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PART 1: THE ARROW OF TIME



See video lectures by Prof. George Porter on YouTube



See video lectures by Prof. George Porter on YouTube



See video lectures by Prof. George Porter on YouTube



See video lectures by Prof. George Porter on YouTube



See video lectures by Prof. George Porter on YouTube



See video lectures by Prof. George Porter on YouTube



See video lectures by Prof. George Porter on YouTube



In certain processes there seem to be a well defined arrow of time.

Asymmetry between “forward” and “backward”.

This asymmetry is quantified by the entropy production.

ENTROPY PRODUCTION
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The 2nd law of thermodynamics can be expressed as:



OPEN SYSTEMS
For open systems entropy production ≠ entropy. 

Entropy does not satisfy a continuity equation. 

There can also be an entropy flux
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The 2nd law then becomes Clausius’ inequality:
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THE MANY FACES OF THE 2ND LAW



EFFICIENCY OF A HEAT ENGINE
Let us now consider a heat engine. 

I like to write the 1st and 2nd laws side by side:
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<latexit sha1_base64="kziTTSAbeFwrAacqCMaYTquqmvo=">AAACFnicbVA9TwJBFNzDL8Qv1NLmIjGxInfGRAsLEhtLSAQ0cCF7yzvYsLt32X1nQi78ChsL/St2xtbWf2LpAlcIOMkmk5k3u28nTAQ36HnfTmFtfWNzq7hd2tnd2z8oHx61TJxqBk0Wi1g/hNSA4AqayFHAQ6KBylBAOxzdTv32E2jDY3WP4wQCSQeKR5xRtNJjtx9j1pj0hr1yxat6M7irxM9JheSo98o/NstSCQqZoMZ0fC/BIKMaORMwKXVTAwllIzqAjqWKSjBBNlt44p5Zpe9GsbZHoTtT/yYyKo0Zy9BOSopDs+xNxX+9UC68nCnOINKULe2D0XWQcZWkCIrN14lS4WLsTjty+1wDQzG2hDLN7Y9cNqT2GrRNlmxV/nIxq6R1UfW9qt+4rNRu8tKK5IScknPikytSI3ekTpqEEUmeySt5c16cd+fD+ZyPFpw8c0wW4Hz9AtfxoF0=</latexit><latexit sha1_base64="kziTTSAbeFwrAacqCMaYTquqmvo=">AAACFnicbVA9TwJBFNzDL8Qv1NLmIjGxInfGRAsLEhtLSAQ0cCF7yzvYsLt32X1nQi78ChsL/St2xtbWf2LpAlcIOMkmk5k3u28nTAQ36HnfTmFtfWNzq7hd2tnd2z8oHx61TJxqBk0Wi1g/hNSA4AqayFHAQ6KBylBAOxzdTv32E2jDY3WP4wQCSQeKR5xRtNJjtx9j1pj0hr1yxat6M7irxM9JheSo98o/NstSCQqZoMZ0fC/BIKMaORMwKXVTAwllIzqAjqWKSjBBNlt44p5Zpe9GsbZHoTtT/yYyKo0Zy9BOSopDs+xNxX+9UC68nCnOINKULe2D0XWQcZWkCIrN14lS4WLsTjty+1wDQzG2hDLN7Y9cNqT2GrRNlmxV/nIxq6R1UfW9qt+4rNRu8tKK5IScknPikytSI3ekTpqEEUmeySt5c16cd+fD+ZyPFpw8c0wW4Hz9AtfxoF0=</latexit><latexit sha1_base64="kziTTSAbeFwrAacqCMaYTquqmvo=">AAACFnicbVA9TwJBFNzDL8Qv1NLmIjGxInfGRAsLEhtLSAQ0cCF7yzvYsLt32X1nQi78ChsL/St2xtbWf2LpAlcIOMkmk5k3u28nTAQ36HnfTmFtfWNzq7hd2tnd2z8oHx61TJxqBk0Wi1g/hNSA4AqayFHAQ6KBylBAOxzdTv32E2jDY3WP4wQCSQeKR5xRtNJjtx9j1pj0hr1yxat6M7irxM9JheSo98o/NstSCQqZoMZ0fC/BIKMaORMwKXVTAwllIzqAjqWKSjBBNlt44p5Zpe9GsbZHoTtT/yYyKo0Zy9BOSopDs+xNxX+9UC68nCnOINKULe2D0XWQcZWkCIrN14lS4WLsTjty+1wDQzG2hDLN7Y9cNqT2GrRNlmxV/nIxq6R1UfW9qt+4rNRu8tKK5IScknPikytSI3ekTpqEEUmeySt5c16cd+fD+ZyPFpw8c0wW4Hz9AtfxoF0=</latexit><latexit sha1_base64="kziTTSAbeFwrAacqCMaYTquqmvo=">AAACFnicbVA9TwJBFNzDL8Qv1NLmIjGxInfGRAsLEhtLSAQ0cCF7yzvYsLt32X1nQi78ChsL/St2xtbWf2LpAlcIOMkmk5k3u28nTAQ36HnfTmFtfWNzq7hd2tnd2z8oHx61TJxqBk0Wi1g/hNSA4AqayFHAQ6KBylBAOxzdTv32E2jDY3WP4wQCSQeKR5xRtNJjtx9j1pj0hr1yxat6M7irxM9JheSo98o/NstSCQqZoMZ0fC/BIKMaORMwKXVTAwllIzqAjqWKSjBBNlt44p5Zpe9GsbZHoTtT/yYyKo0Zy9BOSopDs+xNxX+9UC68nCnOINKULe2D0XWQcZWkCIrN14lS4WLsTjty+1wDQzG2hDLN7Y9cNqT2GrRNlmxV/nIxq6R1UfW9qt+4rNRu8tKK5IScknPikytSI3ekTpqEEUmeySt5c16cd+fD+ZyPFpw8c0wW4Hz9AtfxoF0=</latexit>

Q̇c
<latexit sha1_base64="ZwDLKl6cssAhZA8tWiCODuoH5hs=">AAACFnicbVA9TwJBFHyHX4hfqKXNRWJiRe6MiRYWJDaWkAho4EL2lnewYXfvsrtnQi78ChsL/St2xtbWf2LpAlcIOMkmk5k3u28nTDjTxvO+ncLa+sbmVnG7tLO7t39QPjxq6ThVFJs05rF6CIlGziQ2DTMcHxKFRIQc2+Hoduq3n1BpFst7M04wEGQgWcQoMVZ67PZjkzUmPdorV7yqN4O7SvycVCBHvVf+sVmaCpSGcqJ1x/cSE2REGUY5TkrdVGNC6IgMsGOpJAJ1kM0WnrhnVum7UazskcadqX8TGRFaj0VoJwUxQ73sTcV/vVAsvJxJRjFShC7tY6LrIGMySQ1KOl8nSrlrYnfakdtnCqnhY0sIVcz+yKVDYq8xtsmSrcpfLmaVtC6qvlf1G5eV2k1eWhFO4BTOwYcrqMEd1KEJFAQ8wyu8OS/Ou/PhfM5HC06eOYYFOF+/z5+gWA==</latexit><latexit sha1_base64="ZwDLKl6cssAhZA8tWiCODuoH5hs=">AAACFnicbVA9TwJBFHyHX4hfqKXNRWJiRe6MiRYWJDaWkAho4EL2lnewYXfvsrtnQi78ChsL/St2xtbWf2LpAlcIOMkmk5k3u28nTDjTxvO+ncLa+sbmVnG7tLO7t39QPjxq6ThVFJs05rF6CIlGziQ2DTMcHxKFRIQc2+Hoduq3n1BpFst7M04wEGQgWcQoMVZ67PZjkzUmPdorV7yqN4O7SvycVCBHvVf+sVmaCpSGcqJ1x/cSE2REGUY5TkrdVGNC6IgMsGOpJAJ1kM0WnrhnVum7UazskcadqX8TGRFaj0VoJwUxQ73sTcV/vVAsvJxJRjFShC7tY6LrIGMySQ1KOl8nSrlrYnfakdtnCqnhY0sIVcz+yKVDYq8xtsmSrcpfLmaVtC6qvlf1G5eV2k1eWhFO4BTOwYcrqMEd1KEJFAQ8wyu8OS/Ou/PhfM5HC06eOYYFOF+/z5+gWA==</latexit><latexit sha1_base64="ZwDLKl6cssAhZA8tWiCODuoH5hs=">AAACFnicbVA9TwJBFHyHX4hfqKXNRWJiRe6MiRYWJDaWkAho4EL2lnewYXfvsrtnQi78ChsL/St2xtbWf2LpAlcIOMkmk5k3u28nTDjTxvO+ncLa+sbmVnG7tLO7t39QPjxq6ThVFJs05rF6CIlGziQ2DTMcHxKFRIQc2+Hoduq3n1BpFst7M04wEGQgWcQoMVZ67PZjkzUmPdorV7yqN4O7SvycVCBHvVf+sVmaCpSGcqJ1x/cSE2REGUY5TkrdVGNC6IgMsGOpJAJ1kM0WnrhnVum7UazskcadqX8TGRFaj0VoJwUxQ73sTcV/vVAsvJxJRjFShC7tY6LrIGMySQ1KOl8nSrlrYnfakdtnCqnhY0sIVcz+yKVDYq8xtsmSrcpfLmaVtC6qvlf1G5eV2k1eWhFO4BTOwYcrqMEd1KEJFAQ8wyu8OS/Ou/PhfM5HC06eOYYFOF+/z5+gWA==</latexit><latexit sha1_base64="ZwDLKl6cssAhZA8tWiCODuoH5hs=">AAACFnicbVA9TwJBFHyHX4hfqKXNRWJiRe6MiRYWJDaWkAho4EL2lnewYXfvsrtnQi78ChsL/St2xtbWf2LpAlcIOMkmk5k3u28nTDjTxvO+ncLa+sbmVnG7tLO7t39QPjxq6ThVFJs05rF6CIlGziQ2DTMcHxKFRIQc2+Hoduq3n1BpFst7M04wEGQgWcQoMVZ67PZjkzUmPdorV7yqN4O7SvycVCBHvVf+sVmaCpSGcqJ1x/cSE2REGUY5TkrdVGNC6IgMsGOpJAJ1kM0WnrhnVum7UazskcadqX8TGRFaj0VoJwUxQ73sTcV/vVAsvJxJRjFShC7tY6LrIGMySQ1KOl8nSrlrYnfakdtnCqnhY0sIVcz+yKVDYq8xtsmSrcpfLmaVtC6qvlf1G5eV2k1eWhFO4BTOwYcrqMEd1KEJFAQ8wyu8OS/Ou/PhfM5HC06eOYYFOF+/z5+gWA==</latexit>

