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Chapter 1.

Introduction

The subject of this thesis is the study of the class of the Open Quantum Systems, i.e.
quantum systems which are in weak interaction with an external environment, often
acting as a reservoir, and whose evolution is consequently influenced by this interaction.

Since the coupling of the system with the reservoir is weak, it makes sense to try to
disentangle the dynamics of the system of interest from the global time-evolution. However,
a particular attention must be taken in the derivation of the reduced evolution law, which
is expressed by a Master Fquation. When the reduced dynamics of the system has to be
extracted from the dynamics of the compound system, different Master Equations can
be obtained by the application of different kinds of Markovian approximations, which in
turn give different evolution laws.

In order to sort out the disparate often incompatible open quantum dynamics, a
leading criterion is to ensure that they do not violate important physical properties that
a proper reduced dynamics must fulfill. In primis the positivity requirement, that ensures
that any physical initial state is mapped into another physical state at any later time.
Secondly, the complete positivity condition, that guarantees that physical consistency
is preserved also when dealing with open quantum systems which are entangled with
other systems. Usually, complete positivity is justified in terms of the existence of
entangled states of the open quantum system coupled to an arbitrary, inert ancilla.
Complete positivity avoids the appearance of negative probabilities in the spectrum of
the time-evolving states of system plus ancilla. The main bulk of this thesis work is to
show that a non completely positive dynamics can lead to violations of the Second Law
of Thermodynamics.

The thesis is structured in the following way.

After a short introduction to Open Quantum System theory, the properties of positivity
and complete positivity are presented and their importance is explained. Then, a few
types of Master Equations are briefly summarized and their differences are stressed.
In the third chapter we discuss the Second Law of Thermodynamics in the context of
the open quantum systems and we put in evidence the connection between complete
positivity and the Second Law. In the fourth chapter a specific open quantum system is
examined, constituted by a minimal three-sites circuit whose current is produced by a



4 Introduction

single free electron. The circuit is immersed in a dissipative thermal bath and driven
by an alternating potential. Its evolution with time and in particular the asymptotic
stsates are studied, with respect to two different Master Equations. We show — through
analytical and numerical means — that only when the Master Equation is derived, in
the weak coupling limit, in according to the so-called Davies’s prescription of eliminating
the fast oscillations via an ergodic average, the requirements of complete positivity are
fulfilled and the Second Law of Thermodynamics is not violated, while more rough
approximations may give rise to negative entropy production.

In the last chapter we focus on the possible metrological applications of entanglement,
and in particular on the possibility of improving the estimation of quantum parameters
by preparing systems of many ultra-cold atoms in entangled states. After introducing
a suitable notion of entanglement which takes into account the indistinguishability of
identical particles, we show that spin-squeezing techniques are not useful to improve
the sensitivities of interferometric measurements when dealing with systems of identical
bosons.



Chapter 2.

Open Quantum Systems

The primary subject of study in Quantum Mechanics is the class of closed quantum
systems, namely those systems that can be considered isolated. The time-evolution of
a closed quantum system is described by means of a one-parameter group of unitary
operators on a Hilbert space mapping the initial state onto its evoluted at a given time t.
The group structure ensures that the dynamics is completely reversible: this means that
the knowledge of the physical state at time ¢ allows to determine the physical state at
any time ¢, that can be taken to be in the future or in the past of ¢.

Nevertheless many real-world physical systems are not isolated, as they interact in a
non-negligible way with the surrounding systems, what we call the environment. The
latter is generally viewed as a much larger system, consisting of a very high number
of degrees of freedom (possibly infinite). When dealing with an open quantum system
one cannot assume that its dynamics is reversible, because the interaction with the
environment, which involves exchange of energy and entropy, provokes the breaking of the
reversibility. Of course if one decides to study the environment E and the open system S
as a whole, then the total system S+ E' is again a closed system; but its dynamics can be
practically impossible to determine. Due to the extreme complication in the description
of a system with infinite degrees of freedom one might try to single out the evolution of
the system S, which is the relevant one.

The idea underlying the study of the open quantum systems, instead, is to examine
those situations in which the interaction between the system S and the environment
E is weak enough to allow the description of S and its dynamics by referring to its
own degrees of freedom. By means of suitable approximations which lead to a Master
FEquation, the reduced dynamics of the system is determined with sufficient precision and
embodies dissipation and noisy effects caused by the interaction system-environment.

The literature on Open Quantum Systems is very large. In the references we have listed
only a selection of the relevant publications [1-16], without the claim to be exhaustive.

In Quantum Mechanics a physical system is described introducing a Hilbert space
whose normalized vectors represent its possible states. In the case of small systems with
a finite number n of degrees of freedom — the case in which we are mainly interested
— this Hilbert space can be identified with C". Furthermore, a subclass of the set of
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linear operators on C", the Hermitian operators, corresponds to the set of the physical
observables of the system. They can be represented by the algebra M, (C) of n x n
complex Hermitian matrices X = XT.

The dynamics of a closed quantum system is determined by a Hermitian operator
H € M, (C), the Hamiltonian, entering the expression of the Schrédinger equation

O |e) = —iH |tby) ,  (R=1).

The statistical character of standard Quantum Mechanics is based on the idea of
considering, instead of a single physical system, a large collection of identical systems
E={SW 5@ SN} that can be prepared in the same experimental conditions,
defined by some suitable parameters. This ensemble is described at time ¢ by a normalized
vector |¢;) in the Hilbert space of states C", as mentioned above.

A second postulate fixes the statistical interpretation (due to Von Neumann [17]): the
measurable quantities are represented by self-adjoint operators on C", called observables;
the outcomes of the process of measurement of an observable R are exactly the real values
r of its spectrum; this spectrum is characterized by a distribution function fy(r) that
allows to determine the probability that the outcome falls into a given subset B C R:

P(B):[Brf¢(r)dr

and the expectation value

+o0
E(R) = (R), = / rfo(r)dr = (| R| ).

[e.o]

2.1. Density matrix formalism

A more general way to represent quantum statistical ensemble of S is the density matriz
formalism. It consists in considering a collection of M ensembles &, &, ..., &y, each
described by a normalized vector |¢,), « = 1,..., M in C". Taking a large number N,
of systems from each &, we obtain a new ensemble £ of N =) N, systems. We call
weights the ratios w, = N,/N. It follows that the mean value of the observable R is now
given by the expression

E(R) :Zwa (%|R|¢a>

Introducing the density matrix

p= Zwa |1/)oz> <¢a‘ ) (21)
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the expection value can be computed as a trace operation:

E(R) =Tr(Rp) =Y (6| Rp| 1),

for an arbitrary orthonormal basis {|¢;) }iz1, n C C™.

Since 0 < w,, < 1, > w, = 1, from (2.1) it easily verified that p is self-adjoint,
positive semi-definite and normalized (its trace is equal to 1):

P =p,
p=20 & (@lplY)=20 V) eC,
Trp=1.

The positivity and normalization of p guarantee that the eigenvalues of p are non-
negative and smaller than (or equal to) 1, so that the spectral decomposition of p
reads:

p= sz‘ |p3) (4] ,
T?”p = sz = 17

where |¢;) and p; are the orthonormal eigenvectors and eigenvalues of p: p|¢;) = p; [d:).

(2.5)

A special class of density matrices is formed by the pure states, i.e. projectors onto
specific (normalized) vectors of C™:

p =) (]

which are idempotent (p* = p).

Any linear convex combination of projectors >, ; [0;) (5| (0 < p; <1, 575y = 1)
is a density matrix fulfilling conditions (2.2), (2.3) and (2.4) and it is called statistical
miaxture. It is straightforward to notice that every linear convex combination of statistical
mixtures is still a statistical mixture. We denote with S(.S) the (convex) set of statistical
mixtures. From the physical point of view the convexity of S(S) means that the density
matrices description, based on the choice of a statistical ensemble of many copies of the
system S, is still consistent if we take a mixture of statistical ensembles.

The need of generalizing the notion of states from pure state projectors to convex
combinations of them comes from the effects of the quantum measurement processes.

The theory of measurement in Quantum Mechanics can be formulated in many
different ways, the first one due to Von Neumann [17]. Even though more complicate
descriptions have since been proposed, in the attempt to remove some of the unsatisfactory
aspects of the original formulation, for our purpose the following scheme will be sufficient.
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We will deal with open quantum systems with finite number of degrees of freedom,
thus to every observable R is associated a self-adjoint operator with a discrete spectrum
{Ai}, that can be written with respect to its spectral family of orthogonal one-dimensional
eigenprojectors

P; = |vy) (4], (2.6)
PiP; = 0;; P, 2.7
Y P=1, (2.8)

as

R=> MNP, )NE€ER (2.9)
J

According to the postulates of Quantum Mechanics, if the system S is in a pure
state p = |¢) (1], then the possible outcomes of the measurement of R are exactly its
eigenvalues {\;}. Furthermore:

e the probability to get the outcome A; is |(¢; | w)]2 = (Ui | p| i) = Tr(pPy),
e if the measurement gives \;, then the post-measurement state is P; = |1;) (1]

Consequently, after repeating the measurement of R on many equally prepared copies
of the system S, all described by the density matrix [¢) (¢|, collecting all the resulting
post-measurement states, the system has collapsed onto the state

P = Z (i | p|abi) [hi) (Wil = ZPz'PPz'- (2.10)

]

The above process is then extended to any statistical mixture p € S(S) by linearity.

2.1.1. Dynamics in density matrix formalism

In the density matrix formalism the Schrodinger equation translates into the Liouville-Von
Neumann equation in C"

Oipr = —i[H, py].

Indeed, from the Schrodinger equation the time-evolution law is simply

[¥(8) = Ue9(0))  [(0)) initial state,

where U, = e~ is the unitary evolution operator.
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This allows to derive the evolution law for a density matrix by linearity: starting
from the initial state po = >, A;j [¢;) (¥5], one gets py = 3. Aj [1;(1)) (¢;(¢)], whence

Ohpr = ZA —iH [; (1)) (& ()] + i [9;()) (¥ (D) H) = —ilH, pi]. (2.11)

The solution of the Liouville-Von Neumann equation is

pr = UppoU_; = e” 1t poeitlt (2.12)

The maps
Us: po = UspoU_y, telR (2.13)
form a one-parameter group of linear maps in S(.5):
U; o Us = Upys,s t,s € R, (2.14)

which is the hallmark of the reversible character of the dynamics of closed systems.

In terms of the generator Ly

Llp] [H, pl
U; can be formally written as
L o
U A= k;‘L
k=0

Acting on §(S), U, preserves the spectrum of all states p and transforms pure states into
pure states.

2.2. Open quantum systems

Since the main object of study of the present work is the family of open quantum
systems, it is necessary to briefly introduce the fundamentals of the quantum mechanical
description of compound systems. In the following we will deal with a system S interacting
with an environment which is characterized by a very large number of degrees of freedom.
Calling H the environment Hilbert space, the Hilbert space of the total system S + E is
C"®H.

Moreover, if ps, g is a generic state (density matrix) of the compound system, the
statistical properties of the subsystem S are given by a density matrix pg obtained by
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taking the partial trace over the degrees of freedom of E:

pPs = TrE(pS—i—E)' (215)

This partial trace provides a reduced density matrix describing the state of the system
S alone. Indeed, this is what results by considering mean values of observables Ag ® 1g

on C" ® H, as one can see by using an orthonormal basis {|z/z;§ & ¢§>k a} for C" @ H:

Trsip (psipds @ 1) = > > (W @ 6% | (psir- As @ 1) [ ¢ @ 0F) = (2.16)
k=1 «
=S (UE|(X (08 [ psir| o8) ) As|v) = (2.17)
k=1 o
= TI‘S (TI‘E(p5+E)A5) . (218)

When we switch to a compound system S 4+ E, which is closed if considered as whole,
its time evolution is described by a group of dynamical maps

USHE = tls+

on the state space S(S + E) of the density matrices pg. g, where Lg, g is the generator
of the overall dynamics, that it is assumed to be the sum of three generators:

L3,y =Ls+Lp+ L. (2.19)

They are defined by the commutators

Ls[ps+e] = —i[Hs ® 1, ps+zl, (2.20)
Lglps+e] = —i[ls ® Hp, ps+ ), (2.21)
)\L/[,OS+E] = —i)\[Hl, ,OS+E]- (222)

The Hamiltonian H’ describes the interaction between the system and the environment
whose strength is measured by the a-dimensional coupling A.

From the density matrix ps, g of the compound system, the statistical properties of
the system S are derived by taking the partial trace over the degrees of freedom of E:

ps(t) = Tre (U7 F[ps1£]) - (2.23)

The map

Gi: S(S) 3 ps = ps(t) = Trg (U7 Plpsyu]) € S(5)
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is called reduced dynamics on the space of states S(S) of the open quantum system S.

It has been shown [18] that if one requires that the maps G; preserve the convex
structure of S(5), i.e.

G,

S| - S
J J
then it is necessary that the initial state of the compound system be factorized:

ps+E = ps @ pr, (2.24)
where pg is a fixed state of the environment.

The family of maps Gy is neither a one-parameter group nor a semigroup; namely we
cannot expect G; o Gy = Gy for £, s > 0, in general, because the partial trace operation
can introduce irreversibility and memory effects.

In the following we will always consider factorized initial states for the compound
system of the form pgsirp = ps ® pp.

By using the spectral representation of pg, pr = Y, 1} 7Y (rF], we can write
ps(t) = Gylps| =
= Trp (U7 [ps ® pg]) =

=2 ([ (U Fps @ ) () UZEE [ ) =
7,k

=D Wi)psW}(®), (2.25)

Jk

where Wy (t) = \/rE (r# | UP*P | rf') are operators on C", i.e. elements of M, (C), that
satisfy the relation

S WLOWi(t) = Te(ppUSTPUS) = 1,.
7.k

Given the unitary time-evolution one can always pass from the Schrodinger to the
Heisenberg picture through the duality relation

Te [Up]X] = Tr[pU[X]],  VpeS(S), X € M,(C). (2.26)

This defines the action of the dual map Ul on X € M,,(C):

X = UlX] =U_ XU, = e ™[X].
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In the case of the reduced dynamics (2.25), the dual map of G; is

M,(C) > X — GI'[X Z W)X Wji(t) € M, (C). (2.27)

2.3. Positivity and complete positivity

Time-evolving density matrices must remain positive in order to keep their statistical
meaning; therefore, any dynamical map p — Gy[p| describing the time-evolution from an
initial state p to a state p, at time ¢ > 0 must preserve the positivity of p, at all positive
times. Namely:

W[Gilpl|0) >0, V) eC, VYpeS(S), Vt>o. (2.28)

Definition 1. We say that a linear map A: M, (C) — M, (C) is positive if it sends
positive matrices into positive matrices:

0< X A[X]>0.

It is easy to check that G, in (2.25) is indeed positive:

W1 Gilps) [¥) = > (¥ | Win®psW}(0) | 0) > 0. (2:29)

j?k
since pg is positive definite.

While positivity is a necessary requirement for the physical consistency of the groups
and semi-groups of dynamical maps, it is not sufficient to ensure a fully physical consistent
behaviour when dealing with compound systems. In this case another stronger condition
is required: complete positivity. In order to clarify this concept we consider, together
with the n-dimensional system S, a second inert m-dimensional system A, called ancilla,
that may have interacted with .S in the past but has been decoupled from S at time ¢ = 0.
In this context “inert” means that A does not evolve anymore, even though statistical
correlations might have been established between S and A, encoded in the initial state
of the compound system S + A: pg,(0).

Thus the kind of evolution we are considering for the compound system is described
by a dynamical map of the form A ® id, where A acts on M, (C) and id, is the identity
action on M,,(C). We can give the following definition:

Definition 2 (Complete Positivity). A linear map A: M, (C) — M, (C) is completely
positive if A ® id,, is positive on M, (C) @ M,,(C) (“m-positive”) for all m > 1.

Every completely positive map is also positive but the converse is not always true.
Indeed, let us consider one qubit S, that is a two level system, with an ancilla A = S
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and the transposition map:

n(00)- (o)

T, is a positive map because it does not alter the spectrum of operators. If we take the
projector Pf) = ‘wf)> <¢f) , onto the following state of S + S,

vy = (e m+men) |o>:(;>, |1>:<(1’),

then PJ(FZ) is a 4 x 4 matrix with eigenvalues 0 and 1

PP =

5 (2.30)

—_
_ o O =
o o O O
o o O O
_ o O =

while

1
T, @ idy[ P = 2

o O O
o = O O
o O = O
_ o O O

has eigenvalues +1.

Namely, T ® idy sends a positive matrix into a non-positive matrix, which means
that T, is not even 2-positive and thus not completely positive.

The same considerations above can be extended to the projector on the totally
symmetric state of S + S, where S is an n-level system:

PO = ) (uf

ey ==Y mew,

{l7) }j=1,...n being an orthonormal basis in C". The action of the partial transposition
T, ® id, on Pj(Ln) is given by

T id [P = = 37 ) Gl @ 1)

jk=1
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and corresponds to the flip operator on C" @ C"

Vly) @ 19)) =9) @ [¢)

that has eigenvalue —1 on any anti-symmetric state of C" @ C".

Completely positive maps have been intensively studied since the seventies: a series of
theorems have fixed some of their features and in particular their formal representation.
Here we limit ourselves to summarize only the results which are essential for our aims, in
a slightly different formulation with respect to the original one, that is more suited to
our needs.

Theorem 1 (Choi [19]). A linear map A: M,,(C) — M, (C) is completely positive if
and only if it can be written in the form

AX] = Z Wi XW, Kraus - Stinespring form.

where W, € M,(C) and the sum extends at most n* terms.

Looking at the expression of the map t — pg(t) in (2.25) in terms of the operators
Wik(t), it is evident from the Kraus theorem that the reduced dynamics {G;}¢>o of open
quantum systems consists of CP (completely positive) maps. Before going further, we
want to underline another important feature of the CP maps: its tight relation with the
concept of entanglement.

Definition 3 (Entanglement). Given two state-spaces, S(.S1) and S(.S2) of two quantum
ssytems S, Ss, a state pg, s, € S(S1 + 52) = S(51) ® S(53) is said separable if it can
be written as a convex linear combination of product states p; ® p3:

PS1+8, = ZAW% ® p5, Aij 2 0, Z/\U =L
i 2

If it cannot be written as linear convex combinations of product states p; ® ,0?, then it is
called entangled.

The state Pf) introduced in (2.30) is an entangled state as well as the more general
projector PJ(F") .

The following theorems establish the connections between completely positive maps
and entangles states of S+ .S, S an n-level system. [20]

Theorem 2. A linear map A: M, (C) — M, (C) is positive iff

<¢®¢(A®z’dn(13§">)‘¢®¢>zo Vi, ¢ € C™.
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Theorem 3. A linear map A: M,(C) — M, (C) is completely positive iff

<w ‘ A ®id, [P ‘w> >0 VyeCroC

Theorem 2 can be restated saying that A is positive if and only if Tr(A ® id,, [Pin)]p) >0
for all separable density matrices p. Theorem 3 implies that if the map A is positive but
not CP, then A®1d,, [PJ(:L) | is not a positive matrix. This means that the totally symmetric
projector Pin), which is a physically possible state for S + S, is not transformed into a
physical state by A ® id,.

Consequently completely positivity is a necessary requirement for the physical consis-
tency of the evolution law of a system entangled with an ancilla.

Concretely: if a map is only positive, then there surely exists an entangled state
Pent of S+ S such that p! , = AT ® id,[pen:] has negative eigenvalues in order to make

Tr(PgntPJ(rn)) < 0.

2.4. Master Equation for the reduced dynamics

We have seen that maps of the form (2.25)

ps = Gilps] =D Win(t)p W} (¢)

are completely positive and describe a physically consistent evolution of an open system
S in contact with an environment F, provided that the initial state psi g of S + E
factorizes: psip = ps ® pE.

A convenient expression for the differential equation describing such a time-evolution
of the system state pg (the Master Equation) can be very tricky to find out since the
maps G; carry memory effects due to the coupling between S and E. Nevertheless,
under the assumption that the coupling is weak enough, one can find an approximated
time-evolution law for S, determined by a one-parameter semi-group ; (¢ > 0). There are
different ways to derive the Master Equation, each of them depending on the particular
adopted approximation.

