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Nonequilibrium thermodynamics
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Thermodynamics	structures	
fluctuations:	Jarzynski equality
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Stochastic	thermodynamics
Dynamics linked to thermodynamics

The coupling of a system to many equilibrium 
thermodynamic reservoirs imposes specific 
constraints on the dynamics

Identifies fluctuating work, 
heat, and entropy along
individual stochastic trajectories
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TD, PD
<latexit sha1_base64="5vZLBEEq/8lqExbjZldRcE3qXec=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBg5REBD0W7MFjhbYW2hA220m7dLOJuxuhlP4JLx4U8erf8ea/cdvmoK0PBh7vzTAzL0wF18Z1v53C2vrG5lZxu7Szu7d/UD48auskUwxbLBGJ6oRUo+ASW4YbgZ1UIY1DgQ/h6HbmPzyh0jyRTTNO0Y/pQPKIM2qs1GkG9QvSCOpBueJW3TnIKvFyUoEcjaD81esnLItRGiao1l3PTY0/ocpwJnBa6mUaU8pGdIBdSyWNUfuT+b1TcmaVPokSZUsaMld/T0xorPU4Dm1nTM1QL3sz8T+vm5noxp9wmWYGJVssijJBTEJmz5M+V8iMGFtCmeL2VsKGVFFmbEQlG4K3/PIqaV9WPbfq3V9Vam4eRxFO4BTOwYNrqMEdNKAFDAQ8wyu8OY/Oi/PufCxaC04+cwx/4Hz+AI9Sju4=</latexit><latexit sha1_base64="5vZLBEEq/8lqExbjZldRcE3qXec=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBg5REBD0W7MFjhbYW2hA220m7dLOJuxuhlP4JLx4U8erf8ea/cdvmoK0PBh7vzTAzL0wF18Z1v53C2vrG5lZxu7Szu7d/UD48auskUwxbLBGJ6oRUo+ASW4YbgZ1UIY1DgQ/h6HbmPzyh0jyRTTNO0Y/pQPKIM2qs1GkG9QvSCOpBueJW3TnIKvFyUoEcjaD81esnLItRGiao1l3PTY0/ocpwJnBa6mUaU8pGdIBdSyWNUfuT+b1TcmaVPokSZUsaMld/T0xorPU4Dm1nTM1QL3sz8T+vm5noxp9wmWYGJVssijJBTEJmz5M+V8iMGFtCmeL2VsKGVFFmbEQlG4K3/PIqaV9WPbfq3V9Vam4eRxFO4BTOwYNrqMEdNKAFDAQ8wyu8OY/Oi/PufCxaC04+cwx/4Hz+AI9Sju4=</latexit><latexit sha1_base64="5vZLBEEq/8lqExbjZldRcE3qXec=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBg5REBD0W7MFjhbYW2hA220m7dLOJuxuhlP4JLx4U8erf8ea/cdvmoK0PBh7vzTAzL0wF18Z1v53C2vrG5lZxu7Szu7d/UD48auskUwxbLBGJ6oRUo+ASW4YbgZ1UIY1DgQ/h6HbmPzyh0jyRTTNO0Y/pQPKIM2qs1GkG9QvSCOpBueJW3TnIKvFyUoEcjaD81esnLItRGiao1l3PTY0/ocpwJnBa6mUaU8pGdIBdSyWNUfuT+b1TcmaVPokSZUsaMld/T0xorPU4Dm1nTM1QL3sz8T+vm5noxp9wmWYGJVssijJBTEJmz5M+V8iMGFtCmeL2VsKGVFFmbEQlG4K3/PIqaV9WPbfq3V9Vam4eRxFO4BTOwYNrqMEdNKAFDAQ8wyu8OY/Oi/PufCxaC04+cwx/4Hz+AI9Sju4=</latexit><latexit sha1_base64="5vZLBEEq/8lqExbjZldRcE3qXec=">AAAB73icbVBNS8NAEJ3Ur1q/qh69LBbBg5REBD0W7MFjhbYW2hA220m7dLOJuxuhlP4JLx4U8erf8ea/cdvmoK0PBh7vzTAzL0wF18Z1v53C2vrG5lZxu7Szu7d/UD48auskUwxbLBGJ6oRUo+ASW4YbgZ1UIY1DgQ/h6HbmPzyh0jyRTTNO0Y/pQPKIM2qs1GkG9QvSCOpBueJW3TnIKvFyUoEcjaD81esnLItRGiao1l3PTY0/ocpwJnBa6mUaU8pGdIBdSyWNUfuT+b1TcmaVPokSZUsaMld/T0xorPU4Dm1nTM1QL3sz8T+vm5noxp9wmWYGJVssijJBTEJmz5M+V8iMGFtCmeL2VsKGVFFmbEQlG4K3/PIqaV9WPbfq3V9Vam4eRxFO4BTOwYNrqMEdNKAFDAQ8wyu8OY/Oi/PufCxaC04+cwx/4Hz+AI9Sju4=</latexit>

Van den Broeck/Esposito Physica A (2002); Seifert, Rep. Prog. Phys. (2012)



Paradigm:	driven	colloid
Langevin equation

Dynamics-thermo link
fluctuation-dissipation 
theorem

9

energy external work 
parameter

Non-conservative 
force

thermal
noiseviscous

damping

D = �kBT
<latexit sha1_base64="a0LUtF1Y15ta2fM+7bQHV2YBjB8=">AAAB/HicdVDLSsNAFJ3UV62vaJduBovgKiRasF0IpbpwWaEvaEKYTCft0JkkzEyEEOqvuHGhiFs/xJ1/4/Qh+Dxw4XDOvdx7T5AwKpVtvxuFldW19Y3iZmlre2d3z9w/6Mo4FZh0cMxi0Q+QJIxGpKOoYqSfCIJ4wEgvmFzO/N4tEZLGUVtlCfE4GkU0pBgpLflm+erCHSHOEZz4uSs4bE7bvlmxrWq9Zp/V4W/iWPYcFbBEyzff3GGMU04ihRmScuDYifJyJBTFjExLbipJgvAEjchA0whxIr18fvwUHmtlCMNY6IoUnKtfJ3LEpcx4oDs5UmP505uJf3mDVIU1L6dRkioS4cWiMGVQxXCWBBxSQbBimSYIC6pvhXiMBMJK51XSIXx+Cv8n3VPLsS3nplppNJdxFMEhOAInwAHnoAGuQQt0AAYZuAeP4Mm4Mx6MZ+Nl0VowljNl8A3G6wc0tpR/</latexit><latexit sha1_base64="a0LUtF1Y15ta2fM+7bQHV2YBjB8=">AAAB/HicdVDLSsNAFJ3UV62vaJduBovgKiRasF0IpbpwWaEvaEKYTCft0JkkzEyEEOqvuHGhiFs/xJ1/4/Qh+Dxw4XDOvdx7T5AwKpVtvxuFldW19Y3iZmlre2d3z9w/6Mo4FZh0cMxi0Q+QJIxGpKOoYqSfCIJ4wEgvmFzO/N4tEZLGUVtlCfE4GkU0pBgpLflm+erCHSHOEZz4uSs4bE7bvlmxrWq9Zp/V4W/iWPYcFbBEyzff3GGMU04ihRmScuDYifJyJBTFjExLbipJgvAEjchA0whxIr18fvwUHmtlCMNY6IoUnKtfJ3LEpcx4oDs5UmP505uJf3mDVIU1L6dRkioS4cWiMGVQxXCWBBxSQbBimSYIC6pvhXiMBMJK51XSIXx+Cv8n3VPLsS3nplppNJdxFMEhOAInwAHnoAGuQQt0AAYZuAeP4Mm4Mx6MZ+Nl0VowljNl8A3G6wc0tpR/</latexit><latexit sha1_base64="a0LUtF1Y15ta2fM+7bQHV2YBjB8=">AAAB/HicdVDLSsNAFJ3UV62vaJduBovgKiRasF0IpbpwWaEvaEKYTCft0JkkzEyEEOqvuHGhiFs/xJ1/4/Qh+Dxw4XDOvdx7T5AwKpVtvxuFldW19Y3iZmlre2d3z9w/6Mo4FZh0cMxi0Q+QJIxGpKOoYqSfCIJ4wEgvmFzO/N4tEZLGUVtlCfE4GkU0pBgpLflm+erCHSHOEZz4uSs4bE7bvlmxrWq9Zp/V4W/iWPYcFbBEyzff3GGMU04ihRmScuDYifJyJBTFjExLbipJgvAEjchA0whxIr18fvwUHmtlCMNY6IoUnKtfJ3LEpcx4oDs5UmP505uJf3mDVIU1L6dRkioS4cWiMGVQxXCWBBxSQbBimSYIC6pvhXiMBMJK51XSIXx+Cv8n3VPLsS3nplppNJdxFMEhOAInwAHnoAGuQQt0AAYZuAeP4Mm4Mx6MZ+Nl0VowljNl8A3G6wc0tpR/</latexit><latexit sha1_base64="a0LUtF1Y15ta2fM+7bQHV2YBjB8=">AAAB/HicdVDLSsNAFJ3UV62vaJduBovgKiRasF0IpbpwWaEvaEKYTCft0JkkzEyEEOqvuHGhiFs/xJ1/4/Qh+Dxw4XDOvdx7T5AwKpVtvxuFldW19Y3iZmlre2d3z9w/6Mo4FZh0cMxi0Q+QJIxGpKOoYqSfCIJ4wEgvmFzO/N4tEZLGUVtlCfE4GkU0pBgpLflm+erCHSHOEZz4uSs4bE7bvlmxrWq9Zp/V4W/iWPYcFbBEyzff3GGMU04ihRmScuDYifJyJBTFjExLbipJgvAEjchA0whxIr18fvwUHmtlCMNY6IoUnKtfJ3LEpcx4oDs5UmP505uJf3mDVIU1L6dRkioS4cWiMGVQxXCWBBxSQbBimSYIC6pvhXiMBMJK51XSIXx+Cv8n3VPLsS3nplppNJdxFMEhOAInwAHnoAGuQQt0AAYZuAeP4Mm4Mx6MZ+Nl0VowljNl8A3G6wc0tpR/</latexit> f

