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SISTEMAS ELECTRODINAMICOS CUANTICOS PARA UN LASER:
DESDE LAS CAVIDADES HASTA LAS GUIAS DE ONDAS

La electrodindmica cuantica de cavidades se ha convertido en la herramienta canénica para
el estudio de la interaccion entre la luz y la materia, en particular, en aquellos regimenes en
donde emerge el comportamiento cuantico de la luz, el cual puede estar asociado a aplicaciones
en metrologia o computacion cuantica. En los tltimos anos, una nueva plataforma ha llamado
la atencion de los investigadores, la electrodinamica cuantica en guias de ondas.

Esta nueva plataforma, al igual que el caso de las cavidades, permite el control de la
cooperatividad, es decir, la razon entre el acoplamiento de la materia (emisores) y los modos
del campo electromagnético, y los procesos de disipacién del sistema. Ademads, esta plata-
forma presenta gran flexibilidad para ser implementada con las tecnologias de fibra 6ptica
que han sido ampliamente desarrolladas y adoptadas para distintas aplicaciones. Mas atn,
dichos sistemas presentan interacciones de largo alcance, lo que promueve la aparicion de
fendmenos colectivos como la superradiancia o subradiancia, en los cuales, los modos guiados
del campo electromagnético sirven como medio para generar correlaciones entre los emisores,
potenciando o inhibiendo la emisién.

Este trabajo plantea un modelo de un ladser generado por un sistema electrodinamico
cuantico en guias de ondas. Dicho modelo, describe tanto los componentes del laser, atomos
y campo electromagnético emitido (sistema de interés), asi como también, el reservorio que
consiste en el mecanismo de bombeo y los modos del campo electromagnético no considerados
como parte del sistema de interés. Posteriormente, se describe la dindmica del sistema de
interés a través de las ecuaciones de Heisenberg-Langevin, a partir de las cuales, se estudia
el régimen estacionario de emision del laser. Finalmente, se presentan dos mecanismos para
obtener el ancho espectral de emision. El primer mecanismo considera que el campo puede
ser descrito como su amplitud estacionaria mas pequenas fluctuaciones que seran ignoradas.
Los resultados de este mecanismo muestran que el ancho espectral esta determinado por los
procesos de decaimiento del campo asociados a la guia de ondas, mientras que su potencia
depende del pardmetro de bombeo y la cantidad de atomos que presenta el sistema. El
segundo mecanismo, considera que el campo tiene una forma definida por una amplitud y
una fase, y el ancho espectral estard determinado por los procesos de difusion de dicha fase.
Los resultados de este mecanismo que considera fluctuaciones, muestran dos regimenes de
comportamiento que dependen tanto de los procesos de decaimiento del campo como de los
atomos.
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QUANTUM ELECTRODYNAMICS SYSTEM FOR A LASER: FROM
CAVITY QED TO WAVEGUIDE QED

The Cavity Quantum Electrodynamics system is the canonical tool for studying the in-
teraction between light and matter, motivated by applications in quantum metrology or
quantum computing. In the last years, a new platform is taking importance, the waveguide
Quantum Electrodynamics systems.

This platform, as well as the cavity case, is used to control the cooperativity of the system,
i.e., the rate between the coupling strength of matter (emitters) and the electromagnetic
field modes and the dissipation process of the system. Furthermore, this platform presents
great versatility in connectivity to other systems, such as fiber optics technologies. Moreover,
waveguide QED systems present long-range interaction, promoting collective effects such as
superradiance and subradiance, where the guided modes of the electromagnetic field generate
correlations between the emitters, enhancing or inhibiting the emission.

In this thesis, we present a model of a waveguide QED system laser. This model describes
a system of interest that considers the atoms and the modes of the electromagnetic field of
the waveguide. This system of interest interacts with a reservoir that considers the pumping
mechanism and electromagnetic field modes out of the waveguide. From this model, we derive
the Heisenberg-Langevin equation of the system of interest operator. Finally, we present two
methodologies to study the spectrum of emission. The first mechanism considers that the
electric field is determined by an amplitude defined by the steady-state solution of the bosonic
operator’s mean-field equation and fluctuations. These fluctuations are ignored. The results
of this methodology show that the spectral linewidth is determined by the decay process of
the waveguide, and the power of the emission is determined by the pumping parameter and
the number of atoms. The second mechanism considers that the field is determined by an
amplitude and a phase, and the spectral linewidth is determined by the diffusion process of
the phase. The results of this methodology, which consider the effects of fluctuations, show
two regimes where the spectrum depends on the decay process of the waveguide and the
atoms.
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Roads? Where we’re going,
we don’t need roads.

Dr. Emmet Brown
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Introduction

One of Quantum Optics’s main challenges is manipulating light’s quantum states. To this
aim, it is necessary to control the coupling between the system of interest, e.g., an emitter and
one or several modes of the electromagnetic field, and the coupling of the system of interest
and the reservoir. In particular, when the control of quantum fluctuation enables technological
applications. This tool has been studied in different regions of the electromagnetic field, from
the microwave by Haroche[l] to optical by Kimble[2] and Reiserer et al. [3].

The cavity QED systems are the milestone platforms used to control electromagnetic field
properties[4, 5]. This platform uses mirrors to modify the vacuum modes of the field, indu-
cing preferential interaction between an emitter and a particular mode. The control of this
preferred interaction leads to the observation of phenomena such as the Purcell effect[6]- the
modification of spontaneous emission rates-, photon-mediated interaction, or synchronization
processed between the emitters, which exhibits collective behavior. The cavity QED systems
are the milestone platforms used to control electromagnetic field properties[4, 5|. This plat-
form uses mirrors to modify the vacuum modes of the field, inducing preferential interaction
between an emitter and a particular mode. The control of this preferred interaction leads to
the observation of phenomena such as the Purcell effect[6]- the modification of spontaneo-
us emission rates-, photon-mediated interaction, or synchronization processed between the
emitters, which exhibits collective behavior.

To characterize the ratio between the coupling with these preferred modes compared
with the interaction with the reservoir, a parameter known as cooperativity is defined. This
cooperativity parameter is determined by the coupling strength g, between the preferred
cavity mode and the emitter, the decay rate x, which characterizes the effect of the cavity
walls, and the emitter’s spontaneous emission rate ~.

o= (0.1)

The regime when C' > 1 is known as a strong coupling regime, where the preferred
interaction is larger than the interaction with the reservoir.

In recent years, a new platform known as waveguide QED systems has emerged as a
promising tool to modify the electromagnetic field. A waveguide QED system consists of
an ensemble of emitters that could be coupled to nanophotonic waveguides or microwave
waveguides, where the electric field is confined, increasing amplitude and promoting the
interaction with the emitters. This tool could be designed to control the decay rate between
the guided modes and the free modes. Other promising properties are the presence of long-
range interactions between the emitters mediated by the guided modes|7], as well as the
versatility to be coupled to conventional optical fiber technologies.



Recent research developed in waveguide QED systems has shown technological applica-
tions. For example, the generation of Fock states[8], the generation of multiphotonic states
generated by the collective behavior of the emitters[9, 10], and entanglement between qubits
mediated by waveguides[11, 12].

Coherent interaction between a large number of emitters has been recently studied. Theo-
retical studies predict the emergence of collective behavior, such as the generation of entan-
glement states and collective enhancement or suppression of the emission by superradiance
or subradiance regimes.

This thesis aims to model waveguide QED as a platform of implementation for a laser. In
this model, the waveguide defines the lasing mode, atoms around it act as a gain medium,
and an external optical field enables a pump. Moreover, the main goal is to study how the
presence of collective behavior mediated by the platform affects the properties of the laser,
in particular, the linewidth of the emission.

This thesis is organized into 5 chapters.

Chapter 1, presents fundamental concepts necessary to characterize the behavior of a laser.
We will start presenting theoretical tools of quantum optics and open quantum systems. Then
we will introduce the basic elements of a laser and the canonical example of a model for a
laser in a cavity QED system.

Chapter 2, presents the model developed in this project in order to represent a laser im-
plemented in a waveguide QED system. In this chapter, we will use an open quantum system
approach to describe a total system, which consists of a system of interest and a reservoir.
The system of interest consists of the electromagnetic modes inside the waveguide and the
atoms acting as an active medium. The reservoir considers the pumping mechanism and the
free electromagnetic field modes. At the end of this chapter, we will present the Hamiltonian
of the total system in two cases. A discrete model that could represent a multimodal cavity
QED system. And a continuous model that represents the waveguide QED system will be
used in the following chapters.

Chapter 3, presents the derivation of the equation of motion of the system of interest
operators. In particular, we will use the Heisenberg-Langevin formalism to derive the equation
of motion, which considers the effects of the fluctuation generated by the interaction with
the reservoir.

The last two chapters introduce two different methodologies used to characterize the laser
linewidth of the waveguide QED system.

In chapter 4, we present a methodology to obtain the spectrum of the laser by defining
an electric field as a mean-field term plus fluctuations. The mean-field term will be derived
from the steady-state solutions of the Heisenberg-Langevin equations of motion. At the end
of this chapter, we will study the spectrum of the field ignoring the fluctuating terms.

Finally, in chapter 5, we will present a methodology to derive the spectrum of emission
of the waveguide QED system laser considering the effects of fluctuations. To this aim, we
will derive the equations of motions of the phase of each mode of the electromagnetic field
inside the waveguide, and use it to obtain an expression for the coherence function as the sum
of each mode contribution. At the end of this chapter, we will study the spectrum of this
emission by numerically applying the Wiener-Khintchine Theorem. The numerical results
will be studied in two regimes, which we will call "generalized good/bad cavity regimes".



Chapter 1

Fundamental Concepts

This chapter will present the building blocks necessary to develop a fully quantum me-
chanical model for a laser in a waveguide QED system.

We will start with the description of how light and matter interact with each other.
In section 1.1, we will introduce the basic concept of quantum optics, starting with the
quantization of the electromagnetic field, presenting some states of this quantized field, and
a model of interaction between this quantized field and the quantized matter.

Then, in order to consider that almost all quantum optics systems are not entirely isolated
from their environment, in section 1.2, we will present the open quantum system formalism.
This formalism is used to describe the interaction between a system of interest and its reser-
voir, considered as all other degrees of freedom that are not included in the system of interest.
Moreover, we will present the equation of motion of this system of interest, considering the
effects of the reservoir.

Once we understand the general idea of how an open quantum optics system could be
described, we will focus on the main topic of this thesis, the laser. In section 1.3, we will
present the importance of the laser as a motivation for this work.

Finally, in section 1.4, we will present a model of a cavity QED system of a laser and
a method to obtain the spectral linewidth of the laser emission based on the study of the
effects of fluctuation in the diffusion of the phase of the field.

1.1. Quantum Optics

Quantum optics is the physics area dedicated to studying the interaction between light and
matter, both intrinsically quantum. The quantum nature of matter determines its discretized
levels of energy. When matter interacts with light through absorption or emission[13], it is
called an emitter. There are several types of emitters, such as atoms or molecules, supercon-
ductor qubits, or NV-centers in diamonds[14, 15]. On the other hand, the quantum nature
of light is manifested by quantum fluctuations, which satisfies the Heisenberg uncertainty
principle.

In this section, we will present several quantum mechanics formalisms used to describe the
quantum nature of the electromagnetic field and its interaction with matter. In section 1.1,
we derive the quantization of the electromagnetic field in order to obtain an expression for
the Hamiltonian and the electric and magnetic quantized fields. In section 1.1.2, we introduce
two types of quantum states of the electromagnetic field, the number or Focks states and the
coherent states, each of one in the unimodal and multimodal cases. Section 1.1.3 present the
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generalization of the discrete coherent states to the continuous case, with great importance
in this thesis. Finally, section 1.1.4 present a model to represent the interaction between the
quantized light described in the previous sections and the quantized matter in the dipole
approximation.

1.1.1. Quantization of the Electromagnetic Field

We will consider the Columb gauge conditions V - A(r,t) = 0 to describe the electromag-
netic field, where A is the vector potential that satisfies the wave equation [16, 17].

1 0%A
VA = = —— 1.1
c2 Ot? (1.1)
Then, the electric and magnetic fields in the free space with no sources of radiation are
determined by:

E(r,t) = —Ma(?t) (1.2)
B(r,t) = V x A(r, 1) (1.3)

We will define a cavity of size L with a perfectly reflecting mirror, where L. will be large
compared with the wavelength of the light. The vector potential takes the form of a sum of
plane waves:

A(r,t) = 3 f [Apa(t)e™ + Ap (£)e ] (1.4)

k,s

Where Aj s is the complex amplitude and é; s is a real polarization vector, the index k
and s represent the wavenumber and the two independent polarization, respectively.
The equation (1.1) becomes

d2

%Ak,s + wlek,S =0 (15)
with wy = ck.

Moreover, the electric and magnetic fields take the form:

E(rt) = szkeks [Ak setter—wit) A;Se’i (k= ‘”’“t)} (1.6)
k,s

ZW’f ( >|< T ) [Ak,sei(lz~F_wkt) ) Az,se_i(lzf_wt)} (1.7)



The energy of the field is determined by the following:

1 1
H:f/ <eE-E+B-B)dV (1.8)
2Jv Ho
Where:
/ AV eEERD _ g (1.9)
|4
[ avesE©an v, (1.10)
y

Then, the energy takes the form [17]

1 R A I = A
E(r,t) = 5 DN VI(AsAfy + Af yAks) (€owilhs - rs + 1o K X G- kK X Ep0)

k s,s
—(A. A —2iwt A A* 2wyt 24 A —IE PN 1_{' A
( k,s{l—k,s'€ + k,sl-k s € )(60wkek,$ "ok T o X egs KX e—k,s’)]
(1.11)

If we use the vector product property k x s - k x Ciks = kQék,S - €11, , then the energy
could be rewritten as:

E =33 eVwi(ArAs, + As JArs)- (1.12)
k s
If we introduce the change of variables:

1

Aps = ——= (Wi + 1Pk, 1.13
B /_eoV( Kk + Dk.s) (1.13)
Ab = ————— (Wi — Pk 1.14
k‘,S 2 % /60‘7 ( qu Zpky ) ( )

Where the ¢ and p, could be recognized as the canonical position and momentum varia-
bles. If we replace these variables in the Hamiltonian, it gets the form of a simple harmonic
oscillator:

H=33(p}, +wiis) (1.15)

k,s

DN | —

Promoting the canonical variables to operators, p — p and ¢ — ¢, which satisfies the
canonical commutation relation:



[(jk,sa Qkﬁs’] =0= [ﬁl@saﬁkﬁs’] (116)

[(jk,saﬁk,s] = 7;7:"(516,16’55,5/ (117)

Defining the creation and annihilation operators:

1

ks = W [Wk s + Ds] (1.18)
1
AT A n
), ., = —— |WiQk.s — 1Dks 1.19
T Wk ks — iDrs] (1.19)

which satisfies the canonical commutation relations

[dk,w CALkQS/] =0= [CLLS, al,,s,} = (5167]9/5575/, (1.20)

(s, s o] = O oo (1.21)

Finally, the Hamiltonian operator of the free quantized electromagnetic field:

A R R 1 . 1
H = Z h(.&.)k (O’L,sa’k,s + 2) - Z h/wk (nhs + 2) (122)
k,s

k,s

The last term of the RHS of equation (1.22) is known as zero energy point and is related
to phenomena such as the Casimir effect. In the following sections, we will neglect this term
because it does not affect the dynamics of the systems studies in this thesis.

The quantized electric and magnetic fields take the form:

A

B(r,t) =BT (rt) + B (r 1) (1.23)

B(r,t) = B*(r,t) + B~ (r,1) (1.24)

Where the positive frequency part of the electric and magnetic field:

1
. hoow \ 2 L
Et(rt) =i éhs < K ) Qg g @Rtk T) (1.25)



A — h 5 . g
Bf(rt) =i) kX &, ( ) g g€~ @t (1.26)

1.1.2. States of the Electromagntic Field

From the Hamiltonian of the free electromagnetic field (1.22)

H= Zhwk <ak SOks + 2) Zhwk (nks + ;) (1.27)

k,s

Where 7y, s is the photon number operator of the mode with k wave number and polari-
zation s, with eigenvalues of the form:

ﬁk,s |nk,s> = &L’s&k,s ’nk,s> =MNps |nk,s> (128>
The orthonormal eigenstates |nys) are the photon number states or Fock states of the
electromagnetic field [17].
The state of the total field is the product of the states of each unimodal case.

|nk171’nk1,27nk2,1>nk2,27 > = |n/€1,1> |nk1,2> |nk2,1> |nk272> |n/€371> = |{nk78}> (129)

Another example of electromagnetic field states of essential importance is the coherent
state, denoted by |{a}). Those states are distinguished because they are one of the quantum-
mechanical states with the closest properties to classical electromagnetic waves. In the limit
of strong excitation, the electric field variation of a coherent state approaches a classical wave
with stable amplitude and fixed phase.

In the unimodal case, we could define coherent states in the number states basis:

) = e(~zlel) i(njl;” In) (1.30)

where « is a complex number.
Coherent states are defined as right eigenstates of the destruction operator:

ala) = e 3 3 (nf‘;/g W2 |n — 1) = aja) (1.31)

From the last expression, we could rewrite the equation (1.30).

(aaT=31al) | ) (1.32)




The generalization to the multimodal case is:

|{a}> = |ak1> |ak2> |a1€3> |ak4> - (133>

where {a} denotes the complete set of complex amplitudes for each specific excited mode[17].
It follows that the electric field in the multimodal case could be rewritten as:

B0 {a)) =3 ( Z‘)”fv) " et rR) (a1 (1.34)

The multimode coherent state is an eigenstate of the positive frequency part of the electric
field operator.

Coherent states will play a central role in this thesis. In particular, this work aims to
characterize the emission of a laser, which is determined by coherent state excitation in the
case of single-mode lasers that operate above the threshold.

1.1.3. Continuos-mode Field Operators

This thesis aims to extend the canonical implementation of a laser in a cavity QED system
to a waveguide QED system. The main characteristic of this new platform is that it presents
open boundary conditions. The modes inside the waveguide could be described as continuous
instead of the discrete case, as in a cavity.

To this aim, we will generalize the discrete coherent state, presented in the previous section,
to the continuous case. We will consider a quantization volume V, defined as a transversal area
A perpendicular to the z-direction and a length L — oo in the z-direction. This configuration
defines one-dimensional continuous modes characterized by a wavevector k and a frequency
w, with a mode spacing Aw = 27cL, which tends to zero when the length L tends to infinity.

To obtain the fields operators in a continuous form, we will extend the sum to an integral:

> = Alwfdwk. (1.35)

The continuous-mode creation and destruction operators a(wy) and a'(wy),

ar — (Aw)Pa(wy)  al — (Aw)?al (wp). (1.36)

The generalized continuous-mode commutation relations:

[d(wk), &T(wk/)] = 5(wk — wk/). (137)

Then, the continuous-modes electric and magnetic field operators are:



1

i . hw N —i(wpt—2
B (t) =i [ doy <4MOZA> fwy)e ) (1.38)

. e )2 o
B (z,t) = i/dwk< k3A> a(wg)e Wkt (1.39)

4dmege

Finally, the continuous-modes Hamiltonian is:

j2g / deFionat (wr)a(wr) (1.40)
where we have neglected the vacuum energy.

1.1.4. Light-Matter Interaction

Quantum Optics is the study area of light and matter interaction. Throughout this thesis,
the interaction between the quantized field (described in the previous section) and emitters
(quantized matter) will be restricted to the dipole approximation.

To understand this interaction, we will consider a toy model, which consists of an atom
interacting with one resonant electromagnetic field mode of a cavity. A two-level system
emitter will represent the atom. The free Hamiltonian of the emitter will be expressed in
terms of the pseudo-spin operator, and the bosonic operator will model the free Hamiltonian
of the electromagnetic field on the cavity.

1 1
Hifpee = EthUZ + hwa'a + gﬁw (1.41)

The difference in energy between the atomics levels is hwy = E. — E,, where I, is the
energy of the ground state and F. is the energy of the excited state, and w, is the resonance
frequency of the atomic transition. The w term is the resonance frequency of the cavity
mode. The last term of the equation (1.41) represents the energy of vacuum fluctuation of
the electromagnetic field.

The dipolar approximation assumes that the wavelength of the electromagnetic field mode
is much longer than the characteristic length of the emitter. The interaction Hamiltonian
takes the form:

Hypy=—d-B (1.42)

If the matter is described as a two-level system, the dipole operator d is given by:

d = (0ld[1) (|0) (1] +[1) {0]) = (0] d[1) (0~ + ) =D(0” +07) (1.43)

where 0~ and ot are the rising and lowering Pauli operators and D = (0|d|[1) is the



dipole operator matrix element.
While the resonant electric field mode of a unimodal cavity in the Schrodinger picture is
given by equation (1.25):

1
E:i(Qf:V)Qé(a—aT) (1.44)

Then, the interaction Hamiltonian takes the form:

Hyy= —D-&(o" +07) (& — dT)
= —hg(c"+07)(a—a) (1.45)

o=

where &y =1 ( f ) € and we define the coupling streght g = D - &,.