All of them will have the form:

Oips(t) = (Lg + D)[ps(t)], (2.31)

where Ly[-] = —i[H, -] corresponds to the standard Schrodinger time-evolution due to a
Hamiltonian H, while D is a linear operator on the space of states S(S) that encodes
the noisy and dissipative effects of the environment, often called “dissipator”.
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Remark 2.1. It is worth to anticipate that the Hamiltonian H associated to the operator
Ly in the Master Equation (2.31), is not, in general, the Hamiltonian Hg of the isolated
system S. In particular, if (2.19) is the total generator for the compound system S + E,
we will see that the action of the operator Ly will be given by an expression of the kind

Ly[ps] = Ls[ps] — iN[HY, ps], (2.32)

where Lg is the same as in (2.20), but with the addition of a Lamb shift correction,
coming from the interaction with the environment, represented by an hermitian operator
H® modulated by the square of the coupling factor, A\2. O

An immediate consequence of (2.31) is that the semigroup {7:}+>0 consists of the
formal maps:

Yips = TP pg. (2.33)

Interestingly the imposition of the basic requirements of physical consistency out-
lined above fixes the form of the generator Ly. Indeed, asking for the maps ~; to be
completely positive and trace-preserving provides a Master Equation in the so called
Gorini-Kossakowski-Sudarshan-Lindblad form?:

Theorem 4. [21] Let v: M,(C) — M, (C), t > 0, form a time-continuous semigroup of
completely positive trace-preserving linear maps. Then, v = exp(t(Ly + D)), where the
generators are given by

Lylp] = —i[H, p] (2.34)
Dlp] = Z i (V,Jpvj - % {vivil, p}) (2.35)

where the matriz of coefficients Cj), (Kossakowski matrix) is non-negative, the V; are
orthogonal: V2 =1, Tr(VjTVk) = 0,, and {-,-} denotes the anticommutator.

Also the converse is true, namely:

Theorem 5. [22], [21] A semigroup {7;}>0 = ' X#+P) where Ly and D are of the form
and (2.34) and (2.35), as in the theorem above, consists of completely positive maps if
and only if the Kossakowski matrixz is positive definite.

Example 1. Thanks to Theorem 5 we can better understand the importance of com-
pletely positivity with the following example, which makes use of the CP check on the
Kossakowski matrix.

!The original formulation was given in the dual representation of the algebra M,,(C)
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Consider for a qubit state
1{1+r3 r —ar
( ot 2) r1,79,73 € R, 7“% + 7"% + 7“32, <1, (2.36)

p_é ri+irg 1 —r3

the following time-evolution (77,75 > 0):

e—t/T2> 1 ( L+rs(t)  m(t) —z’rQ(t)>
; .

1 14+ Tge_t/Tl (7’1 — i?"z)
pP=pr=75 N T T .
2\ (ry +iry)e ¥ 1 —pge /N r1(t) 4 ira(t) 1 —r3(t)

(2.37)

Clearly, r2(t) + r3(t) + r2(t) < 1 so that any initial state is mapped into another state at

time t, its spectrum being always non-negative.

Using the Bloch representation with respect to the Pauli matrices

01 0 — 1 0
0’1:< >, UQ:(@' O), 0‘3:(0 _1>, (238)

10
one finds
dpy 1 (e t/T e t/M
DA 2.39
i 5 ( 7 (rio1 + 1r909) + T r303 (2.39)
This equals the action of the generator
1 1 1 1
Lip:| = 4—T1(01,0t01 — i) + 4—T1(02Pt02 —p) + 3, AT, (030103 — p),  (2.40)
as one can check by considering that
01 2 03
o] = =5, Lo =%, Ljog) = -7 (241
The Kossakowski matrix of this generator is
1
(T 0 0
C = 1 0 Til 0 (2.42)
0 0 T% — ’.%1
Thus, the semigroup v, = e consists of completely postive maps if and only if
(2.43)

2 1
— — — >0 2T > 1Ts.
T, T, =72
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Let us now couple the open qubit to another inert qubit so that their common time-
evolution is given by v; ® id. Given the completely symmetric entangled initial state

100) + |11)

V) gis = NG where 03]0) =10), o3|1) = — 1), (2.44)

after writing
1
[0) (Wlsps = 1@ 1+ 01® 01 =03 ® 0y + 03 © 03], (2.45)
one finds
1
e @ id ||1) (V| =114+ 2(0,@0,—02Q03) +e Moy @05] . (2.46)
S+5

4

As a 4 x 4 matrix this operator reads

14 e t/M 0 0 2¢t/T2
, 1 0 1—et/N 0 0
Y ® id [W) <¢|s+s} = 1 0 0 | _ e—t/Th 0 (2.47)
2¢~t/T2 0 0 1+ e t/M

It has eigenvalues \;(t) = 1 — e*/Tt (twice degenerate), \y(t) = 1 + e/t 4 274" and
Ag(t) = 14 e /T — 2e7t/T2,

For small times A\3(t) ~ 14+ 1—1¢/Ty —2+2t/To =t (% — T%) remains positive if

and only if T, < 2T that is if and only if the maps ~; are completely positive. [J

The standard procedure to derive the Master Equation is a technique based on the
use of projection operators on the overall state-space S(S + FE). In particular one defines

Ppsi e = Trelpse] ® pp = p® pr (2.48)

by the partial trace operation over the environment degrees of freedom, pgp being a
suitable equilibrium environment state: Lg[pr] = —i[Hg, pr] = 0. In most cases of
interest pg is nothing but the thermal Gibbs equilibrium state. Indeed, usually E is
taken to be a thermal bath, i.e. a system that is so large that it is left untouched by the
interaction with the smaller system S and consequently stays in its equilibrium state.

Notice that P acts projectively on S(S): P?pgyr = Pp®pg, with orthogonal projector
Q = 1S+E - P.

Let us consider the global reversible time-evolution equation

Qips+e(t) = Ly, plos+u(t)]; (2.49)

for the compound system S + E with generator as in (2.19).
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Using P and Q one can split the above equation:

OPpsip(t) = LsTp Ppsin(t)] + Lty [Qps p(t)]; (2.50)
0:Qps+u(t) = LE 5 [Qpssr(t)] + LEs [Qpsir(t)], (2.51)

where LEP, = PoLg,poP, L%, = QoLg,p0Q, LY = PoLg poQ, and
LY, =QoLg,zoP.

The latter equation can be formally integrated, yelding:
t
Qpsu(t) = €578 [Qps ® pp] + / ds e o LY, [Pps,p(s)] =
0

t
= [ aset s o L8, [Py (o).

Indeed Qps ® pg = 0.

Inserting this expression into (2.50), one obtains:

t
_LeQ
s (1) @ pi = L glps(t) © pi) + / ds Ly 0 e Hs5e o LGy [ps(s) @ pi]
0
(2.52)
At this point we can trace out the environment taking into account that pg is an
equilibrium state for the environment F£.

The interaction Hamiltonian H' in (2.22) can always be written in the form

H =S, ® R, (2.53)
where S, and R, are hermitian operators on the system S and the environment F,
respectively.

Moreover, one can always assume Tr(pgR,) = 0, a condition always obtainable by a
suitable redefinition of R, that only redefines the system Hamiltonian Hg.

A typical environment is a system consisting of infinitely many free bosons described
by bosonic creation and annihilation operators ag, Uo: [Gg, aL,] = dnar- Operators R, are
usually assumed to be field operators of the type:

R, = foc (CLL—}-CLa),
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where f, is an energy density function. After some manipulations, the final Master
Equation for the reduced dynamics reads?:

¢
dyps(t) = Lslps(t)] + X° / s Tr (1 0 €% o L pg(s) @ pi]), (2.54)
0
where L' is the interaction generator (2.22).

This generalized Master Equation is exact and free of any approximation. Its first
derivation dates back to Nakajima [23] and Zwanzig [24]. Starting from the integro-
differential equation, which clearly contains memory terms, different approximations can
be performed in order to obtain a Markovian evolution of the form:

ps(t) = B0 (0), (2.55)

where K is some kind of generator to be determined.

2.4.1. Weak coupling limit in the Markovian approximation

The hypothesis of weak coupling between the system and the environment lies in the
assumption that the typical decay time-scales of the two systems largely differ: in
particular, if 75 is the environment decay time-scale (i.e. roughly speaking the time
needed to reach the equlilibrium) and 7¢ the system evolution time-scale, then the ratio
Tr/Ts must be very small. Practically speaking the idea is to introduce the slow time-scale
7 = A2t and to let A\ go to zero. Indeed, it is evident that the dissipative action of the
second term in (2.54) becomes relevant only for ¢ ~ A2,

The simplest and most used approximation in literature is based on the substitution
of the integral in (2.54) with

—+00
% / ds Trg (L 0 e®5+20) o L pg (1) @ pil} (2.56)
0

which corresponds to a choice of the generator K given by

+o0
Ki[ps] = / ds Trg{L’ o eEstLe)s o I/ [pg ® pp)}. (2.57)
0

2Details in Appendix A
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The idea behind this approximation is to rewrite the second term in (2.54) as
! QQ
/ ds Trg (L’ o e*t3r o Lps(t — 5) @ /)E]> =
0

/A QQ T
= / ds Trg (L’ oelsie o I/ [ps (E - s> ® pED, (2.58)
0

so that, when A — 0, one can extend the integration to +oo and replace ps(7/A? — s) by
,03(7'/)\2>.

Despite its popularity this approximation is quite rough and in general leads to reduced
dynamics that are not even positive preserving, let alone being completely positive. It
can be refined starting from the integral version of the Master Equation (2.54)3:

t s
ps(t) = e™spg(0) + )\2/ ds / du s ) Trg {L/ o LR (=) L'[ps(u) ® pge]}
0 0
(2.59)

With a suitable change of integration variables it can be recast in the form

t t—u
ps(t) = €5 ps(0) + N2 / du elt=Ls { / dve b5 Trp(L 0 1542 o U [ps (1) ® pED} -
0 0
(2.60)

By the same arguments as before, by going to 7 = t\? and letting A — 0, one replaces
the term in curly brackets with

+o00
K [ps(t)] = / dve s Trg (L 0 "™ 8) o L' [pg(u) @ prl), (2.61)
0

which corresponds to a Master Equation of the form

Oups(t) = Ls|ps(t)] + A Ks[ps(t)]. (2.62)

This is known as Redfield equation, with formal solution

ps(t) = 'K pg(0). (2.63)

Again, it can be shown that the semigroup generated by (2.62) does not in general
consists even of positive maps. Consequently a better approximation is needed; this is
constructed as follows.

3See in particular Davies’s works [25],[26]
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One formally integrates the Redfield equation (2.62):
t
ps(t) = e ps(0) + )‘2/ ds e(tis)LSK2€5(LS+’\2KQ)PS(0)-
0

Then, one goes to 7 = A\?t and switches to the Interaction Picture
ps — €537 pge 53z — emazbs o (2.64)
so that

el (s IR g (0) = ps(0)+

Kl

+/ ds {e_A%LSKQeA%LS}e_TQLSeA%(LSH?K”pS(O). (2.65)
0

It has been shown by Davies [25-27] that, in the limit A — 0, only the non-oscillating
terms survive and the operator in curly brackets can be substituted by the ergodic
average:

+T
Ks[p] = lim —/ dt e s Kyetts p. (2.66)

Now, setting v, = limy_sg e_A%LSeA%(LS”L)‘QKQ), we have 0;vp5(0) = Ks[:ps(0)]. By

noticing that Kye aebs = e*AL?LSKg, going from 7/A? back to t, one gets another
Markovian Master Equation:

Oips(t) = (Ls + NKs)|ps(t)]. (2.67)

In the end we have derived three different Master Equations. It is worth discussing
which of them is the best candidate to describe physically consistent time-evolutions.
Again, we will summarize Davies’s results [25-27] following [28].

Let v, denote the operator mapping the initial state pg(0) into the state evoluted at
time ¢:

A ps(0) = Trg (e—tLéw ps(0) ® p etL§+E> (2.68)
and let us introduce the environment time correlators
Fo5(t) = Tre(eE Rye ™2 Rgpp). (2.69)

Then, in the hypothesis that for some § > 0

—+o0
/ dt |Fop(t)|(1 4+ 1)° < 400,
0
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we have the following results
lim sup [47'ps(0) — eI g (0)| = 0;
A=0 g<ai<r

lim sup [7;ps(0) — e®s KD pg(0)]] = 0;
A=0 g<a2i<r

(2.70)

in the trace norm. But this result is not true, in general, if we put K; in place of Ky or
K;. Consequently the solution of (2.67) converges to the real reduced dynamics (2.68)
in the limit A — 0, at any finite time, while the reduced dynamics generated by K; do
not always converge to the same map.

Diimcke and Spohn [28] proved that, except for some trivial cases, the generators K;
and Ky do not preserve positivity: this rules them out as reliable descriptions of proper,
physically consistent time-evolutions.

On the other hand, K3 is such that the solutions of (2.67) are completely positive.

In order to prove this assertion, it is convenient to develop the action of operator Kj
on a generic state p. The details are given in A.2. We have

ZZZFm(—w)( f(w)pSs(w ——{S/s w),p}) —i[HD, pl.  (2.71)

w B«

Here {S,(w)} are the components of the Fourier expansion of the operators {S,}
written in the interaction picture:

Sa(t) = etists e st = Ze“ws (2.72)

while H is a self-adjoint operator acting as a correction, modulated by the arbitrary
small coupling A\?, to the system Hamiltonian Hg. F,z(w) are the Fourier components of
the bath correlators in (2.69):

Fop(w) = /_ oodte_“wFag(t). (2.73)

[e.e]

We can now justify the remark in 2.1, where we anticipated that the general structure
of the Master Equation has the form (2.31). Indeed, with the definitions

=05 Y Frolo) (SLhS0) - 3 {(SasL) 0} ). @7

w B«

Lylp] = —i[Hs, p] — iN[HY, p], (2.75)
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the Master Equation (2.67) can be rewritten as

Oips(t) = (Lg + D)[ps(t)]. (2.76)

In A.3 it is shown that the Kossakowski-Lindblad matrix in (2.71) is positive, hence
the reduced dynamics generated by Kj is completely positive.

2.5. Conclusions

We summarize here the main concepts and results of this chapter.

The time-evolution of an open quantum system in contact with a thermal environ-
ment is described by a reduced dynamics obtained from the dynamics of the whole
system by partial tracing over the environment degrees of freedom.

In order to be physically consistent, i.e. in order to preserve the quantum statistical
meaning of the time-evoluted states, the reduced dynamics must be completely
positive, which is a stronger condition than positivity alone. While the latter
corresponds to keeping the positivity of the spectrum of time-evolving density
matrices, only the former guarantees a similar robustness against coupling with
ancillas.

The reduced dynamics can be determined, as a Markovian approrimation, under
the assumnption of weak coupling limit and factorization of the initial state of the
total system, by deriving a Master Equation for the reduced dynamics of the open
quantum system alone.

Master Equations can be derived within different levels of approximations: some of
them do not give rise to completely-positive (not even positive) dynamical maps or
their solutions do not converge to the real reduced dynamics in the limit of arbitrary
small couplings.

It is always possible to formulate a Master Equation fulfilling the requirement of
complete positivity and which converges to the real reduced dynamics when the
coupling strength goes to zero.

In the fourth chapter we will see a direct application of these ideas to a concrete
physical model.



Chapter 3.

Thermodynamics of Open Quantum
Systems

In the previous chapter it was discussed how lack of the specific requirement of complete
positivity in the dynamical semigroup arising from a given Master Equation can lead to
results that conflict with the “real”, i.e. non approximated, reduced dynamics. Practically
speaking, if the reduced dynamics v; of the system .S is not completely positive, then
there surely exists an entangled initial state pg} ¢ of the system S coupled with an ancilla
A = S such that v, ® id[pg}¢] develops negative eigenvalues ad loses its meaning as a

physical state.

In this chapter we will see how the complete positivity requirement can also avoid
violations of the Second Law of Thermodynamics, which states (in one of its formulations)
that internal entropy can never decrease. To prove this relation we need to introduce a
formulation of the Second Law in the context of open quantum systems, conveniently
defining the entropy function and a quantity called entropy production.

We start by summarizing the Classical Laws of Thermodynamics and then extend
them to quantum systems.

3.1. Laws of Classical Thermodynamics

The Zero Law of Thermodynamics deals with the intuitive concepts of thermal equilibrium
and heat and the related idea of temperature.

Definition 4. Zero Law of Thermodynamics. Two systems are in thermal equilibrium
with each other if, when put into direct contact and heat exchange is allowed, nothing
changes macroscopically.

As an experimental fact, we also know that when two bodies at different temperatures
are allowed to exchange heat, the latter flows from the higher temperature body to the
lower temperature body.

25
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The First Law of Thermodynamics is essentially the statement of energy conservation.
Given a system S in interaction with one or more thermal reservoirs (the environment),
once we have established suitable operative definitions of

e [nternal Energy E;
o Work W performed by the system on the environment;
e Heat Q transferred from the environment to the system;

we can give the formulation of the First Law:

Definition 5. First Law of Thermodynamics.

dE = 6Q — oW. (3.1)

All these quantities have the dimension of energy. A positive §¢) corresponds to an
increase of internal energy E of the system while a positive dW produces a decrease of it.

We also note the different notation to distinguish the exact differential, expressed with
d, from the infinitesimal variation of work and heat, expressed with ¢: internal energy
can be defined as a function of the state of the system, intended as a set of macroscopic
observables that describe it completely, while the work and the heat exchanged always
depend on the particular transformation that the system is undergoing. So, while after a
transformation affecting the system the variation of its internal energy dF depends only
on the initial and final macroscopic states, the amount of work and heat exchanged with
the environment depends on the particular path followed during the transformation.

The Second Law of Thermodynamics has different formulations. Here we will use
a formulation which makes use of the concept of entropy. In classical thermodynamics
entropy is defined as follows. One says that the transformation of a system in contact
with an environment is quasi-static if it is slow enough that at any time the system is in
thermal equilibrium with the environment.

Definition 6. Entropy in classical thermodynamics. The variation of entropy in a system
evolving from a state A to a state B in a quasi-static process is given by

B
SA,B = /A 5?62 (32)

Hence the expression for the differential entropy can be written

_ %@

ds T

(3.3)

With respect to this definition of entropy, the Second Law can be formulated as follows
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Definition 7. Second Law of Thermodynamics. In every closed and isolated system the
entropy never decreases.

In general the entropy of an open system can vary due to its interaction with the
environment or because of its internal dynamics. So we can separate the variation dS
into two contributions:

dS = dSux + dSins. (3.4)

If we consider a system interacting with N thermal baths each at temperature T;,

1 =1,..., N, then the external contribution to the entropy variation reads
N
0Q;
dSext - 7_; . (35)

i=1

For a closed and isolated system 0@Q); = 0, Vi and therefore dS.; = 0. The Second
Law implies

dSime > 0. (3.6)

3.2. The laws of thermodynamics in open quantum
systems

Consider an open quantum system in interaction with N thermal reservoirs each at tem-
perature T; = 1/(kp[5;) (kp being the Boltzmann constant). Let be Hy the Hamiltonian
of the system and for simplicity let its spectrum be discrete and finite. If the interaction
with the environment is weak and the Markovian approximation is valid then the reduced
dynamics of the system can be described by means of the Master Equation

N

Aup(t) = —ilHo, p(t)] + 3 Doulp(t)], (3.7)

m=1

where the linear operators D,,, are assumed to be of the Kossakowski-Lindblad (2.35)
form and to satisfy the completely positivity condition. Furthermore we assume that for
every bath there exists a stationary state pfl of the system in thermal equilibrium with
the bath, which is a Gibbs state of the form:

e_BmHO

To{eAe] (3.8)

eq __
pm*
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Since —i[Hy, pi] = 0, the stationarity requirement for p¢4 corresponds to the condition

Dy, [pj] = 0. (3.9)

If there exists a unique bath then the thermal state p{l is stationary for the overall dy-
namics and eq. (3.9) can be viewed as a formulation of the zeroth Law of Thermodynamics
for open quantum systems.

Next we can consider a slightly more complicated scenario in which the system
can produce some kind of mechanical work. For this aim we introduce a family of
explicitly time-dependent self-adjointed operators {h;t > 0} on the system Hilbert space.
Consequently, since the new Hamiltonian has become time-dependent

H(t) = Hy + hy, (3.10)

also the dissipators have become time-dependent: D,,, = D,,(t). Even though this may
seem a potential problem, since an explicitly time-dependent Master Equation cannot
be immediately integrated in an exponential map, there is another condition, which
can be considered fulfilled in many cases of interest, that allow us to apply the same
considerations above and to give a formulation of the Zero Law of Thermodynamics.
Indeed it is not too restrictive to assume that the time scale 7 at which h; changes
is much longer than the typical time scale required for a bath to thermalize, 75. So
at any time ¢’ in a time interval At such that 75 < At < 7y, hy can be considered
nearly constant as in a quasi-static process. Under these conditions the derivation of the
Markovian Master Equation discussed in the first chapter is still valid and we can state the

Definition 8. Zero Law of Thermodynamics for open quantum systems. Let a system
be subjected to the time-varying Hamiltionan H(t) and interact with N thermal baths,
whose dissipative actions are given by the operators {D,,(t)}¥_,. Then, the dynamics of
the system is governed by the Master Equation

N

up(t) = —i[H(t), p(t)] + Y Du()[p(1)]; (3.11)

m=1

and the Zero Law of Thermodynamics is embodied by the following two requirements

—BmH(t)
eq — _¢€
o pi(t) = Tre—BmHD >

o D,,(1)[p5(1)] = 0.
In order to give a quantum formulation of the First Law we need to give the definition

of internal energy.!

