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Dissipation
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Dissipation
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T mw=m === Experiments in stochastic thermodynamics
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Examples of stochastic systems
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Mechanical properties of nanotubes Stretched DNA

Sticky flagellum

Thermal conduction in nanotubes

Micro Electro Mechanical Devices

Micro hydrodynamics



Examples of Dynamical Systems

Vibrated granular media Thermal convection in a fluid

Cooled from above

Heated from below

Fluctuations in Macroscopic systems



Outline

1) Basic notions of thermodynamics and of equilibrium statistical physics

2) Calibrate instruments using equilibrium statistical physics
* Optical Tweezers
* Active and passive Microrheology
* Electric circuits analogies and differences
* Harmonic oscillator

3) Out of equilibrium and stochastic thermodynamics
What is stochastic thermodynamics useful for ?

* Fluctuation theorems (FT)
* Jarzynski and Crooks equality
* The stochastic entropy

Experimental approach
° FT in harmonic oscillators
° FT in stochastic resonance
° Fluctuation driven heat fluxes

* Application of FT, Jarzynski and Crooks equality



Outline

4) Stochastic thermodynamics and the dynamical systems.
Experiments on turbulent flow, granular media and
mechanical waves

5) The Maxwell demon and the connection between
information and thermodynamics

6) Fluctuation Dissipation Theorems in non equilibrium steady
state (NESS)

7) Engineered Swift Equilibration.
How to reach equilibrium arbitrary fast.



Main Laws of Thermodynamics I

The First Law of Thermodynamics is a version
of the Law of Conservation of Energy

Clausius

Clausisus statement of the First Law

In a thermodynamic process, the increment in the internal energy
of a system is equal to the difference between the heat exchanged
by the system with the heat bath and the increment of work done
on .

AUap=Wap—Q



Main Laws of Thermodynamics Il

The Second Law is a statement about irreversibility.
It 1s usually stated in physical terms of impossible processes.

Sadi Carnot was the first to give a formulation of this principle

Sadi Carnot Rudolf Clausius L.ord Kelvin

Clausius Statement of the Second Law: Heat can never pass
from a colder to a warmer body without some other change

Lord Kelvin Statement of the Second Law: No process is possible in
which the sole result is the absorption of heat from a reservoir and its

complete conversion into work.



Main Laws of Thermodynamics Il
The Second Law of Thermodynamics is related to the concept of Entropy

AS — % ASior = 0

In statistical mechanics,Entropy is
related to the probability of the
microstates, correponding to

a particular macrostate:

S = —kpX;p;logp;

Gibbs Boltzmann



Brownian motion EQUILIBRIUM
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The Nyquist problem

JULY, 1928 PHYSICAL REVIEW VOLUME 32 Power Spectral density
of the electric noise

THERMAIL AGITATION OF ELECTRIC CHARGE
IN CONDUCTORS*

By H. Nyquist "fﬂ2 — 4:k;BR T

ABSTRACT

The electromotive force due o thermal agitation in conductors is calculated by means
of principles in thermodynamics and statistical mechanics, The results obtained
agree with results obtained experimentally,

R. J. B. JOHNSON! has reported the discovery and measurement of an

electromotive force in conductors which is related in a simple manner
to the temperature of the conductor and which is attributed by him to the
thermal agitation of the carriers of electricity in the conductors. The work
to be resported in the present paper was undertaken after Johnson's results
were available to the writer and consists of a theoretical deduction of the
electromotive force in question from thermodvnamics and statistical me-

chanics.?
Conszider two conductors each of resistance R and of the same uniform
ey e s B In 1928 well before
H it sendueer | s s e e be . Fluctuation Dissipation Theorem (FDT),
: " e s e R 11 this was the second example,
el b L g after the Einstein relation
preciselv the same mﬂl'tll'lsftl'. it ;_;r]';‘:; dera:‘:ljll:zre{:']ﬂ?h:f ;;ﬁferc;sﬂf;.nz?f:?:ed f rm: for Brownlan mOtlon’
Lemperature 1t follows dircctly from the sceond Taw of thamedimame,  Telating the dissipation of a system
e Tt iy e drecion s ety eawl ot foving o to the amplitude of the thermal noise,




Confining fluctuations
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The Optical Tweezers
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A Ashkin
Physics Nobel Price in 2018 for the
invention of optical tweezers

FIG. 2, A dielectric sphere situated off the axis 4
of a TEM;,~mode beam and a pair of aymmetric rays
¢ and &, The forces due o a are shown forngy>nr,
The sphere moves toward +2 and —r,



First trapping experiments
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The Optical Tweezers
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on the bead due to refraction i1s towards the Hight:
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The Optical Tweezers

For dielectric particles in presence of a strongly focused
beam the main contribution is coming from the electric
field. Thus the total energy variation can be expressed
as the dipole interaction:

U:—/ P.E.. du
V%ﬂi

where P, = egx E,;, E,; is the incident field and x = ¢ — 1.
T his reduce the dipole interaction energy to

U:—&ffdv
V

where [ = efeDEg IS the intensity of the laser beam and

er and €p are the dielectric constant of the fluid and of
the particle.



Assuming :

2 32
1(p,2) = oewp (~ 5 - )

2
2 2w:

In the approximation @ ~® =

the force is:

o o I,0° RP+X? [.. RX. RX RX ]
F(X)= =2 exp( 52 ) -smh( = ) = cosh(ﬁ -
X = /12 + 22 _
\/ ﬂ For small X F(X) ~ 2ral, it exp( R’ ) X
N 3w? P o0



The Optical Tweezers
Then, the optical gradient force is simply given by the change of U in
response to a change of the particles coordinates.
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A=633nm

LS
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IRF
IF

QD

white light source
dichroic mirror

mirror

infrared filter
interference filter
polarizer

analyzer

quadrant photo diode

Experimental set-up Optical
trap

Nano-Max
Pizo-stage

Camera rapide

laser beam
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Examples of traps
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Emmmal The dynamics of the trapped particle

The equation of motion of the particle in the trap is

vi = —k(t)z + vV D¥E(t)
Trelax — k/f}’ D = kBT/fY
< E(t)E(R) >=24(t" — 1)

() ! exp| k z° ] with e kel
€T = X —
A= Jmez Tt 2kpT

- k

Typical values are k; = 0.5pN/um and Treijgr =~ 15ms.

24



laser beam

p(x) = mexpl szT]

Calibration of an optical trap

silica bead
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Typical values are k; = 0.5pN/um and Trejqr ~ 15ms.



