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Abstract

In this thesis we present some results about decoherence, entanglement dynamics, and quantum infor-
mation employing one and two-qubit systems. We start by introducing the Kicked Ising model (KI) as
a quantum chaotic Hamiltonian model to describe decoherence and entanglement decay in one and two
non-interacting spin systems in the presence of a near and far KI environments. We show that these
nested spin-environments can assist the protection of coherence and entanglement (measured by purity
and concurrence) by tuning the coupling between near and far environments, a mechanism that could be
further exploited for quantum information processing and quantum computation based in spin systems.
We then turn our attention to the study of decoherence in light-matter scenarios considering a two-atom
system interacting with a single-mode of the electromagnetic field. For different initial states of the field,
we found very specific analytical relations between purity and concurrence for Tavis-Cummings as well
as photon-dependent and dephasing interactions. These results allowed to compute concurrence thresh-
olds for the necessary entanglement to realize a teleportation protocol with quantum speedup depending
on the specific interaction. The problem of microscopic dissipation is also discussed for the simple case
of the Jaynes-Cummings interaction for which a general Lindblad master equation in the dressed state
basis was obtained and solved in the limit of single-excitation. Phase space analysis beyond this single-
excitation manifold showed that field relaxation to equilibrium is better described by the microscopic
approach instead of the common formulation using the standard phenomenological approach. The final
chapter of this thesis considers the implementation of a complete atomic-Bell measurement based on the
nonlinear light-matter interaction provided by the two-photon Dicke model. It turns out that a convenient
way to express the time evolution of the system in terms of Bell and coherent states of the field can be
found and exploited in order to achieved the complete discrimination and postselection of the full Bell
basis by performing projective measurements on the field in an optical two-stage Ramsey setup. The ex-
perimental feasibility of the protocol is discussed in the context of cavity-QED, circuit-QED, and trapped
ions setups.



Resumen

En esta tesis se aborda el estudio de la decoherencia, entrelazamiento e informacién cudntica en sis-
temas de uno y dos qubits. En la primera parte de la tesis se introduce el modelo de Ising pateado (KI);
un sistema que presenta caos en el sentido de la teoria de matrices aleatorias (RMT), para describir la
dindmica de uno y dos qubits no interactuantes en presencia de entornos cadticos anidados, los cuales
Ilamamos entorno cercano y lejano. El resultado principal en esta parte se basa en un efecto encontrado,
en el cual entornos anidados pueden ayudar a proteger la coherencia y el entrelazamineto de sistemas de
qubits aprovechando el control de la interaccién entre dichos entornos, cernano y lejano. Este fendmeno
podria ser explotado para el procesamiento de informacién cudntica basada en sistemas de espines y en
sistemas de iones atrapados. En la segunda parte de la tesis tratamos el tema de decoherencia en el con-
texto de la interaccién de la luz con la materia. Consideramos un sistema de dos atomos de dos niveles
(qubits) interactuando con un solo modo de radiacion electromagnética en una cavidad. Se estudiala
dindmica de los qubits para distintos estados iniciales del modo de radiacion y se obtienen expresiones
analiticas generales entre la pureza de los qubits y su entrelzamiento usando tres tipos de interaccion:
Jaynes-Cummings, Buck-Sukumar e interaccién espin-bosén. Los resultados obtenidos permiten calcu-
lar valores umbrales para el entrelazamiento necesario para llevar a cabo el algoritmo de teleportacion
cuantica de manera eficiente dependiendo del tipo de interaccién estudiada. En este contexto también se
estudia el problema de disipacion desde el punto de vista microscopico en el caso de una interaccion de
tipo Jaynes-Cummings y se deriva una ecuacion maestra en forma de Lindblad. Una solucién analitica a
ésta ecuacion se deriva en limite de una sola excitacion y se realiza un andlisis detallado de la dinfiamica
del sistema en el espacio fase para el caso de mas de una excitacion. Un resultado interesante es que la
dindmica de relajacion del campo electromagnético hacia el estado de equilibrio resulta ser mas adecuada
por el enfoque microscépico en comparacion del tratamiento comtin usando el enfoque fenomenolégico
estandar. La parte final de la tesis trata el tema de informacion cudntica en electrodindmica cudntica de
cavidades. Se propone la implementacién de una medicién completa de Bell usuando una interaccién no
lineal de dos fotones de dos 4&tomos en una cavidad usando el modelo de Dicke y se encuentran expre-
siones aproximadas para la evolucion del sistema en el limite de muchos photones. Resulta interesante
que dicha solucién puede ser expresada en términos de estados de Bell atémicos y estados coherentes
del campo, cual se puede aprovechar para discriminar y postseleccionar sin ambiguedad cada uno de
los cuatro estados de la base de Bell con ayuda de mediciones proyectivas realizadas sobre el modo
electromagnético en un esquema tipo Ramsey con dos cavidades. Por dltimo se discute la posibilidad
de implementar experimentalmente el protocolo propuesto en experimentos de electrodindmica cudntic
de cavidades, circuitos superconductores y también el la arquitectura de iones atrapados en potenciales
armonicos.
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Chapter 1

Introduction

We are living the so called second quantum revolution, in which quantum phenomena like superposi-
tion and entanglement allow practical applications such as quantum computing, quantum teleportation,
quantum cryptography, quantum metrology, quantum communication, and more recently, quantum sens-
ing [1,2]. The identification of quantum entanglement as a technological tool was first pointed out by
Peter Shor in 1994 [3], establishing that a quantum computer (a machine based on quantum mechanics),
harnessing the non-local properties of such correlations as a consequence of entanglement, provides an
exponential speedup in the computational power for some intractable numerical problems. Entanglement
and the behaviour of quantum systems in general, are now important technological tools and not just cu-
riosity, or a consequence of the non complete status of quantum theory as Einstein, Podolsky, and Rosen
pointed out in their famous EPR paradox [4].

Nowadays there are plenty of options for the physical encoding of quantum information. Some of them
more promising than others for future large scale implementations, but all of them showing a big step
towards the precise control and manipulation of quantum systems. In this thesis we deal mainly with
spin systems [5], atomic qubits in high finesse optical cavities [6], or trapped ions in harmonic poten-
tials [7,8]. The main limiting factor for the implementation of these technologies is the fact that quantum
systems are very sensitive to their surroundings and every perturbation might deteriorate quantum co-
herence and entanglement (see Ref. [9] for an example in cavity-QED). One of the key ingredients in a
quantum processor is therefore the conservation of quantum coherence and entanglement for long times,
at least long enough in order to perform quantum operations and process quantum information. Dynam-
ics of composite quantum systems interacting with their surroundings is therefore of central interest for
understanding how quantum features are affected by the environment and for controlling them in view of
their exploitation as quantum information resources [10—14]. In this sense, exactly solvable Hamiltonian
models for the interaction between the system and the environment are useful in the general understand-
ing of open quantum systems. One of the first phenomenological models for decoherence was proposed
by Caldeira and Leggett (CL) considering a harmonic oscillator immersed in a bath of independent har-
monic oscillators at finite temperature [15, 16]. In particular, the situation provided in the CL model is
appropriate for the study of the dynamics of meso or nanoscopic superconducting devices which in turn
are useful for testing quantum theory at the the macroscopic scale. Despite of the fact this model can
reproduce generic features of decoherence in various real systems, it does not capture the actions of dif-
ferent environments, for instance, there are reservoirs whose dynamics can be better mimicked by a set
of two-level systems or spins instead of harmonic oscillators [16, 17]. In this context we have introduced
a model for the study of decoherence in one and two qubit systems in the presence of a spin environment
in Chapter 3. One of the main goals is to understand the generic features of the dynamics in this kind
of enironments so we can find clever strategies to control and use this information in our favor. In many
situations the immediate environment surrounding a quantum system can be well controlled in order to
isolate the system for unwanted external interactions. The following questions then arise: what about the
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influence of the rest of the universe?, i.e., the environment that is not immediately accessible to the sys-
tem. Can it affect the decoherence process due to the interaction with the immediate environment? can
it slow down decoherence (or equivalently, protect coherence) in the system? It turns out that the answer
to these questions is affirmative as we will see in Chapter 3 where the implementation of a particular
dynamics using the presence of a nested spin environment is described.

A quantum system made of two qubits is the simplest theoretical platform to analyze entanglement and
coherence evolution from the perspective of the theory of open quantum systems [18, 19]. The study
of this simple system is of special relevance as it constitutes the basic building block for quantum gates
and quantum teleportation protocols [20,21] which can be affected by external undesired interactions.
Physical models in the context of quantum optics have been widely used in the study of intrinsic decay
of quantum coherences for one or more qubits due to the interaction with the quantized electromagnetic
radiation field. For instance, the Jaynes-Cummings model or its generalization to a collection of N two-
level atoms (or qubits) known as the Tavis-Cummings model are typical settings [22,23]. The study of
bipartite entanglement between one qubit and the field [6,24,25] or of multipartite entanglement among
qubits [26, 27], has led to discover many interesting phenomena and also to experimental proposals
for quantum protocols. Some examples are entanglement in simple quantum phase transitions [28],
protocols for Bell state measurements [29, 30], physical implementation of quantum gates [20, 31, 32]
and generation of quantum correlations in qubit networks [33].

One of the main drawbacks encountered when two qubits locally interact with their own Markovian
(memoryless) environment is the so-called entanglement sudden death (ESD), that is the complete dis-
appearance of entanglement at a finite time [34—41]. This phenomenon has been proven experimen-
tally [44, 45] and has motivated the development of efficient strategies to avoid it [46-53] or delay
it [54-61], typically based on suitable non-Markovian (memory-keeping) environments and local op-
erations. In chapter 4 we provide new insights about the non-Markovian dynamics of the quantum cor-
relations captured by entanglement from the perspective of its interplay with purity, which identifies the
degree of mixedness of a quantum state being related to coherence. Such a study is still little addressed
in the literature but there has been interesting works with chaotic environments [39—41, 62] and other
non-Markovian environments [63].

Knowledge of relationships between entanglement and purity in specific dynamical contexts is important
not only from a fundamental viewpoint but also from a practical one. In fact, it would provide quantita-
tive thresholds of entanglement for a given purity at a certain time which allow quantum protocols, like
teleportation [64, 65], entanglement swapping [66] and entanglement percolation [67]. To this aim our
strategy is to consider a two-qubit central system using the so-called spectator configuration [62], where
one of the qubits is isolated and acts as a probe. This idealized configuration is a convenient way to inves-
tigate non-trivial dynamics of entanglement versus purity for two qubits without any type of interaction
between them. On the other hand, the characterization of quantum processes under particular channels
or operations within this simple open quantum system can be implemented experimentally. Realizations
of unital and nonunital (both Markovian and non-Markovian) channels acting on one of two qubits are
possible using all-optical setups [49, 55,68, 69] and are also achievable in circuit-QED devices [23,25].
For our analysis we shall also employ the concurrence-purity (C-P) plane [42], which is a powerful tool
that brings a general overview of the system dynamics. We focus on three models which shall allow us to
obtain exact analytical results with a consequent better understanding of the system evolution, namely:
Tavis-Cummings (TC), Buck-Sukumar (BS) and spin-boson (SB) models. In the second part of Chap-
ter 4 we study the problem of microscopic dissipation in the simplest model of light-matter interaction,
the Jaynes-Cummings model. Traditional treatments of dissipation involve a dynamical description in
terms of a Markovian Lindblad master equation that considers only dissipation due to photonic or field
losses. We derive a general Markovian Lindblad master equation from the exact eigenstates, known as
a the dressed basis, from which dissipation is caused by transitions or channels induced by the exter-
nal environment. Purity and entropy are analyzed as a function of detuning between the qubit and field



frequencies and the qubit-field entanglement in the single excitation manifold is studied. It turns out
that for initial semiclassical states of the field, we show that the microscopic approach, in phase space,
provides an evolution to thermal equilibrium that is smoother than the one provided by the standard
phenomenological approach.

In chapter 5 we address the issue of implementing quantum information algorithms using quantum op-
tical setups, in particular those based on cavity-QED. In this last part of the thesis we describe how to
implement a complete Bell measurement scheme employing projective measurements of multiphotonic
coherent fields in a model of two qubits interacting with one mode of a radiation field trough two-photon
transitions. The concept of Bell measurement is crucial to implement quantum information protocols
such as quantum teleportation, superdense coding, and entanglement swapping [20,71]. These protocols
play a key role in the nodes of a quantum repeater and to establish long-distance communication in a
quantum network [72,73]. In a complete Bell measurement a two-qubit system is probabilistically pro-
jected onto one of the four Bell states. For photonic qubits, it is possible to identify two of the four Bell
states, i.e. a 50%-efficient Bell measurement, using interference effects with linear optics [74-76]. The
capability to surpass this limit relies either on more resourceful techniques [77, 78] or on higher order
optical interactions [79] that report low efficiency in the experiment [80]. In the case of atomic qubits,
most experimental realizations of quantum teleportation consider the implementation of a complete Bell
measurement through entangling gates, such as a controlled-NOT or controlled-phase gate, that together
with single qubit gates can map Bell sates onto product states in the computational basis [§1-83]. A prob-
lem with this approach, however, is that high fidelity two-qubit gates are still experimentally difficult to
achieve [84-86].

Motivated by the hybrid quantum repeater [72] that employs material qubits and multiphoton coherent
signals, a recently proposed alternative is to explore atom-photon interaction models that directly gen-
erate Bell states of the atoms correlated with states of the field. Using this approach, it was shown that
unambiguous Bell state projections can be implemented within the framework of the two-atom Tavis-
Cummings model [29, 30, 87]. There, the state of the atoms is postselected by projecting the states
of the field onto nearly orthogonal coherent states. The great benefit is that the atomic states are not
directly measured and their projection occurs as postselection of the measured field. An imperfect ef-
ficiency relies on the fact that initial coherent states of the field in the Tavis-Cummings model do not
evolve coherently during the interaction [29, 88]. This is clearly manifested in the non-perfect revivals
of Rabi oscillations of atomic observables, similar to the well known collapse and revival phenomena in
the Jaynes-Cummings model [89]. The natural question that arises is whether an atom-field model pre-
senting perfect revivals of Rabi oscillations could better assist in the postselection of atomic Bell states.
The answer to this question turns out to be positive as we shall demonstrate. In this context we propose
a complete atomic Bell measurement based on the two-photon two-atom Dicke model in the rotating
wave approximation [90] that presents nearly perfect revivals of Rabi oscillations. Similar to previous
work [29,30], the states of the qubits are encoded in a pair of two-level atoms that interact resonantly and
sequentially with the field inside two optical cavities and the atomic state is postselected by measuring
the optical field. The considered two-photon atom-field interaction model was first introduced as a gen-
eralization of the Jaynes-Cummings model [91-93], and later extended to multiatomic systems [90, 94].
It has been proposed theoretically, but its experimental feasibility has been analyzed in well controllable
quantum optical systems [95]. Although we focus on a cavity QED implementation, two-photon or two-
phonon interactions have also been studied and proposed in circuit QED and trapped ions [96, 97], thus
making our proposal attractive to other architectures involving matter-field interaction.

This thesis is based mainly in four publications [61,99-101]. We shall present all the results in chrono-
logical order and hope that the reader may find some of the work presented here useful.



Chapter 2

Fundamental concepts

In this chapter we review some of the basic concepts employed along this thesis. We introduce the
main mathematical tools and models describing the physical systems and prepare the ground for the
subsequent analysis in order to make the content of this manuscript self contained. For technical and
specific details we will refer to the reader to the corresponding references.

2.1 Entanglement

Entanglement is a fundamental concept that distinguishes quantum theory from classical wave theory.
Nowadays entanglement is considered a fundamental resource for many applications and lies at the heart
of quantum computation, quantum teleportation, and quantum cryptography [102]. Amazing experimen-
tal progress has been achieved in production, manipulation, and detection of entangled states in a great
variety of physical systems, just to mention a few: trapped ions in harmonic potentials, photons, nu-
clear magnetic resonance, atoms in optical cavities, artificial superconducting qubits in quantum circuits,
etc [6, 82,103-105]. It has been even argued that entanglement plays a significant role in the efficiency
of the energy transfer process in light-harvesting complexes and photosynthetic reaction centers [106].
The first attempt to prove the non-local correlations of measurement results was made by Jhon Bell, who
derived experimentally testable inequalities for the discrimination of correlations due to entanglement in
contrast to those described by hidden variable theories [107]. Many experiments have been performed
in order to check if Bell’s inequalities can be violated, being perhaps the experiment reported by Aspect
et. al. in 1982 one of the most popular and in which EPR pairs of photons were employed [108]. In
quantum information theory, entangled states are considered as valuable resources for information tasks
and therefore their classification and quantification is a very active research topic. Here we are not in-
terested in the whole world of entanglement theory and we just provide the necessary concepts and tools
for the understanding of the forthcoming chapters. For the reader interested in entanglement theory see
for example Ref . [109].

