Espoo 19-21September 2018,
Jukka Pekola 60" Birthday

QT60 - Workshop on thermodynamics, thermoelectrics and
transport in quantum devices

V1

(a)

riolecules are

oot allowed to go this way Heat transport in
hia s electric circuits

aflfow

Landauer’s bound and Maxwell’'s demon
Thermodynamics-information connections

Stochastic and out-equilibrium thermodynamics

HAPPY BIRTHDAY JUKKA !




— T — Espoo September 2018,

ENS DE LYON Jukka Pekola 60" Birthday

Heat flux and entropy
produced by thermal fluctuations

Sergio Ciliberto
Laboratoire de Physique
Ecole Normale Supérieure de Lyon and CNRS, France

The role of the coupling in the energy transfer between two
stochastic systems coupled to different thermal baths

® General aspects of Stochastic Thermodynamics
® Two electric circuits (conservative coupling)

® Two Brownian particles (dissipative coupling)
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(’ ®* Transient statistical phenomena “:er C

’ Berut et al, JSTAT,P054002(2016)
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== memm=  (On the heat flux between two reservoirs

Bl DR LY at different temperature
A) In the stationary case for the heat flux between
two reservoirs at different temperatures
PO . . heat flux
In Qr) _ ( Qr T, s T
P(-Qr) Tc¢ Ty kp -~
rare event

Fluctuation Theorem (FT) |
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— i — The Nyquist problem
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Power spectral density

of the electric noise

THERMAL AGITATION OF ELECTRIC CHARGE
IN CONDUCTORS*

By H. Nyguist

5| = 4kpRT

The electromotive 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 [rom thermodvnamics and statistical me-
chanics.?

Consider two conductors each of resistance R and of the same uniform
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 divime 111 1928 Well before Fluctuation
the electromotive force by 2R. This current causes DiSSipatiOn Theorem (FDT)’ th|S

a heating or absorption of power in conductor 11,

= the absorbed power being equal to the product of R Was the Second eXa mple; after
Fig, 1. and the square of the current. In other words power the E|n5te|n relatiOn for

1s transferred from conductor I to conductor 11, In

precisely the same manner it can be deduced that power is transferred from BrOwnia N mOtiOn, relati ng the

conductor I1 to conductor 1. Now since the two conductors are at the same

temperature it follows directly from the second law of thermodynamics d|SS|pat|On Of ad SyStem to the
that the power flowing in one direction is exactly equal to that flowing in amplltude of the thermal noise

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

H
=D




— — What are the consequences of removing
the Nyquist equilibrium conditions ?

What are the statistical properties
of the energy exchanged between
the two conductors kept at different temperature ?

We analyse these questions 1n an electric circuit
within the framework of FT.




— — What are the consequences of removing
the Nyquist equilibrium conditions ?

What are the statistical properties
of the energy exchanged between
the two conductors kept at different temperature ?

We analyse these questions
In an electric circuit
within the framework of FT.

How the variance of V; and V
are modified because of the
heat flux ?

(a)

What 1s the role of correlation
between Viand V. ?

S.Ciliberto,A. Imparato, A. Naert
PRL,110,180601(2013)
JSTAT,P12014 (2013)




— Electric Circuit
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V1

cl | T 2.

T, is changed by a nitrogen vapor
circulation

T, =296K Is kept fixed

C 1s the coupling capacitance = 100pF and 1000pF

Cl and C2 are the cable and amplifier capacitances ~ 5()(pF’

Ri= Ro=10MQ
To ~ 0.01s



S— o — Electric Circuit and the
mechanical equivalent

@ (a) ]

K1 _ K

— - K2
c T T2 | c2 / m1 m2 /
n1 n2

NIRRT

qm the displacement

C C of the particle m
Rig1 = _Q172+(92_Q1)Y + 1M1 P

C C 1 1ts velocity
Roga = —qo Yl + (g1 — QQ)X -+ 72

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 =050C4 —I—C(Cl —I—CQ)
R,, the viscosity.
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— e — Electric Circuit and
FNS DELYON the dissipated energy
Power dissipated in the resistance m=1,2
(a) ’
V1 | V2 @ : . . .
| p— Qm = Vinim = Vi [(Crn + C) Vi, — CVip|
o S Tgmé -] m' =2ifm = 1,and m’ = 1if m = 2
(n1 r12E
""""""""""""""""""""" Integrating on a time T

first principle for
fluctuations

Qmﬁ — Wm,T — AU‘?’TL,T

Qur = / o i Vo dt heat flowed in the time 7
| t from reservoir m’ to reservoir m
t+T der ‘ ‘
W, . = Ccv., J¢+ work performed by the circuit m
| L dt on m' in the time 7

AU, , = (Cm +C) (Vi (t 4+ 7)2 = Vi, (£)2) Potential energy change of
2 the circuit m in the time 7.