Calibration of an optical trap
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Passive Rheology using FDT

SI([]I) {2
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Real Part can be measured
using Kramers-Kroening



Fluctuation Dissipation Theorem

Observable : O(t) conjugated wvariable: h
: 00(t)
response function : R(t¢,s) = 57

correlation function : C'(¢,s) =< O(t)O(s) >

0sC(t,s) = —kpT R(t,s) FDT

C(t,t) — C(t,s) = kT x(t, s) Integral form

Integral response function : x(¢, s)

AkpT

For the spectrum S, (f) Imag [RGSP( )]



Kramer Kroening

4 kT
Sj(w) = —xj(w)

g, 2 (o &xi€) 1 00 £2.5,;(€)
Xjlw) = ;P 0 £2-— de{f - 2?TkBTP/0 £2 — wsz

e K& tw) = wSj(w,tw)/(4k5T).

To compute 553 we use a Fourier transform algorithm that is:

1 / Wmin

1 Wmazx o | _
27rkBT/o cos(w 1) dt [~ €25;(¢) sin(é )d,

where wyin, Wmaz are the minimum and maximum of the spectrum.

¥ (w) =




Test of the method of Kramers-Kroening
Using the spectra of the trapped Brownian particle
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Active Rheology
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— — Brownian particle trapped by two laser beams
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' 10 UO(X) (kBT)
1 5

SU ~2 KT

— O ) : :
> < |um -0.5 0 0.5

| X (Mm)
The Kramers time Uﬂ(m) — a $4 — b $2 _I_ d T
oU

T = T, eXp[kBT]

with 7, =1 s
Potential measured using the probability density function of z(%)

)

P(z) o exp (

32



— — Brownian particle trapped by two laser beams
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SU ~2 KT

> < |um | _05 O 05
X
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oU

T = T, eXp[kBT]

with 7, =1 s
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Me AU = Ulzg) — Ul
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S(f) (V/vHz)

P.S.D.
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Noise spectrum
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7o = R C = 3ms

Sy (f) ~ 400X for f < 1/(27 7o)
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Langevin equation for a resistance in equilibrium

"o ] U=1p I Vir(t)
R - dg . q o
Vi G V=i U=E iatic=0
| .
dp _ _ _9r
R Ccil—g U+ Va(®) VR~ 5
 4kgT R  4kpT V(w)
Su(f) = (R2C?%? 1 1) 4kpT Real|Z (w)] = » Imag| 7 ]
Z(w) = Vw) _ VW) LY ]
[(w)  iwq(w) R - U
Vx C |1 j

<U2 >:]€BT/C | b



— w— The torsion pendulum
ENS DE LYON

Viscous flud

(v, T) -
| Brass wire Elastic torque
! aeT Me —_ C 9
Variance
<62 >="tBl

< é2 >= KBT/Ieff

laser beams

——
o stiffness C = 4.7 10~4 Nm/rad

gold mirror

brass wire

e typical displacement : \/< 92 > = K%T ~ 3nrad

e A differential interferometer is used to measure 6

e Measurement noise ~ 25 prad. Signal to noise ratio ~ 100.



I . A
— - — Equation of motion

I
ENS DE LYON

Tefr 0 + /_too G(t—1t')6(t') dt' + Co = M +n,

In Fourier space

[—lerrw” + C10 = I,
where C=C+ i[C’l’ + wv/] is the

complex frequency-dependent elastic stiffness

9
Y]

The thermal fluctuation power spectral density is given by FDT

The response function is y =

4]€BT _ 4]€BT C,1,—|—wl/”

(1617 = =2~ Im g , |
W W [~Iefr w? + CI” + [C] + wv]?



m,/VHz

Thermal Noise of Torsion pendulum
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- — Fluctuation Spectrum
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Conclusions about the application of
equilibrium statistical physics to experiment

Equipartition kat=kg T
Gibbs Statistics, P(z) oc exp|— U(x)]
kT
. Wi — _ 2V _
detailed balance, — e FBT AUj,i = Ul(z;) — U(zi)
Wi -4
| 4kpT

FDT, S (f) Imag|Resp(w)]

W
allow us to fully calibrate optical traps, electric circuits and

harmonic oscillators

Using FDT and Kramers-Kroening relations one can extract the
response of the system using only the thermal fluctuations.



=: := Fluctuations in out of equilibrium systems (¢g/§

.
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Steady current through a system in contact between two reservoirs

Ty >Te

heat flux

T, y

rare event

Ic

What is the probabilty
that the heat flows from
the cold to the hot
reservoir ?

Thermal conductivity
in nanotubes

C.W. Chang, et al.
PRL 101, 075903 (2008)

V, —

I(t) (PA)

o
N

O
N

0.8

Electric current

|

R.Van Zon, et al
PRL 92, 130601 (2004).

R

Vb N. Garnier, S. Cilibertc

PRE 71, 060101 (2005)

0.6-

o
=

T — (Vb—Va)
I = R

J ' Injected power

o

O
~

1019w

o

0.2

0.4, (s) 0.6 0.8 1




== === [|Uctuations in out of equilibrium systems CIrs

ENS DE LY .
gteady current through a system in contact between two reservOsg

What is the probabilty

T, >T heat flux
- X that the heat flows from
T the cold to the hot
H h Tc o
— reservoir
turb.ulent What is the probability that the object
wind moves against the wind ?
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— I — The torsion pendulum

I
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Viscous fluid j

(v, T) ]
| Brass wire Elastic torque
| M.=C 6
Mirror e
1 N Variance
.. <62 >="tpl
o I
—— laser beams
o stiffness C = 4.7 10~% Nm/rad ,
brass wire

gold mi\rror

e typical displacement : \/< 92 > = \/K%T ~ 3nrad
e A differential interferometer is used to measure 6

e Measurement noise ~ 25 prad. Signal to noise ratio ~ 100.
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External Forcing

magnet

mirror

current

brass wire

(31)

UI

laser beams

+

(i)

The applied torque M < J

[ ot

20  do

- v

dt?

dt

Typical applied torque < 50pN m

CO =M +n



I . A
— - — Equation of motion

I
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Tefr 0 + /_too G(t—1t')6(t') dt' + Co = M +n,

In Fourier space

[—lerrw” + C10 = I,
where C=C+ i[C’l’ + wv/] is the

complex frequency-dependent elastic stiffness

9
Y]

The thermal fluctuation power spectral density is given by FDT

The response function is y =

4]€BT _ 4]€BT C,1,—|—wl/”

(1617 = =2~ Im g , |
W W [~Iefr w? + CI” + [C] + wv]?