Definition 9. Internal energy. The internal energy of a quantum system whose state at
time ¢ is described by the density matrix p(t) is the expectation value of the Hamiltonian

!The following definitions and the formulations of the I and IT Laws are given following [29)].
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H(t) on this state:

B(t) = (H(t)), = Tr(p(t) H(2)). (3.12)

Coherently, the work performed by the system in an infinitesimal transformation is
given by

dhy

W (t)=-Tr (p(t)g) dt, (3.13)

while the infinitesimally exchanged heat has the expression

Q(t) =Tr (dg—it)H(t)) dt = (Z Tr (H(t)Dm(t)[p(t)])) dt, (3.14)
having used the relation Tr (—i[H (t), p|H(t)) = 0.

With these definitions the First Law of Thermodynamics can be written as a differential
equation

dE  §Q oW

Integrating the latter we have

Q0.0 = [ 7 () as = S au0.0
m (3.16)

Qu(0.1) = / Tr (H($)D,(s)[o(s)]) ds

where @Q,,(0,t) represents the heat exchanged with the m-th bath in the time interval
[0, ¢].

3.3. Entropy production and Second Law

3.3.1. Von Neumann entropy

Before stating the Second Law of Thermodynamics in the context of open quantum
systems, it is necessary to introduce the Von Neumann entropy of quantum states and
some of its properties. We start from the Shannon entropy first:

Definition 10. Shannon entropy. Consider a classical discrete probability distribution

II: a set of n events with an associated set of probabilities II = {p;},_; ,,. The Shannon
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entropy attributed to such a distribution is

H(I) := =Y pilogp; >0,

where the contribution of each single event is —p;logp; if p; # 0 or 0 otherwise, by
continuity.

The Shannon entropy is semipositive defined, since all the probabilities p; are smaller
or equal to 1. Also: H(II) = 0 if and only if p; = 1 for one ¢ and all the others are zero,
while in the maximally random distribution, that is p; = 1/n Vi, we have H(II) = logn.

Definition 11. Von Neumann entropy. For a quantum state described by a density
matrix p, the Von Neumann entropy is defined as

S(0) == —kp Z)\j log \; = —kpTr(plog o) > 0. (3.17)
J

The extreme cases of maximum and minimum entropy correspond respectively to the
state 1/n and to any pure state.

Furthermore, the Von Neumann entropy is inviarant under unitary transformations
S(UpUTY = S(p), ifUU=1, (3.18)

and is sub-additive on bipartite systems A + B , which means that
S(p) < S(pa) +5S(ps), (3.19)

where p is a state of the whole system A+ B and p4 = Trgp, pg = Trap. For a separable
state the equality is verified: S(p) = S(pa)+ S(pp), while for entangled systems this is
not true.

3.3.2. Entropy production

Given an open quantum system whose reduced dynamics is assigned by a time-evolution
law ¢ — p(t), its entropy is also a function of time

S(t) = —rpTr(p(t) log p(t)). (3.20)

We have seen that, in the classical case, we can distinguish an internal and an external
contribution to the entropy variation upon an infinitesimal transformation of the system.
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This suggests us to introduce the quantities

= kpBnTr (HODL()[p®)]), ¥m=1,... N, (3.21)

that we call quantum entropy flows. By virtue of eq. (3.5) we have

dSe"t Z JS. (3.22)

This leads us to the introduction of the entropy production as the variation of entropy
due to the the internal dynamics of the system:

Definition 12. FEntropy production of a system in contact with N thermal baths.

o(t) djmt - Z y—— ZTr( p(t)](log p(t) + ﬁmH(t))>. (3.23)

Notice that the last equality follows from the ciclity of the trace and Trp = 1.

Now, in the situations of physical interest, one may assume that the system has
states pS9(t) in thermal equlibrium with each bath B, at each time ¢: their form

is given by the Gibbs expression (3.8). In this case §,,H(t) can be written also as
— log(Tr(e=H®) - pfa(t)).

Taking the trace of D,,(¢)[p(t)]8mH (t) in (3.23) we have:

—ZTr p(t)]log (Tr(e #Hm(t ZTI p(t)]log pc9).  (3.24)

where we have used ) Tr(D,,[p(t)]) = 0 which follows from the assumed trace conser-
vation property of the dynamics.

As a consequence we get the following general expression for the entropy production:

= —Kp Z Tr (Do (8)[p(2)] (log p(t) — log pi!(£))) - (3.25)

We shall now focus upon a system in interaction with one single bath; and consider
the internal entropy production

o(t) = —rpTr (D(t)[p(t)] (log p(t) —log ps)),  D(t)[ps] = 0. (3.26)

In order to show the main result of this chapter, we introduce another quantity, that
will allow us to express the entropy production as a derivative. This quantity is called
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relative entropy and is defined for every pair of states p and p'.
Definition 13. Relative entropy of p, p’ € S(S):

S(plp") = rkpTr (p(log p — log p')) . (3.27)

The relative entropy can be used as follows. For fixed ¢, let Ay be the semigroup of
maps generated by D(t): A, = e*P® s > 0. Notice that A,[ps(t)] = ps(t). Then, taking
the derivative with respect to s at s = 0 of

S (Aslp®)][Aslps(t)]) = Tr (As[p(t)](log As[p(t)] — log ps(t))) (3.28)

one gets

—%5(AS[P(t)]IAs[/}ﬁ(t)])|3_O = —Tr (D()[p(t)](log As[p(t)] —log ps(t)) = o(t). (3.29)

Indeed, Tr (A;[p(t)] 55 log As[p(1)].,) = Tr(D(t)[p(1)]) = 0.

The last step we need is the so-called Lindblad H-theorem for semigroups of completely
positive maps [30] which follows from the monotonicity of the relative entropy under
completely positive, trace-preserving maps.

Theorem 6. [30] Given a completely positive trace-preserving map A and an invariant
state p such that A[p'] = p', then

S(A[pIA[]) < S(plp")  Vp,p' € S(S). (3.30)

Since the time-dependent Master Equation

Orp(t) = —ilH(t), p(t)] + D(t)[p(t)] (3.31)

is assumed to be of the Kossakowski-Lindblad type, the time-evolution considered here
is such that {A,}s>0, As = eP® is a semigroup of completely positive, trace-preserving
maps for any fixed ¢t > 0.

Thus, using this theorem, one concludes that the entropy production in the class of
quantum systems we are dealing with is always non-negative at any time ¢ > 0:

o(t) = —ruTr (D(t)p(t) (log p(t) — log ps(t))) = 0. (3.32)

This result easily extends to more than one bath.

We summarize here the conditions we require for this result to be true. For every
bath B,,:

e D, () is slowly varying in ¢ with respect to the m-th reservoir relaxation time;



Thermodynamics of Open Quantum Systems 33

e p29(t) is a Gibbs thermal state such that D,,(t)[p¢4(¢)] = 0 at each fixed ¢: this is
necessary for writing the entropy production ¢(t) in terms of the relative entropy;

e D,,(t) generates a completely positive dynamics: sufficient for ensuring a non-
negative internal entropy production.

These requirements may seem rather restrictive, especially the assumption that the
system admits a stationary state in the Gibbs form for every bath B,,, nevertheless the
definition of entropy production can be generalized to the case of a generic time-evolution
described by a semigroup of completely positive maps, as follows [spohn’entropy 2008 |:

Definition 14. Entropy production. Let {A;}:>¢ be a semigroup of completely positive
dynamical maps A; = e, and let py be a state invariant for A, i.e. A¢[ps] = 0, for all
t > 0. Then the entropy production o in the state p, = A[p] relative to pg is defined by

d

o(pe) = =7, 5(Aelpllps) = =T (L{pi] (log pr — log pst)) (3.33)

whenever the derivative exists.

In the latter definition there is no explicit time-dependence in the generator L of the
reduced dynamics, so that we have a Markovian one-parameter semigroup. It has been
shown [spohn’entropy 2008 | that

e 0 =0 if and only if the generator of the dynamics is purely Hamiltonian: L = 0;

e o is convex: if p; and py are two states of the system, and A, Ao >0, A\ + Ay = 1,
then

0'(/\1ﬂ1> + O'()\ng) Z O'()\lpl + )\2[)2). (334)

In the end, the non-negativity of the entropy production for a completely positive
dynamics, as defined by (3.33), is an important result that maintains its validity also in
more general situations, where the stationary state is not necessary a thermal Gibbs state.
Complete positivity is a sufficient requirement and not a necessary one, nevertheless lack
of CP is associated to violations of the Second Law of Thermodynamics, as we will see
in the next chapter.
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Chapter 4.

A concrete case: current pumping in
a minimal ring model

In this chapter we consider a concrete application of the results discussed in the previous
chapters; namely, we study from a thermodynamical point of view a specific open
quantum system [31]: three electrons can freely move in a minimal three-site circuit,
where an external periodical pumping is applied. The setup is such that there exists
one degenerate doubly-occupied ground-state, and the overall system dynamics can be
reduced to the dynamics of a pseudospin (or “qubit”) under the action of a periodic
Hamiltonian. Furthermore, the influence of a noisy environment has a dissipative effect
which eventually produces the establishing of a steady DC current in a regime condition.
The dependence of the steady current on the driving frequency is the key point of the
original paper; since this observable turns out to be proportional to the pseudospin
polarization at large times, its final value is directly related to the asymptotic state of
the system.
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4.1. The model

vbc
8b Sc

The minimal circuit ring is constituted by three identical sites a, b, ¢, each characterized
by an electronic level whose energy is cyclically modulated according to the law ¢;(t) =
—hA cos(Qt + ¢;) (i = a,b,c), with phases ¢, = 0, ¢, = —27/3, ¢. = 27/3. A is the
amplitude of the applied potential, and 2 the frequency. Every couple of sites (i, j) is
separated by an energy hopping v;;. In the scheme considered in [31] all these hoppings
are identical: 7;; = 7o (¢,j = 1,2, 3), hence the net current inside the circuit is generated
by the external pumping.

The Hamiltonian can be expressed with respect to the orthonormal basis of orbitals

@), [b), |e):

The bare Hamiltonian without the application of any external bias is

0 =% —%
HO = —"}/0 0 —")/0 . (42)
% —% 0
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The spectrum of this Hamiltonian is {—2v0,70}, where —2v, is the energy of the
ground state

_la) +[b) +[e)
0) = N (4.3)

and vy is the 2-degenerated energy level with eigenstates

5= 1o
\/5 )

2= 1o 44)
Dl

) =

In the lowest energy configuration and in the hypothesis that electron-electron inter-
actions are negligible when compared to the energy hoppings 7o, two electrons occupy
the ground state |0) while the third is in a state living in the subspace spanned by the
excited doublet {|z),|y)}. When the periodic potential is switched on, Hy is incremented
by a perturbing Hamiltonian given by the diagonal matrix Diag(e,(t), €,(t), €.(t)), which
can be rewritten in the basis {|0), |x),|y)} as

Hyoo(t) = | 2@ ol eli_o@ | (4.5)
€a(t) ec(t)—e(t) ea(t)
V2 2v/3 2

As long as the applied bias is a small perturbation of the bare Hamiltonian H,, namely
if the energy gap v — (—270) = 379 between the ground state and the excited doublet is
much greater than the pumped energies |¢;(t)|, we can exclude transitions between |0)
and the subspace spanned by {|z) , |y)}; consequently we can still assume that the ground
state remains occupied by two electrons and the dynamics of the system is determined by
the third electron, whose state vector is a qubit in the 2-dimensional subspace {|z) , |y)}.

The evolution of this pseudospin system is therefore described by the Hamiltonian

1 VBl alt) el
Hsh)=—37 (eb(t)—ec(t) —V/3e,(t) ) (4.6)

Substituting the periodic potentials

€qa(t) = —hA cos Qt
ep(t) = —hA cos(Qt — 27/3) (4.7)
ec(t) = —hA cos(Qt + 27/3),
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into (4.6), we have finally

Hs(t) = %(COS(QQU'Z + sin(Qt)o”), (4.8)

written in terms of the Pauli matrices.

In order to be consistent with the notation used in the preceding chapters, in the
following we will use the natural units: A = 1.

To introduce the dissipative effect of the environment the latter is modeled as an
ensemble of non-interacting harmonic oscillators in thermal equilibrium at temperature 7.
Since the system has only two modes, we can assume the oscillators to be bidimensional.
Therefore the Hamiltonian Hy for the thermal bath must have the form

2 2.2
_ § E pé:’/ meQ£’V

where w, is the frequency of the v-th oscillator, g¢, are the oscillators position observables
and pg, their conjugate variables (the momenta).

The coupling betweem the system modes and the thermal bath is determined by the
interaction Hamiltonian

Hsp= > > V2mw,Ae,0® @ ge,. (4.10)

{=z,x Vv

Ae, are the coupling constants (in principle depending also on the specific mode, but we
will assume A¢, = \,).

We see that Hgg is formally analogous to the AH’ interaction Hamiltonian introduced
in (2.53), the only difference being the use of many coupling constant instead of one,
which is irrelevant since we are interested in the limit \¢, — 0; thus we can always
redefine the operators in order to have a single A going to zero.

Hence the global Hamiltonian of the system is given by Hg(t) + Hsg + Hp.

The aim of the original article is to determine the steady asymptotic DC current
flowing in the circuit and its dependence on the applied frequency (2.

In our pseudospin representation the current I(t) generated by the free electron inside
the circuit is proportional to the expectation value of o¥!

I(t) = I (o¥) (4.11)

Y(t)

1See Appendix A.4
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where [¢(t)) is the state at time t and Iy given by

Iy = .l e = elementary charge. (4.12)

V3

With the introduction of the unitary transformation

- Qt

R,(Qt) =e "2, (4.13)

geometrically corresponding to a rotation about the y axis, one can perform a change of
reference frame, by mapping every state |¢g(t)) of the system to a state |1s(t)) given by:

[Ds(1)) = R, Q1) [s(1)) - (4.14)
It follows that Hg(t) can be rewritten as

Hg(t) = %Ry(Qt)azRyl(Qy). (4.15)

In this rotating reference frame, the Schrodinger equation for |¢hg(t)) reads

a17s(0)) = i (150" R, (@0 ) [6s(0) + iR, @00 os(0) ~

_ _%gws(t» + R, (Q)Hs (0 R, () |ds(t)) =

Q - » A » ) (4.16)
= G0 + By ) (G R0 By 0) ) Ry(0)10s(0) =
Q A ~ -
= (=50 + 50 ) 1s(o) = Hurlds).
with a new, time-independent Hamiltonian
A Q W’
Hg=—0"——0=—n- 4.1
eff 9 o 9 o 2 n-o, ( 7)
with frequency
W= V2 + A2 (4.18)

and unit vector

A= (o,—g é) . (4.19)
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Thus, if we consider just the isolated micro-circuit, the time-evolution in the cor-
responding qubit description consists in a Larmor precession around the n-axis with
frequency w'.

Since R,(Q2t) commutes with ¢¥, the current supported by the microcircuit at time ¢
can be computed as

I(t) = (s (t)]o*|¢s(t)). (4.20)

It is convenient to make a change of basis from ¢%, 0¥, 0% to a new Pauli triple

~r Am AN,
ov,0",0":
o= o
om A Q)
T (4.21)
Q
n:__/ 0y+_l O_Z
W

" (4.22)

ot |n,4+) =0
6" |h,+) = |n,—) '
" n,—) =0
with 67 = 1 (6% +io™).
Consequently
1
7" =~ (6} —ao"). 4.24
o - (a+ o;) (4.24)

Therefore, if the initial state is one of the two ¢" eigenstates, |n,+) or |n, —), the
system does not evolve and the current [ is a steady DC current given by :FIO%,
respectively. Indeed, the expression (4.20) of the current yields

A Q
I(t) = Iy— (0, £[6™ |, ) — Ip— (0, £ | 6" |n, £) =
w

(4.25)
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Any other initial condition gives rise to an AC current in addition to the DC, due
to the Larmor precession of the ket |1g(t)), and the DC current is determined by the
projection of this state on the eigenstates of Hog = w'6™/2: |0, £).

In the density matrix formalism the system state is characterized by a matrix pg that
will be conveniently expanded in the basis {%,6™,6"}, giving the Bloch representation

1
Ps = 5(1 +ac® + bo™ + co™), (4.26)

where (1, a,b, ¢) is the so-called Bloch vector associated with pg. Since the time-evolution
law now reads equation:

/

_ W
Oups = —i (0", ps], (4.27)

the net DC contribution to the current I(¢) — that is the observable in which we are
interested — is determined by the third component of the Bloch vector of pg, ¢, the only
component that does not change in time under (4.27).

Denoting by P
P =—-Tr(c"ps), (4.28)
the opposite of ¢, then the DC current sustained by the microcircuit becomes

0
I=1P—. (4.29)

In passing to the rotating reference frame in the global Hamiltonian H = Hg(t) +
Hpg + Hgg the system’s observables change as follows:

G(t) = R, (Qt)0* R, (). (4.30)

Consequently Hgg changes into a time-dependent interaction term:

Hsp(t) = Y ) vV2mw,6%(t) ® e, (4.31)

E=zx v
while Hg of course remains unchanged.

The total Hamiltonian in the rotating reference frame thus becomes

Hr(t) = Heg + Hep(t) + Hg, (4.32)

where H.g stands for Hog ® 1 and F[E for 1¢ @ Hg.
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With this transformation we have obtained an Hamiltonian whose explicit time
dependence is transferred from the system Hamiltonian to the interaction term Hgg.

4.2. Master Equation and stationary state

While the microcircuit is represented as a two-level (qubit) system, the environment is
described by a many-body system; though the number of its degrees of freedom is taken
to be infinite, we shall stick to its states being represented by

We assume that at time ¢ = 0 the system and the environment are uncorrelated:
ps+E(0) = ps(0) @ pg, (4.33)

where is pg a given equilibrium state of the environment and pg () the density matrix
for the system.

The Liouville-Von Neumann equation is

Oips+r = Lsrp(t)[Psi5), (4.34)

with
Lsiu(t)[] = —i[He , -] —i[Hg, ] —i[Hsp(t), ] = (4.35)
= Ls[] + Lg[] + Lsgl]. (4.36)

We are seeking an expression of the Master Equation for the reduced dynamics of the
form:

Oips(t) = —i[Hegr, ps(t)] + K[ps(t)]. (4.37)

In Appendix A.5 we derive in full details the Master Equation, following the procedure
sketched in Appendix A.1, obtaining the following result

Oups(t) = —ilHar, (D] = 3 /0 Tt {Geluw) [ o5t w 1), #(07s(0)] +

E=zx

+ Gi(w) [ﬁs(t)(yf (t), e s 5 (w + t)] } . (4.38)

where we have introduced the functions G¢(w), which are the time correlators calculated
tracing over the bath degrees of freedom

“+oo
Ge(w) = /0 dk Je (k) <c0s kw coth % —isin kw) : (4.39)
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B = kpT is the Boltzmann factor and Je(k) is the spectral density

Te(k) =) A2, 0(k —w,). (4.40)

Under the further assumption that spectral density be homogeneous in the modes
z,x, J, (k) = J.(k) = J(k), in the M.E. the explicit time dependence disappears.

Again, we make a change of basis from ¢%,d¥, 0% to

o' = o
o Ao, Q)
o= S ot 0 (4.41)
~n Q Y z
:_J g —l——/ g
or, in compact form,
1 0 0
o= > AT, A=|0 5 -2 (4.42)
T=x,m,n 0 o A

Since we have performed an orthogonal rotation, the new basis keeps the commutation
rules of the original Pauli matrices, once we substitute (0%, 0¥, 0%) — (0%, ™, 0").