Ẇ
<latexit sha1_base64="Sjn3wmX1rKhIETXkTmtdfHQ5GK0=">AAACFHicbVA9SwNBFNyLXzF+RS1tFoNgFe5E0MIiYGMZweSE5Ah7m3fJkr29Y/edEI78CBsL/St2YmvvP7F0k1xhEgcWhpk3u28nTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61TZJpDi2eyEQ/hsyAFApaKFDCY6qBxaEEPxzdTn3/CbQRiXrAcQpBzAZKRIIztJLf7SeY+5NetebW3RnoKvEKUiMFmr3qj03yLAaFXDJjOp6bYpAzjYJLmFS6mYGU8REbQMdSxWIwQT5bd0LPrNKnUaLtUUhn6t9EzmJjxnFoJ2OGQ7PsTcV/vTBeeDlXgkOkGV/aB6PrIBcqzRAUn68TZZJiQqcN0b7QwFGOLWFcC/sjyofMXoO2x4qtylsuZpW0L+qeW/fuL2uNm6K0Mjkhp+SceOSKNMgdaZIW4WREnskreXNenHfnw/mcj5acInNMFuB8/QJGWZ+I</latexit><latexit sha1_base64="Sjn3wmX1rKhIETXkTmtdfHQ5GK0=">AAACFHicbVA9SwNBFNyLXzF+RS1tFoNgFe5E0MIiYGMZweSE5Ah7m3fJkr29Y/edEI78CBsL/St2YmvvP7F0k1xhEgcWhpk3u28nTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61TZJpDi2eyEQ/hsyAFApaKFDCY6qBxaEEPxzdTn3/CbQRiXrAcQpBzAZKRIIztJLf7SeY+5NetebW3RnoKvEKUiMFmr3qj03yLAaFXDJjOp6bYpAzjYJLmFS6mYGU8REbQMdSxWIwQT5bd0LPrNKnUaLtUUhn6t9EzmJjxnFoJ2OGQ7PsTcV/vTBeeDlXgkOkGV/aB6PrIBcqzRAUn68TZZJiQqcN0b7QwFGOLWFcC/sjyofMXoO2x4qtylsuZpW0L+qeW/fuL2uNm6K0Mjkhp+SceOSKNMgdaZIW4WREnskreXNenHfnw/mcj5acInNMFuB8/QJGWZ+I</latexit><latexit sha1_base64="Sjn3wmX1rKhIETXkTmtdfHQ5GK0=">AAACFHicbVA9SwNBFNyLXzF+RS1tFoNgFe5E0MIiYGMZweSE5Ah7m3fJkr29Y/edEI78CBsL/St2YmvvP7F0k1xhEgcWhpk3u28nTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61TZJpDi2eyEQ/hsyAFApaKFDCY6qBxaEEPxzdTn3/CbQRiXrAcQpBzAZKRIIztJLf7SeY+5NetebW3RnoKvEKUiMFmr3qj03yLAaFXDJjOp6bYpAzjYJLmFS6mYGU8REbQMdSxWIwQT5bd0LPrNKnUaLtUUhn6t9EzmJjxnFoJ2OGQ7PsTcV/vTBeeDlXgkOkGV/aB6PrIBcqzRAUn68TZZJiQqcN0b7QwFGOLWFcC/sjyofMXoO2x4qtylsuZpW0L+qeW/fuL2uNm6K0Mjkhp+SceOSKNMgdaZIW4WREnskreXNenHfnw/mcj5acInNMFuB8/QJGWZ+I</latexit><latexit sha1_base64="Sjn3wmX1rKhIETXkTmtdfHQ5GK0=">AAACFHicbVA9SwNBFNyLXzF+RS1tFoNgFe5E0MIiYGMZweSE5Ah7m3fJkr29Y/edEI78CBsL/St2YmvvP7F0k1xhEgcWhpk3u28nTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61TZJpDi2eyEQ/hsyAFApaKFDCY6qBxaEEPxzdTn3/CbQRiXrAcQpBzAZKRIIztJLf7SeY+5NetebW3RnoKvEKUiMFmr3qj03yLAaFXDJjOp6bYpAzjYJLmFS6mYGU8REbQMdSxWIwQT5bd0LPrNKnUaLtUUhn6t9EzmJjxnFoJ2OGQ7PsTcV/vTBeeDlXgkOkGV/aB6PrIBcqzRAUn68TZZJiQqcN0b7QwFGOLWFcC/sjyofMXoO2x4qtylsuZpW0L+qeW/fuL2uNm6K0Mjkhp+SceOSKNMgdaZIW4WREnskreXNenHfnw/mcj5acInNMFuB8/QJGWZ+I</latexit>

dU

dt
= Q̇h + Q̇c + Ẇ

<latexit sha1_base64="m9rGqCqlCF53zpwWHPIZvcaTkfI=">AAACQHicbZDNSgMxEMezftb6VfXoJVgEQSi7ItiLUPDisQW3LbRlyWazbWg2uySzQln2OXwaLx70GXwDb+JNPJl+KLZ1IOHHf2aSmb+fCK7Btl+tldW19Y3NwlZxe2d3b790cNjUcaooc2ksYtX2iWaCS+YCB8HaiWIk8gVr+cObcb51z5TmsbyDUcJ6EelLHnJKwEheyemGitAswG5uLsjxNe4GMWSN3Bvg81+mP9zKvVLZrtiTwMvgzKCMZlH3Sp+mk6YRk0AF0brj2An0MqKAU8HyYjfVLCF0SPqsY1CSiOleNlktx6dGCXAYK3Mk4In6tyMjkdajyDeVEYGBXsyNxX9zfjT3cyY5ZWMrFuaBsNrLuExSYJJOxwlTgSHGYzdxwBWjIEYGCFXcbITpgJhnwHheNFY5i8YsQ/Oi4tgVp3FZrlVnphXQMTpBZ8hBV6iGblEduYiiB/SIntGL9WS9We/Wx7R0xZr1HKG5sL6+AX7Hr8Y=</latexit><latexit sha1_base64="m9rGqCqlCF53zpwWHPIZvcaTkfI=">AAACQHicbZDNSgMxEMezftb6VfXoJVgEQSi7ItiLUPDisQW3LbRlyWazbWg2uySzQln2OXwaLx70GXwDb+JNPJl+KLZ1IOHHf2aSmb+fCK7Btl+tldW19Y3NwlZxe2d3b790cNjUcaooc2ksYtX2iWaCS+YCB8HaiWIk8gVr+cObcb51z5TmsbyDUcJ6EelLHnJKwEheyemGitAswG5uLsjxNe4GMWSN3Bvg81+mP9zKvVLZrtiTwMvgzKCMZlH3Sp+mk6YRk0AF0brj2An0MqKAU8HyYjfVLCF0SPqsY1CSiOleNlktx6dGCXAYK3Mk4In6tyMjkdajyDeVEYGBXsyNxX9zfjT3cyY5ZWMrFuaBsNrLuExSYJJOxwlTgSHGYzdxwBWjIEYGCFXcbITpgJhnwHheNFY5i8YsQ/Oi4tgVp3FZrlVnphXQMTpBZ8hBV6iGblEduYiiB/SIntGL9WS9We/Wx7R0xZr1HKG5sL6+AX7Hr8Y=</latexit><latexit sha1_base64="m9rGqCqlCF53zpwWHPIZvcaTkfI=">AAACQHicbZDNSgMxEMezftb6VfXoJVgEQSi7ItiLUPDisQW3LbRlyWazbWg2uySzQln2OXwaLx70GXwDb+JNPJl+KLZ1IOHHf2aSmb+fCK7Btl+tldW19Y3NwlZxe2d3b790cNjUcaooc2ksYtX2iWaCS+YCB8HaiWIk8gVr+cObcb51z5TmsbyDUcJ6EelLHnJKwEheyemGitAswG5uLsjxNe4GMWSN3Bvg81+mP9zKvVLZrtiTwMvgzKCMZlH3Sp+mk6YRk0AF0brj2An0MqKAU8HyYjfVLCF0SPqsY1CSiOleNlktx6dGCXAYK3Mk4In6tyMjkdajyDeVEYGBXsyNxX9zfjT3cyY5ZWMrFuaBsNrLuExSYJJOxwlTgSHGYzdxwBWjIEYGCFXcbITpgJhnwHheNFY5i8YsQ/Oi4tgVp3FZrlVnphXQMTpBZ8hBV6iGblEduYiiB/SIntGL9WS9We/Wx7R0xZr1HKG5sL6+AX7Hr8Y=</latexit><latexit sha1_base64="m9rGqCqlCF53zpwWHPIZvcaTkfI=">AAACQHicbZDNSgMxEMezftb6VfXoJVgEQSi7ItiLUPDisQW3LbRlyWazbWg2uySzQln2OXwaLx70GXwDb+JNPJl+KLZ1IOHHf2aSmb+fCK7Btl+tldW19Y3NwlZxe2d3b790cNjUcaooc2ksYtX2iWaCS+YCB8HaiWIk8gVr+cObcb51z5TmsbyDUcJ6EelLHnJKwEheyemGitAswG5uLsjxNe4GMWSN3Bvg81+mP9zKvVLZrtiTwMvgzKCMZlH3Sp+mk6YRk0AF0brj2An0MqKAU8HyYjfVLCF0SPqsY1CSiOleNlktx6dGCXAYK3Mk4In6tyMjkdajyDeVEYGBXsyNxX9zfjT3cyY5ZWMrFuaBsNrLuExSYJJOxwlTgSHGYzdxwBWjIEYGCFXcbITpgJhnwHheNFY5i8YsQ/Oi4tgVp3FZrlVnphXQMTpBZ8hBV6iGblEduYiiB/SIntGL9WS9We/Wx7R0xZr1HKG5sL6+AX7Hr8Y=</latexit>

dU

dt
= 0 =) Ẇ = �Q̇h � Q̇c

<latexit sha1_base64="6Kkx/rA66UFwqMO8F79A0jSOwtg="></latexit><latexit sha1_base64="6Kkx/rA66UFwqMO8F79A0jSOwtg="></latexit><latexit sha1_base64="6Kkx/rA66UFwqMO8F79A0jSOwtg="></latexit><latexit sha1_base64="6Kkx/rA66UFwqMO8F79A0jSOwtg="></latexit>

We are interested in a steady-state operation regime:

dS

dt
= ⌃̇+

Q̇h

Th
+

Q̇c

Tc
<latexit sha1_base64="ZwYufrxioWr2JgaB+SqvKllUaUE="></latexit><latexit sha1_base64="ZwYufrxioWr2JgaB+SqvKllUaUE="></latexit><latexit sha1_base64="ZwYufrxioWr2JgaB+SqvKllUaUE="></latexit><latexit sha1_base64="ZwYufrxioWr2JgaB+SqvKllUaUE="></latexit>

dS

dt
= 0 =) ⌃̇ = � Q̇h

Th
� Q̇c

Tc
<latexit sha1_base64="mgSxPWup67veIaKXJl/ERYf/MHQ="></latexit><latexit sha1_base64="mgSxPWup67veIaKXJl/ERYf/MHQ="></latexit><latexit sha1_base64="mgSxPWup67veIaKXJl/ERYf/MHQ="></latexit><latexit sha1_base64="mgSxPWup67veIaKXJl/ERYf/MHQ="></latexit>



