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ABSTRACT

Models of the spontaneous emission and absorption of photons coupled to the electronic states of
quantum dots, molecules, N-V (single nitrogen vacancy) centers in diamond, that can be modeled
as artificial few level atoms, are important to the development of quantum computers and quantum
networks. A quantum source modeled after an effective few level system is strongly dependent
on the type and coupling strength the allowed transitions. These selection rules are subject to the
Wigner-Eckert theorem which specifies the possible transitions during the spontaneous creation of
a photonic state and its subsequent emission. The model presented in this dissertation describes
the spatio-temporal evolution of photonic states by means of a Dirac-like equation for the photonic
wave function within the region of interaction of a quantum source. As part of this aim, we describe
the possibility to shift from traditional electrodynamics and quantum electrodynamics, in terms of
electric and magnetic fields, to one in terms of a photonic wave function and its operators. The
mapping between these will also be presented herein. It is further shown that the results of this
model can be experimentally verified. The suggested method of verification relies on the direct
comparison of the calculated density matrix or Wigner function, associated with the quantum state
of a photon, to ones that are experimentally reconstructed through optical homodyne tomography
techniques. In this non-perturbative model we describe the spontaneous creation of photonic state
in a non-Markovian limit which does not implement the Weisskopf-Wigner approximation. We
further show that this limit is important for the description of how a single photonic mode is created
from the possibly infinite set of photonic frequencies v, that can be excited in a dielectric-cavity
from the vacuum state. We use discretized central-difference approximations to the space and
time partial derivatives, similar to finite-difference time domain models, to compute these results.
The results presented herein show that near field effects need considered when describing adjacent

quantum sources that are separated by distances that are small with respect to the wavelength of
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their spontaneously created photonic states. Additionally, within the future scope of this model,
we seek results in the Purcell and Rabi regimes to describe enhanced spontaneous emission events
from these few-level systems, as embedded in dielectric cavities. A final goal of this dissertation
is to create novel computational and theoretical models that describe single and multiple photon

states via single photon creation and annihilation operators.
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1 INTRODUCTION, MOTIVATION, AND WORK PLAN

1.1 Summary

Modeling the spontaneous emission of a single-photon emitted from an electrically or optically
injected few-level system is important for several proposed solid-state quantum computers and
quantum networks. In this study we seek to model the fully quantized excitation and spontaneous
decay from these levels through an optical emission of a photon in the non-Markovian limit of
the photon bath. We propose the use of discretized central-difference approximations of space
and time partial derivatives to describe the interaction between single photon and quantum dot
states. In the future scope of this model, we seek results in the Purcell and Rabi regimes for
spontaneous emission events from quantum dots embedded in dielectric cavities. In this chapter
we discuss in detail the motivation for studying this system and the work plan that has been carried
out while developing a computational model that calculate results that can be directly compared to

experimental results.
1.2 Background

The field of quantum computation (QC) and quantum information technology (QIT) has recently
experienced escalated activity in the search for a physically legitimate description of photonic
states coupled to their quantum sources [1, 2]. The observed increase in activity is in part due to
the suggestion that quantum information processing based on the electron spins of quantum dots
(QDs), coupled through optical modes of a dielectric cavity [1], could improve on schemes based
on the energy states of trapped ions [3] and nuclear spins in chemical solution [4, 5]. Some ad-
vantages of a QC scheme based on the suggested semiconductor quantum dot arrays may include
greater scalability, longer spin decoherence and long distance, fast interactions by means of pho-

tons [1].



We propose a model for describing this coupling between a photonic state to the electron spin state
of a quantum source (such as a QD) through optical modes present in a dielectric cavities. Addi-
tional applications of this model may include the design of devices aimed at single photon emission
[6], single photon detection [7, 8], quantum teleportation, and quantum computing within a quan-
tum network [2]. In order to successfully describe the coupling between spontaneously emitted
photons and their quantum sources in this model, we show that high computational resolution is
required to describe whispering gallery modes [9] and other optical modes available in dielectric
cavities such as micro-disks and photonic crystals.

The proposed model for spontaneous photonic emission of radiation describes the evolution of
photonic states by means of a Dirac like equation in 3+1 dimensions. The rigorous description
of the interaction between a quantum source and the generated Photonic Wave Function (PWF)
[10, 11] is initially made within the formalism of relativistic quantum field theory (QFT) [12, 13].
In this procedure, a connection between the PWF and the four vector potential for a Maxwell Field
is drawn. This canonical quantization procedure leads to two important results, a complex tensor
introduced into the photon field Lagrangian in place of the Faraday tensor and the coupled electron-
photon field equations in terms of a field equation for the PWF. We describe the coupling between
quantum sources and the PWF it generates. We extend these results to show how to model the emis-
sion of photonic states from a QD embedded in dielectric cavities. Experimentally, the quadratures
of photonic states [14, 15, 16, 17, 18] have been measured and used to calculate quantum state’s
Wigner and ¢® correlation functions [16]. The models of photonic states presented herein can
be extended and used to generate such photonic states for verification or comparison directly to

experimental observations of this type.



1.3 Introduction

Figure 1.1: Bloch Sphere (used from Wikipedia)

As transistors begin to near the angstrom scale, in order for the computing industry to continue
following Moore’s law it has become increasingly important for computer chip manufacturers to
consider quantum mechanical effects when designing computing devices. Currently, classical com-
puters are being manufactured via processes that manipulate matter at the order of 45 nm or less;
such as Intel 17 (Nehalem) [19], AMD Opteron (Shanghai) [20], and IBM Cell Broad Band Engine
[21] processors. In order to understand how quantum mechanical effects will affect computing in
coming years computer chip manufacturers will have to focus on the differences between classi-
cal and quantum computers. Both industry and government have started initiatives over the last
few decades to investigate the viability of quantum computing (QC). In this study we discuss the
motivation for designing quantum computers, outline differences between quantum and classical
computers, and focus on how we contribute to the design of a quantum computing network. We
also extend our contribution to the areas of single photon emission and detection.

Classical computers differ from quantum computers at the fundamental level of information stor-
age and communication. Since the conception of the Touring-complete general purpose computer
ENIAC by John Von Neumann the principal unit of information in computing technologies has
been a binary digit (bit). To this day computers and all the information stored within them operate
on this basic unit of information. However, since the advent of computers, the need to access infor-

mation and process it has increased at ever increasing rates. This growth in information production



and processing has been accompanied by a need for ever faster computers. One such need is
presented by the armed forces requirement for secure communication and the ability to decode
mission critical information while intercepting potentially dangerous communications between
possible enemies of the state. In addition, large amounts of information lead to large databases
that need to be sorted through when seeking particular entries in a vast sea of information. For
example industry giants like Google perpetually generate and parallelize databases replete with
information in hopes of speeding up search algorithms and facilitating nearly instantaneous access
to an ever increasing and newly generated set of information. Note that we have omitted the entire
banking sector, economic industry, and sciences from this discussion for brevity. The main point
revolves around the necessity that computer manufacturers have to stack millions of transistors
into ever smaller volumes in order to create ever faster computer chips, storage units, and memory
necessary for processing and storing copious amounts of information.

Where classical computers depend on bits to store information, quantum computers depend on
quantum bits ( qubits) for this purpose. As the name suggests quantum binary digits are a quan-
tum representation of the on and off state as interpreted in machines like ENIAC and those in
existence today. It is possible to visualize the relationship between bits and qubits by means of
what is known as the Bloch sphere in figure 1.1 in terms of the on |1) and off states |0) of a bit
and a superposition state of a qubit |¥). One major advantage of quantum computers is that they
do not alter the Church-Turing thesis. This implies that QC does not allow the computation of
functions which are not theoretically computable. So far it has been shown through the discoveries
of Shor and others that it is possible to develop quantum algorithms for important problems like
prime factorization [22], protocols for quantum error correction (QEC) [23], and fault-tolerant QC
[23]. Other algorithms in QC, that if physically implemented could be of immediate use, include
Grover’s Algorithm for database searches [24] and the quantum Fourier Transform [25].

Central to the discussion on QC and QEC is the decoherence rate of qubits. It is imperative to
QC to find an implementation where qubits that are part of the QC are well isolated from their

environment. Among suggested implementations for QC are Raman coupled low-energy states of



trapped ions [3] and nuclear spins in chemical solution [4, 5]. Implementations of qubits based on
these implementations could provide the first examples of QC up to the 5 through 10 qubits level.
However, these implementations may not be scalable to more than 100 qubits [1]. One proposed
implementation that could be scalable to more than 100 coupled qubits, with long spin decoher-
ence times and long distance, fast interactions between qubits may be based on quantum dot (QD)
electron spins[26] coupled through an optical mode of a photonic crystal or dielectric micro-cavity
[1].

A theory and model focused on the interaction between quantum sources and photonic states may
be generated on the basis of the consideration of quantum dots [27, 28, 29, 30, 31], molecules with
sharp absorption and emission peaks [32, 33, 34, 35, 36], or N-V (single nitrogen vacancy) cen-
ters in diamond [37, 38, 39, 40, 41, 42, 43, 44] as artificial few level systems [15]. The selection
rules of these few-level systems are subject to the interactions dictated by physical properties the
system. For a QD [2] which specify o, or o_ transitions during the spontaneous creation of a
photonic state. In this contribution we model the spontaneous creation of photonic states coupled
to the electronic states of a quantum dot beyond the Markovian limit. We avoid this limit in order
to describe, from first principles, how a possibly infinite set of photonic frequencies v present in
a dielectric-cavity can be excited from the vacuum state by a QD that is physically represented by
the state to state transition frequency w,,,,, and dipole moments (,,,,,.

The model presented herein describes the spatio-temporal evolution of photonic states by means of
a Dirac-like equation for the PWF [10, 45, 11, 46, 47]. It has been to shown that the quantum state
of a photon can be experimentally reconstructed using optical homodyne tomography techniques
by measuring quantum noise statistics of field amplitudes at different optical phases [14, 17, 18].
In this work, the rigorous description of the interaction between a quantum source and the gener-
ated PWF draws a reference point for relating its g function to those available from experimental
measurements. In the theoretical description presented in this contribution, we follow the canon-
ical quantization procedure presented by the Gupta and Beuler method [48, 12, 13] to arrive at a

resulting interaction between the PWF and the electronic states of a QD. To do so, we adopt the



radiation gauge for interacting fields! and seek a connection between the PWF [49, 50, 51, 47],
and the four vector potential for a Maxwell Field. This leads to two important results, the complex
photonic tensor (not to be confused with the textbook Faraday or Maxwell Field Tensor) and the
coupled electron-photon field equations in terms of a field equation for the PWE. Where it has been
previously proposed that the PWF can not yield an interaction between photons [52] we show that
the prescription presented here yields the possibility to produce such an interaction as mediated via
few level systems. This complex photonic tensor gives rise to the PWF which directly satisfies and
yields equations of motion equivalent to the generalized Maxwell equations [51, 11, 46, 45] (not to
be confused with the textbook Maxwell’s equations for real electric and magnetic components). In
the second result we show the coupling equations of motion between a two level quantum source
and the PWF it generates and extend these results to show how these can be applied to model the
emission of a single photon from a dielectric micro-/nano-cavity using finite differencing schemes.
Throughout the relativistic treatment of these fields we will maintain the Minkowski Metric 7,,,, to
have the signature (+,—, —, —), and adopt the 4-notation consistent with x,, which corresponds to
the position four-vector (ct, z) and the product 1, z, = z, = (ct,-z).

Additional applications of this model could include the design of devices aimed at single pho-
ton emission [6], single photon detection [7, 8], quantum teleportation, and quantum computing
within a quantum network [2]. Preliminary results implementing the MIT Electromagnetic Equa-
tion Propagation (MEEP) [53] and MIT Photonics Bands (MPB)[54] computer codes to model said
whispering gallery modes in dielectric micro-cavities and optical modes in photonic crystals are
encouraging. The preliminary results presented in figures (1.2), (1.3), and (1.4) show that Finite
Difference Time Domain (FDTD) techniques could possibly be used to model a whispering gallery

mode or photonic crystal mode coupled to an embedded quantum source.
1.4 Preliminary Theory & Work Plan

The objectives carried out as part of this dissertation revolve around the construction of a theory

and model describing the spontaneous emission of a photon coupled to the electronic state of a

'In the relativistic regime we set V-A+ %8,5(1) =0
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Figure 1.2: Preliminary results for 2-dimensional whispering gallery mode predictions in cylindri-

cal dielectric micro-cavities.

Figure 1.3: Preliminary results for x component of electric field whispering gallery mode in 3-

dimensions
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Figure 1.4: Electric Field x projection for photonic crystal with air pockets of variable size at set

times. Preliminary results for 2-dimensional optical mode predictions in photonic crystal micro-

cavities.



quantum dot. The aim of this study is to understand and implement the quantum interactions be-
tween the quantum source and its emitted photons in dielectric media. These interaction are carried
out in the non-Markovian limit which does not make use of the Weisskopf-Wigner approximation.
Applications of the theory and model may include single photon emission [6], single photon de-

tection [7, 8], quantum teleportation, and quantum computing within a quantum network [2].

* Preliminary results presented in figures (1.2), (1.3), and (1.4) were produced by means of
the existing MEEP [53] FDTD program for electromagnetic modeling. These model elec-
tromagnetic wave propagation in dielectric media. We extend these results by developing a
theory that models spontaneously created photonic states coupled to few level systems em-
bedded in such cavities. We additionally extend this model to an array of two couple few

level systems required for modeling a quantum computing network.

* We develop a theoretical construct by following the procedure presented in the field of Quan-
tum Optics. We use this theoretical construct for describing the coupling of an atomic-like
state to that of a photonic state emitted by a two and six level system. Currently, approxima-
tions to the solution of this problem make use of the Weisskopf-Wigner approximation. This
approxiamtion fixes the value of accessible modes from a possibly infinite set of frequen-
cies v, to a single mode of the cavity w,. We do not make this approximation. We model
spontaneous emission events from quantum sources embedded in micro-cavities which enter
regimes inclusive of possible collapse and revival phenomena. Within the context of a full
quantum source interacting with it’s emitted electromagnetic field at the quantum level these

are known as the Purcell and Rabi regimes.

* Within this theoretical construct we show how models of spontaneously created photonics

states couple PWFs via the few level systems such as QDs.

* We develop a new computational scheme that implements these models two and six level sys-
tems. The numerical methods implemented depend on a finite differencing of time and space

similar to Finite Difference Time Domain (FDTD) methods. We suggest that future efforts
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should focus Finite Element Methods (FEM), Spectral Methods (SM), & Quasi-Spectral
Methods (QSM).

* Finite differencing computational methodologies proved to be too computationally time con-
suming and required parallelization of the algorithm. Parellization was carried out through
the use of the Message Passing Interface (MPI). An effort was made to adopt FEM or SM
computational techniques for computational speed up, but proved to be beyond the scope of

time assigned for this study.

We assume that the interaction between a quantum source and photon can be fully described by
a PWF Lagrangian for this system. This Lagrangian is composed of the quantum source, the free
field term (in terms creation and annihilation operators a% s ,)» and the interaction introduced
by means of a minimal substitution replacing the canonical momentum p,, with p, — p, — €A,
where e is the electric charge, c is the speed of light, and A, is the electromagnetic four vector

potential. Subsequently, such a self dual Lagrangian leads to a complete Hamiltonian H
H = Hoe+Hy+ Hin (1.4.1)

where H,, H,, and Hi,, represent the photonic, electronic and interacting terms respectively.
The interaction term depends on both the dipole and rotating wave approximations (RWA) and is
presented in the interaction picture. We solve the set of these coupled differential equations first

analytically for a two level system and then numerically for more than two levels.
1.4.1 Plane Wave Dipole Approximation

The interaction and quantum source terms of the Hamiltonian density can be found by making
the dipole approximation and applying it to the equations of motion for the various systems. We
start by taking the proposed PWF Lagrangian expressing it in terms of the conjugate momentum

€ . .. .
Dy — P — EA“' In textbooks [15], the dipole approximation traditionally assumes that the entire
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quantum source is immersed in a plane electromagnetic wave described by a vector potential> A

which satisfies

Ay +7t) = A(t)ertotn (1.4.2)

2
Ny
—~
~
S—
Q)
.
El
N

(1.4.3)

to first order in 7, where 7 represents some position in space with respect to a globally defined
coordinate system, ¢ represents the time, e is the natural number, ¢ represents the imaginary number,
k represents the wave vector, and 77 is taken to be the spatial origin of the quantization axes of the
quantum source state. In this approximation we additionally require the possibility to redefine the

wave-function ¢ (7, t) of the quantum source by

i

p(Ft) = encAloNTe (i 1) (1.4.4)

where 5 represents Plank’s constant. Substituting these two approximations back into (1.4.6) and

solving yields
N2
" (F-24) ..
Zhat [G%EA(FO’t).FQﬁ} = —C [e%%A(Fo,t)-ng]

22
e/ R ()
ih 39 (A . T—,*) ¢+ ¢ ez%A(ro,t)-r _ (_C [eé%A(ro’t)'T'Qﬁ]
hc
where 0, represents the partial derivative with respect to time, m represents the mass of a particle.
Remembering that the vector potential in the radiation gauge requires that the electric field E

. - o 1 T . 1. .
satisfy ' = —-0; A. We can find an equation describing the approximated quantum source state ¢

2Here we switch from four notation to 3+1 notation.
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given by

s e"2
ihOyp = M_6<E.f) )

2m
- R N N2
P — A—gA-ﬁ+(§A) )
= —e(E F) )
2m

N2
Making a final assumption by approximating that <6A> < 1 and again remembering that the

divergence, written in terms of the nabla operator V,V-A=0 implies that the commutator
between the momentum and electromagnetic vector potential yields [ﬁ, fq = 0 in the radiation

gauge, we arrive at

ihdy¢

[% e (EF)} 5. (1.45)

Note that if we had included any external influence on the quantum source wave-function by in-

cluding an additive term

N2
(7 24)
ihoyp = —mcerV(F, t) @ (1.4.6)

we would arrive at a similar result

=

iho,p = {%—Z<E~F>]¢+V(F,t)¢. (1.4.7)

This leads to the conclusion that we can re-express this equation as

zh@gb == Hg¢+H1nt¢- (148)
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Regrouping these terms we recognize that H, represents the Hamiltonian that fully describes the
energy eigenstates of the quantum source in the absence of the vector potential A and that the

interaction term is given by
Hine = —e (E : 77) . (1.4.9)

However, in this dissertation we choose to follow the derivation which calculates the dipole ap-
proximation from the commutation of the total Hamiltonian with the position operator [55, 56],

[7—[, 7%] = ””TO p. This approach is described with the PWF interpretation later in the text.

1.4.2  Energy & Fock Representation

To complete this section we define the product energy and Fock eigenstates |a) (the excited state)
and |b)(the ground state). In the general case where we are interested in state to state transitions
of the quantum source, we can represent the quantum source Hamiltonian in terms of the quantum

source transition operators by
M, = Y E.|n)(n|, (1.4.10)

where |n) is an energy eigenstate of the quantum source and F, is it’s corresponding energy.

Restricting our discussion to a two state system implies that
H, = FEq,|a){a|+ Ey|b) (] . (1.4.11)
Here we simplify the notation by introducing o,,,, = |n) (m/| to represent the transition operators.

HJ == Eagaa+EbUbb (1412)
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We recognize that these operators o, satisfy the algebra of the spin—% Pauli spin matrices

[O-nmp O'n/m/] = Unm/(smn/ — O-n’m(snm’ , (1413)

where 9,,,,, is the Kronecker delta. As such o, and o, can be considered to be the creation and
annihilation operators of the two level quantum source states o = 0y, and 0, = 0, (which are
different from the optical spin transitions) respectively [15].

To describe the interaction between a photon and a two level quantum source, the interaction
Hamiltonian is expanded in terms of the energy eigenstates of the quantum source and summed
over the two accessible states. The coupling of the source with the optical field is then mitigated

by the transition dipole operator (,,,,, between the sates enumerated by n and m, @, = e (n| 7 |m)
er = Qa0+ + Pba0_ . (1.4.14)

Assuming that the dipole operators of the quantum source states are real, these satisfy the equation
ﬁab = ﬁba

er = Qu(op+o0_) (1.4.15)
and the interaction component of the total Hamiltonian will be given by

Hime = —FE - Guloy+0_). (1.4.16)

To complete the total Hamiltonian that describes the single photon/quantum source system one can

make use of the single photon Hamiltonian #,, given by

th/k< \iix ;) (1.4.17)
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(where A € {—, +}represents positive or negative spin or helicities) and the electric field operator

hv o
- S e e S s

where a% \ and aj , are the creation and annihilation operators for single photon states and satisfy

L /\,} = 0 0,y - In addition this introduces the traditional notion of a spin

the algebra of [ak’, A O

polarized unit vector ¢;; ,. Taking all of these contribution into consideration the total Hamiltonian

‘H = H, + H, + Hne can be represented in the dipole approximation by

—

1
H = FE,04,+ Eyow + Zhl/k ( ag O + 5) —FE-Quw(or+o0_). (1.4.19)
A

1.4.3 Interaction Picture

Table 1.1: Interaction Picture Operators

Free Operators Interacting Operators
ak,gke_i’/kt er (HotHA)t Fon —L(Ho+H)t
ai eivit ﬁ(?-la—l-?-[w)t 1: e L(Ho+Hy)t

k,ox kUA
o_e wat ﬁ(HdH-tw) o e~ h(?—t,,+7—tw)t
O.+eiwgt er(Hg-i-H»y)tO- e h(HU+H7)t

It is well known that one can change to the interaction picture by following the transcription orig-
inally proposed by Dirac [57]. To switch to the interaction picture we first find the initial state of
the Hamiltonian density by evaluating it at ¢ = ¢, = 0 and continue by following the diction pre-
sented in table (1.1) which can be constructed from the discussion presented in [55]. The resulting

Hamiltonian in the interaction picture V is given by
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hl/k ; T . 7 . .
~ —ivgt ik- ~ t_—ik- = ot —ilwgl
V=3 oot [Eaaiae e+ al e L Gy (e o) L (1420)
~ 0 ’ )
k70-A

Assuming that the quantum source is initially in the state |a) at t, = 0 and photon is in the vacuum
state |0) we can define the state vector [15] for the combined quantum source/photon system by

the product state |yo), given by the product |yo) = |) ® |o) as
o) = ca(t)]a0) + ) e,z () [b17) (1.4.21)
kA

with ¢, (0) = 1 and ¢, ; (0) = 0 which represent the absence or existence of a photon respectively.
The equations of motion for these probability amplitudes [15] are found from the Schrodinger

equation in the interaction picture
ihoy |yo) = Vl|yo) , (1.4.22)

by applying the rotating wave approximation [58], summing over all positive and negative values
of k, expanding the state vector, substituting into the expression above, and grouping like terms to

be

i hV — ~x (e —Vk
Gica(t) = EZ \ 250116/p w + Epe e g (1) (1.4.23)
k

i hV = A —(we—V,
dicy (1) = ﬁ\/ﬁpab'qe (wo—vi)tc, () | (1.4.24)

Note that these equations of motion lack the spin resolved components of the unit helicity vectors.
We will re-incorporate and consider the spatial propagation of these by working with the PWF

interpretation.
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1.4.4  Propagate and Couple to the Electric Field

The final expression for the state coefficient corresponding to the probability density of measuring
a photon through the term ¢, ; that is coupled to the quantum source state ¢, at 7o may be related
to the electric component of the photon. This is evident by formally integrating the expression for
¢, ; and applying the Weisskopf-Wigner approximation discussed previously to get an expression
for the generated electric field [15].

Once the electric field is know it should be possible to propagate it via Maxwell’s Equations. In
order to solve the problem without making the Weisskopf-Wigner approximation for more than 2
levels it is necessary to computationally implement an algorithm that can model the propagation
of electromagnetic waves and couple to the equations of motion. As a first approach we focused
on modifying existing FDTD code to include interaction and came to the conclusion that it was
required that a new new code to solve this problem. As presented within our preliminary results we
had proposed the use of MEEP [53] and MPB [54] to model electromagnetic field propagation for
implementing the FDTD scheme and searching for optical cavity modes both in dielectric micro-
cavities or photonic crystals. To incorporate the inclusion of the quantum source and electric field
coupling we attempted to modify this code and investigate the possible use of different numerical
algorithms [59]. Since the modification of the MEEP and MPB suites proved intractable we de-
veloped a new program in C++ that implements the Yee grid [60] to model single photon emission

and propagation away from a quantum source.
1.4.5 Visualize and Calculate Spatial Profiles

A scheme for visualizing photon states can be implemented by incorporating similar methods used
by MEEP and MPB. This visualization scheme follows existing visualization techniques such as
those presented in preliminary results and extend these to incorporate the visualization of spa-
tial interference between fock states. The visualization of the electromagnetic field modes out
of resonance with the quantum source may be extracted by extending this mode to use existing

Harminv routines [61, 62]. Through the analysis of this model it is be possible to view study
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any polarization state associated with these photon Fock states. The measure and visualization
of the amount quantum entanglement between quantum states can be computed from the density
matrix by means of quantum entropy calculations [63, 64]. Visualization of results for these quan-
tities may be explicitly done by means of existing programs such as gnuplot or a simple real time
OpenGL implementation. The developed model, analysis of results, and visualization that are part
of this work plan provide the ability to compare first principles calculations to the experimental
development of a scalable quantum computing networks composed of photonic crystals and/or

dielectric micro-cavities.

1.5 Dissertation Time Table

Table 1.2: Dissertation Time line

Milestone Fall ’09 | Spring *10 | Summer 10 | Fall *10 | Spring/Summer 11
Dissertation Proposal X
Theoretical Model X X X
Numerical Techniques X X X
Single Photon Source X
Interaction of Q. Sources X
Multilevel Q. Sources X
Writing Dissertation X X X X X
Defend Dissertation X
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2 DESCRIBING THE PHOTON VIA THE PHOTONIC WAVE
FUNCTION

In the 1930s Ettore Majorana and J. Robert Oppenheimer had already constructed an approach that
could be used to express the photon by means of a photonic wave function PWF. Both Majorana
and Oppenheimer eventually went on to describe a plausible Lagrangian formalism for that wave
function. Since that time, most studies that have worked with the PWF have expressed it terms
of its electric and magnetic field components [65, 66]. Even more impressively, the Maxwellians,
such as Heaviside and Fitzgerald, [67], may have in the 1800s unknowingly found the Dirac-like
equation for the relativistic photon by expression Maxwell’s laws in operator form. Since those
times, Quantum Optics (QO) and Quantum Electro-Dynamics (QED) have matured to their current
state. Currently in these subjects, the quantum nature of the light and the PWF can be recorded
at detector by means of a procedure known as Homodyne Tomography [14]. Current efforts in
the field of QO are focused on extending these and other methods to improve on the lifetime and
coherence of quantum states. In this way the interaction between quadratures of the PWF and
quantum sources can be manipulated in the weak field limit. Quantum sources that are popular in
today’s search for components of a quantum computer include quantum dots [27, 28, 29, 30, 31],
molecules with sharp absorption and emission peaks [32, 33, 34, 35, 36], as well as N-V centers in
diamond[37, 38, 39, 40, 41, 42, 43, 44]. These are of interest because they can be modeled as ar-
tificial few level atoms[15]. It is remarkable to note that additional efforts in the 1950s focused on
finding a particle theory for a photon which was compatible with Dirac’s theory[50]. In fact, these
efforts were aimed at further investigating the similarity between the Dirac equation, Maxwell’s
field equations, and their corresponding wave-functions [49].

There is a stark contrast between the motivation that led researchers in the early 1900’s to the
presently controversial subject of the simple contemplation of the existence of a photonic wave

function. The study that occurred in the early 1900’s stemmed from an interest to find a fundamen-
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tal description for a photon that incorporated all the general considerations of field theory [49]. In
describing the state of a photon in terms of ordinary differential operators, a compromise between
the complexities associated with spinor components and the discussion of solutions could be found
[50].

The current controversy that exists around the PWF stems from the fact that PWFs are said to not
have all the properties which are traditionally associated with wave functions in non-relativistic
wave-mechanics [11]. In fact, standard textbooks in the subject of quantum optics are careful to
point out that one may not think of the photon in the same context as the a massive non-relativistic

particle [15]. The key here is the term non-relativistic. In fact, studies point out, that this is due to

the fact that photons can have positive and negative frequencies where as Schrodinger-like particles
can only have positive ones [15]. Furthermore, it is said that since the E and B fields associated
with Maxwell’s equations on free-space are real and can therefore not be eigen-functions of the
energy operator ¢hd;. That this is true would depend on the idea that Schrodinger-like particles
have to be complex [68]. In this chapter we present our motivation for introducing the PWF in our
studies and re-iterate for posterity the definition of the photonic wave function that can be found in
the literature. In this contribution we introduce a new single photon operator and use it to motivate

the form of the PWF we use throughout the text and in out new calculations.

2.1 From Maxwell’s Equations to the PWF

In this section we re-iterate in summary the common approach presented in the literature that is
used to define the PWF [69, 10, 70, 15]. A good point of departure stems from the second quantized

description of the electric and magnetic fields [15] working within the vacuum

E(#t) = Y & \Eapre e 4 He. 2.1.1)
E
B(Z,t) = Zm&m el eh T | ¢ (2.1.2)
, > — 2 c.. 1.
kA
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FLVk
2€0V
and the expansion functions e~ **e’*7  H.c. are chosen to satisfy the D’ Alembertian operator

In the expressions above the field field strengths are traditionally give by the quantity £ =

(O = ¢29? — V?) [71] in the following equation of motion
[ [e—i”kfeiﬁ'f tHel = 0. (2.1.3)

The definition of the positive and negative frequency parts of the magnetic field, which correspond

to their creation and annihilation operators, can be re-written in terms of the stray or demagnetizing

—

field from the definitions [71] B (Z,t) = poH™) (Z,1), 2 = oo, & k = vyc as

. k I o
AW (@1 = ZEXéEAw/Z—:l:)age_wktezkm. (2.1.4)

By rewriting the quantized electric and magnetic field operators in terms of the their positive and

negative energy parts

—

E(Zt) = ED(Zt)+ED (1) (2.1.5)

H(zt) = HD (Z6)+HO (1), (2.1.6)

their interpretation can be understood to lead to the probability of exciting the state of a detector
(atom, QD, etc) in terms of these. As such, at a given position %, the probability of measuring these

(for example the electric field strength) is governed by the relationship
Py (@t) oo (Y| EC) (&) ED (&) |v) | (2.1.7)
which may be written in terms of the vacuum state as

Py (&) oc (Y| EO(%1)]0) (0] ET) (1) |[v) . (2.1.8)
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Taking care to carefully consider the definition of the state vector |¢)), where the probability is
dependent on the creation and annihilation operators of the electric field [15], the state-vectors that
we will be working with through this dissertation a the tradition Fock states. These states are eigen-
states of the creation, annihilation, and Hamiltonian operators. Since the creation and annihilation
operators we will be working with must obey the bosonic algebra, as was stated before, these states

obey the following rules:

al, |0) = \/n+1‘(n+1),;7)\> (2.1.9)
agaln) = Vi |(n = 1)z, ) - (2.1.10)

From the first definition it is clear that any state ’”E /\> can be expressed in terms of the vacuum

state as

1 n
mea) = o (ak,) 10

In fact, by operating on either the vacuum or [¢)) states with a single electric or magnetic field

operator will lead to the fact that this state must be

lv)y = |1). (2.1.11)
Leading to the conclusion that since the probability is given by

Py(&,t) oo (1| EC)(&,1)]0) (0| ) (&,1)[1) , (2.1.12)
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there must exists a probability density of measuring a single photon state |1) sharply peaked about

a frequency w through a detector|¢) that leads to the definition of an “electric field” by [15]

Up(Z,t) = (0| EM (Z,1)]1) (2.1.13)

Ui(zt) = (1| EC(Z,1)]0) . (2.1.14)

Traditionally the probability amplitude is taken to be sharply peaked about the transition frequency
of the detector w. This means that the frequency of the optical field v, is often expressed as a
slowly varying frequency represented by w. Therefore, normalizing U1 in these cases will yields
the photo-detection probability density due to the electric field without any contribution from the
additional modes v, # w. One can always retract this assumption and not necessitate the frequency
v, to vary slowly by again including it in the sum. In the case where the approximation v, = w

is not made, the normalized photo-detection probability amplitude for the electric field is given by

2
@y (Tt) = \/hz)\IfE(a: t) (2.1.15)
145 o
= (0] 1/—e ap et |]) (2.1.16)
\/_Z kAT kA

I/k A*

g (zt) = 1|\/_Z » “amew —ikE |0y (2.1.17)

the expressions!

A similar probability amplitude for the magnetic field may be written which is also sharply peaked

about the transition frequency of the detector

Uy (7t) = (O] HD (7,1)|1) (2.1.18)

Ul (7t) = (QHO (7t)|0) (2.1.19)

'The volume term V' was kept as part of the normalization requirement. This is due to the fact that when we
reiterate any observable associated with an eigenstate of I, and integrate over all space we will inevitably introduce a
contribution from the volume.
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and normalized to give a probability density due to a “magnetic field”

Xy (7ht) = \/2755)\111{(7" t) (2.1.20)

1 vk —ivgt kT
:<Mf?§:ﬂfEX%ﬂmek%kﬂ) 2.1.21)

o (7 v it —ik-%
XL (Rt = 1|\/_.§{:,/ Lk x & ak e 7). (2.1.22)

In terms of (2.1.16), (2.1.17), (2.1.21), and (2.1.22) these energy-normalized probability densities

can be shown to satisfy a normalized form of Maxwell’s equations also found in [15]

Vx@, = —clox, (2.1.23)

Vxy, = ¢'og,, (2.1.24)
along with their complex conjugates

Vxg = —c'oxt (2.1.25)

Vxxl = 98, (2.1.26)

From the literature it is known that these can be expressed as a Dirac-like equation [49, 50], both
in free space and with sources, by representing the probability densities discussed above in terms
of normalized spinors. The fact that this analogy is immediately made clear comes about from the

interpretation of these as the quantum form of Maxwell’s equations in matrix notation. This form
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is given by [15]

p. 0 eV x 2,

al 7| = } . (2.1.27)
X~ —cVx 0 X~
2 0  ¢Vx ot

ol 7| = ) Sl (2.1.28)
)Z"fy —cVx 0 )ZL

2.1.1 Definition of the Photonic Wave-function

In this section we present the counter argument to the assertion present in the literature for the non-
existence of a photonic wave-function. In the discussion above it was presented that the electric
and magnetic components of an electromagnetic field could be represented in terms of complex
probability densities. In addition it was discussed that these satisfy a normalized quantum me-
chanical form of Maxwell’s equations. That discussion enforces that these wave-functions could
satisfy a complex energy operator ¢0;. Further, the additional presentation of the argument asso-
ciated with the real nature of the E and B fields does not constrain the possibility of introducing
a new complex vector which can eventually be recognized as the PWF[51, 70, 11, 46, 45, 72]. In
addition, the problem with the positive and negative frequencies in the non-relativistic limit can be
addressed by means of an argument that already exists in relativistic quantum mechanics. In this
argument the positive and negative frequency parts are associated with particle and anti-particle
solutions respectively which have their own corresponding equations of motion [10, 70].

