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Abstract

Dissipative quantum systems are often described in terms of a quantum
master equation, typically of a linear, Lindblad-type of form. Such a master
equation can arise from several microscopic models, such as the weak-coupling
interaction of radiation with matter and the Caldeira-Leggett model. The re-
sultant density matrix equation enables the investigation of general features
of the quantum system, like irreversibility, entropy production, and relax-
ation to equilibrium. It has the general form of a dynamic equation with
both reversible and irreversible terms (generated by energy and entropy, re-
spectively). Recently, a new thermodynamic quantum master equation has
been proposed by Prof. Dr. H. C. Ottinger, which provides a useful tool for
describing dissipative quantum systems.

The dynamics of a two-level system and of a damped harmonic oscilla-
tor, both coupled to one heat bath have already been investigated with such
a master equation. However, modelling atoms or molecules with two quan-
tum states is insufficient to properly capture physical non-linear regimes, for
example, in quantum optics. To go beyond, it is necessary to model the sys-
tem of interest with a more rich internal structure. Considering three levels
offers a compromise between an appropriate degree of complexity and simplic-
ity. This level of description permits to study many phenomena like coherent
population trapping, Autler - Townes splitting, electromagnetically induced
transparency (EIT), nonlinear susceptibility or stimulated Raman adiabatic
passage. In this contribution, we present results from the application of this
new non-linear master equation, to a three-level system (often named qutrit)
and a harmonic oscillator, each one coupled to two heat baths, in order to
explore non-linear phenomena in open quantum systems.

In this Master’s thesis, we have focused on the description of three-level
quantum systems through master equations for their density matrix, involving
a recently proposed non-linear thermodynamic one. In the first part of this
work, we focus on a three-level system interacting with two heat baths, a hot
and a cold one. We investigate the rate of heat flow from the hot to the cold
bath through the quantum system, and how the steady-state is approached.
Additional calculations here refer to the rate of entropy production and the
evolution of all elements of the density matrix of the system from an arbitrary
initial state to their equilibrium or steady-state value. The results will be
compared against those of a linear, Lindblad-type master equation designed
so that for a quantum system interacting with only one heat bath, the same
final Gibbs steady state is attained.

In the second part of this thesis, we focus on the electromagnetically in-
duced transparency (EIT), a phenomenon typically achievable only in atoms
with specific energy structures. For a three level system (to which the present
study has focused), for example, EIT requires two dipole allowed transitions
(the 1-3 and the 2-3) and one forbidden (the 1-2). The phenomenon is ob-
served when a strong laser (termed the control laser) is tuned to the resonant
frequency of the upper two levels. Then, as a weak probe laser is scanned
in frequency across the other transition, the medium is observed to exhibit
both: a) transparency at what was the maximal absorption in the absence
of the coupling field, and b) large dispersion effects at the atomic resonance.
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We discuss the Hamiltonian describing the phenomenon and we will present
results from two types of master equations: a) an empirically modified Von-
Neumann one allowing for decays from each energy state, and b) a typical
Lindblad one, with time-dependent operators. In the first case, an analytical
solution is possible, which has been confirmed through a direct solution of
the full master equation. In the second case, only numerical results can be
obtained. We present and compare results from the two master equations
for the susceptibility of the system with respect to the probe field, and we
will discuss them in light also of available experimental data for this very
important phenomenon.
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CHAPTER

INTRODUCTION

An open quantum system is a quantum system which is found to be in interaction with
an external quantum system, the environment. Such a system can also be viewed as a
distinguished part of a larger closed quantum system, the other part being the environ-
ment. Lately, there is an upsurge of interest in problems concerning an open quantum
system, which is an important concept in many fields such as quantum optics, quantum
measurement theory, quantum statistical mechanics, quantum information science, quan-
tum cosmology and semi-classical approximations. Quantum optics provided one of the
first testing grounds for the application of the formalism of open quantum systems [4].

Quantum theory introduces a deterministic law, the Schrodinger equation, which gov-
erns the dynamics of the probability distributions. This equation describes the evolution
of chance, that is the dynamics of ensembles of isolated systems. However, as a probabilis-
tic theory quantum mechanics must also encompass the random occurrence of definite
events which are the realizations of the underlying probability distributions. In order
to effect the occurrence of chance events a quantum system must be subjected to inter-
actions with its surroundings. Master equations are probably the most prevalent tool
used in the study of open quantum systems and the density matrix (or density operator)
formalism is quite often the language used in such studies. This formalism describes the
statistical distribution of quantum states in a system and allows to treat an ensemble of
particles statistically.

The theory of open quantum systems addresses the problems of damping and dephas-
ing in quantum systems by the assertion that all real systems of interest are open systems,
surrounded by their environments. The environment is the left-over of what is there if the
quantum subsystem one is interested in would be absent. There are many approaches to
deal with these systems. Among the most well-known methods are the projection opera-
tor techniques by the elimination of the environmental degrees of freedom is regarded as
a formal projection [2], [5]. As widely applied are the Lindblad master equations which
represent the most general set of equations by which the quantum subsystem can be
evolved under Markovian and linearity assumptions 2], [6]. Other popular approaches
exploit stochastic dynamics [2], [7], path integral formalism [2], [6] or quantum-classical
equations [8]. In the latter approach the quantum subsystem is described quantum me-
chanically, whereas the environment is governed by classical equations. The validity of
standard approaches is usually restricted to high temperatures, where quantum effects are
supposed to be small. The popular treatment in terms of Lindblad master equations can
even be shown to be inconsistent which is known as the failure of the quantum regression
hypothesis [5], [8].
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Dissipative quantum systems are often described in terms of a quantum master equa-
tion, typically of a linear, Lindblad-type of form [9]. Such a master equation can arise
from several microscopic models, such as the weak-coupling interaction of radiation with
matter and the Caldeira-Leggett model. The resultant density matrix equation enables
the investigation of general features of the quantum system, like irreversibility, entropy
production, and relaxation to equilibrium. It has the general form of a dynamic equation
with both reversible and irreversible terms (generated by energy and entropy, respec-
tively).

Recently, a new thermodynamic quantum master equation has been proposed by
Prof. Dr. H. C. Ottinger, which provides a useful tool for describing dissipative quantum
systems [8]. A powerful treatment in terms of quantum-classical equations has been used
in which the quantum subsystem and the environment couple irreversibly to each other.
The environment is described by an extension of the GENERIC formalism of classical
nonequilibrium systems, while the dynamics of the quantum subsystem is described by
a quantum master equation [8]. The most striking feature of this master equation is its
deep non-linearity improving the relaxation behavior of solutions most visibly for low
temperatures. For the case where we have a heat bath environment it has been shown
in [5] by H. Grabert that the quantum master equation is used in the present work is
the Markovian limit of the exact master equation that resulted from the application of a
projection operator technique. The equation has been rediscovered in [10] by extending
the classical framework of irreversible thermodynamics [11] to open quantum systems.

The dynamics of a two-level system and of a damped harmonic oscillator, both coupled
to one heat, bath have already been investigated with such a master equation [§], [12].
However, modelling atoms or molecules with two quantum states is insufficient to prop-
erly capture physical non-linear regimes, for example, in quantum optics. To go beyond,
it is necessary to model the system of interest with a more rich internal structure. Con-
sidering three levels offers a compromise between an appropriate degree of complexity
and simplicity. This level of description permits to study many phenomena like coherent
population trapping, Autler - Townes splitting, electromagnetically induced transparency
(EIT), non-linear susceptibility or stimulated Raman adiabatic passage.

In this work, we are interested in the application of the non-linear quantum master
equation to a three-level system (often named qutrit) and a harmonic oscillator, each one
coupled to two heat baths, compared to a Lindblad-type of master equation, constructed
in order to relax to the same equilibrium (Gibbs state) as the nonlinear one for the special
case where the quantum subsystem is coupled to one heat bath. First, we introduce the
Lindblad-type of master equation and which is its form for the two cases where we
examine. Subsequently, in the next section, the non-linear quantum master equation is
presented and again how is formulated for the two systems. Later on, we present the
numerical methods that were applied in order to solve the two master equations. The
time integration is achieved with an Adams - Bashforth integration scheme. We have
also implemented an independent, non-linear matrix algebra solver for computing the
steady-state solution of the density matrix. Finally, we show and discuss our results
which obtained from the Lindblad-type of and the non-linear thermodynamic quantum
master equations for both systems of interest; the three-level (qutrit) and the harmonic
oscillator.



CHAPTER

QUANTUM MECHANICS

In this chapter, we present an overview of quantum mechanics and its fundamental ele-
ments. Fist, we make a short introduction, then we explain the wave - particle duality,
and afterwards we present the Scrodinger equation, which is fundamental equation of
quantum mechanics. Finaly, we introduce the Dirac notation, which we are going to use
along this work.

2.1 Introduction

Quantum mechanics is a branch of physics which deals with physical phenomena at
microscopic scales, where the action is on the order of the Planck constant, h. It departs
from classical mechanics primarily at the quantum realm of atomic and subatomic length
scales and also, provides a mathematical description of much of the dual particle-like and
wave-like behaviour and interactions of energy and matter.

In advanced topics of quantum mechanics, some of these behaviours are macroscopic
and emerge at only extreme (i.e., very low or very high) energies or temperatures. The
name quantum mechanics derives from the observation that some physical quantities
can change only in discrete amounts (quanta), and not in a continuous (analog) way.
For example, the angular momentum of an electron bound to an atom or molecule is
quantized. In the context of quantum mechanics, the wave particle duality of energy
and matter and the uncertainty principle provide a unified view of the behaviour of
photons, electrons, and other atomic-scale objects.

The mathematical formulations of quantum mechanics are abstract. A mathematical
function known as the wavefunction provides information about the probability ampli-
tude of position, momentum, and other physical properties of a particle. Mathematical
manipulations of the wavefunction usually involve the bra - ket notation, also known as
Dirac notation, which requires an understanding of complex numbers and linear func-
tionals. The wavefunction treats the object as a quantum harmonic oscillator, and the
mathematics is akin to that describing acoustic resonance. Many of the results of quan-
tum mechanics are not easily visualized in terms of classical mechanics. For instance, the
ground state in a quantum mechanical model is a non-zero energy state that is the lowest
permitted energy state of a system, as opposed to a more ”traditional” system that is
thought of as simply being at rest, with zero kinetic energy.

The earliest versions of quantum mechanics were formulated in the first decade of the
20th century. At around the same time, the atomic theory and the corpuscular theory of
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light (as updated by Einstein) first came to be widely accepted as scientific fact; these lat-
ter theories can be viewed as quantum theories of matter and electromagnetic radiation,
respectively. Early quantum theory was significantly reformulated in the mid - 1920s by
Werner Heisenberg, Max Born and Pascual Jordan, who created matrix mechanics; Louis
de Broglie and Erwin Schrdinger (Wave Mechanics); and Wolfgang Pauli and Satyen-
dra Nath Bose (statistics of subatomic particles). And the Copenhagen interpretation
of Niels Bohr became widely accepted. By 1930, quantum mechanics had been further
unified and formalized by the work of David Hilbert, Paul Dirac and John von Neumann,
with a greater emphasis placed on measurement in quantum mechanics, the statistical
nature of our knowledge of reality, and philosophical speculation about the role of the
observer. Quantum mechanics has since branched out into almost every aspect of 20th
century physics and other disciplines, such as quantum chemistry, quantum electronics,
quantum optics, and quantum information science. Much 19th century physics has been
re-evaluated as the ”classical limit” of quantum mechanics, and its more advanced devel-
opments in terms of quantum field theory, string theory, and speculative quantum gravity
theories.

Quantum mechanics had enormous success in explaining many of the features of our
world. It is often the only tool available that can reveal the individual behaviours of
the subatomic particles that make up all forms of matter (electrons, protons, neutrons,
photons, and others). Quantum mechanics is also critically important for understanding
how individual atoms combine covalently to form molecules. The application of quantum
mechanics to chemistry is known as quantum chemistry. Relativistic quantum mechanics
can, in principle, mathematically describe most of chemistry. Quantum mechanics can
also provide quantitative insight into ionic and covalent bonding processes by explicitly
showing which molecules are energetically favourable to which others, and the magnitudes
of the energies involved |13]. Furthermore, most of the calculations performed in modern
computational chemistry rely on quantum mechanics.

A great deal of modern technological inventions operate at a scale where quantum ef-
fects are significant. Examples include the laser, the transistor (and thus the microchip),
the electron microscope, and magnetic resonance imaging (MRI). The study of semicon-
ductors led to the invention of the diode and the transistor, which are indispensable parts
of modern electronics systems and devices.

Researchers are currently seeking robust methods of directly manipulating quantum
states. Efforts are being made to more fully develop quantum cryptography, which will
theoretically allow guaranteed secure transmission of information. A more distant goal is
the development of quantum computers, which are expected to perform certain computa-
tional tasks exponentially faster than classical computers. Another active research topic
is quantum teleportation, which deals with techniques to transmit quantum information
over arbitrary distances.

Quantum tunneling is vital to the operation of many devices - even in the simple
light switch, as otherwise the electrons in the electric current could not penetrate the
potential barrier made up of a layer of oxide. Flash memory chips found in USB drives
use quantum tunneling to erase their memory cells.

While quantum mechanics primarily applies to the atomic regimes of matter and en-
ergy, some systems exhibit quantum mechanical effects on a large scale - superfluidity,
the frictionless flow of a liquid at temperatures near absolute zero, is one well-known
example. Quantum theory also provides accurate descriptions for many previously un-
explained phenomena, such as black body radiation and the stability of the orbitals of

4
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electrons in atoms. It has also given insight into the workings of many different biological
systems, including smell receptors and protein structures [14]. Recent work on photo-
synthesis has provided evidence that quantum correlations play an essential role in this
basic fundamental process of the plant kingdom [15]. Even so, classical physics can often
provide good approximations to results otherwise obtained by quantum physics, typically
in circumstances with large numbers of particles or large quantum numbers.

2.2 Wave - particle duality

Wave - particle duality postulates that all particles exhibit both wave and particle prop-
erties . A central concept of quantum mechanics, this duality addresses the inability of
classical concepts like ”particle” and "wave” to fully describe the behaviour of quantum-
scale objects. Standard interpretations of quantum mechanics explain this paradox as a
fundamental property of the Universe, while alternative interpretations explain the dual-
ity as an emergent, second-order consequence of various limitations of the observer. This
treatment focuses on explaining the behaviour from the perspective of the widely used
Copenhagen interpretation, in which wave - particle duality serves as one aspect of the
concept of complementarity, that one can view phenomenon in one way or in another,
but not both simultaneously.

The idea of duality originated in a debate over the nature of light and matter that
dates back to the 17th century, when Christiaan Huygens and Isaac Newton proposed
competing theories of light: light was thought either to consist of waves (Huygens) or of
particles (Newton). Through the work of Max Planck, Albert Einstein, Louis de Broglie,
Arthur Compton, Niels Bohr, and many others, current scientific theory holds that all
particles also have a wave nature (and vice versa). This phenomenon has been verified
not only for elementary particles, but also for compound particles like atoms and even
molecules. For macroscopic particles, because of their extremely long wavelengths, wave
properties usually cannot be detected

The relations that connect these two classically incompatible behaviours are the fol-
lowing

E—hf p= % (2.2.1)
or, equivalently
E h
f==, A= — 2.2.2
] ; (222

. In Eq. 2.2.1] the relations refer to whatever considered only as wave, i.e. the electro-
magnetic waves, and connect the wave features f and A, the frequency and the wavelength
respectively, with the particle features £ and p, the energy and the momentum, respec-
tively, of the particle. Similarly, the form in Eq. the relations refer to whatever
considered initially only as particle, i.e the electron, and connect the particle features
with the wave features of the respective wave. The link between these two features, the
wave and particle, is the Planck constant h If, instead of f and A\, we describe the waves
with the use of the angular frequency and the wavenumber

2 2
w= % =2rnf and k= Tﬂ’ (2.2.3)
then form Eq. we get
E = hw, p=hk (2.2.4)
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where h = % is the reduced Planck constant or Dirac constant. The above relations,

Eq. [2.2.4] constitute the starting point of quantum mechanics, which will be asked to
describe subatomic particles as particles and waves simultaneously.

2.3 Schrodinger Equation

The quantitative description of waves in classical mechanics requires a suitable wave
equation. In the case of a mechanical wave, in three - dimensional space, this equation
is of the form L 5

9 u
where u = u(r,t) is the displacement of the point 7 from the equilibrium point, at time
t and

0? 0? 0?
02 + oy? + 072
is the Laplace operator or Laplacian.

Hence, a severe quantitative description of the material waves, waves that ”accom-
pany” the motion of the material particles, according to the wave - particle duality is not
possible if a respective wave equation is not available. An equation should first devised
and afterwards to check its legitimacy. The search of such an equation has been done by
the Austrian physicist Erwin Schrodinger, who formulated in late 1925, and published in
1926 the so-called Schrodinger equation,

V2 (2.3.2)

ECLL N G
ih—- = (—%v +V(r)) W (2.3.3)

where m is the particle’s mass, V(7) is its potential energy, V? is the Laplacian, and ¢ =
(r,t) is the wavefunction. The Schrédinger equation is a partial differential equation
that describes how the quantum state of some physical system changes with time. In
plain language, it means ”total energy equals kinetic energy plus potential energy”

In classical mechanics, the equation of motion is Newton’s second law, and equiva-
lent formulations are the Euler Lagrange equations and Hamilton’s equations. All of
these formulations are used to solve for the motion of a mechanical system and math-
ematically predict what the system will do at any time beyond the initial settings and
configuration of the system. In quantum mechanics, the analogue of Newton’s law is
Schrodinger’s equation for a quantum system (usually atoms, molecules, and subatomic
particles whether free, bound, or localized). It is not a simple algebraic equation, but
(in general) a linear partial differential equation. The differential equation describes the
wave function of the system, also called the quantum state or state vector.

In the standard interpretation of quantum mechanics, the wave function is the most
complete description that can be given to a physical system. Solutions to Schrodinger’s
equation describe not only molecular, atomic, and subatomic systems, but also macro-
scopic systems, possibly even the whole universe [16]. Furthermore, Eq. is written
in the following form

oy

h— = H 2.3.4
i = i1 (23.4)
where H is the Hamiltonian operator
A o,
H=— Vi(r). 2.3.5
V2 V() (2.3.5)
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The latter equation, Eq. [2.3.4] is known as the time-dependent Schrdinger equation,
which gives a description of a system evolving with time.Here, an operator is a function
acting on the space of physical states. As a result of its application on a physical state,
another physical state is obtained, very often along with some extra relevant information.
It is important to note that the operators used in quantum mechanics are linear and the
application on a linear combination of wavefunctions is transferred on each function of
the combination separately. To apply the Schrdinger equation, the Hamiltonian operator
is set up for the system, accounting for the kinetic and potential energy of the parti-
cles constituting the system, then inserted into the Schrédinger equation. The resulting
partial differential equation is solved for the wave function, which contains information
about the system.

The time-dependent Schrodinger equation predicts that wave functions can form
standing waves, called stationary states (also called ”orbitals”, as in atomic orbitals
or molecular orbitals). These states are important in their own right, and moreover if
the stationary states are classified and understood, then it becomes easier to solve the
time-dependent Schrdinger equation for any state. The time-independent Schrodinger
equation is the equation describing stationary states and it is only used when the Hamil-
tonian itself is not dependent on time. Its form is the following

B = Hi (2.3.6)

which states that when the Hamiltonian operator , H , acts on the wave function v the
result might be proportional to the same wave function . If it is, then v is a stationary
state, and the proportionality constant, F, is the energy of the state 1. In linear algebra
terminology, this equation is an eigenvalue equation, where E is the eigenvalue and ¢ is
the corresponding eigenvector.

Like Newton’s Second law, the Schrédinger equation can be mathematically trans-
formed into other formulations such as Werner Heisenberg’s matrix mechanics, and
Richard Feynman’s path integral formulation. Also like Newton’s Second law, the Schrodinger
equation describes time in a way that is inconvenient for relativistic theories, a problem
that is not as severe in matrix mechanics and completely absent in the path integral for-
mulation. The equation is derived by partially differentiating the standard wave equation
and substituting the relation between the momentum of the particle and the wavelength
of the wave associated with the particle in De Broglie’s hypothesis.

2.4 Dirac Notation

In quantum mechanics, bra - ket notation is a standard notation for describing quantum
states, composed of angle brackets and vertical bars. It was introduced in 1939 by Paul
Dirac [17] and is also known as Dirac notation, though the notation has precursors in
Grassmann’s use of the notation [¢|¢)] for his inner products nearly 100 years previously
[18].

Two major mathematical traditions emerged in quantum mechanics; Heisenbergs ma-
trix mechanics and Schrdingers wave mechanics. These distinctly different computational
approaches to quantum theory are formally equivalent, each with its particular strengths
in certain applications. Heisenbergs variation is based on matrix and vector algebra, while
Schrdingers approach requires integral and differential calculus. Diracs notation can be
used in a first step in which the quantum mechanical calculation is described or set up.
Afterwards, one chooses either matrix or wave mechanics to complete the calculation,

7
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depending on which method is computationally the most expedient. In the recent work,
the bra - ket or Dirac notation is used.

Bra ket formalism can also be used to denote abstract vectors and linear functionals
in mathematics. It is so called because the inner product (or dot product on a complex
vector space) of two states is denoted by a (bra | ket),

(@14),

consisting of a left part, (¢| , called the bra, and a right part, |¢), called the ket.

This notation is widespread in quantum mechanics. Almost every phenomenon that
is explained using quantum mechanics, including a large portion of modern physics, is
usually explained with the help of this notation. Part of the appeal of the notation is
the abstract representation - independence it encodes, together with its versatility in
producing a specific representation (e.g., X, or p, or eigenfunction base) without much
excessive reliance on the nature of the linear spaces involved. The overlap expression
(¢ |1) is typically interpreted as the probability amplitude for the state i) to collapse
into the state ¢.



CHAPTER

DENSITY MATRIX

3.1 Introduction

Density matrices, also called density operators, conceptually take the role of the state
vectors as they encode all the accessible information about a quantum mechanical system.
The notion of ensemble is an ingredient of the statistical interpretation of quantum me-
chanics. It describes the statistical distribution of quantum states in a system and allows
to treat an ensemble of particles statistically. It turns out that the pure states, described
by state vectors |¢)) on Hilbert space H (a complete, abstract vector space possessing the
structure of an inner product that allows length and angle to be measured), are ideal-
ized descriptions that cannot characterize statistical (incoherent) mixtures, which often
occur in the experiment. These objects are very important for the theory of quantum
information and quantum communication.

3.2 General Properties

Consider an observable A in the pure state 1) with the expectation value given by

(A)y, = (W |AlY) (3.2.1)
Then, the density matrix p for the pure state 1 is defined as
p =) (| (3.2.2)

This density matrix has the following properties:
(a) p? = p, projector

(b) p' = p, hermicity

(¢) Tr(p) = 1, normalization

(d) p > 0, positivity

From the last property @ it follows that the eigenvalues of p are greater or equal to
zero, which is important because probabilities are always greater or equal to zero. The
expectation value of an observable in the state ¢ can be reproduced and is given by

(A), = Tr(Ap) (3.2.3)
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3.3 Pure and Mixed States

Now we can introduce a broader class of states represented by density matrices, the mixed
states in contrast to the states we have considered until now, the pure states.

3.3.1 Pure States

Consider an ensemble of given objects in the states {|¢))} . If all the objects are in the
same state, the ensemble is represented by a pure state. To make probabilistic statements
the whole ensemble of identically prepared systems must be considered.

Let the system be in the state ¢ which can be expanded with respect to the eigenstates
of a hermitian operator A

) = cnln), where A|n) = a, |n) (3.3.1.1)

The expectation value is then given by
(4) =S lesfa, =Y 2ra, (3.3.12)
w n n N ’

where |cn|2 is the probability to measure the eigenvalue a,, . It corresponds to the fraction
Nn/n, the incidence the eigenvalue a, occurs, where N, is the number of times this
eigenvalue has been measured out of an ensemble of NV objects.

The state is characterized by a density matrix of the form of Eq. [3.2.2] with the same
properties, where we can combine properties and @ to conclude Tr(p?) = 1.

3.3.2 Mixed States

Let now study the situation where not all of the N systems (objects) of the ensemble are
in the same state, for example N; systems are in the state |1);) respectively, such that
> N; = N.

While quantum measurement destroys the measured system, it is necessary to have
available an entire collection of identical particles in order to make possible to check the
theoretical statistical predictions by repeated measurements upon its unused members.
This is succeeded by making use of the mean or expectation value equation Eq. [3.2.1]
which summarize the physical content.

Hence, in practice all the ensembles that made available are not always pure. These
ensembles consist of individual ones, each of them corresponding to a specific quantum
state |1);), different from the other states. Such a statistical mixture, a mixed ensemble,
will be fully known if we know the participation rate pi,ps,...,py of the individual
pure ensembles in it. This rates m; are the probabilities if a random member of the full
ensemble is described by the state [¢);). This probability p; to find an individual system
of the ensemble described by the state |¢;) is given by

Ni
pi= 5 where sz' =1 (3.3.2.1)

10
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Thus we can express the mixed state as a convex sum (weighted sum with > p; = 1) of
i
pure state density matrices

p= Zpipi = Zpi |9bi) (il (3.3.2.2)

The expectation value is again given by Eq. which we can express this as a
convex sum of expectation values of its constituent pure states

(A), = Zpi (Vi Al) . (3.3.2.3)

in the case of mixed states, the following properties hold for the density matrix

(e) Tr(p?) <1

The trace of p?, Tr(p?) is a good measure for the mixedness of a density matrix, since it
is equal to 1 for pure states and strictly smaller than 1 for mixed states. For a maximally
mixed state we have for a given dimension d of the system

1
Tr(p*) = 5>0. (3.3.2.4)

A simple example of a such a statistical mixture is a gas consisting of Hydrogen atoms
in thermodynamic equilibrium in temperature 7. This collection of atoms will be a mixed
one, in which one part will be in the ground state, described by the state vector |¢;) and
the other part will be in the excited state, described then by the state vector |i)9). The
percentages of each part being in the corresponding state will be given by the Boltzmann
equation

P, = Ae ™ "/rsT (3.3.2.5)
where A is the normalization coefficient which is determined through the condition

1 1

an:1:>A:m:E (3326)
where
Z =Y e et (3.3.2.7)
n=1

is the partition function of the system.

