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hallen when ling with small m

Small systems
Y { Quantum effects }

(low temperatures)

{ Large fluctuations }

EFar from equilibriumj

(large surf/vol ratio)

\J
v Traditional stochastic
v _ descriptions fail
Average behavior Linear response
contains limited information theories fail
\J
\ Y Stochastic descriptions
Higher moments or full Nonlinear response and ‘taking coherent effects
probability distribution is needed  nonperturbative methods into account are needed

need to be developed Esposito, Harbola, Mukamel

S — - Rev. Mod. Phys. 81 1665 (2009)

Esposito, Lindenberg, Van den Broeck

Stochastic thermodynamics NJP 12 013013 (2010)
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l) Introduction to stochastic thermodynamics
A) Thermodynamics at the level of averages

B) The trajectory level and fluctuation theorems

II) Efficiency of small devices at maximum power
A) Steady state devices

B) Externally driven devices



1) Intr tion to stochastic thermodynami

A) Thermodynami t the level of aver

Esposito, Harbola, Mukamel, PRE 76 031132 (2007)
Esposito, Van den Broeck, PRE 82 011143 & 011144 (2010)



T,
/ Rate matrix
Stochasti w)
mastc;(r: eaqsutlaqtion Z m, m’ (t)
W(V) (A)
Reservoir I at equilibrium m,m/’ - €m/ (A) _ Gm()\)
“Local detailed balance” (V) — €Xp ( T )
W/ m(A) v -
b=

Very slow external driving: Pm (t) ~ Pm ()\t)



First law

System energy: U (¢ me €m(At)

Ut) =W(t)+ ) _ Q")

124

Heat from reservoir v :

Q(V)



Second law

System entropy: S(t) = — me (2) In pp, (1)

. QW (¢
S(t) = 8e(t) + Si(t) = T( ) 4 &0
>0 v v
Entropy flow “Local de(ta)lled balance”
- W (Ae) Q(v)
Se(t) = — W) () (£) In —2 2
" m,%:f,,, e Ae)pm 9 W () Z
_ Em/ (A) = €m(A)
— i
Entropy production: W
W (D (T
= Y WY (A)pm () In ’"’g;g"b( )P D) >0
m,m’,v Wm’,m()\t)pm(t)

Measures the breaking
of detailed balance



ilibrium and non ilibrium

i

© If all the reservoirs have the same thermodynamic properties 1. =1y ="1T

the stationary distribution satisfies detailed balance (equilibrium)

W 0Pt () = W (0 ()
:> Sz (t) =
exp ( — em()\)/T)
Z(\)

® Ifthe reservoirs have different thermodynamic properties 1. # 1},

P () = i) =

the stationary distribution breaks detailed balance

W N (V) # W () Sit) >0



Wm,m’ ()\t)

Externally driven m (sinale reservoir):

50 = 5.0+ 50 = LD 4 5,0

m

For a slow transformation (reversible transformation):

¢ .
Pm(t) = Py (At) / dr5;() =

(At) ~ Wm m At pr,eq;] / Q




Thermodynamics emerges at the level of averages from
an underlying stochastic dynamics

What did we gain?

Time scales Fluctuations
Finite time thermodynamics Trajectory level thermodynamics
- . \/
Efficiency at Optimal work Fluctuation theorems

maximum power extraction



1) Intr tion to stochastic thermodynami

B) The trajectory level and Fluctuation Theorems




level:

1y

FirstLaw: — AU[m] = Wm] + Y Q™ [m] = €ny (Ar) — €my (o)

N+1
W[m] — Z (ij_l()\Tj) R ij—l()\Tj—l))
Q(V) [m| = Z Orr(V — Vj)(emj—l ()\Tj> — Em; ()\Tj))
| _j_ B Pmg (0)
Second Law: ASm| = AS;m] + AS.[m]| = In oo (1)

AS;im] = In P /P




Fluctuation theorems

Plm|

Entropy production: Z Plm log >0

Plm]

Seifert PRL 95 040602 (2005)

P(A S) Symmetry relations between
_ _ i _A,S nonlinear coefficients
Fluctuation theorem: P(—AS) © //:ndrieux, Gaspard JSM P02006
1
Work FT: Current FT:

P(W) (W — AF) P(I) t—00 eXp( eV It)
= = X YR 1. T
P—w)  CPVTRT P(—1) ko T

Jarzynski PRL 78 2690 (1997) Andrieux, Gaspard JSTAT P01011 (2006)