<latexit sha1_base64="s9Xl1sAxuIML9mtrw2Vum/NeaI0=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4GnqGRJNb0IvHBMwCyRB6Oj1Jm56F7h4hDPkCLx4U8eonefNv7CyCij4oeLxXRVU9PxFcaYw/rNza+sbmVn67sLO7t39QPDxqqziVlLVoLGLZ9YligkespbkWrJtIRkJfsI4/uZ77nXsmFY+jWz1NmBeSUcQDTok2UjMYFEvYxm61UnYRtt0Krjk1QyrYqV2UkWPjBUqwQmNQfO8PY5qGLNJUEKV6Dk60lxGpORVsVuiniiWETsiI9QyNSMiUly0OnaEzowxREEtTkUYL9ftERkKlpqFvOkOix+q3Nxf/8nqpDqpexqMk1Syiy0VBKpCO0fxrNOSSUS2mhhAqubkV0TGRhGqTTcGE8PUp+p+0XdvBttMsl+pXqzjycAKncA4OXEIdbqABLaDA4AGe4Nm6sx6tF+t12ZqzVjPH8APW2ycy740y</latexit><latexit sha1_base64="s9Xl1sAxuIML9mtrw2Vum/NeaI0=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4GnqGRJNb0IvHBMwCyRB6Oj1Jm56F7h4hDPkCLx4U8eonefNv7CyCij4oeLxXRVU9PxFcaYw/rNza+sbmVn67sLO7t39QPDxqqziVlLVoLGLZ9YligkespbkWrJtIRkJfsI4/uZ77nXsmFY+jWz1NmBeSUcQDTok2UjMYFEvYxm61UnYRtt0Krjk1QyrYqV2UkWPjBUqwQmNQfO8PY5qGLNJUEKV6Dk60lxGpORVsVuiniiWETsiI9QyNSMiUly0OnaEzowxREEtTkUYL9ftERkKlpqFvOkOix+q3Nxf/8nqpDqpexqMk1Syiy0VBKpCO0fxrNOSSUS2mhhAqubkV0TGRhGqTTcGE8PUp+p+0XdvBttMsl+pXqzjycAKncA4OXEIdbqABLaDA4AGe4Nm6sx6tF+t12ZqzVjPH8APW2ycy740y</latexit><latexit sha1_base64="s9Xl1sAxuIML9mtrw2Vum/NeaI0=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4GnqGRJNb0IvHBMwCyRB6Oj1Jm56F7h4hDPkCLx4U8eonefNv7CyCij4oeLxXRVU9PxFcaYw/rNza+sbmVn67sLO7t39QPDxqqziVlLVoLGLZ9YligkespbkWrJtIRkJfsI4/uZ77nXsmFY+jWz1NmBeSUcQDTok2UjMYFEvYxm61UnYRtt0Krjk1QyrYqV2UkWPjBUqwQmNQfO8PY5qGLNJUEKV6Dk60lxGpORVsVuiniiWETsiI9QyNSMiUly0OnaEzowxREEtTkUYL9ftERkKlpqFvOkOix+q3Nxf/8nqpDqpexqMk1Syiy0VBKpCO0fxrNOSSUS2mhhAqubkV0TGRhGqTTcGE8PUp+p+0XdvBttMsl+pXqzjycAKncA4OXEIdbqABLaDA4AGe4Nm6sx6tF+t12ZqzVjPH8APW2ycy740y</latexit><latexit sha1_base64="s9Xl1sAxuIML9mtrw2Vum/NeaI0=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4GnqGRJNb0IvHBMwCyRB6Oj1Jm56F7h4hDPkCLx4U8eonefNv7CyCij4oeLxXRVU9PxFcaYw/rNza+sbmVn67sLO7t39QPDxqqziVlLVoLGLZ9YligkespbkWrJtIRkJfsI4/uZ77nXsmFY+jWz1NmBeSUcQDTok2UjMYFEvYxm61UnYRtt0Krjk1QyrYqV2UkWPjBUqwQmNQfO8PY5qGLNJUEKV6Dk60lxGpORVsVuiniiWETsiI9QyNSMiUly0OnaEzowxREEtTkUYL9ftERkKlpqFvOkOix+q3Nxf/8nqpDqpexqMk1Syiy0VBKpCO0fxrNOSSUS2mhhAqubkV0TGRhGqTTcGE8PUp+p+0XdvBttMsl+pXqzjycAKncA4OXEIdbqABLaDA4AGe4Nm6sx6tF+t12ZqzVjPH8APW2ycy740y</latexit>

U
<latexit sha1_base64="ATJtvLC7CuOhSadR9azXxeXsaro=">AAAB6HicdVDLSgNBEJyNrxhfUY9eBoPgaZkNiSa3oBePCbhJIFnC7KQ3GTP7YGZWCEu+wIsHRbz6Sd78GycPQUULGoqqbrq7/ERwpQn5sHJr6xubW/ntws7u3v5B8fCoreJUMnBZLGLZ9akCwSNwNdcCuokEGvoCOv7keu537kEqHke3epqAF9JRxAPOqDZSyx0US8Qm5Vq1UsbELldJ3akbUiVO/aKCHZssUEIrNAfF9/4wZmkIkWaCKtVzSKK9jErNmYBZoZ8qSCib0BH0DI1oCMrLFofO8JlRhjiIpalI44X6fSKjoVLT0DedIdVj9dubi395vVQHNS/jUZJqiNhyUZAKrGM8/xoPuQSmxdQQyiQ3t2I2ppIybbIpmBC+PsX/k3bZdojttCqlxtUqjjw6QafoHDnoEjXQDWoiFzEE6AE9oWfrznq0XqzXZWvOWs0cox+w3j4BGSuNIQ==</latexit><latexit sha1_base64="ATJtvLC7CuOhSadR9azXxeXsaro=">AAAB6HicdVDLSgNBEJyNrxhfUY9eBoPgaZkNiSa3oBePCbhJIFnC7KQ3GTP7YGZWCEu+wIsHRbz6Sd78GycPQUULGoqqbrq7/ERwpQn5sHJr6xubW/ntws7u3v5B8fCoreJUMnBZLGLZ9akCwSNwNdcCuokEGvoCOv7keu537kEqHke3epqAF9JRxAPOqDZSyx0US8Qm5Vq1UsbELldJ3akbUiVO/aKCHZssUEIrNAfF9/4wZmkIkWaCKtVzSKK9jErNmYBZoZ8qSCib0BH0DI1oCMrLFofO8JlRhjiIpalI44X6fSKjoVLT0DedIdVj9dubi395vVQHNS/jUZJqiNhyUZAKrGM8/xoPuQSmxdQQyiQ3t2I2ppIybbIpmBC+PsX/k3bZdojttCqlxtUqjjw6QafoHDnoEjXQDWoiFzEE6AE9oWfrznq0XqzXZWvOWs0cox+w3j4BGSuNIQ==</latexit><latexit sha1_base64="ATJtvLC7CuOhSadR9azXxeXsaro=">AAAB6HicdVDLSgNBEJyNrxhfUY9eBoPgaZkNiSa3oBePCbhJIFnC7KQ3GTP7YGZWCEu+wIsHRbz6Sd78GycPQUULGoqqbrq7/ERwpQn5sHJr6xubW/ntws7u3v5B8fCoreJUMnBZLGLZ9akCwSNwNdcCuokEGvoCOv7keu537kEqHke3epqAF9JRxAPOqDZSyx0US8Qm5Vq1UsbELldJ3akbUiVO/aKCHZssUEIrNAfF9/4wZmkIkWaCKtVzSKK9jErNmYBZoZ8qSCib0BH0DI1oCMrLFofO8JlRhjiIpalI44X6fSKjoVLT0DedIdVj9dubi395vVQHNS/jUZJqiNhyUZAKrGM8/xoPuQSmxdQQyiQ3t2I2ppIybbIpmBC+PsX/k3bZdojttCqlxtUqjjw6QafoHDnoEjXQDWoiFzEE6AE9oWfrznq0XqzXZWvOWs0cox+w3j4BGSuNIQ==</latexit><latexit sha1_base64="ATJtvLC7CuOhSadR9azXxeXsaro=">AAAB6HicdVDLSgNBEJyNrxhfUY9eBoPgaZkNiSa3oBePCbhJIFnC7KQ3GTP7YGZWCEu+wIsHRbz6Sd78GycPQUULGoqqbrq7/ERwpQn5sHJr6xubW/ntws7u3v5B8fCoreJUMnBZLGLZ9akCwSNwNdcCuokEGvoCOv7keu537kEqHke3epqAF9JRxAPOqDZSyx0US8Qm5Vq1UsbELldJ3akbUiVO/aKCHZssUEIrNAfF9/4wZmkIkWaCKtVzSKK9jErNmYBZoZ8qSCib0BH0DI1oCMrLFofO8JlRhjiIpalI44X6fSKjoVLT0DedIdVj9dubi395vVQHNS/jUZJqiNhyUZAKrGM8/xoPuQSmxdQQyiQ3t2I2ppIybbIpmBC+PsX/k3bZdojttCqlxtUqjjw6QafoHDnoEjXQDWoiFzEE6AE9oWfrznq0XqzXZWvOWs0cox+w3j4BGSuNIQ==</latexit>



1st Law:	stochastic	energetics

Heat

work due to reservoir

Work

Energy
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��ẋt +
p

2�kBT ⇠t � @xU(xt;�t) + f = 0
<latexit sha1_base64="bnLzHglwmcDxLme73PAoTyW5Qhk="></latexit><latexit sha1_base64="bnLzHglwmcDxLme73PAoTyW5Qhk="></latexit><latexit sha1_base64="bnLzHglwmcDxLme73PAoTyW5Qhk="></latexit><latexit sha1_base64="bnLzHglwmcDxLme73PAoTyW5Qhk="></latexit>

force due to reservoir external forces

qt =

Z t

0
(�ẋs �

p
2�kBT ⇠s)dxs

<latexit sha1_base64="SOo3VMYgZcEDevbITEdAX1A+KFE="></latexit><latexit sha1_base64="SOo3VMYgZcEDevbITEdAX1A+KFE="></latexit><latexit sha1_base64="SOo3VMYgZcEDevbITEdAX1A+KFE="></latexit><latexit sha1_base64="SOo3VMYgZcEDevbITEdAX1A+KFE="></latexit>

wt =

Z t

0
@�Ud�s + fdxs

<latexit sha1_base64="1HQY2h2X9AQCq/FZ7c8rNS9GUik="></latexit><latexit sha1_base64="1HQY2h2X9AQCq/FZ7c8rNS9GUik="></latexit><latexit sha1_base64="1HQY2h2X9AQCq/FZ7c8rNS9GUik="></latexit><latexit sha1_base64="1HQY2h2X9AQCq/FZ7c8rNS9GUik="></latexit>

�Ut = wt � qt
<latexit sha1_base64="ZOYF5S77Q+7BiR26dsa/xB47110=">AAAB/XicdVDJSgNBEO1xjXGLy81LYxC8OPQMiSYHIaAHjxHMAkkYejqdpEnPYneNEkPwV7x4UMSr/+HNv7GzCCr6oODxXhVV9fxYCg2EfFhz8wuLS8uplfTq2vrGZmZru6qjRDFeYZGMVN2nmksR8goIkLweK04DX/Ka3z8b+7UbrrSIwisYxLwV0G4oOoJRMJKX2W2ecwkUVzzAp7ceHF0b4mWyxCZuIZ9zMbHdPCk6RUPyxCke57BjkwmyaIayl3lvtiOWBDwEJqnWDYfE0BpSBYJJPko3E81jyvq0yxuGhjTgujWcXD/CB0Zp406kTIWAJ+r3iSENtB4EvukMKPT0b28s/uU1EugUWkMRxgnwkE0XdRKJIcLjKHBbKM5ADgyhTAlzK2Y9qigDE1jahPD1Kf6fVF3bIbZzmcuWirM4UmgP7aND5KATVEIXqIwqiKE79ICe0LN1bz1aL9brtHXOms3soB+w3j4BUnOUeA==</latexit><latexit sha1_base64="ZOYF5S77Q+7BiR26dsa/xB47110=">AAAB/XicdVDJSgNBEO1xjXGLy81LYxC8OPQMiSYHIaAHjxHMAkkYejqdpEnPYneNEkPwV7x4UMSr/+HNv7GzCCr6oODxXhVV9fxYCg2EfFhz8wuLS8uplfTq2vrGZmZru6qjRDFeYZGMVN2nmksR8goIkLweK04DX/Ka3z8b+7UbrrSIwisYxLwV0G4oOoJRMJKX2W2ecwkUVzzAp7ceHF0b4mWyxCZuIZ9zMbHdPCk6RUPyxCke57BjkwmyaIayl3lvtiOWBDwEJqnWDYfE0BpSBYJJPko3E81jyvq0yxuGhjTgujWcXD/CB0Zp406kTIWAJ+r3iSENtB4EvukMKPT0b28s/uU1EugUWkMRxgnwkE0XdRKJIcLjKHBbKM5ADgyhTAlzK2Y9qigDE1jahPD1Kf6fVF3bIbZzmcuWirM4UmgP7aND5KATVEIXqIwqiKE79ICe0LN1bz1aL9brtHXOms3soB+w3j4BUnOUeA==</latexit><latexit sha1_base64="ZOYF5S77Q+7BiR26dsa/xB47110=">AAAB/XicdVDJSgNBEO1xjXGLy81LYxC8OPQMiSYHIaAHjxHMAkkYejqdpEnPYneNEkPwV7x4UMSr/+HNv7GzCCr6oODxXhVV9fxYCg2EfFhz8wuLS8uplfTq2vrGZmZru6qjRDFeYZGMVN2nmksR8goIkLweK04DX/Ka3z8b+7UbrrSIwisYxLwV0G4oOoJRMJKX2W2ecwkUVzzAp7ceHF0b4mWyxCZuIZ9zMbHdPCk6RUPyxCke57BjkwmyaIayl3lvtiOWBDwEJqnWDYfE0BpSBYJJPko3E81jyvq0yxuGhjTgujWcXD/CB0Zp406kTIWAJ+r3iSENtB4EvukMKPT0b28s/uU1EugUWkMRxgnwkE0XdRKJIcLjKHBbKM5ADgyhTAlzK2Y9qigDE1jahPD1Kf6fVF3bIbZzmcuWirM4UmgP7aND5KATVEIXqIwqiKE79ICe0LN1bz1aL9brtHXOms3soB+w3j4BUnOUeA==</latexit><latexit sha1_base64="ZOYF5S77Q+7BiR26dsa/xB47110=">AAAB/XicdVDJSgNBEO1xjXGLy81LYxC8OPQMiSYHIaAHjxHMAkkYejqdpEnPYneNEkPwV7x4UMSr/+HNv7GzCCr6oODxXhVV9fxYCg2EfFhz8wuLS8uplfTq2vrGZmZru6qjRDFeYZGMVN2nmksR8goIkLweK04DX/Ka3z8b+7UbrrSIwisYxLwV0G4oOoJRMJKX2W2ecwkUVzzAp7ceHF0b4mWyxCZuIZ9zMbHdPCk6RUPyxCke57BjkwmyaIayl3lvtiOWBDwEJqnWDYfE0BpSBYJJPko3E81jyvq0yxuGhjTgujWcXD/CB0Zp406kTIWAJ+r3iSENtB4EvukMKPT0b28s/uU1EugUWkMRxgnwkE0XdRKJIcLjKHBbKM5ADgyhTAlzK2Y9qigDE1jahPD1Kf6fVF3bIbZzmcuWirM4UmgP7aND5KATVEIXqIwqiKE79ICe0LN1bz1aL9brtHXOms3soB+w3j4BUnOUeA==</latexit>

