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Anomalous Carnot cycle
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general solution - Fokker-Planck equation
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nonlinear Fokker-Planck 
Equations



nonlinear Fokker-Planck equation - 
phenomenological equations

Porous media equation 
(M. Muskat - 1937)

⇥P (x, t)
⇥t

= D
⇥2P �(x, t)

⇥x2

⇤(x� ⇤x⌅)2⌅ ⇥ t
2

�+1



• A. R. Plastino and A. Plastino, Physica A 222 (1995) 347;

C. Tsallis and Bukman D. J., PRE 54 (1996) R2197

nonlinear Fokker-Planck equation - 
phenomenological equations

Porous media equation 
(M. Muskat - 1937)

⇥P (x, t)
⇥t

= D
⇥2P �(x, t)

⇥x2

⇤(x� ⇤x⌅)2⌅ ⇥ t
2

�+1



• A. R. Plastino and A. Plastino, Physica A 222 (1995) 347;

C. Tsallis and Bukman D. J., PRE 54 (1996) R2197

nonlinear Fokker-Planck equation - 
phenomenological equations

Porous media equation 
(M. Muskat - 1937)

⇥P (x, t)
⇥t

= D
⇥2P �(x, t)

⇥x2

F (x) = −

dφ

dx
⇥P (x, t)

⇥t
= �⇥{F (x)P (x, t)}

⇥x
+ D

⇥2P �(x, t)
⇥x2

⇤(x� ⇤x⌅)2⌅ ⇥ t
2

�+1



F (x) = −

dφ

dx

⇥P (x, t)
⇥t

= �⇥{F (x)P (x, t)}
⇥x

+ D
⇥2P �(x, t)

⇥x2

stationary solution

� = (1/D)[Cq�1/(2� q)]

P (x) = C[1� �(1� q)⇥(x)]1/(1�q)

(C is a positive constant)

(� = 2� q)



F (x) = −

dφ

dx

⇥P (x, t)
⇥t

= �⇥{F (x)P (x, t)}
⇥x

+ D
⇥2P �(x, t)

⇥x2

stationary solution

� = (1/D)[Cq�1/(2� q)]

P (x) = C[1� �(1� q)⇥(x)]1/(1�q)
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same distribution that maximizes Tsallis entropy 
with the external constraint       ! �(x)
NLFPE <-> Tsallis entropy!

(� = 2� q)
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•  Langevin equation

•  master equation

how could it be derived?
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master equation -> NL Fokker-Planck equation
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nonlinear Fokker-Planck equation

master equation -> NLFPE EMFC & FD Nobre, PRE 2003, 
FD Nobre, EMFC & G Rowlands, Physica A 2004

∫
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dx P (x, t) =
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dx P (x, t0) = 1 (∀t)
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FPE
�[P ] = const.

�[P ] = P
Ω[P ] = DP

µ−1

NLFPE - Plastino and 
Plastino, Physica A 1995

�[P ] = P
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stationary solution

- Frank, Chavannis, Nobre, EMFC



•  type II disordered supercondutors -
overdamped motion of interacting 
vortices 
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- ciclo de Carnot é válido com a temperatura
  efetiva  (T = 0)
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