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Introduction

Thermodynamics in the 19th century: Thermodynamics in the 21th century:
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QOutline

© Nonequilibrium Thermodynamics: Phenomenology
© Stochastic thermodynamics (weak coupling)
© Strong coupling

- Exact identity

- NEGF



Nonequilibrium Thermodynamics: Phenomenology

Resl Res2
(O Zeroth law: Existence of equilibrium with a well defined temperature
©  First law: dU) =W () + ) Qu(t)
@  Second law: Sz(t) = d;S(t) — Z B,,Q,/(t) >0
©  Third law: S€ 5 ()
when T — 0
dtseq — 0
Reversible transformation: S;(t) =0 , Td,S(t) = Q(¢t)
(slow trsf. in contact
with one reservoir) @

Fundamental relation of equilibrium thermo

Td.S(t) = d, E°(t) — WeI(t)



Stochastic Thermodynamics (weak coupling)

Esposito, Stochastic thermodynamics under coarse-graining, PRE 85, 041125 (2012)
Van den Broeck and Esposito, Ensemble and Trajectory Thermodynamics: A Brief Introduction, Physica A 418, 6 (2015)

Bulnes Cuetara, Engel and Esposito, Stochastic thermodynamics of rapidly driven systems,
accepted in NJP arXiv:1412.0283
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Eol

Wi =Y WY

Different reservoirs 7T (%) ,u(’/ )

Microscopically derived
Markovian Quantum Master Equation

pi = Z Wijp; = Z (Wipj — Wiipi)
j j

Wiy (ci =€) = 1) (i = my)
. . i _ & J i J
Local detailed balance: ) exp ( ke () )
71
Energy Particle number Shannon entropy

b= Z@:pz‘ , N = an'pi , 5= Z[—kb hlpz’]pz'



Matter conservation

AN =Y Iy

Energy and
Matter currents

Iy = Z Wt
1st law: (energy conservation) Heat Q") =1 — )1\
O diFE = W + WC + Z Q(V) Mechanical work W = Zpidtei
Chemical work ). = Z e [](\Z)
2nd law: (non—conservation of entropy)
(v)
. k 5 Wz
O —d,S Z g — 2b 3 (W p; — Wp) 1 {,,)p]
V,1,) ji D:
©  0Oth law: Si =0 1iff Wz'(jy)pj = W](ZV ) Di (detailed balance = equilibrium)
eq _62 _,U/n/z _Qeq
p;" = exp{ T }
O 3rd law: T — 0 Sed _y




An exact identity (strong coupling)

Resl Res2
Entropy production as correlation between system and reservoir
W Esposito, Lindenberg, Van Den Broeck, New J. Phys. 12, 013013 (2010)
— pS H /0

H(t) = Hs(t) + Z H, + V(t) Single assumption:
ple/q — €XP ( - /BI/HI/)/ZI/

1st law: 2nd law:
AU =Wt + ) Qu(t) AiS(t) = AS(H) =) BLQu(1)
Energy:  U(t) = ((Hq(t) + V(1)) = Dp(t)llps(t) | [ o541 = 0

Entropy: S(t) = —Trgps(t) In ps ()
Dlp|lp'] = Trplnp — Trpln o/

Heat: Qr(t) — <H7“>0 — <Hr>t

, Limitations:
= [ drme(an o + Vi) q
—/A\;S can be negative
Work 1V = (H(®): ~ (H(0))o “
) / dTTr(HS(t) . V(t)),o(t) no zeroth law
0

no clear notion of reversible trsf.
See also Reeb & Wolf, New J. Phys. 16, 103011 (2014)



Entropy Production in Quantum Brownian Motion
Pucci, Esposito and Peliti,
J. Stat. Mech. (2013) P04005

Entropy Production
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Quantum thermodynamics with NEGF
(strong coupling)

M. Esposito, M. A. Ochoa and M. Galperin,
Quantum thermodynamics: A nonequilibrium Green's function approach
Phys. Rev. Lett. 114, 080602 (2015).