Van den Broeck/Esposito Physica A (2002); Seifert, Rep. Prog. Phys. (2012)



2nd Law:	stochastic	entropy
Reservoir entropy change

System entropy

Entropy production
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st(xt) = �kB ln pt(xt)
<latexit sha1_base64="EVOmz0ATCH39g6Z1aUue2FDJCSU=">AAACC3icdVDJSgNBEO2JW4zbqEcvTYIQD4YZDZgchKAXjxHMAkkYejqdpElPz9BdI4Yhdy/+ihcPinj1B7z5N3YWwfVBweO9Kqrq+ZHgGhzn3UotLC4tr6RXM2vrG5tb9vZOXYexoqxGQxGqpk80E1yyGnAQrBkpRgJfsIY/PJ/4jWumNA/lFYwi1glIX/IepwSM5NlZ7UH+xoMDfIoPh17SVgE+G+O2kDiaO56dcwrFcsk5LuPfxC04U+TQHFXPfmt3QxoHTAIVROuW60TQSYgCTgUbZ9qxZhGhQ9JnLUMlCZjuJNNfxnjfKF3cC5UpCXiqfp1ISKD1KPBNZ0BgoH96E/EvrxVDr9RJuIxiYJLOFvVigSHEk2BwlytGQYwMIVRxcyumA6IIBRNfxoTw+Sn+n9SPCq5TcC+LuUplHkca7aEsyiMXnaAKukBVVEMU3aJ79IierDvrwXq2XmatKWs+s4u+wXr9AMWjmaA=</latexit><latexit sha1_base64="EVOmz0ATCH39g6Z1aUue2FDJCSU=">AAACC3icdVDJSgNBEO2JW4zbqEcvTYIQD4YZDZgchKAXjxHMAkkYejqdpElPz9BdI4Yhdy/+ihcPinj1B7z5N3YWwfVBweO9Kqrq+ZHgGhzn3UotLC4tr6RXM2vrG5tb9vZOXYexoqxGQxGqpk80E1yyGnAQrBkpRgJfsIY/PJ/4jWumNA/lFYwi1glIX/IepwSM5NlZ7UH+xoMDfIoPh17SVgE+G+O2kDiaO56dcwrFcsk5LuPfxC04U+TQHFXPfmt3QxoHTAIVROuW60TQSYgCTgUbZ9qxZhGhQ9JnLUMlCZjuJNNfxnjfKF3cC5UpCXiqfp1ISKD1KPBNZ0BgoH96E/EvrxVDr9RJuIxiYJLOFvVigSHEk2BwlytGQYwMIVRxcyumA6IIBRNfxoTw+Sn+n9SPCq5TcC+LuUplHkca7aEsyiMXnaAKukBVVEMU3aJ79IierDvrwXq2XmatKWs+s4u+wXr9AMWjmaA=</latexit><latexit sha1_base64="EVOmz0ATCH39g6Z1aUue2FDJCSU=">AAACC3icdVDJSgNBEO2JW4zbqEcvTYIQD4YZDZgchKAXjxHMAkkYejqdpElPz9BdI4Yhdy/+ihcPinj1B7z5N3YWwfVBweO9Kqrq+ZHgGhzn3UotLC4tr6RXM2vrG5tb9vZOXYexoqxGQxGqpk80E1yyGnAQrBkpRgJfsIY/PJ/4jWumNA/lFYwi1glIX/IepwSM5NlZ7UH+xoMDfIoPh17SVgE+G+O2kDiaO56dcwrFcsk5LuPfxC04U+TQHFXPfmt3QxoHTAIVROuW60TQSYgCTgUbZ9qxZhGhQ9JnLUMlCZjuJNNfxnjfKF3cC5UpCXiqfp1ISKD1KPBNZ0BgoH96E/EvrxVDr9RJuIxiYJLOFvVigSHEk2BwlytGQYwMIVRxcyumA6IIBRNfxoTw+Sn+n9SPCq5TcC+LuUplHkca7aEsyiMXnaAKukBVVEMU3aJ79IierDvrwXq2XmatKWs+s4u+wXr9AMWjmaA=</latexit><latexit sha1_base64="EVOmz0ATCH39g6Z1aUue2FDJCSU=">AAACC3icdVDJSgNBEO2JW4zbqEcvTYIQD4YZDZgchKAXjxHMAkkYejqdpElPz9BdI4Yhdy/+ihcPinj1B7z5N3YWwfVBweO9Kqrq+ZHgGhzn3UotLC4tr6RXM2vrG5tb9vZOXYexoqxGQxGqpk80E1yyGnAQrBkpRgJfsIY/PJ/4jWumNA/lFYwi1glIX/IepwSM5NlZ7UH+xoMDfIoPh17SVgE+G+O2kDiaO56dcwrFcsk5LuPfxC04U+TQHFXPfmt3QxoHTAIVROuW60TQSYgCTgUbZ9qxZhGhQ9JnLUMlCZjuJNNfxnjfKF3cC5UpCXiqfp1ISKD1KPBNZ0BgoH96E/EvrxVDr9RJuIxiYJLOFvVigSHEk2BwlytGQYwMIVRxcyumA6IIBRNfxoTw+Sn+n9SPCq5TcC+LuUplHkca7aEsyiMXnaAKukBVVEMU3aJ79IierDvrwXq2XmatKWs+s4u+wXr9AMWjmaA=</latexit>

�srest = qt/T
<latexit sha1_base64="AqoyOwMNhawvRHAnYi2hOntFDrE=">AAACBnicdVDLSgNBEJyN7/ha9SjCYBA8xV0NqAchoAePCkYD2bjMTnqTIbMPZ3qFsOTkxV/x4kERr36DN//GSYzgs6ChqOqmuytIpdDoOG9WYWx8YnJqeqY4Oze/sGgvLZ/rJFMcajyRiaoHTIMUMdRQoIR6qoBFgYSLoHs48C+uQWmRxGfYS6EZsXYsQsEZGsm317wjkMiovsw9FVEFuu8jPaD0ysetM98uOeXK/p6zs09/E7fsDFEiI5z49qvXSngWQYxcMq0brpNiM2cKBZfQL3qZhpTxLmtDw9CYRaCb+fCNPt0wSouGiTIVIx2qXydyFmndiwLTGTHs6J/eQPzLa2QY7jVzEacZQsw/FoWZpJjQQSa0JRRwlD1DGFfC3Ep5hynG0SRXNCF8fkr/J+fbZdcpu6eVUrU6imOarJJ1sklcskuq5JickBrh5IbckQfyaN1a99aT9fzRWrBGMyvkG6yXdxEqmDk=</latexit><latexit sha1_base64="AqoyOwMNhawvRHAnYi2hOntFDrE=">AAACBnicdVDLSgNBEJyN7/ha9SjCYBA8xV0NqAchoAePCkYD2bjMTnqTIbMPZ3qFsOTkxV/x4kERr36DN//GSYzgs6ChqOqmuytIpdDoOG9WYWx8YnJqeqY4Oze/sGgvLZ/rJFMcajyRiaoHTIMUMdRQoIR6qoBFgYSLoHs48C+uQWmRxGfYS6EZsXYsQsEZGsm317wjkMiovsw9FVEFuu8jPaD0ysetM98uOeXK/p6zs09/E7fsDFEiI5z49qvXSngWQYxcMq0brpNiM2cKBZfQL3qZhpTxLmtDw9CYRaCb+fCNPt0wSouGiTIVIx2qXydyFmndiwLTGTHs6J/eQPzLa2QY7jVzEacZQsw/FoWZpJjQQSa0JRRwlD1DGFfC3Ep5hynG0SRXNCF8fkr/J+fbZdcpu6eVUrU6imOarJJ1sklcskuq5JickBrh5IbckQfyaN1a99aT9fzRWrBGMyvkG6yXdxEqmDk=</latexit><latexit sha1_base64="AqoyOwMNhawvRHAnYi2hOntFDrE=">AAACBnicdVDLSgNBEJyN7/ha9SjCYBA8xV0NqAchoAePCkYD2bjMTnqTIbMPZ3qFsOTkxV/x4kERr36DN//GSYzgs6ChqOqmuytIpdDoOG9WYWx8YnJqeqY4Oze/sGgvLZ/rJFMcajyRiaoHTIMUMdRQoIR6qoBFgYSLoHs48C+uQWmRxGfYS6EZsXYsQsEZGsm317wjkMiovsw9FVEFuu8jPaD0ysetM98uOeXK/p6zs09/E7fsDFEiI5z49qvXSngWQYxcMq0brpNiM2cKBZfQL3qZhpTxLmtDw9CYRaCb+fCNPt0wSouGiTIVIx2qXydyFmndiwLTGTHs6J/eQPzLa2QY7jVzEacZQsw/FoWZpJjQQSa0JRRwlD1DGFfC3Ep5hynG0SRXNCF8fkr/J+fbZdcpu6eVUrU6imOarJJ1sklcskuq5JickBrh5IbckQfyaN1a99aT9fzRWrBGMyvkG6yXdxEqmDk=</latexit><latexit sha1_base64="AqoyOwMNhawvRHAnYi2hOntFDrE=">AAACBnicdVDLSgNBEJyN7/ha9SjCYBA8xV0NqAchoAePCkYD2bjMTnqTIbMPZ3qFsOTkxV/x4kERr36DN//GSYzgs6ChqOqmuytIpdDoOG9WYWx8YnJqeqY4Oze/sGgvLZ/rJFMcajyRiaoHTIMUMdRQoIR6qoBFgYSLoHs48C+uQWmRxGfYS6EZsXYsQsEZGsm317wjkMiovsw9FVEFuu8jPaD0ysetM98uOeXK/p6zs09/E7fsDFEiI5z49qvXSngWQYxcMq0brpNiM2cKBZfQL3qZhpTxLmtDw9CYRaCb+fCNPt0wSouGiTIVIx2qXydyFmndiwLTGTHs6J/eQPzLa2QY7jVzEacZQsw/FoWZpJjQQSa0JRRwlD1DGFfC3Ep5hynG0SRXNCF8fkr/J+fbZdcpu6eVUrU6imOarJJ1sklcskuq5JickBrh5IbckQfyaN1a99aT9fzRWrBGMyvkG6yXdxEqmDk=</latexit>