— Statistic of the work and heat
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equilibrium out-equilibrium
107 - : . . . 10° . . : : T
| | —_PW,) | —PH,
| [T,=T,=296K T,=88K
1072} 7T - PW,) St -~ -P(W)
e __P@Q,) == —P(@Qy)
o T = 058 1 1072 _P(Q1) |
10}
§1U_¢r %: .
| 107t
107}
10“55 0l
10_? . | I : i i f‘ b
“15  -10 -5 0 5 10 15 -15 =10 = 0 10 15
X/(kgT,) X/(kgT,)

P(Xm,T) o AﬁXm,T

FT for W et Q- S(Xm,r) = log PX, )~ AT
T AAm,T BL2

for m = o0

with Aﬁ — (Tg/Tl — 1)



— — — On the heat flux and entropy
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by thermal fluctuations
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with Aﬁ — (TQ/Tl — 1)



—me mmee [he heat flux as a function of T»-T;

ENS DE LYON

10 ' T,=296K 300 ' '
(a) — 1 - ﬁmm‘\t\? (b)
e =,
™ 200.§1_14 .
<C S 80 100 120
= N T4K]
AE1OO-
@)
V
10__10 0 10 Ob T1OQI' < 200
Q, . [k,T] o~ 14 K]
: CEAT
— Al —T4) =
<Q1> (-1 ==+

X=0,C14+C(Cy +0%)

Y=[(Ci +C)R1 + (Co+C)Rs] and A = Cz/(XY)



— e How the equilbrium variance of
V. and V2 is modified

b)
107}
-3
9 . 107}
g m 1S =
- L _-'-I."II
the variance of V,, s A (=%
[ |—v2
[ § [ prediction
100 ] | prediction
——equilibrium
j R ——equilibrium |
10— 0 5 10
V. [uVi

07 (T, Trr) = 07, oo(Tm)+ < @Qm > Rm  which is an extension
to two temperatures

02 (T) = kgTon(C +C" )/ X of the Harada-Sasa
" " " relation




i — On the entropy produced
e by thermal fluctuations

AS, = Q1+/T1 + Q2 /T5 related to the heat exchanged

between the reservoirs

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(t))

and the entropy production on the time t

P(Vi(t+7),Va(t+ 1))
P(Vi(t), Va(t)) |

ASs = —kplog

Y d

The total entropy 1s :

AStot,T — ASr,T _l‘ ASS,T
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Statistical properties of
the total entropy

AStOt,T — AS?",T + ASS,T

T,=88K

__ T =88K

(a)

11} (b) -
it 4§ #3413 1 § 4

0ol . <exp(-AS, _/K,)>

fot B
50 100 150 -|-1 200 250 300

independently of AT and of T,
the following equality always holds

(exp(—AStOt/kB» = )



- Statistical properties of
the total entropy

11} (b) |
(exp(—ASip/kp))=1 1 § #3143 3§ 4

09l . <exp (- A Stmka} >

o 50 100 150 T 200 250 300
implies that P(AS:ot) . T

satisfies a F'T ,

4
A

log[ P(A’Stﬂf) ] _ ASiot fg T,=88K =055

P(-ASw) ~ ks E oo

w v T;=88K 1=0.05s

‘V,’Tj AT —— Theory
0 1 2 3 4
S.Ciliberto,A. Imparato, A. Naert A Stﬂt [kB]

PRL,110,180601(2013)
JSTAT,P12014 (2013)



B T — Summary of the experimental and theoretical results

ENS DE LYON “’On the heat flux and entropy produced
by thermal fluctuations”

® The mean heat flux < Q > (T — T4)

e The pdf of W,,,/ < W,, > satisfies an asymptotic F'T whose
prefactor is the entropy production rate < Wy, > (1/Ty, — 1/T ).

e The out of equilibrium variance :

m,eq
(Extension of Harada-Sasa relation)

® The total entropy AS;,: satisfies a conservation law which
implies the second law and imposes the existence of a F'T
which is not asymptotic in time.

® AS;,: is rigorously zero in equilibrium,
both in average and fluctuations

® The electrical-mechanical analogy makes these results
very general and useful



S— o — Electric Circuit and the
mechanical equivalent

@ @) ol

K1 | _ K

NIRRT

TN " - K2

_ : ‘./- \‘\',: [// ’ \
= <R 78 3 e amae(:
Aul e T2 c2 / m1 m2

n1 n2

RN

qm the displacement

C C of the particle m
Rig1 = _Q1YQ+(QQ_Q1)X + 1M1 P

C C 1 1ts velocity
Roga = —qo Yl + (g1 — qQ)y -+ 72

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 =0y (] —I—C(Cl —I—CQ)
R,, the viscosity.
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Two Brownian particles trapped
by two laser beams.
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T1 T2
K1 K
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Two Brownian particles trapped
by two laser beams.

