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Abstract

In circuit quantum electrodynamics (QED) effective light-matter interactions can
be studied in terms of superconducting two-level systems (“artificial atoms”) cou-
pled to microwave resonators. Compared to regular cavity QED systems with
atoms and optical photons, the achievable coupling strengths in such artificial sys-
tems can be enhanced by many orders of magnitude and even exceed the bare
energies of the photons and atoms. In this so-called ultra-strong coupling (USC)
regime the simple physics of the Jaynes-Cummings model is no longer valid and
new exotic phenomena emerge.

This thesis addresses the physics of circuit and cavity QED systems beyond the
standard description based on the Dicke model. First of all, a rigorous derivation
of the effective circuit QED Hamiltonian is presented, which shows that the Dicke
model is no longer valid in the USC regime of circuit QED. Instead, a new model,
the Extended Dicke model (EDM), is identified as a physically consistent descrip-
tion. In the remainder of the thesis, the physics of the EDM is studied, first in
the case of non-interacting qubits. From this analysis a new ground state phase,
the subradiant phase, is found, where the qubits decouple from the photons, but
at the same time they are strongly entangled with each other. In a next step the
cases of repulsively and attractively interacting qubits are discussed. From this
analysis it can be shown that the origin of the usual superradiant phase transi-
tion is related to the presence of attractive qubit-qubit interactions and not to the
presence of a cavity mode, as commonly understood. In the successive parts of the
thesis also the excited states of the EDM are discussed, in particular in the low-
photon-frequency regime. In this limit the photons behave as effective particles
moving in a potential landscape determined by the coupling to the qubits. Several
symmetry-breaking transition in the qubit excited states are found and ways to
probe them are discussed. Finally, as an application of these new USC effects
a scheme to extract entanglement from the subradiant vacuum and a quantum
simulation scheme of the EDM with trapped ions are proposed and analyzed.
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Zusammenfassung

“Circuit quantum electrodynamics (QED)” bezeichnet ein junges Forschungsfeld in
dem effective Licht-Materiewechselwirkungen anhand der Kopplung von supraleit-
enden Qubits (“kiinstliche Atome”) und Mikrowellenphotonen untersucht werden.
Im Vergleich zu traditionellen Resonator QED Systemen mit Atomen und optis-
chen Photonen kann in diesen kiinstlichen Systemen die Kopplungsstiarke um viele
Grofs enordnungen erhoht und dadurch vergleichbar mit der absoluten Energie
der Photonen werden. In diesem Regime der sogenannten ultrastarken Kopplung
(USK) gelten die bekannten Gesetze der Quantenoptik nicht mehr und neue exo-
tische Phénomene treten zu Tage.

In dieser Dissertation werden die grundlegenden physikalischen Eigenschaften
von Circuit- und Resonator-QED Systemen anhand von einfachen Modellen be-
schrieben und diskutiert. Dazu wird insbesondere durch verschiedene explizite
Herleitungen gezeigt, dass in diesem Regime das oft verwendete Dicke Model seine
Giiltigkeit verliert und durch ein erweitertes Dicke Model (EDM) ersetzt wer-
den muss. Im Bereich USK sagt dieses Model einen neuartigen, subradianten
Grundzustand voraus, in welchem die Qubits oder Atome von den Photonen kom-
plett entkoppelt, aber gleichzeitig untereinander stark verschrénkt sind. Durch die
Ableitung von weiter vereinfachten effektiven Modellen kann diese Phase, so wie
auch viele andere Eigenschaften des Grundzustands und der angeregten Zusténde
von stark-wechselwirkenden Licht-Materie Systemen, verstanden werden. Dadurch
konnten mit dieser Dissertation auch jahrelang kontrovers diskutierte Fragen in
diesem Feld, wie zum Beispiel die Existenz eines superradianten Phaseniiber-
gangs, entgliltig geklért werden. Basierend auf diesem neuen grundlegenden Ver-
standnis werden in dieser Dissertation des Weiteren ein Protokoll diskutiert, um
stark verschrinkte Zustiande aus dem subradianten Vakuum zu extrahieren und
die Moglichkeit das EDM mit Hilfe gefangener Ionen zu simulieren im Detail
analysiert.
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Chapter 1