2¢0V

1.2. Open Quantum System

In quantum optics, it is common to find problems where the system of interest is subject
to dissipation processes; those situations are known as open quantum systems. This section
deals with the dissipation of open quantum systems from the system-plus-reservoir approach,
where the system of interest consisting of only a few relevant degrees of freedom is in contact
with an environment with a very large or infinite number of degrees of freedom. The evolution
of the system of interest could be studied from the Schrédinger picture through a quantum
master equation or the Heisenberg picture using the Heisenberg-Langevin evolutions of the
system operators.

This section is divided as follows. Subsection 1.2.1 presents an apparent inconsistency
between the Heisenberg uncertainty principle with dissipation in quantum systems and how
the role of the environment explains this situation. Subsection 1.2.2 describe the derivation
of a master equation of a damped two-level system. Finally, subsection 1.2.3 studies the same
problem from the perspective of Heisenberg-Langevin formalism.

1.2.1. System-Plus-Reservoir Approach

To understand dissipation in quantum mechanics, we will consider the classical dissipation
treatment in a harmonic oscillator[18].
The classical harmonic oscillator Hamiltonian:

H=_"—+ -—mwq (1.46)

With equations of motion:

i== p=-mwiq (1.47)
m

We will include dissipation through a velocity-dependent force of the form —~vp, and the

10



dissipative equation becomes:

. p
g=— p=—yp— mw2q. (1.48)
m

Or equivalent:

G+ 74+ wg* =0. (1.49)

If we quantize this system by promoting the canonical variables to the operator, p — p
and ¢ — ¢, which satisfy the commutation relation [g, p] = ik, then the equations (1.48)

»
m

G = = —mw?q. (1.50)

However, if we study the evolution of the uncertainty relation:

d A A d AA AA AA AN AA A~
2140 = —(ap — p§) = Gp + Gp — P4 — Dg (1.51)
With a solution,
[4(t), p(t)] = e77[4(0), p(0)] = ihe™"* (1.52)

This situation becomes an inconsistency because of the decay behavior of the uncertainty
principle !. We will consider the fundamental relationship between fluctuation and dissipation
to overcome this misleading.

The system-plus-reservoir approach states that a small system of interest interacts with
a large environment in the thermal equilibrium. This environment exerts a fluctuating for-
ce in the system of interest and induces dissipation. From this perspective, damping is a
consequence of the coupling of the system with its environment.

The equation of motion (1.49) takes the form:

G+7q+wg = (1.53)

F(t)
-
In the harmonic oscillator case, defining a reservoir interacting with the system of in-
terest is necessary. For simplicity, we will consider the that this reservoir takes the form of
another harmonic oscillator. Then, the Hamiltonian of the total system (system of interest
plus reservoir) becomes:

H = hata + hb'b+ ke (a'h + ab') (1.54)

1 This inconsistency is not only valid in the quantum regime. In classical systems, which include dissipation,
it is necessary to consider the effect of the environment through a fluctuation that leads to dissipation.

11



The Heisenberg evolution equation of a and b:

o= — o, H| = —iwa — ikb (1.55)
b= —%[13, A) = —iwb — ia (1.56)
With solutions
a(t) = e “*[a(0) cos(kt) — ib(0) sin(rt)] (1.57)
b(t) = e~ “[b(0) cos(kt) — ia(0) sin(kt)] (1.58)
So, the commutation relation:
[a,af] = [a(0) cos(kt) — ib(0) sin(kt), a' (0) cos(kt) + ib(0) sin(kt)] = 1 (1.59)

The consideration of an environment acting over the damped system through a fluctuating
force introduces thermal fluctuations and preserves the commutation relations.

1.2.2. Master Equation

A closed system is characterized by its states, usually represented by a density operator
defined on a Hilbert space, and a Hamiltonian determines its dynamics. The density operator
evolves by the Liouville-von Neumann equation:

WL (1.60)

In the case of an open system, we will be interested in a subsystem of the more extensive
closed system. The total system consists of a system of interest and its environment or reser-
voir, with states defined in the system and the reservoir Hilbert space[19-21]. The dynamic
is governed by a total system Hamiltonian of the form:

Hpr=Hg+ Hr+V, (1.61)

where Hg is the Hamiltonian of our system of interest, Hg is the reservoir Hamiltonian,
and V is the interaction between the system of interest and the reservoir, each acting in the
system, the reservoir and the product Hilbert space.

The system of interest and the reservoir states are obtained by tracing the total system
state

12



ps = Trglp] and pr = Trs[p]. (1.62)

To obtain the evolution equation of the system of interest density matrix, we will study
the Liouville-von Neumann equation of the total state in the interaction picture

d s ~

L5 = =7 (0). 1) (163

where p = U(t)p(t)Ut(t) and V = U(t)V (t)U(t) are the density matrix of the system of

interest and the interaction Hamiltonian in the interaction picture, with U(t) = eli(fls+Hr),
The solution of the equation (1.63) is:

o) = p(0) — i [ AV (), (1) (1.64)

If we replace the solution in the Liouville-von Neumann equation:

o) =~V (0),50)] ~ [ a7, V(7). 50 (1.65)

Tracing out the reservoir degrees of freedom, we obtain:

o= ATl [V (0, pO)} = Trad [ df V(7). 5(4)) (1.66)

This equation is exact, but now we will take the Born-Markov approximation. The Born
approximation assumes that the reservoir is large compared to the system of interest and
that the coupling is weak. The time dependence of the reservoir could be neglected, and the
total system density matrix takes the form:

pt) = ps(t) @ pr. (1.67)

The Markov approximation considers that the reservoir is in a stationary state with short
correlation times compared with the system of interest time scales. The system of interest
only depends on the present time of the environment, and the changes imprinted in the
reservoir in the past can not return. Then, the memory effects could be neglected.

Finally, the dynamic of the system of interest is described by:

20t = = [ AT V0.7 (¢~ 5).7s(0) ® ) (1.68)

where we have replaced p(t') — p(t), extended the limit of time to infinity since the time

scales of the reservoir is shorter than the system scales tg << tg, and vanished the system-
reservoir correlations.
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If we consider a specific interaction of the form:

V=h> sI; (1.69)

where s; are the system of interest operator defined in the Hilbert space Hg and the T';
are the reservoir operator defined in the Hilbert space Hg.
Then, the master equation takes the form:

0= [ ()

H1A()3;(#)5(t) — 5i(8)p(t') 5 (UL (1) ry  (1.70)

Where the correlation function decay rapidly compare with the time scale of which ps(t)
varies, (I';(¢t)[;(t'))r o< 0(t — t').
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1.2.2.1. Master Equation of the Damped Harmonic Oscillator

A canonical example in Quantum Optics is the case of a quantum harmonics oscillator
(e.g., an electromagnetic field cavity mode) interacting with a reservoir of quantum harmonic
oscillators[18].

The Hamiltonian of the system of interest is

Hg = hwoa'a (1.71)

where wy is the resonance cavity mode frequency, and a and af are the creation and
annihilation operators or system of interest operators defined in H,.
The reservoir Hamiltonian is

HR = Zh&dj?”}T’j, (172>
J

where w; is the frequency of each quantum harmonic oscillator in the reservoir, and r; and
r} are the creation and annihilation reservoir operators defined in Hp.

The interaction Hamiltonian takes the form:

V= Z h (R;GT} + /ijaTrj) =h (aFT + GTF) (1.73)

J

where k is the coupling constant in the rotating wave approximation, and we have defined
=Y, kjr;and I'T = > kA
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Then, the master equation (1.70) in the interaction picture takes the form [18]:

R+ h.c.

= [l {laap(t) — ap(e)ale = O F T
)

Halalp(t) =l pOulle OO )+

Haal plt') — al (e Jale (P T () + e

+alap(t') — ap(t')ale“* DO (H)) g + hec.}.
(1.74)

Where the reservoir correlations are defined as:

(CHOTHE)) = Tu(OT;(t))r = 0 (1.75a)
(CHOT(t)) R = > ljl*e i(w;, T) (1.75Db)
(FUOT ) = Sl s, T) 4 1 (1.75¢)

—hw,; /ka

with n(w;,T) = w the mean photon number of an oscillator with frequency wj,

where T’ is the temperature and k£ is the Boltzmann constant, and we have assumed a thermal
reservoir.

If we consider a continuous reservoir, then we need to change the sum to an integral of
equations (1.75) by introducing the density of states D(w). Then, the master equation:

%’5 =— /Ot dr{laa’p(t — 1) — alp(t — T)ale™ (T T (t — 7)) 5 + h.c.
+latap(t — 7) — ap(t — 7)al)e™ (DOt — 7))k + h.c. (1.76)

Where the nonzero reservoir correlation functions are:

(THOT(t — 7)) g = /OOO e“TD(w) |k (w) *i(w, T) (1.77a)

Tt —7))r = /Ooo e “TD(w)| k(W) [P[A(w, T) + 1] (1.77b)

. ~ e—ﬁw/ka
with n(w,t) = T—c—ha/kyT
Considering the Markov approximation (5(t — 7) — p(t)), the master equation could be
rewritten as:
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d

Eﬁ(t) =« (aﬁcfr — aTaﬁ> + 0 (ozﬁaT +a'pa—a'ap — ﬁaaT) + h.c. (1.78)
with
t (o) .
o= / / dwe @O D(w) |k (w)]? (1.79)
0 Jo
t o) .
5= / dt / e~ i@ =0T () |4 (w) |27 (w, T) (1.80)
0 0
Using the expression:
: > —i(wo—w)T . P
lim / dre "o =m0(w —wo) +1 (1.81)
t—o0 Jo Wy — w
where P is the Cauchy principal value.
Then, o and [ take the form:
a = 7D(w)|k(wo) | + ZP/ = 7D (w)|K(wo)|? + A, (1.82)
Wy — W
2
B = 7D (wo) |k (wo)|*7(wo, ) + zP/ Mﬁ(w,t) = D (wo )|k (wo) 2w, t) + 1A
Wy — W
(1.83)
where we have defined A = P [5° W and A" = P [;° W (w, t).
Finally, the master equation of the damped harmonic oscillator:
d , _ N . . . -
%ﬁ(ﬂ —zA[aTa, ol + % (2apaT — aTap — paTa) +n (a,oaT + ana — aTap — paaT>
(1.84)

where we have defined the decay rate v = 2rD(wp)|x(wo)|* and 7 = f(wp, t).
In the Schrodinger Picture, equation (1.84) is usually performed in the Lindblad form

p = —iwplata, p] + 2 (7 + 1)(2apa’ — alap — pala) +

o2

i(2a'pa — aa'p — paa’)  (1.85)
where wj = wy + A.
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1.2.3. Heisenberg-Langevin Equation of Motion

This section will be focused on the description of open quantum systems in the Heisenberg
picture. To this aim, we will study the Heisenberg evolution of the system of interest and
reservoir operators. In order to obtain the dynamic of the system operator considering the
effects of the reservoir.

Motivated by the classical Langevin expression, we will consider that the interaction with
the reservoir induces a fluctuating force on the system of interest expressed by a quantum
noise operator. This fluctuation is responsible for the decay effects.

Based on the Gardiner and Zoller’s work[22], we will consider an arbitrary system of
interest interacting with a reservoir of harmonic oscillators, with a total system Hamiltonian
of the form:

Hy =Hg+ Hp+ Hjp:
(1.86)
Where:
Hp = [ " dwhwbt (w)b(w) (1.87)
Hyy = i [ O:O deor(w) b (w)e — tb(w)], (1.88)

#(w) is the coupling strength, b and b’ are the reservoir operators, and ¢ and ¢ are the
system of interest operators.

Here two main approximations have been considered. The first is the rotating wave ap-
proximation, and the second is the extension of the integral limit from [0, 00| to [—o0, 0]
The first approximation considers neglecting the rapidly oscillating terms.

The Heisenberg equations of the system of interest and the reservoir equation take the
form:

b(w) = —iwb(w) + K(w)e (1.89)

i

h

a =

la, Hs] + /dwﬁ(w){bT(w)[a,c] — [a, c'b(w)]} (1.90)

where a is one system of interest operator of the collection of all ¢ possible system operators.
The solution of the equation (1.89):

. t . ,
b(w) = e~ t=0)p, () + K(w) / e~ =) e(t)dt! (1.91)

to

where by, is b(w) at time .
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When we replace the solution (1.91) in the equation (1.89):

R
/dw /t: dtHQ(w>{eiw(t_t/)CT(t’)[a’ c] _ [% CT]ei“’(t_tl)c(t’)} (1'92)

la, Hg| + /dwm(w){ei(t_t(])bto (w)[a, ] — |a, ct]e_iw(t_t())bto (w)}

Now, we will consider the first Markov approximation, where the coupling k(w) = /7/2m,

and defining b;,, = ﬁ [ dwe=#(t=10)p, (w) which satisfies the commutation relation [by, (), b} (¢')] =

5(t—t').

Then the quantum Langevin equation takes the form:

i —ylo ) - /Z a,] [ due™ 0=y, () + \/Z [ dwem =0, (w)a, d

o, (27) CdtS(t — )e(t) + ( il ) / "5(t— e (¢)a, (1.93)

s to 27T to

l

i ==l Hs] — [a,c1) (VA (®) + Je)) + (VAL + 360 lad  (19)

1.2.3.1. Heisenberg-Langevin Equation for an Harmonic Oscillator

In the previous section, we studied the canonical damped harmonics oscillator immersed
in a reservoir of harmonic oscillators in the Schrodinger picture. This section will study the
same system in the Heisenberg picture based on the work developed by Meystre[23].

As in section 1.2.2.1 , we will consider the total Hamiltonian of the form:

HT = HS + HR + Himg = hbdoCLTa + Z FLCL)]"I“;[T]' + Z h (/ﬁ;ar;[ + erjaT> (195)
J J

Where a and a' are the system of interest bosonic operators, » and r are the reservoir
bosonic operator, and x; are the coupling strength between the system mode and the j-mode
of the reservoir.

The Heisenberg equations of the system of interest and the reservoir operator are:

a(t) = —;[a, Hrp] = —wpa — ZZ KT (1.96)

J

(1) = —;[rj (1), Hy) = —itw;r;(t) — irat) (1.97)

The solution of the equation (1.97) is:
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. t . /
ri(t) = rj(te)e @i t=t0) ik dt' e~ (t=1) (1.98)

to

We replace the solution in the Heisenberg equation of the system operator Heisenberg
equation (1.96):

a(t) = —iwpa — ZZH]TJ to)e wilt=to) Z |54 / dt'a(t')e~it=t) (1.99)
Defining the slowly varying system operator:

A(t) = a(t)e™" (1.100)

which satisfies the commutator relation [A(t), AT(t)] =1
The evolution of this slowly varying operator is:

= —ZZHJTJ ~i(wj—wo)(t—to) Z]/ﬁﬂ / dt’ A(t) e~ wimwo)(t=t) (1.101)

From the expression, we could define the noise operator:
= —zzwj to)e!(wimwo)(t=to) (1.102)

where (F(t)) = 0 and (FH(t)F(t)) = o(t — ).

Now, we will consider the approximation A(t') — A(t), because the exponential term in
the integral evolves rapidly compared with the slowly varying operator, and we will extend
the limit of the integral to infinity. Then, the last term of the equation (1.101) becomes:

t ) )
Zlﬁ]' / A A(t)em 007 = A(t)ZIFLjIQ/tO At e—i(ws—w0)(t—t)
J
B A(t) /oo dij(wj)l/‘ﬁ(wj)P/oo At e~ wo—w;)t’
= A(t) </°° dwD(wj) | (w;) 70 (w; — wo ﬂp/ o

_ gA(t) +¢P/_°:O dw; Fd(wj)‘%A(t)

where D(w;) is the density of states, we have used the relation (1.81) and defined the
decay rate k = 27D(wp)|x(wo)|*.
Then, we obtain the Heisenberg-Langevin equation:
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At) = —%A(t) +F(t) (1.104)

where we have neglected the principal value.

1.3. Laser

At the beginning of the XX century, Einstein published his paper “On the Quantum
Theory of Radiation,"[13] where he explained the mechanisms of light-matter interactions
and established the basic ideas of revolutionary technology, the laser. Since its first imple-
mentation in 1960 by Maiman [24], the laser has become one of the most versatile tools with
many technological applications, such as in industry, science, and even art. Some of the most
remarkable applications are related to Nobel Prize ideas. In 2018 the Nobel Prize in Physics
was awarded to Arthur Ashkin, Gerard Mourou, and Donna Strickland “for groundbreaking
inventions in the field of laser physics,” such as “optical tweezers” and “the generations of
high-intensity ultra-short optical pulses” [25]. While in 2017, Kip Thorne, Rainer Weiss, and
Barry C. Barrish won the Nobel Prize in Physics “for decisive contribution to the LIGO
detector and the observations of gravitational waves.”[26] Another important application in
science is the atomics clocks, where the laser’s linewidth must be narrow to guarantee the
best performance of the clock. This work will be focused on this property, the linewidth, and
how we could manipulate the electromagnetic field to satisfy this narrow condition. In par-
ticular, we will study the waveguide QED system platform as an extension of the canonical
case of a cavity QED system developed by Maiman in 1960.

1.4. Linewidth of a Cavity QED Laser

This section is based on the work developed by Minghui[27] and Meiser[28] and uses the
same notation as those references. We present this model as a canonical example of a laser on a
cavity and as an example of a methodology to obtain the linewidth of the laser using quantum
electrodynamics tools applied to the case of a unimodal cavity. In the following chapters, we
will extend this methodology to the case of a waveguide, where the main challenge is the
extrapolation of the QED tools used in this section to the multimodal system.

This section is divided as follows. Section 1.4.1 presents a cavity QED system, the Hamil-
tonian, the master equation, and the Heisenberg-Langevin equations of motion of the system.
Section 1.4.2 studies the semiclassical limits of the system equations and obtain the steady-
state solutions in the mean-field. Section 1.4.3 presents a methodology to obtain the laser
linewidth based on a fully quantum mechanical description and the study of the first-order
coherence function.

1.4.1. Model of a Laser on a Cavity QED system

Based on the work of Minghui[27], we present a quantum electrodynamics description of
a system of interest that consists of an ensemble of atoms inside a cavity. Those atoms are
modeled as two-level systems of the same resonance frequency w,. The electromagnetic field
inside the cavity is represented as one quantum harmonics oscillator of frequency w.. Because
of the closed boundary conditions of the cavity, the electromagnetic field has discretized
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energy levels. We will consider that the separation between those energy levels is enough to
guarantee that only one frequency is resonant with the atoms inside its spectral linewidth
[29].

The system of interest evolution is determined by the Tavis-Cumming Hamiltonian.

N g N
= z_j 6507 + hwed ?Zaj + 6,a) (1.105)

As mentioned in section 1.2, almost all quantum optical systems are not isolated, meaning
an open quantum system methodology must be applied. Here we will consider the system-
plus-reservoir approach, where the system described before is coupled to its environment, and
this coupling generates decay and decoherence process. The system-environment interaction
consists of three parts. The first part is the interaction between the ensemble of atoms and
the electromagnetic field modes, except the cavity mode. The second part is the pumping
mechanism; this interaction guarantees the population inversion of the system’s atoms. The
third part is the effective interaction between the cavity mode and all other modes of the elec-
tromagnetic field, which is mediated by the atoms of the cavity wall. Based on the reference
[18], the total system interaction Hamiltonian is described by the equation (1.106).

HI = HY+H*+H”

otal

= (T +aT) + Y h(o;Ti 40/ T5) + > k(07 T7 4+ 0/T7)  (1.106)
J J

where:

rf=3% I{;T} (1.107a)

J
It =>""lrl, (1.107b)

kA

+ ~

7 =3 & ,Ph. (1.107c)

k
where TJT- are the reservoir operators associated with the degrees of freedom of the electro-

magnetic fields modes that could interact with the atoms through spontaneous emission, 7",1’ A

are the reservoir operators associated with the degrees of freedom of the electromagnetic field
modes that interacts with the resonant mode of the cavity through the degrees of freedom
of the cavity walls, and ij . are the operator associated to the degrees of freedom of the
reservoir which characterize the pump mechanism.

The master equation could be deduced from the Hamiltonian (1.106) by the same method
applied in section 1.2.2.
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d 1 N
= il 1.1
5P = - [H. ]+ wL[a]p + Z:: 6 1p+wLlef]p (1.108)

Where &, v, and w represent the different decay rates. The first term, k, is the decay rate
associated with the interaction mediated by the atoms of the cavity walls between the cavity
mode and the other electromagnetic field modes. The v term is the spontaneous emission
rate of the atoms to the modes of the electromagnetic field that are not considered in the
system of interest. The w is the pumping rate related to the incoherent effective process of
population inversion of the two-levels systems.
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|
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Figure 1.1: Diagram of the different decay processes of a laser in a cavity.
Where v, w,x represent the decay rates associated with the spontaneous
emission, pumping, and decay generated by the walls of the cavity.