Difficulty of having a harmonic coupling
between the particles.

The main source of coupling is hydrodynamic (viscous)

Difficulty of having two close Brownian particles
at two different temperatures

The temperature gradient is done by forcing the motion
of one particle with an external random force



— Experimental
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Set up

Power spectrum {m?*/Hz)
EI

movable trap fixed trap

results

1ca




—_— From the hydrodynamic model one
ENS DE LYON .
can compute the variances

s _ kB(THAT) ko “kpAT
011 = (T171) = 2 ki ki+ko
4 < . > S EkE.&iﬂ
Bl ke = k1+ko
L {1 _ kpT e kp AT
U22 = <12I2> o E:: I kllj—kz
where : e, T and AT are the unknown

e is the coupling coefficient of the particle.
It has to depend on the distance but not
on the random driving amplitude

AT is the temperature difference induced by the random driving.

k1 and ko are the stifiness of the optical traps.



=== == The standard hydrodynamic model
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It follows that the system of equations 1s:

S0 21 o SR 2

{ "}“.‘1;".1 — —k’lifl &% I E{—kgl‘g =
"}“.'I'-’g =] —k‘gIg T E{—.Ii_‘-l.'l'l =

K £ i o 2 o O

f1 and f2 are the random noise of the heat bath
Out of Equilbrium : forcing on bead 1 f* = kixq(?)

f* is a delta correlated noise

Bead 1 has an effective temperature T* =T + AT




—ee === [he standard hydrodynamic model
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It follows that the system of equations 1s:

"}“.‘1;".1 — —F.“:l.'lf] &% I E{—kgl‘g =
Yoo — —kgma <} E{—kl-'l'l i

S0 21 o SR 2

= FiEE) + B

comparison with the electric case

(5 C
—({1 ' + (Q’Q — (h)f +

4 C
—q2 ' + (q1 — QQ)Y +

f.and f, are the random noise of the heat bath
Out of Equilbrium : forcing on bead 1 f* = kixq(?)
f* is a delta correlated noise
Bead 1 has an effective temperature T* =T + AT




—= n=em \Values of the parameters from the

ENS DE LYON experiment
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The standard hydrodynamic model

It follows that the system of equations 1s:

{

Yr1 = —ki1T] -

iE E{—kg.’l‘g =

VT3 = —kpza -

- fa) 5 H

= E{—kl.‘r1 =

-+ )+ fo

heat exchanged by the bead i in the

Qil(T) = [[ (YZi — &) i di

Qi(7) = kigi; + ekiqi

time

T

£ =
Eo {fo+efi +ef)

(fi +efo+ ")

e e [

dii — — fu: r;T; di
Qij = — 0 Ijj}i EHI
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6 T T T
% =(Q,, ) _x
Tn. -5_ - = 7] . - — . - .
E —+—{Q12; ,,*-’E < Qi;j >— Ek:j < th >
3 ~
= 4r S ¢ . e
g ] o fm- + = {Qy) #]
83 = {Qﬂ} a i o | ;Qul:r ;*F N
< e ? A .~ || Asfor the electric case
2 2t z # . .
k-2 X S i| one obtains that
% -~ 2| f_p"' 1
':'1 ,,.-“ﬁ'{,’ I:|=IE"++++++++++
of Y ey O 2 2 < Q; >
ﬂﬁ-ﬁt—* o fheomil = =l sl Sl i = sl O; = 04,equilibrium t
0 ﬂ{]ﬂ AT (K) lﬂﬂ{i IEI}D

Extension of the Harada-Sasa relation

k
but < Q2,1 > = —k—; < QLQ > and

<Q21>+<Q12>#0



The heat flux

20 = 2
- X
kl — k‘g x"f 15 g
10} N - T k1 7é ko B
o ;{_,_,.- " a-f
E—. - [—l e
sl FH"E i ef:' St Hf"#x 9
8 O . W G Z m\:#i# . G
E | H-h““h.;‘. i E H_'_"“H_,__‘_ — — — Predictions
2 1o} e g I B
" -10¢ ~S
- ! I L ! = -15 : : :
0 200 400 600 800 1000 0 200 400 600 800
AT (K) AT (K)
_ ki
but < QQ,I >= o < QLQ > and