11
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3.4 Time Evolution of Density Matrices

Given the importance of the density matrix (or density operator) p, the next step is to
investigate how it evolves with time. As to the nature of the statistical mixture, it is
required to accept that the time evolution of all the states 1);, contained in the mixture, are
governed by the same Hamiltonian, H. From the time-dependent Schrodinger equation
and its hermitian conjugate

o W(0)) = H (1)) = i o ((1)] = ()] H. (3.4.1)

Then the differentiation of the equation-definition of the density matrix
sz [i(1)) (Wi(t))] (3.4.2)

with respect to time will give

atp sz ( Pl L1 )>> (¥i(t)] "‘sz' [¥i(t)) (m% <¢Z~(t)|)
= ZpiH (1)) (bi(t)] + Zpi () (= (i (t)| H)

(3.4.3)
=H (Zpi |1i(1)) (i ) (sz i () (il )I)
= Hp —ZpH
= [H, ).
So, it holds that
ih%p(t) = [H, p(1)]. (3.4.4)

This result denotes that the density matrices satisfy the von Neumann Equation, which
is the quantum analogue to the classical Liouville equation.

The time evolution of the density matrix can be also described by applying a unitary
operator, the time shift operator U(t,ty), also called propagator

Ut to) = e~ whi=to), (3.4.5)

This allows to relate the density matrix at a later time ¢ to the density matrix at some
earlier time %y

p(t) = U(t, to)p(to)UT(t, to). (3.4.6)

Furthermore, it helps to prove, for instance, that the mixedness T'r(p?) of a density matrix
is time independent

Tr(p*(t)) = Tr(Up(to)UTUp(to)UY) = Tr(p(to) p(to)UU) = Tr(p*(t0)) (3.4.7)
where we used that UTU = UU' = T and the cyclic property of the trace operation, which

18

Tr(ABCD) = Tr(BCDA) = Tr(CDAB) = Tr(DABC).
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BLOCH OR COHERENCE VECTOR

In quantum mechanics, the Bloch sphere (Poincar sphere in optics) is a geometrical
representation of the pure state space of a two-level quantum mechanical system (qubit),
named after the physicist Felix Bloch. There is a one-to-one correspondence between
the states of a qubit and the points of a unit ball in R? the Bloch ball. It has been
generalized to systems with arbitrary number of levels. Unfortunately, for quantum
systems with more than two levels, i.e for a three-level (qutrit), the correspondence is not
so clear anymore as in the qubit case, because the subset of points of the Bloch ball that
correspond to valid quantum states has a non trivial shape [1], [19]. But still the Bloch
vectors provide a visual insight into the world of quantum states. Many operations on
single qubits that are commonly used in quantum information processing can be neatly
described within the Bloch sphere picture.

4.1 Two-Level System (Qubit)

Let’s start with a simple definition of qubits. A qubit is a two-state quantum-mechanical
system with basis states [0) = (1 O)T (ground state) and |1) = (0 1)T (excited state),
as shown in Fig. 1.1l A pure qubit state is a linear superposition of the basis states,
represented as a linear combination of the basis states:

[¥) = a]0) + 5 [1) (4.1.1)

where o and 3 are probability amplitudes and can in general both be complex numbers.
Also, the following relation holds:

la? + )P =1 (4.1.2)

where |o|? and |3]? are the probabilities of outcomes |0) and |1), respectively.

At this point, we will introduce the Bloch (or coherence) vector [1], [19] which will be
useful for the solution of the Master Equation. In the case of qubits we use the SU(2)
unitary group. This group requires three linearly independent generators g, which can
be expressed in terms of the Pauli matrices oy with k = 1,2, 3:

S T O P (RN 419
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3y 3

10) ¥

Figure 4.1: A two-level system (qubit) with basis states |0) and |1)

The above matrices are hermitian, traceless and follow the following relations:

[O-aa Ub] = Zgabcac
{O’a, O'b} = 25ab]I

(4.1.4)

where 4, is the Kronecker delta and 4, is the Levi-Civita symbol (a,b,c = 1,2,3).
Then, the Bloch vector r, € R? , can be obtained through the relation:

Iy i :TT(pO'k), k= 1,...,3 (415)
where p is the 2 X 2 density matrix and o are the Pauli matrices. More analytically
rp1 = P12 + P21

rp0 = i(p12 — p21) (4.1.6)

I'y3 = P11 — P22

Knowing the Bloch vector, we can express the density matrix as:

P %(11 trp-0) (4.1.7)
where I is the 2 x 2 identity matrix. From another perspective, unit Bloch sphere is
a geometrical representation of the pure state space of a two-level quantum mechanical
system (qubit). According to the length of this vector we can declare whether the states
of the system are pure or mixed. So, if |rp| = 1 then we have pure states, if |rp| < 1 then
we have mixed ones, otherwise if |r,| = 0 then he states are completely mixed.

Figure 4.2: Bloch sphere in a two-level system (qubit) [1]

14
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4.2 Three-Level System (Qutrit)

Similarly to qubit, a qutrit is a three-state quantum-mechanical system with basis states
1)=(1 0 O)T (ground state), |2) = (0 1 O)T (intermediate excited state) and |3) =

(0 0 1)T (Rydberg excited state) and are usually studied in three configurations, as
shown in Fig. 4.2.1] Each configuration has two dipole allowed transitions and one dipole
forbidden transition, with the only difference being the relative arrangement of the energy
levels. A pure qutrit state is a linear superposition of the basis states, represented as a
linear combination of |1), |2) and |3):

) = all) + 512) +7[3) (4.2.1)

where «, 8 and v are probability amplitudes and can in general both be complex numbers.
As in qubit, the following relation should hold:

lal* + |8+ * =1 (4.2.2)

where |a|?, |8]? and |y|? are the probabilities of outcomes |1), |2) and |3), respectively.

13)
|2> Iy \
12)
D * I

(a) cascade or ladder (2) (b) lamda (A)

[2) /
1)

(c) vee (V)

Figure 4.2.1: The three types of a three-level system (qutrit) with basis states |1), |2) and |3)

Contrary to the qubit where we use the SU(2) unitary group of dimension three, here
we have the SU(3) unitary group which is of dimension eight. This group requires eight
linearly independent generators g; which can be expressed in terms of the Gell-Mann

matrices Ay with £ =1,...,8 (two diagonals and six off-diagonals):
010 0 — O 1 0 0
M=1100], =[7 0 0], a=[0 -1 0
0 00 0 0 0 0 0 O
0 01 00 — 000
M=1000], =[00 0], =001 (4.2.3)
100 1 0 0 010
00 O 1 1 0 0
)\7: 00 —1 s /\8:_ 01 0
0 2 O V3 00 -2
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All matrices are hermitian, traceless and follow the following relations:

TT()\Q)\(,) = 25(1[)
[)\a, )\b] = 22.folbc)\c (424)

4
{/\aa )\b} = géab + 2dabc>\c

where d,, is the Kronecker delta, dg;. are completely symmetric structure constants and
fave are completely antisymmetric structure constants (a,b,c = 1,...,8).
Now, the coherence vector in the case of qutrits [1], [19] r; € R® and can be obtained
through the relation:
ree=1Tr(pA), k=1,...,8 (4.2.5)

where in this case p is the 3 x 3 density matrix and o} are the Pauli matrices. More
analytically

ry1 = pi2 + pa

rio = i(p12 — pa1)

ry3 = P11 — P22

ryqa = P13+ P31

ri5 = i(p13 — pa1) (4.2.6)
Ti = P23 T P32

re7 = i(p2s — p32)

1
(p11 + p22 — \/51033)

r = —=
t,8 \/g

Knowing the coherence vector r;, we can express the density matrix as:
1
p=50+ V3r, - A) (4.2.7)

where I is the 3 x 3 identity matrix.

As for the length of the coherence vector, for qutrits, if |r;] = 1 then we have pure
states, otherwise if |ry| < 1 then we have mixed ones. It should be noticed that not all
coherence vectors with |ry| < 1 correspond to valid qutrit states because a valid state
has density matrix with non-negative eigenvalues. Also, the largest hypersphere, that
contains only valid states has radius [ry| = 2.

Figure 4.2.2: Two-dimensional sections of the Bloch (or Coherence) vector space for three-level
systems. The grey parts are the domain of the Bloch vector. [1]
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5.1 Closed & Open Systems

5.1.1 Dynamics of Closed Quantum Systems

A closed quantum system a system that is closed in the sense that it does not interchange
any information with another system (i.e. energy, particles, etc.). In physical applica-
tions one often encounters the situation that the system under consideration is driven
by external forces, an external electromagnetic field for example. If in such a case the
dynamics of the system can still be formulated in terms of a possibly time-dependent
Hamiltonian generator H(t) the system will again be said to be closed, while we reserve
the term isolated to mean that the Hamiltonian of the system is time independent. The
Planck’s constant A has been set equal to 1.

The time evolution of a pure state |1(t)) € ‘H generated by the Hamiltonian H(t) is
determined by the Schrodinger equation

d[y(t))

S = = H®) (). (5.1.1.1)

Due to the linearity of the Schrodinger equation its solution is given by an evolution
family U(t,tp) such that
(1)) = Ut to) [(t0)) , (5.1.1.2)
where U(t, 1) is a unitary time-evolution operator, i.e. UT(t,t0)U(t, to) = U(t, to)UT(t, 1) =
I, which transforms the state [1)(to)) at some initial time ¢, to the state |¢(t)) at time

t. If we substitute Eq. [5.1.1.2] into Eq. [5.1.1.1] we get an operator equation for the
time-evolution for U(t,ty)

dU(t,to) i

dt _h[

which is subjected to the initial condition

H(t), U(t, t)]. (5.1.1.3)

Ulto, to) = IL. (5.1.1.4)

For a closed, isolated physical system the Hamiltonian H is time independent and Eq.
5.1.1.3|is readily integrated to yield the following expression

U(t, tg) = e H=to), (5.1.1.5)
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For a time-dependent Hamiltonian the solution of Eq. [5.1.1.3] subjected to the initial
condition represented as a time-ordered exponential

Ul(t,tg) = T, exp (—zzt: dsH(s)) (5.1.1.6)

to

where T', denotes the chronological time-ordering operator which orders products of
time-dependent operators such that their time-arguments increase from right to left as
indicated by the arrow.

If the system under consideration is in a mixed state the corresponding quantum
statistical ensemble may be characterized with the help of the statistical operator p.
Assuming that at some initial time ¢y the state of the system is described by the density
matrix

p(to) =Y wa [¢a(t0)) (va(t0)], (5.1.1.7)

where w,, are positive weights and keti,(t0) are normalized state vectors. The state of
the system at time ¢ will therefore be given by

p(t) = U(t, to)p(to)UT(t, o). (5.1.1.8)

In this case, the time evolution of a mixed state, p(t), is determined by the Liouville
- von Neumann equation

dp(t) i
—= = ——[H(t), p(t)]. 5.1.1.9
o HLH (), p(t)] ( )
which is often written in a form analogous to the classical Liouville equation
dp(t
% = L(t)p(t). (5.1.1.10)

Here, L is the Liouville operator is defined through the condition that

L(t)p(t) = —i[H(t), p(t)]. (5.1.1.11)

Often, L is called a Liouville superoperator since it acts on an operator to yield another

operator. In close analogy with Eq. [5.1.1.6] the Liouville equation [5.1.1.10| leads to
t
p(t) = T, exp <Z dsﬁ(s)) p(to). (5.1.1.12)
to
For the case of a time independent Hamiltonian the Liouville superoperator is also time

independent and hence we have

p(t) = £ p(ty). (5.1.1.13)

5.1.2 Dynamics of Open Systems

In general terms, an open system is a quantum system S which is coupled to another
quantum system B called the environment. It thus represents a subsystem of the com-
bined total system S + B, whereby in most cases it is assumed that the combined system
is closed, following Hamiltonian dynamics. The state of the subsystem S, however, will
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change as a consequence of its internal dynamics and of the interaction with the surround-
ings. The interaction leads to certain system-environment correlations such that the re-
sulting state changes of S can no longer, in general, be represented in terms of unitary,
Hamiltonian dynamics. The dynamics of the subsystem S induced by the Hamiltonian
evolution of the total system is often referred to as reduced system dynamics, and S is
also called the reduced system. Let us denote by Hg, the Hilbert space of the system
and by Hp the Hilbert space of the environment. The Hilbert space of the total system
S + B is then given by the tensor product space H = Hg ® Hp. The total Hamiltonian
H(t) may be taken to be of the form

H(t) = Hs® Ip + Is ® Hp + Hy(t) (5.1.2.1)

where Hg is the self-Hamiltonian of the open system S, Hg is the free Hamiltonian of
the environment B, and H/(t) is the Hamiltonian describing the interaction between the
system and the environment. A schematic picture of the typical situation under study
is shown in Fig. Following the notation in [2], if we speak of an open system S

Figure 5.1.1: Schematic picture of an open quantum system. [2]

we shall use the general term environment for the system B coupled to it. The term
reservoir refers to an environment with an infinite number of degrees of freedom such
that the frequencies of the reservoir modes form a continuum. As will be seen, it is this
property which generally leads to an irreversible behaviour of the open quantum system.
Finally, the term bath or heat bath will be used for a reservoir which is in a thermal
equilibrium state.

The motivation for the study of open systems is mainly that in many physically
important situations a complete mathematical model of the combined system’s dynamics
is much too complicated. The environment may represent, for example, a reservoir or
a heat bath consisting of infinitely many degrees of freedom, in which case an exact
treatment requires the solution of an infinite hierarchy of coupled equations of motion.
Even if a solution is known one is confronted with the task of isolating and determining the
interesting physical quantities through an average over the remaining, irrelevant degrees of
freedom. Moreover, one often encounters the situation that the modes of the environment
are neither known exactly nor controllable. One therefore tries to develop a simpler
description in a reduced state space formed by a restricted set of physically relevant
variables which is achieved by employing various analytical methods and approximation
techniques.

We regard an open system S to be singled out by the fact that all observations of
interest refer to this subsystem. The observables referring to S are all of the form A® I,
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where A is an operator acting on the Hilbert space Hg and Ig denotes the identity in the
Hilbert space Hp. If the state of the total system is described by some density matrix p,
then the expectation values of all observables acting on the open system’s Hilbert space
are determined through

(A) =Trs(Aps), (5.1.2.2)

where
ps =Trg(p) (5.1.2.3)

is the reduced density matrix of the open quantum system S. The notation T'rg denotes
the partial trace over the open system’s Hilbert space, while T'rg denotes the partial trace
over the degrees of freedom of the environment B. The reduced density operator pg will
be the quantity of central interest in the description of open quantum systems.

The reduced density matrix pg(t) at time ¢ is obtained from the density matrix p(t) of
the total system by taking the partial trace over the degrees of freedom of the environment.
Since the total density matrix evolves unitarily we have

ps(t) =Trg (UL, to)p(to)U'(t, to)) , (5.1.2.4)

where U(t, ty) is the time-evolution operator of the total system. In an analogous way,
the equation of motion for the reduced density matrix is obtained by taking the partial
trace over the environment on both sides of the Liouville - von Neumann equation for
the total system,
dps(t)
dt

= —iTrp[H(t), p(t)). (5.1.2.5)

5.2 Lindblad Quantum Master Equation

The general Lindblad form of a master equation is given by equation [5.2.1 where H
is the Hamiltonian, which is Hermitian, and {Ay} are so-called Lindblad operators such
that for every operator its hermitian conjugate is also in the set labelled by k. The
constants 7y, > 0 are called decay constants.

W) _ it (o) + > Auolt) 4] = S (4L Acpl0) 5.2.1)

Introducing superoperators we can write the Lindblad quantum master equation as
Lp(t) = —i[H, p(t)] + Dp(t) (5.2.2)

where L is called the Lindbladian and D is the Dissipator.

5.3 Microscopic Derivations

5.3.1 Weak-Coupling Limit

We begin by considering a quantum mechanical system S weakly coupled to a reservoir
B. The Hamiltonian of the total system is assumed to be of the form

H=Hs+ Hp+ H; (5.3.1.1)
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where Hg and Hpg denote respectively the free Hamiltonian of the system and of the

reservoir and H; describes the interaction between the system and the reservoir. The

derivation of a quantum Markovian master equation is most easily performed in the

interaction picture. The starting point is the interaction picture von Neumann equation
dp(t)

TR —i[H;(t), p(t)] (5.3.1.2)

for the total density matrix p(t) and its integral form

t

p(t) = p(0) — i / ds{H; (5). p(s)]. (5.3.13)

0

Inserting the integral form into Eq. [5.3.1.2] and taking the trace over the reservoir we
find

t

dpgt(t) _ / dsTr[Hy (1), [Hi(s), p(s)]). (5.3.1.4)
Here, it has been assumed that
Trg[H[(t), p(0)] = 0. (5.3.1.5)

In Eq. still there is the density matrix of the total system, p(t) on right-hand
side. In order to eliminate it from the equation of motion we perform a first approxima-
tion, known as the Born approximation. This approximation assumes that the coupling
between the system and the reservoir is weak, such that the influence of the system on
the reservoir is small (weak-coupling approximation). Thus, the density matrix of the
reservoir ppg is only negligibly affected by the interaction and the state of the total system
at time t may be approximately characterized by a tensor product

p(t) = ps(t) ® pp- (5.3.1.6)

Note that this does not imply that there are no excitations in the reservoir caused by the
reduced system. The Markovian approximation to be derived below provides a description
on a coarse-grained time scale and the assumption is that environmental excitations decay
over times which are not resolved. Inserting the tensor product into the exact equation
of motion, Eq[5.3.1.4] we obtain a closed integro-differential equation for the reduced
density matrix pg(t)

t

- / AsTrs[Hy(t), [Hi(5), ps(s) ® ps]]. (5.3.1.7)

0

dps(t)
dt

In order to simplify the above equation we perform the Markov approximation, in which
the integrand pg(s) is first replaced by pg(t). In this way we obtain an equation of motion
for the reduced system’s density matrix in which the time development of the state of
the system at time ¢ only depends on the present state pg(t),

t

= — /dSTTB[HI(t), [Hi(s), ps(t) ® psl]. (5.3.1.8)

ps(t)
dt
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This equation is called the Redfield equation [20], [21].

The Redfield equation is local in time, but it is not yet a Markovian master equation
since the time evolution of the reduced density matrix still depends upon an explicit
choice for the initial preparation at time ¢ = 0. This implies that the dynamics of the
reduced system is not yet described by a dynamical semigroup. In order to achieve this
we substitute s by ¢ —s in the integral in Eq. and let the upper limit of the integral
go to infinity. This is permissible provided the integrand disappears sufficiently fast for
s >> 1. The Markov approximation is therefore justified if the time scale 7z over which
the state of the system varies appreciably is large compared to the time scale 75 over
which the reservoir correlation functions decay. Thus, we finally obtain the Markovian
quantum master equation

o0

/ dsTr[Hy (1), [Hi(t — 5), ps(t) @ py]. (5.3.1.9)

dﬂs

The approximations performed above are usually termed as the Born-Markov ap-
proximation. In general they do not guarantee, however, that the resulting equation, Eq.
defines the generator of a dynamical semigroup ( [22]). One therefore performs
a further secular approximation which involves an averaging over the rapidly oscillating
terms in the master equation and is known as the rotating wave approximation (RWA).
To explain the procedure let us write the Schrodinger picture interaction Hamiltonian H;
in the form

=> A, ® B, (5.3.1.10)

where Al = A, and B} = B,. This is the more general form of the interaction. In order
to apply the this approximation, the interaction Hamiltonian, H;, should be decomposed
into eigenoperators of the system Hamiltonian, Hg. Supposing the spectrum of Hg to be
discrete this may be achieved as follows. Let us denote the eigenvalues of Hg by ¢ and
the projection onto the eigenspace belonging to the eigenvalue ¢ by Il(¢). Then we can
define the operators

Aa(w) = ) T(e)AJI(E). (5.3.1.11)

’
g —E=w

The above sum is extended over all energy eigenvalues ¢ and € of Hg with a fixed energy
difference of w. An immediate consequence of this definition is that the following relations

are satisfied,
[Hs, Ao (w)] = —wAy(w), (5.3.1.12a)

[Hg, Al (w)] = —wAl (w). (5.3.1.12b)

The operators A, (w) and Al (w) are therefore said to be eigenoperators of Hg belonging to
the frequencies +w and —w, respectively. It follows from relations|5.3.1.12aland [5.3.1.12b|
that the corresponding interaction picture operators take the form

eiHstAa(w>e—iHSt — e_thAa(w)’ (53113&)
st AT (w)e st = el AT (), (5.3.1.13b)

Finally, we note that
[Hs, Al (@) A (@)] =0, (5:31.14)
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and

Al (w) = Ag(—w). (5.3.1.15)
Summing Eq. [5.3.1.11over all energy differences and employing the completeness relation

we get
D Auw) =) Al(w) = A, (5.3.1.16)

This enables to cast the interaction Hamiltonian into the following form

ZA ) @ Ba _ZAT )® B} (5.3.1.17)

This is the desired decomposition of the interaction into eigenoperators of the system
Hamiltonian. Note that the frequency spectrum {w} is, in general, degenerate; for a fixed
w the index « labels the different operators A,(w) belonging to the same frequency. By
introducing this eigenoperator decomposition, the interaction picture interaction Hamil-
tonian can now be written in the particularly simple form

= e A (w) @ Z e AT (w) @ Bi(t), (5.3.1.18)

where A A
B, (t) = e8! B e~ HBt (5.3.1.19)

are interaction picture operators of the environment. Now, the condition in Eq. [5.3.1.5
becomes
(Ba(t)) = Tr(Bu(t)ps = 0, (5.3.1.20)

which states that the reservoir averages of the B, (t) vanish. Inserting Eq. |5.3.1.18| into
the master equation, Eq. [5.3.1.9 we obtain

[e.o]

e - /dsTrB (Hi(t = s)ps(t)pp(t)Hi(t) — Hi(t)Hi(t — s)ps(t)ps) + h.c.

dt

=3 eI s(w) (As@)ps()AT, — AL Ag(@)ps(t)) + hec

w,w/ a,B

(5.3.1.21)

where h.c stands for the Hermitian conjugate expression and also have been introduced
the one-side Fourier transforms

[e.e]

Tos(w) = /dseI“S<BT (t)Bs(t — s)) (5.3.1.22)

0

of the reservoir correlation functions
(Bl (t)Bs(t — s)) = Trp{B(t)Bs(t — s)pg}. (5.3.1.23)

Supposing that pp is a stationary state of the reservoir, we get that [Hg, pg] = 0. The
reservoir correlation functions are then homogeneous in time which yields

(Bl (t)Bs(t — s)) = (B! (s)Bs(0)) (5.3.1.24)
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showing that the quantities I',5 do not depend on time. An interesting example in which
the reservoir correlation functions do depend on the time argument t is the case where
the reservoir represents a squeezed vacuum state [2]. The basic condition underlying
the Markov approximation is that the reservoir correlation functions decay suf-
ficiently fast over a time 75 which is small compared to the relaxation time 7x. It is
important to note that a decay of the correlations can only be strictly valid for an envi-
ronment which is infinitely large and involves a continuum of frequencies. If the frequency
spectrum w,, of the reservoir modes is discrete, it is easy to see that, in general, correla-
tion functions of the type are quasi-periodic functions of s. A rapid decay of the
reservoir correlations therefore requires a continuum of frequencies. We denote by 75 the
typical time scale of the intrinsic evolution of the system S. This time scale Ty is defined
by a typical value for |w" — cu|71 , w # w, that is by a typical value for the inverse of
the frequency differences involved. If 75 is large compared to the relaxation time 7 of
the open system the non-secular terms in i.e. the terms for which w’ # w, may
be neglected, since they oscillate very rapidly during the time 7z over which pg varies
appreciably. This condition is typically satisfied for quantum optical systems where it is
known as the rotating wave approximation (RWA). Thus we have

dps Z Pas(@) (As(@)ps(B)AL (@) — AL@)As(@)ps(®) + he.  (5.3.1.25)

It is convenient to decompose the Fourier transforms of the reservoir correlation functions
as follows

1
Lop(w) = 5%/3(00) +1Sa5(w), (5.3.1.26)
where for fixed w the coefficients
1 *
Sap(w) = 57 (Fap(w) = Fa(w)) (5.3.1.27)

form a Hermitian matrix and the matrix defined by

Yap(w) = Lap(w) + T, (w) = / dse™s <BL($)B/5(O)> (5.3.1.28)

—0o0

is positive. With these definitions we finally arrive at the interaction picture master
equation

dps(t
25) — {5, ps )] + Dlps(t). (53.1.20)
The Hermitian operator
Hpg = Z Sap(wW) Al (W) Ag(w) (5.3.1.30)

provides a Hamiltonian contribution to the dynamics. This term is often called the Lamb
shift Hamiltonian since it leads to a Lamb-type renormalization of the unperturbed energy
levels induced by the system-reservoir coupling. Note that the Lamb shift Hamiltonian
commutes with the unperturbed system Hamiltonian,

[Hs, Hys] = 0. (5.3.1.31)
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by virtue of Eq. [5.3.1.14] Finally, the dissipator of the master equation takes the form

Dlps) =YY YasWw) (Aﬁ(W)psAL(w) — %{Al(w)Aﬁ(w), p5}> . (5.3.1.32)

w b

Note that the master equation [5.3.1.29|is of the first standard form

N2-1

, 1
Los = —i[H,ps] + Y ay (f-”v:PSFjT - 5{@57/)5}) (5:3.1.33)

ij=1
and can be brought into the Lindblad (diagonal) form

N2-1

‘ 1
Lps = —i[H, ps] + Z Tk (AkPSAL - §{A11Aka PS}) (5.3.1.34)
k=1

by diagonalization of the matrices v,s.

5.4 Projector Operator Technique

We consider the general physical situation of an open system S coupled to an environment
B. The dynamics of the density matrix p(¢) of the combined system is specified by some
microscopic Hamiltonian of the form

H = Hy+ oH,; (5.4.1)

where Hy generates the uncoupled time evolution of the system and environment. H;
describes their interaction, and « denotes a dimensionless expansion parameter. When
working in the interaction representation, the equation of motion for the density matrix

reads
000 — ialHy (1) p(0) = aL(t)ol0) (5.42)

where we have set A = 1 and the interaction picture representation of the interaction
Hamiltonian is defined by
Hi(t) = et {pemiHot (5.4.3)

The Liouville super-operator is denoted by L(t).