It is here that we will slightly depart from the description given in Scully and Zubairy and in-
clude the photonic wave function (PWF) formalism [51, 10, 11, 73, 46, 50, 49, 45]. We adopt this

formalism for two reasons.

1. The PWF is a spin (helicity) resolved wave-function that will facilitate the representation
and interpretation of results dependent on the interaction that arises due to pure o, and o_

transitions.
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2. The equations of motion of the PWF are of first order and therefore lend themselves to

computational techniques derived from algorithms that are stable in 3+1 dimensions.

Here we reiterate in summary the definition of the wave-function and introduce the notation that
will be used throughout this dissertation. The notation that will be adopted to describe the un-

normalized form of the PWF in terms of the Riemann-Silberstein vector[10] is given by

B Fr
F, = o, (2.1.29)
7

where the Riemann-Silberstein vector depends on the classical (and real) displacement and mag-
, 1 (D  iB

netic fields as given by the definition . * = [ ==+ — |. In media that is homogeneous we
e <\/E Vi

distinguish the speed of light in vacuum c or ¢, from the speed of light in that medium v via the

1
definition v = ——. Therefore, using the “spin-1 matrices” [66] (here expressed in terms of the
VEH
Levi-Civita symbol [71]) S = — 1€k,

ihoFE = v (5 p)FE. (2.1.30)

When written in matrix form this complex set of Maxwell’s Equations is indeed a sort of Dirac-like

(relativistic wave) equation for the free propagation of the electromagnetic field [74, 50, 49, 11, 51]

Fr VS 0 Ft
iy | | = ! e (2.1.31)
Fr 0 =%y Fr

v

Noting that a PWF that satisfies (2.1.31) and can be represented as a superposition of plane waves,

their spin or helicity polarization vectors? € , must depend on the propagation vector k [11]. This

is analogous to the discussion presented in the quantization of the electric and magnetic fields. A

useful property that exists between the wave-vector and the polarization vectors is that the cross-

ZNote that these are not the transverse polarization vectors, but instead, these are spin polarization vectors.
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product between these yields the same polarization vector with an added complex phase® of 5

Rl =]

Xép, = —Nig,. (2.1.32)

In the remainder of this document the polarization vector ¢ _ will be referred to as carrying posi-

tive helicity or left handed polarization (by convention €;; = \/Li (x; —ix;)), and €., will be re-
1
ferred to as carrying negative helicity or right handed polarization (by convention é;; | = —= (z; + ix;)).

V2

We will use the property 2.1.32 many times while searching for the PWF in Maxwell’s equations
and a more general Lagrangian formalism.
The relationship between un-normalized Riemann-Silberstein vector and the equations of motion
for the normalized PWF, as defined in this approach, depend on the ability to normalize the elec-
tric and magnetic fields simultaneously. By expressing the complex form of Maxwell’s equations,
along with its conjugate, in terms of the quantized electric and stray fields (instead of the displace-
ment and magnetic fields) one arrives at the classical equations of motion

ihd, (j—f_g + %) = +0% ﬁ(\g/—f_g + %) , (2.1.33)
by using the constitutive relations for linear homogeneous media [10, 11, 75]. In a different ap-
proach than the one which is presented in the literature, we recognize the above in terms of the
associated second-quantized operators for the electric U g (7, t) and stray T u (7, 1) fields respec-

tively

3Please see (C.5)
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Taking advantage of the definitions (2.1.17), (2.1.16) & (2.1.22), (2.1.21) and using the same
constitutive relations as before, we can substitute these definitions into the equations of motion

above and find the respective equations of motion for the energy-normalized spinor operators to be

. /o 2, NS 5,
iho; [\/;(@v‘F‘PL)iZ\/;(Xv‘i‘XL)

o S| sy S
£0% 7 |y3 (B +8) £ iy7 (5 + 1)

The definition of the energy normalized PWF operator then stems from the energy-normalized

electric and magnetic field operators that satisfy the Dirac-like equation outlined above and is

given by

S

[(9237 + SB,TY) + (;?,Y + ;z,m . (2.1.34)

N | —

ol

Making use of the property (2.1.32) and expressing each polarization of ., & ¥, in terms of their
creation and annihilation operators a% A& ag , respectively, we can see that the second quantization

form of ‘f’wr & \17%_ are given by the sums

. . Vi . i ik
+4 —iAy [ —€z \af e witeihT L H e,
w b b

EA
> ]. 1 UV} . A
U, =_-— — € g \€ wit kT L H e
2V - w
EA

. Vi .

—1 —IA [ € \Af \€ witthT _ 1
w b 9

In later chapters we will use these expressions for describing the o, and o_ transitions in a new

light.
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Please note that taking the Hermitian conjugate of either of these expressions will yield one an-
other. This does not imply the existence of a negative energy solution. It means that one could
consider that these expressions describe particle and antiparticle pairs of the photon. This property
of the photon has peen previously studied and its consequences addressed in the vacuum [10, 11].
In those studies it was pointed out that a distinction between a photon and anti-photon does not
exist and that there is no need for a photon conservation law[10, 11]. In those studies it is also
noted that the operators \ff%+ and \ff%_ correspond to left-handed and right-handed photons that
can be freely superposed. Further, it is suggested that electromagnetic interactions are invariant
under the parity transformation* and that a change of polarization should be associated with the
parity transformation and not with a particle-antiparticle transition. The rationale for the assertions

regarding “antiparticle polarization” rely on the self-evident property that the Hermitian conjugate

*

of the polarization vectors have to satisfy the equation ¢ s
9 +

=€, -
A couple of interesting properties of the Riemann-Silberstein vector worth mentioning are as fol-
lows. The energy carried by an electromagnetic field expressed by the Riemann-Silberstein vector

is given by
H, = FIF, (2.1.35)

Also, there exists the possibility to describe the coupling between Riemann-Silberstein vectors of
opposing spin, ﬁj and ﬁ; , by working with inhomogeneous media. In media that is inhomoge-
neous the definition of the equations of motion for the un-normalized PWF leads to a Dirac-like

equation for a photon that is dressed in an effective mass [11, 10]

e 2 () 4> -
o v/ o (r)'s” - —ih s" - Vh(r .
ihd,F., = <<_)> P 2 o ") F,. (2.1.36)
it (5 Vh (7)) o (S -7

4These are transformations that interchange states with opposite helicities
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This is analogous to a relativistic theory of a massive particles. For example and in comparison, in

relativistic quantum mechanics the Dirac equation for a neutrino is given below [13, 12, 10, 11]

by (Frt) = o (2.1.37)
Xn
o g me?
ihopp, (7 t) = Uy (T, 1) . (2.1.38)
me?  —c'o P

2.2 Definition of the PWF Operator from Maxwell’s Equations

The normalized electric and magnetic field operators defined in expression (2.1.34) are operators
that can create a photon with any bandwidth that is dependent only on the state vector that they
operate on. For the case of a vacuum state, all of the modes contribute towards the definition of a
single photon state with a definite line-width. As was mentioned in the previous section the real
advantage of using the wave function arises due to the clarity of interpretation that can be derived
of the interactions we seek to describe in this dissertation. In this section we focus on this advan-
tage and seek an operator that will lead to an accessible interpretation of the interaction between
the quantum systems we will be studying. We note that this approach can in general be applied to
any charged massive field that interacting with numbered photon states. A detailed discussion on
this interaction will be presented in later chapters.

We start the definition of this operator from the expression (2.1.27) which we found from the
expressions for the energy-normalized electric (2.1.17) and magnetic (2.1.22) field operators. Car-
rying out the full sum over the spin states, A find that this is in fact a single photon creation operator

given by the expressions

oy 1 Vg, . o . e
U, = i E = [e,—gﬁ#a,;#e_z”’“temw + e;—gﬁa%_e’”’“te_’kﬂ (2.2.1)
E
= 1 I/k ~ —int ZEIE Ak T int —ZEf
v, = _V E — |€; _aj e e + Gaap,ce e . (2.2.2)
w ) ) 5 s
k



These operators carry all of the information about momentum, number, energy, and spin that we
can possibly associate with the state of a single photon. Please note that by taking the adjoint of

either yields the relations

N 1 v ) o ) e
T _ k| ~x 1 it —ik-& >, R —ivgt ik-&
v, W Z " [612,+a12,+6 ke +ép _ap_e e ] (2.2.3)
K
=0, (2.2.4)

and vice-verse. We therefore define operator to be the notation that we will use throughout this

dissertation as the energy normalized single photon operator”

2, 1 vy, ) o . o
r :—E: m [éﬁ ap e WiteR T g gl gt pmikd) (2.2.5)
TV w LR kR~
k

This operator, being a spin-resolved operator also carries with it all the properties of a spinor[13,

11, 10, 51, 70]

and we will refer to fv as the normalized Riemann-Silberstein Field Operator for historical ref-
erence (or photonic wave function operator for short). Similarly the un-normalized Riemann-

Silberstein vector can also be associated with a similar spinor [11, 10, 51, 70]

>To rewrite this expression as an integral over an infinite number of accessible modes or as a discrete sum of modes,
it is necessary to use the transition from a continuum of states to a discrete space via

v
(27r)3/d3k - Z
k
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Though these expressions are already sufficient to construct the formalism we will be using for
coupling low intensity Maxwell Fields to charged matter fields, in the next chapter and in the dis-
cussion present in the appendices®, we will describe in detail all of the conserved quantities that
are associated with the newly defined single photon operator.

To interpret the meaning of the single photon operator we will follow a discussion similar to the one
presented in the previous section and operate with these on numbered Fock states. The full corre-
spondence between QED and this PWF formalism has been studied previously [52] and we there-
fore constrain our discussion to a summary of the interpretation of single-photon states. Though
previous studies have argued that the PWF picture can not be used to introduce an interaction
between photonic states [52, 66], we show, as part of later chapters of this dissertation, that the
interaction between photonic states can be mitigated by charged matter fields.

We start the interpretation of the single photon wave function similarly to our discussion in the pre-
vious section. We therefore break up the PWF operator into positive and negative frequency (not

to be confused with spin, energy, or anti-particle) parts.

[, = I 4TH), (2.2.6)
We limit our discussion to the terminology of frequency to avoid the debate over the interpretation
of these as corresponding to positive or negative energy [51, 52, 66, 45, 73, 50, 74, 49, 10, 11].

2.3  Working with the PWF fv operator

The commutation relations associated with the positive and negative frequency parts of the PWF

operator are’[15, 13, 12]

®Refer to alpha and beta matrix representation of the PWF Dirac Equation in the appendix
"The polarization vectors satisfy the identity é]’g o € oy = O (5@703. See (C.5)
EPN ’ :
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Yy ooty

[ﬁ(i) ﬁ(i)] — 0,

o 1
) pE | = ko, ox
[Fv >Fv$} - Vz_ki P

k
From these we can obtain the the commutation relations for the PWF operator and its Hermitian

conjugate. These commutation relations yield the relation

gl

v v

|:1::'ya 1:‘»,-‘;:| - f(‘f‘)

1 Vi it 2%k-7 El;
- E = w wryr - —— .
% € € ’k’2

T+ [(—) = () [+ [(+) [T
f >] 4 [Fw ) T )} n [pg ), T >] i [p( ) T )}

Considering a continuum of states we can re-write this expression as an integral over an infinite

number of modes yields the commutation relation to be

- Z Vk e 2kt 2ik-& I — kk N / d’k Vk672wkt621k::v I — ﬁ
[K? (2)" w k[

_ / d’k |k:| 21|k|(\:p|cos€—ct) I — ﬁ
(2m)? Lk

which require the definition of a coordinate system in order to be evaluated.

We can gain a further understanding of these operators by interpreting them in terms of their
corresponding wave-functions. We accomplish this by operating on a single photon state (1| =
(0| ZGE .- However, since we will be coupling this state to that of a quantum source, we will no

kA
longer have free particle states. We are therefore introduce a probability amplitude o associated
YO
with this state (1| = (0| Zc}% 0% In later chapters we will show how this probability amplitude
5y
couples to the state of a quantum source. However, in the meantime, we work with the vacuum

state in the absence of matter. Proceeding with operation of I'!, on this state (1| = (0| Zcz RZSY
kA
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the probability density is determined to be

b Vg * wt—zkx
R M

Conversely, operating on |1) = Z Cr. /\aq 0) yields this probability density to be

= 1 Vi - it kT
<0|FL\1> = ”VZ”JCE,—GE,—G wleih T
k

Operating with T on [1) = Z i /\a~ |0) yields the probability density to be
kA

7 1 Vk A vt ik-E
(O], (1) = ,/VZ,/EC,;7+%6 Kteik T
k

Again, conversely operating on (1| = (0| Z C A, yields the probability density to be

<1|fy|0 \/ = Z,/V—& € eivite =ik T

These probability densities may be interpreted similarly to the probability of measuring an Electric
Field as before. Following this interpretation, the probability of measuring a photon with negative
spin (positive helicity or left handed polarization), as given by the discussion above, implies that

the PWF operators fg ) F( ) & FT I’T yield

- T -
Py o {1 (T59) [0y (0] T4 1)

Recalling that the Hermitian conjugate of the positive frequency part of the PWF operator is the
— T —
negative frequency part of the Hermitian conjugate of the PWF operator (Fg+)> = FQH. Using

this identity we can define the notation for the probability density of the PWF, which has a positive
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spin, by dropping the hat of the symbol ‘f’wr according to the following expressions

—

Uy = (O[T 1)

ol o= T o).

Similarly, we define the notation for describing the probability density for the PWE, this time

negative spin according to the following expressions

- T -
Pro o (1 (FI) o) (0] T 1)

This time we take advantage of the converse argument for the Hermitian conjugate of the Hermitian
— T —

conjugate of the positive frequency part of the PWF operator (FLH)) = Fgf). Through this

identity we define the notation for the probability density of the PWF, which has a negative spin,

by dropping the hat of the symbol \Iﬁ/%_ according to the following expressions

whoo= (o)

U, = (1r{10) .

The overall probability of measuring a photon with any helicity must therefore be given as a the

sum of the probabilities for either case. The normalization condition must therefore be
Po¥' B, = [ @ (T T+ T T )= 1 2
e W, = (W, W+, W, )= (2.3.1)

Consequently the interpretation of these photonic wave functions is take to be the following

—

» U, . (7,t) represents an energy normalized photonic wave function which propagates with

A — + (referred to as positive spin, negative helicity, or right handed polarization), when
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operating on a single photon state, which can be described via a PWF given by

U, (F1) = Z (i b e te? (232)

vt = wa & eteT e (2.33)

—

» U, _ (7, ) represents an energy normalized photonic wave function propagating with A\ — —
(referred to as negative spin, positive helicity, or left handed polarization), when operating

on a single photon state, which can be described via a PWF given by

U, (Ft) = Z (g e _e e (2.3.4)

Ul (Ft) = ngf & _eMle ik (2.3.5)

Therefore, a unit-normalized operator, associated with the PWF, is given by

U (7)) = D (Geybpaag e e T 4 G e al ete ) (2.3.6)
E

t = o * T vt —ik-Z L 2L . —ivt k@ 237

Yl (rt) = Ck+ k+aE+e e + (g _€r_ag e e ) (2.3.7)
E

Again, we stress that these operators represent two possible polarizations of the photon. The inter-
pretation corresponding to these as a particle anti-particle pair is not investigated and is considered
beyond the scope of the discussion presented in this dissertation.® Comparing to (2.1.16), (2.1.17),
(2.1.21), and (2.1.22) we note that these electric and magnetic wave-functions are indeed com-
posed of single photon wave functions. Moreover, to represent an electric field wave-function it is

now evident that more than one PWF is required.

8Please refer to the previous section for a discussion on the interpretation and meaning of the particle anti-particle
pair of photons
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2.3.1 Spatial Representation of the 1., Operator

Since we have employed a full sum over accessible states denoted by k in the definition (2.2.5)
for the second quantized single photon operators of v, we can express the spatial representation
of this operator by defining the coordinate system in which it exists. Since there are an infinite
number of accessible states to this operator we can once again make the transition from a discrete

number of k- states to a continuum’

Y (8) = \/g(;)?’ / <

. 1V o PP it —ikE . —ivgt ik-E
0= bl [0 G i e G ] @39

ol

ool iyt kT o T it —ik-@
[Ck#ek#ak#e e +€E,76E,fa12,_6 e } (2.3.8)

Setting the coordinate system such that k always points along some radial direction with respect to
the quantization axis associated with it’s emitting source!® from (2.1) we can define the unit wave

vector as

>
Il
>

(2.3.10)

This fixes the polarization vectors to point along orientations that are orthogonal to 7. We choose
these so as to retain the required spin nature of the photon by following the identity (2.1.32) and

setting the polarization vectors,

b, = %(éﬂ&) 2.3.11)
G = %(é—z’g@) (2.3.12)

9To rewrite the traditional integral form of the 4-vector as a discrete sum of modes which are available to an optical,
cavity we use

(2‘;)3/d3k - Z
k

1"Here we assume that any emitted photons will always tend to move away from their sources.
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Figure 2.1: Coordinate System for fl,

in this coordinate system!'. Expressing the wave and polarization vectors in terms of Cartesian

unit vectors yields the relationship between these to be give by the transformations

k = sinfcos¢d + sinfsin ¢y + cos 0z
1
€y = 7 [(cos 6 cos ¢p& + cos O sin ¢y — sin62) + i (— sin ¢z + cos ¢y + 02)]
1
€ = —=|(cosfcos g + cosOsin gy — sinOz) — i (—sin ¢z + cos ¢y + 02)] .

S

"By setting # = Oand ¢ = Oto get 7 (0 =0, =0) = 2,0(# =0, =0) = & and ¢ (0 = 0,¢ = 0) = , and
substituting these into the derivation (C.5), one can verify that the definition of these polarization and wave vectors
indeed satisfy the derivation presented in (C.5).
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These can be simplified by grouping unit vectors to get

k = sinfcos ¢z + sin @ sin ¢y + cos 62 (2.3.13)
1
Gy = 7 [(cosf cos¢p —ising) T + (cosfsin ¢ + icos @)y — sin HzZ] (2.3.14)

1
ér = —=|(cosBcos¢+ising)z+ (cosfsing —icos¢)y—sinfz] . (2.3.15)

S

By making a substitution of these coordinate transformations into the equation for the unit nor-
malized PWF operators (2.3.9) we can express each component of the PWF independently. These
components take the form of integrals that have to be evaluated as dependent upon unit normalized

probability amplitudes which are expressed as

1
v = Ve
W) = \/
T+ _ V d3]€ wkt ik
v,z = — 3 Gr_€r_ag_e (2.3.18)

=) _ 3 é* ivpt  —ik-Z
Vv, = \/ k+ k+aq+e e . (2.3.19)

\% - e
3 /d3k€l¥,+éE,+aE,+6_Wkt€Zk'z (2.3.16)

Wl
|

/ 3k< & aq e“fkte—“?'f (2.3.17)

Since these integrals have the general form

[1]y

8l
Q
H_

= V2 / ke Lap Gy eT et (2.3.20)

[1]y

L. = V2 / d'ke; al G T, (2.3.21)

we can expand out each of these components in terms of the three orthogonal unit vectors z, 1, and

z. This yields 12 integrals need to be evaluated in order to acquire the spatial representation of f,y
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and fL These twelve integrals are

[1ly [1IL

[11y

and

=1
Z,0+
=1
y7o-:t

=1

20+

We do not yet have any explicit expressions for aj; L

= 7 / B (cos @ cos ¢ + isin @) ag.,, (e ieiliiukte:tik.f
— / Ak (cos@sin ¢ £ icos @) ag e ie:Fiukteiik-f

_ Fivgt +ik-3
= sm@ ) ag RGN e

3—»‘ . . .. "' *
d’k (cos @ cos ¢ F isin @) ap . C,;ji
( : ieiwktezpiié-f

= gj/d?’E cosQSingb$iCOS¢)a£Uin

= —2/d3k (sin 9) C;: iej“'”’“tej”k'f.

pFivit eg‘i}‘-f

(2.3.22)
(2.3.23)

(2.3.24)

(2.3.25)
(2.3.26)

(2.3.27)

ag 4 or G . These will be determined in a

later chapter. In the meantime, these integrals can not be evaluated, but these expressions can and

will be used when coupling a quantum source to the photonic states corresponding to the Dirac-like

equation of motion for this field. Finally we note that the integrals i—,i and ij . can be understood

to be the Cartesian projections for the creation or annihilation operators of a photon in the spatial

representation. Expressing the unit normalized PWF operators )., in terms of these integrals we

can see that there is no longer a wave-vector k£ dependence on these.

2.4 Electric and Magnetic Field operators from the PWF fv Operator

@ZJV: WZ

¢7_ 3

(2.3.28)

(2.3.29)

In the previous section we defined and motivated the use of the PWF operator. In this section we

define the relationship between this operator and the original electric and magnetic field operators.
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We start by looking at the independent parts of the fields and then generalize the discussion to
incorporate all the necessary components of all the required fields. From the operators defined in
the previous section we can describe the Electric and Magnetic ones through definitions (2.1.1)

and (2.1.2). These are

r(+)

Using the identity (2.1.32) and rewriting in terms of I'5" yields,
— h{,«_} — —
B (7)) = o (p(j) X FL(H) (2.4.1)
0
— hw — —
A (7)) = —i o (rgﬂ - FLH)) . (2.4.2)
0

Since the same is true for £(7) (7,¢) and H) (7, ), the general case is then given by

hvy —zy —> A~k T v * (=
Z \/ 22V 2€0V €%.03 UF 0 € YU (7) + € o2 Y0, € HU; (T)}

kO’)\
hl/k E .
~ —ivgt A% 1 vt T
€z arp_ e Uz (7 — X €x al. eFUI(T
Z 210V Fon B0 F(0) + k ko ko k (7)
kcr)\

Again making the same substitution and using the identity (2.1.32) as above yields the complete set

of positive and negative frequencies of the electromagnetic fields to be related to the PWF operator

via

Lo hw = =
E(Ft) = ,/2—50(P7+F;) (2.4.3)

— hw — -
LN R
i (7 1) i /_Quo (F7 rw) . (2.4.4)
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This discussion can be extended to incorporate the displacement and magnetic fields D = &yE and
B= ,uoﬁ by solving for fﬁ, and ny From this problem it can be found that, at least in media that is
homogeneous, the energy normalized PWF operator can be expressed in terms of the displacement

and magnetic fields by means of the expressions

, 1 1 D B

= ] 245
K V2 Vhw (J%H\/uo) (24
, 1 1 D B

- L i , 2.4.6
7 V2 Vhw (ﬁ Z\/Mo) ( )

Conversely, the displacement vector and magnetic fields can also be expressed in terms of the PWF

operator by means of the following expressions

1 D a
NV r,+I! (2.4.7)

1 B L
2 T _Tt (2.4.8)

The treatment presented above can be generalized to any linear homogeneous media by multiplying
the vacuum dielectric constants by their corresponding dielectric constants such thate = (1 + x.) &¢
and 1 = (1 + x.n) o and following the same procedure above. It is a major advantage of this
quantum mechanical picture that, even if these dielectric factors depend on the number of photons
that are present in the media, any change in these dielectric factors can be immediately taken into

consideration by means of the following expressions

!

]_ D — —
1 B L
= I,-TI. (2.4.10)

Ve

The treatment of the photon as a PWF comes full circle to the analogy of the quantum oscilla-
tor. Here we can see that if we treat the energy normalized PWF operator as the creation and

annihilation operators of spin resolved photonic Fock states, the Magnetic component correspond
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to a momentum like operator, and the Electric field to position-like operator. One final and im-
portant identity that relates the energy density between the formulation of the photon in terms of

electromagnetic fields and that of the PWF is given in the following short derivation

T L L/ o\ (o
B B = (O 1) (T + 1) + 4 (=il +af' ) (i -l )
]_ - = - = —, = —y =
= Z(FWFTY—FFWFV—FFLFL—FFTYFW)
1 /o o o I
+ (B - FF, - P+ 05
]_ —, = - =
= 5 (FF, + 1)
1
Vv

This shows that defining the PWF does not violate energy conservation. In the next chapter we
will derive in full detail the conserved quantities associated with this formalism to show that it is
a good candidate for yielding new insight into the problems we are interested in. To do so we will
have to introduce a new PWF Lagrangian which will be proposed purely from the requirements

that photons have no mass and that they carry unit spin.
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3 RELATIVISTIC QUANTUM FIELD FORMULATION OF THE
PHOTONIC WAVE FUNCTION AND SELF DUAL
ELECTROMAGNETIC TENSOR

It is evident from previous studies that a fully co/contra-variant Relativistic Quantum Field Theory
describing a photon in a PWF formalism should be possible [10, 11]. The arguments presented in
those studies were focused on using Maxwell’s equations to justify the definition of the PWF in
terms of the Riemann-Silberstein vector. In this chapter we use the ideas presented in additional
studies that look at the possibility of defining a Lagrangian for the PWF formalism [73, 46, 47,
45, 66]. We start from the fully relativistic limit due to the fact that we recognize the photon as a
fully relativistic particle which needs to be described by means of a complex wave function. This
is due to the previously mentioned constraints that were imposed on such a PWE. In summary,
these constraints state that a non-relativistic and non-complex photonic wave function does not
exist [68, 15]. Our intent is to arrive at an interaction between a PWF formulated to describe a
photon and a quantum source in any approximation.

In the proposed theory, which describes the photon by means of a Dirac-like equation in 3+1
dimensions, we begin the rigorous description of the PWF by defining the Casimir invariants of
the Poincaré group which we will use as motivation. We will then propose a PWF Lagrangian
and within the a canonical quantization procedure, like the Gupta and Beuler method [13, 12]
and determine the quantized form of the resulting field [76]. In later chapters we will use this
quantized field for the definition of a Lagrangian and gauge of the interacting fields. During this
procedure, we will draw a connection between the photon wave function (PWF) and the gauge
field that is necessary to describe the interaction between charged massive particles and photons.
The canonical quantization procedure will lead to two important results, the complex Maxwell
Field Tensor (not to be confused with the Faraday or real Maxwell Field tensor) and the coupled

electron-photon field equations in terms of a field equation for the PWF. This field tensor gives rise
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to a PWF whose equations of motion and real and imaginary parts, when separated and treated as
real vectors, satisfy Maxwell’s equations. In the second result, which will be discussed in the next
chapter, we show the coupling between a quantum source and the Maxwell Field it generates.

The Gauge for the PWF will be shown to correspond to the radiation gauge'. In this gauge, the
correspondence between the quantized four-vector potential and the PWF has been shown to be
given by the creation and annihilation operators of the photon [51]. Throughout the relativistic
treatment we will maintain the Minkowski Metric to have the signature (+, —, —, —) and to be

represented in terms of the Dirac Gamma matrices (D.2) by

v 1 v
" = 5{7",7 }

1 174 v
= (")

The co-variant gamma matrices that will be used throughout the chapter are defined by>

T = mﬂy
_ (70 At 2 _73)‘

These gamma matrices are explicitly stated in the appendix (D.2). We present the convention that
we will be using throughout the chapter and which is normally used in textbooks[13, 77, 12, 78].

For clarity we itemize the signature and definition of symbols used in this chapter.

* Greek indices such as u, v refer to four notation, while latin indices such as ¢, j refer to three

notation

e Coulomb Gauge -V - A =0 & —V2® = 4rp

« Radiation Gauge - V- A =0& & = 0
I |
* Lorenz Gauge - V - A + —9;® = 0 (Originally used and proposed by George F. Fitzgerald [citation needed])
c

2Some may prefer to use the alternative signature (—, +, +, +), here we keep this signature in order to keep the
traditional definition of the Dirac gamma matrices in the Dirac basis.
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* Signature (+, —, —, —)

1 0 0 0
) ) ] 0 -1 0 0
* Minkowski-Metric n*" = 1, =
0 0 -1 0
0 0 0 -1

¢ Four-vectors

— Standard Basis
ot = (ct, @), nuar’ = x, = (ct,—7), where T = (z,y, 2)
— Derivatives in Einstein Notation
O = 0, = (7100, V), 0, = 70, = 0 = (10, -V
— Momentum
P = (5:0)s nwp” = pu = (T, D), where j'= (px, py, p-)
pt = iho* = (ihc_lat, %ﬁ), Nuwp” = pu = 1ho, = (ihc_lﬁt, —%6)

¢ Pseudo-tensors

— Permutation/Levi-Civita Symbol
x M8 is O for any repeated indices and 1 for cyclic —1 for all non-cyclic permuta-
tions of puraf
* €;51 18 0 for any repeated indices and 1 for cyclic —1 for all non-cyclic permutations
of ijk
3.1 Defining the PWF from the Lagrangian Formalism

In this section we will start by finding the invariants we need to satisfy when developing a theory
that relies on the Lagrangian formalism for PWE. By carrying out the definition of the PWF in this
fashion we will no longer be constrained to the argument that necessitates Maxwell’s equations

and new insight about the photon may be discerned. Previous studies have sought to find such
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a formalism,but have not arrived at a PWF Lagrangian that can be included with the interaction
[46, 73, 45, 66]. In this discussion we contribute and yield a naturally feasible and straight forward
definition for what will be single and multiphoton states interacting with quantum sources. We
seek the aid of the Poincaré group, which is the group of isometries of Minkowski space-time
[79], to determine what are the invariants we can rely on when approaching this discussion. Since
all elementary particles fall in representations of this group, we expect that if we satisfy these
invariants we will have the description for an elementary particle in this formalism. The Poincaré
algebra is the Lie algebra of the Poincaré group. In component form, the Poincaré algebra is given
by the commutation relations for the generator of translations P, and the generator of Lorentz

transforms M, [79, 80].
* [P,P]=0
. % (M, P} = 0Py — 1y Py
* % [Mum Mpa] = nupMVU - nMUMVp - UVﬂMNU + nV‘TMW

In this algebra, Casimir invariants or Casimir operators are distinguished elements of the center
of the universal enveloping algebra of a Lie algebra which commutes with all elements of the Lie

algebra [78]. Two Casimir invariants of the Poincaré algebra are:

* Norm square of the Momentum Four-Vector - P* = p# = (£, p)

2 - =
Pr=p'p, =5 —p-p

* Norm square of the Pauli-Lubanski Four Vector [46, 73, 75, 81] W# = E“%P”M ro

W?2 = WHW, = e pv\[r7 P, M,y = —2P2M"*M,, + B,P* M*"M,,

These Casimir invariants are important to previous studies since they govern the divergence condi-
tions of massless particles. These have the consequence that the photon has unit spin and no mass
[73]. We present the definition of a photonic wave-function as motivated from the norm square of
the momentum four vector and use the same conditions of the Pauli-Lubanski four-vector [73] to

satisfy the divergence condition in the vacuum.
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3.1.1 Quantization of the 4-Potential corresponding to a Maxwell Field in QF T

The discussion of the interaction of an electromagnetic field with any charged massive particle
depends on the possibility of defining a gauge field that can be used in the minimal substitution for
a canonical momentum [78]. Therefore, we define the quantized 4 vector of the electromagnetic
field which we will later use for the interaction. This exercise is not only useful for definition
purposes, but also for direct comparison and interpretation of the relationship between any object
defined in terms of this vector potential and the PWF we are after.

We refer the quantization of the 4-potential in the radiation Gauge to the canonical quantization
procedure outlined by the Gupta-Beuler method for an electromagnetic field presented in text-
books [12, 78, 13, 77]. In those discussions the classical analog to the 4-vector potentials lead to
Maxwell’s Equations and can therefore be expanded in terms of any function i (Z) that satisfies
the wave-equation for the D’ Alembertian operator (J{l;: () = 0. That expansion is given by the
definition of the 3 vector potential in terms of these functions 4 (,¢) and their corresponding

polarization €z ,, and annihilation operator aj; |

A@ 1) = Z(%%ﬂ (7,) + & al 40 (7, )) . (3.1.1)

kA
One set of functions that satisfy these restrictions are plane waves. Therefore the choice is made to
define U (Z) = —5Epe~*""re~™ with a normalization factor £ = 4 / QHVV that guarantees units
of energy for this object. The wave vector k is taken to be part of a uniform k-space where the
norm of the 4 wave vector is analogous to the norm of the 4-momentum k*k,, = ¢~ V2t2 k% =0,
kH = (c‘lz/k, E), k, = (c‘lz/k, —lg), and ¢ can be considered a global Gauge parameter. Please
note the meaning of 7 as the p3osition vector in Ca3rtesian coordinates ¥ = xZ + yy + 22 since we

plan to use the notation & = E 'z and —% = E TiZi.
i—1 i=1
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In terms of this plane wave expansion, the vector potential is>

1 1 —ikHtx —1 * kPx, 1
A(%)_cho <€k>\g agre e 4 é mgkamek e ¢> (3.1.2)

EA

Assuming that there are an infinite number of accessible states with wave-vector k , the vector

potential can be represented as a Fourier Integral through*
/= dSk wkt k& To —i¢ * it —ik-@ ip
A(Z)t) 27r Z EaCRaz A€ +é 5 aEAe e e ) . (3.1.3)

The textbook Lagrangian density for this vector potential of the quantized Maxwell field is then

given in terms of the Faraday tensor rate of change of the vector potential as [72, 78, 13, 12]

¢ = —2o.4,—0,4,) (4" — 0" A¥)

= - ZSW/%HV )

1
where 0, = (—&5, V) is the four-gradient and §** is said to be the quantized electromagnetic or
c

Maxwell field tensor or Faraday tensor. In terms of the electric and magnetic fields, the Faraday

3Though this notation is suggestive and similar to that which has been presented so far in the text, at this point
please consider this expression as not written in terms of the traditional circular polarization vectors ¢ , defined
above or the same creation/annihilation operators a; , & a;% \ we have been using so far. That these are the same is
still in need of proof which we will present herein. '

4To rewrite the traditional integral form of the 4-vector as a discrete sum of modes which are available to an optical,
cavity we use

(22)3/61% - Z
k
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tensor is then

S = . (3.1.4)

In the absence of sources this tensor satisfies L1§*” = 0 and can be derived from the 4-potential by

FH = orAY — OV AF.
3.1.2  Electric, Magnetic Fields, and Maxwell’s Equations

The comparison and correspondence of the PWF as a Maxwell Field in QED has previously been
discussed in detail [52]. Those discussions revolve around rewriting Maxwell’s equations to arrive
at a set of equations for the Riemann-Silberstein vector [10, 11, 51]. The definition of Maxwell’s
equations from the Faraday tensor will be instructive later when we seek the equations of motion
for the PWF. From the Lagrangian formalism, Maxwell’s equations are the equations of motion
and are written in terms of the Faraday tensor §*”. However, a sort of symmetry breaking occurs in
this formalism since in order to be able to get back all of Maxwell’s equations it becomes necessary
to introduce the dual of the Faraday tensor §’, . This dual tensor can be calculated from the vector

potential A* via the definition of the dual tensor [82]

1

gfu = §5uuaﬁ$aﬂ (3.1.5)

30, = -3, (3.1.6)

Rewriting this definition in terms of the 4-vector potential shows that there is a type of curling of

this vector that gives rise to the dual

1
3y = 55“”‘“6 (0aAs — 5A,) (3.1.7)
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Explicitly writing this tensor in terms of the electric and magnetic fields yields that indeed this

object refers to

0 -B, —-B, —B.

