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Preface

This thesis contains the work published in several papers during these four years of research. Briefly, the
first part of Chapter (5) is based on paper [1], Chapters (8) and (9) contains some of the results of [2] and
[3, 4] respectively, and the evolution of quantum mean values in PBG materials developed in Part (IV) is
based on [5, 6].

Nevertheless, the present work is not just a juxtaposition of those papers, but we have tried to integrate
them into a coherent discourse. In doing so, we have made further contributions. First, we have made an
effort to contextualize the results, second, in many cases we have elaborated ideas and arguments beyond
the scope of the articles, and third, we have suggested some research possibilities that may be explored in
future work.

I. DE VEGA

La Laguna, Islas Canarias
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scaled time gspt, for various values of F = wa — A. In black, the solutions
corresponding to w4 inside the band (solid line for F = 0 and dot-dashed line
for |F| = 0.3) present a vanishing excited population. In change, when w 4 lies
inside the gap, a non-zero steady state excitation amplitude can be observed
(in grey) for different values of the detuning (dotted line for |F| = 0.55,
dot-dashed line for |F| = 0.6 and solid line for |F| = 0.7). These values of the
atomic population inside the gap are displayed in more detail in the inset of
the figure. The oscillations observed are due to the energy exchange between
the atomic splitted levels, produced by the atomic self-dressing.

12.2Ensemble averaged values of the stochastic equation M|y (t)){¢1(t)]] for
different number of trajectories, compared with the result of the (non-
convoluted) master equation. Each time step represent around ten atomic
transitions. In the upper figure, corresponding to |F| = 0.7 (atomic bare state
frequency inside the gap), the average corresponding to x = 2000 trajectories
has a relative error less than ~ 0.008 in the scale. In the lower graph,
which corresponds to a situation in which w4 is in the band, a relative error
approximately inferior to 0.02 is reached with only x = 100. Clearly, this
situation presents a considerable improvement in the statistics in comparison
with the case in which ws is within the gap.

12.3The upper figure represents the time evolution of the stochastic projector,
P3 = Py, — Py corresponding to a single trajectory. The two curves appearing
in such figure correspond to |F| = 0.7 and F = 0 respectively. The figure
below represents the density matrix coherence po, in the same time scale. It
displays the same two cases as the figure above. Observing both figures, the
vanishing of the stochastic forcing is found to be related to the suppression
of coherences, a process that apparently only occurs within the band.
The absence of spontaneous emission which occurs in the gap might be a
possible explanation of the survival of the density matrix coherences and, in
consequence, of the stochastic driving.

12.4Evolution of pa(t) for different values of |F| < 0.5 using the convoluted
master equation (12.4), and the non-convoluted master equation (12.3). The
difference between both equations becomes larger for F = 0, which could be
explained because within that central region the the photonic DOS is so large
that the perturbative approximation is no longer valid.
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12.5Evolution of o.(t) for |F| < 0.5 for the expansion and perturbative model.
The difference between both models becomes specially dramatic in the
border of the band, where the photonic DOS is so large that the perturbative
approximation is no longer valid. Near the border of the band the asymptotic
value of 045 is zero whereas the expansion equation reflects already a certain
residual population. 170

12.6The evolution o.(t) is shown for values of F within the gap. The upper
level still suffers a certain depopulation because the localization length in
frequency of the photons emitted by the atom enters into the band range of
frequency, having therefore a certain probability to dissipate. Because of
that, they also interact with a large DOS, and that explains the failure of the
perturbative approximation when the atomic rotating frequency is still nearby
the band edge. 171

12.7The asymptotic value of o.(t) is displayed for each value of F, both for the
expansion and perturbative model. The residual long time limit population
occurring at the edge of the band for the expansion model is clearly displayed.
In contrast, the perturbative solution exhibits a sudden change from o3t = 1
within the band to o5' < 1 within the gap. The perturbative approximation
becomes better (closer to the expansion model solution) when the rotating
frequency is far from the band edge, no matter if it is inside the gap or the
band itself. 172

12.8The figure represents how the Mollow triplet should be placed with respect
to the band and the gap in order to provide the necessary condition to have
population inversion [42]. 176

12.9The first two curves obey the two conditions necessary for asymptotic
population inversion. Such property disappears when the condition over ) is
not satisfied (figures 3 and 4), or it is not true that c? > s* (curve 5). 177

12.10he convergence to the average value of stochastic solutions, produced
when increasing sampling or number of trajectories , is here displayed.
As expected, such averaged value presents some additional oscillations of
frequency 2Q with respect to the master equation (12.32), due to the extra
secular terms appearing in (12.31). 178

12.1The figure represents different values of the correlation C.,, = (oo, (t1)o,(t2)| o).
For values of F such that the atomic rotating frequency stays within the band,
the two time correlation C.,, tends to vanish in the long time limit. In contrast,
when F > 0.5 such correlation function remains always in the same value.
Indeed, in the long time limit, it corresponds to (o x)**¥" (o, (t2)) that does not
decay to zero within the gap region. 179
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12.17The figure displays the correlation C,.. In the long time limit (also asymptotic
limit), if the rotating frequency is within the band, i.e. F < 0.5, the correlation
tends to vanish. If it is within the gap, i.e. F > 0.5, it remains the same. Just as
before, the asymptotic limit is C2V™ ~ (ox)*¥™ (0, (t2)). There is a qualitative
difference of this curve with respect to Figure (12.11), specially for values of
F within the gap: although {(c,)**¥™ behaves the same for different values of
F, the mean value (o, (t2)) has different (non zero) values for each F. Hence,
the curves corresponding to C,. change with different values of F.

12.13he figure represent the correlation C,, = (Vg|o,(t1)0.(t2)| Vo). Again, the
values in the long time limit correspond to C25¥™ ~ (5,)*¥™(0,(t2)). Notice

that inside the band (c,)*¥™ = 1, while (o,(t2)) = 0.54 for F = 0, and
(0.(t2)) = 0.51 for F = 0.4.

N.1 We compare numerically the integral (N.1) (solid line) with (N.2) (dashed
line). Apart from some small deviations, it is shown that the approximation
(N.2) is an accurate one even at short times.

0.1 Photonic DOS of an anisotropic PC (0.6), compared to that of the vacuum
(0.3). It is clearly observed how the last one only takes non-zero values
within the band, which goes from w. = A — B to v/, = A+ B.
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Introduction

In general, physical systems (both classical and quantum mechanical) are not found in nature in complete
isolation from their environment. For that reason, they may be considered as open systems, and the interaction
with the environment may be taken into account in their dynamics.

In order to describe such interaction, one possibility is to integrate the degrees of freedom of the total
system, composed by the open system and its environment. However, since the number of environmental
degrees of freedom is usually very large, to describe all of them may be unpractical (and even impossible). In
addition, it would give a large amount of information unnecessary to describe the open system dynamics. In
fact, only two quantities may be taken into account in system dynamical equations to describe the effects of
the interaction: the environmental vacuum fluctuations, which in some circumstances may be considered as a
noise, and the autocorrelation function of the vacuum fluctuations, known as the environmental correlation
function. This function generally decays within so-called correlation time (also memory time), which is
the time the environment takes to recover from the interaction. Briefly speaking, the noise describes the
random effects produced in the system by the large number of environmental degrees of freedom, while the
correlation function describes the system dissipation or relaxation to equilibrium, and how this is affected
by the environmental memory effects.

A classical system may be described either by its coordinates, or by the probability density of those
coordinates. The probability density evolves through a Chapman-Kolmogorov type of equation, which
includes a dissipative term that makes it irreversible [7]. The evolution of system variables, particularly
position and momentum, may be obtained through a Langevin equation, which in addition to the dissipative
term includes a noise term. An average over the different stochastic trajectories obtained through the
Langevin equation gives rise to the probability density obtained through the Chapman-Kolmogorov equation.
Relaxation properties are particularly important in the comprehension of the appearance of anomalous
transport in dynamical systems [8, 9].

In this thesis, we deal particularly with quantum open systems (QOS). Even if the total system is in a pure
state, the QOS is a statistical mixture of states which may be described with the so-called reduced density
operator. Density operators where introduced by Landau in the frame of statistical physics [16], and von-
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Neumann [15] for systems far from equilibrium. This operator can be obtained by computing its evolution
equation, commonly known as master equation, or by performing an average over the different states of a
mixture, which are solutions of a stochastic Scrodinger equation (SSE). While a master equation includes
dissipative terms, a SSE includes both fluctuation and dissipative terms. Because of them, the Schrodinger
equation is no longer unitary and reversible.

A common example of QOS is found in quantum optics, when describing an atom in contact with the
radiation field. The interaction produces an exchange of energy between the atom and the field, which in
most cases leads to atomic relaxation towards the ground state, and the irreversible loss of its energy into
the environmental degrees of freedom.

The atomic relaxation dynamics depends critically on the boundaries and spatial conditions in which the
surrounding field is placed. This has been known since the seminal work of Purcell [10], later extended by
Kleppner [11], who observed that the relaxation rate of a two level atom placed in a cavity can be enhanced
with respect to that of the vacuum, when the radiation wavelength of the emitted photon is comparable to
the cavity dimensions, and inhibited when it is far to be comparable. Similar effects may occur within a
waveguide. The emission can also be strongly modified when the atom is coupled to a radiation field within a
crystal with spatially periodic refraction index. These materials, which were first suggested by Yablonovitch
[12] and John [13], are commonly known as photonic band gap materials (PBG) or photonic crystals
PO).

How is the atomic dynamics modified by the surrounding spatial and boundary conditions? These
dynamics are dependent on the density of field modes around the atomic emission frequency, and it is
such density of modes, encoded in the photonic density of states (DOS), that is modified when the field is
immersed in a structured environment like a quantum cavity, a waveguide, or a PBG material.

In free space, the photonic density of states is a function that grows with w? and varies in a frequency
range which is larger than the atomic spontaneous emission rate. In such conditions, the emitted photon is
absorbed instantaneously by the field, which leads to a zero environmental memory time. In that way, the
correlation function appearing in the dissipative terms of the atomic dynamical equations is a delta function,
and the atom decays exponentially to its ground state as described within the Wigner-Weisskopf theory [14].
This kind of interaction, known as Markovian may also occur in a cavity, but again only when the photonic
DOS, which has the shape of a Lorentzian, varies smoothly around the atomic emission frequency. In such
systems, an enhancement in the spontaneous emission rate occurs for atomic emission frequencies tuned to
the Lorentzian maxima or resonance frequency, and a suppression of the emission occurs when the atomic
frequency lies far away from the cavity resonance.

In some structured environments, the photonic DOS may present sudden jumps or singular behavior in a
frequency range comparable to the spontaneous emission rate. For instance, the periodicity in the refraction
index occurring in PC produces the scattering of light outside of the crystal for certain frequencies that are
related to the lattice periodicity. Since these modes are absent from the cystal, the photonic DOS is zero
in the corresponding frequencies, so that a gap is formed. The frequency ranges in which the photonic
DOS is non-zero are known as bands. In the band edges, the photonic DOS presents a sudden jump from
the zero value it has in the gap, to a non-zero value, which gives rise to a group velocity of light that
approaches to zero '. Hence, when an atom emits a photon in such region, it tends to freeze or localize
around it, which leads to an eventual reabsortion by the atom. The time in which the environment recovers
from the interaction, the memory time, is no longer zero but has a certain finite value which is typical of
non-Markovian interactions. In non-Markovian interactions the atomic decaying is no longer exponential,
and it may even present oscillations due to the exchange of energy between the atomic and photonic degrees

IThe group velocity is given by vg = (0D(w)/0w) ™!, where D(w) is the photonic DOS.
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Fig. 1.1 Comparison of the photonic DOS of the electromagnetic field in free space, to the photonic DOS typical of a
PBG. The latter is characterized by having a gap region where it vanishes D(w) = 0, and a band, where it is no longer
zero and can even present values in which it is larger than the photonic DOS in free space. The singular behavior of the
DOS in the band edges can also be observed.

of freedom . This kind of oscillatory (non-Markovian) behavior may also be found in a quantum cavity,
when the range of variation of the photonic DOS is comparable to the spontaneous emission rate. Figure
(I.1) represents schematically the photonic DOS in a PBG in comparison to that in free space.

In general, master and SSE can be either Markovian or non-Markovian, depending on whether the
correlation function appearing in the dissipative term is a delta function or not, and, for SSE, if the noise is
a Gaussian white or colored noise. However, although knowledge of the reduced density operator allows
calculus of the quantum mean values of system operators, the dynamics of a quantum open system is not only
described with such quantities. For instance, in quantum optics some multiple time correlation functions
(MTCFs) of system observables may be computed to describe quantities such as the atomic emission spectra,
or the joint probability of photon detection.

For Markovian interactions, it was discovered by Onsager (especially for the case of fluctuations around
equilibrium) [17], and Lax (for the more general case of a system far from equilibrium) [18, 19], that the
evolution of two-time correlations can be computed with the master equation for the system reduced density
matrix. This result, known as the Quantum Regression Theorem (QRT), can be generalized to N-time
correlations, which also obey the same evolution equation as quantum mean values. The atomic emission
spectra, which is the Fourier transform of a the two-time correlation of the system coupling operators, is a
Lorentzian, as it corresponds to the Fourier transform of an exponential-like decay.

For non-Markovian interactions the emission spectra is no longer just the Fourier transform of the two-
time correlation of the coupling operators, but it still depends on such correlation. Nevertheless, the two-time
correlations, and in general N-time correlations, can no longer be computed through the QRT. Hence, in
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non-Markovian interactions the master equation and the reduced density operator are no longer the only
tool needed to compute all the dynamical quantities of the system. A new theory is needed to derive the
dynamical equations of non-Markovian MTCF.

It is the purpose of the present work to study and develop the dynamical equations of a quantum open
system linearly coupled to an environment of harmonic oscillators. These include the equations needed to
compute quantum mean values, which are mainly the master equation and the SSEs, and the equations that
allow the evaluation of MTCFs. The interest in developing such a theory is to be able to describe systems
with non-Markovian interactions, like for instance an atom in contact with a structured environment such as
the radiation field within a PC.

The work is organized in four parts.

e In Part (I) are two chapters in which the statement of the problem is formulated.

In Chapter (1), we present the Hamiltonian model studied in this thesis, in which the interaction part
represents a linear coupling between system and environment operators. Particularly, it is shown that
the interaction Hamiltonian of an atom with the radiation field obeys this linear form, once the rotating
wave and dipolar coupling approximations are applied to the general Hamiltonian of a bosonic field
in contact with a fermionic field.

In Chapter (2), we derive the reduced propagator, an object that evolves the system wave function
conditioned to a certain initial and final state of the environment, and obtain its dynamical equation.
This reduced propagator is the essential tool we are going to use during most of this work to derive
all the system dynamical equations, for both quantum mean values and multiple-time correlation
functions.

o Part (II) is devoted to the study of the quantum mean values of a non-Markovian QOS. It is made up
of two chapters:

In Chapter (4) there is a brief introduction to the different derivations of master and SSE that exist
in the literature both for Markovian and non-Markovian interactions, in order to contextualize the
particular ones that are used in this work.

In Chapter (5) we already focus on the study of non-Markovian QOS in two different Sections. In
Section (5.1) we study the efficiency of some of the SSEs existing in the literature, an issue that
is usually known as the sampling problem. Indeed, certain SSEs give rise to an ensemble of wave
vectors with more significant weight in the stochastic sampling of the reduced density operator than
other SSEs. For a spin-boson model, we show that the significance of such improvement in the
sampling depends on the physical conditions of the total system, particularly on the temperature
of the environment. In Section (5.2), we discuss the problem of generating master equations from
the evolution equation of the reduced propagator. On the one hand, when the initial state of the
environment is considered the vacuum, the reduced propagator gives rise to the usual non-Markovian
stochastic Schrodinger equations found in literature, and after an average over the different states of
the environment is made, it reproduces the results of the master equation.While the former case has
been already treated in literature, our new contribution is to consider a reduced propagator with an
initial environmental state different from the vacuum, obtaining a master equation for general initial
conditions, and not necessarily for an initially disentangled state for system and environment. The
derivation of this master equation implies a generalization of the Novikov theorem, which we also
develop in this work.

o Part (II1) contains most of the main results of this thesis. A theory of non-Markovian MTCFs is derived
from reduced propagators, and also from the Heisenberg equations of motion of system operators.
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This part starts by motivating the problem, showing how these MTCFs are very useful in quantum
optics to compute quantities such as the emission spectra or photon statistics of an emitting atom. The
discussion is divided in two chapters:

In Chapter (8) we show that the non-Markovian MTCF obeys hierarquical structure when no approx-
imations are made. To be more specific, it is found that one-time correlation functions (or quantum
mean values), depend on two-time correlations, while two-time correlations depend on three-time
correlations. The hierarchy structure is extended to higher order correlations, in such a way that in
general, N-time correlations depend on N + 1-time correlations. Although this is a formal result
which can not be used for computational purposes, it provides a systematic way to derive equations
for arbitrary N-time correlations. Those equations become useful for practical purposes once the
dependency on higher order correlations is broken by means of some approximation, which is done
in the next chapter.

In Chapter (9) we break the hierarchy by assuming a weak coupling approximation, and derive equa-
tions for INV-time correlations up to second order in the perturbative parameter. This permits us to
show that the QRT theorem does not apply for non-Markovian MTCF.

e In Part (IV), some of the equations presented throughout the work are applied to a two level system
immersed in the radiation field within a PBG material. The discussion is again divided in two chapters.

In Chapter (11) an appropriate model for the problem is presented. While the Hamiltonian corresponds
to atwo level atom dipolarly coupled to a radiation field, and therefore has the same form as the general
Hamiltonian presented in Chapter (1), we make some new contributions in the characterization of the
environmental correlation function. To this end, we propose a new model of dispersion relation of the
field, showing the band-gap periodic structure which is characteristic of the electromagnetic radiation
in a PC. Once the correlation function is computed, the corresponding noise can be obtained.

In Chapter (12) we use the new correlation function and noise to evaluate the quantum mean values
of some system operators by integrating the SSE. First, we show that the SSE is equivalent to the
master equation which has been traditionally used to study this problem. Second, it is shown that the
correlation function we propose gives rise to the same physical effects as the one previously existing
in the literature, presenting the advantage that it describes the short time behavior in a more accurate
way. Finally, some MTCF are computed, which may be used in future work to derive quantities such
as the atomic emission spectra.

e In Part (V) some conclusions and perspectives for future work are drawn.

At the end of the thesis, we include several appendices. These are not essential to follow the work, but
complete some of the concepts and the derivations.

We shall make a brief note about the units here used. In Chapter (1) and Appendix (A), where the model
for the systems under study is presented, we display the dependencies of all the constants, including %. In
the rest of the chapters, which are devoted to present and integrate the dynamical equations of those systems,
we set for simplicity & = 1.



Part [

THE REDUCED PROPAGATOR
OF A NON-MARKOVIAN QOS

This part of the work presents two basic concepts, corresponding to each of the chapters: In Chapter (1)
the basic model of the systems that are going to be studied is established, namely a quantum open system
linearly coupled to an environment of harmonic oscillators through a non-Markovian interaction. In Chapter
(2), we present the system reduced propagator, an object that is used in the next parts of the thesis to derive
the dynamical equations of quantum mean values and multiple time correlation functions.



Non-Markovian quantum open
systems

The dynamics of a quantum open system is often described by considering it as a part of a larger total
system which is isolated from the rest of the world. The Hamiltonian of the total system is denoted by
H:;,+ = Hs + Hp + Hj, where Hg is the Hamiltonian of the quantum open system (hereafter referred
simply as system), H 5 is the Hamiltonian of its environment, and H is the interaction Hamiltonian between
the system and environment.

When the environment is large, its evolution time scale may be small in comparison to the relevant time
scales of the system. The environment time scale is characterized by the so-called correlation time 7,
which is the time it takes to recover from the interaction with the system. In the same way, the system time
scale is characterized by the time T4 it takes to relax to equilibrium once it is brought into in contact with
the environment. There are certain situations in which the separation of time scales is so large that 7. is
practically zero in comparison with 7'4. This kind of interaction can be treated with the so-called Markov
approximation, and lead to system dynamics that is local in time, i.e. that does not depend on the previous
history of the evolution. In other situations the environment correlation time is of the order of T4, and
may significantly influence the dynamics of the open system, making necessary a non-Markovian treatment
to describe it. Non-Markovian interactions occur in several contexts, among which we can mention the
following examples,

e In solid state physics non-Markovian effects are particularly visible in the system dynamics at low
temperatures, a fact that will be clarified in Section (1.3.1.2). One of the most generally used models
in solid state physics is the one of Caldeira and Legget [20, 22], which describes a harmonic oscillator
linearly coupled through its displacement coordinate g to a fluctuating dynamical reservoir or bath,
which may represent for instance the phonons of a lattice. In many physical and chemical systems, the
generalized coordinate q is associated with an effective potential with two separate minima placed at
the same energy. Since only these two states are available, the Hilbert space of the system reduces to a
two-dimensional space. This situation, which is described by the so-called spin-boson model, occurs
in the motion of light particles in metals, or types of chemical reactions involving electron transfer
processes (see [22] and references therein).
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¢ In quantum optics non-Markovian effects are present in the emission or absorption of light in the
presence of a structured environment. These are electromagnetic fields which are under spatial bound-
ary conditions, like quantum cavities [23, 24, 25, 26], or interacting with a Photonic Band Gap (PBG)
material which presents a certain periodicity in the refraction index [27, 28]. An interesting general
discussion about the influence of the environmental structure in the atomic dynamics can be found in
[29].

e Non-Markovian effects also arise in the dynamics of a Bose-Einstein condensate (BEC). In these
systems the atoms in the fundamental state are within a trap, and they are coupled by two laser
transitions to a final atomic state outside of the trap, so that an atomic “laser” beam is extracted from
the BEC. As a particular example of non-Markovian behavior, the dynamics of the occupation number
of the BEC exhibit strong oscillations that can be interpreted as a quantum interference effect, and
clearly reveal departures from the Golden Rule that predicts exponential decay [30, 31, 32].

Throughout this thesis we mainly study two different sorts of systems: (a) The spin-boson model, valid
for the interaction of a two level system with any bosonic reservoir (either phonons or photons) under certain
phenomenological conditions. (b) An atom coupled to aradiation field with dipolar interaction. However, the
dynamical equations here discussed are valid for a general model of linear system-environment Hamiltonian,
and therefore the methodology may be applied to other problems such as the dynamics of Bose-Einstein
condensates.

The chapter is organized as follows,

e In Section (1.1) we present the Caldeira and Legget model, as well as the spin-boson model to which
it reduces under certain conditions [20, 22, 33, 34]. Within this scheme the interaction Hamiltonian
Hj is proportional to S B, where B is an operator belonging to the environment Hilbert space, and
S = q is the system coupling operator. The environment coupling operator B o ), grF(ax, a:r\),
where g, are the coupling constants of the system with each of the A\ harmonic oscillators describin%
the environment, and F(a, af\) is a particular function of the creation and annihilation operators a
and a).

e The linear interaction Hamiltonian proposed in the Caldeira-Legget model can be generalized as a
sum of many system and environment operators, Hy = > 3 SpBg. Particulary, it is shown in Section
(1.2) how the interaction Hamiltonian between a bosonic field and a fermionic field has this form.
An example of this kind of systems is an atom (whose electrons form the fermionic field) dipolarly
coupled with the radiation (bosonic) field. In the same way as in the Caldeira and Legget model, the
operators B are found tobe Bg o< ), gx s Fp(an, al). However, in contrast with the former model,
in that system the exact dependencies of the coupling constants gy g are known.

In Section (1.2.1) a new notation is introduced which consists in expressing the interaction Hamilto-
nian in terms of the so-called Lindblad operators { L }, which represent combinations of the system
coupling operators {Sz}. The Hamiltonian of the total system in its Lindblad form, will serve as a
general model to develop most of the equations that are used to describe the dynamics of a quantum
open system. The argument to use the Lindblad model of Hamiltonian is two-fold: first, as will be
explained later, when the interaction is Markovian it gives rise to a master equation that preserves
positivity for the reduced density operator of the system, the so-called Lindblad equation, and second,
it is one of the most often used Hamiltonians when studying quantum open systems.

e Some aspects concerning the so called correlation function, «(t), and the spectral density, J(w),
are shown in Section (1.3), specially those that determine whether the interaction is Markovian or
non-Markovian.
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The environmental correlation function is a very important quantity to describe the system dynamics,
first because it appears in its dynamical equations, and second because it determines the environmental
relaxation time 7.. It is proportional to a sum of the square of the coupling constants of the system,
a(t) o« >0y g3P(t,wy), with P(t,w)) a certain function that will be specified later.

In the continuum, this sum is transformed into an integral where the kernel is the so-called spectral
density, J(w), in such a way that a(t) = [ dwJ(w)P(¢,w). Since P(¢,w) has the same form for any
system, the spectral density basically contains the same information as the correlation function, and
just in the same way it characterizes the environment and its interaction with the system.

In Section (1.3.1) we describe the two different methods to derive the correlation function.

The first is called microscopic since it relies on the knowledge of the form of the coupling constants.
As an illustration, we use the g,’s that characterize the interaction of a two level atom with the
vacuum radiation field, to derive a Markovian correlation function. Within that interaction, the spectral
density J(w) is found to be a smoothly varying function of frequency in comparison with the atomic
spontaneous emission decay rate I', so that it can be considered approximately a constant. More
complicated microscopic calculus of the correlation function correspond to interactions of an atom
with structured environments. Those systems are typically non-Markovian, since the spectral density
changes on a frequency scale comparable to the spontaneous emission rate and can not be considered
a constant. Some examples are treated in next chapters.

When the exact form of the couplings is not known, as happens in the Caldeira and Legget model,
a second method is needed which consists in deriving the spectral density J(w) according to several
phenomenological arguments. As an example, we discuss the J(w) that is used in this thesis to
describe the spin-boson model.

It is important to note that none of the derivations presented in this chapter are original. For that reason,
most of them are not shown in their complete version, and therefore the reader interested in further details
should go to the original references. The main goal is to give the ideas and the proper references to derive
the Hamiltonian of the physical systems that are studied in this work, namely the spin-boson model and an
atom in contact with a radiation field. The main results of the thesis concern the development and study
of the dynamical equations describing non-Markovian quantum open systems, and therefore these models
are only useful as examples in which such equations are applied. An exception to this is the two level atom
immersed in a PBG material, where we make some contributions to the model. Since, in addition, the PBG
system presents interesting new physics, it deserves special treatment and will be explained in detail in Part
av.

1.1 CALDEIRA-LEGGET MODEL

We shall consider in this section the general Hamiltonian of a system with one or few degrees of freedom
coupled to a bath of harmonic oscillators as described in [20, 22, 33, 34]. The Hamiltonian of the total
system is the following,

Hiot = Hs + Hp + H; (1.1)
where the Hamiltonian of the system with generalized coordinate q is

P2
Hs = oYV +V(q), (1.2)
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with P and M the momentum and mass of the particle respectively, and the Hamiltonian of the bath of
harmonic oscillators is

Hp :Z <1p§‘+1m>\w2x2) (1.3)

—\2my 2 ATA ) '
Here, the p) and x, are the momentum and position coordinates of the A harmonic oscillator. The interaction
of the system with each mode of the reservoir is proportional to the inverse volume of the reservoir, so that for
a spatially large environment this coupling is small. Therefore, it is a good approximation for macroscopic
environments to consider that the system-reservoir coupling is a linear function of the bath coordinates, so
that the interaction Hamiltonian has the form

Hp ==Y F(@)zx+AV(g). (14)
A

In the former Hamiltonian, a counterterm has been added to renormalize the potential V' (¢). Indeed, in
presence of the interaction, the minima of the potential for a given ¢ is displaced a certain quantity, in such a
way that the effective potential in (1.2) is Ve 55(q) = V(¢) — A’V (q). Renormalization consists in making
AV (q) = A’V(q), so that the minima of the potential is replaced to its initial value. For the special case of
a separable interaction [22],

Fx(q) = C\F(q), (1.5)

and the simplest case in which F'(q) = g, the total Hamiltonian is written as

p2 1 p? )\’
Hiys=—+V — L2 2 - — 1.6
tot = o7 + V(g + 5 z}\: . + mawy (33/\ mAw§\> ) (1.6)
where the renormalization factor is identified as
C2
AV(q) = —25¢. (1.7)
mywy

Replacing (1.5) in (1.4), the interaction term of the Hamiltonian (1.6), without the renormalization term, has
the general form

H; = BS (1.8)

with B = — )", Chzy and S = F(¢q) = ¢. The Hamiltonian (1.6) has been widely used to describe
dissipation in open quantum systems and is often referred in literature as the Caldeira-Legget model [22, 34].

From the Caldeira and Legget it is possible to derive the Hamiltonian of a two level atom in contact with
a harmonic environment, namely a spin-boson model. There are some systems where the potential function
V (q) appearing in (1.6) has the form of a double well with two separated minima. When certain conditions
in the parameters are fulfilled by the two wells and the barrier between existing between them, the Hilbert
space of the system can be reduced to a two state space, and the problem simplifies considerably. These
systems are often referred as truncated two state systems [34]. Let us now explain briefly the conditions
for obtaining a truncated two state system. Consider fiwo and fuw; as the energy separation between ground
and excited level of left and right well respectively, and V}; the height of the potential barrier. If wq is of the
order of magnitude of ws and wy, the first condition to be fulfilled is

Vo >> hwo, (1.9)
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so that when both wells are put in contact with each other through the potential barrier hws and hw; remain
approximately constant. The second condition assures that the system is effectively restricted to the two
level system conformed by the ground levels of both wells. For that reason, no thermal excitations to the
upper levels of both wells should be allowed,

kpT < hwo, (1.10)

while the energy difference between the two levels, w1 = |we — w1 |k is considered much smaller with
respect to wg and arbitrary with respect to the thermal energy x 7. In addition, the two states can be weakly
coupled through a transfer o tunneling matrix element A, giving rise to oscillations in the population of the
left and right well that are responsible for quantum interference effects.

Apart from truncated two level systems, there exist intrinsical two state systems, for instance a nucleus
of spin 1/2, or a photon with two polarization states.

When any two level system (both intrinsecal or truncated) is in contact with an environment which can
be modeled as a bath of bosons (for instance a phononic bath or an electromagnetic field), the global system
is considered a spin-boson model, and has the following Hamiltonian

1 1
Htot:HSBZ§hw120z—§hAoU$+HB+BS, (1.11)
where the interaction term has the form (1.8) with B = ), Cxx as the environment coupling operator,

and the system coupling operator .S depends on the particular model considered. Expressing the former
Hamiltonian in terms of creation and annihilation operators,

N N
1 1
Hgp = ihwlgoz — ihAoom + Z thaf\aA + Z hgx(ax + a];\)S, (1.12)
A=1 A=1
since z) = szw (ax + ai), and py = —i4/ f””T*“’*(aA - ai). From now on, we will use the constant

gr = 4 /m@\ as the coupling parameter.

1.2 BOSONIC-FERMIONIC FIELD INTERACTION HAMILTONIAN

In the former section we have shown how the Hamiltonian of a quantum open system in contact with an
environment of harmonic oscillators can be modeled with a simple form (1.1), by choosing a linear interaction
of the form (1.8). A particular Hg and H; was given for the case of a two-level system coupled with the
environment through a single Hermitian operator S. In this section we show how the coupling Hamiltonian
H7 can be generalized by considering it as a sum of many linear couplings between a set of bath operators,
{B,}, and system operators, { S, } [35],

M
Hr = BsSp, (1.13)
B=1

which we assume Hermitian. Despite this assumption, the Hamiltonian (1.13) is quite general, as shown
in Section (1.2.2). We derive the interaction Hamiltonian between a bosonic field and a fermionic field,
showing how it is reduced to the form (1.13). From now on, we will often refer the bosonic field as a
radiation field, and the fermionic field as an electron wave field. With this particular choice the atom-photon
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interaction is described, since an atom interacts with the radiation field through its electrons. Particularly,
the interaction of the electron wave field of a single electron, with the radiation field is equivalent to the
problem of a single electron atom interacting with an electromagnetic field.

Let us follow the derivation presented in [21]. In order to give a quantized theory of the interaction, the
electron is quantized in a similar way as the electromagnetic field. A general wave function for the electron
field ¥(r) may be expanded in terms of a complete set of wave functions ¢; obeying the Schrodinger
equation

2

Hegj(r) = (Zh—m va +6V(r)) ¢;(r) = E;¢;(r), (1.14)

where V' (r) is the Coulomb potential, and the interaction between electrons has been neglected. Thus, we
can expand ¥(r) in such a set as

U(r) = ij¢j(r). (1.15)

By analogy with the quantization of the light field the expansion coefficients b; will become operators in the
quantized electron field, and ¥(r) becomes a field operator. The basis functions obey the orthonormality
relations

/ 61 (1) (x) = 0. (L16)

The Hamiltonian describing the interaction between the electromagnetic field and an electron field, discarding
the spin of the electron, is

- 1

Hiot = 5 —(p = eA(r))? +eV(r) + Hp, (1.17)
where e and m are the electronic charge and mass respectively, p is the momentum of the electron, and
A is the vector potential of the electromagnetic field. When the electron wave field is quantized, the last
Hamiltonian becomes

Hit =Hey+Hp + Hpp = /dST‘I’T(T)ﬁtot‘I’(r)v (1.18)
where
e
Ha = [@rvi |5 ot sevin] v
Hp = /d3rx1/T(r) _f%A(r)'p] W(r),
Hp, = /d37”\I/T(I‘) -—%Az(r)} U(r). (1.19)

Since He1¢j(r) = E;¢;(r), with E; the electronic energy corresponding to the state ¢;, we have

He = Zb}bkEk/diird);f (r)or(r) = ZEjb}bj, (1.20)
Jk j
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because following (1.16) the basis functions are orthogonal, and
. e
Hn = Zb}bk/d?”“% (r) {—EA(r) | 61 (x), (1.21)
ik

with

A(r) = ; \/ 2;; - {a,\A,\(r) + aT/\Aj(r)} . (1.22)

The term Ho is discarded, being negligible for processes of one photon. The functions A »(r) = Ak, (1)
appearing in (1.22) are the mode functions of the electromagnetic field, which may in general be any complete
set of basis functions spanning the region under consideration. In free space, one might consider the basis

functions as simple plane waves
1 iker
Ak(7 (I‘) = —€ €ko, (123)
v

where €y, is the unit vector in the direction of the polarization state o for a given wave vector k, and v is the
quantization volume. In Part (IV) will be studied how this basis functions should be chosen as Bloch modes
for the case of a radiation field immersed in a photonic band gap material. The reason is that within such
materials the translation symmetry characteristic of free space is broken, and the radiation modes present
periodicity in the wave vector k. In any case, the expansion (1.23) is valid even in that case, provided that
we are restricted to a single cell of the reciprocal lattice, i.e. the first Brillouin zone. At this point, in order to
proceed with the calculus, we put the Hamiltonian (1.21) in terms of the so-called coupling strenghts g3 ; .

1
Ik = —%\/ e /d3r¢;(r) [Ak,o(r) - p] Pi(r), (1.24)

Hy =1 b, (900 + 05 00 (1.25)
gk

so that

The coupling strengths can be further simplified by considering that the mode functions in the position of the
electron r, given by (1.23), can be replaced to first approximation by its value in the position of the atomic

nucleus ry
1. k- or)? 1.
Ay, (r) = \/;elk'ro <1 +ik - 6r — %) ko X \/;elk'méka. (1.26)

This approximation, also known as the electric dipole approximation, is justified in the optical region,
since in that range the wavelength of the photon is much greater than the linear dimension of the atom
Aphoton = ﬁ > Tatoms SINCE Aphoton ~ 103 A, and ryzom ~ 1A. Additionally, the coupling strenghts can
be further simplified by considering that p = 4 [H,;, ], and also the fact that {¢;} are eigenfunctions of
H,; with eigenvalues w;. With this consideration and the dipole approximation, we have

. 1
9xj ke = 1/ mwjkAk,n(rO) ~djg, (1.27)
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B;—Ey,
where wjr = =" = w; — wy, and

djr=e / d*r¢(r)rew(r), (1.28)

is the dipolar moment. As shown in Appendix (A), a different coupling constant g ;  is obtained by using
a gauge dependent Hamiltonian. If we now choose the phase of Ak ,(ro) in (1.27) so that g, ;  is real, the
total Hamiltonian is

Hiot = Y Eiblb; + Y hwnalan + 1" gxxbltn (ax +af), (1.29)
J A g,k

where the first and second terms corresponds to the electron and photon field respectively, and the last term
H7 corresponds to the interaction between them. Notice that such interaction is already of the form (1.13),
ie asumin 8 = {j, k} of Hermitian system operators Sg = b;r. by, and Hermitian environmental operators

Bg = gxjrx(ax+ ai). For a single electron in contact with the photonic field, gx 2.1 = gx,1,2, and therefore
we have

Hy =1y gane (an+al) (b6 + 0] (1.30)
A

which is again of the form (1.13). In the last expression, the coupling constant are given by

1
= —4 A -dys. 1.31
gr1,2 2y 2heow,\w12 A(ro) - di2 (1.31)

1.2.1 Lindblad form for the interaction Hamiltonian

Itis often convenient to put the general H; given by (1.13), in terms of the so-called Lindblad operators { L., },
with vy = 1,-- -, P, that are operators belonging to the system Hilbert space, but not necessarily Hermitian.
The Lindbland form Hamiltonian is interesting, first because it permits generation of an evolution equation
for the system reduced propagator ps = T'rg(piot) that in the Markov limit reduces to the Lindblad master
equation [36] which has been shown to preserve positivity [37, 38], and second, because it is quite a general
model, since many system-environment interaction Hamiltonians reduce to this form once the necessary
hypothesis are made. For instance, in the case we have described above of a photon field in contact with
an electron field, the necessary approximation for arriving to the Lindbland form is, apart from the dipolar
approximation, the so-called rotating wave approximation. Thus, let us consider two cases in the Hamiltonian
(1.29),

e When j < k, the electron operator b} by, gives rise to a decay from the upper level Fy, to the lower
E;, and the emission of a photon. As a consequence, in order to conserve the energy, it is necessary
that this term is accompained with a creation operator for the photonic field, ai, where the photon
frequency is wy = wji. The term b} bray is discarded, since it would correspond to the highly non-

energy-conserving process of annihilating two photons simultaneously in both electron and photon
field.

e When j > k, b} by, corresponds to a electronic excitation that should be accompained with the anni-
hilation of a photon in the field represented by the operator a . The terms b;f by ai corresponds to the
simultaneous creation of a photon in both fields, which may be neglected in comparison to one-photon
processes.
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When expressing the Hamiltonian (1.29) in the interaction picture, it is found that the terms that are not
discarded, also known as resonant terms, rotate with frequencies wy — wjj, whereas the neglected terms
rotate much faster with frequencies of order wy + wj, = 2w,. Within the rotating wave approximation, the
interaction Hamiltonian appearing in (1.29) is expressed in Lindblad form as

H =133 o, (a,\LL n af\Lv) , (1.32)
Ay
with the Lindblad operators defined as
Ly = blby, (1.33)
where v = j, k with the condition j > k. For a single electron in contact with the photonic field we have
H =1 g, [021%4—012&;} ; (1.34)
A
for (1.30), where we have considered that gy = gx 2,1 = gx,1,2, and the electron operators expressed in
pseudo-spin operators, where 091 = o = blb; is the rising operator, and 015 = 0~ = bI bs is the lowering
operator.

1.2.2 Relation between different linear interaction Hamiltonians

In this section we show how the Hamiltonian (1.13) is in fact the most general form of linear interaction
Hamiltonian. The derivation is based in a result appearing in [37]. Indeed, any interaction Hamiltonian
in terms of non-Hermitian operators, H7, can be expressed in terms of Hermitian operators assuming the
form H; of (1.13). Since the Lindblad Hamiltonian, here referred as H }Lm, is a specific case of H, the
derivation is also useful to relate the Hamiltonian (1.32) with (1.13). Suppose that we have

N
H) = Z S,Bj, (1.35)
B=1

where contrary to (1.13) the system and environmental operators (Sg and Bg) are not Hermitian. The
Hamiltonian in the general form (1.35) (and also in its Lindblad form (1.38) with the choice (1.39) for the
operators), can be expressed as a sum of Hermitian operators by simply setting,

~ 1 , " = 1 , "

So = 5(Sh+54) Sa=15(5-57)

~ 1 = )

By = E(Bg+3g) Bﬁz—% (B;,—Bg), (1.36)

so that the interaction Hamiltonian becomes written inthe form (1.13),
N o . 2N
H=Y (S@Bﬁ + SBB5> =" 55Bs (1.37)

B=1 B=1

with
Sg = 5',3 VB=1,N
Ss =S5  ¥YB=N+1,2N, (1.38)
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and
Bs=Bs; VB=1N
Bs=Bs.n  VB=N+12N. (1.39)
The Lindblad form of (1.35) corresponds to the case in which (a) N = 2p, so that
Hy = S81B) + S5By +--- + Sy, 1By, 1 + S5,Bs,, (1.40)
and (b) the coupling operators are related by couples in such a way that
b = St S, =S
B, = BBy =B, . (1.41)
Relabeling the former elements, we have
p
HE™ = LB + L{Ey+ -+ + LB + LB, = > (LBl + LT E,) (1.42)
y=1
where
S| = Ly, Sy=1Ly S, =1L,
b1 = L, 2 = L;’ ree Sy = L;
B) = Ei,By=E,, ---B,=E,
B,., = E| B, ,=E} By =E. (1.43)
Note that in (1.32) the environmental operators are E, = i), gx Qx.

To transform the Lindbland Hamiltonian into the form (1.37), it is necessary to take into account in (1.36)
that S; = 1(S] + sty = 381 + S;Ll) = Spt1. Therefore,

HEm =2 i (S3Bs + SaB5) = i SsBj, (1.44)
B=1 B=1
with
Sz =28, Va=1,p
S; =255, VB=p+12p, (1.45)
and
Bs = Bg VB =1,p
Bs=Bs, VB=p+1,2. (1.46)

Let us for instance derive the form (1.44) (or (1.13)) for a the case of a single Lindblad operator. In that

case, since p = 1 then M = 2. Then

Sy =L+L";Sy=i(L—L"),

(1.47)
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and

ng ax +al); ZgA ax —al). (1.48)

Notice that By and B; are proportlonal to a sum over x and py respectlvely, and that all the { Bz} and the
{8z}, with 3 = 1, 2, are effectively Hermitian. It can be checked with the replacement of (1.47) and (1.48)
in (1.13), that we arrive to the Lindblad Hamiltonian

Hyo = Hs + Hp + Y _ gx(LTax + La}). (1.49)
A

The relations (1.47) and (1.48) will be useful in Chapter (II) when the Stochastic Schrédinger equation
derived by Pierre and Nagaoka in [35] for an interaction in the form (1.13) is compared to that derived in
[39, 40, 41] for an H of the form (1.49). In addition, the last Hamiltonian will be used as an essential piece
for starting the derivation of most of the dynamical equations presented in this work. Indeed, the equations
derived for (1.49) are very appropriate for describing linear coupling, since the results are easily generalized
by considering a sum over the set of Lindblad operators, L.

1.3 CHARACTERIZATION OF THE RESERVOIR: RELEVANCE OF NON-MARKOVIAN
INTERACTIONS

We discuss in this section the different forms of the spectral function J(w), as well as its relation with
the correlation function «(¢) which characterizes the system-environment interaction. Additionally, some
ways to derive J(w) are presented. At this stage of the exposition we will remain qualitative, and only give
the reader some ideas to understand the two different kind of interactions, Markovian and non-Markovian,
existing between system and environment. Further details of the derivations, as well as computation of J(w)
(or alternatively «(t)) for particular systems are given in the next chapters.

An important quantity to characterize the influence of the environment on the system dynamics is the
so-called spectral function J(w), defined as

J(w)=hmr> g3(w —w)) (1.50)
A

where g, are the coupling strengths defined in the former sections. In the limit of large number of oscillators
gx — g(w), and the (1.50) may be considered in the continuum as,

J(w) = g*(w)D(w), (1.51)

where D(w) is the photonic density of states (DOS). The function J(w) defines the environmental correlation
function «(t). For instance, for a Hamiltonian (1.49) with L = LT and a thermal reservoir in equilibrium,
a(t) is defined as

= /OO dwJ (w) {coth (%) cos (wt) — isin (wt) | , (1.52)
0

where 3 = (kpT) ™!, with kp the Boltzmann constant and T the environmental temperature. For 7' = 0
the correlation function becomes simply a Fourier transform of the function J(w)

at) = /00 dwJ(w)e™t. (1.53)
0
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The behavior of the open system depends quite strongly on the shape of «(t) and therefore of J(w). The
reason is that the environmental correlation function appears in all the system dynamical equations, both
in those that describe the dynamics of its expectation values and in those describing the dynamics of its
fluctuations. It acts as the kernel of integral terms over the past history of the system evolution.

Thus, the correlation function is responsible for the dependency of the system’s evolution over its past
history. As previously noted, when the decaying time of the correlation function, namely the environmental
correlation time, 7., is comparable to the evolution time of the system, T4, the interaction is considered
non-Markovian. The interaction is Markovian when the correlation time is practically zero compared to T'4,
so that a(t — 7) = T'§(¢t — 7), with ' = 1/T4 the system relaxation rate. In Markovian interactions the
memory of the system evolution over its history disappears.

The correlation time 7, is determined by the shape of the spectral density. Let us see this more carefully
by considering the following possibilities for J(w),

e J(w) is composed by the sum of a finite number of harmonic oscillators. Hence, the correlation
function might decay within a time 7., but revival is observed after the so-called recurrence time 7.
The oscillators define a spectrum and 7 is roughly determined by the inverse of A F,,,;,,, the minimum
separation between energies. In that way, the less harmonic oscillators there are, the larger is AFE
and the smaller is 7. In some situations, T7r can be smaller than the time in which the system energy
is dissipated, so that a revival is observed in its dynamics. This means that the system may dissipate
to a certain state, but may be re-excited by the environment after a certain time 7. It can also be
the case that 7 is even smaller than 7., in which case such correlation time can not even be properly
defined. In summary, a J(w) composed of a small number of oscillators usually gives rise to a highly
non-Markovian interaction.

e J(w) composed by an infinite sum of harmonic oscillators. The corresponding frequency spectrum is
sufficiently dense as to produce an infinite recurrence time. Dissipation is therefore observed (except
for very special situations like an atom with rotating frequency placed in the gap of a photonic band
gap material), and there are no revival effects in the system dynamics. Nevertheless, the interaction is
Markovian only when, in addition, the spectral function is smoothly varying function of w particularly
within the region nearby the characteristic frequencies of the open system. Otherwise, when J(w)
changes abruptly along that region, it gives rise to a correlation function that might decay within a time
of the order of the atomic decaying time. This situation may be produced by a D(w) which exhibits
a sudden jump or some weaker kind of singular non-analytic behavior. This occurs, for example, in a
waveguide close to its fundamental frequency, or nearby the band edge of a PBG. In the last case, the
photonic DOS of the radiation field presents two kind of regions: a gap where D(w) vanishes, and
a band where the density of states is non-zero, but present a rapid variation with frequency near the
gap, as does J(w).

If the correlation time 7. cannot be defined, the interaction should not be treated by using a perturbative
approximation. It will become clear in the next chapter that the perturbative parameter and the correlation
time are related with each other. Thus, the larger the environmental relaxation time is, the smaller has to be
the coupling between system and environment in order to perform a perturbative expansion 1. Obviously,
when 7, is not even defined (for instance because 7p < 7.), it means that the environmental relaxation
time should be taken to be infinite, and therefore the coupling between system and environment may be
zero in order to justify the use of a perturbative expansion. This situation will only be studied for special

1To be more precise, when 7, is large, it is necessary either to arrive to high orders the perturbative expansion, or to have a small
perturbation parameter.
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choices of coupling operators L which gives rise to exact solutions and therefore do not need the use of any
approximation, particularly the perturbative approximation.

1.3.1 Derivations of the spectral function

There are two different possibilities to determine the spectral function J(w), depending on the particular
model.

As noted above, when the environment is a continuum reservoir of harmonic oscillators and the quantum
open system can be described by a single extended coordinate ¢, the spectral function can be determined
phenomenologically, particularly from the knowledge of the coefficients of the classical equation of motion
[22, 34].

For more general environments that shall not necessarily be reservoirs (i.e. that shall not be infinite), and
for more general systems than those described by a single coordinate ¢, a microscopical knowledge of the
interaction is needed to derive J(w). Particularly, to perform the sum (1.50), it is necessary to know the
form of the coupling constants g.

In the next sections we present the microscopic derivation of the correlation function for Markovian
interactions, and a phenomenological derivation of the model of .J(w) we are going to use in this thesis when
studying the spin-boson system.

1.3.1.1 Microscopic Here we present a microscopic derivation of the correlation function for an atom
interacting with an electromagnetic field in the simplest case in which the interaction is Markovian. More
complicated microscopic derivations of J(w), or equivalently of the environmental correlation function are
presented in the next chapters for non-Markovian interactions. For instance, in Part (IV) the correlation
function which describes the atomic interaction with an electromagnetic field immersed in a photonic crystal
is obtained.

In general, a microscopic derivation is possible for atoms interacting with electromagnetic fields since
the coupling constants are given by (1.24) for a dipolar coupling between levels |j) and |k). The coupling
constants corresponding to the interaction of a two level atom with the electromagnetic field are expressed

in (1.31) as,
— iy A () -y =
grxi2 = 7 2heow)\w12 Ao 12 =
o 1 7’L’k-1‘0 A . 3
7 —FWw12€ d12e,\ d12, (154)
2uhegwy

where we have inserted A ) (ro) = \/g e~™Tog, to go from the first to the second line. Let us now take
equation (1.53) in its discrete version,

a(t) =Y lgalPe ™. (1.55)
A

The sum in A is in fact a sum over the two polarization modes, denoted by o and the electromagnetic wave
vector k. In the continuum limit, we then have

v 27 T (e’
= -2 d df sin 6 dkk?, 1.56
Y =S g [0 [ | aso
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where the factor 2 in the last expression comes from the sum in . From (1.54), we have

ghor = wiydiy cos® 6, (1.57)

2hwy€eqv
where |&, - 6112 |2 = cos? #, and 0 is the angle between the atomic dipole moment 8112 and the electric field
polarization vector €. Replacing (1.57) together with (1.56) in (1.55), we have

27 ™ e8] 2
v : k —tw
Oé(t) = 2@ A dQﬁA df sin 6 /0 dkmw%zd%Q COS2 fe (k)t, (158)

where we have also assumed that the dispersion relation is such thatw(k) = w(k). Considering the dispersion
relation of an electromagnetic field in the vacuum, we have k = w/c¢, and we can easily transform the k
integral into a frequency integral,

2 [ vw? Wi d? ,
)= 2 d 1212 —qwt 159
a(t) 3/0 uJ(27r)2c3 4vhw606 (1.59)

where we have already solved the angular integrals. From the last expression, we can already identify the
photonic density of states as

vw
D = 1.60
and the function g2(w)
2 72
2 wiady
= 12712 1.61
9" (w) Gohocg” (1.61)
so that following (1.51), the spectral function is
ww?  w?,d?
J(w) = 12012 1.62
@) (27)2¢3 6vhiweg (1.62)
In terms of J(w), and from (1.51), the correlation function (1.59) is expressed as
at) = / dwJ(w)e™ ! ~ J(w12)2md(t), (1.63)
0

where fooo dwe™™* = 27§(t). The last expression contains the crucial approximation which characterizes
Markovian interactions. This consists in considering J(w) = D(w)g?(w) approximately constant nearby
the atomic rotating frequency w12, and equal to J(w12). Notice that this is only justified for interactions
such that the variation of the spectral function J(w) is smoothly varying function nearby the atomic rotating
frequency. For instance, in a PBG material this situation only occurs when wj» is placed in the middle of a
band which is sufficiently broad as to make the band border effects negligible.

Since the correlation function appears as a kernel in the integral terms of the system dynamics that are
responsible of the dissipation, it determines its relaxation time 74. Particularly, the correlation function
fixes the system decay rate I as

r= /00 dra(T), (1.64)
0
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where T4 = I'". For a Markovian system with (1.63), the decay constant is

I'=2nJ(w )—M (1.65)
- 1207 Grheoc® '
The fact that o(t) depends on F(w) = ¢?(w)D(w) explains why the spontaneous decaying of atoms is
not fully characterized by intrinsical atomic properties, but by quantities such as the photonic DOS of the
surrounding radiation field, and the coupling strengths with each of the harmonic oscillators that form the
environment.

The importance of the medium in the atomic emission was first pointed out by Purcell in 1946 [10], who
predicted that the spontaneous emission rate of a cavity containing atoms becomes enhanced in the case of
atom-cavity resonance. Atoms in the cavity may therefore radiate spontaneously faster than in free space.
This can be explained more clearly by considering that the photonic density of states of the radiation field
in a cavity with resonance placed in the atomic rotating frequency is [43]

Do) = L w/2Q (1.66)

7 (w12 — w) + (w/2Q)2’
where () is the so-called quality factor of the cavity on which the enhancement depends. Now suppose that
the atomic rotating frequency is placed nearby the lowest cavity mode, so that wis o< ¢/ L, where L is the
length of the side of the cavity. In that region, the former photonic DOS simplifies as

2L
D (w12) = 2Q/mwi2 2Q7 (1.67)
T=C
so that we have,
2d2,Q
cav __ 2 cav _ 12
[ = 219 (w12) D" (w12) = Sheov” (1.68)

where we have also inserted (1.61) evaluated at wy2. Comparing the former decaying rate with that of the
vacuum, given by (1.65), we have,

3
re — rQ <27TC ) . (1.69)

3
PWis

Considering the lowest cavity mode, w12 = 77, the former expression is simplified as
2
e’ =rqQ—, (1.70)
s

where we have also considered v = L3. Considering that the factor ﬂ% is of order one, the last relation
shows that the spontaneous emission rate of an atom in a quantum cavity is enhanced by a factor ) with
respect to that of the vacuum. In the same way, if atomic transitions are far from any cavity resonance,
the spontaneous emission process will be inhibited. The same kind of inhibition of spontaneous emission
occurs if atoms are located in a waveguide and their transition frequency is below the fundamental frequency
of the waveguide [11, 44]. In the same way, this picture shows that the spontaneous emission rate can be
enhanced in a photonic band gap material, since there are frequency ranges where D(w) can be larger than
in free space. Additionally, within the gap D(w) = 0, which in turn means that I' = 0. In other words,
single photon spontaneous emission is completely inhibited. This implies that the vacuum fluctuations or
zero-point fluctuations are absent for frequencies inside a gap, and thus, within the forbidden frequency band
the PBG materials are emptier than even the vacuum.
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This rough picture of spontaneous emission is equivalent to the one that follows from the Fermi Golden
rule [45, 46]. The spontaneous emission rate Wpy; = I for an atom initially in the excited state |¢) to a final
state | f) after the emission of a single photon of wavevector k (and therefore A = k, o) is

2
Wi = % (Hi1)[2D(w12), (1.71)

where H; 1. = gi(ro)(ar LT + LaTk) and g (ro) = 2gk(ro). A comparison of (1.65) together with (1.51)
leads to the conclusion that g%(w12) = 2% |(H; k).

Before ending with this section, we should stress again that the above picture is very approximate for
non-Markovian processes, since it assumes that D(w) and F'(w) are smooth varying functions in the region
nearby the atomic resonant frequency compared with I'. For instance, in the above example of a quantum
cavity, when the cavity decay rate is much less than the atomic spontaneous emission rate there will be
an oscillatory exchange of the energy between the atomic and the photonic degrees of freedom before the
spontaneously emitted photon leaks out of the cavity. This is no longer the typical Markovian exponential
decaying with rate I' given by the Fermi Golden Rule.

In the next section we give an example of phenomenological derivation of the spectral function, as
described by Legget and co-workers in [34].

1.3.1.2 Phenomenological In order to obtain a spectral function for the Caldeira-Legget Hamiltonian
(1.6), it is necessary to make some phenomenological approximations, since the exact form of the coupling
coefficients C'y is in principle not known. To do that, it is possible to extract some parameters form the
classical evolution equation for the generalized coordinate of the system, ¢, namely the generalized Langevin
equation [22]

Mi(t) + V'(q) + M /0 dt'(t — )q(t') = C(2), (1.72)

where V'(q) = %—Z, and M is the mass of the system. The function {(t) = ¢(t) — M~(t)q(0), where ¢(0)

is the initial value of the generalized coordinate and

0)
¢(t) = ZC’)\ <xg\0) + P gin (w;j)) , (1.73)
A

MAWX

with xE\O) and pE\O) the initial values of the environmental coordinates. Taking the average of the initial

values a:&o) and pg\o) with respect to the canonical classical equilibrium density of the unperturbed reservoir,

Py = Z " exp (~BHp)

(0)? 2
P myw 2
© _ o1 P2 (?m—ﬁ 5y )
pg =2 e , (1.74)
where Z is the partition function, the function ¢(¢) becomes a fluctuating force with Gaussian statistical

properties,

(BN o0 = MrpTy(t—t). (1.75)



CHARACTERIZATION OF THE RESERVOIR: RELEVANCE OF NON-MARKOVIAN INTERACTIONS 17

Given its relation with {(t), then the quantity ¢ (t) is also a Gaussian noise with the same properties. The
second equality of (1.75) is an example of the classical fluctuation-dissipation theorem [16], which expresses
the relation between the fluctuating quantities ¢ (¢) appearing in (1.72), and the dissipative function or memory
friction kernel ~(t), which is responsible of the lost of energy from system to environment. Such function
is defined as

1 C3

fy(t—t):(%(t—t)ﬁ;m/\w?\ cos (wa(t —t')), (1.76)

where ©(t — t') is the step function introduced to ensure causality. Taking into account that C', =
v 2hwym gy, and inserting the definition (1.50) of the spectral function in the last expression, we get

J(w)

w

2
Yt —t)=0O(t - t,)ﬂ'—M /dw cos (w(t —t')). (1.77)
The microscopic properties encoded in the function J(w) can now be expressed in terms of the phenomeno-
logical damping kernel () by only applying the inverse Fourier transform in the last expression,

J(w) = Mw /000 dtvy(t) cos (wt). (1.78)

The Markovian limit corresponds to a flat reservoir, which gives rise to a Fourier transform of the friction
kernel, §(w) = [, dt~y(t) cos (wt) =, so that

J(w) = wMA(w) = wn, (1.79)

where 7 = My is adissipative coefficient with the dimensions of viscosity. The Markovian case corresponds
to what is referred in literature as ohmic damping, in which J(w) o w. However, it is often the case that
we find non-Markovian reservoirs in which on one hand the spectrum is not flat, and on the other hand, the
memory friction kernel is not known, so that J(w) cannot be fixed with the use of (1.78). In those cases, it
is always possible to assume that the spectral function behaves in the short frequency limit as w?®,

J(w) = newiwl e w/we (1.80)

(&

where 0 < s < 1 in the sub-ohmic case, and s > 1 in the super-ohmic [34]. The constant 7, has the
dimensions of viscosity and is equal to My, where 7, is the dissipative coefficient for the particular choice
of s which can be obtained from (1.76) as v, = fooo dt~ys(t). The exponential factor appearing in the last
expression has been added to provide a smooth cut-off for the spectral density, which is modulated by the
frequency w,. Although the cutoff frequency shall be conveniently chosen in accordance with other scales
and parameters of the problem, it turns out that the dependency of all the physical results on w,. cancel out for
a vast range of the parameter space. Whether we have ohmic, sub-ohmic or a super-ohmic spectral function
depends on the type of reservoir, and determines quite strongly the evolution behavior of the coupled system.
For instance, the case of ohmic friction is important for charged intersticials in metals. A phonon bath in d
spatial dimensions corresponds to the case s = d or s = d + 2 depending on the symmetry properties of
the field. Non integral values of s may be relevant for fractal environments. Further examples of different
systems in interaction with environments that falls in these three categories, as well as the description of
their dynamics are found in [20, 22, 34]. For the spin-boson model studied in this thesis, we will consider a
superohmic reservoir with s = 3,

J(w) = e w/we, (1.81)

2
We
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Let us now discuss the properties of the model (1.81). The temperature plays an important role to determine
the relevance of non-Markovian effects within the system dynamics. As displayed in Fig (1.1), decreasing
the temperature (i.e. increasing ) gives rise to an increase of the maximum of the real part of the correlation
function (1.50), through the coefficient coth(53%=). The real part reflects then the magnitude of the envi-
ronmental thermal fluctuations. In the limit of zero temperature such coefficient is one, and the magnitude
of the real part of the correlation is equivalent to the imaginary part, both corresponding to purely quantum
fluctuations. As mentioned before, the correlation function enters in all the system dynamical equations,
and its real part is responsible of the dissipation which leads the system to an equilibrium state. In that
way, lower temperatures give rise to less dissipation, which means that the system takes a larger time 7'4 to
relax. Since the effects of a finite correlation time 7. operates at very short time scales, it is obvious that
they will be more visible when the system decays slowly. In other words, a slow decaying permits to see
some structure in the relaxation, which is due to non-Markovian effects occurring at the short time scale 7.

On the contrary, a rapid decaying erases these non-Markovian effects.

6
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Fig. 1.1 Correlation function displayed for different temperatures. The imaginary part is displayed in dashed line,
while the real part is in continuous line. The correlation time is the same for high temperatures (small 3) than for low
temperatures (large (3). Nevertheless, as the temperature becomes smaller the magnitude of the correlation function
(specially of its real part, which is responsible of the dissipation) becomes smaller, so that the system takes a longer time
T's to relax to equilibrium. Because of that, although the correlation time 7. remains the same, non-Markovian effects
are more present at low temperatures.
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Fig. 1.2 Spontaneous decay rate I" of the system displayed for different temperatures. Non-Markovian effects are
visible in the system dynamics when the variation of J(w) nearby the resonance frequency is comparable to the spon-
taneous decay rate of the system I'. For a high temperature the coefficient I' is so high that it would be necessary a very
rapid variation of J(w) to observe non-Markovian effects in the dynamics.



The reduced propagator of a QOS

We present in this chapter the reduced propagator, an object that evolves the system wave function con-
ditioned to a certain initial and final state of the environment. The reduced propagator is an essential tool
to derive the dynamical equations which describe a QOS interacting with its environment. First, when the
initial state of the environment is taken the vacuum, the reduced propagator gives rise to the usual non-
Markovian stochastic Schrodinger equations found in literature. Also, after an average over the different
initial and final states of the environment, it reproduces the master equation. Second, when the initial state of
the environment is not the vacuum, the reduced propagator gives rise to a master equation for general initial
conditions (and not necessarily a decorrelated state between system and environment), and to the evaluation
of system fluctuations.

2.1 INTRODUCTION

The reduced propagator permits us to derive all the dynamical equations for a non-Markovian quantum open
system. This includes not only the evolution of its expectation values, but also of its fluctuations. The
reduced propagator, denoted as G (2} z;41|titi+1), is the matrix element of the total evolution operator in the
Bargmann coherent basis of the environment [47], {|z;) = |zi.1---, 2z x - - ) }. Hence, it lives in the Hilbert
space of the system. Furthermore, it represents transitions between the environmental state z; 1 to z;. In
that way, when applied to the system wave function, it propagates the system state from an initial time ¢, 1
to a final time ¢;, conditioned that the environmental state is initially in |z;41) and finally in |z;).

The evolution of expectation values (also quantum mean values) have been widely described both for
Markovian and non-Markovian interactions. Two equivalent schemes are currently used. The first consists
in evolving the reduced density matrix of the system, defined as a trace over the environmental degrees
of freedom of the total system density matrix, through some master equation [22, 38, 50, 51, 52, 53]. In
the Markovian case, the reduced density matrix has been shown to preserve positivity when the master
equation is expressed in the Lindblad form [36]. The second scheme has been developed more recently,
and consists in the so-called stochastic Schrodinger equation (SSE) that evolves state vectors in such a way

21
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that an average over an ensemble of solutions equals the reduced density matrix. In the Markov case, the
stochastic term of SSE can have the form of discontinuous jumps randomly interrupting the evolution, or a
diffusive term acting continuously every time step of the evolution. This last type of SSE has been extended
to treat non-Markovian interactions. The reduced propagators derived in this thesis can be used to derive a
non-Markovian diffusive SSE, provided that the initial and final environmental states, z;,1 and z; are chosen
randomly according to their distribution [41, 3, 4].

Apart from expectation values, fluctuations (also multiple-time correlation functions, MTCF) of system
observables are found in the dynamical description of different phenomena, such as in the atomic emission
spectra or the statistics of emitted photons. In the Markov case, the knowledge of the evolution of the system
reduced density matrix is sufficient to derive both quantum mean values and MTCEF. This result, known as
Quantum Regression Theorem (QRT) [50, 51, 53], has been also derived by using SSE [56, 57, 58, 59].
Nevertheless, as we show in this thesis this is no longer the case for non-Markovian interactions, which have
to be computed with some new equations. Although there do exist some numerical methods to evaluate
non-Markovian MTCEF, for instance the one proposed by Breuer in [60, 61], before our work there had not
yet been derived the evolution equation for those quantities. Reduced propagators becomes a basic tool to
compute such evolution equations [2, 3, 4].

This chapter is organized as follows:

e Section (2.2) shows how the reduced propagator G(zz;+1|tit;+1) can be used to obtain:

— The evolution of the reduced density matrix p,(¢). In order to do this, it is necessary to perform
an average over the environment initial and final states (z; 1 and z; respectively).

This can be done numerically, by considering that since there is a very large number of these
states, they can be chosen randomly according to the environment state distribution. The reduced
propagator becomes a stochastic propagator, and its evolution equation a SSE.

Alternatively, it is possible to perform the sum analytically, so that a master equation for p(¢)
can be obtained. The object G(z}0[¢;0) has been already introduced in literature by Strunz
in [41] as a stochastic propagator. Since it corresponds to the particular case in which the
initial environmental state is the vacuum, z;y; = 0, it will be here referred to as vacuum
propagator. The vacuum propagator corresponds to the SSE derived in [40, 41, 54], and has
been already used in literature to derive analytically master equations (see for instance [6, 54, 55]).
However, all these equations keep the restriction that the initial environmental state has to be
the vacuum'!. The reduced propagator G(2; z;11|t;t;+1) permits the derivation of more general
master equations corresponding to other environments (like for instance a thermal reservoir), or
even to initially correlated states for the environment and system. The derivation of some of
these master equations is made in Part (II).