Introduction

1.1 Cavity quantum electrodynamics

The study of light-matter interactions had a paramount importance for the devel-
opment of quantum mechanics [1]. At first, light-matter interactions were studied
in free space, where the coupling between radiation and matter is small. These
types of considerations led to, e.g., the understanding of spontaneous emission |2,
3] and the Lamb shift [4]. In 1946 Purcell discovered the Purcell effect: enhanced
spontaneous emission rate of an atom placed in a resonant cavity [5, 6]. This
discovery can be viewed as the start of cavity quantum electrodynamics (QED) [7]
the study of light-matter interactions between confined electromagnetic modes of
a cavity and atoms or other matter systems. The relevant energy scales in the
problem are the frequencies of the cavity and the matter systems, w, and w,, the
coupling between light and matter g and the dissipation rates of the cavity and
matter, k and -, respectively. The Purcell treatment is valid in the weak coupling
regime of cavity QED where the cavity can still be treated as a continuum, i.e.
g <L K.

A new regime of cavity QED is reached when the light-matter coupling g is
larger than the dissipation rates v and k, the strong coupling regime |7, 8]. The
strong coupling regime was first demonstrated in systems with a large number of
atoms interacting with the electromagnetic field [9]. In multi-atom systems the
coupling of light and matter is enhanced by the number of atoms N to v/Ng,
which facilitated the observation of the strong coupling regime with a small single
atom-photon coupling g < ,v. The regime where the collective coupling v Ng
is larger than the dissipative rates is also called collective strong coupling. With
single atoms the strong coupling regime was reached in 1987 using microwave
cavities [10]. In the optical regime 5 years later [11|. Since these pioneering
experiments strong light-matter coupling has been demonstrated in a variety of


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
blio
nowledge

(]
I
rk

2 CHAPTER 1. INTRODUCTION

different systems [12—21]|. The strong (single atom-photon) coupling regime makes
it possible to couple matter to radiation in a highly controllable way, enabling
precision control of single quantum emitters, used e.g. for entangling quantum bits
(qubits) in small scale quantum processors [22-24].

1.2 Circuit quantum electrodynamics

With the advent of circuit QED [16, 17, 25] the study of light-matter physics with
even stronger couplings became relevant. Circuit QED is the study of light-matter
interactions in artificial setups. The optical or microwave photons are replaced
by microwave photons living in coplanar waveguides, transmission lines or lumped
element LC'-circuits. These harmonic systems are coupled to superconducting
(SC) qubits, which play the role of artificial atoms. The advancement of the SC
technology in last decades has been staggering, and nowadays SC qubits and circuit
QED are one of the leading technologies in the pursuit of building a universal
quantum computer |26, 27].

In many systems the single atom-photon coupling ¢ is inherently small [28], and
it is enhanced by coupling a large number of matter constituents to the electro-
magnetic field. In these cases the system can usually be described by a linearised
model [29], which loses the inherent non-linear character of the atoms. In circuit
QED, however, even the single photon-atom coupling strength can be very strong
[28]. One of the reasons of strong light-matter in circuit QED is the small mode
volumes of the “cavities” used. For example, in a transmission line resonator the
field is strongly confined along the transverse directions, reducing the mode vol-
ume well below the limit A3, where ) is the resonant wavelength, of a traditional
3D cavity |25, 30]. Another advantage is the engineerability of SC qubits. Exper-
imenters do not have to settle for what nature provides them, rather SC qubits
can be designed to have properties needed in the experiment in question, whether
that is long coherence times [31-33|, or large anharmonicity [34].

