T5AKro3rfjultfWNza3ydmVnd2//oHp41NZJpihr0UQkqhugZoJL1jLcCNZNFcM4EKwTjG9nfueJKc0T+WgmKfNjHEoecYrGSp3+vY2GOKjW3Lo7B1klXkFqUKA5qH71w4RmMZOGCtS657mp8XNUhlPBppV+plmKdIxD1rNUYsy0n8/XnZIzq4QkSpR90pC5+nsix1jrSRzYZIxmpJe9mfif18tMdO3nXKaZYZIuPooyQUxCZreTkCtGjZhYglRxuyuhI1RIjW2oYkvwlk9eJe2LuufWvYfLWuOmqKMMJ3AK5+DBFTTgDprQAgpjeIZXeHNS58V5dz4W0ZJTzBzDHzifPwulj10=</latexit><latexit sha1_base64="qQO9a7FE3YpCEG8qG2hSkxAgKIA=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxoWLCvYBbSg3k0k7dDIJMxOhhH6EGxeKuPV73Pk3TtsstPXAwOGcc5l7T5AKro3rfjultfWNza3ydmVnd2//oHp41NZJpihr0UQkqhugZoJL1jLcCNZNFcM4EKwTjG9nfueJKc0T+WgmKfNjHEoecYrGSp3+vY2GOKjW3Lo7B1klXkFqUKA5qH71w4RmMZOGCtS657mp8XNUhlPBppV+plmKdIxD1rNUYsy0n8/XnZIzq4QkSpR90pC5+nsix1jrSRzYZIxmpJe9mfif18tMdO3nXKaZYZIuPooyQUxCZreTkCtGjZhYglRxuyuhI1RIjW2oYkvwlk9eJe2LuufWvYfLWuOmqKMMJ3AK5+DBFTTgDprQAgpjeIZXeHNS58V5dz4W0ZJTzBzDHzifPwulj10=</latexit><latexit sha1_base64="qQO9a7FE3YpCEG8qG2hSkxAgKIA=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxoWLCvYBbSg3k0k7dDIJMxOhhH6EGxeKuPV73Pk3TtsstPXAwOGcc5l7T5AKro3rfjultfWNza3ydmVnd2//oHp41NZJpihr0UQkqhugZoJL1jLcCNZNFcM4EKwTjG9nfueJKc0T+WgmKfNjHEoecYrGSp3+vY2GOKjW3Lo7B1klXkFqUKA5qH71w4RmMZOGCtS657mp8XNUhlPBppV+plmKdIxD1rNUYsy0n8/XnZIzq4QkSpR90pC5+nsix1jrSRzYZIxmpJe9mfif18tMdO3nXKaZYZIuPooyQUxCZreTkCtGjZhYglRxuyuhI1RIjW2oYkvwlk9eJe2LuufWvYfLWuOmqKMMJ3AK5+DBFTTgDprQAgpjeIZXeHNS58V5dz4W0ZJTzBzDHzifPwulj10=</latexit><latexit sha1_base64="qQO9a7FE3YpCEG8qG2hSkxAgKIA=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxoWLCvYBbSg3k0k7dDIJMxOhhH6EGxeKuPV73Pk3TtsstPXAwOGcc5l7T5AKro3rfjultfWNza3ydmVnd2//oHp41NZJpihr0UQkqhugZoJL1jLcCNZNFcM4EKwTjG9nfueJKc0T+WgmKfNjHEoecYrGSp3+vY2GOKjW3Lo7B1klXkFqUKA5qH71w4RmMZOGCtS657mp8XNUhlPBppV+plmKdIxD1rNUYsy0n8/XnZIzq4QkSpR90pC5+nsix1jrSRzYZIxmpJe9mfif18tMdO3nXKaZYZIuPooyQUxCZreTkCtGjZhYglRxuyuhI1RIjW2oYkvwlk9eJe2LuufWvYfLWuOmqKMMJ3AK5+DBFTTgDprQAgpjeIZXeHNS58V5dz4W0ZJTzBzDHzifPwulj10=</latexit>

Excess work:!Wex"! = !W "! # ! F
<latexit sha1_base64="JfYPz8dSu46YuScKGvx5EwCRSgY="></latexit><latexit sha1_base64="JfYPz8dSu46YuScKGvx5EwCRSgY="></latexit><latexit sha1_base64="JfYPz8dSu46YuScKGvx5EwCRSgY="></latexit><latexit sha1_base64="JfYPz8dSu46YuScKGvx5EwCRSgY="></latexit>

Excess work:!Wex"! = !W "! # ! F
<latexit sha1_base64="JfYPz8dSu46YuScKGvx5EwCRSgY="></latexit><latexit sha1_base64="JfYPz8dSu46YuScKGvx5EwCRSgY="></latexit><latexit sha1_base64="JfYPz8dSu46YuScKGvx5EwCRSgY="></latexit><latexit sha1_base64="JfYPz8dSu46YuScKGvx5EwCRSgY="></latexit>

!Wex"! =
! !

0

ú! 2" (! )dt
<latexit sha1_base64="SsZO3H35W2d9s1rTKPMLdZ4HYIE="></latexit><latexit sha1_base64="SsZO3H35W2d9s1rTKPMLdZ4HYIE="></latexit><latexit sha1_base64="SsZO3H35W2d9s1rTKPMLdZ4HYIE="></latexit><latexit sha1_base64="SsZO3H35W2d9s1rTKPMLdZ4HYIE="></latexit>

D. A. Sivak & G. E. Crooks, Phys Rev Lett, 2012, 108, 190602
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Introduction

• How can we formulate a mathematical description of a nonequilibrium 
system?

• Average excess work required depends on the particular control protocol

• Applies well to experimental settings, but what happens in when the control 
protocol is stochastic itself?

! i ! f
<latexit sha1_base64="2s9GrnSaN0UeHLWjQi368ueWc14=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxVQlCgrGChbFI9CE1UeQ4TmvVdoLtIFVRfoCFX2FhACFWdjb+BrfNQFuOZOnonHN1fU+YMqq04/xYlZXVtfWN6mZta3tnd8/eP+ioJJOYtHHCEtkLkSKMCtLWVDPSSyVBPGSkG45uJn73kUhFE3GvxynxORoIGlOMtJEC+8RjJhyhIPckh7TwHjIUwTkxLgK77jScKeAycUtSByVagf3tRQnOOBEaM6RU33VS7edIaooZKWpepkiK8AgNSN9QgThRfj69poCnRolgnEjzhIZT9e9EjrhSYx6aJEd6qBa9ifif1890fOXnVKSZJgLPFsUZgzqBk2pgRCXBmo0NQVhS81eIh0girE2BNVOCu3jyMumcN1yn4d5d1JvXZR1VcASOwRlwwSVoglvQAm2AwRN4AW/g3Xq2Xq0P63MWrVjlzCGYg/X1C6Sfm+c=</latexit><latexit sha1_base64="2s9GrnSaN0UeHLWjQi368ueWc14=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxVQlCgrGChbFI9CE1UeQ4TmvVdoLtIFVRfoCFX2FhACFWdjb+BrfNQFuOZOnonHN1fU+YMqq04/xYlZXVtfWN6mZta3tnd8/eP+ioJJOYtHHCEtkLkSKMCtLWVDPSSyVBPGSkG45uJn73kUhFE3GvxynxORoIGlOMtJEC+8RjJhyhIPckh7TwHjIUwTkxLgK77jScKeAycUtSByVagf3tRQnOOBEaM6RU33VS7edIaooZKWpepkiK8AgNSN9QgThRfj69poCnRolgnEjzhIZT9e9EjrhSYx6aJEd6qBa9ifif1890fOXnVKSZJgLPFsUZgzqBk2pgRCXBmo0NQVhS81eIh0girE2BNVOCu3jyMumcN1yn4d5d1JvXZR1VcASOwRlwwSVoglvQAm2AwRN4AW/g3Xq2Xq0P63MWrVjlzCGYg/X1C6Sfm+c=</latexit><latexit sha1_base64="2s9GrnSaN0UeHLWjQi368ueWc14=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxVQlCgrGChbFI9CE1UeQ4TmvVdoLtIFVRfoCFX2FhACFWdjb+BrfNQFuOZOnonHN1fU+YMqq04/xYlZXVtfWN6mZta3tnd8/eP+ioJJOYtHHCEtkLkSKMCtLWVDPSSyVBPGSkG45uJn73kUhFE3GvxynxORoIGlOMtJEC+8RjJhyhIPckh7TwHjIUwTkxLgK77jScKeAycUtSByVagf3tRQnOOBEaM6RU33VS7edIaooZKWpepkiK8AgNSN9QgThRfj69poCnRolgnEjzhIZT9e9EjrhSYx6aJEd6qBa9ifif1890fOXnVKSZJgLPFsUZgzqBk2pgRCXBmo0NQVhS81eIh0girE2BNVOCu3jyMumcN1yn4d5d1JvXZR1VcASOwRlwwSVoglvQAm2AwRN4AW/g3Xq2Xq0P63MWrVjlzCGYg/X1C6Sfm+c=</latexit><latexit sha1_base64="2s9GrnSaN0UeHLWjQi368ueWc14=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxVQlCgrGChbFI9CE1UeQ4TmvVdoLtIFVRfoCFX2FhACFWdjb+BrfNQFuOZOnonHN1fU+YMqq04/xYlZXVtfWN6mZta3tnd8/eP+ioJJOYtHHCEtkLkSKMCtLWVDPSSyVBPGSkG45uJn73kUhFE3GvxynxORoIGlOMtJEC+8RjJhyhIPckh7TwHjIUwTkxLgK77jScKeAycUtSByVagf3tRQnOOBEaM6RU33VS7edIaooZKWpepkiK8AgNSN9QgThRfj69poCnRolgnEjzhIZT9e9EjrhSYx6aJEd6qBa9ifif1890fOXnVKSZJgLPFsUZgzqBk2pgRCXBmo0NQVhS81eIh0girE2BNVOCu3jyMumcN1yn4d5d1JvXZR1VcASOwRlwwSVoglvQAm2AwRN4AW/g3Xq2Xq0P63MWrVjlzCGYg/X1C6Sfm+c=</latexit>

! i ! f
<latexit sha1_base64="2s9GrnSaN0UeHLWjQi368ueWc14=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxVQlCgrGChbFI9CE1UeQ4TmvVdoLtIFVRfoCFX2FhACFWdjb+BrfNQFuOZOnonHN1fU+YMqq04/xYlZXVtfWN6mZta3tnd8/eP+ioJJOYtHHCEtkLkSKMCtLWVDPSSyVBPGSkG45uJn73kUhFE3GvxynxORoIGlOMtJEC+8RjJhyhIPckh7TwHjIUwTkxLgK77jScKeAycUtSByVagf3tRQnOOBEaM6RU33VS7edIaooZKWpepkiK8AgNSN9QgThRfj69poCnRolgnEjzhIZT9e9EjrhSYx6aJEd6qBa9ifif1890fOXnVKSZJgLPFsUZgzqBk2pgRCXBmo0NQVhS81eIh0girE2BNVOCu3jyMumcN1yn4d5d1JvXZR1VcASOwRlwwSVoglvQAm2AwRN4AW/g3Xq2Xq0P63MWrVjlzCGYg/X1C6Sfm+c=</latexit><latexit sha1_base64="2s9GrnSaN0UeHLWjQi368ueWc14=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxVQlCgrGChbFI9CE1UeQ4TmvVdoLtIFVRfoCFX2FhACFWdjb+BrfNQFuOZOnonHN1fU+YMqq04/xYlZXVtfWN6mZta3tnd8/eP+ioJJOYtHHCEtkLkSKMCtLWVDPSSyVBPGSkG45uJn73kUhFE3GvxynxORoIGlOMtJEC+8RjJhyhIPckh7TwHjIUwTkxLgK77jScKeAycUtSByVagf3tRQnOOBEaM6RU33VS7edIaooZKWpepkiK8AgNSN9QgThRfj69poCnRolgnEjzhIZT9e9EjrhSYx6aJEd6qBa9ifif1890fOXnVKSZJgLPFsUZgzqBk2pgRCXBmo0NQVhS81eIh0girE2BNVOCu3jyMumcN1yn4d5d1JvXZR1VcASOwRlwwSVoglvQAm2AwRN4AW/g3Xq2Xq0P63MWrVjlzCGYg/X1C6Sfm+c=</latexit><latexit sha1_base64="2s9GrnSaN0UeHLWjQi368ueWc14=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxVQlCgrGChbFI9CE1UeQ4TmvVdoLtIFVRfoCFX2FhACFWdjb+BrfNQFuOZOnonHN1fU+YMqq04/xYlZXVtfWN6mZta3tnd8/eP+ioJJOYtHHCEtkLkSKMCtLWVDPSSyVBPGSkG45uJn73kUhFE3GvxynxORoIGlOMtJEC+8RjJhyhIPckh7TwHjIUwTkxLgK77jScKeAycUtSByVagf3tRQnOOBEaM6RU33VS7edIaooZKWpepkiK8AgNSN9QgThRfj69poCnRolgnEjzhIZT9e9EjrhSYx6aJEd6qBa9ifif1890fOXnVKSZJgLPFsUZgzqBk2pgRCXBmo0NQVhS81eIh0girE2BNVOCu3jyMumcN1yn4d5d1JvXZR1VcASOwRlwwSVoglvQAm2AwRN4AW/g3Xq2Xq0P63MWrVjlzCGYg/X1C6Sfm+c=</latexit><latexit sha1_base64="2s9GrnSaN0UeHLWjQi368ueWc14=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxVQlCgrGChbFI9CE1UeQ4TmvVdoLtIFVRfoCFX2FhACFWdjb+BrfNQFuOZOnonHN1fU+YMqq04/xYlZXVtfWN6mZta3tnd8/eP+ioJJOYtHHCEtkLkSKMCtLWVDPSSyVBPGSkG45uJn73kUhFE3GvxynxORoIGlOMtJEC+8RjJhyhIPckh7TwHjIUwTkxLgK77jScKeAycUtSByVagf3tRQnOOBEaM6RU33VS7edIaooZKWpepkiK8AgNSN9QgThRfj69poCnRolgnEjzhIZT9e9EjrhSYx6aJEd6qBa9ifif1890fOXnVKSZJgLPFsUZgzqBk2pgRCXBmo0NQVhS81eIh0girE2BNVOCu3jyMumcN1yn4d5d1JvXZR1VcASOwRlwwSVoglvQAm2AwRN4AW/g3Xq2Xq0P63MWrVjlzCGYg/X1C6Sfm+c=</latexit>

!
<latexit sha1_base64="qQO9a7FE3YpCEG8qG2hSkxAgKIA=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxoWLCvYBbSg3k0k7dDIJMxOhhH6EGxeKuPV73Pk3TtsstPXAwOGcc5l7T5AKro3rfjultfWNza3ydmVnd2//oHp41NZJpihr0UQkqhugZoJL1jLcCNZNFcM4EKwTjG9nfueJKc0T+WgmKfNjHEoecYrGSp3+vY2GOKjW3Lo7B1klXkFqUKA5qH71w4RmMZOGCtS657mp8XNUhlPBppV+plmKdIxD1rNUYsy0n8/XnZIzq4QkSpR90pC5+nsix1jrSRzYZIxmpJe9mfif18tMdO3nXKaZYZIuPooyQUxCZreTkCtGjZhYglRxuyuhI1RIjW2oYkvwlk9eJe2LuufWvYfLWuOmqKMMJ3AK5+DBFTTgDprQAgpjeIZXeHNS58V5dz4W0ZJTzBzDHzifPwulj10=</latexit><latexit sha1_base64="qQO9a7FE3YpCEG8qG2hSkxAgKIA=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxoWLCvYBbSg3k0k7dDIJMxOhhH6EGxeKuPV73Pk3TtsstPXAwOGcc5l7T5AKro3rfjultfWNza3ydmVnd2//oHp41NZJpihr0UQkqhugZoJL1jLcCNZNFcM4EKwTjG9nfueJKc0T+WgmKfNjHEoecYrGSp3+vY2GOKjW3Lo7B1klXkFqUKA5qH71w4RmMZOGCtS657mp8XNUhlPBppV+plmKdIxD1rNUYsy0n8/XnZIzq4QkSpR90pC5+nsix1jrSRzYZIxmpJe9mfif18tMdO3nXKaZYZIuPooyQUxCZreTkCtGjZhYglRxuyuhI1RIjW2oYkvwlk9eJe2LuufWvYfLWuOmqKMMJ3AK5+DBFTTgDprQAgpjeIZXeHNS58V5dz4W0ZJTzBzDHzifPwulj10=</latexit><latexit sha1_base64="qQO9a7FE3YpCEG8qG2hSkxAgKIA=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxoWLCvYBbSg3k0k7dDIJMxOhhH6EGxeKuPV73Pk3TtsstPXAwOGcc5l7T5AKro3rfjultfWNza3ydmVnd2//oHp41NZJpihr0UQkqhugZoJL1jLcCNZNFcM4EKwTjG9nfueJKc0T+WgmKfNjHEoecYrGSp3+vY2GOKjW3Lo7B1klXkFqUKA5qH71w4RmMZOGCtS657mp8XNUhlPBppV+plmKdIxD1rNUYsy0n8/XnZIzq4QkSpR90pC5+nsix1jrSRzYZIxmpJe9mfif18tMdO3nXKaZYZIuPooyQUxCZreTkCtGjZhYglRxuyuhI1RIjW2oYkvwlk9eJe2LuufWvYfLWuOmqKMMJ3AK5+DBFTTgDprQAgpjeIZXeHNS58V5dz4W0ZJTzBzDHzifPwulj10=</latexit><latexit sha1_base64="qQO9a7FE3YpCEG8qG2hSkxAgKIA=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxoWLCvYBbSg3k0k7dDIJMxOhhH6EGxeKuPV73Pk3TtsstPXAwOGcc5l7T5AKro3rfjultfWNza3ydmVnd2//oHp41NZJpihr0UQkqhugZoJL1jLcCNZNFcM4EKwTjG9nfueJKc0T+WgmKfNjHEoecYrGSp3+vY2GOKjW3Lo7B1klXkFqUKA5qH71w4RmMZOGCtS657mp8XNUhlPBppV+plmKdIxD1rNUYsy0n8/XnZIzq4QkSpR90pC5+nsix1jrSRzYZIxmpJe9mfif18tMdO3nXKaZYZIuPooyQUxCZreTkCtGjZhYglRxuyuhI1RIjW2oYkvwlk9eJe2LuufWvYfLWuOmqKMMJ3AK5+DBFTTgDprQAgpjeIZXeHNS58V5dz4W0ZJTzBzDHzifPwulj10=</latexit>

Excess work:!Wex"! = !W "! # ! F
<latexit sha1_base64="JfYPz8dSu46YuScKGvx5EwCRSgY="></latexit><latexit sha1_base64="JfYPz8dSu46YuScKGvx5EwCRSgY="></latexit><latexit sha1_base64="JfYPz8dSu46YuScKGvx5EwCRSgY="></latexit><latexit sha1_base64="JfYPz8dSu46YuScKGvx5EwCRSgY="></latexit>

Excess work:!Wex"! = !W "! # ! F
<latexit sha1_base64="JfYPz8dSu46YuScKGvx5EwCRSgY="></latexit><latexit sha1_base64="JfYPz8dSu46YuScKGvx5EwCRSgY="></latexit><latexit sha1_base64="JfYPz8dSu46YuScKGvx5EwCRSgY="></latexit><latexit sha1_base64="JfYPz8dSu46YuScKGvx5EwCRSgY="></latexit>

!Wex"! =
! !

0

ú! 2" (! )dt
<latexit sha1_base64="SsZO3H35W2d9s1rTKPMLdZ4HYIE="></latexit><latexit sha1_base64="SsZO3H35W2d9s1rTKPMLdZ4HYIE="></latexit><latexit sha1_base64="SsZO3H35W2d9s1rTKPMLdZ4HYIE="></latexit><latexit sha1_base64="SsZO3H35W2d9s1rTKPMLdZ4HYIE="></latexit>

D. A. Sivak & G. E. Crooks, Phys Rev Lett, 2012, 108, 190602
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Introduction

• How can we formulate a mathematical description of a nonequilibrium 
system?

• Average excess work required depends on the particular control protocol

• Applies well to experimental settings, but what happens in when the control 
protocol is stochastic itself?

