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ABSTRACT

Quantum science and technology provides new possibilities in processing informa-
tion, simulating novel materials, and answering fundamental questions beyond the
reach of classical methods. Realizing these goals relies on the advancement of phys-
ical platforms, among which superconducting circuits have been one of the leading
candidates offering complete control and read-out over individual qubits and the
potential to scale up. However, most circuit-based multi-qubit architectures only
include nearest-neighbor (NN) coupling between qubits, which limits the efficient
implementation of low-overhead quantum error correction and access to a wide
range of physical models using analog quantum simulation.

This challenge can be overcome by introducing non-local degrees of freedom. For
example, photons in a shared channel between qubits can mediate long-range qubit-
qubit coupling arising from light-matter interaction. In addition, constructing a
scalable architecture requires this channel to be intrinsically extensible, in which
case a one-dimensional waveguide is an ideal structure providing the extensible
direction as well as strong light-matter interaction.

In this thesis, we explore superconducting circuit architectures based on light-
matter interactions in waveguide quantum electrodynamics (QED) systems. These
architectures in return allow us to study light-matter interaction, demonstrating
strong coupling in the open environment of a waveguide by employing sub-radiant
states resulting from collective effects. We further engineer the waveguide dispersion
to enter the topological photonics regime, exploring interactions between qubits
that are mediated by photons with topological properties. Finally, towards the
goals of quantum information processing and simulation, we settle into a multi-
qubit architecture where the photon-mediated interaction between qubits exhibits
tunable range and strength. We use this multi-qubit architecture to construct a lattice
with tunable connectivity for strongly interacting microwave photons, synthesizing
a quantum many-body model to explore chaotic dynamics. The architectures in
this thesis introduce scalable beyond-NN coupling between superconducting qubits,
opening the door to the exploration of many-body physics with long-range coupling
and efficient implementation of quantum information processing protocols.
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C h a p t e r 1

INTRODUCTION

A little over a century ago, the e�orts to address what Kelvin noted as a �cloud� in

the otherwise �beautiful and clear sky� of physical theory [1] introduced quantum

mechanics, a new pillar of physics. From the early study of black-body radiation

[2] and the photoelectric e�ect [3], to the progress over decades in testing Bell's in-

equality and its generalizations [4�8], quantum mechanics has been shown to govern

the microscopic world. Although peculiar on its own, quantum mechanics under-

pins major branches of modern physics, including atomic, molecular, and optical

(AMO) physics, condensed matter physics, and high energy physics. Beyond these

areas, quantum mechanics has also deeply in�uenced and spawned new directions

in material science, electrical engineering, and chemistry.

Another paradigm shift happened in the 1970s and 1980s when people started to

view the quantum systems, traditionally as the object to understand, from a new

angle: as the object for us todesignand control. In particular, the connection

to computer science and information theory has predicted the usage of quantum

systems in a broad range of tasks to achieve advantages beyond the capability of

classical systems [9]. This paradigm shift has stimulated the rapid development

of experimental techniques across various physical platforms, including supercon-

ducting circuits [10, 11], solid-state spin systems [12], trapped ions [13], ultracold

atoms or molecules [14�16], and quantum optical systems [17]. The experimental

advance has in turn presented intriguing questions for theorists to ponder. This

lively interaction has been pushing the frontier of quantum science and engineering,

especially in answering the questions at the heart of this �eld: (i) how to build

versatile and accurately controlled quantum systems on a large scale, and (ii) how

to use them to further our understanding of important subjects.

This introductory chapter provides an overview of the background and context for a

broad audience, setting the stage for our e�orts in answering the above two questions.

More speci�cally, with the goal of quantum computation and quantum simulation in

mind, we focus on one of the most promising platforms�superconducting circuits.

We discuss the advantages of this platform and point out a gap between the con-

ventional superconducting circuit architectures and a large-scale versatile quantum
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system with good control. After the introduction of the tool�quantum light-matter

interactions�to �ll this gap, we end this chapter by outlining our work of building

controlled quantum systems and using them to study questions that were out of

experimental reach before.