From the same Hamiltonian 1.106, we could study the system in the Heisenberg picture.
Following the sale procedure of the toy model of the section 1.2.3, applied to the system
operators a. We obtain the Heisenberg-Langevin equations.

jta = —;(n + 21w, — 2iw)a — 7’]\7295*— + Fo (1.109a)
dg-_ 1(F+2m — 2iw)S™ + Yo+ B- (1.109b)
dt 2 2
jtsz = —(w+7) (9 —do) +ig (a'8~ —aS*) + F* (1.109¢)
Where we have defined the collective atomics ladder operators as and S = Z;V 105 /N
and 5t = X, 67 /N, and the collective inversion operator S = X, 6%/N. Here we also

define the generalized single-atom decoherence as I' = w + v and the atomic inversion of a
single atom in absence of a cavity as dy = (w — ) /(w + 7).

Equations (1.109) also consider the definition of the quantum noise operators as a m(t),
which are characterized by a zero mean <F “> (t) = 0, and the second-order correlations
satisfy
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(FH) V(1)) = 2D, (£)3(t — 1), (1.110)

Here, D,, are the diffusion coefficients, which are obtained by the generalized Einstein
relations[30]:

2D = g (1.111a)

2D+ = % (1.111b)

2D~ = % (1.111c)

2D = —Q;V“ (8%) (1.111d)

2D = 2]\7 (8%) (1.111e)

2D~ = ?\}V (§7) (1.111f)

2D = —2]1“[” (87) (1.111g)

2D% = 2]\7(1 +(5%)) + 2];”(1 —(8)) (1.111h)

The master equation and the Heisenberg-Langevin equation consist of a fully quantized
description of the laser system on a Cavity.

1.4.2. Steady state solutions of the Mean Field Equations of a
Cavity QED Laser

To simplify the treatment of the cavity QED system equations of motions, we will consider
a mean-field approximation of the dynamics|[27]. This approximation is applied considering
that the noise terms scale as v/ N, while the expectations values scale as N. Then, taking
the limits of a large number of atoms, the noise terms could be neglected. The equations of
motion take the form of expressions [27, 28].
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d 1 tNg ,_

2300 = —5(/{ + 2iw. — 2iw)ag — — %0 (1.112a)
Lo~ L0 4 2i, — 205 + Das: (1.112b)
700 =5 iwa = 2iw) Sy + 5 aS; .

d e

7% = —(w+7) (S5 — do) + ig (a7Sy — aoS7) (1.112¢)

Studying the steady-state solution of the mean field equations, we obtain an expression
for the atomic coherence and the atomic inversion as:

- 1955 ao
S — 1.113
O (T + 2iw, — 2iw) ( )
. do
S() - 1 + gQ|a0|2 or (1114)

(v+w) T2+ (wa—w)?

The steady-state solution for the bosonic operator equation of motion in the mean-field
must satisfy the condition:

2
(1 - Ng do ) a =0 (1.115)
)2

o S 9 g%lag|? 2r
(ke + 2iwe — 2iw) (I + 2iw — 2iw) 1 4 Lok 20

This expression has two possible solutions to |ag|?. The first solution is the trivial ay = 0,
where there is no lasing behavior, and the second solution takes the form:

lag|? = Y4+ wT + 4(ws — w)? <( doNg* - 1) ‘ (1.116)

g? 2r K+ 2iw. — 2iw) (T + 2iw, — 2iw

This second solution must satisfy the positivity condition of |ag|?, which implies that the
rotating frequency takes the form w = % If we take the limit when |w, —w,| << K+T,
the equation (1.116) takes the form

5 (w4 (doNg?
~ -1 = —1 1.117
|aol 242 T no (G ) ( )
where ng = (w;; Z)F is called the saturation photon number, and G = % is the generalized

cooperativity and defines the threshold where the laser works. In this generalized cooperati-
vity is the rate between the system of interest coupling determined by dyN¢? and the decays
process of the cavity x and the atom ~, and is the generalization of the relation (0.1).

1.4.3. Phase Diffusion Linewidth

This section shows a methodology to obtain the laser linewidth by studying the evolution

of the phase of the bosonic operator of the system. This work is based on the references
[27-29, 31].
First, we will consider an ansatz of the form
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a = (ap + 7)e'. (1.118)

In this expression, the field is defined as the product of an amplitude and a phase. If we
neglect the amplitude fluctuation, then the two-times correlation function takes the form(see
section [optics)):

. E-(H)E*T(0 age*ié(t)aoeié(o) a0
- GG

In order to obtain the laser linewidth, we will consider the quantum mechanical equation
of the bosonic operator (1.109a) and differentiate it.

. 1 ) N
im gk D)a— S + — a8 + F (1.120)

Where ' = gﬁ“ — ”VTQF_ + Fe. Studying the resonance case w. = wy and when the

rotating frame frequency satisfy w = %{,“C, we get

. 1 . F A N 2 A, a
i~ —5(r+T)i— fasu TgaSZ+F (1.121)

Replacing the ansatz in the equation (1.121), we could get an equation for the phase
evolution by taking the imaginary part.

b= —;(n+r)$+11m[ﬁ] (1.122)
Qg

Integrating the last expression, we get the solution of phase evolution.

A fo 2 N N\
6(t) — $(0) = M/O at' Il 0 = 2 F] (1.123)

The expression 1.123, depends on the gaussian operators Foand F ~, which satisfy the
relation(see appendix correlation).

(80001} — o=H{B0-00)?) _ ~fan (1.124)

From the relation (1.124), the Appendix A studies the argument of the exponential at the
RHS, and obtain the expression:

(G/dy+1) T 9’k

2G—1) (w+) (mFTP" (1.125)

((d(t) = 6(0))*) =
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Then two-times correlation function takes the form

g(l)(t) _ < i[p(t)—$(0 >
— e 3{0®-0(0)?)
7l((g/d0+1) T g21< >t
— e 2\ 2(6-1) (w+7) (x+D)2 (1126)
From this last equation, we could recognize the spectral linewidth Av
do + 1 r 2
Ay = G/dot D) gr (1.127)

20G—1) (w+7)(k+1)2

This expression could be studied in two regimes. The first regime is known as the "good
cavity regime,"where the cavity decay rate is smaller than the atomic decay rate, i.e., k << T.
In this regime, the emission is determined by the coherence of the light field, where the
equation (1.127) is approximated to the Shawlow-Townes linewidth [32]:

(G/do +1) K K

Av =~ .
YERG 1) w2 Jaol

(1.128)

The second regime is known as the "bad cavity regime,"where x >> I'. In this regime, the
emission is determined by the correlation between the emitters. Then, the equation (1.127)
is approximated to:

(G/dy +1)
2(6-1)

where C'is the cooperativity parameter defined in equation (0.1).

To sum up, this section recapitulates the work developed in references [27, 30, 33| to
present a mechanism to obtain the spectral linewidth of the field in the cavity QED system.
In the following chapters, we will extend this procedure to the case of a waveguide QED
system, where the electromagnetic is not discretized, so the method must be generalized to
the continuous case.

Av ~ Cvy ox Cvy (1.129)
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Chapter 2

Model of a Laser on a Waveguide
QED

This work aims to extend the laser behavior to the waveguide QED system platform.
Waveguide QED systems have become a promising platform for the fundamental study of
light and matter interaction and for technological applications such as quantum metrology,
quantum networks [34, 35|, and quantum computers [36].

This chapter presents a fully quantum mechanical model for a laser in a waveguide QED
system. We will consider a system of interest that consists of a collection of atoms or emitters
interacting with the guided-electromagnetic field modes of the waveguide. This system of
interest is not isolated and interacts with a reservoir, which generates dissipation processes,
so an open quantum system approach must be applied.

We will present a discretized model to represent the interaction of the system and its
reservoir. Then, it will be extended to the continuous case considering that in the limit
where the waveguide is long compared with the characteristic length of the system, the
guided mode could be considered continuous. Finally, from this interaction model, we will
obtain the equations that characterize the dynamics of our system of interest.

This chapter is divided as follows. Section 2.1, presents the total system Hamiltonian.
In section 2.1.1 we will present the system of interest, the atoms and the guided modes,
and their interaction. Then, in section 2.1.2, we will study the interaction of the system
of interest with the reservoir. Section 2.1.2.1 describes the mechanism of pumping and its
Hamiltonian. Section 2.1.2.2 describes the interaction between the waveguide modes and
the electromagnetic field outside the waveguide. Then, section 2.2 presents the discrete and
continuous version of the interaction Hamiltonian which describes the dynamics of our model
for a waveguide QED system laser.

2.1. Open Quantum System Approach

2.1.1. System of interest

As is shown in the figure 2.1, we will consider a waveguide that could be implemented as
an optical nanofiber, a coplanar waveguide in circuits QED or nanophotonic waveguides [37],
which interacts with emitters such as atoms, superconducting qubits, quantum dots, or NV-
centers in diamonds. The strength of this interaction depends on the platform. In the case
of optical nanofibers, the electromagnetic field is confined to a reduced volume promoting an
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increase in the coupling to the emitters through the evanescent field. In the case of circuit
QED, a coplanar waveguide is capacitively coupled with a Josephson junction, which behaves
as an emitter thanks to its not linear behavior.

g(wi)
W
Figure 2.1: Rectangular Waveguide

Those platforms could be represented by a multimodal waveguide (continuous or discre-
tized) that interacts with an ensemble of emitters with a coupling strength of the form:

g(wi) = Dy &, (2.1)

where D is the dipole operator matrix element.

Here we have considered a dipole approximation, which means that the characteristic
length of the emitter is smaller than the wavelength of the electromagnetic field modes
considered. (There are some cases where the dipole approximation is not valid, e.g., giant
atom [38].)

Here, we will consider a system of interest interaction Hamiltonian in the discretized case
as:

H?= Y'h (gZaLaj’ei(“’“’”A)t + gkafake’i(“’“’““‘)t> (2.2)
Gk

This expression could be extended to the continuous case:

H}S = Z / dwih (g*(wk)aT(wk)aj-’e"(“”f““‘)t + g(wk)aja(wk)e’i(“k’wf‘)t>
J

— /dwkh (g* (wk)aT(wk)NS—ei(wk—wA)t + g(wk)NS+a(wk)€_i(wk_“A)t)
(2.3)

Nevertheless, in order to describe a laser, this system of interest could not be isolated.
Moreover, in practical implementations, noise sources are inherent in the systems. We must
consider some incoherent processes, such as a mechanism of population inversion and spon-
taneous emission to modes that are not part of the system of interest.

The following section will describe the total system of the waveguide QED laser platform
and how the reservoir interacts with the system of interest.
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2.1.2. Reservoir

2.1.2.1. Pumping System

This section presents the pumping mechanism, the incoherent process that guarantees the
inversion of the population of the gain of the laser.

A two-level system cannot achieve population inversion because any coherent interaction
saturates the excited state population at N/2, where N is the number of atoms. Then a third
state must be considered to obtain an effective population inversion between the two states of
interest. Figure (2.2) shows the three-level system, its energy levels, the ground, the excited,
and the upper states, and the transition processes between them.

Y“P excited

upper state T~ .

N
Q
W
ground state

Figure 2.2: Diagram of the pumping process. This picture shows a possible
mechanism to obtain population inversion through a three-level atom, ge-
nerating an effective pumping rate w.

The underlying process follows the following stages. A coherent source of light, resonant
with the g — u transition, could populate the upper state. Then, a spontaneous emission
process could generate an incoherent transition between the upper and the excited state.
The effective result is an incoherent process between the excited and upper states, which can
reach the inversion of the population.

Here, we will consider that the degrees of freedom associated with the pumping mecha-
nism could be represented by a Pauli pseudo-spin operators, P+/~/#(w). The advantage of
considering this kind of reservoir is the characterization of a negative temperature reservoir,
promoting population inversion.

The Hamiltonian of the degrees of freedom of the pumping mechanism in the continuous
limits takes the form:

1
HF =5 / dw, i, P* (w,) (2.4)

This expression could be studied in the discrete case:

]' VA
HT = 3 > hwsPs. (2.5)
B
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2.1.2.2. Free Electromagnetic Field

In order to consider the decay process associated with the spontaneous emission of the sys-
tem of interest atoms and the decay process associated with the guided modes decay because
of the interaction with the waveguide atoms, we will define a reservoir of the electromagnetics
field modes outside the waveguide. This free electromagnetic field reservoir will be divided
into two subsystems. First, we will consider those modes interacting with the atoms of the
system of interest. The second subsystem considers those modes that interact with the de-
grees of freedom of the waveguide’s dielectric body, which generates an effective mode-mode
interaction between the guided modes and the modes outside of the waveguide.

The Hamiltonian of this free electromagnetic field reservoir in the interaction picture takes
the form:

Hf = thﬁL@ + 1Y warlr, (2.6)
n «a

where 7, and fL are the degrees of freedom of the electromagnetic field which could interact
with the atoms of the system of interest through spontaneous emission, and r, and 7, are
the operators that represent the degrees of freedom of the electromagnetic field that could
effectively interact with the guided modes through the traced degrees of freedom of the
material of the waveguide.

2.2. The Interaction Hamiltonian of the Total System

This section will present the Interaction Hamiltonian of the total system in the interaction
picture and the Hamiltonian of the system of interest. First, it will be presented in the discrete
case, which could be a model of a multimode cavity. Then, this multimode model will be
extended to the continuous case, which could be the model of the waveguide QED system
Laser.

2.2.1. Discrete Model

The canonical case of a laser in a unimodal cavity is extended to a cavity QED multimodal
case. In this system, we considered that the cavity length is large enough to assume that there
is not only one resonant mode of the cavity interacting resonantly with the emitter. If the
length of the cavity increase, the separation between the resonant modes frequencies of the
cavity decrease, as was shown in the reference Pierre et al. [39]. Then, we must consider more
modes in our system of interest.

The interaction Hamiltonian of the system of interest in the interaction picture takes the
form:

H}S‘ = Z h (gZaLO.; ei(Wk*wA)t + gko.j»ake*i(wkfw‘,q)t)
g,k
= Z h (QZ&LNSfei(wkaA)t 4 gkNSJrakefi(wkfwA)t)
k
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Where a;, and aL are the creation and destruction operators of the cavity mode of frequency
wy,0; sigma is the coherence atomic operator, and we have defined S~ as the collective
coherence operator.

The interaction Hamiltonian of the system of interest and the reservoir, in the interaction
picture, takes the form:

HER = Z B (k5 o O 4 o e )
+ Z h (/-@B . pmiws—wa)t | Bvigi—Pﬂ—ei(wﬁ—wA)O
T Z h (o grhase™@ 0 4 Ry galrae o))
(2.8)

2.2.2. Continuous Model

Motivated by the idea of implementing a laser in a waveguide QED system, we will ge-
neralize the case described in the previous section to the continuous case. We will consider
that the guided modes are continuous in the waveguide system. This assumption considers
the generalization of the idea presented in reference [39]. If we understand the waveguide as
a large cavity, the separation between the frequencies of the modes will decrease. In the case
of infinite large, we obtain a continuous spectrum of frequencies.

The system of interest interaction Hamiltonian in the interaction picture is:

J

HY = Z/dwkﬁ (g*(wk) T(wy)oy k)t +g(wk)aJra(wk)e’i(”k*“A)t)
J

/dwkh (g* (Wk)aT(wk)NS_ei(wk_WA)t + g(wk)Ns+a(wk)e—i(wk—w,4)t)
(2.9)

Where we have defined a continuous term of coupling strength g(wg), which includes the
density of states of the cavity/waveguide modes, and a(w;) and af(wy) are the continuous
bosonic operators of the form of the relations (1.36).

The interaction Hamiltonian in the interaction picture is:

HSR Z/dwu (WM)TO' eilwu—wa)t +“(W,u)a'jf(wu)@_i(w“_w‘)t)
—f-Z/de wy P+(wy)0' e Hwr— wA)t—l—Ii(wy) ;i—rp—(tuy)ei(w,,—wf,)t)
+/dwa/dwﬁﬁ C* (wa wp)7 (W) a(wg) e~ 4 ((wq, wp)al (wp)r(wa e~ e —2)")
(2.10)

Where £(w,) is the coupling between the atoms and the outside of the cavity /waveguide
modes, and R(w,) is the coupling between the atoms and the pumping mechanism reservoir
modes.
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The coupling term ((w,,ws) of the last line in equation (2.10) could be understood as
an adimensional decay coefficient of the waveguide, which models the effective interaction
between the guided modes and the out-of-the-waveguide modes of the electromagnetic field.
The underlying process of this effective interaction considers two processes. The first process
is the interaction between the guided modes with the atoms of the waveguide. The second
process is the subsequent interaction of these waveguide degrees of freedom with the outside
of the waveguide modes. Because this model has traced those degrees of freedom associated
with the waveguide dielectric body, we get an effective mode-mode interaction between the
wq-frequency mode with the ws-frequency mode, expressed by the coupling term ((wq,ws).
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Chapter 3

Heisenberg-Langevin Equation of
Motion of a Waveguide QED system
Laser

In this chapter, we will derive the equations of motion of the laser waveguide QED system
model of the last chapter. First, we will consider the continuous Hamiltonian of the total
system, reservoir plus system of interest, to derive its Heisenberg equations of motion. Then,
we will apply the Heisenberg-Langevin formalism shown in section (Langevin) to obtain the
dynamic equations of the system of interest operators.

This chapter is divided as follows. Section 3.1 presents the Heisenberg equation of motion
of all the total system operators. In section 3.2, we will use the methodology presented in
section 1.2.3 to derive the Heisenberg-Langevin equation of motion of the system of interest
operators. Finally, 3.3 is a summary of our model of a waveguide QED system that will be
used in the following chapter.

3.1. Heisenberg Equation of the total system opera-
tors

Considering the continuous Hamiltonian of the waveguide QED system laser in the inter-
action picture:

H; = Z/dwkh (9*(0%) (wk)a e(Wk —wa)t ~|—g(wk)a+a(wk)e_i(“k_wA)t)
_'_Z/dwu (W,u)TO'i_ei(w“_wA)t+R(Wu)U;—f(wu)e_i(w“_wA)t)
-|—Z/dw,, wy 77+(w,,)a e Z(wu—wA)t_i_l’%(wV) +7; ( ) i(wy— wA)t)

+/dwa/dw5h (*(was wp)r(wa) fa(wg)e'@e o)t +C(wa,wg)aT(wg)r(wa)e*i(wa*w)t)
(3.1)

In this section, we will study the evolution of all operators which influence the dynamic
of our system of interest. Using the general expression of the evolution of an operator A:
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—1

A(t) = - [A(t), H] + (%’?) (3.2)

In the case of the reservoir and the system operators, there is no explicit dependency on
time, then the last term of the RHS of equation (3.2) vanishes.