5.4.1 Projection Operators

In order to derive an exact equation of motion for the reduced density matrix pg of the
open system it is convenient to define a super-operator P according to

p— Pp=Trg(p) ®ps = ps ® pp (5.4.1.1)

where pp is some fixed state of the environment. This super-operator projects on the
relevant part of the density matrix p in the sense that Pp gives the complete information
required to reconstruct the reduced density matrix pg of the open system. Accordingly,
a complementary super-operator 2,

2p=p—"Pp (5.4.1.2)
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may be introduced, which projects on the irrelevant part of the density matrix. The
super-operators & and 2 are maps in the state space of the combined system that is in
the space of density matrices of the total Hilbert space H = Hs ® Hpr. They have the
following properties

P+2=1 (5.4.1.3)
PP =P (5.4.1.4)
2’ =29 (5.4.1.5)

PI=29P =0 (5.4.1.6)

which can be carried out using Eqs [5.4.1.1} [5.4.1.2| and assuming pp to be normalized,
Tr(pg) = 1. The density matrix pp used in Eq. is an operator in Hp. It may
represent a quite arbitrary, but known environmental state, called the reference state.
The choice of pp strongly depends on the specific application one has in mind. In the
following we shall suppose this state to be time independent. Typically, it is taken to be
the stationary Gibbs state of the environment.

5.4.2 The Nakajima - Zwanzig equation

Our aim is now to derive a closed equation for the relevant part Zp(t), i.e. for the density
matrix ps(t) = Trpp(t) of the open system. By applying the projection operators &
and 2 to the Liouville-von Neumann equation, Eq. [5.4.2] and by invoking the time
independence of the reference state the following set of coupled differential equations for
the relevant and the irrelevant part of the density matrix is obtained,

aﬁi(t) _ gapagf) — aPLH)p(1) (5.4.2.1)
8%2@) _ Qﬁggt) = a2L(t)p(t) (5.4.2.2)

By inserting the identity I = P+ Q between the Liouville operator and the density matrix
p this may also be written as

(Wé ;’(t) = aPL() Pp(t) + a PL(t) 2p(t) (54.2.3)
a%;;(t) — a2L(t) Pp(t) + a2L(t) 2p(t) (5.4.2.4)

To get a closed equation for the relevant part of the density matrix we solve Eq. [5.4.2.4
and insert the solution into Eq. [5.4.2.3] The formal solution of corresponding to

a given p(ty) at some initial time ¢, may be expressed as

2p(t) =9 (t,to)2Lp(ty) + a/dsg(t, S)2L(s)Pp(s) (5.4.2.5)

to

where we have introduced the propagator

aftds/QE ,
G(t.s)=T _e = (s) (5.4.2.6)
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The operator T', , describes the chronological time ordering; it orders any product of
super-operators such that the time arguments increase from right to left. The propagator
“(t,s) thus satisfies the differential equation

09 (t, s)

e a2L(t)9(t,s) (5.4.2.7)

with the initial condition
G(s,s)=1 (5.4.2.8)

Inserting the expression for the irrelevant part of the density matrix into the
equation of motion for the relevant part we obtain the desired exact equation for
the time evolution of the relevant part of the density matrix.

0Zp(t)
ot

=aPL()Y (t,10)2p(ty) + P L(L) Pp(t)

p (5.4.2.9)

+a? / ds P LD (t 1) 2L () P
to

This equation is known as the Nakajima - Zwanzig equation. It is an exact equation for
the relevant degrees of freedom of the reduced system. The right-hand side involves an
inhomogeneous term PL(t)9(t,t0)Zp(to) depending on the initial condition at time ¢,
and an integral over the past history of the system in the time interval [to,¢]. It thus
describes completely non - Markovian (i.e memoryless) memory effects of the reduced

dynamics. In many cases it may also be assumed that the odd moments of the interaction
Hamiltonian with respect to the reference state vanish

TTB (H[('h)H[(fg) e H](tgn_H) = O) (54210)
which leads to the following relation
PL(t)L(t) ... L(tan1 P =0 (5.4.2.11)

forn =20,1,2,.... In the case where n = 0, the second term in the Nakajima - Zwanzig
equation [5.4.2.9) vanishes and we may cast it into the compact form

_ / ds A (£, 5) Pp(s) + aPLED 1t t0) 2p(to) (5.4.2.12)

to

dZp(t)
dt

The convolution or memory kernel
H(t,s) = > PLIYG(t,s)2L(s) P (5.4.2.13)

represents a super-operator in the relevant subspace. The integro-differential equa-
tionb.4.2.12] is exact and holds for all initial conditions and for almost arbitrary systems
and interactions. Unfortunately, the NakajimaZwanzig equation is usually as difficult
to solve as the Liouville equation describing the dynamics of the total system [2]. This
means that perturbation expansions are needed in order to discuss the relevant dynamics
in a way accessible to analytical or numerical computations. For a factorizing initial con-
dition p(tg) = ps(to) ® pp we have Pp(ty) = p(ty) and, therefore, 2p(ty) = 0. Hence the
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inhomogeneous term of the Nakajima-Zwanzig equation [5.4.2.12] vanishes and the exact
equation for the relevant part of the density matrix reduces to

_ / ds K (t,5) Pp(s) (5.4.2.14)

to

0Zp(t)
ot

To second order in the coupling strength @ we obtain
H(t,8) = > PLIZ2L(s)P + O(a?) (5.4.2.15)

which leads to an equation of motion of second order for Zp(t)

= a2/ds<@£(t)£(s)32p(s) (5.4.2.16)

to

9Zp(t)
ot

where we again made use of ZL(t)Z = 0. If we now introduce the explicit expressions
for the projection operator &2 and for the generator L(t) we get the Born approximation
of the master equation

t

= —ag/dsTrB[H[(t), [H(s), ps(s) ® pgl] (5.4.2.17)

to

dps(t)
ot

which we saw in EqJ5.3.1.7 This approach to the non-Markovian dynamics of open
quantum systems has some practical disadvantages. The perturbative approximation of
the memory kernel simplifies the derivation of the equations of motion, but unfortunately
not their structure. The approximate equation of motion is again an integro-differential
equation, whose numerical solution may be quite involved.

5.5 The Quantum Optical Master Equation

In this section, we consider a bound quantum system, e.g. an atom or a molecule, which
interacts with a quantized radiation field. The radiation field represents a reservoir with
an infinite number of degrees of freedom and the bound system is the reduced system
we are interested in. The uncoupled atom or molecule is described by some Hamilto-
nian Hg, while the free quantized radiation field will be represented by the Hamiltonian
(subtracting an infinite c-number for the vacuum energy)

Hp = ZAZ hwibl (k)b (K). (5.5.1)

Here, we reintroduce all physical constants such as Planck’s constant / and the speed of
light ¢. For simplicity we decompose the radiation field into Fourier modes in a box of
volume V', imposing periodic boundary conditions. These modes are labelled by the wave
vector k and two corresponding, transverse unit polarization vectors eA(k) such that

k-ax(k)=0 (5.5.2a)

ex(k) - ey (k) =8,y (5.5.2b)
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Z ég\(k)ég)\ = 5@' — —»_2]7 1,] = 1, 2, 3 (552C)
N2 14

The dispersion relation is wy = ck = c|k|. The field operators by(k) and bi\(lg) describe

the destruction and creation of photons with wave vector k and polarization €y (k). They
obey the commutation relations

=

[ba(k), by (k)] = [bL(k), bl, (k)] =0 (5.5.3)

[bA(K), by (K )] = 0Kk 6AN. (5.5.4)

Finally, we assume the interaction Hamiltonian to be given in the dipole approximation
by
H =-D-F (5.5.5)

where D is the dipole operator of the system under consideration and E is the electric
field operator in the Schrdinger picture,

E=iS S/ 2”3‘% () (ba(F) — () (5.5.6)

oA=12

With these definitions the total Hamiltonian governing the coupled system of the matter
degrees of freedom and the radiation degrees of freedom is given by

H = Hs+ Hp + H. (5.5.7)

At this point, we performing the Born-Markov approximation. decompose the dipole
operator D into eigenoperators of Hg. The latter take the form

—

Aw)= Y T()DI(e) (5.5.8)

Now we have . .
[Hs, A(w)] = —hwA(w) (5.5.9)
[Hg, A'(w)] = +hw At (w) (5.5.10)
and
At(w) = A(—w) (5.5.11)

The decomposition of the interaction picture dipole operator ﬁ(t) into eigenoperators
therefore reads

D(t) =Y e ™ Aw) =Y e Al(w) (5.5.12)
w w
and the interaction Hamiltonian can now be written in the interaction picture

Hy(t) ==Y e “Aw)- Et), (5.5.13)

w

where E (t) denotes the electric field operator in the interaction picture. Assuming as
that

<E(t)> = Tr (E(t)pB) =0 (5.5.14)
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we can immediately write down the equation of motion, analogous to Eq. [5.3.1.21

dstS = Z ei(w/—w)tfij(w) (Aj(w)pgAZ(wl) - A;r(w,)Aj(w)pS> + h.c. (5.5.15)

The correlation functions of the electric field operator are defined through

and their one-sided Fourier transforms are given by

1 o0
? / dse (E(t)E,(t — s)) (5.5.17)
0

The matrix I';;(w) will be referred to as the spectral correlation tensor. It depends,in
general, on . In fact, without further assumption on the state pp of the reservoir we find

2nhwy  [2whw, - =
Ly EQZZ\/ ’“\/ e (k) (k)

_._.,

(5.5.18)
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CHAPTER

LINEAR DISSIPATIVE DYNAMICS

6.1 Three-Level System (Qutrit)

Three-level systems arise in many physical contexts. A spin-1 particle in an external mag-
netic field, three states of atoms or molecules coupled by lasers or other interactions, and
oscillations among the three neutrino flavours are just a few varied examples. A widely
used class of equations, which proceed a full treatment of dissipation and decoherence, is
the Liouville von Neumann Lindblad equation [23]

L dp 1. ; ;

N T T T (6.1.1)
= [H.p)+5i> <LkLkp 4 pLiL, — 2Lkak)
k

where p is the density matrix, H is a hermitian Hamiltonian, the L are operators in the
system through which dissipation and decoherence are introduced. More specifically, the
second term on the right-hand side is the Liouvillian super-operator describing coupling
to the environment and the resulting irreversibilities of dissipation and decoherence. The
above Master Equation can be expressed in the Liouville - Bloch form as [23]:

zhdn—<t) = L(t)n(t) (6.1.2)

dt
where 7(t) is a column vector whose components eta(t) , k = 1,...,n? — 1 are suitable
linear combinations of the density matrix elements ,similar to the coherence vector, and
Lisa (n?—1) x (n? — 1) a matrix which may not be hermitian (from now on i =1) . A
convenient choice for etax is p11 — Pmm, Pum + Pmns Prnm — Pmn Where mn =1,... n and

m > n. In the case of qubits, Ly = \/gak (k =1,2,3) and H = €(t)os3 + Jo; we have
that:

—iI' —e(t) 0
L(t)=|—e(t) —iI' 2J | =—-il'T—¢€(t)A, +2JA, (6.1.3)
0 2J —il
with
000 0 0 — 010
A, =100 1), Ay=10 0 0], A.=(1 00 (6.1.4)
010 - 0 0 0 00
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and I the 3 x 3 identity matrix.
Similarly, in the case of qutrits [24], Ly = \/g)\k (k=1,...,8),and H = €(t)A, + JA,
we have that:

—iT’ 0 0 e(t) 0 0 0 2J(t)
0 —iT 0 3e(t) 0 0 0 32J(t)
0 0 —il 0 0 2J(t) 0 0
£t = e(t)  V3e(t) 0 —i 2J() 0 0 0
0 0 0 2J(t) —iT 0 0 —e(t) (6.1.5)
0 0 2J(t) 0 0 —il —e(t) 0
0 0 0 0 0 —e(t) —il 0
2J(t) —V/32J(t) 0 0 —e(t) 0 0 —il
= —il'T+ €(t)B, + 2J(t)x,
where
0O 0 00000 1 000 0 -2 0 0 0
0 0 00000 —V3 000 0 0 0 0 0
0O 0 00010 O 000 0 0 0 —i 0
B _|0 0 00100 0 B _|0000 0 00 i
*“lo o o1oo00 o0 [ |200 0 0 00 0
0 0 10000 O 000 0 0 0 0 0
0O 0 00000 O 004 0 0 0 0 0
1 /300000 0 000 — 0 0 0 0
00 0 1 0 0 0 0
00 0+v3 0 0 0 0
00 0 0 0 0 0 0
g_|tv30o 0 0 0 0 0
1o o 00 0 0 0 -1
00 0 0 0 0 —1 0
00 0 0 0 -1 0 0
00 0 0 -1 0 0 0
(6.1.6)

and I the 8 x 8 identity matrix.
It is clear from Eq. |6.1.3|and [6.1.5|that the form of the matrix £(¢) in qubits and qutrits
Is common.
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CHAPTER 7

APPLIED QUANTUM MASTER
EQUATIONS

In this chapter, we will present the master equations that are applied and how do they
form in each system under investigation. More analytically, we make use of a Lindblad-
type master equation, specially constructed in order to relax to equilibrium (i.e to the
Gibbs state and not simply to the fully mixed state) [25]. This is crucial when comparing
it to the other master equation that is used, the non-linear thermodynamic quantum
master equation, which also relaxes to equilibrium [8].

7.1 Lindblad Master Equation

In this section, we explain how the specific linear markovian master equation in the
weak-coupling regime, also known as the Lindblad master equation, is obtained [25]. The
constructive approach of Davies [22] is followed, starting from a microscopic point of
view.

We consider a quantum system of interest S embedded in a bath B on the Hilbert
space H = Hg ® Hp. The total Hamiltonian is

H=Hs®I+1® Hp+ \H| (7.1.1)

where Hg is the system Hamiltonian, Hg is the Hamiltonian referring to the bath, H;
is the interaction Hamiltonian and A\ is the coupling strength between system and bath
(here, is set to 1). The self-adjoint coupling operator @, acting on the system S, is bound,
as is the self-adjoint coupling operator ® acting on the bath Hg. We have to assume
that Hg is bound and has a discrete time-independent N-level spectrum. The dynamics
of the system S is then obtained by tracing out the equilibrium bath Hp. The obtained

master equation is
2

[Hs, o]+ 5K (o) (7.1.2)

op i
ot h
where p is the density matrix, K(p) is the dissipative operator defined on the space of
the density matrices and is responsible for the irreversible evolution of the system, A is

the coupling strength between system and bath and h is the reduced Planck or Dirac
constant. We here neglect the shift of the free energy levels (it does not affect the final
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equilibrium solution) and write the dissipative generator as

Klp) =3 e (LopLl -~ J{ELLu ) )

(7.1.3)
+ aw) (LLpr - %{LwLL, p})

w>0

where the real constant e(w) is responsible for the emission processes while a(w) is re-
sponsible for the absorption processes taking place during the scattering events. The w’s
appearing in the sum range in the set of all possible energy transitions of the system,
namely, w = Fi — Ej for some (i, ) and the sum is taken over all such w’s. The oper-
ators L, and L] = L_, are the scattering or Lindblad operators obtained by a spectral
decomposition of the self-adjoint coupling operator (). They model jumps between the
eigenstates of the Hamiltonian Hg induced by the scattering of the particles of the system
with the particles of the bath. We can see that the Hamiltonian of the system is linked
to the Lindblad operators of Eq. by the relation

(Lo, Hs] = wLy,, (7.1.4)
which in the energy eigenbasis gives

(Ei | [Lo, Hs] | Ej) =(E; — E3) (Ei | Lo | Ej)
= (Ej — Ei)(Lw)ij (7.1.5)
= (Ej — Ei)Qij0nr(E; — Ej, —w),

where @Q;; = (E;| Q| E;) is an ij matrix element of the coupling operator in the energy
eigenbasis. The kronecker dy, in the above equation tells us that only terms with £, F; = w
are non-zero. Moreover, the fact that the Lindblad operators are defined in terms of
the energy eigenbasis of the Hamiltonian tells us that when we use a time-dependent
Hamiltonian we have to recompute the set of Lindblad operators at each time instant (and
possibly obtain a different number of operators due to energy degeneracies or crossings).
In practice, one would have to recalculate the Lindblad operator at every integration time
step (or at least each time that the spectrum of the Hamiltonian changes).

Concerning the scattering rates, the emission e(w) and absorption «a(w) rates in Eq.
find their origin in the Fourier transformation of the correlation functions of the
bath [22]

B(t) = (@@) 5 = Tr (ppe " 0e 7 (7.1.6)

where pp = (ZB% is the Gibbs state of the bath, Zp = Tr(e ?#5) and 3 = kBLT is the

fixed inverse temperature of the bath. The emission and absorption spectral functions

t
exist if [|h(t)| < 0, in which case we find that
0

)= 1 / (L) dt, (7.1.7)
hw) =e(w), w>0,hw)=aw), w<DO0. (7.1.8)
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During the time evolution, a given energy level will gain and loose excitations. More
precisely, the terms L,pL! and LpL, are responsible for the gain while the terms
{LIpL,} and {L,pL}l} are responsible for the loss. Therefore, to reach equilibrium, it
is necessary to have a proper detailed balance among the emissions and the absorptions.
Hence, having

a(w) = e e(w), (7.1.9)

insures that the master equation converges to an equilibrium state [22] by balancing
the incoming and outgoing scattering for standard ergodic conditions (every energy level
should be connected to the others, at least indirectly). The precise form of the emission
e(w) and absorption a(w) rate present in the master equation given by depend on
the nature of the bath (bosonic, fermionic, anionic, etc.).

7.1.1 Three-Level System (Qutrit)

The first system under investigation is the three-level, often named qutrit. For such a
system with non-degenerated energy levels, we have seven Lindblad operators. More
precisely,

0 Q% 0 0 00
L12— 0 0 0 ) L21— Q21 0 0 )
0 0 O 0 00
00 Q¥ 0 00
L13— 0 0 0 5 L31: 0 0 0 5
00 0 Q¥ 00
(7.1.1.1)
00 O 0 0 0
L23* 00 Q23 ) L32* 0 0 0 )
00 0 0 Q2 0
Q"™ 0 0 0 0 0 00 O
L11: O O 0 y L22: 0 Q22 O 5 L33: 0 0 O
0 00 0 0 0 00 Q%

where Q¥ (i,j = 1,2,3) are the (4,7) element of matrix @ defined later.

Figure 7.1.1: A three-level system (qutrit) with basis states |1), |2) and |3)

We can rewrite these matrices in the form

L;;=Q"c", (7.1.1.2)
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with @Y = @7* and by defining the 3x3 o;; basis matrices as follows,

010 0 00 0 01
012 — 0 0 , O923 = 0 01 , 013 = 0 00
0 00 0 00 0 00
0 00 0 00 0 00
091 = 1 00 , O32 = 0 00 , O31 = 0 00 (7113)
0 00 010 100
100 0 00 0 00
g11 — 0 00 , O99 = 010 , O33 = 0 00
0 00 0 00 0 01
with o;; = O'L The resulting dissipative operator, Eq. , is of the form
1
K™ (p) =) [Pejrn,k (Uz‘jﬂajj 3 {G;rja-ijvp})
Wij k
1
+ 10 (Ugjpaij _§{Uij0'§jap}>] (7.1.1.4)

1
+ Z Cii i <0'ii/)0'iz' 3 {04, p}>

Wig

where we used the fact that o;;0;; = 0 for ¢ # j (this eliminates the cross terms in the
dephasing terms). Moreover, we can simplify the equation with the general properties
0,05 = 0, and 0,0, = 0;; . Also, Fe]mk, I"fljbk and Ffjp’k, with & = [, r (l:left, r:right
heat bath) and i,j = 1,2,3 (j > ), are scattering rates referring to emission, absorption

and dephasing respectively, given by Eq. [7.1.1.5][7.1.1.6| and [7.1.1.7] below,

erjm = er(wij) Qﬂk ePr” gk ’Qﬂ * (7.1.1.5)
k
i ~Nji 2 i,
Lop e = an(wi) | @ #° 67: ’Q] : (7.1.1.6)
iy o 2
Lipr = ek(o)‘Q”’k gk ‘Q” * (7.1.1.7)
k

where w;; = {wia, wag, w1z}, Wi = {wi1, waa, was} and fy = ﬁ To reach equilibrium, it
is necessary to have a proper detailed balance among the emissions and absorptions, Eq.
7.1.9, The choice for ay(w;;) and ej(w;;) can be done using a "flat” spectrum, independent

of the frequency,
2%

Br
where 7 is the friction, to be as close as possible to the non-linear master equation. Now,
from Eq we get the following

ap(wgj) = (7.1.1.8)

2
er(wij) = 67: e (7.1.1.9)
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The Hamiltonian in the case of the three-level system (qutrit) is of the form

E, 0 0
He=|(0 E;, 0 (7.1.1.10)
0 0 FEs
where

is the energy of each state (i = 1,2,3) and w,, are the eigenfrequencies.

7.1.2 Harmonic Oscillator (10 states)

In the case of the harmonic oscillator with 10 states, the distance among the energy levels
is equal,

E,=n+-,n=0,...,9 (7.1.2.1)

Figure 7.1.2.1: The quantum harmonic oscillator system (10 states) with basis states |0), ...,
19)

Subsequently, the value of w; ;41 is the same among the energy levels of the system. In
this case of degenerated energy levels, we have less Lindblad operators. More precisely,
we get the following three Lindblad operators

® L.y, which corresponds to the emission terms (w;; = w)
e L, which corresponds to the absorption terms (w;; = —w)

e Lg,, which corresponds to the dephasing terms (w;; = wy)
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The dissipative operator, Eq. [7.1.2] now takes the form

K"(p) =)

k=l,r

1
Fem,k <Lem,kalm7k - 5 {le,kLem,kJ p})
t 1 t
+ Fab,k Lab,kaabvk - 5 {Lab,kLab7k7 p} (7122)

1
+ Lap i (Ldp,k:pLdp,k —-3 {LapxLap,k P}) ]

with .
Loy = Z Qi kg, (7.1.2.3)

i=1

10
Lab,k = Z Q”_l’kﬂii_l (7124)

i=2

10

Loy = Z Q" o (7.1.2.5)

i=1
Now, o;; are 10x10, zero-valued matrices, with the corresponding 7j element being the

only non-zero (similar to Eq. [7.1.1.3)). The system Hamiltonian is the following 10 x 10
matrix

Mo

Hg = (7.1.2.6)

)
S OO O OO oo

oo
Moococoococooo

coococoocoocoocoo ™
Ne)
o

CcCoococococoo
cCcoococoococoTMoo
coococoocolMooo
coococolloocooco
coocolooocoo
cooTMocococococo
colloococococoo

e}
=
=

where

is the energy of each state (i = 1,..,10) and w;, are the eigenfrequencies.
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7.2 Thermodynamic Quantum Master Equation

7.2.1 Classical Environment

The approach that we use in order to describe dissipative quantum systems is carefully
motivated by [10] and is intended to describe the dynamics of a quantum subsystem
coupled to an arbitrary, possibly time-dependent environment. For that purpose, we
need a powerful formalism to describe the classical environmental degrees of freedom and
is succeeded The choice that as been made in [§], [12], [10] relies on an extension of the
GENERIC building block of classical nonequilibrium systems [11]. But before we go on,
we will try to briefly present the basic features of this powerful formalism.

7.2.2 GENERIC

In non-equilibrium thermodynamics, GENERIC is an acronym for General Equation for
Non-Equilibrium Reversible-Irreversible Coupling. It is the general form of dynamic
equation for a system with both reversible and irreversible dynamics (generated by en-
ergy and entropy, respectively). GENERIC formalism is the theory built around the
GENERIC equation, which has been proposed in its final form in 1997 by Miroslav
Grmela and Hans Christian Ottinger [26], [27].

The GENERIC equation is the following

dx F 3S
= L(@) (@) + M) (@) (7.2.2.1)

where x denotes the set of independent variables required for a complete description of
the non-equilibrium system, F(z) and S(z) are the system’s total energy and entropy
expressed in terms of the state variables z, and L(z) and M (z) are certain linear oper-
ators (or matrices). Since x typically contains position dependent fields, such as mass,
momentum, and energy densities, the state variables are usually labelled by continuous
(position) labels in addition to discrete ones. A matrix multiplication, or the application
of a linear operator, hence implies not only summations over discrete labels but also in-
tegrations over continuous labels and % typically implies functional rather than partial
derivatives. More specifically, L(z) is the Poisson matrix and is an antisymmetric matrix
describing the reversible dynamics of the system according to Hamiltonian mechanics.
M (z) is the friction matrix and is a positive semidefinite (and hence symmetric) matrix
describing the systems irreversible behaviour.

In addition to the above equation and the properties of its constituents, systems that
ought to be properly described by the GENERIC formalism are required to fulfil the
following degeneracy conditions

L(x) - g—i(x) =0 (7.2.2.2)

which express the conservation of entropy under reversible dynamics (the functional form
of the entropy is such that it cannot be affected by the operator generating the reversible

dynamics), and

M(x) - i—f(m) =0 (7.2.2.3)

which express the conservation of energy under irreversible dynamics.
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Further general properties of L and M are discussed most conveniently in terms of the
two brackets

0A 0B
which is the Poisson bracket, and
0A 0B

which is the dissipative bracket, where A and B are sufficiently regular real-valued func-
tions on the state space. The Poisson bracket, Eq. [7.2.2.4a} has the following properties:

a It is bilinear
b {A, B} = —{B, A}, stated as the antisymmetry property,
c {A,B,C} =A{B,C}+ B{A,C}

d {AA{B,C}}+{B,{C,A}} + {C,{A,CB}} = 0, known as the Jacobi identity and
which express the time invariance of the Poisson bracket,

where C' is an arbitrary sufficiently regular real-valued function on the state space. The
dissipative bracket, [7.2.2.4b, has the following properties:

a It is bilinear
b [A, B] = [B, 4], stated as the symmetry property,
c [A, A] > 0,VA, stated as the non-negativeness condition.

From|7.2.2.2| (implying S,E = 0) and the non-negativeness condition above, guarantees
that the entropy is a non-decreasing function of time

ds

—_— >

dt —
In terms of these brackets, [7.2.2.1] [7.2.2.4al and [7.2.2.4b| and the chain rule lead to the

following time-evolution equation of an arbitrary function A in terms of the two separate
generators E and S:

0. (7.2.2.5)

U (aB) (A8 (7.2:2.6)

where the first right-side term refers to reversible dynamics, whereas the second right-
hand side term refers to irreversible dynamics. A similar equation already existed from
A. N. Beris & B.J. Edwards [28]

dA
= {AF}+[AF] (7.2.2.7)

where F' = E — TS is the free energy and is recognized also as a special case of the
GENERIC approach [27].

The proper arena for quantum mechanics is provided by separable complete Hilbert
spaces, that is, complex vector spaces equipped with inner products. Observables are
densely defined self-adjoint linear operators on a Hilbert space H. As a consequence of
self-adjointness, observables are real. For nonequilibrium systems, we are interested in
the evolution of the averages of a sufficiently rich set of observables. It is not immediately
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obvious what sufficiently rich means for the characterization of the state of a quantum
system. We here focus on the evolution of the density matrix p, also known as the
statistical operator, which can be expressed in terms of an orthonormal basis |n) of the
Hilbert space H and the probabilities p,,, namely,

p=> puln)(n|. (7.2.2.8)

The density matrix characterizes the state of our quantum subsystem and its time evo-
lution determines the evolution of the averages of all observables.