— The evolution of non-Markovian MTCEF, by performing numerically an average over different
trajectories. However, the advantage of reduced propagators is that this average can also be
done analytically which gives rise to a set of evolution equations of the MTCF within the weak
coupling limit. These equations clearly show that only a set of particular multiple-time correlation
functions satisfy the Quantum Regression Theorem (QRT), whereas in general MTCF do not. It
is important to stress that the computation of MTCF can only be done with propagators where
the initial environmental state, |z;+1) 7 |0), which makes vacuum propagators unsuitable. The
complete derivation of the theory of MTCF is discussed in Part (IIT).

1In [40] a SSE is derived for thermal environments, but it is not derived from reduced propagators. This equation is presented in Part
(II), and compared to the one derived in [35] also for thermal environments.
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The reduced propagator is, then, a very useful tool to derive any aspect of the dynamic of a QOS, provided
that its evolution equation is obtained. This is done in the next sections:

e In Section (2.3) an open equation is derived: Since the system and its environment are entangled, the
dynamics of the first is conditioned to particular environmental states. In addition, such entanglement
gives rise to an evolution equation for the system reduced propagator that is not closed. To be more
specific, it does not depend only on the reduced propagator that is being evolved but on a family of
these corresponding to different initial and final environmental states. Due to this dependency over
other propagators, this equation is referred in this thesis as open equation.

e In Section (2.4) a closed equation is derived: For non-Markovian interactions the dependency on
other trajectories of propagators only disappear in special systems which have an exact solution. This
systems are those with diagonal coupling operator in the free Hamiltonian basis, i.e. L o« Hg. In
general systems, some approximations have to be made. We show some of these approximations
that are needed to obtain a closed equation for the reduced propagator, namely the expansion, the
weak coupling and the near-Markov approximations. It also becomes clear in this section that the
entanglement between trajectories occurs during the correlation time 7., and therefore disappears in
the Markovian limit.

Some comments about the numerical and analytical way to obtain an average over reduced propagators
are made in Section (2.5).
From now on and throughout the rest of the thesis (except where indicated), we take h = 1.

2.2 REDUCED PROPAGATOR: A TOOL TO COMPUTE THE DYNAMICS OF A QOS

As noted in the first chapter, a frequently used Hamiltonian model in the study of the dynamics of & with
Hamiltonian Hg, in interaction with H; is

Htot = HS + HB + HI
Hg + Zw,\ai\a,\ + Zg; (aJ;\L + LT(I)\) , 2.1
A A

where the operator L acts on the Hilbert space of the system and a, ai are the annihilation and creation
operators on the environment Hilbert space. The g/ s are the coupling constants that can be taken as real
numbers, and the w) s are the frequecies of the harmonic oscillators that constitute the environment [20].
Instead of a single system coupling operator L in H; we could consider a set of them, but such generalization
is straightforward and does not affect the conclusions we shall derive in this thesis. The wave function
corresponding to the total Hamiltonian (2.1), evolves from its initial value | ¥¢) as,

| Wy) =Us | Wo) (2.2)
where U (t, 0) is the evolution operator in interaction picture,
Up(t,0) = ettlBtemiHrort (2.3)

We can represent the state (2.2) in an environmental basis, which is here chosen as the Bargmann coherent
state basis (see Appendix (B) for a explanation of the coherent and Bargmann basis) [47, 48]. Thus, the total
system state can be expressed as [41, 43],

) = [ du()G 000} =) (2.4)
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In the last expression we have used the Gaussian measure

du(z) = [ T et 2.5)
T
and we have used the notation | z;) =| ;1) | #i2)... | zi,1)... for the state of the environment, given by a
tensorial product of the states of all the A environmental oscillators. The basis states for each oscillator are,
in terms of the number states basis | z; x) = exp(z;, ,\aj’ ») | 0). The function

G(270[t0) = (= | Us(¢,0) | 0), (2.6)

with U, (t, 0) given by (2.3), is the vacuum reduced propagator, that was interpreted by Strunz in [41] as a
“stochastic propagator”. Vacuum reduced propagators gives rise to a displacement of the wave function from
its initial value | ), to the value | ¥ (2])) at time ¢, provided that the environment oscillators have evolved
from the vacuum state | 0) to the state | z;). Mathematically, this is expressed as G(z0[t0) | vo) =| ¥:(2])).
For other situations in which the environment is not initially in the vacuum and the evolution time does not
start at zero, a more general propagator is needed [3]. Such propagator is obtained by representing the
system evolution operator Uy (t;,t;+1), with ¢; > ;11 in the Bargmann coherent state basis [47],

G (2] zip1ltitiv1) = (zi | Ur(ti, tiva) | 2ig1)- (2.7)

Here | z;41) represents the initial state of the environment at time ¢;41, and | z;) its final state at time ¢;.
The interaction picture evolution operator Uy (t;, t;+1) is defined as

Z/[I(ti7 ti+1) — eiHBtie_thot(ti_ti+1)e_iHBt'H»l ) (2.8)

Therefore, the reduced propagator G(z} zi41|titiv1) = (z:i|Ur(ti, ti+1)|zi+1) acts on the system Hilbert
space, giving the evolution of system state vectors from ¢;; to ¢;, conditioned that in the same time interval
the environment coordinates go from z;4; to z;. The stochastic interpretation of the reduced propagator
with stochastic Schroédinger equations is discussed in section (2.5).

Let us show briefly in the following sections how the reduced propagator can be used to compute the
most general quantity which characterizes the dynamics of a quantum open system, namely the N-time
correlation function of its observables, for different initial conditions of the total system. How to compute
the corresponding reduced density matrix is also shown.

2.2.1 Initial decorrelated state p;o:(to) = ps(to) ® pr(to)

We assume an initially decorrelated state piot(0) = ps(0) ® pp, where ps(to) = [to) (0| and pp =
|20)(20]/{20|20). Let us for instance define the N-time correlation function for a set of observables in
Heisenberg representation, {A;(t1), -+, Ax(tn)} = A(t) as 2

CAhAz,"',AN(tht%"'7tN|\IJO) = CA(t|\I/())
= (WolAi(t1) -~ An(tn)[Po), (2.9)
with t; > t3 > -+ > ty and t = {t1,---,tn}. In the partial interaction picture with respect to the

environment, the N-time correlation function is given by

N
Ca(t]o) = (ol [t (t:,0)Aiths (t;,0)[ W)
=1

2We will see in Part (IIT) MTCF can be defined with a different time ordering.
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= (To|U; (t1,0) AUy (t1,t2) AUy (t2,t3) - - -
Ur(ty—1,tn)AnUr(tn, to)|Yo) (2.10)

where U;(t1,t2) is the evolution operator of the system in the interaction picture defined in (2.8), and
|¥:) = |[¢o)|20)/{z0]70). We now chose the Bargmann coherent state basis for the environment whose
resolution of the identity is given by

1= /du(z)|z)(z|. @.11)

If we introduce N identity operators (2.11) in (2.10), the correlation function is given by

N
Ca(t[¥o) = H / dpu(z:) (ol GT (25 21 [tot1) AG (2] 2ira titi 1) |1bo).- (2.12)
i=1
For a one-time correlation function (also referred as expectation value) of an observable,
(A1) = Ca, (t1]W0) = (WolA1(t1)|Wo)
[ dnta) @0l G tat) 4G altat) o)

/dﬂ(zl) > (ol x GT (25 21ltots) Im) (m] Ay m)

mm/’

(m'|G(27 20/t 1t0)[%0)

= > _(m|ps(trto]z0) Ar|m), (2.13)
where we have defined
paliatolzo) = / dpa(0) s (5120)) (W (25201, 2.14)

with 14,4, (2720)) = G(2F20lt1to)[v0) and (4,4, (2521)] = (o|GT(2821|tot1), which is the reduced
density operator. We have also considered the system closure relationas 1 = " |m)(m|. Equation (2.13)
can be expressed in the usual manner as,

Ca, (t1]¥o) = (WolA1(t1)|Wo) = Trs (ps(tito|20)A) , (2.15)
or, in terms of |1)¢,+,(2520)),
Cay(11190) = [ duen) s 520) s w1 5720 .16
With ¢y = 0 and 2y = 0, the we obtain the reduced density matrix usually found in the literature 3,
pul6) = [ A=) ), @.17)
and
Ca,(t00) = [ dp(a) (1 (2) i) 2.18)

3When only the environmental state z1 and the time ¢; enters in the equations, we will often denote them just as z and ¢ for simplicity.
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Notice that we have simplified the notation by setting z; = z. These simplifications in the notation are made
throughout the whole work whenever it is possible and do not lead to confusion.
Let us now suppose the following initial state for the total system in terms of the coherent state basis

Prot(to) = [to) (1ho| ® /d#(ZO)P(Zo,ZS)\Zo><Zo| (2.19)

where P(zg, () is the coherent state diagonal distribution [43, 53] to be chosen for each particular envi-
ronment 4, and |Wo) = |1)g)||20) in terms of coherent states ||zo), and |¥g) = exp (—|z0]%/2)|%0)|20) in
terms of Bargmann coherent states (see Appendix (B)). Then, p+(0) is a decorrelated state, since it can

be written as pwt(to) = ps(to) (9 pB(to), with ps(to) = ‘¢0> <w0|, and pp (to) = f d22:0P(2707 ZS)|20><Z()‘
We then define the N-time correlations as (2.12), but adding an additional average with respect to the initial
distribution P(zg, z3),

Ca(tlpiot(to)) = Trior (A1(t1) - An(tn)piot(0))

= /dM(ZO) (20, 20) (Yo (20)| <Z|m m|>

m

(2ol ( [ ant: ) () -~ An (ta) 20) o)

/ dy(z) / dpi(z0) P (20, 7)ol (20 A (11) - Aw (t3) [20) o) (2.20)

where we have used the Bargmann unitary relation | du(z)|z)(z| = 1, and a basis {|m)} for the system
with unitary relation ) |m)(m| = 1[47, 48].
As before, expectation values can be expressed in terms of the former equation by setting N = 1, or in
terms of the density operator p, (t1, to), which now is defined in terms of p;o¢ (t1, to) = Ur(t1,to)prot(to)Us ! (t1,t0),
with prot(to) given by (2.19), as

pultrsto) = [ dnter) [ disCzo) PG, 25) s a5 20)) (s (2520, @21

where |91, 4, (2720)) = G(27 20|t1t0)]1)0). In the same way, it can be easily verified that with p.,.(0) given
by (2.19), the environmental density operator is just

pB(to) =Trs (prot(to)) /d z0P(z0, 25)e —lzol? |z0) {20 (2.22)

In Section (5.2.1.2) of Chapter (II) we derive an equation thermal master equation for p,(t) (considering
for simplicity to = 0). Such equation corresponds to a ps:(to) given by (2.19) with P(zo, z) chosen as
the coherent P representation of a thermal environment. Analogously, in Appendix (L) we derive evolution
equation for two-time correlations in a thermal environment.

It is possible to use other distributions for the environment. If we represent pp in the R(a, ) represen-
tation of coherent states [43, 53], then we would obtain

pB = /d?zédu(zé)/d2z0d,u(zo)R(z{)*,zo)|26><zo|, (2.23)

4Since it is a quantum distribution, P(zq, 2z ) can take negative values over a limited range and therefore should not be considered as
a probability distribution. Instead, it is often referred to as quasi-distribution function [53]. In the present case, in order to perform the
sampling or the analytical sum over the coherent states, it is convenient that P is a positive definite function. This is the case of the P
function corresponding to a thermal reservoir, which is one we study in this thesis.
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where
R(zy', 20) = (z0lpBl20) (224)
Inserting (2.22) in the former expression, one obtains the relation between the P and the R representations,

7,2
Izo] Iz012

R(z(f,20) =€ 72 e 2 /d2aP(a,a*)e*‘o‘ﬁezé*aea*zo. (2.25)

2.2.2 Initially correlated state p;ot(to) = ps(to) @ pB(to) + Peorr(to)
2.2.2.1 Pure state We set pioi(to) = [ du(z0) [ du(z5)|Wo(z5)) (Po(z()|, where
[Wo(20)) = (20|¥0)|20) = |tho(25))]20)- (2.26)

Then, the MTCF are written in a similar manner as (2.12), but adding two integrals: one over the variable
20, and another over the variable zy11 = 2,

N+1 N
CA(t|\I/0) = H |:/ du(zl)] <’lﬂ0(Zo)|GT(ZSZ1‘t0t1) HAiG(Z;KZiJrl|titi+1)|w0(z(/)*)>- (227)
1=0 i=1

Notice that these two integrals will also be performed over the wave vectors | (1o (zo)| and |tpo(2{")) respec-
tively. The same considerations have to be made in the reduced density operator, that is written like (2.14),
but with two additional integrals over z( and z,

pultitel) = [duza) [ du(et) [ dn(r)Glaizgltoty o) ol0) G Gimatats).— 228)

which is reduced to the following mixture,
ps(tito|0) = /du(h)lwtl,to(Zi‘)><¢t1,to(21)l (2.29)

with [0, ¢ (27)) = [ du(20)G (2] 20[tots)[o(25))-

2.2.2.2 Statistical mixture Let us now suppose a mixture for p;ot(to),

prot(to) = /dM(Zo)J(Zo,ZS)\‘Ifo(ZS)M‘I’o(Zo)L (2.30)

where 7 (2o, z¢) is the statistical probability for the member | ¥ (25)) of the statistical ensemble. Notice that
this expansion is similar in form to (2.19), but now with |1o(z5))|20), and a different probability distribution
(the statistical mixture now is not the environment, but the total system). The N -time correlations are defined

as (2.20) but replacing (10| by (00(20)|, [%0) by |t0(25)), and P(zo, 25) by J (20, 2§)-
Ca(tlpiot(to)) = Trior (A1(t1)--- An(tn)prot(0))

= /du(z)/dQZoj(ZmZS)<¢0(20)|<ZO|A1(f1)"'AN(tN)>\20>|1/)0(ZO)>a
(2.31)
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In the same way as (2.21), the reduced density operator is defined as
pultnto) = [ duCer) [ diueo)7 o 23) sy (21200 o i) 232
where |9, 4, (27 20)) = G (2] z0lt1to)|10(2)). The environmental density operator is equal to
pa(ti,to) = Trs(prot(ti,to)) = /du(zo)j(zm 29)|20) (ol

X Y {mlUs (b, to) o (25)) (o (=0) U (t1, to) m)

/ dpa(z0) T (20, 28 b0 z0) [0 z8)) 0} (zol. (2.33)

A description of the different elements of the reduced density operator, as well as some of its properties
is given in Appendix (C).

Once the evolution equation for the reduced propagators G(z z; 1 |t;ti+1) is known, any quantity of the
system (either quantum mean values or multiple-time correlations) can be computed, provided that the sums
f du(z;) over the coherent state labels can be performed. In the Sections (2.3) and (2.4) we show how to
compute the evolution equation for the reduced propagator, while the Section (2.5) is devoted to the problem
of how to perform the integrals over the coherent state labels.

2.3 EVOLUTION EQUATION FOR THE REDUCED PROPAGATOR

To proceed further we need to derive the equation of motion of the reduced propagator G (=} z;1|titi+1)
[3, 4]. Obviously, once the time evolution of the reduced propagator is obtained, the one corresponding
to the vacuum reduced propagator (2.6) follows from the identities z;.; = ¢;4+1 = 0. Let us consider the
following time derivative

OUr(ti, tit1)
ot;

6G(z;kzi+1|titi+1) — {5
ot; '

2 +1>, (2.34)

The evolution operator U (t;, t;11) given by (2.8) satisfies the Schrédinger equation in the partial interaction

picture
OUr (i, tiy1)
ot;

When inserted in (2.34) this equation leads to

0G (2} zit1ltiti1)
ot;

— ( —iHg — iy ga(Llaye ™" + Laieiwi)>ul(ti, tiv1)- (2.35)

= ( —iHg —iL Z gAei“’*tizi*’)\) G(2] zix1|titiy1)
A

—iLt Z gre” N zlant (ti, tien)|zi), (2.36)
)

where we have used the property <z|aT/\ = (z|zX. To proceed further it is convenient to treat the ma-
trix element (z;|axUs(t;, tiv1)|zir1) that equals to (z;|Us(t;, tir1)an(ts, tiva)|ziv1), with ax(t;,tit1) =
Z/{;l (tiytiv1)a Uy (t;, t;+1). Integrating the Heisenberg equations of motion for ay (¢;,;+1),

d .
—ax(ti, tig1) = dwaax(ti, tiy1)
dt;
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+ 4 HS’ + HB + Zg,\ (a)\LTeiw)\t¢+1 + LaAe_i“*t’i“) 7a>\(ti7ti+1) =

b\

— igae T M L(t, tig), (2.37)

with [A, B] = AB — BA, it follows

t 4
ax(ti, tiv1) = ax(tig1, tig1) — ig/\/ drL(T,ti11)e™>7, (2.38)
tit1
with

L(ti tiz1) = et Btit1 o=ttt (tit1—ti) [ oiH ot (bit1—ti) =il Btit1 (2.39)

Gathering the results, the equation (2.36) becomes

6G(2fzi+1 |titi+1)

= ( —iHg + LZZ,ti — LTZZ‘+1¢1.)G(Z;<ZZ'+1|titi+1)

ot; ,
— LT / dTOé(fi — T)<Zi|uI(ti7 ti+1)L(T, f,‘+1)|2’i+1>7 (240)
tit1
where we defined the functions .
Zig =1y grzipne M, (2.41)
A
and )
alt—7) = |galem =7, (2.42)
A

The function z;, is a sum over time dependent coherent states and «(t — 7) is its time autocorrelation
function, as it can be easily verified by computing the average M[zmzjﬁ] with respect to the measure
du(z;) = TI(d?z, exp(—|z;x|?)/m. The function a(t — 7) is the environmental correlation function
introduced in Chapter (1). In terms of the spectral function J(w) and for zero temperature is (1.50)

alt—7) = / dwJ(w)e @t (2.43)

from where it can be inferred that effectively J(w) = >, |gx|?d(w — wy). We can now see from equation
(2.40) why the environmental function is responsible of the dependence of the evolution of the system over
its past history, being the kernel of an integral term from the initial time ¢;; to the actual time ¢;. The last
equation can be written in a different manner by noting that

5G(Z;‘Zi+1 |titi+1)

(zilUr (tiy i) L(Ty tig1)|2ig1) = 527 , (2.44)
as derived in Appendix (K), so that equation (2.40) becomes
aG(z:ZSZHitiH) = (—iHs+ Lz, — L'z )Gletzin ltitin)
I / ’ draft; — ) 2@ zltitin) (2.45)
tig1 0z,

From equation (2.40) (or its equivalent version (2.45)), we could integrate the reduced propagators with the
initial conditions Gz z;+1|tit;) = exp (2 z;+1). However, the time dependency of the operator appearing
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in the last term of (2.40), L(7,t;+1) = Ufl(T, tiv1) LU (7, ti41), with Uy (7, t;41) given by (2.8), is over
the total Hamiltonian operator, so that equation (2.40) is still not a closed equation over the reduced Hilbert
space of the system, and it is just a particular representation of the Schrodinger equation for the system and
the environment.

If we want to express the last term of equation (2.40) as an object in the system Hilbert space without the
use of any approximation, it is necessary to do the following

(zi | U (ts, ) LU (T, tig1) | zig1) = Moz [ Ur(ti,7) | 200 Lz | Ur (T, tiga) | Ziga)]
= MG altim) LG (2 ziga|Ttign)], (2.46)

. . . 2
where in the second line we have inserted 1 = [ dﬂ—ze’ =I* |2)(z|, and we have defined

My[--] :/dﬂ(zl)"" (2.47)

In that notation, equation (2.40) can be written as
OG (2] zit1|titiv1)
ot;

= ( - ZHS + szh - LTZiJrLti)G(Z;KZiJrl|titi+1)

123
Lt / dra(t; — T)M [G(2] 21|tiT) LG (2] zig1|Ttis1)] . (2.48)
tit1

In this equation, the last term expresses how the dissipation at time ¢ depends on previous trajectories of
other system propagators [49].

In the next section we discuss some schemes and approximations to compute this last term in order to
express it as a function of the reduced propagator belonging to the system Hilbert space, which makes (2.40)
an explicit equation for the reduced propagator.

2.4 CLOSED FORM FOR THE EVOLUTION EQUATION OF THE REDUCED PROPAGATOR

It is not always possible to compute exactly the matrix element (z;|Us(t;, t;+1)L(T,ti11)|2i41), and to
express it as a function of the reduced propagator.

As previously noted, only in very exceptional cases this can be done. Particularly, when L(7,#;41)
Hg(1,ti41), then [L, Hypt] = 0 and therefore Hg(7,t;4+1) = Hg, so that

<Zi|L(T7 ti)ul(ti, ti+1)|21‘+1> X HSG(titi+l|Z;<Zi+1)- (249)

For the particular case Hg = ws0./2, the choice L = o, represents a solvable model that will serve in
next chapters to derive analytical expressions for the evolution of quantum mean values and multiple-time
correlation functions of system observables.

For other choices of L some approximate scheme has to be taken. We shall focus on the weak coupling
assumption and the near Markovian limit. We start by discussing in Section (2.4.1) a method to derive an
approximate solution based on assuming, as an ansatz, that the coupling operator L(7, ¢;41) can be expanded
in a certain way. This method is based on a procedure proposed by Cresser in [70], and gives similar results as
the consistency condition proposed in [40]. Other approximations are discussed in Sections (2.4.2), (2.4.3)
and (2.4.4). In all these schemes, the idea is to express the matrix element as a certain system operator
O(zi412],t,7) multiplied by the propagator,

(zilr (tis tiv1) L(7, tig1)|ziv1) = (&l L(7, t)Ur (i tiva)]zivn)
= O(Zi+1Z;{,t,T)G(Z;Zi+1|titi+1) (250)
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where the operator O is constructed in an approximate manner. Following the relation (2.44), the former
expression is equivalent to

0G (2] zipa|titiv1)
0z

1, T

== O(Z7+1Z,L ,t, T)G(Z;Zi+1|titi+1) (251)

The last expression was proposed in [40, 54] for the evolution equation of vacuum propagators (2.6). Inserting
(2.50) in (2.40), we get the following closed evolution equation for the general reduced propagator,
0G(z] ziqa|titis1)
ot;

= ( - ZHS + LZ::tl - LTZi+17ti)G(Z:Zi+1|titi+1)

t;
- L]L / dTCK(ti - T)O(Zi_;,_lzf, t, T)G(Z:Zi+1|titi+1). (252)

tit1

The open equation (2.40) is used in Chapter (8) to derive a theory of MTCF without the use of any
approximation. Because the open structure of the reduced propagators, N-time correlations are found to
depend on N + 1-time correlations. When a perturbative hypothesis is assumed, the hierarchy is used to
derive N-time correlation functions up to second order in the coupling parameter.

The closed equation (2.52) is used,

e As a second order equation in the coupling parameter, in Part (II) to derive a second order master
equation, and in Part (III) to get N-time correlation functions up to the same order.

e As an equation obtained within the expansion assumption, for L = o2 and initial vacuum state for
the environment, in Part (IV) for the two level atom coupled to the radiation field of a PBG.

e As an exact model for L = o, and general z;, 1, also referred as solvable model, in Chapter (9) to
compute two-time correlation functions.

2.4.1 Expansion assumption and consistency condition

The coupling operator appearing in (2.40) can be expressed in the following way as an ansatz [70],

L(7,tiy1) ZF (7, ti, {ax}) Sa(ti, tiva), (2.53)

where the set {S;} represent a basis of system operators, and F,, (7, t;,{ax}) is a certain set of operators
of the total Hilbert space®. The replacement of the last expression in the matrix element of the last term of
(2.40) gives the following formal expression

(zilldr (ti, tig 1) L(T, tiga)|2ip1) = (zalldi(Ei tiga) (ZF (7, ti, {ax})S (tutz‘+1)> |Zit1)

= Flti,7, [zira])(zalUs (ti, tiv1)|zi1) (2.54)
where we have defined the following functional of z; 1 ©,
F(ti [2i41]) Z FalTti, [2i1]) Sa- (2.55)

5Notice that F,, does not depend on a, since in the Heisenberg equation of L such term would correspond to [L, L]a™ = 0. This is
more clearly seen with the examples we discuss later in this section.

6The object F (¢, 7, [2;+1]) depends on the environmental coordinates z;+1 through the function Zit1,r—t defined in (2.41).

i1
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The f. (7, t;, [2i+1]) are also functionals obtained by considering Fy, (7, t;, {ax})|zi+1) = |zit1) fa (T, ti, [2i41])-
The evolution equation for each function of the expansion is computed taking into account the Heisenberg
equation of L(7,¢;11), so that

%L(Tiiﬂa{w})\zwﬁ = Z(%fa(ﬂtm[ziﬂ])) Sa(tistiv)|ziv1)

«

= —i[Hot, L(7, tiv1)] |2it1) (2.56)

However, not in all cases can the system of equations for { f, } be solved. First of all, applying the vector
|z;+1) simplifies considerably the problem, but only for vacuum reduced propagators, i.e. when z;+1 = 0,
and for particular couplings L. Specifically, when L is a member of the atomic basis of matrices (for instance
{012, 021,011} for a two level atom”), the problem is exact. Let us show this in more detail with some
examples.

Suppose first that L = o15. Notice that this case is quite useful, since it corresponds to an atom
dipolarly coupled to an electromagnetic field, or to a Bose-Einstein condensate with an output coupling.
Then, considering that for any system operator S the time dependencies are such that S, (¢;,t;11) =
Ul_l(ti, tiv1)Saldr(ti, tiv1), with the evolution operators given by (2.8), the evolution equation of each
member of the basis and for the Hamiltonian (2.1) are

doi2(7,tit1)

= twso12(T, tig1) — 02 (7, tig1)v(T)

- / dla(t — D)o, (T, tig1)o12(l, tit1);

tit1
doo1 (7, tit1)

dT = —iWSagl(T, ti+1) — VT(’T)O'Z(T, ti+1)

— / dla™ (1 — Doa1 (I, tir1)o. (T, tiv1);

tit1
dO’Z (’7’7 t7;+1)

dr = 20’21(’7’, ti+1)l/(7') +/ dla(’r—l)UlQ(T, ti+1)021(l,ti+1)

tit1

+ 21/T(7')O'12(7'7 ti+1) + / leé*(T — l)0'21(17 ti+1)0'12(7'7 t¢+1), (257)

tit1
with

Vi) = —i ZgAa:r\(O)ei“’*t
A
v(t) =i grax(0)e >, (2.58)
A

Let us now consider the matrix element of the open equation (2.40), (z; Uz (t;,t;+1)L(7, ti41)|2i+1). For
the moment we will suppose z;11 # 0. Considering L(7,t;41) = o12(7, t;+1), we have

doi2(T,tiv1)

0r |zig1) = iwso12(T,tig1)|2i41) — 0(T tig1) Zit1,r—ts | Zit1)
_ / dla(r — s (r tis)ora(l, tisn)| i), (2.59)
tit1

"There should be four elements in the basis of a two-level atom. However, since the trace of the density matrix, i.e. the sum of
occupation probabilities of all the two levels has to be one, 022(t) = 1 — o11(t) at any time ¢.
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where z; 1,74, =1 ZA IAZit1 ewx(T=ti+1) Now we consider the aforementioned expansionof o12(l, t;41)
in terms of the basis matrices,
o2l tivr) = fill, 7)o (7, tigr) + fo(l, T)or2(7, tigr) + f3(l, 7)o21 (7, tig1), (2.60)
which replaced in (2.59) gives rise to the following result

doi2(7,tit1)

e |zit1) = dwsoia(T,tip1)|ziv1) — (1= 2011 (7, tig1)) Zi1,r—ti00 [Zig1)
— / leé(Tl)(l20’11(7‘,ti+1)){f1(l,T)O’ll(T,tH_l)
tit1
+  foll,m)o2(T tiv1) + f3(l, 7)o (7, ti+1)}|zi+1>7 (2.61)
where we have also considered o, (7,t;41) = (1 — 2011(7,t;41)). Simplifying and ordering the last

expression, we get

do 2\ T t; 1
%MH) = Zitlr—ti |2i1)

- </ a(r = 1) fi(l tig1) + 22i+1,7—ti+1> o11(7, tig1)|2ix1)
tita

+ <in - /T let(T - l)fg(l7ti+1)> 0‘12(7‘, ti+1)|zi+1>

tit1
+ / dla(r — 1) f3(l, tig1)o21 (7, tit1). (2.62)
tit1

To proceed further, it is necessary to replace in (2.62) the expansion of all the basis operators {o; ;, } (T, t;41),
with j, k = 1,-- - 3 in terms of the functions { f, (7, t;+1)} where a = 1,2, 3, which according to (2.60) is,

o21(Tytiv1) = 0527, tiv1) = f1 (7 tig1)o11 (i, tivr) + f5 (7 tig1) 021 (Big1, tig1)
+  f3(T tiv1)oan (fivrs tig)
o1 (7, tiv1) = o127 tiy1)on (7, tig1) = | f3(7, tig1)]?

+  (Ifi(m tig) P+ | fo(mtiv) P = [ f3(Ts tig)]?) 011 (tipr, tigr)
+ il tip) fa (T tiv) o2 (tir, tir) + f3(7o tig1) f1 (7o tig1) 021 (tig1, tir1 J2.63)

Note that S (t;41,ti+1) = Sa(0) = S,. Inserting (2.63) in (2.62), we find

doa(T,tiv1)

o |2i41) = Zit1,7—ti4q|2i01) — (/ afr =D fi(l tivr) + 221‘+1,T—t¢+1> {|f3(77 tiv1)]?

tit1

_|_

(|f1(T7 tic)]? + | fo(r tigr)|” — | f3(r, ti+1)|2)011

+  fi(r tig) f5 (7, tiga) o2 + f3(T, tig) f1 (T, t¢+1)021}|2¢+1>

+ <iws —/ dla(T—l)fz(l’tiH)) {fl(Tati+1)Ull +f2(T7tz'+1)012+f3(T,fi+1)012}|Zi+1>
tit1
+ / dla(T—l)fs(lvti+1){ff(77ti+1)011 + f3 (7 tiv1)o21 +f§(7’ti+l)0'21}|zi+1>- (2.64)
f,

bit1



34 THE REDUCED PROPAGATOR OF A QOS

On the other hand, the time derivative with respect to T of o15(7, t;+1) expanded in the basis operators has
the same form as (2.56) but projected over |z;41), so that

doy2(T,tiv1) df1(1,tit1) dfa(T,tig1)

ar |zit1) = T011|Z¢+1>+TUU|Z¢+1>
d T,ti
%Ugﬂz“_l). (265)

Rearranging (2.64) and comparing with (2.65), we get the following system of equations,

2Zit1—t — / dlo(r — D] f3(7, tig1)[* = 2zi1,r—e| f3 (7. tig1)|* = 0
t.

i+1

dfy (7, tipa)
dr B

(If1(m tign) P + [ fa(m tie )P = | f3(7, tig1)[?)

/ ot = 1) fi(l tip1) + 2Zi+1,rt7:+1>

tit1

+ <iws - /T dla(r — l)f2(l,ti+1)> fi(7,tin)

tit1
b [ dtatr DA ) (),
tit1

dfa (T, tig1)
dr

+ <iws —/T dla(T—l)f2(l,ti+1)> fa(T,tiv1)

tit1

= fil(r, tiy1) f3 (7, tig1)

+ / dla(r — 1) fa(lytip) fi (i)

tit1

UEIGZES) S,

dr
+ <WS _/ dla(r — l)f2(l,ti+1)> fa(r,tig1)
tit1
b [ dtat DA ). (2:66)
tit1

From (2.60) the initial conditions for the system are such that fi(¢;y1,t;41) = f3(tit1,ti+1) = 0 and
fa(tiz1,tix1) = 1. The former system is quite complicated to solve, since the terms of the evolution
equations are themselves the functions that are being evolved, but in a domain where they have not already
been calculated. To our knowledge, the only way to obtain an easy solution is to set z;;1 = 0, so that the
functions fi(7,0) = f3(7,0) = 0, and there is only one equation left

dfa(7,tit1) _ (

dr iws —/ dla(T — l)fg(l,tlurl)) fQ(T, ti+1). (267)

tit1

In that case, the matrix element

(zilUr (tis tiv1)or2(T, tig1)]0) = (zilowa (T, t)Us (ti, tiv1)|0) = fa(7, ti)o12G (titiy1|270).  (2.68)
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A similar process can be followed for the case L(7,0) = 021, in which case the solution is
<Z7;|O'21 (T, tl)ul (ti, t7+1)|0> = f; (T, ti)U21G(titi+1 |Z:<0) (269)

Notice that for L = 012, 021, 0., the functional (2.55) becomes an operator F(t;, 7, [2i+1]) = O(¢;, 7).

Before ending this section, it is worth mentioning that for vacuum propagators there exists another
possibility which for the choices of L above discussed gives the same results as the last derivation. It
consists in assuming (2.51) as an ansatz, and then determining the operator O from the so-called consistency
condition [40],

id | Ye(27)) _ id | ¢t(2*)>_

dt  0zr Sz dt 2.70)

With this considerations, the evolution equation for several systems, like a quantum brownian motion model
(in which L = ¢, and q is the position coordinate of the particle), and a simple harmonic oscillator at zero and
finite temperature (with L = a, with a its annihilation operator) can be obtained (see for instance [40, 55]).

The consistency condition has been also used by Gambetta and Wiseman in [94] to derive a perturbative
approach for non-Markovian SSE. Nevertheless, their derivation is only valid for baths at 7' = 0. In the next
section we discuss in detail a different perturbative expansion, which is the one used in this thesis.

2.4.2 Weak coupling assumption

The method proposed in this section consists in expanding the element L(7,¢;, {ax}) = L(7,t;) of (2.53)
in powers of a small coupling parameter g. Such parameter defines the difference in magnitude between the
interaction Hamiltonian, H, and the so-called free term of the Hamiltonian Hy = Hg + H g, in such a way
that g[Ho] = [H;] (where [A] denotes the magnitude of A). The derivation followed here is based on the
one proposed in [54] for the case of a vacuum propagator (i.e. with z;4; = 0). It is clear from (2.54), that
the perturbative expansion of L is equivalent to an expansion of O,

O(zip12],t,7) = Z 9" On(2zi412] 8, 7). 2.71)
n=0

Let us remind the definition of L(7,t;),
Lti,7) = ¢iBti q=i(Hs+Hp+H1)(ti=7) [ oi(Hs+Hp+H1)(ti=7)  —iHpt: (2.72)
that can be written as
L(ti, ) = efBtip(r — t;)e~Heti, (2.73)
as a function of an operator £(—t) that corresponds to a backward Heisenberg propagation
L(—t) = e ot [ giHtort (2.74)

This propagator can be formally integrated as
t
L(—t) =V L —ig / dre " HsHH)t [, v []et(Hs+Hp)t (2.75)
0

where we have defined V; as a Liouville superoperator such that

V_,L = e ot [eiHot — o—iHsty oillst (2.76)
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It is important to note that while V_;L is already an operator of the Hilbert space of the system, £(—t)
still acts over the total Hilbert space. Inserting (2.75) into (2.73), we get the zero order of the expansion of
L (tl ) T)

ti—T . ,
L(tl o 7_) _ eiHBti V‘,-ftiLeiHBti _ ,L'geiHB‘r' / dT/eszs(tifrf‘r )
0
X [Hy, L(—7")]eHs(im7=7") =iflpT" (2.77)

In order to extract the first order, it is necessary to replace in the last expression the first term of the expansion
(2.75) of L(—7") = V_.L + O(g). In that way, and after replacing the form (2.1) for H, we get

Lti—7) = ViuL
ti—T . , . ,
— ing/ dr'e~#Hs(ti=m=1") {aiew” [LT, V_.L]
A 0
4 [[/7 V_TLT]a‘Ae—iwkq-’ } eiHs(ti—T—q-’) + O(g?) (278)

Inserting the last expression in (2.53), we get the following form for the operator O,

tif‘l'
Ofinzitir) = Veewlt [ dr' el Vesre (L Vor L)
0
—zig1,0Vesr o {[L, Vo L1} } + O(g°), (2.79)

where we the functions z;"T, and z;‘,T, are defined according to (2.41), and V., _¢,{- -} acts on all the
operators inside the brackets. Inserting the last expression in (2.52) we obtain an equation for the reduced
propagator up to the third order in the perturbation parameter. For the applications studied in this work we
will just use the second order equation, for which only the first term in (2.79) is needed.

2.4.3 Near Markov approximation

In this approximation, the element L(7, ;41) is expanded in a time series in parameter (¢; 1 — 7), which is
modulated by the time in which the correlation function appearing as an integrand of the last term in (2.40)
decays. Since this is the so-called correlation time 7., this means that (¢;+; — 7) ~ 7.. Let us take the
matrix element

(2ilUdr (£, ti1 ) L(T, tiga) | 2ig1) = (2l L(T, 8)Us (Ei, tig1) [ 2i4) (2.80)
and perform an expansion of L(7,t;) = L(7 — t;) in Taylor series arround ¢; = T,

dL(T — t;
L dLr—t)

L(r—t)=1L
(r—ti) i,

(ti —7)

ti=T1
dQL(’T — tl)

Tt — )2+ 0((t: — 7)*). (2.81)

+

Let us keep just the first order of the last expansion. From the Heisenberg equation for L(7 — t;), we have

dL(T - tz)

= = —i[Hs, L] —i[L", L] %:gAaAe*i“*“, (2.82)

T=t;
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that replaced in (2.81) gives the following value for the matrix element (2.80),

(zi L(T ta)Us (ti, tiva)|ziv1) = LG (2] zialtitivr) — i[Hs, LG (2] ziya [titiv1) (8 — 7)

- Z[LT, L] Z g)\e_iw)‘ti <zi|a>\L{1(ti, ti+1)|zi+1>(ti - ’7') + O((tl - T)3). (283)
A

To proceed further, it is necessary to calculate the element (z;|axUy(t;,ti+1)|zi4+1). As before, it is only
necessary to consider that it is equal to (z;[Ur(t;, tiv1)ax(ti, tis1)]zit1), Where ax(t;,t;41) is given by
(2.38). Hence,

t; .
<zi|a)\ul(t¢,ti+1)|zi+1> = Z7;+17)\ — Zg)\/ dT@ilw%T<Z¢ | L(T, ti)L{I(ti,ti+1)|zi+1>. (284)
tit1

Considering an expansion of the operator L(7, t;) appearing in (2.81) up to zero order, we have an expansion
of the last expression up to such order

ti
<zi|a,\L{I(ti,ti+1)|zi+1> = Zi+1,/\ — Z'g>\/ dTe_M”LG(z;‘zHl|titi+1) + O((tz — 7’))7
tit1
(2.85)

which can be inserted in (2.83) to obtain a term of order (¢; — 7). Therefore, the equation for the propagator
is, up to first order,
6G(z;‘zi+1 |titi+1)
ot;

= ( —iHg+ Lz}, — L'zi1,
—LTOA(ZiJrlZ;k, ti, ti+1)) + O((tz — 7’)2), (2.86)

where

ti
O(Zi+12’;‘k,ti,ti+1) = / dTOé(ti —T)O(Zi+12i,ti,T) =

tit1

= go(ti,tiv1) L+ g1(tis i) < —i[Hs, L] + go(ti,tir1)[LT, L}L>
— ziprag(ti tip1)[L, L) (2.87)
The last expression can be defined in terms of a new operator o’ (tiytiv1) as
O(Zi+12f,ti7ti+1) = Ol(tiati+1) — Zi+1,t91(ti7tz‘+1)[LT,L], (2.88)

where
O'(tistiv1) = goltistiv1)L+ g1(ti tiss) ( —i[Hg, L] + go(ti, tis1)[LT, L}L)- (2.89)

In the last equations we have defined the following set of functions,

13
gry(ti, ti+1) = / dTOé(ti — T)(ti — T)(’Y), (290)
t;

bit1
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for v = 0,1, 2. Arranging together the terms depending on the environmental coordinates z; and z; 1, we
have
G (2] ziqa|titis1)
ot;

= < — ZHS + LZZt — P(tz, ti+1)zi+1,t

- DOt ) + O - 7)) @91)
where we have defined

Pt tis1) = LI (1 _gl(tiatiJrl)[LTaL])O/(tiyti+1) =

= go(ti,tiv1)L + g1(ti, tit1) < —i[Hg, L] + go(ti, tit1)[LT, L]L) . (2.92)

In the particular case of z; 1 = 0 the previous result of [54] is obtained.

2.4.4 Relation between weak coupling and near Markov approximation

There is a relation between the correlation time 7., the weak coupling parameter g, and the maximum time ¢,,,
up to which any of the corresponding approximations (namely near Markov and weak coupling respectively)
are valid. Thus, when interactions become highly non-Markovian, so 7. increases, ¢,,, remains constant only
if the square of the coupling parameter g decreases at the same rate. This can be seen more clearly with
an example. Let us suppose that we have a two level system dipolarly coupled with a Lindblad operator
L = 012 and a total Hamiltonian given by (2.1). As it will be studied in more detail in Chapter (12), the
population of the upper level is in general given by

dpaa(t)
dt

which up to second order in the perturbative parameter g is

=2 [ arR(a(t = }on(r) + O, (2.93)

t 1
poa(t) = pna(0) [1—292 | [ armiaa—n)+ 0. (2.94)

The population pss should always be 0 < po2 < 1, in such a way that, if p22(0) = 1, then it is necessary

that l
t
[1292 / dl / dT?R[oQ(ZT)] <1 (2.95)
0 0

The limit condition is then defined as

tm l
% = 2/ dl/ dT%[d(l — T)] (2.96)
g 0 0

where t,,, is the maximum time in which the condition is fulfilled. For a simple exponentially decaying
correlation «(t) = exp (—I't), the condition reads as follows,

1
tm = —5 (2.97)

Teg
which illustrates the relation between correlation time and perturbative parameter, and therefore the equiva-
lence between the weak coupling and Markov approximation. A new aspect of this equivalence is discussed

in the next chapter, when it is shown that both approximations lead to the same master equation.
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2.5 STOCHASTIC INTERPRETATION OF THE REDUCED PROPAGATOR.

As discussed in the first chapter, our knowledge of the system could be such that if the bath frequecies w) s
and the coupling constants g, s are known. Then, it is possible to construct the functions z; as

Zig =1y grzipne M, (2.98)
A

and the correlation function «(t) with (2.41). Then, if we were able to perform the integrations over the
coherent state variables z; » according to the measure dy(z;), we would obtain the MTCF following (2.12),
and the master equation (2.13). However, the complex Gaussian integrals over coherent states can only be
completely done in the very special case of a solvable model (for instance if L o< Hg).

In general, some numerical or approximate schemes are needed.

e A numerical way is to choose at random a set of coherent state coordinates z = {z1,- -, 2y, - - } that
are distributed according to the measure dy(2), i.e such that

2y =& + o, (2.99)

where &;, with ¢ = 1,2 is a Gaussian distributed real noise. With the set z, and the knowledge of the
corresponding coupling strengths g, the functions z; ;, can be generated from equation (2.41). In
that way, we know that the corresponding correlation function «(t), will have the desired form (2.41).
Let us emphasize that within this scheme there is no assumption concerning the size of the system or
the size of the environment, except those made to go from the equation (2.40) to the equation (2.52).
The whole information of the system and environment is available, and we just decide to solve the
multidimensional integrals over coherent states by a Monte-Carlo method. As a consequence the better
the sampling is, the closer we are to the exact solution of the problem, except for the approximations
made, if any, in the equations of motion for the reduced propagators. It turns out that the states of
the oscillators that have a mayor contribution are first of all those that are close to the vacuum, (at
zero temperature), a fact that is encoded in the measure dy(z), and second the pair of coherent states
2i, zi+1 that have a significant overlap exp(|z} — z;11|%). This last point is relevant if we want to
have a reliable method of stochastic sampling, and it is a consequence of the initial condition for
the reduced propagator. If we consider time averages of observables, such overlap is irrelevant but
becomes important when computing the MTCF.

e The analytical way is to perform the sum over z through Gaussian multidimensional integrals. In
this case it is necessary to use either a weak coupling expansion of the reduced propagators or certain
mathematical theorem established by Novikov [104].

Both techniques will be used and discussed in detail in next chapters, both for evolving expectation values
or MTCFE.

In many applications the detailed information of the environment is not known, i.e the individual frequen-
cies w) s and coupling constants g}, s are not accessible. At this point we should keep in mind that the only
required information of the environment is its correlation function. If «(t) is at our disposal, we can generate
a Gaussian distributed set of complex random numbers in such a way that they have the required correlation
function (see Appendix (P) and ([35]) for a method). In other words, the synthesis of such complex noise
consists in the construction of a bath of oscillators that has the desired correlation function. Once the noise
is generated, the equations that rule the dynamics of the system state vectors can be integrated, so that an
average over many realizations of the noise leads to the MTCF or to a master equation. Notice that now the
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environment does not need to be composed of harmonic oscillators. Even though equations (2.40) and (2.52)
have been obtained through a microscopical derivation, when 2,1 = 0 they can be considered as the phe-
nomenological description of the interaction of a system with any environment, provided that the last can be
described by a certain fluctuation z; ; with a certain correlation function a(t). The case with z; 1 # 0is more
complicated because the initial condition of G(z z;41|t;t;+1) depends on the particular representation used.
In the present case, where Bargmann states are used, G(z} z;41/tiy1ti+1) = (2i|zi+1) = exp (2] 2i41)-

When the variables z; and z;4; are chosen randomly, equations (2.40) and (2.52) become SSEs. In
addition, when z;4; = 0, the second order version of (2.52) coincides with the SSE derived by Diési, Gisin
and Strunz in [40], and later by Strunz in [41].



Conclusions of this part

We have presented in this part the general model of Hamiltonian for the systems studied in this thesis, and
the general tool we are going to use to this end, namely the reduced propagator.

In Chapter (1), we discuss the Caldeira and Legget Hamiltonian, which describes a system with a single
generalized coordinate in contact with a harmonic oscillator environment. Under certain conditions, this
system may be reduced to the spin-boson model commonly found in the literature, and which will be studied
in Chapter (5) of this thesis. The interaction part of this Hamiltonian describes a linear coupling between an
environment and a system operator. A more general Hamiltonian for linear couplings consists in a sum over
many environment and system operators. In particular, we show that the Hamiltonian of an atom dipolarly
coupled to the radiation field has this form. In the last part of the chapter is introduced the concept of
Markovian and non-Markovian interactions. Whether the interaction is Markovian or not is determined by
the so-called environmental correlation function. We present such function and discuss some of the different
methods used in its generation.

In Chapter (2) we introduce the reduced propagator as a tool to derive many of the dynamical equations
used in this thesis. When no approximations are made, the evolution equation of the reduced propagator is
an open equation (2.40), belonging to the Hilbert space of the total system. Some approximations can be
assumed to reduce it to a closed equation for the reduced propagator into the system Hilbert space, with the
general form (2.52). In general, both type of equations depend on two-time dependent functions, z;,. and
11,4, that take into account the “history” of the environment and lead to a conditioned dynamics of the
system with respect to the environment dynamics.

The closed equation (2.52) is used in the Parts (IT) and (III) to derive master and MTCF equations up
to second order in the perturbative parameter. When z;; = 0, the integration of the equation for the
reduced propagator leads to the evaluation of the reduced density operator with initial condition p4(0) =
Trs (piot(0)) = Trs (J1ho) (o] ® |0)(0]), once the average over the final states z; is performed. For initial
environmental state different from the vacuum, z;41 # 0, the reduced propagator can be used to evaluate
multiple time correlation functions, as well as the expectation values of system observables with more general
initial conditions.

41
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The open equation (2.40) provides a basic tool to derive in Chapter (III) the hierarchy that MTCF formally
obey when no approximations are made.

When the initial and final environmental states are chosen randomly according to their Gaussian distri-
bution, the equation for the reduced propagator, particularly its closed version, may be considered a SSE.



Part I1

QUANTUM MEAN VALUES




Introduction

In the last chapter we presented the system reduced propagators G (2 z;+1|titi+1) as the essential piece to
calculate any aspect of the dynamics of a quantum open system, including its expectation values and its
fluctuation properties. This chapter examines the former, while the analysis of fluctuations is left for Part
Im.

The dynamics of expectation values of operators of a QOS is studied by using master equations that
evolve the reduced density matrix ps(t), or SSE that evolve the system wave function ! |/, (2*)) in terms of
stochastic trajectories. Both schemes are related with each other by

ps = M| (27)) (e (2)] 4.1)

where M [*] denotes the average over the ensemble of trajectories weighted by the distribution of the classical
driving noise appearing in the SSE. Depending on the method used in its derivation, there are many different
SSE that, having the property (4.1) are called unravelings of the reduced density matrix.

In some of these unravelings the stochastic evolution is represented by sudden changes in the wave
vector, giving rise to quantum jump trajectories (see for instance [62, 63, 64, 65, 66, 67]). In some others the
stochastic increment is a diffusive process and gives rise to the quantum state diffusion model of trajectory
(QSD) [68, 69]. This last model has also been extended to non-Markovian interactions [35, 41, 54, 40, 70],
and it is the one studied in this thesis. In the last chapter we have already derived non-Markovian SSE from
the reduced propagator, where it has also been shown that for a bath of harmonic oscillators, the average
appearing in (4.1) is of a Gaussian type M| -] = [du(z) - - - (see equation (2.47)).

In the first part of the chapter we set up the framework for the dynamical equations used in this thesis to
describe the evolution of expectation values. A broad description of all the alternative methods that exist
in the literature is out of the scope of this work. In consequence, details will only be given when deriving
results that are relevant for the present work. The chapter is divided into two parts,

1By system wave function we mean a vector that lives in the Hilbert space of the system.
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e Section (4.1) starts with a brief historical review of Markovian master equations. A more detailed
derivation of a non-Markovian master equation within the weak coupling approximation is then dis-
cussed. Such equation is later used to describe several systems. We present some references and
discuss some alternative non-Markovian master equations.

e Section (4.2) follows the same structure for introducing SSE. Here, the two types of Markovian
equation, namely jump-like and diffusive are briefly treated. For non-Markovian interactions some
different stochastic schemes are also explained, in order to provide a context for the two particular
ones that are studied in this work. The first scheme is the one proposed by Didsi, Strunz and Gisin in
[39, 40, 71], which can be derived from the formalism of reduced propagators. The second is the one
proposed by Gaspard and Nagaoka in [35]. We note that in the last chapter and in [3, 4], an equation
was presented for propagators starting from an arbitrary environmental state, and which can also be
interpreted as an stochastic equation.

4.1 MASTER EQUATIONS

4.1.1 Markovian master equation

The theory for describing the dynamics of open quantum system is well developed under the Markov
hypothesis, assuming that the relaxation time of the bath is much smaller than any relevant time scale of
the system. One of the first evolution equation was derived in 1917 by Einstein [51, 72], and described the
atomic population dynamics of an atom emitting and absorbing light in a thermal field. This generalization
of this equation, made in 1928 by Pauli [51, 73], reads as follows

dP, (1)
— = A" + B D)P, B! DP,
— > (AT +BID)P,(t) — > BI'DP,(1), 4.2)
m<n m>n

where the P, (t) are the occupation probabilities of the energy levels. The coefficients A" and B! represent

the transition rates from the atomic state n to the atomic state m due to spontaneous and stimulated emission
respectively. In this equation, D = D(wy,,,) is the energy density of the electromagnetic field at the emitting
frequency, wim, = (Em — En), where E,, is the energy of the level n. The energy density is given by Plank’s
radiation law, D (W, ) = aw3,,. exp —(Wmn/k5T) 2.

The positive terms represent the gain of probability from transitions into the state n, and the negative
terms represent loss of probability by transitions from the state n. The transition rates between populations
{A™ B™} are given by the Fermi Golden Rule within the weak coupling approximation [74]. When the
Hamiltonian of the system is unknown, transition rates can be calculated from experimental data, or chosen
by a phenomenological ansatz. The use of a quantum theory that only has to deal with probabilities was
justified by Pauli with the so-called “repeated random phase assumption” [51], which consisted in assuming
that the phase relation between wave functions are always (repeatedly) randomized, so that only the square
of the wave function (i.e. the probabilities) are relevant.

Later on, a new object was introduced by von-Neumann and Landau [15, 16, 38, 51, 74], the density
operator p(t), which is more convenient to describe systems where the repeated random phase assumption

2Let us remind here that we have settled i = 1, so that wmn = (Em — En)/h = Em — Ep and D(wmn) =
aw?,, exp —(hwmn/KBT) = D(Wmn) = awl,, exp —(Wmn/kT).



MASTER EQUATIONS 47

can not be applied. A good example of those systems are lasers, which were developed in 1960s. A laser
is a highly coherent field, so that the Pauli equation is not sufficient to describe either its dynamics or the
dynamics of a system interacting with it.

The density operator may in general correspond to a pure quantum state p(t) = |¥,)(W,|, or to a statistical
mixture, p(t) = >, Pr|¥%)(¥x|, where Py, represents the probability of the state |¥) in the mixture. In
general, the density operator of a quantum open system corresponds to the later case. For instance, in Chapter
(2) it has been proven that when choosing a coherent state representation for the environment, the reduced
density operator is a statistical mixture of vectors |1);(2*)), where the sum in & is replaced by an integral
over the different coherent state eigenvalues z* = 27 ---z}---. In addition, when the reduced density
matrix is represented in the atomic energy basis, the diagonal elements, called populations, correspond to
the occupation probabilities P,, computed with the Pauli master equation, while the off-diagonal elements,
called coherences, correspond to transitions between the different energy eigenstates of the QOS.

Among the different Markovian master equations proposed in the last decades, the most popular one is
the Lindblad equation [36], which gives positive p(¢) for all initial conditions,

WO it 0]+ 3([Loa(0), 11+ (L pu D)) @3)
Although the positivity of the density operator has been considered an important property to be kept by a
master equation, it can only be expected for initially decorrelated states between system and environment.

In Appendix (C) it is discussed in detail the problem of positivity of the density operator, as well as its
representation in terms of coherences and populations.

4.1.2 Non-Markovian master equations

The first non-Markovian master equation was derived by Redfield within the context of nuclear magnetic
resonance [75]. A more precise non-Markovian master equation and the Redfield equation itself was later
derived by performing a second order perturbative approximation of the von-Neumann equation, which is
the evolution equation for the density matrix of the total system [37, 50]. The same equation can also be
obtained by making certain considerations about the evolution time scales and using the Born approximation,
which consists in assuming ps:(t) = ps(t) ® pp [50]. We start this section by deriving the master equation
with the Born approximation, and then with the second order perturbative approximation. Furthermore, we
show in Appendix (D) that the Born approximation is exact up to second order in the perturbation parameter.

4.1.2.1 Time scales and Born approximation The von-Neumann equation for the density operator
of the total system H;,; = Hg + Hp + Hj in interaction picture, ptfot (t), reads as follows

I
dptOt <t) = %[‘/tHIa p{ot (t)]’ (44)

dt

where Vi Hy = Uy (¢, to) Hilho(t, to), ploy = Uy (t, o) prot (t)Uo(t, to) and the free evolution operator is
Uo(t,tg) = exp|—iH(t — to)]. To simplify the notation, we set pf,,(t) = psot(t). We can integrate (4.4)
between t( and ¢, with ¢t — tg = At. After some iterations and a trace over the bath degrees of freedom, this
leads to the following equation,

Aps(t) = %/ drTre{[V-Hr, prot(to)]}

to

1 2 st T
—+ <Z) / dr / dT/TTB{[VTH[, [VT/H[,ptot(T/)H}, 4.5)
to Jto
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where p;(t) = Trp{p:ot(t)} is the system reduced density operator and,

Aps (t) = Ps (t) — Ps (tO)- (4.6)

Equation (4.5) is exact, but some assumptions have to be made in order to express it in a more simple way.
Choosing the vacuum as the initial environmental state, then pyo¢(to) = ps(to) ® pp(to), and the average
value in pp(tg) of the coupling H(t) is zero,

TTB [V;fo H]pB (tO)] = 07 (47)

so that the first term in (4.5) can be eliminated. After the change of variable T = 7 and s = 7 — 7/, equation
(4.5) becomes,

t T—to
ps(t) = ps(to) — / dT/ drTrp{[VrHr, [Vr—7 Hr, prot(T — 7)]]}. (4.8)

to 0
The evolution equation for the reduced density operator can be obtained by deriving (4.8) with respect to ,

t—to
dpg;t(t) — / drTrp ([WHI, [Vvtf,rH[, Ptot(t — 7—)]]>’ 4.9)
0

with initial condition ps (o). In order to transform (4.8) into an equation for pg local in time, it is necessary
to perform a Markovian approximation over the time evolution of the system. In this approximation, the
evolution of pyy; from tg to ¢ is neglected, provided that the domain of integration time At = ¢ — t¢ is
small enough in comparison with the evolution time scale of the system T4 (At < T4). Notice that this
Markovian approximation, which is related to the evolution time scale of the density operator, is not the
same as the Markovian approximation over the bath evolution time scale. In the latter, the correlation time
of the bath, 7. is considered much less than the evolution time of the system (7. < T'4). In this derivation
the Markovian approximation is considered over the density operator, but not over the bath. In that way, the
density operator appearing in the right hand side of (4.9) is already local in time, but is still composed of
three terms:

Ptot (t) = Ps (t) ® TTS{ptot (t)} + Pcorrel (t) (4.10)

The term peorrer(t), which describes the correlation between the system and the bath at time ¢, can be
neglected with the assumption that 7¢ < At, considering that the correlations at time ¢ disappear after a
time which is approximately equal to 7.. This is the so-called Born approximation, which is only valid up
to order g2 in perturbation parameter [50, 76].

With those approximations and choosing ¢y = 0, the evolution equation (4.9) becomes,

—dpéft) = / drTrp{[ViHlr, [Vi-r H1, p5 (1) © ps (D]} @.11)

where pp(t) = Trs{ptt(t)}, and the initial condition is ps(0). The two approximations described above
are essentially equivalent up to second order in the coupling constant. As discussed in the last chapter, there
is a close connection between the relevant time scales of the problem and the coupling parameter between
system and environment.

4.1.2.2 Second order perturbative approximation in the coupling constant The equivalence
between approximations on time scales and Born approximation, and the weak coupling assumption can be
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easily seen by returning to (4.4) and performing a perturbative integration of p;.:(t). After tracing out again
the bath’s degrees of freedom, we get something very similar to (4.8),

t T
pa(t) = palto) - / ar / drTrp{[VeHr, Ve Hi. pros(to)]]}. @.12)
to 0

but now with ¢ty = 0 and pyo:(to) instead of pso¢(t — 7) inside the integral term. In order to obtain the last
expression we have considered the vacuum initial state for the environment, so that p;.: (to) = pp®ps,. After
deriving equation (4.12) with respect to ¢, the equation (4.11) is again obtained, once it has been considered
that in the second order term, ps(0) can be replaced by ps(t) + O(g). In summary, the assumptions over the
time-scales hierarchy (7. < At < T4) are related to the perturbative approximation (g < 1).

We can replace in (4.11) the general form of H; given in the first chapter as

Hy =Y SsBs, (4.13)
B
so that
ViH; = Vi{SsBs}, (4.14)
B
with
ViSs = exp(iHot)Sgexp (—iHot) = exp (iHgt)Sgexp (—iHgt),
ViBg = exp(iHot)Bgexp (—iHot) = exp (iHpt)Bgexp (—iHpt). (4.15)

In that way, we get

dps(t t
Pd_t() =" Z/ drTrp([ViS,ViBy, [Vi—rSsVi—r Bg, ps(t) ® pgl]) =
V.8

t
=S VS, ViS00 Vi S (0150 C(7)
V.8

t
# [ drlpn Vi $51iS, - V(0S50 | 4.16)
0
where we have defined
Cys(r) = (ViB,Vi—:Bs)p
Cys(—7) = Cl4(1) = (Vi BgViB,) B, (4.17)

and we have used the cyclic property of the trace Tr(ABC) = Tr(CAB) = Tr(BC A) to write,

(B,(0Bs(t— ™)) = TrlpsB,()Bs(t - 7))
(Bo(t—7)By () = Tr(ppBy(t —7)Ba(t)). “.18)

The master equation, in interaction image with respect to the system and taking into account the relations
between {Bs}, {Sg} with the Lindblad operator L (equations (1.48) and (1.49) of Chapter (1)), is expressed
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as [54]
¢
dP;t(t) = —i[Hg,ps(t)] +/ drat* (t— T)[LT7PS(15)VT,¢L]
0
t
+ / dToﬁ'(t _ T)[VT—tLTps (t), L]
0
t
[ dran(t - VLo, L1
0
t
/ dra”(t = 7)[L, ps (()Vr—eLT] + O(3°), (4.19)
with
t — 7‘ Zg)\ ) —zw)\(t—r)7 (420)
and
ot (t=7) = D GBN(wn)e . @21
A

The function N (w) = [exp(w3) — 1]7L,is the average thermal number of quanta in the mode w. As will
be shown in more detail in(5.1.1.2), for the choice (1.48) of {Bgs} the relation between the correlations
appearing in the master equation (4.16) and those appearing in (4.19) is a™(¢) = 2 (Cy1(t) £ iCay(t)) [1].

On the one hand, for zero temperature, N (w),a (t — 7) and 2™ are zero, while o~ (¢ — 7) becomes equal
to

alt —7) Z gremiwAlt="), (4.22)
and the master equation becomes
dps(t _ i
pd—t() = —i[Hg,ps(t)] —92/ dra(t)LYV_. Lp,(t)
0

¢
- gz/ dra*(1)ps()V_.LTL
0
t
+ 92/ dra(t)V_,Lps(t)LT
0

t
+ g / dra*(1)Lps(t)V_. L. (4.23)
0

On the other hand, for L = LT = K, we have

dps(t)

o = —i[Hs7ps(t)]—gz/o drar(T)KV_,;Kps(t)

t

- ¢ / dradn(T)ps(OV_ KK
0
t

+ 92/ droar(T)V_ Kps(t)L
0

t
+ 4 / drai () Kps(H)V_, K, (4.24)
0
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where

ar(t—71) = z}\:g?\ [coth <%> cos (wy(t — 7)) —isin (wx(t —7))] . (4.25)

The non-Markovian master equation (4.23) leads to the so-called Redfield master equation [75] when fot
can be replaced by j;)oo . Itis important to point out that the Redfield master equation has been shown to break
the positivity of the density matrix for initial conditions near the border of the space of physically admissible
density matrices, i.e when det(ps(0)) > 0 but very close to 0. This issue, which has been a subject of
research during the last decade, occurs because the non-Markovian effects that happen at the initial stage
of the evolution are not being taken into account when the integral limits of equation (4.23) are extended
to infinity [77]. The application of an slippage (i.e. a displacement) of initial conditions, first suggested by
Suarez and co-workers [78] for the case of a spin-boson model, and then extended by P. Gaspard and M.
Nagaoka [37] for general systems, appears to solve this problem.

The non-Markovian memory effects occurring in (4.23) through the integrals over the correlation function
a(7), may disappear in the Markov approximation, in which «(7) = 6(7). In that limit, eq. (4.23) turns
out to be the Lindblad master equation (4.3).

Apart from the second order perturbative expansion, there are other methods to derive non-Markovian
master equations. The Nakajima-Zwanzing projection operator technique [76, 79, 80] is one of the most
well known examples. It is based on a partition of the state of a system into a relevant and an irrelevant part,
by defining a suitable projection operator P which projects the state into the relevant part, and a projector
Q = 1 — P which projects into the irrelevant part. For a system coupled to an environment, the most
common choice of P is such that

Ppiot(t) = ps(t) @ pp(t), (4.26)

where ps(t) = Trp (piot(t)), and therefore there is an effective decorrelation between system and environ-
ment. The final equation obtained within this method is quite complicated, since it is an integro-differential
equation for Ppy.(t), which implies a non-local time dependence on such operator. The so-called time-
convolutionless projection operator technique solves this problem, giving rise to an equation for P p; ¢ (t)
with a time-local generator K(¢),

dps(t)
dt

= K(t)ps() @.27)

which can be derived up to any arbitrary order in the coupling parameter [76]. Specific examples are the
time-convolutionless master equation describing spin-relaxation, the spin-boson model, systems coupled
to a spin bath, charged particles interacting with an electromagnetic field and the atom-laser (see [81] and
references therein). Notice that the second order master equation (4.23) has also the form (4.27).

4.2 STOCHASTIC SCHRODINGER EQUATIONS

4.2.1 Markovian SSEs

Stochastic Schrodinger equations were introduced in the 70s within the context of dynamical reduction
models [82, 83, 84, 85, 86] (see also [87] for a recent review). In those models (particularly in the so-called
Continuous Localization Models) a modified Schrodinger equation is generated which, besides the standard
Hamiltonian, contains stochastic terms acting at every time step of the evolution, and nonlinear terms. These



52 INTRODUCTION

new terms induce a diffusion process for the state vector which is responsible for its reduction to a particular
subspace or channel in the system’s Hilbert space. In Continuous Localization Models the stochasticity is
associated to the action of some measurement over the system or some interaction with its environment .
For instance, the continuously diffusive non-linear stochastic Schrédinger equation derived by N. Gisin in
[83] departs from the von-Neumann-Liiders postulate [15], considering that the stochastic trajectory of the
system reduces thanks to a sequence of projective measurements performed by an external apparatus.

In the 90s, N. Gisin and I.C. Percival [88], presented a new SSE very similar to the former one which is
driven by a complex white noise, z;, and reads as follows

d|¢r)
dt

= —iHs|thy) + (L — (L)e) (25 + (L)) [de)

—g (LTL = (LTL)) 4o} + O(g?), (4.28)

in Stratonovich form [51]. The mean value appearing in the former equation is (L) = (¢;|Lt|¢);), and the
complex white noise has the following statistical properties,

Mz 2X] =Tt — 7);
Mlzz:] = M[z] =0, (4.29)

where T is the dissipative constant and M- - -] denote as usual an average over many realizations of z;.
In addition, a real valued noise Markovian SSE was presented by G. C. Ghirardi, P. Pearle and A. Rimini
[86] also from a dynamical reduction model,
) diT
dt

= —iHsYu) + L&) — = LTLlvy) (4.30)

where &, is a real-valued Gaussian white noise such that M[&:&,] = a(t — 7) = T'6(t — 7) [51, 134]. The
former equation is still linear, since it represents the evolution of a non-normalized state. In order to write the
density operator as a mixture of pure state vectors, then it has to be transformed into a non-linear equation
for normalized states |1Et> The transformation is formally made as follows,

dlvp) _ dlyy) 1 d 1
YT

(4.31)

where N = (y]1)y).

