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Waveguide quantum electrodynamics, ultracold matter waves, and complex analysis:
a modern study of spontaneous emission

by Alfonso LANUZA

The use of matter waves in lieu of photons constitutes a new and promising platform
for studying waveguide quantum electrodynamics (WQED). In wQED, one or more quan-
tum emitters (QEs) are coupled to a waveguide that propagates photons. The matter-
wave analog switches the roles of matter and light by making use of ultracold atoms
trapped in state-dependent optical lattices with the capacity to act as QEs (in the form
of lattice wells) or waveguides for the atoms (in the form of lattice tubes). By modify-
ing their internal state with a microwave, the atoms can be trapped in the wells or freely
travel along the tubes as spontaneously emitted matter waves.

The introduction of this experimental platform addresses multiple needs in wQED,
establishing a pathway for fundamental studies of light-matter interactions: it provides a
tunable geometry with identical equally-spaced QEs, controllable initial states, no emitter
decay to modes outside of the waveguide, methods to measure the quantum state of both
emitters and the emission, and a coupling between the QEs and the waveguide that can
be varied between the weak and strong regime. But most remarkably, as matter waves
are several orders of magnitude slower than photons, they are an ideal candidate for
the real-time measurement of the so-called “non-Markovian dynamics”, that break the
assumption that QEs radiate waves that are irreversibly lost to the waveguide. The slow
matter waves can indeed be reabsorbed by the same or an adjacent QE before they escape,
or even become bound to the emitters in a dynamical equilibrium between being emitted
and reabsorved.

This dissertation integrates recent experimental advancements in matter-wave wQED
with a theoretical framework that employs complex analytical techniques to characterize
these and other wQED systems.
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To my beloved family

“The shortest path between two truths in the real domain passes through the complex domain.”
-Jacques Hadamard [1]

“...in the same way we will not consider the spaces or the shortest lines, but those which can be
traveled most easily, most conveniently and in the shortest time.”

-Pierre de Fermat, about the study of light [2]
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Chapter 1

Introduction

The history of light [3] unfolds through different civilizations and epochs, starting with
the ancient Greeks' who laid the groundwork for later advancements in optics and astron-
omy. The Islamic Golden Age 2 saw signi cant advancements by scholars like Alhazen in
optics, including the principles of re ection and refraction. Starting in the 16th century,
the Scienti ¢ Revolution brought about pivotal discoveries by gures such as Coperni-
cus, Kepler, Descartes, Fermat, Huygens, and Newton, shaping our comprehension of
light. Whether light behaved as a particle or a wave was a central point of contention be-
tween scholars, with the latter consolidating its prominence in the second half of the 19th
century after Maxwell's theory and Hertz's experiments on electromagnetic waves. The
20th century ushered in revolutionary theories in physics, including quantum mechanics
and relativity, further illuminating the very nature of light. The developments that fol-
lowed the elucidation of the wave-particle duality of light, such as the discovery of laser
technology, entanglement, and the exploration of optical bers for communication revo-
lutionized both fundamental physics and practical applications in optics and photonics.
Each era built upon the knowledge of its predecessors, culminating in a comprehensive
understanding of light across various disciplines.

1.1 A quantum theory of light

The concept of a black body in a radiative equilibrium was introduced by Gustav Kirch-
hoff in 1860 based on rather simple arguments. Remarkably, this feat preceded the dis-
covery of the electromagnetic nature of light, that light carries energy and momentum or
that accelerated charges emit and absorb radiation. It wasn't until 1900 that Planck found
a formula that perfectly describes the full black-body spectrum [4], even at ultraviolet fre-
guencies. He did so by modeling the walls of the cavity as a collection of one-dimensional
harmonic oscillator antennas that possessed not a continuous but rather a discrete set of
energies. As he would later describe it, this was “an act of desperation” [3] that, however,
marked the birth of quantum mechanics. The idea that the same phenomenon could be
expected if the radiation inside the black body was an ideal gas of free particles with an
energy proportional to their frequency came from a young Albert Einstein just 5 years

1800 BC to 200 AD, centered in Athens and then Alexandria but also extending to Anatolia, Syria, and

Egypt.
28th to 13th centuries, with centers in Baghdad and Cordoba.
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Chapter 1. Introduction

later. His explanation of the photoelectric effect [5] was meant as an argument to rein-
force this conclusion, thus fathering the concept of a light quantum. The modern term
“photon” was later coined by Gilbert N. Lewis in 1926 [6], although its precise meaning

differed from Einstein's light quantum and is still a source of controversy [7].

