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e NESSs: Examples and common characteristics
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— Time-independent driving beyond linear response regime

H. Wang and G. Oster (1998). Nature 396:279-282.

Broken detailed-balance

Persistent “currents’” with permanent dissipation



e Fluctuation-dissipation (response) theorem in equilibrium

— system with energy E and observable A
— perturbation with a field f : EFE—-FE—fB

T<5A(t2)>

S7(00) = 01, (A(t2)B(t1))

— any observable A, any time diff to — ¢4

— formalizes Onsager’s regression hypothesis



e FDT in a NESS 7

— plethora of exact (rather formal) expressions

Agarwal '72, ... Hanggi & Thomas, ... Vulpiani, ... Harada & Sasa '05, ...
Baiesi, Maes & Wynants, Kruger & Fuchs, Prost, Joanny & Parrondo all '09

— often (phenomenologically) modified by an effective temp:

Culgiandolo, Kurchan & Peliti, '97 ...

(0A(t2))
5 F(t1)

= 0, (A(t2)B(t1))
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e Paradigm for an FDT in a NESS \\\(\\“ \mT\I\T
N \\\\ V(l’,)\)
[T. Speck and U.S., Europhys. Lett. 74, 391, 2006] I H|||||||||| |

— Langevin dynamics: z = u[—0:V (z, \) + f(A)] + ¢ with white noise
— FDT in eq:

6{z(t2))
g 0f(t1) |r=o0

= (z(t2)z(t1))eq

— extended FDT in non-eq:

92 (t2))
0f(t1) |0

= (z(t2)z(t1))ness — (2(t2)vs(x(t1)))ness

with  vs(z) = (ila) = j°/p°(2)

— additive modification (rather than multiplicative)
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e ''Restoration” of equilibrium form
extended FDT in a NESS:
((t2)x(t1))ness — (x(t2)vs(x(t1)))ness

6{(z(t2)) _
6f(t1) |70

restoration of FDT in non-eq for renormalized velocity

v(t) = x(t) — vs(x(t))
6(v(t2))

6f(t1) |0

= (v(t2)v(t1))ness

— NESS version of Onsager’s regr hypothesis
J Stat Mech 2008, J Stat Phys 2009

— cf Chetrite and Gawedzki



e Stochastic th'dynamics of a colloidal particle

V(N
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— Langevin dynamics z = u[-V'(z,\) + f(\)] +¢
with external driving A(7) and {((1(o) = 2ukgT 1>

\“‘

— First law [(Sekimoto, 1997)]: dw = du + dq

x applied work: dw = 0\V (x, \)d\ + [ dx
x Internal energy:. du = dV
x dissipated heat: dg=dw —du=[-0;V(x,\) + flde = T'dsm

— stochastic entropy: ds = —d [Inp(z,t)] = (exp[—A(s+sm)]) =1

[U.S., PRL 95, 040602, 2005]



e General FDT in a NESS

[U.S and T. Speck, EPL 89: 10007, 2010]

. (6A(t2)) _ -
NESS : Py (A(t2)0r5(t1))
= — (A(t2)9rsm(t1))ness + (A(t2)0fstot(t1))ness
| (6A(t2)) '
EQ: T SFE) —(A(t2)0rE(t1))eq

— stochastic entropy replaces energy
— add to eq form the term conj to total entropy production
— proof: (1) pert'theory of FPE + (2) use of det bal in equilibrium



“Non-uniqueness” of the FDT in a NESS: Three canonical forms

8 /%

Q

,\\
\

\

\\
||||

Vi(z, N

(6A(t2)) -’
5f(t1) <A(t2>B(tl)>
general: B ring: B/T unique property
(p9)~1L1p® Agarwal '72 ... | v(x) — pF(x) state variable
only

—8fé — 8fém — 8fétot US&T.S.'10| ... = a2 —v(x) O¢ (state var)
5|nP[%(;),f(t)] Baiesi et al (z — pF(x))/2 | no knowledge
PRL '09 of p® required




e EXperimental accessibility

[J. Mehl, V. Blickle, U.S, and C. Bechinger.
PRE 82, 032401, 2010.]

(0A(t2))

T = (A B(t) (1)
A=sinz/R
B1=v(z) — pF(x)
By =2 —v(x)

[cf experiment by Ciliberto et al, PRL 2009].

velocities [um/s]

\\\\“
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e Integrated version: Generalized Einstein relation
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[Blickle, Speck, Lutz, U.S., Bechinger, PRL 98, 210601 (2007)]

§(x(t2))

510 puo — (E(2E(0)nea = (E(t2)s(2(t1)))nec

Heff(f) — Deff(f) — /OOO dt I(t) with I(t) = <513(t)’/8($(0))> - (1/3(:5)>2

e violati
- mobili ty
D

— cf giant diffusion [Reimann et al 2001]

004 0.06 0.08 0.10 0.12 0.14 016
driving force [pN]
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e An isothermal nano-rotor: F1-ATP-ase

B external torque

Ni-NTA coated coverslip

from Toyabe et al, PNAS 2011
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e Single molecule data for the F1-AT P-ase

[K. Hayashi, ... H. Noji, PRL 104, 218103 (2010)]
(a) Binding Hydrolysis Binding
(0°) (80°) (120°)
&*Y&*&Y&
ADP
80° substep 40° subsmp
®) ,
_{ . — kinetics vs thermodynamics
y L=
B 8 — first law?
(c) 2160 : - .

