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Equilibrium dynamics
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preparation evolution
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Equilibrium conditions

- prepare in equilibrium at temperature B 'wrt H
- evolve with same H

- (coupled to bath at 571)

Prepare
e |solated (thermalization)

e \With thermostat
ex: mi = —V'(x)—nt + £(1)
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Stochastic thermodynamics

First law
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Second law

AS = BOW] + 8™ []
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in average (S™'[y]) > 0

single trajectory

*work W[y]

*heat Q||
- entropy S™** [y)]

Fluctuation Theorem

P(Sirr) i Pr(_Sirr) eSirr

Gallavoti Cohen (1995)
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Fluctuation theorems

Work fluctuation theorem

P(W) = P,(-W) e’V =27)
Crooks (1999)

nature LETTERS

Verification of the Crooks fluctuation theorem and
recovery of RNA folding free energies

lir'”, F. Ritort™, C. Jarzynsai’, S B Smith®, |, Tinoco k' & C. Bustaranie'

Force acting on bead

Fxlensian

— XJarzynski et al. (2005)
exp. review: Ciliberto (2017)

Laser beam
Glass surfce

Quantum trajectories

[ Work fluctuation theorem Kurchan (2000)
cQED: Murch, Lutz et al. (2017)

O Entropy production, S™*[¢] ?
] Entropy fluctuation theorem ?




Formalisms
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5 Quantum . Classical
Path Integralg T>0 ,
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Schwinger-Keldysh formalism
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Symmetry of equilibrium
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Field transformation
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Invariance of the action
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Conseqguences of the symmetry

Ward-Takahashi identies
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Keldysh Green’s functions
iGab(tv t/) — <¢a(t) ¢b(t,)> a,b=+, —

Fluctuation-dissipation theorem

Gt (t,t) Ts ol8/2(9t—0,) GT=(—t', —t)

Classical limit

0(p(t))
0f(t') lr=o0

= —B0 (p(t)y(t)) ift>1

= () if t <t



Symmetry breaking

non-
equilibrium

Time-dependent drive: H — H(t)
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Variation of the action
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Symmetry breaking
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Measure of irreversibility
S™ Y] = BAF = B[Y]
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& (S™[¢]) >0
M Classical limit
M Reversible process
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™ Fluctuation Theorem
P(Sirr) _ Pr(_Sirr) eSIrr

Entropy production operator ? *
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