We can also write the rotated system observables 3¢ (4.30) as linear combinations of
the x,y, z Pauli matrices:

55(t) = R, (Qt)o* R, () = Y R(Qt)eyo”, (4.43)

n=wx,y,z
with
cost 0 sin
R(Q) = 0 1 0 , (4.44)
—sin2t 0 cosit

m An)

Then we can write 5°(¢) in terms of (6%, 6™, 6

()= > . RQt)eyAy67 (4.45)

n=x,Yy,z2 T=xr,m,n
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and consequently the expression evLs 5% (w +t) becomes

et wt) = Y Y RQw 1) AuQ(—ww)nd?, (4.46)

X=,Y,2 p, Ae{x,m,n}

where the matrix Q(—ww’)

cosww —sinww 0
Q(—ww') = [ sinw'w cosw'w 0], (4.47)
0 0 1

performs a rotation about the n-axis, corresponding to the action of the effective Hamil-
tonian Heg (4.17)

. I an N s ! 5m A : A

ptww'o /QUme ww's™ /2 cosww'6* — sinww'6™ (4'48>
. I am R i I an . ~ ~

' [25m e —ww' 6 12— gin apw! 6% + cos ww' 6™ (4.49)

Substituting (4.45) and (4.46) into the first commutator of eq. (4.38) we have ?
[s4(1), e 55 (¢ + w)| =

DS A;;(Z R<—m>ngR<ﬂ<t+w>>gx)Axu@<—ww'm [ps(t)o”,0"].

LX=T,Y,2 T»Hv)‘:wvmvn £:$,Z

(4.50)

we find that the explicit time dependence of this expression disappears: the underlined
expression in the previous equation is worked out in A.6 and gives R(Quw),;,, where the
matrix R(Qw) is

cosQw 0 sinQuw
R(Quw) = 0 0 0 . (4.51)

—sinQuw 0 cosQuw

The second commutator is just the hermitian conjugate of the first.

2in the following we will omit the hat ~over the sigmas
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Further developing the matricial expressions we arrive at the following compact form
of the operator K (see Appendix A.7):

Klpsl=— > (AQw)m [pso”, 0] + AQ,w)5,[0*, 07 fs)) (4.52)
T e{z,mn}
- Z C(va/>7)‘ (JAﬁSUT N % {UTU/\v ﬁS}) B i[H(l)v :55'] = (453>
T e{z,mn}
= Dlps] —i[HY, ps], (4.54)
where
C(Quw)rn=AQ,W)x + AQ, W), (4.55)
Z. 1\ * T
HY = 3 Z (A, W)r — A(Q,W)},) 070, (4.56)
T e{z,m,n}
+oo _
AQ,w") = / dw AT R(Qu)AQ(—w'w)G(w)*. (4.57)
0

From eq. (4.52) we have immediately the Kossakowski-Lindblad version of the Master
Equation, where the purely dissipative part has been separated from the anti-hermitian
generator —i[H™, -], which is hidden into the double commutator form (4.38), and
corresponds to the action of a correction Hamiltonian HM, often called “Lamb shift”
Hamiltonian. The Lamb-shift correction is a A? order contribution to the effective
Hamiltonian, as it can be easily observed noting that the time correlator G(w), containing
the /\g’y coupling constants, appears in the expression of H™) through A(Q,w").

4.3. Asymptotic current in the weak coupling limit

In order to determine the DC current I(t) (4.29) we need to study the evolution of the
system state pg(t). We have already seen that, in absence of external perturbations,
there exist two opposite steady current :FIO% corresponding to the eigenstates |n, £) of
the effective Hamiltonian H.g: this means that if the system starts from an initial state
ps(0) polarized along n

N 1 n
ps(0) = 5(1 +ca™),

then it remains in that stationary state, producing a DC current. What happens if the
initial state is generic and we switch on the interaction with the thermal bath? We will
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see that even if we start from a non-stationary state, the dissipation will eventually lead
the system to an asymptotic state.

First of all we need to reconsider the Master Equation in the light of the considerations
in section 2.4.1. On the basis of the integral form of (A.68), we can recognize the same
structure of (2.61). This means that the Master Equation corresponds to the generator
of type Ko:

+oo
Oips = —i[Heg, ps] + \° / dve " Trg (L' 0 ™5 HEr) o L [pg @ pp)), (4.58)
0

that is of Redfield type. As already observed, these kind of equations are in general
neither completely positive nor positive. In order to get a physically consistent Master
Equation, as indicated in section 2.4.1, one need to perform the so called rotating wave
approximation. Concretely, following the Davies’s prescription we will replace the operator
K with its ergodic average

1 +T - -
Ks[js] = lim — / dr <6_TLS oKQOeTLS> [7s]. (4.59)

This will guarantee both the completely positive requirement and the convergence of
the approximate solution pg(t) to the real evolution, in the limit A\ — 0, i.e. for arbitrary
small couplings.

It is convenient to rewrite the M.E. in the Bloch representation. The Hamiltonian
part becomes

/ - T4 po™ /
_i[HeH>ﬁS] = —1 |:£O-n7ﬁ5:| = _ZW |:O-n7 u} = % (agm o bo.l“)

2 2 2
0 0 0 0 1 160
_ _ 0 0 < 0f]a 460
(in Bloch representation) = —2 ) = —2Hegr | ps) -
0 —% 0 0 b
0 0 0 0 c
Consequently, we can write e~"Ls in Bloch representation as
1 0 0 0
2rHer _ 0 cos B sin Bl 0 (4.61)
0 —sin“" cos*t 0
0 0 0 1
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Next, we need to perform the ergodic average in (4.59) with the choice of an ohmic
spectral density made in [31]:

k

J(k) = ake *e. (4.62)

With this choice, once we have worked out the term Ky (4.52), evaluated the integrals
in dw and written it in Bloch notation, we can make the ergodic average and we get a
matrix of the kind:

0 0 0 0

0 Koy + Koy —Kaeiy + Koz 0

0 Ko@)y — Kozy Koy + Koz 0
KCo(30) 0 0 Ko(33)

. (4.63)

where ;5 is the (7, j) component of the 4 x 4 matrix ICy, representing the operator Ks
in Bloch form.

The complete M.E. in Bloch representation

O¢1ps) = —2(Her + K) |0} (4.64)

admits a stationary state p = (1 — E—Z";o ):

1 1 %cs_ZQ/%sc"i_Q_/Z%cs
p=51-7 - 20 - 522 J ", (4.65)
2 2 §Rgcc + Ué}%gss + m%gcc
where we have defined the quantities g.s, gsc, Gees Gss:
( o
Ges = / dw G(w) cos(—Quw) sin(—w'w)
0
Gse = / dw G(w) sin(—Qw) cos(—w'w)
0 (4.66)

Jss = /000 dw G(w) sin(—Qw) sin(—w'w)

Gee = /OOO dw G(w) cos(—Qw) cos(—w'w)

\

arising from the calculation of the bath time-correlators.
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The factors in which we are interested are, after performing the integration:

T Q+w’ W' —Q

SGes = — ((w’ + Qe we + (W' — Qe we )

4
Q+w/

2 = @ / - We —_ ,— —“"’;7;9
Sgse = <(w + Qe (W — Qe )

o' / 9 —w’ g Q
Rgee = % ((w/ + Q)e_nic coth (B(WTH) + (W' — Q)e_QTc coth (%))
W' / 9 —w’ g Q
Rgss = % ((w’ + Q)e‘% coth (%) — (W — Q)e_QTc coth (%))
(4.68)
In the end we have found that the system under examination admits a stationary
state that is polarized along the n axis with a polarization P = —Tr(pgo™) given by
I 2 ! 2
p_ (W =Q)°Jp + (W' + Q)2 J_ | (4.69)
(W = Q) 2ciJp + (W +Q)2c_J_
where
(W'£0)
Jr=J(W £ Q) =aw £Q)e = | (4.70)
"+ Q
c+ = coth {B(w 5 )} (4.71)

This polarized state is exactly the same found by [31], the main difference being the
fact that, while their result is claimed to be valid only in the limit & — 0 (or A2 — 0)
and their Master Equation does not admit an exact stationary state, in our treatment
the stationary state p is the real stationary state.

4.4. Complete positivity and positivity

As we have discussed in 2.4.1, any Master Equation derived in a Markovian approximation
regime applying the ergodic average, i.e. any Master Equation of the kind (2.67)

Qips(t) = (Ls + NKs)[ps(t)], (4.72)
with K3 given by
1 +T
K;[p] = lim —/ dt e" s Kyetsp, (4.73)
T—o0 27T _T
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ensures that the reduced dynamics is described by a continuous one-parameter semigroup
{7t }+>0 of maps =, that are completeley positive (hence also positive). Consequently our
result can be considered free of any physical inconsistency.

On the opposite, we want to show that the dynamics arising from the Master Equation
proposed in [31] is not completely positive and, in some cases, is not even positive.

Following a general scheme frequently used in literature [10], they write

8ﬁ§t(t) = —i[Heg, ps(t gzm/ dT Gg (t)ng(_T>a'£(t_T)U()(—T)ﬁg(t)]
+ G [ sV (=) = DU(—7), 65(1)] } . (4.74)
where

Uo(T) = exp(—iHegT). (4.75)

In appendix A.8 we derive explicitly this Master Equation and we show that it
corresponds to the first Markovian approximation discussed in sec. 2.4.1, with a generator
of the form

L[] = —ilHep, | + XK, [ (4.76)

In order to check whether the dynamics generated is completely positive, we recast
this equation in Kossakowski-Lindblad form (2.35). We choose as Lindblad operators

V=V, = % /O " dr GO (=1)55(t — 7)Uo(—7) (4.77a)
vi=Vvl = %62(75) (4.77b)
Va=V = %/OOO dr G(NUS(=1)6% (t — 7)Up(—7) (4.77¢)
vi=v)= %5””(0 (4.77d)

and the operator K, including with the Lamb shift Hamiltonian H™, becomes

=3 > Cu (ngPSV - {v ng}) —i[HWY, pg], (4.78)

§=zx j,k=1,2
01
) o

where the matrix C is
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In terms of Vi, Vo, Vi, Vj eq. (4.78) can be easily rewritten
1 1
K[ps] = Y Cis <VkﬁSVjT - §{V]-TV1€, ﬁs}) —i[HY, ps], (4.80)
k=1

with the Kossakowski-Lindblad matrix C

(@)
I

, (4.81)

o O = O
o O O
_ o O O
o = O O

which is clearly non-positive definite. By virtue of the Gorini-Kossakowski-Sudarshan-
Lindblad theorem, the generated dynamics is not completely positive.

In appendix A.9 we also show that, in certain circumstances, the dynamics generated
by the M.E. (4.74) can be non-positive.

4.5. Entropy production

In the previous sections we have observed that, while the Master Equation derived in
the weak coupling limit according to the Davies’s procedure gives rise to a semigroup of
completely positive dynamical maps, the dynamics generated by the M.E. proposed in[31]
is not completely positive and in some circumstances is not even positive. In this section
we want to highlight another important consequence of the lack of complete positivity:
the violation of the Second Law of Thermodynamics as formulated in 3.3.2, in the context
of the Open Quantum Systems; in particular we will see that the non-CP dynamics can
be affected by a negative entropy production for a very large and significative set of
initial states and for certain values of the bath temperatures and of the applied frequency.
In order to accomplish this task, we must find a suitable expression for the entropy
production o(t).

4.5.1. Analytical study

The entropy production formula (3.33) is defined through the relative entropy

o(p) = —saTe (L] (108 ~ o) ). Lip] 0. (152)

where peq is the equilibrium state, L is the total generator. The possible time-dependence
is hidden into the o(t) time-dependence, whenever we consider a system evolving in time.
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In this section we are only interested in the dependence of o on the states, since we want
to find in which set of states we can have negative entropy production.

Once we express p in the Bloch representation with respect to the basis o*, 0™, o™,
the action of the generator L can be written after the definitions

L, := Lo+ Liia + Ligb + Lisc
Ly := Lao + Lo1a + Lasb + Lasc = L[p] = —Q(anm + Lyo™ + Lnan) . (4.83)
Ln = Lgo + L31a + L32b + L336

p can be expressed by the following spectral decomposition:

l1+r\og+7- -0 l1—r\og—71" 0
= 4.84
o= (505 (5)™ (450

where 7? = a®> +0* + %, 7 =L and o = (0", 0™, 0").

Looking at the two eigenvalues in brackets one can notice that:
e they are both positive and < 1 if and only if 0 < r < 1;

e cach of them is 0 if and only if the other is 1, whenever r = 1. In this case the
density matrix is a projector and represents a pure state, as expected.

Therefore, for 2-level systems, states are identified by points in the Bloch unit sphere
{r € R?, r? < 1}, with the pure states on the surface.

With this formalism we can calculate the first term in (4.82). First we obtain

147 oy ac® +bo™ 4 co”
— + +
2 2r

Lip] - logp = —2(ana” + L,,0™ + Lna") {log (

l 1—r\ (o9 ac®™+boc™ + co™
0 —_—
8\ 2 o ’

(4.85)
and then the trace
2 1
—Tr [L[p] -log p} = —log <1i) [aLx + 0L, + an] : (4.86)
r _
For the second term in (4.82) we have
2 1
Tr [L[p] -log peq] = —log ( + Teq) {aequ + beq L, + cean} , (4.87)
Teq 1 —7eq

— 2 2 2
where 1o, = y/ag, + b2, + 2,



52 A concrete case: current pumping in a minimal ring model

In the end, the final expression is (kg-normalized)

2 1
M :—log( —i—r) (aLx—l—bLm%—an)—
r 1—r

2 (1—|—req

Teq

(4.88)
) (aequ + beq L, + cean) )

First of all we calculate the entropy production for a state chosen as a small pertur-
bation along the n-axis of the asymptotic state, that we have found in our analysis

_l—Pa”

€
_ Eom 4.
p 5 T30 (4.89)

where the polarization P is given by (4.69):

(W = Q2T + (W + Q)2

P = 4.90
(CL)/ — Q>2C+J+ + (w’ + Q)Zcfjf, ( )
and is positive and lesser than 1.
The positivity condition for the perturbed density matrix imposes
ee|-1+P;1+ P]. (4.91)
Inserting (4.89) into (4.88) we have (here and in the following pages kg = 1)
1 14+ |—P+¢ 1+ P
o(p) =2L, (— log (—> (=P +¢€) —log (—)) =
- P 1—-|—-P 1—-P
| + €| | + €| (4.92)

:2<L30 - (P—E)ng) log <(1 —P+o +P)).

(1+P—e(l—P)

Since P = Lg3g/ L33 the factor in round brackets is always non-negative if € > 0 and the
logarithm is non-negative as well, in the same condition. Consequently the Second Law
of Thermodynamics cannot be violated.

Remark 4.1. It is very important to notice, however, that if we consider, instead of the
asymptotic stationary state pe,, the Gibbs thermal state
1 —tanh(Buw'/2)0"

= ; ’

ps (4.93)

where f is the inverse temperature of the environment, with respect to the Hamiltonian
Hog = W'/2- 0", then (4.92) becomes negative for

€ € [ tanh(Bw'/2 + P,0]. (4.94)
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This is a confirmation that the non-negativity of the entropy production, as a consequence
of the Lindblad H-theorem, is verified only when the reference state is stationary. Even
though the thermal state converges to the stationary state when § — oo or w — 0, it is
immediate to notice that under these conditions the interval of € values that cause the
negative entropy production becomes vanishingly small.

Even if the non-completely positive dynamics does not violate the Second Law when
considering reference states as small perturbations of the stationary peq along the n
direction, it turns out that if we perturb pe, along the 7 and 7 directions, we do have
negative entropy production for a specific set of values of b and ¢. In fig. 4.1, using
Maxima, we have plotted the entropy production as a function of the components b and
c and we can observe that there is a region where o < 0.

Function

375
o 01

£ v 0.05
09 Nk

Figure 4.1.: o(p) surface, in units of KA. Parameters: a = 0.005, w. = 1000, § = 100, w = 2.

4.5.2. Numerical study

Once the master equation coefficients are known, the full time-evolution {p(t),t > 0}
from any chosen initial state p, can be calculated thanks to an algorithm integrating
the equations of motion. In this case, a standard Runge-Kutta algorithm was used, with
Klash-Karp fifth order step method and adaptive step size, taken directly from[32]. The
entropy production can then be evaluated at each iteration step.
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The stationary reference state for the calculation of ¢ is obtained thanks to the
Kramer rule, just after the evaluation of {L;;}, while the thermal state is calculated
thanks to eq. (4.93).

Once L is calculated for some given values of the parameters 5, 2, A, w. and «, it
is possible to generate a map of o on all the states in the Bloch sphere, searching for
violations of positivity.

The physical quantities entering the model as parameters are:
e Inverse temperature 5

e Pumping frequency (2

e Pumping amplitude A; o’ = vVQ2 + A2

Critical frequency w,

e Coupling constant a.

The following adimensional quantities are defined:

zr:=Q/A = Q=zA, ' =AV1+a?
Te = we/A = We = TA (4.95)
y = kT /(RA) = kT = yhA

The direct inspection of the Master Equation proposed in[31], in its explicit form (A.146),
reveals that it can be fully expressed in terms of the above adimensional quantities, plus
the coupling constant oo which is already adimensional. After the substitutions, an overall
factor A comes out in front of everything, which is dimensionally consistent with the fact
that the Master Equation takes p(t) and gives out p(t). This suggests to parametrize the
time t with the adimensional quantity

fi=tA (4.96)

Therefore the parameter A has the sole physical role of fixing the time scale of the
description: once the system is parametrized in terms of the above adimensional quantities
Eq. (4.95), varying A results only in a dilatation/contraction of the time scale. For this
reason, A was kept fixed to the value of 1 throughout our investigations, as was done
in[31].

Entropy production positivity violations

Our first investigation aimed to create a map of o over the whole space of states, that is
the set of all Bloch vectors with » < 1. All pure states are excluded since the practical
formula for calculating o, Eq. (4.88), diverges for r = 1.
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The implemented program takes the parameters «, w,, 2, A and [ as input, calculates
their adimensional equivalent as to Eq. (4.95), calculates the coeflicients { L, } and obtains
both the stationary state and the thermal state in the Bloch parametrization. Then
it evaluates the entropy production on any chosen state, with respect either to the
stationary or to the thermal state.

Here we present only the results obtained with the stationary reference state, believing
them to be the most significant as explained previously. In addition, the calculation
with the thermal state fails in the high frequency and/or low temperature regime,
because tanh (Shw’/2) — 1 and ps becomes indistinguishable from a pure state, causing
a divergence in Eq. (4.88). The stationary state does not cause such problems because it
is never completely pure, for close it may be to the edge of the Bloch sphere.

For every chosen set of the physical parameters, o[p] was evaluated in roughly 6
million points randomly selected inside the Bloch sphere. Some wviolations of the second
law were indeed observed, with an incidence reaching peaks of 45% of the total number
of states, more frequently as the temperature is lowered, while in general no violation
was observed for high temperatures.

The most important data are collected in Tables 4.1 and 4.2. Results are displayed
only for values of # and €2 that produce a negative entropy production. Furthermore,
the tables report also (o), the average value of o, and (neg.o), the average value of o
performed only on states where it is negative, in order to have an idea of the magnitude
of the violations. Errors were obtained through statistics; for (o) and for (neg.c) they
are not displayed, being typically of order of 1% ~ 0.01%.

It is interesting to consider the proximity of pg to peq, measured through the following
definition of a distance between states, descending from the trace norm:?

d(pr, p2) : = |lp1 = p2ll = Trv/(p1 — p2)* =

= %((m —az)® + (b — ba)* + (c1 — 02)2> )

(4.98)

the last passage coming from the direct calculation with the Bloch parametrization of
p1 and po. Apart from the factor 1/2, ||py — p2|| is nothing but the Euclidean distance
between the corresponding points in the Bloch space.

Tables 4.1 and 4.2. We believe the cases when ||peq — pg|| is particularly small to be
the most significant, because when peq >~ ps the physical description is fully adherent to
thermodynamics, therefore an observed negative entropy production represents indeed a
violation to the Second Law of Thermodynamics as formulated in 3.3.2.