In 1927, Paul Dirac took another foundational step in the quantization of light [8] by
introducing the idea that every frequency mode in an electromagnetic wave can be inter-
preted and quantized as a simple harmonic oscillator. Soon after, Weisskopf and Wigner
[9] used Dirac's newfound theory to calculate exponential decay rates in spontaneous
emission processes. In early semiclassical models, the idea of an energetic vacuum that
could “jostle' an excited atom into emitting a photon was considered the fundamental
source of noise and dephasing [3].

In 1935, Einstein, Podolsky, and Rosen [10] raised concerns about the seemingly para-
doxical no-separability of quantum mechanical states. Their proposal questioned the
completeness of quantum mechanics and several theories, known as “hidden variable
theories” [11], aimed to amend this. However, John Bell thought otherwise and came up
with a famous set of inequalities [12] that any theory of hidden variables —unlike quantum
mechanics— should satisfy. A version of these inequalities [13] was violated for the rst
time with photons emitted in an atomic cascade of calcium [14]. In recent times, photon
entanglement has led to multiple developments such as the creation of photonic cat states
[15] or, remarkably, computational advantage in photon-based quantum computers over
regular ones [16].

In 1946, Purcell observed an enhancement in the decay rate of atoms by placing them
in a cavity featuring a modi ed vacuum [17]. Moreover, by sharing the same vacuum,
nearby emitters no longer emit independently, but collectively. This realization allowed
Dicke in 1954 to predict that a collection of nearby excited atoms can “superradiate a
burst of light” [18]. Another dramatic consequence of the quantum vacuum was the dis-
covery Casimir force [19] that two neutral conducting plates feel due to their modi ca-
tion of the quantum vacuum. Nowadays, cavity quantum electrodynamics (cCQED) is a
thriving eld, with famous contributions from Walther [20], Haroche [21], Kimble [22], or
Wineland [23].

In 1956, R. Hanbury Brown and R. Q. Twiss demonstrated an interferometer that they
originally developed to measure the tiny angular size of stars against arti cially created
light by a mercury arc [24]. Unlike conventional interferometers that focus on measuring
the phase correlations of two light paths, Hanbury Brown and Twiss measured the cor-
relations in intensity nding positive correlations (photon bunching) when the detectors
were close to one another. This experiment raised debate on the quantum statistics of
photonic sources, with important contributions from multiple physicists such as Roy J.
Glauber or Leonard Mandel [25] who later used these ideas to develop a quantum theory
of optical coherence [26, 27] that could describe the quantum state and corresponding
statistics of the newfound laser light. This technological development, achieved rst in
1955 by Gordon et al. [28] in an ammonia maser (microwave ampli cation by stimulated
emission of radiation), was extended [29, 30] to the optical domain, thus obtaining a laser

2



Chapter 1. Introduction

(light ampli cation by stimulated emission of radiation). The invention of the laser has
revolutionized many areas, such as spectroscopy [31], interferometry [32], remote sensing
[33], atomic manipulation [34], or the investigation of non-linear optical phenomena [35,
36], nding applications in practically every empirical science.

1.2 Quantum electrodynamics in waveguides

The electromagnetic vacuum in cQED is discretized by the harmonics within the cavity
plates. Consequently, if the cavity is perfectly isolated, the decay dynamics of atoms in-
side the cavity exhibit periodic behavior: the emitted photon re ects off the cavity mirrors
and is subsequently reabsorbed by the atom. In contrast, atoms in free space experience
irreversible decay due to their coupling with a three-dimensional continuum. A hybrid
approach, achieving strong coupling to an open quantum system with minimal dissipa-
tion, can be realized by con ning light with mirrors in two transverse directions while
leaving the remaining dimension open, thereby creating a waveguide.

Understanding spontaneous emission in modi ed vacua is particularly intriguing when
the electromagnetic elds form a band structure, as energy bands possess both continu-
ous and discrete characteristics. Although V. P. Bykov pioneered these concepts in 1975
[37], they did not gain widespread recognition in the West —presumably due to the Cold
War— until decades later through the works of Sajeev John [38—-43].

These photonic band structures are present in photonic crystals [44], such as waveg-
uides with a periodic index of refraction. When one quantum emitter resonates inside one
of the band gaps, the emitted photon cannot propagate [45] and remains localized around
the emitter as an evanescent wave. This photon-emitter bound state is robust to dephas-
ing [46] and, if it is suf ciently large to overlap with another emitter, the photon can be
reabsorbed, providing a dissipation-free mechanism for interactions between quantum
emitters [47, 48].