The efficiency of the engine then becomes:

dU

dt
= 0 =) Ẇ = �Q̇h � Q̇c

<latexit sha1_base64="6Kkx/rA66UFwqMO8F79A0jSOwtg="></latexit><latexit sha1_base64="6Kkx/rA66UFwqMO8F79A0jSOwtg="></latexit><latexit sha1_base64="6Kkx/rA66UFwqMO8F79A0jSOwtg="></latexit><latexit sha1_base64="6Kkx/rA66UFwqMO8F79A0jSOwtg="></latexit>

dS

dt
= 0 =) ⌃̇ = � Q̇h

Th
� Q̇c

Tc
<latexit sha1_base64="mgSxPWup67veIaKXJl/ERYf/MHQ="></latexit><latexit sha1_base64="mgSxPWup67veIaKXJl/ERYf/MHQ="></latexit><latexit sha1_base64="mgSxPWup67veIaKXJl/ERYf/MHQ="></latexit><latexit sha1_base64="mgSxPWup67veIaKXJl/ERYf/MHQ="></latexit>

⌘ = � Ẇ

Q̇h
<latexit sha1_base64="CeDM/sP7CxFX/KUm1+A9FeDeGPM=">AAACMXicbVA9SwNBEN2L3/ErammzJAg2hjsRTCMEbCwVjAkkIext5pIle3vH7pwQjuv9NTYW+lfSia1/wNJNcoVJfLDweG9mdub5sRQGXXfiFNbWNza3tneKu3v7B4elo+MnEyWaQ4NHMtItnxmQQkEDBUpoxRpY6Eto+qPbqd98Bm1EpB5xHEM3ZAMlAsEZWqlXKncAGb2hF7QTaMbTTj/CtJllc/LQG2ZZr1Rxq+4MdJV4OamQHPe90o9t5kkICrlkxrQ9N8ZuyjQKLiErdhIDMeMjNoC2pYqFYLrp7JaMnlmlT4NI26eQztS/HSkLjRmHvq0MGQ7NsjcV//X8cOHnVAkO05OX9sGg1k2FihMExefrBImkGNFpfLQvNHCUY0sY18JeRPmQ2TFoQy7aqLzlYFbJ02XVc6vew1WlXstD2yanpEzOiUeuSZ3ckXvSIJy8kFfyTj6cN2fifDpf89KCk/eckAU4378ILKq+</latexit><latexit sha1_base64="CeDM/sP7CxFX/KUm1+A9FeDeGPM=">AAACMXicbVA9SwNBEN2L3/ErammzJAg2hjsRTCMEbCwVjAkkIext5pIle3vH7pwQjuv9NTYW+lfSia1/wNJNcoVJfLDweG9mdub5sRQGXXfiFNbWNza3tneKu3v7B4elo+MnEyWaQ4NHMtItnxmQQkEDBUpoxRpY6Eto+qPbqd98Bm1EpB5xHEM3ZAMlAsEZWqlXKncAGb2hF7QTaMbTTj/CtJllc/LQG2ZZr1Rxq+4MdJV4OamQHPe90o9t5kkICrlkxrQ9N8ZuyjQKLiErdhIDMeMjNoC2pYqFYLrp7JaMnlmlT4NI26eQztS/HSkLjRmHvq0MGQ7NsjcV//X8cOHnVAkO05OX9sGg1k2FihMExefrBImkGNFpfLQvNHCUY0sY18JeRPmQ2TFoQy7aqLzlYFbJ02XVc6vew1WlXstD2yanpEzOiUeuSZ3ckXvSIJy8kFfyTj6cN2fifDpf89KCk/eckAU4378ILKq+</latexit><latexit sha1_base64="CeDM/sP7CxFX/KUm1+A9FeDeGPM=">AAACMXicbVA9SwNBEN2L3/ErammzJAg2hjsRTCMEbCwVjAkkIext5pIle3vH7pwQjuv9NTYW+lfSia1/wNJNcoVJfLDweG9mdub5sRQGXXfiFNbWNza3tneKu3v7B4elo+MnEyWaQ4NHMtItnxmQQkEDBUpoxRpY6Eto+qPbqd98Bm1EpB5xHEM3ZAMlAsEZWqlXKncAGb2hF7QTaMbTTj/CtJllc/LQG2ZZr1Rxq+4MdJV4OamQHPe90o9t5kkICrlkxrQ9N8ZuyjQKLiErdhIDMeMjNoC2pYqFYLrp7JaMnlmlT4NI26eQztS/HSkLjRmHvq0MGQ7NsjcV//X8cOHnVAkO05OX9sGg1k2FihMExefrBImkGNFpfLQvNHCUY0sY18JeRPmQ2TFoQy7aqLzlYFbJ02XVc6vew1WlXstD2yanpEzOiUeuSZ3ckXvSIJy8kFfyTj6cN2fifDpf89KCk/eckAU4378ILKq+</latexit><latexit sha1_base64="CeDM/sP7CxFX/KUm1+A9FeDeGPM=">AAACMXicbVA9SwNBEN2L3/ErammzJAg2hjsRTCMEbCwVjAkkIext5pIle3vH7pwQjuv9NTYW+lfSia1/wNJNcoVJfLDweG9mdub5sRQGXXfiFNbWNza3tneKu3v7B4elo+MnEyWaQ4NHMtItnxmQQkEDBUpoxRpY6Eto+qPbqd98Bm1EpB5xHEM3ZAMlAsEZWqlXKncAGb2hF7QTaMbTTj/CtJllc/LQG2ZZr1Rxq+4MdJV4OamQHPe90o9t5kkICrlkxrQ9N8ZuyjQKLiErdhIDMeMjNoC2pYqFYLrp7JaMnlmlT4NI26eQztS/HSkLjRmHvq0MGQ7NsjcV//X8cOHnVAkO05OX9sGg1k2FihMExefrBImkGNFpfLQvNHCUY0sY18JeRPmQ2TFoQy7aqLzlYFbJ02XVc6vew1WlXstD2yanpEzOiUeuSZ3ckXvSIJy8kFfyTj6cN2fifDpf89KCk/eckAU4378ILKq+</latexit>

= 1 +
Q̇c

Q̇h
<latexit sha1_base64="W3Ly6Jix2yfwJ0UiQMOSP5asvnA=">AAACMXicbVDLSgMxFM3UV62vUZduQosgCGVGBLsRCm5ctmBboR2GTJppQ5PMkGSEMszer3HjQn+lO3HrD7g00w5iWw8EDufce3PvCWJGlXacmVXa2Nza3invVvb2Dw6P7OOTrooSiUkHRyySjwFShFFBOppqRh5jSRAPGOkFk7vc7z0RqWgkHvQ0Jh5HI0FDipE2km9X4S104SUchBLhdDCMdNrOfJz90nHm2zWn7swB14lbkBoo0PLtb9OME06Exgwp1XedWHspkppiRrLKIFEkRniCRqRvqECcKC+d35LBc6MMYRhJ84SGc/VvR4q4UlMemEqO9Fitern4rxfwpZ9TQTHJj17ZR4cNL6UiTjQReLFOmDCoI5jHB4dUEqzZ1BCEJTUXQTxGZow2IVdMVO5qMOuke1V3nbrbvq41G0VoZXAGquACuOAGNME9aIEOwOAZvIA38G69WjPrw/pclJasoucULMH6+gEOt6oz</latexit><latexit sha1_base64="W3Ly6Jix2yfwJ0UiQMOSP5asvnA=">AAACMXicbVDLSgMxFM3UV62vUZduQosgCGVGBLsRCm5ctmBboR2GTJppQ5PMkGSEMszer3HjQn+lO3HrD7g00w5iWw8EDufce3PvCWJGlXacmVXa2Nza3invVvb2Dw6P7OOTrooSiUkHRyySjwFShFFBOppqRh5jSRAPGOkFk7vc7z0RqWgkHvQ0Jh5HI0FDipE2km9X4S104SUchBLhdDCMdNrOfJz90nHm2zWn7swB14lbkBoo0PLtb9OME06Exgwp1XedWHspkppiRrLKIFEkRniCRqRvqECcKC+d35LBc6MMYRhJ84SGc/VvR4q4UlMemEqO9Fitern4rxfwpZ9TQTHJj17ZR4cNL6UiTjQReLFOmDCoI5jHB4dUEqzZ1BCEJTUXQTxGZow2IVdMVO5qMOuke1V3nbrbvq41G0VoZXAGquACuOAGNME9aIEOwOAZvIA38G69WjPrw/pclJasoucULMH6+gEOt6oz</latexit><latexit sha1_base64="W3Ly6Jix2yfwJ0UiQMOSP5asvnA=">AAACMXicbVDLSgMxFM3UV62vUZduQosgCGVGBLsRCm5ctmBboR2GTJppQ5PMkGSEMszer3HjQn+lO3HrD7g00w5iWw8EDufce3PvCWJGlXacmVXa2Nza3invVvb2Dw6P7OOTrooSiUkHRyySjwFShFFBOppqRh5jSRAPGOkFk7vc7z0RqWgkHvQ0Jh5HI0FDipE2km9X4S104SUchBLhdDCMdNrOfJz90nHm2zWn7swB14lbkBoo0PLtb9OME06Exgwp1XedWHspkppiRrLKIFEkRniCRqRvqECcKC+d35LBc6MMYRhJ84SGc/VvR4q4UlMemEqO9Fitern4rxfwpZ9TQTHJj17ZR4cNL6UiTjQReLFOmDCoI5jHB4dUEqzZ1BCEJTUXQTxGZow2IVdMVO5qMOuke1V3nbrbvq41G0VoZXAGquACuOAGNME9aIEOwOAZvIA38G69WjPrw/pclJasoucULMH6+gEOt6oz</latexit><latexit sha1_base64="W3Ly6Jix2yfwJ0UiQMOSP5asvnA=">AAACMXicbVDLSgMxFM3UV62vUZduQosgCGVGBLsRCm5ctmBboR2GTJppQ5PMkGSEMszer3HjQn+lO3HrD7g00w5iWw8EDufce3PvCWJGlXacmVXa2Nza3invVvb2Dw6P7OOTrooSiUkHRyySjwFShFFBOppqRh5jSRAPGOkFk7vc7z0RqWgkHvQ0Jh5HI0FDipE2km9X4S104SUchBLhdDCMdNrOfJz90nHm2zWn7swB14lbkBoo0PLtb9OME06Exgwp1XedWHspkppiRrLKIFEkRniCRqRvqECcKC+d35LBc6MMYRhJ84SGc/VvR4q4UlMemEqO9Fitern4rxfwpZ9TQTHJj17ZR4cNL6UiTjQReLFOmDCoI5jHB4dUEqzZ1BCEJTUXQTxGZow2IVdMVO5qMOuke1V3nbrbvq41G0VoZXAGquACuOAGNME9aIEOwOAZvIA38G69WjPrw/pclJasoucULMH6+gEOt6oz</latexit>

= 1� Tc

Th
� Tc

Q̇h

⌃̇
<latexit sha1_base64="zoyiwjpqIjMkxGdxPybmWeaw8J0="></latexit><latexit sha1_base64="zoyiwjpqIjMkxGdxPybmWeaw8J0="></latexit><latexit sha1_base64="zoyiwjpqIjMkxGdxPybmWeaw8J0="></latexit><latexit sha1_base64="zoyiwjpqIjMkxGdxPybmWeaw8J0="></latexit>

Entropy production is therefore the reason the efficiency is smaller than Carnot!