�t = �st +�srest
<latexit sha1_base64="HBTNGLxhbf4FOSZoIUMzpcvbrA4=">AAACE3icdVDLSgNBEJz1bXxFPXoZDIIohF0NqAchoAePCiYRsnGZnXTikJndZaZXCEv+wYu/4sWDIl69ePNvnLzAZ0FDTVU3011hIoVB1/1wJianpmdm5+ZzC4tLyyv51bWqiVPNocJjGeurkBmQIoIKCpRwlWhgKpRQCzsnfb92C9qIOLrEbgINxdqRaAnO0EpBfsc3oq1YgMf+KUhk1ARId+n4cZ35WlENphdgkC+4xdLRobt/RH8Tr+gOUCAjnAf5d78Z81RBhFwyY+qem2AjYxoFl9DL+amBhPEOa0Pd0ogpMI1scFOPblmlSVuxthUhHahfJzKmjOmq0HYqhjfmp9cX//LqKbYOG5mIkhQh4sOPWqmkGNN+QLQpNHCUXUsY18LuSvkN04yjjTFnQxhfSv8n1b2i5xa9i1KhXB7FMUc2yCbZJh45IGVyRs5JhXByRx7IE3l27p1H58V5HbZOOKOZdfINztsndSyd6w==</latexit><latexit sha1_base64="HBTNGLxhbf4FOSZoIUMzpcvbrA4=">AAACE3icdVDLSgNBEJz1bXxFPXoZDIIohF0NqAchoAePCiYRsnGZnXTikJndZaZXCEv+wYu/4sWDIl69ePNvnLzAZ0FDTVU3011hIoVB1/1wJianpmdm5+ZzC4tLyyv51bWqiVPNocJjGeurkBmQIoIKCpRwlWhgKpRQCzsnfb92C9qIOLrEbgINxdqRaAnO0EpBfsc3oq1YgMf+KUhk1ARId+n4cZ35WlENphdgkC+4xdLRobt/RH8Tr+gOUCAjnAf5d78Z81RBhFwyY+qem2AjYxoFl9DL+amBhPEOa0Pd0ogpMI1scFOPblmlSVuxthUhHahfJzKmjOmq0HYqhjfmp9cX//LqKbYOG5mIkhQh4sOPWqmkGNN+QLQpNHCUXUsY18LuSvkN04yjjTFnQxhfSv8n1b2i5xa9i1KhXB7FMUc2yCbZJh45IGVyRs5JhXByRx7IE3l27p1H58V5HbZOOKOZdfINztsndSyd6w==</latexit><latexit sha1_base64="HBTNGLxhbf4FOSZoIUMzpcvbrA4=">AAACE3icdVDLSgNBEJz1bXxFPXoZDIIohF0NqAchoAePCiYRsnGZnXTikJndZaZXCEv+wYu/4sWDIl69ePNvnLzAZ0FDTVU3011hIoVB1/1wJianpmdm5+ZzC4tLyyv51bWqiVPNocJjGeurkBmQIoIKCpRwlWhgKpRQCzsnfb92C9qIOLrEbgINxdqRaAnO0EpBfsc3oq1YgMf+KUhk1ARId+n4cZ35WlENphdgkC+4xdLRobt/RH8Tr+gOUCAjnAf5d78Z81RBhFwyY+qem2AjYxoFl9DL+amBhPEOa0Pd0ogpMI1scFOPblmlSVuxthUhHahfJzKmjOmq0HYqhjfmp9cX//LqKbYOG5mIkhQh4sOPWqmkGNN+QLQpNHCUXUsY18LuSvkN04yjjTFnQxhfSv8n1b2i5xa9i1KhXB7FMUc2yCbZJh45IGVyRs5JhXByRx7IE3l27p1H58V5HbZOOKOZdfINztsndSyd6w==</latexit><latexit sha1_base64="HBTNGLxhbf4FOSZoIUMzpcvbrA4=">AAACE3icdVDLSgNBEJz1bXxFPXoZDIIohF0NqAchoAePCiYRsnGZnXTikJndZaZXCEv+wYu/4sWDIl69ePNvnLzAZ0FDTVU3011hIoVB1/1wJianpmdm5+ZzC4tLyyv51bWqiVPNocJjGeurkBmQIoIKCpRwlWhgKpRQCzsnfb92C9qIOLrEbgINxdqRaAnO0EpBfsc3oq1YgMf+KUhk1ARId+n4cZ35WlENphdgkC+4xdLRobt/RH8Tr+gOUCAjnAf5d78Z81RBhFwyY+qem2AjYxoFl9DL+amBhPEOa0Pd0ogpMI1scFOPblmlSVuxthUhHahfJzKmjOmq0HYqhjfmp9cX//LqKbYOG5mIkhQh4sOPWqmkGNN+QLQpNHCUXUsY18LuSvkN04yjjTFnQxhfSv8n1b2i5xa9i1KhXB7FMUc2yCbZJh45IGVyRs5JhXByRx7IE3l27p1H58V5HbZOOKOZdfINztsndSyd6w==</latexit>

Van den Broeck/Esposito Physica A (2002); Seifert, Rep. Prog. Phys. (2012)



Irreversibility
Forward process

external parameter 
protocol

Reverse process
time-reversed protocol
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�t
<latexit sha1_base64="5fqy6AwqcF/D6Bfn3L2bJGqjvl8=">AAAB8HicdVDLSgMxFM3UV62vqks3wSK4GjJDq+2u4MZlBfuQdiiZTKYNTTJDkhHK0K9w40IRt36OO//G9CGo6IHA4Zxzyb0nTDnTBqEPp7C2vrG5Vdwu7ezu7R+UD486OskUoW2S8ET1QqwpZ5K2DTOc9lJFsQg57YaTq7nfvadKs0TemmlKA4FHksWMYGOluwG30QgPzbBcQS7y67WqD5Hr11DDa1hSQ17jogo9Fy1QASu0huX3QZSQTFBpCMda9z2UmiDHyjDC6aw0yDRNMZngEe1bKrGgOsgXC8/gmVUiGCfKPmngQv0+kWOh9VSENimwGevf3lz8y+tnJq4HOZNpZqgky4/ijEOTwPn1MGKKEsOnlmCimN0VkjFWmBjbUcmW8HUp/J90fNdDrndTrTSbqzqK4AScgnPggUvQBNegBdqAAAEewBN4dpTz6Lw4r8towVnNHIMfcN4+ATO/kKo=</latexit><latexit sha1_base64="5fqy6AwqcF/D6Bfn3L2bJGqjvl8=">AAAB8HicdVDLSgMxFM3UV62vqks3wSK4GjJDq+2u4MZlBfuQdiiZTKYNTTJDkhHK0K9w40IRt36OO//G9CGo6IHA4Zxzyb0nTDnTBqEPp7C2vrG5Vdwu7ezu7R+UD486OskUoW2S8ET1QqwpZ5K2DTOc9lJFsQg57YaTq7nfvadKs0TemmlKA4FHksWMYGOluwG30QgPzbBcQS7y67WqD5Hr11DDa1hSQ17jogo9Fy1QASu0huX3QZSQTFBpCMda9z2UmiDHyjDC6aw0yDRNMZngEe1bKrGgOsgXC8/gmVUiGCfKPmngQv0+kWOh9VSENimwGevf3lz8y+tnJq4HOZNpZqgky4/ijEOTwPn1MGKKEsOnlmCimN0VkjFWmBjbUcmW8HUp/J90fNdDrndTrTSbqzqK4AScgnPggUvQBNegBdqAAAEewBN4dpTz6Lw4r8towVnNHIMfcN4+ATO/kKo=</latexit><latexit sha1_base64="5fqy6AwqcF/D6Bfn3L2bJGqjvl8=">AAAB8HicdVDLSgMxFM3UV62vqks3wSK4GjJDq+2u4MZlBfuQdiiZTKYNTTJDkhHK0K9w40IRt36OO//G9CGo6IHA4Zxzyb0nTDnTBqEPp7C2vrG5Vdwu7ezu7R+UD486OskUoW2S8ET1QqwpZ5K2DTOc9lJFsQg57YaTq7nfvadKs0TemmlKA4FHksWMYGOluwG30QgPzbBcQS7y67WqD5Hr11DDa1hSQ17jogo9Fy1QASu0huX3QZSQTFBpCMda9z2UmiDHyjDC6aw0yDRNMZngEe1bKrGgOsgXC8/gmVUiGCfKPmngQv0+kWOh9VSENimwGevf3lz8y+tnJq4HOZNpZqgky4/ijEOTwPn1MGKKEsOnlmCimN0VkjFWmBjbUcmW8HUp/J90fNdDrndTrTSbqzqK4AScgnPggUvQBNegBdqAAAEewBN4dpTz6Lw4r8towVnNHIMfcN4+ATO/kKo=</latexit><latexit sha1_base64="5fqy6AwqcF/D6Bfn3L2bJGqjvl8=">AAAB8HicdVDLSgMxFM3UV62vqks3wSK4GjJDq+2u4MZlBfuQdiiZTKYNTTJDkhHK0K9w40IRt36OO//G9CGo6IHA4Zxzyb0nTDnTBqEPp7C2vrG5Vdwu7ezu7R+UD486OskUoW2S8ET1QqwpZ5K2DTOc9lJFsQg57YaTq7nfvadKs0TemmlKA4FHksWMYGOluwG30QgPzbBcQS7y67WqD5Hr11DDa1hSQ17jogo9Fy1QASu0huX3QZSQTFBpCMda9z2UmiDHyjDC6aw0yDRNMZngEe1bKrGgOsgXC8/gmVUiGCfKPmngQv0+kWOh9VSENimwGevf3lz8y+tnJq4HOZNpZqgky4/ijEOTwPn1MGKKEsOnlmCimN0VkjFWmBjbUcmW8HUp/J90fNdDrndTrTSbqzqK4AScgnPggUvQBNegBdqAAAEewBN4dpTz6Lw4r8towVnNHIMfcN4+ATO/kKo=</latexit>