Applying the expression (3.2) to the system of interest operators. In the case of the bosonic
operators of the waveguide modes, we obtain:

ilwr) = 5 lalwr), H] (33)

a(wk) = —i/dwaC(wa,wk)r(wa)e_i(““_w’“)t . Z-Zg*(wk)o_i—ei(wk—w,q)t

(3.4)

In the same way, we could obtain the evolution of the atomics operators for coherence and
inversion:

o; = —i/wuff(w#)ajf(wu)e_i(“’”_w“‘)t — i/dwﬁf%(wﬁ)ajPJr(wg)e_i(w/ﬁ—wf\)t

—i/dwkg(wk)a;a(wk)e’i(“’“’”“)t

(3.5)
~z (wup—wa)t + ~ —i(wp—wa)t
a; 2z/dw# a e K(wy)o; Flwy)e )
—22/dw5 (wg)o +73+(w5) —ilwgwalt _ /%(cug)P_(wﬁ)aj_ei(wﬁ_“’A)t)
+2@/dwk “(wk)a T(wk)cr eiwe—wa)t —g(wk)afa(wk)e_i(w’“_wf‘)t) (3.6)

Applying the same procedure to the reservoir operators. In the case of the bosonic reservoir
operators 7(w;), which represent the modes interacting with the atoms of the system of
interest, we get:
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Flw) = — [F(w), H]

h
_ —i[ ), Z / duoy (K (w0, )F(w,) oy eon™ °’A>t+n<wu>a+r(wu)e““*“"*‘"t)]
_ f,z [ st (v [w ()] o7 eitnea)
_ 7Z/dwu W) (wy — w,)oy el(wu_wA)t)
— Y R (w)oy ety (3.7)

i

In the case of the bosonic reservoir operators 7(w, ), which represent the electromagnetic
field modes interacting with the waveguide modes, we get:

Ho) = [r(a), H

—1

= ), [ o [ dugh (¢ ) (@a)alip)e o)
_ /dwa/dwﬁh *(wa wg) [r(w,), 71 (wa)] a(wg)el@e ")
= 2 i [ dugh (¢ 05)(u — walisg)e )

- _Z/dwﬁC (wy, wp)a(wg)e'“r—n)
(3.8)

Finally, the evolution of the pumping operators P~ (w,) and P*(w,) is determined by:

. —ir
P (wu) = ? {P (wu)aHI]
= %l [ Wu Z/dwy wy) 7)+(u)l,>0';e*i(WU*wA)t 4 R(wy)ajP(wy)ei(“““’A)t)]

— 7Z/dwy Wy, [Pf(wﬂ),PJr(wy)} U{eii(WV*‘*’A)t)
— ? Xl: / dw, hi* (w,) (—8(w, — w, )P (w,)) oy e wrmwalt

= z'Z/dwul%*(wu)PZ(wu)afe_i(““_“A)t
(3.9)
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P () = jwmmm]
= [PZ w3 / duoy u7>+<wu>aie““VWA”M(%)@P<wy>e“w”“>t)]
= —ZZ / dus, (7 (w,) [P* (@), PH(w,)| o7 e 0 4 R(w)of [P (wa), PT(wy)] efn o)
= i [ e (7 (@) (20w = w P (@) e 4w )t (<20(w — )P ()

= —2@2( (Wu)P+(wﬂ)U;e’i(“’“’“’A)t—R(wu) P (w,)e i(wp— wA)t)

7

3.1.1. Solutions of Heisenberg Equations of the Reservoir opera-
tors

We need to integrate the reservoir equation of motion (3.7), (3.8), (3.9) and (3.10) to
obtain the Heisenberg-Langevin evolution equation of the system of interest operators.
The solution of the equation (3.7) is

Foln) = Fuglwn) = 03 [ At (@) e (3.11)

The evolution of the r(w, )reservoir operator

ri(wy) = 14 (W) /dt /dW5C (wy,wp)ap(wg)e ilwn—wg)t! (3.12)

And the solutions of the pumping operator equations (3.9) and (3.10) are

Pr () = Pryfen) + 12 [ R ()P o (1) e (3.13)

Pi (@) = Py (wa) =20 / At (w,) o7 ()P (w,)e " @n—wa)

+2i ) / dt' 7 (w, )P (w, ) o (t)el@nmwat

(3.14)

3.2. Deduction of the Heisenberg-Langevin equations
of motion
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3.2.1. Deduction of the atomic coherence operator Heisenberg-
Langevin Equation of Motion

From the equation of motion of the coherence atomic operator 3.5, we will replace the
solution of the reservoir bosonic operator which interacts with the atoms (3.11) and the
pumping operator equation solution (3.13)

g; = —i/dwkg(wk)aja(wk)e_i(w’“_“’f‘)t
—i/wum(wu) (rto wy) zZ/dt (wy)o; el(wu—wA)t’> piwu—wa)t

~i [ dwsF(ews)o (7’% (@) =i Y [ dt& (s Piws)or <t’)e-i<wrw>t’> ¢miler—ea)t
(3.15)

Defining the noise operator associated to the atomic coherence
.7-"( ) = =i Jwuk(w,)oF (Fry(wu)) e —ilwn—wa)t and ]-"P = —i [ dwgk(wg)o (Pto (w,)) e Hws—walt,
where F_y = .7-"73_ + ]—"_)
é‘; = —i/dwkg CU]g)O'ja/(wk>€*i(wk*wA)t —i—f_
_Z/Wu Wu wu </ dt 0_— z(wu—wA)t) e—i(wu—wA)t
—Z/dw5ﬁ Wﬁy wg (/ dtO' ’ t’ wﬁ) —z(w;;—w,q)t’) e—i(wﬁ—wA)t

(3.16)

Now, we will consider that the term o; (t') and P/ (wg)o; (') in the integrand varies slowly
compared with the exponential term so that we will apply the approximation o; (t') — o, (t)
and Pj(wg)o; (t') = Pf(wp)o; (), respectively.

;) = —i/dwkg (wr)oFa(wy)e @)t 4 F )
_Z/WMi wu wu (/ dt’ et wn—wa)t ) —i(wp—wa)t
=3 [ duwilws) i (@a)a3 (D)o ()P (ws) ( / dt'e—“wﬂ—w') e—ilws—wa)t

(3.17)
We will use the relation
hm/ dt' @0 — 75(w — wo) + i P (3.18)
t—o00 Wy — W

The, we obtain
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G; = —i/dwkg(wk)aj-a(wk)e_i(“”“_wA)t + Fo

_ Z/wulﬁj(wu)fg*(wu)g;(t)gi_(t) (ﬂ&(wu — WA) _ ZP> e_i(wu_wA)t

Wy —wWa

=X e ) 0oy (0P ) (i ) i L e
‘ W — W4
(3.19)

Defining the decay rates of the atomic coherence associated with the spontaneous emission
and the pumping mechanism:

v = 2m|Kk(wa) 2 (3.20)

w = 27|R(wa)|?*P7 (wa) (3.21)

And the terms associated with the Lamb shift:

Finally, we get the Heisenberg-Langevin equation of the atomic coherence operator:

o; = —i/dwkg(wk)aja(wk)e_i(“’“_wf‘)t + Foy — 'y—|2—w oi(t)o; (t) + iAo (t)o; (1)
(3.23)
3.2.2. Deduction of the atomic inversion operator Heisenberg-

Langevin Equation of Motion

From the equation of motion of the atomic inversion operator (3.6), we will replace the
solution of the reservoir bosonic operator, which interacts with the atoms (3.7) and the
pumping operator equation solution (3.13)
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o; = 2 / dw, (H (w,) (mo ) + zZ / dt'k(w,)oy (t)e ‘Z<wﬂ““A>t’> aj_(t)ei(““_“’*‘)t>
—2i/dw# (/’i(w#)dj(t) (fto(wu) - iZ/dt’m*(wu)gi(t’)ei(wuwA)t’> ei(wuwA)t>
_22/dw5 ( ( ) <Pt+0 wg) — zZ/dt )ptz,(wﬁ)ei(wuwA)t’> ei(w@wA)t>
+2i [ du <F¢ )( (@) 412 [ i aPin)o (t/)eimwv) aj(z)e“wﬂwt)

—0—22/dwk k)aT(wk)a;el(“”“’”A) —g(wk)a]*a(wk)eﬂ(“’“’““)t) (3.24)

Defining the noise operator associated to the atomic inversion F,) = ]_—(1;2) + ,7-_(72), where

}"(Ij) = 2i/dwﬂ (/@*(wu)ﬁo (wu)ajei(w“_“A)t> — 2i/dw# (m(wu)a;?fto(wu)@—i(%—w)t)
(3.25)

= —22/dw5 (wp) o; Pt‘g(wﬁ) —i(wp— wA)t +2z/dw5 f(w ﬁ)PIf;(wﬁ)U;ei(Wﬁ_wA)t)

(3.26)
Then, the inversion equation takes the form of (3.27).
0= JFot 2@/6&% *(wk)a i(w;g)(fj_ei(“”“_WA)t g(wi)o +a(wk)e_i(“’k“"f‘)t)
_QZ/dw“ ( r(w,) |2 (/ dt'a;"(t’)@_i(wu—WA)t’) o7 (t)ei(w,u—wA)t>
_QZ/dwu (|,€ |2 + (/ dt 0_— / zwu—wA)t > e_i(wu_WA)t>
—QZ/dwg <]f% wg) |2 ( (/dto— t"YPi(wg)e z(wuwA)t’> ei(waA)t>
_QZ/dWﬁ <’ W,B |2 </ dt t’ Wﬁ ) 'L(UJ/_L_UJA)t') (Tj_(t)ei(w’e_wA)t>
(3.27)

Now, we will consider that the terms o; ('),0; ('), Pi(wg)o; (t') and o} (¢')PF(wp) in the
integrand varies slowly compared with the exponential term, so we will apply the approxi-
mation o; (t) — o7 (t),0; (t') — o (t), Pii(wp)oy (') = Pi(wp)oy (t) and o7 (') Pi(ws) —
o7 (t)PE (wp)-
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Fe+ QZ/dwk “(wi)al (wi )y €A — g(w)of alwg)e ")

_2Z/dw:“ ( K Wu |2 (/ dt/e—i(wu—wA)t/> O_Z_Q_<t>O_J_ (t)ei(w‘u—w,q)t>
_QZ/dw# <‘/€ ’2 + (/dt/ i(wp—wa)t’ ) ei(wuwA)t>
_QZ/dWB (' wﬂ (/ dt/ i(wp— wA)t>6—i(w5—wA)t>

2% s ([ (/ e er W)Mwﬁ) oy (i)

(3.28)

Using the relation (3.18), we could obtain the time integral of the last equation.

Foy 20 [ dn (9" (@n)al (@) 0 = g()ar alu)e e =a))

J

_QZ/dwu< (7?5( —wa) i P >aj(t)aj (t)ei(wuw)t>

Wy — W

Wy — We

_2;/dwu |k (wp) Pos (t)oy (1) (Wé(w“ —wy) — i r )ei(wuwt>

wg—wa
P

wﬂ—wa

()
-2 [ o (IR 00 (0P o) (et = ) =i ersorsan)
_2;/dwﬁ<| ( (wg — wa) +i

) P} (ws)o7 (1)o7 <t>€“‘”ﬁ“)t>
(3.29)

Now, we will use the definition of the decay rates v and w of the equations (3.21) and

(3.20).

S +22/dwk 9" (wi)a T(wk)a-‘_ei(Wk_WA)t_g(wk)0+a(Wk)€_i(wk_wA)t>

_72( Do (1) + o7 (1)0; )—wz( B+ o (o (1))
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3.2.3. Deduction of the Continuous bosonic Heisenberg-Langevin
Equation of Motion

From the equation of motion of the bosonic operator (3.4), we will replace the solution of
the reservoir bosonic operator (3.12)

a(wp) =  —ig*(wp) NS elrwalt _ i/dwag(wa, wk) (ra(to) — imC* (Way Wa ) a(wy))
(3.31)
a(wp) = —ig*(wp) NS elr—walt _ i/dwa(’(wa,wk)ra(to)
—7r/dwag(wa,wk)(’*(wa,wa)a(wa) (3.32)
Here, we could define F,(wi) = —i [ dwa((wa, wi )T (to) as the noise operator of the bosonic

system operator equation.

a(wk) = _ig* (Wk:)NS_ei(Wk_WA)t + Fa(wk) -7 / dwaC(waa wkz)c*(waa woz)a(wa)
(3.33)

Assuming that the term of the coupling is only considerable near resonance, then we
could define a rate associated with the mode with frequency wy as r(wy) = 7|&(wk)[* and

C(Way W) (Wa, Wa) = |R(wk)|25(wk — Wa)

n / doaC(Wa, k) CH (Way wo)a(wa) AT / deoa| R (wp)[28(wh — wa)a(wa)
~ 7|k (wp) [Falwy) (3.34)

Finally, we get the Heisenberg-Langevin equation of motion of the bosonic operator

a(wp) =  —ig*(wp) NSt L F (W) — r(wr)a(wg).
(3.35)

3.3. Heisenberg-Langevin Equations of Motion of the
Atom-Field System operators

This section presents a summary of the equation of motion of the waveguide QED system
laser model derived in the previous sections. Explicit calculations of the derivation of those
equations are presented in Appendix B and C.
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3.3.1. Equations of Motion in the Rotating Frame

Defining the new variables in the rotating frame @(w;) = a(wy)e “@—? and S— =

S~e i wamw)t acording to the equations (C.1,C.2,C.3), we get:

i(we) = Fray — iglwn)" NS~ — ; (5 — 2w — w)) alwp)

1
§7=Fo— 5L +2i(wa—w)] ™+ z’/dwkg(wwsza(ww

§* = F, —T(S* —dy) + 2¢/dwk (9" (wi)al (wi)S™ = glwi)STa(ws))

(3.36a)

(3.36D)

(3.36¢)

This set of equations is the generalization of the set of equations (1.109), from the discrete
case of a laser in a cavity QED system to the continuous case that models a laser in a

waveguide QED system.

Figure 3.1 is a diagram of the model presented in this chapter. It presents the different
decays process that affects the dynamics of the system operators expressed by equations

(3.36).

Reservoir

Figure 3.1: Optical nanofiber system and reservoir diagram, with x decay
process associated with the waveguide, v represents the emission of the
atoms, and w is the decay rate associated with the pumping mechanism.
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Chapter 4

Linewidth of a Waveguide QED
system Laser

In this chapter, we will present a method to obtain the linewidth of the field generated by
a laser developed in a waveguide QED system. To obtain the laser linewidth, we will consider
that the electric field is determined by the stationary solution of the bosonic operator of the
waveguide in the mean-field approximation, as is shown in the equation (4.1).

hw )
(B (1)) = [ deoy| 2 aleon) e (4.1)

We could obtain the emission spectrum from this definition and apply the Wiener-Khinchin
Theorem.

This chapter is divided as follows. First, section 4.1 presents the equations of motions
in the mean-field approximation and derives the steady-state solutions of those equations.
Section 4.2 will obtain an expression for the Electric field operator based on the assumption
(4.1). Section 4.3 derives an expression for the emission spectrum by applying the Wiener-
Khinchin Theorem. Finally, subsection 4.3.2 shows the results of the power and the linewidth
of the laser emission.

4.1. Mean-Field Equation of Motion

In this section, we will consider the mean-field approximation. In this approximation, the
correlations of two operators could be considered independent, (S*a(wy)) = (5%) (a(wy)).
Then, the equations of motion 3.36 derived in the previous chapter take the form:

(a(wy)) = —ig(wg)*N <S_> - ; [k — 2i(wg — w)] (a(wy)) (4.2a)

(§7) = 5[0+ 2ifwa — )] (§7) +4 [ durglen) (5°) (ale) (4.2b)
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(87) = =T [(5) = do] + 20 [ du (9" (en) (ol (1)) (57) = g(er) (S*) (alen))
(4.2¢)

In order to obtain an expression for the electric field to derive the emission spectrum of
the laser in the waveguide QED system, we will study the steady-state solutions of the set
of equations 4.2.

4.1.1. Steady State Solutions in the Mean Field

Imposing the steady state condition on the coherence equation (4.2b)

(7). = iy [ dehale) (570, (aled) w3

Replacing the last expression in the inversion mean field equation, and considering the
steady state condition

—g(wd) (S*)_(alwe))

Ss Ss

(5%} = do+ 2+ [ d (97 () () (57)
(4.4)

After some algebra we obtain

(57, ll + (Fz _84<(i28i w)2> /dwkg*<wk) <aT(wk)>/dw;€g(w;) (a(wé))} =dy (4.5)

Considering that g(wy) = D,/ 4:2?)’2 > where D is the dipole element of matrix of the dipole
operator. Then

[ dang(ei) i) = [ Dy T auh) = D () (4.6)

Replacing in the expresion for the steady state solution in the mean field of the inversion
operator

wm(ufm%jwwy/mwww@w»/meQW%w=% (4.7)

Where we could reconized the definition of the Electric field

do (T? — 4(wy — w)?)

<Sz>ss = F2 _ 4(CUA — w)Q —|— 8|D’2 <E_> <E+>

(4.8)
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Replacing equation (4.8) on the coherence equation (4.3), the steady state solution of the
mean field coherence equation

_ 2idyD .
0 = (ermmriEE) &)

(4.9)
Finally, the steady state solution of the mean field equation of motion of the bosonic
operator
(@) = —2ig(wg)*Ndy 2i(T" — 21A )
Mlss = 41 2iA, 2 +4A% + 8 [ dwrg*(wy) {(at(wy)) [ dwig(wh) (a(w}))
[ detglit) (alei))

(4.10)

4.2. Electric Field Equation of Motion in the Heisen-
berg Picture

The main goal of this section is to obtain an expression for the electric field operator. First,
we will consider the electric field definition in the Heisenberg picture. Then, we will present
the electric field operator in the steady-state regime based on the steady-state solution of
the bosonic operator Heisenberg-Langevin equation of motion in the mean-field approxima-
tion. Finally, we present an expression of the electric field operator defined as a mean field
amplitude and a fluctuating term.

4.2.1. Steady-state Solution of the Mean-field equation of the
Electric Field operator

In the Heisenberg picture, the electric field operator will be determined by the solution of
the Heisenberg-Langevin equation of the waveguide bosonic operator.

Et(t) = /dwk1/4Z§Aa(wk) (4.11)

Where a(wy) is the solution of the Heisenberg equation of the bosonic operator.
The steady-state solution of the electric field operator in the mean-field approximations
takes the form:

(5%, = [ donyf s (alen), (12)

We could obtain an expression analogous to the condition equation of the bosonic operator
(4.10) for the electric field by taking (4.10) and multiplying it by the one-photon amplitude
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and integrating over wy.

B ANdy(T — 2i(ws — w)) lg(wi)]?
(EY),, = [r2+4(w,4—w)2+8|1>!2 (E7) s (), ] (&) /dw <fs+2z w—w))

(4.13)

If we consider that the rotating frequency is resonant with the atomic frequency, ws = w,
then:

<E+>ss: [F2+8|7;l|]2\f<dg(1;) (E+), ] E+ /dw <f~@+21 k)|—2wA)>

(4.14)

Studing the integral of the equation (4.14)

[ den </<a+ 5 w’; " ) /d (wk —|gwjk1|22/1/2> (4.15)

In the limit of K << wg, based on the complex variable treatment of the reference [40],
we obtain the relation:

| 2

lim | dwy ( l9(wr)

K—0 wk—wA—ili/Q

) — omilg(wa)? (4.16)

If we replace the result of the last expression in the equation (4.14)

R ANd,T . )
(= rsprey, o () ment
(4.17)

Here, we have defined the spontaneous emission rate in the waveguide as y'?) = 27|g(w4) %
Then, we obtain a condition expression to obtain the steady-state solution of the electric field

in the mean-field approximation:

. INd,[~1D) B
<E > (1 - lrz + 8|D|2 (E-),, <E+>J> -

The equation (4.18) has two solutions. The first is the trivial solution (E*)_ = 0. The
second solution is obtained by taking the parenthesis equal to zero. Studying the parenthesis
condition, we get:

(4.18)
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(1D)
)= | ] 19

Where we could define G = M as the generalized cooperativity, and obtain

(B, (5= s 9 - 1 (120)

this expression could be understood as the generalization of equation (1.117).
Finally, the steady-state solution of the electric field in the mean-field approximation takes
the form:

(BY) - 2\;;‘);’2\/9 1 (4.21)

We could find the steady-state solution of the bosonic operator equation in the mean-field
approximation by replacing (4.21) in (4.10):

[ hy 4dyNT ID? N
{alwn))ss = 2megcA Kk + 2i(wg —wa) 2 +12[G — 1] <E >ss (422)

After some algebra:

(). = 2dyND* \/ hwe [G—1  2dgNg(wy) [G—1 (1.23)

S k420w —wa) | 2meocAY 262 K+ 2i(wy, —wa) | 2G2

4.2.2. Electric Field Operator above the threshold

Finally, we now could define the mean-field approximation electrical field operator of the
form:

ha}k —iw
Eq(t) = <E+ /dwk dregcA (afwr))ss e
g _ hu)k e—zwkt
—  2,N L / d 4.24
0 2G? ik dmegcA (Ii + 2i(wr — wa) (424)

We will assume that the electric field could be expressed by the mean-field amplitude plus
a fluctuation term determined by a zero mean and delta-correlated operator &.

E*(t) = Ef (t) + £(1). (4.25)

In the following section, we will use this expression to obtain the emission spectrum of the
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laser.

4.3. The Spectrum

In the previous section, we obtained an expression for the electric field of the laser emission
above the threshold. This expression is determined by a mean-field approximation plus a
fluctuating term. In this section, we will study the spectrum of laser emission considering
only the mean-field term and ignoring the fluctuating terms. In section 4.3.1, we will apply
the Wiener-Khintchine Theorem by taking the Fourier transform of the two times correlation
function of the field. In section 4.32, we will show the power of the laser emission and the
numerical results of its dependency on the pumping rate and the number of atoms in the
system.

4.3.1. Wiener-Khintchine Theorem

In this section, we will make use of the Wiener-Khintchine Theorem [17, 23, 41, 42], which
states that the power spectral density S(w) could be obtained as the Fourier transform of
the two times correlation function. In the case of the electric field, the spectrum could be
derivated as follows:

S(w) = /0 (B (DB (0)) e + /0 T{E(0)E (7)) e (4.26)

If we replace the expression (4.25) in the relation (4.26), we will get the following expres-
sion.

S(w) = /0 (B () +E) (B () +E€0)) e + / 0) +E1(0)) (Ef (1) + €(r)) ) e
(4.27)

Where we can neglect the terms <E0Jr é > and <€TEO_ >, because é has zero mean.

sw= [ <Ea< JES (1) e + / >>em
_|_/ ST —zw7+/ é T

If we define the first two terms of the RHS of last equation as S;(w) and Sy (w), respectively,
then Sp(w):

a2 (91 2 / b !
st = () o o [t |(n) et (=)
[<K+21 —wA >‘|/ dre” H(w—wpg)T

(4.28)

(4.29)
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The time integral has the form of equation (3.18), ignoring the principal value term, we
get:

S1(w) = 87d2N? (%;;) \DP/M KM:}M)QW@ (R - zz'(clu - m)) (n - 22’(3)2 - m))}

(4.30)
After some algebra, and considering the relation g(wi) = D,/ g’; T
G-1\( hw 1 l9(wh)l?
i) = SmdiN* () [ E
1(w) = 8mdy 2G? dmegcA ) \ Kk — 2i(w — wy) e+ 2i(w), — wa)
(4.31)
From the last expression, we could reconize that v(!?) = [ dw}, (%) (see the
k
previous section).
g-1 hw 1
Si(w) = drdiN?y1P) < )
1(w) = dmdg N7y 2G? dregcA ) \ Kk — 2i(w — wa)
(4.32)
If we repite the same procedure with Sy (w), we get:
g-—1 hw 1 1
— 4 d2N2 (1D)< >
S(w) Tt 2G?2 4megcA K —2i(w—waj) + K+ 2i(w—wa)
(4.33)

S(w)=  4rdZN?H(D) (g _ 1) ( i ) ( 2n ) (4.34)

2G? dmegeA ) \ K2 + 4(w — wy)?
n? huw .
- -1 4,
S(UJ) ”)/(ID) (g ) (4,”60014) (52 +4(w _ WA)2> ( 35)
But 7P = 2rg(wa)[? = 27|D]* e
S@=  ges@-1(2) 5 A
o 2|D|? wa/ \ K2+ 4(w — wy)? '

Finally, the spectrum could be rewritten as:
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s = a(m) () (L) <H2 +4(S_MA)2> (4.37)

4.3.2. Laser Power and Spectrum

In this section, we will study the spectrum obtained in the previous section. First, we will
compare the expression (4.37) to a Lorentzian shape. Then we will study the Power of the
emission spectrum.