B, 0 E. -E,
3 = (3.1.8)

B, —E. 0 E,

B. E, —-E, 0

The corresponding electric and magnetic fields can then be extrapolated in terms of the two tensors

§* and its dual §," to be (3.1.3)

E = "
— _301/

B = gy
_ Ov
= D -

Taking the time derivative and curl of A (7, t) respectively yields these expressions (given in natural

units) to be

E(Ft) = —9,A

v 3 . —ivt ik-E —i
(2ﬂ)3 /d kZeE’/\é’EaE’/\e ek Ze—id L H ¢,
A

=1

\V4
=3 v — kExér Ear e”'”’“tei’;'fe*i‘z’ +H.c
= 3 EACEAE N -C..
A
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Re-expressing these as a discrete sum® and fixing the global Gauge parameter as [51] ¢ = g indeed
yields the second quantization form for the electric and magnetic fields that we used in the previous

chapters

E = Y &, &ag e ™ 4 He. (3.1.9)
5y

- 1 - . o

B = —k x é Eraz e T L He. . 3.1.10
ZVk: Epalragaee + ( )

)

Note that in this section we have not yet defined any properties of the polarization vectors we
are using. This leaves their interpretation open to either transverse linear vectors or helical spin

resolved left or right handed vectors.
3.1.3 Relativistic Quantum Field Equation of the Free Photon

To propose a new Lagrangian we begin by trying to guess the equations of motion for the ele-

mentary particle we are looking for and from these work backwards. Much of this discussion

has already been determined in previous studies and we will use the idea that proposes a new La-

grangian which will directly lead to a vector similar to the Riemann-Silberstein; vector up to a

phase factor of ¢ = g [73, 46, 45, 49, 80, 47, 52, 10, 11, 51]. Starting from the four momentum
E2

Lorentz invariant P*FP, = %z —p-p'= m?c* we follow an approach similar to that taken by Dirac

in hopes of finding the “square root” of this Lorentz invariant.

E=c\/(F p+m??). (3.1.11)

3To rewrite the traditional integral form of the 4-vector as a discrete sum of modes which are available to an optical,
cavity we use

(2‘;)3/ DY
k
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Upon substituting £ = ific™'0; and p = %ﬁ this energy relation yields an operator equation

which should factor as

|12V — 1220, | = (A0, + BO, + CO. +ic™'D8,) (A, + B, + CO. +ic™' DY) |

(3.1.12)

where A, B, C, and D are matrices. One suggestions for the definition of these matrices which

has been previously studied [10, 11] is given below

89, + hV x 0 Fy
0 —%at—i—hﬁx F_

and is subject to the divergence conditions

|

A VAR Fe
0 v F-

Those studies have taken advantage of the fact that the curl operatorﬁ X may be written as i0y, (—ic;;i),
or in the matrix notation of an SO(3) group, 7B = —ig;j, (where the three denotes that these are
three, 9 component (3 x 3) matrices). In that notation the expression above takes on the following

form

. (3) P

A I 0 A o 0 F
Z_at — —0O g ’ =0.
¢ 0 —I ! 0 o F_

However, that expression can be shown not to satisfy the invariance condition for the four momen-

tum P? above. Instead, following the discussion presented in other studies [45, 73, 46, 75], those
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matrices can be better represented by the equation of motion

. 3) -
h 0 I h 0 o F_

2o, PN g —~0. (3.1.13)
¢ —1 0 ! a? 0 Fy

For the case where we also consider sources this expression takes the form®

- 0 I 1 0 \VAYAS) F_ at
éat =z _| (3.1.14)

-1 0 Ll v.@® 0 an Ylay

We study the invariance condition for the four momentum P? associated with this equation of
motion equally closely. The notation of this expression may be simplified further by adopting

definitions of the SO(3) gamma matrices [45]

0o I®
M= (3.1.15)
—I® 0
0o G
= . (3.1.16)
6 0

Using the index raising and lowering Minkowski we can see that these satisfy the equation 7, I'” =

—

F_

I',. For brevity we also introduce the spinor ¥ = that yields these equations in the
F+

condensed form

Ip, ¥ =0. (3.1.17)

This condensed notation will be used throughout the remainder of the chapter.

%The abscence of ;}% is due to the fact that we work in Gaussian units.
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3.1.4 Energy-Momentum relation

The energy-momentum relation for a free photon that is satisfied by equation 3.1.17 above can be

found by multiplying the that expression with its conjugate. Doing so leads to the expression

2

% 0 I 0 o@ \p
ul (D) (D) W =0 | 20, | T
C ]
-7 0 o 0
q2 2
(3)
A 0 I 0 o A
— \I}T Z—at v — \I/T —Vk 0\
¢ 1 0 o 0 )
. . . . . 0 [ . . . .
Using the identity which states that the square of the matrix is the identity matrix, we
-1 0

can replace

into the expression above. Doing so shows that we are left to evaluate the square of the SO(3)

. 3 .
matrices o,g ) of the expression

2

2

A (P9) o
= 2

U,(;’) 0 ! 0 (afj”)ﬁvk>

Before evaluating these however, we also substitute these into the expression above. Doing so

— 2 —
tells us that we simply have to prove that <EV : 5(3)> is equivalent to h?V? as evident from the

(2
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equation of the energy-momentum relation we have so far, given by

. 2 2
(@at) —(26-5@) —0.
C 7

- 2
We are therefore required to define the term (%V . 5(3)> . To prove that the equation above
yields the correct energy momentum relation we will have to work with the commutator and anti-

commutators of ). The commutation relation of these matrices are defined by

0.00] - (42),(62), - (o), (2),
= (—i€ai) (—ie;) — (—i€anj) (—i€kbi)

= — [(6it9aj — 0ij0ab) — (6jb0ai — 0ji0ab)]

= — (0i0a; — 0jb0ai) = 1€ijk (—1€abk)

. 3
= Zgijka( ) .

These commutation relations assert that the matrices o(®) are indeed an irreducible representations

of the SO (3) group [83]. The anti-commutators for these matrices are

o) (o2) (o), (), (),
= (—i€ani) (—irr;) + (—i€ars) (—ichn)

= — [(5ib5aj - 5ij5ab) + (5jb5ai - 5ji5ab)]

= — (0;a0jb + 0ip0ja — 20;50ap)

= 25ij5ab - 5ia(sjb - 5ib5ja .
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- 2
Substituting these in for o\” o'® in <—’?V : 5(3)> and making use of the identity 053)01(-3) =z < [053), aj(-g)

(2]

=

yields

2 v
V.V,
= —ﬁ2TJ ([26:50ab — 6iadjb — Oivdja] — [0ib0a; — 0jb0ai])
2 ViV

——h

2 (5ij5ab - 5ib(sja>

— (lhvz) (Zhvz) - (Zhvz) (@th) 5ib5ja .

Representing the identify matrix as a Kronecker delta yields the energy-momentum relation in

operator form to be

h 2 h 2 h h
(Z—at) dap — (_.Vi) Oap = — (—.Vz‘éib) (_»Vjéja) :
1 7 1 7

Comparing this expression against the energy-momentum relation for a massive particle

E2

5 0ab 191 0ap = m2c20,, (3.1.18)

suggests that photons with longitudinal components in the vacuum have an effective mass. This

can be more explicitly shown by expressing each component of ¥ as ¥, to find

n o\ 2 ho\? I I
Ul (20, ) 6uWe — U] ( 2V, ) 600+ (=Vids ) (=V,0,0 | Vs
C 7 7 7

. 2 2
=yl @at U, — Ul Evi U, + Ul Evi&-b Ev-a-a U,
a c a i b i i 17

[2 ) ;

_§_|]51 —I—(pi-\lfi)(pj-\llj)
E? 2

= _02 — |]31 — mgffc2.
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That effective mass would then be given by the scalar quantity

1
My = —3 (pi-@) (pj - ;) - (3.1.19)

c2

Note that if the photon field is divergence-less we regain the free photon Energy-momentum rela-

tion

This also implies that the norm squared of the Pauli-Lubanski vector for such an elementary parti-

cle is independent of mass and due only to the spin of the system as governed by the relation[73]
WHW, = —s(s+ 1)pup"[(s) ,

where s corresponds to the total spin carried by the system and I() is the (2s + 1) unit matrix.
In contrast, this relation would be mass dependent in the case of a massive particle as reported in

previous studies [84]
3.1.5 General Lagrangian Formalism

We now adopt Feynman notation for brevity, where j#'is known as Feynman dagger notation for any
operator /X = ~*A,,, and 7" replace the commonly used Dirac gamma matrices matrices(D.2)with

the definitions for ['* above. Additionally we adopt the use of the notation

v o= Py (3.1.20)

as the adjoint spinor of 1) instead with T'° instead of the Dirac gamma matrix 7,. In this way general

Lagrangian formalism for the photon can be determined from the equation of motion
pv = 0.
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We construct the Lagrangian by left multiplying by 0¥, where ¥ = WiT; and integrating over all

space-time

0= / d*roTpT
=9 ( / d%W\p)

this leads us to identify the Lagrangian density that is in agreement with those defined in previous

studies [46, 45]

S = TpU

h
— wv'ir, (Z oI — pkrk) v

where T' = I'*. The main difference here, is that we have not assigned an object to this Lagrangian.
Namely, we have not stated what W is and at this point leave it open to interpretation. In the
following discussion we will fix this Lagrangian to an object which can be interpreted in terms of

the unit normalized PWF discussed in the previous chapter.
3.1.5.1 Equations of Motion

Before moving onto the discussion of the relationship between this Lagrangian and the PWEF, we
first check that we do in fact get the same equations of motion that we started out with. The

equations of motion arrived at by varying this Lagrangian with respect to W are given by

) asph 9L,
. oV

=0, \I/th“]

and are recognized as the adjoint equation for the photon that we started with.
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3.1.5.2 Conjugate momentum and conservation laws

This Lagrangian density yields the momentum conjugate

0L,

2 (00)
= ihot

from which we can define most conservation laws.
3.1.5.3 Hamiltonian Density

The Hamiltonian density resulting from this conjugate momentum is given by

th = W@O\I/ - Sph
= ihUT0, U — Up¥

h —ih - h
= 29,0 — 020,100 + U9, TR
c c ?
which follows from the photon wave equation

~h _ih
My, = U9, = B 20,100
? c
_ih _h
Hpp, =V —0,1°0 — U—0, " = 0.
c i
This is useful for two major reasons. Recalling the discussion on the non-existence of the PWF,
the two main arguments posed against its existence were dependent on the fact that the operator
10; could not be satisfied by real electromagnetic fields and that the negative frequency solution
could not be satisfied by a non-relativistic theory. Herein lies the success of this Lagrangian. It is
not evident that with this Lagrangian we can now define a PWF that satisfied the energy operator
10, and which, being explicitly relativistic, can yield positive and negative energy solutions. One

major challenge that still needs to be overcome depends on the need to couple said PWF to a
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charged matter field. To do so we will need to re-express this Lagrangian in terms of a new object

that is not the Faraday tensor. This is discussion is left for the next chapter.
3.1.5.4 Comparison between PWF and Standard Lagrangian formulations

The question of how this Lagrangian compares to the standard Lagrangian still remains. To answer
this questions it is necessary to compare them both. From the standard Lagrangian for the Maxwell

Field [78] we know that this Lagrangian is

1 v
8ph = _Zguugu
= 512
::—l(E ﬂ)
2
1 1 2
_ Y N ke, &
2<< C@A> <a pkA>>.

In contrast the PWF Lagrangian yields the following differential relations

2

ih
Sph = ¢TF0 (?atro - szrk) (0
k(3)

ih 0
= |9 IP =09 + ! Y|
¢ o) 0

, where here we are compelled to use the SU(2) representation of the spin matrices o*()

as sug-
gested in the literature [45]. Since we started from the assumption that v/ is an eigenfunction of %815
and p;, we find that this description corresponds to the same Lagrangian so long as the eigen-values
satisfy certain constraints. As stated before, the eigen value of the operator %ﬁt must correspond
to the energy, and the eigen value of p; must correspond to the momentum. Also from these rela-
tions it is understood that, where E = —%&ff and B = "3 p, A, we are not introducing a new
degree of freedom for what would in the future be a Lagrangian for the interaction. This degree

of freedom is the some one that is introduced by means of a gauge field when treating the charge

matter field.
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3.1.6 Gauge Invariance of the Riemann-Silberstein vector

In the discussion presented in the previous sections we have determined a new Lagrangian for the
quantum description of the photon field. As such, we have to show that this formalism produces
a field and it’s Lagrangian which are gauge invariant. Note that we have arrived at this formalism
without need for the discussion presented in previous chapters where we made the substitution
Ji — E+ zg for transverse fields. Extending, this discussion to include longitudinal fields would
not affect this formalism since, as we saw in the previous sections, these are inherently treated
in the discussion of Lorentz and Translational invariants (recall P, P*). Taking Ji to yield any

transverse or longitudinal electromagnetic vector, and recalling the definition of these we find that
by = (—w - —8tA> +i (v X A)
c
and upon fixing a gauge which transforms A&  simultaneously via
Ao A+ ﬁg
1
P 0L,

where £ is a scalar function of 7 and ¢, yields
=, 1 e . = - = 1 1 - = -
- (—w . E&A) +i (v X A) +V {—atg] -0, [vg} +iV X [vg}

such that both the Lagrangian density and all equations of motion for this interpretation of zp;
remain gauge invariant. The same is true for the spinor W. However, to show that these wave
functions correspond to the gauge field we will have to work first with the charged matter field that

is susceptible to these phase and gauge transformations.
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3.2 Lagrangian for Dirac Fields Interacting with Photons

In the previous section we found a Lagrangian form for a free photon. In this section we suggest an
interaction Lagrangian and additionally include it into the sum of the Lagrangian for the interacting
fields. For a spin % massive Dirac particle, using the traditional Dirac matrices, the Lagrangian is

given by [12, 78]

(3.2.1)

From the section above, the Lagrangian for free photons, using the SO(3) matrices, is given by
Limeo = U1 ] 9. (3.2.2)

However, the interaction mitigated by these two fields has to be given by a Lagrangian which

includes the minimal coupling.

Interaction Lagrangian L’%’mo? n Jrom Phase/Gauge Invariance

The interaction between a bound Photon and a Dirac field can be shown to be mitigated by the
4-vector potential by requiring the phase and gauge invariance of these respectively [78, 77, 13].
Here we introduce the constant gpwr to satisfy the unit requirements of some scalar field ©, where
O = &gpwr. We do not suggest a value for this constant. We only suggest that it is necessary to
insure any necessary unit conversions if £ is unit-less. For now, we focus on the phase and gauge

freedoms as given by

¢ Phase Freedom

v — 6—%%(9PWF)E\I;

(3.2.3)

N
[SIE
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* Gauge Freedom

Uy — [Ty + 9] (3.2.4)

Applying these substitutions to an interaction Lagrangian of the form

_ e _
2’%7m0’¢PWF = \I/,% []ﬁ — mOCQ} \11/% — (gpwr) 2\1/27“\11’1\1//% (3.2.5)
yields
g —C S0, (110, W SR
$.mobpwE Lmobpwr (gPWF) E 1 (’7 ltg) 1= (QPWF) E 1y ¥ R
- £%7m0,wPWF :

Therefore, these expressions retain the invariance of the Lagrangian as required by the phase and
gauge freedom conditions above [13]. Most importantly, we can see that the relation between ¥,
and A, . This is given by resolving A,, into two possible helicity states each with four components.
Unfortunately, the development of the consequences of such a discussion is beyond the scope of
this dissertation. However, it is satisfying to see that the gauge freedom can also be introduced
by means of a PWF [74, 50]. In this formalism, gauge freedom is satisfied by the photonic wave
function and its equations of motion. This is evident from making the same gauge substitution as
the one above into the EOMs for the PWF, 0, [\fllihlw] = (. By making the gauge substitution

into the conjugate of this equation of motion, it is evident from

p, ¥ = I'p, Uy +T%p,0,¢

= 0,

that the only way these equations of motion can be satisfied is if we are in a gauge where ['*p,,0,£ =

0 and I'* are the 4 x 4 matrices introduced by Moses [74, 50]. Please note that since we are not
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constrained to a zero field, these constraints do not break the U(1) symmetry associated with the
phase freedom of the massive field. In fact, these specifically state that the phase symmetry can
be localized in space or time, leading to an associated bandwidth for any spontaneously created
photon. Any detailed discussions on the consequences of these constraints in the high energy limit

are beyond the scope of this dissertation.

Interaction Lagrangian L1 . 1. | for a Photon with Dirac Field
29 ’ )

The Lagrangian for a charged massive field interacting with a relativistic photon is finally at hand.

This interaction can be given by adding the Lagrangian of the massive field to that of a PWF and

[J-s]
Cm7

fixing the constant gpwr to unity, while retaining the appropriate units of The resulting

Lagrangian is then given by the expression

2Int = £

where F’g @ and Y @) represent the corresponding gamma matrices for a spin % and spin 1 particle
respectively. Then, the primary challenge posed is to know how to switch from the SO(3) repre-
sentation of the PWF to the SU(2) representation of the charged massive field. Another approach
to the interaction leads to a tensorial representation of the photon term. The interaction in that
approach depends on the complex Maxwell Field Tensor and keeps the definition of the lagrangian

in terms of the electromagnetic vector potential. This approach is discussed in detail throughout

the remainder of this dissertation.
3.3 Tensorial Representation of the Photon

Though we are after an equation for a single photon and its corresponding wave function, there
are still many questions that still have to be answered before a full theory of the PWF formalism
can be used to model experimental results. For this reason we constrain our discussion in the

remainder of this dissertation to the traditional QED Lagrangian. We use Maxwell’s equations
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which have been shown in the discussion above to be sufficient for coupling the single photon
state to a quantum source to develop our model further. Maxwell’s equations can be defined as the

equations of motion for the Lagrangian
1 "
'Qph = - Z'Sw/& .

In tensor form, Maxwell’s equations are give by

9.3 = 0

9.5y = 0.

The equations of motion for the PWF vector F = B + iE can then be defined from these by

multiplying the second by —¢ and summing them together
03" ¥ = 0.

3.3.1 Correspondence between the Maxwell Field Tensor and the Photon Field Tensor

In defining & = F* — iF’,’ we have constructed a complex tensor that has been previously

studied under a different Minkowski signature [46]

co by s poHy o By - e, .
— 1 — 1H. —80== + JH
0 VEo + /) Vo + Y VEo + z
eoEr /L‘,LLOHZ O _,LLOHz _ seok: MOHy _|_ ,L'aOEy
6#1} = VEo vV HO vV HO VEo vV HO VEo
by iMOHy poH + jE0E: 0 _boHs  eoFy
VEo NI VHO Vo VEo VEo
cB: _ ;uoH. _poHy _ -e0Ey poHsy +/L'50Ez 0
NG VHO VO VEo VHO Vo
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The definition of this vector is presented in detail in the appendix C.1. An energy normalized

version of & can be expressed in terms of the the vector

il

(3.3.1)

1 ,u().['._i +i€OE
Vi, | Ve Ve

as

0 iF, iFy iF.

B = . (3.3.2)

_ZFZ _Fy F;(; O

Therefore, the generalized and energy normalized Maxwell’s equations can be expressed in terms

of an single tensor &*” in the following form

96" = 0. (3.3.3)

In the vacuum, the equations of motion for this vector are given as before via the expressions

F 0
B = . (3.3.4)
V x F 0

—1

+ <u

iLOF
These are the energy normalized and complex form of 9,§*” = 0 and 9,§, = 0 from discussion
above.
3.3.1.1 Self-dual electromagnetic tensor

We have shown in the discussion above that in the literature there exists a tensor &* which can be
used to find Maxwell’s equations. In the Minkowski metric we have adopted it is straight forward
this is a self dual tensor. To prove this, we first mention that this tensor can be purely defined in

the language of geometric algebra [85]. Its duality is then given by the Hodge dual [85] via the
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definition

65:£§@W%ﬂ (3.3.5)

nz

Re-writing this expression in terms of the energy normalized Faraday tensor, §* and its dual §' ,
the proof is completed by following a series of algebraic manipulations and use of the following

identity of the Levi-Civita symbol associated with our Minkowski metric,

M eapy = =2 (i — ;) (3:3.6)

(=7) (=)

—6#”6“6@5&5 e i (Sas — iSasp)

2 2
. v . _Z v
_(Z%_Jxﬁ%WWﬂ

= (-iF +5)

= &

This proves the self-duality of the complex, generalized, and energy normalized electromagnetic

field tensor,
s = 6 (3.3.7)

This tensor additionally facilitates a description of the free field in terms of a self-dual Lagrangian

for the free electromagnetic field of the form,
1 I
Lo = —ghwoﬁﬁm,(’ﬁ . (3.3.8)

This is a self-dual Lagrangian that yields the Dirac-like equations of motion associated with the

PWEF. We herevy conclude the discussion on the relativistic quantum field formulation of the La-
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grangian formalism for the PWF and self-dual electromagnetic tensor.
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4 INTERACTION BETWEEN THE MAXWELL FIELD AND A
QUANTUM SOURCE

In the previous chapters it was established that the creation and annihilation operators implemented
in the quantization of the PWF correspond to those of the EM field as presented by Quantum Field
Theory (QFT), Quantum Electrodynamics (QED), and applied in Quantum Optics and Photonics
(QO). In this chapter different cases in modern application requiring the coupling between a quan-
tum source and the Maxwell Field it generates are presented. The first couple of sections describe
the general formalism and general approximations underlying these interactions. Later sections
will describe the possible cases these approximations may be applied to. Recent studies have been
conducted that require the need to model an interaction that couples relativistic single photon states
with those of quantum sources in devices [14, 86, 18, 87]. Therefore, in this chapter we model a
theory which can lead to parameters which would allow the calculation of revival and sudden death
phenomena associated with revival and sudden death of entanglement [88, 89, 90, 91] as well as

enhanced emission times in optical cavities [27, 28, 92].
4.1 Interaction Lagrangian Density

In previous chapters we defined the interaction Lagrangian used in textbooks to quantize, by means
of the Gupta-Beuler method, a classical interaction that identifies the canonical momenta which
allows equal time commutation relations for the electromagnetic field to be written down[12, 78,
77]. These Lagrangians, which correspond to the charged quantum source and photon respectively,

are given by the expressions

Lo = U (cf—moc®) ¢ 4.1.1)
1
S = — 78w (4.1.2)
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You may recall from the previous chapter that 7 is referred to as Feynman slash notation. In this
notation any operator /X = v*A,, is expressed as product of the Dirac gamma matrices 7* (D.2) and

itself. The bar notation 1) defines the adjoint spinor of the field 1) and is given by the expression

v o= Py, (4.1.3)

The electromagnetic interaction can be included in these Lagrangians by means of a “minimal”
gauge invariant substitution ¢ — ¢ (ﬁ — %OA) and summing the two independent Lagrangians

[12, 78, 77]. This operation is accomplished in the expressions

— - 1
Lohgs = ¥ <ﬁ_ ZA - m00> P — Z&WS“”- 4.1.4)

These expressions tell us that the interaction Lagrangian density is given by the term corresponding

to

S = —gzMw. (4.1.5)

From here on out we will work in the radiation gauge when propagating the EM field far from
electron sources. In regions near the sources we may use the Coulomb or Lorenz gauges. By
studying the interaction distance associated with the charge density given by the field spinor ) that
bound to the quantum source we will determine explicitly if are we are either in the Coulomb or
Lorenz gauge as long as. If we find that our optical fields give rise to a divergence or gradient term

we will assume that we are near a region that satisfies the expressions

V.E = —V-A- V20 (z)#0

A 8,(VP) £0,

=,
I

0y
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where @ = ¢, [ d*2’ #Qf/_)x‘, and will return to the coulomb gauge. If we find that we do have
a divergent field associated with the Poisson equation —V2® (x) = et ()¢ (), then we will
also report the charge density by means of the operator p (z) = egt) (x) ¢ (z) # 0. In addition,
if we find that we are in the Lorenz gauge we will report a current density or Zitterbewegung by
calculating the therm j* = cipa®yp # 0, where o is a Dirac matrix (D.2).

Substituting the self-dual Lagrangian, £,, = —%hw,,@ w®" which we defined in the previous

chapter, into the full Lagrangian for the interacting fields £}, s, the coupled field equations are

defined by minimizing the variation of the action of the Maxwell and Dirac fields [12, 78, 13]

0L 0h as
awgph,qs - au {8 ((;h:;)} 0 (4~1-6)
“w
0L has
Oa;Lphgs — Oy {ﬁ} = 0. 4.1.7)
i

These yield the coupled field equations which we will be studying for the remainder of the chapter

as given by the expressions

(c = moc®) ¥ (2) =~ (2) (4.1.8)
0,6" = i (a)y"y (x) 4.1.9)

The first equation is the equation of motion for a quantum source interacting with an electromag-
netic field. The second equation 4.1.9 can be shown to correspond to the generalized form of

Maxwell’s equations with sources, as described in the previous chapter.
4.1.1 Interaction Hamiltonian

The Hamiltonian density for the interacting fields if given by the definition [13, 12]

Hones = a¢£ph,qs¢ + 04 LohasAi — Lphas - (4.1.10)
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The explicitly calculated Hamiltonian is known from textbooks to be given by the expression [12]

1 — — 1 — — —
Hongs = 1 (c@- P+ Bmoc®) o + 3 (E2 + BQ> +-E Vo + S@D%A%. 4.1.11)

In this expression 0y, A%) = £yty® and LE - VO — 24Ty (E(I) E<I>> — 0. Making

these substitutions in the expression above, the Hamiltonian density simplifies to
. 1 /2 =
Hongs = ¢ (co7~ [ﬁ+ EA} + Bmoc2) Y+3 (E2 + B2> : (4.1.12)
c

where & and [ are Dirac matrices discussed in the appendix (D.2). In terms of the self-dual

Lagrangian formalism for the PWF the Hamiltonian takes on the form

N ) e -
Hpngs = U1 (e - P+ Bmoc®) A S S ST CR )

In terms of the elctric and magnetic fields this expression is given by

—

H  gF
M0+o

. 1 " o
Hph,gs = wT (COz "p+ 5771002) P+ B (M0H2 + €0E2) (\/_ NS

) VO 1+ ww/ww

From this expression we can begin to develop an approximate interaction Hamiltonian (4.2.1)
which we will use throughout the dissertation. In addition, from the formalism above we can see
that we do not need to go the Hamiltonian description to solve this problem. Therefore, we will
be defining the interaction directly from the coupled field equations of motion for he systems of
interest as derived from interaction Lagrangian density £, 1. Further, we will not focus on solving
the complex non-linear problem for the spatial dependence of the wave-functions for the matter
field. Instead, we look at the applications that are of interest and see what approximations are

appropriate to simplify avoid that part of the calculations and make the problem more manageable.
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4.1.2 Conservation Laws for Interacting Fields

Throughout our calculations we check conserved quantities to make sure that we do not violate
conservation laws. The conservation laws that we rely on during computational checks rely on the
traditional Lagrangian formalism. As discussed in previous chapters, we rely on invariants of the

formalism to define these conservation laws.

Translational Invariance of the Lagrangian

The conservation laws associated with translational invariance of the interacting Dirac and Maxwell

fields naturally arise form Noether’s Theorem [12]. Under an infinitesimal displacement,

/_
T, =T, + €y

the Lagrangian £ can be shown to change by the amount

0L

=€, .
m
a.ﬁE“

e=g-2

From textbook discussions it is known that in the Lagrangian formalism if the Lagrangianf is

translationally invariant, then the Noether current J#¥ [12, 13] will satisty the expression
03" =0.

This Noether current is explicitly given by the expression

82 h.qgs 8'8 h,qgs
3;11/: |: ph,q :|81/ + |: ph,q :|8VAZ— ,uugj
7@0.0)) YT 900,40 7
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where 7" corresponds to the traditional Minkowski metric defined in the previous chapter. From

this conservation law, the conserved quantities are given in general by
P, = /d?’xfjol, = /d3x {8¢£ph7qs(9”w + 04, Longs0” Ai — 770,,2} .

It is therefore the case that the Noether current gives rise to the conservation laws must satisfy the

equality
P, =0.

Since the conjugate momenta are given by taking the partial with respect to the time derivative of
the field of interest, as show by 8¢2ph7qs = ! and O zﬁphﬂs = —80/1 it is clear that the first

conserved quantity is the Hamiltonian of the system
80P0 == 80/6131’300 = (90/d3x7—[ =0.

In general, one of the main checks that we will conduct during our calculations corresponds to the

commutator of the Hamiltonian with the conserved quantities as given by
[H,P]=0.

The additional components left to be calculated correspond to the quantized analog of Poynting’s

theorem

8OB = 80 / dgl'JOi = 80 / dgl' {8¢£ph,qsaiw + 8Ai£ph,qsaiAi - 7701'8} =0.
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From these expressions we find that the conserved momentum is

0y Con.as0 + 0 Lo g0 A — 0oi L
1 .
= 19" — 00 A0 A — ot (095 = 290 A — moe?) ¥ + 105§

— 10" — A0 A — (cmV— WO~ moc?) 6+ iy Fod”

However, since we do not calculate the properties of the matter field, we are left with only the
properties of the photon field. As such, we assume that the quantum source is stationary and that

the linear momentum of the matter field is conserved, namely,

30/ [uﬂ({)% (()OAE)ZA noith! (cth COOA moc>¢] = 0.

The quantity that we expect to be conserved, and which we do calculate is given by
3 1 0i
ol = 0 | d 90770@301‘3

4.2 Hamiltonian of the PWF

The textbook approach to determining the equations of motion for the coupled system revolves
around first identifying the Hamiltonian. In this case, the Hamiltonian density derived in the pre-

vious section can be expressed more compactly as

where H,, can be thought of as representing the quantum source, H., can be thought of as express-
ing the free Maxwell Field in terms of the PWF creation and annihilation operators a% RICSY and
Hne as the interaction part. Since the equations of motion and the interaction are now known for
this system, the next step requires that we show that the definition of Hamiltonian for both yield

equivalent results. This can be accomplished by expressing H., in terms of E & B or the unit
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normalized operator I',,.

H, in terms ofE & B

We first express H., in terms of Electric and Magnetic operators. The plane wave expansion of this
Hamiltonian in terms of the single photon creation and annihilation operators is well known from
textbooks [15]. We define this expansion again as an exercise that will allow us to draw parallels

when working with the PWF operators. Using the definition of E & B in terms of the creation an

k
annihilation operators and recalling the identity given by the expression z X € 5 = TUAEE L
the Hamiltonian for the free photon is given by
n, o= Dpy g (4.2.2)
T 2 2/L0 o
hw hw o _i\2
= 5 A+ 1) - (G +x7) (4.2.3)

1
_ —ZM< opa+ 2). (4.24)

H, in terms of T,

The expression for H., as written in terms of the PWF operators has also been previously studied
[10, 11]. We also define it again here to show its equivalence to the expression above. The expres-
sion for the expanded form of the Hamiltonian in this expression can be arrived at by using the
definition of \ffw in terms of fv & ﬁ/, that we worked with in previous chapters. In this instance
we will again have to make use of the identity for the helically polarization vectors as before. The

result for this Hamiltonian, given by the expression below

H, = 0, (4.2.5)

1
hv (dmam + —) : (4.2.6)

IPlease see (B.1)
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is equivalent to the expression derived from representing ., in terms of E&B.
4.3 Non-relativistic Approximation

Having established that the conservation laws we sought are the same no matter the formalism we
are working in, we can now move forward with establishing the interaction. We work here with
the coupled Dirac and Maxwell field equations. In particular we will make some approximations
based on the ideas that, in the domain of condensed matter, electronic or quantum source states
in semi-conductors can be well described within a non-relativistic approximation. Therefore , the
only states that will retain any relativistic properties®> will correspond to the states of the Maxwell

field. Using the equations of motion that were defined above, for the electronic part

[ﬂwﬂaﬂ + Zwﬂ (A, + APt) 4+ moc} =0 43.1)
(i1 9, = =9 (A + AL = moe] (4)" = 0 (432)
and photonic part
_ (_‘i@yw +0,6M =0 (4.3.3)
_ ZQW@ +0, (e =0, (4.3.4)

we define what would be the exact picture for the interaction. Following the traditional discussion
also presented in text books [56, 12, 13], the first step we will make focuses on the matter equations
of motion. There, we fix the representation of the Dirac matrices and express the equations for the

coupled spinor states as follows?