Crooks J.Stat.Phys. 90 1481 (1998) Esposito, Harbola, Mukamel PRB 75 155316 (2007)
& PRE 60 2721 (1999)

General formulation: Esposito, Van den Broeck, PRL 104 090601 (2010)
Review: Esposito, Harbola, Mukamel, Rev. Mod. Phys. 81 1665 (2009)



|l) Efficien t maximum power

A) St tat Vi



Efficiency of heat-matter transport

l
I( ) I(r)
I(l) I("“)

y W)
ZW( ) Wj(y) — exXp /61/[(62' _ ) :U’U(N N; )}

¥]

(V—lr)

Heat: Q™ () = T (1) — w2\ (t)

Power: P =-W=> O"(t) =—(u, — 1u)Ins

R

Steady state: p; =0 = S=0, U =0, I](\Z,)E = —I](\?’E =1IpmE




Entropy production:

Efficiency:

Tight coupling:

Si

= S, =Fplp+ Fuly >0

Fluxes: Zg, Ty
1 1 M Mo
F ; = — — — =(——=) — (——
orces: Fg T Fur = ( Tl) ( T
_ -Ww =W I
LNGI0 Q) —Ir/Iy
S;=FI
Collapse of forces
] _
constant & — HUr

.~ Current independent



Efficiency at equilibrium:

tight coupling = .

Efficiency at maximum power:

© Phenomenologically:

77377(::1_

1

T,

Carnot efficiency

But P — 0 zero power!

l. I. Novikov & P. Chambadal (1957) ; F. Curzon and B. Ahlborn, Am. J. Phys. 43, 22 (1975).

noa=1—/1—1n.2=n./2+n7/8+602/96+ ...

© Not too far from equilibrium:

tight coupling _.

n' §776/2+77c2:/8

Linear

Van den Broeck, PRL 95, 190602 (2005)
Esposito, Lindenberg, Van den Broeck, PRL 102, 130602 (2009)

© Far from equilibrium: Everything is possible

\J

Nonlinear
(in presence of a
left-right symmetry)

Seifert, PRL 106, 020601 (2011)



Rutten, Esposito, Cleuren, PRB 80, 235122 (2009)

Tight coupling
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|l) Efficien t maximum power

B) Externally driven devi



Finite-tim rnot |

Weak 3, Y
Dissipation (;, = T}, (AS— ——|—) Q.=1T. (—AS— —C—|—>

regime Th

Tc
Esposito, Kawai, Lindenberg, Van den Broeck, PRL 105 150603 (2010)
1.2
1+
Maximize e ( Thzh)
* Te Tczc
POWer Vs N = 5 (—=\75)
Te and Th : . 1.3, 1, . dic " neh
T ThZh * 1% Zh
(Ze/Sh—00) =y <yt <= C (Xe/2n —0)
2 - 2 —nc c
Curzon-Ahlborn in the 1.
symmetric dissipation: 77 =Nca =1 —4/— =1 — \/1 — 1)C

(Zh = 2.) Lh

2
Expansionin ¢ : 0" e + lc




Lo T -_

nc/(2—nc)




Optimal work extraction
riven ntum dot

p(t) is the dot occupation probability

p(t) = —w1(?)p(t) + w2(8)[1 — p(?)]
B C
V1= Bl —n®] 1
C
W2

T o TBEM—n®] 1 1




— W=—9.13 (optimal)
-— - W=—5.92

Esposito, Kawai, Lindenberg, Van den Broeck ,
EPL 89, 20003 (2010).

The optimal protocol contains
an initial and final jump!
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Efficien f the finite-tim m |

Esposito, Kawai, Lindenberg, Van den Broeck,
Phys. Rev. E 81, 041106 (2010).

Hy

In the low dissipation regime *

efficiency at maximum power: (
1+

2
1.0\ L. (,_C.
13, Ch 1}, Ch,



nclusion

» Stochastic thermodynamics is a natural and powerful tool to study
small systems:

* |t can be used to study finite time thermodynamics
- Efficiencies: Tight coupling and Curzon-Ahlborn efficiency
- Optimal work extraction: jumps in the protocol

* It can be used to study fluctuations around average behaviors
- Fluctuation theorems, ...

* Further directions: quantum effects, feedbacks and information...
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