3 The trace norm for a generic operator on some Hilbert space is defined as
|A]| ;== TrvV ATA. (4.97)

Since density matrices are hermitian and positive-defined, their trace norm is simply the trace.
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B=2
Q |los—peal  meg. points (%) (neg.o) (o)
0.125 0.0097 2.496 + 0.024 -0.00428 0.07861
0.250 0.0365 2.868 + 0.011 -0.00419 0.07564
0.500 0.1164 3.733 £+ 0.025 -0.00408 0.06822
1.000 0.2581 4.440 £+ 0.031 -0.00385 0.05798
2.000 0.3764 3.811 £+ 0.024 -0.00321 0.05074
4.000 0.4379 1.874 4+ 0.013 -0.00210 0.04676
8.000 0.4688 0.04433 £ 0.00056 -0.00088 0.04441
6=5
O |los—peal  meg. points (%) (neg.o) (o)
0.125 0.0019 4.063 £ 0.030 -0.01585 0.10343
0.250 0.0074 6.866 £+ 0.016 -0.01842 0.09399
0.500 0.0288 13.15 £ 0.21 -0.02188 0.07570
1.000 0.0981 20.128 + 0.082 -0.02135 0.05245
2.000 0.2283 23.10 £ 0.19 -0.01724 0.03376
4.000 0.3492 23.855 £ 0.060 -0.01405 0.02405
8.000 0.4226 23.413 £ 0.078 -0.01166 0.01991
B =10

Qs —pell  neg. points (%) (neg.o) (o)
0.125 9.13 x 107° 3.211 £+ 0.026 -0.01988 0.14582
0.250 4.40 x 1074 7.725 £+ 0.033 -0.02660 0.12478

0.500 0.0015 16.47 =+ 0.16 -0.03647 0.10055
1.000 0.0134 26.34 £ 0.17 -0.04116  0.06777
2.000 0.0824 31.55 £ 0.27 -0.03196  0.03542
4.000 0.2241 32.903 £ 0.088  -0.02165 0.01868
8.000 0.3488 33.423 £ 0.19 -0.01635 0.01232

Table 4.1.: Entropy production data for ~ 6 - 10% points randomly chosen in the Bloch space.
Parameters: o = 0.005, w,. = 1000.
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B =120
Q  |lps — peall neg. points (%) (neg.o) (o)
0125 2.08x 1078  3.749 + 0.019 -0.02198 0.14606
0.250 2.03x 1077 8489 + 0.024 -0.02887 0.12586
0.500 6.20 x 1076 17.25 + 0.149  -0.03983 0.10505
1.000 4.31x107% 2843 +0.090 -0.05365 0.07814

2.000 0.0084 36.55 £ 0.45 -0.05636 0.04486
4.000 0.0776 39.16 & 0.22 -0.03674 0.01978
8.000 0.2231 39.52 £ 0.27 -0.02218 0.00959
8 = 40
Qo5 — pell g, points (%) (neg.o) (o)

0.125 5.13x 1071 4.038 £ 0.021  -0.02278 0.14479
0.250 3.40 x 107 8.693 + 0.034  -0.02933 0.12554
0.500 2.66 x 10~ 17.35 £ 0.13  -0.04011 0.10506
1.000 1.09 x 107%  28.537 4+ 0.094 -0.05427 0.07849
2.000 1.50 x 1074 37.38 £ 0.38  -0.06504 0.04834

4000  0.0071 4234 £ 021 -0.06135 0.02477
8.000  0.0763 43.69 + 0.11  -0.03629 0.01018
B =280
Q  |lpp — peqll  meg. points (%) (neg.o) (o)
0.125 0. 4115 + 0.021  -0.02296 0.14451
0.250 0. 8.735 + 0.036  -0.02942 0.12549
0.500 0. 17.37 £ 0.14  -0.04017 0.10506

1.000 6.94 x 1071 28550 4+ 0.095 -0.05434 0.07850
2.000 1.19 x 1078 37.40 £ 0.39  -0.06522 0.04839
4.000 1.04 x 1074 42.74 £0.21  -0.06839 0.02626
8.000 0.0068 45.65 £ 0.15  -0.05992 0.01278

Table 4.2.: Entropy production data for ~ 6 - 10 points randomly chosen in the Bloch space.
Parameters: o = 0.005, w,. = 1000.
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Entropy production time-evolution

Having stated that the model at study may indeed generate a negative entropy production,
the question arose whether these violations have only a transient character, vanishing
quickly after a short time interval, or can indeed persist in time, even after many pumping
cycles. To answer such question we employed the numerical integration algorithm to
obtain the time-evolution of p(t) from any chosen initial state, and therefore also the
time-evolution of o(t).

Results were quite intriguing, especially when compared to the same calculations
performed in the completely positive case. To summarize, the completely positive
dynamics produces always a o(t) time-evolution curve looking almost like a damped
exponential, positive and converging to 0, the expected value for ¢ in the stationary
state. The original master equation has a similar behavior, but in addition the o(t)
curve appears often oscillating about an average value that is mostly coincident or very
close to the time-evolution curve in the completely positive case. The structure of these
oscillations may be very simple and clear, or more irregular and complex, depending on
the choice of £, €2 and the initial state, but the main oscillating character is always present
and the main frequency is independent of the initial state, the latter often affecting the
amplitude instead. In general, the oscillations get clearer and cleaner as the temperature
decreases.

Figures 4.2 and 4.3 report two relevant examples, showing in the same graph the o (%)
curves for both master equations with the same parameters, in units of KA. Figures
4.4 and 4.5 report two examples of p(t) time-evolution, expressed through the curves
a(t), b(t), c(t) and r(t), the latter serving as a check against positivity violations, occurring
for r > 1. The simulation time must be intended as the adimensional variable t = tA. In
general there isn’t any visible difference between the evolution curves generated by the
original master equation and those of the completely positive case; the reported graphs
are from the former. Indeed, the direct numerical inspection of the two generators shows
they are generally very close: the two central coefficients Li; and Loy have at best a
relative difference around 15% in extremes conditions, while generally being much closer,
while all the others entries are always within few per cents of each other. In particular,
the coefficients that are 0 in the completely positive master case, are of order 1072 in the
other one.

The initial chosen state in the two simulations presented here was the pure state
|z, —), following the indications in[31]; in the Bloch parametrization it is expressed by

00 oo —0* 09— (Qo™+ Ac™) /!
— —| = = = 4.
|2, =) (2, —| (0 1) 5 5 (4.99)

(4.100)
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therefore the corresponding Bloch vector is

Q A
- (0, — 5) . (4.101)

Analyzing Fig. 4.2 one can notice that the oscillations seem to be connected with the
observed violations of o positivity: they bring ¢ into the negative region, in some cases
even after ¢ has been positive for a considerable number of periods.

Origin of the oscillations

The issue addressed here is the origin of the oscillations observed in o(t) time-evolution
generated by the original master equation; more specifically:

e Have they constant frequency? If so, which is the value of the frequency?
e [s it possible to identify a Hamiltonian operator responsible for the oscillations?
e Why do the oscillations not appear in the completely positive case?

The answer turned out to be the following: the oscillations have constant frequency
and are due to the Hamiltonian part of the generator L, that is that part of L whose action
on p can be written in the form of —i/2 times a commutator, equivalent to the action of
Heg plus a (usually small) correction coming from the system-environment interaction.
This Hamiltonian will be noted with H and @ will be the associated frequency. The
reason why we observe oscillations is that even though L[pe] = 0, H does not commute
with peq, in other words peq is not an invariant state for the Hamiltonian part alone of
the generator. In the completely positive case this condition is verified instead, as will
be discussed in a while.

In order to explain how this result was obtained, a theoretical preamble is needed. Con-
sider the most generic Hamiltonian acting on a spin-1/2 system, in the usual {o*, 0™, o™}
base for the operators:

H = a,0" + a,,0™ + a,0™, gy O,y oy € R

4In this context, the new notation employing ~does not serve to distinguish quantities in the rotated
frame with respect to their counterparts in the original frame; we have been working only in the
rotated frame since its introduction.
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Figure 4.2.: o(t) curves for both master equations, in units of kKA: the red (darker) curve for
the completely positive case, the green (lighter) one from the original master
equation. Time-evolution as a function of the adimensional variable t = tA.
Parameters: o = 0.005, w. = 1000, g = 1, Q = 2; initial state: |z, —), whose
Bloch vector is written in the figure.
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Figure 4.3.: o(t) curves for both master equations in units of KA. Parameters: a = 0.005,
we = 1000, 8 = 100, © = 2; initial state: |z, —), the corresponding Bloch vector
is written in the figure.
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Figure 4.4.: Example of p(¢) time-evolution. Parameters: o = 0.005, w. = 1000, 8 =1, Q = 2;
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Figure 4.5.: Example of p(t) time-evolution. Parameters: a = 0.005, w. = 1000, 5 = 100,
) = 2; initial state: |z, —).
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Its action on whatever state through the commutator —i/2[H, -] can be expressed as a
4 x 4 matrix acting from the left on a Bloch state:

0 0 0 0

1 1 0 O _an Oém
A N 4.102
514, 2o a0 —a (4.102)

0 —a, oy 0

This is the most general form of antisymmetric matrix acting on a Bloch vector, therefore
we conclude that every Hamiltonian can always be expressed as a fully antisymmetric
matrix. The vice versa is also true: any antisymmetric matrix can be uniquely associated
to a certain Hamiltonian, acting on density matrices via —i/2 times the commutator.

The generic antisymmetric matrix Eq. (4.102), corresponding to H, can always be
diagonalized:

H \U1,2> = €12 |Ul,2>
= H=¢P +eb;, Py = |U1,2> <Ul,2

and since TrH = 0 and TrP; » = 1, it follows €; = —e2, so one can choose €; = € > 0 and
€2 = —¢€, whence

H=eP—P). (4.103)

The direct calculation leads finally to
1 +H
625\/6%26"‘@%14—06% = PLQIO-OT/G. (4104)

Let us focus now on the Hamiltonian part of the generator L, that is H, which can
be calculated by taking the antisymmetric part of £, the matrix representing L:

0 0 0 0
0 0 Lyp — Loy Ly — L3y
0 Loy — Lo 0 Loz — L3o
0 Lz1 — L1z L3z — Log 0

La=-—

and comparing this to Eq. (4.102) leads to

ay = 2(Loz — L3)
Ay, = —2(L13 — Lgl) (4105)
oy = 2(L12 — L21) .
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Finally, by identifying the energy ¢ with @, one finds the real intrinsic frequency of the
Hamiltonian affecting the system.

It is also possible to calculate the thermal state given by H, employing Eq. (4.104):

B ef,BH B 67,36/2]31 _|_e,36/2p2 B
" Tre#H  2cosh(Be/2)
_ 0¢ — tanh (Be/2)H /e

2

= ag= —% tanh (%), 55 = —aTmtanh (%), cg = —% tanh (%)

One can now compare this new thermal state to pg, the one obtained from H.g, as well
as the frequencies w and w'. Results for the first comparison do not offer any surprise:
since the coupling is weak, H is actually very close to Heg, and so pg is very close to pg.

I
(4.106)

The frequencies deserve closer attention because of their relation with the observed
frequencies wy, of o(t) oscillations, which were obtained by measuring the time interval
between two subsequent maximum points while running the simulations. The agreement
between w’, @ and the measured frequency is indeed very good: the relative differences

_ W =] | = wm|

& . 0= (4.107)

w’ w
never exceed 7% and in most cases are below 1%, as shown in Table 4.3, presenting three
examples at very high, intermediate and very low temperature.

As can can be seen from the figures, w,, is usually closer to @ than to w’, but not
always. The three frequencies are always very close to each other.

In all these computations the initial state was (0.2,0.2, —0.7), because it seemed to
produce the largest and cleanest oscillations. Other states produced often more complex
secondary structures between the main oscillation peaks, therefore even though the main
oscillating pattern is still recognizable, in practice it is more difficult to measure the
frequency. Since the oscillations are clearer and cleaner for low temperatures and for
high frequencies, in the case § = 1 it was not possible to measure w,, for w < 1.

The last issue to be faced is the fact that [ﬁ] s Peq) # 0: this was verified numerically,
comparing also the original master equation to the completely positive case, for which
instead the commutator is 0. In the latter case in fact the stationary state is exactly
polarized along o™ and since the coefficients L3, Los, L3; and Lss are identically 0, the
antisymmetric part of the generator can only have the coefficient «,, different from 0, so
the corrected Hamiltonian is also polarized along ¢”, see Eq. (4.102) and (4.105).
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B=1

Q w’ W W, o' 5
1.000 1.41421 1.37902 1.3706+0.0025 0.0318  0.00612
2.000 2.23607 2.21395 2.1978+0.0046 0.0175  0.00739
4.000 4.12310 4.11111 4.0934+0.0060 0.00726  0.00433
8.000 8.06226 8.05609 8.044340.0059 0.00223  0.00146

B =10

Q w’ w W, 0’ 5
0.125 1.00778 0.94521  0.94527+0.00039 0.0661  0.000057
0.250 1.03078 0.96933  0.96945+0.00065 0.0633 0.000122
0.500 1.11803 1.06051  1.06112+0.00084 0.0536  0.000576
1.000 1.41421 1.36703 1.3678+0.0010 0.0339 0.000565
2.000 2.23607 2.20488 2.205940.0011 0.0137 0.000436
4.000 4.12311 4.10574 4.1053524-0.000049 0.00433 0.000095
8.000 8.06226 8.05327 8.051440.0040 0.00135 0.000236

£ =100

Q W' w W, 0’ 5
0.125 1.00778 0.94486  0.94372+0.00024  0.0679  0.00121
0.250 1.03078 0.96892  0.96869+0.00094 0.0641  0.000242
0.500 1.11803 1.05986  1.06049+0.00070 0.0542  0.000601
1.000 1.41421 1.36567 1.36613%0.00072 0.0352 0.000334
2.000 2.23607 2.20256 2.2027+0.0014 0.0151  0.000080
4.000 4.12311 4.10317 4.102740.0017 0.00497 0.000112
8.000 8.06226 8.05123  8.0516940.00019  0.00131 0.000057

Table 4.3.: Comparison between the system Hamiltonian frequency, the full generator fre-
quency and the observed frequency in o(t) oscillations. Parameters: w. = 1000,
a = 0.005; initial state: (0.2,0.2,-0.7).
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The commutator —i[H, pey] Was computed by calculating the matrix Eq. (4.102) and
making it acting on peq from the left. The 2 and m values of the resulting vector represent
the magnitude of the ”commutativity violation”, which showed to be generally of the same
order of magnitude as the coefficients L3, Las, L3; and Lsy, that is roughly 1074 ~ 1072,
which is not surprising since P is typically of order 1. By comparison, the action of L[pe]
is always not much bigger than the machine precision, roughly 10718 ~ 10717,

Remark 4.2. As Fig. 4.2 and 4.3 show, the completely positive dynamics may produce
slight oscillations as well. This fact can be understood inspecting the generator Lop,

p = —2Lcplp] (4.108)

which, representing Lep with the matrix Lop, reads:

1 1 0 0 0 0 1
a(t) | __, o a®) | __,| 0 Lu Lz 0 a(t) (4.109)
b(t) b(t) 0 Ly Ly O b(t)
C(t) C(t) L30 0 0 L33 C(t)

Lcop can be rewritten in the following form, where the symmetric and antisymmetric
part are made explicit:

0
~ALep=| ) , (4.110)

where s = (Lo + L91)/2 and @ = (L1 — Lo1)/2.

Let us introduce the matrix

L11 s+w 0
Dg = S—w L22 0 y (4111)

thanks to which Eq. (4.109) reads

a(t) a(t) 0
b(t) | = —4Ds | b(t) | —4Lsz | O] , (4.112)
e(t) c(t) 1

To solve this inhomogeneous system of linear differential equations, one needs to find
the general solution of the associated homogeneous system and add a particular solution
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of the inhomogeneous. The latter is readily provided by the known stationary solution:

eq I 0

beo | =2 0], (4.113)
L33

Ceq 1

a(t) a I 0
b(t) | =e Pt | b | — L—‘” 0 (4.114)
c(t) c 1

with (@, b, €) some vector to be determined from the initial conditions; denoting them by
(ag, bo, co) and substituting them into the above expression, one finds

a(t) ag I 0
b(t) | =e P | by | - L—?’O (1 — 6_4L33t> 0] - (4.115)
c(t) Co » 1

Now the spectrum of D3 has to be examined: it turns out to be

o L11 + LQQ + \/(LH — L22)2 + 4(82 — QQ)

)‘:I: 2 )

)\3 = L33 (4116)

and one concludes that Lop may produce oscillations only if the initial vector has a zero
(or small) ¢y component: only a(t) and b(t) can oscillate because A+ can be complex,
whereas A3 is always real. In addition, the time-evolution will eventually drive every
initial state towards the equilibrium one, which is polarized along o,,, therefore, as the
system approaches equilibrium and a(t),b(t) — 0, one may expect the oscillations to
disappear.

4.6. Conclusions

In this chapter, which presents the main result of this thesis, we have studied a model
of minimal circuit immersed in a dissipative thermal bath and driven by an applied
alternating potential. This concrete case of open quantum system has already been the
subject of an article published in 2011 [31]. The authors of the model proposed a Master
Equation to describe the time-evolution of the system from which an approximated
expression of the asymptotic steady current is derived.

The Master Equation turns out to generate a non-completely positive reduced dynam-
ics. In view of the considerations exposed in Chap. 3, it was interesting to investigate
whether the lack of the complete positivity requirement may lead, in the case at hands,
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to the violation of the Second Law of Thermodynamics, more concretely if it causes a
negative entropy production. Our study showed that, indeed, the dynamics determined
by the Master Equation proposed in the original article does violate the Second Law, to
an extent depending on how the physical paramaters (temperature, pumping frequency
and amplitude) are varied. In particular these violations appear to be very strong when
the temperature is very low while they vanish for high ones.

By means of both analytical and numerical investigation of the time-evolution of
the system state and of its entropy production, we have compared the behaviour of the
original M.E. with another Master Equation that we have derived in the weak coupling
limit, following the prescription of eliminating the fast oscillating terms in the generator
of the dynamics by taking an ergodic average. By construction, the resulting dynamics
is completely positive, hence positive, while the original one also suffers of the lack of
positivity in certain circumstances (which means that it maps some physical states onto
non positive density matrices, that cannot be admissable physical states). As expected
from the application of the Lindblad-H theorem, the complete positive dynamics is not
affected by negative entropy production, even though the asymptotic stationary state
turns out to be the same, and consequently the steady current.

The results of this work will appear in an article in preparation, with the precious
contributions of Marco Pezzutto and my supervisor, Fabio Benatti.
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Chapter 5.

Entangled identical particles and
noise

While for many decades entanglement has been just an epistemological curiosity, in
recent times it is becoming an experimentally accessible resource; in particular, entangled
N-qubit states have been proposed as means to beat the so-called shot-noise limit
accuracy in parameter estimation. The literature on quantum parameter estimation and
metrological applications of many body systems is vast: see for example [33-56] and
references therein. Notable steps in this direction using many-body systems have been
recently realized: entangled states in systems of ultra-cold atoms have been generated
through spin-squeezing techniques [55],[56]. The aim is to use them as input states in
interferometric apparatuses, specifically constructed for quantum enhanced metrological
applications. In such devices, the initial N-qubit states are rotated by means of collective
pseudo-spin operators; for distinguishable qubits, the relevance of entangled states is
readily exposed by addressing single particle contributions to the collective operators [46,
54]; however, in the case of trapped ultra-cold atoms, the qubits involved are identical
and thus not addressable, a fact that has often not been fully appreciated in the recent
literature on quantum metrology and that has been tackled in Refs. [57, 58].

In this chapter, we characterize the entangled states of NV boson systems according
to the generalized notion of separability given in Ref. [57]; in particular, we show that
the negativity, which measures the lack of positivity of partially transposed states, is
an exhaustive bipartite entanglement witness. This is to be contrasted with the case of
distinguishable qubits where, apart for two qubits or one qubit and one qutrit, there
exist entangled states with zero negativity [59].

Then, we show that a purely dephasing noise which, for distinguishable qubits, is
responsible for mere decoherence, in the framework of identical bosons can instead
generate entanglement; however, we also show that this noise-induced entanglement
cannot be used to improve on the sensitivities of matter interferometric devices based on
such systems [60].
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5.1. Entanglement of identical bosons

The definition of entanglement for the states of a system composed of N distinguishable
particles is based on the tensor product structure of the total Hilbert space of the system:
H=HiQHs® ... Hy, where H, is the Hilbert space of the i-th particle states. Then,
if p is the density matrix representing a generic state of the N-particle system, the state
is said separable if it can be written as a convex linear combination of the single-particle
states,

Z pit@pP . ep™ piz0, > pi=1, (5.1)

i=1,...,N
otherwise the state p is said to be entangled.

The tensor product structure of H allows to define linear local operations on the
system, i.e. maps of the form

A=AV AP g. . @AM (5.2)

where the linear map A® : p@® = A® [p(i)] acts only upon the i-th particle density
matrix.

It is also known, however, that the Hilbert space of a system of identical bosons is
not given by the tensor product of the single-particle Hilbert spaces, but is formed by
the subspace of it spanned by the symmetric combinations of tensor products of the
single-particle vectors. For example, the Hilbert space for two identical bosonic qubits is
the subspace of C* spanned by

[T+ D)
\/§ )

where |7), 7 =1, |, is any orthonormal basis in C?. Coherently, a mixed state for identical
bosons must be a linear convex combination of projections [¢) (1| onto symmetrized
vectors.

[, T4, (5-3)

Consequently, eq. (5.1) cannot be a valid definition of separable state for a system of
N identical particles, which is also evident from the fact that, even after a symmetrization,
it would remain a mixture of states where the single particles can be distinguished by
the labels. Furthermore, also states of the form

P= Dipi®p®... ®p;, (5.4)

cannot be, in general, admissable states for a system of identical particles. This fact can
be clarified using again the example of two identical bosonic qubits. Indeed, any element
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pgl) ® pz@) of the convex sum

p=S pir" @ p?, (5.5)

is a 4 x 4 generic density matrix, as their linear convex combination p. Therefore it
cannot be written, in general, as a convex combination of solely projections onto the
symmetric states.

