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Outline

e Phenomenological Nonequilibrium Thermodynamics
e Hamiltonian formulation
 Born-Markov-Secular Quantum Master Equation (QME)

e Landau-Zener QME

e Repeated Interactions (Hamiltonian + QME formulation)



Phenomenological
Nonequilibrium Thermodynamics

Zeroth law: System dynamics with an equilibrium
1* law: th =W —+ Q

. - Q
2" law: E:dtS—fZO dtS%%

Slow transformation



Hamiltonian formulation

System X — System Y

Hiot(t) = Hx () + Hy (t) + Hxv (t)

pxv(0) = px (0 pxy (1) = Urpx (0)py (0)U]
ol —

thxy(t) = trxy {pxy(t)dthOt(t)} = W(t)

Ix.yv(t) =Sx(t)+ Sy(t) — Sxy(t) Sxy (t) = —trxy{pxy (t)In pxy (t)}
= ASx (1) + ASy(7) = Dlpxy (t)llpx (t)py ()] > 0



System X — Reservoir R

ZR

pxr(0) = px(0)pg ,0?

Ex(t) = trxr{[Hx(t) + Hxr(t)|pxr(t)}

- W(t) = dExy(t)

diFix (t) = Wt Q t
(2) () + Q) Q(t) = —trr {Hrdipr(t)}

(1) = ASx (1) — BQ(r) = Dlpxr(7)llpx (7)pg]

= Dlpr(7)|lpg] + Ix.r(1) > 0
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[Esposito, Lindenberg, & Van den Broeck, NJP 12, 013013 (2010)]



Ideal reservoir

Another identity: TD[IOR(T)HIOE] — —Q(T) — TASR(T) Z 0
pr(T) = ph +eor  Dlpr(7)|lpg] = O(*)

!

ASgr(T) = —BQ(7)

E(T) — IX:R(T)

1%, 2" law, strong coupling
Summary:

~ no 0" law, ¥ > 0 but not 3



Born-Markov-Secular QME
Hxpr = Z Ag ® By

Effective dynamics

dipx (t) = —i[Hx (1), px (t)] + L) px (1) = Lx (t)px (1),

A= Y TATL wel) = [ de (B0 B0)of)

Local detailed balance: Vi¢(—w) = 6_Bw’ygk (w)

Zx(t)

Ls(t)ps (1) =0, p5(t)=



Thermodynamics

Energy: [y (t) = —tTX{HX (t)pX (t>}

Entropy: Sy (t) = —try {px (t) Inpx (t)}

aw  diEx () = W(t) + Q(¢)
W(t) = trx {px(t)d:Hx (t)}
Q(t) = trx {Hx () dipx (1)} = trx {Hx (t)Lx (t)px (1)}

rlaw  3(t) = dpSx (t) — BO)

— —te{[Lx (Dpx (1))l px () = n p (D]} > 0

C 0™ 1% 2™ aw, 3 > 0, slow trsf. 3 &~ 0
Summary:

but weak coupling



Eit2 T

Ci+1 T

A Landau-Zener approach

L L
H(t) = eclc+ Z sic;rci + Z(CTCZ' + c;-rc)
i=1 i=1

Prob. diabatic transition:

Rz’ — €XP {—Wé?/(QhGZ)}

ti% = \/h/é max[l, /62 (hé;)]

\

i—1 i i1 i+ 2

Validity: AtH_ > tl;z AFJH_ > 0; —) A&“H_ > 1/ hé;, 0;

[Barra & Esposito, PRE 93, 062118 (2016)]



Effective dynamics

Master equation O/
I M; p; / M7 (1 - p,) %
1= (1= M7 )p; + M (1 —p,
pZ—|—1 ( v )p’& _I_ t ( pZ) (1= Ri)(1— fi)pi (1= Ri)fi(1—pi)
+ L —_

MY =(1-R)fi M- =1-R)1-F) % %
Local detailed balance (1— M)A —p,) Rifﬁ ~ ) (1— M )pi R"(l_l_ T

b = o Blei—n) - _

(1= f)(1—ps) fips
® X :

Exact vs stochastic dynamics o i
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[Barra & Esposito, PRE 93, 062118 (2016)]



€i+2 T

i+l T

Ei—1 +

Thermodynamics

1% law AEH— = Ez’—H — Eq; — WH- - Qz’—|—

N;=p; FE;=¢;p; Qit = (€z‘ - M)(pz'ﬂ —qu)

Wi = (€i41 — €)pita

Wi = u(piy1 — i)

Y

’iil ; i—:—l Z'—:—Q
2 law  AS;y = Siy1 — 5 =iy +Qit/T

S; = —kpp;Inp; — k(1 —p;)In(1 — p;)

M (1 —p, M p;
L2 My n 25 P

— kpD(p; ;) >0

Ei-l— — kBMZ_I_(l _pi) In
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[Barra & Esposito, PRE 93, 062118 (2016)]



between crossing

m o AQST
\AISS
i = ; (Pit1]fir1) + ksD(pslfi) = 0
at c?oésmg
OM adiabatic regime (slow driving) A
= fi-1 pit1 =i cive T

At the crossing: 33,4 = kBD(fz'—1|fz')

i+l T

From 1 — 17 + 1: Wdlss = kBTD(fz|fz—|—1)