1.1 Quantum information science

Based on the principles of quantum mechanics, a quantum computer works di�er-

ently compared to its classical counterpart. The building block of a typical classical

computer is abit with the value of either �0� or �1�. In analogy, the most common

type of a discrete-variable quantum information processor is based onquantum bits

(qubitsin short), which not only takes the value ofj0i or j1i but also thesuperposi-

tion of the two statesj i = � j0i + � j1i where�; � are complex numbers satisfying

j� j2 + j� j2 = 1. Intuitively, aqubit carries a greater amount of information than a

bit (Fig. 1.1a). This advantage scales favorably for a quantum information processor

where theentanglementamong the qubits exponentially extends the dimension of

the computational space. Lastly, we extract the result from quantum operations

via measurements that, for example, collapse a qubit into eitherj0i or j1i . In the

end, we are back to the classical world. Nonetheless, the clever design of quantum

algorithms can utilize the quantumness, e.g., by quantum interference and mapping

the results to a state whose measurement outcome can be interpreted easily. Among

the best-known quantum algorithms are Shor's algorithm for �nding prime factors

of an integer that o�ers beyond-polynomial speedup [18] and the Grover's search

algorithm with a more modest speedup [19]. Contemporary quantum algorithms

(a growingQuantum Algorithm Zoocan be found in [20]) have extended to areas

including approximation, optimization, and machine learning.

The grand vision of quantum information processing also comes with grand chal-

lenges. In addition to reliably controlling and reading out the quantum states, we

need to cope with errors in the process. On the one hand, the richer content of a qubit

j i gives rise to a broader range of errors than the classical bit-�ip errors. On the

other hand, the quantum states, usually microscopic or residing at the bottom of the

energy landscape, are more susceptible to occasional random perturbations, even in

the form of slight changes in the nearby atomic arrangements or the presence of a

single photon. Therefore, error correction is necessary in order to process quantum

information faithfully. For example, the classical repetition code [24] encodes �x�

in, e.g., �xxx� with x = 0 or 1. The quantum version of this repetition code also
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Figure 1.1:Quantum information processing. a, Comparison between a classical
bit and a quantum bit. A classical bit takes the value of �0� (blue dot) or �1� (red
square), whereas a quantum bitj i (green arrow) can represent any point on a Bloch
sphere. This panel was generated using QuTiP [21].b, Schematic of the surface
code [22]. Each white (black) circle represents a data (ancilla) qubit. The green and
yellow marks represent operations to check whether an error has happened. The
panel is adapted from [23], reprinted with permission from the copyright holder,
APS.c, Di�erent developing stages of quantum information processing as a function
of error rate and the number of qubits. The panel is adapted from a presentation
by Dr. John Martinis in his tenure at Google, reprinted with permission from Dr.
Martinis.

uses redundancy to overcome bit-�ip or/and sign-�ip errors for a qubit [25, 26].

For a quantum error correction code, important metrics includen, the number of

physical qubits to implement the code,k, the number of error correctable logical

qubits,d, the code distance, i.e., the minimum number of errors needed to convert

one code word into another, and� � , the physical error rate threshold below which

the logical error rate can be suppressed by implementing the error correction code

(see, e.g., [27]). Considering the experimental realization, the topological quantum
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error correction codes epitomized by Kitaev's toric code and surface code [22] have

received broad attention, due to their high threshold and compatibility with physical

platforms featuring only nearest-neighbor connectivity on a two-dimensional plane

(Fig. 1.1b). In the last decade or so, the technical advancement in controlling and

probing bosonic degrees of freedom with long coherence time (the time a quantum

state can retain its information) has spurred the development of bosonic quantum

error correction codes [28, 29]. This development has in turn led to the �rst few ex-

perimental achievements of the break-even point [30�32] where the logical error rate

is measured to be lower than the lowest physical error rate of the constituents. While

the basic quantum error correction only considers the errors happening through a

quantum channel and assumes the encoding and decoding operations are perfect,

this assumption is not valid for realistic physical implementations. Therefore, as

the realization of quantum error correction comes within reach, the concept of fault

tolerance [33, 34] is considered more important, where the entire process of en-

coding, error correction, logical operation, and measurement is under scrutiny and

protocols are devised to control the creation and propagation of errors. In general,

fault-tolerant quantum computation is the path towards building a large-scale uni-

versal quantum computer and realizing the powerful quantum algorithms mentioned

above.