The corresponding arena for classical systems is given by functions or functionals on
a Poisson manifold as observables. Classical nonequilibrium thermodynamics provides
evolution equations for the values of observables in terms of Poisson and dissipative
brackets as the appropriate geometric structures [11], [2§], |26], [27]. In practice, one
usually follows the evolution of a point = in a Poisson manifold. The evaluation of
observables as functions or functionals of the state variable(s) z is the classical counterpart
of the averaging of quantum observables with a density matrix p.

The key idea is the need for separate geometric structures for generating reversible
and irreversible dynamics from energy and entropy, respectively. In quantum mechanics,
the Hamiltonian and von Neumann’s entropy are available. The proper structure under-
lying reversible mechanics is known to be given by the quantum Poisson bracket of two
observables A and B in terms of their commutator and Planck’s constant h,

(A, B) = %[A, B] (7.2.2.9)
motivated and introduced by Dirac [17]. The symbol (A, B) is used for the quantum
Poisson bracket and it should not be confused with the scalar product. The rate of
reversible change of the average (4), = Tr(Ap) of a quantum observable A is given
by the average ((A, H)),, where the observable H is the Hamiltonian of the quantum
system. In the same spirit, we next propose the simple geometric structure behind all
irreversible dynamics. The essential structural element is ((A, Q); (B, Q)), where @Q is an
operator that provides the weak dissipative coupling of the quantum subsystem with its
environment. The bilinear pairing (;) , i its structural element is the canonical correlation
29
1
(A;B), = / Tr(p*Ap'*B)d\ = Tr(A,B), (7.2.2.10)
0

where
1

A, = /p’\Apl_)‘d/\, (7.2.2.11)
0

is basically the product of the observable A and the density matrix p but, it’s necessary
to compromise between writing p to the left or the right of A, it is placed as a subscript.
The canonical correlation has the following properties:

a. it is symmetric,

(A; B>p = (B; A)p (7.2.2.12)
for all observables A, B, and
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b. It is positive,
(A; A)p >0, (7.2.2.13)

for all observables A.

Additional properties can be inferred from Lieb’s theorem [2]
fi(A,B) = —Tr{XTA'XB'""} (7.2.2.14)

The functional f; is jointly convex in its arguments A and B, where A, B are positive
operators, X is an arbitrary fixed operator and ¢ is a fixed number in the interval [0, 1].
In the very same way that the reversible structure ((A, B)), assists the Hamiltonian
to generate reversible evolution, irreversible evolution should be generated by entropy by
means of the irreversible geometric structure (4, Q); (B, Q)),. Assuming von Neumann’s
logarithmic form of the entropy, this possibility relies on the following identity:

(Inp, A,) = (p, A). (7.2.2.15)

To prove this result, which is crucial for a thermodynamically consistent construction
of irreversible dynamics generated by von Neumanns entropy, we can look at arbitrary
matrix elements formed with the eigenstates of the density matrix

1
A
(Inpn — Inpa) (1| Avpo | m) = prlnt (p—” ) d\(n| A|m)
p

m m

(7.2.2.16)
= (pn_pm) <n‘A‘m>

At this point, all the essential ingredients of nonequilibrium thermodynamics have been
presented and the formulation of the general evolution equations for dissipative quantum
systems is straightforward. The only new element is the canonical correlation of two
commutators required to construct irreversible dynamics from the entropy.

In order to obtain the total energy and entropy of a closed system consisting of a quan-
tum subsystem and its classical environment it is necessary to know the corresponding
pairs A of quantum and classical observables, A and A., so that on can write

A= (A),+ Ac,. (7.2.2.17)

where the subscript x indicates that an observable is evaluated in the classical state x.
For the energy H, A is the Hamiltonian H of the quantum subsystem and A, is the
energy H. of the environment. For the entropy S, the following S = —kglnp is chosen
as operator A, where kg is the Boltzmann’s constant, and A, is the entropy S, of the
classical environment. Then, the evolution of the average A of any joint observable A of
the quantum system and its environment can be formulated in terms of the generators

H and S,

A o o

T P(A,H)+D(A,S), (7.2.2.18)
where P is the reversible Poisson contribution, while D is the irreversible dissipative
contribution. Both contributions consist of classical and quantum-mechanical contribu-
tions. This formulation is the most natural generalization of the GENERIC framework

of classical nonequilibrium thermodynamics |11], [26], [27]. So,

P(A, B) = {Ac, B} + (A, B)), . (7.2.2.19)
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where {, } is the classical Poisson bracket and it should not be confused with the anticom-
mutator in quantum mechanics. The distinction between classical Poisson brackets and
quantum anticommutators (both expressed as curly brackets) as well as between classi-
cal dissipative brackets and quantum commutators (both expressed as square brackets)
should always be clear from the context, and this distinction is facilitated by using bold-
face brackets for the classical objects. For the dissipative contribution to evolution we
employ the following bracket structure:

D(Aa B) :[Aea Be]w + [Hea He]S((Aa Q): (B7 Q)>p

- AeaHe? H?Q ) B7Q
: ]Q( )i ), (7.2.2.20)
- [H67 Be]x (A7 Q)a (Ha Q)>p
+ [Ae, BIZ(H,Q); (H,Q)),
The standard classical dissipative bracket, [,], and the dissipative bracket, [,]%, are

both symmetric and positive semidefinite, but the latter does not need to fulfill the usual
GENERIC degeneracy expressing energy conservation. This conservation of energy is
guaranteed by the form of [7.2.2.20] which is actually motivated by energy conservation
and that is why the last three compensation terms are needed. All the essence of the
dissipative bracket is contained in the first line of Eq. As the coupling between
the quantum system and its classical environment is purely irreversible, the entropy of
each subsystem is conserved by its own reversible dynamics, {A., S} = 0 and ((4, S)), =
0 for arbitrary observables A, and A. The dissipative structure, Eq. can be
generalized by summing up contributions from several different coupling operators @),
each of them coming with its own classical dissipative bracket [,]?. Also, The different
irreversible processes could even be coupled.

Considering now the fundamental equation [7.2.2.18| along with the reversible and ir-
reversible contributions, Eqs|(7.2.2.19 and [7.2.2.20| respectively, and separating the contri-
butions involving the quantum observable A and the classical observable A, the following
equation is obtained for the evolution of averages in the quantum subsystem:

d{4), Q .
di = <<A7H>>p_ [H67S€]:c <(A7 Q),(H, Q>>p
+ kB[HE7 He]cx\? <(Q7 (QJ A))>p :
(7.2.2.21)
The classical environment is governed by the evolution equation
Voo (A0 Y. — kol Ao HIZ (@, (Q.H))
dt - ey tlefx Blle; Hle]y ) ) P (72222)

+[Ae, Selo + [Ae, SIZ(((H, Q); (H,Q))),, -

From the consistent evolution of the averages of arbitrary observables A one can infer
the underlying evolution equation for the density matrix p. Indeed, the following master
equation for the density matrix reproduces the evolution equation [7.2.2.21] for arbitrary
averages

d _

D (o 1) + [, S19Q. Q. 1))

+ kB [Hea He]:?(Qv (Q7 p))
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as can be verified by means of the identities

(A H)), = —=Tr[A(p, H)] (7.2.2.24)
(Q,(Q,A4))), =Tr[AQ, (Q,p))] (7.2.2.25)
(A4,Q); (H,Q)), =-Tr[AQ,(Q H),)| (7.2.2.26)
(A), =Tr(Ap) (7.2.2.27)

which follow directly from the definitions [7.2.2.9| and [7.2.2.10, The master equation
is our fundamental equation for open quantum systems. The existence of a
master equation implies that the evolution of all averages is formulated in a consistent
way. In view of the definition [7.2.2.11] the second term in Eq. will, in general,
be nonlinear in p. This quantum nonlinearity of an irreversible contribution caused by
noncommutativity of observables implies that the above master equation cannot be of
the popular Lindblad form [9]. The most natural linear approximation to the GENERIC
master equation is obtained in terms of the symmetric anticommutator

(@, H), ~ %{(Q,H),p}, (7.2.2.28)

possibly in combination with a modification of the coefficients. Note, however, that
linearizations spoil the thermodynamic structure and are hence not recommendable. In
particular, the nonlinearity guarantees a proper equilibrium solution.

A similar master equation of the form of [7.2.2.23] referring to an arbitrary quantum
system in contact with a heat bath, has been derived from H. Grabert in 1982 [5] by
projection operator techniques with a relevant ensemble of the exponential form, given
in the next section.

7.2.3 Derivation by Projection Operator Techniques

As a general example of the GENERIC master equation is provided by an arbi-
trary quantum system in contact with a heat bath, for which H. Grabert [5] has derived a
quantum master equation by projection operator techniques with a relevant ensemble of
the exponential form. That derivation was motivated by the failure of the frequently used
quantum regression hypothesis, which assumes that the decay of two-time correlations is
governed by exactly the same evolution equation as the decay of averages and which is
an essential part of the linear standard theory of quantum Markov processes.

To begin with, the Hilbert space H of the entire system is the tensor product of the
Hilbert spaces of Hg and Hpg of the two subsystems S and R. The trace Tr over a
complete set of orthnomal functions in H can be carried out in two steps

Tr =trtrg (7.2.3.1)

where tr and trr denote the partial traces over a complete set of orthonormal states
in Hg and Hg, respectively. The state of the subsystem S is described by the reduced
density matrix

p(t) =Trr =W(t) (7.2.3.2)

where W (t) is the density matrix of the entire system. Because of Eq. [7.2.3.1) the mean
value of any variable u of S is found to be

(ut)) = Tr(wW(t)) = tr(up(t)) (7.2.3.3)
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so that p(t) contains complete information about S. In thermal equilibrium the state of
S ® R is described by a canonical density matrix

Ws=Z5'e P, Zg=Tr(e ") (7.2.3.4)

where 77 is the Hamiltonian of the entire system. The corresponding reduced matrix
reads
P = t?’RW5. (7235)

On defining an effective Hamiltonian H of S vy
1 ~B(H)
H= ElntrRe : (7.2.3.6)

the equilibrium state of S may be written as
ps = Zg'e "M (7.2.3.7)

Since H will depend on the reservoir temperature in general, it might more appropriately
be called the free energy operator of S. We now consider a nonequilibrium state. Given
the reduced density matrix p(t) of S, we may introduce a relevant density matrix W (t)
of S® R by

W(t) = Z(t) e PH=rO) - Z(t) = Tr(e A1) (7.2.3.8)

where pu(t) is an operator acting in the Hilbert space Hg of S only. This operator is
determined by the requirement

treW (t) = p(t). (7.2.3.9)

Hence, as far as the state of the subsystem S is concerned, the relevant density matrix
W (t) and the true density matrix W (t) are equivalent. Furthermore, an initial nonequi-
librium state prepared by applying a perturbation H.xt to the subsystem S is of the form
with u(t) = —Hey. p(t) may be looked upon as a thermodynamic force operator
conjugate to the reduced density matrix p(t). A small change du(t), of this force operator
leads to a change dW (¢) of the relevant density matrix given by

OW(t) = B (1)(0p(t) — (Ou(t))) (7.2.3.10)

where

deve—0 =) [ g=(B=0) (A =u(t)) (7.2.3.11)

=
=
Il
N
=
=
L
St~

and

(Ou(t)y =Tr(out)W(t)). (7.2.3.12)
Since a change of u(t) by a c-number has no effect on W(t) but is cancelled by the
associated change of the normalization factor Z(t), without a loss of generality it may
assumed

(6u(t)) = 0. (7.2.3.13)

From Eqs [7.2.3.8] and7.2.3.10| it is obtained for the change dp(t) of the reduced density
matrix

dp = Bk(t)ou(t) (7.2.3.14)
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where
k(t)u =Trg(# (t)u
-1

)
i (7.2.3.15)
= (Z(t)5) /datrR(eo‘(% — (b)) ue= B —nlt)) o

J (t) is a super-operator defined as a transformation of operators U of the entire system
S® R, while k(t) is defined as a transformation of operators u of the subsystem S. At this
point, it is necessary to distinguish k(t) and Trr(# (t)) in general. The transformation
trr( (t)) reduces operators acting in H to operators acting in Hg only. However, the two
transformations k(t) and Trg(2# (t)) coincide when they are applied to the subsystem

S. Through combination of Eqs[7.2.3.2] [7.2.3.10] [7.2.3.13] [7.2.3.14] it is found that

SW(t) = 2(t)6W (t) (7.2.3.16)

where

P(t) = (K)(t)k(t) 'trg (7.2.3.17)

is a projection operator. From Eqs [7.2.3.15| and [7.2.3.16] we see that this projection
operator has the following properties

D) P(1t) = P (1) (7.2.3.18)

and
W(t) = 2(H)W(t). (7.2.3.18b)

The true density matrix W (¢) obeys the Liouville - von Neumann equation
W(t) = —i.Z2(t)W(t). (7.2.3.19)

The Liouville operator .Z(t) of the entire system S ® R may contain a time-dependent
part of due to an external perturbation H..(f) acting upon S

L) = %[«%”  Houp, %), (7.2.3.20)

By decomposing W (t) into

W(t) = W(t) + AW (t) (7.2.3.21)

where AW (t) is the deviation from the relevant form, from Eqs [7.2.3.18b{[7.2.3.19| they
are obtained two coupled equations of motions

W(t) = —iPt) L)W (t) —iP )L [) AW (t) (7.2.3.22)
and

AW () = —i(1 = PANL(OW () —i(1 — P(t) L () AW (). (7.2.3.23)
The integration of leads to

AW () = 9(t,0)AW(0) — / dsY (¢, s)(1 — P(5))i.L(s)W(s). (7.2.3.24)

0
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Here we have introduced the time-ordered exponential

(1= 2 (u))i (u)
- J du()
G(t,s)=Te 5 (7.2.3.25)

where operators are ordered from right to left as time increases. Inserting into
7.2.3.22], it is found that

t

W(t) = —i@(t)ﬁ(t)W(t)—/ds@(t)g(t)%(t,s)(l—@(3))X(S)W(s)—i@(t)i”(t)%(t,O)AW(O).
0
(7.2.3.26)
We will assume that the initial nonequilibrium state has been prepared by means of a
constant external perturbation applied to the subsystem S. When at time ¢t = 0 the steady
state in the presence of this perturbation has been reached, the initial nonequilibrium
density matrix W (0) is of the relevant form. Then

AW(0) =0, (7.2.3.27)
and the last term in Eq. [7.2.3.26| vanishes. From Eq. [7.2.3.15|and [7.2.3.17| we get

tT’R@(t) = tT’R. (72328)
Using [7.2.3.9] [7.2.3.27], [7.2.3.2§) it is obtained from [7.2.3.26] for the time rate of change of

the reduced density matrix

p(t) = —itrg(L(HOW () — / dstrr (L0G(t,5)(1 — P(s)L(s)W(s)). (7.2.3.29)

By writing the Liouvilian [7.2.3.19|in the form

1 1
LU0) = S~ (1)) + Fu) + Hon0). % (72:3.30)
where the first term commutes with W (t). Using Eq. [7.2.3.9] it is found that
- 1
trr(ZL (W (t)) = —ﬁ[p(t), p(t) + Hepe(1))]. (7.2.3.31)
Furthermore, the identity
1
(A, eP] = / dge?P[A, BleU=9)B (7.2.3.32)
0

gives by virtue of [7.2.3.8] [7.2.3.11] and [7.2.3.20)]
L(t)=W(t) = A (1)L (t)(A — p(t))
= BA (1)L () (1(t) + Her(t)).

Now, by making use of Eqs[7.2.3.31] and [7.2.3.33], the evolution of equation [7.2.3.29] may
be transformed to

(7.2.3.33)

p(t) = =V (£)(u(t) + Hear (1)) — /dsD(t s)(1(s) + Hear(s)), (7.2.3.34)
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where we have introduced the transport operators

V(t)u=—=[p(t),u] (7.2.3.35)

and

D(t,s)u = Ptrr (L ()9 (t,s)(1 — P(s))H (5)ZL(s)u) (7.2.3.36)

where V' (t) describes the instantaneous transport while D(¢,s) describes the retarded
transport caused by forces at earlier times. Their time dependence arises only through
wu(t) and H..(t) Equation is an exact evolution equation (generalized master
equation) for the density matrix p(t) of the subsystem S, which is nonlinear. This non-
linearity is a pure quantum effect.

At this point, we deal with the problem of finding an approximate equation of motion
in cases where memory effects may be disregarded. Such an approximation is conveniently
split into two parts. First, we aim at an approximate expression for the thermodynamic
force operator p(t) in terms of the density matrix p(t). This amounts to an approximate
description of the static behavior of S. Second, approximate expressions for the transport
operators describing the dynamic behavior are sought for. The result of this investigation
is the Markovian master equation, which will be showed later on. The thermodynamic

force operator u(t) introduced in [7.2.3.8| is determined by the requirement [7.2.3.9, We
now assume that this relation between u(t) and p(t) can be replaced by

p(t) = N(t)e PO N(t) = tr (e PH-#0) (7.2.3.37)

where H has been introduced earlier in Eq. This approximation amounts to the
assumption that the steady state of S in the presence of a time-independent perturbation
H.,; is of the form

pst ~ e P Hert), (7.2.3.38)

While this formula is precise for classical systems, it is valid only approximately in the
quantal case. The effective Hamiltonian H characterizing the equilibrium state of S
contains frequency shifts due to the interaction with R. When a perturbation H,., is
applied to 9, the bath state is perturbed by the combined action of H.,; and the coupling
between S and R. The modified bath state reacts upon S leading to a small change of
the effective Hamiltonian. This indirect effect of the perturbation, mediated by the bath,

is disregarded in [7.2.3.38, Using the approximate result [7.2.3.37, we obtain instead of
72314

Sp = BEK()ou(t) (7.2.3.39)

where

1 (7.2.3.40)
- / deep(t)Pup(t) =

is a special type of multiplication with the density matrix p(t) which in the classical limit
reduces to an ordinary multiplication. Note that K (¢)u is self adjoint if u is selfadjoint.
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The transport operator V'(t) describes the reversible organized motion of S. Since H —
wu(t) commutes with p(t), we obtain from |7.2.3.35| and [7.2.3.37|

V) () + ) = 7 [+ Hea(), p(0)] = ~iTo0)o(1) (7.2.3.41)

where Lg(t) is the reversible Liouvillian. Thus the internal reversible dynamics are gov-
erned by the effective Hamiltonian H. The transport operator D(t, s) introduced in Eq.

[7.2.3.36] reads
D(t,s)u = Btrg (L)1 — Z(t)9(t,s)(1 — P(s))H (5)ZL(s)u) (7.2.3.42)

where the term (1 — Z()) has been inserted and is permitted because of Eq. [7.2.3.18al
The Hamiltonian #(t) of S ® R can be split into

() = Hg + Hp + 1H + Heopy(t) (7.2.3.43)

The interaction /H between S and R may be written as

IH =Y SR (7.2.3.44)
l

where S; and R; are variables of S and R respectively. Then, ot is shown that

tre (L)1 — D)) = %Z[sl, tra(Ri(1 — 2(t)U)] (7.2.3.45)

and

(1— D)) H ()L (s)u = %(1 — D) H (s) / RS, ] (7.2.3.46)

where U is an operator of S ® R while u is an operator of S. Using the above equations
7?7 and [7.2.3.46, the transport operator [7.2.3.42| may be transformed into

Dt s)u=Y %[s,, BD1 (. 8)k(5) S, u] (7.2.3.47)

where the diffusion operators have been introduced
Dy, (t,s) =trg (Rl(l - P(t)¥9(t,s)(1 — t@(s))%(s)k(s)*lRm) (7.2.3.48)

So far, all expressions for D(t, s) are exact. We shall assume now, that the motion of
the subsystem S is slow compared to the reservoir motion. This means that (in terms of
properly scaled variables) the commutator [S;, u] may be regarded as small in compari-
son to a commutator of reservoir variables. Since [7.2.3.47] contains two S;-commutators
explicitly, we may evaluate by treating the variables of S as c-numbers. We
mention that the diffusion operators will depend on the state of the system S in general.
A related phenomenon is met within the theory of classical irreversible systems, where
the state-dependence of the diffusion kernels describes multiplicative thermal noise. To
keep things as simple as possible, this state-dependence will be disregarded. Finally, we
disregard the retardation in the generalized master equation, since memory effects are of
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the third order in the slowness parameter of S. This way, we obtain after some algebra
the Markovian approximation

/Otdlem(t, s) = k(8)[Sm, 11(8) + Hext(S)] = Dy K (t)[Sin, po(t) + Hewe ()] (7.2.3.49)

where Kt has been defined in [7.2.3.40, The diffusion coefficients Dy, are time-integrals

over canonical correlations of reservoir variables

Dy, = /dt
0

Ry =R, — (R)) . (7.2.3.51)

™| =

B
/ dov (GRu(t — iha) R (7.2.3.50)

where

Instead od Dy, it is convenient to introduce damping coefficients ~;,, by

because the 7;,, remain finite in the low temperature limit 7" — 0. By virtue of Eqs

7.2.3.47], [7.2.3.49] and [7.2.3.52] the generalized master equation reduces to the

approximate Markovian master equation

p(t) = —R(D)((t) + Hew(2)) (7.2.3.53)

where R(t) is the transport operator in the Markovian limit. It consists of two parts, a

commutator )
V(t) = —%[p(t), %] (7.2.3.54)

and a sum of double commutators

D(#) = # S St K (8)[ S, %] (7.2.3.55)

Equation [7.2.3.53| has the form of a transport equation. The thermodynamic force opera-
tor pu(t) driving the system to equilibrium is related to the density matrix p(t) by [7.2.3.37]
The Markovian master equation [7.2.3.53| may also be written in a different form. Using

the identity and Eq. one shows that
[Sms p(8)] = =BK()[Sm, H — pu(t)] (7.2.3.56)

from which on can find

D()(t) = =5 3 [ K (O[S, H] + kT[S0, p(1)], (723,57

In the case that no external perturbation is applied, it is obtained from [7.2.3.53| by means
of [7.2.3.41] and [7.2.3.57] the following

kT

50 = —£[Hp(0] = £ 3 il K (03] = 222 S um (S5, (S p0)]] - (7:2:3.58)
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where

S = %[H, Sil. (7.2.3.59)

Since in the second term on the right hand side of Eq. [7.2.3.58 the dependence on p(t)
arises through the multiplication operator K (t), Eq. [7.2.3.58) is not a linear equation.
The main results Eq. [7.2.3.53] is exactly of the form of Eq. [7.2.2.23] for the special

case of a heat bath as classical environment, that is, with constant coefficients [H,, S.|9
and [H,, H.])|9 = Te[H.,, S.]]¢ and without the accompanying feedback equation
for the evolution of the classical environment. It is quite remarkable that the detailed
projection operator derivation from statistical mechanics provides exactly the same non-
linear quantum master equation as the application of Diracs method of classical analogy
to the geometric formulation of nonequilibrium thermodynamics.

7.2.4 Applied Thermodynamic Quantum Master Equation

The quantum master equation describing the evolution of the density matrix (or statistical
operator) p of a quantum subsystem in contact with a classical environment in state x is
1 1

% - ﬁ[p’ H] - % Xk:[Hev Se]a(:?k Q. [Qr; Hs]p] - zk:[Hff? He]g?k Q. [Qr, pl] (7:2.4.1)
The first term describes the reversible contribution to the evolution generated by the
Hamiltonian H of the quantum subsystem via the commutator. The remaining terms
are of irreversible nature and arise due to the coupling of the quantum subsystem to
its environment and lead to non-unitary evolution of indicating that we go beyond the
simple Schrodinger-type of evolution of closed quantum systems. If the latter terms would
be absent (equal to zero), the resulting master equation would reduce to the well-known
Lindblad form describing the most general dynamics of a quantum subsystem exposed
to an environment under linearity and Markovian assumptions. The irreversible terms
are expressed through double commutators involving the self-adjoint coupling operator
@ so that the normalization condition, Tr(p) = 1, is automatically preserved in time.
As a consequence of the occurrence of commutators with the coupling operator @), the
evolution of the average (@) , berformed with the time-dependent density matrix p is not
explicitly affected by the dissipative terms.

As we mentioned, the type of coupling to the environment is characterized by the
self-adjoint operators (i, whereas the corresponding coupling strength is given by the
dissipative brackets [-, ]?’“, defined as a binary operation on the space of observables for
the classical environment . If the equilibrium or non-equilibrium states of the environment
are characterized by state variables z, classical observables are functions or functionals
of x, and their evaluation at a particular point of the state space is indicated by the
subscript x. The classical observables H. and S, in Eq. are the energy and the
entropy of the environment, respectively. Dissipative brackets are commonly used to
characterize the entropy production rate in nonequilibrium thermodynamics [11], [2§].
They are characterized by the following properties:

[Ae, Be] is bilinear in A, and B,, is symmetric

[Ae; Be] = [Be, Ac], (7.2.4.2)

as well as non-negative

[A., B.] >0, (7.2.4.3)
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and satisfies the Leibniz or product rule
[AcBe, Ce] = Ae[Be, Ce] + Be[Ae, Ce], (7.2.4.4)

for arbitrary environmental variables A., B., and C..
The non-linear part is embedded in the commutator [Qy, H],. The subscript p below
an operator A indicates a compromise of placing the density matrix on the right and on

the left of this operator,
1

A, = /p’\Apl_)‘d/\. (7.2.4.5)
0

In standard approaches [2], [6] the Liouvillian of quantum master equations contains terms
in which the density matrix p is placed on the right site, the left site, or alternatively
in between two coupling operators, but not on both sites of an operator simultaneously.
The structural element includes this possibility. The resulting non-linear term
[Qk, [Qk, H],] improves the relaxation behaviour of solutions and guarantees for the proper
long-time behaviour in case the classical environment is a heat bath [8]. The non-linear
terms in the quantum master equation, Eq. , appear in the form A,. To understand
their structure, we make use of the spectral decomposition of the density matrix,

p=> polma) (mal, (7.2.4.6)

where, p, and |7,) are the eigenvalues and orthonormal eigenvectors of the statistical
operator p, respectively. By performing the integration in Eq. [7.2.4.5] one obtains the
following identity [8], [12]

m.n lnpm - lnpn

where AT = (m,, | A|m,) are the matrix elements of A in the eigenbasis of the density
matrix. The factor in front of A7, in Eq. we have the inequalities

Pm — DPn DPm + Pn
VPmPn < < , 7.2.4.8
Pmp Inp,, —Inp, 2 ( )

so that no problems occur for p,, = p,. If p,, or p, or both of them go to zero, also this
factor goes to zero. Moreover, like the bounds, the factor in the middle of Eq.
changes monotonically with p,,, p, € [0,1]. The operator A, can be decomposed into its
linear and non-linear contributions by means of

1
1
Ap=5 | Ap+pA+ /[p)‘, [P Alld) | . (7.2.4.9)
0

If we neglect the last term in Eq. then the master equation becomes
linear. This linearization is not recommended [§] as it spoils the overall structure of the
thermodynamic approach. As a consequence of this linearization, the proper equilibrium
solution is not guaranteed in case of a heat bath environment.