1.3 Ultra-strong coupling

The most extreme regime of light-matter interactions is reached when the coupling
is in the order of the bare energies of the atoms and the field, w, and w,. This regime
is called the ultra-strong coupling (USC) regime and for historical reasons has been
considered to start at g/w,/, = 0.1 [35, 36]. This is an arbitrary bound and has
no physical meaning, rather it was set by the first experiments observing the
breakdown of the rotating wave approximation (RWA) [37-39]. In this thesis we,
however, set the limit of USC to g/w,/, ~ 1, in the literature sometimes referred to
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1.4. BEYOND THE DICKE MODEL IN CIRCUIT QED 3

as the deep strong coupling (DSC) regime [40], which has also been experimentally
demonstrated [41-43]. In the USC regime many exotic features of light-matter
coupled systems have been predicted, such as ground state entanglement [44-
46], phase transitions [47, 48] and light-matter decoupling [49-51]. Also some
applications of USC have been proposed such as protected [52], holonomic [53|
and ultrafast [54] quantum computing, ultrafast gates [55], quantum memories
[56, 57] and entanglement harvesting [58]. Compared to regular cavity QED, the
range of applications in the USC regime is, however, still limited and most of the
physics in this regime is still unexplored.

1.4 Beyond the Dicke model in circuit QED

This thesis concentrates on the physics of circuit QED systems in the USC regime,
which has been recently demonstrated in experiments with single superconducting
flux qubits [41, 42|. At the starting point of this thesis, there was still a debate
about the correct effective models to use to describe the physics of cavity and
circuit QED systems in this regime [47, 48, 59-66|. The debate concerned mostly
the existence or non-existence of the superradiant phase transition SRPT, pre-
dicted to occur in the ground state of the Dicke model (DM) [47, 48]. It was later
shown that the so-called A%-term, appearing in the minimal coupling Hamiltonian,
prevents such a transition [59, 60]. In the context of circuit QED it was claimed
in Ref. [65] that such a mechanism does not exist in circuit QED systems, while
Ref. [66] argued, based on very general considerations, that a SRPT does not exist
in these systems either.

One of the main motivations for this thesis was to resolve these contradictions,
and to provide a consistent description of multi-qubit circuit QED systems in the
USC regime. This we achieved by a rigorous derivation of the effective circuit QED
Hamiltonian starting from the full circuit models, considering both charge and flux
qubits, and different coupling schemes. These explicit first-principle derivations
show that neither the Dicke model nor the Dicke model with the A2-term provide
a correct description of these circuits. Instead, the Extended Dicke model (EDM)
is identified as a minimal model for multi-qubit cavity QED systems in the USC
regime. This new model resolves the issue of the SRPT in the DM, is physically
consistent with basic electrostatics and gives the SRPT a new interpretation as an
instability of interacting qubit ensembles [50, 51].

In addition to resolving long-lasting debates in the field of cavity QED, the
EDM predicts very different USC physics than what has been discussed in the
context of the DM. Thus, a large part of this thesis has been devoted to the
analysis of the ground and excited states of the EDM, approximation methods for
the USC regime and first potential applications of the new effects. These effective
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4 CHAPTER 1. INTRODUCTION

models have been compared to exact numerical simulations of small circuits in
order to identify realistic configurations, where this new physics could be observed.
In this regime, compared to regular circuit QED, the anharmonicity of the qubit
circuit has turned out to be the most crucial criterion, which makes flux qubits [67]
one of the most promising systems to explore this physics. In recent years work
towards USC using charge qubits [17, 31| has been made [68, 69]. In these systems
the qubits are only weakly anharmonic which sets bounds on the theoretically
obtainable coupling strengths |50, 68, 70]. A limitation that is not present in the
highly anharmonic flux qubit systems [50, 70, 71].

1.5 Outline

This thesis is organized as follows: In Chap. 2 we present the basics of supercon-
ductivity that are needed to understand superconducting circuits, the Josephson
effect and flux quantization. Chap. 3 is dedicated to the Hamiltonian formalism
in circuits and circuit quantization. The quantum LC-oscillator is presented along
with two main types of qubits, the charge and the flux qubit. At the end of the
chapter we discuss coupling of qubits to LC-circuits. The main coupling schemes,
capacitive and inductive coupling, are introduced, and bounds and scalings for the
obtainable light-matter coupling strength are derived.