⌘ = ⌘C � Tc

Q̇h

⌃̇
<latexit sha1_base64="wRtJSPFjFdWn9Ym0oZZ5G2h6KO8="></latexit><latexit sha1_base64="wRtJSPFjFdWn9Ym0oZZ5G2h6KO8="></latexit><latexit sha1_base64="wRtJSPFjFdWn9Ym0oZZ5G2h6KO8="></latexit><latexit sha1_base64="wRtJSPFjFdWn9Ym0oZZ5G2h6KO8="></latexit>



Carnot’s statement of the 2nd law

“The efficiency of a quasi-static or reversible Carnot cycle depends only 
on the temperatures of the two heat reservoirs, and is the same, 
whatever the working substance.  A Carnot engine operated in this way 
is the most efficient possible heat engine using those two 
temperatures.”



FLOW OF HEAT
Consider the heat flow between two bodies, one hot one cold. 

This is same as the heat engine, except we do no work. 

We continue to have:

Q̇h
<latexit sha1_base64="kziTTSAbeFwrAacqCMaYTquqmvo=">AAACFnicbVA9TwJBFNzDL8Qv1NLmIjGxInfGRAsLEhtLSAQ0cCF7yzvYsLt32X1nQi78ChsL/St2xtbWf2LpAlcIOMkmk5k3u28nTAQ36HnfTmFtfWNzq7hd2tnd2z8oHx61TJxqBk0Wi1g/hNSA4AqayFHAQ6KBylBAOxzdTv32E2jDY3WP4wQCSQeKR5xRtNJjtx9j1pj0hr1yxat6M7irxM9JheSo98o/NstSCQqZoMZ0fC/BIKMaORMwKXVTAwllIzqAjqWKSjBBNlt44p5Zpe9GsbZHoTtT/yYyKo0Zy9BOSopDs+xNxX+9UC68nCnOINKULe2D0XWQcZWkCIrN14lS4WLsTjty+1wDQzG2hDLN7Y9cNqT2GrRNlmxV/nIxq6R1UfW9qt+4rNRu8tKK5IScknPikytSI3ekTpqEEUmeySt5c16cd+fD+ZyPFpw8c0wW4Hz9AtfxoF0=</latexit><latexit sha1_base64="kziTTSAbeFwrAacqCMaYTquqmvo=">AAACFnicbVA9TwJBFNzDL8Qv1NLmIjGxInfGRAsLEhtLSAQ0cCF7yzvYsLt32X1nQi78ChsL/St2xtbWf2LpAlcIOMkmk5k3u28nTAQ36HnfTmFtfWNzq7hd2tnd2z8oHx61TJxqBk0Wi1g/hNSA4AqayFHAQ6KBylBAOxzdTv32E2jDY3WP4wQCSQeKR5xRtNJjtx9j1pj0hr1yxat6M7irxM9JheSo98o/NstSCQqZoMZ0fC/BIKMaORMwKXVTAwllIzqAjqWKSjBBNlt44p5Zpe9GsbZHoTtT/yYyKo0Zy9BOSopDs+xNxX+9UC68nCnOINKULe2D0XWQcZWkCIrN14lS4WLsTjty+1wDQzG2hDLN7Y9cNqT2GrRNlmxV/nIxq6R1UfW9qt+4rNRu8tKK5IScknPikytSI3ekTpqEEUmeySt5c16cd+fD+ZyPFpw8c0wW4Hz9AtfxoF0=</latexit><latexit sha1_base64="kziTTSAbeFwrAacqCMaYTquqmvo=">AAACFnicbVA9TwJBFNzDL8Qv1NLmIjGxInfGRAsLEhtLSAQ0cCF7yzvYsLt32X1nQi78ChsL/St2xtbWf2LpAlcIOMkmk5k3u28nTAQ36HnfTmFtfWNzq7hd2tnd2z8oHx61TJxqBk0Wi1g/hNSA4AqayFHAQ6KBylBAOxzdTv32E2jDY3WP4wQCSQeKR5xRtNJjtx9j1pj0hr1yxat6M7irxM9JheSo98o/NstSCQqZoMZ0fC/BIKMaORMwKXVTAwllIzqAjqWKSjBBNlt44p5Zpe9GsbZHoTtT/yYyKo0Zy9BOSopDs+xNxX+9UC68nCnOINKULe2D0XWQcZWkCIrN14lS4WLsTjty+1wDQzG2hDLN7Y9cNqT2GrRNlmxV/nIxq6R1UfW9qt+4rNRu8tKK5IScknPikytSI3ekTpqEEUmeySt5c16cd+fD+ZyPFpw8c0wW4Hz9AtfxoF0=</latexit><latexit sha1_base64="kziTTSAbeFwrAacqCMaYTquqmvo=">AAACFnicbVA9TwJBFNzDL8Qv1NLmIjGxInfGRAsLEhtLSAQ0cCF7yzvYsLt32X1nQi78ChsL/St2xtbWf2LpAlcIOMkmk5k3u28nTAQ36HnfTmFtfWNzq7hd2tnd2z8oHx61TJxqBk0Wi1g/hNSA4AqayFHAQ6KBylBAOxzdTv32E2jDY3WP4wQCSQeKR5xRtNJjtx9j1pj0hr1yxat6M7irxM9JheSo98o/NstSCQqZoMZ0fC/BIKMaORMwKXVTAwllIzqAjqWKSjBBNlt44p5Zpe9GsbZHoTtT/yYyKo0Zy9BOSopDs+xNxX+9UC68nCnOINKULe2D0XWQcZWkCIrN14lS4WLsTjty+1wDQzG2hDLN7Y9cNqT2GrRNlmxV/nIxq6R1UfW9qt+4rNRu8tKK5IScknPikytSI3ekTpqEEUmeySt5c16cd+fD+ZyPFpw8c0wW4Hz9AtfxoF0=</latexit>

Q̇c
<latexit sha1_base64="ZwDLKl6cssAhZA8tWiCODuoH5hs=">AAACFnicbVA9TwJBFHyHX4hfqKXNRWJiRe6MiRYWJDaWkAho4EL2lnewYXfvsrtnQi78ChsL/St2xtbWf2LpAlcIOMkmk5k3u28nTDjTxvO+ncLa+sbmVnG7tLO7t39QPjxq6ThVFJs05rF6CIlGziQ2DTMcHxKFRIQc2+Hoduq3n1BpFst7M04wEGQgWcQoMVZ67PZjkzUmPdorV7yqN4O7SvycVCBHvVf+sVmaCpSGcqJ1x/cSE2REGUY5TkrdVGNC6IgMsGOpJAJ1kM0WnrhnVum7UazskcadqX8TGRFaj0VoJwUxQ73sTcV/vVAsvJxJRjFShC7tY6LrIGMySQ1KOl8nSrlrYnfakdtnCqnhY0sIVcz+yKVDYq8xtsmSrcpfLmaVtC6qvlf1G5eV2k1eWhFO4BTOwYcrqMEd1KEJFAQ8wyu8OS/Ou/PhfM5HC06eOYYFOF+/z5+gWA==</latexit><latexit sha1_base64="ZwDLKl6cssAhZA8tWiCODuoH5hs=">AAACFnicbVA9TwJBFHyHX4hfqKXNRWJiRe6MiRYWJDaWkAho4EL2lnewYXfvsrtnQi78ChsL/St2xtbWf2LpAlcIOMkmk5k3u28nTDjTxvO+ncLa+sbmVnG7tLO7t39QPjxq6ThVFJs05rF6CIlGziQ2DTMcHxKFRIQc2+Hoduq3n1BpFst7M04wEGQgWcQoMVZ67PZjkzUmPdorV7yqN4O7SvycVCBHvVf+sVmaCpSGcqJ1x/cSE2REGUY5TkrdVGNC6IgMsGOpJAJ1kM0WnrhnVum7UazskcadqX8TGRFaj0VoJwUxQ73sTcV/vVAsvJxJRjFShC7tY6LrIGMySQ1KOl8nSrlrYnfakdtnCqnhY0sIVcz+yKVDYq8xtsmSrcpfLmaVtC6qvlf1G5eV2k1eWhFO4BTOwYcrqMEd1KEJFAQ8wyu8OS/Ou/PhfM5HC06eOYYFOF+/z5+gWA==</latexit><latexit sha1_base64="ZwDLKl6cssAhZA8tWiCODuoH5hs=">AAACFnicbVA9TwJBFHyHX4hfqKXNRWJiRe6MiRYWJDaWkAho4EL2lnewYXfvsrtnQi78ChsL/St2xtbWf2LpAlcIOMkmk5k3u28nTDjTxvO+ncLa+sbmVnG7tLO7t39QPjxq6ThVFJs05rF6CIlGziQ2DTMcHxKFRIQc2+Hoduq3n1BpFst7M04wEGQgWcQoMVZ67PZjkzUmPdorV7yqN4O7SvycVCBHvVf+sVmaCpSGcqJ1x/cSE2REGUY5TkrdVGNC6IgMsGOpJAJ1kM0WnrhnVum7UazskcadqX8TGRFaj0VoJwUxQ73sTcV/vVAsvJxJRjFShC7tY6LrIGMySQ1KOl8nSrlrYnfakdtnCqnhY0sIVcz+yKVDYq8xtsmSrcpfLmaVtC6qvlf1G5eV2k1eWhFO4BTOwYcrqMEd1KEJFAQ8wyu8OS/Ou/PhfM5HC06eOYYFOF+/z5+gWA==</latexit><latexit sha1_base64="ZwDLKl6cssAhZA8tWiCODuoH5hs=">AAACFnicbVA9TwJBFHyHX4hfqKXNRWJiRe6MiRYWJDaWkAho4EL2lnewYXfvsrtnQi78ChsL/St2xtbWf2LpAlcIOMkmk5k3u28nTDjTxvO+ncLa+sbmVnG7tLO7t39QPjxq6ThVFJs05rF6CIlGziQ2DTMcHxKFRIQc2+Hoduq3n1BpFst7M04wEGQgWcQoMVZ67PZjkzUmPdorV7yqN4O7SvycVCBHvVf+sVmaCpSGcqJ1x/cSE2REGUY5TkrdVGNC6IgMsGOpJAJ1kM0WnrhnVum7UazskcadqX8TGRFaj0VoJwUxQ73sTcV/vVAsvJxJRjFShC7tY6LrIGMySQ1KOl8nSrlrYnfakdtnCqnhY0sIVcz+yKVDYq8xtsmSrcpfLmaVtC6qvlf1G5eV2k1eWhFO4BTOwYcrqMEd1KEJFAQ8wyu8OS/Ou/PhfM5HC06eOYYFOF+/z5+gWA==</latexit>

⌃̇ = � Q̇h

Th
� Q̇c

Tc
� 0

<latexit sha1_base64="dDIFiznvngOyq9en/doD4FAihDQ="></latexit><latexit sha1_base64="dDIFiznvngOyq9en/doD4FAihDQ="></latexit><latexit sha1_base64="dDIFiznvngOyq9en/doD4FAihDQ="></latexit><latexit sha1_base64="dDIFiznvngOyq9en/doD4FAihDQ="></latexit>