- — Fluctuation Spectrum
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ENS DE LYON Work during periodic forcing

ti+Tn db
Wn — WT:’Tn — /

M () —dt .
()dt

(

with 7, = n27/wy

W+ 1s a fluctuating quantity



. PDF of the work
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—  — Energy Balance (I)

I
ENS DE LYON

Sekimoto K, Progress of Theoretical Phys. supplement (130), 17 (1998).

d29 do
Ieff@—l_ya—l_CQ:M—l_VszTV'r],

e We multiply this equation by § and we get d({d—gt) = Pyi(t) — Pgs(t)

e The injected power : ij(t) — M(t)—d%(f)

2
o The dissipated power : Py ..(t) =v [d%(tt)] —/2kgTv n(t) %(tt)

2
e The internal energy : U(t) = {%Ieﬂ-‘ [%(tt)] + C 9(75)2}.



—  — Energy Balance (II)

N —
ENS DE LYON Sekimoto K, Progress of Theoretical Phys. supplement (130), 17 (1998).

d(iiit) — Pinj(t) — Pys(t)

e \We integrate over a time 7 starting at a time t;. We get:

AU =U;+7)—-U;) =Wr —Qr

e W, Is the work done on the system over a time 7 :

ti+T dé
Wr = / M (t’)a(t’)dt’

o ()r = W;— AU: Is the heat dissipated by the system.

We study the fluctuations of W,-, @+ and
the Fluctuation T heorem for these two quantities



————— PDF of the work and of the heat
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== ==  Stationary State Fluctuation Theorem
ENS DE LYON (SSFT)

(stochastic systems)
P(Xr) X7

P(—-X;)  kgT

log > (1)

where >(7) — 1 for 7 — o

X+ stands either for Q- or for Wi

The Fluctuation Theorem fixes the symmetry of P(X) around zero

Transient Fluctuation Theorem (TFT)

At 7 = 0 the system iIs in equilibrium

>(r)=1 V1



R Short comment on FT for Gaussian P(XT)
FT imposes that: P(X X
l0g (Xr) _ X > (7)
P(—X;) kT

(Xr— < X7 >)2
252

i p(X;)=A exp| ]

then from FT 572_ =2 kgl < X;>

and 57' L \/2 kB T

<X7->_ < X7 >



e The Fluctuation Theorem (FT)

J' 1993 First numercial evidence of fluctuations relations
D. Evans, E.D.G. Cohen and G. P. Morris.

' 1994 Proof of the transient fluctuation theorem (TFT)
D. Evans and D.J.Searles

1 1995 Proof of the Stationary State Fluctuation Theorem (SSFT) for dynamical systems.
G.Gallavotti and E.D.G. Cohen.

11997 Later proofs of FT for systems with stochastic dynamics were given by
J. Kurchan, J. Lebowitz and E. Spohn, J. Farago.

12003 R.van Zon and E.G.D. Cohen extended the results
to the heat fluctuations in stochastic systems

' New kinds of relations for suitably defined entropies have been proposed for stochastic system.

K. Sekimoto, S. Sasa, U. Seifert, P. Gaspard, C. Maess, K. Gadwedzky,
M. Esposito, C. Van den Broeck



—  — SSFT periodic forcing: W

O — > (T
WS 9wy T < s =)

wg/2m = 64HZ < wy/2m

), n =25 (¢) and

W, /<W.> W, /<W,>



—— — SSFT periodic forcing: 2 for W
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n

kn T P(W %%
B~ og (Wr) _ L3 (7)
< Wr > P(-W;) < Wr>

Analytically computed from the Langevin equation
using two experimental observations

“ The statistical properties of the bath are not modified by the driving

® The fluctuations of the work are Gaussian

S. Joubaud, N. B. Garnier, S. Ciliberto, J. Stat. Mech., P09018 (2007)



SSFT periodic forcing: Q

ENS DE LYON
, n=15(J), n =25 (¢) and
ST T T 10%——
1071k °F
A E 2 r
; 1071
2 . 5f
— 1077 R 2]
B 5t 1073
: 5k
2t i,
-3 g'ﬁ i
10 7F ¢ 1073
8 B
_4 |
10 =h
exp ("2> ' o\ ' > \]
2 _ ¢—q+to _ —q+q+o
P(q) = exp(q — q) |erfc . +exp(—(q— ) |erfc —
_ 207, _ _ \ 207,

S. Joubaud, N. B. Garnier, S. Ciliberto, J. Stat. Mech., P09018 (2007)




el = e SSFT periodic forcing: ¥ for Q
, n=15 (1), n =25 (¢) and

o
g
-

—

P(q_)

.-T

A
H
=< |/

3 regions :

(I) Large fluctuations are exponential: S(qgr) =2 for g > 3
(IT) for gr <2, S(gr) =X(n) gr with X(n) — 1 for n — oo

(ITIT) Smooth connection .



== ==  Stationary State Fluctuation Theorem
ENS DE LYON (SSFT)

(stochastic systems)
P(Xr) X7

P(—-X;)  kgT

log > (1)

where >(7) — 1 for 7 — o

X+ stands either for Q- or for Wi

The Fluctuation Theorem fixes the symmetry of P(X) around zero

Transient Fluctuation Theorem (TFT)

At 7 = 0 the system iIs in equilibrium

>(r)=1 V1



— . — Trajectory dependent entropy
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® U. Seifert, Phys. Rev. Lett., 95, 040602, (2005), for Langevin dynamics
“ A. Puglisi, L. Rondoni, A. Vulpiani,
J. Stat. Mech.: Theory and Experiment, P08010,(2006) for Markov process

Heat dissipated by the system towards the heat bath:

QT:WT_AUT.

we define the entropy variation in the system during a time 7 as :

1
ASm,T — EQT

For thermostated systems, entropy change in medium behaves like the
dissipated heat. The non-equilibrium Gibbs entropy Is :

S(t) = ~kp [ & pE®), 1. M) Inp(E@), 8, A) = (s(2)



ENS DE IYON Trajectory dependent entropy

s(t) = —kglInp(Z(t),t, \¢) ” trajectory dependent entropy ”
The total entropy siot(t) = sm(t) + s(t)

The variation Asiot , Of stot(t):

Astotr = Stot(t + 7) — Stot(t) = Asm,r + Asr

We are interested in studying the fluctuations of Asiot ;-



T Trajectory dependent entropy

For the torsion pendulum the " trajectory-dependent” entropy Is :

p(0(t; + Tn), W)-p(e:(tz' + ), 90))
p(0(2;), 0).p(0(t;), ¥)

ASTn — —kB In (

with starting phase ¢ = t;wy and , = n 27/wy

Computing the total entropy
e Compute p(0(t;), ) and p(8(t;),¢) for each initial phase .
e Compute the "trajectory-dependent’” entropy.

e As fluctuations of 8 and 6 are independent of ¢. Average As;, over o.



Ny - -
R Tajectoires and averages

Computing the total entropy

o Compute p(6(t;), ) and p(8(¢;), ) for each initial phase .

e Compute the "trajectory-dependent” entropy.

e As fluctuations of § and 6§ are independent of . Average As,, over o.