In a heat bath environment the quantum subsystem cannot have any influence on the
state x of the environment. The complete thermodynamic information of the classical
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environment is encoded in the thermodynamic potentials. For convenience, we do this
description in terms of the entropy S.(H.) which we use directly as the state variable x.
By means of the relation

1 0S.

T. ot
we can assign a temperature 7, to the heat bath. The most general form of the dissipative
bracket for a heat bath is given by

(7.2.4.10)

dA, dB,
dH, dH,’
where H, can be obtained by Legendre transformation from S.. The functions My(T)
and must be symmetric, positive semi-definite and satisfy the Leibniz rule. By combining
the previous equations, the heat bath obeys

Te[Hevse]?k = [HeaHe]?k (72412)

This condition allows to write down all classical brackets appearing in the thermodynamic
quantum master equation once the friction structures M7 are known, so that
these carry the complete knowledge about the coupling strength between the quantum
subsystem and the environment:

[Ae, Belg! = — Mi(T.) (7.2.4.11)

% = %[Pa Hs]—zk: kB;&k M (Te.r) Q. [Qk,Hs]p]—zk: My (T2 1) Q. [Qr, p]]. (7.2.4.13)

It can be shown that the stationary solution of the quantum master equation, Eq.
, is the Boltzmann distribution p., o ea:p(—FHTE) The guaranteed existence of
this solution is a direct consequence of the special form of the non-linear part [Qy, H]|, in
the quantum master equation [§].

The general thermodynamic approach also provides an equation for the entropy pro-
duction [8]. The average S of the total entropy of the quantum subsystem and its classical
environment evolves according the equation

ds dp\ = dS.,

For two pure heat baths at temperature 1) and T,, by construction of the dissipative
bracket the entropy production can be expressed in terms of the canonical correlation

dS M(Ty) . y
% = ]{;:T kBTkQ <Z[Qk, Fk]7 Z[Qk, Fk]>p (72415)
where

is the Helmholtz free energy operator,
(1[Qu, Fil; i[Qr, Fi]), = —([Qr, Fi]; [Qr, F]),
=—Tr ([Qk;; ] [Qr, Fk])
The dissipative brackets are assumed to be given by the friction functions
Mi(Te k) = vTe (7.2.4.18)

Then, the non-linear thermodynamic quantum master equation [7.2.4.13| reads

(7.2.4.17)

o
o = pls - ];T%[Qk’ (@ Hl,] — ;:T%Te,k[Qk, () (7.2.4.19)
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7.2.5 Three-Level System (Qutrit)

In the case of the three-level system, the form of the quantum master equation is of Eq.
7.2.4.19, where the coupling operators Q) (k = [,7) being 3 x 3 matrices, to be defined
later.

7.2.6 Harmonic Oscillator (10 states)

Similarly to the previous case, when the quantum subsystem is a harmonic oscillator the
form of the quantum master equation is of Eq. [7.2.4.19, where the coupling operators ()
(k =1,7) being 10 x 10 matrices, to be defined later.
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7.3 Steady-State Effective Temperatures

Having the steady-state solutions in our hands for the density matrix, we can now com-
pute the Effective Temperatures of the systems from the following relation

Pii,ss _ e_gij(Ei_Ej) N

Pjj,ss
1 Pii,ss
i = — In ’ =
& L — Ej (ij,ss> (7.3.1)
B — E,
Ty = - J

ln Pii,ss ’
Pjj,ss

which are as many as are the states of the system under study.

7.4 Heat Flux

Regardless what is the investigating quantum system, we have to respect some general
laws. In that sense, we have to somehow identify that the derived results are the expected
ones and lie on a reasonable basis. Someone might find enough ways to clarify this issue.
Although, consistency check which in our case illustrate this exact thing is that the
total heat flux of the open system is equal to zero. Consequently, this means that the
corresponding heat flux which enters the quantum system due to the heat bath with the
highest temperature values is equal to the one that exits the system towards the other
heat bath.

In order to do the above consistency check, the following relations must hold, depend-
ing on case that we study.

e Lindblad Master Equation

We define as the amount of heat flux reffering to each heat bath k as
JEME(t) = Tr (HsKy (p())) (7.4.1)

Hence, the total heat flux of the system is the sum of the above

TWME(t) = ST IPE) = 37 Tr (s (o) (742)

k=l,r)

e Non-Linear Thermodynamic Quantum Master Equation

Likewise the previous case, the heat flux of corresponding to each heat bath k is
given by

JEOME () = Tr (Hs (3[Qk, [Qrs Hsl) + Tk Qrs [Qks £1])) (7.4.3)

Consequently, the total heat flux of the system is given by

JIOME () =" JreME). (7.4.4)
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In both cases, the consistency check that we perform is that the following relation must

hold in steady-state
JEME (5 00) =0 (7.4.5)

and
JTRME (4 5 00) = 0. (7.4.6)

which means that when the system reaches equilibrium, the total heat flux is equal to
zero and the individual ones are equal of opposite sign.
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CHAPTER

NUMERICAL METHODS

In this section, we are going to present the numerical methods that were implemented
for the solution of both master equations; the Lindblad-type of and the thermodynamic
quantum master equation. Each of them were applied to the case of the three-level and
harmonic oscillator quantum system, coupled each time to two heat baths of different
temperatures.

8.1 Adams-Bashforth method

Linear multi-step methods are used for the numerical solution of ordinary differential
equations. Conceptually, a numerical method starts from an initial point and then takes
a short step forward in time to find the next solution point. The process continues with
subsequent steps to map out the solution. Single-step methods (such as Euler’s method
of the form y, 1 = y, + hf(tn, yn)) refer to only one previous point and its derivative to
determine the current value. Methods such as Runge-Kutta take some intermediate steps
(for example, a half-step) to obtain a higher order method, but then discard all previous
information before taking a second step. Multi-step methods attempt to gain efficiency
by keeping and using the information from previous steps rather than discarding it.
Consequently, multi-step methods refer to several previous points and derivative values.
In the case of linear multi-step methods, a linear combination of the previous points
and derivative values is used. Numerical methods for ordinary differential equations
approximate solutions to initial value problems of the form

y = f(t.y), y(to) = y0]. (8.1.1)
The result is approximations for the value of y(t) at discrete times ¢;:
y; =~ y(t;) where t; =t + 0+ ih, (8.1.2)

where h is the time step. Multi-step methods use information from the previous s steps
to calculate the next value. In particular, a linear multi-step method uses a linear com-
bination of y; and f(¢;,y;) to calculate the value of y for the desired current step. Thus,
a linear multi-step method is a method of the form

Yn+s + As—1Yn+s—1 + As—2Yn+s—2 +-+ aoYn

(8.1.3)
= h(bsf(thrsa ynJrs) + bsflf(tn+5717 yn+371) + -+ bOf(tn7 yn>)7
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The coefficients aqg,...,as_1 and by,...,bs determine the method. The designer of the
method chooses the coefficients, balancing the need to get a good approximation to the
true solution against the desire to get a method that is easy to apply. Often, many
coefficients are zero to simplify the method. One can distinguish between explicit and
implicit methods. If by = 0 , then the method is called ”explicit”, since the formula can
directly compute vy, s . If by # 0 then the method is called ”implicit”, since the value
of y,.s depends on the value of f(t,1s, Ynts) , and the equation must be solved for y,,s.
Iterative methods such as Newton’s method are often used to solve the implicit formula.
Sometimes an explicit multi-step method is used to ”predict” the value of y,,,. That
value is then used in an implicit formula to ”correct” the value. The result is a predic-
torcorrector method. Three families of linear multi-step methods are commonly used:
Adams-Bashforth methods, Adams-Moulton methods, and the backward differentiation
formulas (BDFs). The Adams-Bashforth-methods are explicit methods. The coefficients
are a;_; = —1 and as_y = --- = ap = 0, while the b; are chosen such that the methods
has order s (this determines the methods uniquely). The Adams-Bashforth methods with
s=1,2,3,4,5 are [30], [31] :

Yni1 = Yn + hf(tn, Yn), (This is the Euler method)

3 1
Yn+2 = Yn+1 + h <§f(tn+17yn+1) - §f(tn)yn)) )

23 4 5
Ynt3 = Ynp2 T N ( J (o2, Ynta) — gf(tn+1,yn+1)¥'I§f(tn7yn)>-

12
Yntd = Yny3z + N (%f(tnﬁj Ynt3) — %f(tnﬂv Yn-+2) (8.1.4)
+%f(tn+17yn+l) - gf(tm yn)> ,
Ynts5 = Ynya + N <1792001f (tnsd Ynta) — %f (tnt3, Ynt3) 13009f (tnt2: Ynt2)
637 251

_ﬁf(tn—&-layn—i-l) + ﬁof(tnayn)) .

The coefficients b; can be determined as follows. Use polynomial interpolation to find
the polynomial p of degree s — 1 such that

P(tnti) = f(tnsis Ynti)s fori=0,...,s—1. (8.1.5)

The Lagrange formula for polynomial interpolation yields

s—1 : s—1
n+jayn+j)
t—thai). 1.
]ZO S _] )!hs_l H( +) (8 6)

i#]

The polynomial p is locally a good approximation of the right-hand side of the differential
equation y' = f(¢,y) that is to be solved, so consider the equation ¢y’ = p(t) instead. This
equation can be solved exactly; the solution is simply the integral of p. This suggests
taking

tn+s
Yn+s = Yn4s—1 +/ P(lf) dt. (817)

tn+sfl
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CHAPTER 8. NUMERICAL METHODS 8.2. NEWTON-RAPHSON METHOD

The Adams-Bashforth method arises when the formula for p is substituted. The coeffi-
cients b; turn out to be given by

b (1) /H< Vdu, (5.1.8)
] = —————————— u + 1) du, orj=0,...,5—1. 8.1.8
s == o 1

i

Replacing f(t,y) by its interpolant p incurs an error of order hs, and it follows that the
s-step Adams-Bashforth method has indeed order s [32] The Adams-Bashforth methods
were designed by John Couch Adams to solve a differential equation modelling capillary
action due to Francis Bashforth. Bashforth in 1883 published his theory and Adams’
numerical method [33].

A major disadvantage of multistep formulas is that they are not self-starting. Thus,
in the Adams-Bashforth method with s = 4 in Eq. [8.1.4] we must have four successive
values of f(z,y) at equally spaced points before this formula can be used. These starting
values must be obtained by some independent method. We might, for example, use
single-step Euler’s method or one of the Runge-Kutta methods to obtain these starting
values. We must also be assured that these starting values are as accurate as necessary
for the overall required accuracy. A second disadvantage of the Adams-Bashforth method
is that, although the local discretization error is O(h®), the coefficient in the error term
is somewhat larger than for formulas of the Runge-Kutta type of the same order. Runge-
Kutta methods are generally, although not always, more accurate for this reason. On
the other hand, the multistep formulas require only one derivative evaluation per step,
compared with four evaluations per step with Runge-Kutta methods, and are therefore
considerably faster and require less computational work [34].

In this work, the Adams-Bashforth method with s = 4 in Eq. (4th order) is used,
with the help of single-step Fuler’s scheme in order to obtain the four starting values.
The main reason for choosing this integration scheme to solve the two master equations
is because it requires less computational work which is very important, especially in the
case the quantum thermodynamic master equation, Eq. [7.2.4.1] The step that were
chosen was h = 1072

8.2 Newton-Raphson Method

In numerical analysis, Newton’s method (also known as the Newton-Raphson method),
named after Isaac Newton and Joseph Raphson, is a method for finding successively
better approximations to the roots (or zeroes) of a real-valued function.

z: f(x)=0. (8.2.1)

The Newton-Raphson method in one variable is implemented as follows: Given a function
f defined over the real x, and its derivative f’, we begin with a first guess xq for a root of
the function f. Provided the function satisfies all the assumptions made in the derivation
of the formula, a better approximation x; is

f(zo)
T1=Tg— . 8.2.2
A (822
The process is repeated as
/() (8.2.3)
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until a sufficiently accurate value is reached.

In our implementation, we have a set of partial differential equations, corresponding
to the density matrix elements. Under steady-state condition, these equations become
algebraic and we write them in the residual form. We express each such equation, referring
to a density matrix element, to the real and imaginary component. So we have a set of
2 x d equations, where d is the dimension of the density matrix in each case. So, we have

the following
F(z') =0, (8.2.4)

where x is the vector of unknown of dimension 2 x d. The first step is to calculate the
function values at a guessed, initial value, z°. Later on, we compute the Jacobian matrix,
J, at the current guess for the solution. Afterwards, we solve the linear system

Jdx = —F(x") (8.2.5)
using LU decomposition, for the values of dx and then we update the guessed value
™ =z + de. (8.2.6)

This procedure should be repeated, using the updated value of x' as the guess, until the
values of the residual vector, F'(x) are sufficiently close to zero.
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CHAPTER

NON-DIMENSIONALIZATION - INPUTS

9.1 Non-Dimensionalization

The dimensionless form of the thermodynamic quantum master equation [7.2.4.19|is the
following;:

% = —i[Hs, 7] = [Qx: [Qx, Hs]p) — T, k[Qx, [Qr, 7] (9.1.1)
where
® Wy=w
o 1 = twy
o Hy = £
o Ty =l
c = =%

Specification of the characteristic frequency wy defines all dimensionless variables.
In this work, the above dimensionless form is applied to the systems of interest, in
order to extract our results.
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9.2 Inputs

As inputs to the solution of these master equations we have used the following: The
chosen Hamiltonian, Hg, of the corresponding system under investigation, is

e Three-Level System (Qutrit)

0 0 0
Hs= [0 07 0 (9.2.1)
0 0 1

The coupling operators corresponding to the left (/) and the right (r) heat bath are
the following;:

0 ¢ =2

Q=(— 0 ], (9.2.2a)
— —1 0
0 —1 —1

Q.=+ 0 —i (9.2.2b)
1 10

where we have chosen Q, = Q' for k=1, r.

e Harmonic Oscillator (10 states)

05 0 0 0 0 0 0 0 0 0
0 1.5 0 0 0 0 0 0 0 0
0O 0 25 0 0 0 0 0 0 0
0 0 0 35 0 0 0 0 0 0
0O 0 0 0 45 0 0 0 0 0
Hs=109 0o 0 0 0 55 0 0 0 0 (9-2.3)
O 0 0 0 0 0 65 0 0 0
O 0 0 0 0 0 0 75 0 0
O 0 0 0 0O 0 0 0 85 0
O 0 0 0 0O 0O 0 0 0 95

The coupling operators corresponding to the left (1) and the right (r) heat bath are
now the 10x10 matrices:

0 i 0 0 0 0 0 0 0 0
i 0 i 0 0 0 0 0 0 0
0 —i 0 i 0 0 0 0 0 0
0 0 — 0 i 0 0 0 0 0
0 0 0 - 0 ¢ 0 0 0 0
Q=19 0 0 0 = 0 i 0 00 (9-2.42)
0 0 0 0 0 —i 0 i 0 0
0 0 0 0 0 0 —i 0 i 0
0 0 0 0 0 0 0 —i 0 i
0 0 0 0 0 0 0 0 —i0
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0O — 0 0 0 0 0 0 0 O
¢t 0 — 0 0 0 0 0 0 O
0O« 0 — 0 O O O 0 O
o 0 ¢« 0 — 0 0 0 0 O
o 0o 0 ¢« 0 — 0 0 0 O
Q= o o 0o 0 ¢« 0 -2 0 0 O (9.2.4b)
o0 o0 0 0 ¢« 0 —2 0 0
o0 o o0 o0 0 ¢« 0 — 0
o0 o0 0 0 0 0 ¢« 0 -z
o o0 o o0 o 0 o0 0 =« O

where Q) = Q,.f for k =1,r.

At this point, it is important to note that the ij elements of the coupling operators
Qi (QY) that were used in order to define the Lindblad operators in [7.1.1.2/ and [7.1.2.3]
in the case of the Lindblad master equation are condensed in a matrix )y where
is the one that we defined above and are used in the thermodynamic quantum master
equation.

The temperature of the two heat baths were selected to be different to each other
and equal to T, ; = 0.4, for the left, and 7, , = 0.8 for the right one. As for the friction
coefficient, v, = 7, = 0.01 assuming weak coupling with the environment . Also, we
assume h = w = kg = 1. The values of the coupling operators in each occasion have been
given earlier, in Eq. and Eq. [9.2.4]

The initial condition used in both systems is that all the population is initially in the
ground state, i.e. at t = 0 the (1,1) element of the density matrix is equal while all the
other element are equal to zero.

An important note is to check the properties of the density matrix, p, and if those
properties are fulfilled throughout our calculations. First of all, the diagonal elements
have to be real and greater than zero, while the sum of these terms must be equal to one,
as they express probability values. Also, the eigenvalues of this matrix each time must
be real and positive.
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CHAPTER 1

RESULTS

10.1 Quantum Susbsystem coupled to One Heat
Bath

In this section, results are presented that have been obtained through the time integration
and the direct calculation of the steady-state values using the Lindblad Master Equation
(LME), Eq. [7.1.2] and the Thermodynamic Quantum Master Equation (TQME), Eq.
[7.2.4.0] These results refer to the two cases that we study; the three-level and the
harmonic oscillator as quantum subsystems coupled to one heat bath. The inputs where
the same mentioned for the left heat bath only in section 9.2 with 7, = 0.4 and v = 0.01.

10.1.1 Time Integration

The integration scheme used in this work is the Adams-Bashforth 4th order (s = 4) in
Eq. [8.1.4) with the help of single-step Euler’s scheme in order to obtain the four starting
values. The integration time step that we set was h = 1072
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10.1. QUANTUM SUSBSYSTEM COUPLED TO ONE HEAT
BATH CHAPTER 10. RESULTS

Three-Level System (Qutrit)

0.15
15
E ;f‘.,,
08—
01 ¢
06l read (TQME) I rea (TQME)
o —imaginary (TQME) ~ —imaginary (TQME)
o wiireal (LME) S E winireal (LME)
04 - - imaginary (LME) || : - - imaginary (LME)
- — Gibbs state 0.05) = — Gibbs state
0.2
0 0
0 50 100 150 200 250 300 0 50 100 150 200 250 300
t t
(a) (b)
0.07
006/ 5
005/ ;
004 % real (TQME) I
o —imaginary (TQME)
& ooal o real (LME) I
b - - imaginary (LME)
E — Gibbs state
0.0Z;
0.01F
0
0 50 100 150 200 250 300

t

(c)

Figure 10.1.1.1: Time evolution of the real and imaginary part of the diagonal density matrix
elements, p11, p22, pss, using the Lindblad Master Equation (LME) (real (green), imaginary
(black)) and the Thermodynamic Quantum Master Equation (TQME) (real (blue), imaginary
(red)) for the case of the Three-Level system (Qutrit), with 7, = 0.4 and v = 0.01.
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CHAPTER 10. RESULTS BATH
gXx10° ‘ ‘ ‘ ‘ X 10° ‘ ‘ ‘ ‘
== =real (TQME) . == =real (TQME)
«imaginary (TQME) «imaginary (TQME)|
==real (LME) ==real (LME)
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] £
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(c)
Figure 10.1.1.2: Same as|10.1.1.1{ but for the non-diagonal density matrix elements, p12, p13,
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10.1. QUANTUM SUSBSYSTEM COUPLED TO ONE HEAT

BATH CHAPTER 10. RESULTS
0.15
1
08 .
0.1 ;: |
- N s
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E ——imaginary (TQME) § ——imaginary (TQME)
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,L'IC_Jn b - - imaginary (LME)
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C |
50 160 léO 260 250 300
t
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Figure 10.1.1.3: Same as|10.1.1.1 but for the eigenvalues of the density matrix.
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CHAPTER 10. RESULTS BATH
15X 10°
real (TQME) L -
3 —imaginary (TQME 016 1
1 i real (LME) o1a
3 - -‘imaginary (LME) E
% 108 0.12r *
= F
oo o1l ¢ rea (TQME) |
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T W 008t - o real (LME) i
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= 3 :
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Figure 10.1.1.4: Same as|10.1.1.1{ but for the heat flux of the heat bath and the energy E of
the system.
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Figure 10.1.1.5: Time evolution of the real and imaginary part of the entropy S of the system

and %, using the Thermodynamic Quantum Master Equation (TQME) (real (green), imaginary

(black)) for the case of the Three-Level system (Qutrit), with 7e = 0.4 and v = 0.01.
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Harmonic Oscillator (10 states)
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Figure 10.1.1.6: Time evolution of the real and imaginary part of the diagonal density matrix
elements, p11, p22, pss, using the Lindblad Master Equation (LME) (real (green), imaginary
(black)) and the Thermodynamic Quantum Master Equation (TQME) (real (blue), imaginary
(red)) for the case of the Harmonic Oscillator (10 states), with 7. = 0.4 and v = 0.01.
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Figure 10.1.1.7: Same as|10.1.1.6/ but for the diagonal density matrix elements, pgg, p77, pss,

£99, £1010-
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Figure 10.1.1.8: Same as|10.1.1.6/ but for the non-diagonal density matrix elements, p12, p13,
P14, P15, P16, P17
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Figure 10.1.1.9: Same as|10.1.1.6 but for the non-diagonal density matrix elements, p1s, p19,

£1105 P23, P24, P25-
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Same as [10.1.1.6] but for the non-diagonal density matrix elements, pss,
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Figure 10.1.1.13: Same as [10.1.1.6| but for the non-diagonal density matrix
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Figure 10.1.1.15: Same as [10.1.1.6| but for the non-diagonal density matrix elements, psg,
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Figure 10.1.1.16: Same as|10.1.1.6| but for the first five eigenvalues of the density matrix.
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Figure 10.1.1.17: Same as|10.1.1.6| but for the last five eigenvalues of the density matrix.
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Figure 10.1.1.18: Same as [10.1.1.6[ but for the heat flux of the heat bath and the energy F
of the quantum system.
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Figure 10.1.1.19: Time evolution of the real and imaginary part of the entropy .S of the
system and %, using the Thermodynamic Quantum Master Equation (TQME) (real (green),
imaginary (black)) for the case of the Harmonic Oscillator (10 states), with 7. = 0.4 and v =

0.01.
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10.1.2 Direct Steady-State Solution

In this section, we present the results obtained by an independent, non-linear matrix
algebra solver that we implemented for computing the steady-state solution of the density
matrix. These steady-state solutions are compared with the corresponding values taken
from the dynamic relaxation of numerical integration for all the studied occasions.
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Figure 10.1.2.1: Comparison of the steady-state solution of the diagonal density matrix
elements, p11, p22, P33, between the time integration and the direct calculation of the steady-state
values, using the Lindblad Master Equation (LME) (time integration: real (green), imaginary
(black), steady-state solution: real (grey triangular)) and the Thermodynamic Quantum Master
Equation (TQME) (time integration: real (blue), imaginary (red), steady-state solution: real
(light blue circle)), in the case of the Three-Level system (Qutrit), with 7, = 0.4 and v = 0.01.
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Figure 10.1.2.2: Comparison of the steady-state solution of the diagonal density matrix el-
ements, p11, P22, P33, P44, P55, between the time integration and the direct calculation of the
steady-state values, using the Lindblad Master Equation (LME) (time integration: real (green),
imaginary (black), steady-state solution: real (grey triangular)) and the Thermodynamic Quan-
tum Master Equation (TQME) (time integration: real (blue), imaginary (red), steady-state
solution: real (light blue circle)), in the case of the Harmonic Oscillator (10 states), with T, =
0.4 and v = 0.01.
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Figure 10.1.2.3: Same as(10.1.2.2[ but for pgg, p77, P88, P99, P1010-
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10.2 Quantum Susbsystem coupled to Two Heat
Baths - 1! Set

In this section, results are presented that have been obtained through the time integration
and the direct calculation of the steady-state values using the Lindblad Master Equation
(LME), Eq. and the Thermodynamic Quantum Master Equation (TQME), Eq.
[7.2.4.0] These results refer to the two cases that we study; the three-level and the
harmonic oscillator as quantum subsystems coupled to two heat baths. The inputs where
the same mentioned in section [9.2] with T,.; = 0.4, T, = 0.8 and v, = v, = 0.01.

10.2.1 Time Integration

The integration scheme used in this work is the Adams-Bashforth 4th order (s = 4) in
Eq. [8.1.4) with the help of single-step Euler’s scheme in order to obtain the four starting
values. The integration time step that we set was h = 1072
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Figure 10.2.1.1: Time evolution of the real and imaginary part of the diagonal density matrix
elements, p11, p22, pss, using the Lindblad Master Equation (LME) (real (green), imaginary
(black)) and the Thermodynamic Quantum Master Equation (TQME) (real (blue), imaginary

(red)) for the case of the Three-Level system (Qutrit), with 7,,; = 0.4, T, = 0.8 and v, = 7,
= 0.01.
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Figure 10.2.1.2: Same as|10.2.1.1| but for the non-diagonal density matrix elements, p12, p13,
p23-
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Figure 10.2.1.3: Same as|10.2.1.1 but for the eigenvalues of the density matrix.
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Figure 10.2.1.4: Same as|10.2.1.1|but for the heat flux of the left (10.2.1.4al), right (10.2.1.4b))
heat baths and the total one ((10.2.1.4c]).
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Figure 10.2.1.5: Same as(10.2.1.1| but for the energy E of the system.
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Figure 10.2.1.7: Time evolution of the real and imaginary part of the diagonal density matrix
elements, p11, p22, pss, using the Lindblad Master Equation (LME) (real (green), imaginary
(black)) and the Thermodynamic Quantum Master Equation (TQME) (real (blue), imaginary
(red)) for the case of the Harmonic Oscillator (10 states), with T,; = 0.4, T, , = 0.8 and y; =
v = 0.01.
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Figure 10.2.1.8: Same as|10.2.1.7| but for the diagonal density matrix elements, pgg, p77, pss,
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Figure 10.2.1.9: Same as|10.2.1.7| but for the non-diagonal density matrix elements, p12, p13,

P14, P15, P16, P17-
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Figure 10.2.1.10: Same as [10.2.1.7] but for the non-diagonal density matrix elements, pig,
P19, P110;5 P23; P24, P25-
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Figure 10.2.1.17: Same as|10.2.1.7| but for the first five eigenvalues of the density matrix.
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10.2.2 Direct Steady-State Solution

In this section, we present the results obtained by an independent, non-linear matrix
algebra solver that we implemented for computing the steady-state solution of the density
matrix. These steady-state solutions are compared with the corresponding values taken
from the dynamic relaxation of numerical integration for all the studied occasions.