But now, since there is no work, Q̇c = �Q̇h
<latexit sha1_base64="0YKtE+SJn+mYskpqbr2CBLdLSeE=">AAACJnicbVDLSgMxFM3UV62vURcu3ASL4MYyI4LdCAU3LluwD2iHkknvtKGZzJBkhDLM17hxob/iTsSdn+HStB3Btl4InJxzT3Lv8WPOlHacT6uwtr6xuVXcLu3s7u0f2IdHLRUlkkKTRjySHZ8o4ExAUzPNoRNLIKHPoe2P76Z6+xGkYpF40JMYvJAMBQsYJdpQffukN4h02sj6FN/iS/x7G/XtslNxZoVXgZuDMsqr3re/jZcmIQhNOVGq6zqx9lIiNaMcslIvURATOiZD6BooSAjKS2cLZPjcMAMcRNIcofGM/etISajUJPRNZ0j0SC1rU/JfzQ8Xfk4FoxBIQpfm0UHVS5mIEw2CzscJEo51hKeZ4QGTQDWfGECoZGYjTEfEPKNNsiUTlbsczCpoXVVcp+I2rsu1ah5aEZ2iM3SBXHSDauge1VETUZShJ/SCXq1n6816tz7mrQUr9xyjhbK+fgAXb6WO</latexit><latexit sha1_base64="0YKtE+SJn+mYskpqbr2CBLdLSeE=">AAACJnicbVDLSgMxFM3UV62vURcu3ASL4MYyI4LdCAU3LluwD2iHkknvtKGZzJBkhDLM17hxob/iTsSdn+HStB3Btl4InJxzT3Lv8WPOlHacT6uwtr6xuVXcLu3s7u0f2IdHLRUlkkKTRjySHZ8o4ExAUzPNoRNLIKHPoe2P76Z6+xGkYpF40JMYvJAMBQsYJdpQffukN4h02sj6FN/iS/x7G/XtslNxZoVXgZuDMsqr3re/jZcmIQhNOVGq6zqx9lIiNaMcslIvURATOiZD6BooSAjKS2cLZPjcMAMcRNIcofGM/etISajUJPRNZ0j0SC1rU/JfzQ8Xfk4FoxBIQpfm0UHVS5mIEw2CzscJEo51hKeZ4QGTQDWfGECoZGYjTEfEPKNNsiUTlbsczCpoXVVcp+I2rsu1ah5aEZ2iM3SBXHSDauge1VETUZShJ/SCXq1n6816tz7mrQUr9xyjhbK+fgAXb6WO</latexit><latexit sha1_base64="0YKtE+SJn+mYskpqbr2CBLdLSeE=">AAACJnicbVDLSgMxFM3UV62vURcu3ASL4MYyI4LdCAU3LluwD2iHkknvtKGZzJBkhDLM17hxob/iTsSdn+HStB3Btl4InJxzT3Lv8WPOlHacT6uwtr6xuVXcLu3s7u0f2IdHLRUlkkKTRjySHZ8o4ExAUzPNoRNLIKHPoe2P76Z6+xGkYpF40JMYvJAMBQsYJdpQffukN4h02sj6FN/iS/x7G/XtslNxZoVXgZuDMsqr3re/jZcmIQhNOVGq6zqx9lIiNaMcslIvURATOiZD6BooSAjKS2cLZPjcMAMcRNIcofGM/etISajUJPRNZ0j0SC1rU/JfzQ8Xfk4FoxBIQpfm0UHVS5mIEw2CzscJEo51hKeZ4QGTQDWfGECoZGYjTEfEPKNNsiUTlbsczCpoXVVcp+I2rsu1ah5aEZ2iM3SBXHSDauge1VETUZShJ/SCXq1n6816tz7mrQUr9xyjhbK+fgAXb6WO</latexit><latexit sha1_base64="0YKtE+SJn+mYskpqbr2CBLdLSeE=">AAACJnicbVDLSgMxFM3UV62vURcu3ASL4MYyI4LdCAU3LluwD2iHkknvtKGZzJBkhDLM17hxob/iTsSdn+HStB3Btl4InJxzT3Lv8WPOlHacT6uwtr6xuVXcLu3s7u0f2IdHLRUlkkKTRjySHZ8o4ExAUzPNoRNLIKHPoe2P76Z6+xGkYpF40JMYvJAMBQsYJdpQffukN4h02sj6FN/iS/x7G/XtslNxZoVXgZuDMsqr3re/jZcmIQhNOVGq6zqx9lIiNaMcslIvURATOiZD6BooSAjKS2cLZPjcMAMcRNIcofGM/etISajUJPRNZ0j0SC1rU/JfzQ8Xfk4FoxBIQpfm0UHVS5mIEw2CzscJEo51hKeZ4QGTQDWfGECoZGYjTEfEPKNNsiUTlbsczCpoXVVcp+I2rsu1ah5aEZ2iM3SBXHSDauge1VETUZShJ/SCXq1n6816tz7mrQUr9xyjhbK+fgAXb6WO</latexit>

) ⌃̇ =
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Tc
� 1
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◆
Q̇h � 0

<latexit sha1_base64="VIpikKv/0e+UCRi3Mr8kfAEZdDw="></latexit><latexit sha1_base64="VIpikKv/0e+UCRi3Mr8kfAEZdDw="></latexit><latexit sha1_base64="VIpikKv/0e+UCRi3Mr8kfAEZdDw="></latexit><latexit sha1_base64="VIpikKv/0e+UCRi3Mr8kfAEZdDw="></latexit>

Heat flows from hot to cold.



Clausius’ statement of the 2nd law

“Heat can never pass from a colder to a warmer body without some 
other change, connected therewith, occurring at the same time.”



SINGLE BATH

Finally, suppose we only have 1 bath.

The 1st and 2nd laws then give: Q̇h
<latexit sha1_base64="kziTTSAbeFwrAacqCMaYTquqmvo=">AAACFnicbVA9TwJBFNzDL8Qv1NLmIjGxInfGRAsLEhtLSAQ0cCF7yzvYsLt32X1nQi78ChsL/St2xtbWf2LpAlcIOMkmk5k3u28nTAQ36HnfTmFtfWNzq7hd2tnd2z8oHx61TJxqBk0Wi1g/hNSA4AqayFHAQ6KBylBAOxzdTv32E2jDY3WP4wQCSQeKR5xRtNJjtx9j1pj0hr1yxat6M7irxM9JheSo98o/NstSCQqZoMZ0fC/BIKMaORMwKXVTAwllIzqAjqWKSjBBNlt44p5Zpe9GsbZHoTtT/yYyKo0Zy9BOSopDs+xNxX+9UC68nCnOINKULe2D0XWQcZWkCIrN14lS4WLsTjty+1wDQzG2hDLN7Y9cNqT2GrRNlmxV/nIxq6R1UfW9qt+4rNRu8tKK5IScknPikytSI3ekTpqEEUmeySt5c16cd+fD+ZyPFpw8c0wW4Hz9AtfxoF0=</latexit><latexit sha1_base64="kziTTSAbeFwrAacqCMaYTquqmvo=">AAACFnicbVA9TwJBFNzDL8Qv1NLmIjGxInfGRAsLEhtLSAQ0cCF7yzvYsLt32X1nQi78ChsL/St2xtbWf2LpAlcIOMkmk5k3u28nTAQ36HnfTmFtfWNzq7hd2tnd2z8oHx61TJxqBk0Wi1g/hNSA4AqayFHAQ6KBylBAOxzdTv32E2jDY3WP4wQCSQeKR5xRtNJjtx9j1pj0hr1yxat6M7irxM9JheSo98o/NstSCQqZoMZ0fC/BIKMaORMwKXVTAwllIzqAjqWKSjBBNlt44p5Zpe9GsbZHoTtT/yYyKo0Zy9BOSopDs+xNxX+9UC68nCnOINKULe2D0XWQcZWkCIrN14lS4WLsTjty+1wDQzG2hDLN7Y9cNqT2GrRNlmxV/nIxq6R1UfW9qt+4rNRu8tKK5IScknPikytSI3ekTpqEEUmeySt5c16cd+fD+ZyPFpw8c0wW4Hz9AtfxoF0=</latexit><latexit sha1_base64="kziTTSAbeFwrAacqCMaYTquqmvo=">AAACFnicbVA9TwJBFNzDL8Qv1NLmIjGxInfGRAsLEhtLSAQ0cCF7yzvYsLt32X1nQi78ChsL/St2xtbWf2LpAlcIOMkmk5k3u28nTAQ36HnfTmFtfWNzq7hd2tnd2z8oHx61TJxqBk0Wi1g/hNSA4AqayFHAQ6KBylBAOxzdTv32E2jDY3WP4wQCSQeKR5xRtNJjtx9j1pj0hr1yxat6M7irxM9JheSo98o/NstSCQqZoMZ0fC/BIKMaORMwKXVTAwllIzqAjqWKSjBBNlt44p5Zpe9GsbZHoTtT/yYyKo0Zy9BOSopDs+xNxX+9UC68nCnOINKULe2D0XWQcZWkCIrN14lS4WLsTjty+1wDQzG2hDLN7Y9cNqT2GrRNlmxV/nIxq6R1UfW9qt+4rNRu8tKK5IScknPikytSI3ekTpqEEUmeySt5c16cd+fD+ZyPFpw8c0wW4Hz9AtfxoF0=</latexit><latexit sha1_base64="kziTTSAbeFwrAacqCMaYTquqmvo=">AAACFnicbVA9TwJBFNzDL8Qv1NLmIjGxInfGRAsLEhtLSAQ0cCF7yzvYsLt32X1nQi78ChsL/St2xtbWf2LpAlcIOMkmk5k3u28nTAQ36HnfTmFtfWNzq7hd2tnd2z8oHx61TJxqBk0Wi1g/hNSA4AqayFHAQ6KBylBAOxzdTv32E2jDY3WP4wQCSQeKR5xRtNJjtx9j1pj0hr1yxat6M7irxM9JheSo98o/NstSCQqZoMZ0fC/BIKMaORMwKXVTAwllIzqAjqWKSjBBNlt44p5Zpe9GsbZHoTtT/yYyKo0Zy9BOSopDs+xNxX+9UC68nCnOINKULe2D0XWQcZWkCIrN14lS4WLsTjty+1wDQzG2hDLN7Y9cNqT2GrRNlmxV/nIxq6R1UfW9qt+4rNRu8tKK5IScknPikytSI3ekTpqEEUmeySt5c16cd+fD+ZyPFpw8c0wW4Hz9AtfxoF0=</latexit>