The equation (4.37), which shows the spectrum as a function of the intensity of the field,
(E~)(E7), could be written as a function of the decay rate of the system, v, w, and y(1?),

(v +w)? (2Ndyy*P) w K
Slw) = 2|D|? ( ytw 1) (cuA) </12 + 4(w —wA)2> (4.38)
1.0 1
| 5= (2) ()

= 0.6 H Slw) = (H2+4(WDJA)2)
= U.
g
2.0.4
w2

0.2

0.0

00 05 10 15 20
w/Wa

Figure 4.1: This figure shows the normalized version of the spectrum. Here,
we compare two curves. The blue line considers the term w/wy, and the
orange curve approximates this term to one. The two curves are completely
overlapped for k << w,, here we used k/w, ~ 0.01.

Figure 4.1 presents a normalized form of the emission spectrum of the equation 4.39. In
this figure, we considered the case when w, is larger compared with the others time scales
of the system. In this regime, the two spectrums shown in the figure could be considered
to be approximately the same. From now, we will consider that the following expression
approximately describes the spectrum:

Sy~ T <2Nd°7(w) = 1) ( r ) . (4.39)

2|D|? yH+w K2+ 4(w —wa)?
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This equation states that a Lorentzian curve could approximately describe the spectrum.
The linewidth of this curve will be directly defined by the field decay rate . Figure 4.2,
presents different spectrums and shows how the linewidth varies for different values of k.

1.00-

Kk = 0.1k
0.75/ Kk = 0.5Kg

K = K

K = DKy

Spectrum
-
at
<

=
O
Ut

0.00-

0 1 2
w/wWa

Figure 4.2: This figure shows the spectrum of the laser emission. Here we
have considered different values for k, where kg = 2m x 11M Hz based on
the reference value in the cavity case of reference [43].

From the expression 4.39, we could study the Power of the emission spectrum of the laser,
which is determined by:

P =

(v +w)? <2Nd07(1D) B ) I <2Nd07(1D) B 1)

= 4.40
oD\ 4 tw IR r (4.40)

It is important to consider that in order to have emission, the system must satisfy the
threshold condition. This condition states that the parenthesis of the equation (4.40) must
be positive, and dy = 5—3 > (, so w > 7 to guarantee population inversion.

Figure 4.3 illustrates the Power of the emission spectrum as a function of the pumping
parameter. There are two important aspects to derive from this figure. First, it shows that
the Power has a maximum, which depends on the number of atoms. The second aspect is that
the emission is confined between the threshold conditions. The close-up of the figure shows
that there is no emission before a certain value, representing the condition w > . Moreover,
the graphic shows that there is a maximum value of the pumping from which there is no
more emission. This maximum value also depends on the number of atoms in the system.

In figure 4.4, we studied the Power of the emission as a function of the number of atoms
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in the system. Here we can see that the number of atoms necessary to satisfy the threshold

condition (illustrated with the vertical lines) depends on the rate of emission of the atoms to
D) Moreover, v*?) not only determines the threshold, but it also

the waveguide modes, !
determines the slope of the curve. Then, this model states that if we increase the coupling
between the atoms and the waveguide, the emission will be more intense, and the number of

atoms necessary to overcome the threshold will decrease.

RN -=-- N=30000
_ / N s N=100000
20 A f‘r 2 5‘\' ’,”
_ / - -——= N=200000
— / |-=="" ---= N=500000
5 ] ,’ 0.0 tpg=stemm=mn .
S / \“ 1
o 1 ! \ —
= ,“ v X 1077
2104/ \
Al 1 'p \
4 ’ ‘
] ! 1
I \
5 7 ," ‘|
A [ Pt '
1.7 ~ \
N ra \ \
I.!’ \\ 1
] \
04 HARRN N \
0.0000  0.0002 10.0004
w/w,

Figure 4.3: This Figure shows the dependency of the Power of the laser
emission on the number of atoms and the pumping rate. The close-up of
the figure shows the threshold from which the laser starts the emission. Here
we considered a normalization term of the form P, = hwa'y(w).

Finally, we present Figure 4.5. This figure shows the dependency of the Power as a function
of the number of atoms and the pumping rate simultaneously. At the bottom of the figure,
we can observe the threshold associated with the condition w > . At the top left side of the
figure, we can observe that when the number of atom increase, the pumping rate necessary to
satisfy the threshold condition also increases. The top right side illustrates that the emission

intensity will increase if we increase the pumping rate or the number of atoms.
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Figure 4.4: This Figure shows the dependency of the Power of the emission
spectrum on the Numer of atoms of the system. The different curves repre-
sent different values of the rate of emission to the atoms in the waveguide,
+P) Where the normalization term P, = hw,y*?). The vertical lines show
the number of atoms necessary to satisfy the threshold condition.
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Figure 4.5: This Figure shows the dependency of the Power of the laser
emission on the number of atoms and the pumping rate. The regions of the
figure colored blue imply that the threshold condition is not satisfied, and
there is no emission of the laser.Here we considered a normalization term
of the form P, = fuw,yP).
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Chapter 5

Waveguide Phase Equation Method
for the Linewidth

In the previous chapter, we presented a mechanism to obtain the linewidth based on the
definition of the electric field operator as an amplitude determined by the mean steady-
state solution of the Heisenberg-Langevin equation on the mean-field approximation and a
fluctuating term that was ignored. In this chapter, we will present a different method to
obtain the linewidth of the laser emission, taking into account the effects of fluctuations.

To this aim, we will study the first-order coherence function:

(E-(1)E(t+7) [ dwr [ dwpg(wn)g” (wh)ab(wn)ao(wp) (erO=ow =)
(E-(OE(®) [ dwy [ dwpg(wr)g* (@) )Jab(w)ao(w}) (e@O-ou )

gW(r) = (5.1)

Here the field is determined by an amplitude ag(wy ), which is determined by the stationary
solution of the bosonic operator equation obtained in the previous chapter, and a phase which
is determined by the fluctuating terms.

Because the fluctuating terms are gaussian, the exponential of the last expression satisfies
the relation:

<ei[¢k<t)—¢k/(0)]> — o3 (@)= (0)?) (5.2)

Then the coherence function takes the form:

SO = L] deig(n)g (W)ab(n)ao(wi)e

—5((6r(1) =4 (0))2)
J dwy, | dwpg(wr)g® (wh)ab(w)ag(w)) e 2 OO =ow ©)2)

(5.3)

In order to obtain the first-order coherence function, in section 5.1, we will derive an
expression for the evolution of the phase term. Based on this equation of motion, we will get
the form of the argument of the exponential in the equation (coherence).

Solving the phase equation of motion of the phase, we will obtain the contribution of
fluctuations of each mode of the electric field. In particular, we will study the effects of these
contributions in different regimes of coupling.

In section 5.3, we will obtain the expression of the first-order coherence function based
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on the integration of the contribution of all waveguide modes. Finally, in section 5.4, we
will present the numerical results of the spectrum obtained as the Fourier Transform of the
coherence function.

5.1. Waveguide Phase Equation

In this section, we will assume that the solution of the bosonic operator of the waveguide
modes takes the form:

awy) = (a(wy)) 4, € = ag(wp)e™" (5.4)

Where ag(wy) is the steady-state solution of the mean-field equation of the bosonic operator
and ¢y, is defined as a phase term. Then, the electric field is defined as:

/ Jeidult 9 i (t)
/d 47reocA /d (r)e (5:5)

This section aims to derive the evolution of the phase term to obtain the argument of the
exponential in the first-order coherence function.

J dwi [ dg(wr)g* (wh)a (wr)ao(wy) (e (002wt
[ dwy, [ dwlg(w)g* (wh)ad (wr)ao(w)) (e/@xO=6w 1)
To this aim, we first take the equation of motion of the bosonic operator and replace the

ansatz (5.4). Then, we will study the imaginary part. Finally, we will obtain the coherence
function based on the two times correlations functions of the fluctuations operators.

9(r) = (5.6

5.1.1. Derivation of the Phase Equation

This section generalizes the procedure developed in reference Minghui [27] presented in
the section 1.4 to the case of the continuous multimodal model developed in chapter 2. The
main idea is to obtain the equation of the evolution of the phase.

To this aim, first, we will consider the equation of motion of the bosonic operator in the
rotating frame derived in chapter 3.

a(wr) = Fu — ig" (@) NS~ — ; 5 + 2i(wp — w)] a(w) (5.7)

Derivating the last equation

56



. 1
iwp) = Fo—ig" (W) NF(-) + B) [T+ 2i(wa — w)] Fi

_; [1“ + Qi(WA — w)] a(wk) — ;[FL + 2Z<wk — w)]&(wk)

D 2itn — W) [ + 20wk — w)la(wr) + ¢ (we) N / de g(wh)S7a(w))

(5.8)

=~ |

Where S* is the solution of the Heisenberg-Langevin equation of the inversion

/dt /d 7L (t—t') (F + Fo _]37 li(aT(wg)a(wg)) + ra' (w)a(w)) — a'(w)) Fr — fla(w%)])
(5.9)

Now, we will define a noise operator of the form F(wy,) = F,—ig*(wx) NFy+3 [[ + 2i(wa — w)] F.
If we replace this noise operator and the expression of S* of the equation in the equation 5.8:

i) = Flor) = 5 [0+ 2iln — )] ) — gl + 2l — )]aler)
7 [0+ 2iea — )] [+ 26— w)la(en)
+/dwk/dt /d 1) 0 (10 ) g () )N
(1470 = 3 | @ 6Datet) + wal (yalel) )7 - Flale)| ) ated
(5.10)

From this point, we will study the resonance case w4 = w, so the rotating frame moves in
the atomic transition frequency.

1 r ,
a(wr) = Flwg) — 5[/{ + T+ 2i(wp — wa)la(wy) — Z[/{ + 2i(wy, — wa)]a(wg)
wkN/dwkg /dt’”t
(F P2 [ [dtwwz)a(wz» ol (f)a(el) — D)7, ~ Flaled))
(5.11)
As was mentioned, we will assume an ansatz of the form (5.4):
a(wr) = (a(wy)), er? (5.12)

When we replace this ansatz in the equation (5.11):
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[_¢i + quﬁk} a0 (wk)ewk(t) _

F(wg) — ;[n + T+ 2i(wi — wa)] (id(t)ao(w)e™™ ) — Z[H + 20wy — wa)ag(wy) e

+2g" (W N/dwkg )e'ow /dt' I (t—t)
<F +Fe - N/dwﬁ ldtlao(wg)\2 + Kla(wi)|? = ag(wp)e " F — f,lao(w,’;)ei¢k”]>

(5.13)

We will study the imaginary part:

idi'kao(wk)ei‘z”“(t) —

| | . l. r.o z.
Im[F(wy)] — 5[% + T+ 2i(wr, — wa)] (qbk(t)ao(wk)e ¢k) — ]m[z[li + 2i(wi — wa)]ao(wy)e™*]
+Im[2g™ (wi N/dwkg wy)ag(w ’¢k’/dt'” t)F~|—.7: )

_Im[Qg Wk N/dwkg wk aO ’L¢k//dtl L(t—t") ( /dw // 7Z¢>k//f +f'T ( )e’itbku])

—Im|2g" (wy N/dwkg wy)ag(w m)k’/dt' L=t ( /dw Kla(w D
(5.14)

In the overdamped regime:

;[/i + I+ 2i(wp, — wa)] (Q.ﬁk(t)ao(wk)ei(bk) -

Il F ()] — Il 4 21 — wallao(eor)e™]

+Im[2g (wi N/dwkg wy)ao(w ”k'/dt’ P + F)

—Im[2g*(wi N/dwkg wi,)a(wy,) e’ /dt' P@=t) ( /dwk af(wy)e " F,, —i—]—",lao(wg)e"‘z’k”])

—Im[2g™ (wg N/dwkg wy)ag(w “z”f’/dt' L= < /dw Kkla(w D
(5.15)

We will drop the real terms and integrate the last relation:

Ou(t) — 6u(0) = (w)fm [ rmiFGa) - [ o — ) (5.16)

Then, the evolution of the phase is determined by:
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5.2. Fluctuating terms of the Phase

In the previous section, we obtained an expression for the phase of the bosonic operator,
which is determined by fluctuating terms. In order to obtain the exponential term in the
coherence equation (5.6), we will use the relation:

<€i[¢k<t>—¢k/<on> — o 5((x(M—61(0))?) (5.18)

This expression is a generalization of the unimodal relation presented in section 1.4.3 to
the multimodal case. (The derivation of this relation is presented in Appendix E.1). In other
words, equation (5.18) represents the contribution to the linewidth of the phase fluctuations
of each mode of the electromagnetic field in the waveguide, in analogy to the unimodal case
studied by Minghui [27].

In this section, we will calculate the argument of the RHS of the equation (5.18) by repla-
cing the solution of the phase (5.17). Then we will determine the noise operators’ correlations
contributing to the phase correlations.

5.2.1. Phase Correlations

Studying the argument of the exponential in the RHS of equation (5.18), we get:

(o) — o (0))) = (

(5.19)

Replacing the solution obtained in the last section for the phase evolution, equation (5.17),
in the last expression(See Appendix E.1):

2 1 / i / i / " / "
((on(t) — o (0))?) = PREATE /dt /dt (FI(FE") +/dt /dt (FtHFie")
Fz 242
+m(wk —wA) t ,

(5.20)

where we have assumed that <¢L(O)¢k/(0)> = <¢L(O)gbk(0)> = 0 and that <¢L(O)¢k/(0)> +
(8L(0)¢(0)) = 2 (6L(0)61(0)).

Considering the definition of the fluctuation operator in chapter 3, we could derive the
correlation presented in the first term of the equation (this derivation is presented in Appendix
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E):

/ dt’ / at" (F(#)F(t")) + / dt’ / at" (FO)FI(E)) = 9PN (v +w)t + Twyg(wk,wkm
2k (wy)

t
49

= g(w)"NTt +
(5.21)

Where we have considered the definition x(wy,) = 7| (wp, wi)|?V, with ¥ a dimensionaliza-
tion term.

Finally, we obtain an expression for the argument of the exponential in the coherence
function:

o\ 1 ) [ k(wy)
(600) = 00O = o (ot + )
I 2,2
+m(wk — CUA)
(5.22)
Defining the coefficients 77 and Ay as:
Nk = T _1:_ ) (W —wa) (5.23)
L 1 2 [k (wy)
M= e (T )
(5.24)

Where we had used de steady state solution of the photon number derived in the chapter

2 _ _ AdIN?lg(wi)l®*  g-1 . s _
4, |ag(wi)|* = o T i —wa)? (%gz) and defined the generalized cooperativity term G(wy) =
Alg(w)2ND 4
Ik (wr)

The expression (5.22) could be rewritten as:

<(¢k(t) - ¢k’(0))2> = Ayt +npt’
(5.25)

Here we recognize that the first term, which has a linear dependency on time, could be
understood as an analogous term of the unimodal case presented in equation (1.127). Ne-
vertheless, the generalization to the multimodal case presents a new term with quadratic time
dependence. This term is not uncommon, since it also appears when there is inhomogeneous
broadening, such as Doppler broadening.
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5.3. Coherence Function

In this section, we will present the coherence function of our model for a waveguide QED
system laser in the case where fluctuation effects are considered. This coherence function
is the sum of the fluctuation of the phase of each field mode. The effects of those phase
fluctuations will be described through the correlation term calculated in the last section. At
the end of this section, we will obtain a coherence function with a form of a Bessel Function.

5.3.1. Derivation of the Coherence Function

In order to get the coherence function of the waveguide laser emission, we will use the
definition:

g(7)

[ dewy, | dal(wi)ao(wy)e™ 2 (G —00 %)
- I (5.26)

B fdwkfdw;ag(wk)ao(w;{:)@— (0% (0)=¢41(0))?)

2
Here ag(wy) = \/ /{(wt%%]ii?i:]i)fA)Q \/ (g&}) is the steady state solution of the bosonic ope-

rator equation derived in chapter 4. The exponential term of equation (5.26) considers the
fluctuation effects. As was shown in the last section, the correlations of the phases are related
to the noise operator correlation. Those correlations could be written as the relation (5.25).
If we replace ag(wy) and equation (5.25) in the equation (5.26), we get:

4d2N2|g(wy)|? G—1\ —1(Av 242
(1)( ) fdwk\/ﬁ(wk?2+4(wkiw,4)2 \/(2g2)6 (vt
g \7)=
4diN2|g(wy)|? G-1
fdwk\/ﬁ(wk)()2+4(WkwA)2 \/(292)

If we ignore the normalization term and the term associated with the initial condition of
the phase, the coherence function could be written as:

(5.27)

2
D7) / dw l9(cr) e 2 (Avittmit?) 5.28
g(7) g R(wg)? + 4(wr — wa)? (5:28)

The integrand of equation (5.28) has the form of an amplitude and an exponential term.
The amplitude is a square root of a Lorentzian distribution. This amplitude could be unders-
tood as a weight where only the values near from resonance are significant. This implies that
we could approximate the values of x(wy) and |g(wy)|? by constants evaluated in the resonant

frequency w4. Then |g(wy)]? ~ 27|g(wa)|?> = vIP) and k(wy) = K(wa) = k. The amplitude
term takes the form:
(1D)
v / d i ~3(Antnie?) 5.29
o) wa R (5.29)

This approximation is not only valid for the amplitude, but the terms of the phase are
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also affected, then Ay, takes the form:

2
Av, — 1 r /ﬁ(wk)>

|ag(wi) (T + k)2 <|g(w’“)|2NF T

(673 (") e (st

( 4yIDINY + Tk >[H2+4(wk—wf1)2] (1D)

Lk (wg)
49

Q

20(2Ndyy(1P) —T) [ + k)2 (5.30)

Where we used de steady state solution of the photon number derived in the chapter 4,

4d2N?|g(wy)|? -
la0(wi)* = S0 rratar e (557 i
K(wy) ~ K(wa) = K.

If we replace equation (5.30) in equation (5.29), the coherence function takes the form:

and the approximation |g(wy)|? ~ 27|g(wa)|? = 7v*P) and
g g Y

(1D) _ 4W(1D)N19+F” n2+4(wk—wA)2 (1D)y_ 1 r2 _ 242
9(1)<T) x /dwa 1 e \20(2Ndgy(1D)—1) (T+r)? Vg e (W mwa)
2 2
K2+ 4(wp —wa)

(5.31)

Equation (5.31) represents the contribution of each mode which determines the coherence
function. The integral over all the modes frequencies could be written in a compact form by

. (1D) K (1D) 242
defining A = (wi, — wa) and A(t) = ErS205 75 e + s

_ 45D N9 1Tk ) D)y p2 2} N2 —\(t)AZ?
d 1 Kﬂ(szm(lD)—r) T2 T amemE! | @emwa)® AAN—S
Wi B € : :
K +4(wk—wA) /Ii —|—4A

(5.32)

The solution of the RHS of equation (5.23) is a modified Bessel Function, defined as
K. (z) = [3° em#sZ)cosh(az)dz

e MDA 1 oaws?  A\(t)R?

Finally, we obtain an expression for the coherence function of the form:

22y 2 [4yIP dgNY + Tk AP 22
o (5 [ T ) e

) (555) &
g e 2 | 924N~ —T) T+ r) | 2(T + r)?

5.4. Spectrum of the Phase Equation Method

In this section, we will present the emission spectrum of the waveguide QED system
laser, which considers the effects of the fluctuations. First, we will apply the Kitchine-Wiener
Theorem by taking the Fourier transform of the coherence function presented in the previous
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section. In section 5.3.2, numerical results will be presented, where the spectrum obtained
is compared with the standard Lorentzian distribution. In section 5.3.3, we will study the
linewidth of the spectrum and its dependency on the system variables.

5.4.1. Wiener-Khintchine Theorem

In section 4.3.1, we applied the Wiener-Khintchine Theorem for the two times correlation
function of the field, which was considered in a mean-field approximation. In this section,
we will use the same formalism by taking the Fourier transform to the coherence function
derived in the previous section.