The notion of entanglement in many-body systems has been addressed and discussed
in literature (see, for instance, Ref.[61-76]), however, only limited results actually apply
to the case of identical particles. In Ref. [57] a notion of separability based on algebraic
bipartition has been proposed, that will be briefly illustrated in the following.

Given a system of particles and its Hilbert space H, let us denote with B(H) the
algebra of all bounded operators on it. We give the following definitions.

e An algebraic bipartition of the algebra B(H) is any pair (A, B) of commuting
subalgebras of B(H).!

e An element (operator) of B(#) is said to be local with respect to the bipartition
(A, B) if it is the product AB of an element A of A and another B of B.

e A state w on the algebra B(#) will be called separable with respect to the bipartition
(A, B) if the expectation w(AB) of any local operator AB can be decomposed into
a linear convex combination of products of expectations:

WAB) =Y Nw (A wP(B),  Ne=0, D> A= (5.6)

where w,(:) and w,(f) are states on B(H); otherwise the state w is said to be entangled

with respect the bipartition (A, B).

The new definition of entanglement reduces to the standard notion of entanglement
for distinguishable particles. For instance, in the case of a two qubit system, by choosing
the algebraic bipartition A = B = M,(C), where M5(C) is the algebra of 2 x 2 matrices
over C?, and the expectation value w(AB) = Tr(p A ® B) defined in the usual way
through the trace with the two-qubit density matrix p, condition (5.6) readily gives that
p must be a convex combination of product states.

One can apply the previous notions of separability and entanglement to the case of a
system of N bosons confined in an optical trap, for instance a system of N cold atoms
trapped in a double-well potential. The dynamics of this kind of system can be very
well described by a Bose-Hubbard Hamiltonian, that in second quantization assumes the

!Notice that the two subalgebras A and B need not reproduce the whole algebra B(#), i.e. in general
AUB C B(H). In this respect, the term “bipartition” is not strictly appropriate and has been
adopted for sake of simplicity. However, in the case of the system discussed below, the considered
mode partitions actually generate the whole algebra B(H).
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form:
Hgy = €qa'a + eb'b + U((a'a)? + (b'0)?) — J(a'b + ab?), (5.7)

where the first two terms are the contributions of the trapping potential and are propor-
tional to the depths of the wells ¢,, €,; the last term is a hopping term proportional to
the tunneling amplitude J and the remaining term, which is quadratic in the number op-
erators, describes the repulsive Coulomb interactions inside each well. Usually symmetric
double-well potential are considered, where €, = €, = €.

In this situation, the states |i), i =7, |, describing one atom located within the left,
respectively the right well, correspond to two spatial modes and are created by the action
on the vacuum state |0) of creation operators af, b': a'|0) = |]), bT|0) = |1).

When the total number N is conserved, the symmetric Fock space of this two-mode
system is generated by the N 4 1 orthonormal vectors:

|k,N—kz>Alg:w|0>, 0<k<N. (5.8)

VRN — k)

When the tunneling term can be neglected, these states are eigenstates of the Bose-Hubbard
Hamiltonian.

Because of the orthogonality of the spatial modes, by considering the norm-closures of
all polynomials P, in a, af, respectively P, in b, b, one obtains two commuting subalgebras
A and B that in turn generate the whole algebra of bounded operators for this two mode
bosonic system.

One can show that (A, B)-separable density matrices must be convex combinations of
projections |k, N — k) 45(k, N — k| (see Ref. [57]):

N N

p=> milk, N —k)as(k, N —k|,  p>0, > p=1. (5.9)
k=0 k=0

This is so because A and B generate the whole two-mode N-boson algebra so that the
only pure (A, B)-separable states are projections onto the eigenstates (5.8) of the number
operator a'a + b'b which thus span the convex subset of (A, B)-separable mixed states.

5.1.1. Negativity

For bipartite systems of distinguishable particles one knows that states p that do not
remain positive under partial transposition are entangled [59] and are witnessed by the
so-called negativity:

N =l =1, 11"l =T (VGD)Tor ) (5.10)
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where p' is the transposition with respect to the first party.

Since Tr(p) = Tr(p") = 1, if p does not remain positive under partial transposition,
then |p"]l1 > 1 and N(p) > 0. Indeed, let p" = >, A |vx) (x| be the spectral
decomposition of pU ({|1)}x o.n.b. of eigenvectors of p'), then

V) "= Il ) (el (5.11)

hence

N(p) = Z\)\k| —1= Z(!)\k\ —X) >0 & 3JN; <0 for somek. (5.12)
k k

Unfortunately, there can be entangled states that remain positive under partial trans-
position whence N (p) = 0; therefore, the negativity is not an exhaustive entanglement
witness for generic bipartite states of distinguishable particles.

Remarkably, negativity is instead an exhaustive entanglement witness for the case at
hands: indeed, by performing the partial transposition with respect to the first mode of
a generic two mode N-Boson state

N N
P = Z pkg’]{?,N — k‘)ABM,N — fl s Zpkk =1 s (513)
k=0 k=0

one obtains an operator on a larger Hilbert space than the sector of the Fock space with
fixed N, namely

N
Pr =" prell, N — k) aslk, N — 1], (5.14)
k(=0
which is such that
()7 = 3 lowel? 16, N = Ot N — 0] (5.15)
kb
whence the negativity
N
Np)= ) ‘Pke‘ (5.16)
k£0=0

vanishes if and only if p has null off-diagonal element with respect to the Fock states
relative to the chosen bipartition, i.e. it is separable because of the form (5.9).
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It is important to stress that negativity is always related to a given algebraic bipartition:
a state which is entangled with respect to the bipartition (AB) can be separable with
respect to another bipartition (C, D).

While the Fock number states (5.8) are (A, B)-separable, important examples of
(A, B)-entangled states are the so-called discrete coherent states

&) = L (\/Ze—i%’/2 at + /1= ge#/? bT)Nyo> (5.17)
= Z ( )fk/2 €>(N_k)/2 6—ik<p+7jN<p/2 |k3,N . k>ABa (518)

where 0 < ¢ < 1. These states describe the situation when all N boson are in the same

single particle state (/€ exp(—ip/2), /1 — Eexp(ip/2)): their off-diagonal elements do
not vanish. Therefore, the corresponding negativity is also non-vanishing; indeed, it reads

N(If, @) as (€, <,0|) > ( )( )g(’f”)/z(l — N-HO/2 (5.19)

k0

The Bogolubov transformation

b -
P S U (5.20)

V2 V2
changes the spatial modes a, b into energy modes; indeed, it corresponds to a change of
basis from that of spatially localized states, to the one of the eigenstates

¢ [0y = w dt |0y = % (5.21)

of the Bose-Hubbard Hamiltonian when the tunneling term can be neglected:

Hpp (c"0)) = 1/V2(e+U) (<'0)),  Hpu (c|0)) =1/vV2(e—U)(c|0)).  (5.22)

The algebras C, respectively D, constructed by means of polynomials in ¢, cf, respec-
tively d, d', commute, generate the two-mode N Boson algebra and thus provide another
possible algebraic bipartition. It thus turn out that the (A, B)-entangled coherent state

aT T\ N CT N
|1/2,0>AB:¢%( j;) _ %m, (5.23)

results the Fock number state | N, 0)¢p for the number operator ¢f ¢ + d' d, and therefore
it results (C, D)-separable. Thus, when we refer to the negativity of a state p, one must
specify with respect to which algebraic bipartition the partial transposition is performed;
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indeed,

/\/A3<|1/2,0>AB<1/2,0|> >0 while NCD(|1/2,0>AB<1/2,0|) —0. (5.24)

As another instance of the dependence of the notions of entanglement and non-locality
on the chosen bipartition, consider the operators

1
2

1 1
Jp = 5(aTb +ab') , J, (a'b—ab') | J, = 5(aTa —b'b) (5.25)
that satisfy the SU(2) algebraic relations [J,, J,| =i J, and their cyclic permutations.
They are all non-local with respect to the algebraic bipartition (A, 3), because they
cannot be factorized as J; = A;B; (A; € A, B; € B), and such are the rotations e®/= and
€%y they generate, while e/: = ¢if3'ag=i0'b i5 (A B)-local.

By means of the Bogolubov transformation (5.20) one rewrites

1 1 1
J = §(CTC —did)y, J, = §<ch —dch) | J, = 5(ch+ cd') . (5.26)

1

Relatively to (C, D), it is now e /> = eifc'ce=i0d'd which acts locally.

5.1.2. Two-mode N bosons and noise

An important feature of matter interferometry based upon ultracold atoms trapped in
double-well potential is the coherence between the spatial modes; this is endangered by
the presence of a dephasing noise that tends to suppress the off-diagonal matrix elements
prwe = aB (k, N —k|p|[l,N —{) 1, k # £, with respect to the orthonormal basis of Fock
states (5.8). The effects of this kind of noise can be described by the following Master
Equation 2

0up(t) = (. p(t) J. = 3072, pl0)}), (5.27)

where p is the N boson density matrix, v measures the strength of the noise and J, is
the collective spin operator in (5.25) that commutes with the number operator a' a + b b.
One easily checks that the matrix elements with respect to the eigenstates (5.8) satisfy

Oupralt) = =2 (k = 0 pus (5.28)

2This Master Equation is standard in the theory of open quantum systems; for details see
Refs. [1, 7, 16, 77, 78]. For more recent applications to trapped ultracold gases, e.g. see Ref. [79-85].
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whence this kind of noisy irreversible time-evolution tends to diagonalize the system
states with respect to their basis:

N
p(t) = Z eft'Y(kff)Q/Q pké |k, N _ k)_AB<€’N o gl ) (529>
k¢=0

It thus follows that the (A, B)-negativity either decreases exponentially in time,

Nas(p(t) = e 002 | < e Nys(p) | (5.30)
Py,

if the initial state is (A, B)-entangled, or remains zero as the dephasing noise has no
possibility of creating non-local effects with respect to the bipartition (A, B). This is
best seen by rewriting the solution (5.29) in the more suggestive form

1 Feo , ,
p(t) — 2\/E/ du efu2/4 672\/t7/2qu peJr“/t'Y/ZUJZ, (531>

which, on one hand, explicitly exhibits the Kraus form (2.25) of the completely positive
maps solutions to (5.28) and, on the other hand, shows the impossibility of generating
(A, B)-entanglement as the rotations generated by .J, are all (A, B)-local.

However, they are not local with respect to the bipartition (C,D) obtained by the
Bogolubov transformation (5.20) and are thus able to raise from zero the (C, D)-negativity
of an initial (C, D)-separable state. For instance, consider the pure state (5.23) as initial
state. Using (5.20) one finds

VNI ( V2 ) 0

so that the time-evolving state reads

e_i6JZ|N, O>CD — — ‘ COS2 5/2, 7T/2> , (532)

CD

p(t) = # /_:o due /4 ‘ cosz(um),ﬁ/2>cp< Cosz(um),ﬁﬂ‘. (5.33)

The time-evolution thus results in a mixed state which surely has non-vanishing off-
diagonal elements

1 2 N N
— - - —u?/4
eplk, N — klp(t)|¢, N — €)¢p \/_/0 due (k) (f) X

t t ‘
% cogh+t (u /%) gin2N—k—t <u /?7) ¢~/ AE=0)

with respect to the orthonormal basis of eigenstates of cfc + dfd and thus Nep(p(t)) > 0.
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5.2. Metrology and entanglement

The use of N bosons states for measuring an angle 6 by interferometric techniques is
based on the following scheme: an input state p is rotated by 6 into a final state

po = e 0T petfn (5.34)

by means of the collective spin operator in the direction of a unit vector ny: J,, = n; - J;
then, on the rotated state one performs the measurement of a collective spin operator .J,,,
where no L m; and, for sake of convenience, we choose p such that (J,,) = Tr(p Jpn,) # 0
along the third orthogonal unit vector n3. By error propagation, the mean square error

Ady, = \/<J7%2 — (Jpn,)? is related to the error 06 in the measurement of the small

rotation angle 6 by [41]:

A%J, A%, £2
520 = L= 7 >; = WW (5.35)
(80 <Jn2>0\9:0 ) "
where the parameter
NAZJ,
g2 .= NOn, (5.36)

(Jng)®

measure the amount of squeezing in the state p. Indeed, for any orthogonal triplet of
space-directions ny, ns, ng, the Heisenberg uncertainty relations read

AT ATy > = (Jn,)?, (5.37)

| =

(Jns) |

and p is a squeezed state if one of the variances can be made smaller than %

The value 620 = 1/N is called shot-noise limit; in the case of distinguishable qubits, it
gives the lower bound to the attainable accuracies when the input state p is separable [46].
Therefore, for systems consisting of distinguishable qubits, entanglement in the initial
state p is necessary to achieve sub-shot-noise accuracies. An entangled initial state
is usually prepared by preliminary squeezing operations [55, 56]; indeed, from (5.35),
preparing the initial state p such that £ < 1 guarantees an achievable sub-shot-noise
accuracy in the determination of . However, in Ref. [58] it is shown that this is not
strictly necessary in ultracold atom interferometry; indeed, in such experimental contexts,
one is dealing with identical bosons and then the necessary non-local effects necessary
for beating the shot-noise limit can be provided by the interferometric apparatus itself.

In the previous section we have seen that the presence of dephasing noise destroys
(AB)-entanglement, but creates (CD)-entanglement. It is thus of interest to see whether
this latter fact allows one to achieve sub-shot-noise accuracies by simply letting the
(CD)-non-local noisy mechanism act. In order to do so we need compute the mean values
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(Jn), and (J2), of collective spin operator aligned along the unit vector n with respect
to the time-evolving state (5.29); use of (5.31) yields

1o
Unhe = 3= [ e Te(p o). (5.33)

in terms of the rotated unit vector

cos <u %) sin (u %) 0
n(u, t) —sin (u\/g) oS (u %) o m. (5.39)
0 0 1
Furthermore, given the mean value
2 1 e —u?/4 2
<Jn>t = m/m due™™"/ Tr(p Jn(uvt)), (5.40)

one finds

1 [t :
Al dn = (7)), = (Jn)i = m/ due™ "/t A2 Ty +

1 too

—u? /4 2 1 e —u?/4 :
+ﬁ - due (Tr(pJn(u,t))> — m n due Tr(p Jnwy) | -

Because of the convexity of the function f(x) = x?, the second line above is positive and
one estimates

1 +oo 2

2 —u

Al Jn = (%), = (Jn); > m/ due ™/ A T (5.41)
If the initial state p is such that for no orthogonal directions ny 3 the squeezing parame-
ter (5.36) is less than one, then, as ns(u,t) L ns(u,t), one gets

1 +00 2 1 1 +o0o 2 )
N /OO du e/t AP Ty ) > Nove ) due™/* (Tngun) s (5.42)

and, again by convexity,

1 1 oo

—u 2
Nayr ), e ) 2

1 e —u?/4 i
m/_oo due <Jn3(u,t)>
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Thus, although under the dephasing noise some N-bosons states can get entangled, no
squeezing can be achieved by such means; indeed,

NA2J,
=1L (5.43)
(Ins )y

Though not metrologically relevant, such an environment generated entanglement might
however be useful for other quantum informational tasks like those involving quantum
gates constructed by using systems of ultracold bosons trapped in optical lattices [85].

5.3. Conclusions

We have seen that when dealing with a system of identical bosons it is necessary to
introduce a new, algebraic definition of separability; indeed, the standard one based
on an a priori factorized form of the involved Hilbert space is no longer available. A
natural notion of entanglement given in terms of correlations among commuting sub-
algebras of observables can be defined. With respect to this notion of entanglement,
unlike what happens for distinguishable qubits, entangled states of N bosonic qubits
are completely identified by their non-zero negativity which is therefore an exhaustive
bipartite entanglement witness for such systems. Furthermore, we have showed that even
a simple dephasing noise which, for distinguishable particles exhibits merely decoherence
effects, can instead generate entanglement among identical bosons. These results may be
relevant in concrete applications to systems of ultracold atoms trapped in optical lattices;
however, while the entanglement generated by purely dephasing noise can be used for
the practical implementation of quantum informational protocols, it cannot augment the
sensitivity of ultracold atom based interferometric devices.
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Appendix A.

Complementary material

A.1. Nakajima-Zwanzig Equation

Here we derive explicitly eq. (2.54), known in literature as Nakajima-Zwanzig equation,
using the projectors P and Q

Ppsip = Trglps+p] ® pp

Q=15,—-P
and the relations
Lelpr] =0 (A1)
TI"E(RapE) =0. (AQ)

First of all we start from the expression of the total Hamiltonian of the system and
environment:

Hs@1p+1s®@Hp+ A Sa® R, (A.3)

Then we work out the following expressions from (2.52)
L3ir [ps(t) ® pe] = P o Lsyp [ps(t) © pe] =
= P [—i[Hs, ps(1)] @ pu] + P [—ips(t) @ [Hp, pel] +

+P[_iAZSa®Ra,PS(t)®pE] —
a (A.4)
= —i[Hs, ps(t)] ® pp — XY [Sa, ps(t)] Tre(Rapr) @ pp =

= —i[Hg,ps(t)] ® pe =
= Ls[ps(t)] ® p
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Lyt 2ps+n] = (Tre(Ld, plpstr]) — Tre (L, p[Trepsie ® pil)) @ pe (A.5)

We calculate the second term

Trg (L’s\urE (Trpps+e @ pp)) = —iTre[Hs @ 1p, Trepsir @ pp| — iTrg[ls ® Hg, Trppsie ® ppl+

— Z/\TI‘E

Z Sa ® Ra ) Tl“EPS—i—E & PE

= —i[Hs, Trapsis] — iA Y [Sas Trapsis] Tre(Raps) =

= —i[Hs, Treps ]
(A.6)

and then the first

Trg(L3, plps+s]) = —iTrg ([HS © 1p, psiu] + [Ls ® Hp, psrp] + A D [Sa @ Ras psis]

(A7)

We use an o.n.b. {|o) ® |€)},. € Hs ® Hp made up of the eigenvectors of the two
Hamiltonians Hg and Hg: Hg = ) _|o) E, (0|, Hg = )__|€) € (¢| and the first term
of (A.7) becomes, expanding the Hamiltonians into their eigenbases,

—iTre[Hs ® 1g, ps+glor = —i Z (0| @(e| Hs ® 1 - ps+p — ps+e- Hs @ 1p|T) ® |e) =

—i) (ol @ (el In) By (u| © 1 - pss|7) @ |e) +

€1
+i Y (ol @ (el pspr - 1) Eu (pl © 1p|7) @ |e) =
€1
= =i ) (OopBu (| @ (el pssp|T) @ |€) +
0

—0ur By (o] @ (el psip 1) @ |€)) =
— i) (Es (ol {el psselm) e} = Er (ol {el pss|7) |e) =

= —1 [H57 TrEpSJrE]o-‘r
(A8)
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By the same method we get for the second term in (A.7)
—iTrg[ls ® Hg, psiel,, = —1 Z (o] (el1s ® Hp - ps+r — ps+r - 1s @ He|7) [€)) =

= —@'Z (0| (e]1s @ V) v (V| - ps+r|T) |€) +

€V

+i) (ol (elpssp-Ls @) v (v||7)|e) =

€,V

— —i Y (ol el pssp |0 +i3 (o] (el pss 7€) =

€ €

—0
(A.9)
Collecting (A.8) and (A.9) and subtracting (A.7) from (A.6) we arrive at
Lgfg [ps+E] = —iA Z Trg[Se ® Ra, ps+r| @ pp =
=APo E’[pS+E] = (A.10)

— APoL'o (P +Q)psiz] =
= AP o L' 0 Q[ps5]

because P o L' o P[pg;g] = 0 as we have seen in the last passage of (A.6).

Lgfg [ps(s) ® pg] is rather simple:

Lsilps(s) @ pp] = (1= P) o Ly o Plps(s) ® pg] =
=L, glps(s) ® pp] — P o Leypps(s) ® pp] =
= —i[Hs, ps(5)] @ pg — ips(s) @ [Hg, pg] — iA Y _[Sa ® Ra, ps(s) @ pul+

— (= ilHs, ps()] © pp = X Y [Sas p5(5)) Tre( Rapi) © pi) =

= +AL[ps(s) ® pg]
(A.11)

Finally, egs. (A.6), (A.10) and (A.11) allow us, starting from (2.52) and tracing out
the environment degrees of freedom, to write down the generalized Master Equation in
the form (2.54):

t
dips(t) = Ligps(t)] + A2 / dsTrg (L’ o eIk o L/ [pg(s) ® pE]> (A.12)
0
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A.2. Davies’s Master Equation

In this section we find an explicit expression of the generator Kj (eq. (2.67)) in the
Kossakowski-Lindblad form and we show that the related dynamics is completely positive.

