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I. Introduction
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Equilibrium: steady state with detailed balance
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Non-equilibrium :     ,1 ggfD +Φ−∇=⋅− non-conservative

(i)  non-conservative force 

(ii) non-identical and correlated noise 

(iii) time-dependent parameter

cID ≠

f : drift force, rate function, force in over-damping limit

)'(2)'()( ttDtt ijji −= δξξD : diffusion matrix

zero steady state current

detailed balance (DB)

fD ⋅−1 :(generalized) force g : NEQ-drving force

))(,( tq αΦ

0   ≠⇒ stj breaking of detailed balance



I. Introduction

Work production 

Heat production:                                        1st law                          

Conditional probability                   for path       vs for reversed path  qq

Potential (Energy)        
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Inverse temperature :                      ,  measure for overall strength of noise                    DD 1−→ β
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reversed path
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Linear drift force: 

• almost exactly solvable case

• showing all natures of non-equilibrium  

Symmetric + asymmetric

Equilibrium qFDqG T
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Non-equilibrium

condition for DB
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Steady state ( Kwon-Ao-Thouless, PNAS, 2005)
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Non-equilibrium work production
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Non-equilibrium
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NEQ-drving force :

Need to find 
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Generating functional
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exactly solvable

III. Path Integral Formalism
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Probability  distribution function for work production
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III. Path Integral Formalism
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Steady state (Kwon-Ao-Thouless,PNAS, 2005)

Expectation value of work production
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Entropy production rate

1Tr −−= FQDσ rate of entropy piled up in the reservoir, 

approximate total entropy production rate
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III. Path Integral Formalism
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Diffusion in 2 dimensions
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IV. Example

2nd law  of  thermodynamics

Valid for general stochastic process



1. Non-equilibrium is caused by

(i) non-identical/correlated noise

(ii) non-conservative force

2. FT can be applied for general stochastic systems.

force                          non-conservative force   

energy                 work                                         heat

3. Linear drift force as an analytically solvable case

Φ−∇≠⋅⇒ − fD 1    

V. Summary and Future
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4.1 Modification of FT in the presence of irreversible force

),(),(     ,),(),(/ pxgpxgpxgtxfmpp −=+++⋅−= ξγ&

• Simple case in 1-dim:  temperature-cooling (Kim and Qian, PRL,2004;PRE, 2007)

βγαβαγγα )/1(   ,      /),( effeff +=+=⇒⋅−= mppxg

• In high dimensions with α : matrix for anisotropic  media

- no simple temperature-cooling

- non-Maxwell distribution for velocity

- modification of FT 

• Irreversible force  might be unavoidable  in impure materials 

4.2 Simulation study  for discrete variables such as Ising spins

with updating rule
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V. Summary and Future

4. Future interests



4.3 Neural network with asymmetric synaptic coupling 
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4.4 Modelling of experiments
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V. Future Topics

Ex: additive colored (memory-dependent) noise (in granular exp)

-> higher dimension with white noise 