S 0 S— Fluctuations of the total entropy

I
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Asijn’eq —

at M =0

/ Xr = ASiy

f </XT p— AS’I’I’L,Tn

= ! L;. | I ] o :_:__ =3
18 75 5 0 5 10 %4 3 4 & !

‘&Stﬂt,'f‘n/{&stﬂt,?'n} KT/{XT:}




— F'T for total entropy
ENS DE LYON
P(Astot, ) Astot
In X1 — N FT for total entro
(P(—AStot,Tn) kB " by
T‘AStOt,Tn — Q’T T.ASTn — WTn — AU’Tn T.ASTn

The data show that : T Ass, = (AUr,)equilibrium

Out of equilibrium

T-AStot,frn — er + T.Asm — WTn — (AU’Fn)out_equilibrium + (AU’Fn)equilibrium

In equilibrium :

W’Tn — O, QT — _(AUTn) and T'AStOt,Tn =0



i Conclusions on FT (partial)

I
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J We have studied the energy fluctuations of a harmonic oscillator driven
out of equilibrium by an external force.

J We have measured the finite time corrections for SSFT and compared
to the theoretical predictions. TFT is instead verifed for all times.

- The © trajectory dependent entropy ‘’ has been measured and
we checked that SSFT is verified for all times for the “’total entropy’’.

J We have shown that in this specific example the “’total entropy’’ takes
into account only the entropy produced by the external driving, without
the entropy fluctuations at equilibrium.

What does it happen in the non linear case ?
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A Brownian particle trapped in a laser beam




— - — Basic Concepts on Stochastic

ENS DE LYON Thermodynamics

oU,(x,
- VL = Eﬂ(m 2 - f(t) + 7




— - — Basic Concepts on Stochastic

NS DE LYON Thermodynamics
VL = aUB(j}t) - f(t) +m

multiplying by x and integrating for a time 7 we get :

AU = WT — Q - Stochastic thermodynamics

" oU,

AU, = — T dt WT=/f:bdt
ox 0

0

QT=/ Vi dt—/ nT di
0 0

Sekimoto K, Progress of Theoretical Phys. supplement (130), 17 (1998).



S ——— FT and the stochastic resonance

— — Brownian particle trapped by two laser beams

ENS DE LYON

' 10 UO(X) (kBT)
1 5

SU ~2 KT

— O ) : :
> < |um -0.5 0 0.5

| X (Mm)
The Kramers time Uﬂ(m) — a $4 — b $2 _I_ d T
oU

T = T, eXp[kBT]

with 7, =1 s
Potential measured using the probability density function of z(%)

)

P(z) o exp (

70



S —— FT and the stochastic resonance

e e The non linear potential

U(x) (kgT)

Kramers rate

_ P =T exp[—é—%]

Ug(z) = ax? — bx® — dx
U(x,t) = Ug(x) + Up(z,t) = Ug + c x sin(2nft),

1 — OUo() c sin(2wft) +n
ox
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FT and the stochastic resonance

The non linear potential

6 | | | | | | |
4t _
—
2 2f :
x
D O0F .
Kramers rate
- 2 = — _
'k =1, 1€Xp!—
_ 4 | | | | | | |
-0.8 -0.6 04 0.2 0 0.2 0.4 0.6 0.8 1
X (um)
1 | | | | 40
f=0.1Hz
=~ o 120 ~
] | 2
x 1 | _ 0 LL
b _
_ 2 1 1 1 1 _20
110 120 130 140 150 160
t (s)

AU
kpT

|

At f ~ 7. the hops of the particle synchronise with the external forcing



e Stochastic Resonance

.
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At f ~ r. the hops of the particle synchronise with the external forcig

t,i+mn :
_=c / z sin(2rft)dt with 7, =n/f

1

1

< Wr >
0.9}

n—=—1
0.8} o

A o1 o

0.7F

0.6} %%

= 2 N w
@)D
Do

0.5r )

0.4F
0.3r

0.2} ..

0.1F

f(Hz)



FT and the stochastic resonance

bl v Fluctuation Theorem for W
f=0.25Hz andTt=n/f

l0g

P(X;)  X;
P(—-X;)  kgT

>(7)

where > (1) — 1 for 7 — o

0.6
o5 &
0.4t
W
§ 03f
0.2t
0.1F
O 1 A il
10 0 5 10 15 20 25
oIS
n=1,4, 8 and 12 =7
t;+ i
1T Tn _ o
r=c / x Sin(2wft)dt E—:’A
t;
i X
H (=
= |V

n=1(4), 2 (o), 4 (0),
8 (L), 12 (LJ)

: > 3 7 4
Wyl < We >



S — Fluctuation Theorem for Q
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0.35

0.3

0.25F

0.2}

PDF

015

017

0.05F

n=1, 4, 8 and 12 n=1 (), 2 (o), 4 (o),
8 (A), 12 (1)



e — Theoretical comparison

.
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A. Imparato, P. Jop, A. Petrosyan and S. Ciliberto, J. Stat. Mech. (2008) P10017

PDF of the heat computed on a single period :

(initial phase=0) (averaged over different initial phases)
0.4 - & + - -
0.35 | Ifl'l - 6.3% F :'.
0.3 ¢ 13 [ "1
I |

0.25 I|I d’ 5 ny I" :.
02 .r q\ I.;' Ii-h

P P N
0.15 f i A %

Il:'l I.'l'.
0.1 A 5
: \&“. '* 1
005 s o o8 |-
| Sty ' 3 c——/'f - ‘\-‘—u
& -4 2 J z 4 B . 2 x| J
Q “"‘E- T) I'_-' -L“ T
¢

Experimental data
— Theoretical prediction based on Fokker-Planck equation



The Nyquist problem

JULY, 1928 PHYSICAL REVIEW VOLUME 32

THERMAL AGITATION OF ELECTRIC CHARGE
IN CONDUCTORS*

By H, Nvguist

ABSTRACT

The electromaotive force due to thermal agitation in conductors is calculated by means
of principles in thermodynamics and statistical mechanics., The results obtained
agree with results obtained experimentally.

R. J. B. JOHNSON! has reported the discovery and measurement of an

electromotive force in conductors which is related in a simple manner

to the temperature of the conductor and which is attributed by him to the

thermal agitation of the carriers of electricity in the conductors. The work

to be resported in the present paper was undertaken after Johnson's results

were available to the writer and consists of a theoretical deduction of the

electromotive force in question from thermodvnamics and statistical me-
chanics.?