In Chap. 4 we first discuss the two main USC models in the literature the
Rabi model and the Dicke model. We explain the superradiant phase transition
found in the Dicke model and the A% no-go theorem based on the minimal cou-
pling Hamiltonian. Next we derive, with explicit examples, a new model for USC
systems the Extended Dicke model (EDM). We analyze three different example
circuits: non-interacting and attractively or repulsively interacting qubits coupled
to a field mode. Lastly we show that the EDM is an accurate two-level-truncated
description of the full physics in the USC regime in contrast to the Dicke model.
The reason for the lower accuracy of the two-level-approximation in the Dicke
model is identified as the momentum coupling to the electromagnetic field found
in the minimal coupling Hamiltonian.

Chap. 5 analyses the physics of the EDM. The ground state phase diagram
is discussed. A new vacuum state, the subradiant vacuum, is found in the USC
regime for systems of non-interacting qubits or qubits with repulsive dipole-dipole
interactions. In the subradiant phase the qubits and the harmonic mode are shown
to decouple, while the qubits are strongly entangled. The Dicke SRPT is given a
new interpretation as an instability of an attractively interacting TLS ensemble,
which is not created by the cavity mode. A new phase transition from the super-
radiant phase to the subradiant phase is found and its properties are discussed.

In Chap. 6 an extreme parameter regime in which the mode frequency is much
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1.5. OUTLINE 3

smaller than that of the qubits is discussed. A Born-Oppenheimer approximation
is used to analyze the situation and many instabilities are found in the excited
states. Protocols to probe the instabilities only involving qubit operations are
presented. The subradiant vacuum is put to use in Chap. 7 where it is used
to extract multi-qubit entangled states. The presented protocol is shown to be
robust against relevant experimental limitations and non-idealities. A flux qubit
implementation of the protocol is presented at the end of the chapter. Lastly a
trapped-ion quantum-simulation scheme of the EDM is proposed in Chap. 8. Using
appropriately chosen driving lasers the EDM Hamiltonian can be implemented as
the effective Hamiltonian description. The entanglement extraction protocol of
Chap. 7 is used to prepare the ion system in the subradiant vacuum state and a
measurement of the spectrum is described. In Chap. 9 we summarize our findings
and give an outlook on possible future research directions.

This thesis also includes three appendices that give more details on the deriva-
tions presented. In App. A the Polaron transformation is presented, and it is
applied to the EDM. The following appendix, App. B, presents details on the
perturbation theory used to derive the effective low-energy description used in
Chap. 5. Lastly the USC master equation used in Chap. 7 is derived in App. C.
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Chapter 2

Superconductivity

In this chapter we present the basics of the phenomenon of superconductivity,
that are needed to understand the properties of superconducting circuits used in
the rest of the thesis. We begin with a short review of the basics of the super-
conducting state, then we give a phenomenological explanation of the Josephson
effect and the properties of a Josephson junction, the fundamental building block
of superconducting qubits. Lastly we go through the effect of flux-quantisation,
extremely important for “flux-type” superconducting qubits i.e. flux qubits. The
discussion in this chapter is mainly based on references 72, 73|.

2.1 Basics of macroscopic superconductivity

The microscopic theory of conventional superconductors, the BCS theory [74, 75],
was developed in the 1950’s by Bardeen, Cooper and Schrieffer. Before the BCS
theory a phenomenological macroscopic theory was developed by Ginzburg and
Landau [76, 77|, verified by the microscopic theory of BCS. The basic assumption
of the macroscopic model is that the Cooper pairs of the superconducting state
can be described by a macroscopic wave function

B(r, ) = /plr, D, (2.1)

where p(r,t) is the density of Cooper-pairs and ¢(r,t) is the phase of the wave
function [72]. Using basic relations of quantum mechanics and electromagnetism,
an equation for the supercurrent density in the metal can be derived [72]

. €eh . e’
J= 5 (V= V) = (YA, (2:2)
im m*c
with effective charge e¢* = —2e and effective mass m* = 2m, of a Cooper pair,

e being the elementary charge and m, the mass of an electron. In Eq. (2.2) A
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8 CHAPTER 2. SUPERCONDUCTIVITY

denotes the vector potential related to the magnetic field B = V x A. For the
macroscopic wave function Eq. (2.1) we obtain

. he'p e*

j= - (Vgo hA)’ (2.3)
where the term in the parentheses is the gauge invariant phase difference. From
this expression the London equations [78] can be deduced, and, thus, the two
fundamental attributes of superconductivity, the Meissner effect |79] and vanishing
electrical resistance [80], can be explained.