While achieving fault tolerance remains the ultimate yet daunting goal (lower right

corner of Fig. 1.1c), current physical platforms already feature above 50 qubits with

imperfect, up to individual-level controllability. It is valuable to consider what

algorithms or tasks can be implemented on these noisy intermediate-scale quantum

(NISQ) devices without error correction [35] (between the blue and purple region

of Fig. 1.1c). One inspiration came from the well-known quote by Richard Feyn-

man [36]: �Nature isn't classical, dammit, and if you want to make a simulation

of nature, you'd better make it quantum mechanical.� Within the reach of NISQ

devices, variational quantum algorithms [37] and analog or hybrid analog-digital

quantum simulation [38] have been implemented. Their applications cover a wide

range of �elds, including quantum chemistry, optimization problems, condensed

matter physics, and high-energy physics. The recent development in physical plat-

forms steadily improves the qubit number and the control �delity, at the same time

introducing higher levels of programmability and partial-system measurement in

the middle of a quantum simulation. These advancements are �lling the gap before

we can achieve general-purpose quantum computing by showing potential quantum

advantages in tackling long-standing problems that are hard to simulate classically
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[38]. In addition to providing valuable information that is not readily accessible

in, e.g., a condensed matter sample, the quantum simulators also construct systems

beyond natural analogs [39] such as hyperbolic lattices [40] and time crystals [41,

42]. Speci�cally, synthesizing materials using quantum simulators, a bottom-up

approach, o�ers a complement to the top-down condensed matter approaches. For

example, ultracold atoms in optical lattices [14] o�er single-site state read-out res-

olution to study strongly interacting fermions or bosons, the former of which is

deemed to be the foundation of high-temperature superconductivity. The tunability

and individual control of the trapped ion quantum simulators [13, 43] enable the

exploration of non-equilibrium many-body dynamics in quantum magnets, includ-

ing the non-local propagation of two-site correlations [44, 45] and various universal

dynamical classes [46]. The reservoir engineering using superconducting circuits

allows the study of the quantum dynamics of an open system [47] and the usage

of the reservoir to stabilize many-body ground state [48]. These examples, among

many experimental quantum simulation e�orts, shed light on how current and future

NISQ devices contribute to answering questions intractable for both experiments on

natural systems and classical simulations.

1.2 Superconducting circuits

Towards the goals of quantum information science ranging from general-purpose

quantum computing to NISQ-era quantum simulation, superconducting circuits [10,

11] have become one of the leading physical platforms. For quantum devices with

more than 50 individually controllable qubits (see, e.g., [49�52]), the �delity of

arbitrary single-qubit control is above 99.9%, the two-qubit entangling gate �delity

is above 99.5%, and the �delity to perform single-shot individual qubit read-out

is above 95%. The entangling gate time is typically below 50 ns compared to the

coherence time of tens or hundreds of micro-second. The multi-qubit devices have

been used to implement quantum error correction codes, including the quantum

repetition code and the surface code [50, 53�55], demonstrating modest improve-

ment in suppressing logic error as the size of the code scales. Using these devices,

various NISQ applications have also been explored, covering quantum many-body

simulation and material synthesis [39, 56, 57], quantum chemistry and variational

algorithms for optimizations [58�64], and machine learning [65]. Apart from the

multi-qubit devices, smaller-scale superconducting circuits centered on bosonic de-

grees of freedom excel as the �rst system to achieve and go beyond the break-even
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point in quantum error correction [30�32].