Three-Level System (Qutrit)
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Figure 10.2.2.1: Comparison of the steady-state solution of the diagonal density matrix
elements, p11, pa2, p33, between the time integration and the direct calculation of the steady-state
values, using the Lindblad Master Equation (LME) (time integration: real (green), imaginary
(black), steady-state solution: real (grey triangular)) and the Thermodynamic Quantum Master
Equation (TQME) (time integration: real (blue), imaginary (red), steady-state solution: real
(light blue circle)), in the case of the Three-Level system (Qutrit), with 7; = 0.4, T, = 0.8 and
v = v = 0.01.
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Harmonic Oscillator (10 states)
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Figure 10.2.2.2: Comparison of the steady-state solution of the diagonal density matrix el-
ements, p11, P22, P33, P44, P55, between the time integration and the direct calculation of the
steady-state values, using the Lindblad Master Equation (LME) (time integration: real (green),
imaginary (black), steady-state solution: real (grey triangular)) and the Thermodynamic Quan-
tum Master Equation (TQME) (time integration: real (blue), imaginary (red), steady-state
solution: real (light blue circle)), in the case of the Harmonic Oscillator (10 states), with 1) =
0.4, T, = 0.8 and v; = v = 0.01.
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Figure 10.2.2.3:
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10.2.3 Effective Temperatures

Here, we present the effective, steady-state temperature using Eq. and the steady-
state values of the diagonal elements of the density matrix, acquired from the direct
steady-state solution in the previous section. The following results refer to both quantum
systems, the three-level and the harmonic oscillator, using the Lindblad-type and the
Thermodynamic Quantum Master Equation.

‘ pll,ss ‘ ,022,33 ‘ p33,ss
LME | 0.6949 | 0.1947 | 0.1104

TQME | 0.6665 | 0.2076 | 0.1259

Table 10.2.3.1: Steady-state solutions for the diagonal density matrix elements using the Lind-
blad Master Equation (LME) and the Thermodynamic Quantum Master Equation (TQME),
for the Three-Level system (Qutrit), with 7; = 0.4, T, = 0.8 and y; = 7, = 0.01.

oy | nl | T
LME | 0.5503 | 0.5280 | 05434
TQME | 0.6000 | 0.6000 | 0.6000

Table 10.2.3.2: Effective steady-state temperatures using the Lindblad Master Equation
(LME) and the Thermodynamic Quantum Master Equation (TQME), for the Three-Level sys-
tem (Qutrit), with 7; = 0.4, T, = 0.8 and ; = v, = 0.01.

‘ pll,ss ‘ P22,ss ‘ P33,ss ‘ p44,ss ‘ p55,ss
LME | 0.8434 | 0.1320 | 0.0207 | 3.236E-03 | 5.066E-04
TQME | 0.8111 | 0.1532 | 0.0289 0.0055 0.0010

Table 10.2.3.3: Steady-state solutions for the first five diagonal density matrix elements using
the Lindblad Master Equation (LME) and the Thermodynamic Quantum Master Equation
(TQME), for the Harmonic Oscillator system (10 states), with T, ; = 0.4, T,.,, = 0.8 and y; =
v = 0.01.

‘ P66,ss ‘ P1i,ss ‘ Ps8,ss ‘ £99,ss ‘ £1010,ss
LME | 7T9E-05 | 1.2E-05 | 1.9E-06 | 3.0E-07 | 4.8E-08
TQME | 0.0002 | 3.676E-05 | 6.9E-06 | 1.3E-06 | 2.5E-07

Table 10.2.3.4: Same as Table[10.2.3.3| for the last five diagonal density matrix elements.

| T for j >4, d,5=1,..., 10
LME 0.5393
TQME 0.6000

Table 10.2.3.5: Effective steady-state temperatures using the Lindblad Master Equation
(LME) and the Thermodynamic Quantum Master Equation (TQME), for the Harmonic Oscil-
lator system (10 states), with T, ; = 0.4, T,., = 0.8 and v, = 7, = 0.01.
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10.2.4 Parametric Analysis

In this section, we present steady-state results for the density matrix and the effective
temperatures for a variety of temperature pairs acquired from the direct steady-state
solver. These results refer to both quantum systems, the three-level and the harmonic
oscillator, using the Lindblad-type and the Thermodynamic Quantum Master Equation.

Te,l Te,r P11,ss P22,s5 P33,ss
0.1 ] 0.8 | 0.9916 | 0.0079 | 0.0004
0.2 ] 0.8 | 0.8742 | 0.0977 | 0.0281
0.3 ] 0.8 | 0.7611 | 0.1619 | 0.0770
0.4 ] 0.8 || 0.6950 | 0.1947 | 0.1103
0.5 | 0.8 | 0.6540 | 0.2142 | 0.1318
0.6 | 0.8 | 0.6256 | 0.2273 | 0.1470
0.7 1 0.8 || 0.6042 | 0.2371 | 0.1587
0.8 ] 0.8 || 0.5871 | 0.2447 | 0.1682
0.9 | 0.8 || 0.5726 | 0.2511 | 0.1763

1 ] 0.8 0.5605 | 0.2563 | 0.1832

Table 10.2.4.1: Steady-state solutions for the diagonal density matrix elements, referring to
the Three-Level system (Qutrit), using the Lindblad Master Equation (LME) for several values
of the heat bath temperatures, T; and T;., and v; = v, = 0.01.

Te,l Te,r Tlle ! T263{£ ! Tleg !
01081 0.14 | 0.10 | 0.13
021081 032|024 | 0.29
03] 0.8 | 045 | 0.40 | 0.44
04081 055|053 | 0.54
0.5] 0.8 | 0.63 | 0.62 | 0.62
06| 0.8 | 0.69 | 0.69 | 0.69
0.7 08 | 075 | 0.75 | 0.75
0.8 108 080 | 0.80 | 0.80
09081 085 | 0.85 | 0.85

1 108 0.8 |0.89 | 0.89

Table 10.2.4.2: Effective steady-state temperatures, referring to the Three-Level system
(Qutrit), using the Lindblad Master Equation (LME) for several values of the heat bath tem-
peratures, T, ; and T¢,, and y; = . = 0.01.
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L | T,

pll,ss

P22,ss

P33,ss

0.1]0.8
0.21]0.8
0.3]0.8
04108
0.5]0.8
0.6 0.8
0.710.8
0.810.8
09108
1 108

0.7579
0.7236
0.6933
0.6665
0.6429
0.6221
0.6036
0.5871
0.5723
0.5591

0.1599
0.1784
0.1942
0.2076
0.2190
0.2289
0.2373
0.2447
0.2512
0.2568

0.0821
0.0979
0.1125
0.1259
0.1380
0.1491
0.1591
0.1682
0.176
0.1840

Table 10.2.4.3: Steady-state solutions for the diagonal density matrix elements, referring
to the Three-Level system (Qutrit), using the Thermodynamic Quantum Master Equation
(TQME) for several values of the heat bath temperatures, 7; and T}, and v, = =, = 0.01.

oL | T,

Tif’ | 13’

il

0.11]0.8
02108
0.31]0.8
04108
0.5 0.8
0.6 0.8
0.710.8
0.81]0.8
0.910.8
1 108

0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90

0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90

0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90

Table 10.2.4.4: Effective steady-state temperatures, referring to the Three-Level system
(Qutrit), using the Thermodynamic Quantum Master Equation (TQME) for several values
of the heat bath temperatures, Tg; and T, ,, and y; = 7, = 0.01.

,I} Tr P11,ss P22 55 33,55 P44 ss P55,ss
0.1]0.8] 0.9996 | 4.0791E-04 1.7E-07 6.8E-11 2.8E-14
0.2]0.8 1 0.9692 0.0298 0.000919012 | 2.82992E-05 | 8.7E-07
0.3]0.81 0.9018 0.0886 0.008696108 | 8.53947E-04 | 8.3857E-05
041081 0.8434 0.1320 0.02067123 0.0032 5.0661E-04
0.5 108 | 0.7996 0.1602 0.032113877 0.0064 0.0013
0.6 |08 | 0.7654 0.1795 0.042110026 0.0099 0.0023
0.710.8]| 0.7374 0.1936 0.050833087 0.0133 0.0035
0.8 10.8] 0.7135 0.2044 0.058567457 0.0168 0.0048
0.9 | 0.8 || 0.69225 0.2131 0.065549415 0.0202 0.0062

1 10.8| 0.6734 0.2199 0.07184711 0.0235 0.0077

Table 10.2.4.5:

Steady-state solutions for the first five diagonal density matrix elements,
referring to the Harmonic Oscillator system (10 states), using the Lindblad Master Equation
(LME) for several values of the heat bath temperatures, 7T; and 7T;., and 7, = 7, = 0.01.
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T} TT‘ £66,ss P77,ss £88,ss 099,55 £1010,ss
0.1 0.8 1.1E-17 4.6E-21 1.9E-24 6.4E-28 3.1E-31
0.2 ]0.8 2.7TE-08 8.3E-10 2.5E-11 7.8E-13 2.4E-14
0.3 | 0.8 || 8.2346E-06 8.1E-07 7.9E-08 7.8E-09 7.6E-10
041081 7.931E-05 | 1.2415E-05 1.9E-06 3.0E-07 4.8E-08
0.5 ] 0.8 || 2.5848E-04 | 5.1802E-05 | 1.0381E-05 2.1E-06 4.2E-07
0.6 | 0.8 || 5.4334E-04 | 1.2743E-04 | 2.9891E-05 7.0E-06 1.6E-06
0.7 108 9.2E-04 2.4154E-04 | 6.3418E-05 | 1.6650E-05 4.4E-06
0.8 0.8 0.0014 3.9462E-04 | 1.1306E-04 | 3.2393E-05 9.3E-06
0.9]0.8 0.0019 5.8700E-04 | 1.8057E-04 | 5.5550E-05 | 1.7088E-05
1 108 0.0025 8.1792E-04 | 2.6717TE-04 | 8.7270E-05 | 2.8507E-05

Table 10.2.4.6: Same as Table [10.2.4.5| but for the last five diagonal density matrix elements.

Table 10.2.4.7: Effective steady-state temperatures for the first five transitions, referring to
the Harmonic Oscillator system (10 states), using the Lindblad Master Equation (LME) for

T | T | 737 | 137 | Tl | T3 | 15
0108 0.13]0.13 | 0.13 | 0.13 | 0.13
02108029 1029029 | 0.29 | 0.29
0308|043 | 043|043 | 043 | 0.43
04108 054|054 | 054|054 | 0.54
0.5] 0.8 | 0.62 | 0.62 | 0.62 | 0.62 | 0.62
0.6 | 0.8 ] 0.69 | 0.69 | 0.69 | 0.69 | 0.69
0.7108 | 075|075 | 075|075 | 0.75
0.8 081 080 | 0.80 | 0.80 | 0.80 | 0.80
09081 085|085 |08 |0.85 ] 0.8
1 108|089 0.8 | 0.89 | 0.89 | 0.89

several values of the heat bath temperatures, T; and T, and v; = ~, = 0.01.

Te,l Te,r Tg’;f T768f ! TSEJf Tgelfof
0.1]1081 0.13 | 0.13 | 0.13 | 0.13
0.2 1081 0.29 | 0.29 | 0.29 | 0.29
0.3 081 043 | 043 | 0.43 | 0.43
0.4 1081 0.54 | 0.54 | 0.54 | 0.54
0.5 (081 0.62 | 0.62 | 0.62 | 0.62
0.6 | 0.8 ] 0.69 | 0.69 | 0.69 | 0.69
0.71 081 0.77 | 0.75 | 0.75 | 0.75
0.8 1 0.8 0.80 | 0.80 | 0.80 | 0.80
091081 085|085 ] 0.85 | 0.85

1 1081 089|089 | 0.89 | 0.89

Table 10.2.4.8: Same as|10.2.4.7| for the last four transitions.
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Te,l Te,r P11,ss 22,55 P33,ss P44,ss P55,ss
0.1 | 0.8 || 0.8916 | 0.0966 | 0.0105 | 0.0011 | 1.2297E-04
0.2 | 0.8 | 0.8647 | 0.1170 | 0.0158 | 0.0021 | 2.9006E-04
0.3 | 0.8 || 0.8377 | 0.1360 | 0.0221 | 0.0036 | 5.8153E-04
0.4 | 0.8 | 0.8111 | 0.1532 | 0.0289 | 0.0055 0.0010
0.5 | 0.8 || 0.7857 | 0.1684 | 0.0361 | 0.0077 0.0016
0.6 | 0.8 || 0.7603 | 0.1822 | 0.0437 | 0.0105 0.0025
0.7 | 0.8 || 0.7364 | 0.1941 | 0.0511 | 0.0135 0.0035
0.8 | 0.8 || 0.7135 | 0.2044 | 0.0586 | 0.0168 0.0048
0.9 | 0.8 || 0.6916 | 0.2133 | 0.0658 | 0.0203 0.0062

1 ] 0.8 | 0.6708 | 0.2208 | 0.0727 | 0.0239 0.0079

Table 10.2.4.9: Steady-state solutions for the first five diagonal density matrix elements,
referring to the Harmonic Oscillator system (10 states), using the Thermodynamic Quantum
Master Equation (TQME) for several values of the heat bath temperatures, T,; and Tt ,, and
v = v = 0.01.

Te,l Te,r P66,s5 P77.ss 088,55 99,55 £1010,ss
0.1 | 0.8 | 1.3326E-05 1.4E-06 1.6E-07 1.7E-08 1.8E-09
0.2 | 0.8 | 3.9256E-05 5.3E-06 7.2E-07 9.7E-08 1.3E-08
0.3 | 0.8 || 9.4394E-05 | 1.5322E-05 | 2.5E-06 4.0E-07 6.5E-08
0.4 | 0.8 || 1.94859E-04 | 3.6769E-05 | 6.9E-06 1.3E-06 2.4E-07
0.5 | 0.8 || 3.5366E-04 | 7.5524E-05 | 1.6097E-05 | 3.4E-06 7.3E-07
0.6 | 0.8 | 6.0105E-04 | 1.4404E-04 | 3.4520E-05 | 8.3E-06 2.0E-06
0.7 1 0.8 | 9.3717TE-04 | 2.4704E-04 | 6.5118E-05 | 1.7165E-05 | 4.52E-06
0.8 ] 0.8 0.0014 3.9462E-04 | 1.1306E-04 | 3.2393E-05 | 9.3E-06
0.9 1] 0.8 0.0019 5.9466E-04 | 1.8344E-04 | 5.6546E-05 | 1.7437E-05
1 |08 0.0026 8.5370E-04 | 2.8103E-04 | 9.2514E-05 | 3.0455E-05

Table 10.2.4.10: Same as Table[10.2.4.9|but for the last five diagonal density matrix elements.

5’
0.45
0.50
0.5
0.60
0.65
0.70
0.75
0.80
0.85
0.90

T’
0.45
0.50
0.5
0.60
0.65
0.70
0.75
0.80
0.85
0.90

s’
0.45
0.50
0.5
0.5
0.65
0.70
0.75
0.80
0.85
0.90

it
0.4
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90

Ty’
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90

T
0.1
0.2
0.3
0.4
0.5
0.6
0.7
08108
09108
1 108

T’f‘
0.8
0.8
0.8
0.8
0.8
0.8
0.8

Table 10.2.4.11: Effective steady-state temperatures for the first five transitions, referring
to the Harmonic Oscillator system (10 states), using the Thermodynamic Quantum Master
Equation (TQME) for several values of the heat bath temperatures, 7; and T, and vy = v, =
0.01.
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T

T,

/f
Ts7

/f
Trs

It
Ty

If
Tgelo

0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1

0.8
0.8
0.8
0.8
0.8
0.8
0.8
0.8
0.8
0.8

0.450000014
0.500000002
0.549999739
0.599653821
0.647713735
0.7
0.749999999
0.799999744
0.850000004
0.900000005

0.450000018
0.500000002
0.54999976
0.599305437
0.646896873
0.700000001
0.749999999
0.799999744
0.850000005
0.900000006

0.45000002
0.500000002
0.549999762
0.598831861
0.645945614
0.700000001

0.75
0.799999745
0.850000007
0.900000008

0.450000022
0.500000002
0.549999762
0.598663963
0.645631154
0.700000001
0.750000001
0.799999746
0.850000008
0.90000001

Table 10.2.4.12: Same as Table[10.2.4.11| but for the last four transitions.
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10.3 Quantum Susbsystem coupled to Two Heat
Baths - 2"¢ Set

In this section, results are presented that have been obtained through the time integration
and the direct calculation of the steady-state values using the Lindblad Master Equation
(LME), Eq. and the Thermodynamic Quantum Master Equation (TQME), Eq.
[7.2.4.0] These results refer to the two cases that we study; the three-level and the
harmonic oscillator as quantum subsystems coupled to two heat baths. The inputs where
the same mentioned in section [9.2 with T,.; = 0.4, T, = 0.8 and 7, =, = 0.001.

10.3.1 Time Integration

The integration scheme used in this work is the Adams-Bashforth 4th order (s = 4) in
Eq. [8.1.4) with the help of single-step Euler’s scheme in order to obtain the four starting
values. The integration time step that we set was h = 1072
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Three-Level System (Qutrit)

1l
: 0.2/
0.8r E
0.15r
0.6f real (TQME) i E rea (TQME)
b ——imaginary (TOQME) N E ——imaginary (TQME)
a i rea (LME) Q 041f v real (LME) H
0.4r - - imaginary (LME) - - imaginary (LME)
0.05*:-;
0.2F
0 J 0
0 200 400 600 800 1000 1200 1400 0 200 400 600 800 1000 1200 1400
t t
(a) (b)
0.14
0.12r
0.1r
0.08 : real (TQME)
Q : ——imaginary (TQME)
S 0.06f v real (LME)
- - imaginary (LME)
004
0.02¢
ol
\ ‘ ‘ ‘ ‘ ‘ ‘
0 200 400 600 800 1000 1200 1400
t
(c)

Figure 10.3.1.1: Time evolution of the real and imaginary part of the diagonal density matrix
elements, p11, p22, pss, using the Lindblad Master Equation (LME) (real (green), imaginary
(black)) and the Thermodynamic Quantum Master Equation (TQME) (real (blue), imaginary
(red)) for the case of the Three-Level system (Qutrit), with 7, ; = 0.4, T, = 0.8 and v, = 7,
= 0.001.
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15X 10° ‘ ‘ ‘ ‘ ‘ ‘
’ = = =real (TQME) = = =real (TQME)
«imaginary (TQME) ~imaginary (TQME
=—real (LME) ==real (LME) H
‘‘‘‘‘ imaginary (LME) || ‘- -"imaginary (LME)
N
o il
2% 200 400 600 800 1000 1200 1400 0 200 400 600 800 1000 1200 1400
t t
(a) (b)

== =real (TQME)
«imaginary (TQMEN
==real (LME)
‘‘‘‘‘ imaginary (LME) A

400 600 800 1000 1200 1400
t

(c)

Figure 10.3.1.2: Same as|10.3.1.1] but for the non-diagonal density matrix elements, p12, p13,
pP23-
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1400

il
E 02 1
0.8 s
o « 015 1
8 06l real (TQME) g real (TQME)
g ——imaginary (TQME) § ——imaginary (TQME)
S rea (LME) T 01 " red (LME) H
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S 0.06-- nrea (LME) U
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Figure 10.3.1.3: Same

as [10.3.1.1| but for the eigenvalues
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CHAPTER 10. RESULTS BATHS - 2VP SET
15X 10° 2 10°
' real (TQME) real (TQME)
4 —imaginary (TQME 1 —imaginary (TQME
E nreal (LME) I 2'5\:; nreal (LME) I
lE: - -imaginary (LME) E - - imaginary (LME)
= g2 % |
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% % € g ,
3 : 3
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T T
0.5 b
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C |
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t
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Figure 10.3.1.4: Same as|10.3.1.1|but for the heat flux of the left (10.3.1.4al), right (10.3.1.4b))
heat baths and the total one (10.3.1.4c]).

0.25¢ b
0.2F b

real (TQME)
0.15¢ : —imaginary (TQME)||

: v real (LME)
0.1+ - - imaginary (LME) ||
0.055 ]
o‘” 8
0 200 400 600 800 1000 1200

1400

Figure 10.3.1.5: Same as(10.3.1.1| but for the energy E of the system.
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Figure 10.3.1.6: Time evolution of the real and imaginary part of the entropy S of the system
and %, % (left), %}q (right), using the Thermodynamic Quantum Master Equation (TQME)
(real (green), imaginary (black)) for the case of the Three-Level system (Qutrit), with T,; =
04, T., = 0.8 and 7 = v = 0.001.
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Harmonic Oscillator (10 states)
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Figure 10.3.1.7: Time evolution of the real and imaginary part of the diagonal density matrix
elements, p11, p22, pss, using the Lindblad Master Equation (LME) (real (green), imaginary
(black)) and the Thermodynamic Quantum Master Equation (TQME) (real (blue), imaginary
(red)) for the case of the Harmonic Oscillator (10 states), with T,; = 0.4, T, , = 0.8 and y; =
v = 0.001.
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Figure 10.3.1.8: Same as|10.3.1.7| but for the diagonal density matrix elements, pgg, p77, pss,

£99, £1010-
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Figure 10.3.1.9: Same as|10.3.1.7| but for the non-diagonal density matrix elements, p12, p13,
P14, P15, P16 P17-
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Figure 10.3.1.10: Same as [10.3.1.7) but for the non-diagonal density matrix elements, pig,
P19, P1105 P23; P24, P25-

124



10.3. QUANTUM SUSBSYSTEM COUPLED TO TWO HEAT
CHAPTER 10. RESULTS BATHS - 2¥P SET

18

X :|_0_8 2X 10 ‘ ‘ ‘ ‘ ‘ I ( ‘ )
‘ ‘ ‘ o= rec : - - -real (TQME
'real ('TQME) «oorimaginary (TQME
«imaginary (TQME 1.5 )
=—real (LME) I —real (LME)
- - imaginary (LME) - -"imaginary (LME)

560 ldOO 15;00 2600 2500 3(500 3500 "0 500 1000 1500 2000 2500 3000 3500
t t

(a) (b)

x 10" x 10

== =real (TQME)
«imaginary (TQME
=real (LME)

- -‘imaginary (LME) ||

== =real (TQME)

«imaginary (TQME
==real (LME)
1 - -‘imaginary (LME) ||

——

L L L L L L -2 L L L L L L
0 500 1000 1500 2000 2500 3000 3500 0 500 1000 1500 2000 2500 3000 3500
t t
() (d)
X 10 1 X107
== =real (TQME) == =real (TQME)
«imaginary (TQME ~imaginary (TQME
=—real (LME) 1y = real (LME) I

- -imaginary (LME)

- -imaginary (LME)

500 1000 1500 2000 2500 3000 3500 _1'0 500 1000 1500 2000 2500 3000 3500
t t
(e) (f)

Figure 10.3.1.11: Same as [10.3.1.7) but for the non-diagonal density matrix elements, pog,
P27, P28, P29, P210, P34-
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Figure 10.3.1.12: Same as [10.3.1.7) but for the non-diagonal density matrix elements, pss,
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Figure 10.3.1.13: Same as [10.3.1.7] but for the non-diagonal density matrix elements, p4s,
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Figure 10.3.1.15: Same as [10.3.1.7) but for the non-diagonal density matrix elements, pgs,
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Figure 10.3.1.18: Same as[10.3.1.7] but for the last five eigenvalues of the density matrix.
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Figure 10.3.1.19: Same as|10.3.1.7|but for the heat flux of the left (10.3.1.4a]), right (10.2.1.4b))
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Figure 10.3.1.20: Same as|10.3.1.7| but for the energy E of the system.
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Figure 10.3.1.21: Time evolution of the real and imaginary part of the entropy S of the
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with T, ; = 0.4, T, , = 0.8 and v; = 7, = 0.001.
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10.3.2 Direct Steady-State Solution

In this section, we present the results obtained by an independent, non-linear matrix
algebra solver that we implemented for computing the steady-state solution of the density
matrix. These steady-state solutions are compared with the corresponding values taken
from the dynamic relaxation of numerical integration for all the studied occasions.

Three-Level System (Qutrit)
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Figure 10.3.2.1: Comparison of the steady-state solution of the diagonal density matrix
elements, p11, p22, P33, between the time integration and the direct calculation of the steady-state
values, using the Lindblad Master Equation (LME) (time integration: real (green), imaginary
(black), steady-state solution: real (grey triangular)) and the Thermodynamic Quantum Master
Equation (TQME) (time integration: real (blue), imaginary (red), steady-state solution: real
(light blue circle)), in the case of the Three-Level system (Qutrit), with T,; = 0.4, T,, = 0.8
and v; = 7, = 0.001.
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Figure 10.3.2.2: Comparison of the steady-state solution of the diagonal density matrix el-
ements, p11, P22, P33, P44, P55, between the time integration and the direct calculation of the
steady-state values, using the Lindblad Master Equation (LME) (time integration: real (green),
imaginary (black), steady-state solution: real (grey triangular)) and the Thermodynamic Quan-
tum Master Equation (TQME) (time integration: real (blue), imaginary (red), steady-state
solution: real (light blue circle)), in the case of the Harmonic Oscillator (10 states), with T, ; =
04,T,., = 0.8 and v, = 7, = 0.001.

136



10.3. QUANTUM SUSBSYSTEM COUPLED TO TWO HEAT

CHAPTER 10. RESULTS BATHS - 2VP SET
x10* x10°
real (TQME) 6l real (TQME) I
3r —imaginary (TQME) || —imaginary (TQME)
nreal (LME) nreal (LME)
- -imaginary (LME) 5r - -imaginary (LME)
A steady state (TQME) A steady state (TQMEH)
steady state (LME) steady state (LME)
2r A 4r
Al
8 S
a a 3+ 1
1 2 1
1+ A\‘.-""”HHHHHHH 4
Op= - - - - - - 0 - - - - - - ]
0 500 1000 1500 2000 2500 3000 3500 0 500 1000 1500 2000 2500 3000 3500
t t
(a) (b)
x10° _x107
: : : : : : 15 : : : : : :
12 real (TQME)
— imaginary (TQME) A
nreal (LME)
10- - - imaginary (LME) ||
A steady state (TQMEH) 10- i
8- steady state (LME)|] real (TQME)
Al —imaginary (TQME)
8 4l 2 v real (LME)
Q Q --‘imaginary (LME)
sl A steady state (TQMEH)
A steady state (LME)
(0] e 0 ]
0 500 1000 1500 2000 2500 3000 3500 0 500 1000 1500 2000 2500 3000 3500
t t
() (d)
=7
4.5X 10 ‘ ‘ ‘
real (TQME)
ar —imaginary (TQME) H
nreal (LME)
3.5 - .- imaginary (LME) ]
A steady state (TQME)
3 steady state (LME)||
o 2.5 Al
—
o
< 2 |
1.5¢ 1
l, i
0.5 1
0 500 1000

(e)

1500 2000 2500 3000 3500
t

Figure 10.3.2.3: Same as(10.3.2.2[ but for pge, p77, P88, P99, P1010-
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10.3.3 Effective Temperatures

Here, we present the effective, steady-state temperature using Eq. and the steady-
state values of the diagonal elements of the density matrix, acquired from the direct
steady-state solution in the previous section. The following results refer to both quantum
systems, the three-level and the harmonic oscillator, using the Lindblad-type and the
Thermodynamic Quantum Master Equation.