2.2  Josephson junction

The Josephson junction is probably the most important circuit element in circuit
quantum electrodynamics. Its non-linear current characteristic allows it to be
used to create circuits with anharmonic energy spectra. A Josephson junction is
comprised of two superconductors separated by a thin layer of oxide, acting as
an insulating barrier. The effect responsible for the properties of the Josephson
junction is called the Josephson effect, which we will now briefly review.

2.2.1 Josephson effect

The Josephson effect was discovered theoretically by Josephson in 1962 [81]. He
predicted the current and voltage relations across the junction. Already before
Josephson’s findings, the DC Josephson effect had been observed in experiments,
but it had been attributed to imperfections in the set-up. The first experimental
verification of Josephson’s predictions was conducted by Philip Anderson and John
Rowell [82] the next year.

The first Josephson relation tells how the junction behaves when there is no
voltage bias on the junction. It states that the current is given by

I(t) = I.sin(p(t)), (2.4)
where [. is the critical current, that is the maximal current the junction can
pass through while remaining in the superconducting state. The phase ¢ is the
phase difference of the wave functions of the two superconductors connected by
the insulating layer, ¢ = ¢, — ¢r and Vg = \/Mei%m with L(R) referring to
the superconductor left(right) of the insulating barrier. If the phase difference is
non-zero, mod 7, the junction supports a current without a voltage difference.

The second Josephson relation describes the behaviour of the voltage across
the junction. It is given by
V(t) — Edﬁ

dep
= %o (t) = Po—(1), (2.5)

dt
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2.2. JOSEPHSON JUNCTION 9

where have defined the reduced flux quantum (the origin of which is explained in
the next section) @, = h/(2e) and ¢ is again the phase difference. This means that
if we bias the junction with an external DC voltage source such that V(t) = Vpc
the phase evolves as

Voot
o(t) = —2— + ¢, (2.6)
0

where ¢ is the initial value of the phase, such that the resulting current is

I(t) = Lsin (VDct + %) | (2.7)
g

The DC voltage bias, thus, results in AC current flowing through the junction.
The angular frequency of the AC current is Vpc/®y.
Comparing the second Josephson relation to Lenz’s law

V= T (2.8)
where ® is a magnetic flux, we can say that the superconducting phase difference
acts for all intents and purposes like a magnetic flux.

The detailed derivation of the Josephson relations from microscopic details is
a complicated task, which we will not undertake. The effect can be understood
based on the phenomenon of Andreev reflection [83]. However, can one understand
these relations from simple arguments in a qualitative way?

Simple derivation of the Josephson relations

If we take as for granted the fact that Cooper-pairs can tunnel through the insu-
lating barrier coherently, it is possible to understand the Josephson relations based
on a simple model. We do this below.

In a superconductor the electrons have paired into Cooper-pairs of charge —2e.
Let us say there are N Cooper-pairs in the superconductor when it is in its ground
state. The total Cooper pair number is a conserved quantity as long as the super-
conductor stays in the ground state. Now let us take two such superconductors and
connect them with a thin insulating layer to form a Josephson junction. Let us call
the total number of Cooper-pairs in these two superconductors N. The number of
Cooper-pairs on the two superconductors can change, if the insulating layer is not
too thick, say Ny in the left superconductor and Ny in the right superconductor,
the only constraint is that Ny, + Ng = N = const. at all times. The individual
Cooper-pair numbers for the left and right superconductors Ny, and Ngi change by
a Cooper-pair tunnelling through the insulating barrier to the other side. In the
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10 CHAPTER 2. SUPERCONDUCTIVITY

first approximation we neglect the energy required to place an extra charge on the
superconductors, such that all combinations of N; and Ng, with the constraint
Nr + Nr = N, have the same energy. The quantum states can be labelled as