The definition of the Wiener-Khintchine Theorem states the relation:

S(w) = / dtg™M (t)e" (5.35)

_ K2 (47(1D)d0N79+FH)) 71D _
If we define a = % (19(27(1D)d0N—F) T2 and [ =

expression for the coherence function:

212 o .
m, we could obtain a simpler

o0

g (1) eﬂt2Ko[ozt + pt?] = Pt / ¢~ (attBt*)cosh(z) g, (5.36)
0
where we used the definition of the modified Bessel function, Ko(z) = [5°e~*s"M=)qyz.

Now, when we replace the equation (5.36) in the definition of the Wiener-Khintchine
Theorem (5.35):

S((JJ) _ /dt [eﬁtQ/ 6—(at+5t2)cosh(z)dz eiwt (537>
0

5.4.2. Spectrum and Power in the Phase Equation Method

In the previous section, we derived an expression for the spectrum of emission of the wave-
guide QED system laser, which considers the effect of the interaction of the system with the
environment through the study of the phase fluctuation of each mode of the electromagnetic
field inside the waveguide. In this section, we will present some numerical results to solve the
integral of the equation (5.37).

The idea of this section is to study the behavior of the emission spectrum in two regimes
of parameters. The first regime, which we will call the "generalized good cavity regime',
considers that the decay rate of the field inside the waveguide is narrow compared with the
decoherence term I' = w+~. The second regime studies the other range of parameters, so the
field decay rate, which models the effect of the waveguide atoms, is larger compared with the
decoherence of the atoms of the system. This regime will be called the "generalized bad cavity
regime."Those names were chosen not only because they are used in the standard cavity case
but instead because our model could be easily extended to the case of a multimodal cavity
if we consider the discrete model presented in chapter 2.

5.4.2.1. Generalized Good Cavity Regime

In this subsection, we will study the region of the parameter where the decay rate of the
electromagnetic field of the waveguide is smaller than the decay process associated with the
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spontaneous emission of the atoms and the pumping mechanism, x << v+ w = I'. This
means that we will consider the approximation where the § of equation (5.36) takes the
form:

K212 K2
= — —. 5.38
& 4T +r)?2 4 (5.38)

When we replace this expression in the spectrum equation (5.37) and use numerical inte-
gration methods to calculate it, we obtain a spectrum shape described in the figure 5.1. This
figure presents three curves, each representing the spectrum for different values of the field
decay term k. It is important to note that the spectrum linewidth maintains unchanged when

the value of k decreases. The green curve shows that there is a critical value from which the
shape of the curve starts to change its linewidth.

1.01
* KR = Ryg
E 0.81 R = 0.1/10
==== = 0.005k0
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Figure 5.1: Generalized Good Cavity Regime. This figure shows three
Spectral curves, each with a different value of x. The blue and the orange
curves have the same linewidth, while the green curve represents the critical
point from which the linewidth starts to change with x. Here we considered
ko =wa x 107% and wy = 10°.

Figure 5.2 shows that if the value of & is less than the critical value of the showed in figure
5.1, two new peaks emerge in the spectrum. While the central peak decreases its linewidth
by decreasing the value of k, the lateral peaks increase their amplitudes.
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Figure 5.2: Generalized Good Cavity Regime. This figure shows the
spectrum of emission below the critical point shown in figure 5.2. The orange
curve presents three peaks, and the central peak has a narrower linewidth
than the behavior above the critical point.
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Figure 5.3: Generalized Good Cavity Regime. This figure shows the
Power of the spectrum as a function of the atomic decay term I' = v+w. The
two vertical lines are in I"/w, = 0.000015 and I' /w, = 0.000063. The bottom
horizontal line shows the local maximum of the left side of the graphic, and
the top horizontal line shows the asymptotic behavior of the curve on the
right side. Here we used P, = fiw,y(1P).

We could find different behaviors if we study the Power of the spectrum in the generalized
good cavity regime as a function of the atom decay I'. As we can observe on the left side of
Figure 5.3, the Power shows a negative concavity behavior with a local maximum. Then, after
some critical point, the Power increases until a maximum value and decreases asymptotically
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to a particular value.
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Figure 5.4: Generalized Good Cavity Regime. This figure shows the
Power of the spectrum as a function of the number of atoms in the genera-
lized good cavity regime. A curve of orange stars represents the numerical
results, and the blue line represents a linear fitting curve. Here we used
P, = hwa’}’(lD)'

The dependency of the Power of the emission spectrum on the number of atoms is shown
in figure 5.4. Here, we obtained that the Power increase linearly with the number of atoms
in the generalized good cavity regime.

5.4.2.2. Generalized Bad Cavity Regime

This subsection will consider the regime when the decay processes associated with the field
are bigger than the processes associated with the decay of the atom, x >> I'. This regime
implies that the terms o and § of the equation (5.37) could be approximated to:

AD) [ (4~AD) g NY + T
o~ 7 ( 0 i), (5.39)
2 9(2yP)dyN —T))
F2
~ —. 4
B 1 (5.40)

Here we will study the dependency of the spectrum and the Power of the spectrum of
the emission as a function of the system decay rates. The numerical results show that the
spectrum of the emission has a Lorentzian shape.

Figure 5.5 shows the normalized emission spectrum in the generalized bad cavity regime.
From this figure, we can deduce that the linewidth of the spectrum in this regime does not
depend on the field decay rate .
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Figure 5.5: Generalized Bad Cavity Regime. This Figure shows the
spectrum of emission of the laser in the generalized bad cavity regime. In
this figure, there are two overlapping curves with different values of the x
parameter.

The Power of the spectrum as a function of the decay rate of the field is shown in figure
5.6. This figure shows that there is an inversed relation between the Power and &.
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Figure 5.6: Generalized Bad Cavity Regime. This Figure shows the
numerical results of the Power of the emission in the "generalized bad cavity
regime,represented by orange stars. In contrast, the continuous blue line
represents an inverse proportionality of the Power and the field decay rate,
which fits the numerical results. Here we used P. = hway(lD)N, with N =
105 the number of atoms.
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Conclusions

In this thesis, we developed a fully quantum mechanical model for a laser implemented
in a waveguide QED system. This quantum mechanical treatment was motivated by the
potential applications of the study of the Spectral linewidth of a laser, which could not be
derived from a semi-classical description. Although a laser could be considered a macroscopic
system because of the number of components, this model will describe the system starting
from the microscopic interactions between its elements. Here we have used an open quantum
system approach, where we considered a system of interest consisting of the atoms that act
as the active medium and the electromagnetic field modes inside the waveguide. The system
of interest interacts with a reservoir. This reservoir consists of a pump mechanism, which
guarantees the population inversion of the atoms and electromagnetic field modes outside
the waveguide.

In chapter 1, we presented the background knowledge necessary to understand the beha-
vior of the laser. First, we presented quantum optical tools which describe the interaction
between matter and the quantized electromagnetic field. We introduced the two quantum
states of light, in particular, the coherent state used to describe the laser emission. Here we
presented the extension from the unimodal cavity case to the continuous multimodal case
of the waveguide field. Then, we introduced the Heisenberg-Langevin formalism, which was
the methodology used to describe the dynamics of the system of interest, which considers
the effect of the interaction with the reservoir. The motivation of this work is to extend the
case of a laser developed in the standard platform of cavity QED to this new platform, the
waveguide QED system. To this aim, we considered some tools developed in the cavity QED
system case. In particular, the study of the linewidth in the case of the unimodal cavity
QED system developed by Minghui [27]. In that model, the effects of the interaction with
the reservoir are considered by studying the phase fluctuations of the cavity mode. Here, we
extended this idea from the unimodal cavity mode to the multimodal case, so we developed
a theoretical tool to represent a multimodal cavity or, in the continuous case, a waveguide.

In chapter 2, we presented our model for the waveguide QED system. Here we used the
open quantum system approach to define a system of interest as the atoms plus the field
inside the waveguide. The reservoir considered the degree of freedom associated with the
electromagnetic field outside the waveguide and the pumping mechanism. This mechanism is
modeled by a collection of two-level systems that generate a negative temperature reservoir
necessary to obtain population inversion. One important aspect to highlight of this chapter
is the definition of the adimensional effective coupling term ((wq,ws), which could be un-
derstood as a transmission coefficient of the waveguide, and models the effective interaction,
mediated by the atoms of the waveguide, between the modes inside the waveguide and the
free electromagnetic field modes of the reservoir.

In chapter 3, we implemented the Heisenberg-Langevin formalism in order to obtain the
dynamic evolution of the system of interest. In particular, in the case of the waveguide
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electromagnetic field modes equations, where the ((w,,ws) term couples the modes inside
and outside the waveguide, an effective mode-mode interaction could be created between two
waveguide modes, mediated by the reservoir. In this work, we assumed that those situations
could be ignored because the reservoir is markovian. For future works, the study of those
mode-mode effective interactions is proposed, particularly in the non-markovian description
of the reservoir.

In chapter 4, we studied the steady-state solution of the mean-field approximation of
the Heisenberg-Langevin equation of motion. Future works could consider the numerical
treatment of this set of equations, in particular, to simulate the multimodal cavity QED
system, where the discrete model presented in chapter 2 could be considered, and because
the number of degrees of freedom is less compared with the continuous case, the numerical
costs of implementation are reduced. Chapter 4 also studied the spectrum of emission of
the laser. To this, we defined a form of the electric field as an amplitude determined by the
steady-state solutions of the mean field equations of motion of the bosonic operators and a
fluctuating term. The analytical results for the spectrum of emission show that the linewidth
is determined by the term of decay of the field k. The Power of the spectrum showed to
have a linear dependency on the number of atoms, with a slope determined by the y(P).
the spontaneous emission to the waveguide modes. It is important to highlight the presence
of the threshold, which defines the activation of the lasing behavior, where both conditions
INdyy'”) > T and w > v must be satisfied to generate the laser emission.

Finally, in chapter 5, we generalized the study developed in reference Minghui [27], from
the case of a unimodal cavity to the case of a waveguide. Here we have obtained the phase
equation of each mode inside the waveguide and then studied the diffusion of this phase
through its two times correlations. Then, we obtained a form for the coherence function
of the electric field emitted by the laser as the sum of the contributions of each mode.
This coherence function has the form of a generalized Bessel function. For future works, we
propose to find a new way to treat this expression and its Fourier transform, analytically or
numerically.

The numerical results of chapter 5 were studied in two regimens of parameters, which we
called the "generalized good/bad cavity regime.In the generalized good cavity regime, the
spectral shape does not depend on the x term until a critical point from which the spectrum
presents two new peaks. The central peak, which is in resonance with the atomic frequency,
has a narrower linewidth than the spectrum above the critical point. For future works, we
propose to understand if this configuration of a narrower central linewidth could be helpful
to technological applications.

The Power of the emission showed a linear dependency on the number of atoms. In the
generalized bad cavity regime, the decay of the field does not influence the shape of the
spectrum, but the Power has an inverse proportionality relation with k.

We could find a relation between the results obtained in the generalized good cavity regime
with the results shown in chapter 4, for the method without fluctuations. However, the results
of the generalized bad cavity regime showed a new behavior that is only considered in the
method with fluctuation.

One open question of this work is how to interpret the total field spectrum as the sum
of each mode singular spectrum, each with its characteristic linewidth. What does each
mode spectrum represent? What does it mean to sum over all these modes to have the total
spectrum?

69



Bibliography

[1] Haroche, S., “Nobel lecture: Controlling photons in a box and exploring the quantum to
classical boundary,” Rev. Mod. Phys., vol. 85, pp. 1083-1102, 2013, doi:10.1103/RevM
0odPhys.85.1083.

[2] Kimble, H. J., Polzik, E., Rempe, G., y Thompson, R. J., “Structure and dynamics in
cavity quantum electrodynamics,” en Quantum Electronics and Laser Science Confe-
rence, p. QTuA2, Optica Publishing Group, 1992, https://opg.optica.org/abstract.cfm?
URI=QELS-1992-QTuA2.

[3] Reiserer, A. y Rempe, G., “Cavity-based quantum networks with single atoms and optical
photons,” Rev. Mod. Phys., vol. 87, pp. 1379-1418, 2015, doi:10.1103/RevModPhys.8
7.1379.

[4] Haroche, S. y Raimond, J.-M., Exploring the quantum atoms, cavities, and photons.
Oxford University Press, 2006.

[5] Solano, P.; Grover, J. A., Hoffman, J. E.; Ravets, S., Fatemi, F. K., Orozco, L. A., y
Rolston, S. L., “Optical nanofibers,” en Advances In Atomic, Molecular, and Optical
Physics, pp. 439-505, Elsevier, 2017, doi:10.1016/bs.aamop.2017.02.003.

[6] Anonymous, “Proceedings of the american physical society,” Phys. Rev., vol. 69, pp. 674
674, 1946, doi:10.1103 /PhysRev.69.674.

[7] P.Solano, P.Barberis-Blostein, Fatemi, F., Orozco, L., y Rolston, S., “Superradiance
reveals infinite-range dipole interactions through a nanofiber,” nature communications.

[8] Perarnau-Llobet, M., Gonzélez-Tudela, A., y Cirac, J. I., “Multimode fock states with
large photon number: effective descriptions and applications in quantum metrology,”
Quantum Science and Technology, vol. 5, p. 025003, 2020, doi:10.1088/2058-9565/ab6¢
ed.

[9] Paulisch, V., Waveguide Quantum Electrodynamics Frontiers in the Generation and

Scattering of Multiphoton State. Ph.D. thesis, Ludwig-Maximilians-Universitat Mun-
chen, 2018.

[10] Gonzalez-Tudela, A., Paulisch, V., Chang, D., Kimble, H. J., y Cirac, J., “Deterministic
generation of arbitrary photonic states assisted by dissipation.,” Physical review letters,
vol. 115 16, p. 163603, 2015.

[11] Gonzalez-Tudela, A., Martin-Cano, D., Moreno, E., Martin-Moreno, L., Tejedor, C., y
Garcia-Vidal, F. J., “Entanglement of two qubits mediated by one-dimensional plasmonic
waveguides,” Phys. Rev. Lett., vol. 106, p. 020501, 2011, doi:10.1103/PhysRevLett.10
6.020501.

[12] Gonzalez-Tudela, A., Martin-Cano, D., Moreno, E., Martin-Moreno, L., Garcia-Vidal,

70


https://dx.doi.org/10.1103/RevModPhys.85.1083
https://dx.doi.org/10.1103/RevModPhys.85.1083
https://opg.optica.org/abstract.cfm?URI=QELS-1992-QTuA2
https://opg.optica.org/abstract.cfm?URI=QELS-1992-QTuA2
https://dx.doi.org/10.1103/RevModPhys.87.1379
https://dx.doi.org/10.1103/RevModPhys.87.1379
https://dx.doi.org/10.1016/bs.aamop.2017.02.003
https://dx.doi.org/10.1103/PhysRev.69.674
https://dx.doi.org/10.1088/2058-9565/ab6ce5
https://dx.doi.org/10.1088/2058-9565/ab6ce5
https://dx.doi.org/10.1103/PhysRevLett.106.020501
https://dx.doi.org/10.1103/PhysRevLett.106.020501

F. J., y Tejedor, C., “Exploring qubit-qubit entanglement mediated by one-dimensional
plasmonic nanowaveguides,” physica status solidi (c¢), vol. 9, no. 5, pp. 1303-1308, 2012,
d0i:10.1002/pssc.201100197.

[13] Einstein, A., “Zur Quantentheorie der Strahlung. (German) [On the Quantum Theory
of Radiation],” vol. 18, pp. 121-128, 1917.

[14] Buluta, I., Ashhab, S., y Nori, F., “Natural and artificial atoms for quantum compu-
tation,” Reports on Progress in Physics, vol. 74, p. 104401, 2011, doi:10.1088/0034-488
5/74/10/104401.

[15] Doherty, M. W., Manson, N. B., Delaney, P., Jelezko, F., Wrachtrup, J., y Hollenberg,
L. C., “The nitrogen-vacancy colour centre in diamond,” Physics Reports, vol. 528,
no. 1, pp. 1-45, 2013, doi:10.1016/j.physrep.2013.02.001.

[16] Gerry, C. y Knight, P., Introductory Quantum Optics. Cambridge University Press,
2004, doi:10.1017/cbo9780511791239.

[17] Loudon, R., The Quantum Theory of Light. Oxford: Clarendon Press, second ed., 1983.
[18] Carmichael, H., Statistical Methods in Quantum Optics. Springer, 1999.

[19] Breuer, H.-P. y Petruccione, F., The Theory of Open Quantum Systems. Oxford Uni-
versity PressOxford, 2007, doi:10.1093 /acprof:0s0/9780199213900.001.0001.

[20] Avila, C. y Alejandro, J., “New quantum technologies: batteries with qubits and elec-
tromagnetic resonators,” 2021.

[21] Wiegand, E., Quantum optics and waveguide quantum electrodynamics in supercon-
ducting circuits. 2021.

[22] Gardiner, C. W. y Zoller, P., Quantum noise. Springer Series in Synergetics, Berlin,
Germany: Springer, 3 ed., 2004.

[23] Meystre, P. y Sargent, M., Elements of quantum optics. Springer, 2007.

[24] MAIMAN, T. H., “Stimulated optical radiation in ruby,” Nature, vol. 187, no. 4736,
pp. 493494, 1960, doi:10.1038/187493a0.

[25] “The nobel prize in physics 2018.”, https://www.nobelprize.org/prizes/physics/2018 /s
ummary/.
[26] “The nobel prize in physics 2017.”, https://www.nobelprize.org/prizes/physics/2017/p

ress-release/.

[27] Xu, M., Theory of Steady-State Superradiance. Ph.D. thesis, University of Colorado,
2011.

[28] D. A. Tieri, Minghui Xu, D. M., “Theory of the crossover from lasing to steady state
superradiance.” e-print arXiv:1702.04830, 2017.

[29] Haken, H., Laser Theory. Springer Berlin Heidelberg, 1983, doi:10.1007/978-3-642-455
56-8.

[30] Open Quantum System with Applications to Precision Measurements. Ph.D. thesis,
University of Colorado, 2015.

[31] Haken, H., “Theory of intensity and phase fluctuations of a homogeneously broadened
laser,” Zeitschrift fur Physik, vol. 190, no. 3, pp. 327-356, 1966, doi:10.1007 /bf01333598.

71


https://dx.doi.org/10.1002/pssc.201100197
https://dx.doi.org/10.1088/0034-4885/74/10/104401
https://dx.doi.org/10.1088/0034-4885/74/10/104401
https://dx.doi.org/10.1016/j.physrep.2013.02.001
https://dx.doi.org/10.1017/cbo9780511791239
https://dx.doi.org/10.1093/acprof:oso/9780199213900.001.0001
https://dx.doi.org/10.1038/187493a0
https://www.nobelprize.org/prizes/physics/2018/summary/
https://www.nobelprize.org/prizes/physics/2018/summary/
https://www.nobelprize.org/prizes/physics/2017/press-release/
https://www.nobelprize.org/prizes/physics/2017/press-release/
https://dx.doi.org/10.1007/978-3-642-45556-8
https://dx.doi.org/10.1007/978-3-642-45556-8
https://dx.doi.org/10.1007/bf01333598

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

[40]
[41]
[42]

[43]

[44]

Schawlow, A. L. y Townes, C. H., “Infrared and optical masers,” Physical Review,
vol. 112, no. 6, pp. 1940-1949, 1958, doi:10.1103 /physrev.112.1940.

Meiser, D., Ye, J., Carlson, D., y Holland, M., “Prospect for a millihertz-linewidth laser,”
Physical Review Letter, 2009.

Kimble, H. J., “The quantum internet,” Nature, vol. 453, no. 7198, pp. 1023-1030, 2008,
d0i:10.1038 /nature07127.

Ritter, S., Nolleke, C., Hahn, C., Reiserer, A., Neuzner, A., Uphoff, M., Miicke, M.,
Figueroa, E., Bochmann, J., y Rempe, G., “An elementary quantum network of single
atoms in optical cavities,” Nature, vol. 484, no. 7393, pp. 195-200, 2012, doi:10.1038/
naturel1023.

Paulisch, V., Kimble, H. J., y Gonzalez-Tudela, A., “Universal quantum computation
in waveguide QED using decoherence free subspaces,” New Journal of Physics, vol. 18,
no. 4, p. 043041, 2016, doi:10.1088/1367-2630,/18/4/043041.

Thoma, A., Schnauber, P., Gschrey, M., Seifried, M., Wolters, J., Schulze, J.-H., Stritt-
matter, A., Rodt, S., Carmele, A., Knorr, A., Heindel, T., y Reitzenstein, S., “Explo-
ring dephasing of a solid-state quantum emitter via time- and temperature-dependent

hong-ou-mandel experiments,” Physical Review Letters, vol. 116, no. 3, 2016, doi:
10.1103/physrevlett.116.033601.

Kannan, B., Ruckriegel, M. J., Campbell, D. L., Kockum, A. F., Braumiiller, J., Kim,
D. K., Kjaergaard, M., Krantz, P., Melville, A., Niedzielski, B. M., Vepséaldinen, A.,
Winik, R., Yoder, J. L., Nori, F., Orlando, T. P., Gustavsson, S., y Oliver, W. D., “Wa-
veguide quantum electrodynamics with superconducting artificial giant atoms,” Nature,
vol. 583, no. 7818, pp. 775779, 2020, doi:10.1038/s41586-020-2529-9.