Ẇ
<latexit sha1_base64="Sjn3wmX1rKhIETXkTmtdfHQ5GK0=">AAACFHicbVA9SwNBFNyLXzF+RS1tFoNgFe5E0MIiYGMZweSE5Ah7m3fJkr29Y/edEI78CBsL/St2YmvvP7F0k1xhEgcWhpk3u28nTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61TZJpDi2eyEQ/hsyAFApaKFDCY6qBxaEEPxzdTn3/CbQRiXrAcQpBzAZKRIIztJLf7SeY+5NetebW3RnoKvEKUiMFmr3qj03yLAaFXDJjOp6bYpAzjYJLmFS6mYGU8REbQMdSxWIwQT5bd0LPrNKnUaLtUUhn6t9EzmJjxnFoJ2OGQ7PsTcV/vTBeeDlXgkOkGV/aB6PrIBcqzRAUn68TZZJiQqcN0b7QwFGOLWFcC/sjyofMXoO2x4qtylsuZpW0L+qeW/fuL2uNm6K0Mjkhp+SceOSKNMgdaZIW4WREnskreXNenHfnw/mcj5acInNMFuB8/QJGWZ+I</latexit><latexit sha1_base64="Sjn3wmX1rKhIETXkTmtdfHQ5GK0=">AAACFHicbVA9SwNBFNyLXzF+RS1tFoNgFe5E0MIiYGMZweSE5Ah7m3fJkr29Y/edEI78CBsL/St2YmvvP7F0k1xhEgcWhpk3u28nTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61TZJpDi2eyEQ/hsyAFApaKFDCY6qBxaEEPxzdTn3/CbQRiXrAcQpBzAZKRIIztJLf7SeY+5NetebW3RnoKvEKUiMFmr3qj03yLAaFXDJjOp6bYpAzjYJLmFS6mYGU8REbQMdSxWIwQT5bd0LPrNKnUaLtUUhn6t9EzmJjxnFoJ2OGQ7PsTcV/vTBeeDlXgkOkGV/aB6PrIBcqzRAUn68TZZJiQqcN0b7QwFGOLWFcC/sjyofMXoO2x4qtylsuZpW0L+qeW/fuL2uNm6K0Mjkhp+SceOSKNMgdaZIW4WREnskreXNenHfnw/mcj5acInNMFuB8/QJGWZ+I</latexit><latexit sha1_base64="Sjn3wmX1rKhIETXkTmtdfHQ5GK0=">AAACFHicbVA9SwNBFNyLXzF+RS1tFoNgFe5E0MIiYGMZweSE5Ah7m3fJkr29Y/edEI78CBsL/St2YmvvP7F0k1xhEgcWhpk3u28nTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61TZJpDi2eyEQ/hsyAFApaKFDCY6qBxaEEPxzdTn3/CbQRiXrAcQpBzAZKRIIztJLf7SeY+5NetebW3RnoKvEKUiMFmr3qj03yLAaFXDJjOp6bYpAzjYJLmFS6mYGU8REbQMdSxWIwQT5bd0LPrNKnUaLtUUhn6t9EzmJjxnFoJ2OGQ7PsTcV/vTBeeDlXgkOkGV/aB6PrIBcqzRAUn68TZZJiQqcN0b7QwFGOLWFcC/sjyofMXoO2x4qtylsuZpW0L+qeW/fuL2uNm6K0Mjkhp+SceOSKNMgdaZIW4WREnskreXNenHfnw/mcj5acInNMFuB8/QJGWZ+I</latexit><latexit sha1_base64="Sjn3wmX1rKhIETXkTmtdfHQ5GK0=">AAACFHicbVA9SwNBFNyLXzF+RS1tFoNgFe5E0MIiYGMZweSE5Ah7m3fJkr29Y/edEI78CBsL/St2YmvvP7F0k1xhEgcWhpk3u28nTKUw6LrfTmltfWNzq7xd2dnd2z+oHh61TZJpDi2eyEQ/hsyAFApaKFDCY6qBxaEEPxzdTn3/CbQRiXrAcQpBzAZKRIIztJLf7SeY+5NetebW3RnoKvEKUiMFmr3qj03yLAaFXDJjOp6bYpAzjYJLmFS6mYGU8REbQMdSxWIwQT5bd0LPrNKnUaLtUUhn6t9EzmJjxnFoJ2OGQ7PsTcV/vTBeeDlXgkOkGV/aB6PrIBcqzRAUn68TZZJiQqcN0b7QwFGOLWFcC/sjyofMXoO2x4qtylsuZpW0L+qeW/fuL2uNm6K0Mjkhp+SceOSKNMgdaZIW4WREnskreXNenHfnw/mcj5acInNMFuB8/QJGWZ+I</latexit>

Ẇ = �Q̇h
<latexit sha1_base64="fwMsM9emVGF5XkVhVh+egF4UyQM=">AAACJHicbVDLSgMxFM34rPU1Kq7cBIvgxjIjgt0IBTcuW7APaIeSSe+0oZnMkGSEMszHuHGhv+JOXLjxO1yaTmdhWw8EDufck9wcP+ZMacf5stbWNza3tks75d29/YND++i4raJEUmjRiEey6xMFnAloaaY5dGMJJPQ5dPzJ/czvPIFULBKPehqDF5KRYAGjRBtpYJ/2h5FOOxm+w1c4581sMB7YFafq5MCrxC1IBRVoDOwfk6VJCEJTTpTquU6svZRIzSiHrNxPFMSETsgIeoYKEoLy0nz9DF8YZYiDSJojNM7Vv4mUhEpNQ99MhkSP1bI3E//1/HDh5VQwCoEkdGkfHdS8lIk40SDofJ0g4VhHeNYYHjIJVPOpIYRKZn6E6ZiYa7TptWyqcpeLWSXt66rrVN3mTaVeK0oroTN0ji6Ri25RHT2gBmohilL0jF7Rm/VivVsf1ud8dM0qMidoAdb3L4NcpL4=</latexit><latexit sha1_base64="fwMsM9emVGF5XkVhVh+egF4UyQM=">AAACJHicbVDLSgMxFM34rPU1Kq7cBIvgxjIjgt0IBTcuW7APaIeSSe+0oZnMkGSEMszHuHGhv+JOXLjxO1yaTmdhWw8EDufck9wcP+ZMacf5stbWNza3tks75d29/YND++i4raJEUmjRiEey6xMFnAloaaY5dGMJJPQ5dPzJ/czvPIFULBKPehqDF5KRYAGjRBtpYJ/2h5FOOxm+w1c4581sMB7YFafq5MCrxC1IBRVoDOwfk6VJCEJTTpTquU6svZRIzSiHrNxPFMSETsgIeoYKEoLy0nz9DF8YZYiDSJojNM7Vv4mUhEpNQ99MhkSP1bI3E//1/HDh5VQwCoEkdGkfHdS8lIk40SDofJ0g4VhHeNYYHjIJVPOpIYRKZn6E6ZiYa7TptWyqcpeLWSXt66rrVN3mTaVeK0oroTN0ji6Ri25RHT2gBmohilL0jF7Rm/VivVsf1ud8dM0qMidoAdb3L4NcpL4=</latexit><latexit sha1_base64="fwMsM9emVGF5XkVhVh+egF4UyQM=">AAACJHicbVDLSgMxFM34rPU1Kq7cBIvgxjIjgt0IBTcuW7APaIeSSe+0oZnMkGSEMszHuHGhv+JOXLjxO1yaTmdhWw8EDufck9wcP+ZMacf5stbWNza3tks75d29/YND++i4raJEUmjRiEey6xMFnAloaaY5dGMJJPQ5dPzJ/czvPIFULBKPehqDF5KRYAGjRBtpYJ/2h5FOOxm+w1c4581sMB7YFafq5MCrxC1IBRVoDOwfk6VJCEJTTpTquU6svZRIzSiHrNxPFMSETsgIeoYKEoLy0nz9DF8YZYiDSJojNM7Vv4mUhEpNQ99MhkSP1bI3E//1/HDh5VQwCoEkdGkfHdS8lIk40SDofJ0g4VhHeNYYHjIJVPOpIYRKZn6E6ZiYa7TptWyqcpeLWSXt66rrVN3mTaVeK0oroTN0ji6Ri25RHT2gBmohilL0jF7Rm/VivVsf1ud8dM0qMidoAdb3L4NcpL4=</latexit><latexit sha1_base64="fwMsM9emVGF5XkVhVh+egF4UyQM=">AAACJHicbVDLSgMxFM34rPU1Kq7cBIvgxjIjgt0IBTcuW7APaIeSSe+0oZnMkGSEMszHuHGhv+JOXLjxO1yaTmdhWw8EDufck9wcP+ZMacf5stbWNza3tks75d29/YND++i4raJEUmjRiEey6xMFnAloaaY5dGMJJPQ5dPzJ/czvPIFULBKPehqDF5KRYAGjRBtpYJ/2h5FOOxm+w1c4581sMB7YFafq5MCrxC1IBRVoDOwfk6VJCEJTTpTquU6svZRIzSiHrNxPFMSETsgIeoYKEoLy0nz9DF8YZYiDSJojNM7Vv4mUhEpNQ99MhkSP1bI3E//1/HDh5VQwCoEkdGkfHdS8lIk40SDofJ0g4VhHeNYYHjIJVPOpIYRKZn6E6ZiYa7TptWyqcpeLWSXt66rrVN3mTaVeK0oroTN0ji6Ri25RHT2gBmohilL0jF7Rm/VivVsf1ud8dM0qMidoAdb3L4NcpL4=</latexit>

⌃̇ = � Q̇h

Th
=

Ẇ

Th
� 0

<latexit sha1_base64="24qCmoLLVuWTTXy8PgHzvTHxfXo="></latexit><latexit sha1_base64="24qCmoLLVuWTTXy8PgHzvTHxfXo="></latexit><latexit sha1_base64="24qCmoLLVuWTTXy8PgHzvTHxfXo="></latexit><latexit sha1_base64="24qCmoLLVuWTTXy8PgHzvTHxfXo="></latexit>

Positive work (in my definition) means an external agent is doing work on 
the system.



Kelvin-Planck statement of the 2nd law

“It is impossible to devise a cyclically operating device, the sole effect of 
which is to absorb energy in the form of heat from a single  thermal 
reservoir and to deliver an equivalent amount of work.”



PART 2: QUANTUM CORRELATIONS



SPECTRAL LINES

Signatures of a chemical element. This is how we know the 
sun is made of hydrogen.