Several models of Markovian SSE have been derived in the frame of theories of continuous observation
(see for instance [89, 90, 91, 7]). In those models, contrary to dynamical reduction ones, a particular
measuring device is chosen, which determines the kind of trajectory or unraveling that is going to be obtained.
In order to minimize the perturbation caused to the system by the measuring device, the measurement is
not performed directly on the system but on its environment. Since they are entangled, a measurement
of the environment selects the particular state of the mixture compatible with the measurement result. In
that way, the quantity that is continuously measured, which is not necessarily the environmental state but a
combination of its eigenvalues, is related to the stochastic variable z; that drives the SSE. Then a sequence of
measurement results z; corresponds to a single trajectory of a Markovian SSE. In other words, the trajectory
|1+ (2*)) represents the system state conditioned to the sequence of measurements which have given the result
z¢. This kind of measurements that are performed over an auxiliary system (in this case the environment) to
which the system of interest is entangled are called indirect.

The SSE generated by dynamical reduction models are of quantum state diffusion type, since the
stochastic element acts on every time step of the trajectory. These diffusive SSE can also be developed in
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the frame of continuous measurement theories. Particularly, in the frame of quantum optics Carmichael
shows that the real noise SSE (4.30) derived by Ghirardi and co-workers in [86] corresponds to continuous
homodyne detection [53]. An example of homodyne detection is discussed by P. Goetsch and co-workers
in [92] to describe the evolution of an initial Schrodinger cat state of a damped harmonic oscillator. The
quantity to be measured in each experimental run is the quadrature of the field emitted by the oscillator
(X (t))g, where 6 is the noise of the trajectory, and the quadrature operator is X = 1/2(b + bT) (where b
and b! are the annihilation and creation operators of the local oscillator and its phase has been set zero).
This output field is put to interfere with a local oscillator of large amplitude and stable phase, in which case
sharp values of the noise 6 can be measured. In this scheme, which corresponds particularly to a balanced
homodyne experiment, the indirect variable to be measured is the continuous noise, and such noise defines
a certain diffusive trajectory.

In addition, Wiseman and Milburn showed in [93] that the linear version of the the Gisin and Percival

complex noise SSE (4.28), i.e. the equation

W) — g ) + Lt o) — S LTLR, @32)
derived in [89, 90] corresponds to a continuous heterodyne detection of the bath. In the last equation,
zf = G = &1+ + 12+, where &;; with ¢ = 1,2 is a real-valued Gaussian white noise process. The basis
chosen for homodyne and heterodyne detection is the quadrature and the coherent basis respectively. A
formal derivation of equations (4.30) and (4.32), as well as their correspondence to homodyne and heterodyne
detection, is performed by Gambetta and Wiseman in [94] from the measurement theory. This is discussed
with some more detail in the next section.

Apart from diffusive trajectories, there exist in the Markovian case quantum trajectories in which the
stochastic influence occurs in sudden jumps that interrupt a deterministic non-unitary evolution. The quan-
tum jumps formalism was developed first by Zoller, Marte and Walls [62] as a theory to calculate density
operators conditioned to different number of photon emissions. The density operator corresponding to the

emission of n photons, pgn) (t), is related with the total density operator by

P (8) = Trp (Pupror(t)) (4.33)

where P, is the projection operator onto the state of the quantized radiation field that contains n photons.
Later on, a formulation of quantum jumps as a stochastic equation was proposed by Hegerfeldt and Wilser
[63], Dalibard, Castin and K. Mglmer [65, 66] and Zoller and co-workers [51, 62, 64] (see [67] for more
details). In all these methods, a non-Hermitian term and a white noise term is added to the Schrodinger
equation. Because of the non-Hermitian term, the trace of the reduced density operator is no longer conserved,
being restored again by imposing stochastically chosen quantum jumps. For instance, in the algorithm by
Dalibard et. al [65]?, the total wave function at time ¢ + dt is |¥(t 4 dt)) = [0 (t 4-dt)) + [TV (¢ + dt)),
where |U(1) represents the product state of the atom in the ground state |1) and a photon in the field, and
|\IJ(O)> represents the product state of an entangled state between atomic ground and excited level and no
photon in the field. When a photon is detected, the total state is projected into |¥(})), and when no photon
is detected it stays in |¥(°)(¢ 4- dt)). The probability for a spontaneous emission during d is given by
dp = (T | W), The randomness in the detection and no detection of a photon is simulated by numerical
generation of a random number € chosen from the interval [0, 1]. Thus, when € > dp, it is assumed that no
photons are detected, so that |¥(¢ + dt)) = [¥(O)(t + dt)) = p(1 — idtH,yy), where u = (1 — dp)~*/2,

3Further details of the derivation should be found in the original paper and references therein, but we here give a brief report of the
method.
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and H,yy is a non-Hermitian Hamiltonian. The norm of this state is no longer 1, being given by 1 — dp.
As a consequence, the quantity dp represents the loss of norm of the total state when no photon is detected.
When e < dp a photon is detected and the total state is projected into the normalized state [¥(V)) = |1) ® |0),
where |1) is the atomic ground state (where it is supposed that there had not been time for the atom to be
reexcited after having emitted a photon), and the field is reset to the vacuum state (where it has been assumed
that the detected photon is destroyed).

As shown in 1993 by Carmichael [53], the Jump-like Markov SSE corresponds to direct photon detection,
where the experimental set up consists in a photon counter, and the environmental state is expressed in the
number basis. An extended review of the quantum jump approach is found in [67].

Further details of continuous measurement interpretation of Markovian SSE as well as some more refer-
ences are given in Appendix (E).

4.2.2 Non-Markovian SSE

Several methods have been derived in the last decades to obtain non-Markovian SSE. Some of them are
based on expanding the total wave vector into the environmental basis. The coefficients of such expansion
can be sometimes considered stochastic. In addition, their evolution equation can be computed with the
Schrodinger equation for the total wave vector, since they carry all its time dependency. In the last chapter,
we have shown that some linear QSD trajectories are obtained within this method by using a Bargmann
coherent state basis for the bath. On the one hand, for an initial environmental vacuum state, the following
linear equation is obtained up to second order in perturbation parameter g [41]

WD itghyu(a)) + Leflonc™)

t
_ gt / dra(t — 7)Ve LIt (=) + O(g®). 4.34)
0

This equation was first derived in 1997 by Diési, Gisin and Strunz [39]. On the other hand, for a more
general initial environmental state z, the former equation becomes [3, 4]

dlwt(Z*’ Z0)>

dt = —iHs|p(z", 20)) + Lz [9e(2*, 20)) — LT 20,410 (2%, 20))

t
- LT/ dra(t —7)Ve_i Lt (2%, 20)) + O(g®). (4.35)
0

In the second part of the chapter both equations, (4.34) and (4.35), are studied in more detail, and we also
obtain their non-linear version. Deriving a SSE with this method provides a good way to understand the
origin of the stochasticity in the evolution of a quantum open system, as well as the connection between the
noise and the particular state of the environment.

Another proposal is the one from Gaspard and Nagaoka [35] who derive a non-Markovian SSE within the
so-called Feshbach projection-operator method, which is based on the same idea as the Nakajima-Zwanzig
projection operator method but is applied to Schrodinger equation ruling the wave function instead of the
master equation ruling the density operator. The method is explained in some more detail in the next part of
the chapter, where the resulting SSE is also compared to that of Di6si, Gisin and Strunz [1].

A third possibility is to add fictitious modes to the non-Markovian system in such a way as to make the
enlarged hypothetical system dynamics Markovian again. This method, was first proposed by Imamoglu
[95, 96], Garraway [97], and S. Bay and co-workers [98], and then extended by Breuer and co-workers in
several works [76, 81]. In the most recent one (see [81] for details), Breuer proposes an enlarged system
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with density operator W, composed by the original system and a tree level system. The state space of the
auxiliary system, C'3, can be spanned by the tree basis states |a), |b), |c). The formalization of the method
is encoded in the embedding theorem, which for that case states that the dynamics of the original system
ps(t) can be expressed through the time evolution of a certain set of coherences W;, of the density matrix
W of the extended system. The SSE for the wave functions of the extended space |®;) are Markovian, and
therefore have the physical interpretation of continuous measurements. Considering that the extended state
space is given by a tensorial product of the original system state space H and C3, the states |®;) can have
the general form

[@¢) = [pa(t))a) + [6(t))[b) + [c(t))]c), (4.36)
where |y ) € H. Following the embedding theorem we have
_ Mea(®){ep®)]]
0= "Ml @leat) @3

Thus, an unraveling is constructed for non-Markovian dynamics which consists in two wave functions, each
of them described by a particular Markovian SSE in the extended Hilbert space. The method has some
restrictions. First, it starts from the general form of the time-convolutionless equation (4.27), which may not
exist for very strong couplings. In addition, the generator of the equation C(¢) is written in terms of certain
time-dependent operators belonging to , to which some restrictions are imposed that might not be valid in
certain cases.

Some other methods are based on continuous measurement theories. For instance, M.W. Jack, M.J. Collet
and D. F. Walls present in [99, 100] a formulation of non-Markovian quantum trajectories which simulate
real-time spectral detection of the light emitted from a localized system. In this case, the non-Markovian
behavior is not intrinsic to the interaction of the system with its environment, but arises from the uncertainty
in the time of emission of particles that are later detected.

In a more recent work, Gambetta and Wiseman propose in [94] a formal way to obtain non-Markovian
SSE from a continuous measurement scheme. In their paper they discuss all the mathematical ingredients to
describe a continuous measurement [101, 102, 103]. This includes a probability-operator-measure element,
or effect,

Fray = Hah Uan}, (4.38)

where |{gx}) is the environmental basis, and {gy } is the result of the measurement. A set of measurement
operators Mg, is also necessary, with the constraint Fy,,, = M, ;k My, . For example, we can decompose
the measurement operators as

Mg, = {m ) {ax}; (4.39)

where the final state of the environment after a measurement, {ny} can be chosen as the vacuum, since
generally in most detection situations the measurement results in annihilating the detected field. A noise
operator Z(t) is also defined in such a way that

Z){an}) = zl{an}), (4.40)

where 2, is the noise function from which the conditioned state after a measurement depend. With this
definitions at hand, two kind of such conditioned system states after measurement can be obtained. The
first state |14, (¢)) is such that: a) depends linearly on the premeasurement state |i;), and b) depends on
an environmental state {¢ } which is distributed according to a probability A({gx}) that does not take into
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account the effects of the interaction of the environment, and remains constant in time. In such terms, the
linear state after the measurement of {g, } is written as

s (1)) = LI 0] (4.41)

VA

Because it is not normalized, the authors argue that the linear conditioned system state does not have a clear
physical interpretation, but is useful to derive the actual probability P({gx}, ) that the environmental states
have considering its interaction with the system as

P({ar}; 1) = (hgy (O)g, (1)) A{ar}) (4.42)

Such probability is obtained through a Girsanov transformation of the variables {g} [104]. The Girsanov
transformation is explained in some more detail in Appendix H.2. Thanks to this actual probability, it is
possible to derive the second kind of conditioned state |1, (t)) that: a) evolve in a non-linear way, and b)
depends on an environmental state {¢ } that is sampled according to the actual distribution (4.42),

{aa}n)

[P0 (1) = —emm==. (4.43)
! VP{an}t)
A linear SSE can be derived from (4.41) as,
APy (1)) Oy (t)) dgx Oliq,y (1))
dt - ot + - dt ot (4.44)
and provided that a Girsanov transformation can be made, a non-linear SSE results in
dl0) (1) 1 drg,y (1) d 1
= + thgny (B) 5 T, (4.45)
dt O d AT G]
where
~ 1
i1 () = ———— V141 (1)), (4.46)
(a3 (1) Iw{qx}(t)“ {ax} (1)

and |44, 1 ()] = (1qr) (t)[201q,3(t)). Since it is normalized, the former state represents, with a probability
equal to 1, the conditioned state of the system after a measurement of output {¢g,} has been performed
at time ¢ in the environment. This statement is true no matter whether the interaction is Markovian or
non-Markovian. However, the linking of such state with earlier states obtained by evolving (4.45), is only
possible in the first type of interaction. Once a measurement of the environmental state has been made at time
t, a future measure performed at time ¢ + At is altered if At < 7.. In other words, the measurement at time
t + At is performed before the environment have recovered from the last measurement, since the recovering
time is of order 7.. Considering that At — 0 for a continuous measurement, only in the Markovian case in
which the correlation time 7. = 0 the sequence of measurements that monitorize a trajectory do not affect
each others.

When the environmental basis is chosen as the coherent state basis, [{gx}) = ||{zx}), where ||z)) is a
coherent state (see Appendix (B)), the noise operator is

Z(t) = grare Y, (4.47)
A
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and therefore the noise function is

= gaaae M, (4.48)
A

where (1) = wy — wg. The phase factor iwgt, appears because the equations derived in the paper are in the
interaction picture with respect to the diagonal part of the system Hamiltonian, Hg = —wgo,/2. Except
for this factor and a constant ¢, the last equation corresponds to the noise appearing in the Markov equation
(4.32) and in the non-Markovian equation (4.34), obtained by Di6si, Gisin and Strunz [40]. Moreover, the
linear equation (4.44) of a coherent unraveling equals the linear equations (4.32) and (4.34) in the Markov
and non-Markovian case respectively. The distribution used for the linear equation is the Gaussian

e_lz)\|2

A{gr}) = (0l2)(z10) = | (4.49)

A

A different unraveling is obtained when choosing a quadrature basis, [{gx}) = [{ X, Yy }), with {X}
and {Y," } the eigenvalues corresponding to the two-mode quadrature operators

>+ 5%)\4’57—)\

A V2
o Ux—Y-x
X, ==4——==—- 4.50
A \/5 ( )
and ), 9, the quadratures of the annihilation operator a,
. T + 10
Gy = ~—22, 4.51
A NG (4.51)

the resulting linear equation is a real-valued noise equation. For Markovian interactions, such equation
becomes equal to (4.30), and 2; = \/fft is areal-valued Gaussian white noise. For the non-Markovian case,
the linear equation is

dle(2))

t
, R )
T{ZHS+ZtLLX/O dTﬂ(ti’r)(SéT

} [V (2)), (4.52)

with Ly = L + LT, which is equal to the linear equation derived by Bassi and Ghirardi in [87] from a
dynamical reduction model. In this unraveling, the noise operator is

2() =3 29 [X; cos ()t + ¥y sin (Q,\t)} , (4.53)
A>0
and the noise function
2= 205 [ X} cos ()t + Yy sin ()], (4.54)
A>0

in such a way that

M3z =Bt —7);
Mz =0, (4.55)

~—
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with 3(t — 7) the memory function for the noise,
Bt—1) :229/2\005 (Qx(t—1)). (4.56)
A

Hence, for non-Markovian interactions, Z; is a real-valued Gaussian coloured noise. The quadrature unrav-
eling corresponds to a very special type of interaction Hamiltonian in which for each mode A there exists

another mode that we can label as —\ in such a way that w_) = —wj, and g_» = g}. Thus, the interaction
Hamiltonian? is
H; = Z gA{L (af\em“ + aT_/\e*m*t> — Lt (a;e*m*t + a_AeiQ*t) } (4.57)
A>0

This Hamiltonian could be used as a starting point to derive a SSE by expanding |¥;) in the quadrature
basis. It would be interesting to verify if the resulting equation is equal to (4.52). At the end of the chapter,
we display in serveral tables the different stochastic equations that exist and the different methods that have
been used to derive them. Indeed, the SSE with complex noise (and as noted above maybe also those with
real noise, by using (4.57)) can be derived by representing the total wave function |¥;) within a certain
environmental basis. To this end, it is important that the coefficients of the expansion can be considered
as the stochastic wave vectors®. The average of all these SSEs correspond to closed master equations for
the reduced density matrix. As discussed above, there are several methods for obtaining such closed master
equations, but they mostly rely in assuming some approximation, like the weak coupling or the near-Markov
approximations %. As an example, the time-convolutionless projection operator technique (TCL) consists in a
systematic perturbative expansion for the time-dependent generator of the master equation (4.27). However,
for strong couplings such an expansion becomes very complicated, so that obtaining a master equation is not
feasible in practice. In order to avoid the problems of a perturbative expansion, Breuer propose in [60, 61]
a method which is based on reconstructing the total density matrix as the expectation value of a pair of
stochastic vectors |®1(t)), |P2(t)), such that

prot = M[|®1(2))(P2(t)]], (4.58)

where M denotes a certain stochastic average. It is supposed that the stochastic state vectors are direct
product states of certain system states i, € Hg, and environmental states £, € Hp, where Hg and Hp
are the system and environmental Hilbert space respectively. Notice that the total density matrix is not
decomposed into the environmental basis. Thus,

[©,(1)) = ¥ (t) @& (1); v = 1,2, (4.59)

4Expressed in interaction image with respect to the environment and H g.

5This can be seen easily when a coherent state basis is chosen for the environment, since in this basis the measure du(z) is a Gaussian
function. Nevertheless, for a general basis some assumptions have to be made. For instance, the Feshbach projection-operator method
used in [35] to derive a SSE decomposes the total wave vector in a general (discrete) environmental basis. In this derivation, the
stochastic interpretation comes from the assumption that the environment is composed of a large number of harmonic oscillators, and
moreover, that the equivalent classical system is chaotic. Thus, the quantities appearing in the evolution of the system wave vector
which are sum over environmental eigenvalues, can be considered as noises through the central limit theorem. This is explained in
more detail in the original paper [35] and in Appendix (F) of this thesis.

6For instance, in Chapter (2) we have seen that the evolution equation of the coefficients of the expansion of |¥¢) in a coherent state
basis, namely G'(z} z;1|titi+1)|%0), is open, i.e. it does not only depend on the coefficient that is being evolved, but on a set of them.
In order to obtain a closed equation which can be interpreted as a SSE, it is in general necessary to perform some of the approximation
described in the same chapter.
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and

ps(t) = Trp(pror) = M[¥1(t)) (P2(8)[(§2(1)[E1())]- (4.60)

The stochastic differential equations for the v, (¢) and the &, (t) are then constructed in such a way that
|®,(t)) reproduces the exact von-Neumann equation with (4.58). These equations have the structure of
quantum jumps, with a term that represents the periods of deterministic evolution (drift terms), and a term
that provide the contribution from random instantaneous jumps. The method have two mayor advantages: it
gives the exact solution of the von-Neumann equation, and it is valid for other couplings as well as the linear
ones on which most of the former SSE are based. Furthermore, it provides the possibility of determining
numerically MTCF even in the non-Markovian case. Nevertheless, first, to our knowledge there is not an
analytic way to perform the averages M- - -], so that no explicit equation of non-Markovian MTCF can
be obtained, and second, when the environmental degrees of freedom is large, the number of spinorial
components of the vector &, (t) is also large, what might make the numerical convergence slower. For
instance, the electromagnetic field is described through a continuous set of harmonic oscillators, that would
give rise in principle to environmental vectors of infinite dimension.
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DYNAMICAL REDUCTION |

Hr 2t at—1) Equation
No model Real White M[2:2:] =T6(t —7) | Eq. (4.30)
No model | Real Coloured | M|[2:2;] = Ra(t —7) | Eq. (4.52)
No model | Complex White | M[z:25] =T6(t — 1) | Eq. (4.32)

MEASUREMENT |
H; 2t at—r1) Equation
Hr =3, o9 {L (ale™" +al je7™7) Real white: M[2:2.] =T6(t — ) | Eq. (4.30)
—Lt (a;e_i“*t + a,,\ei“’*t)} 2 = \/1:&
Real coloured:
Idem 2t =3 500200 { X cos (wa)t | M[2:2,] = Ra(t —7) | Eq. (4.52)

+Y, sin (wat)}
Complex white:

Hi =Y g{alL+Llax} 2 = VTC¢ = VT (€1, +ibay) | Mlzezi] =T6(t — 1) | Eq. (4.32)
Complex coloured:
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Quantum mean values a
non-Markovian QOS

In the last chapter we have discussed the different derivations of SSEs that appear in literature, both Markovian
and non-Markovian, as well as the interpretation that the first type of equations have in terms of continuous
measurement. In this chapter, we intend to particularize to the non-Markovian SSE derived from the Feshbach
projection operator method, and from reduced propagators when they are considered as stochastic objects.
In addition, as introduced in Chapter (2), if reduced propagators are not considered stochastic, they can be
used to derive master equations for all the different situations that can be encountered, provided that a closed
equation of G(z}, zi+1|titi+1) can be found, and that the analytical average over the z; and z;41 can be
made. The situations here treated are summarized as follows,

e The system and the environment are initially decorrelated, so that

prot(to) = ps(to) @ pp(to). 6.D

We consider two cases: pp corresponding to the vacuum state pp = |0)(0| (although it can also be
written as a thermal reservoir at zero temperature), and pp a thermal state. In both cases pp can be
expressed in the coherent state P representation as pp = [ du(20)P(25, 20)]20)(20]-

For such initial conditions,

put) = [ dn(e) [ dieo) P(a520)Gl="2lt0) i) (ol G 25210) 52)

(A) = Trs(ps(t)A), (53)
e The system and the environment are initially correlated, so that

ptot(tO) = Ps (tO) ® PB (tO) + pcor’rel(tO)a (54’)
61
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where the last term p...¢; denotes a certain initial correlation. For instance, this situation corresponds
to

W) = / dpu(z0) [0 (25)) o) 5.5)

so that the reduced density matrix becomes

palt) = / dyi(z0) / dn(z)ps (20 1t (5.6)

where we have defined

pu(z02f |t) = / dpa(z1) G (=1 20]t0)) o (25) (Yo (24)|GF (24 2]10). (5.7)

The motivation of this chapter is double folded: First, we study and compare some of the different SSE
in the literature, in order to prove their correspondence to the master equation, as well as their efficiency in
terms of number of trajectories needed to obtain p,. Second, we use the reduced propagators to derive some
master equations corresponding to some of the different initial conditions above described. According to
this, the chapter is then divided in two sections:

e In Section (5.1), we focus in the evaluation of quantum mean values by performing a numerical sam-
pling of different stochastic trajectories. Although there is no continuous measurement interpretation
for non-Markovian SSE, their usefulness is not only related to their interpretation in terms of trajecto-
ries of the state vector of a measured system. Without making any attempt to give a physical meaning
to single stochastic trajectories, the SSEs are useful to compute the quantum mean values of a QOS,
being sometimes more efficient than master equations. Such efficiency of the SSE with respect to
master equations depends on two factors: 1) that the system degrees of freedom is large, and 2) that the
sampling of the SSE is good, so that a small number of trajectories is needed to perform the averages.
The first factor is intrinsic to the problem under study, whereas the second depends on the particular
SSE that is chosen. In the first section we try to answer the question of which are the SSE that improve
the sampling, or, to be more exact, when such improvement is significant enough. It is argued that
temperature of the environment is an important parameter to take into account, and we show this in
Section (5.1.3) for a spin boson system.

e In Section (5.2), we show how reduced propagators can be used to derive master equations by perform-
ing analytically the average over different trajectories. In addition, thanks to the reduced propagator,
a master equation is derived which is more general than the existing ones, since it allows the evolution
of system density operators which are initially entangled with the environment, as well as a master
equation for non-zero temperature.

As usual, the coupling parameter g, is defined as g[Hy| = [H;], where Hy = Hgs + Hp. The model
Hamiltonian chosen is the same as in Chapter (2),

H = Hs+Hp+ H;y

Hs+> wralar+ Y o (el + Llay) (5.8)
A A
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5.1 STUDY OF THE SAMPLING OF STOCHASTIC SCRODINGER EQUATIONS

As noted in the introduction, the stochastic Schrodinger equation scheme may provide a significant numerical
advantage over the master equation approach, in particular, as soon as the Hilbert space dimension F of the
QOS is large. In order to obtain p,, the stochastic approach only needs to integrate a state of dimension F for
a certain number of realizations «. In contrast, the solution of the master equation demands the integration
of F2 /2 elements of the density operator. If the number of realizations of the stochastic scheme is not too
large (which also depends on the accuracy one aims to achieve), then stochastic Schrodinger equations may
be in practice more advantageous than master equations, being intrinsically paralelizable. A more accurate
comparison of the performance of both methods can be found in [38], where the time needed to numerically
compute the quantum mean value of a certain operator is studied both with the master equation (7;g) and
with the stochastic sampling (T'ssg), the latter one within a certain standard error. The relation between
both times is such that

Tus Flte, (5.9

Tssk
where x is a parameter that depends on the operator, but generally is equal to O or 1. Evidently, the former
is a rough relation. In a more precise calculus, the time T'ssr is found to be dependent on the number
of realizations of the stochastic process (also number of trajectories «) that are necessary to reproduce the
result with a certain accuracy. Therefore, to be numerically efficient it may be very important to choose a
stochastic equation giving solutions with a significant weight in the average

M) 2]
P = Dl

so that the number of trajectories needed « in the stochastic scheme is small. In other words, it is important
to choose the SSE that provides the best possible sampling. Although M[(1:(2)|¢+(2*))] = Tr (ps(t)) = 1,
in practical applications along the chapter the use of (5.10) leads to more stable results, since such average
of the norm is performed numerically and might have not converged to one. As we have seen in Chapter
(2), the distribution of states of the bath, exp (—|z|?) = exp (3", 2}2x) also corresponds to that of the
variable z, since it is composed with the sum z; = i), zxgx exp (—iwxt). Therefore, in the equation of
the reduced propagator, once the variable z; is considered as a noise, it is sampled over the same Gaussian
distribution during the whole evolution. The equation of the vacuum reduced propagator, that is linear
with the wave function, gives rise to two different equations within the weak coupling limit, a convoluted
equation in which the evolution of | (2*)) is local in time, and a non-convoluted equation in which it is not.
These two linear equations, which corresponds to environments at zero temperature, are studied in detail
in Section (5.1.1.1), where it is also shown that they are equivalent with each other up to second order in
the perturbation parameter. The extension of each equation to a model valid at environmental temperatures
different from zero is made in Section (5.1.1.2). In such section, two different derivations are described, the
one performed in [41, 39, 54, 40, 71], and the one presented in [35].

In certain situations the system-environment interaction is responsible for a significant displacement of
the environment oscillators from their initial values. This means that if we keep on sampling the oscillator
eigenvalues according to a Gaussian distribution centered at the origin, they will give stochastic solutions
with negligible weight in the sum (5.10). In other words, since the interaction is also affecting the bath, a
Gaussian distribution centered at the origin might become a poor description of its statistics. To overcome this
problem, a second kind of stochastic Schrodinger equation has been proposed, in which the noise probability
distribution is considered in evolution during the interaction [41, 40]. Due to such dynamical dependence
in its statistics, the equation appears to have a more complicated form than any of the linear ones, showing

(5.10)
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a non-linear dependence with the wave function. Non-linear equations are more convenient especially in
situations where the environmental oscillators, and in consequence their probability distribution (which is
also the one corresponding to the noise), is considerably altered during the interaction. In particular, this
situation occurs in the high temperature regime, in which the non-linear equation has been shown to present
a much more efficient sampling than the linear ones [6]. This result, exemplified with the spin-boson model,
will be further explained in Section (5.1.3).

5.1.1 Non-Markovian linear equation: convoluted and convolutionless

In the non-Markovian regime there are several suitable types of Stochastic equations. In some of these
equations, the noise probability distribution is not considered in evolution during the interaction with the
system, resting as a Gaussian centered at the origin at all times. These are linear equations. Depending on
the derivation and assumptions made, two different linear equations appear in literature: a linear equation
derived in [39, 71, 54, 41] which is local in time for the wave function (here referred as non-convoluted
equation), and a second time non-local equation derived by Gaspard and Nagaoka [35], referred here as
the convoluted equation. Although different in form, both equations are equivalent up to order g2 in the
coupling constant [1]. We study in the first place two linear equations suitable for environments at zero
temperature and weak couplings. The extension of those equations to non-zero temperatures is obtained in
Section (5.1.1.2), where new models of correlation function appear due to the temperature dependence.

5.1.1.1 Zero temperature. Two linear stochastic equations, convoluted and non-convoluted, are pre-
sented in this section. The evolution equation (2.40) for the reduced propagator G(z z;+1|titi+1), can be
used to derive a SSE. For a total system with initial state | Vo) = |1)0)|0), we have |1, (2*)) = G(2*0[t0) o),
where we have eliminated the subindex ¢, and made z;1; = 0 and ¢;;; = 0. We then have the following
SSE,

d
Sl()) = sl + gLaf (")
t 5 *
g2LT/O dra(t—r)¢gi§ )>, (5.11)

where the quantity %ﬂ is a functional derivative of |¢;(z*)) with respect to z;. This equation, as well

as the vacuum reduced f)ropagator G(2*0]t0), was first derived by W. T. Strunz and Diési in [39, 41]. As
derived in Chapter (2), the variable z, is the following combination of coherent state labels z},

5 =iy g, (5.12)
A

where w), represents the frequency of the A oscillator. Changing to interaction picture with respect to the
subsystem, the equation (5.11) becomes:

d * * * ‘ d ; 2
SIEC) = gVilaflol o) - it [ drae - TEED, .13
0 Zr
where as usual V;L = eHstLe=tst and |1y(2*)) = e'fst|)p;P(2*)), and the index I represents the

interaction picture. Equation (5.11) (or its interaction picture version (5.13)), is equal to the equation (2.45)
for the propagator with z;11 = t;+1 = 0, and once the propagator is applied to |¢)g). As explained in
[41] and Section (2.5), they are just a particular representation of the Schrodinger equation for the system
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and the environment, representing an evolution in the total system state space. The equations only become
stochastic when, for practical reasons we have to choose random realizations of the variables 2z appearing
in z{ to perform the sum (5.10), establishing a sort of Montecarlo method that permits to consider z; as a
noise. The statistical properties of z; are such that:

Mz] =0, M[z2:] =0 (5.14)
Mz2l] = at — 1),

where «(t — 7) is the correlation function of z;, the noise, defined in (2.42) as in (4.22).

Once we consider z; as an stochastic variable, the two terms of (5.13) can be interpreted as follows: the
first one represents a stochastic forcing against the system produced by the fluctuations of the bath, and the
last term represents the damping or dissipation, also caused by the interaction with the bath. Whether a
convoluted or a non-convoluted stochastic equation is obtained from (5.13) depends on the treatment of the
functional derivative %. In particular, as described in Chapter (2), the following form is proposed as
an ansatz in [54, 40, 71], .

% = O(t, T, zt) | (27)), (5.15)
where O(t, T, z¢) is a linear operator that has to be constructed for each case. Notice that replacing (5.15)
into equation (5.13) we obtain a non-convoluted equation, as the time dependence of the wave function
remains local during the evolution. Naturally, such equation is equal to the closed equation (2.52) for a
vacuum propagator once the last one is applied to an initial state |¢g).

Within the weak coupling approximation scheme developed in chapter (2) (a result obtained in [41, 55]
for the case of a vacuum propagator), the operator O(t, 7, z¢) is, up to zero order

O(t,1,2) = Vot L+ O(g). (5.16)

It should be stressed that since the noise term is of order g, and the dissipative term is at least of order g2
(due to the presence of the correlation function of the noise), only such zero term is necessary for a second
order linear stochastic equation. With (5.16), the second order non-convoluted linear equation becomes:

t
G = gViLe () - VLT [ dra(t = )V Lin(). 5.17)
0

A convoluted linear stochastic equation, analogous to the one obtained in [35], can now be deduced by
performing a perturbative integration of equation (5.13),

t
() — o) = g / dr 22V, L)

t T
g° / drV, Lz} / dr' 2%V Libo)
0

+

0

t T
g> / drV, LT / dr' ot — 7' )Vy Liho) + O(g*), (5.18)

0 0
and then applying the functional derivative %. Since the functional derivative already appears in a
second order term in g, we restrict ourselves to terms of order ¢°, so that

Ofhe (2 .

M=)y g, (27)) + O(g). (5.19)

*
0zF
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Here, following a perturbative integration of the wave function, similar to (5.18) but from 0 to 7, we
have settled that |g) = |¢-(2*)) + O(g), up to the zero order needed. Notice that the non-convoluted
equation can also be obtained with this method, by considering that, at the same order, it is also true that
[to) = |¢e(2*))+O(g). Letus here point out that in order to keep the correct dependence on the perturbative
variable, it should be taken into account that the functional derivative with respect to 2z is in fact equivalent

to 522(;2) . Finally, the linear convoluted equation obtained substituting (5.19) in (5.13) is

t
G = VAL () = UL [ drale = VLl (). (520)

5.1.1.2 Non-zero temperature So far, the stochastic equation was derived for an initial state at
zero temperature, corresponding to |¥g) = |[1)|0) for the total state. A more general linear stochastic
Schrodinger equation, valid for baths at finite temperature, can be derived by canonically mapping the
nonzero temperature density operator of the heat bath onto the zero-temperature density operator of a larger
hypothetical environment [40]. The resulting finite temperature linear equation is

d
EW)J = —iHglpy) + gLz ) + gL 2t |y)
t
gzLT/ of(th)LW@dT
0 0zr
t
gQL/ at(t—7) |wt>d7’. (5.21)
0 527'

For simplicity we have dropped the explicit dependence of the wave function on the two independent Gaussian
noises z; and z;", which have zero means and the following correlations:

Mlz;z7] = 0,
Mz "z7] = a (t—1) ng (wy) + 1)e~@rlt=7)
Mz 2t = O7
M2t = at(t—71) Z GIN (wy)er =)
M2 = o. (5.22)

Again one can try to replace the functional derivatives in (5.21) by an ansatz of type (5.15). Using a
perturbative expansion for O(t, 7, z) we again find

% Ot ) ) = Ve Lln(2%)) + O(9),
% = O (t,7,25) W) = Vo LT|by) + O(g). (5.23)
0z,

It can be easily checked that the ensemble average of (5.21) leads to the master equation (4.19). Notice that
at zero temperature, the linear stochastic equation (5.13) is re-obtained, since for this case N (w), a™(t —T)
and 2T are zero, while o~ (£ — 7) becomes equal to (4.22). For finite temperature and a Hermitian coupling
operator L = LT = K equation (5.21) is simplified as

%\W = —iHs|be) + 9K z|)
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t
_g2K/ drar(t — )V oK) + O(g%). (5.24)
0

where now the noise is z; = z;” + 2, and has the following statistical properties:

Mzz:] = 0,
M(z{ 2] a (t—7)+at(t—7)=arp(t—7)

ot ot () contin(t =) —ismGent-m)] . s29)

this latter being the standard bath correlation function at non-zero temperature [20, 105], previously defined
in (4.25). Clearly, as the temperature goes to zero, r(t — 7) coincides with the zero-temperature expression
(4.22).

A second linear non-Markovian stochastic Schrodinger equation has been proposed by Gaspard and
Nagaoka [35]. In this section it will be shown that their equation is equivalent to (5.21) up to the relevant
second order in the coupling parameter g, although its derivation is based on very different hypothesis.
Following [35], let us start from a general Hamiltonian for a system and its environment in the form

Htot:HS+HB+H]:H0 +g‘/, (526)
with Hy = Hg + Hp and an interaction potential V' that we assume takes the form

V=vi= Z S3Bg. (5.27)

The Hermitian subsystem and bath coupling operators are Sz and Bg, respectively. This form of the
interaction Hamiltonian covers our earlier model (5.8) by choosing two contribution § = 1,2 in the sum,
with

Sy =L+L"; S, =i(L—L", (5.28)

and

ng a,\—l—a)\ Zg,\ aA—aA (5.29)

In this approach to a stochastic equation the total wave function is again expanded, here in the basis of
eigenfunctions of the bath {|n)}, to get

) = D[ n). (5.30)

n

As before, the ensemble of system states |1f") recovers the mixed reduced density operator. The evolution
of each of these states will depend on the evolution of others through a set of coupled differential equations.
Due to this mutual interaction, and provided that the number of system states is sufficiently large, they will
behave in a random way. This brings the idea of deriving a stochastic Schrodinger equation, which evolves
only one member of the ensemble of system states |1/}"), under the assumption that such a state is statistically
representative of the rest. To decouple the evolution equation of such a state from the time evolution of
the rest, the Feshbach projection-operator method is used. Using a perturbative expansion in the coupling
strength, and for the special choice of operators (5.28) and (5.29), the following equation is obtained,

Dy = —iHsln) +9 (Lna(t) + Lins (1) b
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t
2g2zﬁy/‘dT[cnl(r)—ic&lmﬁ]v:TLe‘fHSWﬁ&_T>
0

t
-—2fL/dﬂaﬂﬂ+KQMMV¢Ufm“WF»+0@% (5.31)
0

where the selected system state |1)l) now represents the wave function |1;(74,75)) = [:). The variables
n4(t) and np(t) are the combinations,

na(t) = na(t) —im(t)

np(t) = —na(t) —in(t), (5.32)
with
ni(t) = > (I[ViBilm)e Plem=e0)/2¢i0m=00), (5.33)
m(£1)

It is assumed that the {6;} form a set of independent random phases, uniformly distributed in the interval
[0, 27], and €, and ¢, are eigenvalues corresponding to eigenfunctions |m) and |!) of the bath Hamiltonian,
respectively. The stochastic nature of equation (5.31) is contained in the behavior of 7;(¢). If the number
of states is large enough to perform the sum (5.33) over a large set of phases {6,, }, these quantities can be
characterized as Gaussian random variables by the central limit theorem. As complex Gaussian variables,
n;(t) satisfy the following statistical properties,

M [ni(t)]
M [ (t)n (7)]

Following the definition (5.33) for the noise and since M exp (i(6,, — 65,))] = Omn, the noise correlation
is given by,

05 M [n:(t)n;(7)] = 0
Ot —7). (5.34)

M ity ()] =D XUV B;|n) (n|V; By 1), (5.35)

or equivalently,
" 2y
M [mi(t)n; (1], = e
where py! = Z ! exp(—Hy(3) is the bath density matrix in equilibrium. In order to obtain the typical
value of this correlation function, a thermal average is performed (see [35] and references therein for further

details), so that

(Ve BV, B 1), (5.36)

ZI: ezﬁ: M [ni(t)n; (7)]], = Tro[p V> B;ViB;] = Cj (t — 7). (5.37)
With the choice (5.29) for the bath coupling operators By and By we find
Ciz(t) = —Cnlt) = ﬁ SR {N @) = (N(w) +1) e}
A
Cu(t) = Cxn(t)= izgi [N (wa)e™ + (N(wy) +1) e} (5.38)
A

where the thermal averages of a, air\ are [51],
Try [p,"ax(0)ax(0)] = 0,
Tr, [pzqaf\(())ax (0)] = SwN(wy), (5.39)
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and N (w,) is again the average thermal number of quanta in the mode w). With expressions (5.39), the
combinations 2 (Cy1 (t) & iCa; (t)) appearing in equation (5.31) are equal to the correlation functions a* (t)
of (5.22), as it was already noted in Section (4.1.2), and the noise combinations 14 and np are equal
respectively to the noises 2~ and 2™ of that equation. As in the previous approach, when we consider the
case of a system coupling operator L that is Hermitian L = LT = K, we find

d
|0 2)) = —iHs[P(27)) + gK 2y (7))
t
gQK/ drap(t — 7)Ve_ (Ke sy (2%)) + O(¢°), (5.40)
0

where we have already changed the notation for the noise, 75 (t) + n4(t) = 2.

Let us now show how equation (5.24) derived in [41, 39] and equation (5.40) obtained in [35] are equivalent
up to order g2. Indeed, it is consistent with the second order approximation to substitute the wave function
|- (2*)) appearing in the dissipative term of equation(5.40) by its expansion up to order g° only. For that it
is enough to see that |1~ (2*)) = (e 757 + O(g)) [1)o) and furthermore, [1hg) = ("5t + O(g)) ¢4 (2*)).
Replacing this expression for |1)g) in the expression for |1 (z*)), we conclude that

[ (z)) = (7507 1 0(g) ) [ (=")): (5.41)

Therefore, within second order in the coupling strength g, equation (5.40) becomes equal to the convolu-
tionless equation (5.24). The same holds true for its non-Hermitian version (5.31), which becomes equal to
equation (5.21). Clearly, this equivalence also extends to the zero temperature equations.

5.1.2 Non-Markovian non-linear equations

As noted in [40], the linear equation has an important drawback. During the evolution of the trajectories,
which is driven by an input noise governed by the initial state of the bath, the solutions |1;(z*)) may lose
their norm and therefore statistical relevance. This problem comes from not having considered that the
interaction between the system and the bath not only affects the system, but also the bath itself. To see this
more clearly (see [41] for further details) let us define the Husimi function (or Q-function) of the bath as

e_|Z|2

Qi(z,27) = (2] Trs [[We) (e ]] |2), (5.42)

where |z) denotes a coherent state of the bath in the Bargmann basis. Since each of these states corresponds
to a certain value of the noise the function @Q;(z, z*) may be interpreted as the probability distribution of
the noise. The substitution of |14 (z*)) = [ du(2)|(2*)) (¥e(2)| ® |2)(z| in (5.42) gives the following
expression,

Qi(z,2") = (Yu(2) e (7)) Qo (2, 2%), (5.43)
a2
with Qo(z, z*) the initial Gaussian distribution of coherent states Qo(z, 2z*) = < JT " . In terms of (5.43),
the density operator (5.10) can be defined as a mixture of pure normalized states weighted by Q:(z, z*),
oy [ (2)) (e (2)]
pr = /d2z Qi(2,2") =Ty - (5.44)
(e (2) [ (2%))

With this expression it is clearer to see that, once the interaction is “switched on” and the environmental
oscillators start to move away from the origin according to the distribution Q;(z, z*), the states

e (27) /(e (2) e (7)) 2, (5.45)
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which according to Qo (z, 2*) correspond to small z, will have a decreasing weight in the sum (5.44).

The Husimi function shows a closed time evolution of Liouville form for the set of oscillators z, composing
the quantity z;, corresponding to the following phase space flow (see [40] and Appendices (5.46) and (H)
for further details of the derivation):

25 = igae (LT, (5.46)

In terms of the trajectories z(t) that follow this flow, the Husimi function Q+(z, z*) at time ¢ can be expressed
as

Qu(z,2) = / @20 Qo(z0, 7)8%(2 — =(1)), (5.47)

where somewhat symbolically, z(t) represents the set of solutions of the different trajectories of the oscillators
starting from the set of initial values {23 (0) = 23 ,}. In that way, we can now replace (5.44) by an integral
of wave functions evaluated in the dynamical states z*(t) = {z}(¢)} as

, (27 () (e (z* ()]

= /”’QO 03 O D))
P20 oot [0z () (1 (2 (1)

/ - (G (O)[e(z5(8))) 4%

Now, to perform the integral (5.48) with a Monte-Carlo method, a new stochastic variable Z; is defined,
which corresponds to z*(¢) with a random selection of the initial values for the environmental oscillators
{23(0)}. From the flow equation (5.46), one obtains

2=z + g/dra*(t — 7)(LT),. (5.49)

Here, the variable z; is the noise as it appears in the linear stochastic Schrodinger equation, which corresponds
to the stationary statistics with distribution function Qo(z, z*). The last term represents a dynamical shift
or displacement of each z; which depends on the history of the interaction with the system. The stochastic
equation for the wave function |1)(z(¢))) with a shifted noise in the driving term is [40]

|9 (2" (1))

. —iH[a(=" (1) + 9L (=" (1)

GP (LT = (LN)O(t, 2* () [1be (2% (1)), (5.50)

with O = fot dra(t — 7)O(t, 7, 2*(t)). In order to make clear that the wave function now depends on the
shifted noise, we show this dependency explicitly through the notation |1);(z*(¢))). By evolving (5.50) we
ensure that the wave functions |;(2*(t))) correspond to those realizations that contribute with a significant
probability (importance sampling), which according to (5.49) is ensured by the shift term. It is important
to note that the difference between the original and the shifted noise is of order of the coupling strength
parameter g. Thus, the contribution of the shift turns out to be of the relevant order g2 in the evolution of
the wave functions.

We see from (5.48) that the reduced density operator can now be written as a mixture of normalized
stochastic states,

d220 —|z |2 it * 7 *
= / T2 150 |y () (= () (5.51)
with [ (2% (1)) = [0 ((2*(1))))/ \/ (e ((z*(¢))|e(2*(t))). From (5.50) one obtains an evolution equation
for these normalized states [40] giving

djhu(=* (1))

d —iHg|thy (2" (1)) + g(L — (L)) [ (2" (1))
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= PLT = (LD)O(t, ) — (LT = (LH)O(t, 2" (O))][e (2" (1)) (5.52)

Let us now investigate the three equations described above, the linear (5.13), the shifted (5.50) and the non-
linear (5.52) equation by applying them to a spin-boson model. We are interested in studying the numerical
equivalence of both linear equations that has been already proved analytically. Finally, we will focus on the
problem of sampling, and the convenience of using a linear or a non-linear stochastic Schrodinger equation.

5.1.3 Importance of temperature in the sampling: The spin-boson model

A spin-boson model consists of a two-level system (or a spin s = %) coupled to a thermal bath of bosonic
harmonic oscillators. Defining the Pauli matrices o, and o, as usual,

(1 0
2=\ 0 -1
(01
=1 0

the spin-boson model takes the form of the total Hamiltonian (5.8),

A

Hiot = =5 0=+ 9 ga0a(ar +a}) + ) waakan, (5.53)
A A

where A is the energy splitting between the two levels, g is the coupling parameter, and o, is the coupling

operator of the system with the bath. Here we have chosen A = 0.1 and g = 0.1. Since in this model

L = 0, = L', weuse the master equation (4.24), the linear equation (5.24) (equal to (5.21) for L = LT = K),

the shifted equation (5.50), and the non-linear equation (5.52). In addition, they are all computed using the

correlation function given by (5.25), which can be expressed as follows in terms of the spectral function
J(w)

ar(t) = / dwJ (w) [coth (?) cos (wt) — isin (wt)| . (5.54)
0
Here, J(w) is the spectral strength,
W3
J(w) = —5 exp (~w/we), (5.55)

where w, is a cutoff frequency [35], here chosen as w, = 1.

5.1.3.1 Comparison of the linear equations The linear equation (5.24), which reads as follows for
the present case,

w = —iHs|i(t)) + 2/ |12(t)) —/O dra(t — 1)e 0= |y (1))
ijt(t» = iHg|Pa(t)) + 2{[¢1 (1)) —/O dra(t — 7)Y |y (t)), (5.56)

where [14(2)) = {¥1(t)), |12(t))}. The convoluted linear equation (5.31), for L = LT is equivalent to the
former equation but replacing |);(¢)) by |1;(t — 7)) fori = 1, 2 in the integrals. It has been shown at the end
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Fig. 5.1 Comparison of the convolutionless linear equation (5.24) (dotted line) and the convoluted linear equation
(5.40) (long dashed line) for the same number of trajectories (x = 10000). It can be observed that both equations present
the same degree of approximation to the non-Markovian master equation (4.24) (solid line). The difference between
them increases with time as the second order approximation becomes less accurate.

of Section (5.1.1.2) that the linear equation (5.21) with the perturbative replacement (5.23) of the functional
derivative is equivalent to (5.31) up to second order in g. Figure 5.1 confirms this expectation where we
compare the ensemble averaged result of both equations obtained with the same number of trajectories,
with that of the master equation. Indeed, the difference between each result and the master equation is
approximately equal, and the discrepancy between both results increases with time as the effects of the
perturbation becomes more important and the second order approximation less accurate.

5.1.3.2 Norm of the wave function We first study the norm of the linear equation (5.13) and the
shifted equation (5.50) for a single trajectory representative of the rest. As we see in Fig. 5.2, norm
preservation is lost after very few time steps for high temperatures. In the lower temperature case (Fig. 5.3),
the norm of the solutions of either equation is clearly more stable than for the high temperature 5 = 0.01,
and remains approximately bounded in the time interval studied. Finally, the non-linear normalized equation
(5.52) properly maintains the norm provided that the time step of the numerical integration of the equations is
small enough to avoid the problems derived from its discretization. In practice, one keeps the states properly
normalized numerically.
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Fig. 5.2 Evolution of the norm of a single trajectory for high temperature, 3 = 0.01 using the linear equation (5.13)
(dotted line), and the shifted equation (5.50) (solid line).

5.1.3.3 Ensemble averaged results at different temperatures We have seen in the last section
that norm preservation is rapidly lost at high temperatures. However, the important aspect is that despite of
this problem, the shifted equation (5.50) gives good averaged results. Averaging with the same number of
trajectories, the linear equation, in contrast, presents a solution which during the evolution becomes more
and more fluctuating and far away from the master equation curve. For this model, the shifted equation has
the form

Olihr (7 (1))
dt

= [ dra(t =) [0 (2 0)) + ()2l 0)

= —iHg|1 (27 (1)) + 2/ [[¥2(27 (1)) — (o2) |1 (2" (1)))]

(5.57)

Ola (2" (1))

=D iHsla(* () + 5 [ (" () — (o) (=" ()
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- [ dra(t =) [0 Oa(e ) + e 2 (7 0))]. (5.58)

where Z} = z; + fot dra(t — 7)(0s), and {o,) = (¥ (z¢)]0o|v¥(2)) /(¥ (2¢)|¥(2¢)). These results, shown
in Figs. 5.4 and 5.5 for k = 100 and x = 10000 trajectories respectively, suggest that the shift becomes
essential for the true evolution at high temperature, improving significantly the results in comparison with
those of the linear (non-shifted) equation.

1

Vi '\"‘ A 2 PN
¥ AT SV AR A WAS

Fig. 5.4 Solutions of the linear equation (5.13) (dashed line) and the shifted equation (5.50) (long dashed line) for
[ = 0.01 (high temperatures), using an ensemble of x = 100 trajectories. Results are compared to the master equation
(thick black line)

A further question shall be addressed next: Does a normalization of the wave function during the evolution
still improve the statistics? To answer we compare in Fig. 5.6 the results of the shifted equation (5.50) and
the non-linear (also shifted) equation (5.52), which evolves normalized states and has the following form
for the present system,

AN g i (= 0)) + 57 [l () — o) i ()

— /0 dra(t —7) {e‘m(T—t)il (z*(t))) + <01>6m(7_t)|7;2(2*(t))>]
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Fig. 5.5 Same as Fig. 5.4 but with x = 10000 trajectories.
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t ra(t — 1) |e AT () (2* b1 (2"
. /Od (t >{ (1 (= (0) 91 (= (1))
bSO N O] 161 (0)

- o) | dra(t - 1) B TART))
b G ) 0] W= )

(5.59)
aIz%(dz_t*(’f)» = iHs[da(=" (1) + 5 [[a(=* (1) = (o) 922" ()]
= [ drate =[SO ) + toale 2N o)
o Cdra(t— 1) {emw (1 (=" () (=)
b SO )N O] 191 0))
— ) [ dratt =) [5OGO )
b A ()1 0) |l () (5.60

where again Z} = z} + fot dra(t — 7){o,), and (0,) = (P(2*(t))|o.|P(2*(t))). Using an ensemble of
+ = 1000 trajectories it appears that they both give the same degree of accuracy. To be more specific, for
this number of trajectories it seems that the solutions of both equations still present some fluctuations around
the result of the master equation, but these have the same amplitude in both cases. As a consequence, we can
conclude that, at least for the spin-boson model, no further improvement of the statistics is achieved when
averaging over the normalized solutions of equation (5.52). We conclude that in practice, it is irrelevant
whether one normalizes after each time step. As long as one uses the shifted noise and keeps track of the
norm in order to evaluate expectation values with the correct normalization factor, both the linear shifted
equation (5.50) and the full nonlinear equation (5.52) give results of equal quality.

It is now important to study whether the shifted equation (5.50) still presents a better sampling than the
linear equation (5.24) for low temperatures (5 = 10). As shown by Gaspard and Nagaoka [35], the linear
equation already gives averages that are in good agreement with the master equation. Figures 5.7 and 5.8
show that indeed, there is no appreciable improvement of the shifted equation with respect to the linear one
in any of the two statistical ensembles of trajectories used (10000 and 150000 trajectories respectively).
These results, added to the fact that the shifted equation is numerically slower, make the linear equation a
more sensible choice in the low temperature regime.
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Fig. 5.6 Solutions of the shifted equation (5.50) and the non-linear equation (5.52) (long dashed and dotted line
respectively) for 3 = 0.01 (high temperatures), with an average of x = 1000 trajectories. The result of the master
equation is displayed with a solid line.
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Fig. 5.7 Solutions of the linear equation (long dashed line) and the shifted equation (dotted line) for 3 = 10, averaged
for 10000 trajectories. The results are compared to the one obtained from the master equation (thick black line).
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Fig. 5.8 Same as Fig. 5.7 but now with 150000 trajectories.

5.1.3.4 A study of the noise and the shifted noise When comparing the shift term in equation
(5.49),9 |, J dra(t—7)*(o,"),, and the original noise z; that appears in expression (5.49) for both temperature
regimes, we find the reason for the previous observations. We present in Fig. 5.9 the time evolution of the
real and imaginary parts of both quantities. For low temperatures 5 = 10, the shift remains close to zero
during the whole evolution, and therefore its significance relative to the noise z; is small. However, the
situation changes for high temperatures, (8 = 0.01), in which the real part of the shift reaches an amplitude
of fluctuations equal to that of the noise, producing a shifted noise very distant from the non-shifted one.

These results can be seen more clearly in Figs. 5.10 and 5.11, which show the real and imaginary parts of
the shift term and the noise for low and high temperatures, respectively. We observe that at low temperatures
the region in which the shift is distributed (a black point located around the center of the coordinate system
in Fig. 5.10) is small in comparison with the region of values of z;. The situation at high temperatures is
different, as we can see in Fig. 5.11. Here, the values of the shift term spreads horizontally across the real
axis with magnitudes equal to those of the noise.

The latter results explain why at high temperatures it is essential to use the shifted noise equation (5.50),
taking into account dynamically the dynamics of the probability distribution. For lower temperatures this
shift is much less important, and the original linear equation can still be used satisfactorily.
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Imag [z ] ,[shift]
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Fig. 5.9 Real and imaginary part of the noise (solid lines) and the shift term (dashed lines) as a function of time for
both temperature regimes.
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Fig. 5.10 Real and imaginary part of the noise (circles) and shift term (crosses) for low temperature, 5 = 10.



83

STUDY OF THE SAMPLING OF STOCHASTIC SCRODINGER EQUATIONS

[y1us] ['z] Sewy

ft]

Real [z ], [shi

Fig. 5.11 Same as Fig. 5.10 but now for high temperature 5 = 0.01.
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5.1.3.5 Noise and shift for other temperatures. Let us study the time averaged magnitude of the
shift term in comparison to that of the noise for other temperature values. Here we define the time averaged
magnitude of a stochastic quantity f(t) simply as T[f] = =+ fOT dr|f(7)|.- The relation between these
values will again give us an idea of the necessity of using a non-linear equation instead of the linear one.
For intermediate temperatures (for values of 3 between 0.01 and 10) we see in Fig. 5.12 that only for very
high temperatures (values of /3 close to zero), the magnitude of the real part of the shift is comparable to
that of the noise, and therefore a non-linear equation is needed. However, for (3 greater than 0.1, even the
real part of the shift term saturates to magnitudes very close to zero in comparison to the magnitude of the
noise, which saturates to values of approximately 100 (in inverse time units).
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Fig. 5.12 Real and imaginary part of the time average (denoted as T'[*]) of the absolute value of the noise (solid
line with circles) and shift term (dotted line with crosses) for different inverse temperatures (3. Only for very high
temperatures the time average of the shift is relevant in comparison to the non-shifted noise.

5.2 REDUCED PROPAGATOR AS A TOOL TO DERIVE MASTER EQUATIONS

We show in this part different derivations of the master equation, according to different possible initial
conditions for p;y:(t). In order to obtain closed equations, we use the evolution equation of the reduced
propagator up to second order in the perturbative parameter,

dG (2] zi41[t0)

p = —iHgG(2}241|t0) + Lz; G(2} 2i41]t0) — LTz 11 +G (2] 2i41]t0)

t
- LT/ dra(t — 7)Ve LG (2 zi41]t0) + O(g®). (5.61)
0

with z;41 = zp and z; = z.
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5.2.1 Dissipative master equation with decorrelated initial condition

Let us start by deriving the master equation of an initially decorrelated state p;,:(0) = ps(0) ® pp for two
cases: pp = [0)(0], and pp = [ du(z0)P(2§, 20)|20)(z0]-

5.2.1.1 Zero temperature Let us here derive a master equation up to order g2 in coupling constant for
pp = |0)(0]. We define the projector Py (27 z) = Pr = |1h¢(2*)) (¥¢(2)| = G(2*0[t0)]to) (1ho| GT(02]0t),
so that p; = M[P;], and

APy _ dli(z"))

o TW:&(Z)‘ + |¥s(27)) a (5.62)

In order to perform the average, it will be necessary to use the following properties,

0z

M[Pyz] = /Ot dr Mz =M [57%}

(5.63)

t
M[P2{] :/ dr Mz} z | M {57315],
0

0z

which hold for any complex Gaussian noise [54]. From the non-convoluted equation (5.61), with zg = 0,
the time evolution (5.62) is

d ¢
% = g2iV,LP, — ¢*V, LT / dra(t — )V, LP; + gz PV, LT
0

t
- 9273,5/ dra*(t — 1)V L'V, L. (5.64)
0

Using equations (5.15) and (5.63), together with the fact that the wave function [t;(2*)) depends only on
z*, the ensemble average of the terms z; in P; has been shown to be [54]:

Mpiei) = [ e [y 204
_ /0 M 20O (7 2),
M[Pz] = /Ot dr Mz 2| M {(ng?»@/)t(z)@
— | M0 2 (5.65)

0

Performing the average of (5.64) with the use of the former properties, a (non-convoluted) second order
master equation is obtained

t

d t ) t
% = ¢*ViLp, / dra*(t — 1)V, LT 4 g2 / dra(t — TV, Lp, V. L
0 0

t t
- vt / dra(t — 7)VeLp; — 7’ pe / dra™(t — T)VTLT‘/tL. (5.66)
0 0



REDUCED PROPAGATOR AS A TOOL TO DERIVE MASTER EQUATIONS 87

There is a convoluted version of (5.61) that is equivalent up to the same order

dG(z*z|t0)

i —iHsG(2* 20|t0) + Lz} G(2* 2[t0) — LT 20, G(2* 2 |t0)

t
- I / dra(t — 7)V,_LG(2*20|70) + O(g®), (5.67)
0

and it corresponds to the stochastic equation (5.20) when zo = 0 and z; is interpreted as a noise. Inserting
this equation into (5.62),

Py
dt

t
g ViLPs — ¢PViLT / dra(t — TV, Ll (7)) (1 (2)

t
+ guP VL' —g? / dra*(t — 1) (2")) (7 (2) |V LTVL L, (5.68)
0
and then performing again an average over the variable z, a second order convoluted master equation can be
obtained. Since the dissipative terms are already of second order, we can follow the same argument as in the
previous section and consider the perturbative integration of the wave function, (this time from 7 to t), only
up to order zero. Under this assumption, |;) = |¢-) + O(g) and (1| = (1| + O(g). We can therefore
consider, |1, ) (1] = |4){¥-| = Pr + O(g). The functional derivative in (5.63) is now directly performed
in the analytic form of the projector P; obtained from the perturbative integration of the last equation,

t ¢
P —"Po 9/ drV, Lz Po +9/ PV, L'z dr
0 0
t T
+ 92/ dTVTLz:/ dr'V LzE Py
0 0
t T
+ 92/ dr [/ dT/VT/in/P0:| V,L' 2,
0 0

t T
- g / drV, Lt / dr'a(r — 7 \Vu Py
0 0

t T
— 92/ dr {/ dr'o* (1 — T’)PoVT/LT:| V.L+ O(g?). (5.69)
0 0
Keeping terms only up to g°, we find

0P
ML v
e V:LPy + O(g),
4]
g = PV, LT + O(g). (5.70)

As before, we can consider the zero order term of an expansion of the type (5.69), so that Py = P+ O(g) or
Po = Pr + O(g). Choosing the second possibility, and after the average, we find the following convoluted
master equation:

d t ) t
% = gZWL/ dra*(t — m)p, Vo LT + 92/ dra(t — 7)VyLp,V, L'
0 0
t t
- gQVtL*/ dToz(th)VTLprgz/ drpra*(t — )V, LTV, L. (5.71)
0 0
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To summarize, the second order equations (5.61) and (5.67) (which correspond respectively to (5.13) and
(5.20)) have been used to obtain a convoluted and a non-convoluted master equation respectively. The
method is based on solving perturbatively the dynamical equations of |¢;) and P;. The fact that all the
integral terms appearing in the equations are already of second order (so that it is equivalent to consider in
them |1pg) = |¢) + O(g) or o) = |-) + O(g), and analogously with Py), emphasizes that, up to this
order, a convoluted equation is equivalent to a non-convoluted one. For that reason, a remarkable difference
in the result derived from a convoluted and a non-convoluted equation will therefore indicate a failure in the
second order perturbative approximation. This issue is discussed with further detail in Chapter (IV) for a
two level atom in a PBG material.

5.2.1.2 Non-zero temperature As mentioned Section (2.2), the propagator with evolution given by

(5.61) permits us to calculate the master equation for a system with ps(0) = |to) (10| coupled to an environ-

ment represented by a general P coherent distribution, in sucha way that pyo, (0) = [ dpu(z0)P(20, 25)[¥0)20) (z0|(tbo|.
This density matrix evolves in time as follows,

Pront) = / dpu(z0) P (20, 25 Us (1, 0)]20) [10) (o (0 U452, 0). 5.72)

Inserting twice the identity of the Bargmann representation, the former expression can be written as

par®) = [ duzs) [ dutzn) [ duta)Pleo ) (1. 0) o) )
(ol (z0lUy" (¢,0) 22} 1) (z2], (573)

which shows that although system and environment might be initially decorrelated, they become correlated
during the interaction. The reduced density matrix of the system, which is defined as ps = Trp (pior) is
equal to,

ps(t) = /d,u(zo)P(zo,z(’)‘)ps(z(’;zdt), (5.74)
where we have made the following definition,
ps(z020lt) = /du(zl)G(ZTZoHO))|1/1(>><¢(>|GT(ZE§Z1IOt)~ (5.75)

The evolution of ps(2zol|t) is given by

dps(zf)kzo|t)

d
02000 = & My [Gz5 20l00) ) (01G (25 1100)] (576)

If we insert in the former expression the second order perturbative evolution equation (5.61), as well as its
complex conjugated version, it becomes

dps(z30lt)

0200) — —ilHs, ps(252010)] = 204 L ooz 20lt) — 257ps (5 20/1)

¢ ¢
+ / dra(t — )LV, Lps (25 20t) — / dra*(t — 7)ps(2520|t) Vi LTL
0 0
+ My [21,:G (2% 20 [t0)|9ho) (0| G (25 21 [t0) LT]
+ My 25 LG(25 %t0) vho) (v GT (25 21 [t0)] + O(g?). (5.77)
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In order to perform the average in zj, it is necessary to take into account that the initial condition of the
functional appearing inside the corresponding terms is

G(2120/00) [4h0) (10| G (2521100) = #1222 [ysg) (uso. (5.78)
In that case, the average cannot be made using the property (5.65). Instead, we have to use the property

M [z g, Wt tiga]] = Zig1,6, Ms W[t tiga]]

ti . .
+ / drM; (2427 ] MK%)] (5.79)

tit1

obtained in Appendix (I) for the average of z;;, with general functionals W{t;, t;11] with initial condition
exp (27 z;+1). Then, the average of the noise term 21 ; is the following !

M [Zl,tG(ZTZOUO)WO(ZO»<¢0(Zo)|GT(26*21|0t)LW = 20tps (202 |t) LT

t
+ [ drat = nViLpazl0L + 0, (5.80)
0

where we have considered that % = V,_+LG(2] %|t0) In the same way we have,
1,7

M [25 ,LG(25 20[t0) [1ho (20)) (0 (20)|GT (25 21|0t)] = 2, Lps (26 20t)

t
+ Lps(za‘zo|t)/ dra*(t — 1)V L + O(g). (5.81)
0

Inserting (5.80) and (5.81) in (5.73), we have the following second order master equation for p (2 zolt),

dps (2520[t)
dt

t
bz IL pa(z0lt)] + / dra(t — 7)[Ve_sLps (2 20lt), LT]
0

= —i[Hs, ps(2520[t)] + 20,4 [0s (55 20]t), L]

¢
+ / dra*(t — 7)[L, ps(25 20[t) Ve LT] + O(g*). (5.82)
0

Let us now perform the average of (5.82) with respect to 2. The terms with zo ; and 27 , are of order g. For
that reason, in order to obtain a second order perturbative master equation, it is necessary to compute their
average by inserting first order perturbative expansion of p(z{zg), which is given by (1.7) as,

puliialt) = [ du(e)GE 2000l bolG (25)
t
= g% (p‘g(z§z0|t)—|—/ drzg Vet L, ps(2520(t)]
0

¢
+ /deo,T[ps(z’okzoﬁ),VTtLT])—i-O(gQ). (5.83)
0

LSuch properties can be derived within a second order perturbative approximation, as shown in Appendix (J)
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If we now chose the P(zq, 2§}) as the P distribution of a thermal reservoir,

* 1 —|z0]? w
P(ZOaZo):HWN(w/\)e ol Ny, (5.84)
A

it can be easily checked that

* * t
Moleorpelzgaalt) = = [ du(e) [ dutzo) Plao. 250> 55 [ drsagsi Ve i io) ol
0

t
= - / dra™ (1 —t)[Ve_i L, ps(t)] + O(g%). (5.85)
0
Then the average of the second term of (5.82) is
t
Molzops(20lt)] = / drat (7 — 8)[ps(t), Vo L1]. (5.36)
0

We have here defined the funtion o™ (¢ — 7) as in (4.21). Where, as before, N (w)) is the average thermal
number of quanta in the mode w), defined in terms of the temperature 8 = 1/k5T as N(w) = [exp(wf) —
1]71. After a replacement of (5.85) and (5.86), the average of (5.82) over zg is

dps(t)
dt

= <ilfls. 0]+ [ drat (= Vet Lop (). 1T
+ /dTa (t —7)[L, [ps(t), Vy tLT]]
+ /OdTa(t—T)[V.,.,tLps(),LT]

t
/ dra’ (t = 7)[L, ps (D) V- L] + O(g%). (5.87)
0

Let us now define the correlation function o~ (¢ — 7) defined in (4.20). In terms of such correlation, the
former equation becomes like (4.19),

dps(t)
dt

~ilHs. ps(t / dra™(t — )[L, pa(1)Vi o L]
+ /OdTa (t = P)Vs_iLps(t), L]
+ /0 o (- )Vt Lpu(t), 1)
- /Otha*(t—T)[L,pS(t)VTtLT]—i-O(g?’). (5.88)

This equation is the same as the one obtained by Gaspard and Nagaoka in [35, 37] 2, and the one obtained
by making an ensemble average of the equation (5.21) derived by Diési, Gisin and Strunz in [40].