! i ! f
<latexit sha1_base64="2s9GrnSaN0UeHLWjQi368ueWc14=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxVQlCgrGChbFI9CE1UeQ4TmvVdoLtIFVRfoCFX2FhACFWdjb+BrfNQFuOZOnonHN1fU+YMqq04/xYlZXVtfWN6mZta3tnd8/eP+ioJJOYtHHCEtkLkSKMCtLWVDPSSyVBPGSkG45uJn73kUhFE3GvxynxORoIGlOMtJEC+8RjJhyhIPckh7TwHjIUwTkxLgK77jScKeAycUtSByVagf3tRQnOOBEaM6RU33VS7edIaooZKWpepkiK8AgNSN9QgThRfj69poCnRolgnEjzhIZT9e9EjrhSYx6aJEd6qBa9ifif1890fOXnVKSZJgLPFsUZgzqBk2pgRCXBmo0NQVhS81eIh0girE2BNVOCu3jyMumcN1yn4d5d1JvXZR1VcASOwRlwwSVoglvQAm2AwRN4AW/g3Xq2Xq0P63MWrVjlzCGYg/X1C6Sfm+c=</latexit><latexit sha1_base64="2s9GrnSaN0UeHLWjQi368ueWc14=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxVQlCgrGChbFI9CE1UeQ4TmvVdoLtIFVRfoCFX2FhACFWdjb+BrfNQFuOZOnonHN1fU+YMqq04/xYlZXVtfWN6mZta3tnd8/eP+ioJJOYtHHCEtkLkSKMCtLWVDPSSyVBPGSkG45uJn73kUhFE3GvxynxORoIGlOMtJEC+8RjJhyhIPckh7TwHjIUwTkxLgK77jScKeAycUtSByVagf3tRQnOOBEaM6RU33VS7edIaooZKWpepkiK8AgNSN9QgThRfj69poCnRolgnEjzhIZT9e9EjrhSYx6aJEd6qBa9ifif1890fOXnVKSZJgLPFsUZgzqBk2pgRCXBmo0NQVhS81eIh0girE2BNVOCu3jyMumcN1yn4d5d1JvXZR1VcASOwRlwwSVoglvQAm2AwRN4AW/g3Xq2Xq0P63MWrVjlzCGYg/X1C6Sfm+c=</latexit><latexit sha1_base64="2s9GrnSaN0UeHLWjQi368ueWc14=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxVQlCgrGChbFI9CE1UeQ4TmvVdoLtIFVRfoCFX2FhACFWdjb+BrfNQFuOZOnonHN1fU+YMqq04/xYlZXVtfWN6mZta3tnd8/eP+ioJJOYtHHCEtkLkSKMCtLWVDPSSyVBPGSkG45uJn73kUhFE3GvxynxORoIGlOMtJEC+8RjJhyhIPckh7TwHjIUwTkxLgK77jScKeAycUtSByVagf3tRQnOOBEaM6RU33VS7edIaooZKWpepkiK8AgNSN9QgThRfj69poCnRolgnEjzhIZT9e9EjrhSYx6aJEd6qBa9ifif1890fOXnVKSZJgLPFsUZgzqBk2pgRCXBmo0NQVhS81eIh0girE2BNVOCu3jyMumcN1yn4d5d1JvXZR1VcASOwRlwwSVoglvQAm2AwRN4AW/g3Xq2Xq0P63MWrVjlzCGYg/X1C6Sfm+c=</latexit><latexit sha1_base64="2s9GrnSaN0UeHLWjQi368ueWc14=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxVQlCgrGChbFI9CE1UeQ4TmvVdoLtIFVRfoCFX2FhACFWdjb+BrfNQFuOZOnonHN1fU+YMqq04/xYlZXVtfWN6mZta3tnd8/eP+ioJJOYtHHCEtkLkSKMCtLWVDPSSyVBPGSkG45uJn73kUhFE3GvxynxORoIGlOMtJEC+8RjJhyhIPckh7TwHjIUwTkxLgK77jScKeAycUtSByVagf3tRQnOOBEaM6RU33VS7edIaooZKWpepkiK8AgNSN9QgThRfj69poCnRolgnEjzhIZT9e9EjrhSYx6aJEd6qBa9ifif1890fOXnVKSZJgLPFsUZgzqBk2pgRCXBmo0NQVhS81eIh0girE2BNVOCu3jyMumcN1yn4d5d1JvXZR1VcASOwRlwwSVoglvQAm2AwRN4AW/g3Xq2Xq0P63MWrVjlzCGYg/X1C6Sfm+c=</latexit>

! i ! f
<latexit sha1_base64="2s9GrnSaN0UeHLWjQi368ueWc14=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxVQlCgrGChbFI9CE1UeQ4TmvVdoLtIFVRfoCFX2FhACFWdjb+BrfNQFuOZOnonHN1fU+YMqq04/xYlZXVtfWN6mZta3tnd8/eP+ioJJOYtHHCEtkLkSKMCtLWVDPSSyVBPGSkG45uJn73kUhFE3GvxynxORoIGlOMtJEC+8RjJhyhIPckh7TwHjIUwTkxLgK77jScKeAycUtSByVagf3tRQnOOBEaM6RU33VS7edIaooZKWpepkiK8AgNSN9QgThRfj69poCnRolgnEjzhIZT9e9EjrhSYx6aJEd6qBa9ifif1890fOXnVKSZJgLPFsUZgzqBk2pgRCXBmo0NQVhS81eIh0girE2BNVOCu3jyMumcN1yn4d5d1JvXZR1VcASOwRlwwSVoglvQAm2AwRN4AW/g3Xq2Xq0P63MWrVjlzCGYg/X1C6Sfm+c=</latexit><latexit sha1_base64="2s9GrnSaN0UeHLWjQi368ueWc14=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxVQlCgrGChbFI9CE1UeQ4TmvVdoLtIFVRfoCFX2FhACFWdjb+BrfNQFuOZOnonHN1fU+YMqq04/xYlZXVtfWN6mZta3tnd8/eP+ioJJOYtHHCEtkLkSKMCtLWVDPSSyVBPGSkG45uJn73kUhFE3GvxynxORoIGlOMtJEC+8RjJhyhIPckh7TwHjIUwTkxLgK77jScKeAycUtSByVagf3tRQnOOBEaM6RU33VS7edIaooZKWpepkiK8AgNSN9QgThRfj69poCnRolgnEjzhIZT9e9EjrhSYx6aJEd6qBa9ifif1890fOXnVKSZJgLPFsUZgzqBk2pgRCXBmo0NQVhS81eIh0girE2BNVOCu3jyMumcN1yn4d5d1JvXZR1VcASOwRlwwSVoglvQAm2AwRN4AW/g3Xq2Xq0P63MWrVjlzCGYg/X1C6Sfm+c=</latexit><latexit sha1_base64="2s9GrnSaN0UeHLWjQi368ueWc14=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxVQlCgrGChbFI9CE1UeQ4TmvVdoLtIFVRfoCFX2FhACFWdjb+BrfNQFuOZOnonHN1fU+YMqq04/xYlZXVtfWN6mZta3tnd8/eP+ioJJOYtHHCEtkLkSKMCtLWVDPSSyVBPGSkG45uJn73kUhFE3GvxynxORoIGlOMtJEC+8RjJhyhIPckh7TwHjIUwTkxLgK77jScKeAycUtSByVagf3tRQnOOBEaM6RU33VS7edIaooZKWpepkiK8AgNSN9QgThRfj69poCnRolgnEjzhIZT9e9EjrhSYx6aJEd6qBa9ifif1890fOXnVKSZJgLPFsUZgzqBk2pgRCXBmo0NQVhS81eIh0girE2BNVOCu3jyMumcN1yn4d5d1JvXZR1VcASOwRlwwSVoglvQAm2AwRN4AW/g3Xq2Xq0P63MWrVjlzCGYg/X1C6Sfm+c=</latexit><latexit sha1_base64="2s9GrnSaN0UeHLWjQi368ueWc14=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxVQlCgrGChbFI9CE1UeQ4TmvVdoLtIFVRfoCFX2FhACFWdjb+BrfNQFuOZOnonHN1fU+YMqq04/xYlZXVtfWN6mZta3tnd8/eP+ioJJOYtHHCEtkLkSKMCtLWVDPSSyVBPGSkG45uJn73kUhFE3GvxynxORoIGlOMtJEC+8RjJhyhIPckh7TwHjIUwTkxLgK77jScKeAycUtSByVagf3tRQnOOBEaM6RU33VS7edIaooZKWpepkiK8AgNSN9QgThRfj69poCnRolgnEjzhIZT9e9EjrhSYx6aJEd6qBa9ifif1890fOXnVKSZJgLPFsUZgzqBk2pgRCXBmo0NQVhS81eIh0girE2BNVOCu3jyMumcN1yn4d5d1JvXZR1VcASOwRlwwSVoglvQAm2AwRN4AW/g3Xq2Xq0P63MWrVjlzCGYg/X1C6Sfm+c=</latexit>

!
<latexit sha1_base64="qQO9a7FE3YpCEG8qG2hSkxAgKIA=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxoWLCvYBbSg3k0k7dDIJMxOhhH6EGxeKuPV73Pk3TtsstPXAwOGcc5l7T5AKro3rfjultfWNza3ydmVnd2//oHp41NZJpihr0UQkqhugZoJL1jLcCNZNFcM4EKwTjG9nfueJKc0T+WgmKfNjHEoecYrGSp3+vY2GOKjW3Lo7B1klXkFqUKA5qH71w4RmMZOGCtS657mp8XNUhlPBppV+plmKdIxD1rNUYsy0n8/XnZIzq4QkSpR90pC5+nsix1jrSRzYZIxmpJe9mfif18tMdO3nXKaZYZIuPooyQUxCZreTkCtGjZhYglRxuyuhI1RIjW2oYkvwlk9eJe2LuufWvYfLWuOmqKMMJ3AK5+DBFTTgDprQAgpjeIZXeHNS58V5dz4W0ZJTzBzDHzifPwulj10=</latexit><latexit sha1_base64="qQO9a7FE3YpCEG8qG2hSkxAgKIA=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxoWLCvYBbSg3k0k7dDIJMxOhhH6EGxeKuPV73Pk3TtsstPXAwOGcc5l7T5AKro3rfjultfWNza3ydmVnd2//oHp41NZJpihr0UQkqhugZoJL1jLcCNZNFcM4EKwTjG9nfueJKc0T+WgmKfNjHEoecYrGSp3+vY2GOKjW3Lo7B1klXkFqUKA5qH71w4RmMZOGCtS657mp8XNUhlPBppV+plmKdIxD1rNUYsy0n8/XnZIzq4QkSpR90pC5+nsix1jrSRzYZIxmpJe9mfif18tMdO3nXKaZYZIuPooyQUxCZreTkCtGjZhYglRxuyuhI1RIjW2oYkvwlk9eJe2LuufWvYfLWuOmqKMMJ3AK5+DBFTTgDprQAgpjeIZXeHNS58V5dz4W0ZJTzBzDHzifPwulj10=</latexit><latexit sha1_base64="qQO9a7FE3YpCEG8qG2hSkxAgKIA=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxoWLCvYBbSg3k0k7dDIJMxOhhH6EGxeKuPV73Pk3TtsstPXAwOGcc5l7T5AKro3rfjultfWNza3ydmVnd2//oHp41NZJpihr0UQkqhugZoJL1jLcCNZNFcM4EKwTjG9nfueJKc0T+WgmKfNjHEoecYrGSp3+vY2GOKjW3Lo7B1klXkFqUKA5qH71w4RmMZOGCtS657mp8XNUhlPBppV+plmKdIxD1rNUYsy0n8/XnZIzq4QkSpR90pC5+nsix1jrSRzYZIxmpJe9mfif18tMdO3nXKaZYZIuPooyQUxCZreTkCtGjZhYglRxuyuhI1RIjW2oYkvwlk9eJe2LuufWvYfLWuOmqKMMJ3AK5+DBFTTgDprQAgpjeIZXeHNS58V5dz4W0ZJTzBzDHzifPwulj10=</latexit><latexit sha1_base64="qQO9a7FE3YpCEG8qG2hSkxAgKIA=">AAAB7nicbVDLSsNAFL2pr1pfVZduBovgqiQi6LLoxoWLCvYBbSg3k0k7dDIJMxOhhH6EGxeKuPV73Pk3TtsstPXAwOGcc5l7T5AKro3rfjultfWNza3ydmVnd2//oHp41NZJpihr0UQkqhugZoJL1jLcCNZNFcM4EKwTjG9nfueJKc0T+WgmKfNjHEoecYrGSp3+vY2GOKjW3Lo7B1klXkFqUKA5qH71w4RmMZOGCtS657mp8XNUhlPBppV+plmKdIxD1rNUYsy0n8/XnZIzq4QkSpR90pC5+nsix1jrSRzYZIxmpJe9mfif18tMdO3nXKaZYZIuPooyQUxCZreTkCtGjZhYglRxuyuhI1RIjW2oYkvwlk9eJe2LuufWvYfLWuOmqKMMJ3AK5+DBFTTgDprQAgpjeIZXeHNS58V5dz4W0ZJTzBzDHzifPwulj10=</latexit>
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Excess work:!Wex"! = !W "! # ! F
<latexit sha1_base64="JfYPz8dSu46YuScKGvx5EwCRSgY="></latexit><latexit sha1_base64="JfYPz8dSu46YuScKGvx5EwCRSgY="></latexit><latexit sha1_base64="JfYPz8dSu46YuScKGvx5EwCRSgY="></latexit><latexit sha1_base64="JfYPz8dSu46YuScKGvx5EwCRSgY="></latexit>

Excess work:!Wex"! = !W "! # ! F
<latexit sha1_base64="JfYPz8dSu46YuScKGvx5EwCRSgY="></latexit><latexit sha1_base64="JfYPz8dSu46YuScKGvx5EwCRSgY="></latexit><latexit sha1_base64="JfYPz8dSu46YuScKGvx5EwCRSgY="></latexit><latexit sha1_base64="JfYPz8dSu46YuScKGvx5EwCRSgY="></latexit>

!Wex"! =
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0

ú! 2" (! )dt
<latexit sha1_base64="SsZO3H35W2d9s1rTKPMLdZ4HYIE="></latexit><latexit sha1_base64="SsZO3H35W2d9s1rTKPMLdZ4HYIE="></latexit><latexit sha1_base64="SsZO3H35W2d9s1rTKPMLdZ4HYIE="></latexit><latexit sha1_base64="SsZO3H35W2d9s1rTKPMLdZ4HYIE="></latexit>

D. A. Sivak & G. E. Crooks, Phys Rev Lett, 2012, 108, 190602



Generalized friction
Control protocol 

velocity

Protocol durationAverage excess work

Introduction

• How can we formulate a mathematical description of a nonequilibrium 
system?

• Average excess work required depends on the particular control protocol

• Applies well to experimental settings, but what happens in when the control 
protocol is stochastic itself?

! i ! f
<latexit sha1_base64="2s9GrnSaN0UeHLWjQi368ueWc14=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxVQlCgrGChbFI9CE1UeQ4TmvVdoLtIFVRfoCFX2FhACFWdjb+BrfNQFuOZOnonHN1fU+YMqq04/xYlZXVtfWN6mZta3tnd8/eP+ioJJOYtHHCEtkLkSKMCtLWVDPSSyVBPGSkG45uJn73kUhFE3GvxynxORoIGlOMtJEC+8RjJhyhIPckh7TwHjIUwTkxLgK77jScKeAycUtSByVagf3tRQnOOBEaM6RU33VS7edIaooZKWpepkiK8AgNSN9QgThRfj69poCnRolgnEjzhIZT9e9EjrhSYx6aJEd6qBa9ifif1890fOXnVKSZJgLPFsUZgzqBk2pgRCXBmo0NQVhS81eIh0girE2BNVOCu3jyMumcN1yn4d5d1JvXZR1VcASOwRlwwSVoglvQAm2AwRN4AW/g3Xq2Xq0P63MWrVjlzCGYg/X1C6Sfm+c=</latexit><latexit sha1_base64="2s9GrnSaN0UeHLWjQi368ueWc14=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxVQlCgrGChbFI9CE1UeQ4TmvVdoLtIFVRfoCFX2FhACFWdjb+BrfNQFuOZOnonHN1fU+YMqq04/xYlZXVtfWN6mZta3tnd8/eP+ioJJOYtHHCEtkLkSKMCtLWVDPSSyVBPGSkG45uJn73kUhFE3GvxynxORoIGlOMtJEC+8RjJhyhIPckh7TwHjIUwTkxLgK77jScKeAycUtSByVagf3tRQnOOBEaM6RU33VS7edIaooZKWpepkiK8AgNSN9QgThRfj69poCnRolgnEjzhIZT9e9EjrhSYx6aJEd6qBa9ifif1890fOXnVKSZJgLPFsUZgzqBk2pgRCXBmo0NQVhS81eIh0girE2BNVOCu3jyMumcN1yn4d5d1JvXZR1VcASOwRlwwSVoglvQAm2AwRN4AW/g3Xq2Xq0P63MWrVjlzCGYg/X1C6Sfm+c=</latexit><latexit sha1_base64="2s9GrnSaN0UeHLWjQi368ueWc14=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxVQlCgrGChbFI9CE1UeQ4TmvVdoLtIFVRfoCFX2FhACFWdjb+BrfNQFuOZOnonHN1fU+YMqq04/xYlZXVtfWN6mZta3tnd8/eP+ioJJOYtHHCEtkLkSKMCtLWVDPSSyVBPGSkG45uJn73kUhFE3GvxynxORoIGlOMtJEC+8RjJhyhIPckh7TwHjIUwTkxLgK77jScKeAycUtSByVagf3tRQnOOBEaM6RU33VS7edIaooZKWpepkiK8AgNSN9QgThRfj69poCnRolgnEjzhIZT9e9EjrhSYx6aJEd6qBa9ifif1890fOXnVKSZJgLPFsUZgzqBk2pgRCXBmo0NQVhS81eIh0girE2BNVOCu3jyMumcN1yn4d5d1JvXZR1VcASOwRlwwSVoglvQAm2AwRN4AW/g3Xq2Xq0P63MWrVjlzCGYg/X1C6Sfm+c=</latexit><latexit sha1_base64="2s9GrnSaN0UeHLWjQi368ueWc14=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxVQlCgrGChbFI9CE1UeQ4TmvVdoLtIFVRfoCFX2FhACFWdjb+BrfNQFuOZOnonHN1fU+YMqq04/xYlZXVtfWN6mZta3tnd8/eP+ioJJOYtHHCEtkLkSKMCtLWVDPSSyVBPGSkG45uJn73kUhFE3GvxynxORoIGlOMtJEC+8RjJhyhIPckh7TwHjIUwTkxLgK77jScKeAycUtSByVagf3tRQnOOBEaM6RU33VS7edIaooZKWpepkiK8AgNSN9QgThRfj69poCnRolgnEjzhIZT9e9EjrhSYx6aJEd6qBa9ifif1890fOXnVKSZJgLPFsUZgzqBk2pgRCXBmo0NQVhS81eIh0girE2BNVOCu3jyMumcN1yn4d5d1JvXZR1VcASOwRlwwSVoglvQAm2AwRN4AW/g3Xq2Xq0P63MWrVjlzCGYg/X1C6Sfm+c=</latexit>

! i ! f
<latexit sha1_base64="2s9GrnSaN0UeHLWjQi368ueWc14=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxVQlCgrGChbFI9CE1UeQ4TmvVdoLtIFVRfoCFX2FhACFWdjb+BrfNQFuOZOnonHN1fU+YMqq04/xYlZXVtfWN6mZta3tnd8/eP+ioJJOYtHHCEtkLkSKMCtLWVDPSSyVBPGSkG45uJn73kUhFE3GvxynxORoIGlOMtJEC+8RjJhyhIPckh7TwHjIUwTkxLgK77jScKeAycUtSByVagf3tRQnOOBEaM6RU33VS7edIaooZKWpepkiK8AgNSN9QgThRfj69poCnRolgnEjzhIZT9e9EjrhSYx6aJEd6qBa9ifif1890fOXnVKSZJgLPFsUZgzqBk2pgRCXBmo0NQVhS81eIh0girE2BNVOCu3jyMumcN1yn4d5d1JvXZR1VcASOwRlwwSVoglvQAm2AwRN4AW/g3Xq2Xq0P63MWrVjlzCGYg/X1C6Sfm+c=</latexit><latexit sha1_base64="2s9GrnSaN0UeHLWjQi368ueWc14=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxVQlCgrGChbFI9CE1UeQ4TmvVdoLtIFVRfoCFX2FhACFWdjb+BrfNQFuOZOnonHN1fU+YMqq04/xYlZXVtfWN6mZta3tnd8/eP+ioJJOYtHHCEtkLkSKMCtLWVDPSSyVBPGSkG45uJn73kUhFE3GvxynxORoIGlOMtJEC+8RjJhyhIPckh7TwHjIUwTkxLgK77jScKeAycUtSByVagf3tRQnOOBEaM6RU33VS7edIaooZKWpepkiK8AgNSN9QgThRfj69poCnRolgnEjzhIZT9e9EjrhSYx6aJEd6qBa9ifif1890fOXnVKSZJgLPFsUZgzqBk2pgRCXBmo0NQVhS81eIh0girE2BNVOCu3jyMumcN1yn4d5d1JvXZR1VcASOwRlwwSVoglvQAm2AwRN4AW/g3Xq2Xq0P63MWrVjlzCGYg/X1C6Sfm+c=</latexit><latexit sha1_base64="2s9GrnSaN0UeHLWjQi368ueWc14=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxVQlCgrGChbFI9CE1UeQ4TmvVdoLtIFVRfoCFX2FhACFWdjb+BrfNQFuOZOnonHN1fU+YMqq04/xYlZXVtfWN6mZta3tnd8/eP+ioJJOYtHHCEtkLkSKMCtLWVDPSSyVBPGSkG45uJn73kUhFE3GvxynxORoIGlOMtJEC+8RjJhyhIPckh7TwHjIUwTkxLgK77jScKeAycUtSByVagf3tRQnOOBEaM6RU33VS7edIaooZKWpepkiK8AgNSN9QgThRfj69poCnRolgnEjzhIZT9e9EjrhSYx6aJEd6qBa9ifif1890fOXnVKSZJgLPFsUZgzqBk2pgRCXBmo0NQVhS81eIh0girE2BNVOCu3jyMumcN1yn4d5d1JvXZR1VcASOwRlwwSVoglvQAm2AwRN4AW/g3Xq2Xq0P63MWrVjlzCGYg/X1C6Sfm+c=</latexit><latexit sha1_base64="2s9GrnSaN0UeHLWjQi368ueWc14=">AAACDXicbVC7TsMwFHXKq5RXgJHFoiAxVQlCgrGChbFI9CE1UeQ4TmvVdoLtIFVRfoCFX2FhACFWdjb+BrfNQFuOZOnonHN1fU+YMqq04/xYlZXVtfWN6mZta3tnd8/eP+ioJJOYtHHCEtkLkSKMCtLWVDPSSyVBPGSkG45uJn73kUhFE3GvxynxORoIGlOMtJEC+8RjJhyhIPckh7TwHjIUwTkxLgK77jScKeAycUtSByVagf3tRQnOOBEaM6RU33VS7edIaooZKWpepkiK8AgNSN9QgThRfj69poCnRolgnEjzhIZT9e9EjrhSYx6aJEd6qBa9ifif1890fOXnVKSZJgLPFsUZgzqBk2pgRCXBmo0NQVhS81eIh0girE2BNVOCu3jyMumcN1yn4d5d1JvXZR1VcASOwRlwwSVoglvQAm2AwRN4AW/g3Xq2Xq0P63MWrVjlzCGYg/X1C6Sfm+c=</latexit>

!
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velocity

Protocol durationAverage excess work

Introduction

• How can we formulate a mathematical description of a nonequilibrium 
system?