2 Except for the energies and intensities which will correspond to the that which is available from the quantum
source.
Mpror = (A + AF") and Srop = ( + 2)
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ih 0 o h e I 0
I;&t - |\28k + EAZJ,TOt:| -

O 0

@
moc + gqﬁm =0. (43.5)

0 —I X

The equation of motion for the term corresponding to the “large” component of the spinor,d; ¢, is

then given by the expression

%i@go . (?ak + ZA,LTO,f) X+ [moc . Zqﬂm 0. (4.3.6)
In contrast, the equation of motion for the “small” component of the spinor 0, is given by

%:Latx = 04 (?ak + ZA’T“TOJ o — [moc + S@}Ot X. 4.3.7)

The difference between “large” and “small” will be made evident in from the following discussion.
The Pauli equation arises naturally from the Dirac field equation by making the non-relativistic
approximation[56]. In this non-relativistic limit the speed of a massive particle is much less than

that of the speed of light, Ve

< 1. Working in the radiation gauge, and taking the limit where
moc? is considered that largest component of the energy*, 1) ~ e*iﬁmw%dz’ , the equation of motion

corresponding to the evolution of large partner is given by, 0;p

thdyp' + ePpyp’ = opemp)’ . (4.3.8)

Similarly applying the same approximation to the equation of motion which has the evolution of

the weaker term 0,y yields

[ih0; + ePry] X' =

—x. 4.3.9
ST ¢ =X (4.3.9)

471- = Eak + %A;Tot’ AT = A7€ : A’I = O’ and ® =0

%
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We also assume that the potential field and kinetic energies present in the system are much less
than the energy contained in the rest mass of the particle we are working with, [ih0; + e® g.] X' <

2mgc?. Therefore, the equations of motion simplify significantly to yield the expressions

X~ ;M’; ' (4.3.10)
mocC
and
(UkCT('k)2
thdyp' + ePpup’ = ——2—' (4.3.11)

2mc2
The identity & - 77 - @ = T2 + iG - ® X T is necessary to evaluate the square of the term ocmy.

Substituting this identity back into the first “large” component of the spinor equation yields that

1
ihopp = | =—— (M) + 10kERi; ;) — €Ppat | . (4.3.12)
Qmo

Where we have used the Levi-Civita symbol [83, 82]. The term in the parentheses can be evaluated

by using the expansion

EkigTiTjO = 1ij [Ai (0;0) + (0i0) Aj + (0, 4;) ] (4.3.13)
1 h > ¢eh

zh@tgo = [— (l—ak + EAkIOt\| + e—O'kBk,TOt> — €@Em] @Y. (4314)
2my 1 c c

At this point we have a spin resolved interaction that can be modeled via this equation and the
equations of motion for the photonic operators. However, since we will not be taking into consid-
eration contributions due to external weak magnetic fields, we split the discussion once again by
making another approximation. Before making the next approximation however, we express the

equation above in terms of energy normalized PWF operators, 1:7. To do so , we use the form of
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the magnetic field in terms of I:V which we determined in a previous chapter.

ihope = | —— [ 22+ Loy [ =iy /2 (r7 . FT) Y Bigar | | —e®pm| 0. 43.15)
2myo 2c 2 v ’

We expect that in this equation we will be working with very weak fields spontaneously created
fields. Therefore, we can neglect fv in the term that coupled to an external magnetic field, since it
is small by comparison to the external field. The result of making that approximation yields that

the only contribution from the spontaneously emitted field is due to the canonical momentum,

1 h
ihohp = | —— (12 + o4 Brgur )| — e®put| @ 4.3.16)
2my 2c ’

4.3.1 The Dipole Approximation

Please note that since we are working in the low intensity limit, we expect that this model can not
describe non-linear inhomogeneous media. Therefore, we assume that the material we are working
with is well behaved in the region of the quantum source and that the quantum source responds
quickly to the optical field. From the discussion in the previous section we know that the square
of the canonical momentum yields a coupling to the momentum of the massive particle in the
presence of some external field. As before, we split the contributions due to the electromagnetic
influence to two parts. The first part is due to some external field and the other to the spontaneously
emitted field. Therefore, the canonical momentum for the quantum source in the absence of the
contribution from the spontaneously created field is given byw’ = p' + /ﬁgxt. Further, we expect
that the emitted field will have no longitudinal components and therefore expect that its divergence
will be null V - AT = 0. The corresponding square of the total canonical momentum is therefore
given as a sum of three terms. The first term is the contribution from some external field and the

momentum of the massive particle, the second is the coupling between the two, and the third is the
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contribution due to the free field as given in the expression

e - 2
Po=|7?+2-4-7 + <_A> } Q. (4.3.17)
C

For simplicity we define what we will refer to as the electronic Hamiltonian. This term contains all
of the contributions to the state of the system which are associated with the matter field. All other
contributions will be taken to come from the spontaneously emitted field of the quantum source.

Therefore, this a priori component to the equations of motion?,, is given by the expression

1 h
Ho=— (77 + 6_UkBk; Eat | — €Ppat . (4.3.18)
2m0 2c ’

Please note that we do not refer to this expression as the Hamiltonian of the system since we have
not shown it to be so. In fact, the Hamiltonian is given by a similar expression which has some
differences in signs. In addition, as before, we assume that the spontaneously emitted field is weak,
As a result the square of this field should be even weaker as shown by the approximation give by
<§/T) i ~ (. Therefore, rewriting the canonical momentum of the electronic system as @ — p, we
arrive at its equation of motion prior to making the dipole approximation as given by

ihdyp = [HO + LCZ : ﬁ] 0. (4.3.19)

mo

Here we note that there are two possible ways of taking the dipole approximation. The differences,
similarities, and correspondence is outlined in detail in textbooks [15]. We will address both of

these and show that for your system both will provide an adequate description.
4.3.1.1 A source completely immersed in the optical field interacting with an electric field, E-F

One textbook approach to describing the dipole approximation assumes that the entire quantum

source is immersed in a plane electromagnetic wave [15]. Here, the electromagnetic field is de-
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scribed by a vector potential which satisfies the approximation

—

Ay +7t) = A(t)e® oD

Q
N
—~
~
S—
a
),
e
s

This approximation attributes the scalar potential ® only to the description of the quantum source
state in the absence of the Maxwell field. As a consequence this constrains the electronic wave
function to be the product between some spatio temporal evolution driven by the field and another

part dependent on the other components of the system.
o (Ft) = eRAotTy (i) (4.3.20)

Substituting this expression into the traditional, non-relativistic, Schodinger equation yields the

dipole approximation for the interaction to be

N2
; (F-24) |
Zhat [ei%A(FO’t).F(b] — —C [ei%A(F07t)'F¢:|
2m
— e g 2
(i e T (p—zA) e
it (A7) o+ d|etinnr = L [etiary]

h 2m

Using the fact that in the radiation gauge we required that E = — A, we can find an equation that

describes the quantum source state ¢ as given by

— 5_’2
iﬁ@tgb — u_e(ﬁ.f’> gb
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N
Making the same assumption as before by approximating that <§A) < 1 and again remembering

that V- A =0 implies that we arrive at the electronic equation of motion

ihd,b

{%%_€<E.@1¢. 43.21)

Next we will look at an approach that does not require an explicit expression in terms of the electric

field or any derivative of the vector potential.

4.3.1.2 A source interacting with the vector potential via its coupling to the canonical momentum

of a charged particle,ff P

Many textbooks use the alternative approach that we adopt for this interaction [15]. It is also
part of textbook discussions that these independent approached yield a difference in measurable
quantities. These differ by a factor of the ratio %, where w refers to the transition frequency and v
to the speed of the electronic term H, [15]. This implies that the wave-functions defined for each
approach needs to be treated differently. A detailed discussion on this correspondence is given
in Section 5.A of [15] as an appendix. One of the affected factors in making the transition from
one description to the other is the decay rate of the excited state [93]. We therefore constrain the
remainder of this discussion to the coupling associated with the canonical momentum of the few
level system. In this description, the canonical momentum of the electronic term is replaced with

the commutator between it and the position operator through the relation
(4.3.22)

Then the equation of motion for the coupled charged particle and optical field can be describe
through the equation

e

i , 432
e [Ho, 71| @ (4.3.23)

Zhatgﬁ = H() +
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Expanding this electronic component in terms of its energy eigen basis [56],

> E.|n)(n| (4.3.24)

and the vector potential, as before, in terms of plane-waves,

hl/k z vpt—
~ wt—ik-Z —igp4 1 i(vpt—ik-@) ip
Zyk“%/ ER AN ) +eg/\ame( ) ),

will allow us to draw a comparison point between this approach and that of the single photon
wave-function. For brevity, we also introducing the notation o,,,, = |n) (m/| to denote transitions

between states.
4.3.2  The Quantum Source & PWF coupling in the interaction picture

Separating what we can express as the description of the quantum source state in the absence of
the photon and the contribution due to the photon by including again the free Maxwell field terms
into (4.3.21) we have an equation describing an approximate interaction between the Maxwell
Field and its source given by equation 4.3.23. This equation can be abbreviated in terms of an

interaction, Hiy, and free field term H.,, to read
thoip = Ho+ Hint - (4.3.25)

Please note that in light of the newly introduced notation in terms of o,,,, we are relabeling H as
H,. In summary, this is the interaction between a quantum source state given by 7, interacting
with a coupled field via the non-relativistic dipole approximation Hp,;. Note that since these are

not describing the full Hamiltonian of the system there is no contribution from a free field, H,.
4.3.2.1 Interaction Hamiltonian for two Polarizations in Linear Homogeneous Media

The full interaction of this coupled system can therefore be expressed by expanding it in terms of

the energy-eigen basis and plane wave contributions of the electromagnetic field. This expansion
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is explicitly outlined in the equation

ie - e -

n

From the commutator above, we can then define a term for the transition dipole operator, (,,, =
& (n| 7|m) which will contain all the physical factors [56, 13], £ = £, /% The simplified interaction

is then given in terms of this operator by means of the expression

%\/gz [Enanm ﬂ = Z Er@nmOnm — Z E . OnmOnm - (4.3.27)

We fix part of the gauge freedom originally introduced in the definition of the vector potential to
¢+ = *+7 and then take advantage of the assumption that the transition energy of the electronic
state is driven by that of the optical field it generates, F,, = FE,, + hv;. From these conditions, in
a region near the location of the quantum source 7, the interaction component of the equation of

motion then takes on the form of the expression

ie o hvg (. —i(vpt—ik-Z -
A [Ho, 7 = ;%’/W (ép a0z CH ) L He) - (Gamoun) - (4328)

This interaction has been previously studied extensively with significant success and is the tradi-

tional interaction covered in many textbooks [56, 13, 12, 93, 15, 94, Berman)].

4.3.2.2 Interaction Hamiltonian for a Two Level Quantum Source and a Maxwell Field in Linear

Homogeneous Media

For a two level quantum source with energy eigenstates |a) (the excited state) and |b)(the ground

state), H, may be expressed by

H, = E,la){a|+ Ey|b) (b] . (4.3.29)
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The state vector for these levels, which incorporates the Fock states of the optical field of a sin-
gle mode & with two possible spin states (polarizations) A € {+, —}, is defined by through the

expression

07) = ca (£) a0) + D ey (8) b1z - (43.30)

EA

This state vector implies that a source in the excited state is in a state described by the direct
product of it with the vacuum state. Similarly, for the case when the source is in the ground state
we associate this state with its direct product to a single photon Fock state resolved for the spin of
the spontaneously generated photon. This is similar to traditional textbook discussions [15], but
differs in that the state we are now working with can resolve the contributions of integer spin states
associate with those of the photon. Additionally, we consider o,;, and o, as the annihilation and
creation operators of the two level quantum source states o, and o_ respectively.

Table 4.1 outlines the transformations [12] necessary to change to the interaction picture [56, 15,

13, 12]. There, we will solve the coupled systems of equations that arise from this two level system.

Table 4.1: Operator Expansion Coefficients

Free Fields | Interacting Fields
aE’/\eﬂ'ukt e%HUtGEJAe—%HUt
aTE,Aeiykt 6%Hata£70Ae—%’Hat
o_ewat Moty o= iHot
o et 6%H0t0+€—%7{gt
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4.3.2.2.1 Single photon interacting with a two level quantum source in the interaction picture

In the interaction picture equation 4.3.23 reduces to the expression

hv, R —ilvit—ik-z - iw - —iw,
ihoy o) = Z \/ 7k <€E,,\GE,,\6 (vit—ik-3o) + H.c.> . (paba+e b L Gao_e ”t) loy)
EA
(4.3.31)

where we have introduced state to state transition dipole moments ,;, and transition frequencies
w, as parameters of the calculation. In theory we could solve the entire system of coupled spatio-
temporal differential equations established above, but such an effort is beyond the scope of this
dissertation. Instead, these parameters will be referenced from multiple methods, depending on the
material and geometry that is being modeled. Fortunately there have been my studies aimed and the
measurement of these values in the literature [95, 96, 97, 98]. When values for these parameters are
not available from the literature, their values will be calculated by means of previously established
methods [99, 100, 101] and those values suggested for experimental comparison.

In terms of the energy normalized photon creation and annihilation operators defined in equation

2.2.5, the interaction takes on the form

V = Vi, (ﬁ, n fg) (1€ Gy + 0T Gy (4.3.32)

Already we can see several cases arising for strong and weak coupling between the quantum source
states and the state of a Maxwell Field. There can be modes of the Maxwell Field where the inter-
action Hamiltonian is in exact resonance with respect to the quantum source w, = v, intermediate
cases where it is close to resonance, and others where it is far off resonance. The simplest expres-

sion for the interaction is then

ihdy|yo) = Vo) . (4.3.33)
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4.3.2.2.2 Interpretation of the interaction Hamiltonian represented in terms of the I', operator.

Using the electronic |a) , |b) and electromagnetic |0), aj; , |0) states that correspond to the product

state

7) @ o) = |yo)

and their Hermitian conjugates, conversely (a/|, (b| and (0|, (0] a; ,, that correspond to

(ol ® {(v] = (o],

we interpret the meaning of the interaction by taking the sandwich of the interaction i%0; |yo) =V |y0).
We will independently compute the 8 possible cases that are left after making the rotating wave
approximation (RWA) [58, 15]for each component of the interaction. Within the formalism of the
PWE, the four terms that are left after the RWA in the interaction can be interpreted by operating on

the direct product of a single photon state and the quantum source states. Since we are interested
being able to describe revival phenomena implicitly we will not invoke that Weisskopf-Wigner
approximation in the derivation below:

For the productfva_ the following sandwich represents an unavailable transition in the quantum

source by the operator o_ as can be shown by

(a0 Tyo Z G (1) ’blﬁ,,\> = Z Gy (B) (a0 Tyo— )blm>
EA kA
= 0,
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since the quantum source annihilation operator o_ satisfies [1:7, a,} = 0, operating on the states

as done above yields

—

To [b0) = T [b)(al [b0)

(a0]o T, = 0.

This term represents the processes where the quantum source is taken from is upper state a to its

lower state b

3 <b1m‘ Lo _ca () 0a) = 3 ca (1) (0] ag \T'o 0a)
kA kA
1 . .
=3 v :—kca ()& e e (1= 2) (0] ag ,o—a., . 0a)
EXNE N 7
1 Vi Ak w it —iEl~fo
= Z Z (a0| W\ o G (t) € ye e (1= A) Oz 705 |0a)
RN 7
1 Vi kgt —ike
= (a0| T e (D e kte=thTo (1 — \) |0a) .
Py 7

Forcing the sum over the two available polarizations )\ yields

=(-) [ 1 v it ik
\I/%_,'_’a = Z W w—aca(t>€’;_€ ke 0(1+1)
k
1 L
= Y/ /:—ica (t) & eete o
k

This corresponds to the creation of a photon with a negative helicity or right handed polarization.

For the productf70+the following sandwich represents the process where the quantum source is
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take from its lower state b to is upper state a
(a0| Tsory Zcm (1) [p15,) = Z &, (1) (00| Tl [b0)

= 221/4‘/ I bk)\ Ek )\/6 ZVk/t ik -To (1"‘)\) <CLO|ak )\’O-Jra“ ‘b0>

X KN
_ZZ bl’“’ \/ 4v\/ CbkA ) € € “Wle i x()(l_l_/\)ék:k’é)\)\ )bm>
X KN

[ 1 v A it ik E
= Z <b1]-€")\‘ W W—Cb’,;)\ (t) 61;)\6 kte k-Zo (1 + )\) ‘bla)\>
P 7

forcing the sum over the two available polarizations A yields

7 iz A —ivgt ik
Vide = Z\/W\/w—cb,g,+(t)€;;,+€ et (141)
]; g
7 L v A it ik
Tite = 2y o, o (D e
]2 g

which corresponds to the creation of a photon with a negative helicity or right handed polarization.
The following term represents an unavailable transition in the quantum source by the operator o

as can be shown by

Z (b1z] r 401Cq (t)]a0) = ca () (b1f] f70+ |a0)

EA

L

I
o

since the quantum source annihilation operator o satisfies [fv, 04 = (, operating on the states

as done above yields

T, ]a0) = 0

Wlo. L, = 0.
< ++ v
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For the product I:LJ_, the following term represents an unavailable transition in the quantum

source by the operator o_ as can be shown by

(@01 Tlo > ey (0 L) = Zcm ) (a0] Tl [b1g,)

EA
= O

since the quantum source annihilation operator o_ satisfies [ff/, a_} = 0, operating on the states

as done above yields

_[b0)y = 0

<a0|0_f"2 =0

This term represents the process where the quantum source is taken from its upper state to its lower

state

Tt o_cq, (t)]a0) = an (00 ag; AFT |a0)

5
EA
1 Vg A% w st —zk -Zo T
= ZZ E w_Ca (t) EE/,AIG ke (1+)\) <b0|a];7/\a]:;/7>\/0-— |a0>
EX E N 7
1 Vg Ak w st ZEl'fo
=53 (a0) T\ o Ca (D) & e e (14 A) O g 95 |a0)
EX KN 7
1 v ok LU, —ik-T
=D {0al\/ /e (D) € e e (14 ) [a0)
EA 7

forcing the sum over the two available polarizations )\ yields

R
Yk vkt ,—ik-E
= Z\/— —cq (t) €7 _eMrrem 0
VYV w, k,
- w
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which corresponds to the creation of a photon with a positive helicity or left handed polarization.
For the product ffycn, this term represents the processes where the quantum source is taken from
is lower state b to its upper state a and a Maxwell Field with a negative helicity or right handed

polarization is created.

<a0|FTJ+2:cb,M ‘blk)\> cb’,;,/\( ) <CLO|FTO'+CL |b0)
- Z Z V 4V 4V \/ Cpiin (1) & A’e_wk’telk (1= 2) (a0 ag )\'O-+a” [60)
EA KN
L Jw . —iv st ik &
- Z Z <b112,x‘ \V av\ @ Coka (t) € e et (1 A) OF i On blE,A>
EX KN 7

L s —iugt ik-F
= Z <ME,,\‘ \V av \/ o ok (t) &g e Heth o (1 - ) ‘blﬁ,,\>
Py 7

forcing the sum over the two available polarizations A yields

1 v
+ k ~ —ivt ik-T
\IILE_)b = E \/—4‘/‘ /—w Ch i (1) e it ik 0(1+1)
E (on
1 Vk‘ “ it .E_ﬁ\
= E \[ 1) —Cop_ (t) € e e
Vv bk~ k-
- w

which corresponds to the creation of a photon with a positive helicity or left handed polarization.
The following term represents an unavailable transition in the quantum source by the operator o

as can be shown by

Z <b1m

EA

(t)[0a) = Z ca (1) <b1m‘ Tl o, [a0)

= 0
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since the quantum source annihilation operator o, satisfies [ﬁy, 04 = 0, operating on the states

as done above yields

f‘)LJ+|aO) =0

Wlo. I = 0.
(0] o1 17,

These operations can be captured in the following set of relations, where Xf,)@ is only used as
a place holder, (1) represents the sign of frequency part, and +, n represent the helicity of the
produced photon and the eigen-state affected. n can therefore only take on one of the two values £

for excited or g for ground. Explicitly these are given by the scheme fva_ — ngg, f70+ — XS:Z,

ffya_ — X(__’QE, and fLaJr — X(_Jf_[),

. These cases translate into the coupled equations of motion in
the Interaction picture through two cases.

First, taking the sandwich of the single photon state/lowest quantum source state

> (vigy|indi o) = > (b1, Vie)

kA kA

the left hand side yields

Z <bl,;A

EA

ihdy|yo) = ih> ¢, (1)
kA

and the right hand side yields

3 <bl ,;’A‘ Vho) =3 <b1m’ (ﬁ@ + fgo—+> ca (t)1a0) + 3 ¢y, (8) ’blm> ot . G,
EA

EX kX

+ Z <b1,—57A‘ (fva_ + fsa_> Cq (1) |a0) + Z S (1) ’blm> et . 5
EA EA
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In terms of our interpretation above this expression leaves two of the 8 terms we originally started

with. The terms that are left are given by the expressions
> 1| Vo) = 3 (01| (Tho + Tlo ) ca () a0y e " G
5y B

— Z (b1g| T, o_c, (t)]a0) + Z (blz] ffya_ca () |a0) | e ™t - G
kX kX

= Vi, (B +87) et gy,

Since the probability amplitude for the excited state is subject to the condition that it must not be a
function of the mode of the optical field, Va, E, A= Coin (t) = ¢, (t), these expressions simplify

to the following equation of motion for the ground state of the two level system,
WY G (t) = Vi, (B +T0) et g, (4334)
kA “

Second, taking the sandwich with respect to the excited quantum source state and the vacuum state
(a0| ihdy |yo). For the left hand side, we find the rate of change of the excited state probability

amplitude
(a0|ihoy |yo)y = ihé, (t) .

Looking at the right hand side we find that

(a0 V|yo) = (a0| (ﬁyfﬂ + me) ca (t)]a0) + 3¢,z (1) ’blm> et G
EA

+(a0] (Foom+ Flo ) | ea(0)]a0) + " ey, (0 [0Lis) | €7 G
EA
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which in terms of our interpretation above leaves two of the 8 terms

(a0] V [yo) = / hws (a0 <ﬁ70+ + ﬁLUJr) Z%,E,A (t) ‘blm> et Gha

EA
=/ hw, | (a0 I:WJJr Zcb’]—cﬁ’/\ (t) |b1,—€»> + (a0| fimr Z Ch i (t) ‘blﬁ,x> et G
EA EA

=/ hw, <\ff§+l + \I_}TY(J:)> , giwat . Oba

and simplifies to
ihia () = /Ty (@gﬁ + xﬂfi’) € G, (4.3.35)

For clarity, we again present the coupled equations below and make the substitutions which sub-
jects the excited state to the condition Va, /g, A= €, 1y (t) = cq (t) or in terms of the PWF

o (t) = Vo (B +0) et g, (4.3.36)

b
WY Gpa(t) = Vi, (B +8) et g,
kA ’
After taking the dot product with ¢, and Gy, solving these expressions for ¢, (¢) and ¢, i , (t) pro-
vides the possibility of propagating a single photon with circular or linear polarizations. One can
show that it is possible to describe both types of polarizations, either transverse or circular, or any
combination there or. To do so, one simply has to fix the probability amplitudes and polarization
vectors to the desired configuration. This implies that all the information of the quantum system is

contained in these energy normalized wave-functions \17(;2 » and \ffl(f)b.

4.3.2.2.3 Analytical Integration of Equations of Motion

This two level system lends itself to analytic integration by carrying out the formal integration of

o and ¢, ;| over the interval [to,t¢]. As discussed in (D.10), this procedure yields the integral
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equations

. t
! A wilSs —iwa
Z <cb,E,A (tf) — Gk (t[))) = —ﬁ\/ Fuw, t dt’ <\IJ'(V,JZ + \I[Ty(,f)> ) t/ pab
E A 0 ,

= ——\/ / dt’ an <<b1];)\’ f,yO', \a0> + <bll§’/\
i th A* Ak ipt!  —ik-Zy —iwet o

Taking the sum on a term by term basis over k , each term can be expressed independently of the

f‘ia, ]aO)) e Gy

,a

sum by

Z <cb,f€7/\ (tr) — ChEN (to)>

? / hl/k / Ak Ak vt —ik-Zo — !
o k 7 zo twet
=7 dt\/7ca () EE,—+€E,+}6 e * Db -
to

4.3.2.2.4 Solving for c, (t)

Working with the equation of motion for ¢, (;) we already know that the rate of change of this

term depends on every possible mode

ihéa (t7) = Voo (B () + 00 (1)) eotr - i,

+
=V hwa Zcb,E,A (tf) <<CLO| fvg+ )blfg”/\> + <CLO| fi/0'+ ‘blE,)\>> eiw”(tf) . ﬁba

hv, R )
— Z 7k (Cb,E,+ (tf) GE,+ + Cb,E,— (tf) 6];;,_) e 'Ll/ktfelk xo 'Lw(rtf pba
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Substituting ¢, ., (5) into this expression from the formal integration conducted above tells us

that in fact, it also depends on its value in some small time interval.

hv, " R . R
ihé, (tr) = Z k / dt'cq ( <€E,+ . pab> (61-57+ : @ba>
) e R

- A —ivpts Jik-Zo jiwely =
+ E A (ch;’Jr (to) i (to) e,;ﬁ) e R ettt L Gy

Therefore, by assuming that the interaction takes place around some time 7 between t; and ¢, we
can approximate this time to be averaged such thatt; —ty = 6t and ty = 7+ %525 andty =7 — %61&.
Then, substituting into the above, yields that the we have but to evaluate the sum of the series over

all modes of k in order to find a solution. This approximation is shown in the expression below,

IR 1 1 . o
Z % (cb E,a+ (7- _ §5t) éE . + cb EVU* (7_ o §5t> €E70> 6—11%(%&-%51&) ezk.xoelwg(T—&-%&t) . ﬁba )
k

By substituting this approximation into the above, for time scales where §t ™' > (v — w,) we
do not require memory effects which establish a non-Markovian limit for this model® [102, 103].
The expression below outlines the difference between this approach and the approach traditionally
found in text books [15]. Here, instead of neglecting the additional term contributed by the pho-
tonic state, we retain it. This corresponds to the assumption that at a previous time step we need

not be purely in the excited state. This is shown by the last term of the following expression

2 ei(yk_wo') (tl—tf>

h
ihé, (tr) = Z Vk/ dt'c,

hl/k
. o —zzka ik -Zo zw(,’r —
+ E : \/ v (Cb,k,)\ (7) 6k,,\) " §ba -
5y

>This limit is important for describing quantum error effects and has been applied previously to particle production
at relativistic energies. Here we are interested in both, though not in the range of relativistic energies.

6];’/\ * $ba
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By comparing that term to the sum of the positive frequency parts of the energy normalized PWF
and its complex conjugate, we see that it corresponds to a state of the field already present in the

region of interaction

2 (4 =y (+ Vk ~ —ivpT kT
‘I’(y,b),+ (1) + \ijfb, \/— Z \ o cbk NG ,\> Fem

Making that substitution, the expression for the rate of change of the excited state probability

amplitude becomes,

2 ei(kawg) (tlftf)

fq. h / / A —
tha (tf) :—ﬁ27/ dt Cq (t)Z‘EEJ\-pba

i A

Ve B, (7) + 85 (7)] - G

We next divide through by ¢/ and change the order of the sum over modes and the integration over
time®. By doing so we can sum over all the accessible modes of the field and then investigate the

effects that one time-step yields on later ones.

o (ty) = —%/ dt'cq (

i iweT [Ty =
— Ve [\viﬁ}, <>+\Iffbl< )] G

Vk ei(ukfwc) (t'—ty)

ek A Pba

To carry out the infinite sum over all accessible modes we change from a discrete sum over modes

to a continuum of modes via the substitution — Z - — / dk. Then we are left to evaluate

the integral

2
+

6]}'70-_‘_ * $ba 6];’70-_ * $ba

(271T)3 / dkvy {

®In order to swap the integration over time with the sum over modes, > 7 we make use of the assumption that we
are in a region with linear dispersion relations that are not time-dependent.

2 . ’
} ez(uk—wo)(t _tf) . (4337)
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Making use of the coordinate system defined in figure (C.1), where for brevity we define C, =
cos1n, S, = sin7, we can see that the helical polarization vectors dotted by the transition dipole

moments can be expressed of these coordinates according to the relation below

ﬁnm,az
G P = 75 ( CoCo F1Ss CoSp £iCs —Sp ) Py

-
nm,z

= % {(CoCs F iS) Grme + (CoSp £ iCo) Grm.y — SoPnm,z} -

These terms are important for the evaluation of the integral of equation (4.3.37). We will analyze
each of these terms independently and evaluate them under the assumption that we are working
with a linear dispersion relation v, = vpk. In addition we will make use of the definition of the
derivative of a delta function which is presented in the appendix (D.5.2). Please note that in text
book discussions it is here that the Weisskopf-Wigner approximation is traditionally made. By
not fixing the value of the amplitude of k to that of the transition frequency we are in a non-
Markovian regime which allows us to evaluate the emission lifetime of a spontaneously generated

Fock state as well as any revival effects associated with it. The resulting integrals can be evaluated
_;2

pab,x
27

of are as follows: vy [ dkdfd¢ [l{:?’Sge*i(vok’”“)(tf *t/)Cgcj)] yields

by separating the sum. For

; / Ak el (£ =tr) (C5C2 + S7) the two indpendent terms

27TUO/ dk [k‘?’ —i(vok— wg)(tfft/)} _ 27?110/ du { 1 (u+w0)3 G*i“(tf*t/)
3 0 3 0 1)0

27

_ 3 2 2 3\ —iu(ty—t'
—3—”3 du[(u +3uw0+3uwo+wg)e (ts >}

Zr (=12 836D (b —t) + 3w, (—1)2i%6P (t; — ¥

31}0

+ 3w2 (1) i6W (t; — ) +w3sO (¢, — )} .

100



and vy [ dkdfde [k3896_i(vok_w")<tf_t,)8§ yields

—w{ ) i%0®) (t; —t') 4 3wy (—1)7 1263 (t; — ')

+ 3w2 (=1)i6W (t; —t') + w26 (t; — )} .

_Q
For Q%b’y) = / dkpein—wa)(tr=) (C5S; + C2) the two indpendent terms of are as follows: vy [ dkdfd¢ [k?’See_’
m

yields

ZZa {12 836D (b — 1) + 3w, (—1)2i%6@ (t; — 1)
31)0

+ 3w2 (=1)i6W (t; — ') + w26 (t; — ¢)}

and vy [ dhd0do |k3Sye™ 0= c2] yields
—7r{ 2368 (tp — ') 4 3wy (—1)%426@ (t; — 1)
+ 3w2 (—1)i6W (t — ') + i@ (£, — )} .

p_?zb,z
2 (2m)
which yields

For

. / dlvpe’ =) (Y ~15) §2 the substitutiongive: vy [ dkd0d [k?)sge—i(“ok—ww(tf—t’)sg

41
3v3

+ 3w2 (=1)i6W (t — ') + w26 @ (£, — )} .

—m{(=1)%%0D) (t; — t') + 3w, (—1)%i%0@ (t; — ')

From the integrations conducted above we are left with the equation of motion for ¢, as in terms

of the spatial integration given by

bulty) = —%/fdt’ca(t’)h(tf—t’).

to
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This expression relates the rate of change of the excited to state to the accessible modes which
can describe a spontaneously emitted field. In that expression the term & (¢; — t') contains all the
information associated with the contributions of the transition dipole moments and any constraints

imposed on the modes, k

hity —t) = —=—= {—i%0® (t; —t') + 3w,i%6® (t; — ')
78

— Bwgio") (ty — 1) + w30 (ty — 1)} [200, . + 200, + G2] -

The evaluation of the time integration of the product of this expression with the excited state re-
quires that we use some properties of the Dirac Delta function and its derivative as defined in the ap-
pendix through equation (D.4.1) [82, 83]. For clarity, we define the substitution A\ = ﬁ?)ivg’ %@?M + %ﬁib’y + ¢
do not confuse this parameter with the helicities or spin states of the excited optical fields). We use
this definition to express that in reality ¢, satisfies a third order equation of motion. This is a new

result prescribed by the expression

o . -, B 1 tf
A ) + e (B0, )+ T ()] = [ et~ )
to

A

= =2 {0 + 3w, i%0f}) — 3w2idl)) + i | lea (1) (4.3.38)
" | |

=~ e (t7) + Biwoc?) (t) — 326l (t7) — iwhea (1)} -
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In that expression ) represents the n'" derivative with respect to time of ¢, (t). The corresponding

ordinary differential equation is then of the form ’

h vV hw, X
c® + 3iw,c? — (3w +2)\) W _jwde, = —Te’“” [\IIE/H (1) + \If (+ ‘(T )] (4¢3,39)

This ODE may be solved analytically for fixed values of \IJ(H (1) and \17:(?)7 (7). However, since
we do not have these values, we solve the problem computationally in later chapters. Using the
cubic formula and standard mathematical techniques, it is possible to find a closed form solution
for this expression. The inhomogeneous term depends on the form of \Il,(y b) LT+ lfli(:l (7), which
we do not have. Therefore, we also delay the discussion on the evaluation of the inhomogeneous
solution to the chapters on the computational methods applied. Finding the homogeneous solution
is much more straight forward. We find the homogeneous solution using standard techniques of

ODEs. First, by guessing a solution of the form ¢, , (t) = Ape* and substituting it into (4.3.39)

yields the characteristic equation

B a2t Faz+a) = 0,

(1)

"From the expression (4.3.38) derived for ¢, * above, we now show that neglecting all the higher order derivatives

and keeping only f%ca can be said to correspond to making the Weisskopf-Wigner approximation presented in

[15]. In our discussion, by fixing & = 0 we can orient the transition dipole moment along a relative z-axis to get
AW L Lﬁba)z Rewriting G, in the units of textbooks [15] as Qp, = Fba this expression yields
A o—o - 27T 3FL’US’ . g ba Pba = /—260 > P y
A 1 w?|Gal” . . . . .
-2 =— ————. Rewriting vy — ¢, we find that in particular expression (6.3.13) of [15], which
O PV 4dmeg  3hvg
L2
defi -1 (il is in fact gi i tation b L Ay Careful iderati
efines —— = - ————— is in fact given in our notation by —— = . Careful consideration
2 = 24me,  3he3 & ) -

shows that the fact that these two expressions differ by a factor of 2 makes perfect sense. In the approach that we
have presented above, We are taking into consideration only one polarization at a time. We are therefore forced to

use the transformation — Z - — / dk when converting from discrete sum modes to an integration over a

continuum of modes. In contrast the dlscussion in [15] immediately considers a sum over 2 polarizations by making

the transformation Z — 2(
E

the higher order derivatives of ¢, corresponds to making the Weisskopf-Wigner approximation discussed in textbooks

[15].

/ d®k when computing -3 We can therefore, once again, assert that neglecting
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where a; = (3iw,), a1 = — (3w? + i2), and ay = (—iw?). Note that since ay is complex, all the
characteristic roots z, will also be complex. Since the cubic equation produces 3 roots and none

of them are assumed to be repeated, we have a characteristic solution of the form

Cap (ty) = A1 4 Ape®l + Aze™'s .