1800

324
— efficiency(ies)?

216

0(1) (deg
=

432

12
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e Experiment: Efficiency of the F1-ATP-ase

[S. Toyabe et al, PRL 104, 198103 (2010)]

T .
£ 100
) 80 T T |
3 = | —.
;60 — - "y
[«
40 E— -
+
< 20
o . : Y
| i iii iV v
ATP (uM) 0.4 2 100 2 2
ADP (uM) 0.4 2 100 2 0.5
Pi (uM) 1000 1000 1000 1000 0.5
vs(Hz) 2.47:0.17 6.51: 0.35 11.2: 0.8 2.87:0.27  7.20:0.44
under load

main message:. efficiency about 1
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e Hybrid model [E. Zimmermann and U.S., NJP submitted]

y(t)

w”(nj, )

wt (nj7 ZE)

z(t) nj-1 n;

— angular — linear motion

— observable: motion of the probe

— hidden: steps of the motor

— elastic linker between both:

V(n,z) = V(y) = ky?/2

— each forward step: ATP — ADP + P

15



y(t)

e Dynamics [kgT = 1]

— probe
« &= pu(=0y)V(y)+ )+ ¢  with y(r) =n(r) —z(1)

— motor
+ wT /w™ =exp[Ap—V(n+d,z) —V(n,z)]

« wh = w9 exp(Aur) exp[—kd?012/2 — ky do]
« w- = w® exp(Aup+ App) exp[—kd?(1—04)2/2+ky d(1—0)]

16



e First law
(i) probe

(ii) motor

mean (i)

mean (ii)

— XAz

_fex,U

A — v

AQp + AV“U

Agm + AV, + AE,,

QP + Qm + AEsol

Qp _I_ Qm _|_ TSsoL

not distinguishable

Sekimoto '97

U.S., EPJE, 34, 26, 2011

AEsol —
— Ap+TAS
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e Efficiencies

— Thermodynamic efficiency

n=fv/Ap

[Parmeggiani et al, PRE 1999]

— Pseudo efficiency [Toyabe et al, PRL 2010]

nQ = Qp/AM

— Stokes efficiency [Wang and Oster, EPL 2002]

ng = v?/u(Ap)

18



e Pseudo-efficiency
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Pseudo-efficiency
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— analytical results from best Gaussian approximation to p*(y)

nQ = Qp/ Ap
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— Harada-Sasa relation

pQus = v + /dW[Ca':(w) — 2kgT ReR;(w)]

— Stochastic energetics
« Gp = (ky = [*)i
* Qp = (¢p) =

with v(y) = (z]y)

((ky — v (y))

e Experimental determination of ng

[PRL 2006]

= Qus

A

F1

C(f), 2TR'(f) (rad?/s)

 crin
Fo 9
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H'H H B external torque

vo i
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rotation

ATP-synthetic
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— /i“—\
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e Comparison to experiment

40 —

35

30 -

120~ Q. MQ, MW | =

= 25

€ 100 .

g B

60 =

2 -

o 15 3

40 -

+ ]

= 20 10 5

0 .

37

ATP (uM) 0.4 2 100 2 2 N

ADP (uM) 0.4 2 100 2 0.5 ]

Pi (uM) 1000 1000 1000 1000 0.5 0-—
vs(Hz) 2.47:0.17 6.51=0.35 11.2: 0.8 2.87-0.27  7.20:0.44

under load

— uQps = v? + [ dw[C;(w) — 2kpT ReR;(w)]

Qs
B Qv
B W
— Au

— quite reasonable agreement for small 6

— future: substeps of 90 + 30 degrees

2 3 4
8,=0.1, ®,=0.01, Exp.
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e An aside: F1-ATPase and the fluctuation theorem

[K. Hayashi, ... H. Noji, PRL 104, 218103 (2010)]
: #Fo 2 %\
g 004 4 i E
-1 ; ; . % T |
002 - ;_-::3’ 128
i | M el ‘c‘?:‘ ! a = I 1
940 20 0 20 40 60 -02 -01 0 01 02 E
A6 (deg) A6/kT (rad/pN nm) E
. E 40 - i
—TF0=N+¢ ((1¢2) =2MkpTé(m1 — 12)
301 1 ; | 1
0.5 1 1.5 2 2.5
= In[p(A0) /p(—A0)] = NAO/kgT At (ms)
independent of friction coefficient time-dependence?

