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 [ime-dependent systems

e \Work to work conversion



System

e —=

FTot (t) — FFric (t) + FSpring (t) + FExt (t)
Fric(t) = —vi(t)
FSp 'ng( ) — —kil’}( )

= —~x(t) — kx(t) + Fgxi(t)
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(Overdamped Limit)



Work and Heat

Overdamped E.O.M.:  7&(t) = —kx(t) + Fext(t)

1 [~ _ kr
Solution: Zl?(t) = ;/ dre FExt(t _ 7—)
0
Thermodynamics:  E(t) = —Fypping (t)(1)
W(t) = —Fexi(t)&(t)



Cyclic process

Periodic driving: I (t +T) = Frx(t)

Steady state: z(t+T) =z(t)
- 1 [T
= 7% — Q<0

Kelvin statement of the second law:

,There is no process whose only effect is to accept heat from a
single heat reservoir and transform it entirely into work.’



Entropy

Definition: ¢ — > ()
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Quasi-static limit: 5 -0« i(t)=0, W

Forces and fluxes: § — Y Fid;

Linear regime: ; _ ZLWT = 5= FL;j;F
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Thermodynamic forces and

fluxes

Thermodynamic Force: Fux:(t) = Fg(t)

Thermodynamic Flux:

= J

S=FJ= ; /O " g(t)2(t)
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Work to work conversion

Two work-sources: Fuxt(t) = Fixt.1(t) + Fext.2(t)

Wi = fthEXt,l(t)jj‘(t) = TFJq Wy = fthEXt’Q(t)Cb(t) =T FoJo

Working regime: W, >0, W5 <0

Efficiency:
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The Onsager Matrix

Thermodynamic fluxes:

]
ho= o / dt g1 (1) (t)
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= = [dt [ dra@FEat-n+ Fapt-n)e
T Jo 0
Onsager matrix:
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Onsager-Casimir symmetry

Time-reversal:
Fext i(t), gi(t) — FExt,i(t) = FExt,i(—1t),0i(t) = gi(—1)

Onsager coefficients:
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1 T 0 | e
[ ﬂfo dt/_oodTgi(—t)gj(—t—l—T)ev
: /T " dr g (03t - )
= — dt/ dr g;(t)g:(t —T)e
T/V 0 — OO ’

Time-symmetric driving:  L,; = L,



Conclusions

e Linear irreversible thermodynamics can describe
time-dependent systems.

* A generalized Onsager-Casimir relation is found.
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