BOHR’S MODEL
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� 1
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◆

<latexit sha1_base64="2yeNwpJgOeqFzfil4DeTBViRVT4="></latexit><latexit sha1_base64="2yeNwpJgOeqFzfil4DeTBViRVT4="></latexit><latexit sha1_base64="2yeNwpJgOeqFzfil4DeTBViRVT4="></latexit><latexit sha1_base64="2yeNwpJgOeqFzfil4DeTBViRVT4="></latexit>

ni,f = 1, 2, 3, . . .
<latexit sha1_base64="6EhyVdRCbETQoYgErUiFClO1R7A=">AAACJXicbVBLSwMxGMzWV62vVcGLl2ARPJSyWwV7EQpePFawD2iXJZvNtqFJdkmyQln7Z7x40L/iTQRP/g2Ppu0ebOtAYJj5vmQyQcKo0o7zZRXW1jc2t4rbpZ3dvf0D+/CoreJUYtLCMYtlN0CKMCpIS1PNSDeRBPGAkU4wup36nUciFY3Fgx4nxONoIGhEMdJG8u0T4We0Ek3gDXQrtcplpc/CWCvfLjtVZwa4StyclEGOpm//9MMYp5wIjRlSquc6ifYyJDXFjExK/VSRBOERGpCeoQJxorxsln8Cz40SwiiW5ggNZ+rfjQxxpcY8MJMc6aFa9qbiv17AF17OBMUkkggv5dFR3cuoSFJNBJ7HiVIGdQynlcGQSoI1GxuCsKTmRxAPkblGm2JLpip3uZhV0q5VXafq3l+VG/W8tCI4BWfgArjgGjTAHWiCFsDgCTyDV/BmvVjv1of1OR8tWPnOMViA9f0LrR6kMg==</latexit><latexit sha1_base64="6EhyVdRCbETQoYgErUiFClO1R7A=">AAACJXicbVBLSwMxGMzWV62vVcGLl2ARPJSyWwV7EQpePFawD2iXJZvNtqFJdkmyQln7Z7x40L/iTQRP/g2Ppu0ebOtAYJj5vmQyQcKo0o7zZRXW1jc2t4rbpZ3dvf0D+/CoreJUYtLCMYtlN0CKMCpIS1PNSDeRBPGAkU4wup36nUciFY3Fgx4nxONoIGhEMdJG8u0T4We0Ek3gDXQrtcplpc/CWCvfLjtVZwa4StyclEGOpm//9MMYp5wIjRlSquc6ifYyJDXFjExK/VSRBOERGpCeoQJxorxsln8Cz40SwiiW5ggNZ+rfjQxxpcY8MJMc6aFa9qbiv17AF17OBMUkkggv5dFR3cuoSFJNBJ7HiVIGdQynlcGQSoI1GxuCsKTmRxAPkblGm2JLpip3uZhV0q5VXafq3l+VG/W8tCI4BWfgArjgGjTAHWiCFsDgCTyDV/BmvVjv1of1OR8tWPnOMViA9f0LrR6kMg==</latexit><latexit sha1_base64="6EhyVdRCbETQoYgErUiFClO1R7A=">AAACJXicbVBLSwMxGMzWV62vVcGLl2ARPJSyWwV7EQpePFawD2iXJZvNtqFJdkmyQln7Z7x40L/iTQRP/g2Ppu0ebOtAYJj5vmQyQcKo0o7zZRXW1jc2t4rbpZ3dvf0D+/CoreJUYtLCMYtlN0CKMCpIS1PNSDeRBPGAkU4wup36nUciFY3Fgx4nxONoIGhEMdJG8u0T4We0Ek3gDXQrtcplpc/CWCvfLjtVZwa4StyclEGOpm//9MMYp5wIjRlSquc6ifYyJDXFjExK/VSRBOERGpCeoQJxorxsln8Cz40SwiiW5ggNZ+rfjQxxpcY8MJMc6aFa9qbiv17AF17OBMUkkggv5dFR3cuoSFJNBJ7HiVIGdQynlcGQSoI1GxuCsKTmRxAPkblGm2JLpip3uZhV0q5VXafq3l+VG/W8tCI4BWfgArjgGjTAHWiCFsDgCTyDV/BmvVjv1of1OR8tWPnOMViA9f0LrR6kMg==</latexit><latexit sha1_base64="6EhyVdRCbETQoYgErUiFClO1R7A=">AAACJXicbVBLSwMxGMzWV62vVcGLl2ARPJSyWwV7EQpePFawD2iXJZvNtqFJdkmyQln7Z7x40L/iTQRP/g2Ppu0ebOtAYJj5vmQyQcKo0o7zZRXW1jc2t4rbpZ3dvf0D+/CoreJUYtLCMYtlN0CKMCpIS1PNSDeRBPGAkU4wup36nUciFY3Fgx4nxONoIGhEMdJG8u0T4We0Ek3gDXQrtcplpc/CWCvfLjtVZwa4StyclEGOpm//9MMYp5wIjRlSquc6ifYyJDXFjExK/VSRBOERGpCeoQJxorxsln8Cz40SwiiW5ggNZ+rfjQxxpcY8MJMc6aFa9qbiv17AF17OBMUkkggv5dFR3cuoSFJNBJ7HiVIGdQynlcGQSoI1GxuCsKTmRxAPkblGm2JLpip3uZhV0q5VXafq3l+VG/W8tCI4BWfgArjgGjTAHWiCFsDgCTyDV/BmvVjv1of1OR8tWPnOMViA9f0LrR6kMg==</latexit>

RH = 0.010974 nm�1
<latexit sha1_base64="hBfZNc9k/qukAak8BRWlEmMPeAQ=">AAACLXicbVBNSwMxEM36WevXqkdBgkXwYtmVQutBKHjpUcWqYGvJprMaTLJLMiuWpTd/jRcP+lc8COLVv+DRtPag1QeBx3szk5kXpVJYDIJXb2JyanpmtjBXnF9YXFr2V1ZPbZIZDk2eyMScR8yCFBqaKFDCeWqAqUjCWXRzMPDPbsFYkegT7KXQVuxKi1hwhk7q+BvHnQbdp0E5CIO9aoW2EO4wp1r1L/OdsN/xS84agv4l4YiUyAiHHf+z1U14pkAjl8zaizBIsZ0zg4JL6BdbmYWU8Rt2BReOaqbAtvPhHX265ZQujRPjnkY6VH925ExZ21ORq1QMr+24NxD/9SL16+dcCw6xYXxsH4xr7VzoNEPQ/HudOJMUEzqIjnaFAY6y5wjjRriLKL9mbgy6gIsuqnA8mL/kdLccBuXwqFKq10ahFcg62STbJCRVUicNckiahJN78kCeyLP36L14b977d+mEN+pZI7/gfXwBftymmg==</latexit><latexit sha1_base64="hBfZNc9k/qukAak8BRWlEmMPeAQ=">AAACLXicbVBNSwMxEM36WevXqkdBgkXwYtmVQutBKHjpUcWqYGvJprMaTLJLMiuWpTd/jRcP+lc8COLVv+DRtPag1QeBx3szk5kXpVJYDIJXb2JyanpmtjBXnF9YXFr2V1ZPbZIZDk2eyMScR8yCFBqaKFDCeWqAqUjCWXRzMPDPbsFYkegT7KXQVuxKi1hwhk7q+BvHnQbdp0E5CIO9aoW2EO4wp1r1L/OdsN/xS84agv4l4YiUyAiHHf+z1U14pkAjl8zaizBIsZ0zg4JL6BdbmYWU8Rt2BReOaqbAtvPhHX265ZQujRPjnkY6VH925ExZ21ORq1QMr+24NxD/9SL16+dcCw6xYXxsH4xr7VzoNEPQ/HudOJMUEzqIjnaFAY6y5wjjRriLKL9mbgy6gIsuqnA8mL/kdLccBuXwqFKq10ahFcg62STbJCRVUicNckiahJN78kCeyLP36L14b977d+mEN+pZI7/gfXwBftymmg==</latexit><latexit sha1_base64="hBfZNc9k/qukAak8BRWlEmMPeAQ=">AAACLXicbVBNSwMxEM36WevXqkdBgkXwYtmVQutBKHjpUcWqYGvJprMaTLJLMiuWpTd/jRcP+lc8COLVv+DRtPag1QeBx3szk5kXpVJYDIJXb2JyanpmtjBXnF9YXFr2V1ZPbZIZDk2eyMScR8yCFBqaKFDCeWqAqUjCWXRzMPDPbsFYkegT7KXQVuxKi1hwhk7q+BvHnQbdp0E5CIO9aoW2EO4wp1r1L/OdsN/xS84agv4l4YiUyAiHHf+z1U14pkAjl8zaizBIsZ0zg4JL6BdbmYWU8Rt2BReOaqbAtvPhHX265ZQujRPjnkY6VH925ExZ21ORq1QMr+24NxD/9SL16+dcCw6xYXxsH4xr7VzoNEPQ/HudOJMUEzqIjnaFAY6y5wjjRriLKL9mbgy6gIsuqnA8mL/kdLccBuXwqFKq10ahFcg62STbJCRVUicNckiahJN78kCeyLP36L14b977d+mEN+pZI7/gfXwBftymmg==</latexit><latexit sha1_base64="hBfZNc9k/qukAak8BRWlEmMPeAQ=">AAACLXicbVBNSwMxEM36WevXqkdBgkXwYtmVQutBKHjpUcWqYGvJprMaTLJLMiuWpTd/jRcP+lc8COLVv+DRtPag1QeBx3szk5kXpVJYDIJXb2JyanpmtjBXnF9YXFr2V1ZPbZIZDk2eyMScR8yCFBqaKFDCeWqAqUjCWXRzMPDPbsFYkegT7KXQVuxKi1hwhk7q+BvHnQbdp0E5CIO9aoW2EO4wp1r1L/OdsN/xS84agv4l4YiUyAiHHf+z1U14pkAjl8zaizBIsZ0zg4JL6BdbmYWU8Rt2BReOaqbAtvPhHX265ZQujRPjnkY6VH925ExZ21ORq1QMr+24NxD/9SL16+dcCw6xYXxsH4xr7VzoNEPQ/HudOJMUEzqIjnaFAY6y5wjjRriLKL9mbgy6gIsuqnA8mL/kdLccBuXwqFKq10ahFcg62STbJCRVUicNckiahJN78kCeyLP36L14b977d+mEN+pZI7/gfXwBftymmg==</latexit>

Discrete stuff are super weird! 
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INSTANT HIT

Schrödinger’s equation is weeeeeirrrrrd. 

But it works, so who cares. 

And it became an instant hit: in a matter of a decade, people were already 
applying quantum mechanics to phenomena ranging from chemistry to 
nuclear physics.

For most of the last century, people have used quantum mechanics to 
understand many phenomena in nature. 

But little attention was given to understand quantum mechanics itself.



THE SUPERPOSITION PRINCIPLE

The simplest example of a quantum system is one with only 2 states (like 
a coin). 

We call it a qubit.

A qubit can be in one of two states which we call |0i, |1i
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But according to quantum mechanics, the state of a qubit can be encoded 
as a superposition of these states:

| i = ↵|0i+ �|1i
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where ⍺ and β are complex numbers satisfying:

|↵|2 + |�|2 = 1
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According to quantum theory, if we measure the system, we will find it in 
either 0 or 1, with probabilities: 

p0 = |↵|2, p1 = |�|2
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These are the rules: superposition + probabilistic outcomes.

We need these rules to construct the theory, even though they are super 
weird.

But if we happen to find the system in 0, then after the measurement, the 
state of the system is updated to 0 (the state collapsed to the outcome).

But what does it mean to be in a superposition?



REALISM

A probabilistic outcome is usually associated with ignorance (lack of 
information) about what is going on. 

It could be that we obtain probabilistic outcomes because we lack 
some kind of information (hidden variables)?

Maybe the state of the system (0 or 1) is already established, but we 
simply don’t know what it is. 

This would be a realist theory. 

Realism: the idea that objects have properties which exist 
independent of observation.