Consider two conductors each of resistance R and of the same uniform

5 temperature I" connected in the manner indicated

in Fig. 1, The electromotive force due to thermal

agitation in conductor I causes a current to be set

up in the circuit whose value is obtained by dividing

the electromotive force by 2R. This current causes

a heating or absorption of power in conductor II,

= the absorbed power being equal to the product of R

Fig. 1. and the square of the current. In other words power

is transferred from conductor 1 to conductor 11. In

precisely the same manner it can be deduced that power is transferred from

conductor I to conductor I. Now since the two conductors are at the same

temperature it follows directly from the second law of thermodynamics

that the power flowing in one direction is exactly equal to that flowing in

the other direction. It will be noted that no assumption has been made as

= 0
(= s

Power spectral density
of the electric noise

7|? =4kpRT

In 1928 well before
Fluctuation Dissipation Theorem (FDT),
this was the second example,
after the Einstein relation
for Brownian motion,
relating the dissipation of a system
to the amplitude of the thermal noise.




- === TWO heat baths coupled by fluctuations

I
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V2
}c ™ ) T2 .
A ;K
: i % i { - . B
R2S || =5 B 4 @6@ -4 @6@) E
T1 T2 | | c2 ? m1 m2 _
S

qm the displacement

C C of the particle m
Rig1 = —m%ﬂ%—qﬂy + M P

'®; e, 1m 1ts velocity
Raga = —qo Yl + (1 — qz)f + 12

K., = 1/C,, the stiffness
of the spring m

| () — L R — ¢/
(i (0)n; (¢)) 20i5kpTiR;0(t — 1) K = 1/C the stiffness

of the coupling spring

X=0,0C+C(Cy +C%)
R,, the viscosity.



-= =mee 1WO heat baths coupled by fluctuations
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Electric Circuit and mechanical equivalent
4@[— _{>> (a) (b)

c T1
|7 K

< BEd NP~
i N E e a1
Cc1 | T1 T2 | C2 2 ™ -
(n1 - (n2) |

Lk) ~

w1

N

qm the displacement
] [ ] l -
(C; + C)V; =CVy+ R_{,“ —~ ¥, of the particle m
|

1m 1ts velocity

. P 1
(G2 + C)Vy = CV, +R—(ﬁ-‘2 - Va).
. K,, =1/C,, the stiffness

of the spring m

| () — L R — ¢/
(i (0)n; (¢)) 20i5kpTiR;0(t — 1) K = 1/C the stiffness

of the coupling spring
)(1::(13(}1%—(7((21-%(jé)

R,, the viscosity.



_— e 1WO heat baths coupled by fluctuations
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Joint probability of Vi and V:

log,q P(V1, V2) logyo P(V1,V2)
at Tl — Tg = 296k at T1 — 88K and T2 = 2960 K

Statistic of the work and heat




_— e 1WO heat baths coupled by fluctuations
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' ' ' 5
(a) —P(W1) (c)
Ti=T2=296 K [\ | W2
1021 N | PQ2)) 4rSym(W.) 1=0.1s
1
1=01s ” : aai)
~ ~ 9 _Eym{ﬂ1} =25
~ 107} Wi
f Y ol
-8 Fj
10 J | 91
| ilﬂ-JI
|}Ff 1]
_ i 0 | Feera———eee
10 8 : : . "}—B . . . 1 L 1
-20 -10 0 10 20 -20 -10 0 10 20 0 0.5 1 1.5 2
E, lkgT,) E . NkgT) E, k5T,

e
kplo

P(Bns) _ pg

FT for W_ et QT Sym(EmJT) - log P(—E ) —

for 7 — o0

with Aﬁ — (TQ/Tl — 1)



= == TWO heat baths coupled by fluctuations
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Entropy produced

- related to the heat exchanged
ASrr = Qu,r/T1 + Q2,0 /T2 with the reservoirs

Statistical properties of the total entropy

Following Seifert, (PRL 95, 040602, 2005)
who developed this concept for a single heat bath,
we introduce a trajectory entropy for the evolving system

Ss(t) = —kplog P(Vi(t), Va(?))
and the entropy production on the time T

P(Vi(t+7),Va(t+ 7))
P(Vi(t), Va(t)) |

The total entropy is :

AStOt,T — ASr,T _l‘ ASS,T

ASs = —kplog

Y d



= == TWO heat baths coupled by fluctuations
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AStOt,T — AS’T’,T T ASS,T

19 _T1.=88K | | | (a) 1.7 (b) | '
| Adaaad i 4
| 0ol - <exp(-AS /) >
2 50 100 150 T1 200 250 300
~ .
107t
independently of AT and of T,
. ‘ the following equality always holds
[Rl—Te 0 10
AS, [k]
Abtot,r (exp(—ASiot/kp)) =1



-= =mee 1WO heat baths coupled by fluctuations
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Electric Circuit and mechanical equivalent
4@[— _{>> (a) (b)

c T1
|7 K

< BEd NP~
i N E e a1
Cc1 | T1 T2 | C2 2 ™ -
(n1 - (n2) |

Lk) ~

w1

N

qm the displacement
] [ ] l -
(C; + C)V; =CVy+ R_{,“ —~ ¥, of the particle m
|

1m 1ts velocity

. P 1
(G2 + C)Vy = CV, +R—(ﬁ-‘2 - Va).
. K,, =1/C,, the stiffness

of the spring m

| () — L R — ¢/
(i (0)n; (¢)) 20i5kpTiR;0(t — 1) K = 1/C the stiffness

of the coupling spring
)(1::(13(}1%—(7((21-%(jé)

R,, the viscosity.



— i — Fluctuation Dissipation Theorem
ENS DE LYON in out of equilibrium

PowerSpectral Densny of V1 and V2

/ABTl Ri[l + w2(C?Ri Ry + R2(Cs + O) \+ 4AB Ty — T} Yo 202321?

Sp1(w ):‘— (1—w?2X RyR,)? + w2Y? (- w?X RiRy)? +w2}’2

() \ 4kgTy Rl + w?(C2R1 Ry + R2(Cy + C)2)] ,4&,3(11 Tp)w? C*R3R;

e \ 1-wXRR)?2+wY? " (1-w?X RiRy)? +w2Y?
Equilibrium Out of Equilibrium

The variance of V1 and V2
T(C+GC)Y +(T5 - T1)C*R,

ﬂ'% — kB XY
2 7. TE(C+CI)}/r_ (TQ—Tl)CQRE
0y = kg XV .

which Is an extension

2 to two temperatures

Om = Om ,eq <Qm> of the Harada-Sasa
relation



Fluctuation Dissipation Theorem

in out of equilibrium

107" - . P
T =120Kand T,=296K | |— Sp, 10 D)
2
N —— —Sp,
107 - 107}
N
= 107} / \
= o= / \.-'\\
: a K."l ] 1",:\.
o o ! j \
U% 1[]_4' .";"l; ] _v-q ‘1'..{7
f,’;f ------- prediction A
107} / ; ------- prediction "H‘H ]
X / —equilibrium B\
| gk o %l
[] —equilibrium Al
z ' 107 - - —~
10° 10’ 10° 10° ~10 -5 0 10
f [Hz] Vil V]

to+T
CD)TH,T — / Lm(t)v'm(t) dt —

to

to+7
/ Vin [CV — [, 0)1‘44 dt.

to

200




—= == What Stochastic Thermodynamics is useful for ? C
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1) Jarzinsky and Crooks equalities are useful to compute the free energy difference bewteen two
equilibrium states using any kind of transformation

2 ) Hatano-Sasa relation and the Fluctuation Dissipation Theorem for non equilibrium steady
states(NESS). These are useful to compute the response function of NESS.