Bipartite entanglement

A quantum system composed of two subsystems is called a bipartite quantum system. The Hilbert space
of such a system .77 is given by the tensor product of the associated individual Hilbert spaces 4 ® 773,
each of which denotes one subsystem. For pure states two kinds of quantum states can be identified,
product states (or separable) and entangled states. A state |y) is called a product state or separable, if
one is able to write it in the form

) = o) ®|9), (2.1)

10
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where |@) € 77 and |@) € 7. The information content in the state 2.1 is exactly the same as the con-
tained by the individual states in each subsystem. Any measurement performed on one of the subsystems
has no effect on the other subsystem, i.e., measurement outcomes on different subsystems are uncorre-
lated. On the other hand correlations arise for entangled states, in other words, states that can not be
written as the product of independent subsystem states. In this situation a local measurement affects the
entire bipartite system and a description in terms of individual states for each subsystem is no longer
possible. For general mixed states the situation becomes more complicated. In this case product states
and separable states are not the same, a product state can still be written as a tensor product of subsystem
state p and P

p=p1®p2, (22)

whereas a separable state is a convex sum of product states in the form
p =Y pipi ©pj, (2.3)
i

where ) ; p; = 1. Such separable states illustrate a situation where correlations between subsystems are
consequence of the incomplete knowledge about the state of the full system and are completely charac-
terized by classical probabilities p;. Mixed entangled states are defined by the non-existence of a convex
decomposition as the one given in Eq.2.3, i.e., a general mixed state p is entangled if [109]

p# Y piPi®pi. 2.4)

Correlations in entangled states can not be characterized by a set of classical probabilities and have no
analogue in classical systems.

2.1.1 Bell states

The maximally entangled two-qubit states are known as Bell states or EPR states. These states are
defined as

b
©%) = = (00)+ 1), @5)
B 1
©7) = == (00}~ 1), 2.6)
W) = \k(!01>+\10>), @7
W) = (jo1) - [10)). 2.8)

&

If any of the above states represents the state of two qubits, one can see that perfect correlations can be
found between local measurements performed on both systems, independently of the distance between
them. These correlations can not be explained without quantum mechanics as was shown by J. Bell in
1964 [107]. The set of Bell states constitutes a basis for the four-dimensional Hilbert space of a two-qubit
system.

2.1.2 von Neumann entropy and purity

Given the above definition of a general entangled state in Eq.2.4, the problem of deciding whether a
quantum state is separable or not is definitely not an easy task. This question constitutes the so-called
separability problem, a topic of current intense research [110]. Another issue with the given criterion is
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that quantification of entanglement becomes also difficult at the time of practical applications, so having
a practical quantitative way of computing the degree of entanglement becomes essential. It tuns out that
an entropy function can be a useful tool to evaluate the amount of entanglement in a bipartite system.
From the point of view of statistical mechanics and information theory, entropy can be seen as a lack of
information measure, i.e, the information that would be gained if a perfect measurement of the system
could be made. The von Neumann entropy for a density oparator p is defined as

S(p) =—Trplnp. (2.9)

For a pure state S(|y)(y|) = 0 and posterior measurements on the state of the system result in no gain
of new information. For a mixed state we have that in general S(p) > 1. The von Neumann entropy is
not easy to compute in general, but instead we can make use of a simpler function called Purity, which
is defined via

P(p)=Trp>. (2.10)

This quantity varies from one for pure states to 1/dim(p) for the totally mixed state. If in the above
formulas p is the partial trace of a pure state, i.e.,

p ="Tro|¥) (¥, @11

where |¥) € 77 ® 7% and Tr; is the partial trace operation over .74, then both quantities, the von Neu-
mann entropy and purity can be employed as measures of the entanglement between the two subsystems
implied in the partial trace operation. Purity is just one of a large number of convex functions that can
describe decoherence as interpreted as entanglement with the other subsystem. Its main advantage is
the simple analytic structure which allows to compute it without previous diagonalization of the density
matrix. Partial orders can be obtained using all or complete sets of positive functions [111-113]. Any
of these convex functions reveal, in general, different aspects of decoherence. In fact, for a single qubit
they are all equivalent and for larger systems, near pure states, they also tend to be equivalent. In this
thesis we will use purity as our main measure for coherence of a quantum system in interaction with its
environment. The reason for this choice is the fact that the square is holomorphic and often allows closed
solutions, as mentioned above.

2.1.3 Entanglement measures

Before defining a concrete measure for the entanglement of a two-qubit system we first list the conditions
that any entanglement measure must fulfill [109]. If E is an entanglement measure then:

e E(p) is zero for separable states.

e Additivity: entanglement of n copies of a state p is given by E(p®") = nE(p).

e Subadditivity: entanglement of two states does not exceed the sum of the entanglement of both
independent states, E(p @ p') < E(p)+E(p’).

o Convexity: EAp+(1—21)p") <AE(p)+ (1 =A)E(p’), with0 < A < 1.

Concurrence

In its original definition, concurrence was an auxiliary quantity used to compute the entanglement of
formation for a system composed by two qubits [109]. For a pure state |y) concurrence is defined as
follows

C(y) = (y'[oy @ 0y|w)], (2.12)
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where oy is the Pauli matrix and the state |y*) is the complex conjugate of |y) with respect to the
computational basis {]|00),[01),|10),|11)}. For mixed states, the concurrence is generalized trough the
corresponding convex roof extension

Clp)= inf ¥ piC(ys), with pi>0, p =3 pilyi){vil. 2.13)

It turns out that this infimum can be computed exactly as was shown by Wootters in Ref. [114]. Concur-
rence can then be expressed in a more practical way as

4
C(p) = max{0, 4 — }" 4}, (2.14)
=2

where A; are the square roots of the eigenvalues of pp in decreasing order. The operator p is the result
of applying a spin flip operation on p, i.e., p = (0, ® 0,)p*(0y ® 0y). Again the complex conjugate is
taken in the computational basis of two qubits.

2.2 Microscopic description of open quantum systems

Any practical description of a quantum system must take into account the unavoidable influence of
the external environment. We use the term open quantum system for a quantum system .’ which is
coupled to another quantum system called the environment &. In general we assume that the combined
system . + & is closed and can be well described by a Hamiltonian dynamics. To describe the state of
the subsystem ., however, we need to include the effects of the surroundings, and such Hamiltonian
description is no longer appropriate. It turns out that, as a consequence of the system-environment
interaction, correlations between both systems appear and the dynamics in . must be described by a
reduced system dynamics. In the following we will briefly describe in some detail how we can study
the dynamics of general weakly coupled open quantum systems in the Markovian regime using the
microscopic master equation approach as described in Ref. [18].

Let 7% and % be the Hilbert spaces corresponding to the system and and the environment, respectively.
The Hilbert space of the total system is given by ¢ = .75 ® .7¢%. The Hamiltonian of the closed system
is

H = Hg+ Hg + Hiy. (2.15)

The unitary evolution of the total system is then dictated by the von Neumann equation in the interaction
picture

d
PU) — —fth(r). (0] @.16)
Integrating (2.16) we have
p(1) =p(0) =i [ dslHin(1).p(s)]. 2.17)
Inserting (2.17) into (2.16)
d t
P — (1), ()]~ [ dsltin(e), [Hin(). ()] 18)

Taking now the partial trace operation over the degrees of freedom of the environment we get

dps(t)
dt

= T [Hin (1), p(0)] ~ /0 ' d5Tep [Hina (1), [Hina(5), p (5)]]. (2.19)

Without loss of generality we can assume that the first term on the right hand vanishes and Eq.(2.19)
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becomes
d PS

/ dsTrg [Hin(1), [Hin(s), p (5)]]. (2.20)

At this point the dynamical equation 2.20 is exact. However, in order to derive the master equation we
need to use some approximations:

e Born-approximation: this approximation assumes that the coupling between the system and the
environment is weak, the presence of the system S is practically irrelevant for the environment.
The density operator of the total system is then a product state at all times:

p(t) = ps(t) ® pe(0). (2:21)

e Markov-approximation: the environmental excitations decay over time scales that can not be re-
solved.

Replacing (2.21) in (2.20) we obtain an integro-differential equation for the reduced density matrix of
our system of interest

dPs

/ dSTrp [Hin (1), [Hine(5), ps(s) © pi]]- (2.22)

Now we perform the Markov approximation replacing ps(s) by ps() in the last equation. In this way the
state of the system at any time ¢ only depends on the present state

dps

/ dSTrg [Hin (1), [Hin(5), ps (1) @ pE]. (2.23)

The equation 2.23 is the so called Redfield master equation. It is local in time but it is not Markovian at
this point. Note that the time evolution is still dependent of the initial preparation at ¢ = 0 (the semigroup
property is not yet fulfilled). In order to achieve this, we can make the substitution s — ¢ — s in Eq. (2.23)
and let the upper limit of the integral to extend to infinity. This is justified provided the integrand disap-
pears sufficiently fast for s > 1g, being 7r the typical correlation time for the environment. Finally we
obtain the Markovian master equation

dPS

/ dSTrg [Hing (1), [Him(t — 5). ps(t) @ pi]). (2.24)

e Secular-approximation: it consists in averaging over the rapidly oscillating terms in the master
equation and it is also known as the rotating-wave approximation (it should not be confused with
the usual RWA in the context of light-matter interaction).

Usually the interaction Hamiltonian in the Schrodinger representation has the following separable form

Hip = ZAa ® Eq, (2.25)

where Ay = AZ, and Ey = E(; are hermitian operators acting on the Hilbert space of the system and
environment, respectively. It is convenient to decompose the interaction Hamiltonian Hj, into eigenop-
erators of the system Hamiltonian H;. Let € be an eigenvalue of Hg and the projection operator on this
eigenspace belonging to the eigenvalue € by I1(€). We define the decomposition of any operator on the
system in its eigenmodes as

Z I(g)AqI1(e"). (2.26)
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This sum is extended over all energy eigenvalues €’ and € of H, wit a fixed energy difference @. As a
consequence of Eq. (2.26) we have the following commutation relations

[Hs,Ag(®)] = —wAq(®), and [Hs,Al(0)] = +0Al (o). (2.27)
The system operators in the interaction picture read
A (@)e B = T (@), AT (0)e B = MY AT (). (2.28)
We can then write the interaction Hamiltonian Hjy in the following form

Hin = ZAa ®EOC—ZAT 0) @ E},. (2.29)

The last equation represents the decomposition of the interaction into eigenoperators of the system
Hamiltonian. The interaction picture Hamiltonian can now be written in the form

Hing( Z ¢ " "Ag(0) ® Eqt Z AL (W) QEL(1), (2.30)

where ' .
Eq(t) = eTF' Ege ! (2.31)

is the interaction representation of the environment operators. The condition assumed before, i.e.,
Tre[Hin (1), (0)] = 0 is equivalent to have (Ey(¢)) = 0. Inserting now Eq. (2.30) in the Markovian
master equation (2.24) we obtain

dps(t)
dt

= /O°° dsTrg{Hin (1 — 5)ps(t) peHini(t) — Hin () Hine ( — 5) }ps (1) p + h.c.
S Y OO, (@) (Ap(@)ps()AL (@) — AL (@) As (@)ps(0)) +he. (232)

w*,w/a(xvﬁ

In the above expression we have introduced the Fourier transforms of the environment correlation func-
tions

Cop _/ dse'® (E}(1)Eg(t —s)). (2.33)

It turns out that whenever the typical timescale for the system evolution is short in comparison with the
relaxation time, we can neglect the terms for which @ # @' since they are rapidly oscillating factors.
This condition is typically satisfied in quantum optical systems. Then

PS0) _ Y Tp(0) (Ap(0)ps(0)AL (@) — A (@)Ag (@)ps(0)) +hec (2.34)

w,a.

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

1
Fa,[}(a)) = Eth,ﬁ(w) + iSoc,B(w)a (2.35)

where
1

Sap =7 (Fa,ﬁ(w) —F;E,a(w)) : (2.36)
and
Yap(0) =T 5 (@) + T / dse® (ES (s)Eg (0)). 2.37)
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With these definitions we arrive to the master equation in the interaction picture

D0 g0 (Ap(@)pst0a(0) - LM (@) s} ). 239)

w,a,p

Notice that in Eq. (2.38) we are not taking into account the Lamb shift contribution induced by the
environment on the system of interest. The equation (2.38) is not yet in the standard Lindblad form.
However we can diagonalize de matrix defined by the coefficients ¥, g. This diagonalization is always
possible because, as one can show, this matrix is positive and the master equation can be rewritten in the
diagonal form

d 1
B = L) (@ps4]0) - s al(@ae)ps0} ) 2.39)
Transforming back to the Schrodinger picture, the final Markovian master equation has the general form

d S 1 +
950) _ s, o) + Yulo ) (@ipstal(@) - S A (@M@ s} ). 20)
In Chapter 4 we will make use of the microscopic open system approach to arrive to a general Markovian
master equation for the Jaynes-Cummings model in terms of its dressed states.

2.3 The kicked Ising spin chain

We now describe a paradigmatic model upon which the next chapter is based. It is the kicked Ising spin
chain (K1), a system of N interacting qubits (or spin-1/2 particles) driven by a external pulsed uniform
magnetic field. This model was introduced by T. Prosen [115] as an example of a quantum many-body
system in which a general relation between integrability and the dynamics of correlation functions is well
defined, and therefore establishing a criterion for the integrability of the model in terms of its dynamics
as captured by the fidelity of an initial generic state. In general, the Hamiltonian model describing the
system can be written as

N
G ZJ,kGJG +K(1) Y b;- (2.41)
Jj>k J

where J;  is the strength of the Ising interaction between spin pairs at positions j and k. G){; v,z are the

spin-1/2 Pauli matrices at the spinj. The operator vector 6/ = (G,{ , O'yj , O'Zj ) and the magnetic field is

b i = (bx,by,b;). The time dependent function K(¢) = Y7 0(t —n) is a superposition of Dirac-Delta
pulses of unit period. Two cases should be distinguished: i) No=N (periodic boundary condition) and
ii) No=N — 1 (open boundary condition). In its original formulation, the model is a ring (or a chain
in the case of open boundaries) with homogeneous Ising coupling strengths such that J; ;=J8; 1« and
the magnetic field vector lies on the x-z plane, i.e., b i = (bx,0,b;). The model is then described by a
three-parameter independent set (J,b,,b,) which one can tune and obtain a variety of dynamics. The
Hamiltonian 2.41 is trivially integrable in the case of a magnetic field parallel to the direction of the Ising
interaction. Non-trivial integrability arise when the magnetic field is orthogonal to the Ising coupling,
in which case the model can be solved trough the so-called Jordan-Wigner transformation mapping the
spin system into a system of free non-interacting fermions [116, 117].

As the system is periodically driven in time, its dynamics can be characterized trough the Floquet unitary
propagator in one period of time. During the free evolution (no magnetic kick), the system evolves
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according the following propagator corresponding to the Ising interaction

No _ No .
Ussing =exp | =i Y. Jju0i0t | = [[exp (-isju0ict), (2.42)
>k >k

where we have assumed /2 = 1. The propagator due to the magnetic kick is given by

N N
Ukick = exp (—i Y b 6’) =JJexp (—ibj : 6j> , (2.43)
Jj=1 J=1

and the complete Floquet map for one period can be easily constructed by the product of exponentials

Uk = UtsingUkick - (2.44)

2.3.1 Symmetries and spectral statistics of the KI model

As we mention above, the KI model can show a very rich behavior concerning its spectral statistics as a
function of the parameters (J, by, b;). The model can be driven from a completely integrable situation to
a fully chaotic one corresponding to an ensemble of random matrices taken from a Gaussian Orthogonal
Ensemble (GOE). In order to characterize the spectral statistics, the eigenenergies of the system must
be computed. In the case of driven systems, eigenenergies are called cuasienergies and can be obtained
trough exact diagonalization of the Floquet unitary propagator (Eq.2.44) in the appropriate basis. In
the computational basis {|s1),|s2),...,|sy)}, where the state |s;) represents spin state at position i, this
problem reduces to diagonalize a unitary matrix of size 2V x 2V. The eigenvalues of this matrix are
complex numbers of unit magnitude e~’% whose phases (or cuasienergies) ¢ ; are uniformly distributed
over the unit circle in the interval [—7, 7).

Symmetries play an important role at the time of computing correlations between eigenenergies. If
we consider an open chain, there exists a discrete reflection symmetry R such that [Hkp,R] = 0, and
hence [Uxr, R] = 0. The double application of a reflection leaves the system invariant, i.e., R> = 1 with
eigenvalues +1. This symmetry separates the spectrum into two subspaces with different parity. In the
left panel of Fig.2.1 part of the spectrum (even parity) of cuasienergies is shown for the KI model as
a function of the x component of the magnetic field b,. For small values of b,the spectrum is highly
degenerate (trivial integrability). As we increase the intensity of this component symmetries break up
and the system is driven to a nonintegrable situation which is reflected in the typical avoided crossings
observed in the spectrum. It is important to mention that in the case of periodic boundary conditions
there exists an additional symmetry 7 such that [T, R]=0 and whose action is the rotation of a spin to the
next position. A detailed discussion about symmetries in the KI model can be found in Ref. [118].