Figure 1.2:Superconducting quantum components. a, Josephson junction: cir-
cuit symbol (upper panel) and schematics of a thin layer of an insulator sandwiched
by two superconductors (lower panel). The phase across the junction is' = ' 1 � ' 2.
b, Frequency tunable transmon qubit: circuit diagram (upper panel) and a false-
colored image (lower panel). The inset shows the zoomed-in view of the loop of
two parallel junctions (SQUID). The panel is adapted from [66], reprinted with
permission from the copyright holder, Springer Nature.c, Cartoon showing the
energy level structure of a transmon qubit with an anharmonic oscillator potential
and eigen-energies lying on an unevenly spaced ladder. The lowest two levels (j0i
andj1i ) shaded in orange form the qubit subspace.

The key element enabling such a quantum platform is the Josephson junction, which

consists of a thin barrier or weak link connecting two superconductors (Fig. 1.2a).

In this structure, the Josephson e�ect [67, 68] dictates that the voltageV(t) and

currentI (t) across the junction follow the relations:

I (t) = I c sin (' (t)) (1.1)

@'
@t

=
2eV(t)

~
; (1.2)

whereI c is a junction parameter called the critical current,' is the superconducting

phase di�erence across the junction, ande is the charge of an electron. This set of

equations de�nes an e�ective nonlinear inductor, whose nonlinearity is so strong

that together with other dissipation-less circuit elements, Josephson junctions can

be used to construct mesoscopic arti�cial atoms. A prominent example is one of the

most mature types of superconducting qubits: the transmon qubit [69] (Fig. 1.2b),

which consists of a Josephson junction and its shunt capacitor. The Josephson

junction makes this parallel LC circuit ananharmonicoscillator whose lowest two-

level transition can be resolved from the higher transitions and thus can be controlled
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unambiguously (Fig. 1.2c). These two levels serve as the basis statesj0i andj1i

(also denoted as groundjgi and excitedjei states) discussed in Sec. 1.1 and form

the qubit subspace. This two-level system can be prepared in an arbitrary qubit state

j i via a microwave pulse resonant to this transition (XY control). Additionally,

the energy spacing of this qubit is tunable when the nonlinear inductor is composed

of two parallel Josephson junctions forming a loop (a superconducting quantum

interference device, also known as SQUID). In this case, the magnetic �ux threading

the loop changes the total e�ectiveI c and therefore the transition frequency of this

qubit (Z control). To read out the state of the qubit, the most common method is to

couple the qubit with a far-detuned microwave resonator. The weak hybridization

between the qubit and the resonator gives rise to a qubit-state-dependent resonator

frequency. Probing the read-out resonator frequency by sending in a microwave

tone allows us to deduce the state of the qubit.

Thanks to the above mature control and read-out toolkit and the long coherence time,

transmon qubits have been the dominant constituents for multi-qubit superconduct-

ing quantum devices. At the architecture level, the most popular way to construct

a general-purpose quantum computer keeping fault tolerance in mind is to place

the transmon qubits at the vertices of a two-dimensional (2D) lattice, e.g., a square

lattice (Fig. 1.3a and b). The qubits directly connected with an edge are coupled via

either direct near-�eld coupling or a coupler, realizing 2D nearest-neighbor connec-

tivity suitable for implementing the surface code [22]. This general architecture and

its one-dimensional version, which is natural and technically easy to implement, has

also been the mainstream for quantum simulation purposes.

However, the nearest-neighbor (NN) connectivity has its limitations. For example,

although the surface code has exceptionally high error threshold, it is also associated

with costly overhead. In fact, the family of quantum low-density parity-check

(LDPC) code [34, 71], which the surface code belongs to, exhibits the trade-o�

between the number of logical qubitsk and the code distanced introduced in

Sec. 1.1 askd2 � O(n) [72, 73], wheren is the number of physical qubits in an

locally connected architecture. This constraint makes the realization of fault-tolerant