2Which is identical to equation (4.16), considering (5.29) and (5.28) as the environment and system operators, and identifying the
correlation functions o(¥) = 2 (C11 £ C21).
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5.3 DISSIPATIVE MASTER EQUATION WITH CORRELATED INITIAL CONDITIONS

As mentioned in the introduction, the propagator with evolution given by (5.61) permits us to calculate
master equations with general initial conditions. Suppose for instance that we have a pure initial state for
the total density matrix,

Pron (0) = [Wo) (| = / dy(z0) / dpu(zb) 1200 (28) oz (2 - (5.89)

In order to obtain physical results, this state should be normalized as p:4:(0) = |¥o)(Po|/(T|Pq). For
simplicity, we will omit in the calculus that follows the normalization factor, although it will be taken into
account in the initial condition of the examples we show in the next sections. Then the total density matrix
reads as follows,

pron(t) = / dji(z0) / (4 Us (£, 0) 20) [0 (25)) (o (24) |2 [UF (8, 0). (5.90)

The reduced density matrix of the system, which is defined as ps = Trg{pio: } is equal to,

palt) = / dpu(z0) / dps(2h) s (2 228 20l8), (5.91)

where we have made the following definition,
ps(20 202 20]t) = /du(zl)G(tOIzi‘Zo)>\wo(25)><1/Jo(26)IGT(t0|26*21)- (5.92)

Once p;(2( zz5 z0|t) is known, then the sum (5.91) can be performed in order to obtain the reduced density
operator. This may be done for each particular initial condition, which is given by the set of values |1 (2{))
for each zg. Hence, it is interesting to compute the evolution equation of pg(2("2( 2 z0|t), since it represents
the most general object needed to compute p,. Such evolution,

A0 _ &g (652010 0) 0 )1 (20 10)] (599

can obtained within the perturbative approximation by using equation (5.61) for the propagator. In that way
equation (5.93) becomes

dps (=4 247 70]t)
dt

¢ ¢
+ / dra(t — 1)LV, Lp, (25 225 z0|t) — / dra*(t — 7)ps (25 2028 20[t) Vi LTL
0 0

+ My [21, LG (2} 20]t0) 1o (25)) (v (20)| G (26 21 [t0) ]
+ My [214G (2 20[t0) o (20)) (o (20) |G (24 21 [t0) LT] + O(g%), (5.94)

= —i[Hs, ps(20 2075 20]t)] = 20.4L" ps (26 2075 201t) — 2605 (20" 2026 20t) L

where we stress again that the initial condition should be normalized

ps (20" 20%52010) = [tPo(25)) (2o (20) |/ (exp (20" 20) (Y0 (20) [0 (25))- (5.95)
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In order to obtain the master equation up to second order in the perturbative parameter, we can use the
perturbative expansion

t1 t1
G(z7, 20]t10) = {1 —|—/ defTVT_tlL—/ de(),TVT_tlLT
0 ' 0
ty T t1 T
- / dT/ dT/a(T—T/)V-,—_tlLTVTI_tlL—‘r/ dT/ dr'z} 2y Ve, LVe 4 L
0 t t ¢
t1 T t1 T
- / dr / dr'z} ;20,7 Vo4, LV LT — / dr / dr' 20,25 o Ve, L'V 4 L
t 0 0 0

t1 T
- / dr / dr’20.720.71 TtlLTVT,tlLT}G(o)(z;zomo)+(9(93), (5.96)
0 0

considering now ¢ = 0 and the proper labels for the noises. Such expansion can be inserted in the average
of the noise term z;,

Ml [Zlth(ZTZ() |t0) |w() (28» <1/J()(236) |GT (26* zZ1 ‘tO)LT] 5 (597)
to find that, up to second order (see Appendix (J) for details),

My [21,6G (27 20]t0) |0 (26)) (Y0 (20)|GT (26" 21 [10) LT] = 20,45 (26" 225 20| t) LT
t
+ / dra(t — 7)Ve_ i Lps (25 2025 20[t) LT + O(g°). (5.98)
0
In the last expression, we have replaced the first order density operator in perturbation parameter

PV (26 2025 20t)

t
PO (el i zolt) + / drely (Ve L, o0 (21 2 2 0 1)]
0
t
+ /deO,T[ng)(zé*zézgzo\t),VT_tLT}, (5.99)
0

by ps (24 z) %5 20(t), since it appears in terms which are at least of first order in g. Note that the last expression
is in terms of the zero order density operator

PO (26 25 20lt) = €7t g (20)) (o (26) [ 5t . (5.100)
In the same way we have,
My [21 LG (2" 20[t0) [0 (25)) (0 (20) |G (25" 21 [£0) ]| = 25, Lps (202" [20)
t
+ Lps(z()*z(’]za‘zo|t)/ dra*(t — 7)Ve_ LT + O(g®). (5.101)
0
Inserting (5.98) and (5.101) in (5.94), we have the following second order master equation for ps(z02(°),

d ) Ik 1 % t
dps(z20%20lt) gy o et zolt)] 4 zoelps(zot), LT 4 2L pa( 223 z0lt)

dt
t
+ / dra(t — 7)[Ve_iLps (25 225 20|t), LT]
0
¢
+ / dra*(t — 7)[L, ps (25 2h 28 20|t) Ve LT + O(g?). (5.102)
0



DISSIPATIVE MASTER EQUATION WITH CORRELATED INITIAL CONDITIONS 93

Suppose now that we have an initial mixed state for the total system, as defined in Section (2.2.2.2),

pron(0) = [ di(a0)7 G, 25) W0 20)) (B ), (5.103)

where 7 (zo, () is the statistical probability for the member |¥(z3)) of the statistical ensemble. Then, the
reduced density matrix of the system, ps = Trg{p:ot } is equal to,

o) = [ o) Tz izl (5.104)

which is equal to (5.91), but now with the following definition,
ps(Z520[t) = /du(Z1)G(t0lzi“zO)>Iwo(ZB‘)><¢o(zo)lGT(t0\Z£§Z1), (5.105)

which is equal to (5.92), but with z, = z;. Once such replacement is made, equation (5.102) represents
the evolution of ps(z320(t). As in the pure case, provided that the whole set of initial conditions | (2g))
is known for the problem, as well as the probability distribution 7 (2o, z5) which describes its frequency in
the mixture, then the sum (5.104) can be performed with the solutions ps(z{zot).

In the next sections, we are going to compute the evolution of ps(2{"2{2z0[t) with two examples, the
solvable model with L o« Hg, and the spin boson model. The evolution of p,(z3zo|t) is just a particular
case of the former one. To this end, we will verify the equation (5.102) by comparing its results with
those obtained by performing a numerical sampling over stochastic trajectories of the reduced propagator,
following the relation (5.93).

It is clear that equation (5.102) is the essential piece for calculating the evolution equation of single mean
values for general initial conditions. The next sections are devoted to prove such an equation by applying it
to a model with L = ¢, and Hs = w,0,/2, which is analytically solvable, and to a spin-boson model.

5.3.1 A solvable model

We illustrate the equation (5.102) by applying it to a solvable model, where L = o, and Hs = wo, /2.
First of all, we calculate the mean value of an observable A that has, in the basis of eigenvectors of o,
0 «

0
[Wo(28)) = [vo(28))20) and |To(2])) = |[vo(25))]207), the average of A over these two vectors is given
by

the matrix representation A = ) Taking as the initial values for the states of the total system

(Wo(20)|AWo(25)) = M [{to(#0)|GT (2" 21|0t) AG (2 20[t0) [0 (25))] - (5.106)

In the present case, the solution of the equation (5.61) can simply be written as

t1 ty
G (2% 20]t10) = exp {z%s(tl —0)o, + L / drz;, — Lt / drzg
0 0

11 T
- LLT/ dT/ dsa(T — s) +z;‘zo}. (5.107)
0 0
From the equation (5.107), performing the average over the environment degrees of freedom z; we obtain,

(A) = ¢ R L IR L g )ty 0
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b Boalor)e 2 o rGor—atioy (5.108)

where we have taken a normalized initial system state [¢o(2(")) = |Yo) = |[to1) + |[to2). In the same
manner it follows for (o)

(02) = (Yo1|vo1) — (Yo2|Yo2)- (5.109)

Figure 5.13 represents (5.108) for A = 0,7 = x,y, and (5.109) compared to the result obtained using
the propagator (5.61). When the number of stochastic trajectories included in the ensemble mean (5.93)
is large enough, both results coincide. The correlation function is obtained for 2 oscillators with coupling
parameters g1 = g2 = g = 0.1, frequencies w; = 6 and wy = 2, and for an atom with rotating frequency
wsg = 4.

5.3.2 A dissipative example: the spin-boson model

Let us now calculate the expectation value (¥o|A|W¥g), where A is an operator belonging to the Hilbert space
of a spin which is coupled to a thermal bath of harmonic oscillators, as described by the spin-boson model
[35]. We consider the interaction Hamiltonian of (5.8) with a coupling operator L = ¢, and a magnitude
small enough to be considered perturbative. Within this model, the bath can be characterized by the spectral
strength

J(w) = w—ge‘“/““, (5.110)

where w, is a cutoff frequency [22, 34, 35, 37], here chosen as w. = 1. The correlation function of the noise
generated by a termal bath is given in terms of J(w) as

alt) = /0 " dwT (@) [coth (%) cos (wt) — isin (wt)| 5.111)

The inverse temperature 3 = (kp7T)~! is chosen according to the energy of the bath, and considering that
the energy of the subsystem is very small compared to it [35]. As noted when introducing the reduced
propagator, when the environment is at high temperatures the noise statistics evolve quite significantly in
time, so that a non-linear equation (see appendix (H)) needs to be considered in order to take this into account.
On the contrary, for low temperatures the state distribution of the bath (i.e. the noise distribution), remains
quite close to a Gaussian during the interaction, and linear equations are a good enough description of the
problem. Since in our present case we consider low temperatures, 5 = 10, the linear stochastic equations for
the propagators presented in this paper are suitable. In order to reduce the computational effort, we propose
a Fourier expansion of (5.111) of the form

v/2
APt —7)= > C(m)e T Tnar, (5.112)
m=—v/2
with the coefficients -
1 max .
C(m) = / dta(t)e™mt/ Tmaz, (5.113)
2Trnaw —Trmax

where, T),q. 1s the time window in which the correlation function is expanded in the series. With only
m = 6 oscillators, the obtained correlation function is a good approximation of (5.111) up to 7" = 5. The
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Fig. 5.13 Evolution of single mean values of T'rs(ps (20 2025 20(t)o:, with i = {z,y, 2} and normaliced initial
condition p. (4 2252010) = Tris ([40)|20) (2] (ol / (ol (bl 0} o)) = b} {tbal/ (wholsbo). We have taken iniial
value already normalized |¢)o) = w The average of equation (5.94) is numerically computed using the
evolution (5.61) for an ensemble of 100 trajectories (dotted line) and 10 (long dashed line). The last result is practically

equal to that of the solutions (5.108) and (5.109) obtained analytically (solid line).
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procedure consists in plotting C'(m) with a high number of oscillators, and then sample it with m = 6 values
of frequency. By doing this, the 6 frequencies of oscillators entering in the sum (5.112) will correspond
to some of the most representative values of the coefficients. The comparison between (5.111) and the
approximate correlation for 6 oscillators is shown in Figure 5.14.

0.06

0.04

Fig. 5.14 Thermal correlation function «(t), given as (5.111) with 3 = 10 (solid line), compared to its Taylor
expansion a“PP? given as (5.112) with only m = 6 oscillators (long-dashed line). Despite the fact that the number of
oscillators is very short, the approximation is quite good. This is due to the fact that the frequencies of those oscillators
have been chosen between the most significant ones of the function C'(m).

For the thermal correlation function, we show in Figure (5.15) the evolution of T'r g (ps(2( 2024 20[t)04),
with ¢ = {z,y, z}. It can be observed how the average of equation (5.94), which is numerically computed
using the evolution (5.61), approaches to the result of (5.101) when a large enough ensemble of trajectories
is used. Again, this is a numerical verification of the averages of the variable z; that has been performed
analytically by using a perturbative expansion of the propagators.
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Fig. 5.15 Evolution of Trs(ps(20°202520|t)0:), with i = {z,y,z} and normaliced initial condition
ps (20" 2625 2010) = |v0){(to|/(wo]1o). We have taken the value |1o) = w The average of equation

(5.94) is numerically computed using the evolution (5.61) for an ensemble of 14 x 10® trajectories (dotted line) and
18 x 10° (long dashed line). The latter result is practically equal to that of the general condition perturbative master
equation (5.101) (solid line). The correlation function is obtained from the model (5.110) with 6 oscillators in the Fourier
expansion (5.112), coupling parameter g = 0.1 and rotating frequency ws = 0.1.



Conclusions of this part

We now briefly review the conclusions of this part of the thesis.

In Chapter (4) there was a brief introduction of Markovian and non-Markovian master and SSE. Although
the results of this chapter are not original, they serve as a framework to contextualize the particular equations
which are used in this work.

In Chapter (5) we presented some original results, which can be summarized as follows.

e In Section (5.1) different models of SSE are studied.

— First, we compared two different stochastic linear equations, the convolutionless equation (5.21)
[40, 39] and the convoluted equation (5.31) [35], showing that they are equivalent up to second
order in the perturbation parameter. We have verified their equivalence numerically for a spin-
boson system with a Hermitian coupling operator o .

— Second, we focused on the problem of sampling of SSE. When considering the effects of the
interaction with the QOS in the probability distribution of the bath, the linear equation (5.21) gives
rise to a second type of stochastic equation, which is non-linear with the wave function |, (z*)),
and which may evolve non-normalized states (in the case of equation (5.50)) or normalized
states, in the case of equation (5.52) [40, 41]. Since they take into account the evolution of
the environmental state distribution, non-linear equations are supposed to improve the sampling
with respect to the linear ones. For the spin-boson model, the linear and the two non-linear
equations have been studied for high and low temperatures, showing how the temperature is
a very important parameter to decide whether it is necessary to use a non-linear equation. In
non-linear equations, the effects of having a dynamical distribution are reflected in the use of a
shifted noise Z;, instead of the original one.

In the high temperature regime, the shifted noise z; becomes very different from the z; that drives
the linear equation, and the improvement in the sampling of non-linear equations is significant.
The physical reason is that only for high temperatures the environmental distribution (Husimi)
function Q:(z, z*) may evolve considerably throughout the phase space. In such a case, non-
linear equations lead to a much more efficient sampling than linear ones. At low temperatures,
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however, we show that the noise probability distribution does not evolve significantly and the
shifted noise remains approximately equal to the non-shifted noise which drives the linear equa-
tion. As a consequence, the improvement in the sampling provided by non-linear equations is
not very appreciable, and the best choice in this case is the simpler linear equation.

It is also interesting to point out that the non-linear equation that evolves normalized states
(5.52), does not present a further improvement in the sampling (at least in the spin-boson model)
in comparison with the non-linear equation (5.50) which still evolves non-normalized states,with
the need, however, to keep track of the norm. While mathematically, both equations should give
identical results, we here see that even in practical applications, there is no difference in the
quality or efficiency of the results obtained from these two nonlinear equations, at least for the
particular model studied.

e In Section (5.2) of the chapter, we have used the reduced propagators as a tool to derive different

master equations by performing analytically the sum over the different initial and final states of the
environment. This methodology can be found in the literature when such initial state is the vacuum.
However, we have extended it to treat a new situation in which the environment and the system are
initially correlated, generating a new master equation which depends on the environmental initial state.
The extension of the methodology consists basically in a generalization of the Novikov theorem, on
which is based the analytical average of the initial and final states. The generalization is needed in
order to perform averages over reduced propagators in which the initial state is not the vacuum, and
is explained in Appendix (I) and (J). In addition, we have considered the case in which system and
environment are initially decorrelated, but the last one is in a thermal state. By using the general
Novikov theorem and reduced propagators, it is obtained ithe same master equation for non-zero
temperature already derived in the literature, which verifies the validity of our method.
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Introduction and motivation

There are situations in which the expectation values of system observables are not enough to describe the
essential features of the physical behavior of the system dynamics. Simple examples are found in statistical
physics and spectroscopy, where the response of a system to an external electromagnetic field is studied.
Particularly, in quantum optics, two-time correlation functions of the electromagnetic field emitted by an
atom are useful in the study of the atomic spectroscopic properties. As a second example, the two-time
correlations of the number of emitted photons, permit the description of a purely quantum mechanical effect,
the photon anti-bunching. We illustrate this in the following section, where we also discuss the relation
between the correlation of field operators and the correlation of system operators.

7.1 CORRELATIONS OF THE FIELD

Let us illustrate two examples of correlations in quantum optics. We start by studying the atomic emission
spectra, which is related with two-time correlation of the field intensity. As a second example, we discuss the
two-time correlations of the number of emitted photons, as well as their relation with the photon antibunching
effect.

7.1.1  Atomic emission spectrum

Consider a rather idealized experimental set up for measuring the output spectrum of a quantum mechanical
system, in our case, a set of two level atom linearly coupled with a radiation field. As explained in Chapter
(1), the Hamiltonian of the emitting atom (with levels |1) and |2)) is given by

w12 w12

Hg = —7(022 —011) =

B 70’2, (71)

and the total Hamiltonian of emitting atom and radiation field is described by a Hamiltonian Hg, given
by Hr = Hs + Hg + ), ax(Ltay + aT\L). In order to detect the emitted radiation, suppose we have a
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detecting atom with Hamiltonian Hp = Qo /2, where  is its rotating frequency. The Hamiltonian of the
total system (detector atom, emitting atom and radiation field) reads as follows,

H=Hp+Hp+W. (7.2)

Here the coupling between the detecting atom Hp with Hp is dipolar and given by a Hamiltonian W, which
in interaction image with respect to the detector is given by

W(t) = [021d” - ED) (r,0)e + 01,d” - B (1) (73)

where we have considered dD dP = d5,dP = (1| D | 2) = dP. The superindex D reminds that these are
the components of the detector’s dipole. It is important to note here that the field operators E(*) and E(-),
correspond to the radiative atoms and the radiation field with H . The positive part of the field situated in
(r) is defined in Chapter (1) as !

E(+)(r, ro,t) = Ze,\A,\(r)a)\(ro,t)eA (7.4)
A

and E(-)(r,rg,t) = [E(H)(r, 1o, t)]T [50]. In the last expression (and from now on) we have added explicitly

WX

the dependency on the position r of the source dipole that originates the field. The quantity €y = Do

with v the quantization volume. In terms of the coupling strengths we find that g = g (r) = ey Ax(r)d-e,.

As a condition, the time of observation 7" is much bigger that the inverse of the natural width I" of the
detecting atom excited level. In addition, the Rabi frequency of the emitting atom has to be bigger than
the inverse of T'. With this set up, the idea is to calculate the spectral distribution of the fluorescence light,
P(,T). This is defined as the probability of excitation of the detecting atom at the time of observation T,
ie.

P(Q,T) =Trro (12)(2]p(T)), (7.5)

where p(T') is the density matrix of the total system at time 7". In interaction representation, this density
matrix is,

o(T) = p(0) — i / ' (1), p(0)] - / " / it [ (o). [0 . (7.6)

for an expansion in which p(7T") ~ p(0). Replacing (7.6) in (7.5), we get the following expression for
P(Q,T),

T ¢
P(Q,T)="Trg </ dt/ dt'e’ = aP . EH) (¢, 1, t)prd® - B (xr, ro, t')
0 0

T t
+ / dt / dt’em(t’t>dD-E<+>(r,ro,t’)deD.E<>(r,r0,t)>. (1.7
0 0

1We remind here that only in Chapter (1) and Appendix (A) of this work we use / # 1. The reason is that they introduce the standard
models for the system under study. We here follow the convention 2 = 1 followed for simplicity in the rest of the work.
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If we now change ¢ into ¢, and ¢’ into ¢ in the second integral,

T t
PQ,T)=Trg </ dt/ dt' e’ =) gD . E(+)(r,r0,t)deD . E(_)(r,rmt’)
0 0

T t’
+ /dt’/ dtem(t_t/)dp~E(+)(r,r0,t)deD~E(_)(r,r0,t’)>, (7.8)
0 0

both integrands becomes the same. On the other hand, the regions of integration are the complementary
parts of a square of side " (see Fig. (7.1)), so that the last expression can be written as

T T
P(Q,T) :/ dt/ dt'em(t_t,)g(l)(r, ro;t,t'), (7.9)
0 0

where the average (---) = Trg (pg - - ), and we have defined
g (r,ro;t,t') = (d” - E) (r, 19, 1)d? - EP(r, 0, 1)), (7.10)

as the first order correlation of the projection of the emitted field in the direction of the dipole.
t,

T

T t

Fig. 7.1 The figure displays the regions of integration of equation (7.8).

In order to express the last equation in terms of observables of the emitting atoms, it is necessary to express
the field operator, which is defined in (7.4) in terms of the atomic dipolar momentum. We insert in (7.4)
the solution of the Heisenberg equation for ay (rg, t) with the total Hamiltonian (7.2) , i.e. dax(ro,t)/dt =
—i[HB, a,\(ro, t)],

¢
an(ro,t) = ax(re,0)e” 7 — z/ drgaL(t")e A (t=7) (7.11)
0

a result which has been already obtained in (2.38). Here, the coupling constant between emitting atoms and
surrounding field is gy = gx(ro) = exAa(ro)d - e). After this replacement, the component of E™) in the
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direction and position of the detector is
t
d” B (r,ro,t) = =iy gagx / drL(r)e” o (t=7) (7.12)
N 0

where we have defined ¥ = ¢gP(r) = €, A\(r)d” - e, as the coupling constant of the detector with the
emitted field. In expression (7.12) we only keep the part of the field corresponding to the radiated field from
the dipole (also “source field”). The other part, corresponding to the quantum vacuum field

E((J+)(r,r0,t) = Z exAx(r)ax(ro, 0)e ey, (7.13)
A

does not contribute to photodetection signals, since provided that the field is in the vacuum state |0),
(0 (a” - E{(r,x0,7)) = 0
(dD B (r, 1o, 0)) 0) = 0 (7.14)

in (7.10). We now introduce a distribution function p(r), which describes the density of radiating atoms at
a given positions of the crystal. Assuming that the atomic distribution is the same for each Wigner Seitz cell
(WSCQ) of the crystal [106], we perform an average over the atomic distribution within the crystal, obtaining
the following expression for the positive part of the radiation field,

1

(dP - ED) (r,10, 1)), = —
’ Ne wscC

drop(ro)d” - EM)(r,x, ) (7.15)

where N, = fw sc drop(ro) is the number of active atoms in a cell. Considering one single atom at position
r,, in each cell, such that p(r¢) = 6(rg — r,) and N. = 1. Then we have

t
(dp - EM)(r 10, ))r, = fi/ drS(r,rq,t,7)L(T) (7.16)
0

with the S(r,r,,t,7) = >, gf\jgke_“’*(t”), with gy = gx(r,) . Replacing (7.16) in the integrand of
(7.9), we get

g(l)(r7raatat/) = <g(1)(r7r0,t7t/)>ro
— {((t@® B a0, ) (@7 B ), ) )
t t’
= /dT/ dr'S*(r,1q,t, 7)S(r,v0, ', 7/ V(LT (7)L(1")) (7.17)
0 0

Following (7.9) the spectra has the following form,

T T
P(Q,T) = /odt/o dt'em(t_t/)g(l)(r,ra,t,t’)

T T ) , t t
/ t/ dt’em(tt){/ dT/ dr'S*(r,rq,t, 7)S(r, 1y, ', 7)
0 0 0

d
><<LT(T)L(T')>}. (7.18)
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When there is no spatial dependency of the functions S*(r,r,, ¢, 7), then they are the usual correlation
functions «(t — 7). In that case, we can write (7.18) as

PO, T) = /OT dt/OT dt'em(tt/){/ot dT/Ot, dr’a*(t—T)a(t’—7’)<LT(T)L(T')>}. (7.19)

In addition, in the Markov case, such correlation is a delta function, a(t — 7) = I'6(¢ — 7), and the last
formula is just

T T
P(Q,T) =T? / dt / dt' e X (LT () L(E)). (7.20)
0 0

In the case of fluorescence, this expression has to be averaged in time, in such a way that in the long time
limit, and provided that the field operators are correlated only over a short period of time, the power spectra
is defined as [43],

P(Q) = limTﬂm%P(Q, T) = T?Real [ / h dre™ ™ (LT(0)L(T)) (7.21)
0

The system correlations (L(0)L(7)) can be computed with the Quantum Regression Theorem. In the
non-Markovian case, we cannot assume that the correlation function is a delta, and it is necessary to use
the original formula, (7.19). In addition, as we will show in this part of the thesis, for non-Markovian
interactions that an alternative theory to the QRT is needed to compute the system correlation functions.
The derivation of such a theory, which we also present here, is therefore necessary for the description of
non-Markovian emission spectra.

7.1.2 Joint emission probability and photon antibunching.

Just in the same way as in the former section, the probability P(¢,t’) of detecting a photon at time ¢ and
another one at a later time ¢’ = ¢ + 7 is related to higher order correlation functions of the electric field,

g2ty = (dP-E- >(r t)d? - E) (¢, )dP - EF) (r,¢)dP - EF)(x, 1))

= /d’T/ dr'S*(r,ra,t, 7)S*(r,re, ', 7))

S §S(r, 1y, t,8)S(r, 1y, t', s WL (P LT (7)) L(s')L(s)). )
/d/ 45 S(x, 70, 8)S(r, 10, ', ) (LI (DL L L), (7.22)

Here, a four-time correlation function (L (7)LT(7/)L(s")L(s)) of the system coupling operator is needed.
The former correlation can normalised as

(dP -EC)(r,t)d? - EC) (r,#)dP - EF) (r,¢")dP - EH) (r, 1))
(dP - EC) (r, )d? - EH) (v, ¢))(dP - EC) (r, ¢/)dP - E(H) (r, /))

gt 1) = (7.23)

When the radiation field consists in a single mode, then most factors cancel in the mode expansions for E(~)

and E(), and the former expression is just the time ordered average of the correlation of the photon number
=qaf
n=a'a,

@) (r) = W (7.24)

g
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where : * : represents the time-ordered sequence of the operators inside. The time dependency is over the
total system Hamiltonian. As noted in the introduction, the measurement of §(2) (1) permits the description
of the so-called photon antibunching. This effect, first described by Glauber in [48], consists in an initial
positive slope of the two-time correlation function of number of emitted photons. In 1975, Carmichael
and Walls [107] predicted that photon antibunching can be generated in resonance fluorescence of a two-
level atom, being experimentally observed in 1977 by Kimble et al [108]. While for the light emitted by a
thermal source §() (0) = 2, indicating the tendency of photons to be emitted in bunches (photon bunching),
in resonance fluorescence we find §(?) (0) = 0, indicating the tendency of the photons to be emitted in a
separated way, or an anti-bunching effect. This last result is due to the thermal nature of the light emitted
by resonance fluorescence. The detection of the first photon prepares the atom in the ground state. Since
any subsequent emission must begin with an excited atom, a delay corresponding to the time taken for the
atom to be re-excited is naturally expected. Antibuching is therefore a purely quantum effect, not predicted
by classical theory. Additionally, it is only expected for the emission of a single atom, since the time-delay
of successive emissions is not appreciable when having a large number of independent emitting atoms, as
occurs with thermal light.

Further discussions about photon bunching and antibunching can be found in [21, 43, 53] for Markovian
type of interactions.

Before starting with our theory, let us present in the next section a brief discussion about the Markovian
theory of quantum fluctuations.

7.2 MARKOVIAN INTERACTIONS: THE QUANTUM REGRESSION THEOREM

In the Markov case, it is possible to derive a formula which permits the evaluation of two-time correlations
(and even N-time correlations) using the master equation for the reduced density operator. This result,
which was first obtained by Lax [18, 19], receives the name of Quantum Regression Theorem 2. It should be
noted here that there is a classical hypothesis by Onsager [17] which leads to the same formula as the QRT
for two-time correlations. However, as noted by Carmichael in [53], the difference between both formulas
is that Onsager’s concerns fluctuations about the equilibrium, while the Lax formula is valid for calculating
two time correlations even in the non-equilibrium case. We here follow the derivation of the Quantum
Regression Theorem presented in [51]. Analogous derivations might be found in the original paper of Lax,
and also in several books of Quantum Optics, for instance [43, 50, 53].

Suppose that we have a certain set of system operators A;, and that for some initial value of the density
operator pg, the evolution of their quantum mean values is given by the master equation,

d
5 Ait) = ; Gij(1)(4;(1)), (7.25)
where (A4;(t)) = Trs (ps(t)A;). Then, we can assert that
(At A1) = 3 Gt A5 4, (1.26)

Let us consider the two time correlation function of operators A; = A and A; = B [51],

<A(t1)B(t2)> = T’I’5T7’B (ul(tQ,O)u1(t1,t2)Au(t1,t2)

2 Although as noted by Carmichael in [53] it would be more appropriate to use the word “formula” instead of “theorem”.
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XU (ty, 0)U ™ (ty,0)BU (ts, O)ptot(0)> , (7.27)

where the unitary evolution operator from t5 to t; = t2 + 7, which is assumed to be in interaction picture, is
Z/{(tl tg) — eiHotle—thot(tl—tz)e—iHotz (7 28)
, . .

Considering the unitarity of the evolution operators U(¢,0)4/~*(¢,0) = 1 and the cyclic property of the
trace, we can write (7.27) as,

<A(t1)B(t2)> = TT’A (ATTB {Z/{(tl,tg)Bpmt(tg)Ufl(tl,tg)}) 5 (729)

where pior(t2) = U(t2,0)pior (0)U 1 (t2,0). Let us now consider the evolution equation of the term inside
the brackets of the environmental trace

g(tlv t2) = Z/{(tl ’ t?)Bptot (t2)u71 (tl ) t?)a (730)
with respect to ¢ and in interaction picture,

%’tﬂ = l[%lHlag(tlth)]‘ (731)
tl 1

The form of this equation is identical to the von-Neumann equation for p;.¢(t2) in interaction picture, (4.4).
Hence, in order to obtain a closed evolution equation for T g (£(t1, t2)), we can follow the same procedure
we used in Section (4.1.2.2) for obtaining the master equation up to second order in g. In that way, performing
a perturbative expansion of (7.31), and then deriving the result, we get

t1
EOL) il Hrgltanta)] — [V Ve (02, 12)), @32)
[2)
with
£(t2,t2) = Bprot(t2). (7.33)

We can now proceed to trace out the bath degrees of freedom, so that the final equation for T'r 5 (£(t1,t2)) =
€5(t1,t2) can be written in a similar way as (4.9),

ty
7d£s(t1’t) = —/ dTT’I"B ([‘/hHIv [Wl—THIagB(tat)H>§S(t7t)’ (734)
dtq t

where we have assumed an initially decorrelated state &(to,t2) = EB(ta,ts) ® £9(to, o), which since
the definition (7.33), is equivalent to assuming the Born approximation. Assuming that the £°(¢;,t5) =
£5(ta, t2) + O(g), we can approximate the last equation, up to second order as

des ta
3 C(iill»tz) :_/ dTTT‘B([VmHIa[thfrHlafB(tz,tz)]D{S(tl,tzL (7.35)
to

which is not equal to the master equation (4.11), because of the limits of integration. Only in the Markov
case, the former equation in which the integral disappears and the equation becomes local in time, the
evolution equation of £° (¢4, t2) becomes equal to the Linbland master equation (4.3),

g5 (t, t)

i —i[Hs, &5 (t1, t2)] + %([L&S(tl,tg),ﬂ] +[L, &5 (t1, t2) LT)), (7.36)
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with initial condition £°(t,t2) = Tra(Bpiot(t2)) = Bps(t2). In this relation, one can easily observe
that the evolution equation in ¢; has the same form as an ordinary master equation, but considering as initial
condition Bp(ts). This procedure can be repeated to show that, in general, N-time correlation functions are
computed by considering the N — 1-time correlations as initial condition, and using the evolution equation
of 1-time correlations, namely the Markovian master equation.

The last derivation can be mathematically expressed in terms of the so-called evolution super-operators,
Z(t1,t) , which define the following mapping over the operator £ (t1,t2) (see [38, 51] for further details),

E5(t1, 1) = Z(t1,t2)&5 (ta, ta). (7.37)

The evolution equation of Z (%1, t5) has the same form as the evolution of £ (¢, t5) which, as derived above,
turns out to be equal to the evolution for p,(¢1), but with a different initial condition. The important fact
about evolution superoperators is that they have the semigroup property,

Z(t1,t2) Z(t2,to) = Z(t1,t0), (7.38)

but only when they are Markovian, i.e. when the memory effects can be neglected in the system dynamics.
In terms of Z(¢y,t2), the two-time correlation (7.29) can be written as

<A(t1)B(t2)> = T’I“A (AZ(tl, tg)T’I“B (Bptot(tg))) . (739)

In addition, the theory of stochastic Schrodinger equations, initially elaborated to compute the expectation
values of system observables, has been extended by many groups [56, 58, 59] to calculate multiple-time
correlation functions for the Markovian case. Such stochastic methods agree with the results expected from
the QRT.

7.3 NON-MARKOVIAN INTERACTIONS

It is natural to develop a theory equivalent to that existing for Markovian interactions, in order to evaluate
multiple-time correlation functions for systems with non-Markovian effects, such as atom lasers formed from
Bose-Einstein condensates. Another interesting application of non-Markovian multiple-time correlation
function is an atom immersed in the modified radiation field that exists in a Photonic crystal (PC) [109]. As
will be later explained, in PCs the refraction index is periodic, which produces Bragg scattering of photons
with wave lengths related with the periodicity of the lattice. As a consequence, those photonic modes do not
appear within the crystal, and the dispersion relation of the electromagnetic field displays a band structure
interrupted with gaps of forbidden frequencies. In such structured materials, within the edges of the bands,
the correlation function of the electromagnetic field is highly non-Markovian. Therefore, the dynamics of
an atom interacting with such radiation field, including its fluctuations is typically non-Markovian.

In this part of the thesis, we intend to complete the description of non-Markovian quantum open systems by
generating a theory of MTCFs. To this purpose, we describe the dynamics of the QOS with the system reduced
propagator. The reduced propagator was introduced in Chapter (2), where we also made a general description
of how MTCFs can be written in terms of these. In the next section we summarize this discussion by
considering particularly an initially decorrelated state between system and environment, pot = |1)0) (1o| ®
|0){0], which is here chosen for deriving the dynamical equations. In Appendix (L) the dynamical equation
for two-time correlation functions within a thermal environment is computed.
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7.3.1 Multiple-time correlation functions from reduced propagators

We start as usual from the model Hamiltonian introduced in Chapter (1) to study the dynamics of S with
Hamiltonian Hg, in interaction with 13

Hi = HSJrLZg)\ (G&L+LT(Z)\) JrZw)\a;aA. (7.40)
A A

We are interested in the evaluation of N-time correlation functions. For a set of observables in Heisenberg
representation, { Ay (t1),---, Ax(tn)} = A(t), we defined them in Section (2.2) as

Cay Ay, Ay (B T2, N |Wo) = Ca(t|Wo) = (WolAi(t1) - - An(tn)|Wo), (7.41)

withty > to > -+ >ty andt = {¢1,---,tn}. Particularly, we have chosen here the initial state of the full
system as the tensor product of a system state |t)g) and the environment state |zg), i.e. |¥o) = |t0)|20), as
defined in Section (2.2.1).

In the partial interaction picture with respect to the environment, the N-time correlation function is defined
as

A(t]Tg) = %\Hu (ts,0)Als (t5,0)|Tg), (7.42)

It is important to stress that in this part of the thesis two different time dependencies for the system
operators will often appear:

e Atime dependency on the Hamiltonian of the total systemis denoted by A; (t;) = U, (s, 0) Ailds (t5,0),
where U is the evolution operator of the total system in the interaction picture,

U (titi—i-l) — etHBti p=iHiot(ti—tit1) il ptitr (7.43)

e A time dependency with the free Hamiltonian of the systems and environment H is denoted by
Vi, A; = exp{ilst;}L = exp (iHot;)A; exp (—iHot;) = exp (iHgt;)A; exp (—iHgt;), where
therefore V;, = exp{iLgt;} is the free system Liouville operator, acting in the two sides of the
inmediatly contiguous system operator.

In the Bargmann basis for the environment, |21, 22, -, 2x,---) = |z), the resolution of the identity is
given by [43, 48] 1 = [ du(z)|z)(z|, with du(z) defined in (2.5). If we introduce N identity operators in
(7.42), the correlation function is given by

N
A(t[¥o) = / (HdM (2i) ) (ol G (z5 21 ltotr) [ [ AiG (25 ziga[titir) o), (7.44)
i=1
with the definitions tg = 0, tx+1 = 0, 2y+1 = 20, in terms of the reduced propagators G (2] z; 1 |titi+1) =
(z;|Ur (t;, tix1)|zix1) introduced in Chapter (2). With the expression (7.44), the evolution equation of
multiple-time correlation functions is formally given by

dCA(tI\I’Q) o 8G zoz1|t0t1
TR [ du(a) o) GO0

N
H AzG Z Zi+1 ‘tu tl+1)|w0>
=1

0G (212 \t t2) 1o
/dﬂ (0| GT (25 21[tot1) Ay 1 = [T 4G zivalts, tig) o),
i=2

(7.45)
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As noted before, we consider for simplicity the case in which the initial state of the bath is the vacuum,
zo = 0. The evolution equations for two-time correlations with an initial condition for the environment
different than the vacuum (particularly a thermal environment), will be derived in Appendix (L).

It is clear from (7.45) that once the evolution in time of the reduced propagator is solved, then the time-
correlation function (7.44) can be obtained. Therefore, to proceed further we need to use the equation
of motion of the reduced propagator G (2] z;11|t;t;4+1). This equation was derived in Chapter (2), in two
different versions, an open equation in the total Hilbert space (equation (2.40)) ,

6G(2le+1 |titi+1)

= ( — ’LHS =+ Lz;"ti — LTZi+1’ti)G(Z;‘Zi+1|tit7;+1)

ot; ,
- LT / dTOé(ti - T)<Zi|uI(ti7 ti+1)L(T, ti+1)|zi+1>7 (746)
tit1

where, as usual ,

Zig =1y grzine™, (7.47)
A
and, ‘
alt—71)=> gre ), (7.48)
A

and a closed equation in the Hilbert space of the system in which the matrix element in the last term was
expressed as

(zilUr (ti, tig1) L(T, tig1)| Zig1) = O(zig127, 8, T)G (2] Ziga |titigr), (7.49)

generally with the use of some approximation. In that case, the equation was expressed in terms of the
reduced propagator as
0G (2 zip1|titit1)
ot;

= ( —iHg + Lzth — LTZi+17ti)G(Z;kZi+1|titi+1)

t;
— L]L / dTOé(ti — T)O(Zi+122<, t, T)G(Z;Zi+1 |titi+1). (750)

tita1

The equations used in this chapter are linear, since the environment distribution function is considered
constant during the interaction with the system. As already seen in Chapter (5), this is a good approximation
for environments at low temperature. However, when the environment is at high temperatures, then its state
distribution changes considerably due to the interaction [1].

In order to take this into account, the statistical distribution of the noise has to be considered in evolution,
and this is precisely what non-linear equations do [40]. In Appendix (H.2), we present a non-linear equation
for the propagator G(z z;41|t:t;+1) that has been derived following the same method used by Didsi, Gisin
and Strunz in [40] to generate the non-linear equation for vacuum propagators G(z;0|¢;0). It is important to
stress that the use of a non-linear equation instead of a linear one is only necessary to improve the sampling
when the MTCFs are obtained numerically. It is evident that an analytical average (which does not depend
on the sampling) over both non-linear and linear equations gives rise to the same MTCF equations.

The study of MTCEF is divided in three chapters:

e Chapter (8): The open form of the reduced propagator (7.46) is used to derive a set of MTCF without
the use of any approximation. This equations are ordered in a hierarchy, in such a way that N-time
correlations depend on N + 1-time correlations. The hierarchy represents a useful tool to derive the
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general equation for non-Markovian N-time correlations. This equation provides an excellent basis
to compute /N-time correlations once the appropriate approximations are made in order to destroy the
dependency with higher order correlations [2]. Indeed, since the hierarchy is an open structure, its
practical use is limited to those cases in which such dependency can be broken. This can be done
within the weak coupling approximation, as discussed in Chapter (9).

o Chapter (9): We use a second order perturbative approximation with respect to the coupling constant,
which destroys the dependency of N-time correlations with N + 1 [4]. In this part we use the closed
equation for the reduced propagator (7.50), with O(z;112f,t,7) = V,_+L + O(g), to obtain an
equation up to second order in g. Three methods are then proposed to compute MTCEF: First, stochastic
sampling, based on evolving the propagator by choosing random realizations of the variables z; and
zi+1, and then performing numerically an average over different trajectories. Second perturbative
expansion, in which MTCF are computed by inserting the perturbative expansion of the propagators
into (7.45), and then performing analytically the Gaussian averages of the variables z; ;, and 241 ,.
These first two methods are illustrated by computing two-time correlations. The third method consists
in applying the perturbative hypothesis to the hierarchy of equations. As noted above, the hierarchy
is broken: the dependency on higher order vanishes, and closed equations for /V-time correlations are
obtained. For two-time correlations, the equation is shown to be the same as the one obtained with the
perturbative expansion. A three-time correlation is also obtained. The main advantage of using the
second order perturbative hypothesis in the hierarchy of equations is that it permit us to obtain easily
a general equation of non-Markovian MTCFE.

Let us make a comment about the time-ordering of multiple-time correlation functions. In this part of
the thesis, we start by deriving the evolution equation of multiple-time correlation functions C'a (t|¥g) =
(A1(t1)---An(tn)) with t =t < --- < t;. Nevertheless, in Appendix (M) is shown how to derive a
new type of correlations Car a (t/,t|Ug) = (Po|AN (ty) -+ - A5(5) A1(t1) - - - An(En)|Po), with the time
ordering such that ¢/, < ¢y, < --- < t) < tyand ¢, < ty_q1 < --- <ty < t;. These 2N + 1-time
correlation functions can correspond to a sequence of measurements performed over the system. On the
other hand, formula (7.22) expresses in a clear way that correlations with these time orderings are not the
only ones needed to describe the other quantities such as the joint emission probability of a photon P(¢’,t).
Nevertheless, we stress that although we only compute the evolution of Ca (t|¥¢) and Car a (t', t|¥) with
the time-ordering described above, the methods derived in this thesis are useful for any given time ordering
for multiple-time correlation functions.



Hierarchy of non-Markovian
MTCF

We derive in this Chapter the hierarchy of equations that formally obey non-Markovian MTCFs, when no
approximations are made. To this end, two different methods are used: the first, described in Section (8.1),
is based on using system propagators, while the second, discussed in Section (8.2), relies on the use of the
Heisenberg equation of system operators.

The hierarchy structure consists in the following: The evolution equation of one-time correlations (i.e.
quantum mean values), depends on two-time correlations. Furthermore, the evolution equation of two time
correlations depends on three-time correlations. The same happens with the evolution equation for three
time correlations, which also shows a dependency on fourth order correlations. In summary, the evolution
of non-Markovian [V-time correlations of system operators, when no approximations are made, depends on
the NV + 1-time correlations.

The hierarchy only occurs in non-Markovian interactions, since it vanishes when the bath correlation
function «(t) is chosen Markovian, i.e. «(t) = I'6(¢). In the non-Markovian case, in order to make
practical use of the MTCF equations, it is necessary to break up the hierarchy and eliminate the dependency
on higher order correlation functions by using some approximations. This is done in the next chapter by
considering a second order perturbative approximation.

8.1 METHOD I: MTCF IN THE SCHRODINGER FORMALISM

8.1.1 Evolution equation of one-time correlations

We present in this section the evolution of the quantum mean value of a system operator A. Following the
general form (7.45), it is given by

dCa(t[%o)
dt

6GT (021|0t1)

- Ml <¢0‘ 8t1

AG(270[t10)[%bo)
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AG(2;0[t,0)

(10| GT(021|0t1) A a1,

+

wo>] 8.1

Replacing the evolution equation (7.46)of vacuum propagators,
M1l | G010 AGG10) [ )] = M4 v | {G1(0s1100) (75 + L121,4)
- /0 " drat(t — )Mo [GT(OZ2|oT)LTGT(z;z1|Tt1)]L}Aa(zfoulo) | 1/J0>}
+ M [(1/)0 | GT(021|0t1)A{( —iHg + Lz} ,,)G(2{0]t10)

— It /Otl dra(t; — 7)Mo [G(ZTZQtlT)LG(z’Q"hO)]} | ¢0>] (8.2)
Let us now perform in the former equation the average in z; of the term
My [21,6, (90| GT(021]0t1) AG(270[£10)[¢b0)] - (8.3)
It is shown in Appendix (I), that the functionals W[ti+1, t;+1] with initial condition such that

OWtis1, tivi]

oz, =0 8.4)

have the following property,

ts A . .
M; Zi,tiw[t%ti-ﬁ-l” =/ drM; (2427 ] M l(%)] ) (8.5)
tit1

521',,7'

where it is assumed that z; ;, is a Gaussian noise of zero mean with the measure (2.5). This property can be
used to evaluate (8.3), since W(tiy1,ti41] = WI[0,0] = (10| GT(021|00)AG(230]00)|tho) = (30| A]tbo).
Then the average of the first noise term is,

Ml [zl,tl <’lp0 | GT(0z1|Ot1)LTAG(zi‘O|t10) | w())] =
ty
/ dTOé(tl — T)./\/l1 |:<’¢0 | GT(OZ1|OLL1)LTAM2 [G(ZTZQHlT)LG(Z;mTO)] ‘ ’(ﬂo{l . (86)
0

Here we have used the expression

]
5 GEI00) = (a1 [Us(010)U (m, 0) LUy (7,0) | 0) =
1

sT

= My [G(2]22|t17)LG(250]70)], (8.7)

obtained in Appendix (K). In an analogous way, we get the following result for the average of the term with
21 0

My (274, (o | GT(021]0t1) ALG(270]t10) | 4bo)] =
t1
_ / dro’(ty — T)My [(t | Ma[GT(022107) LIGH (232 ]7t1)]
0
x ALG(70[t,0) | 0)].- (88)
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Inserting equations (8.6) and (8.8) in (8.2), we obtain the following equation for one time correlations,

Ml[ditl<w0 | GT(Ozl\Otl)AG(zfth) | 1ﬁ0>] =
= My [(%o | GT(021|0t1)i[Hs, AJG(20]t:0) | o))

t1
+ / dra(ty — 7)Mo [(1/}0 | GT(021|0t1)LTAG(zf22|t17)LG(z;O|TO) | 1/)0>]
0

t1
— / dra*(ty — 7)Mo [(1/10 | GT(OZQ|OT)LTGT(Z§Z1\Ttl)LAG(zf0|t10) | z/Joﬂ
0

t1
+ dra*(ty — 7)Maz [(to | GT(022]07) LT GT (2321 |7t1) LG (270]t10) | 0)]
0

t1
- / dra(ty — 7)Mi s [(¢o | GT(021]0t1) ALTG(2] 22|t17) LG(250|70) | 4bo)] - (8.9)
0

Expressed in a simpler manner, the equation becomes,

difl@o | A(t) | Wo) = i{Wo | [Hs(tr), A(t)] | o)

+ / 1 dra(ty — 7)(¥g | [LT(h),A(tl)}L(T) | o)
0

+ /0 1 dra*(ty — 1) (o | LT (7)[A(t1), L(t1)] | ¥o). (8.10)

In the last expression it can be observed that the exact evolution of single mean values depends on two
time correlations. Notice that this dependency is destroyed in the Markovian case, when the environmental
correlation function o (t—7) = ['6(t—7). Another possibility to break the dependency on higher correlations
is to consider some approximation on the terms with two-time correlations. In Section (9.2.2), a perturbative
approximation will be assumed, so that the equation (8.10) becomes a closed equation in terms of single
mean values.

8.1.2 Evolution equation of two-time correlations
Let us now calculate the evolution equation for C4p(t|¥o) = (¥ | A(t1)B(t2) | ¥o),

dCap(t|Vo) OGT(021]0ty)

dtl 8t1 AG(ZTZQ|t1t2)BG(ZSOt20)>:|

= M [<¢o|

A@G(zsz ‘tltg)
oty

Inserting (7.46) and its complex conjugated, the following equation is obtained

d(Vo | A(t1)B(t2) | Vo)
dtq

Mz [(G0lG (02 0n) BO(5110)]. ®11)

=M, |:<1/Jo | {GT(OZHOH)(Z'HS + ZLtlLT)
t1
- / dra*(ty — 1) Ms [GT(023|OT)LTGT(Z;Zl|7't1)] L}
0

XAG(ZIZQ|t1t2)BG(Z§O‘t20) | ¢0>:|
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+ Mg

<w0 | GT(OZ1|Ot1)A{(—iHS + ZitlL — 22ty LT)G(ZTZQ|t1t2)
t1
— / dra(ty — 7) (1o | GT(Oz1|Ot1)ALTM3 [G (27 z3]t17) LG (25 22| Tt2)] }
2
x BG(250]t20) | ¢0>]. (8.12)

Now, for functionals with initial condition such that 8W[ti+1, ti+1]/0z; = 0, we have the property (8.5) for
the average, and for functionals such that OW(t;41,t;+1]/0zi = zi+1, we have

b IWIti, t;
M; [Zi7tiW[ti,t7;+1]] = Zi+1,t,:Mi [W[tqj,t,q_lﬂ +/ drM; [Zi7t2;7_] M; [(%)] y
tit1 1,7

(8.13)

as obtained in Appendix (I). Since the average of the noise term in 27 ,, is performed with a functional of
the first type we use the property (8.5),
./\/l172 [Zik,tl <¢0 | GT (021|0t1)ALG(ZTZQ|t1t2)BG<Z§O‘t20) | ¢0>]
t1 6

(521’7— G]L (02’1 |Ot1)

dra* (tl — T)M172 |:<1/10 |

0

><ALG(ZTZQ“lt)BG(Z;O‘tQO) | ¢0>:|

t1
/ dra*(ty = T)Mi 23 [Wo | GT(023|07) LG (2521 | t1)
0
XALG(ZTZQ|t1t2)BG(Z;0|t20) ‘ ¢0>:| . (814)

Here, we have also considered the fact that the functional derivative can be in general expressed as,

0G (2] zipa|titiv1)
0z;

= M[ [G(Z:Z”QT)LG(ZZ*ZZ‘+1|Tti+1)] . (815)

= (zilUs (ti, tiv1) L(7, tig1)|2iv1)

The first equality appearing in the last expression is derived in Appendix (K), while the second equality, is
obtained by expressing the evolution operators as reduced propagators with the insertion of a closure relation
in a new variable z;. The average of the term with z; 4, is performed by using the property (8.13) since the
initial condition of the functional is exp (2} z;4+1). Thus,

Mo [21,t1<¢0 | GT(Ozl|Ot1)LTAG(zsz\tltg)BG(zg|t20) \ z/JOﬂ

_ /t " dralt — M [(to | G (0100 L1 A
Gz(zfzg|t17)LG(z§22|7t2)BG(z§|t20) | ¥0)]

+ / N dra(ty — 7)Mi 23 [(Yo | GT(021|0t1)LTA
Cg(zsz|t1t2)BG(z§z3|t27)LG(z§|TO) | ¥0)] - (8.16)
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In this expression we have also used (8.15). Finally, the average of the term with z5 4, is solved using again
(8.5) together with (8.15),

MLQ [ZZ,tl <1ZJO | GT(Ozl|0t1)ALTG(Zl*22‘f;ltg)BG(Z;|t20) ‘ 1/)0”

to
= / dTOz(tl — T)M1,273 <1/J() ‘ CTYT(OZHOIH)AL]L
0
X G(2] 22|t1t2) BG (25 z3|t7) LG (25|70) | ¥0) | . 8.17)

The replacement of (8.14), (8.16) and (8.17) in (8.12) gives the following evolution equation,

d(Vo | A(t1)B(t2) | Yo)
dtq

+ /0 1 dra*(t; — 7)(¥o | LT(1)[A(t1), L(t1)] B(t2) | W)

— i(Wy | [Hs(tr), A(t1)]B(tz) | To)

+ / Cdra(ty — ) (W | [Li (1), A(t)]L(r)B(ts) | W)

2}

+ /0 dra(ty — 7){(Wo | [LT(t1), A(t1)]B(t2) L(7) | ¥y), (8.18)

that shows a dependency with three-time correlations.

8.1.3 Evolution equation of three time correlations
Let us now calculate the following evolution equation,

d(Wo | A(t1) B(t2)C(ts) | Yo)
dtq

=Mz [Wo | {G*(Ozlmtl)(iHs + 21,4, L")
_ /O " dra* (b — 7)Ma [G1(024107) L1 GH (221 ) L}
X AG (2% 23 |t1t2) BG (25 23|tats) CG(250|t50) | woﬂ
+ Mias {wo \ GT(Ozl|Ot1)A{( —iHg + 2} L — 22,4, L") G(2] 22|t1t2)
— /t ! dra(ty — )L My [G(2F 24|t1 7) LG (2] 22| 7t2)] }
BG(25 z3|tats) CG(250]t30) | ¢0>.] (8.19)

The average of the term with noise z] is performed using the property (8.5) and the relation (8.15),
Mios [zitlwo | GT(021|0t1) LT AG(2} 2ot 1t2) BG (25 23|tat3) CG(230|t30) | 1/10>]
_ /0 " drat (- ) Myasa (o | G (024]07) LG (21 |ty
X ALG(z] z2|t1t2) BG(25 2z3]tat3)) CG(250(t30) | 10)) (8.20)
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Using the Novikov property (8.13) and the relation (8.15), we get the following result for the average of the
term 21 ¢,,

./\/11’2’3 [21’,51 <’t/10 ‘ GT(0Z1|01§1)LTAG(ZI*ZQ|t1t2)BG(2323‘tgtg)CG(ngth) | ’@/10>]

ty
= / dTCM(tl — T)M1,2)374 [<1/Jo | (;’Jr (02’1|0t1)LTAG(ZTZ4|1517')LG(ZZZQ|Tt2)

ta

X BG(2323|t2t3)CG(Z§O|t30) | ’lﬁo)}

ta
+ / d’TOz(tl - T)M1,273,4 [<’l/10 | GT (021|0t1)LTAG(ZTZQ|t1t2)

t3
BG(z524|t7) LGz} 23|7t3) CG(250]30) | )]
t3
+ / dra(t; — T)M1,2’3)4 [<¢0 | GT (021|0t1>LTAG<Zi‘22|t1t2)
0
X BG(z523|tats) CG(25 z4|ts7) LG(250|70) | v0)] - (8.21)
Finally, in an analogous way, using the same properties we can calculate the following average,

Ml’z’g [ZZ,tl <’t/10 ‘ GT(021|0t1)ALTG(Zl*ZQ|t1t2)BG(Z§Zg‘tztg)CG(Z§0|t30) | 'Q/J()>]

ta
+ / dTa(tl — T)M1,2’374 [<ZZ10 | G’Jr (OZl|0t1)LTAG(ZTZQ|t1t2)

ts
X BG(Z;Z;;HT)LG(ZZ&;‘th)CG(Z§O|t30) ‘ ’(/)0”
t3
+ / d’TOz(tl — T)M1,273,4 [<’l/10 | GT (021|0t1)ALTG(ZTZQ|t1t2)
0
X BG(z323|tats) CG(25 24|t37) LG(250|70) | 10)] - (8.22)

The replacement of (8.20), (8.21) and (8.22) in (8.19) gives rise to the following equation for three time
correlations,

d{Wo | A(t1) B(t2)C(ts) | Yo)

= i({[Hs, A]} (t1)B(t2)C(t3))

dtq
+ /O " drat(t — 7)o | IT(0)[A(t), L)) BOC(Es) | To)
+ : dra(ty — 7)(¥o | [LT(t1), A(t2)]L(7) B(t2)C(ts) | Wo)
" / dra(ty —7) (¥ | [L(12), A(t)]B(t2)L(r)C(ts) | To)
+ /0 * dradty — 7)o | (L (0), A(t0)]B(t2)Clts)L(r) | To). (8.23)

This equation shows how the evolution of non-Markovian three-time correlations depends in principle on
four-time correlations.

8.2 METHOD II: MTCF IN THE HEISENBERG FORMALISM.

In this section we show how the equations obtained in the former section can also be derived within the
Heisenberg formalism. The idea is to express dA; (¢1) - - - An(tn)/dt; in such a way that the environmental



METHOD II: MTCF IN THE HEISENBERG FORMALISM. 121

operators a) (0) are placed on the right hand side of the terms, while the a; (0) appear in the left hand side.
Thus, when we compute the MTCF as the quantum mean value of A;(¢1) -+ Ay (tn), i.e. as Ca(t|¥g) =
(Yo|{0|A1(t1) - - An(tn)|0)|ho), where we have considered pior(0) = |10) (10| ® |0)(0|, those terms are
zero, and only system operators appear in the equations. Let us consider the Heisenberg evolution equation
for a system observable A(t) = U~1(t,0)AU(t,0), where U(t,0) is the evolution operator with the total
Hamiltonian (7.40),

dzzliitl) = il (t1,0)[Hyor, AU(t1,0) = —i[Hg(t1), A(t1)]
+ i o (al (b, 0)[L(t), A()] + [T (1), Alt)]ar(4,0)) (829
X

We can replace in (8.24) the formal solution of the evolution equation of the environmental operators,
day(t1,0)/dt1 = i[Hiot(t1), ax(t1,0)] = —iwxax(t1,0) —igaL(t1),

. tl .
ax(t1,0) :e’W*tla(O,O)—igA/ dre”»G=T) (1), (8.25)
0

The single evolution equation (8.24) becomes as follows,

dA(t1)
dty

* /0 1 dra*(ty — 1)L (7)[A(t1), L(t1)] + [LT(t1), A(t1)]v (1)

= i[Hs(t1), A(t2)] = v!(t1)[L(t1), A(t1)]

+ / Cdra(ty — 1)L (h), A()]L(7), (8.26)
0

where we have used the definition (7.48) of the environment correlation function. In the last expression, we
have also defined, like in Chapter (2) the bath operators

vi(t) = =i gral(0,0)e™"
A

v(t1) =) gaax(0,0)e " (8.27)
A

It is easy to see from (8.26) that the evolution equation of the quantum mean value of A, provided that the
total initial state is | Ug) =| o) | 0), is equal to the equation (8.10) derived in last section through the
system propagators formalism. Let us now calculate the following evolution equation,

AAIEUE) 00 o, A1) BOO) = il (1), A(12) B2
+ i) gn (al (0, O)[L(L), AW)IB(t2) + LY (1), A(t)]ar (1, 0)B(2)) . (8:28)
A

The idea is again to eliminate the dependency on the environmental operators once the average over the total
system state is performed. First, we again replace the analytical solution of the creation operator a:r\(tl, 0),

so that the term af\ (0,0) appears in the left hand side of the expression and can be eliminated when applying
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the vacuum initial state. Second, we move the annihilation operator to the right hand side by doing the
following,

ax(t1,0)B(tz2) = U™ (t2)ax(tr, t2) BU(t2)
. tl .
= Mﬁl(tg)efl“’*(tlft?)a)\(0,0)BU(tz)—ig,\/ dTe*W*(“*T)L(T)B(tQ)
t
t1 . ’
= B(ty)ax(tz,0) — igx / dre” =T [(7)B(ty) (8.29)
ta

where we have used

t1
a)(ti,ta) = e_iw*(tl_h)a)\(tg,tg) — ig,\/ dTe_’“’*(tl_T)L(T, t2), (8.30)
to

with ay (t2,t2) = ax(0,0) = ay, and [B, ax(0,0)] = 0. We now insert in the former expression the solution
of ay(t2,0), which is of the form (8.25), and obtain
ax(t1,0)B(ty) = e =1 B(ty)ax (0,0) — igx / dre =T B(ty) L(7)
0

t1 )
— igx / dre” M=) [(7)B(ty). (8.31)

to
Replacing (8.31) in (8.28), and considering the solution of ai\(tl, 0), we obtain the following

dA(t1)B(t2)
dtq

B / dra*(ty - D) L)L), AW B(E2) + (L (1), A()]Blt2)v(t)

= i[Hs(t1), A(t1)]B(t2) — v (t1)[L(t1), A(t1)] B(t2)

4 /t " dradty — )L (t), A()IL(P)B(t) + /0 ® draty — D)L (1), A(E)]B(t2) L(7).
(8.32)

The evolution of the quantum mean value (A(¢1)B(t2)) is again obtained by applying the total initial state
on both sides of the former expression. When such initial state is | 1g) | 0), we again obtain the same result
as with the method of system propagators, i.e. equation (8.18). For triple correlations, we start from

dA(t1)B(t2)C(ts3)
dt,
= i[Hs(t1), A(t1)|B(t2)Cts) +1i > _ ga <a‘1(t13 0)[L(t1), A(t1)]B(t2)C(ts)
A

= iU (t))[Hyor, AJU(t1) B(t2)C(t3)

+  [LT(t1), A(t1)]ax(t1,0)B(t2)C(ts)) - (8.33)

While the term with a; (t1,0) can be treated by simply replacing the solution of its Heisenberg equation, the
term with the combination a (t1,0)B(¢)C (¢3) needs further simplification,

ax(t1,0)B(t2)C(t3) =
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t1 )
— L{fl(tg)e*w*(tr“)a,\(o,O)BU(tg)C(tg)—ig,\/ dre” M=) L(7)B(ty)C(ts3)
ta

tl .
= e BT) Bt U (ts)a(ty, ts) CU(ts) — igx / dre” M=) [(7)B(ty)C(ts)

t2

ty
- B(tg)C(tg)aA(O,O)e_i“’*tl—igA/ dTe_i"“(tl_T)L(T)B(tg)C(tg)
ta
to )
— g dTeﬂ“*(tlfT)B(tg)L(T)C(tg)

t3

t3 .
— iga / dre” "= B(t5)C(t3) L(7). (8.34)
0

Inserting the last expression in (8.33), and the expression for al(tl, 0), we get the following equation,
dA(t1)B(t2)C(ts)
dtq
vi(t)[L(t), A(t1)]B(t2)C(ts) + [LT(t1), A(t1)] B(t2)C (t3)v(t1)
ty
ty

= i[Hs(t1), A(t1)]B(t2)C(t3)

;
+ /0 dra*(t; — 7)LT(7)[A(t1), L(t1)] B(t2)C(t3)
+ / dra(t; — 7)[L1(t1), A(t1)]L(7)B(t2)C(t3)

ta

+ /t2 dTOz(tl —T)[LT(tl),A(tﬂ]B(tz)L(T)C(tg)
+ Ots dra(ty — 7)[LT(t1), A(t1)]B(t2)C(t3) L(7) (8.35)

Since the annihilation operators a (0, 0) are on the right, and the creation operators air\ (0,0) are on the left,
this expression is identical to equation (8.23), once the initial state for the total wave vector, |[¥o) = |19)|0),
is applied.

8.3 GENERALIZATION TO A N-TIME CORRELATION FUNCTION

The evolution equations presented in Sections (8.1) and (8.2) with the reduced propagator and the Heisenberg
equation method respectively, can be generalized to /N-time correlations. The reason is that the different
terms of the equation, as well as their corresponding integration limits are ordered in a sequence. To see this
more clearly, let us consider the following string of operators { L(7)As(t2) - - - Ax(tn)} = L(7)A®) (£(2)),
where t(2) = {t,---tx}, and we have defined

A(n)({(n)) = A, (ty) - An(tn), (8.36)

witht™ = {t,,---tx}. We define a displacement superoperator P, that translate the operator L(7) to the
right one place inside the string A (t). In such terms, we have

dA(t)

a i[Hs(t1), Ay (t)] AP (§3)
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— VH)[L(t), At AP ED) + [LT(1), A1) AP @ P)w(t)

+ / " dra*(t, — )L (7)[A1(t1), L(t,)] AP ()
0

N-1 iy
+ 0> / dra(t; — 7)[LT(t), A1 (t1)]PLL(T)A® () (8.37)

i=0 “ti+2

and the evolution equation for the N-time correlation function for p;o: (0) = [ W) (Uo| = |1bg) (1hg| ® |0)(0|
reads as follows,

%ﬁl%) = i(Ug | [Hs(t1), A1 (t1)] AP (&?) | W)

[ et =@ | L) ), LELASE) | 90)
N-1 4, o

+ Z / dra(ty — 7)(Wo | [LT(t1), A1 (t1)]PLL(T) AP (E@) | W) (8.38)
i=0 Yti+2

Notice that here, the displacement operator is defined in such a way that

,PljglflL(T)A(Z)(E@)) _ A(2>(E(2))L(7). (8.39)

Replacing N = 0, N = 1 and N = 2 in (8.38), the one-time evolution equation (8.10), the two-time
evolution equation (8.18), and the three-time evolution equation (8.23) is obtained respectively .

11t should be reminded that the initial time, tq = ¢ N+1 =0.



Non-Markovian MTCF up to

second order in perturbation
parameter.

In this chapter we discuss three different methods to derive MTCF up to second order in the coupling constant.

The first, treated in Section (9.1), is essentially numeric, and consists in making an ensemble average
of different stochastic trajectories. These trajectories are obtained by using the second order perturbative
equation for the reduced propagator (7.50), in which O(z;412],t,7) = Vi L.

The other two methods consist in deriving a set of coupled differential equations for MTCF: In Section
(9.2.1) such set is obtained by using a weak coupling expansion of the reduced propagator, and then per-
forming analytically the average over the environmental variables z;y; and z;. In Section (9.2.2), a third
method is presented which consists in applying the second order perturbative hypothesis to the hierarchy of
evolution equations derived in the last chapter. As noted before, in order to use the hierarchy for computa-
tional purposes and not just as a formal derivation, the dependency on higher order correlations should be
broken. This is done in this chapter by applying a second perturbative hypothesis directly on the N-time
correlation we want to compute, so that its dependency on the N + 1-time correlations vanishes.