Starting from (2.66), we have
1 (T
K;[p] = lim ﬁ/ dt e s Kyetls p = (A.13)
-

1 T —+o00
= lim — / dte s / dve "™ Trg (L' o e’ LstLe) o I/[eths p @ pE])
- 0
(A.14)

We work out every argument in the formula above, starting from the inner and
proceding outwards. Thus:

L'[e™sp® pp] = —i Z (Sae™[p] @ Rapr — €™5[p]Sa ® prRa) (A.15)

The action of the unitary operator e'ts on the operators S,
els[S,] = e[S, e Hs = S, (—v) (A.16)
corresponds, up to a minus, to the switch from the Schrodinger to the Interaction Picture
S, (t) = e"s S e Hs, (A.17)
The same for e¥# and the operators R,.
Therefore we have
evListLe) o L’[ thp ® PE] —
= - Z t+v LS[ } ® Ra(_v)pE - e(t+v)L5 [p]Sa<_v) ® ;OERa(_U>) ) <A18>
and

L/ o eU(LS+LE) ° L/[ tLSp@pE] —
= - Z SpSa(—0)e" S [0] @ RgRa(—v)pe — Sa(—0)e ™8 [p]S5 @ Ra(—v)puRa+

—Sge t+v)LS []Sa(—v) ® RgppRa(—v) + elttolls [p]Sa(—v)Ss & pERa<_U)R6) - (A19)
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In order to calculate the trace over £ we define the two-point correlation functions
Fia(v) = (RgRa(~v)) = Trp(RaRa(~v)pp). (A.20)
having the following property

Fap(=v)

Trg(RaRs(v)pr) = Trr(e 7Y RoeP  Rge 1P ppetev) =

Trp(Ra(—v)Rapp) = Tre(ppRa(—v)Rg) = (Trp(RgRa(—v)pE))” =

PE
= Fo(v). (A.21)

Consequently we can write

Trg(L/ o e?@stLe) o L/[e tLSp ® pgl) =
= - Z SpSal(—0)e S ] Fpo (v) — Sa(—v)el™ M5 [p] S Fgo (v)+

S 5 () P 0) 4 [P)Sal=0)SsFus(—v)) . (A22)

Proceding further we get

e ST (L 0 e"BstEe) o L[5 p @ pp)) =
== (S5(v)Sae™ 5[] Fpa(v) — Sac™[p]S5(v) Fpa(v)+

—S5(0)e™8 [p]Sa Fap(—v) + €5 [p]SaSs(v) Fup(—v)) , (A.23)
and

—+o00
et / dve M5 T (L' 0 e"EsT8) o L[e™5p @ pp]) =
0

+o0o
==X [ 0 (Salt 4 0)Su0pFralo)  Sult)pSalt-+ o) Fan(o)+

—S8(t +0)pSa(t)Fup(—v) 4+ pSa(t)Ss(t + v)Fap(—v)). (A.24)

Finally the expression of the generator K3 will be given by the limit T — +oo of

1

+7T +o0
7T dt —ths / dv e " IsTrg (L o e?EsHhe) o L/ [e™s p @ pg)) =

Z/+ dt/m v (Sp(t 4+ v)Sa(t)p — Sa(t)pSa(t +v)) Faa(v) + hec..
(A.25)
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We can expand Ss(t 4+ v) and S, (t) in Fourier series:

Salt +v) = 3 =55 (w)

w
w't /
:5 e Sy (w
w/

(A.26)

So we have for (A.25)

ZZ/ dt/ OodvFﬂa Sa(wW)pSs(w) — S5(w)Sa(w)p) e et L he. .

B, ww!

(A.27)

Taking the limit 7 — o0 the integration 5 fjf dt @) gives a §(w 4 w') and
we can write

Z Z/ dv Fo(v) (Sa(—w)pSs(w) — S5(w)Sa(—w)p) €™ + h.c. =

B w

=> > / dv Fpo(v) (S1(w)pSs(w) — Sp(w)Sk(w)p) €™ + h.c., (A.28)

B w
since S, (—w) = Sl (w).

The hermitian conjugate of the above expression is

2> / Ao Fop(~0) (S4()pSa(w) — pSa(@)S)(w) ) e =

B w
=SS [ Rusto) (5p5ule) — pu(5he) e =

B w

_ZZ/ dv Fia (v) (S1(w)pSp(w) — pSs(w)Sk(w)) e, (A.29)

B w

where we have made a change of integration variable in the first passage and swapped «
and [ indices in the second.
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So we can write the expression

+T

1 +o0
li - dt —tLg d —ULST L/ v(Ls+Lg) L, tLg _
ot ar |, /0 ve ™ Tig(Loe o L'[e™p @ pg])

+00 +oo
= dv Fsa(v)S! (w)pSs(w)e™ — dv Fsa(v)Ss(w) ST (w)pe™ +
) ([ awr : | wraws,

—/ dvFﬁa(v)psﬁ(w)Sl(w)eww). (A.30)

—00

The first integral is just the Fourier transform of Fj,:

A +(>O .
Fao(—w) = / dv e ) F (v). (A.31)

o

Introducing the Heaviside step function

1 € |0, ;
H(v) = { v € [0, +oo) (A.32)
0 v € [—00,0],
with Fourier transform
. 1
H(w) = (p.v.% + 7T(5(/€)) ) (A.33)

we can define fz,(v) = H(v)Fps,(v) and in the second integral we can devise the Fourier
transform of fz,:

oo : . _— 1 [T . .
| 0B = faalow) = H-Fau(-) = 5 [ dkH(0) Fralo = ) =
0 T J_oo
_ +Oodk‘ 1+5(k)F( k) =
“o PV + Ba(—w — k) =
1. 7 too ﬁga(—w — k))
= —Faa(—w) — —p.v. Shed e (A
5 Bo(—Ww) 5P /_OO dk ’ (A.34)

Here we have used the convolution integral to express the Fourier transform of the
product H - Fg,.
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Analogously:

0 +o00 +o0
/ d/UF/@’a(/U)eivw — / d'UH(_U)Fﬁa(U)GiUw — / d'U H(U)Fﬂa(—v) e—i'uw _
——

—00 — 00 —00

where F[g;)(v) = Fio(—v).

0 ' 1 [reo ) o dk . .
= / dv Fao (v)e™ = — dk H(k)FS) (0 — k) = / Hk) Fpa(k — w) =

o —o
) T S / dk
9 Ba 9 p.V. B

o0

Summing the two “half-Fourier transforms” and (A.34) and (A.36):

0

([ wraesiwsie [

—0o0

do Fﬁaw)ewwﬂsﬁ(w)%w)) .

[ (MSMSW ¥ M/}&a(w)%(w)) ¥

—00

- Dol (g w)hwle + 095(@)SLw)) . (A8T
In the end Kj[p] becomes:

Kol = 35 Faa() (S04 — 3 {55510, 0} ) +

w B«

+ip.v. /_ T (L‘;*k}sﬁ(w)s;(w)ﬁMpsﬁ(w)sgw)). (A.38)

The first term has clearly the structure of a Kossakowski-Lindblad dissipator, while
the second one can be read as the action of a Hamiltonian generator L[] = —i[H®), ],
once we define

foo R (L
jos :p'v'/ dk Mgﬁ(w)sl(w), (A.39)

—0o0

The spurious Hamiltonian H® is sometimes called Lamb-shift correction, and it is self-
adjoint, as it should be, and this can be easily shown observing that F,(x)* = Fys(z).
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A.3. Positivity of the Kossakowski-Lindblad matrix

In this section we prove that the Kossakowski matrix appearing in the expression (A.38)
of the operator K3 is positive, hence that the reduced dynamics generated by Kj is
completely positive. We will make the assumption that the environment state pg be a
Gibbs state pp = e ?He /Tr(e PHE); namely, that the environment is a thermal reservoir,
which is the case of the open quantum systems in which we are interested.

The positivity of the matrix of elements E 3a(—w) corresponds to the condition

n

Z w Fao(—w)ug >0, (A.40)
a,f=1

for every |u) = (uq,...,u,) € C"

Rewriting the Fjq(—w) as Fourier transforms of the bath correlators, as in (A.31),
we have

Zqua U5—/ thZuFalg Usg =

a,B=1 ,51

+oo
:/ dt e Z ulugTrg(e™2 Rye ™ E Rypp) =

o0 a,f=1

=5 [ s (e Ra Rl 70 = ()

€,

=S [ R L Rl =
ps=1
— 213 r(e)d(w — e+ €)l{e] Zu;Ra!eN?
e.¢ a=1

Where we have taken the trace with respect to the o.n.b. of Hg, {|¢)}, inserted a
completeness Y, |¢') (€|, and used the fact that the thermal Gibbs state pp = e #H£ /Z4
has the same energy eigenvectors of Hg: pg |€) = r(€) |€), with r(e) > 0.

A.4. Current expression for the quantum pumping
model

The current I(t) flowing in the circuit must be proportional to the probability density
flux from one node to another, for example from a to b. If |1),(b)|* is the probability of
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finding the free electron in the site b, then we have:

d o d 2

EW&(W :E<b|¢t>| -
= (0| —iHs | ¢y) (e[ b) + (0| ¥ =
= —i(=70) (({a | Pr) + (e vr)) (e [0)) +i(=0) (b ) ((¥e | a) + (Pr] ) =
= 10 ((Ye | 0) (a | V) — (Wil a) (b e) + (We [ b) (c| ) — (Wi ] ) (b|2hr)) =
= (0([b) (al = la) (1)}, + (ivo(1b) (c] — |c) b))y,

><¢t|’LHS’b>

(A.42)

where in the last passage we have written the result as sum of the expectation values of
the two observables iy (|b) (a| — |a) (b|) and iv(]b) (c| — |¢) (b]) on the state |i);).

Thus the flux of probability from a to b is

{i0([0) {al = [a) b))y, » (A.43)

while the flux from b to ¢ is

{0 (]e) (b =163 {cl))y, (A.44)

Coherently, the variation in time of the probability density |¢;(b)|* is given by the
difference between the flux from a to b and the flux from b to c.

The current from a to b is then determined by

Loy = 70 (—ie([b) {a] = |a) (b)), (A.45)

where e is the elementary charge.

Writing this expression in the basis {|0), |x),|y)} by means of the transformation

= 0Vl
V3
3y = Y210+ Vils) — )
V6
\/6 )

one has

Iy @%Wmm 10) (9] + 21} (0] + V6 |y) (a] —

ﬂmwwmm—ﬁm@+mm)
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This expression gives I, in the most general case, when all the states |0),|z) and |y)
are taken into account; in the pseudospin-1/2 approximation however the transitions
involving |0) are neglected, therefore all the terms involving this state can be dropped
from the above formula, whence

T =2 (1) el = 1) 61 ) = 2o

where the last passage follows from choosing

1 0
|z) = <0> oy = (1> : (A.46)

Finally, the expectation value of I, is
I(t) = (Lab)psty = L0{0?) psty = Lo Tx(ps(t)0?) (A.47)

where Iy = eyy/v/3 and pg(t) is the 2 x 2 density matrix describing the system.

A.5. Master Equation for the quantum pumping
model

We summarize the derivation of the Master Equation for the open quantum system
analyzed in Chapter 4, following the general procedure based on projectors, used in
Appendix A.1.

We introduce the projector P on S(S + E):
Plpsie] = Tre(ps+p) ® pr (A.48)
and its orthogonal operator Q =1 — P.

P maps any factorized state into itself, while Q annihilates them:

Plps ® pp| = ps @ pr (A.49)
Qlps ® pp] =0 (A.50)

Splitting the Liouville-Von Neumann equation (4.34) into two parts we get:

0P = Ley p(D[P + LgTu(t)[QF) (A.51)
0,Qp = L 5()[Pf] + LEL(1)[Q/) (A.52)
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where

E{;I:E =Polg,poP
ngE :PoiSJrEoQ
ngE =QolLg.poP
L%y =QoLsipoQ

In the following, in order to improve the readability, we will often write p instead of
ps+i, LTE(t) for LELL(¢) and so on, and we will omit the variable ¢ where possible.

The formal solution for (A.52) is:

t

Qv = ot + | duliga(t. )" (w)Po(u) (A.53)

where Uy is the solution of

dt

d Ugo(t, to) = L9 () Ugg(t, to) (A.54)

We look for p starting from a factorized initial state py = ps(0) ® pg.

Inserting (A.53) in (A.51):

oPp =LY (t)Pp+ LP1) /t du Ugg(t, w) L9F (u)Pp(u)

The first term is:

LPPP[p] =

0

=P (—z'[Heﬁ ®1p+ 15 © Hp + Hsp, Tre(p) ® pE]) =

= P (—i[Hea , Tre(p)] © pr) =
= —i[Heg , Tre(p)] ® pE

This follows from

[HE7PE] =0
Tre(gevpr) =0

(A.55)

(A.56)
(A.57)
(A.58)
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In order to calculate the second term we expand L¥?[X] on a generic matrix
X € M,(C) ® M,,(C):

LPRIX]=PoL[X]-PoLoP[X]=
= (Trg(L[X]) — Tre(L[Tre(X) ® pel) ® pp =
— _iTrg ([Heg®1E+1s®ﬁE+ﬁgE, X]) ® put
+i[Hesr , Tre(X)] @ pi (A.59)

The first and fourth term cancel out while the second vanishes and we have:

LPOIX] = —i Trg([Hsp, X]) @ pr
So the Master Equation takes the form:

t
OPp = —i[Hes , Tre(p)] ® pp — i Trg {Hgg(t) , / duUgg(t, u)LQP(u)Pp ® pE
0

Following a very similar reasoning we have:

L9 [p) = —i[Hsp , Tre(p) @ p]

And finally we get the Master Equation

Pp=0Trg(p) ® pg =
= —i[Het , Tre(p)] ® pp+

= [t [ ). Uaa(tlsst). o] @ s

which can be written with respect to the reduced dynamics (ps = Trg(p)):
t ~ ~
Ops = —ilHe, ps] — / du Trg [HSE(t) » Ugq(t, u)[Hsp(u), ps(u) @ PE]} (A.60)
0

The integral version of this Master Equation is
ps(t) = €% ps(0)+

— /Ot duy et—WLs [/Ou dv Trg [ﬁSE(u) , Ugo(u, U)[]:ISE(U),,ES(U) ® pE]” (A.61)
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We operate a change of coordinates in the double integral fot du [ do:

0 1
-1 0

det =

Thus fot du [ dvf(u,v) = fot dz [~ dyf(—y,x), and then, with another change of vari-
able:

wW=-—xr—y

—z —x—(—x) t—x
= / dy = —/ dw :/ dw
—t —z—(—t) 0

and the integral in (A.61) can be rewritten as

t B t—x - ~ ~
/ da elt-)Ts / dw e~ E Ty [ Hg(w + 2), Ugq(w + 7,2) [Hsn(2), ps(2) © pi)
0 0
(A.62)

Now we want to study this integral in the weak coupling limit condition: we assume
that the ratio 7g/7¢ of the typical decay time-scales of the correlations between the
system and the environment is very small. For the sake of simplicity we replace the
coupling constants A¢, with one single parameter )\, appearing in Hgp.

Thus the dissipation effects are relevant only on the very slow time-scale 7 = \?t.
Setting t = 7/A? in the dw integration in (A.62):

T

22 Z /A dw ewLs.
0

Ev X1
‘Trp[6%(w + 2) ® ge,, Ugg(w + 2, 2)[6%(2) @ gyp, fs(z) @ pE]]  (A.63)

We search for an approximated expression for Ugg, solution of the equation

d ~
Uea(t:s) = L§25(t)Uqq(t, 5) (A.64)
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Introducing the time-ordered operator 7 we can write
w—+x _
Ugo(w+z,2) =T (exp/ du Lng(u)) =

_T<eXp{ (Ls+ Lg)? —ZAZ/

w—+x

duQo[& ()®qg,u,-]oQ}> (A.65)

In the limit A — 0 this becomes
Ugo(w + z,z) ~ exp (w(zg + EE)QQ> (A.66)

while in the integral (A.63) a correction of the A? order survives:

)\2 Z /+OO wig_

VX1
T 64w + 2) @ gy, € EE 5N (@) @ gy, (@) @ ol (A6T)

In the end the double integral (A.62) becomes:

+oo
/ dz et—)Ls Z 2m\ /Wy Ae y A xu/ dw e "Es.

Ev 1

T | 55w+ ) @ e, 6N (@) © gy ps(@) @ ]| (A68)

It is important to recall that we are interested in the dissipator D appearing in the
Master Equation (2.31), which is a differential equation. One can notice that the above
formula, and the way in which it has been derivated, corresponds exactly to the action
of the operator Ky seen in (2.61). In the rest of this section we will derive an explicit
expression for Ko.

We define the self-adjoint operators on Hg:

Ae,(7) = V2mw, e, 6% () (A.69)
The second argument of the external commutator in (A.68) can be written
w(Ls+Ip)Q0 - -
evtbsthe) Z (Ayu()ps(7) @ gy upe — Ps(2) Au(T) ® pEGyL) (A.70)
Xsh
where of course we can factorize e@(Ls+Llp)?? — (wI? g wIE®

We show that LgQ = QLs.
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For every p € S(S + E):

L. Qlp = Lsl(1 — P)] — (1 - P)[Lsp] =
= Lgp +i[Heg, Trep] ® pp — Lsp + Tre(Lsp) ® pp =
= i[Her, Trpp] ® pp — iTrg[Heg ® 15, p] @ pp =0 (A.71)

(the last equality is proved in the same way as (A.8)).
Also LpQ = QLp:

= —i[ls ® Hg,p — Tre(p) ® pg] — (—i[ls ® Hg, p| +iTrg[ls ® Hg, p| @ pp) =

since [Hg, pgp] = 0 and Trg[ls ® Hg, p] = 0 (cfr. (A.9)).