quantum computing an extremely daunting task requiring a formidable amount of

physical qubits due to the low code ratek=n. The recent development of high-rate

quantum LDPC codes show the potential of reducing the overhead by more than an

order of magnitude compared to the surface code [70, 74]. The major obstacle to

implement such high-rate codes lies in the lack of long-range connectivity (Fig. 1.3c)
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Figure 1.3:Superconducting quantum processors and architectures. a, Optical
image of the Sycamore quantum processor from Google.b, The layout schematics
of the Sycamore process. Panelsa and b are adapted from [49], reprinted with
permission from the copyright holder, Springer Nature.c, The schematics of a
proposed architecture to implement high-rate quantum LDPC code. The qubits
are still on a 2D grid with additional long-range coupling between beyond-nearest-
neighbor qubits. The panel is adapted from [70], reprinted with permission from
the copyright holder, APS.

in mainstream architectures.

The limitation of NN connectivity is more profound in quantum simulations. An

important application of quantum technology is to simulate chemical or material

structures, reactions, and even dynamics, where the electrons are the basic con-

stituent [75, 76]. To simulate the electrons using superconducting qubits [59, 62,

77]�spin systems in nature, we need to perform the Jordan-Wigner transforma-

tion [78], which maps an electron to non-local combinations of spins. As a result,

the interaction between electrons translates to non-local interaction between spins,

which is ine�cient to implement in an NN-connected architecture with �nite error

rate in every operation. Moreover, the NN connectivity directly limits the analog or

analog-digital hybrid quantum simulations, where the Hamiltonian to study is emu-

lated by the quantum simulator. The NN constraint precludes the access to a broad

range of Hamiltonians, including the ones featuring fast spreading of entanglement

[44, 45, 79�82], the ones with exotic ground states as a result of frustration [83�91],

and the ones exhibiting non-equilibrium dynamics belonging to di�erent universal
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classes [46]. Further, long-range connectivity also increases classical simulation

complexity [92], enabling easier access to the regime where NISQ devices exhibit

quantum simulation advantage over classical computers. These prospects in both

fault-tolerant quantum computation and NISQ-era quantum simulation have being

calling for a superconducting circuit architecture with beyond-NN connectivity.

1.3 Quantum light-matter interfaces

The study of light-matter interaction [93, 94] plays an essential role in major topics

of physics, ranging from the laser theory [95] in AMO physics to probing or imaging

techniques [96] in chemical or condensed matter physics. Especially, light-matter

interaction provides an indispensable toolbox to control a quantum system, driving

the experimental progress in quantum information science discussed in Sec. 1.1. A

strong light �eld driving a two-level transition in, e.g., an atom, can be formulated

by the driven two level system model and gives rise to the Rabi oscillation often

used for the XY control. In the other limit, when the quantized light �elds are in

their ground state (i.e., the vacuum), the process of the atom starting from a higher-

energy (excited) state and emitting into its surrounding light �elds can be described

by spontaneous emission (Fig. 1.4a). This process leads to exponential decay of the

excited state population, a basic form of decoherence and an important starting point

to study a quantum system in an open environment. In between the two limits where

bi-directional interaction between an atom and quantized light �elds take place, the

key is to achieve thestrong coupling regimewhere the interaction happens faster

than the ubiquitous spontaneous decay. The coupling strengthg exhibits the relation

g / j dj=
p

V [93], whered is the transition dipole moment andV is the mode

volume of the light �eld.

To enhance the light-matter interaction, a common approach is to con�ne the light

�eld in a cavity such that the mode volume is small enough (Fig. 1.4b). This

approach has led to the fruitful �eld of cavity quantum electrodynamics (QED). The

experimental realization of cavity QED was pioneered in the microwave domain by

the Haroche group using Rydberg atoms coupled to a superconducting cavity [97]

and in the optical domain by the Kimble group using low-loss Fabry-Pérot cavities