9.1 COMPUTING SECOND ORDER MTCFS WITH STOCHASTIC SAMPLING

The solutions of the equations of motion for the reduced propagators, once they are replaced in (7.44), are
the starting point to compute correlation functions. Once the noises, i.e. the set of coherent states appearing
(7.44), {z; = z;1---zin---} fori = 0,---, N + 1, has been chosen, the element

N
(oG (2" 21|0t1) H AiG (2] zipa|titiva) [¥o), (CHY)

=1

can be integrated. If for instance we want to compute numerically two-time correlations, it is necessary
to make an average with the functions (1o|GT(21|0t1)AG (25 22|t 1ts) BG (25 |t20)|1bg) for different noise
histories. To construct each function, the following steps have to be taken:

125
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e Propagate G(z3|t20)[t)o) from O to ¢, choosing randomly the set of z3 5 appearing in the function
2.1,. This choice is made according to a Gaussian distribution du(z) = [[5_, (d?zx exp(—|za|?)) /.
where v is the number of environmental modes we consider. In the same way, chose the set of {21 )},
and evolve the function | 1¢,(270)) = G(z5|t20)|v0) ;

o Apply the matrix B to the wave function evolving with z5, so that we obtain | ¢y, (23)) = BG(230]t20)|1).

e Propagate from to to t; the functions | y,(z7)) and | ¢¢,(23)). The first one is evolved just
continuing with the evolution given by the vacuum propagator, while the evolution of the sec-
ond one has to be performed by applying the propagator G(z}za|t1t2), that gives a wave function
| @1,.15(25,27,22)) = G(2]22|t1t2) | ¢v,(23)). It is important to stress that the noises z1 ¢, and
22,1, appearing in the evolution of the propagator are calculated respectively with the sets {1} and
{#2,1} already chosen. Another important point is to take into account that the propagator has as
initial condition G(27 22[tat2) = exp (27 22), with 2720 = >, 27 y22,x-

e Reconstruct (Yo|GT(21]0t1) AG (2} za|t1t2) BG (25 [t20) [tbo) with (1, (21) | A | G115 (23, 25, 22)).

This steps are repeated as many times as needed to obtain a good sampling of (7.44). The figure (9.1) is
represents an scheme of these steps.

9 * gk
o) t2t2(Zf 2% 23) > N A~ |¢t1t2(Z2 2§ 7,) >
1 :

1O,(z) >

1Y, >

1Y) >
: 1

t, t, t
Fig. 9.1 Schematic evolution of the two vectors, |1+, (21)) (in blue), and | ¢+, ¢, (25, 27, 22)) (in red), needed to
obtain one single stochastic value of the element (1)¢, (21) | A | ¢1y,15(25, 27, 22)). A sum of different elements,

obtained with an ensemble of noise values of z1; and 22 gives rise to the desired two time correlation function
(Vo | A(t1)B(t2) | Wo).

9.2 COMPUTING MTCF WITH A SET OF COUPLED DIFFERENTIAL EQUATIONS

Once we have the multiple time correlation functions, we may compute them directly from the stochastic
method. Nonetheless, this may turn to be an expensive strategy from the numerical point of view, which
is particularly true when the number of environmental degrees of freedom needed to correctly describe its
correlation function is large. Therefore, it may be convenient to have a set of differential equations from
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which the MTCF may be obtained, and where the stochastic average has been performed analytically. In
this section, we calculate such a set of coupled differential equations which evolve, up to second order
in a convenient perturbation parameter g, the non-Markovian two-time correlations. We also show how to
calculate such set of coupled equations from the hierarchy of equations derived in the Chapter (8), and derive
the general equation for /NV-time correlation functions up to second order. Finally, it will be shown that only
under several conditions do these equations reduce to those of the Quantum Regression Theorem. This
chapter ends with the application of the two-time correlation functions to a solvable example, a dissipative
system with exponential correlation function and a spin-boson model. In those examples the equivalence
of using a stochastic sampling and using the set of coupled differential equations is shown. The choice of
the stochastic method or the system of equations for computing the MTCF has to be made according to the
particular problem. When evolving quantum mean values we saw that for a system with a large number of
degrees of freedom, JF, the stochastic method is generally more convenient, since in the dimension of the
density matrix grows with 2. The same happens in MTCF. When a N-time correlation function has to be
computed, the quantity that should be taken into account is the number ) of matrices that form a basis for
the QOS. The correlation of other system observables can be computed by combining correlations of this
basic set of observables. As an example,for a two level system the basis is {0, Oy, o.},sothat Y = 3. In
that case, stochastic method permit us to compute only the particular correlation function that is needed, and
not the whole set of )V correlations that appears interrelated in the set of differential equations.

9.2.1 Computing MTCF with the weak coupling expansion

The method we will follow consists in deriving the stochastic two-time correlation with respect to ¢1,
d
@i, Vol GT(210/t10)AG (21 22|t1t2) BG(230[t20) | vo) =
d * *
<’(/10 ‘ (d_thT(ZlO|t10>> AG(2122|t1t2)BG(220|t20) ‘ ’(/J0>

d
© (o | G (210/1,0)A (d—tlmzwltz)) BG(230/t20) | o) ©2)

and then performing analytically the average over the variables z; and z,. The first derivative appearing in
(9.2) corresponds to the hermitian conjugate of the usual equation for the vacuum propagator, which reads
as follows,

ty
%G(zi‘mtlo) = {—iHs + L27 4, — LT/ dra(t; — T)V-,—tlL} G(270t10) + O(g%). 9.3)
1 0

The second term is given by the equation,

d * . * tl *
d—th(Z1 zot1te) = {—zHS + Lzy,, — Ltz — LT/ dra(t; — T)VTtlL} G (25 z|titz) + O(g*),(9.4)
to

presented in previous sections. Inserting the last expressions in (9.2), we find that
d
d—tl<’¢0 I GT(Z1O|t10)AG(Z>f2’2‘tﬂfg)BG(Z;Olth) | w0> =
+ (o | GT(210[t10)[Hs, AJG (2] z2[t1t2) BG(230t20) | o)

t1
— / dTOé*(tl - T)<1,/}0 ‘ GT(210|t10)v7-_t1LTLAG(ZTZQ|t1t2)BG(Z;0|t20) ‘ ¢0>
0
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t1
— / dTOz(tl — 7')<¢0 | GT(ZlO|t10)ALTV7—_t1LG(ZikZQ|t1t2)BG(Z;O|t20) ‘ w0>
to

+

217151 <1/)0 | GT(Zlo|t10)LTAG(ZTZQ‘tth)BG(ZSO‘tQO) | 1/)0>
+ Zitl <’L/)0 | GT(210|t10)ALG(zfz2|t1t2)BG(z§O|t20) | ¢0>
— Z;,tl <1/)Q | GT(ZlO|t10)ALTG(ZTZQ‘tltz)BG(Z;O‘tQO) | 1/}0> (95)

In order to make the averages, we will handle second order perturbative expansions of these evolution
operators, which are

t1 ty T
G(Zf0|t10) = {1 +/ dTZik,TVT*tlL +/ dT/ dTlZiq-ZiT’VTftlLVT’ftlL
0 0 0
tl T
—/ dT/ dr'a(r — T')thlLTVT,tlL} GO (2:0[t10) + O(g°), (9.6)
0 0
for (9.3), where G(*) (270[t10) = exp (—iHgt, ) represent the zero order in the perturbative expansion, and

t t
G(z7, z2|t1ta) = {1—|—/ def’TVT,tlL—/ ATz, Ve_y, LT

ta to

t1 T t1 T
— / dT/ dT/Oz(T—T/)VT_tlLTVT/_t1L+/ dT/ dr'zy 2y Ve 4, LVe 4 L
) t t t

t
tl T tl T
!/ !/
- / dr / dr'z} ;20,7 Vg, LV LT — / dr / dr' 20,25 2 Ve, LTVe_y L
t to ta to

t1 T
— / dr / dT’zz,Tzz,T,VTtILTVT,tlLT}G(O)(z;:zQt1t2)+0(g3), 9.7
to to

for (9.4), where now the zero order is G(9) (2§ zp|t1t2) = exp (—iHg(t; — t2)) exp (2} 22). The average of
term in 21 ¢, is such that

/ du(z1) / dp(z) 710, (W0 | GT (21014100 LT AG(2 2]t £2) BG(250[£20) | tho) =
t1
- /du(zl)/du(zz)zl,tlwo | G‘L’(O)(Ozl|0t1){1+/ deLTVT_tlLT}LTA
0

t1 t1 11
X {1 +/ drzy Vo4, L — / dT2277—V7—_t1LT} B {1 —|—/ deiTVT_tlL} | ¥o)
ta to 0
+ 0(g°), 9.8)

where we have inserted the perturbative expansions of the propagators, (9.6) and (9.7) up to first order in g,
since the term is already of first order. The Gaussian integrals, are in fact multi-dimensional integrals over
the coordinates of each harmonic oscillator of the environment. Four types of them have to be computed,

/d“(zm)/d#(ZLA)Zl,Azmezfv*Z“ =0
/dﬂ(z2,>\)/d,u(zw\)zl’/\zi)\ezi‘,xzz,x -1
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/d,U/(ZQ,)\)/d/L(ZL)\)ZL)\Z;’)\GZT’)‘ZZ)‘ = /du(ZLA)zL)\Zf)\ =1

/du(zm)/du(zm)zl,xzmezi*z“ = /dﬂ(zl,k)zl,)\zl,k =0 9.9)

what give rise to the following result,

/d,u(zl) /d,U,(ZQ)ZLtl <QZ)0 | GT(O,Zl|0t1)LTAG(Zik22|t1t2)BG(Z;0|t20) | 1/}0> =
t1

dra(ty — 1) (1o \eiHstl LTAVT_t1 Le Hs(ti—t2) po—ilsts [1bo)

ta
ta
+ / dra(t; — 1) (g letist|LT Ae=Hs(—t) gy | LeHstz|y)). (9.10)
0
Since the quantities e*st1, e=#Hs(t1—12) and e —*Hst2 represent the Gaussian averages over z; and zy of the

first order term of the perturbative expansion of G (021|0t1), G(2} za|t1t2) and G(230|t20) respectively, we
conclude that the last terms can be written as

/du(zl) /du(zz)zl,u(ibo | GT(021|0t,) LT AG (2] 22t t2) BG(250[t20) | o) =

/ 1 dra(t; — 7)(Vo| {LTAV,_, L} (1) B(t2)| W)

+ /Otz dra(t; — 7)(Vo {LTA} (t1) {BV,_s, L} (t2)[| Vo). 9.11)

The brackets involving a group of operators denote that the evolution affects all of them, {ABC}(t1) =
U; (t1,0)ABCU; (1,0) = A(t1)B(t1)C(t1). A similar procedure can be used to perform the averages of
the terms with 27 ; and z3 ¢, , which are such that

/ du(z) / du(z2) 7 1, (o | G (021001 ) ALG (25 2 t1£2) BG(250]£20) | ) =

t1
/ dTCk*(tl - T)<\I/()‘ {VT,tlLTAL} (tl)B(t2)|\I/(]>, (912)
0
and
[ ante) [ a2z, o | G1(021100) LI AG(G; 2ltata) BG(:30130) | o) =
to
/ dralty — 7)(Wo| {AL'} (t1) {BV;_0,} (t2)]Wo). ©9.13)
0
Inserting (9.11), (9.12) and (9.13) in (9.5), we get the following equation for two-time correlations,
d

d—t1<‘1’0 | A(t1)B(t2) | Wo) = i(Wo | {[Hs, A]} (t1)B(t2) | Vo)

+ /OldTa*(tl —7)(Wo | {Vrey, LT[A, L]} (t1) B(t2) | o)

t

+ [ dratt - 7)o | {[LT, AV, L} (12)B(t2) | o)

ta

+ /02 dra(ty — 7)(Wo | {[LT, A} (t1) {BVr_i, L} (t2) | To) + O(g°). 9.14)
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Equations (9.14) represent the set of )2 evolution equations for the correlation of system observables
defined with a basis of ) operators. For a two-level system, )V = 3, and the dimension of the operators in
their matricial representation is 2.

In order to make use of equations (9.14) to calculate two time correlations, it is necessary to evolve
initially the single mean value evolution equations up to time ¢. This is necessary since the initial value for
the two time correlations is given by (¥ | A(t2)B(t2) | Yo) = (g | C(t2) | ¥o), where C = AB.

The procedure followed in this section can be generalized to the computation of N-time correlation
functions. Nevertheless, in the next section we propose a less involved method based on the hierarchy of
equations, by which a general second order /N-time correlation function is easier to obtain.

9.2.2 Computing second order MTCF with hierarchy of equations

We have shown in the Chapter (8) that the evolution of /N-time correlation functions depends on N + 1-time
correlations when no approximations are made. Because of such dependency, some approximation has to be
made in order to destroy the hierarchy and compute multiple time correlation function. Here the hierarchy
is broken at the immediately higher level by using a second order perturbative approximation, first to the
Schrodinger method described in Section (8.1), and second, to the Heisenberg method of Section (8.2), both
of Chapter (8). It is shown that the evolution of two-time correlation functions is identical to that derived in
the Section (9.2.1).

e Schrodinger formalism (Method I).

The method of reduced propagators shown in Section (8.1) shows that the dependency on higher order
correlations is due to the interaction (or coupling) between different propagators or trajectories. In
particular, such coupling comes from the functional derivative, since it can be expressed as (8.15).
The functional derivative appears in the dissipative term of the evolution equation of the propagators,
and when averaging the noise term by using the properties (8.5) and (8.13). The coupling is avoided,
and the hierarchy vanishes, when the functional derivative can be approximated as

0G (2 zip1|titiy1)
0zF

@7

~ O(Zi+1Z;-k, ti, T)G(Z;Zi+1‘titi+1)7 (915)

where O(z;+127,t;,7T) is a system operator conveniently chosen for each case (see [41, 54, 40] for
vacuum propagators, and [3, 4] for the general case z; 1 # 0). Although expression (9.15) is exact
for some particular cases (i.e. when the interaction operator is diagonal L o« Hg) (see for instance
[3, 4, 40, 70]), generally some approximations have to be made in order to obtain O(z;112], t;, 7).
Within the weak coupling approximation, a second order equation in the perturbative parameter g is
obtained by only replacing O up to zero order in the evolution equations. The reason is that the term of
the open equation (2.45) where the functional derivative appears, i.e. the dissipative term, is already
of order g due to the appearance of the two order correlation function «(t; — 7). Therefore, the term

8G(z; Ziyalistipa) ?;T‘titi“) = M, [G(z} 2|t;7) LG (2] zi11|Tti11)] up to order ¢° is,

6G (2] zit1[titiv1)
0z}

(zi | Ur (U () U (titign) | Zig1)
Ve, LG(2] zip1|titiv1) + O(g), (9.16)

= M, [G(z] 21|t;T) LG (2] zig1|Ttiv1))
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where V,_;.L = exp (iHs(T —t;))Lexp (—iHg(T — t;)) = O(zi1125,t;,7) = O(t;, 7). Such
time dependencies with the system Hamiltonian (denoted with V4, ), are especially simple in the
present case, since the operators are expressed in the system basis in which Hg is therefore diagonal.

Since this type of terms, which consists in a functional derivative inserted in an integral with «(¢; — 7),
also appear as a result of the analytical averages of the noise terms, following the properties (8.5) and
(8.13), so that the same hypothesis can be made.

e Heisenberg formalism (Method II).

In the second method, the perturbative hypothesis is applied to the operators L(7) which appears in

equations (8.26), (8.32) and (8.35) when inserting the analytical solution of a and af\. The idea is to
transform a two-time dependency on a one time-dependency !, so that for instance,

LY(r) {[L, AT} (t:) = Uy (£:0)L(, t;) [L, AU (£:0)
= {Vin, LY[L, A]} (1) + O(9), 9.17)

or
L(T)B(tiy1) = Uy (tix10)L(7, ti1) BU (ti110)
= {Vieti LB} (tig1) + O(9). (9.18)

The perturbative equation for single time evolution is, up to second order,

(W0 | A1) | o) = (%o | {[Hs, AT} (1) | 90))

+ /OldTa*(tl —7)(Wo | {V;_, LT[A, L]} (t1) | ¥o)
+ /0 dra(t; — 7)(¥o | {[LT, A]V;_4, L} | ¥o). 9.19)

This equation is equal to the one obtained in [35, 41, 40, 54]. The two-time correlation equation (8.32)
becomes, up to second order,

d%(% | A(t1)B(tz) | Wo) = i(Wo [ {[Hs, A]} (t1) B(t2) | ¥o)

N / drat(t — 1) (Wo | {Vo_n LT[A, L]} (1) B(t2) | W)

+ / 1 dra(ty — 7)(¥q | {[LT,A]VT—tlL} (t1)B(t2) | 1o)

to

+ /0 i dra(ty — 7)(¥o | {[LT, A]} (t1) {BVr_1, L} (2) | o). (9.20)

This equation is equal to the one derived in the former section and in [3, 4, 2]. In those works the average over
the terms in z; ;, is made by performing a perturbative expansion of the propagators, so that the properties

I'We stress again that by time dependency we mean that related to the evolution operator L/ () with respec to the total Hamiltonian.
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(8.5) and (8.13) are not needed. Applying the perturbative hypothesis in equation (8.35), we get the following
equation for three time correlations up to second order in g,

d%ll@o | A(t1)B(t2)C(ts) | Wo) = i(Wo | {[Hs, A]} (t1)B(t2)C(t3) | ¥o)

+ /O 1 dra*(ty — 7)(Wo | {Ve—t, LT[A, L]} (t1) B(t2)C(ts) | ¥o)

+ / Cdra(ty —7)(Wo | {[LT, AVo_y, L} (1) B(t2)C(ts) | To)

ta

+ /t2 dra(t; — 7)(¥y | {[LT,A}} (t1){B, Ve, L} (t2)C(t3) | o)

ts

+ Cdralty — 7)o | (LT, A} (t1)B(ta) {CVy_ s L} (83) | Wo). ©9.21)

9.2.3 Generalization to a N-time correlation function

The second order evolution equations presented in the former sections can be generalized to /V-time correla-
tions. Such general equation is just the perturbative version of the equation (8.38). For that reason, in a similar
way as in (8.38), we define a superoperator Pp, that acts over the string {V,_ L}(¢1){A2(t2) - - - An(tn)}
in the following way:

'P?%{Vr—tl[z}(h)A(z (E(2)) _ {VT_tlL}(tl)A(z)(E(z))
£®) = Ay(t) (Voo y, L} (1) A® (§®),
PRV LY(t1) AP E®)) = Ay(ty)As(ts){Vy_y, L} (ts) A® (EW),

PN-UV,_, L} (t)APD(EP) = A@E@) (v, ,, L}(tn), (9.22)
and successively. Thus, the perturbative /NV-time correlation reads as follows,
dCa (t|Tg)
di1
N /ot1 dra(ty = 7)(Wo | Veee, LT (02)[A1 (11), L(11)]AP §2)) | o)

N1 oty
+ Z/ dra(ty — 7)( | [LY(t1), Ay (8)]PLVe—y, Lt AP E@) | Ty) + O(g°)(9.23)

i=0 7 lit2

= (o | [Hs(t1), A1(t1)]AP (&P | Tg)

9.3 BEYOND THE QUANTUM REGRESSION THEOREM

We show in this section how non-Markovian multiple time correlation functions do not obey the Quantum
Regression Theorem discussed in Section (7.2). This theorem, valid for Markovian interactions, states that
the coefficients of the evolution of N-time correlation functions are the same as those for the single-time
evolution,

d

d_t1<% | A(t1) | Wo) = (Vo | {[Hs,A]} (1) | Vo))
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+ T(Wo | {LT[A, L]} (t1) | Wo)
+ T(Wo | {[LT, AL} (t1) | ®o) + O(g?), (9.24)

where «(t; — 7) = I'6(¢1 — 7). In the non-Markovian case, this evolution is given by

(B0 | A(t) | Wo) = (%o | {[Hs. Al} (1) | W)

+ / 1 dra™(t; — 7){¥g | {VT—tlLT [A7L]} (t1) | Wo)
0

+ /Otl dra(ty — 7)(¥o | {[LY, A]V,_s, L} (t1) | Wo) + O(g°). (9.25)

Since the equation for the N-time correlation function is given by (8.38) as

dCa (t|Wo)

o (T | [Hs(t1), Ar(t1))ADED) | 0o)

+ /0 Cdrat(ty — 7)(Wo | L () [A(t), L(t)JA® E®) | wy)

N t; 4 i )
+ Z; /t " dra(ty — 7)(Wo | [LT(t1), A (8)]PY T L(r) AP (§®) | W), (9.26)

the coefficients are equal to those of (9.25) only if the operators are such that the displacement superoperator
Pr, that translate the operator L(7) one place inside the string A.(t), is such that

Pg*iL(T)A(z) t@) = L(r)A® (@), 9.27)

a condition very difficult to fulfill. Moreover, let us now show the QRT does not held for non-Markovian
interactions even within the weak coupling approximation. In order to do that, it is necessary to express in
a different way the second order perturbative equations derived in the last section. Let us take for instance
the two-time correlation function (9.14), and rearrange its last term as

/ ® dralts - 7)o | {[LT, A]} (1) {BVs_ L} (t2) | Wa) =
/O “dra(ty — 7)o | GT(0210t) {[L, A} {[B. Vs, L]} (2) | Wo)

+ A ’ d’TO[(tl - ’7') <’ll)() | GT (021|0t1) {[LT, A]} {Vq—,tzLB} (tz) | \I/()> (928)

Replacing this is (9.14), we get the following equation for second order two-time correlation,

(W0 | A(t1)B(ta) | Wo) = (Vo | {[Hs, Al} (01 B(t2) | o)

T /OldTa*(tl — ) (Wo | {Veey, LA, L]} (t1)B(t2) | o)
+ /Ot1 dra(ty — 7)(Wo | {[LT, A]V;_, L} (t1)B(t2) | o)

+ /O i dra(t — 7)(¥o | {[L1, A]} (t1) {[B, Vo—t, L]} (t2) | To) + O(g?). (9.29)
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The first three terms are analogous to the non-Markovian evolution of the quantum average of A from 0 to ¢
given by equation (9.25), so that only when the last term vanish, i.e. when [LT, A] = 0 or [B,V,_;,L] =0,
the Quantum Regression Theorem applies. Notice also that this term is zero in the Markovian case, since
the corresponding correlation function «(t; — 7) = I'6(¢1 — 7) is zero in the domain of integration from 0
to tg .

Let us now take the perturbative equation for three time correlations (9.21), and manipulate its last two
terms with a similar procedure. Thus

+ /:2 dra(ty — 7)(¥o | {[LT, AL} (1) {B, Vi1, L} (12)C(t3) | Wo) =

3

) 2 dra(ty — 7)(Wo | {[LY, A]} (t1) {[B, Vr—+, L]} (t2)C(t3) | Wo)
+ /t “dralty — ) (W | {[L1, AL} (1) {Vs—u LB (£2)C(t3) | Wo). (9.30)

For the last term of (9.21), we have
/03 dro(ty — 7)(Uo | {LT, A} (t1)B(t2) {CVr_t, L} (t3) | Uo)
= /03 dra(ty — 7)(¥o | {LT, A]} (11)B(t2) {[C, Vi—t, L]} (3) | o)

+ /O dra(ty — 7)(Uo | {L1, A} (t1)B(ta) {Vy_4, LC} (ts) | Wo). 9.31)

We now simplify the last term of (9.31)
t3
/ dra(ts —7)(Wo | {L1, A1} (1))B(ta) (Vs LC} (t3) | Wo) =
0

t
/ " dralty — )T | st {LT, A]} e~ Hs(ti=t2) pemills(f2—ta)
0
e*iHS(T*tZS)LeiHS (Tftg)eiHsthfiHstQ CefiHstg ‘ \Ij0> 4 0(93) (932)
where in the second line we have replaced the reduced propagators by their zero order in a perturbative

expansion G(t;t;11|2fzi41) = exp (2fzi+1)exp (—iHg(t; — t;+1)), and we have inserted the identity
operator 1 = exp (iHgts) exp (—iHgts). Rearranging the terms we can express (9.32) as

+ /Ot3 dTOl(tl — T)(‘Ifo | {LT,A}} (tl)B(tQ) {V‘r—tgLC} (tg) | \IJ0> =

_ /Ots dra(ty — 7)(Wo | {L1, A]} (11) {BVs—_i, L} (£2)C(t3) | W) + O(g%),  (9.33)

which after reinsertion in (9.31), and then again in the equation (9.21), leads to the following expression

d%llﬂ’o | A(t1)B(t2)C(ts) | Wo) = i(Wo | {[Hs, Al} (t1)B(t2)C(ts) | o)

T /Oldﬂx*(tl — 7)o | {Vrs, LT[A, L]} (t1) B(t2)C(t3) | o)
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+ /0 " dralts — ) (W0 | {IL1, AlVs—0, L} (1) B(t2)C(ts) | o)

[ dratt = (o | {IL1 AT} (0) (1B, Vo LI} ()C(t) | )

t3

+ [ arati - 7)o | {[LT, A} (t1)B(t2) {[C, Vr—t, L]} (t) | Wo)

ta

+ /t3 dra(ty — 7)(Wo | {[L1, A1} (1) {[B, Vo, L]} (£2)C(ts) | W) + O(g%).  (9.34)

ta

Now the QRT is valid only when the last three terms are zero, which means that either [LT, A] = 0, or
[B,Vr_,L] =0and [C, V;_4, L] = 0. The generalization to a perturbative equation of N-time correlation
functions is straightforward, and has the following form,

dCa (t|Ty)
dil

* /t1 dra’(ty —7)(Wo | Vey, LT (#1)[Ar (81), L(8)]AP @2)) | W)
0

= (o | [Hs(t1), A1 (t1)|AP (E3) | By)

i /O Cdra (b — 7)ol Ay (t), L(t1)] | Voo, L(t) AP E@) | W)

N t;
= 3 [ dratt =@ (1), Ai(0)
i=2 Jtit1
i—1
> Ph ({[Az, Vi, L} (t2) A® (E<3>)) | Wo). (9.35)

The superoperator PP is defined in such a way that,

P! ({[A2, Ve, LI} (E2)A® ED) ) = {[A3, Vrp, L]} (1) A® EP)

P? ({[A2 Voot L1} (1) AP @) ) = As(ta) {[As, Ve, L1} (12) AD )
... (9.36)
Pt ({42, Ve LI} () AP (E)) =

As(ta) - Ai—a(ti2) {[Ai—h V‘rfti_lL]} (ti—l)A(i) (E(i)) (9.37)

The last integral of (9.35) corresponds to terms which are additional with respect to those appearing in the
single time evolution, and therefore are responsible for the failure of the QRT in the non-Markovian limit.
In consequence, the previous equations not only lead to the computation of the MTCF in the weak coupling
limit, but they also express the conditions under which the QRT remain valid, i.e. that all the conmutators
[Ai_1,Vy_4, L] = 0orthat [LT(¢;), A;(t1)] = 0. Concerning this point, it is fundamental to notice that
some correlations that formally obey the QRT might give rise to solutions from the equation (9.37) that differ
from those given by the QRT. This happens in particular for those correlations that depend on others that do
not obey the QRT.
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9.4 EXAMPLES: APPLICATION OF THE STOCHASTIC METHOD AND THE SYSTEM OF
EQUATIONS

9.4.1 A solvable example

To illustrate the theory proposed in this chapter, we shall apply it to a simple solvable model. Consider
the Hamiltonian (7.40) with Hg = ”TSJZ and L = o,. This model describes the dynamics of system state
vectors towards one of the eigenstates of the system Hamiltonian. It turns out that because [Hg, L] = 0,
then O = L in equation (7.50). We have shown in Section (5.3.1) that the reduced propagator is diagonal
and it is explicitly given by

ty

ty
G(#] z2|t1t2) = exp {—i%g(tl —t3)o, + L/ drzi ; — LT/ drzy ,

tz t2

t1 T
— LIt / dr/ dsa(t —s) + zfzg} . (9.38)
ta to

We first look at the expectation values of system observables, since they will be useful in our discussion.
Let us consider an observable A that has, in the basis of eigenvectors of o, the matrix representation
A = {{0,a},{B,0}}. For an initial state | ¥() = [1)9)|0), the expectation value of A is formally given by

(A) = M[(4o| GT(02]0t2) AG(2*0]t0)[¢00)] (9.39)

From equations (9.38) and (9.39), performing the average over the environment degrees of freedom it is
obtained,

<A> _ 6_2 fo deO ds(a(T—S)+a*(T—5)){a<w01 | ¢01>€iwst + <,¢)02 | w02>67iw5t}’

where we have taken a normalized initial system state |1)g) =| ©01)+ | ¥o2). In the same manner, it follows
for (o)
(02) = (o1 | to1) — (o2 | Yo2)-

Now we turn our attention to the multiple-time correlation functions. We shall compute in particular the
two — time correlations, whereas higher order time correlations can be treated in the same vein and they
do not introduce any new consideration. In this regard the two-time correlation functions contain all the
necessary and not trivial ingredients that enter in the computation of higher order correlation functions.
Let us consider the observables A = {{0, a},{3,0}}, B = {{1,0},{—1,0}} = 0., and their two-time
correlation function (7.44) is

Cap(tita|Wo) = My 2 [(tho|GT(021]0t1) AG (2] 22|t1t2) BG(250]t20)[¢b0)] - (9.40)

If we insert the equation (9.38) into (9.40) the following expression is obtained

Cap(tita|¥g) = 6_2‘[0 @ dm(T_s){ — atbor | o2)e™S" + Bthoa | Yo1)e” st} (9.41)

As in the previous cases, once the environment correlation function is known, the time correlation function
can be directly computed. In the case in which A = B = o, we have C,_,, = 0.

Let us now calculate the evolution equations for the two-time correlation functions and investigate their
relation to the QRT. To this purpose, we first consider the time derivative of the mean averages (c;),i =
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(x,y,2) from the general form (9.39), which results in the following set of coupled linear differential
equations

with
D(t) = 2/0 dr(a(t —7)+a*(t —1)). (9.42)

In the same manner, the following set of equations for the two-time correlation functions is obtained by
deriving the equation (9.41),

Caz o
oty

Co,o
= -D(t oy0 o
Catl ( 1)0 V0= + wgC,

oty

= _D(tl)cama'z - wSCa'ya'z

yTz

= 0.

Comparing the equations (9.42) with the equations (9.43), we could draw the tentative conclusion that the
QRT is valid for this model. However, as discussed in the previous sections, the validity of the QRT follows
from the fact that in this case we have [V, _.L, B] = 0, and therefore the last term of equation (9.14) is
zero. To illustrate that the validity of the QRT can not be considered general, we study an example in which
neither [L, B] = 0 nor [L, A] = 0: the time correlation Cy, -, (t1t2). We start by considering the general
anti-diagonal system operators A = {{0,a}, {3,0}} and B = {{0, &'}, {6’,0}}. The analytical derivation
of their two-time correlation function leads to

Cap(titz) = eﬁ(tlm{aﬁ/@ﬂm | hor)e™s 1 7"2) 4 o/ B(apog | hop)e s T2) ) (9.43)

where we have defined

t1 T t1 T
D(tity) = / dT/ dsa* (T —s) —I—/ dT/ dsa(r — s)
0 0 to t
to T t1 t1
+/ dT/ dsa(T—s)—i—/ dT/ dsa(r —s)
0 0 0 ¢
t1 to t1 to
—/ dT/ dsa(T—s)—/ dT/ dsa(r —s).
t 0 0 0

For the case of C_ 5, (t1t2), on the one hand we have

Coro, (t1ta) = e P {i(gg | hor)e™s(1712) — iy, | hgp)e™ 051120, (9.44)
and on the other hand its derivative with respect to ¢

acoway (tltZ) _ 8D(t1t2)
oty 04y

Camgy (tltg) — WSCUT,U,, (tltz). (945)
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Fig. 9.2 1In the figure different two-time correlation functions are displayed. The upper figure corresponds to the real
part of Cs,», and the lower to the real part of Cy,, o, . In the upper figure, the solid line corresponds to the analytical
result (9.41) that in this case coincides with the result expected from the Quantum Regression Theorem. The dot-dashed
line is the result of an average over 102 trajectories and the dotted line to an average over 10° trajectories. In the lower
figure, the long-dashed line is the result given by the QRT. Compared to the exact result given by (9.43) (solid line),
clearly the QRT is not valid for C,, The dot-dashed and dotted lines are the result of and average over 10% and 10*
trajectories respectively.

z0y*

We can see from this last equation that the time derivative of the correlation function Cy,,, does not
satisfy the Quantum Regression Theorem, a result that illustrates the conclusion drawn in the previous section
and the fact that the theory here introduced applies for both Markovian and non-Markovian cases. Equation
(9.45) have been computed by deriving the exact solution (9.44), but it can also be obtained from the general
equation (9.14). Although this last equation is derived under the weak coupling assumption, it is also valid
for the present model, since the expression O = L is also obtained under a perturbative expansion of the
operator.

Figures 9.2 and 9.3 show respectively the real and imaginary parts of two-time correlation functions of
the system (7.40), Cs_». and Cy,,,. The exact result (9.44) is compared to the one obtained through the
stochastic propagators as explained in Section 9.1. When the number of trajectories in the stochastic ensemble
is large enough, both results are the same, which proves the validity of the stochastic method. The number
of oscillators of the environment have been set equal to two. The parameters used were g;,g2 = g = 1

and w1 = 6,wp = 2. The initial system state taken was |Ug) =| 10)|00) with |¢po1) = 1\';? | +)

and [to2) = 1—\}; —). It is also clear from the figures that the QRT does not apply for C, o, , since
[Vr—+L, B] # 0 and [LT, A] # 0.
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Fig. 9.3 The figure displays the same as figure 9.2, but now for the imaginary parts of Cs,o, and Co,0,. In the
upper figure, again the analytical result (9.41) coincides with the result expected from the Quantum Regression Theorem
(both in solid line). Dot-dashed and dotted line corresponds to the result of an average over 10% and 10° trajectories
respectively. In the lower figure, the analytical result (solid line) differs from that given by the QRT (long-dashed). The
dot-dashed and the dot lines are the result of and average over 10? and 10" trajectories respectively.
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9.4.2 An example of dissipative system within the weak coupling limit

Let us now compute two time correlations for a two level system with Hg = “¥o,. with a dissipative
interaction with L = o15. Within the perturbative approximation, the operator O(z;+12},t;,7) can be
replaced by its zero order perturbative expansion, V,._;L = 013 exp {iwg(t — 7)}, where wg is the system
rotating frequency. Like in Section (5.3.2), we propose the following approximated correlation function,

v/2
QoPPTE (t _ 7_) — Z C«(,rn)efiﬂ'm(tfr)/Tmam7 (9.46)
m=—v/2
with the coefficients .
1 max .
= o /_TW dta(t)e' T/ e (9.47)

which represents the Fourier series for the function a(t — 7) = (I'/2) exp {T'|t — 7|}. The quantity Tynax
is again the time window in which the correlation function is expanded in the series. The more members we
add in the former sum, the closer is the solution to the exponential decaying correlation function, and the
larger we can fix the the recurrence time 7;,,,,. However, it is observed that for only v = 8 oscillators, we
can already choose parameters (g, I', and the environmental correlation time 7.) such that the second order
two-time correlations present a decaying behavior (i.e. dissipation) before the recurrence time.

We choose to = 1, g = 0.5 and I' = 1, so that the decaying behavior can be already observed at short
times (up to t; — to = 7 = 50). In figure (9.4), we represent the correlation C,, ., comparing the result
of the evolution equation (9.14) to the ensemble averaged stochastic evolution, given by equation (7.44) for
different number of trajectories. The last result is obtained by following the steps described in Section (9.1).

Let us now consider a very large number of oscillators composing the sum (9.46), i.e. the correlation
function a(t — 7) = (I'/2) exp {—T'|t — 7|}, in order to study the validity of the QRT for the C\,_,_ . This
is a typical case in which the last term of (9.14) does not vanish, so that the result of the QRT differ to the
one of (9.14), as displayed in Figure. (9.5).

9.4.3 Spin-boson model

We now apply the equations derived in this paper to the problem of a spin coupled to a thermal reservoir, as
described by [37, 35]. We consider the Hamiltonian (7.40) with Hg = %az, a coupling operator L = o,
and an interaction Hamiltonian with magnitude small enough as to be considered perturbative. Within this
model, the bath can be characterized by the spectral strength given by (5.110),

J(w) = e w/we, (9.48)

where w, is a cutoff frequency [35, 37], here chosen as w. = 1. The correlation function of the noise
generated by a thermal bath and where L = LT is given in terms of .J(w) as (see Appendix (L) for a
derivation of such correlation in the case of thermal two-time correlation functions with L = LT.),

a(t) = /0 " dwd (@) [coth (%) cos (wt) — isin (wt) | . 9.49)

The inverse temperature 3 = (kpT)~! is chosen according to the energy of the bath, and considering that
the energy of the subsystem is very small compared to it [37, 35].
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Fig. 9.4 Two time correlation Cy, = C, ., for the coupling L = o012, and the dissipative Fourier series of the
exponential correlation function with v = 8 oscillators. The initial condition chosen is the same as in the former figure,
[1ho) = ((1 +2i)+)+ (14 z)|—>)/\/7, and the parameters are: ws = 0.1, ' = 1, perturbative parameter g = 0.2,
recurrence time 7,4, = 40, and initial time for the correlation 2 = 1. Solid line represents the solution of the system
(9.14), whereas long-dashed, dot-dashed, and dotted lines gives the result of the stochastic method for Kk = 50 x 104,
% = 10° and 107 trajectories respectively. An increasing accordance with the system curve is observed, as the number
of trajectories grows.



142 NON-MARKOVIAN MTCF UP TO SECOND ORDER IN PERTURBATION PARAMETER.

XX

@)
| I | I | I | I |
-0.5
0 20 40 60 80 100
T
Fig. 9.5 Two time correlation Cy, = Cy, o, for the coupling L = o012, and the dissipative correlation function
a(t — 1) = —(T'/2)exp{-T"|t — 7|}. The initial condition chosen is the same as in the former figure, and the

parameters are: ws = 0.1, I' = 1, perturbative parameter g = 0.4, and initial time for the correlation ¢> = 10. Solid
line represents the solution of the system (9.14), and long-dashed line gives the result expected with the QRT. Because
the last term in (9.14) is non zero, both results are different from each other, and the QRT is not valid.
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Fig. 9.6 The figure displays some two-time correlation functions for the spin-boson model within the perturbative
approximation and for 3 = 10. In the long time limit Co,,o; = (7i)(0;), fori,j = x,y, z. At this low temperature, a
strong oscillatory behavior due to the mean values (o) and (o) is observed in the corresponding two-time correlations,
which in the long term is damped by the dissipation caused by (o). With this reasoning, it can be easely infered why the
last correlation, Cy, », , only presens a dissipative behavior. Some non-Markovian structure of the short time dynamics
is displayed in the caption.
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Fig. 9.7 The figure displays some two time correlation functions for the spin-boson model within the perturbative
approximation and for 5 = 0.1. For high temperatures the dissipation becomes much more efficient than for lower
temperatures (see Fig.(9.6)), and the oscillatory behavior is strongly damped in C5,o, and Co, ... Moreover, the
correlation Cy_ », decays much faster than in the low temperature case. Again, some non-Markovian structures of the
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short time dynamics are displayed in the captions.
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Fig. 9.8 Some three-time correlation function of the spin-boson model are displayed within the perturbative approxi-
mation and for 8 = 10.
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Conclusions of this part

We formulate in this part of the thesis a theory of non-Markovian multiple-time correlations functions
(MTCEF) with the use of the reduced propagators derived in Chapter (2). The results are discussed throughout
three different chapters.

e In Chapter (8) a hierarchy of equations is derived that formaly obey non-Markovian MTCEF. This
hierarchy shows how in general /N-time correlation functions depend on N + 1-time correlations.

o In Chapter (9) the weak coupling approximation is used to derive the system of equations that evolve
MTCEF up to second order in the perturbative parameter g. With such approximation, the hierarchy is
destroyed, and N-time correlations only depend on other N-time correlations, as well as on N — 1-
time correlations to set up their initial conditions. The resulting equations are therefore suitable
for computational purposes. Having the evolution equations of MTCFs we show the failure of the
Quantum Regression theorem in non-Markovian interactions. This theorem states that the evolution
of N-time correlations is given by the same equation as single-time correlations, i.e. by the master
equation. In the non-Markovian equations we propose, several new terms appear with respect to those
of the equation of single-time correlations.

In this chapter, a stochastic method to compute MTCFs is also proposed, which consists in performing
a sampling of different trajectories of the reduced propagator by considering z;4+1¢, and z;, as
Gaussian noises. The second order MTCFs obtained with the stochastic sampling and with the system
of equations above derived are equal to each other. This is illustrated by applying both methods to
three different systems: a solvable model with L « Hg, a system that interacts with the bath with
exponentially decaying correlation function and through a non diagonal coupling, and a spin-boson
model.
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Part IV

DYNAMICS OF A TWO LEVEL
SYSTEM IN A PBG MATERIAL

As noted in the introduction, one of the most interesting examples of non-Markovian interaction is that
of an atom coupled to a radiation field within a PBG material. In this part of the thesis we are interested in
applying some of the dynamical equations developed in Parts (II) and (IIT) to such a system. The study is
divided in two chapters,

o In Chapter (11) a model to describe the system is generated. The Hamiltonian of a two level atom in
contact with a radiation field, as well as the dependencies of the coupling constants gy, were already
obtained in Chapter (1). It was also shown that the correlation function «(¢ — 7) can be constructed
with the knowledge of such constants and the frequencies wy. Among other factors, the g, depend on
the dispersion relation of the field. In this chapter, we propose a model for the dispersion relation of
the radiation field within a PBG, and follow the microscopic derivation of Section (1.3.1.1) to generate
the «(t — 7) characteristic of such field. As we have seen throughout this work, such a function is
very important, since it enters in all the dynamical equations that evolve either quantum mean values
or MTCF of a QOS.

Several correlation functions in time have previously been proposed in the literature [42]. However,
they are singular at the origin, which makes them unsuitable to generate a noise z; such that M[z;z*] =
a(t — 7). The correlation function we propose captures many of the physically relevant aspects of the
problem and describes the short time behavior in a more accurate way than previously proposed ones
[42]. In addition, it does not have a singularity at the origin. This permits a correct description of the
fluctuations of the EM field, i.e. the noise in the stochastic formalism, and a better description of the
non-Markovian effects in the atomic dynamics. Further details of such new correlation function and
its derivation can be found in Appendix (N).

e In Chapter (12) we study the dynamics of expectation values by using non-Markovian stochastic
Schrodinger equations. In order to check its validity, we shall study several of the physical phenomena
occurring in atoms within a PBG material, that have been already described in literature within non-
Markovian master equations, such as the long time limit residual population in the excited level of
the atom and the population inversion which occurs in the atomic system when applying an external
laser field [42]. In addition to the stochastic equation, we study the two second order perturbative
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master equations presented in Chapter (5): the non convoluted and the convoluted equations. We
show that this last equation, which is the one used in previous studies of the system [42], does not
preserve positivity for certain parameter values, while the non convoluted equation preserves positivity
by construction.

Finally, in Section (12.4) we study some fluctuations of the two level atom. As argued in Chapter
(ITI), this result may be useful in the future to compute its emission spectra. Four-time correlation
functions can also be calculated in the same way and used to compute joint-emission probabilities.
Hence, this particular issue remains open and full of interest for future work.

The formulation we present here can be extended to the study of more complex systems, such as many
level atoms embedded in more complicated band gap structures. This is interesting since, as noted before
the stochastic scheme becomes computationally more efficient than master equations when the number of
degrees of freedom of the system increases.

Several conclusions of this part of the thesis are drawn in Chapter (13).
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The model

11.1 PHOTONIC CRYSTALS.

When light enters into a medium with a different refraction index, it may be scattered into a reflected
and a refracted part. While the reflected light is scattered back to the initial medium, the refracted light
enters through the new medium suffering a change of velocity, which produces a variation in its direction
of propagation. The light traversing a homogeneous medium which has the same refraction index in all
directions is not scattered.

Suppose that we have a material where the refraction index changes in one direction. Then, only the
light entering in such direction may be scattered (refracted and reflected). If we now consider this change
in the refraction index to be periodical, then the scattering process will be repeated every time the light
suffers a new change in the refraction index. This can be achieved by constructing a crystal with alternating
layers of width b and a high refraction index n,., with layers of low refraction index (which for simplicity
is considered the unity), in such a way that they are separated by a length a. Thanks to the periodicity, the
rays are scattered coherently, allowing some of them to interfere. A maximum in the reflection is formed
when the reflected rays interfere constructively, which occurs when the Bragg condition is verified [110].
For rays entering perpendicularly to the layers (i.e. in the direction of change of the refraction index), such
condition is given by

2a = Ao, (11.1)

with \g the vacuum wavelength. The rays of light entering perpendicularly to the layers and with wavelength
given by the former relation are scattered back (or reflected) and do not appear in the crystal. This gives
rise to the formation of a forbidden band or a gap within the material corresponding to those modes. In
this example, the gap is one-dimensional, since it only appears for modes corresponding to the scattering
direction 1.

1In addition to the Bragg effect, there are certain wavelengths giving rise to a maximum in the reflection coefficient from a single layer.
This maximum, known as Mie resonance [119, 46], occurs for \/4n, = 2b. The combination of these two conditions yields to the
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This kind of crystals are known as Photonic Band Gap (PBG) materials (also photonic crystals (PC)),
and were first proposed by John and Yablonovitch [13, 12, 111] a means to localize and trap light in a bulk
material [13], and to produce a complete inhibition of spontaneous emission over a broad frequency range
[12].

Following a procedure analogous to the above described, a 3D gap can be fabricated by generating a three
dimensional dielectric periodic structure. In that case, the light incident in the material with a frequency
related with the lattice constant will be backscattered from the material, independently of the angle of
incidence.

Another way to understand the band gap structure of a PC is by considering them as the optical analogs
of semiconductor crystals for electrons. Instead of a periodically ordered array of atoms which scatters the
electrons and modifies their energy-momentum relation, PC are composed of a periodic dielectric lattice, in
such a way that the refraction index is spatially periodic. In semiconductor crystals, the eigensolutions of the
electron in the periodic potential differs from that in the absence of the potential, and for certain eigenvalues
there are no corresponding eigensolutions. In the same way, within a PC there are certain frequency values w
for which there is no corresponding wave vector or field mode k. Thus, the relation between both magnitudes
(also known as dispersion relation) presents a special structure in which the bands of permitted frequencies
(for which there are propagating photon modes), are separated by gap regions of forbidden values of w.

The band gap structure can also be viewed in the photonic density of states of the radiation field, which
presents frequency regions in which it is different from zero, corresponding to the bands, and regions in
which it vanishes, corresponding to the gaps. Additionally the photon density of states varies rapidly near
the edge of the gap, which implies that the correlation time of the vacuum fluctuations is not negligibly
small on the time scale of evolution of an atomic system. This fact makes inappropriate the usual Markovian
approximation applied in quantum optics in the treatment of the interaction of atoms with electromagnetic
radiation. The dynamics of an excited atom with resonant frequency near the edge of a gap presents some
particular features, including the inhibition of spontaneous emission [112], the strong localization of light
[13], the formation of atom-photon bound states [113] and the atomic inversion in the steady state [114].

PBG materials have attracted considerable attention in the scientific and engineering community because
of their many potential possibilities and applications. In that sense, the literature about PC is so large that
an exhaustive review is out of the scope of this thesis (instead, we shall refer the reader to [46] for a good
review). In this work, we are concerned about giving a theoretical description of the some of the dynamical
aspects of a two level atom inside a PBG. This includes a description of some of the effects above mentioned.
Hence, this introduction, combined with the description of the model we offer in the next sections is sufficient
for our purpose.

11.2 TWO LEVEL SYSTEM IN A PBG

In the last chapters, we have established a second order master equation, a second order stochastic Schrodinger
equation, and a set of second order MTCFs valid for describing the dynamics of any quantum open system
in contact with a non-Markovian harmonic oscillator reservoir described by a linear coupling Hamiltonian.

In this section, we will be concerned with the study of a quantum open system with two levels (a two level
atom) interacting with an electromagnetic field or reservoir immersed in the photonic crystal. We follow the
description introduced in Section (1.2) for a general atom-electromagnetic field interaction, particularizing
the discussion for the PBG radiation field.

optimal relation between the lattice constant, a, and the microscopical elements (in this case dielectric layers) with dimension b, to
produce a wide gap. This combination is 2b/a = 1/2n,..
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The atom-radiation Hamiltonian is well known to have the form [43]:

Hip = [p — eA(r)]* — ed(r) + ZwAa;aA, (11.2)
A

2me,

where p and m, represent the momentum and mass of the atomic transition electron, and A (r) and ®(r) are
the electromagnetic vector and scalar potential. In the basis of non-perturbed wave functions of the system,
the Hamiltonian Hg for a two level system is

Hs = (022 — on1), (11.3)
where w is the transition frequency between the two atomic levels and o;; = |i) (j| are the atomic pseudospin
operators. An interaction Hamiltonian of the form ), g (a;L + Lay) is obtained by assuming the electric
dipole approximation in (11.2). This approximation is justified by considering that the atom is small in
comparison with the size of the unit cell of the PC [115]. In that case, the atom experimenting electronic
transitions between levels interacts with the field as an oscillatory dipole. The approximation involves
therefore not considering in (11.2) the term A(r)2, which involves processes of more than one photon.
In general, the mode functions A (r) may be expanded in any complete set of basis functions spanning the
region under consideration. In free space the usual choice is a basis of plane waves, whereas in a photonic
crystal a periodic basis of Bloch modes [144] satisfying the Bloch-Floquet theorem [106]

Ap(r+R) = e®RA, (1), (11.4)

is more convenient, since it permits taking advantage of the optical periodicity of the field. For the case of
a two level atom studied the coupling strengths g, become

[SC

1
260wV

ax Zdegl[ ] €e) - u4, (11.5)
where w) is the frequency of the mode A [42]. The vectors ey = exqn, With n the band index and ¢ = 1, 2
representing the two transverse polarization modes of the radiation field. The magnitude of the dipolar
moment is given by do1, and its direction by the unitary vector ugq. The quantization volume is represented
by the constant v. In the frame of the dipolar approximation, the system interaction operator L takes the form
i012. Finally, the Hamiltonian of a two level system in contact with an electromagnetic field can be further

wTS(Uzz—Un)t]

simplified by applying the unitary transformation U; = el wsaiantt to such Hamiltonian,

so that now,

Hyp = ZA)\aI\a)\ + Zg)\(a;L + LTaA), (11.6)
A A

(hereafter referred just as Hy,,; for simplicity), with Ay = wy — w4. Itis easy to verify that the stochastic
and master evolution equations in the interaction picture with respect to the system, presented in the last
sections, are suitable for this Hamiltonian, by only redefining the correlation function and noise as:

a(t) =Y gle " =erta(t), (11.7)
A

where «/(t) was defined in Chapter (2) as

a(t) =Y gre ™, (11.8)
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and
Z; = —iZg,\zf\elA*t = e~ waty, (11.9)
h

Let us now introduce the correlation function which characterizes the interaction of a two level system with
the modified radiation field which lies within a PC.

11.3 THE CORRELATION FUNCTION OF THE FIELD WITHIN A PBG MATERIAL FOR A
TWO LEVEL DIPOLAR COUPLING

It has been shown in the preceding parts of this thesis that an important quantity in order to characterize
the action of the environment over the system, appearing in all the evolution equations (both stochastic and
master), is its correlation function «(t). In this section, we calculate the correlation function characteristic
of the dipolar coupling of a two level atom to the modified radiation field within a PC.

The correlation function we propose gives a better description of the frequencies in the middle of the band
and describes the short time limit behavior more accurately than previous models [42]. This is of primary
importance to describe correctly the non-Markovian effects in the dynamical equations of the quantum open
system, not only in the long time scale, but also in short time limit. In order to calculate «(t), the sum
appearing in equation (11.8) has to be performed, where A = {kon} and the functions g, are those defined
in (11.5), characteristic of a dipolar coupling. As we have already noted in the introduction, the presence
of a periodic dielectric structure causes the appearance of optical bands, which are themselves periodic
structures in the reciprocal lattice. In fact, the index n which now appears in the sum (11.8) denotes each
band. Nevertheless, this index will be here dropped, since we consider the dynamics of the two level system
with rotating frequency nearby (or inside) a single band. To describe in particular the dynamics near the
edge of the band, an effective mass approximation to the full dispersion relation, based on its expansion
in the vicinity of the band edge, is often considered (see for instance [42, 116, 117, 118]). Within this
approximation, the dispersion relation becomes w(k) = w. + A(k — k’)?, where k' is the origin of the
first Brillouin zone of the crystal (which is the unitary cell in k space [106]) about which we perform the
expansion in each direction, w, is the frequency of the band edge, and A is a constant that depends on the
specific photonic crystal considered. Although it is valid for the description of several important physical
phenomena occurring in PBG materials [13, 112, 113, 114], this model of dispersion relation presents an
important drawback: it becomes inaccurate for a good description of the short time dynamics. According
to [42] it shows the following form,

i[m/4—weT)

a(r) = pY/2°

—s— (11.10)

where the constant /3 is determined by the integration in k. The singularity at the origin of the last expression
is non-physical. The reason is that there is no quantity z;, which represents the fluctuations of the EM field
in the stochastic model, such that its correlation function (i.e. the average value M([z;z¥] = «a(t — 7)) is
singular at the origin. There are several ways to derive dispersion relations, most of them analogous to
those developed for obtaining the band structure for electrons in solids. In fact there exists a strong analogy
between energy bands in solids and dispersion relations of the EM field in PBG materials [46]. In this work,
we propose a model of dispersion relation (of tight-binding type) that contains all the essential features of
the EM field in a photonic band gap material,

wk)=A+ g(cos(kgja) + cos(kya) + cos(k.a)). (11.11)
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Due to its periodic character, this dispersion relation will not show the cutoff frequency problem responsible
for the appearance of the singularity at the originin (11.10), and for short frequencies it permits the recovering
of the former dispersion relations by performing the corresponding expansion in ks near the band edge.
In addition, the dispersion relations that has been obtained both experimentally [120] and theoretically
[118, 121], are periodic functions, and not parabolic functions. The model (11.11) of dispersion relation
is rather simple, and corresponds to a cubic lattice. If very precise quantities had to be computed, or if we
had a photonic crystal with some other structure, then it would be mandatory to use some different or more
accurate dispersion relation. However, this would neither change the methodology to derive the correlation
function presented throughout this section, nor the way to compute the corresponding Gaussian noise z;.

Figure (11.1) shows, for the direction k, in the first Brillouin zone (1BZ), that the constants A and B,
which are characteristic of material, fix the limits of the band between w. = A — B and w, = A + B. Here,
we have also considered a cubic lattice with lattice constant a. Notice that in the limit of k; — kg;, where
i = x,y, 2 and ko; = m/a, the dispersion relation (11.11) becomes the parabolic dispersion relation above
described.

BAND

GAP

Kx

—TC/a L% 5

Fig. 11.1 The figure displays the band structure of the problem along one of the three directions (in particular the
direction k) of the first Brillouin zone of the crystal. The periodic dispersion relation proposed in this work is displayed
in black solid line, and the parabolic dispersion model of S.John and T. Quang. [116] in grey solid line. Notice the
coincidence of both models in the limit of k, — 7/a (where ki, = 7/a is the limit of the First Brillouin zone in this
direction).

If we consider the continuum limit in the sum (11.8) which is performed over the 1 BZ of the crystal, we
have

alr) = ,Y(i)s Z/ dk\ék,g : (ad‘zefiw(k)‘r (11.12)
2n’ ~ Jipz w(k) ’

where v = w?da1 /2¢€0 and € is the free space permitivity. We now suppose that the function |éx 4| /w (k)
changes very smoothly with k in the 1B 7, and can be considered a constant factor in comparison with the
rapidly oscillating exponential term. It is important to stress that although this approximation becomes more
accurate in the long time limit, it is not the stationary phase approximation. In the integral (11.12), the reason
why the prefactor |éx . - #4)?/w(k) can be considered constant is that it changes very slowly with the wave
vector k, and this occurs no matter how large is 7 in the phase iw(k)7. This fact makes the approximation
valid even at short times, as can be easily verified numerically by computing the integral (11.12) both

155



156 THE MODEL

considering the prefactor in the integral or as a constant. Once we have done these simplifications, we are
ready to substitute the periodic dispersion relation here proposed in the equation (11.12). Let us however,
distinguish between two cases: a three dimensional band structure (as the one described with (11.11)) and a
one dimensional structure in the direction denoted by k, so that now the dispersion relation becomes simply
w(k) = A+ Bcos(ka).

11.3.1 Three dimensional correlation function.

For a three dimensional band structure with the periodic dispersion relation dispersion relation (11.11), the
correlation function can be obtained from the equation (11.12), once it has been assumed that the function
|ék,o - Gal?/w(k) is a slowly varying function in the 1BZ. The resulting integral is analytical, and gives
rise to the following result:

5 .12
~ €xo,o - Udl® _jar 3, BT
wonlr) 2 3 e S )
iAr 3, BT
= gipe I (50), (11.13)

where ko is again a fixed point located in the three dimensional interval [0, k’]. The function (11.13) is
displayed in Fig. (11.2) for various values of A (or, equivalently, for various values of F', since A = wg — F,
and we take wg = 1. as explained in the next section).

In order to compare with previously established results, we perform the long time limit expansion of the
last equation,

U +E) 45 +T)
2

BT

—1AT 6 €
alt>1)4 ~ gpe A (=)%? (11.14)
2
9 _iwer, 6 (32 —i3x
e (BT) e

8
and comparing with (11.10), we establish the following relation between constants:

)

1/2 932,D 6 .3/2
— 23D~ 11.15
g2 = B ()i, (11.15)
where also ¢'™/* = ¢=#37/4 = 1/(i)3/2. Equation (11.13) is therefore not only valid in the long time limit
as previous proposals, but gives more accurate description of the short times.

11.3.2 One dimensional band correlation function.

Let us suppose now that we are dealing with a one dimensional band. This band can be created in a
photonic crystal in which the periodicity of the refraction index occurs only along one direction, for instance
by alternating layers of high and low refraction index . For this one dimensional band, equation (11.12)
becomes,

™

a ero0(R) - U i “ —1 cos(ka))T
a(T)lD:’Y(%)Z%/dee (A+B cos(ka))T (11.16)

a

After the integration, the one dimensional correlation function is given by

) o
a(t)ip =7y WW“JO(BT), (11.17)
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Fig. 11.2 The figure displays the real and imaginary part of the correlation function (11.13) for different values of
A = wg — F. Particularly, for A = 1, which corresponds to the atomic frequency within the band F' = 0, and A = 0.3,
which corresponds to the atomic frequency within the gap F' = 0.7. It can be observed in both figures the long time
decaying 7. of the correlation function, which produces a highly non-Markovian interaction.
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where Jj is the zero order Bessel function. Considering the long time limit of (11.17), we have

—if 4 —i2Brif

iwars 2 e
a(r> ip ~ gipe T (5)"3( 5 ) (11.18)
~ 2 —iwer 1/2 —iZ
9ip€ (—QBT) e 1,

where we have neglected the more rapidly oscillating terms in 25.

11.4 TYPICAL VALUES OF THE MAGNITUDES INVOLVED IN THE PROBLEM

Before starting with the discussion, let us give first an idea of the values of the different physical magnitudes
involved in the problem. As we have already sketched in the Introduction, PCs typically consist of a low-
dielectric-constant network, inserted in a high-dielectric-constant backbone in an specific structure. There
are several works containing band structure numerical calculations in which numerous structures exhibiting
band-gap are proposed (see for instance [122, 46] for a good review). These studies are often compared to
the experimental data, which is mainly based on the analysis of the reflection and transmission spectra of
the material. A large variety of these structures give rise to a complete 3D band gap. Some examples are
the inverse diamond structure formed by overlapping air spheres in a dielectric material [123], the woodpile
structure (a variation of the diamond structure) [124], SiO spheres in a InP backbone [125], or spiral
shaped rods arranged in simple cubic (SC), face-centered cubic (FCC) on any body centered cubic (BCC)
lattices [126]. For an extended review of the current state of photonic band structure theory, both experiments
and applications, see [122, 46]. Of special interest for optical applications are the PCs with the photonic gap
in the IR and visible regimes. One of the most recently developed PC with an optical PBG, consists in silica
spheres, with diameters between 600 and 1000 nm, periodically inserted in bulk silicon [120]. The size
and disposition of the spheres gives rise to the formation of a 5% complete 3D PBG centered near 1.5 um,
which has been experimentally observed. We will use in our study appropriate values for the parameters
that characterize the photonic crystal in the optical regime (w4 ~ 10'® Hz, dy; ~ 1072°Cm, a ~ 10~ %m,
W, ~ 2.33 - 10°Hz and B = 0.5 - 10%Hz.). With these parameters, g1p ~ g3p ~ 0.1 - 10'Hz. As we
have mentioned above, the coupling constant is such that H; is equivalent in magnitude to gHy. But Hy has
approximately the magnitude of the atomic frequency, w4, and this is how, from the values of g1p 3p, we
can deduce that g ~ 0.1. For simplicity, we will consider w4 as the unit frequency of the problem.
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Quantum mean values and
fluctuations

We describe in this chapter the evolution of single quantum mean values of a two level atom within a photonic
crystal. The chapter is divided in two sections, each of which concerns the study of the spontaneous emission
and the emission of the atom when in addition to the interaction with the electromagnetic field it is driven
by a laser. The main points treated can be summarized as follows:

e We provide a dynamical description of the problem in terms of the stochastic Scrodinger equation
formalism, within the second order perturbation theory. As already mentioned, in order to do that it is
necessary to have a good description of the environmental fluctuations, which are represented by the
noise in the stochastic equations. To this end, the use of the non-singular correlation function defined
in the former chapter is very convenient. We show how some of the physical effects already described
in literature [42], are correctly reproduced with the stochastic formalism and the new correlation
function we propose. Those effects, as well as the sections where they are treated are the following,

— In Section (12.2) we examine the atomic residual long time limit population and photon-atom
bound state, when the atomic rotating frequency is placed within the gap region of the photonic
DOS. We also show the non-exponential decay of the upper level population when the atomic
rotating frequency is within the band.

— In Section (12.3), the effects of a strong laser field in this system are studied. Particularly, we
show the conditions under which population inversion appears in the long time limit.

e We compare the second order perturbative approximation in the weak coupling parameter with the
solution given by the equation obtained with the expansion approximation discussed in Section (2.4.1).
The expansion equation seems to describe with more accuracy the system dynamics when the rotating
frequency is in the band edge. At least, it seems to reproduce a residual long time limit population of
the excited level, an effect that was previously described by S. John with an exact model. This is not
observed in the second order perturbative approximation. The reason is that in the band edge region
such approximation is not appropriate, since the photonic DOS varies very rapidly from a non-zero to
a zero value.
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12.1 GENERAL DYNAMICAL EQUATIONS

We present here briefly the dynamical equations we are going to use in this chapter to describe the problem.
Since we consider 7" = 0, it is convenient to use a linear stochastic equation (12.1), which in interaction
image with respect to the system is

t
Gl = gViLe () - VLT [ drate =)V Lin(), (12.1)
0

where Vi L = exp (iHat)Lexp (—iH4t). As usual, the reduced density matrix can be computed from

[4:(27)) as

oty = MIBC )]
M@ (2) |9 (2%))]

We also use the two models of master equation described in Section (5.1.1.1), namely the non-convoluted

master equation (5.66), which is derived by performing analytically the ensemble over the projector P; =

(9 (2%)) (e (2)],

(12.2)

% = QZL(t)Pt/O dra*(t — )L () +92/0 dro(t —7)L(7)p LT (t)

— gLt (t)/o dro(t — 7)L(T)p: — 9°pe /0 dra*(t — )L (1) L(t), (12.3)

and a convoluted master equation (5.71), which is identical to the last one by only replacing p; by p, in the
terms,

t

% = g°L(t) / dra*(t —7)p, L1 () + ¢° /0 dra(t — 7)L(1)p, LT (t)

0
t t
GLI(t) | dra(t—7)L(T)pr — ¢ / drpra*(t —7)LT(1)L(t). (12.4)
0 0

As noted in Section (5.1.1.1), both master equations (convoluted and non-convoluted) are equivalent up
to second order in g. As we will show in Section (12.2.2), a remarkable difference in the result derived from
a convoluted and a non-convoluted equation will therefore indicate a failure in the second order perturbative
approximation.

12.2 TWO LEVEL ATOM SPONTANEOUS EMISSION

We have just established in Chapter (11) the Hamiltonian of the two level system within the modified radiation
of a PBG material, and also the typical magnitudes involved in the problem. Let us now start with the study
of the dynamics of the two level system for the three dimensional correlation function (11.13).

We are concerned first in reproducing, using the correlation (11.13), the non-zero steady state population
effect shown in [42] for an atom with resonant frequency inside the gap. For the atomic frequency inside the
band, we will also point out some restrictions to the validity of the second order perturbative approximation
for this model. The second and main goal of this section will be to show that, according to equation
(12.2), the master equation results can also be obtained with an ensemble average of the solutions of the
stochastic linear equations described above. Finally, we will study some aspects and properties of individual
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stochastic trajectories. For the system interaction operator L = 105, the non-convoluted stochastic equation
in interaction image (12.1) reads as follows,

L0
Al — gt [ drate - nluatt), (12

with &(t — 7) and 2] defined in (11.7) and (11.9) respectively, and [¢(t)) = {|11(t)), |32(t)) } representing
the two spinorial components of the two level system stochastic wave function. The non-convoluted master
equation (12.3) becomes, for each term of the density matrix, the following,

ZYCRy —"
I R B
dpi;t(t) = -2 /0 drR{a" (t — 7)}p2a (). (12.6)

As we have already mentioned, up to the second order approximation, the master equation (12.6) is equivalent
to the convoluted master equation, in which the only difference is that each of the components p;; that appear
in the integral terms depend on 7, i.e. are part of the integrands. In addition to that, the convoluted equation
is equal to the one calculated in [42] by M. Florescu and S. John for the same model. A difference in the
result of the convoluted and the non-convoluted equation must be related with the fact that the second order
perturbative approximation is no longer valid. As will be shown in the next section, the range of validity of
such approximation depends not only on the coupling constant g, but also on the correlation time of «(t).
In our model, such correlation time is approximately given by 1/B 3/2 where 2B is the band width.