According part of to the quantum chaos community, a quantum system is chaotic if its spectral statistics
coincides with that of random matrix theory (RMT) [119]. In this context the so called nearest-neibourgh
spacing distribution (NNSD) is often used as an indicator of quantum chaos, which for quantum chaoc-
tic systems is given by the Wigner-Dyson distribution Pyp(s) = Fsexp (—7ms*/4)! when an ensemble
of random matrices taken from a GOE (Gaussian Orthogonal Ensemble). eigenenergies of a quantum
chaotic system are correlated and avoided crossings between levels are present. On the other hand, in-
tegrable systems can be characterized by a Posisson NNSD of the form Pp(s) = exp (—s) indicating no
correlation at all between levels with no restriction about the crossings. In the right panel of Fig.2.1 we
show the transition from integrable regime to fully chaotic regime. This transition is shown in terms
of the NNSD for the KI model for three special values of the horizontal magnetic component as can

I'This result was obtained by E. Wigner for a 2x2 random matrix sampled from a Gaussian Orthogonal Ensemble (GOE)
[119]
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Figure 2.1: Left panel: spectrum of cuasienergies (even parity subspace) in the KI model as function of the
magnetic component by. Vertical dashed lines indicate values of by = {0.1,0.3,1.4}. Right panel: transition
to nonintegrability of the KI model as shown by the Wigner surmise for the values b, = {0.1,0.3,1.4}. The

spectral statistics is the result of performing independent averaging in each subspace (even and odd). Parameters:
{J,b;,N}={1.0,1.0,12}.

be seen in the figure indicated by the vertical dashed lines. The system undergoes a clear transition
from Poissonian behaviour going trough an intermediate case of mixed dynamics and finally reaching
the chaotic regime described by a Wigner-Dyson NNSD. The relation between spectral statistics of the
KI model and RMT implies somehow the applicability of a random model to this many-body quantum
system. However we must emphasize that the KI model, as we have defined here, does not include any
disorder and randomness in the Hamiltonian. It is just a many-body Hamiltonian with homogeneous
two-body interactions and one-body local operations driven by uniform external magnetic field. Another
important family of models is obtained when instead of having a fixed, and small, number of parameters,
one allows some of these parameters to be random (though static). In particular, the random two-body
interaction Hamiltonians used in Ref. [120] can readily be included in our framework, by considering
nearest neighbour interactions with random strength plus a single particle term (in our case not random,
for simplicity).



Chapter 3

Coherence and entanglement of one and
two-qubits in spin environments

3.1 Two nested spin environments

Regarding the qubits as nodes, and non-zero Ising couplings as connections, we can consider the KI
model as a quantum graph. While the analysis of an arbitrary graph will be of interest in the light of
recent results for complete quantum graphs in the context of random matrix theory (RMT) [121], such
a generalization will not be the subject of the present analysis. If we further allow to have two different
types of connections (in our case strong an weak couplings), we can have a collection of connected
graphs. We will play with the Ising interactions in order to obtain the formal structure of a central system
and nested environments we need. To be more precise, we shall work in a Hilbert space structured as

H = TR He @ Ha, 3.1

with respective Hilbert spaces denoting central system, near environment and far environment. With re-
spect to the spin environments, we shall consider that within each Hilbert space, there is strong coupling,
and from the space of the central system to the near environment weak coupling is assumed, see Fig.3.1.
We want to investigate the effect of different coupling regimes from the space of near environment to the
far environment on the weakly coupled central system. We shall limit the central system 57 to simple
cases of one or two qubits. The former is obviously the simplest non-trivial system we can have and the
latter is the building block for quantum information systems, as quantum gates involving pairs of qubits
are sufficient to represent a universal quantum computer [20]. Furthermore, as we are not interested in
the operation of quantum gates, we shall actually turn off the interaction between these two qubits, i.e.,

HC He He’

Figure 3.1: Example of a tripartite configuration of qubits systems. Each of the Hilbert spaces composing the
total space 3.1, is displayed as a shaded area. The open circles represent the different qubits, thick lines represent
strong interactions, and thin ones weak interaction.

19
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treat a quantum memory, which for weak decoherence can be understood entirely in terms of single-qubit
decoherence [39]. We shall separate the rest of the system into two sets of qubits forming 7% and 7%,
respectively. For example, these qubits can be organized in an open chain where 5% will be connected
to the central system at one spin and to the far environment by connecting a spin of this environment
to another (or the same) spin of the central system. .7z will have no connections to 7. Within each
of these strings we shall consider nearest-neighbour interaction. We will also present some results for
additional couplings within each subset, which for quantum chaotic situations result rather irrelevant, as
may be expected following universality arguments. For the coupling between the two subsets we will
vary from a single coupling to many interacting pairs. We can reorganize the Hamiltonian in Eq.2.41,
and write it as

H = Hy+ AVee + VVee, 3.2)

with
Hy=H.+H.+ Hy, (3.3)

where the indices denote the Hilbert spaces in which the operators act non-trivially. A and y are real
non negative coupling parameters between central system and near environment and between near en-
vironment and far environment, respectively. The Hamiltonian Hy represents the internal dynamics of
the central system, the near environment and the far environment. The operators V. and V. represent
the interaction between each shaded area in Fig.3.1. To be more precise, we can label the set of spins
belonging to % as S, with k¥ = {c,e,e’}. Then,

He=J Y 1Woick+K(t) Y b3, (3.4)

./7
Jj>keSk JjESK

and I}’z) is a matrix of zeros and ones containing the configuration of the subsystem (adjacency matrix of
(x)

the corresponding graph). The open chain system where 1 ji = Ok+1 Will be of particular interest. The
interaction between central system and near environment and the one between near and far environment
are given by the Ising terms

— (1) 54 5k _ (2) i 5k
Vee =" Y [olol, Ve = | Y [I;dlo, (3.5)
JESckeS: JESekeS,

respectively, where in this case Ij(.,l’2> are other matrices with zeros or ones, containing the particular
configurations of the interactions. Notice that the propagator 2.42 is periodic (up to a global phase) in
J; k» as expli(Jjx + ) 0f 6X] = — expliJ k07 6X], so the behavior of all observables will also be periodic in
v and A with period 7. We have also observed a symmetry of the channel induced in the central system
with respect to sign changes, both in y and A, so it will suffice to study, with respect to both parameters,
the interval [0,7/2]. We however will show one example for a full period of 7 to illustrate the effect.
Taking into account that both the free and the kicked part can be decomposed in a simple multiplication
of one and two qubit operations, we can see that this model can be numerically evolved efficiently. The
memory requirements are set by the size of the state to be evolved (2", where N is the total number of
qubits), and the speed of the algorithm is also linear with respect to the size of the Hilbert space, for each
time step to be evolved. We have used efficient tools [122] developed for GPUs (graphics processing
unit) to perform our numerical experiments. The dynamics of the central system is obtained by tracing
over both environments, which leads to the reduced density operator

pe(t) = Tre e p (1), (3.6)

where the total density operator evolves unitarily as p (1) = Ukp (O)UlzI for each discrete time step. We
also assume the absence of initial quantum correlations between subsystems, i.e., the initial state for the
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total system is a product state of the form

p(0) =pc @ pe @ pe- (3.7

In all numerical results we will present, two kinds of initial pure states for the central system are used.
For one qubit as the central system, p.(0) will be taken as an eigenstate of the operator o, while for a two
qubit central system we shall use the Bell state p. = |®*)(®™|, which gives us the opportunity to study
the evolution of internal entanglement within the central system. In order to emulate a high-temperature
spin bath, the initial state of the environments is chosen as a product of two random pure states, one for
each environment.

3.2 One-qubit in a nested spin environment

We shall first explore the effect of nested environments with the simplest central system possible, namely
a single qubit. The coupling between the central system and the near environment will be chosen to be
weak, while the coupling of the near environment to the far environment will range from weak to strong
but always stronger that the former. As in previous works we neglect any coupling between the central
system and the far environment, but we will test this assumption in a typical situation. Throughout the
chapter, we shall choose the dimensions as large as we can for both the near and far environments without
having excessive computation times. We also set the parameters of the model in a regime where the
dynamics of the chains are in the quantum chaotic regime [115], so as to mimic universal results [119].
Specifically, we set dim(J%) = 2°, dim(%) =219, J = 1.0 and b, = be = (1.0,0.,1.0) in Eq. (3.4).
This implies that the kicked magnetic field has an angle of 7/4 with respect to the Ising coupling,
and the field strength is chosen appropriately. The coupling between the central system and the near
environment, shall be fixed to A = 0.01 unless otherwise stated. Similarly, the size of the near and far
environments shall be fixed as in Fig. 3.2, except when we analyse the effect of the dimensions in the
environments. Finally we choose for most of this section a dephasing coupling between near and far
environment (Bc = 0). This is inspired by the observation [123] that it will lead to a measurable fidelity
amplitude for the open near environment using the central qubit as a probe as in the original quantum
optical proposal [124—-126] for the measurement of fidelity decay, but now applied to an open system,
which results by adding the far environment. We obtain the dephasing case by dropping the kicked
magnetic field for the central qubit, whose Hamiltonian then commutes with the Ising coupling to the
near environment. Another advantage of the dephasing case is that it involves no energy transport, and
thus clearly distinguishes decoherence behavior from results for energy transfer. Towards the end of this
section we shall lift this restriction.

Our model depends on the configuration of the connections used within each environment, the configu-
ration of the connections between environments and the number of such connections as well as on their
strength. Our main object is to study the behaviour of purity on the aforementioned details. The explo-
ration cannot be exhaustive; rather we tested typical changes and in each of these cases the behavior of
decoherence.

The configuration we first consider is characterized by including a single connection between both, the
central system and the near environment (an open chain), and between the latter and the far environment
(also an open chain), see Fig.3.2. The decay of the purity of the central system as a function of time for
fixed A and for different values of 7y is shown in Fig.3.2. This picture shows the main feature we wish
to highlight in this section: larger values of y lead to slower decoherence in the central system. At this
point we repeat the same calculation as in Fig.3.2, but adding a weak Ising coupling of 0.014 between
one qubit in the far environment and the central qubit. As expected, the resulting plot is indistinguishable
from the aforementioned one, and thus we do not present it. We shall now proceed to look at what details
of our model affect this result. First we shall explore how the configuration of the internal connections
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Figure 3.2: Purity decay of the central system (open circle) for A = 0.01 and different values of vy, for the configu-
ration illustrated in the upper part of this figure. Larger values of the coupling between the near (grey circles) and
far (black circles) environments induce less decoherence of the central system.

in each of the environments with unchanged connections between the subsystems impact on the results.
In Fig.3.3 we show the configurations, in the upper part, and plot the purity reached at a given time as a
function of y for each of these configurations. We limit 7 to the interval [—7/2, /2] as the function must
be periodic with period 7. The figure shows that adding more internal connections in the environments
does not change, at least qualitatively, the behavior of purity. As we allow 7y to become larger we see that
the tendency is reversed due to the reflection symmetry discussed in 2.3.1. Note that we see a peak near
v = 0. This is not a contradiction but rather confirms that we need y > A to assure that we observe the
effect of coherence protection.

We have also tested to what extent more connections between environments have an effect in the deco-
herence process. We have found an interesting result: additional connections between the environments
appears to have a small effect over purity decay, except for the implicit strengthening of the coupling.
This can be compensated by the approximate scaling of ¥ with 1/4/V, i.e., the decays are very similar for
anumber vV of connections chosen randomly, if simultaneously ¥ is replaced by ¥ = y/+/V, as we show in
Fig.3.4. An interesting phenomenon appears as we take the random connections between environments,
while conserving a fixed total number v. We found that the configuration of the connections appears to
have a definite effect, specially for large values of 7. In Fig.3.5 we show how different topologies affect
the decay in different ways. One can notice that, in this case, different topologies cluster around three
different behaviors, one with a flat plateau, with respect to 7, other with a slight, but noticeable maximum
around Y = 7 /4, and finally another one with a skew behavior. This is not so for other configurations
of the internal connections, as can be seen in Fig.3.3, but it is also true for more connections between
the environments, as is shown in Fig.3.6. We were not successful in determining the pattern that lead
to one or the other behavior. Additionally Fig.3.6 shows how for different v the configuration of the
connections is what really has an impact on purity decay, and not the number of connections, as long as
they are compensated by the proper rescaling.

We next study the effect of the dimensions of the environments on purity decay. In Fig.3.7 we show for
a single direct connection (see Fig.3.2) how, as the dimension increases, the maxima for purity becomes
ever broader. Maybe this is even hinting the possibility of this happening for all non zero values of y
in the case where the dimensions of the environments go to infinite, but we shall later see, that there is
strong indication that we must also relax the dephasing condition in order to reach that limit. As a final
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Figure 3.3: Purity as a function of v for a fixed time t = 1000. The dimensions and parameters are the same as
in 3.2. Six cases are shown, the first of the simple direct connection and additional five ones where additional
two body connections are made within the environments as the diagrams show. Results show a plateau where a
maximum purity value is reached. We see how the extra connections within the environments appear to have little
effect in the overall phenomena.
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Figure 3.4: Purity decay over time for different number of connections. In each case the parameter Y = y/+/V
is used. The inset shows purity, for t = 1000, as a function of Y. We see how using the value Y, for sufficiently
large values of ¥ there is no gain in increasing the number of connections as all the cases show basically the same
behaviour:
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Figure 3.5: Purity as a function of Y for a fixed number of connections v = 6. In each case a different configuration
of connections is used between environments, each shown in as a diagram. Results show the existence of three
qualitatively different behaviours for the purity depending strongly on the configuration. The first one corresponds
to a flat plateau, the second one to an increasing but symmetric in /4 shape and the last one to a increasing non
symmetric shape.
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Figure 3.6: Purity as a function of vy for four different sets of topologies each with a fixed number of connections
Vv, each curve represents a different randomly selected configuration of connections between environments. We see
how the three behaviours are present in the different cases, showing that increasing the number of connections has
little effect in the predominance of a specific behaviour.
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Figure 3.7: Purity as a function of 7y for the simple direct connection configuration for different sizes of environ-
ments, where dim(H,) = 2™ and dim(Hy ) = 2V¢'. We see how increasing the environment sizes does not increases
the effect of the phenomena, as it only makes it more persistent over the parameters.

test we have to look at the A dependence of the effect; as the interaction of the central system with the
near environment is unavoidable, we have to check how small it must be to actually obtain an improve-
ment of coherence if we increase the interaction of the near environment with the far environment. For
this purpose we show the purity as a function of A in Fig.3.8. The effect indeed must disappear as 4
reaches one. The fact that the central system does not directly interact with the far environment becomes
irrelevant as any initial state will soon mix the excitations of the degrees of freedom of the central system
with those of the near environment.

This part of the work evolves around the phenomenon that increasing coupling between near and far
environment slows decoherence. The case of small couplings is discussed extensively in the perturbative
regime in [60, 123], while the case or strong dissipation is discussed in some generality in [127]. The
intermediate region, is at this moment essentially only accessible numerically except for very simple
integrable models [128]. We have given a survey of many options for the intermediate region, and
we have consistently found the effect under discussion. Yet we have not approached the decoherence
free limit but this is may be related to the finite size of our systems. We have restricted our studies
to two-body interactions whose convergence for large spaces is known to be as 1/logN and thus for
numerical purposes inadequate. Another important point is the restriction to dephasing we used. We
can lift this restriction by adding the magnetic field kicks to the central system. In 3.9 we show with
parameters otherwise the same as in Fig.3.2, that this slows the decoherence much more than dephasing.
Thus, while our findings do not confirm the decoupling in the strong coupling limit between near and far
environments, it certainly does not contradict the decoupling.

3.3 Two qubits in a nested environment

As we discussed above, a central system composed of two qubits is of great relevance because it is the
building block for universal quantum computation and other important quantum protocols [20]. De-
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Figure 3.8: The log,o(1 — P) as a function of A for different values of 'y. The results show a straight line up to a
point where A becomes relatively large. This is in accordance with previous results that showed how the purity
decay is proportional to A* for small A.
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Figure 3.9: Purity at a fixed time, when adding an internal magnetic field bata pi/4 angle with respect to Ising.
The effect is preserved, i.e. larger couplings imply larger values of purities for the central system, as long as the
periodicity in this parameter is not coming to bear. The sensitivity on the magnetic field is large and thus the
non-dephasing terms are important.
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Figure 3.10: Time evolution of the concurrence (main figure) and purity (inset) for different values of 7y for an
initial Bell state (|00) + |11))/\/2 for two-qubits as central system in the spectator configuration. We have imple-
mented this by adding a spectator to the configuration of 3.2. We observe a similar behaviour of slowing down of
decoherence as the coupling to the far environment increases. This effect is also reflected in the behaviour of the
concurrence in the main figure.

coherence and entanglement shared in a two-qubit system is the subject of many interesting papers,
mainly in the context of cavity quantum electrodynamics using Markovian master equations in Lindblad
form [129, 130]. The aim of this section is to study the evolution of the internal entanglement in the
central system and how it is affected by the presence of a nested environment. If we have two qubits we
can think that they are coupled to the same or different environments and also the two couplings being of
equal or different strength; in the latter case we have the option that of one of the qubits is not coupled.
Such a situation we call spectator model [62]. We will focus our attention in this particular configuration
in which one of the qubits plays the role of an observer. Furthermore, we assume that the two qubits
are non-interacting, avoiding the influence of this internal coupling on the entanglement evolution in the
central system. We use as entanglement measure the concurrence defined in Eq. 2.14. In Fig.3.10 we
show the evolution of concurrence for an initial Bell pair in a nested environment for the same parame-
ters and configuration of the environments as in Fig.3.2. We see that the behavior is indeed quite similar,
which strengthens our point, that this mechanism may actually be appropriate in very general terms to
improve conditions for quantum information processing and quantum computing. The phenomenon of
entanglement sudden death is present in all the curves so we can actually use the coupling parameter ¥ in
order to delay degradation of entanglement. The inset plot also shows the evolution of purity over time
for the Bell pair. The results are similar to the case of one qubit in Fig.3.2. As in the case of a single
qubit, it is interesting to see the evolution of the concurrence for fixed couplings varying the number of
connections v between near and far environment as shown in Fig.3.11. The connections have been varied
in the same manner as in 3.2. Notice that the scaling of 7y is still valid for this configuration, showing the
robustness of the effect and essentially the same behavior for the evolution of the concurrence.