Resl Res2
HL :‘\ 60+A MR
Ty T
Hs(t) = e(t)d'd i, =Y erele =3 (V,:(t)ci*ék + H.c.)
kev kev

Contour Green's functions:

G(m,T2) = —1 <TC CZ(Tl) df (7‘2)> ———» QGradient expansion



Equation of motion for the population of the level ¢(t, F):

(E—e(t) — A, E); A(t, E) 6(t, E)} + {Re G"(t, E); T(t, E) ¢(t, E)} = C(t, E)

{fi: fo} = Op f10cfo — 01 f10E f2

Retarded Green's functions: G (¢, E) = [E —e(t) — 7 (¢, E)] "

Self-energy:

Z"“(‘L’,E) = A(t,E) — ZF(Z‘Z, E)/2 Z tl,tg —1 Z ka tl (tl — ¢t ) —ieg (t1—t2)

v=L,R kev

Lamb shift Broadening

T(t, E)
(E —e(t) — A(t, E))* + (T(t, E)/2)°

Spectral function: A(t, E) — —2ImG" (t, E) —

Energy resolved particle current:
Cl/(t7 E) — Czj_(ta E) o CV_(t7 E) {
C



Renormalized spectral function: A(t, E) = A(1 — 9dgA) + '0gReG" > 0

is positive and normalized

Energy resolved quantities!

N(t) = / gfl(t, E) (L. E)

£(t) = / %A(t, E)E o(t. E)

s = / WA B ot B) where o(t. E) = —¢(t, E) In (t, E)

27 —[1 — ¢(t, E)]In[1 — ¢(t, E)]

Introduced in the context of the quantum Boltzmann equation by
Ivanov, Knoll, and Voskresensky, Nuclear Physics A 672, 313 (2000)



Balance equations: < d:E(t) = Z Q,(t) + W + W, First law

- Qu (t
s =&+ Y 2 Second law
- . dE
Heat Q. = J,(t) — py L, (1) Particle current 7, (¢) :/ 5 C.(t,F)
T
: dFE
Chemical work W/, = Z ty, L, (t) Energy current 7, (t) = / o EC,(t, E)

db

27T( ApOy(E —e(t) —A) —T ¢ 0:Re G")

Mechanical work W(t) — /

Entropy production

Cr(t,E) Equilibrium:

dE
- zu:/ 2 (C;“(t, —C, (¢, E)>1 C; (t,E) =0 Yv: f,(E) =¢(t, F)




I' =0
© Weak coupling limit ====» we recover stochastic thermodynamics A, A — 276(F — ¢)

A—0

© Othlaw: Atequilibrium ¢(t, F) = f(F) the Fermi distributionat 4 , T

© 3rdlaw: T =0 o“UYE)—0 S —0

O, -

( At nonequilibrium steady state: SZ (t) - — Z

1T, —

(b)




Remark 1

Cu(tvE) — Cu<t7E) o {Av(t7 E>;A(t7E) Cb(t?E)} o {Fu(tv E) ¢(t7E);Re Gr(tv E)}

A(t,E) = A(1 — dgA) + T9pReGT > 0

dE

N(t) — o A(ta E) ¢(t7 E) N(t) =T [NS ﬁ(t)}
E(t) = ‘;—f ALEVES(LE) E(t) =T [(HS )+ S V) /2) ﬁ(t)]
S(t) = Z—f At, E) o(t, B)

A

o= [Epcan =T (1.4 Tot0/2) diote)| + 5| V0500

dE

I(t) = / COtE) L) = ~Te[Ndip()




I W/ (6) = T a5 (00|
GE) =) Q) +W+W. —

’ QV:JV<t)_NuIV(t)

But no second law!

Si(t) = diS(t) — Z ;(t) can be negative!!!

Special case where it works: 1 level, 1 reservoir, wide band, no driving in coupling

Ludovico, Lim, Moskalets, Arrachea, Sanchez, Phys. Rev. B 89, 161306 (2014)



Remark 2

Why not using the “standard” heat definition?

_—

J(t) = —Tr[Hdp(t)]

~ ~

Q=Jt)—mIt) —

I(t) = —Tr[Ndp(t)]

N

Quasistatic transformation with a single reservoir (reversible transformation):

4,579 — ée;(t) _ 4, [ / Z—f A(t.E) (aeq(t,E) + f(E)ET_ 6)]

o(t, E) = —f(E)In f(E) =[1 — f(E)]In[l — f(E)]

When T —0 S - o0 no third law!!!



Open questions

Generalization to many orbitals and to interacting systems....
Beyond gradient expansion (for faster driving)....

Fluctuations....

Experiments....

Main reference:

M. Esposito, M. A. Ochoa and M. Galperin,
Quantum thermodynamics.: A nonequilibrium Green's function approach,
Phys. Rev. Lett. 114, 080602 (2015)

Advertisement:

M. Esposito, M. A. Ochoa and M. Galperin,
Efficiency fluctuations in quantum thermoelectric devices,
Phys. Rev. B 91, 115417 (2015)

Thank you for your attention!
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