Let us now introduce the parameter that characterizes the situation of the atomic frequency with respect to
the band. According to its definition (11.7) in terms of a(¢t — 7), the function &(¢ — 7) appearing in the
evolution equations depends on F' = w4 — A (see Fig. (11.1)), which is the detuning between the atomic
rotating frequency wg and the frequency of the center of the band A. Indeed, when —B < F' < B, the
atomic rotating frequency is placed within the band, whereas it will lay within the gap when |F'| > B. Letus
consider, as indicated, the evolution of pa3(¢) in these two cases. Since the photon density of states is zero,
no propagating modes are allowed. This means that there are no extended states expressible in Bloch form.
Instead, the wave vector is pure imaginary, and the modes decay exponentially in space forming a localized
state. When the rotating frequency w4 of an excited two level atom is placed inside the gap, and the atom
drops to the ground state through a single-photon spontaneous emission, the emitted photon will be in a
localized state corresponding to one of these purely imaginary wave vectors. The result of this localization
is a strong coupling between the electronic degrees of freedom of the atom and the electromagnetic modes of
the localized field, namely, the photon-atom bound state first predicted by John and Wang [117, 118]. On the
other hand, in the region near the band border, the photon density of states decays to zero, and therefore the
group velocity dp(w)/dw vanishes. In consequence, when the atomic frequency is placed nearby the band
edge, w,., the atom will be coupled to photons with vanishing group velocity. In this case, the self-dressing
of the atom with its own radiation is strong enough to produce a splitting of the atomic level into a doublet.
One member of the doublet is pulled inside the band, where it experiments spontaneous emission, whereas
the other remains in the gap, retaining the photon-atom bound state. The interference between the doublets
causes the oscillatory behavior described in [42] and observed in the inset of fig. (12.1).
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Fig. 12.1 The atomic population of the excited state, p22(t), as a function of the scaled time gspt, for various values
of FF = wa — A. In black, the solutions corresponding to w4 inside the band (solid line for F' = 0 and dot-dashed
line for |F'| = 0.3) present a vanishing excited population. In change, when w 4 lies inside the gap, a non-zero steady
state excitation amplitude can be observed (in grey) for different values of the detuning (dotted line for |F'| = 0.55,
dot-dashed line for |F'| = 0.6 and solid line for |F'| = 0.7). These values of the atomic population inside the gap are
displayed in more detail in the inset of the figure. The oscillations observed are due to the energy exchange between the
atomic splitted levels, produced by the atomic self-dressing.
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Another effect of the photon-atom bound state, also shown in fig. (12.1), is that the atomic excited level
population is non zero in the steady state. Indeed, because the emitted photon localizes within a certain
region nearby the atom, it has a certain probability to be reabsorbed by the atom, producing in consequence
its re-excitation. According to [46, 118], the localization region nearby the atom is defined by a certain
localization length (j,., which depends on the situation of the atomic frequency wg with respect to the
band-edge w as (e X ¢/+/we|we — wal. This relation shows that (i, is larger when approaching to the
edge w., which means that the photon probability becomes more extendedly distributed in the space. In
this situation, it becomes less probable for the photon to be reabsorbed by the atom, and the mechanism
of re-excitation of the atom becomes less efficient than in the region which is deeper inside the gap. A
consequence of this effect is shown in fig. (12.1), which displays a smaller long time limit population as
wg approaches to the w.. Attending to the other possibility, when the atomic frequency is placed inside
the band, the atomic excited population decreases up to a zero value in steady state. This result, displayed
in fig. (12.1), is expected to be correct in all regions of the band except in the border, where according to
more accurate descriptions [113, 117], a residual non-zero steady state population should be expected. This
inaccuracy is due to the fact that the low order perturbative approximation results particularly unsuitable
in the border area, where the photonic density of states rapidly increases. Some restrictions and validity
conditions of the second order perturbative approximation will be established in Section (12.2.2.1).

12.2.1 Time evolution of populations obtained from the stochastic Schrodinger equation

In the last section, we have established the validity of a non-singular correlation function, such as (11.13), to
describe the dynamics of a two level atom with resonance frequency near or inside a photonic band gap. We
now study the solutions of the corresponding stochastic equation (12.5), both statistically (comparing the
ensemble averaged solutions with that of the master equation (12.6)), and in terms of single trajectories. We
will focus on the result obtained with the spinor |¢/1(t)), which according to the stochastic equation (12.5)
includes all the dependence over the stochastic variable. In particular, in fig. (12.2) is shown the evolution
of the element p;;(¢) obtained from the ensemble average M[Py1] = M|[|¢1(¢)){¢1(¢)|] over a different
number of trajectories, . Indeed, for the two cases studied (atom frequency in the gap, with |F'| = 0.7, or
in the band, with F' = 0), and provided that « is large enough, a convergence to the master equation solution
is observed. In fig. (12.2) it is also observed that when F' = 0 the statistics are considerably better than
with |F| = 0.7, and only a small number of trajectories is needed to recover the average value. A possible
explanation is found by studying the behavior of a single trajectory in each case. As shown in fig. (12.3)
(top), stochastic trajectories inside the band reduce to a certain state in which the stochastic driving term
no longer affects. This corresponds to a situation in which the coherences of the density matrix (see fig.
(12.3) below) have been destroyed by the interaction. Naturally, the ensemble average of such solutions will
be very efficient, as the fluctuation disappears at relatively short times. In contrast, in the single trajectory
corresponding to |F'| = 0.7, i.e. atomic frequency inside the gap, the fluctuation term remains important
during the whole evolution. This corresponds to the special situation created inside the gap, in which the
atomic coherences are not destroyed, as they would if the atom were in the band, or even in the vacuum.
The relation between the coherences of p(t) and the stochastic forcing can be more clearly seen in equation
(5.68), where the noise terms are accompanied by L(t) and LT(¢) (let us remind here that L = io2).

12.2.2 Validity of the perturbative approximation

12.2.2.1 Study of the positivity Asnotedin Chap (2), a physical condition to be satisfied by proper so-
lutions is that the transition probability P;_,2(t), from the lower state |1) to the upper state |2), is positive and
smaller than one (0 < P;_,o < 1). Such probability is given by the averaged projector M||1)2(t)) (¢2(t)]],
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Fig. 12.2 Ensemble averaged values of the stochastic equation M |01 (¢)) (11 (¢)|] for different number of trajectories,
compared with the result of the (non-convoluted) master equation. Each time step represent around ten atomic transitions.
In the upper figure, corresponding to |F'| = 0.7 (atomic bare state frequency inside the gap), the average corresponding
to k = 2000 trajectories has a relative error less than ~ 0.008 in the scale. In the lower graph, which corresponds to
a situation in which w4 is in the band, a relative error approximately inferior to 0.02 is reached with only x = 100.

Clearly, this situation presents a considerable improvement in the statistics in comparison with the case in which wg is
within the gap.
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Fig. 12.3 The upper figure represents the time evolution of the stochastic projector, P3 = P2 — P11 corresponding
to a single trajectory. The two curves appearing in such figure correspond to |F'| = 0.7 and F' = 0 respectively. The
figure below represents the density matrix coherence p2; in the same time scale. It displays the same two cases as the
figure above. Observing both figures, the vanishing of the stochastic forcing is found to be related to the suppression of
coherences, a process that apparently only occurs within the band. The absence of spontaneous emission which occurs
in the gap might be a possible explanation of the survival of the density matrix coherences and, in consequence, of the
stochastic driving.
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or equally, by the element pos(t) of the density matrix. As a secondary effect, unphysical solutions with
Py_,5(t) > 1, correspond to non-positive values for the density matrix, i.e. with det{p;} < 0. However,
let us note here that none of such problems appear when the density matrix is calculated through averaged
solutions of stochastic equation. The reason comes precisely from the definition (12.2), in which this matrix
is calculated through an averaged sum of projectors and therefore preserves positivity. In consequence, we
will base our test of validity of the second order perturbative approximation in the master equation solutions.
The calculus is identical to that performed in Section (2.4.4), where it was settled that the limit condition in
which the convoluted master equation (12.4) for pos(t),

dpilzt(t) = -2’ /0 drR{a(t — )} paa(r) + O(g), (12.7)

is positive. The solution of the former equation is given by

t l
Prs(t) = p(t) = pan(0) [1—292 [ [ armiaa—n)|+ 0. (12.8)

Having non-negative transition probabilities implies that the integral term on the right hand side of the last
equation is positive and less or equal to one. Considering the more restrictive condition in which p22(0) = 1,
the maximum time ¢,,, in which such condition is fulfilled, is defined as follows,

tm l
iz = 2/ dl drR[a(l — 7)) (12.9)
g 0 0

On the other hand, the non-convoluted version or the equation (12.3) has the following second order solution:

o pt 0 R
Pi_s = pos(t) = paa(0)e 2" Jo @ Jy e, (12.10)

The double integral in the last expression is performed over the real part of the correlation function, and
therefore P;_,o is always a positive quantity. On the other hand, for the correlation functions (11.13) and
(11.17), the double integral itself is positive, and so P;_,o is also less than one. The fact that convoluted
master equation solutions do not preserve positivity, as follows from (12.8), whereas stochastic and non-
convoluted master solutions preserve it, as it is shown in (12.10), reflects by itself the failure of the second
order approximation. Only by considering that the second order approximation is no longer valid, can
we explain the difference between the result of the convoluted master equation and the stochastic and non-
convoluted master equations. Equation (12.9) shows clearly that the validity of the second order perturbative
approximation depends on the magnitude of g. However, as we have mentioned above, another parameter
to consider is the correlation time 7. of &(¢t — 7). For a fixed value of g, we changed the band width (that
goes inversely with the correlation time), verifying that the negative values of the density matrix of the
convoluted master equation, (or analogously, the values in which P;_,5(t) > 1 or P;_,5(t) < 0) tend to
disappear as 7, decreases. The smaller the correlation time, the longer is the time limit ¢,,, up to which the
second order perturbation theory remains valid. Finally, we also observed that the violation of positivity
(or the violation of the condition over P;_,2) only occurs when the atom frequency lies inside the band,
an effect that can be easily explained as follows. Because the photon density of states (DOS) increases
very rapidly in the band, becoming larger than in the vacuum, such region results especially problematic
for a perturbative approach. This can be seen in fig. (12.4), where for the mid-band values (F' = 0) the
DOS becomes so large that the perturbative approach presents some problems, as reflected by the difference
between the curves corresponding to two different equations equivalent in this order. Notice however, that
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there is a connection between the band width and the shape of the photonic DOS. In particular, the larger the
band width B, the smaller is the variation of the photonic DOS in comparison to the spontaneous emission
rate. This corresponds to a situation where the Markovian approximation becomes more suitable, which
makes a perturbative approximation more suitable.

We can have a more clear insight of these effects (dependence of the validity of perturbative theory on
T, and, in the case of PBG, dependence on position of the atom frequency), by calculating analytically the
condition (12.9) for the simplest correlation function (11.17), which corresponds to the one dimensional
band-gap structure. To this purpose, we also considered the Redfield limit of (12.7), which is based on the
fact that the integral limit of the coefficient can be extended to infinity, provided that the relaxation time of
the bath is still small compared to that of the system. Using the value of the Laplace transform of Jy(x)

o 1
/ daxJo(bx)e ™ P = —— (12.11)
0

valid for ®{p} > 0, we arrive to the following expression for the maximum time ¢,, in which solutions
preserve positivity,

1 2t

— =R 7, 12.12

92 { VB2 - F2 } (1212
for values of F' within the band, i.e. —B < F' < B. Expression (12.12) shows that when B is bigger (so 7,
smaller), the maximum time of validity of the perturbative hypothesis ¢, is allowed to be larger.

For rotating frequencies inside the gap, |F'| > B, the expression v/ B2 — F? is pure imaginary, and the

perturbative solution (12.8) is always valid, without a restriction over the perturbative parameter such as
(12.12).

12.2.2.2 Comparison of the expansion equation and the perturbative equation The above
discussion about the perturbative approximation can be useful to detect some situations in which such
approximation is not valid. We present in this section a comparison of the second order perturbative equation
with an equation derived in Section (2.4.1). It is important to note that this equation is not exact, as it is
derived by assuming as an ansatz a particular expansion for the operator L(7,¢;+1). In consequence, it
can not be argued that it is better than the second order perturbative equation. The only thing we can say
when comparing both of them, is that the expansion equation seems to describe a residual long time limit
population in the band border, as is expected from more accurate models than the perturbative one.

Let us briefly mention agein the derivation of the expansion equation derived in Section (2.4.1). In order
to obtain a closed equation, the term (z;|Us (t;, ti+1)L(T, t;11)|2i41) of the open equation of the reduced
propagator (2.40) has to be manipulated. As noted above, we can assume the following expansion of the
coupling operator (see Sections (2.4.1) and (9.4.2) for more details) as an ansatz,

L(t,tip1) = 3 Fal(7ti, {ax}) Sa(ti, tia), (12.13)

where the set {S;} represent a basis of system operators, and F, (7, t;,{ax}) is a certain set of operators
of the total Hilbert space. For a simple mean value, z; = 2, t; = t, 2,41 = 0, and ;4.7 = 0. In
addition, for L = o019, the expansion takes the simple form L(7,0)|0) = f(r,t)L(t,0)|0), so that the
term (z|U; (t,0)L(7,0)|0) = f(7,¢)L{z|U;(¢,0)|0), and therefore the resulting value of the operator O is
O.(t,7) = f(r,t)L. From the Heisenberg motion equations, we get

dfe(t,T)

—u - (iws + Re(t)) fe(t,T), (12.14)
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Fig. 12.4 Evolution of p22(t) for different values of | F'| < 0.5 using the convoluted master equation (12.4), and the
non-convoluted master equation (12.3). The difference between both equations becomes larger for F' = 0, which could
be explained because within that central region the the photonic DOS is so large that the perturbative approximation is
no longer valid.
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with R.(t) = fot Ta(t — 7) fe(t, 7). The subindex e accounts for the fact that, once the last expression is
replaced in equation (2.40), a closed equation is obtained for the reduced propagator that comes from the
expansion (12.13). This equation gives rise to quantum mean values that we are interested in comparing with
those obtained in the last sections and in [42, 6] with second order perturbative equations. Considering that
the dissipative term of (2.40) is already of order g2, a second order equation is obtained by only replacing
(z|Ur (t,0)L(7,0)]|0) = fp(7,t)L{z|Us (¢, 0)]|0), with

M = iwg fp(t,T), (12.15)
dt

where the subindex p accounts for the perturbative approximation. In this approximation, a zero order
expansion of L(7,0), is simply L(7,0) = exp (iHot7)L exp (—iHiot7) = V- L+ O(g). In the notation of
the operator O, in which (z|U; (¢,0)L(7,0)|0) = O(0, z*,t,7)(z|U;(t)|0), the latter results can be written
as 0(0,z*,t,7) = O(t,7) = fep(t, 7)L, where the solution obtained with the expansion of the coupling
operator, f. (¢, 7) given by (12.14), corresponds to L = 0712, while the perturbative solution f, (¢, 7) = V4L
is valid for any coupling L. Then, for O(0, z*,¢,7) = O(t, ), a closed form for the equation (2.40) is

L)) = —iHsl(=) + gL 1))
g2LT/ dra(t —7)O(t, 7) L (27)). (12.16)
0

Once we have a closed equation for the reduced propagator, we can construct the reduced density operator
of the system, p;(t) = Trp{piot(t)}, as (12.2). As previously done in Chapter (5), a master equation can
be computed by performing the average M|- - -] analytically. For that purpose, we replace (12.16) into the
equation

%ps(t) =M KCZ%(Z*») (he(2)] + e (2%)) <<§t1/1t(z)|>} , (12.17)

in any of the two versions, the expansion model and the perturbative. Since in any case the operator O
does not depend on z, the procedure is analogous to that followed in Section (5.2.1), and gives rise to the
following master equation,

d’;—f) = i[Hg, p] + L/O dra*(t — m)p()OT (¢, 7)

t

+ /0 dra(t — 7)O(t, 7)p(t) LT — LT/O dra(t — )O(t, 7)p(t)
— / drp(t)a*(t — 7)OT (t,7)L. (12.18)
0

In the perturbative case, the operator O(t, 7) is given by (12.15), valid for any L, and the resulting equation
is equal to (5.66) computed in Section (5.2.1). For L = o015 the operator O is given by (12.14) once the
expansion (12.13) is assumed !. The solutions from the expansion and the perturbative model of equation
(12.18) are displayed in Fig. (12.5) for the band case, where |F'| < 0.5. Special emphasis is placed on the
study of the border of the band, where the perturbative approximation is no longer valid due to the high

TWe stress that the expansion (12.13) is standard for any coupling L, but the equation (12.14) is special for L = 012



170 QUANTUM MEAN VALUES AND FLUCTUATIONS

values that the photonic DOS has in this region. Contrary to the perturbative model, the expansion model
shows that there is population in the long time limit for frequencies within the band border, in such a way
that the effective band border is not placed at F' = (0.5 but deeper in the band, around F' = 0.37 (see figure
(12.7)).

Band

9=0.2 B=0.5
1 s
expans F=0.2
expans F=0.4
expans F=0.48
0.8 - —— perturb F=0.2 |
- —— perturb F=0.4
perturb F=0.48
0.6 | |
&

0.4 .
0.2 |
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0 5 10 15 20 25 30

t*g

Fig. 12.5 Evolution of o (¢) for |F| < 0.5 for the expansion and perturbative model. The difference between both
models becomes specially dramatic in the border of the band, where the photonic DOS is so large that the perturbative
approximation is no longer valid. Near the border of the band the asymptotic value of o722 is zero whereas the expansion
equation reflects already a certain residual population.

Although the photonic DOS is zero in the gap region, for frequencies placed sufficiently near the band
edge the perturbative solutions differs considerably from the exact model ones. When a photon is emitted
within the gap, it remains localized in a region nearby the atom and interacting with it in such a way that a
so-called photon-atom bound state is formed [42]. Within that region the photon can tunnel through a certain
scale in frequencies, which is larger the closer the atomic frequency is to the band edge, in such a way that
there is a certain probability for the photon to be reabsorbed by the band extended modes [46]. This is how
the photonic DOS of the band border affects the dynamics of the atom even when its frequency is within the
gap, giving rise to dissipation and to the failure of the perturbative approximation. This is clearly observed
in figure (12.6), where in frequencies close to the band edge the dissipation observed in the results of the
expansion model differs from that described within the perturbative approximation.
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Fig. 12.6 The evolution o, (t) is shown for values of F within the gap. The upper level still suffers a certain
depopulation because the localization length in frequency of the photons emitted by the atom enters into the band range
of frequency, having therefore a certain probability to dissipate. Because of that, they also interact with a large DOS,
and that explains the failure of the perturbative approximation when the atomic rotating frequency is still nearby the

band edge.
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Fig. 12.7 The asymptotic value of o (t) is displayed for each value of F', both for the expansion and perturbative
model. The residual long time limit population occurring at the edge of the band for the expansion model is clearly
displayed. In contrast, the perturbative solution exhibits a sudden change from o5 = 1 within the band to %' < 1
within the gap. The perturbative approximation becomes better (closer to the expansion model solution) when the
rotating frequency is far from the band edge, no matter if it is inside the gap or the band itself.
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12.3 TWO LEVEL SYSTEM DRIVEN BY AN EXTERNAL LASER FIELD.

Let us now study the effect of a single mode laser field in a two level atom, also coupled to the radiation
reservoir of a photonic crystal. As in [42], we consider the interaction Hamiltonian Hg;, of the atom with
the classical coherent monochromatic laser field in the usual rotating wave approximation form [43]:

i(wrLt+or)

Hsp = e(oge” + opge’@riter)) (12.19)

where wy, is the frequency of the laser in the coherent state ce ™2t with a = |a|e *?L. The quantity
€ = doj¢ is the Rabi frequency, and |¢| = \/wr,/2eqv \/N_Le L the laser field magnitude, where v is the
volume of the cavity, and N, and ey, are respectively the mean number of photons and the polarization of
the laser mode. The phase ¢r is a global phase defined as ¢ = ¢, — 7/2. Because of the magnitude of
the laser field, the Hamiltonian Hgy, should be considered as part of the non-interacting Hamiltonian Hy,
where in this case Hy = Hgs + Hp + Hg;. We can eliminate the explicit dependence on the laser frequency
by changing to a rotating frame with a frequency wy, by using the unitary operator

Ut — e[ith+i¢T][Z,\ GLGA"F(UQz—Ull)]. (1220)

The rotated Hamiltonian H' = H{, + H},

1 . )
Hy = Zw,\aiw\ + JwWso3 + €og e WEHET) | g peiwitteT)],
A
Hp = iY ga(a] —axoa), (12.21)
A

can still be expressed in a simpler way by projecting it into the dressed atomic basis. The new Hamiltonian

H =V~'H'V, where
c —s
V= ( < ) (12.22)

will be of the form (11.6). The constants appearing in the unitary transformation matrix V' are ¢ = cos ¢
and s = sin ¢, where the angle, ¢, is given by sin® ¢ = 3[1 — sgn(Agr)/\/€2 /A%, ) + 1]. The frequency
Agr, = wg — wr. The non interacting dressed state Hamiltonian ﬁo =H s + H B+ H s, is equal to,

Hy=QR3+ > Ajalax, (12.23)
A

and the interaction Hamiltonian H 7 has the same form as in (11.6) once the interaction operator L is defined
as:
L = csRs + c®*Ris — s%Ro;. (12.24)

Here, R;; = |i)(j| are the atomic operators defined in the dressed state basis {|1),]2)}, and R3 = Ros— Ry;.
The quantity Q = [¢2 + A%, /4]'/? is called the generalised Rabi frequency. According to (12.22), the
relation between the dressed atomic operators and the bare atomic operators is the following,

g12 = CSR3 + 02R12 — S2R21
091 = csR3 — 52R12 + C2R21
o3 = (c? — s%)R3 — 2cs(R12 + Ray). (12.25)
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Once we have established the Hamiltonian of the driven two level atom, let us now propose the two formu-
lations we know to describe its evolutions, namely its non-Markovian stochastic Schrédinger equation and
its non-Markovian master equation. In the dressed state basis presented above, and following its general
definition (12.1), the non-convoluted stochastic equation for each component of the spinor in interaction
image becomes,

@ = gir{—cs|di(t) + 22|y (1))
b / dra(t — 7){~c**[n (1)) + es®e >V (1))
0
+ sc3ei29(t—7)e—i29t|,{/~}2 (t)> _ S46_i29(t_ﬂ|’l;1 (t))} (1226)
% = gz {esldn(t)) — $%e 2y (1))

t
+ o / drat — T){—c2s2da()) + sy (1))
0
_ C46i29(t_7)|1/~)2(t)> + CSBe—i2Q(t—T)ei2Qt|1/~Jl (t)>}, (1227)

where G(t — 7) and 2 are defined in (11.7) and (11.9) respectively, and |¢);(t)) is the stochastic i-spinor in
the dressed state basis. Let us here define the relaxation time of the system, 7 as the inverse of the largest
value of the dissipative coefficients T'; with {i = 1,2, 3}, appearing in the Redfield limit of eq. (12.27),
which are defined as,

r, = / dra(t — 1),
0

Iy = / de(t—T)eim(t_T),
0

Iy = / dré(t — 7)™ 2207, (12.28)
0

Due to the fact that the relaxation time of the system 7, is such that 1/7z << 2, we can use the secular
approximation, which consists in eliminating the oscillating terms with frequencies 2€) that appear in the
dissipative terms. In fact, the secular approximation is normally performed over the master equation, but the
dissipative terms from (12.27) will also appear in the master equation, so the approximation can be applied
over them. In change, we shall not eliminate any of the noise terms, since the ensemble average of their
contribution in the projector (namely the first and third terms of equation (5.64) of Chapter (5)), can give
rise to non-secular components. Taking into account the above mentioned points, the resulting stochastic
equation

WD g eslin (1) + 22 (1)
+ ¢ /0 dré(t — 1) {—c?s% [Py (t)) — s*e =2 o)y (1))} (12.29)
A g eslia(t) — e (1))}

t
+ ¢° /0 dra(t — 7){—c?s%|a(t)) — e |y (1))} (12.30)
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gives rise to the following master equation,

dp t _ ' _
5;1 = —2g2sc3/ drR{a(t — 7_)6712527-[321} _ 29254/ drR{G(t — 7)671252(2577')}&11
0 0

¢ ¢
— 2¢%sc? / drR{a(t — 7)e® p1o} + 2¢%c? / R{a(t — 7)) 500
0 0

dp t
% = —4g2c252/ drRe{&(t — 7)}px
0
t
+ 92/ dré(t — T){SC3€i2Qtﬁ22 _ c2826i2ﬂ(t+r)ﬁl2
0
+ CS3612QTP 11— 4 i2£2(t77)521}
+ / dTOé {SCS 1297p22 _ C2SQei2§l(t+T)p~12
+ Cs36129tp - S zQQ(t T) p 1}
do ) t )
% = —2¢%cs? /0 R{G(t — 7)Y p1a} + 29254/0 drR{a(t — 7)e M=) 5}

t t
_ 292CSS/ %{d(t—T)e_iQQtﬁgl} —292C4/ %{@(t— zQQ(t T p22}
0 0
(12.31)
where p;;(¢) is the component {ij} of the density matrix in the dressed basis. Some new rotating terms

have appeared due to the average of some of the noise terms of P;;(t). We can now use again the secular
approximation to obtain a much more simplified master equation,

dp t )
—Z;l = 2g2c4/ dT%{OA[(t—T)GQQ(t_T)}ﬁQQ
0
t
- 2g2s4/ dT%{d(t—T)e_im(t_f)}ﬁn
dﬁ21 _ 4 2 2 2 d R
o - e TRe{a(t — 7)}pa1
0
¢
_ 92C4 de{(t—T) i2Q(t— T)ﬁ 91
0
t
_ g2s4/ d’Ta*(t ) 12Q(t T)p 1
0
dp22 — 942g% td RIa —i2Q(t—7)
a gs TR{a(t —T)e }h11
0
t
2g%c? / drR{a(t — 7)e27) ] fos. (12.32)
0

In the last equations we have dropped, for simplicity in the notation, the time dependence of the density
matrix components, so that p;; = p;;(t). In what follows, we will compare the averaged results of (12.30)
with the simplified master equation (12.32). It is clear that they will differ in the extra fast rotating terms
appearing in the master equation (12.31). However, provided that the secular approximation is adequate in
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the present case, such difference will not affect the main relaxation dynamics of the studied quantities.
Let us first settle the conditions necessary to obtain an asymptotic population inversion (i.e. ps = pa2 —p11 >
0, in the non-dressed basis). As explained above, the self dressing of the atom produced by the laser field
splits the original atomic level into dressed states giving rise to the well known Mollow triplet in the
emission spectra. According to [42], it is necessary that the left Mollow component (which corresponds to
transitions that depopulates the lower dressed state @y ), is situated inside the gap, while the other component
(corresponding to transitions from ws) remains in the band (see Figure (12.8) for a schematic representation
of this.). Considering the two limits of the band (w.,w’,) described before, this is equivalent to the following
restriction: BAF B_F
L —rr

3 <Q< 5
where F;, = wy — A. Due to the presence of the gap, the depopulation of the dressed state \D, will be less
efficient than in |§> which remains in contact with the large photonic DOS of the band. As a consequence,
the population in |1) is much larger than the atomic population in |2) in the long-time limit. Following
(12.25), once we have ensured that < Rz >%'< 0 in the long time limit, and provided that the coherences,
< Ry > and < Ry, >, tend to disappear in such limit, it is necessary that c2 < s2 for a?sf > 0. To satisfy
this condition, according to the definition of s2 presented above, it is sufficient that Ag;, < 0.

D(w)

\

(12.33)

(DL
/N
®,-2Q ® 120
) -
™ ®
GAP BAND

Fig. 12.8 The figure represents how the Mollow triplet should be placed with respect to the band and the gap in order
to provide the necessary condition to have population inversion [42].

We must note here that { R11, Raa, Ro1, R12} are components of the Pauli representation of the density
matrix. As shown in Appendix (Q), the element 1:23 is equivalent to p3 = p22 — p11, and can therefore be
calculated with the master equation (12.32).

The results shown in fig. (12.9) confirm the validity of the correlation function (11.13) for describing the
behavior of the two level atom in contact with a laser and the modified EM field of the PBG. It also shows
the necessity of the two conditions described above for obtaining asymptotic population inversion. We have
just established that the correlation function (11.13) reproduces the same physical effects as (11.10) for a
two level system within a PC and coupled to an external laser field. As we have mentioned, this correlation
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Fig. 12.9 The first two curves obey the two conditions necessary for asymptotic population inversion. Such property
disappears when the condition over €2 is not satisfied (figures 3 and 4), or it is not true that ¢* > s (curve 5).
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function is suitable to generate the corresponding noise (see the procedure explained in Appendix (P)).
Let us end this section by comparing the results of the master equation (12.32) with those of a stochastic
equation such as (12.30). As clearly seen in fig. (12.10), the ensemble averaged solutions of the stochastic

0.5
| i
&
-0.5 |
—— master
,,,,,,,,,,,, k=200
k=600
-1 ‘ ‘ | | | |
0 m 40 60

gat

Fig. 12.10 The convergence to the average value of stochastic solutions, produced when increasing sampling or
number of trajectories &, is here displayed. As expected, such averaged value presents some additional oscillations of
frequency 22 with respect to the master equation (12.32), due to the extra secular terms appearing in (12.31).

Schrodinger equation permit us to recover the results of the corresponding master equation. The differences
observed between the two curves are due to the fast rotating terms that appear in the stochastic equation
(12.30), and that have been eliminated in the master equation (12.32) through the secular approximation.

12.4 FLUCTUATIONS: TWO-TIME CORRELATION FUNCTIONS

Let us finish the chapter by computing the system of two-time correlation functions of a two level atom
immersed in a PC. As discussed in Chapter (III), certain two-time correlations may be used to compute the
atomic emission spectra. According to (9.29), the non-Markovian two-time correlation functions are given,
up to second order in perturbation parameter, by the following set of differential equations,

dih<\PO|A(t1)B(t2)|\IJO> = i(Wol{[Hs, A]} (t1) B(t2)|Wo)
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+ /(; 1 dTO[*(tl — T)<\I/0| {V—,—_tlLT[A, L]} (tl)B(t2)|\Ifo>
+ /0 “dra(ty — 7)ol {[LT, AVs_o, L} (t1) B(t2)lbo)
+ /;2 dra(ts — )Wl {[L1, A} (1) {[B. Ve LI} (02)|Wo) + O(g%).  (12.34)

In the following figures we display several cases of MTCEF for different values of the parameter F' defined
in the last chapter. The parameters are wg = 1, g = 0.1, and the band width B = 0.5. The initial state
is chosen as [tpg) = ((1+ 24)[1) + (1 +)|2)) /v/7. The intermediate time of the correlation is settled as

to = 5.
g=0.1 0=1
B=0.5

Fig. 12.11 The figure represents different values of the correlation Cyy = (V|0 (t1)oy(t2)|Po). For values of F
such that the atomic rotating frequency stays within the band, the two time correlation C.,, tends to vanish in the long
time limit. In contrast, when F' > 0.5 such correlation function remains always in the same value. Indeed, in the long
time limit, it corresponds to (o x)**Y™ (o (t2)) that does not decay to zero within the gap region.
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g=0.1 n=1
B=0.5

Fig. 12.12 The figure displays the correlation C.. In the long time limit (also asymptotic limit), if the rotating
frequency is within the band, i.e. ' < 0.5, the correlation tends to vanish. If it is within the gap, i.e. F' > 0.5, it
remains the same. Just as before, the asymptotic limitis Cgs¥™ ~ (ox)**¥™ (0. (t2)). There is a qualitative difference
of this curve with respect to Figure (12.11), specially for values of F' within the gap: although (o,)**Y™ behaves the
same for different values of F', the mean value (o (¢2)) has different (non zero) values for each F'. Hence, the curves
corresponding to C. change with different values of F'.
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Fig. 12.13 The figure represent the correlation C,, = (¥o|o,(t1)o,(t2)|¥o). Again, the values in the long time
limit correspond to CZS¥™ ~ (0.)**V™ (o

zz

=(t2)). Notice that inside the band (o.)**¥™ = 1, while (0 (t2)) = 0.54
for F' = 0, and (0 (t2)) = 0.51 for F = 0.4.
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Conclusions and outlook of this
part

In this part of the thesis, we have applied some of the dynamical equations developed in Parts (IT) and (IIT)
to study the dynamics of a two level atom in contact with the modified radiation field of a photonic band gap
material.

As already emphasized, one of the main goals of the study is the application of the non-Markovian
stochastic Schrodinger equation (12.1) to a physically realistic problem such as a two level system in contact
with the radiation field of a PC. This is not only interesting on its own, but also because the steps here followed
to apply stochastic equations for a two level atom (i.e. identification of Lindbland operators, generation of the
correlation function and noise synthesis), can also be applied to many other physical systems. Particularly,
they can be applied to many-level atoms in contact with the PBG radiation field, since the correlation function
would have the same structure for any two-level transition (see for example [46]). It is in those problems
where the numerical advantage of stochastic equations, in contrast with master equations, becomes evident
[38]. In addition to the numerical advantage for large systems, it is important to note that if eventually a
continuous measurement interpretation of non-Markovian stochastic equations is developed (analogous to
the one existing for Markovian equations, see for instance [52]), this scheme might contribute to have new
physical insights on the problem.

The conclusions of the work can be summarized as follows:

In Chapter (11), we characterized the radiation field with a periodic dispersion relation, instead of the
parabolic dispersion relation that is used in the literature. Thanks to that, first the corresponding correlation
function is non singular at the origin in contrast to the previous ones, describing more accurately the short
time behavior; and second, the EM field fluctuations which correspond to the noise variable that drives the
stochastic equations, can be appropriately defined.

In Chapter (12), we have shown the validity of the linear equation for the reduced propagator with 2, ; = 0
(considered as a stochastic equation), the non-convoluted master equation 1 and the new correlation function

1We note here that it was shown in Chapter (5) how the evolution equation of the reduced propagator provide an efficient tool to generate
master equations. Within the second order perturbative approximation, two equivalent master equations are obtained: a non-convoluted
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(11.13) to describe the dynamics of two level system in the PBG radiation field. In order to do that we have
studied the physical effects observed by M. Florescu and S. John in [42] with the convoluted master equation
and a radiation field characterized by a singular correlation function (11.10).

Some of the phenomena occurring in the atomic spontaneous emission were studied in Section (12.2).
Indeed, when the atomic frequency wg is placed within the gap, we have observed asymptotic non-zero
population in the excited level, together with the oscillatory behavior which is produced by the atomic self-
dressing [117, 118]. For an atomic frequency placed inside the band, we have observed the non-exponential
decaying of the upper level population typical of a non-Markovian interaction. In this case, we have shown
that the non-convoluted master equation is more convenient than the convoluted one. While the convoluted
master equation presents negative values of ps for wg situated in the central zone of the band, the non-
convoluted master equation always preserves positivity. This can be due to the fact that the stochastic
equation gives rise to positive ps by construction, and the non-convoluted master equation derived from it
preserves this property.

The stochastic wave function |1, (2*)) corresponds to a measurement performed over the bath at time
t that has had as a result the quantity z;. Its evolution corresponds to a set of possible outcomes once a
measurement has been performed in the environment [94]. In that sense, we have also made an attempt
to qualitatively explain the behavior of single trajectories. When the atomic frequency is placed within
the band, the coherences are rapidly destroyed, and the two terms of the stochastic equation, which reflect
a variation of the population due to the energy interchange with the bath, are also rapidly reduced. The
consequence is a large dissipation in the first time steps of each of the stochastic trajectories. Due to the
rapid decrease of fluctuations, a second effect is an improvement of the sampling within the band, which
means that lower number of trajectories is needed to compute the quantum mean values of system operators.
In contrast, the photon-atom bound state appearing when the atomic frequency is inside the gap, gives rise to
a dynamical equilibrium in which a non-zero steady state population is conserved in the upper level through
the continuous emission and re-absorption of photons from the atom to the environment. In consequence,
coherences are not destroyed, and for single stochastic trajectories the dissipation in energy is small, whereas
the fluctuations are large and remain non-damped throughout the trajectory. Such fluctuations, which might
physically occur through the continuous photon exchange between the atom and the environment, correspond
to a less efficient sampling in comparison with the band case.

In Section (12.3), was shown how including the effects of a driving laser, the averaged solutions of the
stochastic equation (12.30) and the master equation (12.32) describe an inversion of population under the
same conditions determined by Florescu and John [42].

Finally, in Section (12.4) we have shown some of the non-Markovian two-time correlations of the atom
in the PC radiation field. The calculus of two-time and four-time correlations is necessary to compute the
emission spectra and photon statistics of such a system. Those are problems that remain open for future
work.

master equation, equal to the one obtained in [35] by P. Gaspard and M. Nagaoka, and in [54] by Ting Yu et. al., and a convoluted
master equation which corresponds to the one used by M. Florescu and S. John in [42] for the two level atom inside the photonic crystal.
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Conclusions

Some of the main results of this thesis are now resumed. While detailed conclusions have been discussed at
the end of each part, the idea is to present here a global vision of the work.

We have studied and derived the necessary tools to describe a non-Markovian QOS linearly coupled to an
environment of harmonic oscillators. As an example, we apply the equations to an atom dipolarly coupled
to the radiation field within a PC.

In Part (1) the reduced propagator is introduced, an object that evolves the system state conditioned to a
certain initial and final state of the environment. The reduced propagator is the matrix element of the evolution
operator of the total system in the Bargmann coherent state basis for the environment. The reduced density
operator, and the MTCEF of the system can be expressed as a Gaussian average of reduced propagators which
is performed over the different initial and final possible states. This average can be performed in two ways:
First, numerically, by considering a Montecarlo sampling of the sum, so that the reduced propagators become
stochastic propagators. Within this method, the reduced density operator and the MTCF are obtained by
evolving several stochastic trajectories and then performing a sum of them. Second, analytically, so evolution
equations for the density operator and the MTCF can be obtained. Concerning that issue, we have made an
extension of the Novikov theorem that allows performance of the analytical average over reduced propagators
with an initial state other than the vacuum.

In Part (I1), particularly in Chapter (5), the sampling of several models of SSE is studied, which briefly
speaking is the number of stochastic trajectories needed to obtain the reduced density operator. Particularly,
we show that the non-linear type of SSEs, which are characterized by having a dynamical distribution for the
noise, present an improvement of the sampling only when the environmental temperature is high enough.
The reason is that it is in such condition where the environmental distribution, which coincides with the noise
distribution, evolves considerably with the interaction. Afterwards, the reduced propagator is used to derive
several models of master equations. We obtain a master equation suitable for arbitrary initial conditions for
environment and system, and not just initially decorrelated states. By using reduced propagators, we also
derive a master equation for finite temperature environments that is equal to the one obtained previously in
the literature with other methods.
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In Part (IIT) we derive a theory of non-Markovian MTCEF. This part contains some of the main results of
this thesis. We start by discussing two of the possible applications that MTCF may have in quantum optics,
which are the calculus of the atomic emission spectra (related with a two-time correlation of field operators),
and the photon statistics (related with a time-ordered two-time correlation of field operators). To this end, the
relation between the correlation of field operators and the correlations of system operators is shown. Then,
we derive the evolution equation of non-Markovian MTCF by using two different methods: a first one based
on the use of reduced propagators, and a second one based on the use of Heisenberg equations. In Chapter
(8), it is shown that when no approximations are made, the evolution equations of MTCF are organized in
a hierarchy: the evolution of N-time correlations depends on N + 1-time correlations, and successively.
Although the hierarchy is not valid for computational means, it becomes useful once the dependency with
higher order correlations is eliminated. This can be done by assuming some approximations. Particularly, in
Chapter (9), a weak coupling approximation is used to obtain an evolucion equation of N-time correlations
that do not depend on higher order correlations.

The fact that non-Markovian MTCF obey a hierarchy structure already shows that the QRT does not apply
for this kind of interactions. The QRT states that in the Markovian case the evolution of N-time correlations
is equal to the evolution of 1-time correlations, which is given by the master equation. Moreover, we find that
even in the weak coupling limit the QRT is not fulfilled. To be more specific, in the evolution equation of N-
time correlations up to second order in the perturbation parameter, some new terms appear apart from the ones
of the evolution of 1-time correlations. A consequence of the latter is that for non-Markovian interactions
the master equations is no longer the only equation needed to describe all the dynamical quantities of a QOS.
To complete such description, and within the weak coupling limit, this equation may be complemented with
the equations we propose in this thesis.

Finally, Part (IV) deals with the problem of an atom in contact with the modified radiation field within
a PBG material. Along with its potential applications, this system is of interest because it presents some
interesting physical phenomena due to the highly non-Markovian interaction. Such interaction is charac-
terized by the environmental correlation function. We propose a new model of correlation function which
describes the short time behavior in a more accurate way than previously existing ones. The noise corre-
sponding to such correlation is generated in order to compute the system quantum mean values with SSE.
With this scheme, some of the physical effects already described in the literature with master equations are
reproduced: residual long time limit population in the excited level, existence of a photon atom bound state
and long time limit population inversion when the atom is also driven by a laser. This part ends with the
calculus of some two-time correlations for the system. Such quantities are needed to compute the atomic
emission spectra, which connects directly with some of the perspectives of this work. But this is explained
in some more detail in the next chapter.
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Perspectives

The last two parts of the thesis, concerning MTCF and its application to atoms in PBG materials, leaves
open the possibility of computing the emission spectra and photon statistics of these systems (always within
the weak coupling limit).

Concerning the emission spectra, it is obvious that it may present interesting features, and due to the
strongly non-Markovian character, a shape very different from the Lorentzian profile typical of Markovian
interactions. It may also be interesting to study how such non-Markovian character affects the intermittent
fluorescence of a three level atom immersed in a PBG material. The phenomena of intermittent fluorescence
has been treated by several authors for Markovian interactions [62, 147, 148, 149, 150], and is based on
an original idea of Dehmelt [145, 146] to observe single atomic transitions in an experiment. Suppose we
have a three level system which consists in two excited levels |1) and |2) coupled to a common level |0)
with a strong and a weak transition respectively. The strong transition produces a fluorescence signal that is
detected. However, from time to time the electron is excited to the metastable level |2), and the fluorescence
signal is interrupted with a dark period. Since this weak transition occurs randomly in time, the atomic
fluorescence intensity has the form of a random telegraph signal [147]. In an experiment, the jump between
two levels (say |0 > to |2 >) can be indirectly through the appearance of a dark period in the detected signal.
However, the fingerprint of intermittent fluorescence can be observed in the photon statistics [67], and in
the emission spectra, that even in the Markov case is no longer a Lorentzian [67, 150]. As noted above, it
would certainly be an interesting issue to observe such spectra when the three level atom is placed within a
PBG, for instance by tuning the strong transition into the band, and the weak transition in the gap.

Concerning the photon statistics, particularly interesting would be the study of the photon bunching and
anti-bunching effect in this kind of systems, again due to their non-Markovian behavior.

We have formally derived the evolution equation of two-time correlations for systems in a thermal envi-
ronment. It may therefore be interesting to apply the equation to a particular QOS, and to compute quantities
such as its emission spectra, studying how this is affected by the temperature. Computing arbitrary thermal
N-time correlation functions is also possible, and does not present any qualitative difference with respect to
the calculus of two-time correlations. This is also left open for future work.
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It may be possible to consider a set of measurements over the non-Markovian system separated by a time
interval chosen as At > 7, in order to allow a recovering of the environment between measurements. The
measurement operator acting at time ¢ 4+ At can be chosen as a projector of W) = [t);(2],1))|2i41) into
the environmental state z;, which would lead to a final state |Wya¢) = (2;[Us(t + AL, )| zi11) [ (271))-
Hence, the evolution produced with this kind of measurements may be described with the reduced propagators
Gz zip1|t + Att) = (z;|Ur (t + At, t)|z41). Anaverage of this kind of trajectories may produce discrete
points of the evolution of the reduced density matrix given by the master equation.

Finally, we believe that the set of evolution equations derived in this thesis may be used to compute
the dynamics of some other systems displaying non-Markovian character, provided that they are linearly
coupled to the environment. The possibility of applying other approximations to the evolution equation for
the reduced propagator as well as the hierarchy of MTCFs is also an interesting question and a possible
subject for further study.
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Appendices

We consider i # 1 in all the appendices except in the first one, since it corresponds to Chapter (1) where
the model is presented.
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Appendix A

Relation between
gauge-dependent and
gauge-independent u,

In this appendix we first show how the Hamiltonian (1.17) is obtained from the Schrodinger equation of the
free electron by imposing the local gauge invariance, i.e. the invariance of the Schrodinger equation with
changes in the phase of the electronic wave function. Thereafter, is deduced the interaction Hamiltonian
between electron and field in its —r - E(r, ¢) version, instead of the —p - A(r, t) version, described by (1.21),
which is obtained by simplifying the interaction terms of (1.17).

A.1 GAUGE-INDEPENDENT HAMILTONIAN WITH H; ~ —P - A(R, T)

The probability of finding an electron at position r and time ¢ is the same even if an arbitrary phase £(r, t),
even locally dependent on space and time, is added to its wave function

W(r,t) — h(r, t)etD, (A.1)

However, the wave function (A.1) is no longer a solution of the Schrodinger equation of an electron in free
motion,

1
——

2m

o

=1 pr (A2)

193



194 RELATION BETWEEN GAUGE-DEPENDENT AND GAUGE-INDEPENDENT H ;

In order to satisfy local phase invariance, the motion equation of the electronic wave function should be
modified with the addition of some terms

{—— [v—i%A(r,t)r+eU(r,t)}z/;:i%—qf. (A3)

The new terms are the so-called gauge-dependent potentials A (r,¢) and U (r, t), satisfiying

A(r,t) — A(r,t) + % v &(r,t)

10
U(r,t) = U(r,t) — ga—f(r,t). (A.4)

The Hamiltonian (A.3) is equal to (1.17) once it is considered the radiation Gauge, U(r,t) = 0 and
VA(r,t) = 0, and a binding potential V'(r) is added to take into account the electrostatic potential that binds
the electron to the nucleus. In that way, the steps of Section (1.2) can be followed to obtain an interaction
Hamiltonian of the form H; ~ —p - A(r, t).

A.2 GAUGE DEPENDENT HAMILTONIAN WITH H; ~ —R - E(R, T)

With the electric dipole approximation, the vector potential in an electron placed in r + ry (with rg the
position of the atomic nucleus to which it is bounded), is given by (1.26) as

A(r +1g) ~ A(r, t)e ™o, (A.5)
so that the Schrédinger equation reads as

{— [Vz’%A(ro,t)r+V(r,t)}wi%—qf, (A.6)

where the radiation gauge and the binding electrostatic potential has been considered. A gauge transformation
to the electric field E can be made at this point, by defining the local phase as

e
t) = ——A() - A7
§rt) = —SA() . (A7)

so that we have
Y(r, t) = eleAED Ty (p 1), (A.8)

which inserted in (A.6) gives rise to the following equation

ov
[He —er - E(ro,t)] U(r,t) = ZE (A.9)
Here, we have defined H,; = Hg. The Hamiltonian H; = —D - E(rq, t) should be represented in terms of
the quantized electron field W(r,¢) = >, b;¢;(r), with ¢; the eigenfunction of the electronic Hamiltonian
H,; corresponding to the eigenvalue F;,

H; = /d%@(r) [—er - E(ro, )] U(r) = D - E(ro, t) (A.10)



GAUGE DEPENDENT HAMILTONIAN WITH H; ~ —R - E(R, T) 195

Here, we have defined the dipolar moment operator as

D = blbpdyy, (A.11)

ij

with djj, = —e [ d*r¢%(r)r¢y(r). The electric field is defined as

E(ro,t) = » _exaxAx(ro)éxe ™ + H.C,, (A.12)
A
with €y, = (2%0 and Ay (rg)éyx = A,(rp) are the modes in which the field is expanded. The amplitudes

Ax(rg) are given by (1.26). Replacing the last expression in (A.10), the interaction Hamiltonian takes the
form

Hy = blbe > gajular +al), (A.13)

ij A

hw .
Irgik = diky ?(;\Ak(ro)djk 8. (A.14)

For a two level atom, and within the rotating wave approximation (i.e. eliminating the terms in which an
electron is excited (desexcited) and a photon is created (annihilated) in the field simultaneously), as well as
the terms in which the dipolar coupling is forbidden (i.e. terms in which j = k), we have

with

Hi =Y (219205 + 012930} ) (A15)
A

with gx = di2 2‘:0* Ay(ro)dis - &y, and o), = b;r-blv




Appendix B
Coherent states of the radiation

field.

A derivation of the main properties of coherent and Bargmann coherent states is discussed in this Appendix.
We follow the original presentation offered by Glauber in [48]. Some alternative ones can be found in
[43, 51] or any other Quantum Optics textbook.

The radiation field is described as a sum of different harmonic oscillators A\, with Hamiltonian

H:ZwAair\aA, (B.1)
A

and eigenvalues wyny, where ny is an integer, and a) and ai are the so-called annihilation and creation
operators of the field for reasons that will became clear in a while. In the former Hamiltonian we have chosen
the energy of the vacuum state as the energy origin . In the former Hamiltonian, the energy %w,\ is the
ground state energy of the A oscillator, also called the zero-point energy, and is often omitted for simplicity.

The state vector for the ground state of the oscillator, which we write as |0) » is defined by the condition

ax|0) = 0. (B.2)

In fact, the theory gives us that such energy is equal to the sum Eq = ZA %w)\, which in fact is infinite. By considering it as the
origin energy, it is possible to bypass infinite quantities and calculate accurately the physical effects which are actually observable. A

procedure that is known as renormalization [74].
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198 COHERENT STATES OF THE RADIATION FIELD.

The state vector for excited state of the oscillator may be obtained by applying integral powers of the operator
a; to |0), for instance

_ (ahm

Iny) = W|O>§ (na=0,1,2---). (B.3)

The former basis is the number basis, which defines an environmental state with the number of photons 7
in each mode A. The way in which the operators a and af\ act upon these states is the following

axny) = n}\/2|n,\ —-1)
alna) = (nx +1)V2ny + 1)

alax|ny) = nany), (B.4)

so that the action of a) (ai\) over the number state is to annihilate (create) a photon in the mode A. The
electric field operator E(r, t) is separated into a positive frequency part and a negative frequency part,

E(r,t) = EM) (r,t) + EC) (r,1), (B.5)

where, as defined in Appendix (A),

EM(r,t) =) exarAx(r)ére ™, (B.6)
A
with ex =, /52 and A5(r)é) = A, (r) are the modes in which the field is expanded, and EC)(r,t) =

(ED)(x, t))T. It is useful to search for a basis |y ) such that
ED(r,1)]lan) = E(x,1)]lax), (B.7)
where the eigenvalue functions are

5(+)(I‘7t) = ZGAO[AA)\(I‘)é)\e_iwAt, (B.8)
A

so that each individual mode obeys the relation
axllax) = axllax). (B.9)

This basis is known as the coherent state basis. In the next sections we discuss its relation with the number
basis, as well as some of its properties. For simplicity, we may consider a single oscillator and drop the
index A\

alla) = al|a). (B.10)

B.1 COHERENT STATES IN TERMS OF NUMBER STATES

Let us express the coherent state basis in terms of the complete orthonormal number basis |n),

o) = In)(nlle), (B.11)
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where we have inserted the number state closure relation. The coefficients (n|«) of the expansion can be
calculated by using (B.4), and set the recurrence relations

vn+1n+1|ja) = a(n]|e), (B.12)
from which we find
(nlla) = a7 Olle). (B.13)

Inserting the last relation in (B.11) it follows

n

o) = {0lle) 3 a7 (B.14)

Imposing that the coherent state ||«) is normalized, so that («||«) = 1, we find that
(Of]t) = e~ #1T" (B.15)

Then, the coherent state of the oscillator take the form

) = el 3 (JWM' (B.16)

B.2 PROPERTIES OF COHERENT STATES

In this section we treat some of the properties of the coherent states, especially those that are useful for the
purpose of the present work.
B.2.1 Non-orthogonality

One property of the coherent states is that two such states are not, in general, orthogonal. Let us use
expression (B.16) and its complex conjugated, to find

12152 (a*)nﬁm
(a|8) = e~ 1ol =216l Z e (n|m), (B.17)
n,m
which since the |n) are orthonormal, reduces to
(a]|p) = ex"P=3lal* =316, (B.18)

The absolute magnitude of the scalar product is given by
(al|B)]? = e~le=fT, (B.19)

which shows that the coherent states tend to become approximately orthogonal for values of a and 3 which
are sufficiently different.
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B.2.2 Completeness

Orthogonality is a convenient property for a set of basis states but is not a necessary one. The essential
property of such a set is that it should be complete. We prove this property by showing that the unit operator
may be expressed as a sum or an integral, over the complex « plane, of projection operators of the form
[|a) (|| In order to describe such integrals, we introduce the differential element of area in the « plane

d*a = d(Rea)d(Ima). (B.20)
We can also write a = |a|e??, so that
/(a*)"ame_‘aﬁdza = mn!0pm. (B.21)
This expression, with the help of (B.16) brings the following relation,

/f@mwm:wE]mmL (B.22)

which combined with the closure relation of the number states, brings the following resolution of the identity
in terms of coherent states

%/fﬂ@ﬂﬂzl (B.23)

B.2.3 Expansion of arbitrary states in terms of coherent states

As a consequence of the equation (B.23), any arbitrary state | /) may be expanded in terms of coherent states,

If) = %/anHaﬁ(a*)e‘%‘a'Z, (B.24)
where
fla*) = (] fre-zll’ (B.25)

is an analytic function of a*. Then, the expansion (B.24) is unique. Let us show that by taking the scalar
product of both sides of such expansion with the coherent state (/3]|, and then using (B.18) to evaluate the
scalar product ((]|«) to find

1 .
BIlf) = fe’%‘ﬁ‘Z/anf(a*)eﬁ a=glal®, (B.26)
s
The function f(a*) may be expanded in a convergent power series,
" (m!)1/2’ :

which replaced in the integral appearing in (B.26), gives rise to the following result

: / daf(a*)e? e tlel® = (g, (B.28)
Vs
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since the integral of each member of the series

l/dza(a*)meﬁ*a—%\alz — (8")™. (B.29)

™

Then, replacing (B.28) in (B.26) we find

F(8%) = ez (g1 1) (B.30)

which indicates the unique correspondence between the vectors |f) in the coefficients of their expansion
f(a*) in coherent states. However, for functions of both « and «* the expansion is no longer unique. The
relation (B.28), as well as

%/d%cf(a)eﬁa*’%‘a'z = f(B), (B.31)

which is demostrated by the same means, is widely used along this thesis for the particular case of Bargmann
coherent states. We show in the next section their relation with coherent states, which makes valid all the
properties derived for them except for a constant factor.

B.3 BARGMANN STATES

The Bargmann coherent states are defined as [47, 48, 51]

oo n

o) = e¥1|ja) = > 7l (B.32)
In such case, the relation (B.30) is replaced by
1(87) = e3P (1) = (5I). (B.33)

As mentioned above, the rest of the relations and properties (non-orthogonality, overcompleteness, and
relations (B.28) and (B.31)) can be derived in the same way, just taking into account the factor e slo® The
resolution of the idendity is then given by

1 = %/d2a€_|a‘2‘a><a\:/dﬂ(a)\a>(a\7 (B.34)

2
—lel

where we have defined the Gaussian measure as dy(a) = “—



Appendix C
Reduced density operator

The density operator of the total system conformed by the QOS and its environment, can be defined just as
Ptot = |P+)(Wy|, where |¥;) is the pure state in which the total system is known to be. The reduced density
matrix corresponding to the QOS is a statistical mixture, since it is expressed as

ps(t) = Trp (pror(t)) = /du(2)|¢t(Z*)><wt(Z)l (€.

in a continuous basis, where the function dy represents the weight of the particular state |1)+(2*)) in the
mixture, and for a Bargmann coherent state basis is du(z) = [], d2x exp (—|2x|?). The environment may
also be expanded in a discrete basis, in which case the reduced density matrix is

pa(t) =Y Pelthis) (thral- (C.2)
k

The reduced density matrix corresponds to a statistical mixture where the precise state of the system is not
known. Within a statistical mixture, the system might be with probabilities Py, in various states |tx), which
do not need to be orthogonal with each other.

C.1 POPULATIONS AND COHERENCES

The diagonal elements of the reduced operator, defined in the energy basis of the system, correspond to
the populations appearing in the Pauli master equation described in Chapter (4). The off-diagonal terms, in
change, describe the coherent part of its dynamics. For instance, in a continuous basis for the environment,
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and choosing a discrete basis {|m)} for the system, the populations are given by

Pmm = /du(2)<m|¢t(z*)><¢t(2)|m> = /du(Z)ICm(Z)IQ, (€3)

where |1 (2%)) = >, Cp(2)]tbo), and therefore |C,, (2)|? is the probability that a measure over the system
|14 (2*)) results in |m).
The off-diagonal terms are, in the same basis

oo = [ dn( im0 (o) = [ ()62, (€4

where now the coefficients C,, (2)C;; () express the interference effects between the states [m) and [p) that
can appear when | (z*)) is a coherent superposition of such states. The element p,y,, is the average over
such different crossing terms appearing in the statistical mixture. In contrast with the populations, py,, can
be zero even if non of the products C,,(2)C,(2) vanish. If p,, = 0, it means that the sum over z has
canceled all the interference effects between |m) and |p). When p,,,, # 0, one can speak about a certain
coherence existing between system eigenstates.

The properties of the reduced density operator are discussed in the next section, especially those such as
trace preserving and positivity.

C.2 PROPERTIES OF THE DENSITY OPERATOR

The first property is that its trace is preserved during time, Tr(ps(t)) = 1. For instance, for an initial state
Prot(0) = |Wo) (Tol, with |[Tg) = [1h0)|0), we have

Trips(t)} = Y (mlos(t)lm) = /du(Z) Dl (=) (Whe(2)lm)
— [ )
= /du(Z)<¢o|<0|Uf1(t,0)|Z><Z|U1(t,0)|0>|¢o>
= (1ol10)(0]0) =1, (C.5)
since U; (¢, 0)U; (¢,0) = 1, and (¥o|¥o) = 1. If we have |Wo) = [ du(z0)[vo(28))|20) then
Tr{pn(0)) = [ dutzo) [ du)wlvo) eolzp) = 1, 6
where in the last expression we have used the property of scalar product of Bargmann states
(alB) = e, (C.7)
and
» [ @agtanere el — i), (€8)

with f(a*) = 1.
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The second property is that p,(t) is positive semidefinite for any given initial state.
Suppose first that the total system is initially in a pure state as defined in Section (2.2.2.1),

peot(to) = |Wo) (Yo, (C.9)
with

W) = / dia(z0) o (22)) 0), (C.10)

and |Wo(23)) = (Uo|zo). Then, it was shown that the reduced density matrix is given as the mixture

ps(titol0) = /du(m)lwtl,to(ZT)><¢t1,to(z1)| (C.11)

with |94, 10 (27)) = [ di(20)G (2 20ltot1)|to(25)). The former expression denotes clearly that p, can be
represented in a diagonal basis where all the eigenvalues are positive, provided that the measure dy(z1) is
positive definite. It can also be proven that, for any given function |f), we have

(flps(tatol0)[f) = /du(Z1)I<f|1/)t1,to(Zi‘)>|2 > 0. (C.12)
For an initial statistical mixture for the total state,
prato) = [ du(z0)T (20,55)] Vol) (Wola0), €13)

where J (20, 23) is the statistical probability for the member |U(z;)) of the statistical ensemble. As shown
in Section (2.2.2.2), the reduced density operator is also a mixture

paltr,to) = / dyu(=1) / dps(20)T (20, 25) Wbesto (25 20)) (o (25 20)], (C.14)

where |4+, (2720)) = G(25z0lt1to)|%o(2)). Provided that the meassure du(z) is positive valued, the
former matrix is positive definite. Let us show that, for any given function | f),

los(tr to)lf) = / dpu(=1) / du(zow(m,zaf)(<f|wt1to<zr20>>2) >0, (C.15)



Appendix D
Validity of the Born approximation

In this appendix we show that the second order perturbative approximations is equivalent to assuming that
prot(t) = ps(t) ® pp during the whole evolution. This means that the Born approximation is exact up to
second order in perturbation parameter.

Let us take equation (4.9),

dp(t) o
7 - - dTTTB{[‘/tHI; [‘/I‘/—THI;ptOt(tiT)H}7 (Dl)
0
which for £y = 0 is also equal to
dp(t ¢
PO — — [ Tra{Vitts, Wy, pra(]) (02)
0
and let us replace the Hamiltonian (4.14), so that
dps(t ¢
pd—t() = -y /0 drTrp([ViS,ViB., [V+SsVy Bg, pot(T)]]) =
7.8 "

t
Z { / drViS V_rSsTr (ptot (t)Vr By ViBg) — ViSgTr g (ptot(T)V- By Vi Bg) V. S,
V.8 0

t
+ / dT(ptot(T)VthVTB»Y)WS[}V-,—S»Y—VTSVTT‘B(ptot(t)VthYVTBg)VTSg}. (D.3)
0

Notice that this equation differs from (4.16) mainly in the fact that it is an open equation for p;, and the correla-
tions T'rp (- - -) cannot be treated in a simple way. Let us take forinstance the lastone T g (10t (t) By (t) B (7)) =
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cy, 5(t, 7), and express it in a Bargmann coherent state basis,

C,p(t,7) / dyu(z1) / dyu(z1) / dpi(zs) (21 23) P (25 21) 21 [Vi By Vi Bl 2a) =
- / ey / dpi(z2)Pr (25, 21)Ds (25 22) (D4)

where D,y 5(21, 22) = (21|Vi By Vr Bgl22). Pr (23, 21) = [¢hr(22)) (b7 (21)
(B) of coherent states),

, and the property (see Appendix

» [ @agtanere el — i), (D.5)

where f(a*) is any function of the Bargmann state |«), has been applied for going to the last line. The
perturbative expansion of P, (z3, 21) is, up to second order in g,

{1—|—/ dszgsVs_TL—F/ ds/ ds'z3 %09 Ver LVy o L

0 ' 0 0

[ s [ asats s nve bt [Casa o
0

+ / ds/ ds'zy 521, 5>/‘/5/_TL7L\/"s LT

PT(Z;a Zl)

- / ds/ ds'a*(s — s \Vy_LTV,_ TL‘L}+(9(g3). (D.6)

We now shown that the approximation M 5 [P (23, 21)] = ps(7) is valid only up to order g*. In order to
express the matrix element D., 5(27, 22) = (21|V; B, V; Bg|z2) of equation (D.4), we choose the operators
defined in (1.48) of Chapter (1) as

ng ax+al); Zg,\ ax —al). D.7)

Chosing for instance v = 1, and 8 = 2, then we have

7 . . . . . .
DIZ(Zra 22) I E g)\g)\/{ZQ’)\ZQ,A/e zwAtezw/\/T + Z;/\ZQ’A/eztheuuA/‘r _ Z;)\Zl/\/e ’LLU)\te Wy T
AN
—twrt  —twy/ T * * twxt  —iwy\s T
— dxave eINT — 2\ 2 e e } (D.8)

Equations (D.6) and (D.8), when inserted in (D.4) gives rise to

Cl,Q(t,’T) = _4{ (th)M12[ (22721)]

+

/ds/ ds( (r—s)a*(t— &) — a*(r — $')a (t—s)>v; LMy [Pz, 2)] Vi L

alt—1) / ds/ ds( (s —s")Vs_ TLV;/_TLMlg[ (z2,21)]
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+ 8—8 Mlg[ (22,2’1)]‘// LV; TLT)

/ds/ ds( (t—s)a(r — ')+ ot — s)a(t — s')

+ 7(t+7—(s+8/)))vs rLVy s LM [P7(25, 21)]

- /ds/ ds( (t—s)a*(r—s")+a*(t—s)a*(t — &)

+ Yt+T—(s+ 3')))/\/11 2 [PP(25,21)] Vi LTVS_TLT} + O(g") (D.9)

+

where a(t) = 3, g3 exp (—iwxt), and y(t) = Y, gie—iwxt. In the former equation, we have included
some of the terms of O(g*), but not all of them. To obtain a second order expression, only the first term
of (D.9) has to be taken. Since the correlation function appearing in such term is already of second order,
it is possible to replace My ,2 [P2(23,21)] = |1o) (10| by ps(t) or even p,(7), since such replacement
is correct up to zero order. However, such replacement is already not valid in the forth order terms we
display in the former expression. The next coefficients can be solved in the same way, showing that the Born
approximation emerges naturally from a second order expansion in the perturbative parameter.



Appendix E

Continuous measurement
interpretation of Markovian SSE

In order to obtain a trajectory of the system, i.e. a sequence of values of its state, it is necessary to
perform a continuous measurement. However, the special feature of quantum mechanical systems is that
they are disturbed by measurement. Particularly, the continuous observation of a system with von-Neumann
measurements (also called direct measurement), gives rise to the so-called Zeno effect, which consists in a
freezing of the system state [136]. For continuous monitoring of the system state, the proper measurements
are the so-called indirect measurements, which are based on coupling the system to an auxiliary system
in which the measurement is performed. The auxiliary system is often the environment itself (the radiation
field in quantum optics). Since the system is entangled with the environment, a projective measurement over
the environment results in a measurement of the system state !.

LA clarification is here in order. When we say that the state of the quantum open system is measured, it is not the state of a single
system, but the state corresponding to collection of these equally prepared. Let us explain this in more detail. Before the measurement,
the system is represented by a reduced density matrix ps, which describes a set of a large number of individual quantum systems,
where each system has been prepared in a state [t (z)). The reduced density matrix is a mixture of such states, each of them with a
particular weight dyu(z), that gives the probability in which such state appears in the mixture. For instance, when p is represented in
a coherent state basis, such weight is the Gaussian measure du(2) = d?z exp —|z|2 /7, so that

ps = / da(2) [ (2)) (e (2)). E1)

When a measurement with the result z = z, is performed over the environment, a particular state |1)¢(zm )) is selected from the
mixture. However, such state does not correspond to a single system, but rather to an ensemble of single systems equally prepared. In

211



212 CONTINUOUS MEASUREMENT INTERPRETATION OF MARKOVIAN SSE

The theory of indirect measurements was developed in [53, 101, 102] and present some interesting
advantages with respect to direct measurements. First of all, as argued in [103], indirect measurements are
more realistic than direct ones in experimental situations. Indeed, the experimenter never makes a direct
measurement of the system of interest. Rather, the system of interest (the atom) interacts with its environment
(the continuum of electromagnetic modes), and the experimenter observes the radiated field. Second, indirect
measurements avoid the quantum Zeno paradox. This is true provided that the time difference between
different measurements, i.e. the time step of the evolution, is much smaller than the correlation time of the
environment. This is the case of Markovian interactions. If successive measurements are more frequent than
Tc, then we enter in the regime of the quantum Zeno effect where the possibility of spontaneous emission
is significantly reduced [137]. This is one of the main reasons why it is not possible to identify the solution
of non-Markovian SSE as the output of a continuous measurement experiment. This problem is treated in
some more detail in next section.