3.3.1 Conncurrence-Purity diagram

A useful tool to characterize the decoherence process of a two-qubit system is the so called concurrence-
purity diagram or C-P plane [42]. One point on this diagram gives the value of mixedness and entangle-
ment simultaneously. Those quantum states that for a definite value of the purity can reach the maximum
degree of entanglement are known as maximally entangled mixed states [131]. Looking at the behaviour
on the C-P plane of an initial pure maximally entangled state under a local quantum channel (which
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Figure 3.11: Time evolution of the concurrence (main figure) and purity (inset) for an initial Bell state (|00) +
[11))/ V2 for two-qubits as central system in spectator configuration varying the number of connections v between
environments (near and far). In each case the rescaled parameter Y = y/+/V is used. We observe that the scaling
observed in 3.4 is also approximately valid for the case of a two-qubit system.

is the case of the spectator configuration) we can in principle characterize the corresponding quantum
process suffered by the system [42]. Under the action of unital channels, Bell states are mapped to the
region between the corresponding to Werner states and the one corresponding to the action of dephasing
channels, over Bell states. It is worthwhile to explore the behavior of our system in this plane, when
an internal magnetic field is applied (otherwise, we would simply have dephasing, and thus we would
lie in the lower curve). In Fig.3.12 we show a set of typical C-P diagrams with fixed A and varying 7.
The first observation is that the quantum channel induced by the KI for the parameters we have used is
actually unital, all the curves are in the region of unital channels. The top figure shows that the lines tend
to follow the Werner state behaviour quite closely as we increase the strength of the interaction between
near and far environment (though we should remember, that actually they might not be Werner states).
From the bottom figure is clear that for a sufficiently large number of connections between environments,
the increasing of 7 is no longer effective to improve the coherence in the central system. The saturation
is reached faster when there is enough connectivity of the environments.
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Figure 3.12: C-P diagrams for different values of y and t € [0,4000] for an initial Bell state. The light grey
area shows the region of all physical states of two qubits, bounded by above by the maximally entangled mixed
states. The region bounded by the curves for Werner states and for Bell states under phase damping channels (thick
lines) define the image of a Bell pair under the set of local unital operations [42]. The top figure corresponds to the
configuration illustrated in 3.2. The bottom figure corresponds to a configuration with v = 16 connections between
environments (near and far). Parameters are the same as in 3.12. We observe that increasing the connectivity
diminishes the dispersion of purity for a fixed value of concurrence.



Chapter 4

Decoherence in light-matter interaction

4.1 Two-qubit Tavis-Cummings model

The interaction between two two-level atoms (qubits) A and B with a single mode of the electromagnetic
radiation field with frequency v in the dipole and rotating-wave approximations is described by the
following Tavis-Cummings Hamiltonian [22] (we set i = 1)

Hrc = %(cﬁ+cf)+wﬁa+ Y gji(ac] +a'c?), “.D
j=A.B

where a, af are the usual bosonic operators satisfying [a,a’] =1, sz is the z-component of Pauli ma-
trices and o are the rising and lowering operators for atoms A and B. We remark that this model is
experimentally realized in circuit QED [23]. Here we will focus on the particular case where gg = 0 and
g4 = &, i.e., only one of the atoms is interacting with the field. This setting could be realized with the
atom B outside of the cavity [70] or with it in a node of the electromagnetic field. In this context the
atom B acts as a probe from which one can obtain information about the other systems (atom A and/or
the field). This is the spectator configuration implemented before. For simplicity, in the following we
restrict our analysis to the resonant case @y = v. With the aforementioned considerations it is easy to
obtain the exact time evolution operator for the Hamiltonian of Eq. (4.1) in the interaction picture and in
the atomic basis {|ee), leg), |ge), |gg)}, which reads

B cos(gtVaa') —iVsin(gtVa'a)
Ult)re = (iVJr sin(gt\/cﬁ) cos(gt\/c%) © s, 4.2)

where 13 is the identity operator for the qubit B Hilbert space, and we have used the well known expres-
sion for the Jaynes-Cummings (JC) time propagator [24] in terms of the Susskind-Glogower operators
defined as [132]
1 oo
Ve—-e———a=Y n)n+1|, Vi =d' ——x In+1)(n (4.3)
Vata+1 Z‘o \/aTcH— HZ:O

These operators are non-unitary and satisfy the commutation relation [V, V] = |0)(0|. In order to inves-
tigate the reduced dynamics of the two-qubit system we assume the total initial state as a product state

p(0) = pw(0) © py(0) where

pw(0) = Hyl, (4.4)

29
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is a Werner-like state for the central system with purity parameter x € [0, 1], |y) = sin@|ee) + cos @ |gg)
and ps(0) is an arbitrary initial state of the field. Such a state reduces to a Bell-like state when x = 1 and
is contained in a wider class of two-qubit states known as X states, which are represented by a density
matrix having only diagonal and off-diagonal terms different from zero [19]. We focus on two particular
field states of interest: the number state and coherent state, which represent the most quantum and the
most classical states of the radiation field, respectively.

4.1.1 Field in a number state

In this case we consider the field to be initially in a pure state with a definite number of photons, i.e.,
pr(0) = |n)(n|. Using this field state in p(0) and tracing over the degrees of freedom of the field we can
get the reduced density operator for the central system as

p(1) =Trs[U(t)p(0)U (1)) (4.5)

For simplicity we write down only the non zero matrix elements for the reduced density operator

p11(t) = <1T +xsin ¢> cos®(grv/n+ 1 ) % sin 2(gtv/n),

pn(t) = <IT +xcos ¢) sin’ (gt\/ﬁ)—k 4 % cos 2(gtvn+1),
p33(t) = <IT +xsin ¢> sin®(gtv/n+ 1 ) % cos 2(gt\/n), (4.6)
Paa(t) = (——l—xcos ¢) cos?(gt\/n) + sinz(gt\/rH—l),

p14(t) = xsin¢ cos ¢ cos(gtv/n+ 1) cos(grv/n), par(t) = p1a(t)”.

Notice that the reduced density operator maintains during the time evolution its initial X structure. With
the reduced density matrix of Eq. (4.6) we can calculate at any time the evolution of purity and con-
currence for the central system which are standard measurements of decoherence and entanglement. To
quantify the loss of coherence trough the degree of mixedness of the two-qubit system we use the purity
of a density operator defined earlier. The entanglement shared between two qubits can be quantified
using the concurrence, which for a X state of the form of Eq. (4.6), can be easily obtained via [42]

C(px) = 2max{0, [p14| — v/P22p33}. (4.7)

To get easy to handle explicit expressions of the quantifiers, we analyze the particular case with x = 1
and ¢ = 7 /4, which corresponds to an initial pure Bell state of the two-qubit system. A straightforward
calculation shows that purity and concurrence read

1 1 1
P(t) = 3 + 3 [4cos2(gt\/ﬁ) cos?(gtv/n+1) — 1} + 16 [cos (4gt+/n) +cos (4gtvn+ 1)} . (4.8)
1
C(t) = 2max{0, 3 <’cos(gt\/ﬁ) cos(grvn+ 1)‘ — ‘sin(gt\/ﬁ) sin(grvn+ 1)‘) }. (4.9)
We notice that for n = 0 (vacuum field state), purity and concurrence are related via
C(t) = v/2P(t) — 1, (4.10)

which is the typical behaviour that characterizes a homogenization process in a C-P diagram [42] and
tells us that the two qubits are entangled whenever the purity is larger than 1/2. This process belongs to
a class of non-unital channels (see Sec. 4.4 for details). In Fig. 4.1 we show the evolution of concurrence
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by substituting the matrix elements of Eq. (4.6) in Eq. (4.7) with the field in the vacuum state n=0 and

an arbitrary initial degree of entanglement. The figure shows two cases: (a) pure state (x = 1), for which
C(t) =2max{0,|cos ¢ sin @ cos gr|} and (b) mixed state (x = 0.48). The time behaviors are in accordance
with the non-dissipative case of a single qubit subject to a single-mode radiation field in the vacuum state

(zero temperature perfect cavity).
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Figure 4.1: Concurrence as a function of scaled time gt and initial degree of entanglement ¢ for the spectator two-
qubit TC model in the vacuum state n = 0. Two cases are shown: (a) with purity parameter x = 1 there is vanishing
of entanglement at gt = (m+ 1/2)x, (b) For x = 0.48 collapses and revivals of entanglement are observed. This

behavior shows a strong dependence on the initial conditions, as reported in Ref. [35].

4.1.2 Field in a coherent state
We now choose the initial radiation field in a coherent state, which is a typical situation in cavity-QED

experiments [6]. In this case the field state is given by

0) = la)(al, with [@) =Y pln), and p, = e 1oz % 411
Pf()!><\Wl|>n§6P|”)anPe N (4.11)

The explicit elements of the reduced density operator for x = 1 and ¢ = 7 /4 are

pi = Z \pn|?cos?(gtv/n+1), p13= in,’;Hpn sin(gtv/n+1)cos(gtvn+2),
n n

i N .
pi2= 5 an+1pn sin(2gtvn+1), pua= Z | pa|* cos(gtv/n) cos(gtv/n+1),
n n
pn=) |\pal?sin®(gtv/n+1), py3 = Y piparasin(gtv/n+1)sin(grv/n+2),
n n

P33 =Y |pal*sin®(gt\/n),  pas= =i p}patisin(grv/n+ 1) cos(gtv/n),
n n
e .

pas =Y Pl cos’(grv/n),  pss=—5 Y prpapasin(2grv/n+1), “.12)
n n

where we have omitted the explicit time dependence in the matrix elements p (). As in the standard JC
model, the sums in Eq. (4.12) cannot be evaluated in a closed form, so analytical expressions for purity
and concurrence are too cumbersome to be shown here. In Fig. 4.2 we then show plots of purity and
concurrence as functions of time, where the field state is initially in a coherent state with average photon
number 7 = |a|> = 15. Differently from the previous case of initial number state, now entanglement
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Figure 4.2: Purity (upper red line) and concurrence (lower dark blue line) as functions of scaled time gt for the
spectator two-qubit TC model. Bell (x =1, ¢ = n/4) and coherent (i = 15) initial states were used. Concurrence
shows collapses and revivals of entanglement with the envelope eventually decaying at gt, ~ 27+\/i.

and purity eventually decay presenting oscillations during the evolutions. We point out that purity peaks
follow entanglement revivals which however does not mean that the larger the purity (or smaller the
mixedness), the larger the entanglement. This can be immediately seen by comparing, for instance, the
behaviors at the time regions 2 < gt < 18 (zero entanglement) and 68 < gt < 78 (entanglement revival).

4.2 Two-qubit Buck-Sukumar model

In this section we consider a variant of the model studied in Sec. 4.1 which is inspired in the so-called
Buck-Sukumar (BS) model [133]. In that work the authors propose an exactly solvable qubit-field Hamil-
tonian which is useful to describe nonlinear interactions. The Hamiltonian for the two-qubit BS model
in the spectator configuration is given by

Hgs = % (GZA +0%)+ va'a+g (a atac? + aTaaTGf) , (4.13)
Unlike Eq. (4.1) this model allows an intensity-field dependent coupling. In the resonant case the time
evolution operator in the interaction picture is

B cos[gr(a’a+1)] —iV sin [gta'd]
Uss(1) = <—iVT sin [gt(a’a+1)]  cos[gra’al ©1s. (.14

Using the same initial condition for the two-qubit system Eq. (4.4), the matrix elements for the reduced
density operator are analogous to Egs. (4.6) and (4.12) (except for the square root in the trigonometric
functions argument, i.e. /x — x) for the field in a number and coherent state respectively. Purity and
concurrence for the Bell pair (x=1, ¢=m/4) with the field starting in the number state |n) are

P(t) = % + % (4cos? [gtn] cos® gt (n+1)] — 1) + T16 (cos [4gtn] 4 cos[4gt(n+1)]), (4.15)

C(r) = max{0, |cos [gtn]cos [gt(n+ 1)]| — |sin[gtn]sin [gt(n+ 1)]| }. (4.16)

In Fig. 4.3(a) we have plotted Eqs. (4.15) and (4.16) as functions of time with n = 10 photons. A
behaviour similar to that of Fig. 4.3(a) is found between an isolated atom and a Jaynes-Cummings atom
[70]. On the other hand, when the field is initially in a coherent state analytical expressions for P(¢) and
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C(t) in the two-qubit BS model are cumbersome, as pointed out in the previous section, and we limit
to report their plots. Evolutions of purity and concurrence for this case are displayed in Fig. 4.3(b) as
functions of scaled time for x = 1, ¢ = m/4 and 7 = 10. We highlight that now, in contrast to what
happened in the JC model with an initial coherent field state (see Fig. 4.2), a complete spontaneous
recovery of the initial entanglement can be found due to the nonlinear atom-field interaction. Purity
and entanglement again show the same qualitative behavior but now larger values of purities always
correspond to larger values of entanglement (P = 1/2 when C = 0 in the plateaux and P =1 when C = 1
in the peak).
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Figure 4.3: Purity (upper red line) and concurrence (lower dark blue line) evolution for the spectator two-qubit
BS model. The two qubits start in a Bell state. The field starts in: (a) number state with n = 10 and (b) coherent
state with n = 10. A sequence of entanglement dark periods and complete entanglement recoveries occur in both
cases due to the nonlinear interaction.

4.3 Two-qubit spin-boson model

The two-qubit spin-boson model describes two spin 1/2 particles coupled to an environment of M non-
interacting quantum harmonic oscillators [10], which can be experimentally realized in cavity and circuit
QED [18, 23] and also simulated by all-optical setups with Sagnac interferometers [44, 69]. The pure-
dephasing Hamiltonian in the spectator scheme is given by

M M
o
oo = 9 (024 02) + L wsafay 00 3. (] + €0 @17
j=1 Jj=1

Notice that the qubit-environment linear coupling term is an energy conserving interaction since the
central system Hamiltonian commutes with Hgg. The corresponding time evolution operator in the inter-
action picture is

Uss(t) = <HJ (0()) HjD(glj(t))>®11B, (4.18)

where D (A(t)) = exp[(?tj(t)a; — A (t)a;)] is the usual Glauber displacement operator for each mode

and A;(t) = (gj/w;)[1 —exp(im;t)]. If we set all the oscillators in the ground state
p f(O):®1}’I:1 |0); /(0] and the two-qubit system in py(0), the non-zero matrix elements of the total den-
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Figure 4.4: Entanglement evolution for the spectator two-qubit SB model. An ensemble average over 10° samples

was realized using Eq. (4.20), x=1, ¢=mr/4, g; and @; were chosen randomly from the interval [0,1], with M= 5

(black), 10 (red), 100 (blue). The inset shows in log scale the Gaussian (exponential) entanglement decay for short

(long) times.

sity operator in the atomic basis are

pu() = (1 i’ ) TTOY A0, psle A1)
J

4

4
p14(t) = p1a(t)” :xsin¢cos¢H\?Lj(t)><—7Lj(t)\, (4.19)

pualt) = (1 +xeos” o) [T 1= A O)-20)).  pos
J

where |4;(r)) = D(A(1))|0); is the coherent state for the j-th oscillator. As we have done in previous
sections, we trace out over the environment in order to obtain the reduced density operator of the central
system: py1(t) = (1 —x)/4+xsin® @, pxn(t) = p33(t) = (1—x)/4, pau(t) = (1 —x)/4 +xcos>¢ and
P14(t) = par(t) = xsin¢ cos g exp[—T'(1)], where ['(r) = ¥ ;4|g;|*(1 — cos(a),-t))/a)jz is the decoherence
factor. From the Eqs. (2.10) and (4.7) it is trivial to obtain purity and concurrence for the central system.
For instance, the explicit expression for concurrence is

C(r) = max {0,x|sin2¢|e T — (1—x)/2}. (4.20)

For x=1 purity and concurrence are related via

\/ZP 2(sin* ¢ + cos* ¢), 4.21)

which is a generalized form of the expression describing a dephasing process induced by a local operation
acting on a Bell state given by C = /2P — 1. From Eq. (4.20), one finds that entanglement vanishes
whenever I'(f) = —In((1 — x)/(2x|sin2¢|)). Assuming all the modes to be identical (gj=g, ®;=0),

with ¢=7/4, the time when entanglement disappears is 7; = arccos |1 + ,‘1,14({"2 In((1 —x)/(2x))]. In
Fig. 4.4 we plot concurrence of Eq. (4.20) as a function of time for several realizations of g; and ®,
which are randomly chosen from interval [0, 1]. M stands for different dimensions of the environment.
We emphasize that this time behavior is non-Markovian, meaning that its decay is not exponential at
short times, a situation reminiscent of pure-dephasing evolution in the solid state due to inhomogeneous

broadening [134, 135].
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4.4 Discussions

In this section we discuss the results for the evolution of purity and concurrence for the models studied
in previous sections of this chapter.