Giefen, H., Berger, J. D., Mohs, G., Meystre, P., y Yelin, S. F., “Cavity-modified spon-
taneous emission: From rabi oscillations to exponential decay,” Phys. Rev. A, vol. 53,
pp. 2816-2821, 1996, doi:10.1103 /PhysRevA.53.2816.

Saff, E. y Snider, A., Fundamentals of Complex Analysis with Applications to Enginee-
ring, Science, and Mathematics, pp.—563. 2003.

Kubo, R., Toda, M., y Hashitsume, N., Statistical Physics II. Springer Berlin Heidelberg,
1991, doi:10.1007/978-3-642-58244-8.

Khintchine, A., “Korrelationstheorie der stationiren stochastischen prozesse,” Mathe-
matische Annalen, vol. 109, pp. 604-615, 1934, http://eudml.org/doc/159698.

Bohnet, J. G., Chen, Z., Weiner, J. M., Meiser, D., Holland, M. J., y Thompson, J. K., “A
steady-state superradiant laser with less than one intracavity photon,” Nature, vol. 484,
no. 7392, pp. 78-81, 2012, doi:10.1038 /nature10920.

Gardiner, C. W. y Collett, M. J., “Input and output in damped quantum systems:
Quantum stochastic differential equations and the master equation,” Phys. Rev. A,
vol. 31, pp. 3761-3774, 1985, doi:10.1103 /PhysRevA.31.3761.

72


https://dx.doi.org/10.1103/physrev.112.1940
https://dx.doi.org/10.1038/nature07127
https://dx.doi.org/10.1038/nature11023
https://dx.doi.org/10.1038/nature11023
https://dx.doi.org/10.1088/1367-2630/18/4/043041
https://dx.doi.org/10.1103/physrevlett.116.033601
https://dx.doi.org/10.1103/physrevlett.116.033601
https://dx.doi.org/10.1038/s41586-020-2529-9
https://dx.doi.org/10.1103/PhysRevA.53.2816
https://dx.doi.org/10.1007/978-3-642-58244-8
http://eudml.org/doc/159698
https://dx.doi.org/10.1038/nature10920
https://dx.doi.org/10.1103/PhysRevA.31.3761

Annex A

Derivation of the Phase Fluctuations
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Annex B

Equations of motion of Atomics
Opertors

B.1. Equation of Motion of Coherence Operator

This results are shown in sections F.2.2.1 and F.2.2.2 for both reservoir

—1
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Where _y = QE?; + QEI_?, is the shift generated by the reservoirs R and P.

B.2. Equation of Motion of Inversion Operator

This results are shown in sections F.2.1.1 and F.2.1.2 for both reservoir
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Where do = I 2, Ag = 22587 and F, = FR 4 F7.
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Annex C

Rotating frame variable change

From the equation of motion of the bosonic operator (??,?2?7.C.3), and considering the

change of variables a; = age @) and S— = S~ e W)t
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Annex D

Schrodinger, Heisenberg and
Interaction Pictures

Considering an operator Ag on the Schrodinger Picture, we could change the reference
frame of this operator througth a unitary transformation.
On the Heinsenberg Picture, the operator Ag will have the form

iHgt —iHgt

Ay =e h Age n (D.1)

On the Interaction Picture, the operator Ag will have the form

iHgt —iHgt

Ar=en Age n (D.2)

On this section we will study the Hamiltonian in those different pictures.

D.1. Interaction Picture
HZ = Z FM;}AO']' + /dwkhwkaT(wk)a(wk)

j
> / dwih (g* (wk)aT(wk)aj_ei(w’“_wA)t + g(wk)aja(wk)e_i(“’“_w“)t> (D.3)
J

D.2. Schrodinger Picture

Hs = Y 2200, + [ dantn! () + 3 [ den (57 (ol (wr)os + gl aean)

(D.4)
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D.3. Heisenberg Picture

Hy =Y hC;Aaj + /dwkhwkaT(wk)a(wk) + Z/dwkh (9*(Wk)aT(Wk>U; + g<w’€)a;‘ra(w’f))

J

(D.5)
Note that from the equation (D.1), we have that
iHgt —iHgt
Hy =en Hge n (D.6)

But H, commute with itself, so we get that Hy = Hg.

D.4. Electric Field

Now, we will study the Electric Field Operator on different Pictures. First, we will consider
the Interaction Picture

oy,
4regcA

Ef = /dwk a(wy)e™x! (D.7)
To change the Picture to the Schrodinger Picture, we need to apply the transformation

—iHgt iHgt

Ag=e"r Ajen (D.8)

Then, in the case of the Electric Field Operator

o+ i(_t> + iQ(_t)Q + ig(_t)g +
= Bf +— [Ho, Ef| + o177 (Ho, [Ho, BF ]| + i | Hy, [ Ho, [Ho, EF]]] ..
(D.9)
Tthe Electric Field operator on the Schrodinger Picture
Ay,
B = / d D.1
s “h 47T600Aa<wk> (D-10)

Now, we want to obtain the expression of the Electric Field Operator in the Heisenberg
Picture. To do this, we will apply the unitary transformation to the Electric Field opertator
in the Schrodinger Picture.
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Studying the commutator
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Now, we will study the second commutator term

(D.15)
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Annex E

Noise Operator Two times Correlation

From the correlation function expression

(E-()ET(t+ 7))

9 = (E-(t)E*(t)) (E.1)
W (r) = J dwy | dua(wy)ag(wy) (e O-owE+)) .
T o [ deab(eo)ao(ep) 0600} -
g () = [ duwy, | dsyad(wy)ag(w))eE O O )

[ dusg [ dwyad(wp)ao(w) e~ 3 (@0 —60 0)2)

E.1. Gaussian Noise

<€i(¢k(t)—¢k(0))> _ <Z i"(r(t) — ¢k(0))n>
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= () - o) + S (0lt) - 60(0)?)
(E.5)
Studying the second term of the RHS
((Pk(t) — P (0))) = 0 (E.6)

The second term of the RHS

<<¢k(t> - ¢k'(0>)2> =

|
P

(E.7)
Considering that
ou(t) — 0u(0) = — o [ Im [F0) ~ [ (o —wa)  (E)
b F ao(wy) (T + k) T +r) " ‘
Then
2 , , I
) = ST [atmmiFw] - [ ey (% — )+ 6x(0) (E9)

The first term on the RHS of the equation (E.7)

(Blon®) = —— ”,{ A(faryEwr-en) (faryEwe) - 7))
F+/<: <(/dt )¢k( )>
+a0(wk P+/<a < (/dt )>

< [ar / Aty (= wa)? > (61(0)61(0)) (E.10)

The second term
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(600 (0)) = @)?m ([ ar5(F) - Fi)on()
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- W </ At S(F(E) = FI(E)éw(0)) + (810060 (0))
(E.11)

(b O0u0) = s (b 0) [ W) = Fi) ) + (60)00)
(E.12)

Replacing in the equation (E.7)

() = 0w (0))) = (Bh(®)or(t)) — (8L (B)ow (0)) = (BL(0)8x(t)) + () (0)¢ (0) )
(E.13)
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(o000~ st (ke e (Jarkirer- 1)
w{far / dt”ri@ <wk—wA>> (610)6.0))

— (61(0)0x:(0)) — (61 (0)x(0)) + (6} (0) ¢ (0)) (E.15)
If we assume that (¢}(0)dw (0)) = (4} (0)4(0)) and that (8L (0w (0)) + (#1(0)¢x(0)).

the we have

()= 0u0F) = <(/ z ) (farryFe - 7))

. < / i / W w3) > +2(61(0)6x(0))

(E.16)

- R e

F2 9
(E.17)
E.2. Fluctuation Operator two times correlation
Let’s consider a Fluctuation Operator of the form:
_ g | £ o I
F(t) = e\ F —ig"(wi) NF-) — 5]-} , (E.18)

where F,, and JF(_y are the noise operators of equations of the bosonic and coherence
equations of motion 3.36.
Then, the two times correlation of the noise operator

T
r . r
/ dt’ / at" (Fi(t)F / dt’ / dt”<< —ig*(wy) NF —2;&) <fﬁ—¢g*(wk)Nf(_)—2fn>>

(E
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/ dt’ / at" (Fit / dt’ / dt”<< W) NF(, —2?1) <—7;g*(wk)Nf()—gﬂ>>

(E.20)

/ dt’ / at" (Fi(t / dt’ / dt” l\g we) 2N <]—“(+)(t/)F()(t”)>+F4<]—"l(t’)]—",€(t”)>]

E.2.1. Coherence Noise Operator correlation

Fo= FEH+FL
= / dwy k(W) NS7r, (to)e'@rea)t —i / dwgfi(wg)Ps(to) N.SZe iws—walt
(E.22)

Then, see the document New Phi Correlation Fuction

<]: (+)(t')]:(—)(t")> = / dw,, / Wy K™ (wy,) K (wr) <r§0(wu)wt0(%,)>@iw—wA)te—i(wuz—wA)t
1 ) ! "
+/dw5/dw6//<c wg)R(wpr) <[2(]1ﬁ _ 73;)} > o ilws—wa)t! Wy —wa)t
- / dw“/ wpr " (W) K (Wi )Wy — Wy )i, )" il o)t
1 . .
+/ dudp / du (g (W) 56 (wp — wp e r el mat

/ " 1 : ! 1"
= / duoy |1 () Py e mo T 4 o / dws i (wg) | 2ei s =) =")

(E.23)
The term n(w,) = 0 in the optical regime.
(Fi () F (") = Z/dwﬁ\ (wg)[Pe s
(E.24)
Meanwhile the conjugate
_ i(wn —w Il 1 - —ilwn—w ' n
(FoOF ) = [ dulsleon) P (o) + 1) 0 4 2 [ () P iesom =)
(E.25)
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<f(_)<t/)f(+)<t”) /dw“| () Pel e 4 /dwﬁ| Fo(wg)|2e i wsmwalt'=t")

(E.26)
E.2.2. Bosonic Noise Operator Correlation
Now, we will study the bosonic noise operator
Folwy) = —i / e, C (W, w0 ey (1, ) it (B.27)

Then, the two times correlations

1"

(FUOF) = [ du [ deonC i)l o) (7l )iy () ) el -

(E.28)
<.7:,i(t’).7: /dwu/dwu (Wi, Wy ) (W, Wy )T (w),)0 (W, — wul)e_i(wu_“k)t'ei(“’u’—wk)t” =0
(E.29)

While the conjugate

<fn(t/)fi(t/’)> = /dw“/dw“(*(wk,w#)g(wk,w#/) <rt0(wu)rzo(ww)>e*i(“’“*w’“)t/ei(wu’*wk)t"

(E.30)
<.7:,i(t’).7rﬁ(t") = /dwu/dwul CH(wpy wp)C(wiy wyr) (M(w)y,) + 1) 6w, — w“/)e*i(w#fwk)tlei(wuzfwk)t”
/dwu‘c Wlmwﬂ)‘ —i(wp—wi) (t'—t")
(E.31)
(FUOF)) = [ dulC () P (E.32)
E.3. Summary of Correlations
(FIE)Fu(t") = / e, | ¢ (wp, w, ) [P n =)@ =" (E.33)
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<«/—-T(t/)f,$(t”)> —0

K

(E.34)
H(wp—w — 1 - i —w '
(For () Fnt") = /dwu|ﬁ(wu)\2e( pmeA) =) 4 g/dwﬁm(wﬂﬂ% (wp—wa)(¢'~")
(E.35)
1 ) / "
(F @) F (") = 5/dwﬁ\&(wﬁ)ﬁeﬂwww)(t 1)
(E.36)

Replacing in the expression (E.21)

1 . / 1
[t [ar (FieyFen)y = [dv [ |lge) PN [ doglits) e

v far [ar| T {F0Fe)

(E.37)

/dt//dt” (FI)F")) = ;Ig(wk)|2N2/dt’/dt” U dw/3|/~{,(w5)|26_i(wﬂ_wA)(t/_t”)]
= ;|g(wk)l2N2 / dt” [ / dws|R(ws)|? / dt’e‘i(wﬁ—w)(t'—t”)]
= ;|g(wk)l2N2/dt” U duwp|7(ws)|? (w6(ws _WA))em—wA)t”]
= Slo@oPN? [ dikwa)?
= Dol N i(wa)

= |yl PNt
(E.38)

And
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/ d / at" (F(t)F (")) =

/ dt’ / dt”

[t [ at" [lgn) EN® (Foy ) Fen ()]
+/dt /dt” l (t)Fl(t ”)>]

[t [at"|lgnN® ( [ delilp)Peteneav=)|
/dt /dt” [|g ) N?( /dwﬂl (ws) e—z‘<wg—wA><t'—t">>}
+ [ar [a l4 / oy R 0, e

w
|g(we) PN~ + g(wk)|2N§t

—FZ . ! 1" 1
+ / at' | / duo, | F(wi, w2 / dt! e~ on—e) (¢—1")

-F2 ; "
[t |5 [ daon,) ot — e
o (14 5) 41 f @t | it

w r
9N (74 5 )t el ) P

2
(E.39)

2

w = _
OF(E) = LoV (v ) t+ it w)l

4
(E.40)
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Annex F

Heisenberg-Langevin Equations for
the reservoir operators in a Laser on a

waveguide QED

F.1. Heisenberg Equations of the Reservoir Operators

The evolution equation of the bosonic and the reservoir operators[18]:

ax = —iZgZa;ei(“’“’”“)t (F.1)
Too = —1 Zﬁ:Y’iai_ei(“‘*_wA)t (F.2)

The Heisenberg evolution of the raising and lowering pumping operators:

73; = —if%%ﬂ);a;e_i(”“_wf‘)t (F.3a)
73: = z'/%lb,jajpjei(w“_“"‘)t (F.3b)

Finally the inversion evolution equation
73; =2i (/%* Proteilwn—walt _ /%mjoj_P;ei(w“_wA)t) (F.4)

2V L

F.1.1. Solutions of Heisenberg Equations

The solution of equation (F.2):
Fo = ralto) — i /t't S o () eia iy (F.5)
0
The evolution of the bosonic operators:
ax(t) = ax(to) — igy, /tt > ooy (et ay (F.6)
0
The solutions of equations (F.3):
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jz TN

Po(t) =Py (to) — i /t K P o () e n e gy (F.7a)
Pyr(t) = Py (to) +z/ Zﬁ-w (P )elenen) gy (F.7b)

And the evolutions of the inversion:

. / t . /
P () = Py (to) + 2i / Zk;]ﬁj ("o e i mamealt qy! — 2 /t > Rpyoy Py (el ma el diF 8)
0 5
J

F.2. Derivation of the Equations of Motion of the Ato-
mic Operators

F.2.1. Equation of Motion of Inversion

This section calculations are base on [23, 44]

F.2.1.1. Evolution generated by the reservoir R

5= o t] = 2 [ f o+ 7+ )] )
_hi [UJZ’HIR} - Zh( Rl [ 05,05 ] eilwn—wa)t 4 Kui |0 [ jvo'j_} € i(wH_WA)t>

= —ZZ( uz # 2(5”0' ) (wp—wa)t + Iilm(252',1'0?)7””671(“)“7%4)15)
= 27,2( },L TTO— e(w,u UJA) _K:MJO_;‘T.ue—Z'(Wu—WA)t)

I

(F.10)

Replacing r, and TL by the solution of the equation of motion:

_hi {UJZ’H;%} = QZZ [ M ( t() +Z/ ZKJ!HO' Z(wu wa tdt) (wuwA)t]

m

_222 [Hﬂ ]U < tO — Z/ ,u’L ’L el(wu—wA)tdt/> e_i(wM_WA)t]
to .

: (F.11)
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%Z [aj,Hﬂ = QZ'Z (“wTLC’g eilwp—walt _ “wgﬁ’u@ i(wu—wA)t)
12

+2i [ < / Z Kp,i0; —iwu—wa tdt) ;e Uwu= “A)tl
—21 Z |f@ij ] ( / Z K}A A Z(wM_WA tdt) _Z(w”_wA)t‘|
to i

“w
(F.12)
;i { z HR} - 22( (t ) (wp—wa)t o+ (t ) —i(wp—wa)t
wo Lo Hi| = 1 K, Tu(to)oy e’ Ko ulto)e )
n
—2 Z |:‘£Zd (/ Z Kuioi ( e~ wu—wa)t! dt> aj_ei(““_“)t}
_22 [“w g; (/ ZHH» Z(w“ walt dt) i wA)t]
(F.13)
Definig the noise operator gererated by the reservoir R.
FR = 2@'2”( K, M(to)a elwn— “A)t—/iwa;rru(to) Z(“’“_‘”A)t)
(F.14)
—t z R| _ R * t —i(wy—wa)t — i(wy—wap)t
- [aj,HI} = F'- 2% Ky iR </t0 o (th)e iwnmwa) dt') o; el A)}
¢ , ,
_22 |:I{[,t7j K0 (/ O_i—(t/)ez(wu—w,q)tdt/) e—z(wu—wA)t]
to
(F.15)

If o (t') — o (t):
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—1 z R| _ R * t + o —i(wy—wa)t g4l — i(wy—wa)t

?{Uj,HI}— F _QE{R“’jH“’i</togi (e T wARdL ) o et A
t . .

5 [ ([ sad) o]
to
t
* + t(wp—wa)t t(wp—wa)t
Koy jton,iOi (t)(/toe {ou=wa) dt) Je(u A)]

t . )
_22 [HMJ’%;M oo (t) </ ez(w”_wA)tdt,> G_Z(w“_wA)t:|
to

(F.16)
Where, if t — tg — oo:
' Jet(wmwolt . P
}ggo/ ire = mo{w —wo) i (F.17)
3 z HR — 2 ) . P Y
E[Uj’ I}_ - Z Kpgtinioi () | 70 (wy _WA)—Zm o;e
p t) (no P oo
_ Z K/ll«]"'iuz ] () T <w“_wA)+lm e
(F.18)
—1 z HR — 2 ) . P Y
?[Uj’ I}_ - Z Rty (1) | 0w, _WA)—Zm g€
p £ (76 = oo
_ Z K/,U«]'Liuz ] () T <w'u‘_wA)+lm e
= —2 Z {KIM ]/{u i0; (t) (7T(5( — WA)) O-j—Gi(wM—wA)t]
_2 Z [’iﬂj"i‘ul j ( ) (7]-5((,;)# — WA)) e—i(w#—wA)ti|
_22 Kk UT"(t) —ji o eilwn—wat
M/L' w,J 22 wu _ wA j
. P s
_QZ [Kﬂjﬁul ] (t) <Za)u_u}A> e (W A)t‘|
(F.19)
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_hi {0;’ Hﬂ - B QZ {I{#J’iﬂ 07 (t) (70 (w, — wa)) Jj_ei(“’“_”f‘)t}

_22 [/iujfﬁl” ;0 (1) (Wd(wu —wy)) e*i(wufwA)t}
P A
__2§:’figmu¢aj(w <—¢>(?;d@m_wAﬁ]

P :
; —i(wp—wa)t
_22 llﬁ}#]l'i”z oo (1) <Zwﬂ—w,4> e~ Hwp—wa ]
(F.20)
- Wp—w —i(wy—w
f {UJ,H;%} = fR — 27‘(’25(&}# —(,UA) [ HJKH,ZOA_O-j 6( u—wa)t + K#:J"iuzaj_o- e 1M A)t}
X

P 4
+22 <Z> [/@Z,jlﬁ“’iajo-;el(wu*wA) + H,U«,J'% 0.+0. e l(wufwA)t:I

i \ Wn WA s
(F.21)
Defining the collective operator
z 1 z
S:NZ% (F.22)
J
—1 z R| _ —1 z R
+ VS = ;Z[ L HY
— — 27]' Z 5 — Wy |: 45#’1.0—?0;62'((0#*0.)14) + 'Li,ul,]’%u ZO.;FO. e l(wu*WA)t:|
11,8,
; P + i(wp—wa)t + —i(wp—wa)t
+21 Z N [/{ jRuio; o; e — Ky gk, 07 0; € ]
Hstsg K
(F.23)
-t [NSZ HR} = — 2%225 —w [ ik ofoTellwnwalt e g U*Ufe_i(w“_”)t}
h Y I - " A j VT g ] M,j 1™ g ()
0.
+24 Z Z (w“ — OJA> [ it za*a eilwp—walt _ ff/”/i“ 7,O'+0'j e l(w,u*wA)ti|
I 7«,]
(F.24)
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- [NSZ, Hﬂ = FR-273" Y 6w, — WA)K, K [ei(“’“_wf‘)t + e_i(““_“A)t] oo

R 1oy J
+2i Z Z (u) w ) Hu R [ei(w“ﬂm)t — €7i(w“7wA)t} a;ra;
B uw WA
(F.25)
If we consider u T m Jdw,
%Z {staHﬁ} - - QWZ/de25 — WA K#]KN'L {ei(WM*WA)t + e*i(wu*WA)t:| O_jo_'f
+212/dwu Z (w w ) Hﬂj“uz [ wp—wa)t _ €_i(w“_w‘4)t} 0';’_0'._
@, p WA
(F.26)
Z —
- (NS* Hf| = F 4WZZKW WA)bom (W) 0
m qj