INL + 1, Ng — 1) (2.9)

where [ is the number of Cooper-pairs that have tunnelled from the right super-
conductor to the left after some, arbitrary, reference point with Ny, pairs on the
left and Ngi on the right. Negative value of [ signifies that Cooper-pairs have
tunnelled from left to right. These sites form a “tight-binding” lattice in the
space of |[Np + 1, Ngr — l) states. The tunnelling of a Cooper-pair from right to
left through the junction is a hop between adjacent lattice sites |Ny + [, Ng — )
and |Np + 1+ 1, Ng — [ —1). This process costs some amount of energy let us
call it E;. It is the energy cost of transporting a single Cooper-pair through the
junction. The Hamiltonian for this system then reads

E
H=3 ~ZF N+ L Ne =) (N + 1+ 1, Ng =1 = 1| +Hel],  (210)
l

where H.c. stands for the Hermitian conjugate. This Hamiltonian can be diago-
nalized to [84]

H=> —E;cos(¢)e) (gl (2.11)

where ¢ is the Fourier transform of the tunnelled Cooper-pair number [. Since [
and ¢ are connected by a Fourier transform we know ¢ has to be a phase variable.
It can be identified as the phase difference between the superconductors introduced
above. If we now consider the current of Cooper-pairs from right to left we obtain

I ze%%[—@ cos()] = I sin(cp), (2.12)
which is exactly the first Josephson relation, Eq. (2.4). Above we have used the
definition of the group velocity vy(¢) = 0,E/h, multiplied by the charge to get the
current and defined the energy scale E; through the critical current E; = ®gl..

This treatment gives an intuitive picture of the sin(¢) dependence of the current
by relating it to the well know tight-binding picture. This is of course not a
comprehensive explanation. We did not give an explanation why the Cooper-pairs
can move across the insulator in pairs without breaking them, for instance.

Also the second Josephson relation can be understood from this tight-binding
picture. Biasing of the junction with an external voltage can be taken into account
by adding a term

HDC = —26VDcTL, (2.13)
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2.3. FLUX QUANTIZATION 11

to the Hamiltonian, where n =, [Ny + [, Ng — [) (N + [, Ng — l] is the number
of Cooper-pairs transferred across the junction. The time evolution for the phase
@ is then given by

de i Vbe
— = ——[H. = — 2.14
dt h[ e o, ( )

which is the second Josephson relation.

2.3 Flux quantization

Superconducting loop pierced by a magnetic flux

A phenomenon of superconductivity important to us is flur quantization. Consider
a loop made out of superconducting metal, cooled into its superconducting state.
Let us place the loop in a magnetic field B, smaller than the critical field B..
The current density in the superconductor is given by Eq. (2.3) above. Since the
field is smaller than the critical field the current density inside the superconductor
vanishes, j = 0. Thus, we also have

O:j{j-dl:j{(thp—QeA)-dl:%rhn—Qe/VxA-da, (2.15)
C C

where C'is a path inside the superconducting ring, n € Z is an integer, due to the
uniqueness requirement on the wave function (going around the ring can change
the phase only by an integer multiple of 27). In the last step in Eq. (2.15) we
have converted the closed line integral to a surface integral over the area enclosed
by C. From the above equation it follows that the magnetic flux threading the
superconducting loop satisfies

¢ = /B -da = 2mnd,, (2.16)

That is the flux penetrating a superconducting loop is quantized in units of the
flux quantum, 27®y, = h/(2e). The above result holds in the case that the su-
perconducting loop is much thicker than the London penetration depth Ay. If the
thickness is on the order of Ay the flux is still quantized, but the quantization unit
can be different from 27 ®y.

A loop interrupted by junctions and/or inductors

Consider now that we interrupt the loop with a Josephson junction. Since the
superconducting phase difference ¢ behaves as a magnetic flux, up to unit conver-
sion, we must include it in Eq. (2.15). The equation including the phase difference
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12 CHAPTER 2. SUPERCONDUCTIVITY

becomes
0 = 2whn — hy — 26/B -da, (2.17)

and, thus, instead of Eq. (2.16) we get
21 Pgp + ® = 2mnd. (2.18)

That, is the phase difference and the external magnetic flux must sum up to
multiple of the flux quantum. Going forward we absorb 27mn®, into the definition
of the external flux.

