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One of the main goals in g. thermodynamics: using q. features in thermodynamic processes

superposition / coherence guantum correlations (entanglement)



PHYSICAL REVIEW B 90, 075421 (2014) arXiv:1510.05035v2 [quant-ph] 16 Oct 2017

%_3’ No energy transport without|discord
Heat due to system-reservoir|correlations|in thermal equilibrium

Seth Lloyd,*? Zi-Wen Liu,*? Stefano Pirandola,® Vazrik

Joachim Ankerhold" " and Jukka P. Pekola? Chiloyan,! Yongijie Hu,® Samuel Huberman ! and Gang Chen' .
PHYSICAL REVIEW X 5, 041011 (2015) w\
nature 2017
COMMUNICATIONS
Extractable Work from|Correlations
Marti Perarnau-Llobet,' Karen V. Hovhanmsyan Marcus Huber,”' Paul Skrzypczyk.,
nglagBmmncr__and Antonio Acin'” ARTICLE
P e o osss — OPEN
2 k- —— . . .
8L L 2019 Generalized laws of thermodynamics in the

\\ presence of|correlations

Manabendra N. Bera® 2, Arnau Riera'?, Maciej Lewenstein'3 & Andreas Winter ® 34

ARTICLE ONS 2019
OPEN i R — PHYSICAL REVIEW LETTERS 122, 047702 2019)
Reversing the direction of heat flow using quantum
I »
Correlatl ons ! Extractable Work, the Role of|Correlations,| and Asymptotic Freedom
Kaonan Micadei'28, John P.S. Peterson38, Alexandre M. Souza® 3, Roberto S. Sarthour3, Ivan S. Oliveira3, in Quantum Batteries

Gabriel T. Landi# Tiago B. Batalhio>®, Roberto M. Serra® "7 & Eric Lutz?

QA o DY P4 Gian Marcello.Andolina. > Maximilian Keck > And -.,u.-u ele Campisi.* Vittorio Gioyannetti.” and Marco Polini]

Correlations|as a resource in quantum
thermodynamics

Facundo Sapienza', Federico Cerisola® 2 & Augusto J. Roncaglia'?




stfrong coupling

non-Markovinaity

correlation




a general framework to take info account correlation

b



— a thermodynamic system is an open system, i.e., in interaction with a bath

inferaction

‘additive with respect to bare Hamiltonians

" a fundamental issue about interacting systems: subsystem Hamiltonian? I




Back to the origin of *“Hamiltonian™:

it came into play when describing dynamics:

m Hamiltonian subsystem dy '

I



A postulate of guantum mechanics: Closed system evolves unitarily

What about the system alone?



0sB # 0s ® 0B

0sB=0s R0 +X

| s COITElQTION .
Trs[x] = Trp[x] =0



dynamics of open quantum system (time independent total Hamiltonian):

. 0sB(T) = 0s(7) ® o8(T) + x(7)

os(7) = —iTrg[Hsp, 0sp(T)]

os(7) = —I[H (7). Qs(’r)] —ITrB[HI x(T)]

environment-induced correction

| a freedom in definition of subsystem Hamiltonian: H(Seff)(fr) ||




HE() = Hsg — HE™ (1) — HE (7)

using the freedom: l Trsles HI(efF)] = Trglog Hl(eff)] — {0 i
! e .

interaction energy inaccessible through either of subsystems

Hgff(’r) = Hfs(T) —asTrles(T) ® epg(T)H]

HE () = Hiy(7) — agTrles(T) ® og(T)Hi

C—

G

| Ux(7) = Trl(r) HE)]

~ binding energy: an energy associo

ﬁ 7 _. A \ 7 - non-additive
| Utot = Us(7) + Up(T) + Ux(7) I non-extensive

correlation inferaction




energy change due to change in H energy change due to change in the state

dW(T) = Tr[o(7) dH(EM)(7)] dQ(T) = Tr[do(T) H<ef>.-

work heat

energy levels

1st law of thermodynamics dU = dQ + dW H




—correlation in work/heat exchange:

dUg(7) + dUpg(T) = —dUx(T)

energy conservation relation

dWg(T) + dWg(1) =0
dQs(7) + dRp(7)

- ')‘_‘_

- —manifestation of Newton’s 3rd law (action-reactio
—correlations may be a source/storage for heat

—heat exchange may yield correlations

[SA, Benatti, Bakhshinezhad, Afsary, Marcantoni, Rezakhani, Sci. Rep. (2016)]



what if the the total system is open and Hamiltonian is time dependent?