[98] and microtoroid cavities [99]. Cavity QED has enabled important techniques

such as the usage of a cavity to change the environment of a quantum emitter and

thus control its emission rate, as described by the Purcell e�ect [100]. The Purcell

e�ect has been widely used for both cold atoms and solid-state quantum emitters in
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Figure 1.4: Schematics of quantum light-matter interaction interfaces. a, A
quantum emitter (red ball) in free space (light blue shade).b, Cavity QED: a
quantum emitter couples to the cavity �eld (blue) with rateg. The orange wavy
arrow represents the spontaneous decay rate of the emitter and the blue arrow is for
the cavity. c, Waveguide QED: a quantum emitter couples to a waveguide (blue)
with the emission rate into the waveguide� 1D and spurious emission rate� 0.

applications such as the quantum network [101] and photonic quantum computing

[102]. Moreover, the cavity �eld shared by, e.g., atoms serves as a medium to induce

all-to-all coupling between the atoms, creating highly-entangled states valuable for

quantum sensing [103] and metrology [104]. For superconducting circuits, cavity

QED acts as the foundation of qubit state read-out via a microwave resonator in

the dispersive regime where the qubit and the resonator are far detuned [105].

Additionally, thanks to the large dipole momentjdj of the qubit and the con�ned

microwave �eld in the resonator, the qubit-resonator coupling is so strong that the set

of qubit frequencies depending on di�erent resonator photon numbers is resolvable

[106]. This so-called strong dispersive regime has enabled fast quantum control over

resonators with long coherence time [107], opening up the �eld of bosonic quantum

computing and error correction mentioned in Sec. 1.2. Similar to the atomic physics

experiments, microwave resonators have also been employed to mediate all-to-all

coupling between qubits, facilitating multi-qubit entanglement [108, 109] and the

quantum simulation of many-body localization [110, 111] and dynamical phase

transitions [112].

Another approach with enhanced light-matter interaction is to couple quantum

emitters to the con�ned light �eld in a one-dimensional (1D) waveguide (Fig. 1.4c),

a burgeoning research area called waveguide QED [113]. Compared to cavity QED,

waveguide QED provides an intrinsically extensible degree of freedom, serving

as the basis of scalable architectures. Arguably, the pioneering waveguide QED

experiment with a single quantum emitter is the coupling of a quantum dot to a

nanowire plasmonic waveguide in 2007 [114]. Since then, waveguide QED has

been demonstrated across various platforms, including quantum dots coupled to
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photonic crystal waveguides [115] (Fig. 1.5a), cold atoms coupled to photonic crystal

waveguides or nano �bers [116, 117] (Fig. 1.5c), superconducting qubits coupled

to microwave transmission line waveguide or waveguide structures with engineered

dispersion [118�120] (Fig. 1.5b), and solid-state defects coupled to nanophotonics

platforms [121]. Among the platforms, superconducting circuits achieve the highest

Purcell factorP1D � � 1D=� 0, a key �gure of merit in waveguide QED quantifying

the ratio of the emitter decay rate via the waveguide� 1D versus that through other

spurious channels� 0[100, 122]. The large Purcell factor in superconducting circuits,

indicating strong qubit-waveguide coupling, results from the large qubit dipole

momentjdj and the extremely strong waveguide con�nement of the microwave

�eld perpendicular to the propagation direction (the width of a transmission line

waveguide is usually smaller than 0.2% of the microwave wavelength compared

to common optical feature sizes of greater than 10% wavelengths for photonic

crystals or nano �bers). This strong coupling even gives access to the ultra-strong

coupling regime where the qubit-waveguide coupling rate is comparable to the qubit

frequency [123].

Figure 1.5:Waveguide QED platforms. a, A single quantum dot (in the orange
area) coupled to the photonic crystal waveguide (unpatterned rectangle surrounded
by photonic crystals forming triangular lattice), adapted from [124], reprinted with
permission from the copyright holder, APS.b, A single superconducting �ux qubit
(pink pentagon ring) couples to a microwave transmission line waveguide (pink
wire at the bottom). The blue and magenta arrows show the input and output waves,
respectively. The dashed thin arrows show the emission from the qubit into the
waveguide. This panel is adapted from [118], reprinted with permission from the
copyright holder, the AAAS.c, A few cesium atoms (the atomic cloud shown as the
elongated red ellipse) couple to the alligator photonic crystal waveguide (APCW,
shown as the grey structure). The inset shows an SEM image of an APCW section.
This panel is adapted from [116], reprinted with permission from the copyright
holder, APS.