<Q21>+<Q12>#0

Q12 — Q21 = work of dissipative forces



E—— E— a— :
—  — The Fluctuation Theorem and
ENS DE LYON the effective Temperature
m=AT=0K
m=AT=70K 5 | , , . —
m=AT=150K %
m=AT=270K | _ 5 @
AT=420K % -
AT=600K ig) & " b
5 AT=810K | & X %
210 "t AT=1000K| & e X
= \ AT=1300K| T . Wﬁm
= A \_ |==AT=1500K| S L
g )/ \ 3, 2
= [ g i . g MM M
10 -5 0 5 10 15 20 25 : i . . P 5 6

Q21 (kBT units)

P(Q2,1)
P(—Q2,1)

S(Qua) = ok g

Q21 (kBT units)

Q2,1
kplo

1,2
k15

5(@2,1) = log

= Af2,

with Aﬁg}l — i—f(l — Tg/Tl)

- AﬁLg with AﬁLz - (1 — TQ/T1)



— ) The transient behavior
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What does it occur when the high temperature is switched on ?

This question has been theoretically analyzed in a system

with conservative coupling.
B.Cuetara, M. Esposito, and A. Imparato, Phys. Rev. E 89, 052119 (2014).

The main results of this study is that during the transient:
the energy flux from the hot reservoir satisfied the FT for any time

whereas the FT is satisfied only asymptotically for the heat going into
the cold reservaoir.

We checked this idea in our system which
presents a dissipative coupling



—t The transient behavior
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Experimental procedure in
the two beads system with k; = ks

The two beads are kept at the same temperature 17 = 15

At t = 0 the temperature 717 is suddenly increased by AT = 330K
and it is kept constant for about 1s.

21 and ()2 are measured during the transient.

dii — — IT r;T; di
QE{T} — 'IEEI'LQI“H _I_ Equtj di; — — GT IJE:J; dt

0

The integrals are computed in the interval 0 <t < 7



—t The transient behavior
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Experimental procedure in
the two beads system with k; = ks

The two beads are kept at the same temperature 17 = 15

At t = 0 the temperature 717 is suddenly increased by AT = 330K
and it is kept constant for about 1s.

21 and ()2 are measured during the transient.

dii — — fT r;T; di
QI{T} — 'IE"TIQI“H _I_ Equtj di; — — GT IJE:JL dt

0

At t = 1s we set AT = 0 and we let the system to relax.

This quenching procedure is repeated 4500 times to construct
the statistics of (1 and ()2 during the transient.



—t The transient behavior
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Qi(7) = kiqgi;i + ek qi;

Hii — — fu: r;x; di
'?i':j —_ — 0 Ijii ljt

Theoretical Prediction in
the case of conservative coupling
B. Cuetara, M. Esposito, and A. Imparato, Phys. Rev. E 89, 052119 (2014).

_ P(Qi) ., Qi
Z(Qt) — log P(_Qz) — Aﬁt kBTQ
where

AB1 = (1 —T3/T1) for any time 7
ABg = (1 —T5/T1) only for 7 — oo

(21 and ()9 have a different statistical behavior



The transient behavior

@ |
| $(Qi) = log sz(_%z)

Qs
= APt

[== 0.01s

2(Q ) (dimensionless)
o

where
—— 0.05s 035s . .
| e AB1 = (1 —T5/T1) for any time 7
= 0.155 —% 045s Aﬁg — (1 — Tg/Tl) only for T — o0
—S5F |- 020s —% 050s i
0.25s == Prediction i
0 2 4 6 g 10
Q1 (kBT units)
(21 and ()2 have

a different statistical behavior

in the case

of viscous coupling

Z(Qz) (dimensionless)




== o conclusions on particle interactions

*The differrence between out-equilibrium and equilibrium
variance is proportional to the heat flux

* A hydrodynamic model precisely describes the
experimental data

*The FT correctly estimates the effective temperature
within experimental errors.

* Heat fluxes are affected by the work
of dissipative forces

* During the transient the FT for the heat has a different
statistical behaviors for the cold and the hot sources.




— i — General conclusions
on the role of coupling
between systems at two different temperatures

*The differrence between out-equilibrium and equilibrium
variance is proportional to the heat flux

*The FT for two heat bath allows us to estimate the
entropy production.

* Heat fluxes are affected by the work
of dissipative forces in asymmetric systems

* During the transient the FT for the heat has a different
statistical behaviors for the cold and the hot sources.

'0 Bérut et al, PRL,116, 068301 (2016) erc
Bérut et al, PRE, 94,052148 (2016)
’ Bérut et al, JSTAT,P054002 (2016) Tleleaels
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