General aspects on the time behaviors

For the two-qubit TC model with the field starting in the vacuum state, concurrence (and also purity) is a
periodic function of time as can be seen in Fig. 4.1. We have explored two different initial conditions for
the two-qubit system (4.4): pure entangled state Fig. 4.1 (a) and entangled state with a degree of mixed-
ness Fig. 4.1(b). In both cases we observe the expected decay of correlations at short times in the initial
entangled state due to the interaction with the field. Fig. 4.1(a) shows complete entanglement revivals at
times given by gt = nm. A similar behaviour is shown in Fig. 4.1(b) but in this case the entanglement re-
mains zero for finite intervals of time, identified as entanglement dark periods [19], followed by complete
entanglement recoveries as time goes by. In the case under consideration, the TC interaction permits only
zero photons or one photon to reside in the cavity, i.e., the cavity acts effectively as a two-level system, so
the Hilbert space available for the environment is finite and gives rise to entanglement rebirths in the cen-
tral system. When entanglement completely disappears in the central system, quantum correlations must
be contained in other bi-partitions [136, 137], for instance between the isolated qubit and the field or the
central system and the field. This effective three-qubit system is a convenient framework for understand-
ing the dynamical mechanisms of entanglement sharing among the parts of a composite system with a
quantum reservoir [19,50]. Dynamical behaviors qualitatively similar to those obtained in the case when
both qubits are open [19, 35] have been here found. This implies that the spectator configuration is able
to reproduce general dynamical features exhibited by more complex systems, provided that each qubit of
the system is locally interacting with its own environment. Concerning the second initial condition for
the environmental state in the TC model, i.e. the field prepared in a coherent state, we notice that this is
the situation in which the Hilbert space is formed by an infinite basis of number states. In principle it is
possible that entanglement can be shared in arbitrary multipartitions of the Hilbert space not allowing the
complete backflow of information to the central system. This sort of local coherent-state control leads
to revivals of entanglement whose amplitude eventually decays, as predicted for the case of two open
qubits [36, 37]. Purity and concurrence evolution for the central system have been plotted in Fig. 4.2
when the average photon number of the field coherent state is 7 = 15. Both quantities oscillate but the
periodicity in both quantities is no longer maintained. This time behaviour resembles the evolution of the
atomic inversion in the standard one-qubit JC model where non-complete revivals are consequence of
constructive quantum interference between states in the Fock basis [6]. Since we have used the spectator
configuration it is easy to see that the time of entanglement revival is given by g, ~ 27m\/fi. Succes-
sively, considering the intensity-dependent field interaction described by the two-qubit BS Hamiltonian
in Eq. (4.13), we have plotted purity and concurrence with the field in a number (n = 10) and a coherent
state (7 = 15) in Figs. 4.3(a) and 4.3(b), respectively. In contrast to what was observed for the TC model,
C(t) and P(t) are now m-periodic functions independent of the number of photons. Interestingly, when
the radiation field is initially in a coherent state there are complete entanglement revivals (see Fig. 4.3(b))
regardless that we are dealing with an infinite number of available states associated to the coherent field.
In Fig. 4.4 we have finally shown the entanglement evolution for the two-qubit SB model. Aiming at
revealing general features of entanglement deterioration in this system, we have performed an ensemble
average over 10 samples applying Eq. (4.20) with x = 1, ¢ = /4 and random values of g ; and o;
taken from interval [0, 1]. As we see, increasing the environmental modes results in a faster decay of
entanglement. As expected, for short (long) times a Gaussian (exponential) behaviour is observed [10].
Due to both the initial Bell state of the central system and the dephasing local interaction, there is no
entanglement sudden death, as we can deduce from Eq. (4.20).
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4.4.1 Concurrence-Purity Analysis

As we have discussed in Sec.3.3.1 a useful way to characterize bipartite quantum states is given by
the concurrence-purity diagram or C-P plane [42]. In Fig. 4.5 we show for convenience a typical
concurrence-purity diagram specifying the relevant regions. A point on this diagram gives the value
of mixedness and entanglement at the same time. Those quantum states for which a definite value of
purity can reach the maximum degree of entanglement are known as maximally entangled mixed states
(MEMS) [131]. MEMS are represented by curve 1 (Cygpys) in the C-P plane. The area below the MEMS
curve specifies the region of physical quantum states. Werner states (¢ = /4 in Eq. (4.4)) are depicted
by curve 2 (Cy). Curve 3 (Cp) is given by Eq. (4.21) with ¢ = 7 /4 which corresponds to a decoherence
process induced by a dephasing interaction. In light of the dynamical results we have obtained for purity
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Figure 4.5: C-P plane for two qubits. Curve I corresponds to maximally entangled mixed states (MEMS). Curve 2
is for Werner states. The area coloured in blue is the region allowed for maximally entangled pure two-qubit states
when they are under the action of a unital quantum local channel. This region has a lower and upper bound given
by Cp and Cy respectively [42].

and concurrence, we analyze their relation using the C-P diagram. We first make some remarks about the
nature of the quantum operations involved in our models. We emphasize that the spectator configuration
is a physical example of a local quantum operation (channel) acting on a bipartite quantum state (the
state of the two-qubit central system). In this sense, environment performs operations (trough the inter-
action) on one of the two qubits. These local operations can be unital or non-unital. Unital channels are
maps that leave invariant the uniform state, i.e., the total mixture state. It is known [42] that initial Bell
states under the action of unital channels lie in the region bounded by curves 2 and 3 in the C-P plane
(blue shadow) of Fig. 4.5. Characterizing the behaviour of our quantum channels within this diagram is
therefore desirable and can provide new overall insights on concurrence-purity dynamical relations. In
Fig. 4.6 (a) we show the behaviour of the channel acting on a Bell state generated by the two-qubit TC
dynamics in the spectator scheme. The starting point is the right upper corner in the plane. Two represen-
tative cases for the initial state of the environment are shown: i) n =0 and ii) n = 5. For the vacuum state
a simple analytical relation between purity and concurrence can be obtained Eq. (4.10): C = /2P — 1
(red line), which for a long interval of time is outside of the unital region. This channel is related to the
homogenization process describing exponential decay of correlations in which the vacuum state is the
fixed point of the dynamics. The case n = 5 is shown in blue and gives rise to a rich loop structure due
to immeasurability and non-Markovian behaviour in the evolution of purity and concurrence. It must
be mentioned that the associated C-P line for the vacuum state is also a loop over itself reaching zero
entanglement at times gt = (m+ 1/2)x. These loops are exceptions to the rule that lines in the C-P plane
must be non-increasing if they are generated by Markovian semigroup dynamics. Hence, the appearance
of this loops is due to the non-Markovian evolution considered in this work as we were able to obtain
the exact reduced density operator for the central system. It should be noted that similar results (not
shown) for the Buck-Sukumar interaction in the C-P diagram can be obtained; in contrast to the spec-
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Figure 4.6: C-P plane representation for the local operation induced by Tavis-Cummings interaction. The central
system starts in a Bell state and the field in: (a) Fock state n=5 (blue lines) and n=0 (red line), (b) coherent state
1n=100 (red line). Dashed line in (b) corresponds to a dephasing channel generated by the SB interaction (see text).

tator two-qubit TC model, closed loops emerge due to the m-periodicity in the purity and concurrence.
At this point it is interesting to see the C-P dynamics for an initial coherent state for the environment
using the results of subsection 4.1.2. For an average number of field excitation 77 = 100, signatures of
long-time entanglement revivals are obtained before their occurrence (see Fig. 4.6(b)). Almost all the
action of the local operation is contained in the unital region except for a small part generated by the
short time dynamics near to the upper right corner. The corresponding C-P representation for the spec-
tator two-qubit SB dynamics is also shown in Fig. 4.6(b) (dashed line) using the obtained generalized
expression in Eq. (4.21) with ¢ = /6. As expected we observe a typical decoherence process induced
by dephasing, this process being represented as a rescaled Cp curve.

4.4.2 Operational use of the concurrence-purity relations

We now briefly discuss on the possible usefulness to have quantitative relations between concurrence
and purity for implementing some specific protocols. It is known that entanglement must overcome
some quantitative thresholds, for a given value of state purity, in order to allow quantum processes,
such as teleportation [64, 65], entanglement swapping [66] and entanglement percolation [67]. Our
results under specific dynamical conditions allow to only measure purity of the system state at a given
time ¢ for obtaining the value of concurrence and then checking if it is sufficient for the desired task.
Such a procedure will in turn provide the time regions within which the task can be performed. We
focus on the recently reported concurrence threshold for entanglement necessary to realize a teleportation
protocol with quantum speedup [65]. Such a threshold is equal to Ci, = (\/P22 — /P33 )2 in the case when
the entangled state shared between the two parties is a X state, which is just the one we have during
the evolutions here considered. For instance, for the SB dephasing model, where py(f) = p33(), one
immediately gets Cy, = 0 at any time. The system state can be thus exploited for teleportation until C(z) >
0 = Cyp, which in turn means whenever purity is above its minimum value P(t) > Py = sin* ¢ +cos* ¢
(see Eq. (4.21)). For the plot of Fig. 4.6(b) it must be P(z) > 5/8. Instead, for the TC model with the
vacuum field state and the two qubits initially prepared in a Bell state, the entanglement threshold is time-
dependent, namely Cy, (1) = (1/2)sin?(gt). Quantum teleportation is then achievable at those times such
that C(t) = |cos(gt)| > C(t), which in terms of state purity also means P(t) > Py (t) = [1 +Cj (1)]/2
according to Eq. (4.10).
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4.5 Microscopic dissipation in light-matter interaction

The Jaynes-Cummings (JC) model [138], describing the interaction of a single bosonic mode with a
two-level system, plays a key role in our understanding of interaction between radiation and matter. It
is of central importance for the description of quantum effects, for example, the existence of Rabi os-
cillations for Fock boson field states [138] and the collapse and revival of the atomic inversion in the
presence of coherent fields [139], and constitutes a basic building block for the implementation of quan-
tum gates [140]. The model has been implemented in a variety of experimental platforms [7, 141, 142],
where the unavoidable effect of the environment over closed-system dynamics is observed as a deteriora-
tion, or even complete suppression, of the expected quantum phenomena [143—146]. Thus, an adequate
description of loss-mechanisms in different physical scenarios becomes essential to compare with exper-
imental results, and lead to the proposal and study of different decoherence and dissipation models in
the literature [147—-154]. Here, we are interested in the microscopic approach to field dissipation in the
standard Jaynes-Cummings model. The microscopic approach has demonstrated fundamental dynamical
differences with the usual phenomenological approach for the single excitation manifold of the Jaynes-
Cummings at zero [155] and finite [156] temperature. Both, the microscopic and phenomenological
models of dissipation make use of the Born-Markov approximation, that considers a memory-less envi-
ronment that couples weakly to the system. They differ on the fact that the microscopic approach uses the
dressed state basis that diagonalizes the JC model in order to derive the effective master equation, while
the phenomenological approach uses the microscopic master equation derived for just a dissipative field
mode. In the following, we review the microscopic master equation for field dissipation in the Jaynes-
Cummings model, and provide a new closed-form analytical expression for the state evolution of any
given pure single-excitation state, which agrees with previous results in the corresponding limits. Then,
we numerically compare the dynamics under this master equation and the standard phenomenological
approach beyond the single excitation manifold at zero and finite temperature with a flat environment.
In particular, we demonstrate the time evolution due to initial number and coherent field states through
standard observables, like atomic inversion, mean photon number, entropy-related measures, such as
purity, and phase space quantities, like quadratures of the field and Husimi Q-function.

4.5.1 Microscopic approach for the open JC model

We follow the formal microscopic derivation of the Markovian master equation for the JC model [155],
and start from the standard JC Hamiltonian [138],

Hyc = %Gz +wa'a+g(ac. +a'c ), (4.22)

describing a two-level system, a qubit, with transition frequency @y and modeled by the standard atomic
inversion operator, 0;, and lowering (raising), o_ (04 ), operators, interacting with a boson field with
frequency ®, described by the annihilation (creation) operator a (a'); the strength of the interaction
is provided by the coupling parameter g. The JC model assumes near resonance, @ ~ @)y, and weak
coupling, g < w, wy. It relates to experimental realizations in cavity-QED [141], trapped-ion-QED [7],
circuit-QED and more [142], Fig 4.7. The JC model is a typical example of an integrable system, it
conserves the total number of excitations N = a’a + (1 + ;) /2. It has a ground state provided by the
boson vacuum and the qubit ground state,

&) =10,8), (4.23)
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(a)

Figure 4.7: Schematics for two experimental realizations of the Jaynes-Cummings model, (a) cavity-QED, and (b)
ion-trap-QED.

with zero total excitation number, (N) = 0, and the rest of eigenstates are given by the dressed state
basis [157],

‘8n7+> = cn\n,e>—|—sn]n+1,g>,
‘8n7*> = —sn|n,e>+cn|n—|—1,g>, (424)
which define subspaces with mean total excitation (N) = n+ 1, for integer index n = 0,1,2,.... The

normalization coefficients are given by ¢, = cos(6,/2), s, = sin(6,/2), and the rotation angle 6, =
arctan2g+/n+ 1 /A, where the detuning is defined by A = @y — @. The energy spectrum,

@y
o = T

1 Q
Enx = <n+2)coi2", (4.25)

is given in terms of the Rabi frequency, Q, = /A2 +4g%(n+1).

Now, we follow the standard formalism for open quantum systems described earlier in chapter 2 (see
Sec.2.2) in order to arrive to a mircroscopic master equation. We model the environment as a collec-

tion of non-interacting bosons, Hg =Y cokbzbk, that bilinearly couple to the field via the interaction
Hamiltonian, H; = X ® X with X = a' +a and Xz = Yk 8k (bz —|—bk>. Then, we use the eigenmode

decomposition, X(v) =Y, I1(€)X TI(g’), in terms of the projection operator I1(€) onto the dressed sub-
space with effective frequency € and frequency difference v = ¢’ — ¢,

X(v)= ) (elX|e') |e)(€]. (4.26)

g—e=v

This provides us with the explicit form of the boson field operator X, in terms of the Bohr eigenfrequen-
cies of the central system, such that the jump operators for the JC ladder become,

) (€0, |,
= 6n,n’71 |:Cncn+l V414,841V n—}—Z} |Sn,+><8n+1,+’7

)
)

X(er —8) = Suwt [susnt Vit T+ e V2| len e, |,
) = St [Vt 2= cusn Vit 1 602 (B 2.

X(&,+—&) = sol€o)(

X(&y 4 —€ny

X(en/ +— &7
4.27)

Writing down the von Neumann equation for the the total density operator in the interaction picture with
the reference free Hamiltonian Hy = Hjc + Hp, using the Born-Markov and rotating wave approximations
(RWA), and taking the average over the degrees of freedom of the environment trough the partial trace
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operation, we can obtain the following master equation in the Schrdinger picture,

p) = —ilicp@]+ ¥ 1) (X)X ()~ 1 (X ()p(0}
v>0
# L1 [X (p0X() = XX ()00} @29

Note that the RWA is valid only for couplings larger than the decay rate, 2g >> y. The effective frequency-
dependent decay rates are given by the Fourier transform,

") = /()oodseivs Tog [X5(5)X5(0)]

[ leWPPp(v)[1+a(v)], v>0
a { lg(IV)PD([vDa(lvl), v <0, (4.29)

with the continuum coupling distribution, g(v), and the density of modes, D(V), providing the envi-
ronment spectral density, |g(v)|*?D(v); for example, a flat environment has a constant spectral density
equal to the common decay rate, |g(V)|>D(v) = ¥. Finally, the average number of thermal bosons in the
environment is defined by ii(v) = 1/ (¢"/%7 — 1), with Boltzmann constant kz and finite temperature .

In order to provide an explicit working form, we consider the microscopic master equation for the JC
model interacting with a flat thermal bath at finite temperature,

p(t) = —ilHic,p(t)]+ns52(|€0) (€01 1)+ 1c52(l€0) (€0, -|)
+ Y rar(lens )€1 )+ Y, 1br (&0 ) (€nt1—|)
n=0 n=0

+ Y vd D& ) (En1 1)+ Y, 16ds D (|01 ) (Enr1,-])
n=0 n=0

+1552(|€01) (&0]) + P57 (|0, ) (€0])
+ Z }730,2,-@(|€n+1,+><3n,+|) + Z 774b,%92(|€n+1,7><8n,7|)

n=0 n=0
+ Y By D (ensr ) (En )+ Y Todr D([€ns1 ) (), (4.30)
n=0 n=0

where we have used the standard notation for dissipators 2(0) = OpO" — {0%0,p}/2. The energy
ladder in Fig.4.8 indicates the different decay and excitation channels induced by the non-unitary part of
Eq.4.30. The auxiliary coefficients are defined trough the relations,

ap = CpCppiVn+1 + spspvn+2,
bn = spSpr1vn+1 + cpen1vn+2,
dy, = spcpaVn+2 — cpspvn+ 1. (4.31)

Decay rates, assuming a flat environment with constant spectral density, are defined by the expressions
Y = Y[l +7(v;)] and §; = ya(v;). The average number of thermal photons is given by Planck distribution,
a(vi) =1/ (eh""/ ksT — 1), where the characteristic Bohr frequencies, V;, are the absolute value of the
differences between energy levels in the dressed states ladder, & and €, +. For example, in a harmonic
oscillator there is a unique Bohr frequency provided by the natural frequency of the system. This is
not the case in the JC model, however the rotating wave approximation (RWA) on the Hamiltonian
allows us to take the field frequency as central Bohr eigenfrequency for the sake of simplicity, v; ~ @.
It is important to mention that the master equation presented above was derived under a rotating wave
approximation performed on the dissipator [156, 158], Qg >> 7.
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Figure 4.8: A schematic example of some allowed transitions in the dressed energy ladder, decay and excitation
channels, due to a finite temperature environment.