The idea of considering individual solutions of a SSE as the results of a continuous measurement experi-
ment was proposed in 1993 by H. Carmichael [52, 53]. The stochastic variable that drives a SSE is related to
the result of the continuous measurement [94]. For that reason, and contrary to dynamical reduction models,
continuous measurement interpretation provides reasons to determine a particular SSE or unraveling, given
a certain measurement scheme 2 . According to Wiseman and Milburn [93, 103], The relevant model of SSE
for a given experimental situation depends on the method by which information is to be extracted from the
light leaving the system. The state of a quantum system is always conditioned on (and in fact can be identified
with) our knowledge of the system obtained from a measuring apparatus. In this context, depending on the
particular measuring device, different unravelings or stochastic trajectories are obtained.

E.1 INTERPRETATION OF NON-MARKOVIAN TRAJECTORIES

Although diffusive equations have been extended to treat non-Markovian interactions [35, 39,40, 70, 95, 100],
until now there has not been a measuring interpretation to them. Indeed, the identification of a trajectory as
the result of a continuous measurement experiment relies in the fact that the state of the environment that is
measured at time ¢ + At is not affected by the previous measure perfomed at time ¢. Since the recovering
time for the measurement 7. is finite for non-Markovian interaction, there is no interpretation of a trajectory
as a sequence of continuous measurements, in which At — 0. As argued by Gambetta and Wiseman in
[94] all that we can say about non-Markovian SSE is that each member of the trajectory |¢);(z)) (provided
that it is normalized, i.e. it is the solution of a non-linear SSE), is the state of the system conditioned on a
measurement being performed at time ¢ and yielding the result z, (that corresponds to a certain environmental
state given by {z,}). However, the linking of states at earlier times to form a trajectory is a fiction, since
only in the Markovian limit a sequence of compatible measurements over the environment can be made. In
that sense, it would be interesting to derive the dynamical equation that of a non-Markovian system when it
is measured at time intervals At > 7, in such a way that successive measurements do not affect each other.

other words, although the measurement can be performed over the environment of a single system (for instance an atom trapped in a
quantum cavity), its result can only have statistical meaning. For instance, for a two level system the measured state can be expanded
in the Hamiltonian basis as [t (zm)) = C1(2m)|1) + C2(zm)|2). The coefficient C1 (zm ) (C2(zm)) represents the probability of
finding a system in the lower (upper) state, when a set of direct measurements is performed over such system (equally prepared for
each measurement). In summary, an indirect measurement reduces the initial mixture to a particular state, but such particular state still
represents an ensemble of single systems.

2Since a quantum system is affected by the measurement, different measurement devices will give rise to different types of trajectories.
Obviously this is not the case of a classical system. Since they are not affected by the measurement, the experimental result is
independent of the measurement device, except for the accuracy achieved.
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We should also mention that although in the “orthodox” formulation of Quantum mechanics there is no
interpretation of non-Markovian trajectories, it has been recently proposed in [139] that such interpretation
exists within the hidden-variable formulation.

Finally, the idea in [81] of embedding the quantum open system in an auxiliary three level system, permits
the construction of Markovian quantum trajectories for the state vector |®;) of the total system (system of
interest, auxiliary system and environment). The idea is that the quantum jumps occurring in the total system
may produce either the emission or an absorption of a virfual photon in the system of interest. The fact that
emission is virtual, permits the emitted photon to be reabsorbed again, since there is no detection process
that destroys it. The possibility of a revival, or a re-gaining of energy of the system is a basic non-Markovian
characteristic, instead of the typically exponential decaying process of Markovian interactions.



Appendix F

SSE from the Feshbach projector
operator technique.

In this appendix we discuss the derivation made by Gaspard and Nagaoka in [35] to derive the SSE (5.31).
Further details shall be found in their paper. The evolution equation of the total system wave function, which
depends on the coordinates of the system {x;} and the bath {x}, reads as follows,

Z-d\I/t('rsa xb)

o = (Hs+Hp+9Y_ SsBp)Vs(xs, ). (E.1)

B
The interaction term is of the form (1.13) of Chapter (1), i.e. a sum over system Sg = Sg, and environment

Bz =18 I operators. These operators are chosen Hermitian without lost of generality, since as explained in
Section (1.2.2) of Chapter (1) any H; which is sum of system and environment operators can be expressed
as a sum of system and environment Hermitian operators.

Let us consider for the environment a complete and orthonormal basis in its Hilbert space H g

{xn(zp) = (x3|n)}
(mln) = Gmn, »_In)(n| =T (F2)

where X, (zp) are the basis functions and |n) are the corresponding kets. We can choose, for instance, the

environmental eigenfunctions

HBXn(xb) - ean(xb)a (F3)
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where e,, are the corresponding eigenvalues. Let us note that here the environment is not necessarily a set
of harmonic oscillators. If that were the case, then the quantities e,, and X, (zp) could be considered its
frequencies and modes. In this basis, the total wave function W;(x,xp) is represented in the following
manner

Uy(ws,20) = Y bn (s, t)xn (), (F.4)
where {¢,,(x5,t)} is the set of coefficients of such linear expansion, and are given by

oulaat) = [ @) Uulo). (E5)
The X, (zp) functions only depend on the environmental degrees of freedom, so that the dependency of the

total wave function over the system degrees of freedom is entirely encoded in the coefficients ¢, (x,t) of
the linear decomposition. These coefficients are therefore function of the coordinates = s and the time.

F.1 INTERPRETATION OF ¢n (X s, T)

The coefficients ¢,, (s, t) are not normalized: only the total wave function ¥, (z,, xp) is normalized. Nev-
ertheless, their norm can be considered as the probability for the environment to be observed in a certain

state X, (zp)

palt) = / 0,6 (20r )2 = [0 (s ). (E6)

In order to give a more complete interpretation, let us consider the quantum mean value of a system observable
A over a certain state of the total system,

(U|A[w) = /dxsdxbllf*As\If
= X[m0, [ doi
S [ e a0, €7

= > (nlAlgn), (E8)

n

where we have used the orthonormality relations (F.2) of the environmental functions. The quantum mean
value of an observable of the system can be expressed as a mean over a statistical mixture represented by a
reduced density matrix,

Ps = Z |¢n><¢n‘7 (F.9)

which evolves through the temporal dependency of the coefficients ¢y

(@slps ()] 2h) =D (s )b (sit). (F.10)
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These coefficients, once they are normalized as

On(T55t) = bn(ws3t) /|| Pn(2s31)]], (E11)

can then be considered as a statistical set of wave functions of the system. In term of such functions, the
equation (F.9) can be expressed as

Ps = an(t)|én><¢gn| (F12)

The statistical character of gfgn(xs; t) appears through its dependency on the environmental state (of index
n). Then, the probability of each system wave function is given by the probability (F.6) of observing the
environment in the corresponding basis state ., (xp). Thus, the quantum system can no longer be described
through a single wave function, but through a collection of them. Because of the entanglement, the dynamics
of the system is conditioned on the dynamics of its environment.

F.2 EVOLUTION EQUATIONS FOR THE COEFFICIENTS {¢n(Xs, T)}

The next step is to find the evolution equation for the coefficients {¢,, (x5, t)}. This is done by inserting the
decomposition (F.4) in the Schrodinger equation (F.1). Taking the scalar product on both side of each of
the basis function x(x;) and using their orthonormality relation, a set of coupled differential equations is
obtained,

i = HSQbm(zsa;t)+em¢m(93873t)

+ g (m|Bgln)Spen (s, ;). (F.13)
B n

This system of equations is not stochastic. However, the different coefficients ¢,, (x5, t) behave in a random
way due to their mutual influence during the evolution through the matrix elements (m|Bg|n), and also
because there is a large number of them. This occurs when the environment is a bath, i.e. a large system
with a large density of energy levels. Thus, since to each energy level there is a corresponding eigenfunction
of the basis in the expansion (F.4), there will be a large number of such coefficients ¢,,(xs, t).

Equation (F.13) can be expressed in a simpler way in interaction image with respect to the environment
and the system

d Tyt
*”’” : gZZ Vi Bsln)ViSppn (s, 5 1). (F.14)

F.3 EVOLUTION EQUATION FOR A SINGLE COEFFICIENT ¢ (X s, T) : FESHBACH
PROJECTION OPERATOR METHOD

In order to obtain an evolution equation for a single coefficient of (F.13), the so-called Feshbach projection
operator method is used. Such method consists in decomposing the Schrodinger equation of the total system
in two equations, using the projectors P and () that act over the total Hilbert space. These projectors have
the usual properties

PP=pP=P" Q*=Q=Q'
QP=PQ=0, P+Q=1 (F.15)
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and in this case are chosen as

P=Lo), Q=1 Y_ |n)n (F.16)
n(#£1l)
where I is the identity in the system basis. Their effect over the total wave function ¥ is the following,
(PU) (25, ) = (s t)xa(2s)

(Q\II Qfé,l‘b Z ¢n Ts;t Xn .I‘b) F.17)
n(ZD)

and applied over the Schrodinger equation give rise to the following system of coupled equations

z‘dgt v PH,,,PY + PH,,,QU,
dQU
fl?t = QH1QV + QHyot PY. (F.18)

The solution of the second non-homogeneous equation is obtained through the constant coefficient method,
t
QU(t) = e QU RO (0) — 4 / dre @M Q=0 H, , PU(7), (F.19)
0

where QW (0) is the initial condition for all the coefficients {¢,,(0)} () since the initial condition ¢;(0) is
given by the first equation for PW. Replacing (F.19) in the first equation of (F.18) we get the evolution of
PY(t)

LdPY(t)
dt

= PH;py PPY(t) + PH;p Qe '@t QL QW (0)

t
i / dTPH, 0 Qe Pt Q=0 H, , PP (1) (F.20)
0

Following (F.17) the temporal dependency of PV is through the coefficients ¢;(xs; ), so that the former
equation can be in fact written as

d st
ZM = PHipt Péi(zs;t)
dt
+ PHtoth_iQHtht Z (bn(xs;t = O)X (ajb)
xi(xp)
n ()
t
~ / drPH, Qe @M @0 QH, , Poy(2,:7), (F21)
0

where we have divided by x; () on both sides of (F.20). This equation has three well differentiated terms.
The first of these represents the free evolution given by the Hamiltonian operator of the system Hg. The
second depends on the initial condition Q¥ (0) of all the coefficients except PW. This term will be identified
later on with the stochastic forcing over the system due to the environmental fluctuations. The third term
corresponds to the damping of the coefficient or wave function PV (or ¢;) due to its coupling with the other
coefficients QW, which is produced through the interaction with the environment. Being an integral up to
the actual time ¢, this term is responsible for the non-Markovian character of the equation.
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Let us now rederive (F.20) but in total interaction image with respect to the environment and the system.
We retake equation (F.14) ant consider the two possible cases m = [ and m # [ to get the following set of
coupled differential equations,

pi(ws;t)
a T 9%:W5ﬁ3ﬁl(t)T~<I>
dP
i = 9W @49 Bat)ViSser, (F22)
5

where ¢; and ® represent respectively PW and QW in total interaction image. The quantity & is a column
vector that gathers all the coefficients ,, except ¢y,

P(z4;t) = {©n}n(0)- (F.23)
In the equation (F.22) the following column vector and matrix has been defined

Bpgi(t) = {{m|Vi Bsll) }m(1)

W (t) = [>_(m|ViBgs|n) Sl m.n20)- (F.24)
B

Using the same procedure as the one used for the calculus of (F.20), we find the following evolution equation

ot
z“”;—(t) = g%jvtsgBm(t)* - U(t) - 2(0)
t
ig2/ drY " SeBa(t)T - Ut — 1) - Byy(1)V;S,01(7), (F.25)
0 By

where an evolution operator U(t) has been included, that is the solution of the equation

AU(t)

with the initial condition U(0) = I. Equation (F.25) is equivalent to (F.20) in interaction image, and
therefore the interpretation of its terms is analogous: the first represents the forcing of the environment over
1, that depends on the time and ends up by being random in the thermodynamic limit, when the number of
degrees of freedom of the environment is infinite, the second represents the system energy damping due to
the interaction with the environment.

F.4 PERTURBATIVE EXPANSION IN THE COUPLING PARAMETER G

We have just derived all the equations without making use of any approximation. However, in order to have
a solution of equation (F.26) that can be replaced in (F.25), we need to perform a weak coupling expansion of
the evolution operator. Particularly, to get a SSE such that its mean permit us getting a second order master
equation, we need to take an expansion of U(¢) up to such order
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Inserting this result in equation (F.25) and going also up to second order, we find

2 g
— i92/0/dTZV}Sg(l|Bm(t)BW(T)|l)VTSA,<pl(T)+(’)(93), (F.28)
By

where the forcing term is given by

ft) = 9> > ViSs{l|ViBslm)em(0)

B m(#l)

t
_ ig? /0 73" 3 ViSa(llBa(t)B, (n)m) Vi Sy (0) + O(g?) (F29)
By m(#l)

and we have assumed that ([|Bg|l) = 0.

F.5 STATISTICAL TIPICALITY

In order to use the evolution equation (F.28) to derive a stochastic Schrodinger equation, it is necessary to
assume that the coefficient ¢, () represents statistically each of the coefficients ¢,,(¢) of the decomposition
(F.4) of the total wave function.

Thus, it is necessary to assume that all the coefficients evolve in a similar way, so that ¢;(¢) is a typical
representative of the rest of the statistical ensemble. This hypothesis, known as statistical typicality, has
been justified for systems classically chaotic, but is not necessarily valid for all the environmental state basis
Xi(zp) chosen. However, it is reasonable to suppose that for most of the environmental basis this hypothesis
is fulfilled, since it has its origins in the fact that the typical eigenfunctions of high quantum numbers are
statistically irregular. The states corresponding to a high quantum number in a system with a chaotic classical
analogue can be written as a superposition of plane waves, with randomly distributed amplitudes.

Thanks to statistical typicality, and following a conjecture of Berry [140], the quantum mean value of
an environmental operator C, over a typical eigenstate x; is equivalent to a quantum mean value over a
representative state of the microcanonical ensemble with the corresponding energy e;. In addition, since on
the other hand the system is large, following Srednicki [141], it can also be supposed that such mean over the
state of the microcanonic ensemble is essentially equivalent to a mean over a typical state of the canonical
ensemble.

As a consequence, a quantum average over a typical environmental eigenstate x; is approximately equal
to a thermal mean at the environmental temperature,

e—BHpB

(|C|l) = try = tryp, C, (F.30)

where as usual Z, = tryexp(—3Hp). The temperature, given by 3 = (KpT)~! !, should be fixed for a
given environmental eigenenergy e;. The variation of environmental energy due to the interaction with the
system is negligible, since such variation is vary small in comparison with its energy e;.

Do not confuse 3 = (K pT) ! with the index.
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Taking the relation (F.30), the damping term (F.28) can be written as

e~ VHB

<Z|WB5VTB7|Z> ~ tT’b

= tryp,"ViBgV; B, = Cp(t — 7). (F31)

Thanks to the statistical typicality, we have written the damping term in a form in which it is independent of
the particular choice of the coefficient |I), so that it only depends on a function C'3,, that are the environmental
correlation functions.

F.6 FORCING TERM AS A STOCHASTIC TERM

In order to find the typical behavior of the forcing term, it is necessary to perform a hypothesis about the
initial condition of the total wave function, since such initial condition is part of the term.

It is assumed that initially the total wave function is in a pure disentangled state, in such a way that it
is equivalent to a tensorial product of the initial state of the system 1) and the mixed canonical state of the
environment. Thus, the mean of the operator A over such state is

e~ BHB

Zy

(W(0)[A[¥(0)) ~ Tr{ly(0))((0)] @ Al, (F.32)

which expanding W in the environmental eigenfunctions reads as follows

(W(0)[A[¥(0)) ~
e—Bem

S [ [ a0 ) A ) (a0) (E33)

Since the total wave function is expanded with (F.4) it can be assumed that the approximate equation (F.33)
can be obtained for an initial condition such that

e*ﬂem
Zy

U(zy,2;0) & P(2450) > 0 (), (E34)

m

where {6,,} are a set of independent random phases that are uniformly distributed in the interval [0, 27].
Following (F.34) the initial condition of the coefficients of the decomposition of the total wave function ¥
take the following form

e—BHEB

0
m F.
Z ¢ (E.35)

O (25;0) = o (25;0) ~ (243 0) Z

which is equal to the initial condition in total interaction image. Having assumed an initial disentangled
pure state, all the initial coefficients (including ;) has been expressed in term of the same system initial
state 1(0), which permits us stablishing the following relations between them

Om(25;0) = @ (24;0)ePlem=e)/2i0m=01) (F.36)

This relation is very important for establishing a stochastic differential equation that only depends on one
of the coefficients ¢, since once it is replaced in (F.29), the forcing term becomes as follows

A a3 S ViSs(ViBslm)ei(0)

B m(#l)
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t
e Plem—e1)/2ci(0m—0) —igz/ drz Z ViSp(l|V: BgV: By |m)
0 By m(#l)

V.S, p1(0)ePlem=e)/26i0m=01) 4 O (4?) (E37)

On the other hand, taking into account that the coefficient (; evolves slowly in interaction image when the
coupling is weak, we can solve perturbatively (F.28) up to order g

o1(t) ~ ¢ (0) — ig/o dr Y > (m|V, By |m)V,S,01(0) + O(g). (F.38)

This expression, replaced in (F.37) gives us

At)  mg) ) Y SsUViBslm)
)

B m(#l
<pl(t)e_ﬂ(em_el)mei(gm_el) + O(g?). (F.39)

The equation (F.39) can be expressed in a simpler way as,

Ay~ g ns(t)Seeu(t), (F40)
B
where
na(t) = Z <l|Vth|m>e_5(em_el)/Qei(e’"_el) (F41)
m(#l)

may be interpreted as the stochastic forcing that acts over the system due to its interaction with the envi-
ronment. Such noise is characterized by taking statistical averages over the random variables from which it
depends. We define the average over a certain function F' as

27
W):% i dOF (). (F.42)

The mean values of 73, following the definition of the random phases, are zero

na(t) =0, (F43)

since for all m

eifm = (. (F.44)
For the same reason the following correlation functions are zero

15(8)1(s) = 0, (F45)

since for every m and n

e (F.46)
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However, the correlation functions

m5(O1,(r) = €% (U|V, By |n)e™ P (n|V, By|l), (F47)

n

are non ze€ro, since
ei0n=01) = 6, (F.48)

Taking into account the definition of the canonical density operator representing an environment in thermal
equilibrium

. e—ﬁHB
PR = Z— I, (F.49)

where Zj, is the partition function defined before, the correlation (F.47) is

[ 7 e
(), (1) = 67—§SI<Z|VTBWp§V}Bﬁ|l>. (F.50)

This correlation depends on a particular environmental eigenstate x;. Since a typical value has to be obtained
it is necessary to perform a thermal average over such states x;,

e—Ber .
> Tbnz(t)%(ﬂ = Trolpg ViBsVrBy] = Cpy (t — 7). (E51)
l

The typical value of the noise correlations is equal to the correlation function appearing in (F.31).

On the other hand, when the environment is large enough, the noise defined in (F.41) is given by a sum
over a large number of oscillating complex term, that following the central limit theorem [142], gives rise to
random variables of Gaussian type. As a summary, the random variables appearing in (F.41) can be taken
as Gaussian noises characterized by the mean values (F.43) and the correlation functions (F.45) and (F.51).

F.7 THE STOCHASTIC SCHRODINGER EQUATION M.P.F.

Assuming all the approximations made above over the equation (F.28), the following stochastic differential
equation is obtained for a typical coefficient ¢,

ot
S 2 m(Spel)
t
- z’g2/ dTZCM(t—TmSﬂVTSM(T)+0(g3). (F.52)
0 By

The following step is to obtain an evolution from a general initial condition such that the reduced density
matrix is a statistical mixture

ps(0) =) [¥1(0)) (11 (0)] (F53)

k
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defined in terms of the system wave functions, 1, and its probabilities , {ps }, so that >, py = 1. In such
a case, we can consider the following statistical set of coefficients

e_ﬁwl
Zy

@i(t) & Prp(ws;t) e (F.54)

where [ is the index appering in (F.52), k specifies the member of the statistical mixture (F.53) and the
subindex I of the system wave function indicates the fact that it is interation image.

The equation (F.52) is not homogeneous in the coefficient ¢;, so that replacing in it the expression (F.54),
and eliminating the factor that multiplies ¢';; on both sides, the following equation is obtained in the total
interaction image

d
Zw%(t) — anﬁ(t)Sﬁwlk(t)
5
t
— / a7 " B (t = )ViSaVs Syvona(7) + O(g%). (£55)
0 By

Going to partial interation image with respect to the environment (with ¢ = 1, = e~s%¢;;.) we have

O Hgw) + 93 ms()Ssw)
B
t
— i [ 4 Ot = SV, 0() + O6P) (30
By

In this equation, the Gaussian noises 7g(t) satisfy

np(t) = 0,ns()n, (1) = 0,
M(8)0(7) = Cpy (t = 7) = Cla(7 = 1). (F.57)



Appendix G
Environmental state space flow

The Husimi function Q;(z, z*) defined in (5.43) [43, 53], corresponds to the diagonal elements of the density
matrix of the environment in the coherent state basis, which is given as

p(t) = Trs ([T,

- /fu /du Yo (2) e (2 ) ), G.1)
so that

Qulz ") = / d(=)(zlps ()]2). G2)

The |z) are wave packets well localized in position ¢ and momentum p around points in the phase space
given by z = (q + ip)/+/2. Hence the Husimi function can be considered as a quantum distribution in the
phase space of the environmental degrees of freedom, that additionally have all the properties of a classical
distribution function.

A very important property of the Husimi function is that its evolution equation is closed. From (5.42), it
can be written as

9 Qu(2,27) = Qo(z, 2")[(Or (e (z7))[¥e(27)) + (e (27) (Ol e (27)))] (G.3)
that taking into account the linear SSE and its complex conjugate is,
01Qu(2,2") = =g »_ Ouz[igre (L), Qs(2,27)] - c.c. (G4)
A
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226 ENVIRONMENTAL STATE SPACE FLOW

where (L), = (¢ (2*)| LT [v0¢(2%)) / (1bs(2*)1b¢(2*)) and c.c. means the complex conjugate. Since only
first order derivatives appear, the evolution is formally a Liouville equation, with a phase space flow given
by

Opzy = iggkefi“’*%LT}. (G.5)

which is equation (5.46).



Appendix H
The non-linear equations

H.1 NON LINEAR EQUATIONS FOR THE VACUUM REDUCED PROPAGATOR G (T'0|Z*0)

Linear equations present the problem of being rigid: no matter how the dynamics goes on, there will always
be a very high probability of obtaining in the sampling vectors z* = (27, 23, - - - z} - - -) with |z| small. To
avoid such problem, it is necessary to generate a dynamical equation that takes into account the environmental
dynamics as a result of the interaction. This is done by generating a basis of time-dependent coherent states
|2*(t)) distributed according to the Husimi function Q¢ (2o, z&). Such function is defined in (5.47) as,

d2 20

Qi(z,2%) = / TQQ(ZQ,ZS)(SQ(Z* —2*(t)), (H.1)

with the notation §2(z* — z*(t)) = [[, 6(Re(z} — 25(t)))6(Im(z} — 23(t))). When the flux (5.46) is
integrated, we obtain that the eigenvalues of the environmental modes, evolving in time with the interaction
have the form

t
()= 5 = (0)+g / drgae 3 (L), (H2)
0

where z5(0) = 23, equals to the eigenvalues distributed according with Qo(z*, z). In terms of (H.2),
the vector z*(t) = (27 (t), 25(t), - - 25(t) - - ). According to (H.1) and (H.2), one can either integrate the
solutions of the linear equation v (z*)) by sampling the z* = (2}, 25 - - - 2} - - -) according to Q(z, z*), or
sample z = (27, 25 - - - z5 - - ) over Qo(z, z*) and construct the new eigenvalues with (H.2). Obviously, the
last possibility is easier to compute, since it is possible to derive the corresponding noise (referred as shifted
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228 THE NON-LINEAR EQUATIONS
noise) of (5.49) by replacing (H.2) in (5.12),

t
zZi(t) =2 =z + g/ dra(t —7)(L"),. (H.3)
0

H.1.1 Non-linear shifted equation.
Let us now derive the solutions |t(Z;)) which depend on the shifted noise Z; defined in (5.49). From (5.11),
we get

dz; 0

o . B ~
&WJ(’Z (t))> - W%( z =z +Z dt 0z *|’(/Jt )>|zt*zzt*

= %\wt(z*(t)mz;:g; +i%:ge—iw»t<LT>ta (2" (1)) (H.4)

where in the second line we have replaced the evolution equation (5.46) for the shifted state vectors z*(¢).

In the last term a derivative 0/0z} appears, which can be treated with the functional chain rule as % =
A
[ar%= 2 is
d * . ~k ' * *
S @) = (iHs + gLz - ¢*L1O(t, 2"))[vn (" (1))
+ gH (L0, 2)we(2" (1))
= (=iHls + gLz = g*(LT = (LT)O(t, Z) [ (=" ()))- (H.5)

H.1.2 Non-linear normalized equation.

Thanks to the new time-dependent statistical distribution, we can define the reduced density matrix in terms

of normalized wave functions, ), as
ps(t) = /dzth z, 2" |1/)t((2'2*))>|<wt((;))>
= / @22Qu(2, =) (=) (W (2")] (H6)

where |1, (2*)) = |1h¢(2*))/ /(¢ () [1b¢ (z*)). The evolution equation for these normalized wave functions

can be calculated by following an analogous procedure as the former one. That is

d - . B 1 LA
1

H.7
dt VAW (2) e (2 (E))e) D

which eliminating certain time-dependent global phases, give rise to the following equation for |1, (2*(t))),
%Wt(z*(t)» = —iH |y (2" (1)) + g(L — (L) Z]dhi (2" (1))
— LT = (LH)O(t, 2 (1)) = (LT = (L1))O(t, 2 (1)][dhe(27 (1)),  (H.8)
with (L), = (¢ (2" (8))| LI (27 (1))
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H.2 THE NON-LINEAR EQUATION FOR THE REDUCED PROPAGATOR G (T', To| Z* Z))

As mentioned earlier, stochastic linear equations are good enough for describing the dynamics of an open
system coupled to an environment of oscillators at low temperatures [1]. However, at high temperatures the
solutions of the linear equation may lose their norm and therefore statistical relevance. This is due to the
fact that, within this regime, the state distribution of the environment is changing quite dramatically because
of the interaction with the system. As noted in [40], the solution is to change such distribution to a time-
dependent one through a Girsanov transformation. Following their procedure, we define the time-dependent
distribution as,

‘2

e~z

Qtrt0(20,20521,27) = - (21| Trays [Ur(t1, to) Itbo)|20) (20 (WolU; " (t1,t0)] |21)
lal?
= - (1ol G~ (tot1 20" 2)G(t, tol2* 20) |tho)

e—\z\2+zfzo+zé*z

= ————(holG (totu| 20 21) G(t1, tol 21 20)[0), (H.9)

™

where G(t1, 0|2} 2z0) = €120 G (t1, to| 2% 20). With this distribution the density matrix is defined as,

e—lz1l?
o= [ @a S Gtttz wlG (i)

G(t1t~0|zfz0)\1/)0> (Yo |~G_1 (tot1]zg 21) } .
(o|G =1 (tot1|25"21) G (tato] 21 20) [1o)

The evolution equation for the distribution Q, ¢, (z1,2*) is, using the definition of such function and the
dissipative version of equation (7.50), the following,

/dQZthl,to (20, 255 21, 21) { (H.10)

8Qt1,to (207 25; 21, ZT)

ot

9 ; iw * *
= § {igre™ " (L) 4,40 Quy 10 (20, 203 21, 21) } — ., (H.11)
N 82’1,)\

(0|G " (tatolz",21) LG (t1to| 27 z0) [9ho)
. ) (YolG=1(tot1]2d21)G(t1tol2] 20)[%0)
tion with the phase space flow,

where (L), 1, =

. This evolution equation is formally a Liouville equa-

2y = igae" (L), ¢,- (H.12)

The next steps to arrive to a non-linear equaiton with time-dependent distribution are again analogous to
those described in [40, 41]. First, a Girsanov transformation has to be performed, so that the time dependency
of Qu, 1, (70, 283 71, 27) 1s translated into the noise, which now has this form,

t1
F1e =214 +/ dra(ty — 1) (L)1, . (H.13)

to

This expression has been obtained considering that the coherent state eigenvalues that enters in the sum
Z10 =1y gaz1,x exp (—iwytq) are, according to (H.12), 25 (t1) = 2} , +1igx fttol dre= " T(L) 4, . With
this transformation, the density matrix can be calculated as

o :/d2216|21|2 é(t1120|2*(751)20)|7»/10><1/10~|é71(t0151|26*2(151))
' ™ (o| G~ (tot1 |25 2(1)) G(tato|2* (t1)20) |v0)

(H.14)
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The evolution equation for the double propagator G(t|z*(t)zo), that depends on the shifted noise, is derived
as follows,

Z 0G (t1to|z{20) 071 » L G (t1to]zF20)
077 oty ot

d -
d—G(t1t0|ZTZo)
11 S

t1 5 N
= {ZHS + ngkl — LTZO,tl - (LT — <L>t1t0) / dTOé(tl - T)g} G(tlto‘zfzo)

*
to T

(H.15)

The main point to be noticed in this equation is the fact that only the noise corresponding to the final state
of the bath is shifted (in this case z; ;), while the initial one (in this case zg ¢+, ) remains the same.



Appendix |
Novikov property

To calculate multiple time correlation functions from (7.45), or their evolution equations, it is necessary to
perform averages over the environmental coordinates. The main type of average we are going to deal with
is that of the product of a Gaussian noise z; ;, with any functional W[u ,ti+1]. From the Novikov theorem,
this is equal to

t NIt +.
MZ' [Zi,tiw[ti,ti-ﬁ-l]} :/ d’T'./\/ll [Zi,tZZT] Mz l(%)] (Il)
0

62"2',7'

where we have settled [ du(z;)F = M; [F], as defined in (2.47). For expression (I.1) to be held, it
is necessary that the noise z; ;, is a Gaussian noise of zero mean, and the functional W[ti,ti+1] is such
that 2Vtnte]
G1(0z; |titi+1 )A;G(20[0¢t;) | o). However, in the calculus of evolution equations of multiple-time corre-

lation functions (for instance equations in (8.18) and (8.23)), we will often find terms such that the functional
is

= 0. This is what we find in single evolution equations, where W/[t;, t;11] = (¢ |

W[ti, ti+1] = <’lp0 | GT(Ozi|titi+l)AiG(z;Zi+l‘titi+1)Ai+1G(Zz<+1Zi+2|ti+1ti+2> .
- G(zn2an+ltito) | o) 1.2)

Notice that, to simplify the notation, we have only denoted explicitly the time dependency on the domain
in which the functional depends on the noise z; ;, that appears in the property (I.1), i.e. W[t;,t;+1]. The
functional (1.2) is such that OW][t;11,t;11]/02; = ziy1, since the initial condition of the propagator is
G(zfzit1|tiv1tiv1) = exp (2} zi+1). However, let us now consider that such propagator can be separated
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232 NOVIKOV PROPERTY

in two parts, such that

G(2; zita[titivr) = G(2] zita [tip1tin1) G (2] zipa[titiv), 1.3)
where G (2] z;y1(tit1tiv1) = exp(2fzi41). Now, the propagator G(z;*zi+1|titi+1) has initial condition
I,and its only dependence on the environmental coordinates is through the noises z;, and z;41,¢,,,. Within
that notation, we set the functional (1.2) as W[t;, t;41] = exp(2}zi41)W][ti, ti+1]. Let us now prove that,
for such functional

M [z g Wi, tiga]] = Zig1,e, M Wts, tiga ]

t; . .
4 / drM; [2075,] M[(Wﬂ (L4)

tit1

Let us start from the last term of the right hand side,

ti o
/ dr M [zi42; -] M [(%)1
tit1 ’ 52«1‘}7
t Wt tiia][25 s 21t
= /dQZi/ drQ(2}, zin1)a(t; — ) ( [ +1sz,t1 Zit1tes }) )
0

6zZT
where in the second line we have included the initial condition of (I.3), which is included in W[t;, t; 1], in
the function Q(z;, zi11) = exp(—2z; ;) exp(z; zi41). The average M; [z 12| = a(t; — 7). From the
functional chain rule, we know that

0 d@z;ﬁ 4]

= [dr
* * *
oz 0z3 0z

: TWAT J
:/dT(—ZgAG s (16)

T

where the second line has been obtained by using (7.47). Replacing the last expression in (I.5), we obtain

the following expression
t
OWIt;, t;
/d2ZZQ(Z;k7 Zi+1) / dTO[(ti — ’7') (%)
0 zZ

@,T

* . —iwxt; 9 i
= /d2ZLQ(Zz 5 Zi+1) Z/\:zg)\e Ati @W[ti, t7;+1]. (17)

Integrating by parts the last expression, we find that (1.5) is equal to

" . .
/ dT M 202 ] M, M
tit1 ’ 62;2'77_

= /dQZiQ(Z;:k7Zz’+1)W[tuti+1H*Z¢,ti + Zit1,: }

= M; [z WIti, tisa]] — zig1,6, M Wti, tiga]], (I.8)
that brings the desired expression (I.4). The same procedure can be used to demonstrate that
t.
* K « ow tl', t;
M (25, Wlti, tira]] :/ dr M [2]4,2i.2] M; K%)] : 1.9)
tit1 LT



Appendix J

Novikov property up to second
order in perturbation parameter

There is an alternative possibility to the Novikov theorem (5.79), which consists in replacing the reduced
propagators by their first order expansion

t t
G(27z0[t0) = (1 —|—/ drzi Ve L —/ deoTVT_tLT> G(O)(zf()zo|t0);
0 0
¢ t .
Gl (23 21)0t) = GHO (202 |0t) (1 — / drzg Vet L +/ deLTVTtLT) +0(g?), Jd.1
0 0

where G(0)(2702[t0) = exp (—iHst)exp (2} 20), and GT(0)(2502,(0t) = exp (iHgt) exp (2521), and
then performing the Gaussian integrals over the variables z;. For instance, let us show that with the term

My [21,4G (21 20[t0)|v00) (1ho| G (25 21 [t0) LT (1.2)
on equation (5.77). Replacing (J.1) in the last expression, we get
My [21,4G (2 20[t0) o) (voo| G (25 21| t0) LT]
= /d/t(zl)thL (1 + /Ot drzy Vet L — /OthZOTVT_tLT> e_iHStezfzoh/)O)

t t
<w0|€zf§zl (1 _ / dTZS’TVT—tL + / dTZl,TVT—tLT) eiHst 2521 + 0(92). (1.3)
0 0
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234 NOVIKOV PROPERTY UP TO SECOND ORDER IN PERTURBATION PARAMETER

In order to perform the average over z; itis necessary to take into account that 21 ; = ¢ ZK:1 grz1x exp (—iwxt),
so that the average M in fact represents a set of multi-dimensional integrals over each harmonic oscillator.
For instance,

v
* « . i * *
My [21,t621z°ez[3z1:| =1 E gne twat (/ du(2171)ez1,120,1620,121,1
A=1

L/"du(zX>zLxezi»Zm*eZ&»2L*~--u/“du(zLy>eZ?uZ&"ezavZLv> . (.4)

Taking into account this, and the following results for Gaussian integrals,

/dﬂ(217A)Z1’A€zI'AzO’AGZS’AZI’)\ — ZO)\@ZS‘AZOA’
[ dntat et seinmoresions = g e,
/d/l,(zik})\)zi)\zl,)\ezi*ZO’*ezé’)\zlv* _ (1 + Z(’)“’)\ZO’A)eZS,X'ZO.)\’ (J.5)
we get for (J.3),
M [21,:G (25 20[t0)|100) (10| GT (25 21 [t0) L]

¢
= Lzo.p V(25 20[t) + L/ dra(t — 7)\Ve_  Lp® (23 20t). J.6)
0

In the former expression, we have specified explicitly the perturbative order of the density operator in each
term, where

t
pM(z5z0lt) = ez (e‘iHstlwonole?‘H“ﬂL / drzs [V —i Ly e 5t [go) (o e 1s"]
0
t
+ / deo’T[e_iHstw())(woeiHst,VTtLT]>, (J.7)
0

is the first order expansion, and pgo) (z520lt) = e Hst|ahg) (1ol st exp (20,120,) is the zero order. This
is done in order to make it easier for the reader to identifiy the terms with the results of the averages appearing
in (J.3). However, since the whole expression (J.6) is of order g2, we shall simplify the notation by just
writing ps(z420/t) in every term. Evidently, it shall be understood that the equation is valid up to second
order. The average of the term 27 , of (5.77) is made in an analogous way.



Appendix K
Derivation of the relation (8.15)

The functional derivative can be expressed in a more convenient way as follows. Let us take the equation
(2.36)
OG (2} zit1ltitit1)
ot;

= ( — iHS —iL Z gAeiw*“zf’/\) G(Z;ZiJrl |titi+1)
A
—iLTY " gae™ N (zlaxUs (ti, tia)|zig1), (K.1)
A
considering now that the term (z;|a Uz (t;, t;+1)|2i+1) can also be expressed as % (zi|Ur (ti, tig1)|zig1) =
[IPN

%G (2Fzi+1|titi+1). Considering again the separation (I.3) of the propagator, we can perform the partial

derivative over the coordinate 2 , as follows,
;

9 G (7] zi[ti1tiva) |
o G2 ziga|titizn) = : G(2} zip|tit;
aZ’ZA (Zz z +1| +1) ( azzﬁ’)\ (Zz z -‘rl‘ -‘rl)
* GG' Z:‘Zz ﬁiti
+G (2] zig1|tivatiyr) ( ( '8;| H)) . (K.2)
A

The first derivative appearing in the last expression is equal to z;1,x, while the second can be solved using
the chain rule,

8é(z2‘zi+1 |ti,ﬂti+1) _ Z 6@(2}:‘274’_1 |ti,ﬂti+1) aziti,ﬁ
6,2;‘7)\ 5 (“)zi*yti’5 BzZ)\
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236 DERIVATION OF THE RELATION (8.15)

1
o
LE

[0}

/N
[0}

190G (2241 |tz‘,,8tz‘+1)> 024,

321’."’“7‘9 62’2‘7)\
t; A
b 0G (2 zi tigtivl) .
— dT 3 . 3 (_ZgAeILU)\T)7 (K.3)
/th»l 5Zi,7

where we have discretized the time ¢; in intervals €, in such a way that ¢; g = e +t; g_1 = to + (8 — 1)e.
Thus, the function z; ¢, is approximated by a vector of values z; ¢, , = {--- ity p_r1> Zitip " -}. In the last
line of (K.3), we have solved the partial derivative of 27", 5 using (7.47), and we have passed to the continuum

.. Ly . .. OG (2 zi1|ti gts 5G(2F zia1 |t gts . .
limit, ¢ — 0, considering that in such limit, % (i gztll ptiv1) (legzl*‘ otic1) 1, Replacing this
3 i

it;

results in (K.2) we get the following expression for the paftial derivative,

8 * * . b (5G Z*Z‘ 1 tit; 1 s T
a - G(ZZ Zi+1|titi+1) = Zi+17,\G(Zi Zi+1‘titi+1) — Zg)\/ dT ( O (;—: | vt )€1w>‘ . (K4)
Zi\ tit1 Zir
Since 9
G2 zip1|titis1) = (zi|Ur(ti, tigr)ax(tis tivr)|zig1) (K.5)

ZiA
we can compare equation (K.4) with the expression that is obtained by replacing the analytical solution of
ax(ti, t;+1) (2.38) in the right hand side of (K.5). Thus, it is found that

0
B G(z] zixr|titiv1) = (zi|lUr(tistivr)an(ts, tiv1)|zip1) =
i\
t; .
= zi+1’,\G(Z;-kZi+1|titi+1) — Z'g)\/ dT<Zi|UI(ti,ti+1)L(T7 ti+1)\zi+1>e"“’”.
ti—1
(K.6)
Thus, we conclude that the functional derivative can be expressed as
0G (2 z; 1 tit; 1
= 5?* tetitr) _ (zildr (ti, tip1) L(T tig1) | 2ig1)s (K.7)
1,7

which is the relation (8.15).

8G(2} zip1lts gtit1)

IThe functional derivative S , is respect to continuous variables, in this case §z; . The partial derivative
iT )

G (2} ziq1lts ptit1)
oz*
©ti,p

is respect to discrete variables, in this case z

ity 3"



Appendix L
Thermal MTCF

As described in Section (2.2) of Chapter (2), MTCF can also be computed for initial states in which the
environment is different from the vacuum. Suppose that we have an initially decorrelated state and a thermal
mixture for the environment. Then, according to (2.19), we have

pror(0) = o) (ol ® / d220P (20, 28)|0) (20, @D

where P(zg, 2j) is the coherent state P distribution [43, 53], which is this case is chosen as the one
corresponding to a thermal reservoir (eqn. (5.84)) of Chapter (5),

P(z0, z5) :HWB ol e, (L2)
A

According to (2.20), the MTCF for such an initial state is

2
C(tlpior(0) = /dQZop(zm z)e” P (ol (20l A1 (1) - - An(tn))|20) [90),  (L.3)
where the superindex 71" denotes the fact that it is a thermal MTCF. To compute the evolution equation of

CX (t|p1ot(0)), we consider the general equation (8.37) obtained in Section (8.3),

%(t) = i[Hs(t1), A1(t1)] AP ()

— VI(t)[L(tr), At)]AP (E2)) + [LT(t1), A(t1)]AP ®@)u(t)
+ / ) dra*(t, — 7)LT(7)[A1(t1), L(t,)] AP ()
0
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238 THERMAL MTCF

N—-1 tit1
+ 3 / dra(ty — )L (t1), A1 (8)]Pi L(r) A®) ().

Then, from (L.3), we have that

dC¥ (t
A d|flt0t /d220P 2072'0 e —lzol?

(Wol (2ol (ilHs (), A1 (1) A® E®)
=V ()[E(), AG)IAP ED) + L1 (1), A()JAD EF®)w (1)

+ ! dro(ty — 7)LT(1)[AL(t1), L(t,)] AP (1)
0
N—1

LN /w dra(ty — 7)[L(t1), Ay (t)]PL L(r)A® (5(2))> [20) [%0)-

i=0 Y tit2
In order to simplify the the calculus, let us particularize for two-time correlations,

7 T
dCAB(;thOt(O)) _ d<A(t1;£(t2)> _ i<{[Hs,A]}(t1)B(t2)>T

+ / 1 dro™(t — 7')<{VT_tILJr [A, L]} (t1)B(t2))T
0

+ /tldm(t—7)<{[LT,A]VT,t1L} (t1)B(t2))"

+ ; dro(t — 7)({[L, A]} (t1) {BVr_1,} (t2))"
* /dQZOP(Zm23)€_|Z°|220,t1<1/)0|<20|[LT(t1)7A(tl)]B(t2)|Zo>Wo>
/dQZOP(Zo,26‘)6*|Z°'2Z5,t1<wo|<Zo|[A(t1),L(tl)}B(tz)\Zo>|¢o>~

(L4)

(L.5)

(L.6)

However, the procedure followed here is valid for general N-time correlations. In order to perform the
average over the last two terms we follow a procedure similar to that explained in Section (5.2.1.2), to
compute the thermal master equation. First of all, we express them in terms of reduced propagators by
inserting the Bargmann closure relation twice. Second, we insert a perturbative expansion of the reduced
propagators up to first order in g, since the noise is already of first order. Third, we compute the Gaussian

integrals. The average over the term in zg ¢, is then

/dQZOP(ZovZé)e_lz‘)'zzo,tl<¢0\<ZO|{[LT’A]}(tl)B(t2)|ZO>|1/)0>

/Otl dra™(t1 — ) ({ Vs, L[A, LT]} (t1) B(t2))”

+ " drat*(t; — ) ({[L", AV, L} (t1) B(t2))"

ta

+ / Cdra* (b — ) {ILY AT} (1) {BVs i, L} (£2)7,

(L.7)
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and the average over the term in 23, is
/dzZoP(Zo,23)6"20‘225,t1<1/fo|<ZoHA(t1),L(tl)]B(tz)IZo>|¢o>
ty
_ / dra* (ty — ){({Vs_o, LV[A, L]} (1) B(t2))T
0

+ /tl dra(ty — 7)({[L, A]Vr—s, LT} (t1) B(t2)) "

ta
to
/ drat(ty — 7)({[L, A} (t1) {BVr_y, LT} (£2))7, (L.8)
0
where we consider the correlation defined as in (4.21),

at(t—7)=> GAN(wr)e 7)., (L.9)
A

Inserting (L.7) and (L.8) in (L.6), we get the evolution equation for thermal two-time correlation functions.
As in Section(5.2.1.2) this equation can be simplified by considering a new correlation function which is
defined as in (4.20),

a (t—71)= Zg?\(N(wA) +1)e T — o (t — 1) 4 a(t — 7). (L.10)
A

In terms of ot (¢t — 7) and @™ (¢ — 7), the thermal two-time correlations evolve as follows

WARBET ({1115, Ay 1) Bt +
1
+ /tl dra~*(t — )({Vi_y, LT[A, L]} (t2) B(t2))"

0

+ /1dTa’(t—T)<{[LT,A]VT,t1L} (t1)B(t2))T

ta

" / “dra (t = ){[LT, A} (0) (BVs_s,} (12))7

+ Otl dra* (ty — 7)({Vs_t, LA, L1} (t1) B(t2))”

+ /tt1 dra’t(ty — 7)({[L, A]V;_, LT} (t1) B(t2))"
+ OtQ drat(ty — 7)({[L, A} (t1) { BVr—y, LT} (£2))7. (L.11)

In the case B = 1, the former equation becomes the thermal evolution equation for the expectation value of
A. Tt is easy to verify that such an evolution coincides with the one given by the thermal master equation
(5.88).

Note that when L = LT the former equation becomes equal to (9.20) but with a(t — 7) = arp(t — 7) =

att—1)+a (t—-7)=>,03 [coth (“’3’8) cos (wx(t — 7)) — isin (wy(t — 7'))} given by (5.25).




Appendix M
Measurement-like MTCF

Multiple-time correlation functions may correspond to direct measurement when they have the following
form !

Cara(t',tWo) = (To| Ay (ty) -+ A5(t5) Ar(t1) -+ An(tn)|Po), (M.T)
where the time ordering is such that

ty Sty < St <ty
ty Sty <o <t <. M.2)

Let us show that by considering a sequence of measurements on a well defined initial quantum state of
the system |¥o) = |1)0)|0). The state vector of the system after having measured ¢ — 1 times with results
a1, as, - Gq—1, the system state vector is

‘\11517&27"'&(1—1(75(1—1)) (M.3)
During the time between succesive measurements, the system will evolve unitarily as

[Wa g, g (tq)) = Utg, tq—1)IVa, a5, ag_ (tg—1)) M.4)

1 The definition of the measurement-like form of correlation function presented in this section has been taken from the book [51], where
it is also shown how its evolution equation for the Markovian case and in the weak coupling limit obeys the same structure as the
Quantum Regression Theorem. The derivation of a non-Markovian evolution equation, both in its exact (open) form and in the weak
coupling limit is a result of this thesis.
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The measurements, performed at times ¢4, ¢ = 1,2,3- - -, with ¢, > t,_1, are represented by the measuring
operator 7, , where a, is the result of the measurement. Thus, performing the measurement at time ¢, over
the former vector, we get

_ Tag|Yaras, a0 (tg)
\/P(dq|d1a d2 t aq—l)
? 1 7a,U (b, te1)[Wo)

|Wa, a0, a4 (tg))

= = ) M.5)
P(ala"'vaq)
where P(ay,---,dq) = [['_, P(a|a1,--,ay—1) is the joint probability. This can be written as,
q tq
P(ay,---,dq) = (ol | ]] %ﬂ(tmfr—l)] T 3.t te 1))
r=1 r=1
= (WolA], (1) -+ A1 (tg)Fa, (tq) - - Fa, (t1)|Wo), (M.6)

with 5z, (tq) = U (tq, tg—1)a,U (tq, tq—1). The joint probability can also correspond to the multiple time
correlation of any arbitrary operation 6(a, t),

P(ay, -, dg) = (Wol0} (t1) 0% (tq)0a,(tg) - - 0, (t1)[Wo). (M.7)

a

Let us now recall the polarization identity,

ATMB = i {(A+B)'M(A+B)— (A-B)'M(A- B)
~i(A+iB)'M(A+iB) +i(A—iB)'M(A - iB)} (M.8)

which for M = 1 relates an arbitrary combination of operators in the left hand side, with a sum of different
probabilities which as we have shown, can indeed be measured. Thus, any arbitrary correlation of the form
(M.1) can be expressed as corresponding to a sum of measurable objects, provided that the time ordering is
respected.

In order to obtain the evolution equation for these kind of measurement-like correlations, we use the
Heisenberg method explained in section (8.2) of Chapter (9).

M.1 THREE TIME CORRELATION FUNCTION

We start by deriving the evolution equation of a measurement-like three time correlation function. In order
to do that, let us consider the following equation,

dB'(th)A(t1)B(t2)
dty

- z‘B'(té)[Hsm),A(tlnB(tz)+iZgA(B’(t;>a1<t1>[L<t1>,A<t1>1B<t2>
A

= iB'(ty)U ™ (t1)[Hior, AU (t1) B(t2) =

n B’(t;w(tl),A<t1>]ak<t1>B<t2>). M9)

This equation becomes a three-time correlation when making an average over the initial total state vector
|Wo). When t;, = ¢, then it is a two-time correlation function. In order to eliminate the dependency on the
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environmental operator once the average over the total system initial state is performed, it is now necessary
to make the following steps:

e Move the annihilation operator to the right hand side of the expression, considering once again ex-
pression (8.31)

a)\(tl)B(tQ) = Lfl(tg)a)\(tl, tz)Bu(tg)
= U M(ty)e ™ 1 t2) g, (0)BU(ty) — ig,\/ dre” M=) [(7) B(ty)
¢
= ¢ "1 B(ty)a(0) — igx / dre” "= B(t)L(7)
0
t1 )
— ig,\/ dTe_“"*(tl_T)L(T)B(tg), M.10)
to
where we have used the solution (8.25) and
ax(ty, ty) = e~ timt2) g (0) — igA/ dre M= [(7.1,), (M.11)
to

and the fact that [B, a(0)] = 0.

e Move the creation operator to the left hand side, so that following an analogous procedure we get

’

) 23 )
B'(th)al (t1) = aT(0)B'(th)e™* +igy [ dre>M=DLI(r)B(th)
0

11 )
+ iga / dre®> =T B/t L) (7). (M.12)
t

Replacing (M.10) and (M.12) in (M..9), we obtain the following
dB'(ty) A(t1)B(ts)
dty

- /0 dra’(ty — T)LN(r) B (#)[ (1), A()] B(t2)

— iB/(t)[Hs (1), A(L)]B(t2) — v} (1) B'(8) [L(11), A(t1)] Bt2)

= / dra(ty — 7)B'(th) LT (1) [L(t1), A(t1)]| B(t2)

t

T+ BH)L (1), A Bt (t) + / * dralts = )L (), At B(t2) L(7)

t1

+ / dra(t; — T)[LT(h), A(t1)]L(7)B(t2) M.13)
2

The evolution of the quantum mean value (B’ (t}) A(t1) B(t2)) is again obtained by applying the total initial

state on both sides of the former expression. When such initial state is | 1) | 0, the terms which depend

on v(t;) and vf (1) vanishes, and the final expression reads as follows,

d(Wo|B'(t5) A(t1) B(t2)|¥o)

o = i(Wo| B'(t5)[Hs(t1), A(t1)]B(t2)| Vo)
1
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_ /O ’ dra*(ty — 7){(Uo|LT (1) B (th) [L(t1), A(t1)]B(t2)|¥o)

- / Cdraty — 7)(Wo| B/ (ty) L (r)[L(t1), A(t)] B(t)| Wo)

t

+ O ’ dra(t; — 7){(Wo|B' (th)[L(t1), A(t1)] B(ta) L(1)|¥0)
+ / ' dra(t; — r)(\Ifo|B/(t’2)[LT(t1),A(tl)]L(T)B(t2)|\Ifo>. M.14)

M.2 FOUR-TIME CORRELATION FUNCTION

In order to derive the evolution equation of four measurement-like four-time correlations, we start from

dC'(t3) B' (t5) A(t1) B(t2)C(t3)
dt
= iC'(t3)B'(t5)[Hs(t), A(t1)]B(t2)C(t3)

+ i o (c’@;,)B’(tg)ai(tl)[L(tn,A(tlnB(tz)c(tg)
A

= iC"(t3) B' (t)U ™" (t1) [Hiot, AJU(t1) B(t2)C(13)

" c’ug)B’(tg)[U(tl),A(tn]autl)B(tg)c(tg)). (M.15)

Again, we use the two-step method which consists in:

e Moving the annihilation operator a)(¢1) to the right hand side of the equation (M.15). Carrying on
operations analogous to those explained in the former section, we have

a)\<t1)B(t2)C(t3) = Z/{_l(t2>€_iw>‘(t1_tQ)Cl)\(O)Bu@z)C(tg)

ty
— i / dre= =) [ () B(t5)C(ts)

ta

t1 )
= e_i“’*(tl_t2)B(t2)U_1(tg)a(tg, t3)CU(t3) — ig)\ / dTe_Zwk(tl_T)L(T)B(tg)c(tg)
to

= B(tz)C(tz)a(0)e 1 —igy / 1dTe’i“’*(tl’T)L(T)B(tQ)C(tg)

to

to i

— i / dr)e= (=) B(1) L(r)C(ts)
t3
ts )

— gy | dr)e T B(4,)C(t3) L(T). (M.16)
0

e Moving the creation operator a;(tl) to the left hand side of equation (M.15). After several operations

of the usual type, one obtains

C'(t5)B' (ty)al (tr) = a' (0)C' (t5) B/ (th) e
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t1 )
by [ dre ) B )L ()
th
ty ‘
+ iga / dre™> =T () LT B (th)
ts
ty .
+ iga / dret =T LT (1) (t5) B' (th). (M.17)
0
Inserting the last expressions in (M.15), we get the following equation,
dC’(t3) B'(ty) A(t1) B(t2)C(ts)

dty
— V()0 (t5) B'(t5) [L(t1), A(t1)) B(t2)C (ts)

- //tl dra’(ty — 7)C'(t5) B'(t,) LT (7)[L(t1), A(t1)] B(t2)C (t3)

= iC'(t3) B (t5)[Hs (t1), A(t1)| B(t2)C (ts)

- /t Cdra’(ty — T)C' ()L () B (8) L (1), A(11)| B(12)C(t2)

B /0 3 dra”(ty — 7) LT (7)C' (t5) B'(th)[L(t1), A(t1)] B(t2)C(t2)
+  C'(ty)B'(th)[LT(t1), A(t1)]B(t2)C(ts)v(t1)

+ /t1 dra(ty — 7)[LT(t1), A(t1)]L(7) B(t2)C(t3)

+ ’ dra(ty — 7)[LT(t1), A(t1)]B(t2) L(T)C(t3)

+ /O ’ dra(t, — 7)[LT(t1), A(t)]B(t)C(ts)L(7) (M.18)

Once the initial values for the total wave vector are applied on both sides, and provided that the bath initial
state is | 0), the former equation has the following form

d(Wo|C"(t3) B'(ty) A(t1) B(t2)C(t3)| Vo) _
dt,
= i(Wo|C'(t5)B'(t5)[Hs(t1), A(t1)] B(t2)C(t3) o)

- dra’(ty — 7)(Wo|C'(t5) B (t5) LT (7)[L(t1), A(t1)] B(t2)C (t3)| W)

/
t2

- /t 2 dro*(ty — 7)(Wo|C’ (t5) LT () B’ (t5)[L(t1), A(t1)] B(t2)C(t3)|¥o)
- /o 3 dra*(ty — 7)(Uo|LT(r)C' () B (t5)[L(t1), A(t1)] B(t2)C(t3)| o)

+ [ arati - T)(Wo|C(t5)B' (t5)[L' (1), A(t1)] L() B(t2)C (t3)| W)

ta

N /t S dralty — T)W|C' (1) B (8L (11), A(t) B(ta) L(r)C(ts) [ W0)
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i /0 Cdra(t - T)Wo|C' (t5) B/ (t3)[L' (t1), A(t1)] B(t2)C(t3) L(7) | W) (M.19)

M.3 GENERALIZATION TO A 2N + 1-TIME CORRELATION FUNCTION
Let us now present the evolution equation for of a general measurement-like N-time correlation function
defined in (M.1) as

Carat' 8[Vo) = (Tol Al (ty) - A(t) A1 (tr) -+ - An(tn)[Po), (M.20)
where the time ordering is such that

thy <th_ < <th<t
tn<tno1 <<t <t (M.21)

In order to write the general equation, we use the superoperator P, which translate L(7) inside the string
A @) (£(2)) in the right direction according to (8.39), and define also an analogous superoperator P which

acts over A’ (f’(2)) as follows

RV AIC D G AR

T A VAICS - e O A VAICO VY

AP @ Li)ph = &Y @)L () A1) Ay(ty)

AP ED)L (P = LA @), M.22)
Here we have defined the string of operators Ay (thy) - - - A4 (t5) = Al(z) (EI@))’ where El(z) =t

and in a similar way to (8.36) we set

AE™) = Al () A (), (M.23)

n
L (n) / /
witht" " = {ty---t,}.
Within that notation, the evolution for 2N-time measurement-like correlation functions reads as follows

dCa a (t,t'|T)

= (o | &Y @) Hs (1), A () AP E®) | o)

N—1 tit1 ~(2) ~(2 . ~ ~
2 / dra* (b — 7)(Wo | A'® @)L (r)PLIAL (1), LA (§2) | W)
— tit2

N—-1

tit1 _ _
+ > / draty —7)(%o | & @)L (1), A1 (1))
i=0 itz
xPRL(T) AP (£3) | ¥) (M.24)

M.3.1 Generalization to a second order perturbative 2/N + 1-time correlation function

In order to obtain a closed equation for measurement-like N-time correlation functions, it is often necessary
to consider some approximation. Particularly, within the weak coupling limit, it is possible to obtain a
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general evolution equation up to second order in the perturbation parameter g. In that case, we use the
superoperator Pr, that acts over the string {V,_, L}(¢1){Aa(t2) - - - An(tn)} as described in (9.22),

PofVrot, LY (t) AP ({@2) = {V,_, L} (1) AP (§P)
Pr{Veot, L} () AP (§3)) = Ay (t2){ V7 tzL}(tQ)A(3)(£( ),
Pr{Vrt, L} (1) AP (§2)) = Ay(t2) As(ta){Vr s, L} (tz) AW (W),

PR Ve L) AP EP) = ABED) (v, L} (tn), (M.25)

and define a new superoperator Py, that acts over the string {V,_;, L}(¢1){A2(t2) - - - An(tn)} as,

~ (2 ~ (2 ~ (2 ~(2
AP, )Py = &7 @ )>{VHIL*}<t1>

~ (2) ~(2 3

AP @V, L t)PE = & @) v, L1 (1) A5(8)

~ (2) - ~

AP @), L) PR = & @) [V, LT () AL () A (8))

AP @) Vo L (1) PN = (Ve LY (1) &7 (@) (M.26)

Thus, the perturbative 2N — 1-time correlation reads as follows,

AOALIYO) _ (g | & @) [ (1), A1 (1) AP E) | o)

N-1

.

0

- (2)

di1
/tbﬂ dra*(ty — 7)(To | &' (FP) Vo LT} (0P (1), L(1)] AP ) | W)

N-1

+ Z/da =) | AP @)L (), A0V LHEDAP E®) | o),

1=

(M.27)



Appendix N

Accuracy of the environmental
correlation function at short time

In section (11.3), we have stressed the advantage of the new correlation function we introduce, namely

a more accurate description of the short time behavior. This might help to give a better description of

non-Markovian effects in the atomic dynamics within this range. We also note that the derivation of such

correlation function does not rely on the the stationary phase approximation. In the integral (11.12), the

[exo(R)-dal”
w(

reason why the prefactor can be considered constant is that it changes very slowly with the

wave vector k, no matter how large is T in the phase iw(k)T. This can be easily verified numerically by
comparing the integral (11.12),

eLo(R) - g2
CY(T) — Py(%) Z ‘/1BZ dk |ekU§U(3€) ’Ltdl e—z(,u(k)T7 (Nl)
with
5, o(R) - |2 .
Oé(T) _ Z |€koil§(k)0)ud| ’Y(%) /132 dke—lw(kﬁ)‘r’ (N.2)

for the one-dimensional case, in which w(k) = A + B cos(ka). Here kg is a constant that has been chosen
in such a way that both correlation functions are equal at 7 = 0

/71'/11 " 1 1 /7r/a ok
— (N.3)
—7/a W(k) W(k'o) —m/a
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The factor |é;,0(R) - 14| has been considered a constant, since it corresponds to a number from zero to one
that does not affect the result dramatically (see Fig. (N.1)).

1
—— Without approx.
— — - With approx.
05
=
5 0
-0.5
-1 . | . | . | . | .
0 10 20 30 40 50

Fig. N.1 We compare numerically the integral (N.1) (solid line) with (N.2) (dashed line). Apart from some small
deviations, it is shown that the approximation (N.2) is an accurate one even at short times.

Concerning the dispersion relation, a rigorous derivation or the model we propose is out of the scope of the
thesis. However, we have introduced in the text some references about methods to derive dispersion relation
for radiation field within PBG structures. Most of these methods are similar to those used for studying the
band structure for electrons in solids, a fact that we believe justifies the use of a tight-binding approximation
in our model. Although this model is rather simple and has been obtained for a simple cubic lattice, it
contains all the essential features of the EM field in a photonic band gap material (see [120] for an example
of band structure corresponding to the parameters used in the thesis). As a simple model, it might not be
accurate enough to compute very precise quantities or the dynamic of systems within other photonic crystal
structures. Although it would then be necessary to have more accurate dispersion relations, this would not
change the methodology we have developed to obtain the correlation function, the corresponding noise, and
to compute the dynamical equations.

Concerning the physical consequences of the dispersion relation we propose, it describes correctly the
fluctuations of the EM field, which in our formalism are described by the quantity z;. This description is
not possible with a parabolic dispersion relation, since such a dispersion relation does not describe correctly
the behavior in the center of the band. In addition, the dispersion relations that has been obtained both
experimentally [120] and theoretically [118], are periodic functions, and not parabolic functions.



Appendix O

Photonic density of states (DOS)
in the vacuum and in a PBG

As discussed in Chapter (1), the photonic DOS of a radiation field placed

— [ dwD(w). ©.1)
>/

When the dispersion relation of the radiation field only depends on the modulus of the wave vector, the
former integral in k can be solved in spherical coordinates,

/027r dw/OTr dfsin 6 ((227“)3> /OOO dkd® = /de(w). (0.2)

This is the case of the vacuum, where the dispersion relation w = ck, so that dk = dw/c. Replacing in the
last integral, we have

OJ2U

blw) = Gom

(0.3)

In an anisotropic PC, the dispersion relation is the same as for a one dimensional PBG, namely w =
A + Bcos(ka) (see Section (11.3.2) for a derivation), so that

). (0.4)
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Then to transform the integral in k to an integral in w, we need the following

dk = ! dw, (0.5)

aBy\/s — (452)”

which replaced in (O.2) together with (0.4) gives rise to the following photonic DOS

1 1 —A
D(w) == arcos(w 5

TaBys— (45

) (0.6)

Figure (O.1) represents the former expression compared to (0O.3) (where we have chosen ¢ = 1 and v = 1).

0.5

—— PBG
............ vacuum

04 1

D(w)

0.1

Fig. O.1 Photonic DOS of an anisotropic PC (0.6), compared to that of the vacuum (0.3). It is clearly observed how
the last one only takes non-zero values within the band, which goes from w. = A — Btow, = A + B.



Appendix P

Numerical synthesis of the driving
noise

There are several numerical methods in literature to generate a complex coloured Gaussian noise character-
ized by,

Mlz] =0, M[z42,] = 0 (P.1)
Mz27] = a(t — 1),

In particular, it can be synthesized [35] with the help of two independent real Gaussian noises £’ and £” such
that

2 = [m dTR(T)5 (t=7) -\;525 (t= T), (P2)
satisfying the properties
MIE ()] = M[E'(t)] = 0, M[E'(£)€"(0)] = 0 (P3)

MIE'(B)E(0)] = MIE"()E"(0)] = (1)

The function R(7) that appears in the integral is known as the response function of the bath, and can be
defined in terms of the correlation function as

at) = /OO dTR*(t + 7)R(T). (P4)

—00
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In accordance with the former relation, the response function can be numerically calculated by performing
the inverse Fourier transform of the power spectrum of the noise G(w),

R(t) = / h ﬁg(w)ei“’t. (P.5)
oo 2T
with, p
2 > _t —iwt
GIF = [ Grate . ®6)

When calculating the function G(w) from (P.6), a complex phase @ appears, since Gw) = /|G (w)|2¢*. For
simplicity, such phase can be chosen equal to zero.



Appendix Q
Density matrix in Pauli
representation

In the Pauli representation, the density matrix becomes,
1
pziTrp-I—l—awL Q.1
witha = (ag,ay,a,) and a; = %Tr(pai); i = x,y, z. The matrices o, . are the usual Pauli matrices and

Trp = 1. Interms of (0;),i = 1,2;j = 1,2, az = 2R(012), ay = 23(012) and a, = —o3. From this
relations and equation (Q.1), we finally obtain,

1 1 -
pu(t) = §+azz§+w
L 1 _
ng(t) = §—azz§_w
p12(t) = ay —ia, = (o21)
pu(t) = az+iay = (o12). Q2)

Therefore, p3 = pao — p11 = 022 — 011 = O3.
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18

Resumen de la tesis en espariol

18.1 INTRODUCCION

En fisica, un sistema aislado es un objeto ideal, ya que procede de considerar como aproximacion que sus
interacciones con el medio son despreciables y no alteran significativamente la dindmica. No obstante, en
muchas ocasiones, la interaccidn con el medio no sélo no se puede despreciar, sino que ademas es responsable
de fenémenos fisicos importantes. En tal caso, el sistema debe considerarse abierto.