• Average excess work required depends on the particular control protocol

!Wex"! =
! !

0

ú! 2" (! )dt
<latexit sha1_base64="SsZO3H35W2d9s1rTKPMLdZ4HYIE="></latexit><latexit sha1_base64="SsZO3H35W2d9s1rTKPMLdZ4HYIE="></latexit><latexit sha1_base64="SsZO3H35W2d9s1rTKPMLdZ4HYIE="></latexit><latexit sha1_base64="SsZO3H35W2d9s1rTKPMLdZ4HYIE="></latexit>

• Applies well to experimental settings, but what happens in when the control 
protocol is stochastic itself?
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• For a stochastically driven process, we are interested in the 
average excess work, over all possible protocols
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Protocol ensemble 
average

• For a stochastically driven process, we are interested in the 
average excess work, over all possible protocols
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Excess work of average protocol

Protocol ensemble 
average

• For a stochastically driven process, we are interested in the 
average excess work, over all possible protocols
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Correction termExcess work of average protocol

Protocol ensemble 
average

• For a stochastically driven process, we are interested in the 
average excess work, over all possible protocols
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Correction termExcess work of average protocol

Protocol ensemble 
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• For a stochastically driven process, we are interested in the 
average excess work, over all possible protocols
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Di!using particle

!Wex"! =
! !

0
! ú! "2" (! ! ")dt +
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0
!#ú! 2"" (! ! ")dt

<latexit sha1_base64="ZQY9Donzh/vwu0cuFdGxbf0pteM="></latexit><latexit sha1_base64="ZQY9Donzh/vwu0cuFdGxbf0pteM="></latexit><latexit sha1_base64="ZQY9Donzh/vwu0cuFdGxbf0pteM="></latexit><latexit sha1_base64="ZQY9Donzh/vwu0cuFdGxbf0pteM="></latexit>
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Correction termExcess work of average protocol

Protocol ensemble 
average

• For a stochastically driven process, we are interested in the 
average excess work, over all possible protocols
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• For a stochastically driven process, we are interested in the 
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<latexit sha1_base64="Rcorl7fluN4TASDicY96NsM8K28=">AAAB/3icbVBNS8NAEJ3Ur1q/ooIXL4tF8FQSEfRY9OKxgm2FJpTNdtMu3WyW3Y1QYg7+FS8eFPHq3/Dmv3H7gWjrg4HHezPMzIskZ9p43pdTWlpeWV0rr1c2Nre2d9zdvZZOM0Vok6Q8VXcR1pQzQZuGGU7vpKI4iThtR8Orsd++p0qzVNyakaRhgvuCxYxgY6WuexBIlUqToiBWmOR+kQcGZ0XXrXo1bwL0Q/x5UoUZGl33M+ilJEuoMIRjrTu+J02YY2UY4bSoBJmmEpMh7tOOpQInVIf55P4CHVulh+JU2RIGTdTfEzlOtB4lke1MsBnoeW8s/ud1MhNfhDkTMjNUkOmiOOPI/jsOA/WYosTwkSWYKGZvRWSAbRDGRlaxISy8vEhapzXfq/k3Z9X65SyOMhzCEZyAD+dQh2toQBMIPMATvMCr8+g8O2/O+7S15Mxm9uEPnI9vgU+WZw==</latexit><latexit sha1_base64="Rcorl7fluN4TASDicY96NsM8K28=">AAAB/3icbVBNS8NAEJ3Ur1q/ooIXL4tF8FQSEfRY9OKxgm2FJpTNdtMu3WyW3Y1QYg7+FS8eFPHq3/Dmv3H7gWjrg4HHezPMzIskZ9p43pdTWlpeWV0rr1c2Nre2d9zdvZZOM0Vok6Q8VXcR1pQzQZuGGU7vpKI4iThtR8Orsd++p0qzVNyakaRhgvuCxYxgY6WuexBIlUqToiBWmOR+kQcGZ0XXrXo1bwL0Q/x5UoUZGl33M+ilJEuoMIRjrTu+J02YY2UY4bSoBJmmEpMh7tOOpQInVIf55P4CHVulh+JU2RIGTdTfEzlOtB4lke1MsBnoeW8s/ud1MhNfhDkTMjNUkOmiOOPI/jsOA/WYosTwkSWYKGZvRWSAbRDGRlaxISy8vEhapzXfq/k3Z9X65SyOMhzCEZyAD+dQh2toQBMIPMATvMCr8+g8O2/O+7S15Mxm9uEPnI9vgU+WZw==</latexit><latexit sha1_base64="Rcorl7fluN4TASDicY96NsM8K28=">AAAB/3icbVBNS8NAEJ3Ur1q/ooIXL4tF8FQSEfRY9OKxgm2FJpTNdtMu3WyW3Y1QYg7+FS8eFPHq3/Dmv3H7gWjrg4HHezPMzIskZ9p43pdTWlpeWV0rr1c2Nre2d9zdvZZOM0Vok6Q8VXcR1pQzQZuGGU7vpKI4iThtR8Orsd++p0qzVNyakaRhgvuCxYxgY6WuexBIlUqToiBWmOR+kQcGZ0XXrXo1bwL0Q/x5UoUZGl33M+ilJEuoMIRjrTu+J02YY2UY4bSoBJmmEpMh7tOOpQInVIf55P4CHVulh+JU2RIGTdTfEzlOtB4lke1MsBnoeW8s/ud1MhNfhDkTMjNUkOmiOOPI/jsOA/WYosTwkSWYKGZvRWSAbRDGRlaxISy8vEhapzXfq/k3Z9X65SyOMhzCEZyAD+dQh2toQBMIPMATvMCr8+g8O2/O+7S15Mxm9uEPnI9vgU+WZw==</latexit><latexit sha1_base64="Rcorl7fluN4TASDicY96NsM8K28=">AAAB/3icbVBNS8NAEJ3Ur1q/ooIXL4tF8FQSEfRY9OKxgm2FJpTNdtMu3WyW3Y1QYg7+FS8eFPHq3/Dmv3H7gWjrg4HHezPMzIskZ9p43pdTWlpeWV0rr1c2Nre2d9zdvZZOM0Vok6Q8VXcR1pQzQZuGGU7vpKI4iThtR8Orsd++p0qzVNyakaRhgvuCxYxgY6WuexBIlUqToiBWmOR+kQcGZ0XXrXo1bwL0Q/x5UoUZGl33M+ilJEuoMIRjrTu+J02YY2UY4bSoBJmmEpMh7tOOpQInVIf55P4CHVulh+JU2RIGTdTfEzlOtB4lke1MsBnoeW8s/ud1MhNfhDkTMjNUkOmiOOPI/jsOA/WYosTwkSWYKGZvRWSAbRDGRlaxISy8vEhapzXfq/k3Z9X65SyOMhzCEZyAD+dQh2toQBMIPMATvMCr8+g8O2/O+7S15Mxm9uEPnI9vgU+WZw==</latexit>
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• Trap minimum evolves under a stochastic 
dynamics
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<latexit sha1_base64="oUlgDUa86+gm32Zpwcqzj7zeUQs=">AAACFXicbVDLSsNAFJ3UV62vqEs3g0VIQUtSBN0IRRFcVrAPaGKZTCbt0MmDmYm0xPyEG3/FjQtF3Aru/BunbRZaPTBwOOce7tzjxowKaZpfWmFhcWl5pbhaWlvf2NzSt3daIko4Jk0csYh3XCQIoyFpSioZ6cScoMBlpO0OLyZ++45wQaPwRo5j4gSoH1KfYiSV1NMPL43Rvc1UwEMVeAZtnyOcDrO0lhkjeARzy5CVym2tp5fNqjkF/EusnJRBjkZP/7S9CCcBCSVmSIiuZcbSSRGXFDOSlexEkBjhIeqTrqIhCohw0ulVGTxQigf9iKsXSjhVfyZSFAgxDlw1GSA5EPPeRPzP6ybSP3VSGsaJJCGeLfITBmUEJxVBj3KCJRsrgjCn6q8QD5DqRaoiS6oEa/7kv6RVq1pm1bo+LtfP8zqKYA/sAwNY4ATUwRVogCbA4AE8gRfwqj1qz9qb9j4bLWh5Zhf8gvbxDT3TnPQ=</latexit><latexit sha1_base64="oUlgDUa86+gm32Zpwcqzj7zeUQs=">AAACFXicbVDLSsNAFJ3UV62vqEs3g0VIQUtSBN0IRRFcVrAPaGKZTCbt0MmDmYm0xPyEG3/FjQtF3Aru/BunbRZaPTBwOOce7tzjxowKaZpfWmFhcWl5pbhaWlvf2NzSt3daIko4Jk0csYh3XCQIoyFpSioZ6cScoMBlpO0OLyZ++45wQaPwRo5j4gSoH1KfYiSV1NMPL43Rvc1UwEMVeAZtnyOcDrO0lhkjeARzy5CVym2tp5fNqjkF/EusnJRBjkZP/7S9CCcBCSVmSIiuZcbSSRGXFDOSlexEkBjhIeqTrqIhCohw0ulVGTxQigf9iKsXSjhVfyZSFAgxDlw1GSA5EPPeRPzP6ybSP3VSGsaJJCGeLfITBmUEJxVBj3KCJRsrgjCn6q8QD5DqRaoiS6oEa/7kv6RVq1pm1bo+LtfP8zqKYA/sAwNY4ATUwRVogCbA4AE8gRfwqj1qz9qb9j4bLWh5Zhf8gvbxDT3TnPQ=</latexit><latexit sha1_base64="oUlgDUa86+gm32Zpwcqzj7zeUQs=">AAACFXicbVDLSsNAFJ3UV62vqEs3g0VIQUtSBN0IRRFcVrAPaGKZTCbt0MmDmYm0xPyEG3/FjQtF3Aru/BunbRZaPTBwOOce7tzjxowKaZpfWmFhcWl5pbhaWlvf2NzSt3daIko4Jk0csYh3XCQIoyFpSioZ6cScoMBlpO0OLyZ++45wQaPwRo5j4gSoH1KfYiSV1NMPL43Rvc1UwEMVeAZtnyOcDrO0lhkjeARzy5CVym2tp5fNqjkF/EusnJRBjkZP/7S9CCcBCSVmSIiuZcbSSRGXFDOSlexEkBjhIeqTrqIhCohw0ulVGTxQigf9iKsXSjhVfyZSFAgxDlw1GSA5EPPeRPzP6ybSP3VSGsaJJCGeLfITBmUEJxVBj3KCJRsrgjCn6q8QD5DqRaoiS6oEa/7kv6RVq1pm1bo+LtfP8zqKYA/sAwNY4ATUwRVogCbA4AE8gRfwqj1qz9qb9j4bLWh5Zhf8gvbxDT3TnPQ=</latexit><latexit sha1_base64="oUlgDUa86+gm32Zpwcqzj7zeUQs=">AAACFXicbVDLSsNAFJ3UV62vqEs3g0VIQUtSBN0IRRFcVrAPaGKZTCbt0MmDmYm0xPyEG3/FjQtF3Aru/BunbRZaPTBwOOce7tzjxowKaZpfWmFhcWl5pbhaWlvf2NzSt3daIko4Jk0csYh3XCQIoyFpSioZ6cScoMBlpO0OLyZ++45wQaPwRo5j4gSoH1KfYiSV1NMPL43Rvc1UwEMVeAZtnyOcDrO0lhkjeARzy5CVym2tp5fNqjkF/EusnJRBjkZP/7S9CCcBCSVmSIiuZcbSSRGXFDOSlexEkBjhIeqTrqIhCohw0ulVGTxQigf9iKsXSjhVfyZSFAgxDlw1GSA5EPPeRPzP6ybSP3VSGsaJJCGeLfITBmUEJxVBj3KCJRsrgjCn6q8QD5DqRaoiS6oEa/7kv6RVq1pm1bo+LtfP8zqKYA/sAwNY4ATUwRVogCbA4AE8gRfwqj1qz9qb9j4bLWh5Zhf8gvbxDT3TnPQ=</latexit>
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Correction termExcess work of average protocol

Protocol ensemble 
average

• For a stochastically driven process, we are interested in the 
average excess work, over all possible protocols
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<latexit sha1_base64="Rcorl7fluN4TASDicY96NsM8K28=">AAAB/3icbVBNS8NAEJ3Ur1q/ooIXL4tF8FQSEfRY9OKxgm2FJpTNdtMu3WyW3Y1QYg7+FS8eFPHq3/Dmv3H7gWjrg4HHezPMzIskZ9p43pdTWlpeWV0rr1c2Nre2d9zdvZZOM0Vok6Q8VXcR1pQzQZuGGU7vpKI4iThtR8Orsd++p0qzVNyakaRhgvuCxYxgY6WuexBIlUqToiBWmOR+kQcGZ0XXrXo1bwL0Q/x5UoUZGl33M+ilJEuoMIRjrTu+J02YY2UY4bSoBJmmEpMh7tOOpQInVIf55P4CHVulh+JU2RIGTdTfEzlOtB4lke1MsBnoeW8s/ud1MhNfhDkTMjNUkOmiOOPI/jsOA/WYosTwkSWYKGZvRWSAbRDGRlaxISy8vEhapzXfq/k3Z9X65SyOMhzCEZyAD+dQh2toQBMIPMATvMCr8+g8O2/O+7S15Mxm9uEPnI9vgU+WZw==</latexit><latexit sha1_base64="Rcorl7fluN4TASDicY96NsM8K28=">AAAB/3icbVBNS8NAEJ3Ur1q/ooIXL4tF8FQSEfRY9OKxgm2FJpTNdtMu3WyW3Y1QYg7+FS8eFPHq3/Dmv3H7gWjrg4HHezPMzIskZ9p43pdTWlpeWV0rr1c2Nre2d9zdvZZOM0Vok6Q8VXcR1pQzQZuGGU7vpKI4iThtR8Orsd++p0qzVNyakaRhgvuCxYxgY6WuexBIlUqToiBWmOR+kQcGZ0XXrXo1bwL0Q/x5UoUZGl33M+ilJEuoMIRjrTu+J02YY2UY4bSoBJmmEpMh7tOOpQInVIf55P4CHVulh+JU2RIGTdTfEzlOtB4lke1MsBnoeW8s/ud1MhNfhDkTMjNUkOmiOOPI/jsOA/WYosTwkSWYKGZvRWSAbRDGRlaxISy8vEhapzXfq/k3Z9X65SyOMhzCEZyAD+dQh2toQBMIPMATvMCr8+g8O2/O+7S15Mxm9uEPnI9vgU+WZw==</latexit><latexit sha1_base64="Rcorl7fluN4TASDicY96NsM8K28=">AAAB/3icbVBNS8NAEJ3Ur1q/ooIXL4tF8FQSEfRY9OKxgm2FJpTNdtMu3WyW3Y1QYg7+FS8eFPHq3/Dmv3H7gWjrg4HHezPMzIskZ9p43pdTWlpeWV0rr1c2Nre2d9zdvZZOM0Vok6Q8VXcR1pQzQZuGGU7vpKI4iThtR8Orsd++p0qzVNyakaRhgvuCxYxgY6WuexBIlUqToiBWmOR+kQcGZ0XXrXo1bwL0Q/x5UoUZGl33M+ilJEuoMIRjrTu+J02YY2UY4bSoBJmmEpMh7tOOpQInVIf55P4CHVulh+JU2RIGTdTfEzlOtB4lke1MsBnoeW8s/ud1MhNfhDkTMjNUkOmiOOPI/jsOA/WYosTwkSWYKGZvRWSAbRDGRlaxISy8vEhapzXfq/k3Z9X65SyOMhzCEZyAD+dQh2toQBMIPMATvMCr8+g8O2/O+7S15Mxm9uEPnI9vgU+WZw==</latexit><latexit sha1_base64="Rcorl7fluN4TASDicY96NsM8K28=">AAAB/3icbVBNS8NAEJ3Ur1q/ooIXL4tF8FQSEfRY9OKxgm2FJpTNdtMu3WyW3Y1QYg7+FS8eFPHq3/Dmv3H7gWjrg4HHezPMzIskZ9p43pdTWlpeWV0rr1c2Nre2d9zdvZZOM0Vok6Q8VXcR1pQzQZuGGU7vpKI4iThtR8Orsd++p0qzVNyakaRhgvuCxYxgY6WuexBIlUqToiBWmOR+kQcGZ0XXrXo1bwL0Q/x5UoUZGl33M+ilJEuoMIRjrTu+J02YY2UY4bSoBJmmEpMh7tOOpQInVIf55P4CHVulh+JU2RIGTdTfEzlOtB4lke1MsBnoeW8s/ud1MhNfhDkTMjNUkOmiOOPI/jsOA/WYosTwkSWYKGZvRWSAbRDGRlaxISy8vEhapzXfq/k3Z9X65SyOMhzCEZyAD+dQh2toQBMIPMATvMCr8+g8O2/O+7S15Mxm9uEPnI9vgU+WZw==</latexit>