Initially motivated by applications in laser technologies, these systems have garnered
signi cant fundamental interest, leading to the emergence of a distinct eld known as
waveguide quantum electrodynamics (WQED). Current research topics in this eld in-
clude the role of the waveguide's dimensionality [49], the presence of one [50] or mul-
tiple energy bands [51], topological effects [52], emission by “giant atoms” [53-55], the
in uence of emitter arrangements [51, 56, 57], the delay of radiation traveling between
emitters [58-63], and multi-photon dynamics [47, 50, 61, 63—70].

1.3 Experimental platforms

There are several experimental platforms for the research of WQED [71]. Every platform
has strong and weak points, but they form a substantially complete picture of the eld
together. Here we describe them brie y.
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Coupling ef ciency b

er b superconducting qubits  C quantum dots € cold atoms + nano ber g “giant atom”:
wwwww superconducting
dots qubit + waveguide

h matter waves +
f cold atoms + alligator waveguide optical lattices

***** ber d silicon vacancies

1 10 100 1000
Number of emitters N

FIGURE 1.1:a, Comparison of a waveguide coupling ef ciency b and number of emitters N for dif-
ferent platforms of waveguide quantum electrodynanbels, Schematics of different platforms. Figure
panels a-h are respectively reproduced from Refs. [71-78] with permissions from A. N. Poddubny,
the APS, Springer Nature, and the American Association for the Advancement of Science; the
matter-wave platform ( h) is contextualized by including itin a.

» Superconducting qubitf/9]. They are made with superconducting electrical circuits

carrying Cooper pairs at microwave frequencies. Contrary to popular belief, the
main reason why superconducting circuits are cooled at 10 mK to reduce thermal
noise and decoherence, rather than to make them superconducting [80]. Quantum
emitters or qubits in this platform consist of LC circuits with a Josephson junction.
The waveguide can be implemented with either microwave transmission lines [77]
or surfaces hosting acoustic waves (phonons) [81]. They have the advantages of
tunable couplings, individual qubit control, high coupling ef ciencies 2(b' 0.999),
and site resolution for measurements and state preparation. Moreover, liberties in
the design of the circuit allow to couple the quantum emitters at several points along
the waveguide, effectively realizing "giant atoms' [77]. Their disadvantages are their
noise, decoherence time, and that qubits are not entirely identical.

Quantum dots[73, 82, 83]. This platform consists of depositing hanoscopic semicon-
ducting particles on a nanophotonic waveguide. The particles -known as quantum
dots- are small enough to discretize the energy levels of the electrons they host,
acting as arti cial atoms capable of absorbing and emitting single photons. The dot
cannot absorb two photons or more due to Coulomb blockade. Quantum dots count
with relatively high coupling ef ciency to the waveguide ( b ' 0.99), but producing
identical quantum dots with a precise and regular placement along the waveguide
is technically challenging. Furthermore, the states of the quantum dots cannot be
directly manipulated or detected as they need to be accessed through the waveg-
uide.

Vacancies in diamond waveguidedsing focused ion beams, Silicon [74] or Germa-
nium [84] vacancies can be implanted along a diamond waveguide. These diamond
defects act as quantum emitters for the light. Vacancies are less tunable in frequency

3The coupling ef ciency b of a QE is the ratio between the decay into modes inside the waveguide

and the total decay of the QE, which also includes radiation outside the waveguide and the homogeneous
nonradiative decay rate [71].
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than quantum dots and present poorer coupling ef ciencies ( b 0.5), but they are
more uniform as all share a common molecular structure. Inhomogeneities still ex-
ist from the stochastic bunching of defects, changing the local environment of the
vacancies.

+ Cold atoms A gas cloud of individual alkali atoms (like 8’Rb or 133Cs) can be opti-
cally trapped near a ber [75] or an alligator waveguide [76]. The trapping potential
is done with strong lasers that are off-resonance with the atoms, so they don't par-
take in single-photon emission or absorption processes. Lowering the temperature
in these systems helps trap the atoms and reduce their Doppler shift. Although
these systems have the lowest coupling ef ciencies (b 0.1 or 0.01), thousands of
atoms can act as perfectly identical quantum emitters. Moreover, an evanescent
eld optical lattice for the atoms can be conducted through the ber [85] to tune
the distance between atoms. These properties make the platform a strong candidate
for the study of collective radiative effects such as inter-emitter retardation [86] or
superradiant bursts [87].