3) The measure of energy fluctautions allows us to estimate tiny amount of heat exchanged
bewteen the system and its heat bath.

4) Calibration of an out of equilibrium system (the force, the offset, the mean injected power).

5) The role of hidden variables and the stochastic inference. To what extent the fact that FT and
FDT do not hold can give information on hidden variables ?

6) Efficiency of nano and micro motors
7) Energy information connection and the role of Maxell's demon.

8) Engineered Swift equilibration (ESE)



LN e N i . .
e Jarzynski equality

Consider a system whose energy is: H(I",\)
Here A\(t) is an externally controlled parameter.
We consider a transformation from an initial equilibrium state, A = A to

another equlibrium state A = B. Thus we have
H(y,B) — H(Mg, A) = W

where

dt O\
If AF is the free energy difference between the two equilibrium states A
and B then the Jarzynski Equality (JE) states that:

"
W :/U 3 dA 0H

< exp(—p W‘") > = exp(—BAF)

If W has a Gaussian PDF then the JE takes a simple form:

2
A%

AF =< WY > —
2 K B y




ENS DE LYON Crooks identity

Crooks considered the forward (F') and reverse processes (R).
During the F' processes A goes from A to B. During the R the
inverse path is done.

Crooks derived the following identity:

Pr(WY W’ — AF W ;<
I ( ;,2 - exp( n ) = EXD( fr.h,.a)
PR(—Hf ' ) K BT I\BT
simple manipulation of this ratio and integration gives:
B W .- AF
Pr(WY) ex AW/ = ex
[ PeOWY) exp(— ) bt

which is the Jarzynski equality:

< exp(—=B W’) > = exp(—BAF)




Free energy difference in the torsion pendulum

10,90 oy
effdtg Iydt | — H

(@) x10° \)

WMWW

10 3

\ .
L R

time (s) W,
(a) Time evolution of # when a periodic torque M (t) drives the oscillator from
A (6 =0) to B [# = 41nrad) and vice versa. In this specific case the stiffness is
C' ~ 5.5Nm, the transition time is ts ~ 0.17,¢jq2 , and M = 22.4pNm/ rad.

(b) Probability distribution functions of the work for the forward (blue curve)
and backward (red curve) transformation. The crossing point of the two PDFs
determines the value of AFy . The crossing point is at W ~ 112kgT’, which

is within experimental errors of the expected theoretical AF'4 p ~ 110kgT.



D Application of Crooks equation to the measure of
the free energy of DNA hairpin

a) Optical trap b) C)

AA
G A 0.3 ®—® STRETCH (slow)

CG & —E) RELEASE (slow)
AT L-._ # STRETCH (medium)
TA 0.25|= | RELEASE (medium)
CG H STRETCH (fast)

_
DNA handle TA Bu & --O RELEASE (fast)
AT T i
TA A
P
z
a-‘UJ

AT
DNA hairpin g ¢
CG
GC
cCG

GC 0.05 -
AT

CG
GC OG ‘4?

pipette CG 68 70 72 74 76 78 80 82 84 86 88 90
TA Work (kBT units)

GC
CG

GC
5 )J®

DNA handle

A. Mossa, M. Manosas, N. Forms, J.M. Huguet, and Felix Ritort. Dynamic force spectroscopy of dna
hairpins: I. Force Kkinetics and free energy landscapes. J. Stat. Mech., page P02060, 2009.



Reversed dynamics

M — & P il l 2 | Z O] fhr:];igieltié}r’yozft observing
P [ZP Em AIBT

In

probability to observe

the reversed path Heat dissipated along
P_l ‘ZO ] having also reversed Qt the path z,
the driving

Onsager L and Machlup S, 1953 Phys. Rev. 91 1505

Crooks G E, 1999 Phys. Rev. E 60 2721

D Andrieux et al. 2008, JSTAT P01002
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Time arrow in non-equilibrium fluctuations

Andrieux D, Gaspard P, et al. PRL, 98, 150601 (2007), JSTAT P01002 (2008).

100

1
50 H

probability

10_2 E J

107

107

(b)

Brownian particle in fluid
moving at speed u

z (nm)
=

az=—kz+au+n(t)

-50 Jr 1075 -

B S S S S 6l
0.9 0.95 1 1.05 10

time (s)

t
Wi = —f u F(zp)dt’
0

The entropy production rate

diS . 1(Q) - 1L (W) ow?
dt t-ct T toct T T

Qi = /ﬂt (Z¢ —u) Fzy)dt'.

The entropy production rate in a NESS can also be computed using the
thermodynamic time asymmetry of the non-equilibrium fluctuations.

No knowledge of the parameters of the system is required. We need only

1) to measure the position of the particle without calibration.
2) the possibility of driving with u and - u



e — Time arrow in non-equilibrium fluctuations
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Andrieux D, Gaspard P, et al. PRL, 98, 150601 (2007), JSTAT P01002 (2008).

LS
=2 _ Jim lim kg |h™(e,7) — h(e, T)

dt e—07—0

1) Construct a reference vector Zm — [Z (m'r ), Ce ,,Z (-m?‘ +nNT—1T )]
o 1 _
2) Measure de probability Pl Zsie, T,0) = 7 Number{Z; : dist,(Zn, Z;) < €}
M

3) Average H(e,m,n) = Y Z In Py(Zm;e,7,n) Algorithm similar to the

T m=1 Grassberger-

Procaccia method for
. . 1 fractal dimension
4) h(e,7) = lim lim —[H(E1 m,n+1)— H(e,T, ﬂ)}
n—oo L' M—oo T

5) Repeat the previous steps for the system driven
backward and with the inverted Zm

1 . .
P A(Z e 7m)= {7 Number{Z; : dist,(Z,, Z;) < ¢}
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Time arrow in non-equilibrium fluctuations

Andrieux D, Gaspard P, et al. PRL, 98, 150601 (2007), JSTAT P01002 (2008).

20 T T T T | T T T T
[ (2) ]
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Conclusion

The entropy production
rate is measured using the
breaking of the time
reversal symmetry out of
equilibrium.