Reversibility only occurs if:
AE, (S, e —0 s WdlSS A2 €i—1 +
: o £
Ae > 0 > Vhe o +

1

1 —1 1 1+ 1 1+ 2 12

[Barra & Esposito, PRE 93, 062118 (2016)]



diss

Yiy = —4— — kpD(pig1|fiz1) + kD(pi|f;) >0

T
QM diabatic regime  (fast driving) A
Di = P1 o
YX=A5S5=0Q =0 Ei1 T
Weiss — kBTZ (D(p1lfivr) = D(prlfi))

i—1 ; i+ 1 i+ 2
13

[Barra & Esposito, PRE 93, 062118 (2016)]



Jarzynski and Crooks fluctuation relation

~

In P(w™)/P(—w™) = B(w™ — AQ?)

m

B B —&—on
2 4 6 8 10W
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[Barra & Esposito, PRE 93, 062118 (2016)]



Repeated interaction

Exact identities

S AEx = AEy +AEg =W +(Q

—> | Unia Un Una | = ¥ =ASs+ASy — Is.y(t) — fQ >0

S

AS
o I e I e *
-~ ¢ . ; T—E€ dE t
T T time AESU = lim dt X( ) — AES + AEU
eNO0 J_¢ dt

T—E€ . a W :/ dttr t d H t
Welm [ WO =W+ Wa Xjf:f( )di Hs (1)}

‘ + lim dt'trx {px (t)d: Vs (t)}

€ . eNO /.
= i d
Q=lim [ dtQ(t) W = trx {Vsr(0)px (0) — Vsp (7)) px (7))}
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[Strasberg, Schaller, Brandes & Esposito, PRX 7, 021003 (2017)]



_’ Un+1

1" law AEs=W +Q— AEy

2" law Ys = ASg + ASy — BQ > Is;U(T) >0

work reservoir ASy _ )
AEy

information reservoir ﬁ—gg} — 0

[Strasberg, Schaller, Brandes & Esposito, PRX 7, 021003 (2017)]
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Repeated interaction QME

(n+1)
HSU

( =~1) (n)
=ye 77
T!
t o

Un1 tn—i—l time

Hgy (t Zé (t —tn)Vsu

_> Un+1

Effective dynam1cs

Tsps(t) = trp{Ups(t) @ pyUT}
Jupu = trs{Ups(t) @ pyU'}

dips(t) = —i[Hs(t), ps(t)] + Lsps(t) + Luewps(t)
Liewps(t) = v(Ts — 1)ps(t) .

[Strasberg, Schaller, Brandes & Esposito, PRX 7, 021003 (2017)]

Effect of a kick: [J = e Vsu



Thermodynamics

1* law ths(t) = Ws(t) + WSU (t) - Q(t) — diEy (t)

Ws = trs{ps(t)diHs(t)}

Wsu = ytrsu{[Hs(t) + Hul[Ups(t)puUT — ps(t)pu]}
= rs{Hs(t)(Ts — 1)ps(t)} +ytru{Hu(Jv — 1)pu}

Q(t) = trs{Hs(t)Lsps(t)}

deEy(t) = Wsy (t) — ytrg{Hg(t) Lnewps ()}

2law  Bg(t) = dpSs(t) + dpSp(t) — Q >0
# —tr{[Lops(t)][In ps(t) — In p3 ()]} — tr{[Locwps (t)][In ps(t) — I prew]}
thermodynamics cannot always be deduced from dynamics alone
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[Strasberg, Schaller, Brandes & Esposito, PRX 7, 021003 (2017)]



Units entropy changes

Approach 1: pu(t) = Jupu

diSu (t) = y(—trg{(Jvpv) n(Jupv)} + tru{pv In pu })

Approach 2: / Fraction of units which interacted diNy = ’yN

T N—nt

PU

Different by dy SU (t) — d: Sy (t) = ’}/D(jU PU HIOU) “mixing” contribution

Y . U U
Thermal units py = pGr deSu(t) = B'diEu(t) — vD(Jupg llppr)

dtSU (t) = 5/thU (t) ideal reservoir

19

[Strasberg, Schaller, Brandes & Esposito, PRX 7, 021003 (2017)]



There 1s more...

Quantum master equation including degenerate states:

[Bulnes-Cuetara, Esposito & Schaller, Entropy 18, 447 (2016)]

Fast periodic driving using master equation and Floquet theory:

[Bulnes-Cuetara, Engel & Esposito, NJP 18, 447 (2016)]

Strong coupling using polaron transformation and quantum master equation:

[Krause, Brandes, Esposito & Schaller, JCP 142, 134106 (2015)]
[Schaller, Krause, Brandes & Esposito, NJP 15, 033032 (2013)]

Strong coupling using Nonequilibrium Green’s functions:

[Esposito, Ochoa & Galperin, PRL 114, 080602 (2015)]
[Esposito, Ochoa & Galperin, PRB 92, 235440 (2015)]

Strong coupling (classical) using time scale separation:

[Strasberg & Esposito, arxiv:1703.05098]
[Esposito, Phys. Rev. E 85, 041125 (2012)]

Thank you =



	Slide 1
	Slide 2
	Slide 3
	Slide 4
	Slide 5
	Slide 6
	Slide 7
	Slide 8
	Slide 9
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20