The roots for z, can be analytically calculated by implementing the cubic equation (D.8) or using
an algorithm that makes some approximation [83, 82, 59]. We do not neglect exponential terms
that can give rise to un-inhibited growth in the solution. We instead propose an analogy with the
solutions of the Schrodinger equation in the presence of a potential barrier. This analogy can be
intuited as arising due to the discretization of time in the interaction region of the few-level system.
We assume that the terms that exhibit exponential growth are analogous to tunneling components
associated with the near-field interaction of the photon with the few-level system where we have
centered the interaction at a time ¢’ exactly half way between ¢, and .

Next, we use the cubic equation to find the characteristic roots for the characteristic equation since
we are searching for an analytical solution. In this analytical calculation we first define all of the

parameters required by the traditional treatment of the cubic equation

h

= —j— 4.3.40
Q 13X ( )

hw
R = . 4341
2\ (4.3.41)

These parameters define the next term,
RPw?: (R

D = 572 +1 (33)\3) . (4.3.42)
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Finally, the resulting roots are given by the expressions

hws\ 3 4 h
(2A> \1+ 1+2—”—w§ (4.3.43)
hwy\ 3 4 h
(ZA) \1— 1+§)\_w§' (4.3.44)

In order to evaluate and interpret these roots we must take advantage of the properties of high order

roots of complex numbers outlined in section (D.9). There we outline how we can use Demoivre’s

theorem to express these roots in the complex form « + ¢3. Since the expressions for these roots

are very cumbersome, it suffices to say that the three characteristic roots z,, are

21

zZ9

Z3

In complex notation these roots can be expressed as in terms of ¢ =

iwe + (S+T)
1

iwa——(S+T)+%i\/§(S—T)

2
1

iwa——(S—i—T)—%i\/g(S—T).

2

1
op = (1 —4¢%) + 4 (9—g—g)

0 0
gt = (1 + |041|% cos 51) +1 (|a1|§ 811151 :FZg) )

The characteristic roots given in this form are then explicitly

Root 1:

1
, hws \ ® 1 7 .. 0
2] = Wy — ( 2)\> Z|O‘2i|3 [cos%’lezsm%’l}

==+
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(4.3.45)
(4.3.46)

(4.3.47)

Aw?2

- by the phasors

(4.3.48)

(4.3.49)

(4.3.50)



: ;
2y = Wy + (MU) 02| |:<COS@ —l\/gsm—) + 4l (\/gcos% —I—lsm@)}

2\ 2 3
I=+
(4.3.51)
Root 3
Fo ) ? 3 by, 0
23 = W, + 2 [22,+] cos——l—l\/_ — il [ V3 cos = + sin 22
2\ p— 2 3 3
(4.3.52)

A more detailed discussion and the full analytical form of the roots z,, for various systems will be

presented in (C.6.1).

. T (+ T+
4.3.22.5 Solving for U7  and U1,

Similarly to the procedure carried out above, we can substitute the solution of (4.3.39) for ¢, (t)
into the integral expression for ¢, | (tf). Here we arrive at the photonic wave function for a
single photon interacting with a two level quantum source in terms of ¢,z | (tr). We reiter-
ate energy normalized wave-functions and make an averaged time phase approximation, where

7Z'l/kt

i 1 )
e ~e i (ts +t°), for these expressions

1 |
TE@0 = 5 20 e O, e it
]:; g
1 1% S g
+ — k A —ivg = (ty ik-T
T @0 = (5 i O g, e et
];; o2
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For readability we also restate the spin resolved terms corresponding to the photonic state proba-

bility amplitudes and the spin resolved PWF’s above

Z’ tf / hl/k AN il/kt/ 774’;50 iwoat! 5
- (tr) = ¢y (to) = “h), dt Vv Ce (t") €, _e"e e et L5
0

i g / th I\ ~% vt —iE~fo —fwgt! —
Cb,E,—‘,— (tf) - ij;"_;,_ (tO) = _ﬁ ) dt 7011 (t ) EE’+€ e e “ Oab -
0

Previously we assumed that we could let ¢; = ¢y + 0t, and 6¢t~' < (v, — w, ). In this limit we can
make the approximation e~**»=%=)% ~ 1 such that for these short times there isn’t much change
in the exponential functions e “(*¢ o)ty ~ ¢~i(ve—wo)lo Within these constraints we can yield the
relationship between the excited state ¢, and the produced single photon wave function associated
with the probability amplitude ¢, ;. , to be

; t
5T (+) 5T (+) .t 1 _’ o o ~x — —ivy i(t +t ) 77ll;-(z” —I) N vt —iwet!
v (t)—\I/ (to) =——= dk dt'vy | €z €X cQab | € 2\ )e 0=%¢ (t)e kb g7 tWe
v,—,b \"f ¥,—5b (271')3 /B k,o_ "k,o_ a a
o to
- - —3 1 [t 1 T Y )
g (ty) — g (to) = ! dk dt'vy, (&2 &5 - Gap) e~ r3 (tr+t0) g—ik (@0 —) (" ekt gmiwal’
v \Lf 70 N T 008 iy ke \ k4,4 " Pab a
o to ?

By separating these wave-functions we again deviate from the traditional approach found in text
books [15], which specify the use of the identity® >, é;%, ,\éE, N = I— % for the evaluation of the
integral.

In fact, it is this separation of the wave-function into independent spin states that will have signifi-
cant consequences down the road. This separation will allow us to suggest future experiments. In
addition we will be able to propose numerical models and results that can predict and/or provide
experimental benchmarks for a spin resolved experimental set-up. These would be benchmarks
that would be essential when studying quantum networks that depend on the helical (spin) nature
of the photon to transport or teleport spin encoded quantum information from one qubit to another.
Going back to the analysis of this separation, we next substitute the solution for ¢, () into this
expression and again make use of the approximation mentioned earlier, where ¢y = t, + dt, and
5t™1 > (v — wy), to the term corresponding to the initial optical wave-function

. 3 - t
- . Do vV - . f . .
(2l)3 2 :/dkl/k (gg _éz 'ﬁab) efzuk%(tfw%o)efzh(a:ofx) (_Z hwg \IJ»(erj): (to) - 5baezwgt0) dt/ewkt/efuuat/ )
™) 1 ’ [ ’ to

It is evident from this approximation that this term drops off. This is due to the fact that any history

associated with the wave-function is assumed to be contained purely in the complete solution of

8This identity is proved in section (C.5) of the appendix.
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the excited state probability amplitude c,. This is explicitly shown in the expression below

0 B ) (Vk’ - WU)
[ei(ykfwﬂ)to — 67;(kawu)t0i|
~ ~0.

i (Vg — wy)

ty i(z/kfwg)tf _ i(vgk—we)to
/ dtleiukt’e—iwot’ . [6 € }
t

This does not adversely affect the average time phase approximation. In fact, this result also relies
on the average time phase approximation since it implies that if e!(*s=“)t a5 ¢i(¥k=wo)lo  then
eitn—wo)2t—t0) xy is=0)(2tr) which is exactly true when #, and s are equally spaced from
t. Note that this does not constrain how big or small ¢ must be. The full expression of the wave

functions @L(I)b (t7) are then given by the equations

\IIT(vL) (tf) \I,T(+) (t())

7 (+ +
B (6) = B (t0) =~

w

ty

S g = K 71”'1('5 +t ) _iE‘(f —) (‘ o* = ) 1 znt! w t! —uu t!
v t ) to ko \'fTt0)e 0 v (€~ €5 . dt' e*n k o
5w (tr) =02 T, (to) (2n)% Vi, “ k \k,—f,— “ab to
(+) (+) 3 ( ) ty
v tp) =¥ (to) = Fe—ivk 3 (ty+to) g—ik-(z0— I)”k( - &g b) T gt e#nt’ givit g—iwat’
0 (t5) v,+.b (2m)? Viws — kA4, P to

We first carry out the integration over ¢’. This integration yields the term

dtlez(uk—w(,—zzn)t _

. i (Vg — we — 12y)

/tf ) o, [ei(ukfwofizn)tf _ 6i(yk7wgfizn)to]
t,

Another difference between our approach and the discussion present in textbooks [104, 15, 105]
is that we do not take the long time limit, and instead focus on small times due to the nature of
our computational model. Therefore the integration over k is more involved. This integration is
discussed in detail in the appendix (C.7). The integrals that are evaluated in the appendix are of
the form

ik (40 —F) g—ivk 5 (tr+to0) [ei(ukfwgfizn)tf _ ei(uk—ma—izn)to]
Vi (

f,,,L (lf—fol,tf) :/dE

(Vg — we —izn)
ik (40 —F) g—ivk 5 (tr+t0) [eiwrwfizn)tf _ ei(l/k—wa—izn)to]

I p (17— @, ty) = [ dk v lez & - Guw ).

+,n (l ol, f) / (v — wo — i7n) k\ ko ol pab)
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Through the assumption of a linear dispersion relation v, = vok and defining |7 — 7| = ¢, these
can be computed through the expressions discussed in appendix section (C.7). These yield that the

wave functions have the form’

3

U, (oty) = @) s D Anl (aty) + BT (o)
9 n=1
O -

= (4 . v
\Ij'(y,—i)-,b (% tf) - Z An]+,n (@) + qj’(Yy—i)_J) (i, to) ,
n=1

(2)* Vi, &
wherefi,n (2) is given by the respective expressions below. For compactness and clarity, we define
the following causal functions for all three cases

C+ - 77'2@ <t + _@) e_i(wv""izn)(t-i-%)

Vo

C— _ 7_(_2@ <t . _@) e—i(wg-l-izn)(t—u—z)

Vo

These objects define the integrals to be calculated with poles in the lower half plane.

2

N — (WU + Zzn) — — 2 (wa' + ZZ”> Qﬁabm
+2iGusy + (1 £ 1) Gar) g + (Fuve £ G ok
(£2ig by T ( ) § b, ) %(2) +(g b, 4 b’y) 2y * 7 ¢
o Cwetin L i tiz) 2w
— +2 aby — 1+1 abx) — o ab,x a N ’
(£200a,y — ( ) Gabz) 2 (Gabse F Favy) 2 2 S
Ii,n,y (@) =
[ . — (wa' -+ izn)2 — — 2i (WU + Zzn) 25{11) y_
2 ab,x 1 1 a 2 a abT | -
(F2iabe — (1 F 1) Gavy) wz T (Gaby F Fabz) 2w T2 |C
[ RN — (wa' + Z.Zn)2 — — 2 (wa + Zzn) 2ﬁaby_
:|:2 abx T 1 ]- a - 92 a j: an,z ’
+ [ (£2igape — (1 F 1) Gavy) w? (Gaby & Fab.a) 2o P o

“Please note that the units of this integral are [eV]% [m] ~% and that those of the prefactor are [eV/] ~% . This implies
that indeed this wave-function has the correct units of probability density.
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Icri,mz ( z) -

1 di(we+izn)] , o
{; - g—] ot

1 i(we +i2,)]
+ [; + 22—1]0:| 4@ab,z§+

These objects define the integrals to be calculated for poles in the upper half plane.

Ii,n,z (@) =
_ o, | | )
L . Wy +12 o . 21 (Wy + 12y, 2Qap,
(£2iFaby — (1 £ 1) Gav,a) 4 + (Fabe F Paby) ( ) _ 20aba
2y 2
- o, | | )
- - We +12p - Lo 20 (We +12)  2Qaba
+ (iQZpab,y + (1 + 1) pab,x) ( 2 ) -+ (pab,x + pab,y) ( ) -+ §ab
2y @2?]0

Tiny(2) =

(F2iGunr — (1F 1) ) % Gy G 2 @22:0 i20)
o | 2+ (15 1) ) % (G F Ge) = (“’;IOW _ 25y
Topmy:(2) =
S i
[; - %] 4G, C—
- {é 4 e T 000) (”;220”")} e
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4.3.2.2.6  Initial Conditions and Conservation Laws for Equations of Motion

The coefficients A,, may be determined by applying initial and normalization conditions to ¢,. The

first condition requires that the initial state of ¢, (¢y) be known in the region of the quantum dot
Ca(t(] :O> = ZAn

The second condition requires only that (\ffﬁfg) L+ \ﬂ%}) be known. Here we have explicitly
b

used the equations of motion to arrive at this condition.

. e = -
G (to = 0) = = (B5). (t0) + T2 (1)) - G

)

The last condition is given by the second derivative of ¢,

.. 1 d - . e
calo=0) == [ (92, + 90 e
to=0

hdt
= Z Ap 22

)

where we expect that the total energy will remain bounded. Here we make explicit use of the

invariance we calculated in previous chapters. This conservation law is given by the expression,

In general, the coefficients A,, may be determined from the following system of equations, derived

for some initial state of the quantum dot and a known photonic wave-function via the substitution

Z Ay = |capl €™
n
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where we can verify their correspondence with physical reality by checking that the Hamiltonian

densities satisfy the following restrictions

1. - -
@{7—[84—5%0\1’1)-\1’2}:0

1
:@{m%kdﬂﬁ+§m%

@Mﬂﬂ.

Note that the interaction term has been absorbed into the term H.. This expression also can be
satisfied equally well by factoring out any coefficients and expressed as a probability conservation
law . In the expression below the integration over all space is understood to be carried out over all

these terms.
‘ 2

1=
1:¢Awﬁ+§@Mﬂ

In this way we have three cases, fixing 7 = 0, defining ¥, = —% (\17(7@) L+ \173(;)) , (0) - Opq and
G = ﬁ/b — |cal ez, | for compactness and ease of calculation. For the case of A;, the first two

equations yield

Aj + Ak = |Ca,0| 61’90 — Az

Aij + Akzk = \i’b - Alzz
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which simplify to

1 i ‘
PN .
i G |Caol €72 + Ai (21 — )
1 X .
A:—[‘I’— a oz A; '_i]
CT ey LB |Caol €725 + Ai (25 — 2)

where upon using our definitions can be more compactly expressed as

_ Gt Ai (3 — )

4 (25 — 2x)
Ak _ _gj +A1 (Zj — Zi)
(25 — 2x)

Substituting into the condition for the second derivative, as given by the third expression, we find

that

A= |24 25 (o — 2) — 2 (25 — Zi)}_l
' (27 — 2)

Fjb CGeE - G

(25 — 2x)

4.3.2.3 Interaction Hamiltonian for a Six Level Quantum Source in Linear Homogeneous Media

with positive-spin and negative-spin transitions

Here we extend the our approach for generating a theory of the interaction between multiple levels
of a quantum source and photonic states. For the case of a quantum source modeled after an
effective six level system, the selection rules presented in figure (4.1) can yield an interaction via
the dipole approximation. By implementing the state to state transition dipole moments typically
found in QDs we expect to yield compute results that can be directly compared to experimental

ones. All the accessible levels of the system can be expressed by means of the state vector
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1

mz:7§> I * 7n2:%> mz:7§> I * m. ;>
—'—:—;—‘—.—;—Conduction —'—l—‘;—t’—l—‘;—Conduction

Valence Valence

A b o) o)

(a) Heavy-Heavy hole (b) Light-Light hole

Figure 4.1: Selection rules in a two-level quantum source coupling to single photon states

Following the prescription defined above, we can couple these states by means of the interaction
outlined in equation (4.3.32). Since we have already described in detail how we achieve the cou-
pling between the states, we will not be as verbose here as before. Instead, we specify in summary
the result of the definitions of the equations of motion for each state. For this six-level system, the

interaction is given by

V = Vi, (ﬁ, + f;) 3" (Gumame™) . (4.3.53)

n,m

Once expanded in terms of the transitions that we will consider, this interaction takes on the form,

where V =V, - V,,

4
n n zw (n) n n iw(n)
Z [ﬁgr et 4 g e t]

n=1
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L(n)_(n) it

and the terms Q) ‘0. '€ are evaluated according to the expression 4.3.54 . From the structure

for the allowed transitions presented in that table we proceed by constructing the explicit interac-

n) _(n) za.:i t

tion with the field. The six-level terms pﬁ ol'e , the contribute to the interaction are therefore

tabulated as follows,

—1c —1v —3v 3v v e

—%c 0 0 ﬁ(f)o(l) O 0 ﬁ(_Z)U(_Z)@W( t 0
Ly 0 0 0 0 0 GPo D eitt

—3y | gPo et 0 0 0 0 0
By 0 0 0 0 0 G oM et

v p_’f)a( )it 0 0 0 0 0

L 0 £3) ;) i 0 ) i 0 0
(4.3.54)

This is given by the expression
Z V™) <f m 4 Fin) ) [ﬁ‘f)af)eiw(”)t + G g it

By operating from the left and right with the the state vector and recalling the schematic relations

(=) (++) (=) ()

Too = x5k Thor =} Thom — x7), and T, — x) one can show that this sandwich

yields the following equations of motion after dropping all non-contributing terms,

1

ihi_s,,., = < “v, 1, ‘\/ T C_1 —§c,vac> (4.3.55)
1

ihe 1, = < o1z, ‘\/ RN 5c,vau:> (4.3.56)
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1 . 3
iy, = <—§c,vac(\/hw<1>rg1> E)c§v7lg+’—§v,1,;+>

1 . 1
1(2) ¢(2) .
+ <—§c, vac (\/hw@)u U3 c,gmm‘ U 1k> (4.3.57)

o 1 =03y (3 1
ihéy, = <§c,vac‘\/hw(?’)l“(f)fi)c_éva) _§U’1E+>

1 , 3
+ <§c, vac ‘\/hw(‘l)l“i(@ff)c%v,lgi‘ 2V 1,;_> (4.3.58)
Lq . 1 (3) ~(3) (3) 1
ihés,, = §U,1,;_’ RERCKS ’—Ec,vac (4.3.59)
ihés ERVENEE ‘ hw<4>f<4>5(4>‘1c vac (4.3.60)
sulg T 2 ) Tk— 75 9 ) ) s

where we have made the substitution £/ = Vo " Jeitt for brevity. Explicitly in terms of the

PWEF for each corresponding state, these are then given by

-\ (D) e
iy, = Vi (B2) e 4.3.61)
EC
15 3) () ) 3) w®y
ihe s, = hw()<\11%,>l LGt (4.3.62)

- ) - (2) .
ihe_yo = VhO (B)7 G Viw® (B2) @@ 4363)
LN ®) | L@ |
ihéy, = Vhw (xpﬁj) Gt 4 V@ (qf”) Gt (43.64)
’ 1

Y=
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LG |
iy, = Vhw® (\pg,g) LGP et (4.3.65)

. (4) . (4
g, = Vie® (B0)) " g, (4.3.66)

k—

It is evident that where we had a cubic equation to solve before, we now have a much more complex
problem. We do not attempt to solve this problem analytically, though we can benchmark against
our previous analytical result. The best approach to solving this problem is the implementation
of an algorithm that can handle fast matrix diagonalization and fast Fourier transforms. Such
packages for computational methods can be found in suites such as LAPACK, Super-LU, and
FFTW [106, 107, 108]. In the next chapter we will apply some numerical techniques to study the

questions we have encountered in this chapter.
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S COMPUTATIONAL METHODS, RESULTS, AND CONCLUSIONS

In this chapter we discuss in detail all the computational methods and results that were completed
throughout this dissertation. We start by studying an explicit example for quantum sources com-
posed of a mixture of GaAs. All experimental parameters are referenced from the literature and
are used to calculate the computational parameters needed to carry out the the model. In order
to discuss the analytical solutions to the interacting light matter few level systems the first set of
parameters that have to be calculated the three characteristic roots associated with the probability
amplitude of the excited state ¢, (¢). These three poles, which are presented in figure (5.1), need to
be carefully considered when solving for the mixed electron-photon probability densities ¢, ;. | (t).
Each of these poles correspond to emission and/or re-absorption, and model the Rabi oscillations
associated with revival phenomena in near field regions. These poles can be evaluated numerically
or analytically by application of Demoivre’s theorem. In figure (5.1) we present solutions for poles
2, corresponding to transition wavelengths and transition dipole moments in the ranges of 750 -
1300 nm and 20 to 100 Debye [95, 96, 97]. The poles of the contour integrals arrived at from
these results and which are associated with the evaluation of ¢, (¢) are also presented in figure
(5.1). Their physical meaning is interpreted from their location in the complex plane, by means
of their arguments and absolute magnitudes. The contours for the poles are closed by imposing
further constraints as discussed in the previous chapter. The coupling between the equations of
motion for the light matter interaction as well as the propagation of the free field was modeled
computationally. This calculation relied on the use of the following algorithm as implemented in
a leap-frogging scheme [59]. In this scheme we alternate between real and imaginary parts of the
wave-functions at half time step intervals. The propagation was run both within and beyond the
interaction regions, please see figure (5.2a). This algorithm was implemented in a 3 step process

defined as,
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1. Determine analytic approximation for c, and use its leading coefficients and roots to deter-

mine the state of the photonic wave function \ffﬁﬁ , & \fff/(f)b at the next time step

2. Update the state of the quantum dot from the current state of the photonic wave function to

3. Propagate @ﬁlb & @;(f)b and repeat from step 1

The figure (5.2b) shows a stable near-field exchange of energy between the quantum dot and single

photon states. These results are derived from two computational experiments set to have the same

Az
YAt

ratio of spatial finite differences to temporal ones It is interesting to note that the envelope
functions for both of these oscillations of the probability amplitudes are very similar and both ex-
hibit a seemingly linear decay of energy shortly after an initial revival of the quantum dot state.
This seems to suggest that though it is worth while to retain a time resolution small enough to
observe the initial revival event, this resolution can be made coarser almost immediately following
the first revival. In the next couple of sections we will outline, the scale of the calculation con-
ducted, the parameters used during the execution of the model, and the explicit algorithm of the

model. We will conclude the chapter and this dissertation in the section dedicated to future work

that can extend the work carried out herein.
5.1 The problem of scale

Determining the scale of the problem is imperative when seeking stability conditions for this com-
putational model while retaining physical reality. For the case of the poles which determine the
time scales of the interaction we find that these are dependent on the strength of the transition
dipole moments and the transition frequencies associated with the energy band gap of the system
under study. The time scales associated with the characteristic roots of the problem are close to
those time scales that can be found in the literature. These correspond to the order of 10~°s for
quantum dots composed of InGaAs and GaAs. As mentioned previously, experimentally measured
values for transition wavelengths and dipole moments are in the range of 750 - 1300 nm and 20 to

100 Debye[95, 96, 97]. In our model the units of the poles z,, are arrived at from the definition of
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2
the parameter )\, which has units of % For clarity we reiterate the expression for this parameter,

which is given by the expression A = E3_’US’ [Qgﬁb,x + Qgﬁbvy + ﬁibz} These can be translated to
our time-scale by making a series of conversions. To start off, we decide to work in of two sets of

units, either ST or cgs units. for the cast of cgs units, a Debye is given by [71] the definition of the

unit as

[D] = 10~ statC-cm

~ Lo [m—Q]

c S

By taking the square of this unit we can avoid any future fractional power of units. Doing so we

are left with the following set of units.
[D]* = 1072 statC? - nm?

Since the stat-Coulomb,statC is defined in cgs units by a unity of the product of the three basic

units in the unit system we find that,

statC? = em3gts™2

kgm?

109
=10""m 2

=nm-J

1
- eV
(1.602176487 X 1019) e

In the calculation carried out above we were seeking units of electron-volt nano-meters. By using
those units of measurement we can directly compare our results, as well as use parameters derived
from the literature. In this way we use the standard of the experimental papers that provide the

experimental parameters necessary for our model. Finishing our the unit conversion in the desired
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units, we see that the basic unit of the Debye in electron-volt nanometers is given by,

1
1.602176487 x 10—

[D]* = 1072 ( ) eV - nm?

= 6.24150965 x 10~ % eV - nm?.

Optionally we could also work in SI units. In these units we use the formal definition of the
coulomb to check our result above. We follow pretty much the same approach as before, except
this time expanding the units in terms of Coulombs, meters, and seconds. This calculation is given

below,

S

D] = (2.99792458 x 108 [TD_Q x 10742 [C? [ET

= 11.1265006 x 10 [C]* [m?]

= 11.1265006 x 10~ [C]* [nm]” .

A third possibility is to convert between Coulombs and stat-Coulombs to take advantage of the
conversion for a coulomb squared, where statC' < 3.33564095 x 1071°C' = c¢m?2gzs~'. This
will allow a triple check to make sure that these unit conversion match the standard. We now focus

purely on the calculation of a Coulomb squared, as given in cgs units by,

(3.33564095 x 1071°C)* = cm®g's~?

1070 . R

52

=nm-J

|
- eV
(1.602176487 X 1019) e

In terms of the basic units we are after, the Coulomb squared is given by the unit conversion,

1C? = 5.60958911 x 103 nm - eV .
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Therefore, we can represent the square of a Debye in the desired units,

[D]? = 11.1265006 x 1072 % 5.60958911 x 10°"nm? - eV
= (11.1265006) (5.60958911) x 1072 [nm]” - eV

= 6.24150966 x 10 *nm? - eV .

This calculation gives almost an exact agreement to 7 decimal places. Even though the numbers
are not exactly the same, we are with the desired level of accuracy. We therefore take the unit of a

Debye from the square root of its square to be given by the constant unit conversion,
[D] = 2.498301353 x 10 2nm2 - V2 .

In the next step we calculate the units of the parameter A in anticipation of calculating the charac-
teristic roots we are after. Using the definition of this parameter from previous sections, we know

that this parameter has units of,

[D]?  6.24150966 x 10~ *nm? - eV
= S
[m/3]3 1 x 102"nm3

= 6.24150966 x 10~ 3'eV - s3.

Since there is an additional factor of A associated with the calculation, we present plots in units of

1_[DP
hm/s)®"

These units are of the order defined by,

1 [Df  6.24150966 x 1073V - 53
hm/s]®  6.58211899 x 10~10¢V - s

= 0.948252329 x 1071942
= 948.252329 x 10~ ¥s?

= (30.7937060 ns)* .
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For a range transition dipole moment values between 20 — 30 Debye, we find that our A parameter

lies in the range of the following values,

11 1 (20)% % 948.252329 x 107852, @20Debye

47 3 (2.99792458 x 108)°

St >

(100)% % 948.252329 x 107852, @100Debye

9.84480000 x 1028 x (20)  948.252329 x 1071852, @20Debye

9.84480000 x 10728 % (100)* % 948.252329 x 10852,  @35Debye

3.73414181 x 107452, @20Debye

9.33535453 x 1073952, @35Debye

Additionally, the poles z,, also depend on the time scales of w,. For transitions associated with
the transition dipole moments mentioned above, these are transition frequencies are in the range
of 750 - to 1300 nm. Assuming that the wavelength measurements are made near vacuum, we can
use the corresponding relationship between the wave-length and transition frequency as given by,
Wy = 2mE

Ao

2.51153540 x 10'°1, @\, = 750nm
Wy =

1.44896274 x 101, @\, = 1300nm

This implies that our transition frequency is in the range of the values above. In addition, the

time-scales that correspond to these frequencies are in following range of values, 7 = wi

o

0.398162813 fs, @\, = 750nm

0.69014887 fs, Q\, = 1300nm

From the previous chapter you may recall that the energy also strongly dominated the results of

the mode. In this case, the corresponding to energies ,in eV, for the transition frequencies above
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are within the range,

1.65312249¢€V, @\, = 750nm
hw, =

0.95372452¢eV, @)\, = 1300nm

To test the feasibility of these times scales we compare to the lifetime of a state described in the
Weisskopf-Wigner approximation[15]. The approximate lifetime I related purely to the first order
derivative of ¢, is defined by neglecting all higher order derivatives and assuming the complete

absence of an initial E-M field as given by

As such, the lifetime 7 = = is explicitly given by

2\
F:—;pwg

(

2 % (1.44896274 x 10'°1)% % 3.73414181 x 10752, @20Debye; 1300nm

Q

2% (251153540 x 10'°1)% % 9.33535453 x 103>, @100Debye; 1000nm

\
(

2.27191697 x 102, @20Debye; 1300nm

2.95786755 x 108§, @100Debye; 750nm

\

or

440.156931 ns, @20Debye; 1300nm

3.38081399 ns, @100Debye; 750nm

This is a wide range of times, but it still puts our calculations where we expected them to be from

previous studies [109, 110]. The poles of the contour integrals arrived at from these results and
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which are associated with the evaluation of ¢, (t) are presented in figure (5.1). Their physical
meaning is interpreted from their location in the complex plane, by means of their arguments and
absolute magnitudes. The contours for the poles are closed by imposing further causal constraints.

We interpret these poles to have the following meaning:

* 2y: Corresponds to product state of an incoming photonic state with the QD in the ground

state att = —o0

* 2. Corresponds to product state of in the absence of a photonic state with the QD in the

excited state att = 0

* 2;: Corresponds to product state of an emitted photonic state with the QD in the ground state

att = o0

These interpretations for z,, tell us that for a given time ¢ the solutions of the equations of motion
consist of three eigenstates and three energy eigenvalues that corresponding to our three poles.
From these characteristic roots we can also calculate what the initial contribution to the free elec-

tromagnetic field should be.
5.2 Finite Difference algorithm for propagating a free Maxwell field

In this section we focus on the algorithm that we will use to propagate the free field coupled to the
quantum source we are interested in. In many studies, Finite Difference Time Domain (FDTD)
models have been used to accurately and efficiently solve Maxwell’s equations. This method is
very popular for computing and finding physical interpretations for electromagnetic scattering and
wave propagation. FDTD has also become common applied to the analyze of microwave circuits
[111]. In the model we have studied, tested, and used to develop a theory on the near-field emission
effects of few level systems, a scheme similar to FDTD was implemented. In this approach, the
FDTD like program was used to propagate a photonic wave-function that was coupled to a quantum

source via (C.1.17) . These equations of motion for the free fields correspond to the non-relativistic

125



1000
900
800
700
600

~i= 500
400
300
200
100

1000
900
800
700
600

== 500
400
300
200
100

-

1

15 2 2.5
Wo

(@) 0 (20 + iwy) = —15°

15 2 25

Wo

(d) |ZO,1 + iwa|

70
60
50
40
30
20
10

o = N W A~ G O

1000
900
800
700
600

~i= 500
400
300
200
100

1000
900
800
700
600

=iz 500
400
300
200
100

-

—

15 2 25

wo

(b) 0 (21 + iw,) = 165°

15 2 25

Wo

(e) |Z2 + iwal

0

-20
-30
-40
-50
-60
-70

1000
900
800
700
600

== 500
400
300
200
100

1 15 2 25

w

(f) Phasors z,, = iw, + 2/,

Figure 5.1: Analytically evaluated poles z,, through use of Demoivre’s theorem. Plots present the
relative change of the argument 6 in arc-seconds A~ for zy & z;. For 2, the change in the argument
is of the order A@" x 10~2. Radial length phasors z,, + iw, for 2, and z; are of the order of 10'%s™!

and for z, these are of the order of 1

015571

as plotted with respect to transition frequency w, in

10%s~! and 4 in 10~*%s%. Phasors with negative real components correspond to emission and those
with positive real components correspond to revival in near field regions.
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approximation through the expressions

( —ic 19, + Vx )f(” = 0 (5.2.1)
( —ic19, — Vx )f*(“ = 0. (5.2.2)

From the discussion in previous chapters, the interaction is coupled to these fields by means of the

general electronic equation of motion 4.3.33.
ihoy |yo) = Vl|yo) . (5.2.3)

Within this formalism it has been presented in previous chapters that these expressions can be

applied to solve classes of problems which include, but are not limited to

* atwo level quantum source emitting a single photon in linear homogeneous media

* an 6-level quantum source emitting a Maxwell Fields in linear homogeneous media

We now define the explicit finite-differences algorithm. First we will define the expressions that
we will use to propagate a free PWF and later we will introduce how to entangle the the PWF to a

quantum source.
5.2.1 Free PWF Propagation

In regions where the field is free or in the cases where the field is not coupled to a quantum source,

the propagation of the positive energy part of the photonic wave-function takes the form of:

’L.at\l_},y = vV X \I_}q“

1 5\17 M\I/H

- A\

computationally by expressing them in a leap-frog finite differences algorithm as is shown herein.