Stochastic Control

Mean protocol duration h⌧i⌦
<latexit sha1_base64="peoqWEqnRSoCvG8mlR9atUETwtE="></latexit><latexit sha1_base64="peoqWEqnRSoCvG8mlR9atUETwtE="></latexit><latexit sha1_base64="peoqWEqnRSoCvG8mlR9atUETwtE="></latexit><latexit sha1_base64="peoqWEqnRSoCvG8mlR9atUETwtE="></latexit>
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<latexit sha1_base64="uSP1TSAS0l2aEwCArtNNLcx7p+Y=">AAACC3icbVDLSsNAFJ3UV62vqks3Q4vgqiQi6LLoxp0V7AOaECbTm3ToZBJmJmIJ3bvxV9y4UMStP+DOv3HaZqGtBy6cOede5t4TpJwpbdvfVmlldW19o7xZ2dre2d2r7h90VJJJCm2a8ET2AqKAMwFtzTSHXiqBxAGHbjC6mvrde5CKJeJOj1PwYhIJFjJKtJH8as3lREQccNfPXRVieJi4cqaY900MEZn41brdsGfAy8QpSB0VaPnVL3eQ0CwGoSknSvUdO9VeTqRmlMOk4mYKUkJHJIK+oYLEoLx8dssEHxtlgMNEmhIaz9TfEzmJlRrHgemMiR6qRW8q/uf1Mx1eeDkTaaZB0PlHYcaxTvA0GDxgEqjmY0MIlczsiumQSEK1ia9iQnAWT14mndOGYzec27N687KIo4yOUA2dIAedoya6Ri3URhQ9omf0it6sJ+vFerc+5q0lq5g5RH9gff4AXMybPw==</latexit><latexit sha1_base64="uSP1TSAS0l2aEwCArtNNLcx7p+Y=">AAACC3icbVDLSsNAFJ3UV62vqks3Q4vgqiQi6LLoxp0V7AOaECbTm3ToZBJmJmIJ3bvxV9y4UMStP+DOv3HaZqGtBy6cOede5t4TpJwpbdvfVmlldW19o7xZ2dre2d2r7h90VJJJCm2a8ET2AqKAMwFtzTSHXiqBxAGHbjC6mvrde5CKJeJOj1PwYhIJFjJKtJH8as3lREQccNfPXRVieJi4cqaY900MEZn41brdsGfAy8QpSB0VaPnVL3eQ0CwGoSknSvUdO9VeTqRmlMOk4mYKUkJHJIK+oYLEoLx8dssEHxtlgMNEmhIaz9TfEzmJlRrHgemMiR6qRW8q/uf1Mx1eeDkTaaZB0PlHYcaxTvA0GDxgEqjmY0MIlczsiumQSEK1ia9iQnAWT14mndOGYzec27N687KIo4yOUA2dIAedoya6Ri3URhQ9omf0it6sJ+vFerc+5q0lq5g5RH9gff4AXMybPw==</latexit><latexit sha1_base64="uSP1TSAS0l2aEwCArtNNLcx7p+Y=">AAACC3icbVDLSsNAFJ3UV62vqks3Q4vgqiQi6LLoxp0V7AOaECbTm3ToZBJmJmIJ3bvxV9y4UMStP+DOv3HaZqGtBy6cOede5t4TpJwpbdvfVmlldW19o7xZ2dre2d2r7h90VJJJCm2a8ET2AqKAMwFtzTSHXiqBxAGHbjC6mvrde5CKJeJOj1PwYhIJFjJKtJH8as3lREQccNfPXRVieJi4cqaY900MEZn41brdsGfAy8QpSB0VaPnVL3eQ0CwGoSknSvUdO9VeTqRmlMOk4mYKUkJHJIK+oYLEoLx8dssEHxtlgMNEmhIaz9TfEzmJlRrHgemMiR6qRW8q/uf1Mx1eeDkTaaZB0PlHYcaxTvA0GDxgEqjmY0MIlczsiumQSEK1ia9iQnAWT14mndOGYzec27N687KIo4yOUA2dIAedoya6Ri3URhQ9omf0it6sJ+vFerc+5q0lq5g5RH9gff4AXMybPw==</latexit><latexit sha1_base64="uSP1TSAS0l2aEwCArtNNLcx7p+Y=">AAACC3icbVDLSsNAFJ3UV62vqks3Q4vgqiQi6LLoxp0V7AOaECbTm3ToZBJmJmIJ3bvxV9y4UMStP+DOv3HaZqGtBy6cOede5t4TpJwpbdvfVmlldW19o7xZ2dre2d2r7h90VJJJCm2a8ET2AqKAMwFtzTSHXiqBxAGHbjC6mvrde5CKJeJOj1PwYhIJFjJKtJH8as3lREQccNfPXRVieJi4cqaY900MEZn41brdsGfAy8QpSB0VaPnVL3eQ0CwGoSknSvUdO9VeTqRmlMOk4mYKUkJHJIK+oYLEoLx8dssEHxtlgMNEmhIaz9TfEzmJlRrHgemMiR6qRW8q/uf1Mx1eeDkTaaZB0PlHYcaxTvA0GDxgEqjmY0MIlczsiumQSEK1ia9iQnAWT14mndOGYzec27N687KIo4yOUA2dIAedoya6Ri3URhQ9omf0it6sJ+vFerc+5q0lq5g5RH9gff4AXMybPw==</latexit>
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Correction termExcess work of average protocol

Protocol ensemble 
average

• For a stochastically driven process, we are interested in the 
average excess work, over all possible protocols
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Stochastic Control

Mean protocol duration h⌧i⌦
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Mean protocol duration h⌧i⌦
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Conclusions/continuing work

• Molecular machines are driven by chemical reactions, which 
are modelled as discrete processes

• Fluctuations in control parameter dynamics penalize slow 
operation
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Protocol duration!
<latexit sha1_base64="L1+s3BMNHLY/j5Zvpgw2SVv1BF0=">AAACCnicbVC7TsMwFHV4lvIKMLIYKiSmKkFIMFawMBaJPqQmqhzHaa06cWTfIKqoMwu/wsIAQqx8ARt/g5tmgJYjXenonHvte0+QCq7Bcb6tpeWV1bX1ykZ1c2t7Z9fe229rmSnKWlQKqboB0UzwhLWAg2DdVDESB4J1gtH11O/cM6W5TO5gnDI/JoOER5wSMFLfPvKAPUDu6Qg3lQRpXsRhpgoXTzwgWd+uOXWnAF4kbklqqESzb395oaRZzBKggmjdc50U/Jwo4FSwSdXLNEsJHZEB6xmakJhpPy9OmeATo4Q4kspUArhQf0/kJNZ6HAemMyYw1PPeVPzP62UQXfo5T9IMWEJnH0WZwCDxNBcccsUoiLEhhCpudsV0SBShYNKrmhDc+ZMXSfus7jp19/a81rgq46igQ3SMTpGLLlAD3aAmaiGKHtEzekVv1pP1Yr1bH7PWJaucOUB/YH3+AOP6mwE=</latexit><latexit sha1_base64="L1+s3BMNHLY/j5Zvpgw2SVv1BF0=">AAACCnicbVC7TsMwFHV4lvIKMLIYKiSmKkFIMFawMBaJPqQmqhzHaa06cWTfIKqoMwu/wsIAQqx8ARt/g5tmgJYjXenonHvte0+QCq7Bcb6tpeWV1bX1ykZ1c2t7Z9fe229rmSnKWlQKqboB0UzwhLWAg2DdVDESB4J1gtH11O/cM6W5TO5gnDI/JoOER5wSMFLfPvKAPUDu6Qg3lQRpXsRhpgoXTzwgWd+uOXWnAF4kbklqqESzb395oaRZzBKggmjdc50U/Jwo4FSwSdXLNEsJHZEB6xmakJhpPy9OmeATo4Q4kspUArhQf0/kJNZ6HAemMyYw1PPeVPzP62UQXfo5T9IMWEJnH0WZwCDxNBcccsUoiLEhhCpudsV0SBShYNKrmhDc+ZMXSfus7jp19/a81rgq46igQ3SMTpGLLlAD3aAmaiGKHtEzekVv1pP1Yr1bH7PWJaucOUB/YH3+AOP6mwE=</latexit><latexit sha1_base64="L1+s3BMNHLY/j5Zvpgw2SVv1BF0=">AAACCnicbVC7TsMwFHV4lvIKMLIYKiSmKkFIMFawMBaJPqQmqhzHaa06cWTfIKqoMwu/wsIAQqx8ARt/g5tmgJYjXenonHvte0+QCq7Bcb6tpeWV1bX1ykZ1c2t7Z9fe229rmSnKWlQKqboB0UzwhLWAg2DdVDESB4J1gtH11O/cM6W5TO5gnDI/JoOER5wSMFLfPvKAPUDu6Qg3lQRpXsRhpgoXTzwgWd+uOXWnAF4kbklqqESzb395oaRZzBKggmjdc50U/Jwo4FSwSdXLNEsJHZEB6xmakJhpPy9OmeATo4Q4kspUArhQf0/kJNZ6HAemMyYw1PPeVPzP62UQXfo5T9IMWEJnH0WZwCDxNBcccsUoiLEhhCpudsV0SBShYNKrmhDc+ZMXSfus7jp19/a81rgq46igQ3SMTpGLLlAD3aAmaiGKHtEzekVv1pP1Yr1bH7PWJaucOUB/YH3+AOP6mwE=</latexit><latexit sha1_base64="L1+s3BMNHLY/j5Zvpgw2SVv1BF0=">AAACCnicbVC7TsMwFHV4lvIKMLIYKiSmKkFIMFawMBaJPqQmqhzHaa06cWTfIKqoMwu/wsIAQqx8ARt/g5tmgJYjXenonHvte0+QCq7Bcb6tpeWV1bX1ykZ1c2t7Z9fe229rmSnKWlQKqboB0UzwhLWAg2DdVDESB4J1gtH11O/cM6W5TO5gnDI/JoOER5wSMFLfPvKAPUDu6Qg3lQRpXsRhpgoXTzwgWd+uOXWnAF4kbklqqESzb395oaRZzBKggmjdc50U/Jwo4FSwSdXLNEsJHZEB6xmakJhpPy9OmeATo4Q4kspUArhQf0/kJNZ6HAemMyYw1PPeVPzP62UQXfo5T9IMWEJnH0WZwCDxNBcccsUoiLEhhCpudsV0SBShYNKrmhDc+ZMXSfus7jp19/a81rgq46igQ3SMTpGLLlAD3aAmaiGKHtEzekVv1pP1Yr1bH7PWJaucOUB/YH3+AOP6mwE=</latexit>
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<latexit sha1_base64="C5uWKgnA9a1Ovd8dzCuo8JDHDdQ=">AAACDHicbVC7TsMwFHV4lvIqMLJYVEhMVYKQYKxgYWAoEn1ITVQ5zk1r1XEi20FUUT6AhV9hYQAhVj6Ajb/BTTNAy5EsHZ9z77Xv8RPOlLbtb2tpeWV1bb2yUd3c2t7Zre3td1ScSgptGvNY9nyigDMBbc00h14igUQ+h64/vpr63XuQisXiTk8S8CIyFCxklGgjDWp1lxMx5IC7g8yVEYaH3JWFYu43Zk5AclNlN+wCeJE4JamjEq1B7csNYppGIDTlRKm+Yyfay4jUjHLIq26qICF0TIbQN1SQCJSXFcvk+NgoAQ5jaY7QuFB/d2QkUmoS+aYyInqk5r2p+J/XT3V44WVMJKkGQWcPhSnHOsbTZHDAJFDNJ4YQKpn5K6YjIgnVJr+qCcGZX3mRdE4bjt1wbs/qzcsyjgo6REfoBDnoHDXRNWqhNqLoET2jV/RmPVkv1rv1MStdssqeA/QH1ucPHgKbpw==</latexit><latexit sha1_base64="C5uWKgnA9a1Ovd8dzCuo8JDHDdQ=">AAACDHicbVC7TsMwFHV4lvIqMLJYVEhMVYKQYKxgYWAoEn1ITVQ5zk1r1XEi20FUUT6AhV9hYQAhVj6Ajb/BTTNAy5EsHZ9z77Xv8RPOlLbtb2tpeWV1bb2yUd3c2t7Zre3td1ScSgptGvNY9nyigDMBbc00h14igUQ+h64/vpr63XuQisXiTk8S8CIyFCxklGgjDWp1lxMx5IC7g8yVEYaH3JWFYu43Zk5AclNlN+wCeJE4JamjEq1B7csNYppGIDTlRKm+Yyfay4jUjHLIq26qICF0TIbQN1SQCJSXFcvk+NgoAQ5jaY7QuFB/d2QkUmoS+aYyInqk5r2p+J/XT3V44WVMJKkGQWcPhSnHOsbTZHDAJFDNJ4YQKpn5K6YjIgnVJr+qCcGZX3mRdE4bjt1wbs/qzcsyjgo6REfoBDnoHDXRNWqhNqLoET2jV/RmPVkv1rv1MStdssqeA/QH1ucPHgKbpw==</latexit><latexit sha1_base64="C5uWKgnA9a1Ovd8dzCuo8JDHDdQ=">AAACDHicbVC7TsMwFHV4lvIqMLJYVEhMVYKQYKxgYWAoEn1ITVQ5zk1r1XEi20FUUT6AhV9hYQAhVj6Ajb/BTTNAy5EsHZ9z77Xv8RPOlLbtb2tpeWV1bb2yUd3c2t7Zre3td1ScSgptGvNY9nyigDMBbc00h14igUQ+h64/vpr63XuQisXiTk8S8CIyFCxklGgjDWp1lxMx5IC7g8yVEYaH3JWFYu43Zk5AclNlN+wCeJE4JamjEq1B7csNYppGIDTlRKm+Yyfay4jUjHLIq26qICF0TIbQN1SQCJSXFcvk+NgoAQ5jaY7QuFB/d2QkUmoS+aYyInqk5r2p+J/XT3V44WVMJKkGQWcPhSnHOsbTZHDAJFDNJ4YQKpn5K6YjIgnVJr+qCcGZX3mRdE4bjt1wbs/qzcsyjgo6REfoBDnoHDXRNWqhNqLoET2jV/RmPVkv1rv1MStdssqeA/QH1ucPHgKbpw==</latexit><latexit sha1_base64="C5uWKgnA9a1Ovd8dzCuo8JDHDdQ=">AAACDHicbVC7TsMwFHV4lvIqMLJYVEhMVYKQYKxgYWAoEn1ITVQ5zk1r1XEi20FUUT6AhV9hYQAhVj6Ajb/BTTNAy5EsHZ9z77Xv8RPOlLbtb2tpeWV1bb2yUd3c2t7Zre3td1ScSgptGvNY9nyigDMBbc00h14igUQ+h64/vpr63XuQisXiTk8S8CIyFCxklGgjDWp1lxMx5IC7g8yVEYaH3JWFYu43Zk5AclNlN+wCeJE4JamjEq1B7csNYppGIDTlRKm+Yyfay4jUjHLIq26qICF0TIbQN1SQCJSXFcvk+NgoAQ5jaY7QuFB/d2QkUmoS+aYyInqk5r2p+J/XT3V44WVMJKkGQWcPhSnHOsbTZHDAJFDNJ4YQKpn5K6YjIgnVJr+qCcGZX3mRdE4bjt1wbs/qzcsyjgo6REfoBDnoHDXRNWqhNqLoET2jV/RmPVkv1rv1MStdssqeA/QH1ucPHgKbpw==</latexit>



Conclusions/continuing work

• Molecular machines are driven by chemical reactions, which 
are modelled as discrete processes

• Fluctuations in control parameter dynamics penalize slow 
operation

Mean protocol duration h⌧i⌦
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<latexit sha1_base64="fj2GlbaoE7lfqHYJki4RI45yAKQ=">AAACTXicbVFLSwMxGMzWR2t9VT16CRZBEMquCHoRil48VrAP6NYlm37bBrPZNcmKy9I/6EXw5r/w4kERMX0o2nYgMMzMx5dM/JgzpW37xcotLC4t5wsrxdW19Y3N0tZ2Q0WJpFCnEY9kyycKOBNQ10xzaMUSSOhzaPq3F0O/eQ9SsUhc6zSGTkh6ggWMEm0kr9R1ORE9DrjpZa4MMTwMXDlWzvCsd5O5TAQ6/Q0dzg8ZIuDuJ+WVynbFHgHPEmdCymiCmld6drsRTUIQmnKiVNuxY93JiNSMchgU3URBTOgt6UHbUEFCUJ1s1MYA7xuli4NImiM0Hql/JzISKpWGvkmGRPfVtDcU53ntRAennYyJONEg6HhRkHCsIzysFneZBKp5agihkpm7YtonklBtPqBoSnCmnzxLGkcVx644V8fl6vmkjgLaRXvoADnoBFXRJaqhOqLoEb2id/RhPVlv1qf1NY7mrMnMDvqHXP4bgPq1Sw==</latexit><latexit sha1_base64="fj2GlbaoE7lfqHYJki4RI45yAKQ=">AAACTXicbVFLSwMxGMzWR2t9VT16CRZBEMquCHoRil48VrAP6NYlm37bBrPZNcmKy9I/6EXw5r/w4kERMX0o2nYgMMzMx5dM/JgzpW37xcotLC4t5wsrxdW19Y3N0tZ2Q0WJpFCnEY9kyycKOBNQ10xzaMUSSOhzaPq3F0O/eQ9SsUhc6zSGTkh6ggWMEm0kr9R1ORE9DrjpZa4MMTwMXDlWzvCsd5O5TAQ6/Q0dzg8ZIuDuJ+WVynbFHgHPEmdCymiCmld6drsRTUIQmnKiVNuxY93JiNSMchgU3URBTOgt6UHbUEFCUJ1s1MYA7xuli4NImiM0Hql/JzISKpWGvkmGRPfVtDcU53ntRAennYyJONEg6HhRkHCsIzysFneZBKp5agihkpm7YtonklBtPqBoSnCmnzxLGkcVx644V8fl6vmkjgLaRXvoADnoBFXRJaqhOqLoEb2id/RhPVlv1qf1NY7mrMnMDvqHXP4bgPq1Sw==</latexit><latexit sha1_base64="fj2GlbaoE7lfqHYJki4RI45yAKQ=">AAACTXicbVFLSwMxGMzWR2t9VT16CRZBEMquCHoRil48VrAP6NYlm37bBrPZNcmKy9I/6EXw5r/w4kERMX0o2nYgMMzMx5dM/JgzpW37xcotLC4t5wsrxdW19Y3N0tZ2Q0WJpFCnEY9kyycKOBNQ10xzaMUSSOhzaPq3F0O/eQ9SsUhc6zSGTkh6ggWMEm0kr9R1ORE9DrjpZa4MMTwMXDlWzvCsd5O5TAQ6/Q0dzg8ZIuDuJ+WVynbFHgHPEmdCymiCmld6drsRTUIQmnKiVNuxY93JiNSMchgU3URBTOgt6UHbUEFCUJ1s1MYA7xuli4NImiM0Hql/JzISKpWGvkmGRPfVtDcU53ntRAennYyJONEg6HhRkHCsIzysFneZBKp5agihkpm7YtonklBtPqBoSnCmnzxLGkcVx644V8fl6vmkjgLaRXvoADnoBFXRJaqhOqLoEb2id/RhPVlv1qf1NY7mrMnMDvqHXP4bgPq1Sw==</latexit><latexit sha1_base64="fj2GlbaoE7lfqHYJki4RI45yAKQ=">AAACTXicbVFLSwMxGMzWR2t9VT16CRZBEMquCHoRil48VrAP6NYlm37bBrPZNcmKy9I/6EXw5r/w4kERMX0o2nYgMMzMx5dM/JgzpW37xcotLC4t5wsrxdW19Y3N0tZ2Q0WJpFCnEY9kyycKOBNQ10xzaMUSSOhzaPq3F0O/eQ9SsUhc6zSGTkh6ggWMEm0kr9R1ORE9DrjpZa4MMTwMXDlWzvCsd5O5TAQ6/Q0dzg8ZIuDuJ+WVynbFHgHPEmdCymiCmld6drsRTUIQmnKiVNuxY93JiNSMchgU3URBTOgt6UHbUEFCUJ1s1MYA7xuli4NImiM0Hql/JzISKpWGvkmGRPfVtDcU53ntRAennYyJONEg6HhRkHCsIzysFneZBKp5agihkpm7YtonklBtPqBoSnCmnzxLGkcVx644V8fl6vmkjgLaRXvoADnoBFXRJaqhOqLoEb2id/RhPVlv1qf1NY7mrMnMDvqHXP4bgPq1Sw==</latexit>