�̃t
<latexit sha1_base64="1PwRlZQ3jVThwwoa3pHAGcrnG98=">AAAB+HicdVDLSgMxFM34rPXRqks3wSK4GjJDq+2u4MZlBfuAdhgymUwbmnmQ3BFq6Ze4caGIWz/FnX9j+hBU9EDgcM493JsTZFJoIOTDWlvf2NzaLuwUd/f2D0rlw6OOTnPFeJulMlW9gGouRcLbIEDyXqY4jQPJu8H4au5377jSIk1uYZJxL6bDRESCUTCSXy4NQMiQD6SJhNQHv1whNnHrtaqLie3WSMNpGFIjTuOiih2bLFBBK7T88vsgTFke8wSYpFr3HZKBN6UKBJN8VhzkmmeUjemQ9w1NaMy1N10cPsNnRglxlCrzEsAL9XtiSmOtJ3FgJmMKI/3bm4t/ef0coro3FUmWA0/YclGUSwwpnreAQ6E4AzkxhDIlzK2YjaiiDExXRVPC10/x/6Tj2g6xnZtqpdlc1VFAJ+gUnSMHXaImukYt1EYM5egBPaFn6956tF6s1+XomrXKHKMfsN4+AVQ+k4U=</latexit><latexit sha1_base64="1PwRlZQ3jVThwwoa3pHAGcrnG98=">AAAB+HicdVDLSgMxFM34rPXRqks3wSK4GjJDq+2u4MZlBfuAdhgymUwbmnmQ3BFq6Ze4caGIWz/FnX9j+hBU9EDgcM493JsTZFJoIOTDWlvf2NzaLuwUd/f2D0rlw6OOTnPFeJulMlW9gGouRcLbIEDyXqY4jQPJu8H4au5377jSIk1uYZJxL6bDRESCUTCSXy4NQMiQD6SJhNQHv1whNnHrtaqLie3WSMNpGFIjTuOiih2bLFBBK7T88vsgTFke8wSYpFr3HZKBN6UKBJN8VhzkmmeUjemQ9w1NaMy1N10cPsNnRglxlCrzEsAL9XtiSmOtJ3FgJmMKI/3bm4t/ef0coro3FUmWA0/YclGUSwwpnreAQ6E4AzkxhDIlzK2YjaiiDExXRVPC10/x/6Tj2g6xnZtqpdlc1VFAJ+gUnSMHXaImukYt1EYM5egBPaFn6956tF6s1+XomrXKHKMfsN4+AVQ+k4U=</latexit><latexit sha1_base64="1PwRlZQ3jVThwwoa3pHAGcrnG98=">AAAB+HicdVDLSgMxFM34rPXRqks3wSK4GjJDq+2u4MZlBfuAdhgymUwbmnmQ3BFq6Ze4caGIWz/FnX9j+hBU9EDgcM493JsTZFJoIOTDWlvf2NzaLuwUd/f2D0rlw6OOTnPFeJulMlW9gGouRcLbIEDyXqY4jQPJu8H4au5377jSIk1uYZJxL6bDRESCUTCSXy4NQMiQD6SJhNQHv1whNnHrtaqLie3WSMNpGFIjTuOiih2bLFBBK7T88vsgTFke8wSYpFr3HZKBN6UKBJN8VhzkmmeUjemQ9w1NaMy1N10cPsNnRglxlCrzEsAL9XtiSmOtJ3FgJmMKI/3bm4t/ef0coro3FUmWA0/YclGUSwwpnreAQ6E4AzkxhDIlzK2YjaiiDExXRVPC10/x/6Tj2g6xnZtqpdlc1VFAJ+gUnSMHXaImukYt1EYM5egBPaFn6956tF6s1+XomrXKHKMfsN4+AVQ+k4U=</latexit><latexit sha1_base64="hP+6LrUf2d3tZaldqaQQvEKMXyw=">AAAB2XicbZDNSgMxFIXv1L86Vq1rN8EiuCozbnQpuHFZwbZCO5RM5k4bmskMyR2hDH0BF25EfC93vo3pz0JbDwQ+zknIvSculLQUBN9ebWd3b/+gfugfNfzjk9Nmo2fz0gjsilzl5jnmFpXU2CVJCp8LgzyLFfbj6f0i77+gsTLXTzQrMMr4WMtUCk7O6oyaraAdLMW2IVxDC9YaNb+GSS7KDDUJxa0dhEFBUcUNSaFw7g9LiwUXUz7GgUPNM7RRtRxzzi6dk7A0N+5oYkv394uKZ9bOstjdzDhN7Ga2MP/LBiWlt1EldVESarH6KC0Vo5wtdmaJNChIzRxwYaSblYkJN1yQa8Z3HYSbG29D77odBu3wMYA6nMMFXEEIN3AHD9CBLghI4BXevYn35n2suqp569LO4I+8zx84xIo4</latexit><latexit sha1_base64="EQLeJCdFIgRqcEPBs1tWj2FckiM=">AAAB7XicbZBLS8NAFIVvfNZabXTrZrAIrkriRpeCG5cV7AOaECaTSTt0MgkzN0IN/SVuXCji33Hnv3H6WGjrgYHDOXOZO19cSGHQ876dre2d3b392kH9sHF03HRPGj2Tl5rxLstlrgcxNVwKxbsoUPJBoTnNYsn78eRu3vefuDYiV484LXiY0ZESqWAUbRS5zQCFTHgg7UhCI4zcltf2FiKbxl+ZFqzUidyvIMlZmXGFTFJjhr5XYFhRjYJJPqsHpeEFZRM64kNrFc24CavF4jNyYZOEpLm2RyFZpL8nKpoZM81iezOjODbr3Tz8rxuWmN6ElVBFiVyx5UNpKQnmZE6BJEJzhnJqDWVa2F0JG1NNGVpWdQvBX//ypuldtX2v7T94UIMzOIdL8OEabuEeOtAFBiW8wBu8O8/Oq/OxxLXlrLidwh85nz+WM5Hc</latexit><latexit sha1_base64="OW5Jg7fojgJgImXnYq3W/qlvxIA=">AAAB7XicdZBLSwMxFIXv+Ky12urWTbAIroZMabXdCW5cVrAP6JSSyaRtaOZBckeopb/EjQtF/Dvu/DemD0FFDwQO5+SSmy9IlTRI6Yezsbm1vbOb28vvFw4Oi6WjQtskmeaixROV6G7AjFAyFi2UqEQ31YJFgRKdYHK96Dv3QhuZxHc4TUU/YqNYDiVnaKNBqeijVKHwlR0J2QAHpTJ1aaVeq1YIdSs12vAa1tSo17ioEs+lS5Vhreag9O6HCc8iESNXzJieR1Psz5hGyZWY5/3MiJTxCRuJnrUxi4Tpz5aLz8mZTUIyTLQ9MZJl+n1ixiJjplFgb0YMx+Z3twj/6noZDuv9mYzTDEXMVw8NM0UwIQsKJJRacFRTaxjX0u5K+JhpxtGyylsIXz8l/5t2xfWo691SyMEJnMI5eHAJV3ADTWgBhwwe4RlenAfnyXld4dpw1tyO4Yect0/7CpIk</latexit><latexit sha1_base64="yoGObQtMSDcHfINkHpBdvc/GotA=">AAAB+HicdVDLSgMxFM34rPXRqks3wSK4GjKl1XZXcOOygn1AOwyZTKYNzTxI7gh16Je4caGIWz/FnX9j+hBU9EDgcM493Jvjp1JoIOTDWlvf2NzaLuwUd/f2D0rlw6OuTjLFeIclMlF9n2ouRcw7IEDyfqo4jXzJe/7kau737rjSIolvYZpyN6KjWISCUTCSVy4NQciAD6WJBNQDr1whNqk26rUqJna1TppO05A6cZoXNezYZIEKWqHtld+HQcKyiMfAJNV64JAU3JwqEEzyWXGYaZ5SNqEjPjA0phHXbr44fIbPjBLgMFHmxYAX6vdETiOtp5FvJiMKY/3bm4t/eYMMwoabizjNgMdsuSjMJIYEz1vAgVCcgZwaQpkS5lbMxlRRBqaroinh66f4f9Kt2g6xnRtSabVWdRTQCTpF58hBl6iFrlEbdRBDGXpAT+jZurcerRfrdTm6Zq0yx+gHrLdPUv6TgQ==</latexit><latexit sha1_base64="1PwRlZQ3jVThwwoa3pHAGcrnG98=">AAAB+HicdVDLSgMxFM34rPXRqks3wSK4GjJDq+2u4MZlBfuAdhgymUwbmnmQ3BFq6Ze4caGIWz/FnX9j+hBU9EDgcM493JsTZFJoIOTDWlvf2NzaLuwUd/f2D0rlw6OOTnPFeJulMlW9gGouRcLbIEDyXqY4jQPJu8H4au5377jSIk1uYZJxL6bDRESCUTCSXy4NQMiQD6SJhNQHv1whNnHrtaqLie3WSMNpGFIjTuOiih2bLFBBK7T88vsgTFke8wSYpFr3HZKBN6UKBJN8VhzkmmeUjemQ9w1NaMy1N10cPsNnRglxlCrzEsAL9XtiSmOtJ3FgJmMKI/3bm4t/ef0coro3FUmWA0/YclGUSwwpnreAQ6E4AzkxhDIlzK2YjaiiDExXRVPC10/x/6Tj2g6xnZtqpdlc1VFAJ+gUnSMHXaImukYt1EYM5egBPaFn6956tF6s1+XomrXKHKMfsN4+AVQ+k4U=</latexit><latexit sha1_base64="1PwRlZQ3jVThwwoa3pHAGcrnG98=">AAAB+HicdVDLSgMxFM34rPXRqks3wSK4GjJDq+2u4MZlBfuAdhgymUwbmnmQ3BFq6Ze4caGIWz/FnX9j+hBU9EDgcM493JsTZFJoIOTDWlvf2NzaLuwUd/f2D0rlw6OOTnPFeJulMlW9gGouRcLbIEDyXqY4jQPJu8H4au5377jSIk1uYZJxL6bDRESCUTCSXy4NQMiQD6SJhNQHv1whNnHrtaqLie3WSMNpGFIjTuOiih2bLFBBK7T88vsgTFke8wSYpFr3HZKBN6UKBJN8VhzkmmeUjemQ9w1NaMy1N10cPsNnRglxlCrzEsAL9XtiSmOtJ3FgJmMKI/3bm4t/ef0coro3FUmWA0/YclGUSwwpnreAQ6E4AzkxhDIlzK2YjaiiDExXRVPC10/x/6Tj2g6xnZtqpdlc1VFAJ+gUnSMHXaImukYt1EYM5egBPaFn6956tF6s1+XomrXKHKMfsN4+AVQ+k4U=</latexit><latexit sha1_base64="1PwRlZQ3jVThwwoa3pHAGcrnG98=">AAAB+HicdVDLSgMxFM34rPXRqks3wSK4GjJDq+2u4MZlBfuAdhgymUwbmnmQ3BFq6Ze4caGIWz/FnX9j+hBU9EDgcM493JsTZFJoIOTDWlvf2NzaLuwUd/f2D0rlw6OOTnPFeJulMlW9gGouRcLbIEDyXqY4jQPJu8H4au5377jSIk1uYZJxL6bDRESCUTCSXy4NQMiQD6SJhNQHv1whNnHrtaqLie3WSMNpGFIjTuOiih2bLFBBK7T88vsgTFke8wSYpFr3HZKBN6UKBJN8VhzkmmeUjemQ9w1NaMy1N10cPsNnRglxlCrzEsAL9XtiSmOtJ3FgJmMKI/3bm4t/ef0coro3FUmWA0/YclGUSwwpnreAQ6E4AzkxhDIlzK2YjaiiDExXRVPC10/x/6Tj2g6xnZtqpdlc1VFAJ+gUnSMHXaImukYt1EYM5egBPaFn6956tF6s1+XomrXKHKMfsN4+AVQ+k4U=</latexit><latexit sha1_base64="1PwRlZQ3jVThwwoa3pHAGcrnG98=">AAAB+HicdVDLSgMxFM34rPXRqks3wSK4GjJDq+2u4MZlBfuAdhgymUwbmnmQ3BFq6Ze4caGIWz/FnX9j+hBU9EDgcM493JsTZFJoIOTDWlvf2NzaLuwUd/f2D0rlw6OOTnPFeJulMlW9gGouRcLbIEDyXqY4jQPJu8H4au5377jSIk1uYZJxL6bDRESCUTCSXy4NQMiQD6SJhNQHv1whNnHrtaqLie3WSMNpGFIjTuOiih2bLFBBK7T88vsgTFke8wSYpFr3HZKBN6UKBJN8VhzkmmeUjemQ9w1NaMy1N10cPsNnRglxlCrzEsAL9XtiSmOtJ3FgJmMKI/3bm4t/ef0coro3FUmWA0/YclGUSwwpnreAQ6E4AzkxhDIlzK2YjaiiDExXRVPC10/x/6Tj2g6xnZtqpdlc1VFAJ+gUnSMHXaImukYt1EYM5egBPaFn6956tF6s1+XomrXKHKMfsN4+AVQ+k4U=</latexit><latexit sha1_base64="1PwRlZQ3jVThwwoa3pHAGcrnG98=">AAAB+HicdVDLSgMxFM34rPXRqks3wSK4GjJDq+2u4MZlBfuAdhgymUwbmnmQ3BFq6Ze4caGIWz/FnX9j+hBU9EDgcM493JsTZFJoIOTDWlvf2NzaLuwUd/f2D0rlw6OOTnPFeJulMlW9gGouRcLbIEDyXqY4jQPJu8H4au5377jSIk1uYZJxL6bDRESCUTCSXy4NQMiQD6SJhNQHv1whNnHrtaqLie3WSMNpGFIjTuOiih2bLFBBK7T88vsgTFke8wSYpFr3HZKBN6UKBJN8VhzkmmeUjemQ9w1NaMy1N10cPsNnRglxlCrzEsAL9XtiSmOtJ3FgJmMKI/3bm4t/ef0coro3FUmWA0/YclGUSwwpnreAQ6E4AzkxhDIlzK2YjaiiDExXRVPC10/x/6Tj2g6xnZtqpdlc1VFAJ+gUnSMHXaImukYt1EYM5egBPaFn6956tF6s1+XomrXKHKMfsN4+AVQ+k4U=</latexit><latexit sha1_base64="1PwRlZQ3jVThwwoa3pHAGcrnG98=">AAAB+HicdVDLSgMxFM34rPXRqks3wSK4GjJDq+2u4MZlBfuAdhgymUwbmnmQ3BFq6Ze4caGIWz/FnX9j+hBU9EDgcM493JsTZFJoIOTDWlvf2NzaLuwUd/f2D0rlw6OOTnPFeJulMlW9gGouRcLbIEDyXqY4jQPJu8H4au5377jSIk1uYZJxL6bDRESCUTCSXy4NQMiQD6SJhNQHv1whNnHrtaqLie3WSMNpGFIjTuOiih2bLFBBK7T88vsgTFke8wSYpFr3HZKBN6UKBJN8VhzkmmeUjemQ9w1NaMy1N10cPsNnRglxlCrzEsAL9XtiSmOtJ3FgJmMKI/3bm4t/ef0coro3FUmWA0/YclGUSwwpnreAQ6E4AzkxhDIlzK2YjaiiDExXRVPC10/x/6Tj2g6xnZtqpdlc1VFAJ+gUnSMHXaImukYt1EYM5egBPaFn6956tF6s1+XomrXKHKMfsN4+AVQ+k4U=</latexit>