1

where \I/ and v~

= /ep. These expressions may be solved

Other computational schemes are beyond the scope of this dissertation. The derivation of the
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leap-frog algorithm follows from separating the real and imaginary parts of \177 and discretizing
them over a Cartesian grid. With these objects defined, the leap-frog algorithm , in the absence
of a quantum source, is given from 0, (—% {\177}> = oV x (3‘% {\177}> and 0, (z?R {\177}> =

vV x (z% {\177}) which can be explicitly stated in terms of the iterative expressions:

n+l nfl n n
) {\11713}13162 =g {qjvx}mkz + T (éR {\Ij%z}i,jJrl,k - %{\Dw}i,jq,k)

1

vAt{ 1

(éR{\I[’Yy}’Lj k+1 %{\I}’Yy}zgk 1

Am
il n-1  vAt
%{\Ij%y}i,j,l? = %{lpv,y}i,j,lj - 2 [Aaj %{\IJWZ}erle %{\Ijvz}z 1]k>
1
Ax

éR 'y,y}?+17j7k - 8:E{‘Ij'lel};L—l,]',lc)

‘s{qj"/z}zgk _J{\P’YZ}z]k

)

(

(RO s = R0 )|
n—1 vAt[ (

)

1 n
- A_x] (%{\p%x}i,j-i-lk %{\I’wx}w 1,k

and:

n n 1 n_l'_%
R {\Iivw} = R {\va}”k — VAt [ ( {\Ij'y Z}z 41,k -3 {\I/%z}i,j—l,k)

o
Lk Az; >
1 n+l nt+i
B Axy, <% {\P%y}i,j,ljﬂ ) {‘I’%y}i,j,ifq)]
n+1 1 n—i—l n—i—l
§R {\Ij%y}i,;rk - §R {\I/’Y y}z gk + UAt |:Aaj' (% {\Ij'y,z}i+1?j7k - % {\Ij%z}i—lfjjg)
1 g1 ol
v (% {\va,a:}i,j,k?ﬂ Ry {\I/Wc}l],f 1)]
1 1 i
ntl " n+ n+
R {\vaz}uk = R{W, .}, — vAL {Ax (S{ v tistie — S {\IJV»y}ifl?j,k>

nt+i nti
- o (SR - s )]
J
A similar finite differencing procedure can be implemented for
vt — il
10,V oV x Wl
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1 [eVp ,u\I/

ivie \ V2

ing this procedure yields another leapfrog algorithm. In the absence of a quantum source the

iterative scheme can be defined from the relations 0, <—% {\ﬁ}) = oV x (?R {@L}) and
O <z§? {\ﬂ}) = oV X <z% {\ﬂ}) These iterative expressions are explicitly stated below as:

where \IfT

), except that the sign in front of v is opposite. Apply-

%{w;x}z;f:s{w;x}:;f S ae (R R )
- e (UL - ROV, )

J{qj y}n+2_\s{qj y}”; vAt[ (gfg j+1]k—9%{\11172}f_17j7k)
- (RO RO,

2

d{‘l’ o= sy -

Am (ﬁR{ Zjﬂk_%{ i 1k

n—1 UAt n
|: §R H—l]k_éR{\Ij y}z 1]k>

and:

n+1 n n n+
%{\Ifi,x}i,f%{\lfi,x} e {M] (3w rh  —s el )
AIk ( { ’L]k’+1 i,J,k— 1>:|
9%{\1/ y}n+1 =R{vl,} —vAt[ (s{ :‘jw S{wl, jffjﬁk)
( { n+% _ n+3 >:|
A.Z'k i,5,k+1 i,5,k—1
RV =R (v +vm{ (%{ S s e )

1 n+i n+
o 1 2 x 2
— — (3 U - -3 \If
ij < { Y2 )4 54+1k { 2] 1 k

The stability of this approach is identical to the Courant condition [59, 60]. The computational
limit is then determined by the amount of physical memory and computational cycles available to

the program. A rule of thumb when modeling devices requires that the finite differences should
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be at least tone tow orders of magnitude smaller than the smallest feature in the computation.
Since our smallest feature is of the order of one nano-meter 1 nm, using the Courant condition
At < ¢ 'Az. This implies that the largest time step we can take is of the order of Aty =
3 % 10%]71[0.06 x 1079 s, or Atyax = 2.0 x 107%. In our models we traditionally use time
scales of the order of Aty = 1.0 x 1072%s. This way we can satisfy both the fast oscillations of
the optical field, which are of the order of At = 107°s and the characteristic roots which are also

of the order of At = 107195
5.2.2  PWF and Quantum Source Entanglement

In previous chapters we couple the PWF to a quantum source analytically. By applying another
computational scheme similar to the one presented above, we now show that it is possible to work
in the interaction picture and define an equation of motion for the interaction 4.3.33 to be evaluated
computationally. To couple the FDTD description of the PWF propagation defined above to a
quantum source it is now necessary to have an explicit definition of this interaction term. In the

discussion presented below we describe how to numerically solve/integrate the expression

< —ic719, + Vx ) U, =0 (5.2.4)

( —ic10, — VX ) o= o, (5.2.5)
when it is coupled to a quantum source. The main idea depends on the same procedure we used
previously to develop a leap-frog algorithm.

5.2.2.1 One Two Level Quantum Source emitting a Maxwell Field in Linear Homogeneous Me-

dia

We begin by separating the real and imaginary parts of this expression. In the case of a dipole

non-relativistic approximation, the interaction Hamiltonian for this system was shown to yield the
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coupled equations

ihéo (t) = /hw, (@(ﬁ) +@L§f>>beiwgt_@ba

S b = Vi (B0 0)
kA ,

These coupled expression can be numerically expressed by separating them into their real and
imaginary components and discretizing them over a Cartesian grid. With these defined the algo-

rithm is given from
» Excited State Probability Density:
- 0 (-S{ca}) = 1R {\/m (W) + \p“*))ﬁ ¢t . @m}
= 8, (iR{c,)) = itS {m (@gg + ‘1’1(,”)7,) et . @m}
 Optical State Probability Density:
- O <_% {ZE/\ Cb,E,A}) =R {m <\f’g_42 + \fjjrv(,:)> P et g‘)ab}
- 0 (R{Sircrin}) =S {\/m (050 +010) et ﬁab}
The time discretization for the coupling between the quantum source and Maxwell Field states are
given for the excited and vacuum states are

n At / W = !
%{Ca}zj_; ‘5{ a}zjk - { hw <\I/( ‘?‘ + \IJTY(yt)> € ot pba}

b irjok

n At / w g !
%{Ca}i,;:;_%{ a}zyk+_‘s{ hw (\Il(—&)-+\IIT( >b€ frt'pba}

i7j7k
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The time discretization for the coupling between the quantum source and the Maxwell Field state

given for the ground state and photonic state are

n+1 n—1 .
3 Z CbEx =3 Z CoEN - %\% {\/@ (‘f’ﬁ) + \f/i@) e et ﬁab}
F ik F ik “ bk
n+1 n—1
At () L @O it o |
R Z Cok N =R Z CoE N + ?%{ hw, (‘I’w,+ + ¥, - > e 7 @ab} ;
KA ik K ik “ g,k

(each component must be set independently). Studying the expressions that determine ¢, and
Z ¢, i, one can show that tone way to start the procedure is by either setting an initial value
kA

for ¢, or by bringing an incident field near c,. Since this state will act as the initial quantum

source of any photon/s, then we just need to let the system evolve naturally. Since c, is initially

determined then all the terms Z ¢, i, Will be subsequently computed and updated from that
kA

term. Moreover, the update of Z ¢, i 18 a direct update to the PWF that is being emitted or
5y

absorbed by the quantum source. Similarly, this term is also coupled to the ground state of the

few-level system and would, if required, enter into a more complicated calculation of the modified

electronic structure. We can show that from the definitions @g_la = Z (b1z] fva_ca (t) |a0)
9

and @L(i)a = Z <b1,;‘ l:La_ca () |a0), any change to ¢, 7 will result in a delayed change to c,.
kX

However, the discussion on recalculating the electronic spatial wave-function from changes to the

spatial profile of the electromagnetic field is beyond the scope of this dissertation.
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Figure 5.2: Computational algorithm and near field revival phenomena. Near field oscillations
are represented in terms of energy exchange AF = F; (1 — |ca|2) between the two and four QD
states and their spontaneously emitted PWE. Envelope functions bounding the region of coherent
oscillation behave as low order polynomials. The polynomial behavior of the envelope functions
is contradictory to the expectation of exponential behavior with characteristic times of the order of
the roots z, for ¢,. For the case of two QDs a phase shift of 7 in revival oscillations is observed
with respect to those present in one QD.

5.2.2.2 Determining Coupled Maxwell Field & Quantum Source at times between the fixed time

grid values

This difficulty can be circumvented by interpolating the missing values at the desired time. One
such method which we implement here is simple linear interpolation.
n 'n,fl 1 n+l nil
S = S{Y T4 o (ST S

2At

R{AE = R+ ﬁ (R{=)" —R{=)") .

5.2.2.3 Updating the excited state probability density without the Computational Fourier Trans-

form

In describing the interaction between a quantum source its spontaneously generated Maxwell Field
we found that the evolution of the excited state is given for a known field according to equation

(4.3.39). Discretizing this expression we find that we can compute the next time step value of
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the excited state ¢, (¢ + 6t). Therefore, we will compute the time evolution of ¢, over a small
time interval ¢t according to the discrete form of time derivative expressions where the first order
derivative is centered in the interval ¢ € [t + %,t — %} To do so we will need to make use the

discretized forms of the first-

second-
(1) g\ _ (1) (4 _ Ot
EY P A Gk R Al ).
o) -

F(E+6t) = 2f () + f (= 3t)
(61)° |

and third- order derivatives

@) f@+dt) — fO(t - dt)
0 -
_f

(t+36t) =3f (t+2)+3f(t—2) - f(t—26t)
(6t)° '

We then have to substitute these expressions into (4.3.39) (repeated here for convenience)!

. h 1 ; =g =g -
¢® 4 3iw,c? — <3w3 + ZX) D —dwdc, = —XeM"T [\II%)JF (1) + kva(;r)_ (T)] * Oba -

From that substitution we find that discretized form of the LHS of this expression is given by

Ca (t+30t) = 3cq (t+ %) +3cq (t— &) —ca (t— 36t)

(6t)°
3, <ca (t + 6t) — 2cq (? + o (t— 5t)>
(9t)
Ca Ay e, (t— & -
—<3w§+ii\i>< (t+2)(5t (t 2)>—zwaca(t).

1 1
= 4m 3v3 2@?11),90 + 2p_?zb,y + p_?zb,z}
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However, since we do not have information at the time ¢ + %51&, we have to shift the location where

we evaluated these derivatives back by dt. The discrete form of these shifted derivatives is given

by the expression below.

ca (t+2) —3cq (t— %) +3cq (t — 26t) — cq (t — 56t)

(6t)°
i [ G (t) — 2¢, (t = Ot) + cq (t — 201)
’ (61)*
Cq ([t — oy Cq [t — 30t
—(3w§+i§)< (t 2)& ( 2)>—z’w§ca(t—6t).

In order to be able to couple this solution to the field propagation defined before we need to solving
for a time that corresponds to the time when that propagation is set to begin again. The term we

need to solve for is given at the timec, (t + %) Once we have been able to isolate that term we

can complete discretized form of (4.3.39) which is given by,

(51)3&1 (t + 5;) - ((;’)Zsca (t - 5;) + (;)Sca <t - ‘;’&) - (51)3% <t - ;51?)
(3@'%6 (t) = Y7 (¢~ 6t) + ?(Sit“;‘;ca (t - 26t)>

(o6t)* (6t)

(3w§+z‘§)c <t5t)+(3w§+z‘§)c <t:wt>

ot 2 ot

. 1 iwaT | =gy —
—iw3cy (t — 6t) = G {\I/g—fb)ﬁ () + ‘I’»Y(:)_ (7')} " Pba -

This procedure is computationally cheap since it only requires that we retain the history of at least
5 previous time steps. From the previously conducted time steps we can then update the most

current time step. This is evident from the fact that algorithmically

ntd n1 n-3 5

Ca 2 — 30(1 2 — 36@ 2 + Ca 2
i n—2  p_4

— |ch —2¢cq * +cCa 2} 3w, At

: n—l n—3 h

+lca > —cCa 2} (Swg—i—ix) At?

_2 1 . - = n
3 ) 01" 5
+ |iwica * — G [\IJ%H +\If%b,_} -ma} AL

o
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5.2.2.4 Evaluating other components for comparison to experimental results

Computationally the coupling between the interaction and the propagation of the Maxwell Field
occurs through direct substitution of the newly computed and energy normalized PWF vectors .fb(ﬂ
and fg ) into their corresponding equations of motion. Subsequent computations of JE{EJF), f,f )

Qabs Wo, and ]?é_), F1) then depend on their previously computed values. The computation cycle
presented above for one two level quantum source emitting a Maxwell Field in linear homogeneous

media can be represented by (5.3).

(—ic 18, +Vx VFED =0 (—ic7l9,—Vx ) FH =0

p 19+ b 'y,a_
= 7 =t
L_Jfao-—{— I—Jf,O'_
= =T
ZZ.o N | .Y —
O+ p (= pil=) LT~
a Y0+ a V90—
L .
ko Co. ko

Figure 5.3: Computational Cycle for modeling one - two level quantum source emitting a Maxwell
Field in linear homogeneous media.

From these values we can then compute electric, magnetic, and Riemann-Silberstein wave func-

tions. Referring back to the discussion on the PWF, we know that:

* Electric Components are given by:

(+)
E,b 250

) fhm (G 4 GO
b = /e (5 + 01 )

|
K
+
I
|§’
q
/N
;61
i
+
K
=
x
N———
o

*61

* Magnetic Components are given by:

=iyt (B0 -0,
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(@) IQD R{F .}, (b) IQDR{F,}, (©) 1IQD R{F .},

Figure 5.4: Finite difference models of the spontaneous emission of a single photon from a two-
level system of quantum dot states. Color intensity in red (positive) and blue (negative) represent
the amplitude of the photonic wave-function field strengths.

~

)
)
(2)2QDs R{F .}, (b) 2QDs R {F,}, (c)2QDs R{r.},

Figure 5.5: Finite difference models of the spontaneous emission of two photons from two 2-level
systems of quantum dot states. Color intensity in red (positive) and blue (negative) represent the
amplitude of the photonic wave-function field strengths.

GO _ s i (3O IO
= Wy = =iyl (B - 010)

* Riemann-Silberstein Vector components are given by:

- A =i (97),
- A = i, (1),

5.3 Computational Results and Conclusions

For the case of two quantum sources, the influence of the adjacent QD states is evident in the phase
shift of the non-Markovian revival effects observed. Fig. (5.4) presents spatial single photon state
components f , ., f, 1, and F . following the establishment of coherent oscillations within the
polynomial envelope functions, at a time of 91.74 as, of Fig. (5.2b). The dipolar structure of the

isosurfaces presented in Fig. (5.4) was expected due to the initial orientation of the transition dipole
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moment solely along the z quantization axis. Further, the interference present in the isosurfaces of
Fig. (5.5) were also expected due to the out-of-phase emission associated with the second QD.

From these computational results we have demonstrated near-field non-Markovian effects required
for the study of single- and multi-photon emission from quantum sources embedded in dielectric
structures by means of the Riemann-Silberstein wave-function and finite-difference methods that
go beyond the Markovian limit; both analytically and computationally. The bandwidth character-
istic frequencies v, of order v, = 10'"Hz, observed in Fig. (5.2b) are due to revival phenomena
in near field regions. These fast oscillations can be understood to arise from the confinement of
the photon in the spontaneous emission region. A run-of-the-mill calculation using the Heisenberg
uncertainty principle yields that these are correct, since AzAp > % The explicit calculation yields

that for a quantum source of diameter Az ~ 10~nm the following conditions mus be satisfied,

1 ¢
Avy > ——.
Yk 2 Az

Therefore, attributing the near-field oscillations to this bandwith implies that v, = Ay, which is?
Ay =~ %1017Hz.lt was further demonstrated that the product QD-photon state is highly localized
during spontaneous emission while energy is being injected and exchanged between both photon
and quantum dot states. Test cases were directly compared for different values of Az & At . From
these it was determined that the polynomial envelope functions for coherent oscillations were in
agreement within the initial revival period of the quantum dot excited state. Furthermore, the theo-
retical approximations made provide further analytic and interpretative insight to the periodicity of
the initial decay and revival phenomena present in the near field limit. This work provides a recipe
for computationally designing and evolving photonic states to be emitted and detected by solid-
state quantum sources embedded within dielectric structures and to compare them to experimental
results by means of their corresponding density matrix, Wigner functions, and ¢ functions.

The model developed for single-photon emission from QFT principles yields the expected emis-

%It is interesting to note that this bandwidth is of the same order as the oscillatory components (imaginary parts) of
the large characteristic roots, with fast decay times, presented in the analysis of the revival terms in Fig. 5.1.
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sion profile for a dipole oriented along the quantization axis. The adopted representation of the

photon in terms of the Riemann-Silberstein vector was shown to yield a generalized form of

Maxwell’s equations that facilitates the interpretation of numerical results and convolution of lo-

calized photon-exciton fields within near field and free field regions. Results from these models

can be used to calculate density matrix elements p,, = |0vy) (oy| for the coupled photon-matter

field. These values can then be directly compared to experimental ones. To calculate the density

matrix from the results of the mode only the time evolution of the probability amplitudes is nec-

essary. The density matrix for the case of the two level system, with two possible photonic spin

states, is shown in the following expression,

la0) ‘b1,57+> )bl,;’_>

*
cal CaChfir CaCo - (5.3.1)
g 3.

* *
T ok -Cp it

2
* *
bi—Ca Cpf _Co R+ ‘Cb,k,f

The density matrix for the case of the 5 level system, with 4 possible photonic spin states, this is

given by the expression

Pory =

1 *
5 0 cl c3 ¢
2c 1%, k-
1 *
_19 c Ca -
< 2¢ —-1 %5,k
1 *
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(5.3.2)

These density matrices represent the main interpretation of calculated results. From these we

can compare to experimental results and further compute the entanglement present in these few-
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level systems. It has been suggested that a photon interacting with two electron spins can estab-
lish Greenberger-Horne-Zeilinger entanglement between spin-photon-spin systems [112, 113, 2].
Though there are various measures for entanglement [114, 115], we follow the prescription of
previous studies which suggest the use of the quantum von Neumann entropy [116] to calculate

quantum entanglement. The von Neumann entropy is given by the expressions [117]

S (poy) = —Tr(poyInpsy) , (5.3.3)

or

Spor) = ==Y (NlnX), (5.3.4)

where the values \; represent the eigen-values of the density matrix, p,-. Additionally, our results
can be used to calculate the Wigner-Weyl, quasi-probability distributions from the probability am-
plitudes that result from our model. The Wigner-Weyl quasi-distributions can be compared to
experimental results by using the same method utilized in experimental studies [118, 119, 14, 86,
17, 18, 87, 51, 16, 120], where the tomography kernel is given by K (z) = %ffooo €| e2de &
pr (X, 0) = (Xp)

1 s o0
W (X, P) :ﬁ/o / d0dXgpr (Xp,0) X K (X cos + Psind — Xy) . (5.3.5)

5.3.1 Homodyne Tomographic Experimental Comparison

The parameters Xy in these types of experiments are known as the quadratures of the field and are

designated by the rotation matrix[104, 15, 14]

X cosf sinf X
= , (5.3.6)

Py —sinf cos® P
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where Xand P are probability amplitudes of the field, and are given by [104, 15, 14],

X :% (B + ZST) (5.3.7)
P :%eig (13 _ BT) . (5.3.8)

The correspondence of these quadratures to the signal field emitted from a weak source (such as a

quantum source), is given by,

In the in the presence of a 50/50 beam splitter, experimentalists mix the signal with a local-

oscillator field, given by
ELO = i€L05LOaLog (.7}, y) h (t) e_i(VLot_kLoz) + c.c.,

and which oscillates at the same frequency as a signal. At the beam splitter the fields undergo the

transformation,

El cos45°  sin45° ES

Ez —sin45° cos45° ELO

This transformation yields two beams incident on two detectors at 90° from one another. The
expression for the field incident on detector 1 is then El = \/% <Z%S + ELO) and the one incident
on detector 2 is is given by EE = % (ELO — ﬁs) By counting the number of clicks at each
detector, as expected according to the expressions, where M corresponds to detector 1 and N to

detector 2,

€0V1 =2
N, = E B2 1 9F.. F )dth
1 — /th/mchw2 5+ LO+ S "L LO
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€0V1
N, — E B2 _9F.. F >dth
2 — /th/AtChLUQ 5+ LO S L Lo

Taking the difference of these counts by means of a difference aggregator yields that the measure-
ment will provide information about the quantum statistics of the signal field. The expression for

this is given below,

%
N_ =N, — N, = / /80 2E5 ELO) dtdV
Vdet A

In fact, the quadrature it self will by proportional to N_ as is evident from the expression [14],

ES : ELO =1\ Z éEgEdgeii(thik"F) + h.c : (iéLogL()OéLOg ([L’, y) h (t) G_i(VLot_kLoz) + C.C) .

k

Simplifying that expression, yields the result

- Z o (dkazo + dLaLo) = |aro| (ZA)e*w + ISTeiG)
F

1 N

V2lazol

X, :% (13

e "+ I;Tei9> =

This is given by the traditional normalization condition imposed on measurements so that the

quadratures satisfy the commutation relation
(X, P] =i

If the probability amplitude of the signal field is given by the complex quantity o = |a| e, the for

completeness and clarity we reiterate that the X quadrature is traditionally associated with the real
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(a) Photonic crystal structure (b) Photonic crystal structure

Figure 5.6: Quantum source beam splitter embedded in a photonic crystal nano-cavity.

part of the probability amplitude and the P quadrature with the imaginary part [15, 104, 17, 14],

X = R{a}

= S{a}.

This concludes the discussion on experimental comparison.
5.4 Future Work

Future work associated with this dissertation should revolve around the implementation of a more
realistic model that can describe the interaction directly from electronic structure calculations such
as hole entrapment at STP while taking into consideration selection rules of multiple QD states
simultaneously. The model for single photon emission should also be improved to provide more
realistic effects such as multi-photon states and optical mode generation explicitly in micro- or
nano-cavities. However, such calculations will be computationally expensive and therefore neces-
sitate benchmarks to insure code scalability. The description presented in this section will facilitate

the proposal of new and enhanced devices that could, for example, rely on electron-hole pair re-

143



combination for a quantum wire embedded in a cavity. Overall, these effects will determine the
entanglement and teleportation of quantum information between QD (or Qubit) states via optical
modes by means of a single-photon or multi-photon state. Additionally, future studies along this
area could look at Maxwell Field states that carry orbital angular momenta as well as spin. Those
conservation laws associated with orbital angular momentum quantum numbers can be studied in
detail based on the formalism presented as part of this dissertation. Finally, calculations that model
detectors can be build on effective quantum dot beam splitters embedded in photonic crystal nano-

cavities and it is the sincere interest of the authors that such an are of research be studied.
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6 COMPUTATIONAL IMPLEMENTATION OF QUANTUM SOURCE

In this chapter we describe detail the computational design and structure of the program devel-
oped to calculate the integration of the equations of motion for the coupled quantum source and
electromagnetic fields. The design of this program implements a finite differencing scheme which
requires high resolution finite differences to describe features that can be up to three orders of
magnitude smaller than the wavelength of the modeled electromagnetic field. In order to address
the high memory and computational requirements associated with the model described in previous
chapters, we incorporate a domain decomposition strategy that divides the complete computational
domain into a Cartesian grid. This strategy is required to reduce the total wall time associated with
job execution at run-time. Without this strategy in would be intractable to solve this problem in
a single modern processor. We implement the use of parallel interfaces [121, 122] for managing
inter node communication and parallel input and output to storage files [123, 124]. The principal
classes of the program are the Maxwell field and the quantum dot. However, these classes de-
pend on secondary classes that define computational parametrization of physical constraints, grid

decomposition, and presentation of results.
6.1 Finite Differencing Strategy

It is well known that finite differencing integration techniques are memory and compute efficient
and so have been widely applied to computational models of physical electromagnetic phenom-
ena [60]. However, the computational resource requirements for physically viable models depend
strongly on the scale of the features of the model under study. In this study the expected and applied
difference in scale from the smallest feature to the largest feature spans 3 to 4 orders of magnitude.
As mentioned previously, the time scale associated with the model requires spatio-temporal reso-
lutions of the order of At < 107%s and Az < 107'%n. These conditions automatically satisfy

the Courant condition associated with spatio-temporal numerical techniques [59]. However, the
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discretization of a space which requires a 4 order of magnitude difference results in grid point
requirements of the order of 50,000 grid points per spatial direction. The memory requirement
associated with this grid point value is of the order of 50,000 or 125 x 102 grid points.

Since the field values associated with this type of calculation are complex, each memory compo-
nent requires 16 bits to store. This implies that any instantiation of the Maxwell field class, in the
full calculation, will require approximately 16 x 125 x 10'? bits of storage. This is equivalent
to 2 x 10'® bits or ~ 1.78 peta bytes. In a linpack benchmark [125] we conducted of a modern
Intel processor, see figure 6.1a, it was determined that the computational ability is of the order of
10® floating point operations per second. Since fixed floating point values are represented by 6
bits, this translates to a performance of the order of 10? bits or approximately 931 mega bytes per
second. This implies that it would take a single node of this type approximately 2 x 10° seconds,
or 12 days to complete one iteration of this size. Since we would need 10'? iterations, this would
be equivalent to approximately 1.2 x 10 years to complete one run.

Simulating a model of this type of physical phenomena at these scales is completely intractable
with the computational hardware configuration discussed. Therefore, the only way to avoid the
problem associated with these large time scales is to constrain the domain of the simulation only
to the regions of interest and decompose the domain so that multiple computers can work in uni-
son to solve the problem. The domain of the simulation can be constrained by specifying special
boundary conditions that behave as perfectly absorbing media and which do not at reflections from
the boundaries. These types of boundary conditions, known as perfectly matched layers (PMLs)
or absorbing boundary conditions (ABCs) [126, 127] have been widely studied and previously

applied.
6.2 Domain Decomposition

As mentioned in the previous section, accurate and precise computational models of physical phe-
nomena require the main domain of the model to be decomposed in to sub-domains so that multiple
computers can work in unison to achieve a timely solution of the model. Many computational li-

braries exist that are designed primarily for the purpose of decomposing structured or unstructured
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Figure 6.1: Computational hardware benchmarks

grids [128, 129]. In this study we constrained the program to a structured Cartesian grid decompo-

sition of the computational domain. To implement this type of domain decomposition we utilized

built in routines MPI_CART_CREATE available in the message passing interface (MPI) standard

[130, 122, 121]. The grid decompositions that are utilized with this program are presented in figure

6.2. The type of decomposition is determined by the number of processes that are requested for use

at run time. For the case of 1, 2, 3, 4, 5, 6, 7, and 8 processes the grid is decomposed as follows:

1. One large cubic block that encompasses the entire domain

2. Two planar sheets with half the length of the total domain

3. Three planar sheets with one third the length of the total domain

4. Four rectangular prisms with sides s = %L and height h = L, where L is the total length of

the domain

5. Five planar sheets with one fifth the length of the total domain

6. Six planar sheets with one sixth the length of the total domain

7. Seven planar sheets with one seventh the length of the total domain



(a) Layer (1D) (b) Rectangular (2D) (c) Block (3D) (d) Ghost points

Figure 6.2: Computational grid decomposition types & update skin
8. Eight cubic blocks with sides s = %L.

As part of the domain decomposition for modeling physical phenomena it is imperative that a
continuity equation be satisfied between domains. If this is not the case, un-physical effects, such
as artificial reflections, can be observed at the boundaries. This means that at the boundary between
sub-domains of the total domain there has to be an update skin which will manage to insure that
all the information required for the sub-domain computation is present. One example that helps
insure the availability of this information takes advantage of a technique know as the update skin
where ghost points are defined in the sub-domain calculation, see figure 6.2d.

Another type of domain decomposition specifies grid regions with higher point densities. In these
instances interpolation techniques are used to insure that the information in the sub-grid is not lost
to the larger grid [131, 132]. These techniques, though not yet incorporated in this computational

implementation, are considered in the mesh class of the design of the program.
6.3 File Handling

The domain decomposition adopted in our computational approach assigns a section of the compu-
tational tasks to discrete sets of processing units. To supply the required information to these tasks
we are therefore required to distribute computational data across multiple computational nodes. In
order to analyze results of the computation it is, in many cases, necessary to unify the distributed
data into contiguous files. In the program we have developed we utilize the HDF5 file format

[123] to handle parallel input and output from files stored on disk. We use the HSDwrite routine,
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available from the HDFS libraries, to write the hyper dimensional data structure that represents
the electromagnetic into a set of contiguous files. The hyper-dimensional data structure is four
dimensional in that it captures the three dimensional spatial distribution of the fields as well as the
polarization in terms of the vector components associated with the two possible helicities of the

field. The data structure can be expressed mathematically in terms of the following object
\I_},y = \Ilijk,:p

The dimensions of the object are therefore dependent on the set definitions ¢ € {0, N}, j €
{0,N,}, k € {0,N,}, x € {0,6}. The first three indices represent the number of grid points
along the z, y, and z axis. The last index represents the field component associated with the
electromagnetic field.

The HDF5 file format can be converted to various file formats. In our case, we utilized the h5utils
package, developed by the Ablnit group which also develops MEEP and MPB [53], to translate
our results from this file format to the commonly used visualization toolkit (VTK) file format
[133]. Using this scheme allows visualization of isosurfaces and analysis of data corresponding
to the modeled electromagnetic phenomena. In addition to the visualization class implemented in
our program, we additionally plotted and quantitatively studied the generated data using the data
analysis and visualization Paraview suite [134]. From these isosurface plots we were able to exactly
determine interference regions and 3 dimensional field profiles. The data gathered from those
results is essential for the calculation of spatially resolved probability densities and temporally

resolved probability amplitudes as presented in previous chapters.
6.4 Program Structure

The physical classes of the model are the Maxwell Field, Boundary Conditions, and Quantum
Dot. The physical classes of the algorithm represent the implementation of the finite differencing
schemes presented in previous chapters. The coupling of these physical classes can be seen in

figures 6.4 and 6.5. The quantum dot class incorporates several methods which define how the
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Maxwell field defines the quantum source states and vice verse. One such class is the class that
takes the Fourier transform of the Maxwell field and couples it to the probability amplitude of the
quantum source in the interaction region. As evident from this discussion, the physical classes can
not exist independent of other computational and structural classes of the program. For example,
the definition of the “interaction region” is defined else where in the program, though attributed
to the physical parameters of the quantum source. The Boundary Conditions class defines these
essential physical parameters of scale, coupling strengths, and dielectric properties associated with
the model. In addition it defines the methods which allow other classes access to this information
for construction of the simulation.

The primary computational and structural classes of the model are the distribution grid, the mesh,
the visualization, and the distributed model. The mesh defines the differentiation and number of
grid points in three dimensions that we associate with the quantization axis of the model. This
mesh represents the fixed information that the Maxwell field and Quantum dot use to calculate up-
dates and adjacent spatial values. In addition, the mesh class defines what type of decomposition
topology the distribution grid will define. The distribution grid has the primary purpose of using all
the information available to it, including memory limits, number of processors, mesh grid points,
and specified decomposition topology, to generate a series of sub domains which encompass the
original mesh and all its geometric properties. The methods available in the grid distribution class
facilitate the access to shared skin updates and recalculation in the Maxwell Field class.

The distributed model class is effectively the complete model which constructs all of these classes
at run time and coordinates their call sequence. It starts by populating the configuration variables
such as max size and calculating minimum differences from computational constraints such as the
Courant condition. Then, it creates the boundary conditions instance which determine the mesh
characteristics of the model. Once the mesh is constructed it creates the quantum sources, initial-
izes the available quantum states and incorporates that additional information into the mesh. After
the mesh is finalized, the information contained in its instance will be used by the distributed model

to construct the distributed grid. The Maxwell field is created only after the distributed grid has
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been constructed. Since the Maxwell Field has the largest requirements for memory in the model it
can not be instantiated in a single node. The distribution grid class therefore creates all of the dis-
tributed instances of the Maxwell Field instance simultaneously and in parallel. This implies then
that the quantum sources are also distributed to those instances. Therefore, the interaction regions
are perfectly contained within these instances and the only cross-talk that can occur is governed
by the transfer of information to the instances of the Maxwell Field class. During development
and initial testing of the proposed models, the visualization class provides real time coarse results
of the evolution of the model. This technique is invaluable for saving time during development
and when first starting the design of boundary conditions associated with the model. The results
presented throughout this dissertation depend strongly on the presented program structure.

All conclusions drawn about the nature of the creation of photonic states coupled to few level
systems in near field regions could not have been arrived at without the development of these com-
putational techniques. It is the sincere hope of the authors that in the near future this program will
be extended from its current form to include additional computational methods that can incorporate

hundreds of few level systems coupled by means of highly occupied photonic states.
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APPENDIX: MATHEMATICAL TRACTS
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A Quantization of Maxwell’s Equations

The relation between Maxwell’s Equations for these and their classical counter parts are best given

in the tabular format of the table below. (Please see (C.4)) To construct the PWF we take the

quantum form of Maxwell’s equations from the table and re-write

Vo [0 (ED (70) + B (7.0)) In)] = —podn [(0] (HD 7, 6) + HO) (7.0)) )]

Vo [l (AD @0+ O 7.0) 1) = 00 [0 (D (7, 0) + EO (7,6)) 1]

which are two expressions relating the probability densities defined above.