• Finite duration minimum work

• Thermodynamic justification for rapid operation

S. J. Large, R. Chetrite & D. A. Sivak, EPL, 2018, 124, 20001

Protocol duration!
<latexit sha1_base64="L1+s3BMNHLY/j5Zvpgw2SVv1BF0=">AAACCnicbVC7TsMwFHV4lvIKMLIYKiSmKkFIMFawMBaJPqQmqhzHaa06cWTfIKqoMwu/wsIAQqx8ARt/g5tmgJYjXenonHvte0+QCq7Bcb6tpeWV1bX1ykZ1c2t7Z9fe229rmSnKWlQKqboB0UzwhLWAg2DdVDESB4J1gtH11O/cM6W5TO5gnDI/JoOER5wSMFLfPvKAPUDu6Qg3lQRpXsRhpgoXTzwgWd+uOXWnAF4kbklqqESzb395oaRZzBKggmjdc50U/Jwo4FSwSdXLNEsJHZEB6xmakJhpPy9OmeATo4Q4kspUArhQf0/kJNZ6HAemMyYw1PPeVPzP62UQXfo5T9IMWEJnH0WZwCDxNBcccsUoiLEhhCpudsV0SBShYNKrmhDc+ZMXSfus7jp19/a81rgq46igQ3SMTpGLLlAD3aAmaiGKHtEzekVv1pP1Yr1bH7PWJaucOUB/YH3+AOP6mwE=</latexit><latexit sha1_base64="L1+s3BMNHLY/j5Zvpgw2SVv1BF0=">AAACCnicbVC7TsMwFHV4lvIKMLIYKiSmKkFIMFawMBaJPqQmqhzHaa06cWTfIKqoMwu/wsIAQqx8ARt/g5tmgJYjXenonHvte0+QCq7Bcb6tpeWV1bX1ykZ1c2t7Z9fe229rmSnKWlQKqboB0UzwhLWAg2DdVDESB4J1gtH11O/cM6W5TO5gnDI/JoOER5wSMFLfPvKAPUDu6Qg3lQRpXsRhpgoXTzwgWd+uOXWnAF4kbklqqESzb395oaRZzBKggmjdc50U/Jwo4FSwSdXLNEsJHZEB6xmakJhpPy9OmeATo4Q4kspUArhQf0/kJNZ6HAemMyYw1PPeVPzP62UQXfo5T9IMWEJnH0WZwCDxNBcccsUoiLEhhCpudsV0SBShYNKrmhDc+ZMXSfus7jp19/a81rgq46igQ3SMTpGLLlAD3aAmaiGKHtEzekVv1pP1Yr1bH7PWJaucOUB/YH3+AOP6mwE=</latexit><latexit sha1_base64="L1+s3BMNHLY/j5Zvpgw2SVv1BF0=">AAACCnicbVC7TsMwFHV4lvIKMLIYKiSmKkFIMFawMBaJPqQmqhzHaa06cWTfIKqoMwu/wsIAQqx8ARt/g5tmgJYjXenonHvte0+QCq7Bcb6tpeWV1bX1ykZ1c2t7Z9fe229rmSnKWlQKqboB0UzwhLWAg2DdVDESB4J1gtH11O/cM6W5TO5gnDI/JoOER5wSMFLfPvKAPUDu6Qg3lQRpXsRhpgoXTzwgWd+uOXWnAF4kbklqqESzb395oaRZzBKggmjdc50U/Jwo4FSwSdXLNEsJHZEB6xmakJhpPy9OmeATo4Q4kspUArhQf0/kJNZ6HAemMyYw1PPeVPzP62UQXfo5T9IMWEJnH0WZwCDxNBcccsUoiLEhhCpudsV0SBShYNKrmhDc+ZMXSfus7jp19/a81rgq46igQ3SMTpGLLlAD3aAmaiGKHtEzekVv1pP1Yr1bH7PWJaucOUB/YH3+AOP6mwE=</latexit><latexit sha1_base64="L1+s3BMNHLY/j5Zvpgw2SVv1BF0=">AAACCnicbVC7TsMwFHV4lvIKMLIYKiSmKkFIMFawMBaJPqQmqhzHaa06cWTfIKqoMwu/wsIAQqx8ARt/g5tmgJYjXenonHvte0+QCq7Bcb6tpeWV1bX1ykZ1c2t7Z9fe229rmSnKWlQKqboB0UzwhLWAg2DdVDESB4J1gtH11O/cM6W5TO5gnDI/JoOER5wSMFLfPvKAPUDu6Qg3lQRpXsRhpgoXTzwgWd+uOXWnAF4kbklqqESzb395oaRZzBKggmjdc50U/Jwo4FSwSdXLNEsJHZEB6xmakJhpPy9OmeATo4Q4kspUArhQf0/kJNZ6HAemMyYw1PPeVPzP62UQXfo5T9IMWEJnH0WZwCDxNBcccsUoiLEhhCpudsV0SBShYNKrmhDc+ZMXSfus7jp19/a81rgq46igQ3SMTpGLLlAD3aAmaiGKHtEzekVv1pP1Yr1bH7PWJaucOUB/YH3+AOP6mwE=</latexit>
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<latexit sha1_base64="C5uWKgnA9a1Ovd8dzCuo8JDHDdQ=">AAACDHicbVC7TsMwFHV4lvIqMLJYVEhMVYKQYKxgYWAoEn1ITVQ5zk1r1XEi20FUUT6AhV9hYQAhVj6Ajb/BTTNAy5EsHZ9z77Xv8RPOlLbtb2tpeWV1bb2yUd3c2t7Zre3td1ScSgptGvNY9nyigDMBbc00h14igUQ+h64/vpr63XuQisXiTk8S8CIyFCxklGgjDWp1lxMx5IC7g8yVEYaH3JWFYu43Zk5AclNlN+wCeJE4JamjEq1B7csNYppGIDTlRKm+Yyfay4jUjHLIq26qICF0TIbQN1SQCJSXFcvk+NgoAQ5jaY7QuFB/d2QkUmoS+aYyInqk5r2p+J/XT3V44WVMJKkGQWcPhSnHOsbTZHDAJFDNJ4YQKpn5K6YjIgnVJr+qCcGZX3mRdE4bjt1wbs/qzcsyjgo6REfoBDnoHDXRNWqhNqLoET2jV/RmPVkv1rv1MStdssqeA/QH1ucPHgKbpw==</latexit><latexit sha1_base64="C5uWKgnA9a1Ovd8dzCuo8JDHDdQ=">AAACDHicbVC7TsMwFHV4lvIqMLJYVEhMVYKQYKxgYWAoEn1ITVQ5zk1r1XEi20FUUT6AhV9hYQAhVj6Ajb/BTTNAy5EsHZ9z77Xv8RPOlLbtb2tpeWV1bb2yUd3c2t7Zre3td1ScSgptGvNY9nyigDMBbc00h14igUQ+h64/vpr63XuQisXiTk8S8CIyFCxklGgjDWp1lxMx5IC7g8yVEYaH3JWFYu43Zk5AclNlN+wCeJE4JamjEq1B7csNYppGIDTlRKm+Yyfay4jUjHLIq26qICF0TIbQN1SQCJSXFcvk+NgoAQ5jaY7QuFB/d2QkUmoS+aYyInqk5r2p+J/XT3V44WVMJKkGQWcPhSnHOsbTZHDAJFDNJ4YQKpn5K6YjIgnVJr+qCcGZX3mRdE4bjt1wbs/qzcsyjgo6REfoBDnoHDXRNWqhNqLoET2jV/RmPVkv1rv1MStdssqeA/QH1ucPHgKbpw==</latexit><latexit sha1_base64="C5uWKgnA9a1Ovd8dzCuo8JDHDdQ=">AAACDHicbVC7TsMwFHV4lvIqMLJYVEhMVYKQYKxgYWAoEn1ITVQ5zk1r1XEi20FUUT6AhV9hYQAhVj6Ajb/BTTNAy5EsHZ9z77Xv8RPOlLbtb2tpeWV1bb2yUd3c2t7Zre3td1ScSgptGvNY9nyigDMBbc00h14igUQ+h64/vpr63XuQisXiTk8S8CIyFCxklGgjDWp1lxMx5IC7g8yVEYaH3JWFYu43Zk5AclNlN+wCeJE4JamjEq1B7csNYppGIDTlRKm+Yyfay4jUjHLIq26qICF0TIbQN1SQCJSXFcvk+NgoAQ5jaY7QuFB/d2QkUmoS+aYyInqk5r2p+J/XT3V44WVMJKkGQWcPhSnHOsbTZHDAJFDNJ4YQKpn5K6YjIgnVJr+qCcGZX3mRdE4bjt1wbs/qzcsyjgo6REfoBDnoHDXRNWqhNqLoET2jV/RmPVkv1rv1MStdssqeA/QH1ucPHgKbpw==</latexit><latexit sha1_base64="C5uWKgnA9a1Ovd8dzCuo8JDHDdQ=">AAACDHicbVC7TsMwFHV4lvIqMLJYVEhMVYKQYKxgYWAoEn1ITVQ5zk1r1XEi20FUUT6AhV9hYQAhVj6Ajb/BTTNAy5EsHZ9z77Xv8RPOlLbtb2tpeWV1bb2yUd3c2t7Zre3td1ScSgptGvNY9nyigDMBbc00h14igUQ+h64/vpr63XuQisXiTk8S8CIyFCxklGgjDWp1lxMx5IC7g8yVEYaH3JWFYu43Zk5AclNlN+wCeJE4JamjEq1B7csNYppGIDTlRKm+Yyfay4jUjHLIq26qICF0TIbQN1SQCJSXFcvk+NgoAQ5jaY7QuFB/d2QkUmoS+aYyInqk5r2p+J/XT3V44WVMJKkGQWcPhSnHOsbTZHDAJFDNJ4YQKpn5K6YjIgnVJr+qCcGZX3mRdE4bjt1wbs/qzcsyjgo6REfoBDnoHDXRNWqhNqLoET2jV/RmPVkv1rv1MStdssqeA/QH1ucPHgKbpw==</latexit>



Conclusions/continuing work

• Molecular machines are driven by chemical reactions, which 
are modelled as discrete processes

• Fluctuations in control parameter dynamics penalize slow 
operation

Mean protocol duration h⌧i⌦
<latexit sha1_base64="peoqWEqnRSoCvG8mlR9atUETwtE="></latexit><latexit sha1_base64="peoqWEqnRSoCvG8mlR9atUETwtE="></latexit><latexit sha1_base64="peoqWEqnRSoCvG8mlR9atUETwtE="></latexit><latexit sha1_base64="peoqWEqnRSoCvG8mlR9atUETwtE="></latexit>
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<latexit sha1_base64="uSP1TSAS0l2aEwCArtNNLcx7p+Y=">AAACC3icbVDLSsNAFJ3UV62vqks3Q4vgqiQi6LLoxp0V7AOaECbTm3ToZBJmJmIJ3bvxV9y4UMStP+DOv3HaZqGtBy6cOede5t4TpJwpbdvfVmlldW19o7xZ2dre2d2r7h90VJJJCm2a8ET2AqKAMwFtzTSHXiqBxAGHbjC6mvrde5CKJeJOj1PwYhIJFjJKtJH8as3lREQccNfPXRVieJi4cqaY900MEZn41brdsGfAy8QpSB0VaPnVL3eQ0CwGoSknSvUdO9VeTqRmlMOk4mYKUkJHJIK+oYLEoLx8dssEHxtlgMNEmhIaz9TfEzmJlRrHgemMiR6qRW8q/uf1Mx1eeDkTaaZB0PlHYcaxTvA0GDxgEqjmY0MIlczsiumQSEK1ia9iQnAWT14mndOGYzec27N687KIo4yOUA2dIAedoya6Ri3URhQ9omf0it6sJ+vFerc+5q0lq5g5RH9gff4AXMybPw==</latexit><latexit sha1_base64="uSP1TSAS0l2aEwCArtNNLcx7p+Y=">AAACC3icbVDLSsNAFJ3UV62vqks3Q4vgqiQi6LLoxp0V7AOaECbTm3ToZBJmJmIJ3bvxV9y4UMStP+DOv3HaZqGtBy6cOede5t4TpJwpbdvfVmlldW19o7xZ2dre2d2r7h90VJJJCm2a8ET2AqKAMwFtzTSHXiqBxAGHbjC6mvrde5CKJeJOj1PwYhIJFjJKtJH8as3lREQccNfPXRVieJi4cqaY900MEZn41brdsGfAy8QpSB0VaPnVL3eQ0CwGoSknSvUdO9VeTqRmlMOk4mYKUkJHJIK+oYLEoLx8dssEHxtlgMNEmhIaz9TfEzmJlRrHgemMiR6qRW8q/uf1Mx1eeDkTaaZB0PlHYcaxTvA0GDxgEqjmY0MIlczsiumQSEK1ia9iQnAWT14mndOGYzec27N687KIo4yOUA2dIAedoya6Ri3URhQ9omf0it6sJ+vFerc+5q0lq5g5RH9gff4AXMybPw==</latexit><latexit sha1_base64="uSP1TSAS0l2aEwCArtNNLcx7p+Y=">AAACC3icbVDLSsNAFJ3UV62vqks3Q4vgqiQi6LLoxp0V7AOaECbTm3ToZBJmJmIJ3bvxV9y4UMStP+DOv3HaZqGtBy6cOede5t4TpJwpbdvfVmlldW19o7xZ2dre2d2r7h90VJJJCm2a8ET2AqKAMwFtzTSHXiqBxAGHbjC6mvrde5CKJeJOj1PwYhIJFjJKtJH8as3lREQccNfPXRVieJi4cqaY900MEZn41brdsGfAy8QpSB0VaPnVL3eQ0CwGoSknSvUdO9VeTqRmlMOk4mYKUkJHJIK+oYLEoLx8dssEHxtlgMNEmhIaz9TfEzmJlRrHgemMiR6qRW8q/uf1Mx1eeDkTaaZB0PlHYcaxTvA0GDxgEqjmY0MIlczsiumQSEK1ia9iQnAWT14mndOGYzec27N687KIo4yOUA2dIAedoya6Ri3URhQ9omf0it6sJ+vFerc+5q0lq5g5RH9gff4AXMybPw==</latexit><latexit sha1_base64="uSP1TSAS0l2aEwCArtNNLcx7p+Y=">AAACC3icbVDLSsNAFJ3UV62vqks3Q4vgqiQi6LLoxp0V7AOaECbTm3ToZBJmJmIJ3bvxV9y4UMStP+DOv3HaZqGtBy6cOede5t4TpJwpbdvfVmlldW19o7xZ2dre2d2r7h90VJJJCm2a8ET2AqKAMwFtzTSHXiqBxAGHbjC6mvrde5CKJeJOj1PwYhIJFjJKtJH8as3lREQccNfPXRVieJi4cqaY900MEZn41brdsGfAy8QpSB0VaPnVL3eQ0CwGoSknSvUdO9VeTqRmlMOk4mYKUkJHJIK+oYLEoLx8dssEHxtlgMNEmhIaz9TfEzmJlRrHgemMiR6qRW8q/uf1Mx1eeDkTaaZB0PlHYcaxTvA0GDxgEqjmY0MIlczsiumQSEK1ia9iQnAWT14mndOGYzec27N687KIo4yOUA2dIAedoya6Ri3URhQ9omf0it6sJ+vFerc+5q0lq5g5RH9gff4AXMybPw==</latexit>
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<latexit sha1_base64="fj2GlbaoE7lfqHYJki4RI45yAKQ=">AAACTXicbVFLSwMxGMzWR2t9VT16CRZBEMquCHoRil48VrAP6NYlm37bBrPZNcmKy9I/6EXw5r/w4kERMX0o2nYgMMzMx5dM/JgzpW37xcotLC4t5wsrxdW19Y3N0tZ2Q0WJpFCnEY9kyycKOBNQ10xzaMUSSOhzaPq3F0O/eQ9SsUhc6zSGTkh6ggWMEm0kr9R1ORE9DrjpZa4MMTwMXDlWzvCsd5O5TAQ6/Q0dzg8ZIuDuJ+WVynbFHgHPEmdCymiCmld6drsRTUIQmnKiVNuxY93JiNSMchgU3URBTOgt6UHbUEFCUJ1s1MYA7xuli4NImiM0Hql/JzISKpWGvkmGRPfVtDcU53ntRAennYyJONEg6HhRkHCsIzysFneZBKp5agihkpm7YtonklBtPqBoSnCmnzxLGkcVx644V8fl6vmkjgLaRXvoADnoBFXRJaqhOqLoEb2id/RhPVlv1qf1NY7mrMnMDvqHXP4bgPq1Sw==</latexit><latexit sha1_base64="fj2GlbaoE7lfqHYJki4RI45yAKQ=">AAACTXicbVFLSwMxGMzWR2t9VT16CRZBEMquCHoRil48VrAP6NYlm37bBrPZNcmKy9I/6EXw5r/w4kERMX0o2nYgMMzMx5dM/JgzpW37xcotLC4t5wsrxdW19Y3N0tZ2Q0WJpFCnEY9kyycKOBNQ10xzaMUSSOhzaPq3F0O/eQ9SsUhc6zSGTkh6ggWMEm0kr9R1ORE9DrjpZa4MMTwMXDlWzvCsd5O5TAQ6/Q0dzg8ZIuDuJ+WVynbFHgHPEmdCymiCmld6drsRTUIQmnKiVNuxY93JiNSMchgU3URBTOgt6UHbUEFCUJ1s1MYA7xuli4NImiM0Hql/JzISKpWGvkmGRPfVtDcU53ntRAennYyJONEg6HhRkHCsIzysFneZBKp5agihkpm7YtonklBtPqBoSnCmnzxLGkcVx644V8fl6vmkjgLaRXvoADnoBFXRJaqhOqLoEb2id/RhPVlv1qf1NY7mrMnMDvqHXP4bgPq1Sw==</latexit><latexit sha1_base64="fj2GlbaoE7lfqHYJki4RI45yAKQ=">AAACTXicbVFLSwMxGMzWR2t9VT16CRZBEMquCHoRil48VrAP6NYlm37bBrPZNcmKy9I/6EXw5r/w4kERMX0o2nYgMMzMx5dM/JgzpW37xcotLC4t5wsrxdW19Y3N0tZ2Q0WJpFCnEY9kyycKOBNQ10xzaMUSSOhzaPq3F0O/eQ9SsUhc6zSGTkh6ggWMEm0kr9R1ORE9DrjpZa4MMTwMXDlWzvCsd5O5TAQ6/Q0dzg8ZIuDuJ+WVynbFHgHPEmdCymiCmld6drsRTUIQmnKiVNuxY93JiNSMchgU3URBTOgt6UHbUEFCUJ1s1MYA7xuli4NImiM0Hql/JzISKpWGvkmGRPfVtDcU53ntRAennYyJONEg6HhRkHCsIzysFneZBKp5agihkpm7YtonklBtPqBoSnCmnzxLGkcVx644V8fl6vmkjgLaRXvoADnoBFXRJaqhOqLoEb2id/RhPVlv1qf1NY7mrMnMDvqHXP4bgPq1Sw==</latexit><latexit sha1_base64="fj2GlbaoE7lfqHYJki4RI45yAKQ=">AAACTXicbVFLSwMxGMzWR2t9VT16CRZBEMquCHoRil48VrAP6NYlm37bBrPZNcmKy9I/6EXw5r/w4kERMX0o2nYgMMzMx5dM/JgzpW37xcotLC4t5wsrxdW19Y3N0tZ2Q0WJpFCnEY9kyycKOBNQ10xzaMUSSOhzaPq3F0O/eQ9SsUhc6zSGTkh6ggWMEm0kr9R1ORE9DrjpZa4MMTwMXDlWzvCsd5O5TAQ6/Q0dzg8ZIuDuJ+WVynbFHgHPEmdCymiCmld6drsRTUIQmnKiVNuxY93JiNSMchgU3URBTOgt6UHbUEFCUJ1s1MYA7xuli4NImiM0Hql/JzISKpWGvkmGRPfVtDcU53ntRAennYyJONEg6HhRkHCsIzysFneZBKp5agihkpm7YtonklBtPqBoSnCmnzxLGkcVx644V8fl6vmkjgLaRXvoADnoBFXRJaqhOqLoEb2id/RhPVlv1qf1NY7mrMnMDvqHXP4bgPq1Sw==</latexit>