‘ pll,ss ‘ ,022,33 ‘ p33,ss
LME | 0.6949 | 0.1947 | 0.1104

TQME | 0.6665 | 0.2076 | 0.1259

Table 10.3.3.1: Steady-state solutions for the diagonal density matrix elements using the Lind-
blad Master Equation (LME) and the Thermodynamic Quantum Master Equation (TQME),
for the Three-Level system (Qutrit), with 7; = 0.4, 7,, = 0.8 and ; = =, = 0.001.

oy | nl | T
LME | 0.5503 | 0.5280 | 05434
TQME | 0.6000 | 0.6000 | 0.6000

Table 10.3.3.2: Effective steady-state temperatures using the Lindblad Master Equation
(LME) and the Thermodynamic Quantum Master Equation (TQME), for the Three-Level sys-
tem (Qutrit), with 7; = 0.4, T, = 0.8 and v, = «, = 0.001.

‘ pll,ss ‘ P22,ss ‘ P33,ss ‘ p44,ss ‘ p55,ss
LME | 0.8434 | 0.1320 | 0.0207 | 3.236E-03 | 5.066E-04
TQME | 0.8111 | 0.1532 | 0.0289 0.0055 0.0010

Table 10.3.3.3: Steady-state solutions for the first five diagonal density matrix elements using
the Lindblad Master Equation (LME) and the Thermodynamic Quantum Master Equation
(TQME), for the Harmonic Oscillator system (10 states), with T, ; = 0.4, T,.,, = 0.8 and y; =
v = 0.001.

‘ P66,ss ‘ P1i,ss ‘ Ps8,ss ‘ £99,ss ‘ £1010,ss
LME | 7T9E-05 | 1.2E-05 | 1.9E-06 | 3.0E-07 | 4.8E-08
TQME | 0.0002 | 3.676E-05 | 6.9E-06 | 1.3E-06 | 2.5E-07

Table 10.3.3.4: Same as Table[10.3.3.3| for the last five diagonal density matrix elements.

| T for j >4, d,5=1,..., 10
LME 0.5393
TQME 0.6000

Table 10.3.3.5: Effective steady-state temperatures using the Lindblad Master Equation
(LME) and the Thermodynamic Quantum Master Equation (TQME), for the Harmonic Oscil-
lator system (10 states), with T.; = 0.4, T, , = 0.8 and y; = 7, = 0.001.
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10.3.4 Parametric Analysis

In this section, we present steady-state results for the density matrix and the effective
temperatures for a variety of temperature pairs acquired from the direct steady-state
solver. These results refer to both quantum systems, the three-level and the harmonic
oscillator, using the Lindblad-type and the Thermodynamic Quantum Master Equation.

Te,l Te,r P11,ss P22,s5 P33,ss
0.1 ] 0.8 | 0.9916 | 0.0079 | 0.0004
0.2 ] 0.8 | 0.8742 | 0.0977 | 0.0281
0.3 ] 0.8 | 0.7611 | 0.1619 | 0.0770
0.4 ] 0.8 || 0.6950 | 0.1947 | 0.1103
0.5 | 0.8 | 0.6540 | 0.2142 | 0.1318
0.6 | 0.8 | 0.6256 | 0.2273 | 0.1470
0.7 1 0.8 || 0.6042 | 0.2371 | 0.1587
0.8 ] 0.8 || 0.5871 | 0.2447 | 0.1682
0.9 | 0.8 || 0.5726 | 0.2511 | 0.1763

1 ] 0.8 0.5605 | 0.2563 | 0.1832

Table 10.3.4.1: Steady-state solutions for the diagonal density matrix elements, referring to
the Three-Level system (Qutrit), using the Lindblad Master Equation (LME) for several values
of the heat bath temperatures, 1; and T;., and v; = v, = 0.001.

Te,l Te,r Tlle ! T263{£ ! Tleg !
01081 0.14 | 0.10 | 0.13
021081 032|024 | 0.29
03] 0.8 | 045 | 0.40 | 0.44
04081 055|053 | 0.54
0.5] 0.8 | 0.63 | 0.62 | 0.62
06| 0.8 | 0.69 | 0.69 | 0.69
0.7 08 | 075 | 0.75 | 0.75
0.8 108 080 | 0.80 | 0.80
09081 085 | 0.85 | 0.85

1 108 0.8 |0.89 | 0.89

Table 10.3.4.2: Effective steady-state temperatures, referring to the Three-Level system
(Qutrit), using the Lindblad Master Equation (LME) for several values of the heat bath tem-
peratures, T, ; and T¢ ., and v; = v, = 0.001.
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I | T,
0.1]0.8
0.21]0.8
0.3]0.8
04108
0.5]0.8
0.6 0.8
0.710.8
0.810.8
09108
1 108

P22,ss
0.1599
0.1784
0.1942
0.2076
0.2190
0.2289
0.2373
0.2447
0.2512
0.2568

P33,ss
0.0821
0.0979
0.1125
0.1259
0.1380
0.1491
0.1591
0.1682

0.176
0.1840

P11,ss
0.7579
0.7236
0.6933
0.6665
0.6429
0.6221
0.6036
0.5871
0.5723
0.5591

Table 10.3.4.3: Steady-state solutions for the diagonal density matrix elements, referring
to the Three-Level system (Qutrit), using the Thermodynamic Quantum Master Equation
(TQME) for several values of the heat bath temperatures, 7; and T, and v, = 7, = 0.001.

I | T,
0.11]0.8
02108
0.31]0.8
04108
0.5 0.8
0.6 0.8
0.710.8
0.81]0.8
0.910.8
1 108

17y’
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90

4
0.45
0.50
0.5
0.60
0.65
0.70
0.75
0.80
0.85
0.90

iy’
0.45
0.50
0.5
0.60
0.65
0.70
0.75
0.80
0.85
0.90

Table 10.3.4.4: Effective steady-state temperatures, referring to the Three-Level system
(Qutrit), using the Thermodynamic Quantum Master Equation (TQME) for several values
of the heat bath temperatures, Tg; and T, ,, and ; = 7, = 0.001.

,I} Tr P11,ss P22 55 33,55 P44 ss P55,ss
0.1]0.8] 0.9996 | 4.0791E-04 1.7E-07 6.8E-11 2.8E-14
0.2]0.8 1 0.9692 0.0298 0.000919012 | 2.82992E-05 | 8.7E-07
0.3]0.81 0.9018 0.0886 0.008696108 | 8.53947E-04 | 8.3857E-05
041081 0.8434 0.1320 0.02067123 0.0032 5.0661E-04
0.5 108 | 0.7996 0.1602 0.032113877 0.0064 0.0013
0.6 |08 | 0.7654 0.1795 0.042110026 0.0099 0.0023
0.710.8]| 0.7374 0.1936 0.050833087 0.0133 0.0035
0.8 10.8] 0.7135 0.2044 0.058567457 0.0168 0.0048
0.9 | 0.8 || 0.69225 0.2131 0.065549415 0.0202 0.0062

1 10.8| 0.6734 0.2199 0.07184711 0.0235 0.0077

Table 10.3.4.5: Steady-state solutions for the first five diagonal density matrix elements,
referring to the Harmonic Oscillator system (10 states), using the Lindblad Master Equation
(LME) for several values of the heat bath temperatures, T; and 7,., and 7; = . = 0.001.
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10.3. QUANTUM SUSBSYSTEM COUPLED TO TWO HEAT
BATHS - 2¥P SET

T} TT‘ £66,ss P77,ss £88,ss 099,55 £1010,ss
0.1 0.8 1.1E-17 4.6E-21 1.9E-24 6.4E-28 3.1E-31
0.2 ]0.8 2.7TE-08 8.3E-10 2.5E-11 7.8E-13 2.4E-14
0.3 | 0.8 || 8.2346E-06 8.1E-07 7.9E-08 7.8E-09 7.6E-10
041081 7.931E-05 | 1.2415E-05 1.9E-06 3.0E-07 4.8E-08
0.5 ] 0.8 || 2.5848E-04 | 5.1802E-05 | 1.0381E-05 2.1E-06 4.2E-07
0.6 | 0.8 || 5.4334E-04 | 1.2743E-04 | 2.9891E-05 7.0E-06 1.6E-06
0.7 108 9.2E-04 2.4154E-04 | 6.3418E-05 | 1.6650E-05 4.4E-06
0.8 0.8 0.0014 3.9462E-04 | 1.1306E-04 | 3.2393E-05 9.3E-06
0.9]0.8 0.0019 5.8700E-04 | 1.8057E-04 | 5.5550E-05 | 1.7088E-05
1 108 0.0025 8.1792E-04 | 2.6717TE-04 | 8.7270E-05 | 2.8507E-05

Table 10.3.4.6: Same as Table [10.2.4.5| but for the last five diagonal density matrix elements.

Table 10.3.4.7: Effective steady-state temperatures for the first five transitions, referring to
the Harmonic Oscillator system (10 states), using the Lindblad Master Equation (LME) for

T | T | 737 | 137 | Tl | T3 | 15
0108 0.13]0.13 | 0.13 | 0.13 | 0.13
02108029 1029029 | 0.29 | 0.29
0308|043 | 043|043 | 043 | 0.43
04108 054|054 | 054|054 | 0.54
0.5] 0.8 | 0.62 | 0.62 | 0.62 | 0.62 | 0.62
0.6 | 0.8 ] 0.69 | 0.69 | 0.69 | 0.69 | 0.69
0.7108 | 075|075 | 075|075 | 0.75
0.8 081 080 | 0.80 | 0.80 | 0.80 | 0.80
09081 085|085 |08 |0.85 ] 0.8
1 108|089 0.8 | 0.89 | 0.89 | 0.89

several values of the heat bath temperatures, 7; and T,., and v; = 7, = 0.001.

Te,l Te,r Tg’;f T768f ! TSEJf Tgelfof
0.1]1081 0.13 | 0.13 | 0.13 | 0.13
0.2 1081 0.29 | 0.29 | 0.29 | 0.29
0.3 081 043 | 043 | 0.43 | 0.43
0.4 1081 0.54 | 0.54 | 0.54 | 0.54
0.5 (081 0.62 | 0.62 | 0.62 | 0.62
0.6 | 0.8 ] 0.69 | 0.69 | 0.69 | 0.69
0.71 081 0.77 | 0.75 | 0.75 | 0.75
0.8 1 0.8 0.80 | 0.80 | 0.80 | 0.80
091081 085|085 ] 0.85 | 0.85

1 1081 089|089 | 0.89 | 0.89

Table 10.3.4.8: Same as|10.3.4.7| for the last four transitions.
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Te,l Te,r P11,ss 22,55 P33,ss P44,ss P55,ss
0.1 | 0.8 || 0.8916 | 0.0966 | 0.0105 | 0.0011 | 1.2297E-04
0.2 | 0.8 | 0.8647 | 0.1170 | 0.0158 | 0.0021 | 2.9006E-04
0.3 | 0.8 || 0.8377 | 0.1360 | 0.0221 | 0.0036 | 5.8153E-04
0.4 | 0.8 | 0.8111 | 0.1532 | 0.0289 | 0.0055 0.0010
0.5 | 0.8 || 0.7857 | 0.1684 | 0.0361 | 0.0077 0.0016
0.6 | 0.8 || 0.7603 | 0.1822 | 0.0437 | 0.0105 0.0025
0.7 | 0.8 || 0.7364 | 0.1941 | 0.0511 | 0.0135 0.0035
0.8 | 0.8 || 0.7135 | 0.2044 | 0.0586 | 0.0168 0.0048
0.9 | 0.8 || 0.6916 | 0.2133 | 0.0658 | 0.0203 0.0062

1 ] 0.8 | 0.6708 | 0.2208 | 0.0727 | 0.0239 0.0079

Table 10.3.4.9: Steady-state solutions for the first five diagonal density matrix elements,
referring to the Harmonic Oscillator system (10 states), using the Thermodynamic Quantum
Master Equation (TQME) for several values of the heat bath temperatures, T,; and Tt ,, and

v = v = 0.001.

Te,l Te,r P66,s5 P77.ss 088,55 99,55 £1010,ss
0.1 | 0.8 | 1.3326E-05 1.4E-06 1.6E-07 1.7E-08 1.8E-09
0.2 | 0.8 | 3.9256E-05 5.3E-06 7.2E-07 9.7E-08 1.3E-08
0.3 | 0.8 || 9.4394E-05 | 1.5322E-05 | 2.5E-06 4.0E-07 6.5E-08
0.4 | 0.8 || 1.94859E-04 | 3.6769E-05 | 6.9E-06 1.3E-06 2.4E-07
0.5 | 0.8 || 3.5366E-04 | 7.5524E-05 | 1.6097E-05 | 3.4E-06 7.3E-07
0.6 | 0.8 | 6.0105E-04 | 1.4404E-04 | 3.4520E-05 | 8.3E-06 2.0E-06
0.7 1 0.8 | 9.3717TE-04 | 2.4704E-04 | 6.5118E-05 | 1.7165E-05 | 4.52E-06
0.8 ] 0.8 0.0014 3.9462E-04 | 1.1306E-04 | 3.2393E-05 | 9.3E-06
0.9 1] 0.8 0.0019 5.9466E-04 | 1.8344E-04 | 5.6546E-05 | 1.7437E-05
1 |08 0.0026 8.5370E-04 | 2.8103E-04 | 9.2514E-05 | 3.0455E-05

Table 10.3.4.10: Same as Table[10.3.4.9|but for the last five diagonal density matrix elements.

it
0.4
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90

Ty’
0.45
0.50
0.55
0.60
0.65
0.70
0.75
0.80
0.85
0.90

5’
0.45
0.50
0.5
0.60
0.65
0.70
0.75
0.80
0.85
0.90

T’
0.45
0.50
0.5
0.60
0.65
0.70
0.75
0.80
0.85
0.90

s’
0.45
0.50
0.5
0.5
0.65
0.70
0.75
0.80
0.85
0.90

T
0.1
0.2
0.3
0.4
0.5
0.6
0.7
08108
09108
1 108

T’f‘
0.8
0.8
0.8
0.8
0.8
0.8
0.8

Table 10.3.4.11: Effective steady-state temperatures for the first five transitions, referring
to the Harmonic Oscillator system (10 states), using the Thermodynamic Quantum Master
Equation (TQME) for several values of the heat bath temperatures, 7; and T, and vy = v, =
0.001.
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10.3. QUANTUM SUSBSYSTEM COUPLED TO TWO HEAT
BATHS - 2¥P SET

T

T,

/f
Ts7

/f
Trs

It
Ty

If
Tgelo

0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1

0.8
0.8
0.8
0.8
0.8
0.8
0.8
0.8
0.8
0.8

0.450000014
0.500000002
0.549999739
0.599653821
0.647713735
0.7
0.749999999
0.799999744
0.850000004
0.900000005

0.450000018
0.500000002
0.54999976
0.599305437
0.646896873
0.700000001
0.749999999
0.799999744
0.850000005
0.900000006

0.45000002
0.500000002
0.549999762
0.598831861
0.645945614
0.700000001

0.75
0.799999745
0.850000007
0.900000008

0.450000022
0.500000002
0.549999762
0.598663963
0.645631154
0.700000001
0.750000001
0.799999746
0.850000008
0.90000001

Table 10.3.4.12: Same as Table [10.3.4.11| but for the last four transitions.
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CHAPTER

DISCUSSION

In the previous section, we presented our results concerning a three-level system (qutrit)
and a harmonic oscillator (of ten states), coupled with two heat baths of different tem-
peratures, using the Lindblad-type of equation, Eq. [7.1.2], and the thermodynamic quan-
tum master equation, [7.2.4.1] The solutions refer to the time-integration of the above
equation, using a fourth order Adams-Bashforth integration scheme with the help of a
single-step Euler scheme for the starting values, and to an independent, non-linear ma-
trix algebra solver for computing the steady-state solution of the density matrix using
the Newton-Raphson method.

To begin with, the Lindblad master equation is linear while the thermodynamic one
is strongly non-linear. The coupling constants have been chosen so that in the special
case of interaction with one heat bath, both lead to the same final (Gibbs) steady-state,
Figs (10.1.1.1) (10.1.1.6/- [10.1.1.7} In the case where the quantum system is coupled
with two heat baths, the results in each set for the diagonal components are different.
Also the dynamics is diferent; non-diagonal terms go to zero but by taking in-between
non-zero values, Fig. [10.2.1.2) [10.2.1.9/- [10.2.1.16| In addition to this case, we observe
that the steady-state values of the two sets, where all inputs are the same except from
& (k =1, 1), they differ only in the relaxation time. More analytically, in set 2, where ~;
is smaller, the time distance to equilibrium is larger.

Another point is that the eigenvalues in all the cases of interest, as well as the diagonal
elements of the density matrix, are real and positive and the sum of the latter terms is
equal to one during the simulation process, Figs. [10.2.1.3 [10.1.1.3} (10.1.1.16(-{10.1.1.17],
[10.2.1.3] [10.2.1.3] [10.2.1.17] - [10.2.1.18] [10.3.1.3], [10.3.1.3] [10.3.1.17] - [10.3.1.18 These
results ensures that the calculations are performed in the right manner, preserving the
properties of the density matrix.

Furthermore, we can observe in Figs. [10.1.1.4a} [10.1.1.18a} [10.2.1.4c| [10.2.1.19¢]
[10.3.1.4q [10.3.1.19¢] that the total heat flux We have verified that the total heat flux
is driven to zero, as we expected. This exact result verifies the consistency check that
we mentioned earlier and shows that the amount of heat flux coming from the heat bath
with higher temperature value (right) towards the quantum subsystem is equal to the
amount of heat flux exiting from it, towards the heat bath with the lower temperature
(left). One more observation is that the individual heat fluxes, coming in or out, are of
opposite sign, as shown in Figs. [10.2.1.4a) [10.2.1.4b] [10.2.1.19a}, [10.2.1.19b} {10.3.1.4a],
[10.3.1.194], [10.3.1.4b], [10.3.1.19b]

Also, another observation is that the entropy of the composite system (quantum
system and environment), in the case of the thermodynamic quantum master equation
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for both examining systems, Figs. [10.2.1.6[J10.2.1](10.3.1.6//10.3.1] increases continuously
with time as heat flows from the hot to cold environment through the quantum subsystem.
At steady state the term % attains a constant (but non-zero) value.

Finally, the steady-state values obtained from the time integration and the direct,
algebraic solution are in a very good agreement, according to Figs. [10.1.2.1f-[10.1.2.3]
(10.2.2.1] - 10.2.2.3] [10.3.2.1] - [10.3.2.3] This result allows us to study the response of
the quantum system coupled with the two heat baths for several values of the two bath
temperatures, and friction coefficients.
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|CHAPTER 1 2

ELECTROMAGNETICALLY INDUCED
TRANSPARENCY (EIT)

12.1 Introduction

Coherent preparation by laser light of quantum states of atoms and molecules can lead
to quantum interference in the amplitudes of optical transitions. Electromagnetically
induced transparency (EIT) is a quantum interference phenomenon that arises when co-
herent optical fields couple to the states of a material quantum system. In EIT the inter-
ference occurs between alternative transition pathways, driven by radiation fields within
the internal states of the quantum system. Interference effects arise, because in quantum
mechanics the probability amplitudes (which may be positive or negative in sign), rather
than probabilities, must be summed and squared to obtain the total transition probability
between the relevant quantum states. Interference between the amplitudes may lead to
either an enhancement (constructive interference) or a complete cancellation (destructive
interference) in the total transition probability. As a consequence, interference effects
can lead to profound modification of the optical and nonlinear optical properties of a
medium. Thus, control of optical or nonlinear optical properties and processes becomes
possible.

The cause of the modified optical response of an atomic medium in this case is the
laser-induced coherence of atomic states, which leads to quantum interference between
the excitation pathways that control the optical response. We can in this way eliminate
the absorption and refraction (linear susceptibility) at the resonant frequency of a tran-
sition. This was termed electromagnetically induced transparency (EIT) by Harris and
co-workers [35] in 1990. The importance of EIT stems from the fact that it gives rise to
greatly enhanced nonlinear susceptibility in the spectral region of induced transparency
of the medium and is associated with steep dispersion. The first experimental observation
of this effect was demonstrated by Boller et al. [36] in Strontium (Sr) vapour, in 1991.

EIT is achievable only in atoms with specific energy structures. For a three level
system, EIT requires two dipole allowed transitions (|1) — |3) and [2) — |3)) and one
forbidden transition (|1) — |2) is dipole forbidden). A strong laser, what we term the
control laser, is tuned to the resonant frequency of the upper two levels. Then, a weak
probe laser is scanned in frequency across the other transition. The medium is observed
to have the properties plotted in Fig. in response to the probe beam.
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Figure 12.1.1: Simple EIT Plot. Here we are plotting the real and imaginary components
of the complex linear susceptibility. The imaginary component corresponds to absorption - on
the left we see a typical Lorentzian absorption peak while the control laser is inactive. When
the control laser is applied, the absorption peak splits revealing a transparency at what was
the maximal absorption. The real components appear in the dispersion relation, relating wave
speed to frequency. [3]

The most interesting effect of EIT is not the transparency itself - this level of trans-
parency could be achieved by tuning our laser away from the atomic resonance. What
is particularly interesting is that EIT also induces large dispersion effects at the atomic
resonance. In particular, a very steep linear dispersion relation is found at the point of
minimal absorption.

There are three energy level configurations for three level atoms that can demonstrate
EIT, shown in Fig. [12.1.2] While all three systems demonstrate EIT, we will be deriving
EIT for a three level A-atom, as the effects are diminished in cascade (Z) and V' systems
due to high decay rates from |2), which shortens the coherence lifetime. The A-atom’s
|2) state is a metastable state with greatly reduced decays and longer coherence lifetimes.
We are ultimately interested in the optical properties of the medium, specifically the
dispersion and absorption of the probe laser. These characteristics are described to first

order by the frequency dependent complex valued linear electric susceptibility x, which
is defined by

P =¢exE (12.1.1)

where P is the dielectric polarization of the medium, E is the electric field, and ¢; is the
permittivity of free space. Knowledge of x completely determines the material properties
we are seeking. Note that P, E and y are all macroscopic quantities. However, in order
to find x, we need to consider individual atoms.
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Figure 12.1.2: EIT capable systems. All three level systems capable of demonstrating EIT
have one of three possible energy level structures: A type, V type, and cascade or = type. Each
has two dipole allowed transitions and one dipole forbidden transition, with the only difference
being the relative arrangement of the energy levels. [3]

In the following section, we present the procedure followed in order to calculate the
susceptibility of a medium, for two different master equations. Our approach is based
on [3].

12.2 Derivation of Hgjr

The system under investigation is a three level A atom, consisting of the eigenstates |1),
|2) and |3), with corresponding eigenvalue energies hw,. We have labelled the states in
order of increasing energy, where |1) is a stable ground state, |2) is a metastable state,
and both are coupled to the excited state |3).

Figure 12.2.1: Lambda atom with detunings and decay. States |1) — |3) are resonant with
frequency w3 = ws — wi, states |2) — |3) are resonant with frequency wse = ws — we. These
transitions are driven, respectively, with a probe laser of frequency w, and control laser of
frequency w.. The probe laser is detuned from resonance by A, = w, — w31, while the control
laser is detuned from resonance by A. = w. — wsa. The upper states have a decay rate 3 and
2, while the ground state is stable. The transition |1) — |2) is dipole forbidden, resulting in a
very small 2 (]2) is a metastable state). [3]

The first step is to describe how the quantum mechanical atom behaves in the applied
field. For this it is constructed a Hamiltonian (Hy) describing the three level atom, and
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approximate the field’s effects as a dipole perturbation (H;), which is given as the energy
of the dipole moment operator (p).

hay 00
Hy = (Z n) <ny> H (Z n) (n|) = 0 hAw 0 (12.2.1)
n n 0 0 hw?,

The |2) — |3) transition is driven by a strong control field of amplitude £, and frequency
W, while the |1) — |3) transition is driven by a weak probe field of amplitude £, and
frequency w,. All other energy levels are assumed to be sufficiently off resonance for other
transitions to be negligible. The applied field can be written as

E = &, cos(wpt — k, - 7) + Eccos(wet — k- 1), (12.2.2)

where k are the wave vectors associated with w. For incident light with wavelengths
much longer than the effective radius of the atom, A >> r, the spatial component can be

dropped and electric field, Eq. (12.2.2] becomes

E = E,cos(wpt) + E .cos(w,t)

1, . , 1, . 4 12.2.3
— gp§ (ezwpt T efzwpt) + 805 (ezwct 4 efzwct) ( )

The energy of this perturbation will be given by
H, = —qF -+, (12.2.4)

where ¢ is the electron charge, FE is the classical vector valued electric field and 7 is
the position operator.The term —qF - 7 is simply the energy associated with a dipole of
charge ¢ and separation vector # in the applied field E. Thus, the assumption A >> r
is known as the dipole approximation. Assuming the dipole is aligned with the electric
field we have

H, = —qFE 7. (12.2.5)

The dipole operator is defined as p = ¢7, and the elements of the operator in the eigenbasis
of Hy by ©nm = 95 = (n|©|m). The perturbation becomes

P11 P12 P13
Hy=—pE=—|Y_[n)(n||wp ()Y In)(n| | E=—E | pn ¢n o] (12.2.6)
n n 31 932 33

To simplify the dipole moment operator, we assume o = o7 = 0, consistent with the
forbidden |1) — |2) transition. Additionally we assume @;; = 0, removing all the diagonal
elements. This amounts to assuming that the atoms have no permanent dipole moments,
which is true for atoms with spherically symmetric wavefunctions. So, we get that

0 0 13
@31 @32 0

The full Hamiltonian, H = Hy+ H, can be massaged with some approximations and
transformations to a more agreeable form, what we term the EIT Hamiltonian (Hgyr).
To find this Hamiltonian, the Rotating Wave Approximation (RWA) is used, which ne-
glects any rapidly oscillating terms (i.e., exponentials with large-valued superscripts) in
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the Hamiltonian. To reveal these terms, transformation of the Hamiltonian into the
interaction picture is required using the time evolution operator

. eiwlt O 0
Ut)y=er =| 0 €=t 0 (12.2.8)
0 0 et

Applying this transformation to H; (Hy remains unaffected), as UH;UT we get that

0 0 p1361'(00170.J3)t
UHU' = —E 0 0 (gzelw2mws)t (12.2.9)
plgef’i(wlfwg)t p2367i(u&7w3)t'

Substituting the electric field and expanding the cosines in terms of exponentials, as
below

E = —&,cos(wpt) + E.cos(w.t)
1, . , 1, . . 12.2.10
— gp§ <ezwpt + e—zwpt) + 505 (ezwct + e—zwct) ( )

we get

(eiwpt + e—iwpt) +5C% (eiwct + e—mt)) pmei(wl—ws)t (12.2.11a)

DN | —

(UHU)p3 = — (5p

1, . ) 1, A .
(UH U3 = — <£p§ (e™rt 4+ e~ r!) + 5(;5 (e + e_’%t)> pgre @@t (122 11b)

1, . . 1, . ,
(UHlUT)gg = — <gp§ (€prt -+ G_prt) + 8‘35 (emﬂt + €_cht)) pgge_’(wr“’?’)t (12211d)

Afterwards, applying the Rotating Wave Approximation (RWA) (where terms con-
taining the sums ws — wy + w, and ws — wy + w, are dropped)

(UH, UM 5 = —%g,,plgei(wlws+wp)t (12.2.12a)
(UH U = —%eppgle—i(wl—wmt (12.2.12Db)
(UHU)5 = —%ecmge“mmwﬁ (12.2.12c)
(UH U35 = —%gcm?ﬁ_i(w_w”“’c)t (12.2.12d)

Returning now to the Schrodinger picture by reversing the transformation as UT (U H;UT)U
as follows

A 0 0 plggpel:“”t
Hi=—3 0 0 003 E ™t (12.2.13)
pglgpe—iwpt ngECQ—iwct 0

The dipole operator can be separated into magnitude and phase as
P13 = P41 = |prale’®” (12.2.14a)

151
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23 = 3y = |pasle™®. (12.2.14b)
Defining the Rabi frequencies as
Q, = 5P|§13| (12.2.15a)
|23
=& ’? | (12.2.15b)

. 0 0 Q ei0reient
H; = -3 0 0 QeiPeeiwel (12.2.16)
Qe et Q) om0 gt 0.