—

Vx [ BD () ) + (0l EO) 78 )] = —pody [0l HD (7,) by) + (0 HO (7,0) 1)

Vo [ B @0 1) + (L HO (7,6) )] = 2000 [0 B (7t) 1) + (2 EO (7, ) )]

(A.0.1)

(A.0.2)

(A.0.3)

(A.0.4)

This can be explicitly shown by taking advantage that |7) is a complete set of states occupied by a

single photon |y) = )" ¢, (t) |n), such that the identity is given by I = Z |n) (n|, and introduce

n

Table A.1: Classical Wave Optics vs Quantum Optics

Classical and Quantum form of Maxwell’s Equations

Classical VX E=-0
V x H = 8,D

Quantum
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it into these expressions

V x (A.0.5)

> e + (7] E¢ )chln] = — 100, [Z(nlc H |y) + (v HE )chln

n n

VX [Z (| e, HE ) + (| H DY Sen In>] = <00y [Z (n| B ) + (v E© >chn] (A.0.6)

n n

These can be expressed as four equations for the propagation of a single photon with components
<E (7, t)> and <§ (7, t)> This is due to the textbook argument [15] which states that “... since
there is only one photon in |) ... only the vacuum term will contribute ...”. Explicitly, these four

expressions are

V x (0| E (7 t) [y) = —pod, (0| HH) (7)) |y) (A.0.7)

V x (0| H® (7 t) [y) = eod; (0] ED) (7,1) |y) (A.0.8)
and

V x ()| EO(F1)[0) = —puod; (| HO (1) ]0)

V x (y| HO (7 1)[0) = d; (| EC) (7,t) |0)

These are Maxwell’s equations for the probability of measuring the electric or magnetic fields. The
expressions for ¢, and X, can be expected to respectively represent the electronic and magnetic
wave function (EWF <E> = Up (7 t) + \172 (7, t) & MWF <H> = Uy (7t) + \ff}{ (7, t)) com-

ponents of the PWF, as will be shown below. Therefore we close this chapter with the relationship
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between the Magnetic, Electric, and PWF

_ Vgg(ﬁf+ﬁ0 (A.0.9)
- ‘¢Vg5<ﬁV_ﬁD (A.0.10)
g

'M<§> (A.0.11)

P
-l

~—— T~~~

'M<§> (A.0.12)

where ﬁv, <5>, and <§ > represent the Riemann-Silberstein photonic wave-function, electric field

wave function, and magnetic field wave-function respectively.
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B Energy in the PWF Formalism

B.1  The Hamiltonian from the EWF and MWF

Using the creation and annihilation operators of the EWF and MWF as well as making use of

k. .
E X EE,UA = —ZEI;J/\
1 2o, 130
H, = -|(eE"+-B (B.1.1)
2 7
1w , w2 hw o, N2
= 3 {W (&7 + &)+ 5 (7 +x7) } (B.1.2)
Mo TS 4 3N 4 () 4 702
= W[(% +37) + (AP + X )} (B.1.3)
We focus on
W2 ) o ) o () o () o
(93(v+)+95(v )) — SDng) g+)+¢g+)¢( )+¢( )sogﬂ_i_so( )5( ) (B.1.4)
o () 2 () () o ) () o
Substituting
o & ay e MU (F) (B.1.6)
()0’)/ V k‘,o‘x k,o')\ k U
N
—(— ]‘ ~ i *
A = o Dtk T w17
k.o

IPlease see (C.5)
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and

we get that

and

B 1
%

B 1
%
=(+) 2(+)

Y il
35»(;_)95(_)

(ﬁ(*)@gﬂ

@(—)@(—)

X*’(;r))z’(yﬂ

EOR

R

X‘(*)X({)

—i€ 5, O 0y UE ()
s U €Uz (7)

=}

</~ <|~
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(B.1.8)

(B.1.9)

(B.1.10)

(B.1.11)

(B.1.12)

(B.1.13)

(B.1.14)

(B.1.15)

(B.1.16)

(B.1.17)



which yield

3(+) 3+

and we can use these to get

where by using the identity [a,; o

A,

('O’y SQA/ "_igﬂi(j) —
95<_)95(_)+>Z§_)>2’5,‘) _
FNE + IR =
AN + X =
Fiw
e Lot
no= g2 (o
3
i)
aly ] = G
Fitw
w Lot .
A% Z [ak,@a,aﬂ + (%m Af oy
EA
fw [cr U (af -
2V koY% o, Foy Tor
EA
Fitw
ww P
A (20,955, +1)
k

<[ <le ©

L
+

)

N

S
k]

k,+

s
I+

70—+

a-
s0+ k,0'+

k,o+

B.2  Energy in the the Riemann-Silberstein PWF

(B.1.18)
(B.1.19)

(B.1.20)

(B.1.21)

(B.1.22)

(B.1.23)

(B.1.24)

(B.1.25)

(B.1.26)

Birula and others claim that the total energy of the photon is contained in the Riemann-Silberstein

photonic wave function (RSPWF). Here we check this and expect to get the same #. as above.
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Starting from the definition of the energy according present in previous studies [10, 11]

(H,) = / d%(ﬁiﬁy) (B.2.1)
14
and the RSPWF
. 1 (¢E iuH
o = (22 (B.2.2)
Vi\ve " i

The computation of the energy requires the evaluation of

FIF, = FOFE® (B.2.3)
where
FOpe _ L(eE i\ (eB ipd (B.2.4)
Y Y 2 \/E \/— \/_ \/—
1 L . eE*ipH H* cE S
_ Y ippyiwd  whe =l H (B.2.5)
which at first glance we expect to give
1 3 - —’T -
H, = 5 [ dF(FIF) (B.2.6)
v
1 - -
= 5 / d3F<5E2+uH2> (B.2.7)
v
1 3= 2 L =5
= — | &’T|eE"+—B (B.2.8)
2 Jv K

s\];fg z\,;;? - Z/j/jzi/E; _ \z/s% K@;) N \fj(E—>) (‘f’g) n @5{—)) B (\f,;;) +\I~,§q—>) (\f,(EJr) +‘f’§5>)} (B2.9)

:i% (259 +807) (80 +10) - (%0 +20) (6 +20)]  ®210
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which upon expansion yields

i@ﬁ”+ﬁﬁv<?ftﬁﬁ”) Fg>«m+¢§><> H)(>+¢<>(q (B.2.11)

—i (*Sﬁ + x’g‘)) ( A0 + ﬁg‘)) =i [x’fﬁ)gag*) + A + A + f@‘%ﬁ@] (B.2.12)

(5 1) - o (57,50 + [0+ 9,5+ [0 was

where using the identity [a,;m, azﬁ,,/\} = 0p oy

(@0, D] = 0 (B.2.14)
(67,0 = i (B.2.15)
(AP, ] = i (B.2.16)
(¢, 8] = 0 (B.2.17)
which unexpectedly results in
' L oo oo hiw
ZW(FH—HT):-ﬂ— (B.2.18)
EW V

and conflicts with the previous result giving

1 ~ 1 5 Tw
— dS—' E2 BZ__
Ha 2/‘ (8 T V)

:hwga ag
k0'+7
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Taking the RS vector in terms of creation and annihilation operators, this result can be quickly

verified from

such that the Hamiltonian operator is given by

H, = hw /V a7 (FOF)

where

Bt
0
I

A g ¢ U ()

-

B!
|
I

wt *
HUZ ()

O+ k0'+

-

Z o,
E
v

k
yields

:hwga ag
'Y kU+a

(B.2.19)

(B.2.20)

(B.2.21)

(B.2.22)

(B.2.23)

(B.2.24)

Which is not what was expected. This requires an alternative representation of the PWF than the

RS vector.
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B.3  The Hamiltonian from the Riemann-Silberstein PWF with Vacuum Fluctuations

Starting directly from the operator form of the RSPWF and the expression for the energy which

we expect to include the vacuum fluctuation energy

2(+)
e . . F.
", — T/dzgr(fé—) fy)) i (B.3.1)
1% }77(_)
hw ey o) 2
_ 7/ d3r< () F) 1 FH F >> (B.3.2)
\4
where
FH = @—MtUE(f) (B.3.3)

=
—_ € ar
k7 k?
2 \/V = O+ "R,0+

i
I
I

1 4
R co t Wit * (2
v /V ; Ek,0+ akme Uk (7’) (B.3.4)

and from the above we already know that

(=) 2(+) T
FOFD = Z ar. . ag (B.3.5)
3
o 1
H T — - . i
FOFS = \/VZ:CLWO%+ (B.3.6)
k
we can use similar results from above to derive that
r(—) ©(+) -(+) (=) _ T . . T
FOFD L FOFO = % (amam +a,w+am) (B.3.7)
E
_ T
-3 (zal.ﬁ.ma,aa+ + 1) (B.3.8)

E+
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such that the Hamiltonian is given by
Z t 1
H’Y = }iA() aE,o’+aE10+ + 5 (B.39)

B.4 Alpha and Beta Matrix Representation of the Dirac Equation for a Maxwell Field

It is beneficial to represent the

(ST ST
2

Q—+

where each component of this spinor can be represented as

Wi
¥y = <’)+
(e
L(*)
i o= |
%

where
hw > —, )
O = O D e, e, e U () 1)
k
(=) hw ok 1 Wty r* (=
Ve = (1l v Zﬂg,ma,;ﬂ_e Uz (7 0)
(=) hw A~k 1 Rt T
1/1%0+ = <’Y| 7 Z €E7U+GE7U+6 U]; (T_‘) |0>
k

hw ~ —1y, —
P = (01 &, ag, e U (7))
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A clear comparison between Maxwell’s equations written in Dirac form and the Wave Equation of

the Riemann-Silberstein wave-function for a free particle shows that [10, 11]

S

=—+ 2

U (71) chVx 0 (7, 1)

(7,1)

iho, | ) )
vl (7, t) 0 —chVx U
(The Wave Equation for the Riemann-Silberstein wave-function) will lend itself well to coupling
between states of the Maxwell Field (on the off-diagonal terms) and contains all the information

of the following two equations [15]

@ 0 —chVx @
Zhat ! == . K
X~ chV x 0 X~
5t 0  chVx 5t
Zhat QO’Y — . QD’Y
XA —chVx 0 X0

It is beneficial to have this representation when referring to single photon states or entangled single
photon states since these fully represent these states when coupling the propagation of this field to

other fields or describing a single photon propagating through inhomogeneous media.
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C Mathematical Disambiguation

C.1 Derivation of the Photon Field Tensor

Here we show that where ¢!

= /€oito, Maxwell’s equations with sources, in four notation
through the Maxwell Field Tensor for a Minkowski Metric with signature (i, —, —, —), can be
rewritten in terms of a self-dual photon field tensor 9,&"” = J”. In previous studies it has been
shown that it is possible to define a self dual tensor from the Maxwell Field Tensor and its dual, in

terms of the PWF operators in the vacuum [46]. For a photonic wave function propagating through

a linear homogeneous medium it is the case that one must satisfy the expression

05" = (@) ()

where 0, = ;2. = ( c Yo, 9, 9, 0, )

0 —E, —E, —E.

E, 0 -B. B,
3 =

E, B. 0 -B,

&=

-B, B, 0

and +* are the Dirac gamma matrices. The dual [83] of §*” is defined as

B = 5
0 -B, -B, —B.
B, 0 E -E,
- |B -E. 0 E
B. E, -E 0



To define the self-dual photon field tensor we begin with

aus,uy = JV

2,85 =0

which are indeed Maxwell’s equations in four notation .
C.1.1 Gaussian Units

In Gaussian Units Maxwell’s Equations read

V-E Amtp
6X§—%8tﬁ %j
V-B 0
6><E+%8t§ 0

multiplying the second set by ¢ and subtracting V- B from the V - E and adding V xE+ %até
toV x B — %@E we find

V-E—-V-iB dmp
6X§—%atﬁ+6XZE+lat'LB %j
which simplifies to
iV (B +iE) 4rp
Vx (B+iE) +ito, (B +iE) i j
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which in terms of the vector /' = B + iE can be expressed as

—iV - (ﬁ) Amp
V% (F) +id, (F) in

C.1.2  SI Units

In SI units, Maxwell’s equations in linear media can now be re-expressed by using the definition

of ¢! = /i as

VERV - E

. HCP free
—c! (,/5/¢8tﬁ — ¢V x é) Mjfree
V-B 0
—c! (8t§ + ¢V x [, /5;15}) 0
which may be simplified to get
\/ﬁ6 6752] HCPfree
o . B = ~ (C.1.1)
—c! 2 <at _€7Eg] —cV x [“ﬁ ) ,quree
\/__ LV ) = (C.1.2)
_ = eE
—e Vi (0[] oV x | £]) 0
where now defining D= % and B = ‘f/—; and simplifying again gives
,u%6 ' Z_j CPfree
—c 1z (&D —cV X B> o free
M%ﬁ B 0
) - - = (C.1.4)
el (&B F eV X D) 0
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at this point one can multiply the bottom expression by ¢ or —z and subtract or add to get

t\.’)\»—A

< D-v. é) HCP free
¢! %( 8tD—i—cV §> %< é—kcﬁxiﬁ) /Ljf,«ee

which upon simplification becomes

i (B +iD) e
iﬁ%(é%—[ﬂ—+ﬁ (E zﬁ) VI free
where now substituting [ = B+iD = ’\‘/0% + zf/% yields
_Zﬁ : ﬁ CPfree
’ | VR (C.1.5)
z%@tF +VXxF \/l_'b‘]free

C.1.3 General Description of the Photon Field Tensor

In order to re-write this expression in terms of a properly normalized single photon field tensor we

expand the four notation for such an expected tensor

9,6M" = ¥ (C.1.6)
such that for each component p
9,6" = 15,6% 4+ 0,6 + 9,67 + 0,65 (C.1.7)
0,6" = ¢ 196" +0,6" 40,6 +0.6" (C.1.8)
9,6" = ¢ 19,6% 4 0,6 +0,6% + 0,65 (C.1.9)
3;1(’5“3 - 0_18t®03 + 8;5613 + 83/623 + 83'633 (CllO)
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which comparing to the expression for [ in either of assigned coordinate systems above yields

— iV = (—ic7'00 — i,k , — 10,y — 0.1 ) (C.1.11)
1 . N . 1
(z'z@tF +V x F) = (i 'O 5+ 0,04+ OyF . — 0.1 ) (C.1.12)
1 . . . 2
(zzatf +V x F) = (ic'OF y— OuF - + 0,0+ 0.F ;) (C.1.13)
1 ~ 3
(izatﬁ +V x ﬁ) = (ic"OF . + OuF y — OyF o + 0.0) (C.1.14)

which by direct comparison allows us to construct the self-dual tensor !

0  iF, iF, iF.

_ZF:L' 0 _Fz Fy
B = (C.1.15)

_/LFy Fz O _Fx

which indeed satisfies the field equation

96" = 3 (C.1.16)

and J” is given the appropriate units.
C.1.4 Maxwell Field Interacting with Quantum Sources

Working solely in Gaussian units throughout this subsection, we reiterate that we have found how
to work £ and can now recognize that there are two possible ways to define it. In the discussion
above we were in fact working with with [, = iF_ from the discussion in the text, we still
have to consider the case of [ _ = —i]j}, where respectively F. = E £ iB. Previous studies

have focused on investigating how this tensor equation can be expressed in terms of a Dirac like

"Note that here the advantage of using a Minkowski Metric with the signature (—i, +, -+, +), implemented in the
derivation by Gersten and defining complex time, becomes evident in the definition of &#*. However, for simplicity
of comparison to the rest of the optics, condensed matter, and particle physics literature we remain in the continued
use of a Minkowski Metric with the signature (+, —, —, —).
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equation [75, 66, 45, 73, 46, 47, 52, 10, 11, 50, 74, 49, 80]. To do so we have to define integer spin

Dirac matrices within a representation given for the Minkowski metric of signature (+, —, —, —).

This set of matrices need to satisfy the following expressions (where 1, = ZZJZNO)

1O, " = h%&emwd (C.1.17)

for both of the cases which arise from the definition of }1

. 4mp
o |iE = ) (C.1.18)
lat + Vx %J
v . Amp
I 7 (C.1.19)
—%8,5 + V x %J

where 7 and o, are the traditional Gamma and Dirac Matrices defined in (D.2) and for simplicity

Qg
we adopted the convention dey = | o2 |. Here we can recognize that since /. = F*, these
od

el

expressions can in fact be fully described by (C.1.17) and their complex conjugate. Therefore, the

set of matrices 7, that fully describe these expressions have been found [50, 74] to be

o o O
o
—
o

172



0 -1 0 0

. -1 0 0 O
,th =

0 0 0 —

0 0 ¢ O

0O 0 -1 0

, 0 0 0 i
r)/ph =

-1 0 0 0

0 —2 0 0

0 0 0 -1

5 0 0 — 0
,th =

0 2 0 O

-1 0 0 O

where they guessed that the correct four notation for this vector was f ¥ =

to rewrite (C.1.17) as

i 0 = hy
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C.1.5 Conservation of Probability by Continuity Equation
C.1.5.1 Dirac Field Continuity Equation

From (C.1.17) the explicit continuity equation for probability flowing out of a quantum source can

be found through

iv- T
. F =ieg——=cy, . Ve (C.1.21)
—ic 10, + VX vV Ho ol

by first finding the divergence of

V- K —icL9, + V )f} -V [z’eo \;%cwil ( o) )zﬁel} (C.1.22)
—icg, |V F| = ie(]%c (v. [wjl ( ol )wdD (C.1.23)

and substituting V - F = 60%c¢lll Ve, to get a conservation law for information flowing into

and out of the quantum source in the form of the continuity equation:
—a, |V =V {wll ( o, ) wel} (C.1.24)
which upon integration over all space, using Green’s Theorem, yields

o, { / d?’wwllwezl =0 (C.1.25)
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C.1.5.2 Maxwell Field Continuity Equation

As opposed to searching for the Divergence of the current J, we now look for the rate of change

L2
of ‘.7-" ‘ with respect to to time. We therefore make the following operations:

.;Ej: . ( :!:ic_lat + 6>< ) ﬁj: = :|:i60—;%0700f1 . wil &) Vel (C.1.26)
]?i ; (i z‘c—lﬁt + 6>< > ]-:l = q:ieo_j;OToCﬁi . 1/,; Ay Vel (C.127)

Where subtracting one from two, we get

+ic (fi 9 FL + FL. atf“i) + (Jf“i Vx FlL - Fl.Vx ﬁi> (C.1.28)
— Fieg j;_oc (Fot ZL) -l i (C.1.29)

which simplifies to

—ic 0, (Jf"i -ﬁ) v (J?i X fj[) — eyt ¢ (Jf"i n in) Wl G e (C.130)
Vo

C.2  Spinor Formulation of Electrodynamics and it’s correspondence to the PWF

We begin using the conversion rules from vector notation to matrix notation

ixb = —i(@ )b (C.2.1)
where 5 is given by from
00 O
Sg = 0 0 —2
0 ¢ O
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o
[a]
-~

Sy = 0 00
- 0 0
0 —2 0
0 0 O
Given the original set of equations prior to the substitution z X €, = —i€, in the original
form
VX@ = —c o, (C.2.2)
VXX, = ¢ 0@, (C.2.3)
we rewrite these in terms of their matrix form
~i(V-%)g, = - lax, (C.2.4)
~i(V-F)%, = o, (C.2.5)
. L, hg : :
where recognizing that p = —V rearranging terms yields
?
ihdx, = —c(5-p)3, (C.2.6)
ihdg, = (%5 Py, (C2.7)
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which defining 57 = yields the spinor formulation for the freely propagating PWF as

Xy

A

iho®, = 8 (C.2.8)

0
c?-ﬁ 0

C.3  Proof that \/Li (1)) =™

Since A € {—1,1}

1 . .
(1£i\) = —= (¥ +e*2e™)

V2
eii . . .
— (GZFIZ 4 eztzzemk)

V2

eiz

Sl

NE]

eTi f et N=1

ENE]

V2 eFh — et N =1

introducing the manipulation -2i for the case where A = —1 and 32 for the case where A = 1
yields:
( .
1 +if 21 (eTF £ eP3) A=1
(1) = - : )
V2 V2 | 2L (67T — ®iT) A= -1
\ 1
)
et 2 cos (%) ,A=1
V2| 2isin(2), A= -1
| F2isin (4) ,
o1 A=
= eiZZ
:Fia =-1
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again expressing Fi = eT'2 yields

(1+i)) =

-
[\]
™
t
>
Il
|
—_

where we have what we set out to prove

1 N
— (1£i\) = %
N
in fact this comes from the fact that the square root of any complex number is also a complex
number. This means that our problem is equivalent to finding the complex form of the v/i. From

Demoivre’s formula

o (1) 2150 () = () inin ()
= \/—z(li iA)
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C.4 Definition of Electric and Magnetic Field Operators

Starting from the expressions

E(rt) = Z €E’UA(€E&E’UA67W’JUE () + H.c.

kA
B(F.t) = EX%’U*S Kty H
(mt) = Zy—k U 7 (7)) + Hec.
EA
where
hv
& = i
2€0V
and

S X hvy i
B0 = X o qoyypthone U (1) 4 He
i
[__j'(—' t) 1 E X éEO’)\ th: _Z,/ktU (—») + H
7 = — az e = (7 c
’ fo = Uk 250V B0 b

Taking advantage of the fact that e = 0_12 and k = % making the substitution
11 huy, 1 1 huy,
w25V Voo \/ 2p0e0V
_c i\/@
VeV po V 2V
B l huy,
k \/ 2u0V
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yields

hl/k —zut
“250‘/%”* MU (7) + Hee.
(b = = ’/QMOVG’““ e (7) + Hoc.
A

Following the construction of a photonic state (2.1.11), assumed to be created by the decay of an

=
—
i
~
S—
I
[
M>
N‘l

!
?T‘l
m)

R

atomic or QD state, leads to a sharply peaked single photon state about a frequency w [15]. This
allows us to treat v, as a slowly varying frequency and replace it by w in the square root factor.

This leaves us with

(= hw ~ —iv,
<E (7, t)> = N <Z o Ai g, © HU (F) + H.c.>
kA

7= m} k X gE,O’ —iv, —
<H (7, t)> =\ 2y <Z — Yag e U (P) + H.c.>
EA

which under the construction of (2.1.11) as a single photon state lead directly to the Electric and

Magnetic wave functions

o 2¢0 =
N R = 21G)

= (= 1 ~ —iv
@y (1) = (0] W7 > oo U (D) )
£

and

51
—~
!
~
SN—
I

\/%‘I’H( t)

1 k ~ —1v,
= (0] NG Z PR TG T KU () 1)
kA
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—

k
C.5 Proof that z X € 5. = —iA€g . up to a phase factor

The definition of these helical polarization vectors has been proposed in previous studies [10, 11]

and filling in intermediate steps we start by multiplying (C.2.2) by ¢ & adding (C.2.3) yields
100 (B, +i,) = oV x (G5 +iXy) (C5.1)

where adding the conjugate equations yields

—

—i0, (Bl —ixl) = v x (3 —ixl) (C5.2)

which can be rewritten in terms of E%i = (cﬁfy + @)ZJ;) as general complex wave equation

+i0E, . = ¢V XE (C.5.3)

which by

VX, = 0 (C.5.4)

V-@ =0 (C.5.5)
is shown to also satisfy

V-&e =0 (C.5.6)
and therefore satisfies

0%, = 0

181



where (12 = V2 — ¢29? is the D’ Alembertian operator and &, . = QF. This means that the

vector wave functions &, + can be expressed as superpositions of plane waves

Ex(Ft) = /(;Z?)Tk)g {ﬁ%i (];) efithE-f_i_ﬁ:’jF <l§> eiwtfil_{-?} (C.5.7)

with w = ck . Using the fact that g}i (7, t) must satisfy (C.5.1) & (C.5.2) respectively, substituting

(C.5.7) into these gives

0 [ o e () e} =@ [ 0 (e (B eor e

(C5.8)

which moving the differential operators into the integrals (assuming k- k (7,t)) require the

evaluations

o, |7, « (E) e I E) gmiwtHikT (C.5.9)
0|, (F) e %] = iy, (F) erorier (C.5.10)

V x |7t (E) e~ WHRT il i (/%’) gtttk T (C.5.11)
Vx| (F) e mr) = il (F) e (C.5.12)

substituting and using £ = ¢
C

3

si [ (;“; {ibie (F) et s me ) = (jﬁ’;g (i i, () e 7 e} €519

™

yields

d*k - 7 7o 7 —iwt+ik-F &’k o 7 7 7 iwt—ik-7
8 e () ()]0 = [ e () 7 ()]
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which is true only when

ol Il =]
X
=3
2
H_
/N
=]
N———
|
_H
o~
3
2
H,
VR
ot
N——

Normalizing these, proves that there exists a unit vector that satisfies

and

sk A
€ i
k,ox ko5

k .
— X 6,;70/\ = _ZAEIS,O}\
k
k
st -
- X €, z)\ek o

077 00,04

(C5.14)

(C.5.15)

(C.5.16)

(C.5.17)

These relations can be clearly represented by expressing €, in terms of the orthonormal vectors

€ - €pj = 0i; through

X3

1
oy = —2 (e,“ + 1€
. 1/, o
EE,O; = E GE,i — ZEEJ-
. . _k
i X Ry = k

A A%

0+ k,O'—

~ Ak

Ekyo'— ko4
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(C.5.18)

(C.5.19)

(C.5.20)

(C5.21)

(C.5.22)



(C.5.23)

Gy = (%z - %;ﬂ) (C.5.24)

1 N .
GhiT% T 5 [613,0+ (1—id)+é, (I+ z)} (C.5.25)
— > —iZ o s
= [Ek,a+€ P, e 4} (C.5.26)
wa L/, . . . )
EE,U+6E,U+ ) ki — Yk GE,Z‘_‘_ZEEJ (C.5.27)
Ty, . S A . 5
= o %k €5 €k T VR CR T YERER (C.5.28)
o L. . i
G Fo_ B €T veg ) €5 — 165 (C.5.29)
1/, . . . . A
= 9 \ i TR CR T RiChy T Ve R (C.5.30)
_—_— _— _ 1 T S Y
Foor Foor T Ro Foo T o \Haia TR T IR T RGO
Ty, . S s .
g Rk T Ry T R R R
= R T 6
- k
TR

C.6 Discussion on the Cubic Roots of the Excited State Characteristic Equations

In this section we discuss in detail the results and properties pertaining to the roots of the charac-
teristic equations for the evolution of the excited state/s of quantum sources beyond the Weisskopf

Wigner Approximation.

184



C.6.1 Single Photon interacting with Two level sources

We left the discussion for the evolution of this system in (4.3.2.2.3) after expressing the roots
of the characteristic equation, though we did not give the explicit result of these. We omitted
these details to avoid any additional confusion due to obfuscated notation. In this subsection we

explicitly outline what these roots will be explicitly. We left of with the definitions

hw, \? 4 h
S = 14+ [1+ ——
(2)\) \ T e

hws\? 4i h
T = 1=y 14+ ——
(2)\) \ +27)\w§

Referring to the discussion (D.9), using Demoivre’s Theorem, it becomes possible to first rewrite

S and T in terms of the dimensionless constant ¢ = % and

%{Ozl} =1
4
S{} = 2—;

01 = arg (o)

as

: 1 0 1.0
</1+ |a1]5 cosé—l—ﬂallé s.inE1

10 1.0
i’/(l + ]ozllé cosé) +i (\allé siné)
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and

1

hwy \ 3 1 0 . 1.0
T:<2)\) §/1—|0z1|2cos§1—z|a1|2sm51

1
hwgy \ 3 10 . 1.0
:(2)\> {’/(1—|o¢1|2 00851) —z<|a1]2 smé)

Referring again to the discussion (D.9) and using Demoivre’s Theorem, we can now completely

separate real and imaginary parts under the cube root to find that by defining

0
R{ass} = <1 + \a1|% cos 51)
0
S {an )} =+ <|a1|% sin é)

92¢ = arg (%,i)

we get
1
hw, \ 3 1 0 .0
S = ( ) ) ’&27+|§ (cos% —i—ism%)
and
1
hws \ 3 1 0. — . Oy
T = ( ) > |a2,,]«"1} (COSQT’ + z'sm%)
where clearly |ag 1| = |ag | = |as|. Finally though it is impractical to write down all 3 roots, we

will still do so for completeness, though we limit ourselves to writing them down in terms of o +

and 0, 1 as

.Zl

1
1 Tuwos\ 3 1 0 .0
—§a2+(S+T):iwg—|—(2)\) ;mzi]é [COS%’Z—H’sm%’l
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022

= Wy

0 0
\/gsn—)—l—zl(ﬁcos%’l—i-lsi d

)]

cos——l

hw, % |042,j:|% 921
(%)X

.ZS

3

) —l <\/§c0s%+81 @)}

C.7 Equation of Motion Integrals in k-space
We can asses the value of the vector

N _’efiuk%(t‘f+to) [ei(ukfwofiz 173
Ty (z) = / dF;

(Ve — wo

e (Vk —Wo *Z‘Zn)to}
—izp)

Upe —ik- (46 —7) <€k: os k e ﬁab) (C.7.1)

by setting the coordinate system such that k always points along some radial direction from the

origin of a quantum source. We start by defining the unit wave vector as

>

(C.7.2)
Defining £ radially fixes the polarization vectors to point along orientations that are orthogonal

to 7. We choose the polarization vectors so as to retain the required spin nature of the photon by
following the identity (2.1.32) and setting

I %(é+ig§> (C.7.3)
o - 569

(C.7.4)



where for completeness we also reiterate

EE‘ Q

0 = (cosfcos ¢z + cosfsin gy — sinhz)

~

7j ¢

¢ = (—sin¢ + cosoy + 02)

)
>
Il

In this coordinate system?. Expressing the wave and polarization vectors in terms of Cartesian unit

vectors yields (for compactness we define C,) = cosn, S, = sinn)

k= SpCo + SpSsy + CoZ

. 1 . X N . s
kor — \/5 [(CGC¢:U + C98¢>y - 892> +1 (—S¢$ + C¢y + Oz)]
. 1 . X N . N
o = /2 [(CoCy + CoSyl) — Spz) — i (=S + Cyy + 02))]

which simplify into

k= SyCyi + SpSy + Co (C.7.5)
. 1 o - N .
Gor = 5 [(CoCy FiSy) & + (CoSy + iCy) § — S (C.7.6)

and imply

2By setting # = 0 and ¢ = O to get 7 (0 = 0,9 = 0) = é,é(G:O,qS:O) =z, and$(0=0,¢:0) = ¢, and
substituting these into the derivation (C.5), one can verify that the definition of these polarization and wave vectors
indeed satisfy the derivation presented in (C.5).
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[(CoCy £1iS4) T+ (CoSy FiCy) Y — Spz] - [(CoCy F iSy) & + (CoSyp £iCy) § — Spz] (C.7.7)

€ 'EE, =

[(CoC3 + S3) + (CoS3 +C3) + S7] (C.7.8)

N = N = N =

[Co (C5+82) + 85 +S;+C3] (C.7.9)

|
—

(C.7.10)

With the polarization vectors defined we can now evaluate (C.7.1). Taking advantage of this co-
ordinate system and defining its orientation such that the displacement vector is oriented along

the z — axis, or T — Ty = |7 — | 2 (see C.1) then k - (T — Z) = ‘Ig‘ |Z — Zo| cos . Using the

identities (C.5.27) and (C.5.29) we can then restate the problem in terms of the tensors

(63635 + 8(225) ([Cg + 1] S¢C¢ + ZC@) —Sg (C9C¢ + ZS¢)
& fp,, = ([C2 £ 1] S4Cy F iCo) (c252 % C2) —Sp (CoSs T iCy)
—Ce (CgCgb + ZS¢) —Sg (CQS¢ + ZC¢) 592

At this point the definition of @, becomes essential for the evaluation of the integrals. Approx-
imating that the orientation of (, is fixed in time with respect to this coordinate system and

independent of E, we can define (,;, in general as

Oab = |Obal (Lo sinb cos ¢’ + 1, sin b sin ¢’y + 1, cos 0'z)

Ly sin @ cos ¢/

[Obal | 1, sin 0 sin ¢’

L, cost’

where «, (3, v are all complex. Using the arguments above, we can use simple linear algebra to
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Figure C.1: Coordinate system orientation of QD transition dipole moment

show that

(czez +s2) ([C2 1] SpCp +1iC)  —Sp (CoCy % iS) 1o SprCyr
([C2 +1] S4Cy F iCo) (czs3%¢2) —Sp (CoSy FiCy) Ly Ser S
~Cp (CoCo T iSy) —Sp (CoSy +iCy) 2 1:Cyr

o (C3C3 £ 82) SprCor + 1y ([C3 F 1] SuCy £ Co) Sor Sy — 120 (CoCy % iS) Cor
o ([C3 % 1] S4C F iCo) SprCor + 1y (C382 F C2) Spr Sy = 1280 (CoSs F iCo) Cor
—1285 (CoCy F iSy) SorCoy — 1y S (CoSy £ iCs) SerSyr + 12S2Cor

Where will define Gup 0 = Lo |Gba| SorCors Paby = Ly |9bal SorSwrs Gavz = Lz |G| Cor to more easily

keep track of indices. We can now evaluate the integrals defined in terms of these by approximating

to first order that dv, = wvyd ‘/;

is linear and yields v, = vy ‘E ‘ Additionally, we make the
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substitution k - (7 — 7,) = ‘E) |© — &y| cos @ = kecos 6, where we have defined 2= |¥ — Z|.