• Finite duration minimum work

• Thermodynamic justification for rapid operation

S. J. Large, R. Chetrite & D. A. Sivak, EPL, 2018, 124, 20001

Protocol duration!
<latexit sha1_base64="L1+s3BMNHLY/j5Zvpgw2SVv1BF0=">AAACCnicbVC7TsMwFHV4lvIKMLIYKiSmKkFIMFawMBaJPqQmqhzHaa06cWTfIKqoMwu/wsIAQqx8ARt/g5tmgJYjXenonHvte0+QCq7Bcb6tpeWV1bX1ykZ1c2t7Z9fe229rmSnKWlQKqboB0UzwhLWAg2DdVDESB4J1gtH11O/cM6W5TO5gnDI/JoOER5wSMFLfPvKAPUDu6Qg3lQRpXsRhpgoXTzwgWd+uOXWnAF4kbklqqESzb395oaRZzBKggmjdc50U/Jwo4FSwSdXLNEsJHZEB6xmakJhpPy9OmeATo4Q4kspUArhQf0/kJNZ6HAemMyYw1PPeVPzP62UQXfo5T9IMWEJnH0WZwCDxNBcccsUoiLEhhCpudsV0SBShYNKrmhDc+ZMXSfus7jp19/a81rgq46igQ3SMTpGLLlAD3aAmaiGKHtEzekVv1pP1Yr1bH7PWJaucOUB/YH3+AOP6mwE=</latexit><latexit sha1_base64="L1+s3BMNHLY/j5Zvpgw2SVv1BF0=">AAACCnicbVC7TsMwFHV4lvIKMLIYKiSmKkFIMFawMBaJPqQmqhzHaa06cWTfIKqoMwu/wsIAQqx8ARt/g5tmgJYjXenonHvte0+QCq7Bcb6tpeWV1bX1ykZ1c2t7Z9fe229rmSnKWlQKqboB0UzwhLWAg2DdVDESB4J1gtH11O/cM6W5TO5gnDI/JoOER5wSMFLfPvKAPUDu6Qg3lQRpXsRhpgoXTzwgWd+uOXWnAF4kbklqqESzb395oaRZzBKggmjdc50U/Jwo4FSwSdXLNEsJHZEB6xmakJhpPy9OmeATo4Q4kspUArhQf0/kJNZ6HAemMyYw1PPeVPzP62UQXfo5T9IMWEJnH0WZwCDxNBcccsUoiLEhhCpudsV0SBShYNKrmhDc+ZMXSfus7jp19/a81rgq46igQ3SMTpGLLlAD3aAmaiGKHtEzekVv1pP1Yr1bH7PWJaucOUB/YH3+AOP6mwE=</latexit><latexit sha1_base64="L1+s3BMNHLY/j5Zvpgw2SVv1BF0=">AAACCnicbVC7TsMwFHV4lvIKMLIYKiSmKkFIMFawMBaJPqQmqhzHaa06cWTfIKqoMwu/wsIAQqx8ARt/g5tmgJYjXenonHvte0+QCq7Bcb6tpeWV1bX1ykZ1c2t7Z9fe229rmSnKWlQKqboB0UzwhLWAg2DdVDESB4J1gtH11O/cM6W5TO5gnDI/JoOER5wSMFLfPvKAPUDu6Qg3lQRpXsRhpgoXTzwgWd+uOXWnAF4kbklqqESzb395oaRZzBKggmjdc50U/Jwo4FSwSdXLNEsJHZEB6xmakJhpPy9OmeATo4Q4kspUArhQf0/kJNZ6HAemMyYw1PPeVPzP62UQXfo5T9IMWEJnH0WZwCDxNBcccsUoiLEhhCpudsV0SBShYNKrmhDc+ZMXSfus7jp19/a81rgq46igQ3SMTpGLLlAD3aAmaiGKHtEzekVv1pP1Yr1bH7PWJaucOUB/YH3+AOP6mwE=</latexit><latexit sha1_base64="L1+s3BMNHLY/j5Zvpgw2SVv1BF0=">AAACCnicbVC7TsMwFHV4lvIKMLIYKiSmKkFIMFawMBaJPqQmqhzHaa06cWTfIKqoMwu/wsIAQqx8ARt/g5tmgJYjXenonHvte0+QCq7Bcb6tpeWV1bX1ykZ1c2t7Z9fe229rmSnKWlQKqboB0UzwhLWAg2DdVDESB4J1gtH11O/cM6W5TO5gnDI/JoOER5wSMFLfPvKAPUDu6Qg3lQRpXsRhpgoXTzwgWd+uOXWnAF4kbklqqESzb395oaRZzBKggmjdc50U/Jwo4FSwSdXLNEsJHZEB6xmakJhpPy9OmeATo4Q4kspUArhQf0/kJNZ6HAemMyYw1PPeVPzP62UQXfo5T9IMWEJnH0WZwCDxNBcccsUoiLEhhCpudsV0SBShYNKrmhDc+ZMXSfus7jp19/a81rgq46igQ3SMTpGLLlAD3aAmaiGKHtEzekVv1pP1Yr1bH7PWJaucOUB/YH3+AOP6mwE=</latexit>

!W
ex

" !
<latexit sha1_base64="C5uWKgnA9a1Ovd8dzCuo8JDHDdQ=">AAACDHicbVC7TsMwFHV4lvIqMLJYVEhMVYKQYKxgYWAoEn1ITVQ5zk1r1XEi20FUUT6AhV9hYQAhVj6Ajb/BTTNAy5EsHZ9z77Xv8RPOlLbtb2tpeWV1bb2yUd3c2t7Zre3td1ScSgptGvNY9nyigDMBbc00h14igUQ+h64/vpr63XuQisXiTk8S8CIyFCxklGgjDWp1lxMx5IC7g8yVEYaH3JWFYu43Zk5AclNlN+wCeJE4JamjEq1B7csNYppGIDTlRKm+Yyfay4jUjHLIq26qICF0TIbQN1SQCJSXFcvk+NgoAQ5jaY7QuFB/d2QkUmoS+aYyInqk5r2p+J/XT3V44WVMJKkGQWcPhSnHOsbTZHDAJFDNJ4YQKpn5K6YjIgnVJr+qCcGZX3mRdE4bjt1wbs/qzcsyjgo6REfoBDnoHDXRNWqhNqLoET2jV/RmPVkv1rv1MStdssqeA/QH1ucPHgKbpw==</latexit><latexit sha1_base64="C5uWKgnA9a1Ovd8dzCuo8JDHDdQ=">AAACDHicbVC7TsMwFHV4lvIqMLJYVEhMVYKQYKxgYWAoEn1ITVQ5zk1r1XEi20FUUT6AhV9hYQAhVj6Ajb/BTTNAy5EsHZ9z77Xv8RPOlLbtb2tpeWV1bb2yUd3c2t7Zre3td1ScSgptGvNY9nyigDMBbc00h14igUQ+h64/vpr63XuQisXiTk8S8CIyFCxklGgjDWp1lxMx5IC7g8yVEYaH3JWFYu43Zk5AclNlN+wCeJE4JamjEq1B7csNYppGIDTlRKm+Yyfay4jUjHLIq26qICF0TIbQN1SQCJSXFcvk+NgoAQ5jaY7QuFB/d2QkUmoS+aYyInqk5r2p+J/XT3V44WVMJKkGQWcPhSnHOsbTZHDAJFDNJ4YQKpn5K6YjIgnVJr+qCcGZX3mRdE4bjt1wbs/qzcsyjgo6REfoBDnoHDXRNWqhNqLoET2jV/RmPVkv1rv1MStdssqeA/QH1ucPHgKbpw==</latexit><latexit sha1_base64="C5uWKgnA9a1Ovd8dzCuo8JDHDdQ=">AAACDHicbVC7TsMwFHV4lvIqMLJYVEhMVYKQYKxgYWAoEn1ITVQ5zk1r1XEi20FUUT6AhV9hYQAhVj6Ajb/BTTNAy5EsHZ9z77Xv8RPOlLbtb2tpeWV1bb2yUd3c2t7Zre3td1ScSgptGvNY9nyigDMBbc00h14igUQ+h64/vpr63XuQisXiTk8S8CIyFCxklGgjDWp1lxMx5IC7g8yVEYaH3JWFYu43Zk5AclNlN+wCeJE4JamjEq1B7csNYppGIDTlRKm+Yyfay4jUjHLIq26qICF0TIbQN1SQCJSXFcvk+NgoAQ5jaY7QuFB/d2QkUmoS+aYyInqk5r2p+J/XT3V44WVMJKkGQWcPhSnHOsbTZHDAJFDNJ4YQKpn5K6YjIgnVJr+qCcGZX3mRdE4bjt1wbs/qzcsyjgo6REfoBDnoHDXRNWqhNqLoET2jV/RmPVkv1rv1MStdssqeA/QH1ucPHgKbpw==</latexit><latexit sha1_base64="C5uWKgnA9a1Ovd8dzCuo8JDHDdQ=">AAACDHicbVC7TsMwFHV4lvIqMLJYVEhMVYKQYKxgYWAoEn1ITVQ5zk1r1XEi20FUUT6AhV9hYQAhVj6Ajb/BTTNAy5EsHZ9z77Xv8RPOlLbtb2tpeWV1bb2yUd3c2t7Zre3td1ScSgptGvNY9nyigDMBbc00h14igUQ+h64/vpr63XuQisXiTk8S8CIyFCxklGgjDWp1lxMx5IC7g8yVEYaH3JWFYu43Zk5AclNlN+wCeJE4JamjEq1B7csNYppGIDTlRKm+Yyfay4jUjHLIq26qICF0TIbQN1SQCJSXFcvk+NgoAQ5jaY7QuFB/d2QkUmoS+aYyInqk5r2p+J/XT3V44WVMJKkGQWcPhSnHOsbTZHDAJFDNJ4YQKpn5K6YjIgnVJr+qCcGZX3mRdE4bjt1wbs/qzcsyjgo6REfoBDnoHDXRNWqhNqLoET2jV/RmPVkv1rv1MStdssqeA/QH1ucPHgKbpw==</latexit>



Conclusions/continuing work

• Molecular machines are driven by chemical reactions, which 
are modelled as discrete processes

• Fluctuations in control parameter dynamics penalize slow 
operation

Mean protocol duration h⌧i⌦
<latexit sha1_base64="peoqWEqnRSoCvG8mlR9atUETwtE="></latexit><latexit sha1_base64="peoqWEqnRSoCvG8mlR9atUETwtE="></latexit><latexit sha1_base64="peoqWEqnRSoCvG8mlR9atUETwtE="></latexit><latexit sha1_base64="peoqWEqnRSoCvG8mlR9atUETwtE="></latexit>
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<latexit sha1_base64="uSP1TSAS0l2aEwCArtNNLcx7p+Y=">AAACC3icbVDLSsNAFJ3UV62vqks3Q4vgqiQi6LLoxp0V7AOaECbTm3ToZBJmJmIJ3bvxV9y4UMStP+DOv3HaZqGtBy6cOede5t4TpJwpbdvfVmlldW19o7xZ2dre2d2r7h90VJJJCm2a8ET2AqKAMwFtzTSHXiqBxAGHbjC6mvrde5CKJeJOj1PwYhIJFjJKtJH8as3lREQccNfPXRVieJi4cqaY900MEZn41brdsGfAy8QpSB0VaPnVL3eQ0CwGoSknSvUdO9VeTqRmlMOk4mYKUkJHJIK+oYLEoLx8dssEHxtlgMNEmhIaz9TfEzmJlRrHgemMiR6qRW8q/uf1Mx1eeDkTaaZB0PlHYcaxTvA0GDxgEqjmY0MIlczsiumQSEK1ia9iQnAWT14mndOGYzec27N687KIo4yOUA2dIAedoya6Ri3URhQ9omf0it6sJ+vFerc+5q0lq5g5RH9gff4AXMybPw==</latexit><latexit sha1_base64="uSP1TSAS0l2aEwCArtNNLcx7p+Y=">AAACC3icbVDLSsNAFJ3UV62vqks3Q4vgqiQi6LLoxp0V7AOaECbTm3ToZBJmJmIJ3bvxV9y4UMStP+DOv3HaZqGtBy6cOede5t4TpJwpbdvfVmlldW19o7xZ2dre2d2r7h90VJJJCm2a8ET2AqKAMwFtzTSHXiqBxAGHbjC6mvrde5CKJeJOj1PwYhIJFjJKtJH8as3lREQccNfPXRVieJi4cqaY900MEZn41brdsGfAy8QpSB0VaPnVL3eQ0CwGoSknSvUdO9VeTqRmlMOk4mYKUkJHJIK+oYLEoLx8dssEHxtlgMNEmhIaz9TfEzmJlRrHgemMiR6qRW8q/uf1Mx1eeDkTaaZB0PlHYcaxTvA0GDxgEqjmY0MIlczsiumQSEK1ia9iQnAWT14mndOGYzec27N687KIo4yOUA2dIAedoya6Ri3URhQ9omf0it6sJ+vFerc+5q0lq5g5RH9gff4AXMybPw==</latexit><latexit sha1_base64="uSP1TSAS0l2aEwCArtNNLcx7p+Y=">AAACC3icbVDLSsNAFJ3UV62vqks3Q4vgqiQi6LLoxp0V7AOaECbTm3ToZBJmJmIJ3bvxV9y4UMStP+DOv3HaZqGtBy6cOede5t4TpJwpbdvfVmlldW19o7xZ2dre2d2r7h90VJJJCm2a8ET2AqKAMwFtzTSHXiqBxAGHbjC6mvrde5CKJeJOj1PwYhIJFjJKtJH8as3lREQccNfPXRVieJi4cqaY900MEZn41brdsGfAy8QpSB0VaPnVL3eQ0CwGoSknSvUdO9VeTqRmlMOk4mYKUkJHJIK+oYLEoLx8dssEHxtlgMNEmhIaz9TfEzmJlRrHgemMiR6qRW8q/uf1Mx1eeDkTaaZB0PlHYcaxTvA0GDxgEqjmY0MIlczsiumQSEK1ia9iQnAWT14mndOGYzec27N687KIo4yOUA2dIAedoya6Ri3URhQ9omf0it6sJ+vFerc+5q0lq5g5RH9gff4AXMybPw==</latexit><latexit sha1_base64="uSP1TSAS0l2aEwCArtNNLcx7p+Y=">AAACC3icbVDLSsNAFJ3UV62vqks3Q4vgqiQi6LLoxp0V7AOaECbTm3ToZBJmJmIJ3bvxV9y4UMStP+DOv3HaZqGtBy6cOede5t4TpJwpbdvfVmlldW19o7xZ2dre2d2r7h90VJJJCm2a8ET2AqKAMwFtzTSHXiqBxAGHbjC6mvrde5CKJeJOj1PwYhIJFjJKtJH8as3lREQccNfPXRVieJi4cqaY900MEZn41brdsGfAy8QpSB0VaPnVL3eQ0CwGoSknSvUdO9VeTqRmlMOk4mYKUkJHJIK+oYLEoLx8dssEHxtlgMNEmhIaz9TfEzmJlRrHgemMiR6qRW8q/uf1Mx1eeDkTaaZB0PlHYcaxTvA0GDxgEqjmY0MIlczsiumQSEK1ia9iQnAWT14mndOGYzec27N687KIo4yOUA2dIAedoya6Ri3URhQ9omf0it6sJ+vFerc+5q0lq5g5RH9gff4AXMybPw==</latexit>
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ex "
<latexit sha1_base64="fj2GlbaoE7lfqHYJki4RI45yAKQ=">AAACTXicbVFLSwMxGMzWR2t9VT16CRZBEMquCHoRil48VrAP6NYlm37bBrPZNcmKy9I/6EXw5r/w4kERMX0o2nYgMMzMx5dM/JgzpW37xcotLC4t5wsrxdW19Y3N0tZ2Q0WJpFCnEY9kyycKOBNQ10xzaMUSSOhzaPq3F0O/eQ9SsUhc6zSGTkh6ggWMEm0kr9R1ORE9DrjpZa4MMTwMXDlWzvCsd5O5TAQ6/Q0dzg8ZIuDuJ+WVynbFHgHPEmdCymiCmld6drsRTUIQmnKiVNuxY93JiNSMchgU3URBTOgt6UHbUEFCUJ1s1MYA7xuli4NImiM0Hql/JzISKpWGvkmGRPfVtDcU53ntRAennYyJONEg6HhRkHCsIzysFneZBKp5agihkpm7YtonklBtPqBoSnCmnzxLGkcVx644V8fl6vmkjgLaRXvoADnoBFXRJaqhOqLoEb2id/RhPVlv1qf1NY7mrMnMDvqHXP4bgPq1Sw==</latexit><latexit sha1_base64="fj2GlbaoE7lfqHYJki4RI45yAKQ=">AAACTXicbVFLSwMxGMzWR2t9VT16CRZBEMquCHoRil48VrAP6NYlm37bBrPZNcmKy9I/6EXw5r/w4kERMX0o2nYgMMzMx5dM/JgzpW37xcotLC4t5wsrxdW19Y3N0tZ2Q0WJpFCnEY9kyycKOBNQ10xzaMUSSOhzaPq3F0O/eQ9SsUhc6zSGTkh6ggWMEm0kr9R1ORE9DrjpZa4MMTwMXDlWzvCsd5O5TAQ6/Q0dzg8ZIuDuJ+WVynbFHgHPEmdCymiCmld6drsRTUIQmnKiVNuxY93JiNSMchgU3URBTOgt6UHbUEFCUJ1s1MYA7xuli4NImiM0Hql/JzISKpWGvkmGRPfVtDcU53ntRAennYyJONEg6HhRkHCsIzysFneZBKp5agihkpm7YtonklBtPqBoSnCmnzxLGkcVx644V8fl6vmkjgLaRXvoADnoBFXRJaqhOqLoEb2id/RhPVlv1qf1NY7mrMnMDvqHXP4bgPq1Sw==</latexit><latexit sha1_base64="fj2GlbaoE7lfqHYJki4RI45yAKQ=">AAACTXicbVFLSwMxGMzWR2t9VT16CRZBEMquCHoRil48VrAP6NYlm37bBrPZNcmKy9I/6EXw5r/w4kERMX0o2nYgMMzMx5dM/JgzpW37xcotLC4t5wsrxdW19Y3N0tZ2Q0WJpFCnEY9kyycKOBNQ10xzaMUSSOhzaPq3F0O/eQ9SsUhc6zSGTkh6ggWMEm0kr9R1ORE9DrjpZa4MMTwMXDlWzvCsd5O5TAQ6/Q0dzg8ZIuDuJ+WVynbFHgHPEmdCymiCmld6drsRTUIQmnKiVNuxY93JiNSMchgU3URBTOgt6UHbUEFCUJ1s1MYA7xuli4NImiM0Hql/JzISKpWGvkmGRPfVtDcU53ntRAennYyJONEg6HhRkHCsIzysFneZBKp5agihkpm7YtonklBtPqBoSnCmnzxLGkcVx644V8fl6vmkjgLaRXvoADnoBFXRJaqhOqLoEb2id/RhPVlv1qf1NY7mrMnMDvqHXP4bgPq1Sw==</latexit><latexit sha1_base64="fj2GlbaoE7lfqHYJki4RI45yAKQ=">AAACTXicbVFLSwMxGMzWR2t9VT16CRZBEMquCHoRil48VrAP6NYlm37bBrPZNcmKy9I/6EXw5r/w4kERMX0o2nYgMMzMx5dM/JgzpW37xcotLC4t5wsrxdW19Y3N0tZ2Q0WJpFCnEY9kyycKOBNQ10xzaMUSSOhzaPq3F0O/eQ9SsUhc6zSGTkh6ggWMEm0kr9R1ORE9DrjpZa4MMTwMXDlWzvCsd5O5TAQ6/Q0dzg8ZIuDuJ+WVynbFHgHPEmdCymiCmld6drsRTUIQmnKiVNuxY93JiNSMchgU3URBTOgt6UHbUEFCUJ1s1MYA7xuli4NImiM0Hql/JzISKpWGvkmGRPfVtDcU53ntRAennYyJONEg6HhRkHCsIzysFneZBKp5agihkpm7YtonklBtPqBoSnCmnzxLGkcVx644V8fl6vmkjgLaRXvoADnoBFXRJaqhOqLoEb2id/RhPVlv1qf1NY7mrMnMDvqHXP4bgPq1Sw==</latexit>

• Finite duration minimum work

• Thermodynamic justification for rapid operation

S. J. Large, R. Chetrite & D. A. Sivak, EPL, 2018, 124, 20001

• No ‘quasistatic’ limit:

Protocol duration!
<latexit sha1_base64="L1+s3BMNHLY/j5Zvpgw2SVv1BF0=">AAACCnicbVC7TsMwFHV4lvIKMLIYKiSmKkFIMFawMBaJPqQmqhzHaa06cWTfIKqoMwu/wsIAQqx8ARt/g5tmgJYjXenonHvte0+QCq7Bcb6tpeWV1bX1ykZ1c2t7Z9fe229rmSnKWlQKqboB0UzwhLWAg2DdVDESB4J1gtH11O/cM6W5TO5gnDI/JoOER5wSMFLfPvKAPUDu6Qg3lQRpXsRhpgoXTzwgWd+uOXWnAF4kbklqqESzb395oaRZzBKggmjdc50U/Jwo4FSwSdXLNEsJHZEB6xmakJhpPy9OmeATo4Q4kspUArhQf0/kJNZ6HAemMyYw1PPeVPzP62UQXfo5T9IMWEJnH0WZwCDxNBcccsUoiLEhhCpudsV0SBShYNKrmhDc+ZMXSfus7jp19/a81rgq46igQ3SMTpGLLlAD3aAmaiGKHtEzekVv1pP1Yr1bH7PWJaucOUB/YH3+AOP6mwE=</latexit><latexit sha1_base64="L1+s3BMNHLY/j5Zvpgw2SVv1BF0=">AAACCnicbVC7TsMwFHV4lvIKMLIYKiSmKkFIMFawMBaJPqQmqhzHaa06cWTfIKqoMwu/wsIAQqx8ARt/g5tmgJYjXenonHvte0+QCq7Bcb6tpeWV1bX1ykZ1c2t7Z9fe229rmSnKWlQKqboB0UzwhLWAg2DdVDESB4J1gtH11O/cM6W5TO5gnDI/JoOER5wSMFLfPvKAPUDu6Qg3lQRpXsRhpgoXTzwgWd+uOXWnAF4kbklqqESzb395oaRZzBKggmjdc50U/Jwo4FSwSdXLNEsJHZEB6xmakJhpPy9OmeATo4Q4kspUArhQf0/kJNZ6HAemMyYw1PPeVPzP62UQXfo5T9IMWEJnH0WZwCDxNBcccsUoiLEhhCpudsV0SBShYNKrmhDc+ZMXSfus7jp19/a81rgq46igQ3SMTpGLLlAD3aAmaiGKHtEzekVv1pP1Yr1bH7PWJaucOUB/YH3+AOP6mwE=</latexit><latexit sha1_base64="L1+s3BMNHLY/j5Zvpgw2SVv1BF0=">AAACCnicbVC7TsMwFHV4lvIKMLIYKiSmKkFIMFawMBaJPqQmqhzHaa06cWTfIKqoMwu/wsIAQqx8ARt/g5tmgJYjXenonHvte0+QCq7Bcb6tpeWV1bX1ykZ1c2t7Z9fe229rmSnKWlQKqboB0UzwhLWAg2DdVDESB4J1gtH11O/cM6W5TO5gnDI/JoOER5wSMFLfPvKAPUDu6Qg3lQRpXsRhpgoXTzwgWd+uOXWnAF4kbklqqESzb395oaRZzBKggmjdc50U/Jwo4FSwSdXLNEsJHZEB6xmakJhpPy9OmeATo4Q4kspUArhQf0/kJNZ6HAemMyYw1PPeVPzP62UQXfo5T9IMWEJnH0WZwCDxNBcccsUoiLEhhCpudsV0SBShYNKrmhDc+ZMXSfus7jp19/a81rgq46igQ3SMTpGLLlAD3aAmaiGKHtEzekVv1pP1Yr1bH7PWJaucOUB/YH3+AOP6mwE=</latexit><latexit sha1_base64="L1+s3BMNHLY/j5Zvpgw2SVv1BF0=">AAACCnicbVC7TsMwFHV4lvIKMLIYKiSmKkFIMFawMBaJPqQmqhzHaa06cWTfIKqoMwu/wsIAQqx8ARt/g5tmgJYjXenonHvte0+QCq7Bcb6tpeWV1bX1ykZ1c2t7Z9fe229rmSnKWlQKqboB0UzwhLWAg2DdVDESB4J1gtH11O/cM6W5TO5gnDI/JoOER5wSMFLfPvKAPUDu6Qg3lQRpXsRhpgoXTzwgWd+uOXWnAF4kbklqqESzb395oaRZzBKggmjdc50U/Jwo4FSwSdXLNEsJHZEB6xmakJhpPy9OmeATo4Q4kspUArhQf0/kJNZ6HAemMyYw1PPeVPzP62UQXfo5T9IMWEJnH0WZwCDxNBcccsUoiLEhhCpudsV0SBShYNKrmhDc+ZMXSfus7jp19/a81rgq46igQ3SMTpGLLlAD3aAmaiGKHtEzekVv1pP1Yr1bH7PWJaucOUB/YH3+AOP6mwE=</latexit>
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<latexit sha1_base64="C5uWKgnA9a1Ovd8dzCuo8JDHDdQ=">AAACDHicbVC7TsMwFHV4lvIqMLJYVEhMVYKQYKxgYWAoEn1ITVQ5zk1r1XEi20FUUT6AhV9hYQAhVj6Ajb/BTTNAy5EsHZ9z77Xv8RPOlLbtb2tpeWV1bb2yUd3c2t7Zre3td1ScSgptGvNY9nyigDMBbc00h14igUQ+h64/vpr63XuQisXiTk8S8CIyFCxklGgjDWp1lxMx5IC7g8yVEYaH3JWFYu43Zk5AclNlN+wCeJE4JamjEq1B7csNYppGIDTlRKm+Yyfay4jUjHLIq26qICF0TIbQN1SQCJSXFcvk+NgoAQ5jaY7QuFB/d2QkUmoS+aYyInqk5r2p+J/XT3V44WVMJKkGQWcPhSnHOsbTZHDAJFDNJ4YQKpn5K6YjIgnVJr+qCcGZX3mRdE4bjt1wbs/qzcsyjgo6REfoBDnoHDXRNWqhNqLoET2jV/RmPVkv1rv1MStdssqeA/QH1ucPHgKbpw==</latexit><latexit sha1_base64="C5uWKgnA9a1Ovd8dzCuo8JDHDdQ=">AAACDHicbVC7TsMwFHV4lvIqMLJYVEhMVYKQYKxgYWAoEn1ITVQ5zk1r1XEi20FUUT6AhV9hYQAhVj6Ajb/BTTNAy5EsHZ9z77Xv8RPOlLbtb2tpeWV1bb2yUd3c2t7Zre3td1ScSgptGvNY9nyigDMBbc00h14igUQ+h64/vpr63XuQisXiTk8S8CIyFCxklGgjDWp1lxMx5IC7g8yVEYaH3JWFYu43Zk5AclNlN+wCeJE4JamjEq1B7csNYppGIDTlRKm+Yyfay4jUjHLIq26qICF0TIbQN1SQCJSXFcvk+NgoAQ5jaY7QuFB/d2QkUmoS+aYyInqk5r2p+J/XT3V44WVMJKkGQWcPhSnHOsbTZHDAJFDNJ4YQKpn5K6YjIgnVJr+qCcGZX3mRdE4bjt1wbs/qzcsyjgo6REfoBDnoHDXRNWqhNqLoET2jV/RmPVkv1rv1MStdssqeA/QH1ucPHgKbpw==</latexit><latexit sha1_base64="C5uWKgnA9a1Ovd8dzCuo8JDHDdQ=">AAACDHicbVC7TsMwFHV4lvIqMLJYVEhMVYKQYKxgYWAoEn1ITVQ5zk1r1XEi20FUUT6AhV9hYQAhVj6Ajb/BTTNAy5EsHZ9z77Xv8RPOlLbtb2tpeWV1bb2yUd3c2t7Zre3td1ScSgptGvNY9nyigDMBbc00h14igUQ+h64/vpr63XuQisXiTk8S8CIyFCxklGgjDWp1lxMx5IC7g8yVEYaH3JWFYu43Zk5AclNlN+wCeJE4JamjEq1B7csNYppGIDTlRKm+Yyfay4jUjHLIq26qICF0TIbQN1SQCJSXFcvk+NgoAQ5jaY7QuFB/d2QkUmoS+aYyInqk5r2p+J/XT3V44WVMJKkGQWcPhSnHOsbTZHDAJFDNJ4YQKpn5K6YjIgnVJr+qCcGZX3mRdE4bjt1wbs/qzcsyjgo6REfoBDnoHDXRNWqhNqLoET2jV/RmPVkv1rv1MStdssqeA/QH1ucPHgKbpw==</latexit><latexit sha1_base64="C5uWKgnA9a1Ovd8dzCuo8JDHDdQ=">AAACDHicbVC7TsMwFHV4lvIqMLJYVEhMVYKQYKxgYWAoEn1ITVQ5zk1r1XEi20FUUT6AhV9hYQAhVj6Ajb/BTTNAy5EsHZ9z77Xv8RPOlLbtb2tpeWV1bb2yUd3c2t7Zre3td1ScSgptGvNY9nyigDMBbc00h14igUQ+h64/vpr63XuQisXiTk8S8CIyFCxklGgjDWp1lxMx5IC7g8yVEYaH3JWFYu43Zk5AclNlN+wCeJE4JamjEq1B7csNYppGIDTlRKm+Yyfay4jUjHLIq26qICF0TIbQN1SQCJSXFcvk+NgoAQ5jaY7QuFB/d2QkUmoS+aYyInqk5r2p+J/XT3V44WVMJKkGQWcPhSnHOsbTZHDAJFDNJ4YQKpn5K6YjIgnVJr+qCcGZX3mRdE4bjt1wbs/qzcsyjgo6REfoBDnoHDXRNWqhNqLoET2jV/RmPVkv1rv1MStdssqeA/QH1ucPHgKbpw==</latexit>



Conclusions/continuing work

• Molecular machines are driven by chemical reactions, which 
are modelled as discrete processes

• Fluctuations in control parameter dynamics penalize slow 
operation

Mean protocol duration h⌧i⌦
<latexit sha1_base64="peoqWEqnRSoCvG8mlR9atUETwtE="></latexit><latexit sha1_base64="peoqWEqnRSoCvG8mlR9atUETwtE="></latexit><latexit sha1_base64="peoqWEqnRSoCvG8mlR9atUETwtE="></latexit><latexit sha1_base64="peoqWEqnRSoCvG8mlR9atUETwtE="></latexit>
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<latexit sha1_base64="uSP1TSAS0l2aEwCArtNNLcx7p+Y=">AAACC3icbVDLSsNAFJ3UV62vqks3Q4vgqiQi6LLoxp0V7AOaECbTm3ToZBJmJmIJ3bvxV9y4UMStP+DOv3HaZqGtBy6cOede5t4TpJwpbdvfVmlldW19o7xZ2dre2d2r7h90VJJJCm2a8ET2AqKAMwFtzTSHXiqBxAGHbjC6mvrde5CKJeJOj1PwYhIJFjJKtJH8as3lREQccNfPXRVieJi4cqaY900MEZn41brdsGfAy8QpSB0VaPnVL3eQ0CwGoSknSvUdO9VeTqRmlMOk4mYKUkJHJIK+oYLEoLx8dssEHxtlgMNEmhIaz9TfEzmJlRrHgemMiR6qRW8q/uf1Mx1eeDkTaaZB0PlHYcaxTvA0GDxgEqjmY0MIlczsiumQSEK1ia9iQnAWT14mndOGYzec27N687KIo4yOUA2dIAedoya6Ri3URhQ9omf0it6sJ+vFerc+5q0lq5g5RH9gff4AXMybPw==</latexit><latexit sha1_base64="uSP1TSAS0l2aEwCArtNNLcx7p+Y=">AAACC3icbVDLSsNAFJ3UV62vqks3Q4vgqiQi6LLoxp0V7AOaECbTm3ToZBJmJmIJ3bvxV9y4UMStP+DOv3HaZqGtBy6cOede5t4TpJwpbdvfVmlldW19o7xZ2dre2d2r7h90VJJJCm2a8ET2AqKAMwFtzTSHXiqBxAGHbjC6mvrde5CKJeJOj1PwYhIJFjJKtJH8as3lREQccNfPXRVieJi4cqaY900MEZn41brdsGfAy8QpSB0VaPnVL3eQ0CwGoSknSvUdO9VeTqRmlMOk4mYKUkJHJIK+oYLEoLx8dssEHxtlgMNEmhIaz9TfEzmJlRrHgemMiR6qRW8q/uf1Mx1eeDkTaaZB0PlHYcaxTvA0GDxgEqjmY0MIlczsiumQSEK1ia9iQnAWT14mndOGYzec27N687KIo4yOUA2dIAedoya6Ri3URhQ9omf0it6sJ+vFerc+5q0lq5g5RH9gff4AXMybPw==</latexit><latexit sha1_base64="uSP1TSAS0l2aEwCArtNNLcx7p+Y=">AAACC3icbVDLSsNAFJ3UV62vqks3Q4vgqiQi6LLoxp0V7AOaECbTm3ToZBJmJmIJ3bvxV9y4UMStP+DOv3HaZqGtBy6cOede5t4TpJwpbdvfVmlldW19o7xZ2dre2d2r7h90VJJJCm2a8ET2AqKAMwFtzTSHXiqBxAGHbjC6mvrde5CKJeJOj1PwYhIJFjJKtJH8as3lREQccNfPXRVieJi4cqaY900MEZn41brdsGfAy8QpSB0VaPnVL3eQ0CwGoSknSvUdO9VeTqRmlMOk4mYKUkJHJIK+oYLEoLx8dssEHxtlgMNEmhIaz9TfEzmJlRrHgemMiR6qRW8q/uf1Mx1eeDkTaaZB0PlHYcaxTvA0GDxgEqjmY0MIlczsiumQSEK1ia9iQnAWT14mndOGYzec27N687KIo4yOUA2dIAedoya6Ri3URhQ9omf0it6sJ+vFerc+5q0lq5g5RH9gff4AXMybPw==</latexit><latexit sha1_base64="uSP1TSAS0l2aEwCArtNNLcx7p+Y=">AAACC3icbVDLSsNAFJ3UV62vqks3Q4vgqiQi6LLoxp0V7AOaECbTm3ToZBJmJmIJ3bvxV9y4UMStP+DOv3HaZqGtBy6cOede5t4TpJwpbdvfVmlldW19o7xZ2dre2d2r7h90VJJJCm2a8ET2AqKAMwFtzTSHXiqBxAGHbjC6mvrde5CKJeJOj1PwYhIJFjJKtJH8as3lREQccNfPXRVieJi4cqaY900MEZn41brdsGfAy8QpSB0VaPnVL3eQ0CwGoSknSvUdO9VeTqRmlMOk4mYKUkJHJIK+oYLEoLx8dssEHxtlgMNEmhIaz9TfEzmJlRrHgemMiR6qRW8q/uf1Mx1eeDkTaaZB0PlHYcaxTvA0GDxgEqjmY0MIlczsiumQSEK1ia9iQnAWT14mndOGYzec27N687KIo4yOUA2dIAedoya6Ri3URhQ9omf0it6sJ+vFerc+5q0lq5g5RH9gff4AXMybPw==</latexit>

k = 0 k = 1 k = 2 k = 3 k = 0

0

3

1

2

k01

k10

k23

k32

k30 k03 k12k21

!Wex" = !W !
ex " + !W neq

ex "
<latexit sha1_base64="fj2GlbaoE7lfqHYJki4RI45yAKQ=">AAACTXicbVFLSwMxGMzWR2t9VT16CRZBEMquCHoRil48VrAP6NYlm37bBrPZNcmKy9I/6EXw5r/w4kERMX0o2nYgMMzMx5dM/JgzpW37xcotLC4t5wsrxdW19Y3N0tZ2Q0WJpFCnEY9kyycKOBNQ10xzaMUSSOhzaPq3F0O/eQ9SsUhc6zSGTkh6ggWMEm0kr9R1ORE9DrjpZa4MMTwMXDlWzvCsd5O5TAQ6/Q0dzg8ZIuDuJ+WVynbFHgHPEmdCymiCmld6drsRTUIQmnKiVNuxY93JiNSMchgU3URBTOgt6UHbUEFCUJ1s1MYA7xuli4NImiM0Hql/JzISKpWGvkmGRPfVtDcU53ntRAennYyJONEg6HhRkHCsIzysFneZBKp5agihkpm7YtonklBtPqBoSnCmnzxLGkcVx644V8fl6vmkjgLaRXvoADnoBFXRJaqhOqLoEb2id/RhPVlv1qf1NY7mrMnMDvqHXP4bgPq1Sw==</latexit><latexit sha1_base64="fj2GlbaoE7lfqHYJki4RI45yAKQ=">AAACTXicbVFLSwMxGMzWR2t9VT16CRZBEMquCHoRil48VrAP6NYlm37bBrPZNcmKy9I/6EXw5r/w4kERMX0o2nYgMMzMx5dM/JgzpW37xcotLC4t5wsrxdW19Y3N0tZ2Q0WJpFCnEY9kyycKOBNQ10xzaMUSSOhzaPq3F0O/eQ9SsUhc6zSGTkh6ggWMEm0kr9R1ORE9DrjpZa4MMTwMXDlWzvCsd5O5TAQ6/Q0dzg8ZIuDuJ+WVynbFHgHPEmdCymiCmld6drsRTUIQmnKiVNuxY93JiNSMchgU3URBTOgt6UHbUEFCUJ1s1MYA7xuli4NImiM0Hql/JzISKpWGvkmGRPfVtDcU53ntRAennYyJONEg6HhRkHCsIzysFneZBKp5agihkpm7YtonklBtPqBoSnCmnzxLGkcVx644V8fl6vmkjgLaRXvoADnoBFXRJaqhOqLoEb2id/RhPVlv1qf1NY7mrMnMDvqHXP4bgPq1Sw==</latexit><latexit sha1_base64="fj2GlbaoE7lfqHYJki4RI45yAKQ=">AAACTXicbVFLSwMxGMzWR2t9VT16CRZBEMquCHoRil48VrAP6NYlm37bBrPZNcmKy9I/6EXw5r/w4kERMX0o2nYgMMzMx5dM/JgzpW37xcotLC4t5wsrxdW19Y3N0tZ2Q0WJpFCnEY9kyycKOBNQ10xzaMUSSOhzaPq3F0O/eQ9SsUhc6zSGTkh6ggWMEm0kr9R1ORE9DrjpZa4MMTwMXDlWzvCsd5O5TAQ6/Q0dzg8ZIuDuJ+WVynbFHgHPEmdCymiCmld6drsRTUIQmnKiVNuxY93JiNSMchgU3URBTOgt6UHbUEFCUJ1s1MYA7xuli4NImiM0Hql/JzISKpWGvkmGRPfVtDcU53ntRAennYyJONEg6HhRkHCsIzysFneZBKp5agihkpm7YtonklBtPqBoSnCmnzxLGkcVx644V8fl6vmkjgLaRXvoADnoBFXRJaqhOqLoEb2id/RhPVlv1qf1NY7mrMnMDvqHXP4bgPq1Sw==</latexit><latexit sha1_base64="fj2GlbaoE7lfqHYJki4RI45yAKQ=">AAACTXicbVFLSwMxGMzWR2t9VT16CRZBEMquCHoRil48VrAP6NYlm37bBrPZNcmKy9I/6EXw5r/w4kERMX0o2nYgMMzMx5dM/JgzpW37xcotLC4t5wsrxdW19Y3N0tZ2Q0WJpFCnEY9kyycKOBNQ10xzaMUSSOhzaPq3F0O/eQ9SsUhc6zSGTkh6ggWMEm0kr9R1ORE9DrjpZa4MMTwMXDlWzvCsd5O5TAQ6/Q0dzg8ZIuDuJ+WVynbFHgHPEmdCymiCmld6drsRTUIQmnKiVNuxY93JiNSMchgU3URBTOgt6UHbUEFCUJ1s1MYA7xuli4NImiM0Hql/JzISKpWGvkmGRPfVtDcU53ntRAennYyJONEg6HhRkHCsIzysFneZBKp5agihkpm7YtonklBtPqBoSnCmnzxLGkcVx644V8fl6vmkjgLaRXvoADnoBFXRJaqhOqLoEb2id/RhPVlv1qf1NY7mrMnMDvqHXP4bgPq1Sw==</latexit>