- == What Stochastic Thermodynamics is useful for ?
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1) Jarzinsky and Crooks equalities are useful to compute the free energy difference bewteen two
equilibrium states using any kind of transformation

2 ) Hatano-Sasa relation and the Fluctuation Dissipation Theorem for non equilibrium steady
states(NESS). These are useful to compute the response function of NESS.

3) The measure of energy fluctautions allows us to estimate tiny amount of heat exchanged
bewteen the system and its heat bath.

4) Calibration of an out of equilibrium system (the force, the offset, the mean injected power).

5) The role of hidden variables and the stochastic inference. To what extent the fact that FT and
FDT do not hold can give information on hidden variables ?

6) Efficiency of nano and micro motors

7) Energy information connection and the role of Maxell's demon.

8) Engineered Swift equilibration (ESE)
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Sticky flagellum

Molecular motor and FT




S — Molecular motor and FT
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polystyrene bead

R
/R ~ 0.5um

Sticky flagellum

(drawing not in scale)
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70 = N +1n

Standard method to determine the torque N

N = <0>
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polystyrene bead

R
/ /R ~ 0.5um

4 9 = N + 1

Standard method to determine the torque N

N — <3> ot 7(R7 ZO)




S— I — Molecular motor and FT
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R polystyrene bead
/R ~ 0.5um
A Zo
!‘-‘Ja' HoOK
“f( = =N
‘;; %;;%Pumh ! W/ = _I_ 77

Standard method to determine the torque N

N — <3> ot W(Ra ZO)

and of the shape
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New method based on FT
to determine the torque N

70 = N + 1

t+71
= N/ 0 dt = N AO; where Adr=0(t+7)-0(t))
t

P(AY; ]
SSFT for WT |Og (P((_Agg)) — Z(T) N kABQT

y is not needed with =(7) — 1 for 7 — oo



| Molecular motor and FT
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l0g =3(r) N
S =
(am)
i
=
0 =
3
-
5E
0 ‘ Kumiko Hayashi et al.,
=50 0 50 100 -0.2 0 02  PRL 104, 218103 (2010)
AD (deg A8/, T (rad/pN nm)
(b) 80—~ — ] . | . | t | , |
= 6 Various tests with different beads
; 40 . (size and shape)
&
Z 20 —
CEN'! .
N 0 2 4 6 8 10
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Using FT for calibration

The Millikan experiment

A

drop @)

mg

Eq

Y =—-mg+E q+n

<& >=—mg/y

gkl = mg

Using FT for calibration

W = (-mg+ Eq) x

log

P(x) 4%
log = ——
P(—QL’) ]CBT
P(x) —mg + Eq

P(—QL’) kBT

Standard method
Determination of m
and then measure of g




e )
— Transient Fluctuation Theorem

Force Measurement with an Atomic Force Microscope
without calibration

- J

The AFM cantilever

A radius (R)

s
b
)
o>
= d
=
o
=

F=k xAx

Az interferometric measure
k need to be calibrated



The AFM cantilever

A

d

Y

\!/<

r

adius (R)

Ao RV ?

F=k xAx

Az interferometric measure
k need to be calibrated

Standard Calibration

1 0-25 -

——>SHO fit

—+—FExp. Spectrum|

10°

10

102 103 10%

Frequency (Hz)

o Langevin equation for one
vibration mode :

m X +y X +k x=¢§& (t)
e Predict the fluctuations

spectrum and adjust the
parameters



Using Transient Fluctuation Theorem

Transient fluctuation Theorem (TFT) for a W . is the work performed by
system in equilibrium at t=0. the external forces in a time 1
o POVE) W o

Apply a periiodic voltage

QM’I— T WT—F/ pdt = F AX,
:U.l- ] 0
S o |

(I)(WT):IOg pp((_%j) :(I)<AXT)

: AX.
4l —Deﬂectwn AVU Rcsllmnsc _ TFT . @ ( AX ) J—
1 105 |1 115 125 1.3 kBT

Time (s)

Deflection (nm)




Using Transient Fluctuation Theorem

e P AL} == == Ganssian Fit P(—Ar)
TFT: O(AX,) =22
1072 | ~ : ™) kgT
= .
15 : .
ﬂ 10— — . —»—aggregate all 7 e
Q_' ; 10_+T:1n13 & i
7 =10 ms
&l ——7 =90 ms _ 1/ |
10-5 ~ ’ i
Y U D 3 of |
-1.2 -1 -0.5 () 0.0 1 1.5 :-é: 5 |
\ Az (nm) )
. P(AX,) 10}
Conclusions

1) We get the value of the sphere-plane interaction force without doing any hypothesis
on the experimental apparatus.

2) Extension to non controlled forces = Step in distance instead of force

S. Albert, A. Archambault, A. Petrosyan, C. Crauste, L.. Bellon, S. C., EPL, 131(1) :10008 (2020,



Probabilistic work extraction on a classical oscillator
beyond the second law

Nicolas Barros , SC, and Ludovic Bellon arXiv:2402.18556

Drive a system from an equilibrium
state A to another equilibrium state B

P(W) 4
Can we design a protocol

in which the second
principle

is violated more than 90%
of the times ?

AF (W) |44

Probability distribution of the work



Probabilistic work extraction on a classical oscillator

beyond the second law

I .

( Differential
tntcrfcrunmtcr

1

2

+ Az0(S(z— A) +5()))

Lo Avan ) = (z — S(z — )\)ED)E

15

The experimental apparatus

2

i
b T
i,

T
[
=

o, - :




Microcantilever, a model for Brownian particle

10'2 T —
—— PSD deflection - mode 2 node
/g — = Fit to SHO model
- 1 7 —~ —— PSD deflection - free end
N— v—“
= o
5 0 %
qq:) 0
o —1- 2
A o,
0 2 4 0
Time (ms) I B T T

Frequency (Hz)

Feedback

g EEm @ E— - -y

miv —|— ’y,flf —|— k‘[]j‘ — g(t) _|_ FFB (t) - {  Feedbackloop
)FFB

Frp o Vpp |




-----E _I_z[]

=117 A

—
- L

b\HHm

Time series

200 7300

100

t (ms)



—— (W) =0.24kpT
Theory

AF=0.13kpgT

—
=

s 2 =2 =2 &=
) | o0 w o=
P(W=0), (W< AF), e 4F

&
3y

Proabability distribution of
the work

The second principle is violated
by 90% of the trajectories but
not in average

The system produces energy
for 90% of the trajectories

In order to use this energy surplus
one has to introduce a

Maxwell demon which spends
energy to elaborate information



- == What Stochastic Thermodynamics is useful for ?
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1) Jarzinsky and Crooks equalities are useful to compute the free energy difference bewteen two
equilibrium states using any kind of transformation

2 ) Hatano-Sasa relation and the Fluctuation Dissipation Theorem for non equilibrium steady
states(NESS). These are useful to compute the response function of NESS.