Although relatively nascent, waveguide QED holds the potential in numerous appli-

cation regimes, which in general fall in two categories: (i) the quantum control of
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itinerant waveguide photons via the emitters and (ii) the interaction between quantum

emitters mediated by waveguide photons. The �rst category [125] includes single-

photon switches [122] and the creation of highly entangled photonic states [126,

127] as central resources for measurement-based quantum computing [128], where

quantum entanglement is prepared beforehand and the information processing takes

place by rounds of measurement on selected qubits. The second category introduces

interaction between distant emitters coupled to the same waveguide, serving as the

foundation of non-local entangling gates for gate-based quantum computing [129]

or quantum simulation of a wide range of many-body physics models [130].

1.4 Outline of the thesis

In this thesis, we use superconducting circuits as the platform to approach the

central goals of quantum information science. In particular, the thesis is centered

on exploring alternative superconducting circuit architectures to introduce beyond-

nearest-neighbor interaction between qubits, �lling the current connectivity gap that

is limiting the e�cient fault-tolerant quantum computation and NISQ-era quantum

simulation of a wide range of models. Here, we use the strong light-matter inter-

action in superconducting circuits to bring in non-local degrees of freedom. These

novel circuit architectures have in turn served as the playground to study novel light-

matter interactions, the ensuing non-trivial qubit-qubit interaction, and the resulting

quantum many-body dynamics. The structure of the thesis is also illustrated in

Fig. 1.6.

With this overview, we provide an outline of the rest of the thesis containing three

parts: background and methods (Chapter 2-3), main results (Chapter 4-6), and future

directions (Chapter 7).

In Chapter 2, we introduce the generic setting of quantum emitters coupled to a

waveguide. We focus on the theoretical description of this waveguide QED picture

and develop the formalism in two regimes categorized by the relative detuning

between the quantum emitters and the itinerant waveguide photonic modes. In each

regime, we study the e�ects of light-matter interaction and the photon-mediated

interaction between multiple quantum emitters.

In Chapter 3, we provide details of the key stages in waveguide QED experiments,

including design, fabrication, and measurement. Speci�cally, we highlight the

practice beyond common superconducting qubit experiments that has enabled our

work in this thesis.
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Figure 1.6: Structure of the thesis. Based on the platform of superconducting
circuits, we use light-matter interaction to construct waveguide QED architectures
featuring long-range connectivity, which serve as unique resources for NISQ-era
quantum simulation and the ultimate goal of fault-tolerant quantum computation.
Along the way, we have observed strong coupling and coherent dynamics in waveg-
uide QED (labeled "Magic" cavity) [47], explored photon-mediated interaction with
a topological waveguide [131], and built a quantum simulator to study many-body
dynamics in�uenced by long-range coupling [132].

In Chapter 4, we apply the knowledge and techniques from the previous chapters

to achieve strong coupling between qubits in the open environment of a waveguide.

This important step of waveguide QED is enabled by the long coherence time of

the sub-radiant states resulting from the collective e�ects of light-matter interaction.

The results in this chapter are published in [47].

In Chapter 5, we explore the intersection of light-matter interaction and topological

photonics using a dispersion-engineered waveguide. We observe novel qubit-qubit

interaction endowed by waveguide photons with topological properties in both the

passband and the bandgap. The results in this chapter are published in [133].

In Chapter 6, we move from simulating a topological photonics model in the previous

chapter to simulating a quantum many-body model. Speci�cally, the waveguide

QED architecture introduces long-range connectivity in a lattice that hosts strongly

interacting microwave photons and is formed by qubits coupled to a bus waveguide.

This long-range connectivity enables the study of quantum chaotic dynamics in the

many-body regime. The results in this chapter are published in [132].

Finally, in Chapter 7, we provide an outlook for the novel waveguide QED archi-
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