xt
0 = {xt1 , . . . xtN }

<latexit sha1_base64="ZikXas8CfknDfwPPgecE1oAx4lo="></latexit><latexit sha1_base64="ZikXas8CfknDfwPPgecE1oAx4lo="></latexit><latexit sha1_base64="ZikXas8CfknDfwPPgecE1oAx4lo="></latexit><latexit sha1_base64="ZikXas8CfknDfwPPgecE1oAx4lo="></latexit>

x̃t
0 = x0

t
<latexit sha1_base64="zzL98dCFrQZZsqpqjN1gizVDmEw=">AAAB/3icdVDJSgNBEO2JW4xbVPDipTEInoaeGEwuQtCLxwhmgSxDT6eTNOlZ6K6RhDEHf8WLB0W8+hve/Bs7i6CiDwoe71VRVc+LpNBAyIeVWlpeWV1Lr2c2Nre2d7K7ezUdxorxKgtlqBoe1VyKgFdBgOSNSHHqe5LXveHl1K/fcqVFGNzAOOJtn/YD0ROMgpHc7EHSAiG7HI8mLukAPscjFzrEzeaIXXBIIU8wsfOnhTOSn5GSQ4rYsckMObRAxc2+t7ohi30eAJNU66ZDImgnVIFgkk8yrVjziLIh7fOmoQH1uW4ns/sn+NgoXdwLlakA8Ez9PpFQX+ux75lOn8JA//am4l9eM4ZeqZ2IIIqBB2y+qBdLDCGehoG7QnEGcmwIZUqYWzEbUEUZmMgyJoSvT/H/pJa3HWI714Vc+WIRRxodoiN0ghxURGV0hSqoihi6Qw/oCT1b99aj9WK9zltT1mJmH/2A9fYJ/W6VbQ==</latexit><latexit sha1_base64="zzL98dCFrQZZsqpqjN1gizVDmEw=">AAAB/3icdVDJSgNBEO2JW4xbVPDipTEInoaeGEwuQtCLxwhmgSxDT6eTNOlZ6K6RhDEHf8WLB0W8+hve/Bs7i6CiDwoe71VRVc+LpNBAyIeVWlpeWV1Lr2c2Nre2d7K7ezUdxorxKgtlqBoe1VyKgFdBgOSNSHHqe5LXveHl1K/fcqVFGNzAOOJtn/YD0ROMgpHc7EHSAiG7HI8mLukAPscjFzrEzeaIXXBIIU8wsfOnhTOSn5GSQ4rYsckMObRAxc2+t7ohi30eAJNU66ZDImgnVIFgkk8yrVjziLIh7fOmoQH1uW4ns/sn+NgoXdwLlakA8Ez9PpFQX+ux75lOn8JA//am4l9eM4ZeqZ2IIIqBB2y+qBdLDCGehoG7QnEGcmwIZUqYWzEbUEUZmMgyJoSvT/H/pJa3HWI714Vc+WIRRxodoiN0ghxURGV0hSqoihi6Qw/oCT1b99aj9WK9zltT1mJmH/2A9fYJ/W6VbQ==</latexit><latexit sha1_base64="zzL98dCFrQZZsqpqjN1gizVDmEw=">AAAB/3icdVDJSgNBEO2JW4xbVPDipTEInoaeGEwuQtCLxwhmgSxDT6eTNOlZ6K6RhDEHf8WLB0W8+hve/Bs7i6CiDwoe71VRVc+LpNBAyIeVWlpeWV1Lr2c2Nre2d7K7ezUdxorxKgtlqBoe1VyKgFdBgOSNSHHqe5LXveHl1K/fcqVFGNzAOOJtn/YD0ROMgpHc7EHSAiG7HI8mLukAPscjFzrEzeaIXXBIIU8wsfOnhTOSn5GSQ4rYsckMObRAxc2+t7ohi30eAJNU66ZDImgnVIFgkk8yrVjziLIh7fOmoQH1uW4ns/sn+NgoXdwLlakA8Ez9PpFQX+ux75lOn8JA//am4l9eM4ZeqZ2IIIqBB2y+qBdLDCGehoG7QnEGcmwIZUqYWzEbUEUZmMgyJoSvT/H/pJa3HWI714Vc+WIRRxodoiN0ghxURGV0hSqoihi6Qw/oCT1b99aj9WK9zltT1mJmH/2A9fYJ/W6VbQ==</latexit><latexit sha1_base64="zzL98dCFrQZZsqpqjN1gizVDmEw=">AAAB/3icdVDJSgNBEO2JW4xbVPDipTEInoaeGEwuQtCLxwhmgSxDT6eTNOlZ6K6RhDEHf8WLB0W8+hve/Bs7i6CiDwoe71VRVc+LpNBAyIeVWlpeWV1Lr2c2Nre2d7K7ezUdxorxKgtlqBoe1VyKgFdBgOSNSHHqe5LXveHl1K/fcqVFGNzAOOJtn/YD0ROMgpHc7EHSAiG7HI8mLukAPscjFzrEzeaIXXBIIU8wsfOnhTOSn5GSQ4rYsckMObRAxc2+t7ohi30eAJNU66ZDImgnVIFgkk8yrVjziLIh7fOmoQH1uW4ns/sn+NgoXdwLlakA8Ez9PpFQX+ux75lOn8JA//am4l9eM4ZeqZ2IIIqBB2y+qBdLDCGehoG7QnEGcmwIZUqYWzEbUEUZmMgyJoSvT/H/pJa3HWI714Vc+WIRRxodoiN0ghxURGV0hSqoihi6Qw/oCT1b99aj9WK9zltT1mJmH/2A9fYJ/W6VbQ==</latexit>

P[xt
0]

<latexit sha1_base64="mGKuFIzEO+TmYCyR0JVGeRs12c8=">AAAB/HicdVDLSgMxFM34rPU12qWbYBFcDRkt2O4KblxWsA+YjkMmTdvQTGZIMuIw1F9x40IRt36IO//GTFvB54HA4Zx7uScnTDhTGqF3a2l5ZXVtvbRR3tza3tm19/Y7Kk4loW0S81j2QqwoZ4K2NdOc9hJJcRRy2g0n54XfvaFSsVhc6SyhfoRHgg0ZwdpIgV3J+xHWY4I5bE292wBdaz+wq8ipNerotAF/E9dBM1TBAq3AfusPYpJGVGjCsVKeixLt51hqRjidlvupogkmEzyinqECR1T5+Sz8FB4ZZQCHsTRPaDhTv27kOFIqi0IzWSRVP71C/MvzUj2s+zkTSaqpIPNDw5RDHcOiCThgkhLNM0MwkcxkhWSMJSba9FU2JXz+FP5POieOixz3slZtNhd1lMABOATHwAVnoAkuQAu0AQEZuAeP4Mm6sx6sZ+tlPrpkLXYq4Bus1w/3KpT5</latexit><latexit sha1_base64="mGKuFIzEO+TmYCyR0JVGeRs12c8=">AAAB/HicdVDLSgMxFM34rPU12qWbYBFcDRkt2O4KblxWsA+YjkMmTdvQTGZIMuIw1F9x40IRt36IO//GTFvB54HA4Zx7uScnTDhTGqF3a2l5ZXVtvbRR3tza3tm19/Y7Kk4loW0S81j2QqwoZ4K2NdOc9hJJcRRy2g0n54XfvaFSsVhc6SyhfoRHgg0ZwdpIgV3J+xHWY4I5bE292wBdaz+wq8ipNerotAF/E9dBM1TBAq3AfusPYpJGVGjCsVKeixLt51hqRjidlvupogkmEzyinqECR1T5+Sz8FB4ZZQCHsTRPaDhTv27kOFIqi0IzWSRVP71C/MvzUj2s+zkTSaqpIPNDw5RDHcOiCThgkhLNM0MwkcxkhWSMJSba9FU2JXz+FP5POieOixz3slZtNhd1lMABOATHwAVnoAkuQAu0AQEZuAeP4Mm6sx6sZ+tlPrpkLXYq4Bus1w/3KpT5</latexit><latexit sha1_base64="mGKuFIzEO+TmYCyR0JVGeRs12c8=">AAAB/HicdVDLSgMxFM34rPU12qWbYBFcDRkt2O4KblxWsA+YjkMmTdvQTGZIMuIw1F9x40IRt36IO//GTFvB54HA4Zx7uScnTDhTGqF3a2l5ZXVtvbRR3tza3tm19/Y7Kk4loW0S81j2QqwoZ4K2NdOc9hJJcRRy2g0n54XfvaFSsVhc6SyhfoRHgg0ZwdpIgV3J+xHWY4I5bE292wBdaz+wq8ipNerotAF/E9dBM1TBAq3AfusPYpJGVGjCsVKeixLt51hqRjidlvupogkmEzyinqECR1T5+Sz8FB4ZZQCHsTRPaDhTv27kOFIqi0IzWSRVP71C/MvzUj2s+zkTSaqpIPNDw5RDHcOiCThgkhLNM0MwkcxkhWSMJSba9FU2JXz+FP5POieOixz3slZtNhd1lMABOATHwAVnoAkuQAu0AQEZuAeP4Mm6sx6sZ+tlPrpkLXYq4Bus1w/3KpT5</latexit><latexit sha1_base64="mGKuFIzEO+TmYCyR0JVGeRs12c8=">AAAB/HicdVDLSgMxFM34rPU12qWbYBFcDRkt2O4KblxWsA+YjkMmTdvQTGZIMuIw1F9x40IRt36IO//GTFvB54HA4Zx7uScnTDhTGqF3a2l5ZXVtvbRR3tza3tm19/Y7Kk4loW0S81j2QqwoZ4K2NdOc9hJJcRRy2g0n54XfvaFSsVhc6SyhfoRHgg0ZwdpIgV3J+xHWY4I5bE292wBdaz+wq8ipNerotAF/E9dBM1TBAq3AfusPYpJGVGjCsVKeixLt51hqRjidlvupogkmEzyinqECR1T5+Sz8FB4ZZQCHsTRPaDhTv27kOFIqi0IzWSRVP71C/MvzUj2s+zkTSaqpIPNDw5RDHcOiCThgkhLNM0MwkcxkhWSMJSba9FU2JXz+FP5POieOixz3slZtNhd1lMABOATHwAVnoAkuQAu0AQEZuAeP4Mm6sx6sZ+tlPrpkLXYq4Bus1w/3KpT5</latexit>

P̃[x̃t
0]