This means that we can factorize e*(Es+Le)? iy (A.70), drop the “€ indices and
write

GxuPB] = € Tx.p€ PE = Gu(w)pE (A.73)

pe being the equilibrium state.
The trace in (A.68) can be rewritten

> T ([Aaw +2) @ e @ Auw)s(2)] © gyl pit

EvoXp

e B g (@) A (2)] @ prsa(w)| ) (ATA)

For each choice of indices we have four terms to trace over the environment, but for
the ciclity property they actually reduce to two:

Tre(ge v @yn(w)pE) (A.75a)
TrE(q&Vqux,u(w)) (A.75b)

In second quantization g, ,(w) = \/Zin—w# (al ,(w) + ay,(w)), and the differential

equation for af  (w)

d i

dwaxu(w) = _Z‘e—szE [HE aT ]eszE — _Z-wue—szEaT e“”HE,

P TXH XM

has the solution
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The thermal equilibrium state of the environment has the usual form:
PE = Z;

Zﬁzﬂ f: e Bwv (nwztnue+1)

v=0ny:,np:=0

and Zj is the partition function, whose expression is easily derived if we rewrite Hg in
second quantization

=3 3 o (s + )

v=0¢{=zx

N
e BHE _ ® —Buww Se(af aco+5) (A.76)

v=0

Consequently the first trace (A.75a)

1 e PHE
Tr w =Tr ) — e’“”““a ot [T/ u— ATT
B (e uGx.u(W)PE) E (q& \/M ( xu) Z > ( )

can be calculated with respect to the Fock orthonormal basis formed by all the pos-
sible tensor products in ®Z{V:0 Hp, of the eigenstates {|n,z,My.) tn,.n,. Of the set of

Hamiltonians of each oscillator Hg, = 25 ca W <agya5y + l

azya&/ |n1/:1:; nuz> = (nuwéfm + ny26£z> |nl/:B7 nuz> <A78>

L s ) (A.79)

HE,Z/ ‘nyaza nl/z> = wu(nux + Ny, + 9

Due to the orthogonality, only the following terms survive in (A.77):

XK +

1
———=T
Zgy\/2mw,, e < \/2mw,, \/2mw,,

With respect to the Fock basis (A.78), the trace of a generic operator A can be written

e‘lww“ax al e PHe  givwngt g e‘ﬁHE>
X X (A.80)

TrgA= > .. Y (nogno:|. . (nye,nne | Al nog nos) - Inye, ny:) (A81)

n0z,102=0 NNz,nNz=0
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and we have

00 00 N
TI'E(G,XHCI,LMB_’BHE) = Z . Z H e_ﬁ(nuz"!‘nuz"rl)wy (nux + 1) —
Nn0z,M02=0 NNz,nN=0v=0
[e.e] o
SIT 3 e $ i, 1) (A
V#,Uz Ny ,My2=0 nw,nuz:()

Now we use the geometric series and its derivative to evaluate the second sum (here
n stands for either n,, or n,., depending on the value of x)

1 1 d 1

—pPwun —pPwuny __ i
zn:(ne Bwp te Bwy, )_1_6——%_’___/6(:]_%1_63——%_
B2 ™
= Bl — g Bzt (1 e )2
/2 By

T oBwn/2 _ o—Buwu/2 + =B (Ponl2 — g—Pun/2)2

ePwn

= (Pl — o parryy (A8

that must be multiplied by
e~ Pon Z e~ Pwun (A.84)

n=0
so the second sum becomes:
1 1

(A.85)

1 — eBwn (eﬂwu/Q — e—ﬁwu/2)2

In order to evaluate the first factor in (A.82), we observe that the partition function
for the v-th oscillator is

[ee]

1
— 7Bwu(nuz+nuz+1) _
Z,8)= ), e — e (A.86)

Nyz,Mue=0

while the total partition function is

Zs=112.8) (A.87)



Complementary material 99

Consequently we can write the first factor as

- 7z
H Z e_ﬁ(num‘i"fwz‘i‘l)wu — B (A88)
VFEU Ny My =0 ZM (6)

and the final expression for (A.82) becomes

Z 1 1
T —BHE) _ B
TIE(CLXﬂaXHe E) = Zu(ﬂ) = (@@%/2 — 6_5wﬂ/2)2 (A.89)

In a very similar way we get the final expression for the second term in (A.80):

—5HE) . Zﬁ 675(‘)“ 1

N Zu(ﬂ) 1 — ePu (6/8‘%/2 — e—ﬁwu/2)2

T
Trg(a),ayue

(A.90)

Going back to (A.77)

1 ) - e PHE
Tr w =Tr s (e7Wngl 4 i@ =
£ (% uxu(W)PE) E <q§, \/m ( Xt xu) Zs )

1 e~ Pwn elwnw ePwn g—iwuw
- 2mw, Z,(8) 1 — e=Pwn <(eﬁwu/2 — e—Bwn/2)2 + (eBwnl? — e—ﬁwu/2)2> -
1 e Bwn/2 COS wuw(eﬁw“ﬂ + 6*5%/2) — isin wuw(eﬁw#ﬂ _ e—ﬁw“/Q)
B 2mw, Z,,(8) 1 — e=Bwn ( (eBwn/2 — e=Bwu/2)2 )
1 1
- 2mw, Z,(B) (ePwn/2 — e=Bun/2)2

(cos wyw coth % —isin wuw) (A.91)

and using (A.86)

cos wy,w coth ﬁ% —isinw,w

Tre(ge 1@y (w)pE) = (A.92)

2mw,

It is straightforward to observe that the other trace (A.75b) is exactly the complex
conjugate of the latter:

cos w,w coth B% + isinw,w

Tre(ge v peqyu(w)) = (A.93)

2mw,,

We can go back to the trace (A.74) and perform the sum over x = z,z and u =
0,..., N (since £ = x and v = p as seen above).
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S ([ +2) © g €55 Ay (@)5(0)] © ) pi+

X7l’l/

—evls [ps () Ay ()] ® qux’“(wﬂ) B

= Z A2 (cos w,w coth % —isin wuw) [&X(w + ), evls [5X(x)ﬁ5($)]} +
Xkt

+ Z )‘i,u (cos wyw coth % + 7sin wuw> [e’”LS [ps(x)oX(x)], X(w + x)]} (A.94)
Xolt

We can now introduce a continuous spectral density J, (k) defined by:
T(k) =X 0k —w,) (A.95)
o
and substitute the sum over the u-frequencies with an integral, and define

+oo
Gy (w) = /0 dk J, (k) (COS kw coth % —isin k;w) (A.96)

Finally we have to multiply on the left by e~vLs and integrate over w in order to get
the final expression for Ko, from the integral version (A.68)

Kl == 3 [ dw {6 [P+ 0, o 0pste)] +

X=Z,T

+ G (w) [ﬁs(t)axu), e~vLs5X () 4 t)} } . (A.97)

which gives the (4.38) Master Equation that we have presented in 4.2.

A.6. Time independence of the Master Equation

Here we show the time independence of eq. (4.50) and, in turn, of the Master Equation
in the rotated frame.

Z R(=Q)pe R(Uw + 1)) ey = Z R(—Qt)ye PER(QU(w +1))ey =

.E:II?,Z §:$7y,2

(R(—Q) P R(w(w + 1)), , (A.98)

nx’
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where

P = (A.99)

o O =
o o O
_ o O

Since R(—Qt)P™ = P*R(—Qt), we have that (A.98) becomes

Y R(=Q0)ueR(Q(w + 1)e =

E=x,z
(PZR(~Qt)R(Q(w +1)), =
(P”R(Qu)), = R(Qw),y, (A.100)

having used the group properties of the rotation matrix R and defined

cosQw 0 sinQuw
R(Quw) = 0 0 0 (A.101)

—sinQw 0 cosQw

A.7. Master Equation in the Kossakowski-Lindblad
form

In order to obtain the final form of the operator (4.52) we work out the matricial products
n (4.50)

Z AL R(Qw),,

n=ax,y,z
1 0 0 cosQw 0 sinQuw cos Qu 0 sinQuw
=10 L% % 0 0 0 = —%sinﬂw 0 %COSQU) =X
0 — % u% —sinQuw 0 cosQuw —% sinQuw 0 u% cos Qu

(A.102)
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cos Quw 0 sinQuw 1 0 0
_ Q o Q A ol _
E XAy = | —5sinQuw 0 25 cos Qu 0 = —2 | =
X=E:Y:2 —B5inQw 0 2 cosQuw 0o &£ 24
w w w w
cos Quw %sin Quw é,sin Quw
. 2
= -LsinQuw <L5cosQu 2% =Y (A.103)
— A sin Quw AQ cos Qu A—,Q cos Qu
w w
/ —
§ Y;'uQ(_w w),u)\ —
H=Z,Y,z
cos Qw %sin Quw é,sin Qu cosw'w —sinww 0
. 2 .
= —% sin Quw Q—QcosQw AQ cos Qu sinw'w  cosww 0| =
—% sin Qw AQ cos Quw A—,Qcos Quw 0 0 1
/ Q A
cc + ,ss cs — —,sc —=S
_ Q2 AQ _ /
= | Zsd = 5ces’ —ss + ,Qcc SSe | =a(Qw,w) (A.104)
2
B Agcs ,ss + 200 A,2c

where ¢ = cos(—Qu), s = sin(—Quw), ¢ = cos(—w'w) and s' = sin(—w'w).

Consequently, the matricial product in (4.50) is given by the matrix a(Q2,w’, w) as
defined above, while the second commutator term in (4.38) is exactly the hermitian
conjugate of the first. Hence we can write the K operator, corrisponding to the integral

n (4.38), as

Klgs)=— Y (AQw)m [ps07, 0] + AQ,u)i [0, 07s]),  (A.105)

T, e{x,m,n}
where A(Q),w’) is given by

A(Q,w’):/o OOde1R(Qw)AQ(—w’w)G(w)*:/0 Oodwa(Q,w',w)G(w)*.
(A.106)
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Finally we write down the complete expression of the operator K, containing both
the dissipation term and the Lamb shift correction:

Klps(t)] =K E(l +a(t)o” + b(t)o™ + C@)J”)} —

2

i Q 9% A Q
=—20 {a(t) (_,%gss + ﬁ%gcc + ﬁ%gCO) + b(t) <_§Rgcs + J%gsc>
A AS) A AQ
_%gso> + (w,2 gch - J%gss - F%gcc> }

Q 0?2 Q A?
—20™ {a(t) (—Jgﬁgsc + ﬁ%gcs) + b(t) <§Rgcc + J%gss + ﬁ%gco) +

AQ A A AQ
+e(t) | —— %w) + (—,%gso + —Sse — —,2%,%3) }
w w w w
A AQ A AQ
~ 20 fat) (=S + S0 ) +000) (- S0 - 2w )+
w w w w
Q 02 Q 02
+C<t) §Rgcc + 2_%953 + _§Rgcc + %gcs - 2_%930 + _%gcs
w/ le w/ w/Q
(A.107)
where we defined
( es :/ dw G(w) cos(—Quw) sin(—w'w)
0
Gse = / dw G(w) sin(—Quw) cos(—w'w)
0
Jss = / dw G(w) sin(—Qw) sin(—w'w)
oo (A.108)
Gee :/ dw G(w) cos(—Qw) cos(—w'w)
0
9eo =/ dw G(w) cos(—Qw)
0
Js0 :/ dw G(w) sin(—Quw)
. 0

A.8. Derivation of the non-completely positive
Master Equation

Here we we discuss the derivation of the master equation (4.74): we follow the so-called
projection technique already shown in A.1 applied to the interaction representation. We
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thus set
RSB(t> _ ez‘t(Hcﬂ-i-HB)/h ESB(t) e—it(Hcff+H5)/h (A.109)
Ksp(t) = etHentHs)/h ffsg(t) e~ it(HentHs)/h (A.110)
whence
dRsp(t ;
jf( ) = AKRsa(®), KilRsn(t)] = —[Kss(t), Ros(t)). (A.111)

Let us then introduce the following projectors acting on the space of density matrices
os5(t) of the compound system S + B:

P[Rss(t)] = (TrpRss(t)) ® o = Re @ o, Q=id - P, (A.112)

where gg is the bath thermal state at temperature T [Hp, og] = 0. Notice that the
trace of Rsg(t) over the bath degrees of freedom,

R, = TTBRglg(t) = €itH‘°‘H/h TI"BEB 67itH6ﬁr/h s (A113)

gives the time-evolving density matrix of the open quantum system S in its own interaction
representation.

By means of the two projections P and Q we split (A.112) into two coupled differential
equations

dIP’[iiB(t)] AKPP o P[Rsp(t)] + AKF? 0 Q[Rss(t)] (A114)
M = AK® 0 P[Rss(t)] + AK?? 0 Q[Rss(t)] . (A115)

where o denotes the composition of maps, while KP’Z = PoK, o P, K'? = Po K, 0 Q,
K?P =QokK;oP and K?Q = Qo H; o Q. The second equation is formally solved by

t
Q[Rss(t)] = WP o Q[Rss] + A / ds W% o K@¥ o P[Rsp(s)] (A.116)
0
with the W?SQ the time-ordered solution of
deQ
T’*S =AKPCoWP? . W, =id . (A.117)
By choosing as initial condition gsg = 0 ® 05 yields Q[Rss] = Q[oss] = 0 whence

Q[Rss(t)] = A /O s W9 0 K o P[Rsp(s)] - (A.118)
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Once inserted into (A.114), this provides a master equation involving P[Rss(t)] alone:

dP[RSB(t)] PP 2 ' PQ QR P
—a - AK; " o P[Rsp(t)] + A / dsK; o Wy o HO” o P[Rsp(s)] . (A.119)
0

Because of the action of P in (A.111), of the form of the interaction Hamiltonian and of
the fact that, with pg a thermal Gibbs state, the position operators have vanishing mean

values, one gets Trg (QBKSB(t)> = 0. Therefore, from P[Rsp(t)] = R; ® op, one gets

2t
% _ % [ TrB([KSB(t), QoW oQ|Kss(u), Ry ® QB”> . (A120)
The above equation depends on the history of the system S state Ry for all times
0 < s < t; in order to eliminate this dependence, one takes into account the weak-
coupling hypothesis A < 1 and looks at the dynamics as a function of a slow time
parameter 7 = t\%. Firstly, by a change of integration variable s = t — u, (A.120) is
recast as

dR, A2

o - Ot du TrB([KSB(t)J QoWZ?, o @[Kss(t —u), Ry ® QBH> . (A121)

Then, letting A — 0, W?SQ — id for the right hand side in (A.111) is proportional to A,
and

QoW oQ [[KSB<3) , Rs ® QB} = [KSB(S) ; 05 ® QB] ,

—- Q [[KSB(S) , 05 ® QB]

where the last equality follows since, as explained before, the bath operators have
vanishing mean-values with respect to the thermal state ogz.

At this point, one usually sends the integration upper limit to +o0o and replaces
t —u = 71/)\*—w with t in R;_, whence the second term on the right hand side of (A.121)
reads

)\2 +o0

Dl = 35 |

du Tr3<[K33(t), [ng(t ), R ® QBH) . (A.122)

By going back to the initial picture, one gets the following master equation for g,

do; 1 ~ ~

% = 3 [Hefb Qt} + \* Dy [g] (A.123)
~ 1 [T ~ ~ _
Do) =~ [ T (| Hss(t) , [e" ) [ Hs(t — w)], @ os] | JA-124)

where

eu(Heff+HB)[X] _ e—iu(Heff-i-HB)/hXeiu(Heff-i-HB)/h ) (A125)
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It is immediate to recognize that the operator ]I~)t corresponds to the K; operator in
the classification of the different Markovian approximation that we discussed in sec. 5.
Moreover, by substituting the interaction Hamiltonian with its expression (4.10) and
after calculating the trace as in sec. A.7, one can easily show that D is exactly the
integral operator in (4.74).

A.9. Violations of the positivity requirement

We want to show that the dynamical semigroup given by

Yelp] = e [p] (A.126)

Lip] = —i[Heg, p] + K][p] (A.127)

with K = Kj, from eq. (4.78), is not even a positive map, for certain values of the
parameters €, w’.

We look for a pure state 1) (1| such that its evoluted state breaks positivity at first
order in t. To be precise, given

[9) (Wl = 2ellv) (W] = [9) (@] + L) (0[] + OF), (A.128)

we can construct a state |¢) which shows the non-positivity of the map 4, in the sense
that it violates

0 < (d]v) (W[) +t (S| L) (W] | 9) + Ot*) =

\ ) (A.129)
(o[ +t{d|L[lv) (@[] 4) + O(F).

Since the source of negativity in the above expression can only come from the term
proportional to ¢, we choose |¢) L [¢), so that

(@ L[1%) (WI] | 6) = (6| K[¥) ()] 6) =
= (o 1Vi19) (0| Vi [9) + (01 Valw) (v |V | 0) +
+ (0 Valv) (v | Vi |0) + (o1 Valv) (v | Vi | ¢) . (A130)

Now, we have already seen that the Master Equation (4.74), expressed in the ro-
tated frame of reference, is actually time-independent, and therefore the Lindblad

operators (4.77) can be evaluated at any time, for example at ¢ = 0. In particular
ngazz\/;andwzam:VJ.
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With the parametrization

1 —gr .
\w=v—4i——(>, ww:——i——< 5), E= el e T, (A131)

1+ \8 Ji+leP \ 1
we have
25* 1 _ 5*2
Sl nlgy = 25 A.132
W1o*16) =~ W10"19) = e (2132
Then, by defining
n=(o|Vilv), v=(o|Vs|), (A.133)
we obtain
2
0 < (¢|K[[¥) @l ¢) = = lﬁlﬁ {n(=26") + (1 = &%)ys}, (A.134)
where
"= T1|£|2 (—fvl(oo) + Vigo) — 52‘/1(01) + 5‘/1(11)) ) (A.135)
V3= %W (—fvz&(oo) + V310) — §2V3(01) + st(n)) ) (A.136)

Viaj), Vagjy, being the matrix components of Vi, Vs in the basis {|0),[1)}.

Consequently, the positivity condition (A.129), is expressed by

0 < R{(21E1*Viooy — 26*Vioy + 2[€1EVion) — 21€[*Vign ) +
+ (—fVEa(OO) + V3(10) — 52‘/3(01) + §V3(11)) +
+ (1€ Vaon + 1€ Vagoo) — [€1%€" Vany — €Vaa0) } 5 (A137)

for all £ € C.

We are interested in the sign of the coeflicient of the highest power of [£|, V3.

Vao1) = Z /000 dt G(T)U(;r(—7')0]-533(—7)ij0(—7');€1. (A.138)

7,k=0,1

The integrand can be worked out after evaluating 5%(—7):

5°(—1) = R, (—=Q7)o" R, (-Qr) = ¢TI T T = 5% cos Q1 — 07 sin Qr, (A.139)
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and then'

’ W m
o'T __

Ul(=7)6% (=) Up(—7) = e 757" (0% cos QO — 0% sin Qr)e! 777 =
Q
= <cos w'T cos Q7 4 — sinw'7 sin QT) o'+
w
A

m _ — n __

+ <sin w'T cos T — — cosw'T sin w'T) o 0" =
w w
/ Q : / : x
= | cosw'T cos Q1 + — sinw Tsin Q71 | 0%+
w
A Q AQ
+ <—/(sin W't cos QT — — cosw'Tsin Q1) + — - sin QT) o¥+
w w w
+ f(Q,w' 7)o"
We study the sign of \5]4%‘/}3(01)
+oo 0
RVa01) = / dr RG(7) (cos w'T cos Q7 4 — sinw'7 sin QT) +
0 w
Foo A AQ AQ
+ / dr SG(r) <—, sinw'r cos Q7 — —= cosw'T sin Q7 + — sin QT) =
0 w w w

Q A AQ) AS)
= §Rgcc + J%Gss - J%gcs - W%gsc - F%QSO =

o / 0 w'— "—Q
= % {(w’ + Q)e*TtQ coth Bl +8) 2+ ) + (W' — Q)echQ coth Bl =) 5 )+
Q / / Q W — I Q
— [ (W +Q)e” o coth Bl +9) (W — Q)e*TcQ coth flw =) +
w’ 2 2
A W=
A (WS )
AQ W' W= AQ
~ ((w' + Qe e — (W' — Q)e_wQ)} e 390 (A.140)

!The o* coefficient, f(2,w’,7), is irrelevant in the calculation of (A.138), because the (01) element

appears only in ¢” and o¥.



Complementary material 109

Sgs0 1s given by:
+o0o
Sgso = / dr sin(=Q7)SG(1) =
0
“+o0o +0o0 Bk
= / dr sin(—7) / dk ake*/“3{cos k coth 5 isinkr} =
0 0

“+oo +oo
= a/ dk ke F/we / d7 sin Qrsinkr =
0 0

—+00

_ —OjT” dk 2ke /% (§(k + Q) — 6(k — Q) =
0
T _Q Q
== 79 <6 we — €Wc> . (A141)

We can study the limit €2 — oo but we must also impose how «’, which is always
greater than 2, goes to infinity. For example we could impose that the ratio €/w’ remains

constant and let w’ — oco. It’s evident that this implies that coth w 2% | while
the exponentials e~ “a" kil all the terms but the last one in (A.140)
AQ TAa QQ w'—00
RS0 = (e7Hwe — ffwe) X275 o0, (A.142)

This means that even if we increase ¢ in (A.131) in order to make the |¢|* term
dominate, we cannot ensure the positivity violation for large {2, because its coefficient
goes to 00.

But in the same way we can show that the zero order term, independent from &,
which is RVj5(10), is increasily negative in the same limit for 2,w’. Indeed

RVa0) = /0 i {6() [vl(=nF(-nto(-7)] } =

+00 0
= / driR {G(T) {cos W'r cos Q1 + = sin W' sin Q7+
0

A Q AL
+i (—/ (sin w'T cos Q1 — — cos W' T sin QT> + — sin QT>:| } =
W W W

Q A AS) AS)
= §Rgcc + _,%Gss + _,%gcs + _,2%950 + —/2%950, (A143)
w w w w

where the sign is inverted.

Consequently, if we choose £ = 0 in (A.131), i.e.

1 0
¥) = (0) |6) = <1> : (A.144)
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then

(@ L) ()] | ¢) 2% — oo, (A.145)

So one can conclude that there certainly exist pure states that are mapped by the
dynamics 7; = e generated by the M.E. proposed in [31], into density matrices [|1) (1]]
which are non-positive, hence non-physical, for some suitable values of the parameters €2,

W

A.10. Explicit expression of the original Master
Equation

In this section we report for convenience the explicit form of the Master Equation
proposed by Tosatti et al. in[31]:

Ops(t Al Q Q A’ Q @
p;t( ) = —2{; ( - J%QCO + %gsez + J%gcc) + <E§RQCO + J‘S)%gss + ﬁ%gcc) a-+
/ 0 02 A Q
<WZ -+ J%gsc - ﬁ%gcs) b + J (%gsc - o7§Rgcs)c}aﬂv—i_

A Q WwoQ
—24 — %gso + %gsc - _%gcs + - _%gsc + %gcs a+
w' w' 4 w’

A? Q A Q
(ﬁ%gc() + §Rgcc + J%gss> b— J (%gs() + %gsc - J%gcs> C}Jm+
Q 02+ w"? A
_2{ ( - 25%950 + T%gcs> - J%gsoa—'—

QA QQ 2 0O
- w g%QCOb + (%%gcc + 2;%988)6}0‘71 .

(A.146)
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