On the other hand, dissipation in the JC model is commonly described by a phenomenological master
equation of the form [159, 160],

Pon(t) = —ilHsc,ppn(t)] + ¥[A(®) + 1] Z(a) + yi(w) P (ah), (4.32)

which is valid for a broader range of parameters provided that coupling is small compared to the free
field and qubit frequencies, ®, wy > 7.

4.5.2 Single-excitation manifold at zero temperature

Rabi oscillations are a signature in JC model dynamics; they show the periodic exchange of excitations
between the qubit and the field mode in the absence of losses. In real cavity-QED experiments [146],
the cavity is in fact open and subject to decoherence, making Rabi oscillations decay and eventually
disappear with the inevitable scape of the excitation to the environment. Single-excitation dynamics at
zero temperature under the microscopic approach [155] are described by the following simplified form
of Eq. (4.30),

p(t) = —ilHic,p(t)]+ 7|52 (l€)(€0+]) + 57 (&) (€0])| - (4.33)

Here, decay of the two bare states |e,0) and |g,1) to the ground state is allowed, in contrast to the
phenomenological description where only the bare state |g, 1) provides a decay channel to the ground
state. In the following, we provide a closed-form analytic solution for the case of pure initial states in
the single-excitation manifold, |y(0)) = cq.|0,e) + c1,4|1,8) With |coe|? + |c14]> = 1, with the aid of the
damping basis technique [161],

p() = {1-[lewgP 25— 1)+ —2cosRe (crgci,)] e 0+
= [le1gl*(1 = 255) + 55 + 2coso Re (c14¢5, )] 6%(2”} |€0) (€0| +
+ [le1g2 (253 — 1)+ c3 — 2cosoRe (c1g¢h,) ] e 10 |e0, ) (€0 | +
+ [le1gl(1 - 253) + 53 + 2coso Re (c1gch, )] €770 & ) (€ + | +
e /2 { [(1 - 2|c1g|2) coSo + c’fgcoec(z) - clgcges%] P |€0,—) (€04 |+
+ [(1 - 2|c1g|2) coSo + ClgCSeC% — cj‘gcoes%] e_igot\eo7+> (€0,— ]} . (4.34)

From this solution, we can see that off-resonant interaction makes one of the two decay channels domi-
nant, and provides the opportunity to control the decay to the ground state; for example, as we increase
the detuning A, the coherent exchange of the excitation is maintained for longer times as expected, Fig.
4.9. Meanwhile, the phenomenological description in the single-excitation manifold,

pon(t) = —ilHyc, ppn(1)]+72(10,)(1,3), (4.35)
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Figure 4.9: Probability of finding the system in the ground state for initial states (a) |y(0)) = |0,e), (b)
lw(0)) = |1,g), and (c) |w(0)) = (|0,e) +|1,8)) /v/2 under the dynamics provided by the microscopic description

of dissipation at zero-T and different detunings. Insets: phenomenological description. Simulation parameters:
{r,m} ={0.2, 100}g.

shows the direct decay of the state |1, g) to the ground state. We also find convenient to write down an
explicit evolution for the same initial state used before,

pon(r) = [L—la(r)* —[b(r)*] |eo) (ol +[¥(1)) (¥ (1), (4.36)

where we have used the notation |¥(¢)) = [coa(t) + sob(t)] |€0.+) + [cob(t) — soa(t)] |€o,—), with time-
dependent functions,

L —2iA) —4i Qt ‘
a(t) = |:COe cosh 7 + e (Y ;S_; lClgg sinh 2:| e_%(y-"_&A)l‘7
Q1 —2iA) 4+ 4i Qt ,
b(t) = {qgcosh — - cig (¥ ;Q) +4icoeg sinh 2] e a(r+6id) 4.37)

and auxiliary complex frequency Q = \/ ¥? — 16g> — 4A (A +iy) /2. Our analytic expressions allow gen-
eral initial states and detuning between the field-qubit frequencies. The difference between the two
treatments sits on a high-frequency modulation, at short propagation times, in the decay to the ground
state dynamics under the phenomenological description (insets in Fig. 4.9). Fig. 4.9 shows the prob-
ability to find the system in the ground state for a near-resonance system, @y ~ @ >> g, for different
detuning between the qubit and field frequencies for initial states in the single-excited state manifold.
An initial qubit in the excited state, |y(0)) = |0,e) (co. = 1), produces slower effective decay to the
ground state with larger absolute values of the detuning, Fig. 4.9(a), while an initial qubit in the ground
state, |y(0)) = |1,g) (ci, = 1), produces larger effective decay rates to the ground state with larger abso-
lute values of the detuning, Fig. 4.9(b). For a maximally entangled state, |w(0)) = (|0,¢) +|1,g)) /v2
(coe=c1g=1 / ﬂ), these effects provide an effective decay rate that is placed in between those described
before, Fig. 4.9(c). The same process is observed in the phenomenological approach with the addition
of the higher frequency oscillations mentioned before, insets in Fig. 4.9. The effect of detuning on the
qubit-field purity is shown in Fig. 4.10 for the same initial states considered before. On-resonance,
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A =0, it is possible to find a simple expression for the purity, namely P(¢) =1 —2 [1 — e_W/Z] e /2,
that reaches its minimum at the scaled time gr = 2In2 /7y for any given initial state in the single excitation
manifold. For the initial state with cg, = 1, the purity minima appears at longer scaled times for larger
absolute values of the detuning, Fig. 4.10(a). A totally different situation is found in the case of an initial
state with c¢1g = 1, shown in Fig. 4.10(b), this minimum is slightly shifted back in time as the detuning
is increased For a maximal entangled state, [y(0)) = (|0,e) +|1,g)) /v/2 (coe = c1g = 1/+/2), the purity
minimum behavior is similar to that of the first case, where detuning tends to slow down the purity decay
to the ground state but in a less significant way for short times, Fig. 4.10(c). Here, it is not possible to

Figure 4.10: Evolution of the qubit-field purity for initial states and parameter values from Fig. 4.9.

express the qubit-field state vector at any time using the appropriate Schmidt decomposition, hence the
respective qubit and field entropies are not expected to be equivalents. Actually, in the single-excitation
limit, we can think of the field as an effective qubit, and calculate the two-qubit concurrence for the
field-matter state. Figure 4.11 shows the dynamics of Wootters concurrence for the effective two-qubit
system under the microscopic approach. Figure 4.11(a) and Fig. 4.11(b) shows the evolution starting
from separable initial states, co. = 1 and c1g = 1 in that order, to an almost maximally entangled at half
a Rabi oscillation. Obviously, this will be affected by the environment-induced decoherence. The in-
duced effective decay rates show that an initial state |y(0)) = |0,e) produces a higher entangled state
for small evolution times and higher detuning, Fig. 4.11(b). An initial pure separable state of the form
|w(0)) = |1, g) produces and maintains higher concurrence values for lower detuning, Fig. 4.11(a). This
is in agreement with the information provided by our previous discussion of the effect of the detuning on
the effective decay rates. On-resonance, A = 0, and for initial Bell states, in general, the dynamics of the
qubit-field correlations can be found by expressing the density operator in the effective two-qubit basis,
and applying the analytic expression for concurrence in the case of X-density matrices [42]. It turns out
that concurrence decays exponentially with time, C = e¢~"/2, as shown in Fig. 4.11(c) for an initial state
with co, = c1g = 1/V/2.
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Figure 4.11: Evolution of the field-qubit concurrence for initial states and parameter values from Fig. 4.9.

4.5.3 Beyond the single-excitation manifold at finite temperature

As we go beyond the single-excitation manifold, starting with an initial state with more than one total ex-
citation, the oscillations in the ground state probability, Py ¢, provided by dynamics in the phenomenolog-
ical description, insets in Fig. 4.9, have larger frequencies and, eventually, make the phenomenological
description indistinguishable to the naked eye from that of the microscopic one using the variables pre-
sented above. Here, we will show that it is possible to use phase space dynamics to notice the differences
between the two approaches. Sadly, it becomes cumbersome and impractical to address analytically the
dynamics beyond the single-excitation manifold at zero and finite temperature, and we must resort to
numeric simulations in order to create intuition for these systems. In the following, we numerically solve
the microscopic master equation, Eq. (4.30), for parameter values related to cavity-QED experiments
in the microwave regime [146]. We use two methods, brute force iterative Runge—Kutta methods and
direct diagonalization of the Liouvillian [162], and in both cases the dimension of the master equation is
truncated once a desired convergence is reached.

Fock states

At zero-T, an initial state in the (N)-excitation manifold, |y(0)) = |n,e) or |y(0)) = |[n+ 1,g), should
present similar dissipation dynamics to those described above: the effective decay rate for initial excited
and ground state dynamics will differ and be related to the detuning between the qubit and field frequen-
cies. We can see this in the time evolution of the atomic inversion for an initial state |y(0)) = [4,¢),
Fig. 4.12(a), and |y(0)) = |5, g), Fig. 4.12(b), but becomes more evident in the qubit-field purity, Fig.
4.12(c) and Fig. 4.12(d). The dynamics provided by the phenomenological approach still have a higher
modulating frequency, but it becomes so high that the differences are indistinguishable without further
analysis. At finite but low-T, the dynamics are equivalent to those at zero-7 with a slight increase of the
effective decay rate due to temperature effects and, obviously, the final state of the radiation-matter sys-
tem, in the asymptotic limit, will reach the thermal equilibrium steady state of the open system. Figures
4.13(a) and 4.13(b) show the time evolution of the atomic inversion, Figs. 4.13(c) and 4.13(d) that of the
qubit-field purity of initial states |y (0)) = |4,¢) and |y(0)) = |5,g), in that order for each case, under
JC dynamics interacting with a low-7 thermal environment with average thermal photons 77 = 0.1 that
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Figure 4.12: Time evolution of the atomic inversion (first row) and qubit-field purity (second row) for initial states
|[w(0)) = |4,e) (left column) and |y (0)) = |5,g) (right column), under dynamics provided by the microscopic
approach to dissipation at zero-T for different detuning between the qubit and field frequencies. Simulation pa-
rameters: {y,mp} ={0.2, 100}g
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Figure 4.13: Time evolution of the atomic inversion (first row) and qubit purity (second row) for initial states
|w(0)) = |4,e) (left column) and |y (0)) = |5,8) (right column), under dynamics provided by the microscopic
approach to dissipation at low-T, for different detuning between the qubit and field frequencies. Simulation pa-
rameters: {y,mp,n} = {0.2g, 100g, 0.1}.

corresponds to a temperature 7 ~ 1 K for a central Bohr eigenfrequency in the range of a microwave
field frequency @ ~ 27 51 GHz for cavity-QED experiments [153,154].

Coherent states

In order to study more complex dynamics, let us consider initial states involving coherent states of the
field, As we know these are the most classical quantum states in which a field mode can be prepared.
For the sake of simplicity, we start from a pure and separable initial state, |y(0)) = |o,g), that shows
collapse and revival of the atomic inversion at the approximate scaled revival time gt, ~ 27| ct| for the
closed system. Figure 4.14 shows the atomic inversion and mean photon number evolution under the
microscopic and phenomenological approaches to dissipation for a single revival time. Cavity losses
slightly affect the initial collapse of the atomic inversion, but heavily suppress the revival, Fig. 4.14(a),
in agreement with previous results employing the phenomenological approach. It is possible to observe
differences between the two approaches at short times, but the dynamics seem to become identical as the
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Figure 4.14: Time evolution of the (a) atomic inversion and (b) mean photon number for an initial state composed
of a coherent field with o = \G and the atom in the ground state on-resonance, A = 0, under dynamics ruled
by microscopic (black solid lines) and phenomenological (dotted red lines) approaches to dissipation. Simulation
parameters: {y,wy, i} ={0.1g, 100g, 0}.

system evolves. Note that care must be exerted to use simulation parameters that satisfy the restrictions
mentioned above for each model. Obviously, the effects of detuning at each and every manifold with
constant total excitation number described above will survive, but it is not at all obvious that an initial
state composed by a coherent field and the two-level system in the ground state, |y(0)) = |at, g), will
have a lower effective decay rate for larger detuning, Fig. 4.15(a). Figure 4.15(b) shows the atomic inver-
sion evolution, on-resonance for different decay rates, where we can observe that the collapse dynamics,
for times shorter than half the revival time, are barely modified while the revival dynamics is strongly
suppressed for increasing decay rate. A substantial deviation between the two approaches is easier to
detect using the time evolution of the field quadratures, ¢ = (a+a') /2 and p = (a—a") /2i, whose
mean values for a coherent state are equivalent to the real and imaginary part of the analogue classical
complex field amplitude. Interestingly enough, the microscopic approach to dissipation provides us with
an intuitively expected, spiral decay evolution of the field quadratures, Fig. 4.16(a), similar to the one
obtained by the phenomenological approach for just a dissipative cavity. The time evolution for the field
quadratures under the phenomenological approach shows the differences and high frequency modulation
in the form of deviations from the spiral decay of the free dissipative field, Fig. 4.16(b). Furthermore, the
effect of finite-7T', which increases the effective decay rate, is more evident in the microscopic approach,
Fig. 4.16(c), than in the phenomenological approach, Fig.4.16(d), both in short- and moderate-time
scales. Here, we consider a thermal environment with average number of photons 7 = 1 that corresponds
to a temperature 7 ~ 3 K for a central Bohr eigenfrequency in the microwave regime ® ~ 27 51 GHz.
The variances of the field quadratures, (Ax) = (x?) — (x)2, for the microscopic, Fig. 4.17(a) and Fig.
4.17(c), and the phenomenological approaches, Fig. 4.17(b) and Fig. 4.17(d), show an even greater
difference on the open system dynamics provided by the two approaches. Under the microscopic ap-
proach to dissipation, the initial coherent state of the field stops minimizing the uncertainty relation
for the field quadratures in a shorter time than under phenomenological open dynamics. Furthermore,
open microscopic dynamics predict lower fluctuations in the variances of the field quadratures, leading
to a smoother transition to the steady state, than the one predicted by phenomenological open dynam-
ics. These differences in the mean values of the quadratures and their variances can also be observed
in phase space thorough quasi-probability distributions, like Husimi Q-function, Q(a) = («|p|a) /7,
shown in Fig. 4.18. The dynamics of the Q-function under a microscopic description of dissipation
starts from a well defined Gaussian phase space distribution corresponding to a coherent state that,
smoothly and quickly, becomes a donut-shaped distribution whose radius starts diminishing until it takes
the Gaussian distribution form of coherent vacuum. Fig. 4.18(a)-Fig. 4.18(d). Meanwhile, the evolution
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Figure 4.15: Time evolution of the atomic inversion for an initial state composed of a coherent field with o =
V/5 and the atom in the ground state, |w(0)) = |at,g). (a) Varible detuning with fixed decay rate v, simulation
parameters: {y,wp} = {0.005, 100}g, (b) variable decay rate on-resonance, simulation parameters: @y = @ =
100g.
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Figure 4.16: Time evolution of the mean value of the field quadratures for an initial state |y(0)) = |a, g) with o0 =
/5 under the microscopic (left column) and phenomenological approaches (right column) to dissipation at zero-
T (first row), simulation parameters: {y,my} = {0.1, 100}g, and finite-T (second row), simulation parameters:
{y, 9,7} ={0.1g, 100g, 1.0}. All cases consider a simulation scaled time interval [0,2gt,].
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Figure 4.17: Time evolution of the field quadratures variances for an initial state |y(0)) = |a,g) with o0 = /5
under the microscopic (left column) and phenomenological approaches (right column) to dissipation at zero-T,
simulation parameters: {y,ay} = {0.1, 100} g.

of the Q-function under the phenomenological description follows a more complicated dynamics that
might look like a decaying spiral to the coherent vacuum. As visualization help, the reader can find
animations for both processes in http://www.hambrientosvagabundos.org/mpg/Micro.mp4 and
http://www.hambrientosvagabundos.org/mpg/Pheno.mp4. We conducted an analysis for initial
squeezed coherent states of the field but the dynamics are similar to those for coherent states, the mean
value of the quadratures follow a spiral decay to the coherent vacuum and, at short times, the variances
of the quadratures equalize and follow a behaviour equivalent to that of coherent states.


http://www.hambrientosvagabundos.org/mpg/Micro.mp4
http://www.hambrientosvagabundos.org/mpg/Pheno.mp4
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Figure 4.18: Snapshots of Husimi Q-function for different evolution times of an initial state |y (0)) = |a, g) with
o = /5 under the microscopic (top row) and phenomenological approaches (bottom row) to dissipation at zero-
T at scaled times (a),(e) gt =0, (b),(f) gt = 2gt,/3, (c),(g) gt = 4gt,/3, and (d),(h) gt = 2gt, with simulation
parameters: {y,wp} = {0.1, 100} g.



Chapter 5

Quantum information based on
light-matter interaction

This chapter is devoted to the implementation of quantum information protocols employing light-matter
interactions models like the ones presented in chapter 4. In particular we focus our attention in the
possibility to perform Bell measurements on atomic qubits using postselection schemes [101].