For a loop intersected by multiple junctions the above formula generalizes to

Z 2Py + D = 0. (2.19)

If there are inductors part of the loop the flux penetrating the inductor has to be
also taken account. In general we can write

> @4+ @ =0, (2.20)

where the ®; are fluxes corresponding to Josephson junctions through the phase
difference, or actual magnetic fluxes in inductors, and ®, is the external magnetic
flux threading the loop formed by the inductors and Josephson junctions.

The flux quantization condition Eq. (2.20) is very important when it comes to
the analysis of flux type superconducting qubit, as we will see in Chap. 3. These
types of qubits always include a loop which is biased with an external magnetic
flux.
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Chapter 3

Quantum electric circuits

This chapter is dedicated for presenting the required theoretical formalism for mod-
elling quantum electromagnetic circuits. We begin by reviewing the Hamiltonian
description of electric circuits, a central tool in circuit QED. We proceed by apply-
ing this formalism to the simplest possible circuit, the LC resonator. Afterwards
we move to non-linear systems and discuss the most important superconducting
qubit types, the charge and flux qubits. Lastly we couple both types of qubits to
LC-oscillators and derive scalings and bounds to the obtainable coupling strength.
The Hamilton formalism for circuits presented in this chapter is mainly based on
reference [85].

3.1 Hamilton formalism for circuits

At an abstract level electric circuits are networks of elements which are connected
by nodes. The elements can be in principle be connected to an arbitrary number
of nodes. In this chapter and the whole thesis we are, however, only dealing with
dipole elements, i.e. elements that connect to two nodes only. The dipole elements
constitute what are called the branches of the networks. In addition we only
consider non-dissipative circuits in this chapter.

3.1.1 Generalized flux and charge, and types of elements
To each branch of the network, or rather to the element in each branch, we relate

two variables, the branch voltage V;(¢), over the element, and branch current I(t),
flowing through the element. The branch voltages and currents are defined through

13
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14 CHAPTER 3. QUANTUM ELECTRIC CIRCUITS

the underlying electromagnetic fields as [85]

end of b
%@:/ E(r, 1) - ds, (3.1)
start of b
1
@@:—f B(r, t) - ds. (3.2)
M0 Jaround b

The direction of the positive current and voltage for each branch is arbitrary,
but we choose the positive current and voltage directions to be the opposite, as
is usually done. The energy stored in an element is obtained from the familiar
expression for power, P = VI, by integrating over time [85]

B = [ Voo, (33)

—0oQ
The lower bound of the integral, —oo, refers to a time far in the past when the
circuit was at rest. An element is conservative, i.e. non-dissipative, if the energy
is stored in the electromagnetic field.

From the branch currents and voltages one can define another set of variables
which are essential for the development of the Hamiltonian description for circuits.
These variables are called the branch flux and branch charge defined through the
voltages and currents as [85]

%@:f»wma (3.4)

t
Qu(t) = / L(t")dt'. (3.5)
Again the lower bound of the integral refers to a time in the distant past when no
currents or voltages were present.

An element is said to be capacitive if the voltage V() across it is directly only
a function of the charge Q(¢) and nothing else

V(t) = f(Q(1)). (3.6)
The capacitance of the element is then defined to be
af1!
c@ -3 (3.7

and it only depends on the charge. For a linear capacitance C'(Q)) = C' is indepen-
dent of @), and thus V' = @Q/C. The energy stored by a linear capacitance is easily
calculated from Eq. (3.3) to be

Q1)? _ Co(t)
2C 2

E(t) = (3.8)
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3.1. HAMILTON FORMALISM FOR CIRCUITS 15

where we have used I(t) = Q(t) and V() = ®(t), from the definitions Eq. (3.4)
and Eq. (3.5), to obtain the two different forms.

An inductive element is an element for which the current 7(¢) is a direct function
of the flux ®(¢) only. The inductance of the element is defined as

- [

which only depends on the flux. A linear inductor is an inductive element for
which the inductance L(®) = L is independent of the flux ®. The energy stored
by a linear inductor is given by

(3.9)

E(t) = = , (3.10)

where we have again used Eq. (3.4) and Eq. (3.5) to obtain the two different forms.