3) The measure of energy fluctautions allows us to estimate tiny amount of heat exchanged
bewteen the system and its heat bath.

4) Calibration of an out of equilibrium system (the force, the offset, the mean injected power).

5) The role of hidden variables and the stochastic inference. To what extent the fact that FT and
FDT do not hold can give information on hidden variables ?

6) Efficiency of nano and micro motors

7) Energy information connection and the role of Maxell's demon.

8) Engineered Swift equilibration (ESE)



i b o FT In dynamical systems

For stochastic systems FT can be safely used for applications

What about dynamical systems ?

P(X;) X,

log = —— 3 (7)
) = g

What is this prefactor ?

Dynamical systems

P(A;) _ v T
P(—A;) < Ar >

where v is the phase space contraction rate

l0g A; X(7) Dynamical systems

and A- is identified as the entropy production in the time 7
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FT in dynamical systems

1) Turbulent flows

2) Granular media

3) Mechanical waves
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Turbulent flows
Turbulence convection: Ciliberto S and Laroche C, 1998 J. Physique IV 8 215
Wind pressure : Ciliberto S et al. 2004 Physica A 340 240



FT in dynamical systems

Turbulent flows

Turbulence convection:Ciliberto S and Laroche C, 1998 J. Physique IV 8 215
Inspired by :

Lepri S.,Livi R, Politi A.,Energy transport in anharmonic lattices close and far from equilihrium Physica D. 1998

ab | a6 a7 a8

(%% A T2

\ 2 Copper
d

d =20cm
L.x =40 cm

e | [y=10am
/////WWW&
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FT in dynamical systems

Heat transport in turbulent convection

T,

Heat transport mechanisms

probe

The large scale
circulation flow
does not transport
heat

The largest part of
heat is transported
by the plumes

The probe measures
the local heat flux ®

D,
Y = —
D,
1 t—I—T
¢, = — / ®(t")dt’
T Jt
0o = lim @,
T—r 00



] FT in dynamical systems

N> DELYON PDF of the heat flux at Ra=101°
r r r ’ 6
4} b) I
2-

_6.
= 8} —_
E» %15

=]
g 10} ‘e
s 12t |
b 20 40
14 . T/To
-4 2 DY 2 4
T
We compute We find: GT(Y) X CV(T) Y with 04(7‘) — |7 1
(Y To
GT(Y) = [n T( )
WT(_Y)
Therefore the heat flux PDF verifies
WT(Y)
In = a(r)Y

mr(=Y)
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Heat transport in turbulent convection

We construct a large deviation function
in the following way:

3
-
]-n[ :":-[;(-Y)]_IH[A T ]

A good rescaling of the PDF is obatined for all values of T



] FT in dynamical systems

Fi5 DELYON PDF of the heat flux at Ra=1010
4} b) {
2t
_6.
= 8} —
E» %1 5]
=]
g 10} Rl
= 12} |
10 20 40
14 . T/To
4 -2 0 v 2 4
T
We compute We find: GT(Y) X CV(T) Y with 04(7‘) — |7 1
(Y To
GT(Y) = In T( )
mr(—Y)
Theretfore the heat flux PDF verifies What is this ?
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1) Turbulent flows

2) Granular media

3) Mechanical waves
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The granular media
Vibrated granular media /[

DC-motor
o Lo o blade
E_ % le o 94 i
I o o oo o f vessel
1%’ 29% 2 2 _accelerometer

do o 090 0,050 0§
L e T

shaker

S. Joubaud, D. Lohse, D. van der Meer Phys. Rev. Lett. 108, 210604 (2012)

A.Naert, EPL 97, 20010 (2012)
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0 :
A The granular media
S. Joubaud, D. Lohse, D. van der Meer Phys. Rev. Lett. 108, 210604 (2012) f
A.Naert, EPL 9)7, 20010 (2012) DC-moto
] loc |;° L ---e'.-l ............. blade
dngular ve OClty power spectra I 1o |0 °f essel
— TR TR T T T 4° " % L B VESE

: ] o #
o, 9o a0 .y ] .
.;.u.:.ﬂn'“o ngﬂaunn i | dCCCIETOIT
SRS A v arasrr S

shaker

10~3 lﬂuz 1[1 j[“z] 1[].

[— = —vyw+ Mpe + 1

An effective temperature and viscosity can be estimated
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The granular media

. M, 75 0
W
IE = —YW — 411{55 -+ T ftJrT Ma w t! dt’ = M{;}EA@

P(W,) P(AB8) ) Ma. A8 s -
1 — ] — = &H — EII f T ) — H -Il.l-
“(F(—w) “(P{—&HJ T, (t+7) —6(t)

3

- {}f+ 4 (b)

% 2 ﬂif’ﬁ{}ﬁ = )

= H =l

= cow R R

5 Q 1=35%

+I1': 10 s
A@ [radq] 'Y

S. Joubaud, D. Lohse, D. van der Meer Phys. Rev. Lett. 108, 210604 (2012)
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The granular media
DC-motor
I o %] blade Tracer inside a granular gas
o oL oo o vessel

shaker

S. Joubaud, D. Lohse, D. van der Meer Phys. Rev. Lett. 108, 210604 (2012)

A.Naert, EPL 97, 20010 (2012)

Warning: Energy flow inside the gas
Experiment: Feitosa K and Menon N, 2004 Phys. Rev. Lett. 92 164301

Theory: Puglisi A, Visco P, Barrat A, Trizac E and van Wijland F,
2005 Phys. Rev. Lett. 95 110202
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1) Turbulent flows

2) Granular media

3) Mechanical waves
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Mechanical Waves

Cadot O, Boudaoud A and Touz C, 2008 Eur. Phys. J. B 66 399

1.E+01
1. E+{H)
1.E-01 }
1.E-02
1.E-03

1.E-05 L

1200 A

1000

800 -

600

400

p(z7) = (1/7) In(P(z7)/P(—2r))

zr = W, /(W)

- phase space
P ($T)/ Y =" = contraction

rate

= mean
relaxation
time of the
plate
vibrational
mode
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Conclusions on the applications of stochastic
thermodynamics

" For stochastic systems: it can be safely used for applications

This is true when the driving force is deterministic
Several problems may arise when the driving force is random

R. Solano et al, EPL, 89 (2010) 60003
E. Dieterich et al. Nat. Phys. 11, 971 (2015).

" For dynamical systems: the connection between experiments and
theory is not yet very well established.

Difficulties in estimating the characteristic time and energy scales in the
experiments
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