From the combination of Hy and H;, we have the complete EIT Hamiltonian

5 2w1 0 _Qpeiqﬁp ez‘wpt
Hgrr = 5 0 2w, —Q eiPeeiwel (12.2.17)
2 _Qpefi(z)pefiwpt _chfi(bcefiwct 2(,03

Subsequently, another transformation is applied in order to remove all the time de-
pendence from the Hamiltonian, as well as the phase of the dipole moment operator. The
new basis is known as the rotating basis, which will be denoted with ™ ’s on transformed
clements. The new basis is related to the old one by |71) = U(t) |n), where U is given by

i ewrt it 0 0
Ot)y=| 0  eweteide 0 (12.2.18)
0 0 1

For this transformation to be sensible, it must be unitary (U(¢t)U(t) = I). Also the
transformed Hamiltonian satisfies the Schrodinger equation,

- ~ 0
HEIT |7’L> = Zha |’I’L>
L0 [~
= zha (U |n>>
L (oU_ . -9n)
=1h <En + W)
Cer - 12.2.19
=ih <En—l— %UHEITW)) ( )
— (ih%—[ZUT + UHEITUT> U|n) Her |i0)
_ (ih%—[iﬁf” + UHEITUT> |72)
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The use of this transformation simplifies the Hamiltonian,

- U - N -
Hygip = mEUdT + UHgpUT

p (2« 0 0 pf2« 0 —Q,
=10 2w OJ+=| 0 2w —-Q
2\o 0 o) 2\la o o (12.2.20)
5 5 2(w1 + wp) 0 —Q,
Her = 5 0 2wr +we) —8
—Qp —QC 20.)3

The above Hamiltonian can be brought into its standard form by noting that we can
add a multiple of the identity to the Hamiltonian without changing any physical results.
Adding —2(w; + w,)Z to the Hamiltonian, Eq. [12.2.20| gives

) p [0 0 -Q,
Hpir=5 | 0 2(wa + we — w1 — wy) —Q. (12.2.21)
—Q, —Q. 2(ws — wy — wp)

Defining the laser detunings as
A, =w, — w3+ w; (12.2.22a)

A, = we — w3 + wy (12.2.22b)

we obtain the following expression

) p 0 0 —Q,
Hpr=5( 0 —2(8,-A) -9 |. (12.2.23)
-Q, —Q, —2A,

12.3 Von - Neumann Master Equation

The EIT Hamiltonian, describes a single atom interacting with the external electromag-
netic field, but in our system we have an ensemble of atoms. It is therefore natural to
transition from describing the system with single atom wave functions, to describe it with
density operators (p), which model the state of a population of atoms. Using the Von-
Neumann equation, which is equivalent to the Schrodinger equation but has the benefit
that it makes no reference to pure states,

P —%[H, P (12.3.1)

and taking into account effects which removes population from a given state, by adding
in phenomenological decay terms

p=—11H.p~ 3{T.p} (12.3.2)
where I is defined by
ry o o
r=|10 I's 0]. (12.3.3)
0 0 I}

153



12.3. VON - NEUMANN MASTER EQUATION CHAPTER 12. EIT

These added terms account for decays from each state for a general set of energy levels,
but in a A system matters simplify. Firstly, I'y will drop to zero, since conservation of
energy prevents relaxations out of the ground state. Secondly, since |2) is a metastable
state, I'y will be dramatically smaller than I'; (I'y << I'3). The long lifetime of |2) is
essential for maintaining coherence and EIT. The Von-Neumann Equation in component
form is . .

pij = ; {—%(Hmﬂk]‘ = pinti;) = 5 (Tieprs — pirL'is) | - (12.3.4)

We saw before that the Schrodinger equation holds in the new basis, and so, as
they are equivalent, the Von-Neumann Equation also holds for p and Hpgpr. The resulting
equations are:

p11 = i%(ﬁiﬂ —p3) — Tipn (12.3.5a)
P2 = i%(ﬁ:& — paz) — apay (12.3.5Db)
P33 = 2% (Qp(ﬁm — p31) + Qe(pas — 532)) —I'3p33 (12.3.5¢)
Pra = Py = Z% [Qpﬁw — Qeprs +2(A, — Ap)ﬁm} — %(IH +1'9)p12 (12.3.5d)
P13 = Py = Z% [ (P33 — pr1) — Qepra — 28,013] — %(Fl +1'3)p13 (12.3.5¢)
Pz = Py = Z% [ =21 + QelPss — pa2) — 20cpa3] — %(FQ +I'3)pa3 (12.3.5f)

where *’s represents complex conjugates. It is important to note that the I' decay terms
remove atoms from our population entirely. This aspect is undesired, since decays from
|2) and |3) would not actually leave the system, but would instead decay to |1). We can
fix this issue by noting that our system is being pumped into |1) by the action of the
strong control beam. As long as our probe beam is weak, the atoms will primarily inhabit
the |1) state in steady state solutions. This strong control beam assumption makes our
system essentially conservative, allowing us to interpret the diagonal elements p;; as the
fraction of atoms in our ensemble that are in state |i). We can use the assumption of
a strong control beam to simplify these equations. As we mentioned, the atoms will
primarily be in the ground state |1), with few atoms in the excited states. This allows us
to write

puu~1, pp~0, p=0 (12.3.6)
Substituting this approximation, it gives for the non-diagonal terms:
Pi2,6s = /331,53 = "% [ Q52 — Qeprs + 2(Ac — Ap)pr1a] — %(Fl +T9)p12 (12.3.7a)
,513,55 = /5;1,55 = Z% [_Qp — Qepra — 2Ap/313] — %(IH + D3)pi1s (12.3.7b)
23,55 = /352,55 = Z% [ Q21 — 20cp2s] — %(Fz +T'3)p23 (12.3.7¢)

We search for the steady state solutions of pio, pi13 and psp. From the last set of
equations, in steady state (where the derivative in respect to time ¢ is zero) we obtain
the solution for p3s

ZQPﬁE{\gs
—12A.+ (I'y + I'y)

I (12.3.8)
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At this point, we can write the above system of equations for the off-diagonal terms
p12 and py3 in matrix form as:

X=M-X+A (12.3.9)
where .
X = {ff”} (12.3.10)
P13
- 1 -
i(Ac—Ay) - §(F1 + 1)
1 Q2 —i%Qc
VN __ - P
MY = |+ 1Ty (12.3.11)
I —ilQ, —iA, — LTy +T3)
and
A= [ OQ} (12.3.12)
—i%

In steady state, where X = 0, the solution of the system is

X=-M1'A, (12.3.13)
from where we obtain the following steady-state solutions:
~ _leQch
P12,ss = 2

i(A —A)—E(I“l—i-l“g)—l—1 % [—ZA —l(Fl—i-F)}—i—lQQ
TPy 4iA, — LTy + Ty) P2 T
(12.3.14a)

1 1 Q2

(A, —A,)) — =(y +Ty) + = p (Q—)
[Z( e 2)+4¢Ac—%<rz+rg>] E

. 1 1 02
Z(AC_AP)_E(Fl'f'FZ)""Z- 2

,513,33 =
|: ZAC—%(FQ—i—Fg)

} [—iA, — 3(TL +T5)] + 392
(12.3.14D)

Overall, the steady solutions for the off-diagonal density matrix elements are the
following:

—10.Q,
o

(Au—A) —Typ+ ~——P
{“C Dt A T,

P12,55 = Po1 g5 = (12.3.15a)

} [—iA, — Tyg] + 102

[' A-A)-Tpit B } (%)
13,55 = D316 = i 12+ZHAC_F23 : (12.3.15b)
S8 ,88 1 QQ . s
(A, —A) —T TP | [=iA, — T3] + 102
{Z( c ») 12+4iAC—F23] [ P 18]+ 3

~ ~ Z.g2p,512 Ss
ss = Do3.45 = ra— 12.3.15
P32, Pas, 2 (—iA, + Do) ( c)
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where we defined as T';; = £ (I; +T;) (¢,7 = 1,2,3). Now, we have to go from density
to susceptibility. We will see that the p;3 element of the density matrix determines the
susceptibility of the medium as seen by the probe. From this description of the medium,
we can generate an expression of the macroscopic polarization in terms of the expectation
of the dipole moment operators

P =N (p)
= NTr(pp) (12.3.16)
= N (p31p13 + ©32023 + 913031 + P23032)

where N is the density of atoms. We computed the density matrix elements in Eqs|12.3.15
in the rotating basis. We can convert these elements in the regular basis by using the
inverse transformation p = UTpU

R R ‘ ﬁll ' ' ﬁlzei(wp_wc)te_i¢c ei¢p ﬁlgei‘wl)tefﬁp
p= UTﬁU — p~216_2(wp_%uc)tez¢c€_z¢p 522 A 152361%62% (12317)
ﬁgle—zwpte—qﬁp ﬁ32€—zwc€—z¢c ﬁ33

or we can compute the inverse

~ ~ . pll . . p12€i(wlu_wc)te_i¢c ei¢p p13€7{wpte'¢l”
p=UpU" = | pyyeilerweltgiteeiop P22 pageiecie | (12.3.18)
pglefleteid)p pggeﬂ%e’“ﬁc 33

We can now write the polarization from Eq. [12.3.16|in terms of the known p density
matrix elements
—iwct e*i@) 7
(12.3.19)

Remembering that we are looking for the linear susceptibility y, given by the P = egx E
and writing the electric field in full we have

P =N (@31513€iw"t€i¢p + 3223 €% + p13Psre” eI + o3 fse

P = ¢ FE
L. : 1, . , 12.3.20
— pr€08p§ (elwpt + e*lOth) + XWCEOgc§ (ezwct 4 efzwct) ( )
Also, we have the relation
N (p) = eox B, (12.3.21)

from which we can solve for y. Using Eq. [12.3.21] comparing the last two equations, Eqs
(12.3.19|and [12.3.20] from which we can match the time - dependent exponentials for p;3,
and solving for x(w,) we get

Xep) = B e
D Eng 13

_ 2N|pas

o, P13

where Eq. [12.2.14a) was used. Adding the solution for p3 from Eq. [12.3.15b| the final
equation for the susceptibility is

ipp
(12.3.22)

-

['(A A,)—T L% ](z )
IN t(Be=0p) =L 70 -5
() = 211 i — I (12.3.23)

E 0?2 ,
N

4iA, —Tog
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We now will split x into real and imaginary components. After simplification, these
are

— A,
Qp | + Q) (8A,(AZ = I'pTg3) — A (BA2 — Q2))
_ 2N|p13] —A(T35 + A2) (44, ((Ac— A7 +T3,) + (Ac — A)Q2 )

R =
e [X(wp)] eogp 2Q§(F%3 + A;)
— 4QZ2’ [(AcAp - P13F23> Qz + (Ai + F?3) (Ac (4Ac — Ap — P12P23))j|
Q4+ 8(TMalMis + Ay(A. — AY)) Q2
+2(T%,+AY) | ¢ (212 2 rl ’;)) <
+ 16 (Ap + F13) ((Ac - Ap) + F12)
(12.3.24a)

— QT3
Q| + Q2 (8013 (Ac (A — Ap) — Dioly3) — ['p3Q2)
_ 2N|pu3 —4 (1%3 + AZ) [4F13 ((Ac — A+ Ffz) + Fuﬁﬂ

I =
i) == e e, + AY)

_ 4912) [(ACA]) - F13F23) Qg + (Ai + F%?)) (AC (4AC — Ap — F12F23))]
Qp + 8Tl + Ap(Ac — A,)) Q22

+2 (%, + A?
(Coat 8| 16 (824 12) (A — A, 1 T2)

(12.3.24b)
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12.4 Lindblad Master Equation

In this section we will apply the Lindblad master equation, in order to study the phe-
nomenon of the electromagnetically induced transparency (EIT). We will in the basis of
|n) and the Hamiltonian that describe our system of interest will be the respective one
that we saw earlier, after the application of the rotating wave approximation (RWA). So
the EIT Hamiltonian in this case is of the form:

h 2w, 0 —Syetertet
Hpir = 5 0 T L
_Qpe_zwpte_z¢p _ch—zwcte—Mi)c 2w3
- o 0 9 eiwnt pitp]
= 0 ws —Speiteior | 2
_-%eiiwptefiqﬁp _%e—iwctefwc w3 ]
0 0 - &eiwptei@)_
=h 0 Wy — w1 —peltette | =
_—%e_iwpte_mp _%e—iwcte—i% w3 — Wy
_ 0 0 — Do piwpt picy { (ws —w1) = wp £ A”}
S| 0 (i w) () et | L
__%efiwptefi(bp — e piel g—ide W3 — w1
- 0 0 . &eiwptei%
=h 0 Wp + Ap - (Wc + AC) _%eiwcteigbc =
__%e—iwpte—i(bp _%e—iwete—i(bc wp + AP
0 0 — o gipt ity
Hor=h| 0 ()~ (ekd) —emicn
_ %e_iwpte_mp _%e—iwcte—iqﬁc (Wp + Ap)

(12.4.1)

which has time and phase dependence.
The Lindblad master equation has the following expression [25]:
. : w 1
p=—ilHprr,pl + > a(w)e’ (prLL - (Ll L, p})

w>0

+ Za(w) (LLpr — %{LwLI}, ,0}) (12.4.2)

+ Z CY(O) (Lwiiprii - %{LwiiLwiﬂ P})
Wig
where w = {wi2, w3, wo3} is the set of the possible transitions, L, are the Lindblad
operators, a(w) is a real quantity, responsible for the absorption processes which take
place. We will refer to these terms analytically later on.

In order to find the steady-state solution for the p;3 density matrix element, which
as we saw in the previous section is proportional to the electric susceptibility x(w,), we
have to integrate in respect to time the set of the differential equations. At this point, it
is necessary to follow the steps below in order to apply this scheme:

e First, we have to diagonalize the Hamiltonian I:[EIT = U'HgrU to get the N
eigenvalues F; but also the N eigenvectors |E;) to construct the base change matrix

U.
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e Next, go to the basis of the Hprr, ie. apply the transformation Q = UTQoU to the
coupling operator.

e Then, compute the set of eigenfrequencies w;; = I; — E; from the eigenvalues of
the Hamiltonian Hgyr.

e Eliminate possible duplicated frequencies w;; (originating from equally spaced en-
ergy levels produced by degeneracies in the Hamiltonian) to construct the set of
eigenfrequencies w.

o Use (E;| L, | Ej) = (E;| Q| E;) 6k (E; — E;, —w) to construct the matrix element
of the different Lindblad operators:

o Each time that a (E; — E;) match with a given —w, we put the coefficient Q;;
at position (7, j) in the Lindblad operator L, (this procedure take into account
degeneracies).

e The Lindblad operators L, are defined in the basis where the Hamitlonian is diag-
onal so that they are already in the right basis (no transformation needed).

e The absorption rate a(w) are then computed for the different unique frequencies
w obtained and the corresponding emission rate are given by the detailed balance
e(w) = eP“a(w):

o For a bosonic bath, we for example, use a(|w|) = %e\gl‘:{l so that at high
ol

temperature it converges to a(w) = %. Moreover, the case a(0) = 3
is well defined.

e For a time-dependent Hamiltonian Hgyr(t), this procedure has to be re-iterated at
each time step of the simulation giving rise to a time-dependent detailed balance
(the system converges at each time step to a different Gibbs state due to the time-
dependence of the Hamiltonian). Hence, the matrix elements change in time pro-
ducing time-dependent Lindblad operators (E;(t)| L, | E;(t)) = (Ei(t) | Q| E;(t))
S (Ei(t) — E;(t), —w) where w comes from Hpgyr(t). Absorption a(w) and emis-
sion e(w) rates are recomputed at each time step too.

e As a final check, one could compute the two sides of [Ly(t), Hgr(t)] = wLy(t) for
one or more L, (t) to check the procedure.

According to the procedure described above, w;; = A\; — A; where A, (k = 1,2,3) are
the eigenvalues of Hgr, in ascending order. The term «(w) is chosen to be of the form:

Bw

_7
a(w) = B 1 (12.4.3)
with § = ﬁ In the case of the dephasing terms, «(0) = % Also, the initial expression
of the coupling operator @)
0 0 Qo

Qam ngs 0
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where we put the values of the elements (12) and (21) to zero as our three-level system
is of A-configuration with the |1) — |2) being dipole-forbidden, Also, we neglect the
diagonal terms, which does not affect the steady-state solution but the dynamics of the
system [25]. The general form of the coupling operator, since we go to the energy basis
through the transformation Q = UTQ,U is

Qu Qi Qi
Q= |Qa Qn U (12.4.5)
@s1 @32 Es3

where U is the base change matrix (to the Hamiltonian basis) including the corresponding
eigenvectors (to the eigenvalues) of Hgrr. Then, we are in position to define the Lindblad
operators, as shown below:

0 Qi 0 0 00
Ls=10 0 0 Li,=|Qu 0 0 (12.4.6a)
0 0 0 0 00
0 0 Qus] [0 0 0]
Liz;=10 0 0 Li,=|10 00 (12.4.6b)
00 0 [@x 0 0]
0 0 0] [0 0 0]
Lys= 10 0 Qo Li,=10 0 0 (12.4.6¢)
0 0 0 | 0 Qs 0]
Qu 0 0 0 0 0 00 0
L,=LI, =0 00| Lyp=L,=10 Qu 0| Lis=LL=100 0
0 00 0 0 0 0 0 Qs
(12.4.6d)
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The resulting equations for the density matrix acquired through the Lindblad master
equation are:

_ 1 e"rtet®r py a(wiz) (€™ pos — p11) Q12Qm

p=is O |+ () . 2 (12.4.7a)
2 —e WrteTrpg + aws3) (6 *p33 — Pu) Q13031
1 eiwctez‘(bc — alw €5w12 _

e N S (wiz) et 1) @uQn (12.4.7h)
2 — e "WeteT!e hog + aws3) (6 *p33 — P22) (23032

—iwpt —1 iwpt o
Q, (e7™r'e % pi3 — e“rle %P:ﬂ)

+ Qc (e—iwcte—i¢cp23 o eiwcteiqﬁcpSQ)

1

P33 = 25

N — Oé(w13)Q13Q31 (€6w13p33 - Pll)]

— a(w23)Q23Q32 (66w23P33 - ,022)
(12.4.7¢)

o(w12)Q12Qa1 (€712 + 1)

: L 1| petrtel®pgy — Qe e P g 1| + a(wiz)Qi3Q3
P12 = Pa1 =135 - = P12
2| +2(wp— (Ap —we £ AL)) pr2 2 | + a(we3)Q23Q32
+ 04(0)@%1 + O‘@)@%Q
(12.4.7d)
iwpt 3 Q(W12)Q12Q21
Q,e“r'e'?r (p11 — ps3) sora
; 3 1 iwet i 1|+ a(wi3)QusQa (™ +1)
P13 =P = TG |+ et e ) Bun P13
+ a(wa3)Q23Q32€
— 2 (wp Zt Ap) p13 9 5
+ a(0)Q71; + (0)Q3;
(12.4.7e)
Buwiz
Qpeiwpteiqsppzl a(wi2)Qr2Qare "
= i = iy | + Qe (g — )| — 1 | T
23 = P30 = —l c 22 —P33)| — 3 " 23
2 (we £ A) p 2 | + alwas)Qa3Qso (€™ + 1)
- c c 23
+ a(0)Q3, + a(0)Q3,
(12.4.7f)
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Assuming that at steady state, mainly the ground state will be populated, we can

write that: p11 = 1, pao = 0, p33

terms read:

~
~

0 and the simplified equations for the off-diagonal

Qpelwpteiltﬁppgg a(W12)Q12Q21<66w12 + 1)
P12 = Py =i 1| = Qe e g 1| + o(wis)Q13Qs p
2 T 9 5 12
. 2 19 wp £ Ay 2 | + afw3)Q23Q32
— (@t A)) +a(0)Q% + a(0)Q3,
(12.4.8)
Qpemptemp a(wi2)Q12Q21 N
; 3 ; iwet id 1|+ a(wi3)QisQa (™ +1)
e G P
2(w. + A + orfwas) Q23@s2e
— 2 (wp ») P13 9 )
+a(0)Q7; + O‘(O)ng
(12.4.8b)

P23 = P3p = 3

Defining:

1
Dz =5
1
D13=§
1
D23—§

. 1 Qpeiwptei¢>p Do
-2 (Wc + AC) P23

a(wlz)Q12Q21€Bw12
L+ 04(%3)@13@3165““3

2| + o(wos)@23Q32 (€77 + 1)
+a(0)Q3; + a(0)Qs;

P23 (1248(3)

_a(WIQ)Q12Q21(€BWI2 +1)
+ a(wi13)Q13Q31

+ o (wo3) Qa3@32

| +a(0)Q1, + a(0)@3,

(12.4.9a)

[ a(wi2)Q12Qn i
+ o(wi3)Q13Qs1 (€71 + 1)
+ o(w23) Q23 Q326”7

| +a(0)Q1, + a(0)Q3; ]

(12.4.9b)

_a(wm)QmQQleﬁwm
+ a(w13)Q13Q3165w13

12.4.9
+ o(was) Q23Q32 (€7 + 1) ( %

|+ a(0)Q3, + (0)Q3;
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we get

] Qe rtet® gy
p12 = p;l =1 5 — chfiwcteiwcplg — D12,012 (12410&)
+ 2 ((.Up + Ap — ((.UC + Ac)) P12

B Qpeiwpteiqbp
. - 1 ot i
P13 =1ps =5 |+ Qe py | — Dizpis (12.4.10b)
| —2(wp £ Ap) pi3
1 _Qpeiwptewz’ P21 1
)93 = g = —1 = — =D 12.4.10c
P23 = Pz 2| = 2w+ AL pas 5 23023 ( )

In order to extract the solutions of p;;, we follow the steps below:

Q.

Perform time integration of the Lindblad master equation, Eqs [12.4.7], for a specific
value of A,,.

In steady state, the solution of the non-diagonal terms (both real and imaginary
parts) shows an oscillatory behaviour. For the specification of the susceptibility
X (wp), we only need the element py3. So, we fit its solution with a (wave) function

of the form p13 = Ajze™13%e?s, from where we obtain A3 and ¢13 with wiz = w,
fixed.

Determine the susceptibility through the relation y(w,) = A3,

Repeat this procedure for several values of A,,.

0.010 4 A =10

Re

0.008 4 Im

0.006 -
0.004
0.002

0.000

P13

-0.002

-0.004 4

-0.006

-0.008 -

-0.010 T T T T 1
2300 2310 2320 2330 2340 2350

t

Figure 12.4.1: Typical example of the oscillatory behaviour of the solution of p;3 density
matrix element (real and imaginary part) obtained from the Lindblad master equation, for a
specific value of A,,.

In the following section we present results obtained from both master equations, for
the susceptibility of the system with respect to the probe field.
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12.4.1 Results

In this section we present results referring to the susceptibility, x, of the system with
respect to the probe field, A,, through two master equations.

The first one, a modified Von-Neumann master equation, is an empirical one allowing
for decays from each energy state. In this case, an analytical solution is possible, Eqs

The other equation is a typical Lindblad one, with time-dependent operators from
which only numerical results can be obtained. The procedure for the time integration of
the corresponding equations, Eqgs [12.4.7] is described in the previous section. Although
the Lindblad operators should be updated in every time step, here they are computed once
(at the beginning) and then are kept constant. However, we observe the EIT phenomenon.
We can see below the referring results:

x10° x 10

— Analytical (VNE)

\ — Analytical (VN )]

2 -1 0 1 2 2 ] 0 1 2
A, A,

Figure 12.4.1: Analytical solution for the electric susceptibility (real and imaginary part)
acquired through the Von-Neumann Master Equation (VNE).

° 0 +oNumerical (LMEj I “ e 0 -
E ° ° 7" : -
EE Q./ <

m{xp)

]Ii 7 S 1

o- ° \ o Numerical (LMEi

-2 -1 0 1 2 -2 -1 0 1 2
A, Ap

Figure 12.4.2: Numerical solution for the electric susceptibility (real and imaginary part)
acquired through the Lindblad Master Equation (LME).
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The input data for the exact results are the following:

1
A.=0, Q=12 Q=5 T=02 7=00L

0 0 i (12.4.1)
Q=10 0 10i

—i —10i 0
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