0sp(T) = —i[Hsg(T), osa(T)] + L[ess(T)]

dQy = Trdx Hint



what if the the total system is open and Hamiltonian is fime dependent?

. if dWs =dWg =0 —3% extraction of work from correlation dWsp = —dWy
Perarnau-Llo

= dR@p =0 —3 conversion of external heat to correlation d

Qg = 0 —3 conversion of system heat fo correlation

local



—entropy in closed combined systems:
$(7) = —Trlo(7) log o(T)]

sum of subsystem entropies 75 total entropy

) =8s(7) +35(7) —Ssp(7) 20

. posite system: constant fotal entropy —

nifestation of 2nd law of thermodynamics:

$(0) =00 —> AS5(7) + AS(T) = Sx(1) > 0.




—how about “temperature”e

~—

standard thermodynamic definition 1/T = (8%/0U)n v ..

pseudo-temperature: 1/T(T) = d$(”')/d[U(’7')

- pseudo-temperature for correlation: 1/Tx(7) = d%y/dUy

afionin  dSs(r) + dSg(T) = dSy(T) €—>

- — =T

Tx 7 0 thermal equilibrium

— — = —_—————

(zeroth law of thermod




—a better way to define temperature:

recall dSs = dQg/T +dig

temperature and internal entropy production are unknown

ely defermine temperaturee



—a systematic approach:

d2—
a set of relevant physical observables A = {A,-}iil
(orthonormal and traceless)

1

Ao =1/+/d
0 / > / system Hamiltonian

Ar = (1/h) (H = Tr[H] 1/ds) )

normalization factor A

x;(T) = Tr[o(7T) A;(7)], i E{0NIN-.

d2—1

o({xi};7) =222 xi(MA(T)

do({y;}: 7) = Zi>0 dy; A; not exact differentials



-----

-----

d$({y}: 7) = = 2 i~0 TrlAilog o] dy; ——3 dS({yi}) = 7dQ — X0 1 Tr[A;| "

B 1 Cov(HHen) |
. T A2H

where Hent := —!

Cov(X,Y) := Tr[XY]/ds —

A2H = Tr[H?]/ds — TS| SHES



—towards thermalization; atom in a thermal bath

Hs + Hg = (1/2)wgoz + > i wka;r(ak

Hint — AZk f;0'_|_ ® ay + ka'_ ®az

Jaynes-Cummings model

limr—co0s (N = g

limr 00 Zg(T) =T
exp. behavior




what is the connection of this equation with the usual known master equations, e.g., GKLS?

In Ingarden’s office, 1975




limitations/assumptions of GKLS equation

derivation of GKLS starting from CPTP maps

, 0s(1) = Es(1)[0s(0)] = 3=, An(1)es(0) AL ()
—time homogeneous dynamical semigroup property  (divisibility of the dynamical map)

—no initial correlation

pic derivation
roximation 0sB(T) = 0s(7) ® 05(0) (Ts > 7B)
v approximation (killing the dependence of time evolution of th

—Rotating wave approximation (RWA) (fast oscillating terms are neglected)

;4

}
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beyond Born-Markov and RWA?

Projection operator techniques

Nakajima—Zwanzig projection operator technique

PY()Pp(t) + PV(t)G(t,0)Qp(0

,5(?5) - ez(HAJrHB)t (t) —i(Ha+Hp)t

g(t, S) Tef dt’ QV(t")

Path integral techniques

Monte Carlo technigues

etfc...



Time-local master equation in the presence of memory effects (without semigroup property)?