5.1 The two-photon model

In this section we briefly review the Dicke model in the rotating wave approximation at two-photon
resonance with two identical three-level atoms (A and B) that interact with one mode of the quantized
electromagnetic field inside an optical cavity. The field couples an intermediate level |i) with the ground
|g) and the excited state |e) as depicted in Fig. 5.1. The frequency difference between ground and excited
state is assumed to be tuned at twice the frequency of the cavity mode. Choosing units in which 7z =1,
the Hamiltonian describing the dynamics of the system can be written as

H=0a"a+20Se+ (0+A)S; +V. (5.1)

The first term in the Hamiltonian describes the energy of the optical field and is written in terms of the
bosonic annihilation and creation operators a and a'. The second and third term represent the atomic en-
ergy of the excited and intermediate states, respectively. They are expressed trough the atomic collective
operators

S#V:’u><v|A+’”><v|B7 ,u,ve{g,i,e}. (5'2)

The last term in Eq. (5.1), V, describes the atom-field interaction which is assumed to fulfill the rotating-
wave approximation (RWA) and therefore can be written as

where g. and g. are the corresponding atom-field coupling strengths. The detuning A between the fre-
quency of the intermediate state and the frequency of the mode is assumed to be large compared with
both coupling strengths that we consider of the same order of magnitude, namely A >> go ~ ge. In this
particular situation, it can be shown that the intermediate level can be approximately decoupled from the
dynamics. To show this, we follow the method introduced in [90] and perform a small rotation of the
Hamiltonian with the transformation

8e

82 8e
A

¢CHe 6, G= \ @Sig =~ aSei —Hec. (5.4)

50
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Using the Baker-Campbell-Hausdorff (BCH) expansion and neglecting terms of the order g.(ge+/(afa)/A)?,
one can obtain the following effective Hamiltonian

H=ol+S+W, (5.5
which includes a two-photon interaction term
W =g (a*Seg+a *Sge), &= —8e&e/A. (5.6)

Furthermore, the expansion also produces a Stark-shift contribution of the form

2 ) 2
Bey 88 iis. +358s... (5.7)

S=-2
A A A

One can verify that the first term in Eq. (5.7) is a constant of motion that is given by
I=da"a+2Se. (5.8)

In principle, I should also contain the term Sj;, however one can safely omit it if the intermediate state is
not initially populated. The effective Hamiltonian in (5.5) can be verified with the commutation relations
(G, S;i] = =V and [G,V] = 2W 4 25 that follows from [Syy,Suv] = 8yuSyv — 8y Syry using Eq. (5.2).
Taking into account the order of the neglected terms, one can accurately describe the dynamics of the
system using the effective Hamiltonian subjected to the following restriction in time

gt < A*/g2(d"a). (5.9

In order to further simplify the interaction, one can find conditions for which the photon-dependent

Figure 5.1: Pictorial illustration of two three-level atoms (A and B) interacting at two-photon resonance with
one mode of the radiation field inside an optical cavity. For large enough detuning A between the lower transition
frequency and the frequency of the field, the intermediate state is decoupled from the dynamics leading to an
effective two-photon interaction involving only states |g) and |e) of the atoms.

Stark-shift term, second in Eq. (5.7), does not contribute to the dynamics. This part can be neglected
if it is smaller than the omitted expressions in the truncated BCH expansion leading to the effective
Hamiltonian in Eq. (5.5), which reduces to the condition |g2 — g§| < g3 /A quantifying the closenesses
between g, and g.. With this in mind, the photon-independent Stark-shift, third in (5.7), is of the order
of g, which can be neglected for large photon numbers compared with the order of W given by g(a’a).
Under these assumptions, one can reduce the Hamiltonian in Eq. (5.1) simply to

H~(0+2g)+W. (5.10)

As this Hamiltonian effectively describes the dynamics of the two atoms restricted to levels |g) and |e), in
what follows we will solve the Schodinger equation for this Hamiltonian in the interaction picture with
respect to the constant of motion (@ + 2g)I exploiting the fact that it commutes with the two-photon
interaction, i.e., [[,W] = 0. We stress that under the aforementioned assumptions the dynamics of the
system is well described by the two-photon interaction term W in Eq. (5.6).
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5.1.1 Analytic solution for large mean photon numbers

In this section we derive an approximate analytical solution for the time-dependent state vector in the
limit of large mean photon numbers. To this end, we consider initial states of the form |¥) = |y) ® |a),
where |y) is an arbitrary state of two two-level atoms, and where we have considered the photonic
coherent state |@) = ¥, pu|n) with o = |o|e’. In this situation, the mean photon number is given by
il = (a'a) = |a|*> > 1 and is assumed to be large. In order to find the time-dependent state vector we
choose to solve the eigenvalue problem for W using the photon number states |n), the atomic basis |gg),
lee), and the Bell states
1

V2

In this basis an arbitrary initial state of the atoms takes the form

(W) = — (|ge) leg)) . (5.11)

W) = cglgg) +c_|¥7) + ey [¥T) +celee), (5.12)

where the probability amplitudes fulfill the normalization condition and with the convention |ge) =
|g)4le)p. It can be verified by inspection that the set of states {|¥~)|n)}>_, are eigenvectors of W
with eigenvalue 0. The rest of the eigensystem can be evaluated by diagonalizing 3 x 3 matrices which
in the tripartite basis {|gg)|n),|¥")|n —2), |ee)|n —4)}, can be written as

0 n?—n 0
W, = gV2 n*—n 0 Vn?—5n+6
0 Vn?2—5n+6 0

Although it is possible to diagonalize these matrices in an exact form, the condition of high mean pho-
ton number |&|?> > 1 will allow us to find compact expressions that are good approximations to the
exact results. For instance, the exact nonzero eigenvalues are w;¥ = 4-g+/(2n —3)2 + 3, but they can be
approximated for large values of n by

Wi =4g(2n—3). (5.13)

n

In this limit, one can find that the orthogonal transformation which diagonalizes each block W, takes the
simple form
V2 1 1

0,,:5 0 —v2 V2 . (5.14)
V2 1 1

The evolution operator can also be expressed in terms of matrices of size 3 x 3, which can be evaluated
using the transformation that diagonalizes the blocks W,, of W, namely

U, (t) = OT exp[—idiag(0, —,,¥,)t] Oy, (5.15)

where diag(v) represents a diagonal matrix with the elements of v as non-zero entries.
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With these approximations, the evolution operator has a remarkable simple form and is given by

cof(@ﬂ’) sir;%t) _ S%HZ(WZ"I)
U,(1) = MR cos(wy) . (5.16)
—sin?(%) Sir;(\%”t) cos? (%)
Therefore, the time evolution of any initial state can be written as
3
[¥(2)) = aolge, 0) +ailge, 1) +};2 (anlgg.n) +bus ¥ n—2)) + (5.17)
Y. (anslgg,n) +bus ¥ n—2) +coslee,n—4)),

n=4

where ag = cepo and a; = cep; are the probability amplitudes of stationary states that are decoupled from
the dynamics. The rest of the coefficients can be evaluated with the aid of the evolution operator and are
given by

ety s cr—df, _ —2¢
I ( 5 2¢e Wpt 5 20 elw,,t +d2¢ e Pn’

' V2
L
bpy = ( e "+ ——=e" | pya, (5.18)
+ o gf ;
B e R 1 s I L A S WP W
Cny = e — e —d .
it 2 2 2¢ V2

In the previous expressions we have introduced for notational convenience the coefficients

e cgei‘z’ +coe
o

= , 5.19
NG (5.19)
which are the initial probability amplitudes of the maximally entangled states of the two atoms
1, . .
@) = —= (¢ |gg) £e?ee)) . (5.20)

V2

In order to find a simple expression for the state vector, we use the following approximated relation for
the photonic probability amplitudes _
Pn = ppr€”. (5.21)

With this result one can carry out the summation in Eq. (5.17) in order the arrive to an approximation of
the state vector in terms of coherent states and maximally entangled atomic states, namely

®(1)) = (c,|lp—> +d2‘¢\<132‘¢>) o)+ (5.22)
Ct+ ‘l—d;_ i i
Td)e gl<|w+>+‘¢;¢—4gt>) e~ ar)+
Cyt —dzrq’

?eigt <‘\P+> _ ’q);r¢+4gt>) |eitha>'

A similar expression to this formula was found in [30] for the two-atom Tavis-Cummings model involv-
ing more complicated field states that followed the dynamics of a coherent state, but distorting its shape
in time. In contrast, the solution in Eq.5.22 is written in terms of coherent states as a consequence of the
linear behavior of the eigenfrequencies of the system for large photon numbers. The full exact solution
for the two-photon model was previously reported in Ref. [98] together with a semiclassical approxi-
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Figure 5.2: a) Ensemble average of the fidelity (Fy) computed from the exact numerical state vector |y (t))
Sor the effective two-photon Hamiltonian W respect to the numerical solution |Wexact(t)) corresponding to the full
Hamiltonian (5.1) as a function of the scaled time gt/m. Three cases are shown: ii = 20,50,100. b) Ensemble
average of the fidelity (F) of the approximate solution |¥(t)) (Eq. (5.22)) also with reference to the state |Wexact(t))
as function of the scaled time gt with go/A = 0.002. The ensemble average has been performed over 103 initial
random pure states uniformly distributed according to the Haar measure of SU(4) with ¢ a random phase drawn
from a uniform distribution € [0,27).

mation in agreement with our findings. There, however, the form in terms of orthogonal Bell states and
coherent states was not identified nor its potential application was stressed.

In order to test the validity of our approximation, we have plotted in Fig. 5.2 a) the fidelity Fyy =
|(Wexact (t)[¥w (¢))|* of the exact numerical solution evaluated with the full Hamiltonian in Eq. (5.1)
with respect to the exact numerical state vector computed with the two-photon Hamiltonian in (5.10)
for different values of the average photon number 7i. As a comparison we show in Fig. 5.2 b) the fi-
delity F = |(Wexact (1)|¥(2))|* with respect to the approximate state vector in terms of coherent states of
Eq. (5.22). In favor of generality, and for both fidelities, we have performed an ensemble average with
103 random initial pure states taken from the uniform distribution of SU(4). The phase ¢ of the coherent
state was randomly obtained from a uniform distribution in the interval [0,27). It can be noted, that the
agreement between dynamics is remarkably good for increasing value of the mean photon number in
both situations. Having checked its validity, the solution in Eq. (5.22) will be the starting point of our
subsequent analysis.

5.1.2 Collapse and revival of Rabi oscillations

A clear manifestation of the coherent shape of the components of the field state is the perfect revivals of
the Rabi oscillations of observables such as the mean value of the operator S, which can be interpreted
as number the atoms in their corresponding excited state. This can be evaluated analytically, for instance
for the initial state |ee)|ct), using our expression (5.22) as

(See) = 1+ Re | e~ laP (1= -3 (5.23)

where we have employed the overlap between the relevant coherent states (ot|ae™28") = g~laf?(1-e=2)
which has a Gaussian envelope (14 ¢22°¢*") /2 for values of time close to zero and in general to
gt = ml, with [ € N. In Fig. 5.3 we have plotted the numerical exact calculation of (Se.). As in the
case of the standard Jaynes-Cummings interaction, collapses and revivals in this atomic observable are
present in the dynamics of the two-photon model (apart from an alternating sign). However, they show
a different behavior as they appear in a more compact and regular form, showing almost the complete
returning to the initial photonic state in the case of large fields [164]. In the two-photon two-atom model,
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the time at which revivals appear is independent of 7 and is given by
t~Tm/g. (5.24)

In order to attain ¢, with the model of Sec. 5.1, the restriction in time of Eq. (5.9) results in the following
condition for the parameters of the model: ge.iw << A.

The collapse and revival of Rabi oscillations can also be studied in phase space. This gives a relevant pic-
torial description of the time-evolution of the field state, whose form will corroborate our approximation
in terms of coherent states. We choose to visualize the behavior in terms of the Wigner function [165], a
quasi-probability distribution defined as

1 * * *
W(B.t)=— [Te{pynete S bdPéag, (5.25)

with 8 and { being complex numbers and the reduced density operator of the field obtained after tracing
out the atomic degrees of freedom, i.e., p¢(t) = Tra g|¥(¢))(¥(r)|. In Fig. 5.4 we present the Wigner
function of the photonic state for three different values of the interaction time, namely t =0, r = ¢, /4 and
t =t,/2. From this representation one can extract relevant dynamical information of the full system. The
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Figure 5.3: Rabi oscillations generated by the effective Hamiltonian (5.10) as a function of the scaled time gt/
for the initial state |ee)|ot) with |a|> = 50. An approximate analytical expression for these oscillations is given in
Eq. (5.23).

initial state for # = 0 in Fig. 5.4 a) corresponds to a coherent state and is represented by a Gaussian dis-
tribution in the complex plane. For nonzero values of the interaction time, the field evolves as correlated
coherent states, without deforming its circular shape, showing no squeezing during the evolution. The
correlated feature is manifested by the interference fringes between the maxima at ¢, /4 in Fig. 5.4 b) that
disappear at 7,/2 in Fig. 5.4 ¢). From Eq. (5.22), one can evaluate the state vector at half the revival time

W(/2) = (e [¥) +dyy @) ) )

—i<c+\®;¢>+d§;\‘{‘+)> |~ ). (5.26)
Tracing over the atomic degrees of freedom, one finds that the field state corresponds to the mixed state

pr= (le-P+ld5l?) o) (el +
(le+2+1d5 ) | - a)(~al. (5.27)

This incoherent superposition explains the absence of interference fringes between the two-dimensional
Gaussian functions representing opposed coherent states in phase space in Fig. 5.4 c). The complete
state of the system at 7, /2, half revival time, given in Eq. (5.26) will play a key role in what follows. In
the next section we will show that multipartite quantum correlations can be generated during the time
evolution leading to the formation of tripartite entangled states.



56 Chapter 5. Quantum information based on light-matter interaction

® P - D) - 9]
Il * ol ,

o =~ co
T T ]

Im{3}

4t 1L -

L, . 4 L . .

-8 —4 0 4 8—8 —4 0 4 8—8 —4 0 4 8
Re{5} Re{s} Re{s}

Figure 5.4: Wigner function of the optical field for interactions times a)t, =0, b)t, =1/4,¢)t, = 1/2. Att,=1/2

(last snapshot) one can recognize the shape of an incoherent superposition of two coherent states. Parameters are
the same as in Fig. 5.3.

5.2 Generation of GHZ states

An immediate application is the possibility to generate maximally entangled three-qubit states using the
intrinsic dynamics of the two-photon model. Based on our solution in terms of Bell and coherent states
at half revival time in Eq. (5.26) and setting the coefficients c_ = d2¢ =0,and ¢, = 7 d2¢ = ﬁ, the
state vector evaluated at 7, /2 takes the following form:

i

I‘P(tr/2)>=ﬂ [ D) ]00) = [@35)] — 1) | - (5.28)

Looking at the probability amplitudes, the initial state might appear somehow complicated or even en-
tangled, but it is actually an initial tripartite product state with the field in the coherent state |@) and each
atom in the state

ein:/4

It is therefore a remarkable result that the simple unitary evolution generates a maximally entangled
tripartite state with a product state as an input. In order to show that this corresponds to a tripartite
entangled state, it is useful to establish an isomorphism between coherent and qubit states for large
values |a|. Consider the following even and odd Schrodinger cat states:

(e7)g) —ie”le)). (5.29)

1
V2
which are eigenstates of the parity operator I1 = (—1)‘”“ with eigenvalues %1 that fulfill the condition

(a,+|a,—) =~ 0 for || > 1. Even and odd cat states can then be respectively interpreted as the excited
and ground states of a two-level system [166]. In fact, one can easily check that the operators:

o, 1) = —=(la) £ | - @), (5.30)

Ex:|OC,—|—><O£,—|-|—|(X,—><O!,—|—‘, (531)
Zy=i(|oc,—|—><a,—]—|a,—)<a,—|—|), (532)
EZ:’OC,—{—><O£,+|—|(X,—><OZ,—‘, (5.33)

satisfy the same SU(2) algebra [X;,X;] = 2ig;x Xy and {¥;,X;} = &;;. If we set the phase ¢ = /4, the
state in Eq. (5.28) can be rewritten as

1
IGHZ) = — (lgg)lo, =) + [ee)|a, +)), (5.34)
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which can be immediately recognized as a Greenberger-Horne-Zeilinger (GHZ) state. It is well known
that GHZ states contain one of the two types of tripartite entanglement, and they have been experi-
mentally realized in a variety of physical systems, such as photons, trapped ions, and superconducting
qubits [104, 105, 167]. These states are characterized by the fact that a measurement performed on the
third qubit results in an unentangled qubit pair. However, a very interesting fact is that pairwise en-
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Figure 5.5: Fidelity between the generated GHZ state in Eq. (5.34) and the numerically evaluated state vector,
Forz = |(GHZ|Wexact(7/22))|?, as a function of the mean photon number.

tanglement can be obtained by performing an appropriate measurement of the third qubit along some
orthogonal direction. From Eq. (5.34) we can see this by projecting onto the coherent states | + ),
which automatically leaves the qubit pair in one of the entangled states |®*). The corresponding fidelity
Forz = |(GHZ|Wexact(7/2g)) |* between the generated GHZ state in Eq. (5.34) and the exact state vector
calculated by numerical means is shown in Fig. 5.5 for increasing mean photon number. As we have
shown, almost unit fidelity GHZ states can be efficiently engineered by the appropriate tuning of the
initial conditions.