<latexit sha1_base64="xEn16M+ib1ybMV3nU0ta8sScWAo=">AAACCnicdVDJSgNBEO2JW4zbqEcvrUHwNMxowOQW8OIxglkgM4aenp6kSc9Cd40Yhpy9+CtePCji1S/w5t/YWQTXBwWP96qoquengiuw7XejsLC4tLxSXC2trW9sbpnbOy2VZJKyJk1EIjs+UUzwmDWBg2CdVDIS+YK1/eHZxG9fM6l4El/CKGVeRPoxDzkloKWeue8CFwHL3YjAgBKBG+PuXLoZ9+wr8Hpm2bYqtap9UsO/iWPZU5TRHI2e+eYGCc0iFgMVRKmuY6fg5UQCp4KNS26mWErokPRZV9OYREx5+fSVMT7USoDDROqKAU/VrxM5iZQaRb7unFysfnoT8S+vm0FY9XIepxmwmM4WhZnAkOBJLjjgklEQI00IlVzfiumASEJBp1fSIXx+iv8nrWPLsS3nolKu1+dxFNEeOkBHyEGnqI7OUQM1EUW36B49oifjzngwno2XWWvBmM/som8wXj8AZUSbWQ==</latexit><latexit sha1_base64="xEn16M+ib1ybMV3nU0ta8sScWAo=">AAACCnicdVDJSgNBEO2JW4zbqEcvrUHwNMxowOQW8OIxglkgM4aenp6kSc9Cd40Yhpy9+CtePCji1S/w5t/YWQTXBwWP96qoquengiuw7XejsLC4tLxSXC2trW9sbpnbOy2VZJKyJk1EIjs+UUzwmDWBg2CdVDIS+YK1/eHZxG9fM6l4El/CKGVeRPoxDzkloKWeue8CFwHL3YjAgBKBG+PuXLoZ9+wr8Hpm2bYqtap9UsO/iWPZU5TRHI2e+eYGCc0iFgMVRKmuY6fg5UQCp4KNS26mWErokPRZV9OYREx5+fSVMT7USoDDROqKAU/VrxM5iZQaRb7unFysfnoT8S+vm0FY9XIepxmwmM4WhZnAkOBJLjjgklEQI00IlVzfiumASEJBp1fSIXx+iv8nrWPLsS3nolKu1+dxFNEeOkBHyEGnqI7OUQM1EUW36B49oifjzngwno2XWWvBmM/som8wXj8AZUSbWQ==</latexit><latexit sha1_base64="xEn16M+ib1ybMV3nU0ta8sScWAo=">AAACCnicdVDJSgNBEO2JW4zbqEcvrUHwNMxowOQW8OIxglkgM4aenp6kSc9Cd40Yhpy9+CtePCji1S/w5t/YWQTXBwWP96qoquengiuw7XejsLC4tLxSXC2trW9sbpnbOy2VZJKyJk1EIjs+UUzwmDWBg2CdVDIS+YK1/eHZxG9fM6l4El/CKGVeRPoxDzkloKWeue8CFwHL3YjAgBKBG+PuXLoZ9+wr8Hpm2bYqtap9UsO/iWPZU5TRHI2e+eYGCc0iFgMVRKmuY6fg5UQCp4KNS26mWErokPRZV9OYREx5+fSVMT7USoDDROqKAU/VrxM5iZQaRb7unFysfnoT8S+vm0FY9XIepxmwmM4WhZnAkOBJLjjgklEQI00IlVzfiumASEJBp1fSIXx+iv8nrWPLsS3nolKu1+dxFNEeOkBHyEGnqI7OUQM1EUW36B49oifjzngwno2XWWvBmM/som8wXj8AZUSbWQ==</latexit><latexit sha1_base64="xEn16M+ib1ybMV3nU0ta8sScWAo=">AAACCnicdVDJSgNBEO2JW4zbqEcvrUHwNMxowOQW8OIxglkgM4aenp6kSc9Cd40Yhpy9+CtePCji1S/w5t/YWQTXBwWP96qoquengiuw7XejsLC4tLxSXC2trW9sbpnbOy2VZJKyJk1EIjs+UUzwmDWBg2CdVDIS+YK1/eHZxG9fM6l4El/CKGVeRPoxDzkloKWeue8CFwHL3YjAgBKBG+PuXLoZ9+wr8Hpm2bYqtap9UsO/iWPZU5TRHI2e+eYGCc0iFgMVRKmuY6fg5UQCp4KNS26mWErokPRZV9OYREx5+fSVMT7USoDDROqKAU/VrxM5iZQaRb7unFysfnoT8S+vm0FY9XIepxmwmM4WhZnAkOBJLjjgklEQI00IlVzfiumASEJBp1fSIXx+iv8nrWPLsS3nolKu1+dxFNEeOkBHyEGnqI7OUQM1EUW36B49oifjzngwno2XWWvBmM/som8wXj8AZUSbWQ==</latexit>



Measuring	entropy	production	with	
irreversibility

Detailed fluctuation theorem

Quantifying irreversibility
relative entropy –measure of distinguishability

13

h�ti
<latexit sha1_base64="P0oXnUVMZw9BvAzuvntvnhJ5Zfg=">AAACAHicdVDLSgMxFM3UV62vURcu3ASL4KrM1ILtruDGZQX7gM4wZNLMNDTJDElGKEM3/oobF4q49TPc+Tem0wo+D1w4Oedecu8JU0aVdpx3q7Syura+Ud6sbG3v7O7Z+wc9lWQSky5OWCIHIVKEUUG6mmpGBqkkiIeM9MPJ5dzv3xKpaCJu9DQlPkexoBHFSBspsI88hkTMCPQUjTkKtCeLd2BXnVqj1XTOW/A3cWtOgSpYohPYb94owRknQmOGlBq6Tqr9HElNMSOzipcpkiI8QTEZGioQJ8rPiwNm8NQoIxgl0pTQsFC/TuSIKzXloenkSI/VT28u/uUNMx01/ZyKNNNE4MVHUcagTuA8DTiikmDNpoYgLKnZFeIxkghrk1nFhPB5Kfyf9Oo116m5141qu76MowyOwQk4Ay64AG1wBTqgCzCYgXvwCJ6sO+vBerZeFq0lazlzCL7Bev0AbZCW6A==</latexit><latexit sha1_base64="P0oXnUVMZw9BvAzuvntvnhJ5Zfg=">AAACAHicdVDLSgMxFM3UV62vURcu3ASL4KrM1ILtruDGZQX7gM4wZNLMNDTJDElGKEM3/oobF4q49TPc+Tem0wo+D1w4Oedecu8JU0aVdpx3q7Syura+Ud6sbG3v7O7Z+wc9lWQSky5OWCIHIVKEUUG6mmpGBqkkiIeM9MPJ5dzv3xKpaCJu9DQlPkexoBHFSBspsI88hkTMCPQUjTkKtCeLd2BXnVqj1XTOW/A3cWtOgSpYohPYb94owRknQmOGlBq6Tqr9HElNMSOzipcpkiI8QTEZGioQJ8rPiwNm8NQoIxgl0pTQsFC/TuSIKzXloenkSI/VT28u/uUNMx01/ZyKNNNE4MVHUcagTuA8DTiikmDNpoYgLKnZFeIxkghrk1nFhPB5Kfyf9Oo116m5141qu76MowyOwQk4Ay64AG1wBTqgCzCYgXvwCJ6sO+vBerZeFq0lazlzCL7Bev0AbZCW6A==</latexit><latexit sha1_base64="P0oXnUVMZw9BvAzuvntvnhJ5Zfg=">AAACAHicdVDLSgMxFM3UV62vURcu3ASL4KrM1ILtruDGZQX7gM4wZNLMNDTJDElGKEM3/oobF4q49TPc+Tem0wo+D1w4Oedecu8JU0aVdpx3q7Syura+Ud6sbG3v7O7Z+wc9lWQSky5OWCIHIVKEUUG6mmpGBqkkiIeM9MPJ5dzv3xKpaCJu9DQlPkexoBHFSBspsI88hkTMCPQUjTkKtCeLd2BXnVqj1XTOW/A3cWtOgSpYohPYb94owRknQmOGlBq6Tqr9HElNMSOzipcpkiI8QTEZGioQJ8rPiwNm8NQoIxgl0pTQsFC/TuSIKzXloenkSI/VT28u/uUNMx01/ZyKNNNE4MVHUcagTuA8DTiikmDNpoYgLKnZFeIxkghrk1nFhPB5Kfyf9Oo116m5141qu76MowyOwQk4Ay64AG1wBTqgCzCYgXvwCJ6sO+vBerZeFq0lazlzCL7Bev0AbZCW6A==</latexit><latexit sha1_base64="P0oXnUVMZw9BvAzuvntvnhJ5Zfg=">AAACAHicdVDLSgMxFM3UV62vURcu3ASL4KrM1ILtruDGZQX7gM4wZNLMNDTJDElGKEM3/oobF4q49TPc+Tem0wo+D1w4Oedecu8JU0aVdpx3q7Syura+Ud6sbG3v7O7Z+wc9lWQSky5OWCIHIVKEUUG6mmpGBqkkiIeM9MPJ5dzv3xKpaCJu9DQlPkexoBHFSBspsI88hkTMCPQUjTkKtCeLd2BXnVqj1XTOW/A3cWtOgSpYohPYb94owRknQmOGlBq6Tqr9HElNMSOzipcpkiI8QTEZGioQJ8rPiwNm8NQoIxgl0pTQsFC/TuSIKzXloenkSI/VT28u/uUNMx01/ZyKNNNE4MVHUcagTuA8DTiikmDNpoYgLKnZFeIxkghrk1nFhPB5Kfyf9Oo116m5141qu76MowyOwQk4Ay64AG1wBTqgCzCYgXvwCJ6sO+vBerZeFq0lazlzCL7Bev0AbZCW6A==</latexit>

average entropy
production

Parrondo et al. NJP (2009)

<latexit sha1_base64="eon7c7saZ9XF+OrbC6ZtLwNDiig="></latexit>

⌃t = D(P||P̃)
<latexit sha1_base64="C1r7mbwsakdSJOb1ku97g7koLcI="></latexit><latexit sha1_base64="C1r7mbwsakdSJOb1ku97g7koLcI="></latexit><latexit sha1_base64="C1r7mbwsakdSJOb1ku97g7koLcI="></latexit><latexit sha1_base64="C1r7mbwsakdSJOb1ku97g7koLcI="></latexit>

Z
D[xt

0] P[xt
0] ln

P[xt
0]

P̃[x̃t
0]

<latexit sha1_base64="zdQ7RLfrCdum5761SNrRGEDLU9I="></latexit><latexit sha1_base64="zdQ7RLfrCdum5761SNrRGEDLU9I="></latexit><latexit sha1_base64="zdQ7RLfrCdum5761SNrRGEDLU9I="></latexit><latexit sha1_base64="zdQ7RLfrCdum5761SNrRGEDLU9I="></latexit>



Steady-state	currents	fluctuate
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<latexit sha1_base64="/kCTM1NLzViJ92bl8wq76tZ6r3Y=">AAAB6nicdVBNSwMxEM3Wr1q/qh69BIvgacm2Yuut6EU8VbS10C4lm6ZtaDa7JLNCWfoTvHhQxKu/yJv/xnRbQUVfCDzem2FmXhBLYYCQDye3tLyyupZfL2xsbm3vFHf3WiZKNONNFslItwNquBSKN0GA5O1YcxoGkt8F44uZf3fPtRGRuoVJzP2QDpUYCEbBSjdXPegVS8Q9PSP2YeKWK6TilTNSq1Yr2HNJhhJaoNErvnf7EUtCroBJakzHIzH4KdUgmOTTQjcxPKZsTIe8Y6miITd+mq06xUdW6eNBpO1XgDP1e0dKQ2MmYWArQwoj89ubiX95nQQGNT8VKk6AKzYfNEgkhgjP7sZ9oTkDObGEMi3srpiNqKYMbDoFG8LXpfh/0iq7HnG965NS/XwRRx4doEN0jDxURXV0iRqoiRgaogf0hJ4d6Tw6L87rvDTnLHr20Q84b5+WV43/</latexit><latexit sha1_base64="/kCTM1NLzViJ92bl8wq76tZ6r3Y=">AAAB6nicdVBNSwMxEM3Wr1q/qh69BIvgacm2Yuut6EU8VbS10C4lm6ZtaDa7JLNCWfoTvHhQxKu/yJv/xnRbQUVfCDzem2FmXhBLYYCQDye3tLyyupZfL2xsbm3vFHf3WiZKNONNFslItwNquBSKN0GA5O1YcxoGkt8F44uZf3fPtRGRuoVJzP2QDpUYCEbBSjdXPegVS8Q9PSP2YeKWK6TilTNSq1Yr2HNJhhJaoNErvnf7EUtCroBJakzHIzH4KdUgmOTTQjcxPKZsTIe8Y6miITd+mq06xUdW6eNBpO1XgDP1e0dKQ2MmYWArQwoj89ubiX95nQQGNT8VKk6AKzYfNEgkhgjP7sZ9oTkDObGEMi3srpiNqKYMbDoFG8LXpfh/0iq7HnG965NS/XwRRx4doEN0jDxURXV0iRqoiRgaogf0hJ4d6Tw6L87rvDTnLHr20Q84b5+WV43/</latexit><latexit sha1_base64="/kCTM1NLzViJ92bl8wq76tZ6r3Y=">AAAB6nicdVBNSwMxEM3Wr1q/qh69BIvgacm2Yuut6EU8VbS10C4lm6ZtaDa7JLNCWfoTvHhQxKu/yJv/xnRbQUVfCDzem2FmXhBLYYCQDye3tLyyupZfL2xsbm3vFHf3WiZKNONNFslItwNquBSKN0GA5O1YcxoGkt8F44uZf3fPtRGRuoVJzP2QDpUYCEbBSjdXPegVS8Q9PSP2YeKWK6TilTNSq1Yr2HNJhhJaoNErvnf7EUtCroBJakzHIzH4KdUgmOTTQjcxPKZsTIe8Y6miITd+mq06xUdW6eNBpO1XgDP1e0dKQ2MmYWArQwoj89ubiX95nQQGNT8VKk6AKzYfNEgkhgjP7sZ9oTkDObGEMi3srpiNqKYMbDoFG8LXpfh/0iq7HnG965NS/XwRRx4doEN0jDxURXV0iRqoiRgaogf0hJ4d6Tw6L87rvDTnLHr20Q84b5+WV43/</latexit><latexit sha1_base64="/kCTM1NLzViJ92bl8wq76tZ6r3Y=">AAAB6nicdVBNSwMxEM3Wr1q/qh69BIvgacm2Yuut6EU8VbS10C4lm6ZtaDa7JLNCWfoTvHhQxKu/yJv/xnRbQUVfCDzem2FmXhBLYYCQDye3tLyyupZfL2xsbm3vFHf3WiZKNONNFslItwNquBSKN0GA5O1YcxoGkt8F44uZf3fPtRGRuoVJzP2QDpUYCEbBSjdXPegVS8Q9PSP2YeKWK6TilTNSq1Yr2HNJhhJaoNErvnf7EUtCroBJakzHIzH4KdUgmOTTQjcxPKZsTIe8Y6miITd+mq06xUdW6eNBpO1XgDP1e0dKQ2MmYWArQwoj89ubiX95nQQGNT8VKk6AKzYfNEgkhgjP7sZ9oTkDObGEMi3srpiNqKYMbDoFG8LXpfh/0iq7HnG965NS/XwRRx4doEN0jDxURXV0iRqoiRgaogf0hJ4d6Tw6L87rvDTnLHr20Q84b5+WV43/</latexit>