Gorini-Kossakowski-Sudarshan theorem

ny linear map with Hermificity and trace preserving properties can be ossocm’r
time-local generator as

— Theorem is just about existence (non-constructive)

— No clue on how to derive rates and jump operators



dynamical pictures in qgquantum mechanics

Dirac picture

Schrodinger picture Heisenberg picture




‘Schrodinger picture: Heisenberg pic
0s coordinates evolve measurement direc
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Hsg = Hs + Hg + H
&7 SB S B Ig
\)
S .
QN
S

[ = ei(H5+HB)t

(I)
@sp Qsp

()

“Schrodinger picture: Dirac (interaction)
25 B coordinatfes evolve state coordinates & mec



0sp = 0s ® OB +®

a new dynamical picture?

o

correlation picture

[SA, A. T. Rezakhani, A. P. Babu, K. Malmer, M. Méttdnen, T. Ala-Nissila, arXiv: 1903.03861]



uncorrelated

correlated

wrodinger picture



—correlating transformation: a weakly-correlated state

interaction H, ?

entangling gate

equwolen’r form for ’rhe unl’rory ’rronsformohon



—correlating transformation: general case

AR
S LS 9 . Q3
‘

correlating fransformation

&

OB

where

X:

= s &



Good news:

D. S. Djordjevié, J. Comput. Appl. Math. 200, 701 (2007)

Theorem 2.2. Let A € ¥ (H, K) have a closed range and B € ¥ (H). Then the following statements are equivalent: e

(a) There exists a solution X € ¥ (H, K) of Eq. A*X +X*A =B

(b) B=B*and (I —|ATA)B(I —ATA) =0.
oseudo inverse <
If (a) or (b) is satisfied, then any solution of Eq. (1) has the form

X =3(A"BATA+ (A")'B(I — ATA) + (I — AA")Y + AATZA,

where Z € ¥ (K) satisfies A*(Z + Z*)A=0,and Y € ¥ (H, K) is arbitrary.

- - -

e N

x(1) = —i [Hy(1),05(1) ®08(1)] = (os(7)® @B(T))'\(:iﬂi(T))H (VT

7/
\_—/ ~
e _— ==

X

N
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Derivation of the universal Lindblad-Like equation (ULL)

0se(7) = —t|Hsg, 0sB| Eylos ® oB| := 0s ® o — i Hy, ’o’j

| QSB( ) = —Z[HSB 0s & QB] [HSB, [[HX, gs @ QB]]] )‘

— ——————r———— —_——

- 3-, >

{57;} operator basis of the system



Inserting the decompositions and tracing out over the bath:

0s = | Hs + Tra[Hiu; 08, 05| — X105 |5ir €i55505 —1CH0SER

) ) . |
environment correlation functions | Cij (7') = TI'[QB



llllllll

Lamb-shift-like Hamiltonian: [hf_((T) = (Hi)s + 227,75(}

into standard form: diagonalization UalUT = T
defining L% = N [,

k 0s = L¥[os] = —i[Hs + [hL, os| + Z%n QLX QSLXT {LXTL% Qs}

valid in general (non-zero initial correlation, no need to weak- coupllng (Born)/lv\orkov/RWA ossump’rlon




Comparison:

0s5(7) =




How to get a Markovian reduction?

Expanding X(T) around a zero-correlation point up to the first order (no need to Born-Markov and RWA

X(10 +7) = —iT [ﬁl(’ro + 7), 05(70 + 7) ® o8(T0 + 7')] + O(12)

o ] —_—

=~ =

/
Hs = Hs + Trg[H1 08(7)]



Summary

e defined the Hamiltonian of the subsystems by looking at the dynamics of open quantum systems
through two different approaches:

%

* in the first approach correlation considered as an independent entity to which a well-defined
energy is associated (we completely separated correlations in description of subsystems)

e second approach, Lindblad form of the dynamics considered as the reference f
e the operator in its coherent part considered as the subsystem Homll ni

orm is a canonical form for general open-system dynamics

tion plays an important role (as important as interaction) in bo :
ipative part of the dynamics .
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