— cf f'theorem

INn[p(Astot)/P(—Astot)] = Astot/kR
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e F'theorem and slow hidden degrees of freedom

[J. Mehl, B. Lander, C. Bechinger, V. Blickle and U.S., PRL 108, 220601, 2012]

— total entropy production in the NESS 1

A.s\ \~

//

(

’\\\\

¢
Astot = cf)dT[iﬁlw(wl, ro) + zovo(x1,2)]

with vy (z1,22) = (¥1]|z1, z2)
obeys FT p(Astot)/p(—Astor) = eXp Asiot

— sSuppose x» is hidden:

v1(z1) = [ v(zy, z2)p(2|r1)drs

potential (units of k,T)

— apparent entropy production T e

ASior = [§drriD1(x1)  obeys FT 27
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Experimental data

— with and without coupling
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e Theory for f(o) =In[p(o)/p(—0oc)] with o= ASiot
— for small t:  f(o) ~o+t/2g(c) +0O(t):  FT universal
— for any t is f(o) asymmetric by construction
« o[AM(D]L: f(o) = a)o +y(B)o> + ...

s o>1: (i) 1= [do p(o)exp[—f(o)]
(i¢) if p(o) > Gaussian for |o| >> 1

(2)

(0

linear slope expected, but typically a(c — 0) #= a(c — o0)
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e Isothermal machines with feedback: Work from a single heat bath?

— Maxwell’'s demon (1867) — Szilard engine (1929)
Q w
A B A B R YA R
0 o9 e Y0 0 b F
0 .\ o ¢ [ Y ® L L
o9 o o s »
o ®

but: Landauer’s principle (erasure of 1 bit of information costs kgT'In2)
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e Measurement and feedback: Brownian particle in a harmonic trap

[D. Abreu and U.S., EPL 94, 10001, 2011 ]

V(x,0) - /
P (Xm|x)

— initially thermal equilibrium p¢(x)

— measurement yields m (£ym, precision)

— acquired (traj’ dependent) information: T = Inp]ggfgs)

similar to stochastic entropy

— subsequent control A(7)|xm in order to extract work

28



e Fluctuation theorems with measurement and feedback

fixed A\ without with
equilibrium (exp[—(w — AF)]) =1 (exp[—(w—AF —-17)]) =1
Jarzynski, PRL'97 Sagawa and Ueda, PRL’'08
(exp[—Astol]) =1 (exp[—(Ast +17)]) =1
NESS U.S., PRL’'0O5

)
N

gy e
il

=
—

Vi, \)

—r

(exp[—(A(stot — MKy =1 (exp[—(A(stot — shk L 1)) =1

Hatano and Sasa, PRL'01 D. Abreu & U.S., PRL 108 030601, 2012
with concise “universal”’ proof
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e Fluctuation theorem implies bounds on power

IFT " ond gy
equilibrium | (exp[—(w — AF+2)]) =1 Woul < _AF4+7
(exp[—(Ast+1)]) =1 AStL > T
NESS
’\g\%&“ﬁ\l\% Vi, )
(""““ J"M " (exp[—(A(stOt . Shk + I)]> — 1 AStOt > Ashk 7T
— Wbut < Wm L Qhk: + T
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e Cyclic operation: Efficency of an information machine

[M. Bauer, D. Abreu and U.S., J. Phys. A: Math. Theor. 45, 162001, 2012 ]

case I. Control only center of trap

1.0 g 1.0f
0.8/ 0.8
0.6 0.6-
£ £
0.4 0.4
0.2 0.2
0.0 L= 0.0 R
0.0 00 05 10 15 20
r t
ext work/cycle efficiency n=W/7I

* =0 at max power (t — 0)

* p=1 for t -+ oo (but zero power)
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p(xm|X)

e Cyclic operation: Efficency of an information machine cont’d

case II: Control center and stiffness of trap

1.0 Mg

1.0 [
0.8/ 0.8

0.6} 0.6/

Ym
Ym

0.4| 0.4/

0.2 0.2

0.0 0.0

* n=1 for y,, — 0 at any cycle time ¢

*n=1/2fort— 0 [cf lin response]
* p>1/2 throughout
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e Feedback with genuine non-equilibrium states

[D. Abreu and U.S., PRL 108, 030601 (2012)]

W
Loy wi N L
VAN , \
i Y
1 ...... L . 2
\ . /!
N
L \& N
2NN VAN
TN K
N2 = Wli// 1 V7
W
+ _ _(f—-E)/2 _ —
wi] = el 2 = 1/wj
+ _ _(f+E)/2 _ —
wi = el 2 =1/w,

- measure position every t,

- adjust energy of state 2 as +|FE|

T E

e 0
|

—.,— """"""" 0

.

q(ty) |

q(ty)
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e Results for cyclic operation

Wout
4 AN { 71in

e —— T
R
—
-t

00 02 04 06 08 10 12 14 tm

{ 71n
............................... W -

5111111;11111111111111111111111t
00 02 04 06 08 10 12 14 ™

ot
e : 0
!
- k . 0

qlty) |

q(tw)

- optimal E(f,tm)

- for ty, — oo @ Wi = QMK

- for t;, = 0: 7 — oo

- net gain for t, < t},

(exp[—(A(stt —sMF 4+ 1)) =1 =

Wout < Win _ Ohk 4 7
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e Summary

— FDT in a NESS
x involves entropy production

x equivalence relation for conjugate observable

x (emergence of Tes for sheared suspensions)

— effiency(ies) of a NESS machine: F1-ATPase
— fluc'theorem under coarse-graining

— efficiency of Brownian information machines
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