Jt
<latexit sha1_base64="/kCTM1NLzViJ92bl8wq76tZ6r3Y=">AAAB6nicdVBNSwMxEM3Wr1q/qh69BIvgacm2Yuut6EU8VbS10C4lm6ZtaDa7JLNCWfoTvHhQxKu/yJv/xnRbQUVfCDzem2FmXhBLYYCQDye3tLyyupZfL2xsbm3vFHf3WiZKNONNFslItwNquBSKN0GA5O1YcxoGkt8F44uZf3fPtRGRuoVJzP2QDpUYCEbBSjdXPegVS8Q9PSP2YeKWK6TilTNSq1Yr2HNJhhJaoNErvnf7EUtCroBJakzHIzH4KdUgmOTTQjcxPKZsTIe8Y6miITd+mq06xUdW6eNBpO1XgDP1e0dKQ2MmYWArQwoj89ubiX95nQQGNT8VKk6AKzYfNEgkhgjP7sZ9oTkDObGEMi3srpiNqKYMbDoFG8LXpfh/0iq7HnG965NS/XwRRx4doEN0jDxURXV0iRqoiRgaogf0hJ4d6Tw6L87rvDTnLHr20Q84b5+WV43/</latexit><latexit sha1_base64="/kCTM1NLzViJ92bl8wq76tZ6r3Y=">AAAB6nicdVBNSwMxEM3Wr1q/qh69BIvgacm2Yuut6EU8VbS10C4lm6ZtaDa7JLNCWfoTvHhQxKu/yJv/xnRbQUVfCDzem2FmXhBLYYCQDye3tLyyupZfL2xsbm3vFHf3WiZKNONNFslItwNquBSKN0GA5O1YcxoGkt8F44uZf3fPtRGRuoVJzP2QDpUYCEbBSjdXPegVS8Q9PSP2YeKWK6TilTNSq1Yr2HNJhhJaoNErvnf7EUtCroBJakzHIzH4KdUgmOTTQjcxPKZsTIe8Y6miITd+mq06xUdW6eNBpO1XgDP1e0dKQ2MmYWArQwoj89ubiX95nQQGNT8VKk6AKzYfNEgkhgjP7sZ9oTkDObGEMi3srpiNqKYMbDoFG8LXpfh/0iq7HnG965NS/XwRRx4doEN0jDxURXV0iRqoiRgaogf0hJ4d6Tw6L87rvDTnLHr20Q84b5+WV43/</latexit><latexit sha1_base64="/kCTM1NLzViJ92bl8wq76tZ6r3Y=">AAAB6nicdVBNSwMxEM3Wr1q/qh69BIvgacm2Yuut6EU8VbS10C4lm6ZtaDa7JLNCWfoTvHhQxKu/yJv/xnRbQUVfCDzem2FmXhBLYYCQDye3tLyyupZfL2xsbm3vFHf3WiZKNONNFslItwNquBSKN0GA5O1YcxoGkt8F44uZf3fPtRGRuoVJzP2QDpUYCEbBSjdXPegVS8Q9PSP2YeKWK6TilTNSq1Yr2HNJhhJaoNErvnf7EUtCroBJakzHIzH4KdUgmOTTQjcxPKZsTIe8Y6miITd+mq06xUdW6eNBpO1XgDP1e0dKQ2MmYWArQwoj89ubiX95nQQGNT8VKk6AKzYfNEgkhgjP7sZ9oTkDObGEMi3srpiNqKYMbDoFG8LXpfh/0iq7HnG965NS/XwRRx4doEN0jDxURXV0iRqoiRgaogf0hJ4d6Tw6L87rvDTnLHr20Q84b5+WV43/</latexit><latexit sha1_base64="/kCTM1NLzViJ92bl8wq76tZ6r3Y=">AAAB6nicdVBNSwMxEM3Wr1q/qh69BIvgacm2Yuut6EU8VbS10C4lm6ZtaDa7JLNCWfoTvHhQxKu/yJv/xnRbQUVfCDzem2FmXhBLYYCQDye3tLyyupZfL2xsbm3vFHf3WiZKNONNFslItwNquBSKN0GA5O1YcxoGkt8F44uZf3fPtRGRuoVJzP2QDpUYCEbBSjdXPegVS8Q9PSP2YeKWK6TilTNSq1Yr2HNJhhJaoNErvnf7EUtCroBJakzHIzH4KdUgmOTTQjcxPKZsTIe8Y6miITd+mq06xUdW6eNBpO1XgDP1e0dKQ2MmYWArQwoj89ubiX95nQQGNT8VKk6AKzYfNEgkhgjP7sZ9oTkDObGEMi3srpiNqKYMbDoFG8LXpfh/0iq7HnG965NS/XwRRx4doEN0jDxURXV0iRqoiRgaogf0hJ4d6Tw6L87rvDTnLHr20Q84b5+WV43/</latexit>

integrated current

f
<latexit sha1_base64="s9Xl1sAxuIML9mtrw2Vum/NeaI0=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4GnqGRJNb0IvHBMwCyRB6Oj1Jm56F7h4hDPkCLx4U8eonefNv7CyCij4oeLxXRVU9PxFcaYw/rNza+sbmVn67sLO7t39QPDxqqziVlLVoLGLZ9YligkespbkWrJtIRkJfsI4/uZ77nXsmFY+jWz1NmBeSUcQDTok2UjMYFEvYxm61UnYRtt0Krjk1QyrYqV2UkWPjBUqwQmNQfO8PY5qGLNJUEKV6Dk60lxGpORVsVuiniiWETsiI9QyNSMiUly0OnaEzowxREEtTkUYL9ftERkKlpqFvOkOix+q3Nxf/8nqpDqpexqMk1Syiy0VBKpCO0fxrNOSSUS2mhhAqubkV0TGRhGqTTcGE8PUp+p+0XdvBttMsl+pXqzjycAKncA4OXEIdbqABLaDA4AGe4Nm6sx6tF+t12ZqzVjPH8APW2ycy740y</latexit><latexit sha1_base64="s9Xl1sAxuIML9mtrw2Vum/NeaI0=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4GnqGRJNb0IvHBMwCyRB6Oj1Jm56F7h4hDPkCLx4U8eonefNv7CyCij4oeLxXRVU9PxFcaYw/rNza+sbmVn67sLO7t39QPDxqqziVlLVoLGLZ9YligkespbkWrJtIRkJfsI4/uZ77nXsmFY+jWz1NmBeSUcQDTok2UjMYFEvYxm61UnYRtt0Krjk1QyrYqV2UkWPjBUqwQmNQfO8PY5qGLNJUEKV6Dk60lxGpORVsVuiniiWETsiI9QyNSMiUly0OnaEzowxREEtTkUYL9ftERkKlpqFvOkOix+q3Nxf/8nqpDqpexqMk1Syiy0VBKpCO0fxrNOSSUS2mhhAqubkV0TGRhGqTTcGE8PUp+p+0XdvBttMsl+pXqzjycAKncA4OXEIdbqABLaDA4AGe4Nm6sx6tF+t12ZqzVjPH8APW2ycy740y</latexit><latexit sha1_base64="s9Xl1sAxuIML9mtrw2Vum/NeaI0=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4GnqGRJNb0IvHBMwCyRB6Oj1Jm56F7h4hDPkCLx4U8eonefNv7CyCij4oeLxXRVU9PxFcaYw/rNza+sbmVn67sLO7t39QPDxqqziVlLVoLGLZ9YligkespbkWrJtIRkJfsI4/uZ77nXsmFY+jWz1NmBeSUcQDTok2UjMYFEvYxm61UnYRtt0Krjk1QyrYqV2UkWPjBUqwQmNQfO8PY5qGLNJUEKV6Dk60lxGpORVsVuiniiWETsiI9QyNSMiUly0OnaEzowxREEtTkUYL9ftERkKlpqFvOkOix+q3Nxf/8nqpDqpexqMk1Syiy0VBKpCO0fxrNOSSUS2mhhAqubkV0TGRhGqTTcGE8PUp+p+0XdvBttMsl+pXqzjycAKncA4OXEIdbqABLaDA4AGe4Nm6sx6tF+t12ZqzVjPH8APW2ycy740y</latexit><latexit sha1_base64="s9Xl1sAxuIML9mtrw2Vum/NeaI0=">AAAB6HicdVDJSgNBEK2JW4xb1KOXxiB4GnqGRJNb0IvHBMwCyRB6Oj1Jm56F7h4hDPkCLx4U8eonefNv7CyCij4oeLxXRVU9PxFcaYw/rNza+sbmVn67sLO7t39QPDxqqziVlLVoLGLZ9YligkespbkWrJtIRkJfsI4/uZ77nXsmFY+jWz1NmBeSUcQDTok2UjMYFEvYxm61UnYRtt0Krjk1QyrYqV2UkWPjBUqwQmNQfO8PY5qGLNJUEKV6Dk60lxGpORVsVuiniiWETsiI9QyNSMiUly0OnaEzowxREEtTkUYL9ftERkKlpqFvOkOix+q3Nxf/8nqpDqpexqMk1Syiy0VBKpCO0fxrNOSSUS2mhhAqubkV0TGRhGqTTcGE8PUp+p+0XdvBttMsl+pXqzjycAKncA4OXEIdbqABLaDA4AGe4Nm6sx6tF+t12ZqzVjPH8APW2ycy740y</latexit>



Quantifying	fluctuations
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integrated current
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Precision	costs	energy
Thermodynamic uncertainty relation

Currents: particle, energy, distance…
Tightest: near equilibrium, heat fluctuations
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relative
uncertainty

energy
dissipation

Gingrich/JMH/Perunov/England PRL (2016); JMH/Gingrich PRE (2017)
Barato/Seifert PRL (2015); Pietzonka/Ritort/Seifert PRE 96, 012101 (2017)

Var(Jt)

J̄2
t

� 2kB
⌃t
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Applications
Power fluctuations in heat engines

Pietzonka/Seifert PRL (2018)

Efficiency of molecular motors
Pietzonka/Barato/Seifert J.  Stat. Mech. (2016)

Estimate dissipation from current fluctuations
Li/JMH/Gingrich/Fakhri Nat. Comm. (2020)
Manikandan/Gupta/Krishnamurthy PRL (2020)
Otsubo/Ito/Dechant/Sagawa arxiv (2020)
Vu/Vo/Hasegawa PRE, 101, 042138 (2020)
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So	far…
Stochastic thermodynamics offers a theoretical 
framework for consistent thermodynamic 
accounting along individual stochastic trajectories
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…Up	next
Application of stochastic thermodynamic tools to 
complex nonequilibrium matter opens new 
insights into the mechanisms of dissipation  
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