Definig 7. ]) = 27 3o o i (Wa) K i (wa) and Q the shift generated by the reservoir R:

QE?) = Z/dwu ( ) li;j’%mﬂ [ei("-’u_wA)t _ e—i(WM_WA)t} (F28>
i wu p— wA b2

Then the evolution generated by the reservoir R:

_hi {NSZ,Hﬂ = ﬁR—Ziz;%(?)afaj_+2i;ﬂ§§)ai+aj_
' ' (F.29)
But studing the term J;L
oo =0 B (U; +Ij>} (F.30)

Replacing in the equation (F.29)

96



NSZ,Hﬂ = 227( )cr+0 —1—212951?”)0?0»_

J
0,J

_ 22 s, [ (o7 +I)]+2iZQ(R)5 [ (o7 +I)]

%,J

— Z%] [a; +Ij} +iZQ§§) [o; +I]}
J

(F.31)
— . . ]
— Vst ] = FR=3 op + I i 3095 [of + 7]
J J
(F.32)
: _ ) _ OB .
Defining v = v;, and QU = Q; ;/for all j:
—t z T z . z
?{NS ,Hﬂ = FR—V(R)%:[% —1—13} —i—zQ(R)%:[aj —I—Ij]
= FR—4[NS*+ N +iQP [NS* + N]
(F.33)
Sip) = %Z (57 Hf| = FR—yW[$* + 1] +iQF [5* +1]
(F.34)
F.2.1.2. Evolution generated by the reservoir P
.z —1 z _ —1 z R P 1D

7 o]

VR

Replacing 735

- Zﬁ (’fgz {Uj,aﬂ e Hws—walt Rg; |0 [ %0 } 73[3 eilws—wa)t )
= —ZZ(’%JJB (20, ;07 )e Z(w,e*wA)t_i_,%B’i(_%i’ja )7;+ i(wg— wA)t))
(F.36)

and Pj by the solution of the equation of motion:
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—i z ; * i(wg—wa)t —i(wg—w
- [aj,Hﬂ = =2y (nﬁ] (PB to) —I—z/ Z/‘iﬁza P (t)elwsmwa)t dt’) ofe s A”)

B
+2iz<ligj j (Pﬁ to /Zliﬁzpﬁ ) —i(wg—wa)t dt) +i(wg— wA)t>
/B .
(F.37)
—t ) Tk —i(wg—w ~ —P— i(wg—w
T = P P

t
_212 ("%EJ (Z/ Z"@B,iai_(t/)P t) i(wg—wa)t’ dt) O' e—z(wg wA)t>
B t() -

B

t .
+2iz </Z&5’j0j (—Z/ Zszipg(t/)a;r(t/>efl(wﬁfw,4 dt) i(wg wA)t>
B to
(F.38)

%Z 05 HY | = =203 (R Pf (to)of e 7o)t — kg j07 Py (1)t sma)t)
B

¢ ' / |
+2 Z <’%Eﬂ%ﬁ,l </ O'; (t/)’])§<t/)el(w£*wl4)t dt/) Uj@l(waA)t)
. to

ﬂ7i

t ) , )
123 (Rosinoy ([ oo (et ar) eitssan)
B.i to
(F.39)

Definig the noise operator gererated by the reservoir P.

FP = 2 (R, P (to)ot e et — oy 0P (tg)e s
5
(F.40)

—i z A ¢ i(wg—w —i(wg—w
f[%Hﬂ = fp+2z<’%,j’fﬁ,z’ (/O ; () P5(t)e™e™ A)tdt') o et A)t)
+QZ(HW’% & ( / P5(t)ai (t)e z(“"*“*“)t'dt’) e“waw) (F.41)
B

If o (t') — o7 (t) and P5(t') = P5i(t):
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—1 z Pl _ P ~% o~ tiw—w t/ z _— + —i(wg—wa)t
f[aj,HI]— F +2%;<I€B7jl{57i</toe(ﬂ A) dt’)Pﬁai oje (ws A))
i ,
+2>° (/%g,jf%;ﬂ)gaj_a;r (/ e~iwpmwa)t dt) Hws— wA)t) (F.42)
Bii fo

Where, if t — tg — o0

P
I jf dt' e = 6(w — wp) + F.43
Jim = bl — o) i (F.43)
~ [UZ' HP} = FF4 22 Ry Rpi | m0(wp —wa) + Zi ’PZO*OJFe i(wp—wa)t
Bl - B3 P wg — Wa B
P (wp—wa)t
+2> | Rp ks Phoy of | mo(ws — wa) — i——— | ef@sa (F.44)
Bii Wp —wa
—i z P z__— —i(wg—w
5 {O’j, Hﬂ = FP+ 2; (mﬁ’jfig,i (md(wp — wa)) Pjo; o e s A)t)
123 (R Pioy o (md(ws —wa)) er=))

67?:
i ngfajire—i(w/;—wA)t
— Wy B¥i 7

2 7
+23 (%50 (i

h N z — _+ : P i(wg—wa)t
+2§: ’fﬁ,jfig,ipﬁaj o | —t——— ) e"FA

B,i Wg — wa

(F.45)

f [O']Z-, HL—P} = f’P + 2 Z 7T(5 Wﬂ — CUA)) (Rz,j/%,&ipgai_O';—G_Z(wﬁ_wA)t + ,'%ijRz’ipgo.j—o.;-ez(wﬁ—w,q)t>
1871

P
22 <ZA> (Fp kpiPioy of e Woment — g it Phoy o el mealt)

(F.46)

z 1 4
5 =5 2.9 (F.47)
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—1 z _ —1 z P
X[NS,HH_ h%j[aj,ﬂl}
= FP+2r> 6(ws—wa) (R;’jf%g,ipga;a;re’i(“’ﬁ*w’*)t + /”%BJR;,ipgaj’ajei(“ﬁ’“’*)t)
B, i,j

~% o~ — 4 o t 5 . Ry B .
+2 Z < Wy — wa ) (,Lq,ﬁ,j,%/&ﬂ?gai oje (wg—wa)t _ ﬁﬂ,jKﬁ,inUj o; ez(wB wA))

Byisj
(F.48)
— z —i(wg—w i(wg—w
?[NS,H})]: ]—"7’_|_27rzﬁ225 ﬁﬁjnﬁz%( prwalt 4 gilws— A)t> o; o}
]
+2 % Z < ) /{5]'%,8 zpﬁ ( —i(wg—wa)t _ ei(wB_WA)t> O_i—o_;-
i
(F.49)
If we consider Y5 — >, [ dwg
—i z —i(wg—w (wg—w -
- [NS ,Hﬂ = FF +27TZ/dUJ525 wp — wa)Ry ;(wWp)Rei(ws) Py ( pwalt 4 ilws— A)t> o; o}
irj
+22/dwﬁ > (iwg—w,) Ry (we) iy i (wp) P} (e7 1o mwalt — gilesmenlt) g oot
1 ij
(F.50)
—1 ~ % ~ z _—
5 [NSZ, Hﬂ = Fl4dnd Y Ry j(wa)Ryi(wa)Ploy of
I iy
. P ~ % ~ z [ ,—i(wg—wa)t i(wg—wa)t - _+
+222/de2 oy — oo iy (ws )i a(ws)PF (e —e )o; o
1 irj
(F.51)

Definig 'yl-(?) and QE?) the decay rate and the shift generated by the reservoir R, respecti-
vely:

Yy =2m Y R (wa)Rus(wa) Pr (F.52)
l

P , ,
Qz(?) — iZ/dwﬂ <M> ’%Zj(wﬂ)’%l,i(wﬁ)lpf <€—z(w/3—w,4)t _ eZ(W[j—WA)t> (F.53)
l

Then the evolution generated by the reservoir P:
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s af] = FP a2 Doror 42y 0o ot
,J

h — j
7
(F.54)
But studing the terms o; 0} and o 0
_ 1 .
g; O';_ = (51"]' [2 (I] - O'j):| (F55>
_ I
O';FO'j = 51'7]' |:2 (O'j +IJ):| (F56>
Replacing in the equation (F.54)
—1 z Pl _ P P) z
— N5t HT | = F +2Z% 3i [( )] 2229” y {(z._aj)]
= fPJFZ%‘J [ j—"j} _ZZQj,j { j—"j}
j j
(F.57)
Defining %) = 7 ) and Q) = Qg;) for all j:
%[NSZ,H}’}: FP DY (L - of] - iP Y [1; - of]
J J
=  FP 44PN - NS —iQP) [N - NS?|
(F.58)
Sip) = % (2 H | = FP+29P[1-57-i0P[1- 57
(F.59)

F.2.2. Equation of Motion of Coherence

This section calculations are base on [23, 44].
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F.2.2.1. Evolution generated by the reservoir R

—1

- o A7 = —Zh( rt [o7,07] et 4, [o7 07| e
- —zzw By e )

= ZZ (’%u,jajrue e wA)t)
n
(F.60)

Replacing r, and TL by the solution of the equation of motion:

! i ) z ZUJ —w Wy —w
f[%,ﬂﬂz ZZ(”MJ’UJ’( (to) _Z/ Zﬂuzz theten Atdt) —iwn A)t>
o
= X (gt e ([ oo (O ar ) o)
o

to i
(F.61)

Definig the noise operator gererated by the reservoir R.

f(}i) - Zz,u (H,u,ja'jru(to)e_i(wu_wA)t)

(F.62)
—t - i(wy—w —i(wy—w
?{%’,HF] - ]:(Ii)—'_;(/ K’N]H,U«ZO'JO-Z (t,)e( pwa) dt) pwalt
(F.63)
If o (') — o (t):
_Z _ t W(w,—w Z Wy —w
F[JJ’HF}: +ZH/H]'L€M7,] 7 </toe(u A dt) ® A)t
(F.64)
Where, if t — ty — oc:
t . , P
lim / dt' e @m0 = 1§ (w — wp) + i (F.65)
t—oo Jo Wy — W
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% {Uj_, H}?’] = fR) + Z /'i,”liluajaZ (ﬂé(wu — WA) — @) e Hwu—wa)t
"

= ]-"( y T anﬁzwaj o; (mé(w, —wa)) o i(wp—wa)t

P .
+Z’§w’€m i <—2> e Hwn—wa)t

Wy —wa

(F.66)

Defining the collective operator:

5= Ly g (F.67)
N =
—1 - R| _ —1 e R
= + ZK“,U]K“MZ i g; (7T5< _WA))e_i(wu_WA)t
15i]
P .
g —i(wp—wa)t
—l—%:]ffmfiw 50 < ZWH_WA>6

(F.68)

If we consider 3>, — >, [ dw,

—Z _ * z _— —t(wy—w

- {NS ,Hﬂ = ]:(Ii) +Z/dwﬂZ/ﬁmd(wu)mm(w#)ajai (T8 (wy — wa)) e @n—walt

z . P —i(wp—wa)t
+Z/deZ/im] W)k i(Wy)oso; _Zwu—wA e
(F.69)
—1 _ x P
7 [NS ,Hﬂ = }"(Ii) + WZZﬁm,j(wA)/ﬁm(wA)ajai
1,) M
d P —i(wp—waA)t 2z _—
_Z;Z’; Wik, (W) Ky (@) m € 0;0;

(F.70)

Definig 7((1_%))1,7 ; and Qg}) as the decay rate and the shift generated by the reservoir R,

respectively:

NP =21 K (W) () (F.71)

m
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R * P —i(wy—w
QE_;M - ;/dwu“m,j(wu)“m,i(wu) (%‘WA e Humealt (F.72)

_7/ _ Rl _ R) z . (R) z -
(F.73)
But studing the term oo}
O',;-ZO'; = —51"]' |g>z <€’j (F74>
—i _ 1 R
T VST = 4 g Bl ol el) — 1200 (s o) fel)
i,J
1
_ R (R) — . (R) _
= SO B Z’Vj,j oj + ZZQ(f)j,jUj
j J
(F.75)
: R) _ . (R) R) _ OR) .
Defining v = 75, and Q) = Q;; for all j:
—q B
- [Ns™ ) = Z%J o7 —l—ZZQ )50
= ZO’ —HQ Z
J
1
(F.76)
- N 1
- _ TR R) o— .~(R) o—
St = F& —§7< 1S~ +iQP s
F.2.2.2. Evolution generated by the reservoir P
—1 — Pl _ —1 —i(wg—wp)t ~, (wg—wa)t
5 loi HT ] = hﬁ.h(’fﬁzpﬁ[w of | e i, o7 o7 | Petienmea)
—1 ~ % 2\ —i(wg—w
T h 4 h (5P (=107 ) (nment)
I CR R
(F.77)
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Replacing 73; and P; by the solution of the equation of motion:

—1 o . o 4 —i(wa—wa)t
L7 7] = @%(mﬁ,jpﬁaje (ar=alt)
t 4 , |
- (RE ’ (Pg (t0) 1 [ 3 Ao (1)P5(t)e e dt'> aj-emMA)t)
B to
(F.78)
: i ) P z —i(wg—w
h {Uj ,Hﬂ = zzﬂ:mﬁjpg(to)g e Hwp—wa)t
t .
22 (R;jgﬁ’i (/ () P5()e et dt/> Uf-el(%wA)t)
8 i 7 to
(F.79)
Definig the noise operator gererated by the reservoir P.
‘ng) = i % ’%EJPg (to)aje*i(wB*wA)t
(F.80)

;'é O"_,HP _ ]_—7i . R i to'._ YPA (Y e—i(wﬁ—wA dt') o7 —z(wﬁ—wA)t
B oLoao =) =5 BB J, T B
(F.81)

If o (t') — o3 (t) and Pi (t') — Pi ;i (t):

- o7, HF | = FF, — RY Rai te—i(WB—WA)t’dt Pio;oie” i(wg—wa)t
oLt =) 4 BB, o
(F.82)

Where, if t — t; — oo:

hm/ dt'e" @0 = 1§(w — wo) +i P (F.83)

t—o0 Wo — W
Then

% {Uj_?Hﬂ - ZZ <’fﬂg’%z (7?5( Wp — wy) — i——— F ) Pio; oje” Z(Wﬁ—wﬂf)

Wp — WA

(F.84)
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o HE) = By = X (R (nbleos — ) Py o)

B
P .
o PR z = -z —i(wg—wa)t
%; (/iﬁ’]lig’l < ng — WA> Pio; ose >
(F.85)
Defining the collective operator:
1
J
—1 _ ] —1 _ P
f[NS ,HI} = h;[aj,ﬂl}
= .7:"(71) - ; (’%E,j’%ﬁ»i (m0(ws — wa)) Pgai_aje_i(“’ﬁ_wf‘)t)
KN
+i Y (Fi* K <P> Pio;oie” Z(wﬂ“’*“)t>
B BattPs wg — wa
(F.87)
If we consider } 5 — >, [ dwg
_Z - —i(w w
- {NS ,Hﬂ = ZZ/dUJg Rl j(wp)Ri(wg) (md(wp — wa)) Pio; oje H(ws = A))
i\j
P z _— 2z —i(wg—wa)t
+ZZZ/dw5 i1 j(wp)Rri(wg) Plojoze wrmea
Wg — wa
(F.88)
NS, HT) = P :
?[ ) I]_ __WZZ( WAK'ZZWA) [) Uj
+Z22/dw R} (wp)Ryi(wg) P Pretwamwalt ) 5= %
B l,j 5 NANE] wg — Wy i 7]
(F.89)

Definig ’y( yi; and Q P ; the decay rate and the shift generated by the reservoir P, res-
pectively:

%(7;) =21 Y Ky j(wa)ki(wa)Pr (F.90)
[
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K i z P —i(wg—w
Q?—D;m - Z/dwﬁ (ﬁl,j(wﬁ)ﬁl,i(wﬁ)ﬂ () e s A”) (F.91)
l

Wwp — W4

The evolution of the collective coherence operator generated by the pump reservoir:

— o P] P L?® o xoP -
i, i
(F.92)
But studing the term o; o7
Uz‘_gj = 0ij19); <6|j (F.93)
—1 _ (P : P
— N5 HT| = Z% 85519, (el; +i 27, ;815 19, (el
Z7‘7
(F.94)
—i - Pl _ P 1 P) = 4 (P) -
. (NS™ HT | = FE) - 5 27107 T2 20,0
J J
(F.95)
Defining 4P) = 7 ) and QP) = Qg? for all j:
—1 - Pl _ P L o -1 0P -
J
1
= FL - APINS +i NS~
=) "9
(F.96)
—[sH] = -8 +ial)s
(F.97)

107



	Resumen
	Resumen
	Agradecimientos
	Introduction
	1 Fundamental Concepts
	1.1 Quantum Optics
	1.1.1 Quantization of the Electromagnetic Field
	1.1.2 States of the Electromagntic Field
	1.1.3 Continuos-mode Field Operators
	1.1.4 Light-Matter Interaction

	1.2 Open Quantum System
	1.2.1 System-Plus-Reservoir Approach
	1.2.2 Master Equation
	1.2.2.1 Master Equation of the Damped Harmonic Oscillator

	1.2.3 Heisenberg-Langevin Equation of Motion
	1.2.3.1 Heisenberg-Langevin Equation for an Harmonic Oscillator


	1.3 Laser
	1.4 Linewidth of a Cavity QED Laser
	1.4.1 Model of a Laser on a Cavity QED system
	1.4.2 Steady state solutions of the Mean Field Equations of a Cavity QED Laser
	1.4.3 Phase Diffusion Linewidth 


	2  Model of a Laser on a Waveguide QED
	2.1 Open Quantum System Approach 
	2.1.1 System of interest
	2.1.2 Reservoir
	2.1.2.1 Pumping System 
	2.1.2.2 Free Electromagnetic Field


	2.2 The Interaction Hamiltonian of the Total System
	2.2.1 Discrete Model
	2.2.2 Continuous Model


	3 Heisenberg-Langevin Equation of Motion of a Waveguide QED system Laser
	3.1 Heisenberg Equation of the total system operators
	3.1.1 Solutions of Heisenberg Equations of the Reservoir operators

	3.2 Deduction of the Heisenberg-Langevin equations of motion  
	3.2.1 Deduction of the atomic coherence operator Heisenberg-Langevin Equation of Motion
	3.2.2 Deduction of the atomic inversion operator Heisenberg-Langevin Equation of Motion
	3.2.3 Deduction of the Continuous bosonic Heisenberg-Langevin Equation of Motion

	3.3 Heisenberg-Langevin Equations of Motion of the Atom-Field System operators 
	3.3.1 Equations of Motion in the Rotating Frame


	4  Linewidth of a Waveguide QED system Laser
	4.1 Mean-Field Equation of Motion
	4.1.1 Steady State Solutions in the Mean Field

	4.2 Electric Field Equation of Motion in the Heisenberg Picture
	4.2.1 Steady-state Solution of the Mean-field equation of the Electric Field operator
	4.2.2 Electric Field Operator above the threshold

	4.3  The Spectrum
	4.3.1 Wiener-Khintchine Theorem
	4.3.2 Laser Power and Spectrum


	5 Waveguide Phase Equation Method for the Linewidth
	5.1  Waveguide Phase Equation
	5.1.1 Derivation of the Phase Equation

	5.2 Fluctuating terms of the Phase
	5.2.1 Phase Correlations

	5.3 Coherence Function
	5.3.1 Derivation of the Coherence Function

	5.4 Spectrum of the Phase Equation Method
	5.4.1 Wiener-Khintchine Theorem
	5.4.2 Spectrum and Power in the Phase Equation Method
	5.4.2.1 Generalized Good Cavity Regime
	5.4.2.2 Generalized Bad Cavity Regime



	Conclusions
	Bibliography
	ANNEXES
	Annex A Derivation of the Phase Fluctuations
	Annex B Equations of motion of Atomics Opertors
	B.1 Equation of Motion of Coherence Operator
	B.2 Equation of Motion of Inversion Operator

	Annex C Rotating frame variable change
	Annex D Schrödinger, Heisenberg and Interaction Pictures
	D.1 Interaction Picture
	D.2 Schrödinger Picture
	D.3 Heisenberg Picture
	D.4 Electric Field

	Annex E Noise Operator Two times Correlation
	E.1 Gaussian Noise
	E.2 Fluctuation Operator two times correlation
	E.2.1 Coherence Noise Operator correlation
	E.2.2 Bosonic Noise Operator Correlation

	E.3 Summary of Correlations

	Annex F Heisenberg-Langevin Equations for the reservoir operators in a Laser on a waveguide QED
	F.1 Heisenberg Equations of the Reservoir Operators
	F.1.1 Solutions of Heisenberg Equations

	F.2 Derivation of the Equations of Motion of the Atomic Operators
	F.2.1 Equation of Motion of Inversion
	F.2.1.1 Evolution generated by the reservoir R
	F.2.1.2 Evolution generated by the reservoir P

	F.2.2 Equation of Motion of Coherence
	F.2.2.1 Evolution generated by the reservoir R
	F.2.2.2 Evolution generated by the reservoir P