C.7.1 Integral Expressions Evaluated for integration over k-space

[ei(vk —wo—izn )ty _ ei(uk—wa—izn)tg]

Iy = Lp;b’z /d3k (cos? 0 cos® ¢ £ sin® ¢) feik#cos 0 o —iviy (ty+to) O
g n

This integral is of the form

[ei(ukfwa-fizn)tf 7ei(yk—wg—tzn)to]

[ dkdfd¢ (cos? 0 cos? ¢ = sin® ¢) sin Ok3etha o3 0 p—iviy (ts+to) (C.7.11)

(vok—we—12n)

Performing the integration first over ¢ € [0, 27| yields

ei kawo-fizn)tf 7ei(uk7wo—7izn)t0]

1 (
™ f dkdb (COS2 0+ 1) sin 9k3eikacos 96*Wk§(tf+to) [

(vok—wo—izn)

next, performing over 6 € [0, 7] yields

(Vg —wo —izn)ty _ pi(vp—we—izn)to ;
o [ autedtr E o ] [ (oot om0 =0 ]y 4220
(vok — we — izn) ('ija) ika o

(Vg —wo—izn)ty _ Li(v—we—izn)t L. L.
. w/dkk%”'”k%(tf“[)) [6 * F etk 0} {41 sin (ka)  4cos (ka) | 2isin (ka) (14 1)}
(vok — wo — izn) (iak)® (ika)? (ika)
therefore, using the results in (D.11), this integral has the solution:
For poles in the lower half plane
o , { —i(wo+izn)ty— 1“0 (to—ty) _ 7i(wa+izn)t07ivgk (ty—to)
w/dk |:4z sin (;m) _ 4kcos (zka) 2@k sin k:a) (1£1) } '
(ia) (ia) (vok — wg — i2n)
2 ) .
_ 4;{' [e (t _ i) efz(w‘7+7,zn)(t ( a ) ’L(UJ<7+ZZn) t+ )
a”vg ) Vo
4 —i(w, 1z -2 —i(w 1z
n Wz (woﬂzn){ (t—i> (wotizn)(t—2) _ ®(t+ ) (wotizn) (t+:%)
Yo vo
272 —i(we+iz —i(wetiz =
+(1+1) =5 (wo +i2n)? [e (t_i) i (3 )+@< )e o n)(HUO)}
'UO V0 Vo
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For poles in the upper half plane

e—i(w,,-‘-z'zn)tf—i%ﬂ(to—tf) _ e_i(u0+izn,)t0—iﬂ%—k(tf—t0)

ﬂ/dk {4isin (ka) 4k cos (ka) 2 2isin (ka) (14 1):| [

(ia)? (ia)? (ia) O ———
2 _ . ) | | a
= 4m [@) (t+ ﬂ) e—z(wgﬂzn)(ﬁ-ﬁ) s} (t _ ﬂ) e_l(““ﬂz”)(t—q)}
o o 0
. o . . ) | . a
" % (o +i2n) {@ (t * i) e_l(waﬂz")(“r%) +© (t - i) 6_'(Wa+zzn)(t—ﬁ)}
a?vg " s
2 . . ) ) | I
(1+1) 2% (wo + izn)Q [@ (t + i) e—z(wa-o—zzn)(HE) 6 (t B i) . Z(wo-mzn)(t vo)}
avy w0 a

[ei(l’k —wo—izn)ty _ ci(vg—wo —izn)to]

_ voﬁab,y 3 2 . . ikzcos 0 —iv l(t +t )
5, =—==[d%k 0F1 + 0) k k2\bfTR0
2+ 2 / ([cos F } sin ¢ cos ¢ & ¢ cos ) e e (vok —wy —izn)

This integral is of the form

[ei(vk —Wo—izn )ty _ ei(uk—w(,—izn)to]

/ dkdfd¢ ([cos2 0F 1] sin ¢ cos ¢ =+ i cos 9) sin Ok eika cosfo—iviy (ts+to) -
(vok — wy — i2p)

(C.7.12)

Performing the integration first over ¢ € [0, 27| yields

oi(vk—wo—izn)ts _ei(ukfwgfizn)to}

+27i [ dkdf cos 0 sin Qk3etkacosde = 3 (tr+t0) [

(vok—wo—izn)

next, performing over 0 € [0, 7| yields

+ 2i / dkk® [_ (haeos D= 1) ik COSQ] o bltytg) [T T — T TR ]

(ika)? . (vok — wo — i2,)
o [P 20 gt
ika (ika)? (vok — we — i2y)

therefore, using the results in (D.11), this integral has the solution:

For poles in the lower half plane

—i(Wotizn )ty —i 8% (to— —i(Wo tizn )to—i Y0k (£ —
+2 '/dk [2k2 cos (ka)  2ksin (ka)] [e T ) et e tO)}
T - —

ia i%a? (vok — wy —i2p)
41 2 —i(ws+1iz — 2 —i(we+iz P
:iz—ﬂg (W +in)? [9 (t—a)e (wot n)(t vo) —@(H—a)e (wot n)(t+vo)]
avy Vo Yo
43 2 —i(we+iz T —it(wstiz =<
i%(wg—&—izn) [@ t—a>e (ot ")(t vo) —|—G)(t+a)e (wot ")(Hvo)}
a“vg Vo Vo
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For poles in the upper half plane

. —i(wo+izn)ts— 19 (tO ty) _ o—i(wotizn)to— ZUO (tf to)
2k? 2 [ € ]
i27ri/dk[ k? cos (ka) k;sm(k:a)]

ia i%2a? (vok — wy — i2p)
4im? —i(ws+iz —i(ws+iz -
= 4+ Z7T3 (wa + Zzn)Q |:® ( ) H(woti n)(t+ ) —+ ® ( a) i(wo +i ")(t ):|
avg Vo
4 2 z w 1z 2 —i(w iz _a
+ ZT2 (We +121) [@ <t ) ot ")<t+“0)—@<t—a>e (wot ")<t ”0)}
a“vg Vo

[ei(uk —wg —izn )ty _ ei(uk—wa—izn)tg]

I3 L = _20Fab.z / d3k sin 0 (cos 0 cos ¢ + i sin ¢) feeik?e0s 0 g—ivi 5 (5 4t0) -
’ 2 (vok — we — izn)

This integral is of the form

[ dkdfd¢ (cos 6 cos ¢ + i sin ¢) sin® Ok3etka cosd bm[gvok wo —izn)At] (C.7.13)

vok—we—1izn)
therefore it has the solution:

For +

I3+ = 0

[ei(uk—wg—izn)tf _ ei(ukfw(,fizn)to]

vOﬁab,x 3 2 . . ikzcos O —ivg 2 (tse+t
v zi/ddk cos” 6 £ 1| sin ¢ cos icosf) ke'™? e k3 (tr+to)
1,+ 2 | ([ ] ¢ ¢F ) (’Uokfo.)g*izn)

This integral is of the form

{et(uk—u)a—izn)tf 7ei(yk—wa—izn)t0:|

[ dkdfdg ([cos® 6 + 1] sin ¢ cos ¢ F i cos 0) sin O3t cos 0 g—iviz (s +t0)

(vok—wo—12n)

Performing the integration first over ¢ € [0, 27| yields

[ei(uk—wg—izn)tf 7ei(uk7wg711zn)t0:|

T2mi [ dkdf cos 0 sin Ok3 ¢k cos 0 g=ive s (ty4o)

(vok—we—izn)

next, performing over 6 € [0, 7| yields

+ 2mi / dkk® [ ket =1 ke COSG] iy (g [T — e TN

(& .
(iak)? . (vok — wo — i2p)
o g [Pt _ 2tk [
(ika) (ika)? (vok — wo — i2)

therefore, using the results in (D.11), this integral has the solution:
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For poles in the lower half plane

F2 '/dk [2k2 cos (ka)  2ksin (ka)] [e‘i(“""”z”)tf_i%k(to—tf) _ e—i(%-irizn)to—i“%k(tf—to)]
i _ —

ia i%2a? (vok — wy — i2p)

= :Ftti,:j (wo' + ZZn)Q |:C"') (t — a) e*i(wa+izn)(t7%) _ (..) <t + a‘) ei(wff‘"’izn)(t“rv%)]

0 Vo (%)

B oo 2] ) o ) )

TO Vo Vo
For poles in the upper half plane

—i(wytizy )t —i 29 (to—t s iy bz Yo —i 20k (45—
s ./dk[2k2cos(k‘a) 2ksm(ka)] [e (wotizn )ty —i 9 (to—t7) _ g—ilwotiza)to—i 88 (¢ t(,)}
e —
1a i2q2

(vok — Wy — i2n)

41 2 —i(we+iz < —i(we+iz -2
= F 0 (wo + i)’ {6 (t+a)e (ot ")(t+vo)+®(ta)e (otiza) vo)]
anv,

Vo Vo

P oy ia [0 (14 £) e 045) g (- £) ()]
0

Vo

ei(uk —We—izn )ty _ ei(uk —We—12n )to]

IZy,:i: _ Uop;b,y /d3k (COSQ fsin? ¢ F cos> ¢>) Leikezcos0 ,—ivi g (tr+to) [ N ——
This integral is of the form

[ei(uk—wg—tzn)tf 7ei(uk—wg—izn)t0:|

[ dkdfd¢ (cos? 0sin® ¢ F cos? ¢) sin Ok3eth@ o3 0 g—ivig (s +t0)

(vok—we—12n)
Performing the integration first over ¢ € [0, 27| yields

[e'i(ukfwof'izn)tf 7ei(uk7w07izn)t0:|

7 [ dkdf (cos® § F 1) sin k3’ cos o —ivy 3 (t1+to)

(vok—we —izn)

next, performing over 6 € [0, 7] yields

(C.7.14)

. . . (Vg —wo —izn)ty _ i(l/k—ug—izn)to]
W/dkks |:_ ([lkacos& (Zk(lCOS@ _ 2) + 2} eikacose ezkacos@):| " e*iuk%(tf+to) [e ¢
0

(ika)® * ika (vok — we — izn)

.. .. (v —wo—izn)ty _ Li(vg—we—izn)t
= W/dkk3 {Msm (ka)  4cos(ka) | 2isin(ka) a 1)} e~k 3 (trtto) [e ertvh “]

(ika)® (ika)? (ika) (vok — wo — izn)

therefore, using the results in (D.11), this integral has the solution:
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For poles in the lower half plane

|:—'L(w,7+zzn)tf z—o—(to tf) —i(W0+iZﬂ,)t0_ii.é£(tf—t0)

. disin (ka) 4k cos (ka) 2ik? sin (ka)
/dk { (ia)® (ia)? (za

_ 472 [9 (t _ i) —z(wa-Hzn)(t ( a ) I(Wa-‘rlzn) t+ ):|
advg v 0
. 2

O A IR A JERC)
a“vy Vo

2

_axn ™ 21 (o +izm)? [6 (t B g) o iwotizn) (t-) 10 <t+ i) o i@otizn) (145 }
av? Vo

0 vo

(vok — we — i2n)

For poles in the upper half plane

|:efi(wa+izn)tf77512Lk(t07tf) _ e—ilwotizn)to—iGE (tp—to)

2
/dk {415111 a)  4kcos (2k:a) 2tk sin (ka) (1% 1)] A
(ia)® (ia) (ia) (vok — we — i2n)
472 {9 (t . ) e—i(uo.-&-izn)(t-ﬁ-%) o (t _ i) e—i(wa-ﬁ-izn)(t—%)]
a3vo 0 v
n 4;71'2 (W + i) { <t+ i) e—i(wa+izn)(t+%) 40 (t B g) —z(wg+zzn)(t—ﬁ):|
v ) Vo
2 ) ) 5 » ) 4
faFn = 5 (Wo +izn)? [@ (t+ i) emilwetiz) (t435) g (t - i) o ~iwatiz) (¢ vo)]
avd o vo

etvp—wo—izn)ty _ ei(uk—wa—izn)to]

Iy

31 = Uop%/d3ksin0(cos6'sin¢:|1icos¢) keikecos 0 —ivi 3 (tp+to) [

(vok — we — izn)

This integral is of the form

{ei(uk*‘ua*izn)tf 7ei(vk7wgfizn)t0j|

[ dkdfde (cos O sin ¢ T i cos ¢) sin? Gk etk cosf =i (ts+io) (C.7.15)

(vok—we—izn)

therefore it has the solution:

For &+

Iyse = 0

[ei(ukfwgfizn)tf o ei(l/kfwgfizn)to}

Iy = _WT“’W /d3k sin 6 (cos 6 cos ¢ F i sin @) ke'F#¢030 = n 3 (L +to)

This integral is of the form

(vok — wy — i2p)

{ei(Vk*Wa*izn)tf _ei(ukfw'yfizn)to]

[ dkdfde (cos 6 cos ¢ F isin ¢) sin? Ok3ethacosde=ive 3(tr+to) (C.7.16)

(vok—wo—12n)

therefore it has the solution:
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For +

]z,l,:i: =0

[ei(ukfw,,fizn)tf _ ei(l/kfw(7 7izn)to}

z _voﬁab,y 31 o : . ikecos 0 ,—ivi & (ty+to)
I5 4 5 /d k sin 0 (cos 0 sin ¢ + i cos ¢) ke e k2 CI -
This integral is of the form

{ei(yk—wa—izn)tf 7ei(yk—wa—izn)to]

[ dkdfd¢ (cos §sin ¢ + i cos ¢) sin® Ok etk cosbe=iv 3 (b +to) Ty e (C.7.17)
therefore it has the solution:
For +
IZ,Q,i =0
z Uoﬁab,z 37 i 2 ikzcos 0 sin [(Uok’ — Wo — iz") At]
15 = ———== [ d°ksin“ 0k
3+ 2 / S vRe (vok —wy — izy)
This integral is of the form
. . ) ei(uk—wafizn)tf _ei(uk—wgfizn)tg
fdkd9d¢ sin3 Q3 ¢tika cos Hefzuk%(thrto) [ O ] (C.7.18)

Performing the integration first over ¢ € [0, 2] yields

[ei(ukfwgfizn)tf _6i(uk7wg—izn)tg:|

27 [ dkdf sin® Gk etk cos 0 =iz (trtto)

(vok—we—12y)

next, performing over 0 € [0, 7| yields

ika . . T (Vg —wo—izn)ty _ Li(vg—we—izn)t
2ﬂ_/dkk3 |:_ (e ka cos 0 [ika cos 0 (ika cos 0 — 2) + 2] cika C059):| e_in%(tf+t0) |:€ ek 0]
0

(ika) a (ika)3 (vok — we — i2n)

i(ukfwgfizn)tf _ ei(yk 7w07izn)toj|

_ 27r/dk;k3 {4005 ()ka) _ d4isin (ka)} e—i'/k%(tﬁ-to) [e

(ika)? (ika)® (vok — wo — i2zn)

therefore, using the results in (D.11), this integral has the solution:
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For poles in the lower half plane

|:—1(w(,+zzn)tf §29% (to tr) _ —z(w(,+zzn)to $29% (tf to)]

4k cos ( ka _ disin (ka) 1

(za)3 (vok — wy —i2p)

2 , , o . . a
T T2 (Wo +i2n) [@ (t — a> e_l(w“ﬂz”)(t_ﬁ) -0 <t + a) e_t(w”+w”)(t+“0)}
Vo

a? Vo Vo
< > —itwotiz) (-5) | g <t N a) e—i<w(,+z’zn>(t+;6)}
Vo

For poles in the upper half plane

a3 Vo

|:—1(w(,+LG)tf 297 (to tr) _ —i(wa+izn)to—ivgk(tf—tg)]

k cos ka _ disin (ka)
(ia)”
a) oiotiz) (t15) | g (t 3 a) . z(wa+zzn)(t—%):|

(vok — wy — i2p)

—— (Wy +i2n) [@ (t +
Vo Vo

_1(w(,+zzn)<t+%) _oft— i e—i(wg-i-izyl)(t—%)
Vo

C.7.2 Two Level Analytical Solutions to Vector Integrals

a?

e[
ke

After carrying out the integrations above, we now apply them in order to find the vector expres-
sions we are after. These are given as fi,n (2) with the respective expressions given below. For

compactness and clarity, we define the following causal functions for all three cases

¢ = %0 (t + 3) ¢t (¢35 (C.7.19)
Vo

(. = 720 <t - Uﬁ) ¢itwrizn) (1-35) (C.7.20)
0

These terms represent the directionality and causal conditions associated with the reported solu-
tions. The components of the solutions associated with (, represent an incoming wave constrained
to travel at the speed of light in the medium. The components of the solutions associated with (_
represent an outgoing wave constrained to travel at the speed of light in the medium. With this
model we therefore have the ability to describe both incoming and outgoing waves in the non-
Markovian limit. Additionally, the results we present contrast with text-book discussions in that

we do not neglect higher order terms than O®) {2}. Therefore, we are also including near field
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effects in the solutions presented below.

* These objects define the integrals to be calculated with poles in the lower half plane.

I:I:,n,:r (Z) =

. 2
N - We + 12y - =
(i2zpab,y + (1 + 1) @ab,x) % + (pab,x =+ @ab,y)
0

L . (ws + izn)2 . .
- (i2zpab,y - (1 + 1) pab,x) - 2 (pab,x + pab,y)
2V
Tiny (2=
[ (wy + izn)2

(F2iPabe — (1 F 1) Gaby) — 2 T (Paby F Pabz)
0

. 2
+ (j:?Zpab,x - (1 + 1) @ab,y) % - (pab,y + pab,m)
0

Lopmyz(2) =
1 i(we+izn)] | o
{g - zQ—,UO} AGap,2C—

1 i(we+izn)] , o
+ {g + Ty(}] AGap (s
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21 (W, + 12y,)

Qﬁab,z

2i (Wo +12n)  20abz

z3c_

2i (W, +12,)

5| &

(C.7.21)

Qﬁab,y

2i (wy + 12p)

z3§_

Qﬁab,y

5|

(C.7.22)

(C.7.23)



» These objects define the integrals to be calculated for poles in the upper half plane.

Tins (2=
_(izzﬁab,y —(1£1) Gapa) % + (Pabie F Paby) &l (w;;:)i'z”) — Qﬁ;”’””_ -
o [ (200 + (£ 1) ) % + (Gt & i) 22 2@”_ ¢
_ (C_.7.24)
Tiny(2) =
(F2ifa — (15 D) e (G i) 2 ) 2ﬁ;b’y_ a
v P2+ (15 1) ) o L0 4 Gy ) 2 ) Wt ¢,
_ (C_.7.25)
Ty, e (2) =
R R
_ [; 1 o £ 02) (”;2;”“] 4G (C.7.26)
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D Mathematical Definitions and Identities

Unless otherwise stated, the definitions presented herein are referenced from [83, 82].
D.1  Pauli Matrices

The Pauli Spin matrices are defined for half-integer spin particles via

01
g1 =

1 0

0 —1
09 =

1 0

1 0
o3 =

0 -1

particles with integer spin have the following integer spin matrices [10, 11, 46, 72] in the SO (3)

representation

00 O
s1 = 00 —
0 2 O
0 0 =
Sp = 0 0O
- 0 0
0 — 0
83 = 0 0
0 0 0



in the SU (2) representation

010

S2 = 00—

0 0 -1

D.2 Dirac and Gamma Matrices

, —
The Dirac Gamma Matrices for a half-integer spin particle come from the definition of o* and [

for a Minkowski Metric with signature (4, —, —, —) which are defined by
o I 0
8 =
0 —1I
. 0 o
o =
ot 0

The Gamma Matrices are defined in terms of the Dirac Matrices as

"=

. PARN
v a' B
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and, in turn, the Pauli matrices as follows

for the case of integer spin particles the Dirac Gamma matrices correspond the matrices o’ and [

matrices defined as

PR I 0
8 =
0 -7
. 0 s
ot =
s 0

D.3  Used Representations of the Dirac Delta Function

[83, 82]

d(x) = / e~ 2k g

[e.9]

D.4  Useful Properties of the Dirac Delta Function

In this section we express identities and definitions of the Dirac Delta Distribution (Function) used

throughout the text.

Definition in terms of a Fourier Integral:

(5 (I) — / efQWikmdk

= — Rk
27 ¢

—00
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The fundamental equation that defines the derivatives of the “Dirac Delta Function” is:
[t@i @i = 1 [ o[ @)6" D @) do (D.4.1)
Additionally and more generally,
[t@i@za) = (171 (o

For example the n'" derivative of this distribution satisfies:

Jursanan e = o [ S 0 0
2™ () = (=1)"nld (z) (D.4.2)

In general, it is straight forward to prove
(xFa)" o™ (x£a) = (=1)"nld(z+a)

D.5 Useful Properties of Fourier Transforms

In this section we express properties of Fourier Transforms that are used through this text.

The Fourier transform is defined by

L
~
=
=
—
=y
~—
Il

/_0; f(x) e 2™k g
| Flr@imera

~

S

~—
Il

Similarly it can be defined by a change of variables as

Fi[f ()] ()

/_ Z f (k) e "% dk

rm = T FI ()] (@) @ da
20

3



Additionally, these may be defined via another change of variables

F.f ()] (k) = % /OO () o=k ]
g(z) = % b FIf ()] (k) e*=dk
and
Folf ()] () = %i[”f@n%mﬂ
g(k) = L FIf (8)] (z) e**da

2r ) o

D.5.1 The nt" Derivative of a Fourier Transform

Taking the n'" derivative of Fy [f (k)] () with respect to z yields:
A 1 > )
o [Alrwiw)] = (55) [ 100 we
T —00
This result yields the following property of the Fourier transform

/ h k" f (k) e *edk = 2mimolM [ﬁk [f (k)] (2)

—00

D.5.1.1 Evaluating [~ k"e~"**dk

This term arises commonly in QFT and is known to give rise to the UV- Catastrophe. Using the

properties of the Fourier transform defined above this integral yields

/ T et gy = 21" | Fi [f (k) = 1] (m)]

= 2mi"0™ [§ (2)] (D.5.1)

= 271i"0™ () (D.5.2)
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D.6  Some Useful Identities of Complex Numbers

Defining a, b, ¢, d, e, and f as complex numbers where

e = R{a}R{b} —3{a} {0} +i[R{a} {0} +{a} R {b}]

fr= R R{d} =S {c} S{d}] +i[R{c} S {d} + S {c} R{d}]

D.6.1 Multiplication of a, b, ¢, and d

The multiplication of a, b, ¢, and d is given by

axbrcxd = (R{a}R{0} — S{a}S{b}] +i[R{a} S b} + S {a} R{D}])
« (R{ctR{d} —S{c} S{d}] +i[R{c} S{d} + S {c} R{d}])
= R{e}R{f} —S{e} S{/H+i[R{e} S{f} +S{e} R{S}]

which in terms of a, b, ¢, and d is given by

[R{e} R{f} = S{e; S{f}] = R{a}R{b} —S{a} S{b}] « R{c} R{d} - S{c} S {d}]
— R{a} {0} + S {a} R{b}] » [R{c} 3 {d} + S {c} R{d}]

[R{e} S{f}+ S {e; R{f}]

[R{a} R{b} =3 {a} I{b}] » R {c} I {d} + I {c} R{d}]

+ [R{a} {0} + S {a} R{b} * [R{c} R{d} - S {c} S{d}]

and can be simplified to

R{e} R{f} —S{e}S{f} = R{a}R{b}R{c}R{d} +{a} {0} S{c}I{d}
— R{a}R{b} S {c}S{d} —S{a} S {0} R{c} R{d}
RIS IR S} — S{a} R{BY S {A R{d)

— R{a} S S{} R{d} — S {a} R{b} R {c} S {d}
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and

[R{e}S{f}+S{e} R{f} = R{a}R{b}R{c}I{d} —S{a} {0} S {c} R{d}
+ R{a}R{}S{c} R{d} — S {a} S {b} R{c} S {d}
+ R{a} S} R{c} R{d} - S {a} R{b} R {c} S {d}

— R{a}S{}S{c} S {d} + S {a} R{b} R{c} R{d}

D.7  Useful Identities of Complex Numbers

In this section we express some identities of complex numbers which were used in this dissertation.

((l + ib)c_ﬂd = ((1 + Zb)bgild e’i(C—Hd) arg(a+ib)

D.8 Roots of the Cubic Equation

In the text we utilize roots of the cubic equation for various purposes. Since this equation has
analytic solutions we find no need to waste compute time in calculating these solutions and present

their analytic representation herein. Given that a cubic equation has the general form
3 2 _
24+ az"+a1z+ay = 0

The analytic roots for this equation are given by defining a series of coefficients and substitutions

(such as Vieta’s substitution). We start by defining

3a; — a3
9
9ajay — 2Tag — 2a3
54

206



and in terms of these

D = Q*+R?
= VR+VD
T = \/R—VD
such that the roots are then
1
zZ1 = —§a2+(S+T)
1 1 1.
1 1 1.
z3 = —§a2—§<S+T)—§Z\/§(S—T)
or
1
1 = —§a2+(S+T)
1 ) S ) T
2 g ()5 ()
1 S T
SR RO (ROF

In terms of a,, the roots are then

L[] Zl

21— ——=Q2
3

9arag — 27ag — 2a§ N 3a; — a% 3 n 9arag — 27ag — 2a§ 2
54 9 54

n 9arag — 27ag — 2a§ 3aq — a% 3 L 9aragy — 27ag — 2(1‘% 2
54 9 54

+
_—

w
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.22

1

29 = ——=Q2
3

1 3| 9a1a9 — 27ag — 2a§ . 3a, — a% 3 n 9ara9 — 27ag — 2a§’ 2
2 \ 54 9 54
1 s| 9ajas — 27ag — 2a3 B 3a; — a3 3 N 9ajas — 27ag — 2a3 2
2 \ 54 9 54

1 9arag — 27ag — 2a3 3a; — a3\’ (9aray — 27ag — 243\’
L2V 3| Ja1a9 ag ay i aq ay n a1a9 ag ag
2 54 9 54

1. 5 9ajas — 27ag — 2a3 3a; — a3 3 N 9ajas — 27ag — 2a3 2
2! 54 9 54

.Z3

1
zZ3 = —gag

1 3| 9aiae — 27ay — 2a3 3a, — a? 3 9a,ay9 — 27ag — 2a3 2

2 \ 54 9 54

1 s| 9ajas — 27ag — 243 B 3a; — a3 3 N 9ajas — 27ag — 2a3 2

2 \ 54 9 54

1. =3 9aias — 27a9 — 2a3 3a; — a3 3 9ajas — 27ag — 2a3 2
_ZiV3 o0 T %2

2’ \ 54 + 9 + 54

N lz K 9ajas — 27ag — 2a3 B 3a; — a3 3 N 9ajas — 27ag — 2a3 2
2 \ 54 9 54

D.9 High Order Roots of Complex Numbers

High order roots of complex numbers can be written in terms of complex numbers.
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D.9.1 Square Roots of Complex numbers

For example:

(a +ib)* = (a® — %) + 2i (ab)

= c+1id
therefore
Vet+id = a+ib

where

D.9.2 Cubic Roots of Complex numbers

For example

a-+1 = a’+ 31a°b — 3ab” — 1
b)? 3 4 3ia%b — 3ab? — ib?
= (a’ —3ab®) +i (3a°b — b°)

= c+1id
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therefore

Ve+id = a+ib

where

¢ = a®— 3ab?

d = 3a*h -V

Since working with cubic terms is not so pretty we will work with 4th order terms

ac = a*—3a%h?

bd = 3a%®* —v*

this yields the expressions

—a*+ 3’ +ac = 0

bt —3a*? +bd = 0

adding these two expressions yields

V+db+ca—a* = 0

and

at—ca—db—01v* = 0
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solving the quadratic formula for a and b respectively yields

—d £ \/d® — 4 (ac — at)
2

) cE /2 +4(bd+ b)

2

? o=

substituting these back into the expressions for ¢ & d yields

—d £ \/d? — 4 (ac — a*)

2
cd /2 +4(bd+ b
2

c = a®>—3a

b— b

d = 3
such that each can be inverted for a and b respectively to yield

10a% — 3a*d — 11a®c + 3cda+ 2 = 0

3208 + 12¢b* + 32db® + 12db + 4d*> = 0

D.9.3 n'" order roots of complex numbers from Demoivre’s Theorem

optionally, we could have used Demoivre’s theorem to find

1 0 6
(c+id)» = ra (cos— + isin —)
n n

where 1 = v/c2 + d?, and = tan™! %l. This simplifies matters greatly. For example, for the case

of the square root we use n = 2

1 t
(c+id)2 = V2 +d> (cos [ Sl
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For the case of the cubic root where n = 3

1 tan™
(c+id)? = Ve +d? (cos [ an3 :

As an example we show the case forn =2 andn =3
D.10 Solving Ordinary Differential Equations by Formal Integration

It is some times the case that is useful to solve ordinary differential equations through formal

integration. A simple example of how to go about this integration is given by

dN (t)
dt

— AN (1)

where, ) is a constant. Formally integrating this expression on the interval [to, t| yields

th t/ t
/ dN {£) >dt’—)\/ N (') dt’
t dt/ to

0

which upon carrying out the formal integration on the LHS yields

N(t)—N(to):)\/tN(t’)dt’

It is evident that the interval [¢(, t| may be shifted in any direction, even, for example [t — At, ¢ + At].

This would imply that for any time ¢ this expression may be rewritten as

t+At
N(t+At):>\/ N () dt'+ N (t — At)
t—At

D.11 Useful Countour Integrals

Since in several cases we consider the conversion of infinite discrete sums in k space to continuous
ones, we are often faced with the necessity to evaluate improper integrals. Some of these can be

evaluated by means of Countour Integration which take advantage of Cauchy’s Integral Theorem.
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D.11.1 For those improper integrals which are of the form

—i(wo+izn)ts —z% (to—tf) —i(we+izn)to —zv% (tf —to)

— €

00 e
dk | k" k
/—oo COS( a) (Uok — Wy — ZZn)
and satisfy the contours found in (D.1), we can find their physically sensible closed forms in terms
of a, At, and z, so long as we constrain ourselves to causal results. To do this, we first expand

coska = § [ee 4 e~tha].

%

S{z}
R{Z}

R{Z}
{2}

(a) Upper Half Plane Contour Integration (b) Lower Half-Plane Contour Integration

Figure D.1: Contour Integration Paths

Upon making the expansion, and defining At = t; — ¢, we are left to evaluate the integrals:

- vok — Wy — 12y)

1 ' ' [eS) eik( 02At+a)
AZTNWWMZ_%FQ

o0 ik voAt_a
I :lei(wgﬂzn)tf/ dk [kn( e ( 2 ) ]

- vok — Wy — 12y

1 ' ' 00 e—ik(—voft—a)
Jo— — = —i(wo+izn)to n
1= 5e ‘/ dkk:(

. vok — Wy — i2y)
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SN\ L\ | [ /7

A

L7

N

Figure D.2: Causality Conditions

vok — w, —i2y)

—00

1 ] ) 0o efik(L)QAtJra)
Iy = — —ei@otizm)to / dk | k"
4 26 (

For the case where we consider the cases in (D.1) corresponding to poles (w, + i2,,) = a+ibin the
lower or upper half plane, when mapping vok = z to the complex plane, the possible combinations
which give causal results are tabulated in (D.1). Causality is determined according to values of |7
that satisfy the conditions associated with the light cone presented in figure D.2. Integrating yields

the following results, (here © (¢) is the traditional step function which conserves causality)

. 3 0o ik vo At a
1. %e—z(wg—i—zzn)tf f_oo dk |:kn e ( 5 T ) :| .

(vok—wo—izn)

(a) Upper half plane requires S {k} > 0 and 22 — (—q) < 0

2 Uok — We — Zzn)

—00

00 ik voAt+a
I :le—i(waﬁzn)tf/ dk [k)”( e ( 2 ) ]

I i 2mi i(wo +izn) (AL +-2
= Ee_z(w"‘—i_z’z”)tf |:ng1 (wo' + izn)ne( ot n)( 2t—J'_UO):|

214



Table D.1: Causal & Non-Causal Contours

Exponential S{k} Constraints Evaluation
. v At

ek (5 +a) +, upper half ”OTN — (—a) > 0 | Not Causal, Incoming Wave
. v At

ek (Hrra) |4 upper half | 228t — (—q) <0 | Causal, Incoming Wave
ik(UOAt 7a) vo At .

e\ 2 +, upper half | 2= —a >0 Causal, Outgoing Wave
ik(vOAt 7a) vo At :

e\ 2 -, lower half 0= —-a<0 Not Causal, Outgoing Wave
. v A

e’”’“( o -a) +,upper half ”°2At —a<0 Not Causal, Outgoing Wave
. v A

e~ik(*5—a) -,lower half UOTN —a>0 Causal, Outgoing Wave

e~k (*5+a) -,lower half “OTN —(—a) <0 Causal, Incoming Wave
. voA

e~ ik(*+a) -,lower half ”%At — (—a) > 0 | Not Causal, Incoming Wave

We therefore conclude that the result of this contour integral is

T . \n At a\ i, tiz )(t fﬂfi)
] —_—— o n @ t S — g n f 2 v
1 it (Wo + izn) ( =7 Uo) € 0

(vok—wo—1izn)

. 3 ik ﬂﬂ—a
2. %efz(wUJrzzn)tf ffooo dk |:k,n e ( 2 ) :| .

(a) Upper half plane requires S {k} > 0 and UOTN —a>0:

(Vok — wy — i2y)

—00

9] ik UOQAt—a
[2 :%e—i(wa—‘rizn)tf/ dk [k‘n (& ( ) ]

1 ; . 211 i(wo iz, ) (At a
= Ee_z(wg—i_lz")tf |:—Ug7:_,l1 (wo' + Zzn)n 61( ot n)( 2t 7"0):|

We therefore conclude that the result of this contour integral is

i’]T . n At a —i(w +iz )(t _M_A'_L)
I —_— - n @ t _ JE— g n f 2 vQ
9 vg+1(w +izy,) (f 5 —|—U0)e

. (voAt
eflk(Tfa)

3. —%e_i(wo+iz")t0 ffooo dk [knm] over the
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(a) Lower half plane requires S {k} < 0 and 22! — g > 0, yields

~ vok — Wy — 12y

1 ] ) [e's) e—ik(UOQAt —a)
Jo— — — —i(wo+izn)to / dk | Em
3 5 e B (

1 ; ; —2mi —i(wotizn) (AL -2
— _iefz(wngzzn)to {Wﬁ (WU _'_Z-Zn)ne (wo+ n)( 2t U0>:|

We therefore conclude that the result of this contour integral is

& . n At a —i(wo+iz )(to-&-g—i)
I _ o n @ t - ’ ! o
3 UE}“(w +izy) (0—1- 5 Uo)e

) ) o ik V0AL L,
4. %efz(wngzzn)to f_oo dk |:kne ( 7+ ):|

(vok—wo—izy)

(a) Lower half plane requires S {vok} < 0 and®22t — (—a) < 0, yields

. v At
1 ) ) ) —zk(i% +a)
Iy == iwotiznio / dk [k” ‘
2 : (

- vok — Wy — 12y)

1 ; : —2m1 n —i(wydizy)( At 4
_ _e—z(wg—i-zzn)tg |:Unj:1 (OJU + ZZn) e (wo+ )( 2 +v0):|
0

We therefore conclude that the result of this contour integral is

7 n At a —i izn At a
I4:_:_H(wa+i2n) @ <t0+_+_)€ (wa+z )(t0+2+v0)
vy 2 v

The final result, where ¢t = @ and At =ty — g, thent =ty — %, ort =1tg+ %, is given for

the following conditions

* for poles in the lower half plane is

—i(wotizn)tj—i%E (to—ty) _ ,—i(wotiza)to—i"3" (tf—tg)}

/OO dk | k" cos (ka) [6

e (Vok — Wy — i2y)

i [o (- 2} ) g (1 ) el
(Y

0 Vo Vo
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* for poles in the upper half plane is

_z(wa—i-zzn)tf—zv%(to—tf) - e—Z(wg-i-’LG)to—Z%(tf—to)]

/_OO dk | k"™ cos (ka) [6

o (vok — Wy — 12y)

= T (e +in) [@ (t + 3) et (45) 4 g (t - 3) e‘““"“z")@‘fo)]
(%

0 (o) Vo
D.11.2  For those improper integrals which are of the form

7i(wo-+izn)tf7i% (toftf) .

efi(wngizn)tofi% (tffto)]

e €
/ dk | k" sin (ka)

- (vok — wy — i2y)

and satisfy the contours found in (D.1), we can find their physically sensible closed forms in terms

of a, At, and z, so long as we constrain ourselves to causal results. To do this, we first expand

— 1 [eika

sinka = o — e_““ﬂ. Upon making the expansion, and defining At = t; — t, we are left to

evaluate the integrals:

o0 ik 1)0At+a
Il :le_i(wo—-‘rizn)tf/\ dk‘ [kn e ( 2 ) ]

21 ~ (vok — Wy — 12y)

. v At
1 ' ' [e%9) ezk( 02 —a)
I = — — —z(wo—i-zzn)tf/ dk | k"
2 22’6 e (vok — Wy — 12y)

21 ~ (vok — Wy — 12y)

o0 —ik(2_g
I3 _ — ie_i(wa-‘rizn)to/\ dk’ [k” e ( 2 ) ]

o —ik 1)OiAt-i-a
[4 :le_i(wg+izn)t0/ dl{ [k’n e ( 2 ) ]

2 (Vok — wy — i2y)

—00
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For the case where we consider the cases in (D.1) corresponding to poles (w, + iz,) = a=+bin the
lower or upper half plane, when mapping vok = z to the complex plane, the possible combinations
which give physical results are again tabulated in (D.1). It is clear that these are of the same
form as the previous 4 integrals, off by a phase of ¢’z or e~*2. Therefore, the results follow the
same constraints in the complex plane as before. We evaluate these from inspection of the leading

coefficients of the results above as divided by the appropriate leading factor corresponding tho the

* for poles in the lower half plane is

|:€—i(wg+izn)tf—i%(to—tf) . e—i(wg-‘rizn)to—i%k(tf—to)}

/ dk | k" sin (ka)

o (vok — wy — i2y)

_ nLH (wo + i2)" {@ (t B ﬁ) e—i(wa—i-izn)(t—%) 1o (t n g) e—z‘(w(,+z‘zn)<t+%)}

) Vo Vo

* for poles in the upper half plane is

Wotizn)ts —z% (to —tf) .

e—’i(wg +’izn)t0—iUL2k (tf —to ) i|

o0 |:€_i(
/ dk | k" sin (ka)

—00

_ 7L (wa + ZZn)n |:@ (t + g) e—i(wg-i—izn)(t-&-%) _ e (t . g) e—i(wg-f—izrn)(t_l%)]

Ug +1 Vo Vo

(vok — Wy — 12y)
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