5.3 A novel protocol for Bell measurements

In this section we present a scheme to implement a complete Bell measurement based on atomic post-
selection by letting the atoms interact with two separate cavities and then measuring the field state as
depicted in Fig. 5.6. We elucidate this by first considering the interaction with one cavity for an interac-
tion time equal to half revival time for which the system is left in the state given by Eq. (5.26). At this
time, only two coherent states contribute to the photonic state and are correlated with two orthogonal
components of the atomic state. As we are considering the limit of high excitation number, these two
coherent states are nearly orthogonal as can be noted from their overlap (a| — o) = e2e  and there-
fore can be distinguished with an appropriate measurement scheme [29, 30, 168]. For our discussion,
we assume that one is able to project the field onto the states |o) or | — e¢). This photonic projections
postselect the two-atom state and due to the form of the state in Eq. (5.26) correspond, respectively, to
the following measurement operators

MJ =¥ ) (¥ +|¢5¢><¢5¢’7
M‘; = —i]¢2+¢><‘P+| —i|‘I’+><CI>;r¢|. (5.35)

Therefore, projecting onto the photonic state |+ @) corresponds to implementing the atomic measure-
ment operator M;)t, a rank-two projector and a flip operator, both given in the Bell basis. The appearance
of this flip operator is due to the fact that in (5.26) the initial atomic probability amplitudes of the state
in the second row are interchanged. For certain atomic probability amplitudes, the above projection
postselect the atoms in an entangled state in a similar fashion as in [163]. With the previous result it
is not possible to project the atomic states into four orthogonal states,as we have only encountered a
rank-two projector and a flip operation in the space of two maximally entangled states. However, one
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Figure 5.6: Schematic visualization of the Bell measurement scheme. Two matter qubits initially described by an
arbitrary state W) enter to a sequence of two independent electromagnetic cavities prepared in coherent states.
Both qubits couple to each mode for a time t,/2. At the exit of the cavities, a measurement on the field state is
performed by detectors Dy and D;. As a final step, a single-qubit unitary Uy is applied on the first qubit resulting
in the postselection of a Bell state.

can extend this result with the use of a second cavity, similar to [29,30]. For this purpose, one has to
let the atoms interact with the field prepared in a coherent state of the form ]ei”/ ‘o), i.e., dephased by
7 /4 from the first coherent state. This can be done, for instance, by letting the atoms interact with a
second cavity as depicted in Fig. 5.6. After an interaction time of #,/2, one would obtain a similar state
to the one in Eq. (5.26), but with rotated coherent states, i.e., ¢ replaced by ¢ + 7 /4. In this case, pro-
jecting onto |+ e o) would correspond to measuring the atoms with a measurement operator ME /4"
Combining this with the previous procedure, one is able to measure the atoms according to the following
measurement elements

M =M My =) (P,
M M;M“ = —i|®5, ) (¥,
M =My, 1M, =|¥") (@1, (5.36)

- +
M= M¢+7r/4 o = ilPyy) (Pryl.
where we have considered the following relations

@ —iT), di

T onp =i (5.37)

¢+7r/2>
Each measurement element M** corresponds to the simultaneous projection onto |4 ¢) in the first
cavity and onto |+ ™/ *q) in the second cavity. It turns out that all M** form the set of measurement
operators of a particular positive operator-valued measurement (POVM) [20] that is already good enough
to distinguish the four Bell states. However, this does not correspond to a von Neumann measurement,
as there are some states that are interchanged during the process. In order to convert this scheme into
a von Neumann measurement of the four Bell states, i.e., a Bell measurement, one has to implement
a procedure to flip some of the Bell states. Fortunately, this can be accomplished with the help of the
following pair of single-atom unitary transformations

oy = ele) (gl +e Plg)(el, 0. = le)el —g)(el. (5.38)
that transform the Bell states according to the following rules

Cp.a|Py) = £[¥F), 0AWF) = —|¥T)
Oy A|¥F) = £|®F),  0.A|Dy) = —|D)). (5.39)
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Applying these single-qubit gates only to qubit-A in a selective way after the field measurement and
according to each outcome, one is able to perform the following Bell-state projections

M=),
G AM ™ =[P (P,
029 ACAM ™" =|D5, ) (Do,
IO AM :\CI>2+¢><<I>§¢!, (5.40)

that are required in a complete Bell measurement. The implementation of the selective single-qubit
gate is represented in Fig. 5.6 by the application of the operation Uy after the interaction with the two
cavities. A summary of the protocol with the corresponding single-qubit gate on atom A is presented in
table 5.1. In order to test the protocol, we have carried out numerical simulations to evaluate the fidelity

Measured field Measured field  Postselected Gate Uy

state in Dy state in Dy Bell state on qubit A
o) /4 ar) ) 1
o) | —e™/*a) ¥) i029
~a) /) ©5,) 6290
|— o) |— " a) |[P3,) ic,

Table 5.1: Summary of the quantum protocol indicating the measured field in each cavity, the corresponding
post-selected Bell state and the unitary gate that has to be applied to complete a Bell measurement.

of the postselected atomic states with respect to the corresponding Bell state, i.e., Fgen = (Wgell|Pat| WBen)»
where |ygey) stands for one of the four Bell states and py is the reduced density matrix of the two atoms
after implementation of the protocol in Fig. 5.6. We have also performed an average over 10% initial
atomic random pure states from a uniform SU (4) distribution in order to produce generic results for two-
qubit systems. In Fig. 5.7 we plot the average fidelity of the numerically obtained Bell states as a function
of the mean photon number. We can see that even for relatively small photon numbers, a complete Bell-
measurement can be implemented following the proposed protocol. In this case, the only requirement
for the mean photon number is to be sufficiently large. This contrasts with previous findings based on the
Tavis-Cummings model for which the fidelity of two of the four Bell states is an oscillatory function of
the mean photon number, making the protocol functional only for restricted values of the mean photon
number [30]. As the protocol is envisioned to work at half of the revival time, it is important to explore the
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Figure 5.7: Ensemble average fidelity (Fgen) for each postselected Bell state after the application of the protocol
as a function of the mean photon number.

sensitivity of the Bell measurement when the interaction time is closed but not exactly #, /2. In Fig. 5.8 we
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plot the average fidelity in a short time window close to half of the revival time for the four postselected
Bell states. In this case we have set the mean photon number 7z = 50, for which we know almost perfect
fidelity can be obtained. The results show almost unit fidelity for projecting onto the states |¥~) and
]CI>2+¢>. The first case can be understood in analogy to the Tavis-Cummings model for which one can
show that the state | ™) remains invariant under time evolution [29]. Approximately regular oscillating
behavior is found for the other two Bell states near the optimal time gt = 7 /2, with a similar effective
frequency roughly given by g(7i+ 1). In order to get an idea of a deviation € allowed in the interaction
time #,/2 £ €, one can estimate that this possible error must satisfy the condition |&| < 1/2mg(ii+ 1) for
the protocol to work with nearly optimal fidelity.
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Figure 5.8: Ensemble average fidelity (Fgen) for each postselected Bell state after the application of the protocol
around the optimal time t, /2.

5.4 Experimental considerations

We now comment on the possibilities of the experimental realization of the above mentioned protocol.
In the cavity-QED scenario, experiments using optical conveyor belts to transport neutral laser-cooled
cesium atoms into an optical resonator have been successfully performed [169, 170]. Adapted to our
scheme, the idea would be to transport atoms using a standing wave dipole trap into a sequence of two
single mode optical cavities. The effects of losses can be neglected, provided the experiment operates
in the strong coupling regime, where the condition g >> 7, k holds, i.e., the qubit-field coupling is much
larger than the spontaneous decay rate ¥ of the atoms and the rate accounting for photon losses in the
cavities k. As in our model the revival time is independent of the mean photon number, at the optimal
time these conditions are slightly modified to: g/y > 7/2 and g/k > m/2, which can met the actual
decay rate requirements in cavity-QED experiments.

Similar cavity-based schemes involving coupled cavities and two-level atoms have been also proposed
for different applications. For instance, coherence and entanglement protection in the presence of dissi-
pation [171]. The physical realization of these systems seems to fit very well within the context of the
circuit quantum electrodynamics architecture (circiut-QED) [172—-174], where transmon qubits can be
efficiently coupled to coplanar waveguide cavities. High fidelity preparation of entangled input initial
states for the protocol can be in principle engineered using a quantum bus trough a transmission line
resonator as described in Ref. [175], and the interaction time of the two-qubit system with the resonator
mode can also be switched-off after the corresponding projective measurement of the optical mode, thus
implementing all the steps of the algorithm in a single on-chip superconducting circuit.
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It is worth commenting on the possible implementation in trapped-ion experiments, as they constitute
one of the most successful platforms for quantum simulation and quantum information processing [176].
An interesting simulation based on trapped ions has been recently proposed for emulating the dynamics
of the two-photon Rabi model in different coupling regimes [97]. As our protocol is supposed to work in
the so called strong-coupling regime, where the qubit frequency is assumed to be very small compared
with the qubit-field coupling, its implementation in this particular architecture seems to be feasible with
current technology. In this context two identical atomic ions with two internal electronic states with level
splitting & placed in a harmonic trap of frequency v. The Hamiltonian describing this situation in the
presence of a driving classical field of Rabi frequency Q is given by

S )
H1:§See+VaTa+QSx e—or=0) L el (5.41)

where x = \/% (a+a") is the position operator describing the displacement of the center of mass of
the system of two ions. We can then perform an optical rotating-wave approximation and neglect terms
oscillating with frequencies 6 + @;. The next step is moving to an interaction frame with respect to
the free Hamiltonian, i.e., H; = €' Hje7H0! with Hy = gSee + va'a, and in the so called Lamb-Dicke
regime one can obtain the typical Tavis-Cummings interaction of the two ions with the vibrational mode.
Interestingly , an effective two-phonon coupling can be obtained by driving with a laser (second red side-
band) at a frequency w; = 6 — 2v. By applying the vibrational RWA, one can finally get the following
trapped-ion Hamiltonian in the interaction picture

~ Q . .
A= -0 (Segaze*"” + Sgea*Qe"P) , (5.42)

which for ¢ = 0 can be immediately recognized as our effective Hamiltonian model in Eq. (5.6) with
an effective coupling given by gefr = —Qn?/2, being Q the Rabi frequency of the laser, and 1 the
so-called Lamb-Dicke parameter. The Rabi frequency in trapped-ion experiments lies in the range of
kHz and n ~ 1072, which leads to a coupling constant of geg ~ 10? Hz. Taking into account these
values, it is possible to estimate the optimal time needed to perform the Bell measurement scheme in a
trapped-ion setup from the relation geg# /7 = 1/2, which results in a simulation time of ~ 10ms. Typical
experiments involving, for instance, optical “*°Ca™ ions have coherence times of ~ 3ms [177,178]. These
times are still small if a Bell measurement based on the proposed protocol is to be performed. However,
continuous dynamical decoupling schemes have been recently proposed in order to achieve long-time
coherent dynamics by eliminating magnetic dephasing noise in ion-trap simulators [96], making our
proposal for Bell state discrimination more realistic and in reach of current technology.
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Conclusions

This dissertation presented the study of decoherence and entanglement evolution in particular two-qubit
systems. Ranging from one and two spin qubits in the presence of a spin environment network in the
chaotic regime to paradigmatic models of atomic qubits interacting with bosonic fields in optical cavi-
tites. In the first case we have explored various aspects of the effect of nested environments on a central
system using the kicked Ising model in chaper 3. Taking advantage of its map structure we have per-
formed simple calculations on relatively large systems. Our departing point was the growing evidence,
that for a situation with a central system coupled weakly to a near environment and no (or negligible)
direct coupling to a far environment, increasing the coupling between near and far environment slows
decoherence of the central system. This effect was confirmed over a wide range of situations for a one-
qubit central system with dephasing or more general coupling to the near environment as well as for a
two-qubit system in a Bell state with one of the qubits being in a (non-interacting) spectator situation.
We demonstrate a similar behaviour for concurrence, which is an essential point for the usefulness of
the encountered effect in the context of quantum information. The decoherence of quantum systems is
often analyzed from the perspective of Fermis golden rule, which states that the decay rate between two
states is proportional to the density of states in the environment. In this work, we are between the Fermi’s
Golden Rule regime (exponential decay), and the perturbative regime (Gaussian decay). An analysis of
how an effective density of states of the near environment changes due to its interaction with the far
environment might shed light on general aspects of the effects reported in this thesis. This lies outside of
the scope of this work, but it is a promising direction for future research.

In chapter 4 we have presented different exactly solvable models for the dynamics of entanglement and
purity of a simple two-qubit central system in the context of light-matter interaction models. We have
taken advantage of the spectator configuration, where a qubit is isolated, in order to realize a single local
quantum operation acting on a maximally entangled pure state. Furthermore, it allows for straightfor-
wardly find the evolved two-qubit density matrix once the quantum map of the open qubit is known.
We have obtained explicit analytical expressions for purity, concurrence and their dynamical relations
(Egs. 4.10 and 4.21) using Tavis-Cummings, Buck-Sukumar and spin-boson type interactions. Our re-
sults confirm that even in the spectator scheme the entanglement can disappear at a finite time depending
on the initial conditions, as previously found in other open quantum systems [35,47,55]. Long-time
entanglement revivals appear when a coherent state of the radiation environment is considered, show-
ing that even simpler systems that the ones treated in previous works [12, 19,36, 37] can reveal general
features of entanglement evolution. In fact, the qualitative behaviors of the dynamics of quantum cor-
relations, like entanglement, are analogous for bipartite systems of both open qubits and only one open
qubit provided that the qubits are independent and locally interacting with their own environment.

As a further source of information we have exploited the C-P diagram to characterize how local actions
ruled by the environment affect an initial two-qubit Bell state. For the TC and BS interactions, the two-
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qubit state can reach points outside of the unital region which thus demonstrates the non-unital nature
of these kind of quantum maps commonly employed in the context of quantum optics. We have also
discussed the potentiality of having concurrence-purity dynamical relations to assess quantitative entan-
glement and purity thresholds at a given time which allow specific quantum tasks, such as teleportation.
These results motivate further studies of dynamical characterization of thresholds of purity and entangle-
ment for implementing processes like entanglement swapping [66] and entanglement percolation [67].
For future works, it would be also interesting to consider more realistic models in the spirit of the spec-
tator configuration, for instance introducing spontaneous emission and cavity photon losses by means of
Lindblad master equations.

We have also derived the microscopic master equation for the Jaynes-Cummings model under field dis-
sipation at finite temperature and off-resonance. We revisited evolution in the well-known zero-T single-
excitation manifold, where the difference in the dynamics under the microscopic and phenomenological
approaches appear as a high-frequency modulation of the ground state probability in the phenomeno-
logical approach, constructed an analytic closed form for the state evolution, and show the effects of
detuning between the qubit and field frequencies on the effective decay rates; for initial states with an
excited qubit a larger detuning produces a lower decay rate and the opposite for initial states with the
qubit in the ground state. This is obvious, due to the decay channels, and results in an ordering of the
qubit-field purity minima. Interestingly, these minima are not observed in the von Neumann entropy
for the field (not shown) or the concurrence of the joint qubit-field state. We confirmed numerically
these behaviors beyond the single-excitation manifold at finite temperatures for initial Fock states of the
field, where the dynamics start in a well-defined excitation manifold, and studied dissipation for initial
coherent states, where the dynamics start in an extended superposition of excited manifolds. For initial
coherent states of the field, dynamics under the microscopic approach provides a faster suppression of
the collapse and revivals of the population inversion than the phenomenological approach, but the real
difference is observed in phase-space, where the microscopic approach provides a smooth spiral decay
trajectory of the field quadratures, while the phenomenological approach produces more convoluted dy-
namics with highly oscillating variances in the quadratures. In summary, while a phenomenological
treatment makes it simpler to create a building block approach to open systems that does not differ much
at short times from the predictions of a formal treatment, a microscopic treatment of dissipation produces
smoother dynamics that are closer to what semi-classical intuition might signal. This seems to suggest
that it becomes imperative to follow formal approaches to dissipation in order to describe multipartite
interaction models.

Chapter 5 of this thesis has focused in the interesting subject of quantum information protocols employ-
ing material qubits and their interaction with confined electromagnetic fields. In this context we have
presented a Bell measurement scheme on atomic qubits that interact with bosonic fields contained in two
separate cavities via two-photon processes in a two-stage Ramsey-type setup. The protocol is based on
the two-atom two-photon Dicke model in the limit of large photon number for initial coherent states of
the field. Under such conditions, we have derived an approximate solution in terms of atomic Bell states
and photonic coherent states, allowing the identification of an appropriate Bell-measurement protocol
via coherent state discrimination in two separate cavities. In contrast with previous proposed proto-
cols [29,30] based on multiphoton states, the one presented here allows a complete discrimination of the
four atomic Bell states, i.e. a 100%-efficient Bell measurement that we have numerically confirmed by
computing the average fidelity over random initial states. The robustness of the protocol as a function
of the interaction time has been tested and the corresponding condition for a possible error in terms of
the mean photon number was estimated. By analyzing the time-dependent state of the full system, we
have also demonstrated that tripartite entangled GHZ states can be naturally generated by the unitary
dynamics of the two-photon model, a possibility that can be further exploited in other quantum informa-
tion protocols. It is worth stressing that the complete projection onto the full Bell basis is possible as a
consequence of the perfect discrimination of two separate components of the evolved field which in turn
relies on the perfect revivals of Rabi oscillations in the two photon model.
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