EPR PARADOX - SPOOKY
In 1935 Einstein, Podolsky and Rosen noticed that if nature was not realist, 
weird stuff would happen. 

Suppose we have two qubits,  A and B.  According to the principle of 
superposition we are allowed to prepare them on a state of the form

| i = |0, 0i+ |1, 1ip
2
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This is what we call an entangled state.

But now we take one of the qubits to another galaxy in a spaceship.

In another planet Bob measures qubit B and happen to find it in 1.

Then according to the rules of QM, qubit A would immediately collapse 
to 1 as well!



BELL INEQUALITY

For 3 decades this remained as a philosophical question. 

In 1964 John Bell proposed a test to check if a theory is realist or not.

Bell’s idea: create a pair of entangled photons and measure them on 
different polarization directions.  For a realist theory one must always have

hA0B0i+ hA0B1i+ hA1B0i � hA1B1i  2

A theory violating this cannot be a realist theory.





QUANTUM CORRELATIONS

Entanglement is a genuinely quantum effect. 

It is not correlation due to information, but an intrinsic correlation that 
Nature allows. 

Can we use entanglement as a resource to do something? 

Yes! These are the Quantum Technologies 2.0.

Quantum communications, quantum computing, quantum sensors, &c.



REVERSING THE DIRECTION OF HEAT FLOW USING 
QUANTUM CORRELATIONS



To appear in Nature Communications.
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Figure 1. Schematic of the experimental setup. A Heat flows from the hot to the cold spin (at thermal contact) when
both are initially uncorrelated. This corresponds to standard thermodynamic. For initially quantum correlated spins, heat is
spontaneously transferred from the cold to the hot spin. The direction of heat flow is here reversed. B View of the magnetometer
used in our NMR experiment. A superconducting magnet, producing a high intensity magnetic field (B0) in the longitudinal
direction, is immersed in a thermally shielded vessel in liquid He, surrounded by liquid N in another vacuum separated chamber.
The sample is placed at the center of the magnet within the radio frequency coil of the probe head inside a 5mm glass tube. C

Experimental pulse sequence for the partial thermalization process. The blue (black) circle represents x (y) rotations by the
indicated angle. The orange connections represents a free evolution under the scalar coupling, HHC

J = (⇡~/2)J�H

z �
C

z , between
the 1H and 13C nuclear spins during the time indicated above the symbol. We have performed 22 samplings of the interaction
time ⌧ in the interval 0 to 2.32 ms.

where C is the set of all states classically correlated24,25.
The geometric discord has a simple closed form expres-
sion for two qubits that can be directly evaluated from
the measured QST data (Supplementary Information).
We find the nonzero value Dg = 0.14 ± 0.01 for the ini-
tially correlated state prepared in the experiment.

We experimentally reconstruct the global two-qubit
density operator using quantum state tomography21 and
evaluate the changes of internal energies of each qubit,
of mutual information, and of geometric quantum dis-
cord during thermal contact (Figs. 2 A to F). We observe
the standard second law in the absence of initial correla-
tions (↵ ' 0), i.e., the hot qubit A cools down, QA < 0,
while the cold qubit B heats up, QB > 0 (circles symbols
in Figs. 2 A and B). At the same time, the mutual in-
formation and the geometric quantum discord increase,
as correlations build up following the thermal interac-
tion (circles symbols in Figs. 2 C and D). The situation
changes dramatically in the presence of initial quantum
correlations (↵ 6= 0): the energy current is here reversed

in the time interval, 0 < ⌧ < 2.1 ms, as heat flows from
the cold to the hot spin, QA = �QB > 0 (squares sym-
bols in Figs. 2 A and B). This reversal is accompanied
by a decrease of mutual information and geometric quan-
tum discord (squares symbols in Fig. 2 C and D). In this
case, quantum correlations are converted into energy and
used to switch the direction of the heat flow, in an ap-
parent violation of the second law. Correlations reach
their minimum at around ⌧ ⇡ 1.05 ms, after which they
build up again. Once they have passed their initial value
at ⌧ ⇡ 2.1 ms, energy is transferred in the expected di-
rection, from hot to cold. In all cases, we obtain good
agreement between experimental data (symbols) and the-
oretical simulations (dashed lines). Small discrepancies
seen as time increases are mainly due to inhomogeneities
in the control fields.

The experimental investigation of Eq. (5) as a function
of the thermalization time is presented in Fig. 2 E and
F. While the relative entropies steadily grow in the ab-
sence of initial correlations, they exhibit an increase up
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both are initially uncorrelated. This corresponds to standard thermodynamic. For initially quantum correlated spins, heat is
spontaneously transferred from the cold to the hot spin. The direction of heat flow is here reversed. B View of the magnetometer
used in our NMR experiment. A superconducting magnet, producing a high intensity magnetic field (B0) in the longitudinal
direction, is immersed in a thermally shielded vessel in liquid He, surrounded by liquid N in another vacuum separated chamber.
The sample is placed at the center of the magnet within the radio frequency coil of the probe head inside a 5mm glass tube. C

Experimental pulse sequence for the partial thermalization process. The blue (black) circle represents x (y) rotations by the
indicated angle. The orange connections represents a free evolution under the scalar coupling, HHC
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z , between
the 1H and 13C nuclear spins during the time indicated above the symbol. We have performed 22 samplings of the interaction
time ⌧ in the interval 0 to 2.32 ms.

where C is the set of all states classically correlated24,25.
The geometric discord has a simple closed form expres-
sion for two qubits that can be directly evaluated from
the measured QST data (Supplementary Information).
We find the nonzero value Dg = 0.14 ± 0.01 for the ini-
tially correlated state prepared in the experiment.

We experimentally reconstruct the global two-qubit
density operator using quantum state tomography21 and
evaluate the changes of internal energies of each qubit,
of mutual information, and of geometric quantum dis-
cord during thermal contact (Figs. 2 A to F). We observe
the standard second law in the absence of initial correla-
tions (↵ ' 0), i.e., the hot qubit A cools down, QA < 0,
while the cold qubit B heats up, QB > 0 (circles symbols
in Figs. 2 A and B). At the same time, the mutual in-
formation and the geometric quantum discord increase,
as correlations build up following the thermal interac-
tion (circles symbols in Figs. 2 C and D). The situation
changes dramatically in the presence of initial quantum
correlations (↵ 6= 0): the energy current is here reversed

in the time interval, 0 < ⌧ < 2.1 ms, as heat flows from
the cold to the hot spin, QA = �QB > 0 (squares sym-
bols in Figs. 2 A and B). This reversal is accompanied
by a decrease of mutual information and geometric quan-
tum discord (squares symbols in Fig. 2 C and D). In this
case, quantum correlations are converted into energy and
used to switch the direction of the heat flow, in an ap-
parent violation of the second law. Correlations reach
their minimum at around ⌧ ⇡ 1.05 ms, after which they
build up again. Once they have passed their initial value
at ⌧ ⇡ 2.1 ms, energy is transferred in the expected di-
rection, from hot to cold. In all cases, we obtain good
agreement between experimental data (symbols) and the-
oretical simulations (dashed lines). Small discrepancies
seen as time increases are mainly due to inhomogeneities
in the control fields.

The experimental investigation of Eq. (5) as a function
of the thermalization time is presented in Fig. 2 E and
F. While the relative entropies steadily grow in the ab-
sence of initial correlations, they exhibit an increase up
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Figure 2. Dynamics of heat, correlations, and entropic quantities. A Internal energy of qubit A along the partial
thermalization process. B Internal energy of qubit B. In the absence of initial correlations, the hot qubit A cools down and
the cold qubit B heats up (cyan circles in panel A and B). By contrast, in the presence of initial quantum correlations, the
heat current is reversed as the hot qubit A gains and the cold qubit B loses energy (orange squares in panel A and B). This
reversal is made possible by a decrease of the mutual information C and of the geometric quantum discord D. Different entropic
contributions to the heat current (5) in the uncorrelated E and uncorrelated F case. Reversal occurs when the negative variation
of the mutual information, �I(A:B), compensates the positive entropy productions, S(⇢⌧A||⇢A) and S(⇢⌧B||⇢B), of the respective
qubits. The symbols represent experimental data and the dashed lines are numerical simulations. Error bars were estimated
by a Monte Carlo sampling from the standard deviation of the measured data (Supplementary Information).

to 1.05 ms followed by a decrease in presence of initial
correlations. The latter behavior reflects the pattern of
the qubits already seen in Fig. 2 A and B, for the av-
erage energies. We note in addition a positive variation
of the mutual information in the uncorrelated case and a
large negative variation in the correlated case. The latter
offsets the increase of the relative entropies and enables
the reversal of the heat current. These findings provide
direct experimental evidence for the trading of quantum
mutual information and entropy production.

Discussion
We have observed the reversal of the energy flow be-
tween two quantum-correlated qubits with different ef-
fective temperatures, associated with the respective pop-
ulations of the two levels. Such effect has been predicted
to exist in general multidimensional systems9–11. By re-
vealing the fundamental influence of initial quantum cor-
relations on the direction of thermodynamic processes,
which Eddington has called the arrow of time37, our ex-
periment highlights the subtle interplay of quantum me-
chanics, thermodynamics and information theory. Initial
conditions thus not only break the time-reversal symme-
try of the otherwise reversible dynamics, they also de-
termine the direction of a process. Our findings further
emphasize the limitations of the standard local formu-
lation of the second law for initially correlated systems

and offers at the same time a novel mechanism to con-
trol heat on the microscale. They additionally establish
that the arrow of time is not an absolute but a relative
concept that depends on the choice of initial conditions.
We have observed the reversal of the energy current for
the case of two spins which never fully thermalize due to
their finite size. However, their dynamics is identical to
that of a thermalization map during the duration of the
experiment (Methods), a process we have labeled partial
thermalization for this reason. Furthermore, numerical
simulations show that reversals may also occur for a spin
interacting with larger spin environments which induce
thermalization (Supplementary Information). Hence, an
anomalous heat current does not seem to be restricted
to extremely microscopic systems. The precise scaling of
this effect with the system size is an interesting subject
for future experimental and theoretical investigations.
Our results on the reversal of the thermodynamic arrow
of time might also have stimulating consequences on the
cosmological arrow of time34.

Methods
Experimental setup. The liquid sample consist of 50 mg
of 99% 13C-labeled CHCl3 (Chloroform) diluted in 0.7 ml of
99.9% deutered Acetone-d6, in a flame sealed Wildmad Lab-
Glass 5 mm tube. Experiments were carried out in a Varian
500 MHz Spectrometer employing a double-resonance probe-
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WHAT DOES THIS MEAN? 

The arrow of time and the 2nd law determine what kinds of 
thermodynamic processes are allowed. 

According to the 2nd law, resources have to be consumed to make heat 
flow from cold to hot (refrigerate).

Here we showed that entanglement is also a resource. 







CONCLUSIONS
Entropy production is the central concept in all of thermodynamics. 

(undergraduate courses usually don’t reflect that).

Correlations can be informational or intrinsic. Quantum correlations 
(entanglement) are intrinsic. 

Entanglement is an informational resource: can be consumed to perform 
tasks that are not possible with classical resources. 
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