» Matter waves This platform switches the roles of matter and light, as if making full
use of wave-particle duality, and employs optical-lattice wells as quantum emit-
ters, optical-lattice tubes as waveguides, and atomic matter waves as radiation (see
FIG. 1.1h). It was rst proposed by de Vega et al.[88], further developed in Refs. [89,
90] and implemented by Krinner et al.[78] in our ultracold atoms lab at SBU. This
platform stands out for having perfect coupling ef ciency (b = 1), no thermal noise,
extremely slow dynamics, a versatile control over the initial quantum states, being
fully tunable (even while the experiments are taking place and over multiple param-
eter regimes), and simultaneously capturing the states of emitters and radiation. On
the downside, atom-atom interactions limit the coherence of the experiments. All
these properties make the matter-wave platform more suitable for studying non-
Markovian dynamics [78, 91, 92].

1.4 About this dissertation

The aim of this work is three-fold. Firstly, we give a cursory explanation of the matter-wave
platformto later present the results of our experiments. Secondly, we aim to describe and
develop complex analytical techniques that allow an exact description of WQED systems.
Thirdly, we seek a uniform and systematic analysis of WQED phenomena while tracing
back their physical origins whenever possible.

This dissertation is structured as follows. Chapter 2 is dedicated to describing in depth
the matter-wave platform. In 2.1 we explain how to ultracool atoms and in 2.2 we explain
in detail how to execute wQED experiments using them. Chapter 3 is dedicated to the the-
ory behind wQED. In 3.1, we present the Markovian emitter, in 3.2 we explain coupling-
induced non-Markovain effects, we study the role of the emitter size in 3.3 and photonic
band structure in 3.4, in 3.5 we look at array effects from multiple emitters, and in 3.6 we
investigate the effects of multiple excitations. Chapter 4 is reserved for conclusions.



Chapter 2

Creation and manipulation of ultracold
matter waves

In his doctoral dissertation of 1924 [93] and inspired by Planck and Einstein's ideas on the
dual wave-particle nature of light, Louis De Broglie hypothesized wave-like properties
for particles, challenging the classical view of matter. Experiments like electron diffraction
[94, 95] soon con rmed his idea, solidifying wave-particle duality as a pillar of quantum
mechanics.

Bose and Einstein's theoretical work [96] on bosonic statistics in 1924-25 laid the ground-
work for Bose-Einstein condensates (BECs). These exotic states, where bosons colloqui-
ally occupy the same quantum state at ultracold temperatures, remained experimentally
elusive for decades. Six decades later, pioneering laser cooling techniques [97] paved the
way for the rst BEC of rubidium atoms in 1995, achieved by Cornell and Wieman [98]
and shortly thereafter by Ketterle [99] with sodium. These landmark experiments opened
a new era, allowing for the manipulation of ultracold matter at the quantum level.

2.1 Preparation of a Bose-Einstein condensate

In this section, we explain in broad terms how we prepare BECs in our ultracold atoms
lab, which is to date the only lab that has realized the matter-wave platform for wQED.
This is by no means the state of the art in Bose-Einstein condensation [100-103], but it
serves as an introduction to the elements involved in these experiments. For further tech-
nical details, see Ref. [104] or past PhD dissertations from our group [105-108].
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FIGURE 2.1: Ultracooling process inside the vacuum chambarbroken ampoule with solid &’Rb
inside an oven (1) lIs the vapor cell (2) with sublimated rubidium gas. A magneto-optical trap
starts the cooling process, which continues after transport (3) to the ultra-high vacuum of the
science cell (4), where evaporative cooling takes place until a BEC is formed. Adapted from [104];
the components are not to scale.

The cooling procedure consists of the following steps (see FIG. 2.1):

@ The rubidium oven is a part of the vacuum chamber
with a 8Rb ampoule that was broken after creating the vac-
uum. 8/Rb sublimates at room temperature, but additional
heating can be applied through small coils wrapped in alu-
minum foil for additional control of the vapor pressure (

10 8mbar).

@ The rubidium gas lIs the vapor cell, where two
large coils made of hollow-core copper tubing and six
laser beams are activated to produce a magneto-optical trap
(MOT). The coils run a strong current in anti-Helmholtz
con guration and ltered water for cooling. The beams
have the circular polarizations indicated in the right g-
ure. Around 1010 atoms are trapped and Doppler-cooled
to a few 100pK in the MOT. Then, the coils are tem-
porarily switched off to further cool the rubidium to
50 pK through optical molasses (Doppler and Sisyphus cool-

ing).
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