• Finite duration minimum work

• Thermodynamic justification for rapid operation

S. J. Large, R. Chetrite & D. A. Sivak, EPL, 2018, 124, 20001

• No ‘quasistatic’ limit: InÞnite-time work

Protocol duration!
<latexit sha1_base64="L1+s3BMNHLY/j5Zvpgw2SVv1BF0=">AAACCnicbVC7TsMwFHV4lvIKMLIYKiSmKkFIMFawMBaJPqQmqhzHaa06cWTfIKqoMwu/wsIAQqx8ARt/g5tmgJYjXenonHvte0+QCq7Bcb6tpeWV1bX1ykZ1c2t7Z9fe229rmSnKWlQKqboB0UzwhLWAg2DdVDESB4J1gtH11O/cM6W5TO5gnDI/JoOER5wSMFLfPvKAPUDu6Qg3lQRpXsRhpgoXTzwgWd+uOXWnAF4kbklqqESzb395oaRZzBKggmjdc50U/Jwo4FSwSdXLNEsJHZEB6xmakJhpPy9OmeATo4Q4kspUArhQf0/kJNZ6HAemMyYw1PPeVPzP62UQXfo5T9IMWEJnH0WZwCDxNBcccsUoiLEhhCpudsV0SBShYNKrmhDc+ZMXSfus7jp19/a81rgq46igQ3SMTpGLLlAD3aAmaiGKHtEzekVv1pP1Yr1bH7PWJaucOUB/YH3+AOP6mwE=</latexit><latexit sha1_base64="L1+s3BMNHLY/j5Zvpgw2SVv1BF0=">AAACCnicbVC7TsMwFHV4lvIKMLIYKiSmKkFIMFawMBaJPqQmqhzHaa06cWTfIKqoMwu/wsIAQqx8ARt/g5tmgJYjXenonHvte0+QCq7Bcb6tpeWV1bX1ykZ1c2t7Z9fe229rmSnKWlQKqboB0UzwhLWAg2DdVDESB4J1gtH11O/cM6W5TO5gnDI/JoOER5wSMFLfPvKAPUDu6Qg3lQRpXsRhpgoXTzwgWd+uOXWnAF4kbklqqESzb395oaRZzBKggmjdc50U/Jwo4FSwSdXLNEsJHZEB6xmakJhpPy9OmeATo4Q4kspUArhQf0/kJNZ6HAemMyYw1PPeVPzP62UQXfo5T9IMWEJnH0WZwCDxNBcccsUoiLEhhCpudsV0SBShYNKrmhDc+ZMXSfus7jp19/a81rgq46igQ3SMTpGLLlAD3aAmaiGKHtEzekVv1pP1Yr1bH7PWJaucOUB/YH3+AOP6mwE=</latexit><latexit sha1_base64="L1+s3BMNHLY/j5Zvpgw2SVv1BF0=">AAACCnicbVC7TsMwFHV4lvIKMLIYKiSmKkFIMFawMBaJPqQmqhzHaa06cWTfIKqoMwu/wsIAQqx8ARt/g5tmgJYjXenonHvte0+QCq7Bcb6tpeWV1bX1ykZ1c2t7Z9fe229rmSnKWlQKqboB0UzwhLWAg2DdVDESB4J1gtH11O/cM6W5TO5gnDI/JoOER5wSMFLfPvKAPUDu6Qg3lQRpXsRhpgoXTzwgWd+uOXWnAF4kbklqqESzb395oaRZzBKggmjdc50U/Jwo4FSwSdXLNEsJHZEB6xmakJhpPy9OmeATo4Q4kspUArhQf0/kJNZ6HAemMyYw1PPeVPzP62UQXfo5T9IMWEJnH0WZwCDxNBcccsUoiLEhhCpudsV0SBShYNKrmhDc+ZMXSfus7jp19/a81rgq46igQ3SMTpGLLlAD3aAmaiGKHtEzekVv1pP1Yr1bH7PWJaucOUB/YH3+AOP6mwE=</latexit><latexit sha1_base64="L1+s3BMNHLY/j5Zvpgw2SVv1BF0=">AAACCnicbVC7TsMwFHV4lvIKMLIYKiSmKkFIMFawMBaJPqQmqhzHaa06cWTfIKqoMwu/wsIAQqx8ARt/g5tmgJYjXenonHvte0+QCq7Bcb6tpeWV1bX1ykZ1c2t7Z9fe229rmSnKWlQKqboB0UzwhLWAg2DdVDESB4J1gtH11O/cM6W5TO5gnDI/JoOER5wSMFLfPvKAPUDu6Qg3lQRpXsRhpgoXTzwgWd+uOXWnAF4kbklqqESzb395oaRZzBKggmjdc50U/Jwo4FSwSdXLNEsJHZEB6xmakJhpPy9OmeATo4Q4kspUArhQf0/kJNZ6HAemMyYw1PPeVPzP62UQXfo5T9IMWEJnH0WZwCDxNBcccsUoiLEhhCpudsV0SBShYNKrmhDc+ZMXSfus7jp19/a81rgq46igQ3SMTpGLLlAD3aAmaiGKHtEzekVv1pP1Yr1bH7PWJaucOUB/YH3+AOP6mwE=</latexit>
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<latexit sha1_base64="C5uWKgnA9a1Ovd8dzCuo8JDHDdQ=">AAACDHicbVC7TsMwFHV4lvIqMLJYVEhMVYKQYKxgYWAoEn1ITVQ5zk1r1XEi20FUUT6AhV9hYQAhVj6Ajb/BTTNAy5EsHZ9z77Xv8RPOlLbtb2tpeWV1bb2yUd3c2t7Zre3td1ScSgptGvNY9nyigDMBbc00h14igUQ+h64/vpr63XuQisXiTk8S8CIyFCxklGgjDWp1lxMx5IC7g8yVEYaH3JWFYu43Zk5AclNlN+wCeJE4JamjEq1B7csNYppGIDTlRKm+Yyfay4jUjHLIq26qICF0TIbQN1SQCJSXFcvk+NgoAQ5jaY7QuFB/d2QkUmoS+aYyInqk5r2p+J/XT3V44WVMJKkGQWcPhSnHOsbTZHDAJFDNJ4YQKpn5K6YjIgnVJr+qCcGZX3mRdE4bjt1wbs/qzcsyjgo6REfoBDnoHDXRNWqhNqLoET2jV/RmPVkv1rv1MStdssqeA/QH1ucPHgKbpw==</latexit><latexit sha1_base64="C5uWKgnA9a1Ovd8dzCuo8JDHDdQ=">AAACDHicbVC7TsMwFHV4lvIqMLJYVEhMVYKQYKxgYWAoEn1ITVQ5zk1r1XEi20FUUT6AhV9hYQAhVj6Ajb/BTTNAy5EsHZ9z77Xv8RPOlLbtb2tpeWV1bb2yUd3c2t7Zre3td1ScSgptGvNY9nyigDMBbc00h14igUQ+h64/vpr63XuQisXiTk8S8CIyFCxklGgjDWp1lxMx5IC7g8yVEYaH3JWFYu43Zk5AclNlN+wCeJE4JamjEq1B7csNYppGIDTlRKm+Yyfay4jUjHLIq26qICF0TIbQN1SQCJSXFcvk+NgoAQ5jaY7QuFB/d2QkUmoS+aYyInqk5r2p+J/XT3V44WVMJKkGQWcPhSnHOsbTZHDAJFDNJ4YQKpn5K6YjIgnVJr+qCcGZX3mRdE4bjt1wbs/qzcsyjgo6REfoBDnoHDXRNWqhNqLoET2jV/RmPVkv1rv1MStdssqeA/QH1ucPHgKbpw==</latexit><latexit sha1_base64="C5uWKgnA9a1Ovd8dzCuo8JDHDdQ=">AAACDHicbVC7TsMwFHV4lvIqMLJYVEhMVYKQYKxgYWAoEn1ITVQ5zk1r1XEi20FUUT6AhV9hYQAhVj6Ajb/BTTNAy5EsHZ9z77Xv8RPOlLbtb2tpeWV1bb2yUd3c2t7Zre3td1ScSgptGvNY9nyigDMBbc00h14igUQ+h64/vpr63XuQisXiTk8S8CIyFCxklGgjDWp1lxMx5IC7g8yVEYaH3JWFYu43Zk5AclNlN+wCeJE4JamjEq1B7csNYppGIDTlRKm+Yyfay4jUjHLIq26qICF0TIbQN1SQCJSXFcvk+NgoAQ5jaY7QuFB/d2QkUmoS+aYyInqk5r2p+J/XT3V44WVMJKkGQWcPhSnHOsbTZHDAJFDNJ4YQKpn5K6YjIgnVJr+qCcGZX3mRdE4bjt1wbs/qzcsyjgo6REfoBDnoHDXRNWqhNqLoET2jV/RmPVkv1rv1MStdssqeA/QH1ucPHgKbpw==</latexit><latexit sha1_base64="C5uWKgnA9a1Ovd8dzCuo8JDHDdQ=">AAACDHicbVC7TsMwFHV4lvIqMLJYVEhMVYKQYKxgYWAoEn1ITVQ5zk1r1XEi20FUUT6AhV9hYQAhVj6Ajb/BTTNAy5EsHZ9z77Xv8RPOlLbtb2tpeWV1bb2yUd3c2t7Zre3td1ScSgptGvNY9nyigDMBbc00h14igUQ+h64/vpr63XuQisXiTk8S8CIyFCxklGgjDWp1lxMx5IC7g8yVEYaH3JWFYu43Zk5AclNlN+wCeJE4JamjEq1B7csNYppGIDTlRKm+Yyfay4jUjHLIq26qICF0TIbQN1SQCJSXFcvk+NgoAQ5jaY7QuFB/d2QkUmoS+aYyInqk5r2p+J/XT3V44WVMJKkGQWcPhSnHOsbTZHDAJFDNJ4YQKpn5K6YjIgnVJr+qCcGZX3mRdE4bjt1wbs/qzcsyjgo6REfoBDnoHDXRNWqhNqLoET2jV/RmPVkv1rv1MStdssqeA/QH1ucPHgKbpw==</latexit>



Conclusions/continuing work

• Molecular machines are driven by chemical reactions, which 
are modelled as discrete processes

• Fluctuations in control parameter dynamics penalize slow 
operation
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• Finite duration minimum work

• Thermodynamic justification for rapid operation

S. J. Large, R. Chetrite & D. A. Sivak, EPL, 2018, 124, 20001

• No ‘quasistatic’ limit: InÞnite-time work

• Fundamentally different control strategies
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• Finite duration minimum work

• Thermodynamic justification for rapid operation

S. J. Large, R. Chetrite & D. A. Sivak, EPL, 2018, 124, 20001

• No ‘quasistatic’ limit: InÞnite-time work

• Fundamentally different control strategies

S. J. Large & D. A. Sivak, 2019, arxiv: 1812.08216
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Conclusions/continuing work

• Molecular machines are driven by chemical reactions, which 
are modelled as discrete processes

• How do these theories embed themselves into a broader 
picture of stochastic thermodynamics?

• Fluctuations in control parameter dynamics penalize slow 
operation
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• Finite duration minimum work

• Thermodynamic justification for rapid operation
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• No ‘quasistatic’ limit: InÞnite-time work

• Fundamentally different control strategies

S. J. Large & D. A. Sivak, 2019, arxiv: 1812.08216
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Conclusions/continuing work

• Molecular machines are driven by chemical reactions, which 
are modelled as discrete processes

• How do these theories embed themselves into a broader 
picture of stochastic thermodynamics?

• Fluctuations in control parameter dynamics penalize slow 
operation
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• Finite duration minimum work

• Thermodynamic justification for rapid operation
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• No ‘quasistatic’ limit: InÞnite-time work

• Fundamentally different control strategies

S. J. Large & D. A. Sivak, 2019, arxiv: 1812.08216

• What are the implications for molecular machines like ATP-synthase?
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<latexit sha1_base64="L1+s3BMNHLY/j5Zvpgw2SVv1BF0=">AAACCnicbVC7TsMwFHV4lvIKMLIYKiSmKkFIMFawMBaJPqQmqhzHaa06cWTfIKqoMwu/wsIAQqx8ARt/g5tmgJYjXenonHvte0+QCq7Bcb6tpeWV1bX1ykZ1c2t7Z9fe229rmSnKWlQKqboB0UzwhLWAg2DdVDESB4J1gtH11O/cM6W5TO5gnDI/JoOER5wSMFLfPvKAPUDu6Qg3lQRpXsRhpgoXTzwgWd+uOXWnAF4kbklqqESzb395oaRZzBKggmjdc50U/Jwo4FSwSdXLNEsJHZEB6xmakJhpPy9OmeATo4Q4kspUArhQf0/kJNZ6HAemMyYw1PPeVPzP62UQXfo5T9IMWEJnH0WZwCDxNBcccsUoiLEhhCpudsV0SBShYNKrmhDc+ZMXSfus7jp19/a81rgq46igQ3SMTpGLLlAD3aAmaiGKHtEzekVv1pP1Yr1bH7PWJaucOUB/YH3+AOP6mwE=</latexit><latexit sha1_base64="L1+s3BMNHLY/j5Zvpgw2SVv1BF0=">AAACCnicbVC7TsMwFHV4lvIKMLIYKiSmKkFIMFawMBaJPqQmqhzHaa06cWTfIKqoMwu/wsIAQqx8ARt/g5tmgJYjXenonHvte0+QCq7Bcb6tpeWV1bX1ykZ1c2t7Z9fe229rmSnKWlQKqboB0UzwhLWAg2DdVDESB4J1gtH11O/cM6W5TO5gnDI/JoOER5wSMFLfPvKAPUDu6Qg3lQRpXsRhpgoXTzwgWd+uOXWnAF4kbklqqESzb395oaRZzBKggmjdc50U/Jwo4FSwSdXLNEsJHZEB6xmakJhpPy9OmeATo4Q4kspUArhQf0/kJNZ6HAemMyYw1PPeVPzP62UQXfo5T9IMWEJnH0WZwCDxNBcccsUoiLEhhCpudsV0SBShYNKrmhDc+ZMXSfus7jp19/a81rgq46igQ3SMTpGLLlAD3aAmaiGKHtEzekVv1pP1Yr1bH7PWJaucOUB/YH3+AOP6mwE=</latexit><latexit sha1_base64="L1+s3BMNHLY/j5Zvpgw2SVv1BF0=">AAACCnicbVC7TsMwFHV4lvIKMLIYKiSmKkFIMFawMBaJPqQmqhzHaa06cWTfIKqoMwu/wsIAQqx8ARt/g5tmgJYjXenonHvte0+QCq7Bcb6tpeWV1bX1ykZ1c2t7Z9fe229rmSnKWlQKqboB0UzwhLWAg2DdVDESB4J1gtH11O/cM6W5TO5gnDI/JoOER5wSMFLfPvKAPUDu6Qg3lQRpXsRhpgoXTzwgWd+uOXWnAF4kbklqqESzb395oaRZzBKggmjdc50U/Jwo4FSwSdXLNEsJHZEB6xmakJhpPy9OmeATo4Q4kspUArhQf0/kJNZ6HAemMyYw1PPeVPzP62UQXfo5T9IMWEJnH0WZwCDxNBcccsUoiLEhhCpudsV0SBShYNKrmhDc+ZMXSfus7jp19/a81rgq46igQ3SMTpGLLlAD3aAmaiGKHtEzekVv1pP1Yr1bH7PWJaucOUB/YH3+AOP6mwE=</latexit><latexit sha1_base64="L1+s3BMNHLY/j5Zvpgw2SVv1BF0=">AAACCnicbVC7TsMwFHV4lvIKMLIYKiSmKkFIMFawMBaJPqQmqhzHaa06cWTfIKqoMwu/wsIAQqx8ARt/g5tmgJYjXenonHvte0+QCq7Bcb6tpeWV1bX1ykZ1c2t7Z9fe229rmSnKWlQKqboB0UzwhLWAg2DdVDESB4J1gtH11O/cM6W5TO5gnDI/JoOER5wSMFLfPvKAPUDu6Qg3lQRpXsRhpgoXTzwgWd+uOXWnAF4kbklqqESzb395oaRZzBKggmjdc50U/Jwo4FSwSdXLNEsJHZEB6xmakJhpPy9OmeATo4Q4kspUArhQf0/kJNZ6HAemMyYw1PPeVPzP62UQXfo5T9IMWEJnH0WZwCDxNBcccsUoiLEhhCpudsV0SBShYNKrmhDc+ZMXSfus7jp19/a81rgq46igQ3SMTpGLLlAD3aAmaiGKHtEzekVv1pP1Yr1bH7PWJaucOUB/YH3+AOP6mwE=</latexit>

!W
ex

" !
<latexit sha1_base64="C5uWKgnA9a1Ovd8dzCuo8JDHDdQ=">AAACDHicbVC7TsMwFHV4lvIqMLJYVEhMVYKQYKxgYWAoEn1ITVQ5zk1r1XEi20FUUT6AhV9hYQAhVj6Ajb/BTTNAy5EsHZ9z77Xv8RPOlLbtb2tpeWV1bb2yUd3c2t7Zre3td1ScSgptGvNY9nyigDMBbc00h14igUQ+h64/vpr63XuQisXiTk8S8CIyFCxklGgjDWp1lxMx5IC7g8yVEYaH3JWFYu43Zk5AclNlN+wCeJE4JamjEq1B7csNYppGIDTlRKm+Yyfay4jUjHLIq26qICF0TIbQN1SQCJSXFcvk+NgoAQ5jaY7QuFB/d2QkUmoS+aYyInqk5r2p+J/XT3V44WVMJKkGQWcPhSnHOsbTZHDAJFDNJ4YQKpn5K6YjIgnVJr+qCcGZX3mRdE4bjt1wbs/qzcsyjgo6REfoBDnoHDXRNWqhNqLoET2jV/RmPVkv1rv1MStdssqeA/QH1ucPHgKbpw==</latexit><latexit sha1_base64="C5uWKgnA9a1Ovd8dzCuo8JDHDdQ=">AAACDHicbVC7TsMwFHV4lvIqMLJYVEhMVYKQYKxgYWAoEn1ITVQ5zk1r1XEi20FUUT6AhV9hYQAhVj6Ajb/BTTNAy5EsHZ9z77Xv8RPOlLbtb2tpeWV1bb2yUd3c2t7Zre3td1ScSgptGvNY9nyigDMBbc00h14igUQ+h64/vpr63XuQisXiTk8S8CIyFCxklGgjDWp1lxMx5IC7g8yVEYaH3JWFYu43Zk5AclNlN+wCeJE4JamjEq1B7csNYppGIDTlRKm+Yyfay4jUjHLIq26qICF0TIbQN1SQCJSXFcvk+NgoAQ5jaY7QuFB/d2QkUmoS+aYyInqk5r2p+J/XT3V44WVMJKkGQWcPhSnHOsbTZHDAJFDNJ4YQKpn5K6YjIgnVJr+qCcGZX3mRdE4bjt1wbs/qzcsyjgo6REfoBDnoHDXRNWqhNqLoET2jV/RmPVkv1rv1MStdssqeA/QH1ucPHgKbpw==</latexit><latexit sha1_base64="C5uWKgnA9a1Ovd8dzCuo8JDHDdQ=">AAACDHicbVC7TsMwFHV4lvIqMLJYVEhMVYKQYKxgYWAoEn1ITVQ5zk1r1XEi20FUUT6AhV9hYQAhVj6Ajb/BTTNAy5EsHZ9z77Xv8RPOlLbtb2tpeWV1bb2yUd3c2t7Zre3td1ScSgptGvNY9nyigDMBbc00h14igUQ+h64/vpr63XuQisXiTk8S8CIyFCxklGgjDWp1lxMx5IC7g8yVEYaH3JWFYu43Zk5AclNlN+wCeJE4JamjEq1B7csNYppGIDTlRKm+Yyfay4jUjHLIq26qICF0TIbQN1SQCJSXFcvk+NgoAQ5jaY7QuFB/d2QkUmoS+aYyInqk5r2p+J/XT3V44WVMJKkGQWcPhSnHOsbTZHDAJFDNJ4YQKpn5K6YjIgnVJr+qCcGZX3mRdE4bjt1wbs/qzcsyjgo6REfoBDnoHDXRNWqhNqLoET2jV/RmPVkv1rv1MStdssqeA/QH1ucPHgKbpw==</latexit><latexit sha1_base64="C5uWKgnA9a1Ovd8dzCuo8JDHDdQ=">AAACDHicbVC7TsMwFHV4lvIqMLJYVEhMVYKQYKxgYWAoEn1ITVQ5zk1r1XEi20FUUT6AhV9hYQAhVj6Ajb/BTTNAy5EsHZ9z77Xv8RPOlLbtb2tpeWV1bb2yUd3c2t7Zre3td1ScSgptGvNY9nyigDMBbc00h14igUQ+h64/vpr63XuQisXiTk8S8CIyFCxklGgjDWp1lxMx5IC7g8yVEYaH3JWFYu43Zk5AclNlN+wCeJE4JamjEq1B7csNYppGIDTlRKm+Yyfay4jUjHLIq26qICF0TIbQN1SQCJSXFcvk+NgoAQ5jaY7QuFB/d2QkUmoS+aYyInqk5r2p+J/XT3V44WVMJKkGQWcPhSnHOsbTZHDAJFDNJ4YQKpn5K6YjIgnVJr+qCcGZX3mRdE4bjt1wbs/qzcsyjgo6REfoBDnoHDXRNWqhNqLoET2jV/RmPVkv1rv1MStdssqeA/QH1ucPHgKbpw==</latexit>
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