Para describir la interaccién, una posibilidad es integrar los grados de libertad del sistema total, compuesto
por el sistema y su entorno’. No obstante, dado que el nimero de grados de libertad del entorno es por
lo general muy grande, la integracién de todos ellos puede llegar a ser una tarea muy pesada e incluso
imposible. Sin embargo, no toda ésta informacién es necesaria para describir la dindmica del sistema
abierto. En promedio, solo dos cantidades del medio actdan sobre dicha dindmica: sus fluctuaciones en el
vacio, que pueden ser consideradas como un ruido, y la funcién de correlacién de dichas fluctuaciones o
funcién de correlacion del entorno. El ruido describe el efecto aleatorio sobre el sistema de los miiltiples
grados de libertad del medio, mientras que la funcién de correlacién describe la disipacion o perdida de
energia del sistema hacia dicho entorno. El tiempo de decaimiento de la funcién de correlacién, también
llamado tiempo de memoria es el empleado por el medio en recuperarse de la interaccidn con el sistema.

Un sistema abierto clasico se describe en términos de la densidad de probabilidad de sus coordenadas, o
bien en término de dichas coordenadas. En el primer caso, la ecuacién de movimiento es del tipo Chapman-
Kolmogorov, que incorpora términos de tipo disipativo en los que interviene la funcién de correlacién. La
ecuacion que rige la dindmica de las coordenadas del sistema es una ecuacion del tipo Langevin, en la que
aparte de los términos disipativos, intervienen términos de tipo estocdstico en los que queda reflejada la
accion aleatoria del bafio. El promedio de las distintas trajectorias estocdsticas generadas por la ecuacién
de Langevin da lugar a la funcién densidad de probabilidad obtenida por la ecuacién de tipo Chapman-

IHabitualmente y para simplificar denominaremos “sistema” al sistema abierto, y “sistema total” o “global” al que esti compuesto
por el sistema abierto y su entorno.
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Kolmogorov. Al afiadir términos disipativos y fluctuantes, la dindmica ya no es reversible como lo es la
dindmica de un sistema aislado.

El estudio de un sistema cudntico abierto supone adoptar un esquema de cuantizacion alternativo al del
caso aislado, ya que este se basaba en la existencia de una funcién Lagrangiana o Hamiltoniana para el
sistema. El esquema mas comtinmente empleado consiste en suponer que el sistema total, compuesto por
sistema y entorno, es conservativo y por tanto obedece las reglas de cuantizacion habituales. El estado de un
sistema cudntico abierto no solo dependera de los grados de libertad internos del mismo, sino también del
estado en el que se encuentre el bafio con el que interacciona. Se dice entonces que el estado cudntico del
sistema estd enmararniado con el entorno. En este dmbito, la friccion o disipacidn constituye una transferencia
de energia desde el sistema ’pequefio’ al entorno "grande’. La energia, una vez transferida, se disipa en el
entorno y no es devuelta al sistema en un tiempo fisico relevante.

El estado de un sistema cudntico abierto es descrito por el operador densidad reducido del sistema, el
cual se obtiene del operador densidad total a través de una traza parcial de los grados de libertad del entorno
o bafio, ps = Trp(ptot(t)). Este operador representa en general un estado mixto incluso aunque el estado
total p;.¢(t), constituido por el sistema y el entorno, sea puro. El operador densidad fue introducido por
Landau en el contexto de mecénica estadistica [16], y por von-Neumann [15] para sistemas cudnticos fuera
del equilibrio. La diagonal de este operador sefiala la probabilidad de cada estado del sistema cudntico en
la base en la que el operador ha sido expresado. Por su parte, los elementos fuera de la diagonal sefialan
las coherencias, o interacciones entre los distintos estados del sistema. Las coherencias son propias de los
sistemas cudnticos, y generalmente van desapareciendo a causa de la interaccidn, siguiendo un proceso que
se conoce como decoherencia. Dicho proceso explica porqué los estados entrelazados caracteristicos de un
sistema cudntico no aparecen en el mundo macroscépico. El operador densidad reducido puede ser calculado
a través de su ecuacion dindmica, conocida como ecuacién maestra, o realizando un promedio sobre los
distintos estados de la mezcla estadistica. Estos estados son soluciones de una ecuacién estocastica de
Schrodinger (SSE).

Un ejemplo de sistema cudntico abierto encontrado en dptica cudntica es un atomo en contacto con el
campo electromagnético circundante. La interaccidn, que da lugar a un intercambio de energia entre el &tomo
y el campo, produce en la mayor parte de los casos a una relajacién del d&tomo a su estado fundamental,
acompaiiada de una pérdida irreversible de su energia hacia el entorno. Cuando el operador densidad reducido
estd expresado en la base de estados propios del 4tomo, su diagonal indica la probabilidad de cada uno de
los niveles de energia atémicos. Por su parte, los elementos fuera de la diagonal nos dan informacién acerca
de las coherencias, que sefialan en este caso la interacion existente entre los distintos niveles de energia.

Si se promedia el estado del sistema total en los grados de libertad del bafio, el estado resultante ya no
evoluciona unitariamente, y dicha evolucién deja de ser periddica, debido a la pérdida de energfa o disipacion
que se produce en su interaccion con el medio. Esto explica porque los sistemas cudnticos, que en estado
de aislamiento son reversibles (en un tiempo de recurrecia finito vuelven a recuperar el estado inicial),
presentan en la practica una evolucién disipativa y por tanto irreversible, al estar en la realidad sometidos a
interacciones con el medio.

La dindmica de relajacion atémica depende en gran parte de las fronteras y condiciones espaciales en las
que estd inmerso el campo electromagnético con el que interacciona. Este es un resultado conocido desde
los trabajos de Purcell [10], méds tarde ampliados por Kleppner [11], quienes observaron que el ritmo de
relajacion de un atomo de dos niveles emplazado en una cavidad puede ser aumentado con respecto a aquel
del vacio cuando la longitud de ondas del fotén emitido es comparable a las dimensiones de la cavidad, e
inhibida cuando no es asi. La emisién puede ser modificada en gran medida también cuando el dtomo es
acoplado a un campo de radiacién en un cristal en el que el indice de refraccién es espacialmente periddico.
Estos materiales, sugeridos inicialmente por Yablonovitch [12] y John [13], se conocen comiimente como
materiales de banda foténica (MBF) o cristales foténicos (CF).
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En este punto surge la pregunta de cual es el mecanismo fisico a través del cudl se modifica la dindmica
del 4&tomo cuando este estd emplazado en un entorno estructurado. Dicha dindmica depende de la densidad
de modos del campo entorno a la frecuencia de emision, o densidad fotonica de estados (DFE), y esta
funcién es la que se modifica cuando el campo estd immerso en un entorno estructurado, ya sea una cavidad
cuantica, una guia de ondas, o un material de banda foténica.

En el campo libre, la densidad foténica de estados en una funcién que crece con w?, y que varia en un
rango de frecuencias mayor que el ritmo de emisién espontdnea. En estas condiciones, el fotén emitido es
absorbido instantdneamente por el campo, lo que da lugar a un tiempo de memoria nulo. De este modo, la
funcién de correlacion que aparece en los términos disipativos de las ecuaciones dindmicas del dtomo es
una funcién delta, y el 4tomo decae exponencialmente hacia el estado fundamental, siguiendo un proceso
descrito por la teoria de Wigner-Weisskopf [14]. Este tipo de interaccién, que se conoce como Markoviana,
puede también darse en una cavidad, pero, nuevamente, solo cuando la densidad de estados fotonica del
campo, que en dicho entorno tiene la forma de una Lorentziana, varia suavemente en torno a la frecuencia de
emision del 4tomo. En las cavidades cudnticas, el ritmo de emisién espontdnea aumenta cuando la frecuencia
de emision atomica se sitda en la frecuencia del maximo de la Lorentziana o frecuencia de resonancia, y
disminuye cuando se sitda lejana a dicha frecuencia.

En algunos entornos estructurados, la densidad foténica de estados presenta saltos discontinuos o com-
portamiento singular en un rango de frecuencias comparable con el ritmo de emisidn espontdnea. Esto ocurre
por ejemplo en un CF. En éstos materiales, la periodicidad en el indice de refraccién produce una reflexién
de la luz hacia fuera del material para ciertas frecuencias que estdn relacionadas con dicha periodicidad.
Dado que estos modos estdn ausentes del cristal, la densidad foténica de estados es cero en las frecuencias
correspondientes, por lo que se forma un gap. Los valores de frecuencia en los que la densidad foténica de
estados es no nula son conocidos como bandas. En los bordes de la banda, 1a densidad fot6nica presenta una
discontinuidad en la que pasa a tener un valor cero en el gap a tener un valor no nulo dentro de la banda. En
dichas discontinuidades la velocidad de grupo de la luz tiende a cero, por lo que se produce una localizacién
de los fotones. Cuando el &tomo emite un fotén en dicha regidn, tiende a congelarse o localizarse en torno al
mismo, lo que propicia que pueda ser reabsorbido por el &tomo. El tiempo en el que el entorno se recupera
de la interaccién, o tiempo de memoria del campo, ya no es cero como en el caso Markoviano, sino que
posee un valor finito que es caracteristico de las interacciones no-Markovianas. En dichas interacciones,
el decaimiento atémico ya no es exponencial, y puede ademds presentar oscilaciones debido al intercambio
de energia entre los grados de libertad atémicos y foténicos. Este tipo de comportamiento oscilatorio puede
encontrarse también en una cavidad, cuando el rango de variacién de la densidad foténica de estados es
comparable al ritmo de emisién espontdnea.

En general, las ecuaciones maestras y las ecuaciones estocdsticas de Schrodinger pueden ser tanto Marko-
vianas como no-Markovianas, dependiendo de si la funcién de correlacidon que aparece en el término disipa-
tivo es una funcidn delta o no, y, en el caso de EES, si el ruido es Gaussiano blanco o coloreado. No obstante,
aunque el conocimiento del operador densidad reducido del sistema permite el cdlculo de los valores medios
de los operadores del sistema, la dindmica del mismo no se describe solo por tales cantidades. Para completar
la descripcidn es preciso conocer las funciones de correlacién multitemporales (FCM) de operadores del
sistema. Por ejemplo, en Optica cudntica ciertas funciones de correlacién a dos tiempos son necesarias para
el célculo del espectro de emisién de un 4tomo, o para describir la probabilidad condicionada de emisién de
fotones.

Las funciones de correlacién multitemporales son descritas en el caso Markoviano a través del denominado
teorema de regresion cuantico (TRC), que fue descubierto por Onsager (especialmente para el caso de
fluctuaciones en torno al equilibrio) [17], y por Lax (para el caso mds general de sistemas fuera del equilibrio)
[18, 19]. Dicho teorema sefiala que la evolucion de correlaciones a dos tiempos puede ser computada con
una ecuacion maestra para la matriz densidad reducida del sistema. Este resultado, puede generalizarse para
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funciones de correlacién de N-tiempos, dado que éstas también obedecen la misma ecuacioén de evolucién
que los promedios cudnticos. El espectro atémico de emision, que es la transformada de Fourier de una
funcién de correlacion a dos tiempos de los operadores de acoplamiento del sistema, es una Lorentziana,
como corresponde a la transformada de Fourier de un decaimiento exponencial.

Para el caso no-Markoviano el espectro de emisién ya no es tan solo la transformada de Fourier de la
funcién a dos tiempos de los operadores de acoplamiento, pero atin depende de tal correlaciéon. No obstante,
las funciones de correlacién a dos tiempos, y en general las de [V-tiempos, ya no pueden ser expresadas a
través del teorema de regresion cudntico. Es preciso generar una teoria alternativa que describa funciones
de correlacion multitemporales no-Markovianas.

El objetivo de esta tesis es estudiar y desarrollar las ecuaciones dindmicas de un sistema cudntico
abierto linearmente acoplado a un entorno de osciladores armdnicos. Esto incluye las ecuaciones nece-
sarias para evaluar sus valores medios, que son principalmente la ecuacion maestra y la ecuacién estocdstica
de Schrodinger, asi como las ecuaciones que permiten el computo de funciones de correlacién multitempo-
rales. Todas ellas se derivan en particular para sistemas con interaccién no-Markoviana, como es un dtomo
en contacto con el campo de radiacién modificado en un cristal foténico.

El trabajo se organiza en cuatro partes,

e En la Parte (I) se define el problema, presentando el tipo de sistemas estudiados, asi como el objeto
basico empleado para describir su dindmica. Esto se hace a lo largo de dos capitulos:

— En el Capitulo (1), se presenta el modelo general de Hamiltoniano estudiado en esta tesis,
cuyo término de interaccién representa un acoplamiento lineal entre operadores del sistema y
el entorno. En particular, se muestra cémo el Hamiltoniano de interaccién de un d&tomo con el
campo de radiacién obedece a esta forma lineal cuando se aplican las aproximaciones dipolar y
de onda rotante al modelo general de Hamiltoniano de un campo bosdénico en contacto con un
campo fermionico.

— Enel Capitulo (2), derivamos el denominado propagador reducido, un objeto que evoluciona la
funcién de ondas del sistema condicionada a un determinado estado inicial y final para el entorno,
y obtenemos también su ecuacién dindmica. El propagador reducido resulta ser la herramienta
esencial para el célculo de todas las ecuaciones dindmicas del sistema, ya sean valores medios
cudnticos o funciones de correlaciéon multitemporales.

e LaParte (II) se dedica al estudio de los valores medios cudnticos de sistemas abiertos no-Markovianos.
Se compone de los siguientes capitulos:

— Enel Capitulo (4) se presenta una breve introduccién de las diferentes derivaciones de ecuaciones
maestras y EES que existen en la literatura, tanto para interacciones Markovianas como no-
Markovianas, con el objeto de contextualizar aquellas que en particular se tratan en este trabajo.

— En el Capitulo (5) nos centramos ya en el estudio de sistemas cudnticos abiertos con interaccion
no-Markoviana, y lo hacemos a lo largo de dos Secciones. En la Seccién (5.1) estudiamos la
eficiencia de algunas de las EESs existentes en la literatura, lo que es conocido como problema
de sampleo. Ciertas EESs dan lugar a un conjunto de vectores de onda que tienen un peso
m4s significativo que las soluciones de otras en el sampleo estocdstico del operador densidad
reducido. Mostramos para el modelo spin-boson que dicha mejora depende de las condiciones
fisicas del sistema total, particularmente de la temperatura del entorno. En la Seccién (5.2),
se discute el problema de generar ecuaciones maestras a partir de la ecuacién de evolucién del
operador densidad reducido. Por un lado, cuando el estado inicial del entorno es el vacio, el
propagador reducido da lugar a las ecuaciones de Schrodinger que habitualmente se encuentran
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en la literatura, las cuales, tras hacer un promedio sobre los diferentes estados del entorno,
reproducen el resultado de la ecuacién maestra. Mientras que este caso ya ha sido tratado
anteriormente en la literatura, nuestra aportacién consiste en considerar un propagador reducido
cuyo estado inicial es distinto del vacio, obteniendose una ecuacién maestra para estados iniciales
generales, y no necesariamente de decorrelacién entre sistema y entorno. La derivacién de
tal ecuacién maestra requiere de una generalizacién del Teorema de Novikov, que también es
desarrollada en este trabajo.

e La Parte (IIT) contiene el mayor nimero de resultados de ésta tesis. En ella se deriva una teoria
para FCM no-Markovianas, asf como las ecuaciones de Heisenberg de movimiento de operadores del
sistema.

Comenzamos mostrando la utilidad de dichas FCM en el contexto de 6ptica cudntica, donde se emplean
para el calculo de cantidades tales como el espectro de emisién o la estadistica de fotones emitidos
por un dtomo. A continuacion, la discusion se divide en dos capitulos:

— En el Capitulo (8) se muestra que las FCM no-Markovianas obedecen una estructura jerarquica
cuando no se establece ninguna aproximacion. Para ser mds exactos, se encuentra que las
funciones de correlacion de un tiempo (o valores medios cudnticos), dependen de funciones de
correlacion a dos tiempos, mientras que las correlaciones a dos tiempos dependen de funciones de
correlacion a tres tiempos. La estructura jerdrquica se extiende hasta funciones de correlacion
de ordenes superiores, de modo que, en general, las funciones de correlacién de N-tiempos
dependen de funciones de correlaciéon de N + 1-tiempos. Aunque este es un resultado formal
que no puede ser empleado a efectos computacionales, su derivacion resulta ser una forma
sistematica de obtener las ecuaciones para funciones de correlacion generales a IN-tiempos.
Dichas ecuaciones pueden llegar a ser tltiles desde el punto de vista prictico una vez rota la
dependencia con correlaciones de orden superior.

— En el Capitulo (9) se asume la aproximacion de acoplamiento débil para romper la jerarquia y
derivar ecuaciones para funciones de correlacién a N-tiempos, siempre hasta segundo orden en
el pardmetro perturbativo. Esto nos permite mostrar que el TCR no se aplica para interacciones
de tipo no-Markoviano.

e EnlaParte (IV), se aplican algunas de las ecuaciones presentadas a lo largo de este trabajo a un sistema
de dos niveles immerso en un campo de radiacién en un material de banda foténica. La discusion se
divide nuevamente en dos capitulos:

— En el Capitulo (11) se presenta un modelo apropiado para el problema. Mientras que el Hamil-
toniano corresponde a un dtomo de dos niveles dipolarmente acoplado al campo de radiacidn,
y por tanto tiene la misma forma que el Hamiltoniano general presentado en el Capitulo (1),
presentamos aqui nuevas aportaciones en la caracterizacion de la funcién de correlacién. Para
tal fin, proponemos un nuevo modelo de relacién de dispersion del campo que sigue la estructura
periddica propia de un campo de radiacién en un CF. Una vez calculada la funcién de correlacion,
es posible obtener el ruido correspondiente.

— Ambas cantidades (funcién de correlacion y ruido) se emplean en el Capitulo (12) para evaluar
valores medios de algunos operadores del sistema a través de la EES. En primer lugar, mostramos
que el esquema estocdstico es equivalente a la ecuacién maestra tradicionalmente empleada para
tratar este tipo de sistemas. En segundo lugar, mostramos que la funcién de correlacién que
proponemos da lugar a los fenémenos fisicos previamente estudiados en la literatura. Finalmente
calculamos algunas FCM del sistema.
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e En la Parte (V) se establecen algunas conclusiones y se definen perspectivas para trabajos futuros.

Al final de la tesis se incluyen una serie de apéndices, que aunque no son necesarios para seguir el trabajo,
completan algunos de los célculos y conceptos descritos.

18.2 RESUMEN DE LA PARTE |

18.2.1 Capitulo 1: Sistemas cuanticos abiertos no-Markovianos.

En este capitulo se presentan los modelos generales de Hamiltoniano que describen los sistemas tratados
en la tesis. Se trata en particular de sistemas cudnticos abiertos en los que la interaccién con los grados
de libertad del entorno, que ademas se supone descrito a través de un conjunto de osciladores arménicos,
es de tipo lineal. Se explican ademds en qué tipo de sistemas aparece interacién de tipo no-Markoviano,
efectudndo una descripcidn cualitativa de la misma basada en la densidad de estados fotdnica.

La dindmica de un sistema cudntico abierto se describe habitualmente considerando que éste es parte de
un sistema total mayor, el cudl estd aislado erspecto al resto del mundo. El Hamiltoniano del sistema total
se denota como Hy,; = Hg+ Hp + H, donde Hg es el Hamiltoniano del sistema cudntico abierto (a partir
de ahora referido tan solo como sistema), H g el Hamiltoniano de su entorno, y H; es el Hamiltoniano de
interaccidn entre sistema y entorno.

Cuando el entorno es grande, su escala de evolucién temporal es en general pequefia en comparacién
con las escalas de tiempo relevantes del sistema. La escala de tiempo del entorno se caracteriza por el
tiempo de correlacién 7., que es el empleado por el mismo en recobrarse de la interacién con el dtomo.
Del mismo modo, la escala de evolucién del sistema es caracterizada por el tiempo 74 que es el que tarda
en relajar al equilibrio una vez que es puesto en contacto con el entorno. Existen ciertas situaciones en
las que la separacién de las escalas temporales es tan grande que 7. es practicamente cero en comparacion
con T'4. Este tipo de interacciones, que pueden ser tratadas con la denominada aproximacion Markoviana,
dan lugar a una dindmica del sistema que es local en el tiempo, es decir, que no depende de la historia de
la evolucién. En otras situaciones el tiempo de correlacion del entorno es del orden de T4, lo que podria
influir significativamente en la dindmica del sistema haciendose necesario un tratamiento no-Markoviano
de la interaccion. Las interacciones no-Markovianas se dan en multiples contextos, entre los que podemos
destacar los siguientes,

e Enfisicadel estado sélido los efectos no-Markovianos son especialmente visibles a bajas temperaturas.
Uno de los modelos mds comtinmente empleados es el de Caldeira and Legget [20, 22], que describe
un oscilador arménico linealmente acoplado a través de su coordenada de desplazamiento ¢ a un
entorno o bafio, el cual es descrito a su vez por un conjunto de osciladores arménicos. En muchos
sistemas fisicos y quimicos, la coordenada generalizada g viene asociada a un potencial efectivo que
tiene dos minimos bien diferenciados y situados en la misma energia. En tal caso, ya que dicho
sistema solo consta de dos estados estables, el espacio de Hilbert del sistema se reduce a un espacio
bidimensional. Esta situacion, que es descrita por el denominado modelo spin-boson, se encuentra
en numerosos ejemplos, como en el movimiento de defectos en una red cristalina, en el funeleo de
particulas ligeras en metales, y en ciertos tipos de reacciones quimicas que incorporan procesos de
transferencia electrénica (ver or ejemplo [22] asi como sus referencias).

e En éptica cuantica numerosos efectos no Markovianos estan presentes en los procesos de emision y
absorcion de laluz, en particular cuando el campo de radiacion se encuentra en un entorno estructurado.
Entre dichos entornos estructurados destacan en especial las cavidades cudnticas [23, 24, 25, 26], y
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los materiales de banda foténica (MBF), que presentan una periodicidad en el indice de refraccion
[27,28].

e Los efectos no Markovianos surgen igualmente en la dindmica de los condensados Bose-Einstein
(CBE). En éstos sistemas, los 4tomos se encuentran atrapados en su estado fundamental, de donde
son extraidos a través de una doble transicién laser a un estado final excitado, generandose de este
modo un laser atémico. Como ejemplo particular de comportamiento no-Markoviano, el nimero de
ocupacién de los dtomos en el estado fundamental presenta una serie de oscilaciones que pueden ser
interpretadas como un sintoma de interferencia cudntica, y que estd en clara diferencia con la Regla
de Oro de Fermi que predice decaimiento exponencial [30, 31, 32].

A lo largo de la tesis se estudian principalmente dos tipos de sistemas: (a) El modelo spin-boson valido
para interacciones de un sistema de dos niveles con cualquier reserva bosénica (ya sea de fotones o de
fonones) bajo ciertas condiciones fenomenoldgicas. (b) Un dtomo acoplado a un campo de radiacién con
interaccion dipolar.

Dado que las ecuaciones dindmicas que aqui tratamos son véalidas para un modelo general de Hamiltoniano
de interaccidn lineal sistema-entorno, la metodologia podria ser aplicada a otros problemas, tales como la
dindmica de condensados de Bose-Einstein.

El capitulo comienza presentando el modelo de Caldeira y Legget, asi como el modelo Spin-Bosén al
cudl se reduce bajo ciertas condiciones [20, 22, 33, 34]. En este esquema, el Hamiltoniano de interaccién H;
es proporcional a SB, donde B es un operador que pertenece al espacio de Hilbert del entorno, y S = ¢ es
el operador de acoplamiento del sistema. El operador de acoplamiento del entorno B o< ), gaF (ax, af\),
donde g, son las constantes de acoplamiento del sistema con cada uno de los osciladores arménicos A que
describen el entorno, y F(ay, ai\) es una funcién determinada de los operadores de creacion y de destruccion
a; y Gx.

El Hamiltoniano lineal de interaccién propuesto en el modelo de Caldeira-Legget puede ser generalizado
y expresado como una suma sobre muchos operadores de acoplamiento de bafio y sistema, es decir i.e.
Hy =53 3 SpBg. Particularmente, el Hamiltoniano de interaccién entre un campo bosénico y un campo
fermidnico posee dicha forma. Un ejemplo de este tipo de sistemas es un dtomo (cuyos electrones forman el
campo fermiénico), en contacto con el campo de radiacion (el cual es bosénico). Del mismo modo que en el
modelo de Caldeira-Legget, se encuentra que los operadores B poseen laforma Bg o< ), gx gFg(ax, a; ).
No obstante, en contraste con el modelo anterior, en este sistema se conocen las dependencias exactas de
los operadores de acoplamiento gy g.

Se introduce a continuacién una nueva notacién, que consiste en expresar el Hamiltoniano de interaccién
en término de los denominados operadores de Lindblad { L }, que son combinaciones de los operadores de
acoplamiento del sistema {Sgz}. El Hamiltoniano del sistema total en su forma Lindblad se emplea como
modelo general a partir del cual se desarrollan la mayor parte de las ecuaciones empleadas en ésta tesis en la
descripcion de la dindmica de un sistema cudntico abierto. Existen dos razones fundamentales para el uso de
la forma Lindblad: la primera es que cuando la interaccién es Markoviana da lugar a una ecuacién maestra
que preserva la positividad del operador densidad reducida, y la segunda es que es uno de los Hamiltonianos
mds comunmente empleados para el estudio de sistemas cudnticos abiertos.

Como ya se ha mencionado anteriormente, una cantidad fundamental para caracterizar la influencia del
entorno en el sistema es la funcién de correlacién del mismo, «(t), ya que aparece en todas las ecuaciones
dindmicas del sistema, y ademads determina el tiempo de memoria o tiempo de correlacién del entorno tras
la interaccién 7.. La funcién de correlacién es proporcional a la suma del cuadrado de las constantes de
acoplamiento del sistema con cada oscilador arménico, a(t) o< >, g3P (¢, wy), donde P(t,wy) es una
determinada funcién que no depende del modelo en cuestion.
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En el continuo, esta suma se transforma en una integral cuyo kernel es la llamada funcién densidad
espectral, J(w), de tal modo que «(t) = [ dwJ(w)P(t,w). Dado que P(t,w) tiene la misma forma para
cualquier sistema, la funcién densidad espectral contiene la misma informacién que la funcién de correlacion,
caracterizando de forma equivalente la interaccion del entorno sobre el sistema.

Tratamos en la Seccién (1.3) algunos aspectos concernientes a la funcién de correlacién y a la densidad
espectral, en especial las caracteristicas que determinan que la interaccién sea Markoviana o no-Markoviana.
Existen dos métodos distintos para derivar la funcién de correlacion.

El primero, es conocido como microscopico ya que se basa en el conocimiento de la forma de las con-
stantes de acoplamiento. En este capitulo se ilustra el método empleando las constantes de acoplamiento
que caracterizan la interaccién de un sistema de dos niveles con el campo electromagnético en el vacio,
para derivar una funcién de correlacion tipicamente Markoviana. Se encuentra que en dicha interaccidn,
la funcién J(w) varia suavemente en frecuencias en comparacion con el ritmo de emisién esponténea del
atomo I', de modo que puede ser considerada aproximadamente constante. En los siguientes capitulos se
hacen derivaciones mas complicadas de funciones de correlacion correspondientes a 4&omos en entornos es-
tructurados. Como ya se ha mencionado en la introduccion, estos sistemas son tipicamente no-Markovianos,
por lo que la densidad espectral varia en un rango de frecuencias comparable con I' y no debe ser aproximada
como constante.

El segundo método es empleado cuando no se conoce la forma exacta de las constantes de acoplamiento,
tal y como ocurre en el modelo de Caldeira y Legget. La funcidn espectral se ha de construir ahora acorde
con diversos argumentos de tipo fenomenologico. Se presenta en este capitulo la derivacion empleada para
el célculo de la J(w) empleada en el modelo spin-boson que serd integrado posteriormente.

18.2.2 Capitulo 2: El operador reducido del sistema

Presentamos el propagador reducido del sistema, que es la herramienta bdsica con la que se van a derivar gran
parte de las ecuaciones dindmicas de esta tesis. El propagador reducido es la representacion del operador
de evolucion unitario del sistema total en la base de estados coherentes Bargmann del bafio. Se trata de un
objeto que propaga temporalmente el estado cudntico del sistema dados un determinado estado inicial y final
del entorno. La ecuacién de evolucién del propagador, que constituye uno de los resultados de esta tesis,
depende de dos funciones temporales z; ¢ y 2;+1,+ que dependen de los niimeros cudnticos que determinan
respectivamente dichos estados inicial y final del entorno.

Por tratarse de una interaccién de tipo Markoviano, la ecuacién de evolucién del propagador del sistema,
ecuacioén (2.40), es abierta. Ello significa que no depende tinicamente del propagador que se esta evolu-
cionando, sino de un objeto que pertenece al espacio de Hilbert del sistema total. Si queremos expresar la
ecuacion en espacio de Hilbert del sistema, es preciso introducir una relacién de cierre del bafio en dicho ob-
jeto, que queda transformado en una suma sobre las trajectorias de otros propagadores. Esta nueva manera de
espresar la ecuacion muestra que, cuando no se establece ninguna aproximacion, la dindmica del propagador
reducido del sistema estad enmarafiada con el resto de los propagadores. Dado que dicho enmarafiamiento
solo existe a lo largo de un tiempo 7., es propio tan solo de interacciones de tipo no-Markoviano. Al ser
abierta, la ecuacién (2.40) es dificil de manejar desde el punto de vista computacional, y solo nos servird de
base para, en el Capitulo (8), derivar la jerarquia de ecuaciones que obedecen las funciones de correlacion.

El empleo para fines précticos de la ecuacion del propagador requiere transformar la anterior ecuacién en
una ecuacion cerrada, que perteneciendo al espacio de Hilbert del sistema s6lo dependa del propagador que
se estd evolucionando. La manera de obtener dicha ecuacién es aplicando alguna hipdtesis o aproximacion
sobre el sistema. En todas las hipétesis coincide el hecho de que el objeto o elemento de matriz que hace
abierta la ecuacion es expresado en términos de un determinado operador O multiplicado por el propagador
que se estd evolucionando. Destacamos la hipétesis de consistencia o expansion, la hipétesis perturbativa, y
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la aproximacién que consiste en considerar que en el problema que se trata la interaccidn es casi Markoviana.
Alolargo de la tesis, empleamos fundamentalmente la aproximacién perturbativa, que consiste en asumir que
la energia de la interaccion, expresada a través de su Hamiltoniano, es pequefia en magnitud en comparacién
con la energia del sistema libre. En esta aproximacion el operador O se calcula a través de una serie de Taylor
sobre un pardmetro perturbativo g. Dicho pardmetro, también conocido como constante de acoplamiento,
regula la diferencia en magnitud entre el Hamiltoniano de interaccién y el Hamiltoniano libre. Mostramos
igualmente como el pardmetro g estd relacionado también con 7.

El propagador reducido del sistema es fundamental para la obtencién de las cantidades que describen
su dindmica, ya sean valores medios o funciones de correlaciéon multiples. No obstante, como ya se ha
mencionado, es condicién indispensable para ello el poder efectuar el promedio sobre los distintos estados
iniciales y finales posibles del entorno. A lo largo de esta tesis vamos a emplear dos tipos de promedio:

e De tipo estocastico. Consiste en considerar dicho promedio como un muestreo de tipo Montecarlo, en
el cual se sortean estados aleatorios del entorno acorde con su distribucién. La ecuacién del propagador
pasa a ser una ecuacion estocdstica de Schrodinger. La consideracién del propagador como estocdstico
ya fue efectuada en [41], pero entonces solo existia la ecuacién dindmica para un entorno inicialmente
en el vacio.

e De tipo analitico. Consiste en efectuar la suma sobre estados del bafio analiticamente, acorde con el
denominado Teorema de Novikov. Constituye un resultado de esta tesis la extension de dicho teorema
necesaria para tratar promedios con propagadores en los que el estado inicial del bafio no es el vacio.

En las Partes (II) y (III) se emplea la ecuacién cerrada (2.52) para derivar la ecuacién maestra, asi como
las ecuaciones de funciones de correlacién multiples hasta segundo orden en el pardmetro perturbativo.
Cuando considera el vacio como el estado inicial del entorno, por lo que z;41,; = 0, la integracién de
la ecuacién de evolucién del propagador da lugar el operador densidad reducido con condicién inicial
ps(0) = Trs (p1ot(0)) = Trs (|vo) (0| @ [0){0]), una vez que el promedio sobre el estado final del
entorno z; se ha efectuado. Como hemos dicho, este procedimiento ya ha sido descrito anteriormente en la
literatura [54, 55, 6]. Para un estado inicial del entorno distinto del vacio, z;4.1 # 0, el propagador reducido
puede ser empleado para calcular una nueva ecuacién maestra adecuada para condiciones iniciales generales
de sistema y entorno, asi como funciones de correlaciéon multiples.

18.3 RESUMEN DE LA PARTE Il: VALORES MEDIOS CUANTICOS.

18.3.1 Capitulo 4: Introduccion

Tradicionalmente, la investigacion de sistemas cudnticos abiertos quedaba centrada en el problema de deter-
minar la evolucién del operador densidad reducido a través de unas ecuaciones de evolucién ps denominadas
ecuaciones maestras, pues el conocimiento de p, en cada instante, permite calcular el promedio de cualquier
observable A del sistema a través de la expresion tipica

<A(t)> = Trs{ps(t)A}‘ (18.1)

Estas ecuaciones maestras son el equivalente cudntico a las ecuaciones de evolucién de la distribucion de
probabilidad clasica que ya hemos mencionado en la introduccién.

En afios recientes, se ha desarrollado un método distinto para el estudio de sistemas cudnticos abiertos, que
consiste en resolver la dindmica del sistema a través de soluciones |1;(z*)) de una ecuacién de Schrodinger
que ahora es estocdstica debido a la interaccién con el medio. El cardcter estocdstico de |1)¢(z*)) se imprime
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a través de la dependencia con un cierto ruido z; que caracteriza el efecto del medio sobre el sistema. Mdas
adelante trataremos de dar una explicacién mds concreta de la procedencia de esta variable y de su conexién
con el estado del medio. En ocasiones adoptaremos la terminologia comtinmente empleada de referirnos a
las soluciones [t (z*)) como trayectorias cudnticas [52].

Las ecuaciones estocasticas de Schrodinger tienen como propiedad el que un promedio en la variable
z* al conjunto estadistico de sus soluciones a un tiempo ¢, [¢;(2*)), definiendo este promedio como M|
P (2*))((2) |] da lugar a la matriz densidad reducida a dicho tiempo:

ps = M| (7)) (e (2) []- (18.2)

Esta relacion a menudo se dice que representa un revelado de la dindmica del operador densidad reducido,
y como veremos mds adelante, entrafia también un desenmarafiamiento efectivo de la dindmica sistema-
entorno.

El esquema estocdstico presenta diversas ventajas respecto al tradicional representado por las ecuaciones
maestras.

e Enlas ecuaciones maestras, la tarea consiste en determinar la dindmica del operador densidad reducido
Ps, que es una matriz N x NN, siendo N la dimensién del espacio de Hilbert del sistema abierto. En
general estas ecuaciones solo pueden ser determinadas de forma aproximada, o empleando modelos
simples para el sistema y su entorno. Incluso cuando es posible derivar una evolucién cerrada para pg,
si queremos calcular la evolucion de sistemas cudnticos con un nimero de dimensiones grande, nos
encontraremos con problemas numéricos importantes a la hora de manejar matrices cada vez mayores.

El esquema estocdstico supone resolver en cada trayectoria una solucién |1;(z*)) de dimensién N,
por lo que un aumento de grados de libertad no resulta tan grave como en el caso de las ecuaciones
maestras.

No obstante, como veremos mas adelante, dada una determinada dimension N, el metodo de las
ecuaciones estocdsticas solo resulta eficaz numericamente si el conjunto de trayectorias que se escogen
para efectuar el promedio (18.2) es estadisticamente significativo. Como veremos mas adelante, la
estadadistica escogida para las trayectorias dard lugar a distintos tipos de ecuaciones estocdsticas de
Schrodinger, y el objetivo principal de este trabajo serd justificar en que condiciones son mds eficaces
unas ecuaciones u otras.

e Aparte de las ventajas numeéricas, las ecuaciones estocdsticas de Schrodinger presentan otras propiedades
importantes. Principalmente, proporcionan mayor informacién de la dindmica del sistema cudntico
abierto que las ecuaciones maestras, en las que los grados de libertad del entorno son eliminados
mediante una traza y, por tanto, permanecen sin ser observados. En las ecuaciones estocasticas, la
dindmica de los grados de libertad del bafio son una parte explicita de la descripcién. En concreto,
los vectores de estado del sistema dependen del estado del bafio, por lo que se dice que la ecuacién
estocdstica describe en realidad una dindmica condicionada.

Podemos distinguir dos tipos basicos de esquema estocdstico para la evolucion de la funcién de ondas
en imagen de Schrodinger: En el primero la evolucién de dicha funcién es determinista hasta que se ve
interrumpida por procesos de salto estocdsticos que la proyectan instantdneamente a un estado cudntico. En
el segundo esquema la evolucién es gobernada a través de una variable estocdstica continua?, que actia en
cada momento infinitesimal de la dindmica del sistema.

2La variable estocdstica, se denomina en este caso proceso Wiener [51]
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Al primero de los esquemas estocdsticos descritos pertenece el denominado método de saltos cuanticos.
Este corresponde a una dindmica del sistema condicionada por una sucesién continua de medidas del nimero
de fotones del entorno. Debido a que sistema y entorno estdn entrelazados, una medida sobre el segundo
afecta a la dindmica del primero. Asi, en el caso de un 4tomo inmerso en un campo de radiacién, podemos
saber si se encuentra en el estado excitado o en el fundamental en funcién de si hemos medido o no un
fotén en el bafio. Debido a que el resultado de esta medida es estocdstico, si repetimos el procedimiento
sucesivas veces (ya sea desde una misma condicién inicial o desde un conjunto de ellas), obtendremos
un conjunto estadistico de trayectorias. EIl promedio sobre el mismo nos permite obtener el resultado
tradicionalmente obtenido por la ecuacién maestra para el operador densidad reducido del sistema, esto
es, un decaimiento exponencial de la probabilidad de ocupacién del estado excitado. Este esquema tiene
como principal inconveniente el que sé6lo es aplicable a sistemas cuya interaccién con el bafio es de tipo
Markoviano, es decir, aquellos en los que la escala temporal de relajacién del entorno es mucho menor que
la del sistema.

Al segundo esquema de proceso estocdstico, que da lugar a una ecuacién de Schrodinger continua y
difusiva, corresponde el llamado método de difusion del estado cuantico (QSD), propuesto por Gisin [83]
y mds tarde desarrollado también por Percival [88], y que permite, a diferencia de los saltos cudnticos, generar
ecuaciones estocasticas aptas para el caso en el que la interaccién con el bafio sea tipo no-Markoviano. En
el caso Markoviano en el que es posible establecer medidas continuas sobre el entorno sin alterarlo, las
trayectorias difusivas corresponden al resultado de experimentos de deteccién homidinica y heterodinica
[93, 94].

Es de sefialar que las ecuaciones estocdsticas de Schrodinger difusivas, pasando a imagen de Heisenberg,
dan lugar a ecuaciones estocasticas de evolucién de operadores. Calculando por ejemplo la ecuacién de
evolucién del operador posicién de una particula cudntica sometida a movimiento Browniano, obtendremos
el equivalente cudntico de la ecuacién de Langevin.

En este estudio se empleardn ecuaciones estocdsticas de Schrodinger obtenidas en el marco del método
de difusion del estado cudntico y se aplicaran al caso mas general no-Markoviano.

18.3.2 Capitulo 5: Valores medios cuanticos de un sistema con interaccion
no-Markoviana

En el anterior capitulo se discutieron las distintas derivaciones de ESS que aparecen en la literatura, tanto para
interacciones Markovianas como no Markovianas, asi como la interpretacion de las primeras en términos
de medida continua. En este capitulo se particulariza a las ESS no-Markovianas derivadas por el método de
proyeccién de Feshbach [1, 37], asi como las derivadas a través de los propagadores reducidos cuando éstos
son considerados como estocasticos [3, 4, 41].

La motivacién del capitulo es doble: Primero, estudiar y comparar las distintas ESS existentes en la
literatura, con el objeto de probar su equivalencia con la ecuacién maestra, asi como su eficiencia. Tal
eficiencia tiene que ver con el nimero de trajectorias necesarias para, a través del promedio estocdstico,
obtener el operador densidad reducido, asi como con el tiempo empleado en la integracién de cada una de
las mismas. Segundo, emplear el propagador reducido para derivar ecuaciones maestras correspondientes a
distintas condiciones iniciales.

Acorde con estas dos metas, el capitulo se divide en dos Secciones

En la Seccién (5.1), se estudia la evaluacién de promedios cudnticos a través de un sampleo numérico
de las distintas trajectorias estocdsticas. Pese a no existir por el momento ninguna interpretacién de las
EES no-Markovianas en término de experimentos de medida continua, su utilidad no solo est4 relacionada
con dicha interpretacién. Incluso no dando ninguna interpretacion fisica al estado que se evoluciona, la
formulacién de trajectorias estocdsticas constituye una herramienta eficiente desde el punto de vista numérico
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en comparacion con las ecuaciones maestras. Dicha eficiencia depende de dos factores principales: 1) que
el nimero de grados de libertad del sistema sea grande, y 2) que el muestreo de la EES sea bueno, de
forma que solo sea necesario un nimero pequefo de trajectorias estocdsticas para efectuar los promedios.
El primer factor es intrinseco al sistema particular que se estudie, mientras que el segundo depende del
modelo de ecuacién estocéstica elegido. En esta primera Seccidn tratamos de responder a la pregunta de
cual es el modelo de ecuacién que mejora el muestreo, y cuando dicha mejora es suficientemente significativa
como para decidirse por tal modelo. Estudiando en particular un modelo spin-boson, encontramos que la
temperatura del medio es un factor fundamental que considerar a la hora de seleccionar el modelo adecuado
de EES, ya que dicha temperatura altera de manera significativa la distribucion de estados del sistema y, por
tanto, la estadistica del ruido.

En la Seccién (5.2), nos centramos en el uso de los propagadores reducidos para calcular valores medios
a través de la ecuacion maestra del operador densidad reducido. Tal y como fue introducido en el Capitulo
(2), cuando el promedio de los propagadores reducidos no se hace mediante el método estocdstico sino
analiticamente, dichos propagadores pueden ser empleados para derivar ecuaciones maestras. Seflalamos a
continuacion dichas condiciones iniciales, asi como las correspondientes ecuaciones,

e Elsistema y el entorno estdn inicialmente decorrelacionados, de modo que

prot(to) = ps(to) ® ps(to). (18.3)

Se consideran aqui dos casos para la matriz densidad del bafio, pp correspondiente al estado del
vacio, y pp correspondiente a un estado termal. La ecuacién maestra correspondiente al primer caso
ya habia sido obtenida en la literatura mediante el promedio analitico de propagadores reducidos. Sin
embargo, la segunda ecuacién no habia sido obtenida mediante dichos propagadores, sino a través de
un procedimiento distinto [54]. La razén es que cuando el bafio es térmico se precisa el propagador
reducido en el que el estado inicial no es el vacio, objeto que como hemos dicho es introducido por
vez primera en este trabajo.

e El sistema y el entorno estdn inicialmente correlacionados,

Ptot (tO) = Ps (tO) ® pB (tO) + pcorrel(to)a (184)

donde el dltimo término p..r¢; corresponde a una cierta correlacion inicial. En estas circunstancias
es de nuevo precisa la utilizacién de un propagador reducido en el que el estado inicial el bafio no sea
el vacio. Gracias al mismo, y a través de un promedio analitico, derivamos la ecuacién maestra que
evoluciona el operador densidad reducido.

18.4 RESUMEN DE LA PARTE lll: FUNCIONES DE CORRELACION MULTITEMPORALES

18.4.1 Capitulo 7: Introduccidon y motivacion

Hay situaciones en las que los valores medios de los observables del sistema no son suficientes para describir
las caracteristicas esenciales de su comportamiento fisico. Podemos encontrar ejemplos de ésto en fisica
estadistica y en espectroscopia, campos en los que se estudia la respuesta del sistema a un campo magnético
externo.

En este capitulo motivamos el uso de las funciones de correlacién mdltiples en el campo de la éptica
cudntica, y lo hacemos con dos ejemplos diferentes. En primer lugar, las correlaciones a dos tiempos del
campo electromagnético emitido por el &tomo son necesarias para el estudio de sus propiedades espec-
troscopicas. Mostrando cudl es la relacién de dicha correlacion con la correlacion de operadores del sistema
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para el caso no-Markoviano, vemos que el espectro puede ser calculado a través de dichas correlaciones.
En segundo lugar, las funciones de correlacién a dos tiempos del niimero de fotones emitidos permiten
la descripcion de un efecto pliramente mecano cudntico, que es el denominado anti-bunching foténico.
Dichas correlaciones pueden ser expresadas en funcién de una correlacion a cuatro tiempos de operadores
del sistema, lo que muestra nuevamente la utilidad de una teoria para el cdlculo de funciones de correlacion
multiples.

18.4.2 Capitulo 8: Jerarquia de FCM non-Markovianas

Se deriva en este capitulo la jerarquia de ecuaciones que obedecen formalmente las funciones de correlacién
muiltiples no-Markovianas cuando no se establece ninguna aproximacién. Se emplean dos métodos distintos
en el desarrollo de dichas ecuaciones: el primero, descrito en la Seccién (8.1), estd basado en utilizar
propagadores reducidos del sistema, mientras que el segundo, explicado en la Seccion (8.2), estd basado en
el uso de las ecuaciones de Heisenberg de operadores del sistema.

La estrutura jerdrquica consiste en lo siguiente: la ecuacidn de evolucion para funciones de correlacion
de un tiempo (es decir, promedios cudnticos), depende de funciones de correlacién a dos tiempos. Y mads
aun, la ecuacidén de evolucién de dos tiempos depende de funciones de correlacién de tres tiempos. Lo
mismo ocurre con la ecuacién de evolucién de correlaciones a tres tiempos, que depende de funciones de
correlacion a cuatro tiempos. En resumen, la evolucién de funciones de correlacion no-Markovianas de
N-tiempos de operadores del sistema depende de funciones de correlacién de N + 1-tiempos cuando no se
ha efectuado ninguna aproximacion.

La jerarquia solo ocurre en interacciones de tipo no-Markoviano, puesto que desaparece cuando la funcién
de correlacién del bafio, «(t), es proporcional a una delta, como es propio de un bafio Markoviano. Un
uso practico de las ecuaciones de evolucién de funciones de correlacién multitemporales pasa por romper la
jerarquiay eliminar la dependencia con funciones de correlacién de orden superior mediante el uso de alguna
hipétesis. Esta idea es llevada a cabo en el siguiente capitulo, en el cual se considera una aproximacién de
acoplamiento débil hasta segundo orden en el pardmetro de acoplamiento.

18.4.3 Capitulo 9: FCM no-Markovianas hasta segundo orden en el parametro
perturbativo

Se presentan en este capitulo tres métodos distintos para derivar las funciones de correlacién multitemporales
hasta segundo orden en el pardmetro perturbativo.

El primero, descrito en la Seccién (9.1), es esencialmente numérico, y consiste en hacer el promedio
al conjunto de distintas trajectorias estocdsticas. Estas trajectorias se obtienen empleando la ecuacién a
segundo orden del propagador reducido (7.50), en la cual O(z;412},t,7) = Vi, L.

Los otros dos métodos consisten en derivar el conjunto de ecuaciones diferenciales que obedecen las
FCM: En la Seccién (9.2.1) se obtiene dicho conjunto haciendo una expansién perturbativa del propagador
reducido, y luego realizando el promedio analitico sobre las variables medioambientales 2,41 y 2;. En
la Seccidn (9.2.2), se presenta un tercer método consistente en aplicar la hipdtesis perturbativa a segundo
orden a la jerarquia de ecuaciones de evolucion derivada en el anterior capitulo. Como ya hemos notado,
para utilizar la jerarquia de ecuaciones computacionalmente, y no solo como una derivacién formal, debe
romperse la dependencia con correlaciones de érdenes superiores. En este capitulo hacemos esto empleando
una hipétesis perturbativa a segundo orden diréctamente en la correlacion a tiempo N que queremos calcular,
de modo que desaparece su dependencia con correlaciones a tiempo N + 1.
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18.5 PARTE IV: DINAMICA DE UN SISTEMA DE DOS NIVELES EN UN MATERIAL DE
BANDA FOTONICA

18.5.1 Capitulo 11: El modelo

Cuando la luz penetra en un medio con diferente indice de refraccidn, puede ser reflejada y refractada.
Mientras que la luz reflejada regresa a través del medio incidente, la luz refractada penetra a través del nuevo
medio y sufre un cambio de velocidad, el cudl a su vez es responsable de una variacién en su direccién de
propagacién. La luz que atraviesa un medio homogéneo en el que no hay variacién del indice de refraccién
no serd ni reflejada ni refractada en ninguna direccion.

Supongamos ahora que construimos un material en el que el indice de refraccién varia solo en una
direccién. En ese caso, solo la luz que se propaga en esa direccion serd reflejada y refractada. Considerando
ademads que el cambio en el indice de refraccién es periddico, el proceso de reflexion se repetird cada vez
que la luz sufre un nuevo cambio en el indice de refraccion. Este tipo de materiales puede ser construido
alternando capas de alto indice de refraccion y de anchura a con capas de bajo indice y anchura b. Gracias a
la periodicidad, los rayos de luz son reflejados de forma coherente, produciéndose entre ellos fenémenos de
interferencia. Un maximo en la reflexién se forma cuando los rayos reflejados interfieren constructivamente,
lo que ocurre cuando se verifica la condicién de Braag [110].

Para aquellos rayos que penetran perpendicularmente a las capas (esto es, en la direccién de cambio del
indice de refraccién), la condicion de Braag estd dada por

2a = Mo, (18.5)

donde )\ es la longitud de onda del vacio. Los rayos de luz que penetran perpendicularmente a las capas, y
cuya longitud de onda esté dada por la relacién anterior, son reflejados y no aparecen en el cristal foténico.
Esto da lugar a la formacién de un gap en la densidad de estados fotdnica correspondiente a las frecuencias
de los modos reflejados.

Siguiendo un procedimiento andlogo al anteriormente descrito, es posible fabricar un gap 3D generando
una estrutura dieléctrica periéndica en las tres dimensiones. De este modo, la luz que incide en el material
con una frecuencia relacionada con la periodicidad de 1a red es reflejada fuera del cristal independientemente
del dangulo de incidencia.

Este tipo de cristales son conocidos como materiales de banda foténica (también cristales foténicos), y
fueron inicialmente propuestos por John y Yablonovitch [12, 13, 111] como medios para localizar y atrapar
la luz en un material [13], y para producir la completa inhibicién de la emisién espontdnea a lo largo de un
amplio rango de frecuencias [12].

Otra forma de entender la estructura de bandas de un cristal fotonico es considerandolos como el andlogo
optico de los cristales semiconductores para electrones. En lugar de una red de dtomos peridédicamente
ordenada que refleja a los electrones modificando su relacién energia momento, un material foténico esti
compuesto de una red periddica en el indice de refraccion. En cristales semiconductures, los autovectores
del electrén en presencia de la red periddica difieren de aquellos propios del vacio, de modo que para ciertos
autovalores no existe un autovector correspondiente. Del mismo modo, en un cristal foténico existen ciertos
valores de frecuencia para los que no hay un vector de ondas o modo del campo correspondiente. De esta
forma, la relacién entre ambas magnitudes, también conocida como relacién de dispersion, presenta una
estructura especial en la que las bandas de frecuencias permitidas (para las que si existen modos del campo),
estan separadas por bandas de valores de frecuencia prohibidos o gaps.

Como ya se ha mencionado, la densidad de estados del campo de radiacion presenta regiones de frecuencia
en las que es cero, correspondientes a los gap, separadas por zonas donde es no nula, correspondientes a
las bandas, en las que puede llegar a tener valores incluso mds altos que en el vacio. Ademds, la densidad
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de estados foténicos varia rapidamente en el borde del la banda que limita con el gap, lo que implica que
el tiempo de correlacion de las fluctuaciones del vacio no es despreciable en comparacién con la escala de
evolucion temporal del sistema. Este factor hace inapropiada la aproximacién Markoviana habitualmente
empleada en Optica cudntica. La dindmica de un 4tomo excitado con frecuencia de resonancia cercana al
eje del gap presenta algunas caracteristicas particulares, que incluyen la inhibicién de la emisién espontdnea
[112], una fuerte localizacién de la luz [13], la formacién de estados enlazados atomo-fotén [113] y la
inversion atomica en el estado estacionario [114].

Los materiales de banda fotdnica han atraido una atencién considerable tanto entre cientificos como entre
ingenieros, debido a sus muchas posibilidades y aplicaciones. En este trabajo, nos ocupamos en particular
de dar una descripcidn teérica de algunos de los aspectos de la dindmica de un dtomo de dos niveles en tal
tipo de materiales, incluyendo alguno de los efectos arriba mencionados. Para ello aplicaremos algunas de
las ecuaciones dindmicas desarrolladas en las Partes (IT) y (III) a tal sistema.

Comenzamos generando un modelo para describir el sistema. En el Capitulo (1) ya fueron obtenidos el
Hamiltoniano de un 4tomo de dos niveles en contacto con un campo de radiacidn, asi como las dependencias
de las constantes de acoplamiento g,. También se mostré que la funcién de correlacién del entorno «(t — 7)
puede ser construida con el conocimiento de tales constantes y de las frecuencias del correspondiente
oscilador arménico w)y. Entre otros factores, las g, dependen de la relacién de dispersién del campo. En
este capitulo se propone un modelo particular para la relacion de dispersién del campo en un material de
banda foténica, y se sigue el modelo de derivacién microscépica propuesto en la Seccién (1.3.1.1) para
generar la funcién «(t — 7) caracteristica de tal tipo de campo. Tal y como se ve a lo largo de la tesis,
dicha funcion es basica, ya que forma parte de todas las ecuaciones dindmicas que evolucionan tanto valores
medios como funciones de correlacién multitemporales de un sistema cudntico abierto. En la literatura
han sido propuestas anteriormente algunas funciones de correlacién del entorno [42]. No obstante, todas
ellas presentan el problema de ser singulares en el origen, lo que las hace inapropiadas para generar el
ruido z; tal que el promedio de su autocorrelacién, M[z:z¥] = a(t — 7). La funcién de correlacién que
nosotros proponemos captura gran parte de los aspectos fisicamente relevantes de las ya existentes, y ademds
describe con mayor precision que éstas el comportamiento a tiempos cortos. Por esta razén, no presenta una
singularidad en el origen, siendo entonces apta para la generacién del ruido que nos permite el empleo de
un esquema estocatico.

18.5.2 Capitulo 12: Promedios cuanticos y fluctuaciones.

Estudiamos ahora la dindmica de los valores medios, emplando una ecuacién de Schrodinger estocéstica.
Con el objeto de verificar la validez de la formulacién estocastica, estudiamos algunos de los fendmenos
fisicos que ocurren en un dtomo dentro de un material de banda foténica, como por ejemplo la aparicién de
poblacién residual en el estado excitado a tiempos largos, el estado enlazado 4tomo-fotdn, y la inversion de
poblacién que ocurre cuando ademas se le aplica al d&tomo un campo laser externo [6, 42].

Ademais de la ecuacidn estocdstica, estudiamos las dos ecuaciones maestras perturbativas hasta segundo
orden que fueron presentadas en el Capitulo (5): laecuacién convolucionaday la ecuacién no convolucionada.
Mostramos que ésta ultima, que ademds es la que se ha empleado en estudios previos, no preserva la
positividad para determinados valores de los pardmetros empleados, mientras que la no convolucionada
preserva por construccion la positividad.

Finalmente, estudiamos algunas fluctuaciones del d&tomo de dos niveles. Tal y como se traté en el
Capitulo (III), estos resultados podrian servir como punto de partida para el calculo del espectro de emision
de dicho 4tomo. Del mismo modo, se podrian calcular funciones de correlacién a cuatro tiempos, con
el objeto de observar efectos como el anti-bunching foténico. Como hemos mencionado anteriormente,
estos dos fendmenos (espectro de emision y anti-bunching) han sido ampliamente estudiados para el caso
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Markoviano, pero no para interacciones no-Markovianas. Nuestro trabajo, por tanto, resulta un punto de
partida prometedor para futuras investigaciones.

La formulacién que presentamos en esta parte de la tesis para describir 4&tomos en materiales de banda
foténica puede ser extendida para el estudio de sistemas mas complejos, como por ejemplo dtomos de mas
de dos niveles inmersos en estruturas foténicas mas complejas. Una formulacién estocéstica como la que
hemos empleado resulta especialmente interesante para tratar atomos de mas de dos niveles, puesto que
como se ha explicado anteriormente la mejora computacional de dicha formulacion respecto a la ecuacién
maestra resulta especialmente significativa cuando aumentan los grados de libertad del sistema en cuestion.

18.6 CONCLUSIONES

Hemos estudiado y derivado las herramientas necesarias para describir un sistema abierto no-Markoviano
acoplado linealmente a un entorno de osciladores arménicos. Como ejemplo, hemos aplicado las ecuaciones
a un dtomo acoplado dipolarmente al campo de radiacién existente en un CF. Recogemos aqui algunos de
los resultados y conclusiones principales de esta tesis, tratando de dar una visién global del trabajo.

e Comenzamos introduciendo el propagador reducido, que evoluciona el estado del sistema condi-
cionado a un estado inicial y final del entorno. El propagador reducido es el elemento de matriz
del operador de evolucién del sistema total en la base de estados coherentes Bargmann del entorno.
Tanto el operador densidad reducido, como las FCM del sistema pueden ser expresados como un
promedio Gaussiano de propagadores reducidos, que es realizado sobre los estados inicial y final del
entorno. El promedio se puede efectuar de dos maneras: Primero, numéricamente, considerando un
muestreo Montecarlo de la suma, de modo que los propagadores reducidos se convierten en propa-
gadores estocdsticos. Con este método el operador densidad reducido y las FCM se obtienen evolu-
cionando diversas trajectorias estocdsticas, y luego efectuando una suma sobre las mismas. Segundo,
analiticamente, lo que permite la obtencién de las ecuaciones de evolucién del operador densidad
reducido y de las FCM.

e Hemos estudiado el muestreo de distintos modelos de EES para obtener el operador densidad reducido.
Mostramos en particular que las ecuaciones EES de tipo no lineal, que se caracterizan por tener una
distribucién dindmica para el ruido, presentan una mejora en el muestreo sélo cuando la temperatura
ambiental es lo suficientemente alta. La razén de ello es que es en dichas condiciones cuando la
funcién de distribucion de los estados del entorno, que coincide con la funcién de distribucién del
ruido, evoluciona considerablemente debido a la interaccion.

e A continuacién, se ha empleado el propagador reducido para derivar distintas ecuaciones maestras a
través de un promedio analitico. El resultado novedoso de esta tesis es el desarrollo de una extensién
del teorema de Novikov para realizar tal promedio con propagadores en los que la condicién inicial del
entorno no es el vacio. Gracias aello se ha derivado una nueva ecuacién maestra que, en contraposicién
a las ya existentes, es apta para la descripcion de problemas en los que el medio y el sistema cudntico
no estan inicialmente decorrelacionados.

e Hemos elaborado una teorfa de funciones de correlacién multitemporales no-Markovianas. Al ser
éste uno de los resultados principales de la tesis, especificaremos mds detalladamente los logros
concernientes al mismo.

— Comenzamos motivando el problema con la presentacion de dos posibles aplicaciones de las
FCM en 6ptica cudntica: el cdlculo del espectro de emisién atémico (relacionado con una



CONCLUSIONES 273

funcidén de correlacién a dos tiempos de operadores del entorno), y el célculo de la estadistica
de fotones (relacionado con una funcién de correlacién a dos tiempos de los operadores del
entorno, pero temporalmente ordenada). Sefialamos la relacién entre funciones de correlacién
de los operadores del entorno con funciones de correlacion de los operadores del sistema para
el caso no-Markoviano. Tal derivacién solo existia, en nuestro conocimiento, para el caso
Markoviano.

— Derivamos la ecuacion de evolucion de las FCM empleando dos métodos: un primero basado
en el uso de propagadores reducidos, y un segundo basado en en el uso de las ecuaciones de
Heisenberg. Se muestra entonces que cuando no se emplea ninguna aproximacion, las ecuaciones
de evolucién de las FCM se encuentran organizadas en una jerarquia, de modo que la evolucion de
funciones de correlacién de N tiempos depende de funciones de [V +1 tiempos. La jerarquia solo
tiene uso formal, pues para ser empleada computacionalmente ha de romperse dicha dependencia.

— Rompemos la jerarquia mediante el uso de una aproximacién perturbativa hasta segundo orden
en el pardmetro de acoplamiento, obteniendo ecuaciones para funciones de correlacién de N
tiempos.

— EI hecho de que las funciones de correlacion temporales no-Markovianas obedezcan a una
estructura jerarquica cuando no hay aproximacién, muestra ya que el teorema de regresion
cudntico no es un resultado exacto para tal tipo de interacciones. No obstante, al derivar el
conjunto de ecuaciones para FCM hasta segundo orden perturbativo, comprobamos que tampoco
con dicha aproximacién se cumple el teorema de regresion. Ademds, podemos expresar las
ecuaciones de modo que queden explicitos los términos que hacen que dicho teorema no se
cumpla, mostrandose asi que, para el caso Markoviano, dichos términos desaparecen.

— La teoria y procedimientos formulados se extienden en un Apéndice a funciones de correlacién
con ordenacién temporal, las cuales son necesarias por ejemplo para el computo de estadistica
de fotones. Dichas funciones corresponden ademads a experimentos de medida continua sobre
el sistema. En general, la teoria puede apliarse para cualquier ordenacién temporal de los
operadores que se correlacionan.

— Asimismo, también la ampliamos para entornos con temperatura T’ # 0, en especial el caso de
funciones de correlacion a dos tiempos. Esto nos permitiria calcular los efectos de la temperatura
en el espectro.

e Finalmente nos centramos en un problema particular, que es el de un d&tomo en contacto con el campo
de radiacion existente en un material de banda foténica. Aparte de sus aplicaciones potenciales, este
sistema es de amplio interés en si mismo ya que por su caracter no-Markoviano presenta fenémenos
fisicos de gran interés. Desgranamos a continuacién algunos de los resultados mds importantes
obtenidos en esta Parte,

— Proponemos un nuevo modelo de funcién de correlacion que describe el comportamiento a
tiempos cortos de un modo mads preciso que los modelos ya existentes. Con dicha funcién de
correlacién generamos el ruido correspondiente, que nos va a permitir emplear EES para el
célculo de los valores medios del sistema.

— Con el esquema estocdtico, estudiamos algunos de los fendmenos fisicos que han sido tratados
en la literatura a través del uso de ecuaciones maestras: poblacién residual del nivel excitado
en el equilibrio, existencia de un estado enlazado atomo-fotén, e inversion de poblacion en el
equilibrio cuando el 4tomo es ademads sintonizado a un ldser externo.
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— Calculamos algunas funciones de correlacion a dos tiempos de operadores del sistema. Dichas
funciones son necesarias para computar el espectro de emisién atémico, lo cual conecta directa-
mente con algunas de las perspectivas que el presente trabajo deja abiertas. Esto se explica con
mds detalle en la siguiente Seccion.

18.7 PERSPECTIVAS

Las dltimas dos Partes de esta tesis, concernientes a FCM y a sus aplicacién a sistemas en contacto
con materiales de banda fotdnica, dejan abierta la posibilidad de computar el espectro de emision y la
estadistica de fotones de dichos sistemas, siempre en el limite de acoplamiento débil.

Resulta especialmente interesante el estudio del espectro de emisién de un dtomo con interaccion de
tipo no Markoviano, ya que éste ha de presentar una forma muy distinta del perfil Lorentziano tipico
de interacciones Markovianas. Puede ser también interesante a la hora de estudiar como dicho caracter
Markoviano afecta al espectro de fluorescencia intermitente de un 4tomo de tres niveles immerso en
un material de banda foténica. Por otro lado, en el estudio de la estadistica de fotones, resulta de
particular interés determinar si también en el caso no-Markoviano existe el efecto de anti-buching que
ha sido ampliamente estudiado en la literatura en sistemas Markovianos.

Dado que hemos derivado formalmente la ecuacion de evolucién de funciones de correlacion a dos
tiempos para sistemas en un entorno térmico, seria igualmente interesante aplicar dichas ecuaciones a
un sistema cudntico abierto en particular. Resultaria de especial interés el computo de cantidades tales
como el espectro de emision, estudiando como éste se ve afectado por la temperatura. También seria
posible derivar las ecuaciones que obedecen las funciones de correlacion a N tiempos, ya que dicho
calculo no presenta ninguna diferencia cualitativa respecto al cdlculo de la ecuacion de funciones de
correlacién a dos tiempos.

Asimismo, atin no ha quedado ain resuelto en la literatura el problema de la interpretacion de las
trajectorias no-Markovianas como resultantes de un experimento de medida. En dichas medidas el
estado del sistema se conoce indirectamente a través de medir el estado del entorno. El problema que
presenta el caso no-Markoviano, es que al monitorizar el entorno, éste sufre una alteraciéon de la que
no se recupera instantdneamente, como ocurre en el caso Markoviano, lo cual afecta a las siguientes
medidas. El tiempo durante el cudl el entorno se ve afectado por la interaccidn, en este caso con el
aparato de medida, no es otro que el tiempo de memoria o tiempo de correlacién. Nuestra propuesta
supone considerar un conjunto de medidas sobre el sistema no-Markoviano separadas por un intervalo
de tiempo escogido como At > 7., lo cual permite que el entorno se recupere entre ellas. Suponiendo
que el estado del entorno haya sido medido sobre una base de estados Bargmann, podemos expresar
el estado después de la misma en funcién del propagador reducido del sistema que va desde el estado
del bafio medido, z;4 1, hasta el estado al que es projectado después, z;. Resulta de especial interés en
este esquema el conocimiento de la ecuacién de evolucién de propagadores que no partan del vacio,
sino de un determinado estado z; 1, ecuacién que ha sido propuesta por primera vez a lo largo de esta
tesis.

Finalmente, las ecuaciones de evolucién derivadas en esta tesis podrian ser utilizadas para calcular
la dindmica de muchos otros sistemas en los que existe interaccién de tipo no-Markoviano, siempre
y cuando éstos esten linealmente acoplados con su entorno. Queda abierta también la posibilidad
de aplicar otras aproximaciones a la ecuacién de evolucién del propagador reducido, asi como a la
jerarquia de FCM.
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