In Sec. 2.2 we saw that the current through a Josephson junction is sinusoidal in
the generalized flux, the first Josephson relation Eq. (2.4), thus, it is an inductive
element but not a linear inductance. The inductance of a Josephson junction is

given by
- o\ o\’
ccos | — cos | —
o, >\ o,

where @, is the reduced flux quantum and we have defined for future reference
the linear Josephson inductance L; = ®g/1., i.e. the flux independent part of
the inductance. With the help of the second Josephson relation we calculate the
energy stored by the junction to be

50 B 1o (M) = [ (B0)]. o

In the rest of the work we use the Josephson energy to characterize a junction
rather than the critical current /.. Many times the constant term FE; is dropped
so that the energy is varies between —FE; and Fj.

(3.11)

3.1.2 Degrees of freedom and the Hamiltonian

A circuit has less degrees of freedom than it has branches, due to restrictions from
Kirchhoff’s laws: the sum over voltages around every closed loop must be zero and
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16 CHAPTER 3. QUANTUM ELECTRIC CIRCUITS

the sum of currents arriving to a node must also be zero. In terms of the flux and
charge variables these rules read [85]

> o=, (3.13)

bel

> Qu=0Qu, (3.14)

b—n
where the sums go over all branch fluxes @, that are in loop [ and branch charges
Q, which arrive to node n, and ®; and Q,, are constants. Using these equations
one has to eliminate the extra variables from the problem. The Kirchhof’s rule
for the branch flux is the same as the flux quantization condition Eq. (2.20). We
use a technique called the method of nodes to arrive at the solution. It works
for circuits which contain only linear capacitances [85]. This is in practice not
a stringent constraint, and especially all problems in circuit QED fall under the
applicability of this method.

We start by choosing a node in the circuit to be the ground node with respect
to all other nodes are defined, analogously to the ground point chosen for the
voltage, and is chosen to have the value of zero. Then we form a spanning tree
for the circuit, that is we form a path from the ground node to every other node
through capacitors only and without forming loops. To the nodes of the spanning
tree we can attach a node flux ¢,,. The node fluxes are related to the branch fluxes
through relations [85]

Dper = Pn — P, (3.15)
Dpgr = P — b + Py, (3.16)

where T is the set of branches in the spanning tree and @, is the flux, finite or
vanishing, enclosed by a loop containing the branch in question.

Now that we have the degrees of freedom for the circuit we can set up the
Lagrangian. The Lagrangian is the difference between the kinetic, Ey;,, and po-
tential, Fpqt, energies of the system. For our circuits, due to the choice of using the
method of nodes, the capacitive elements provide the kinetic energy, since their
energy depends on the time-derivative of the node flux, Eq. (3.8) E = C$?/2.
The inductive elements give the potential energy. Thus, the symmetry between
flux/charge and capacitive/inductive elements has been broken and the flux plays
the role of “position” [85]. The Lagrangian will then have the general from

L= —¢ Co— Zf (D), (3.17)

where f is either f(®) = ®2/(2L,) for linear inductances or f(®) = —E; cos (®/®,)
for Josephson junctions, and the sum goes over all the branches of the spanning
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3.1. HAMILTON FORMALISM FOR CIRCUITS 17

tree. The vector qb is the a vector of the time-derivatives of the node fluxes and
the matrix C is the capacitance matrix. The diagonal elements of C are the sums
of the capacitances connected to a node and off-diagonal elements the negation of
the capacitances between nodes. Naturally the branch fluxes have to be expressed
through the node fluxes using Eq. (3.15). The equations of motion for the circuit
then follow from the Lagrangian through the Euler-Lagrange equations

d /0L oL
o (875) _ o -0 (3.18)

as it should be.

Having established the Lagrangian there is only two step left to obtain the
Hamiltonian. The conjugate momenta related to the node fluxes are defined, as
always, through

oL
On
Since we restrict ourselves to linear capacitive elements the conjugate momenta
¢n = Y _,» Con @ in general. The conjugate momentum is called the node charge or
conjugate charge and has the meaning of sum over all the charges on the capacitor

plates connected to the node in question. Defining a vector of node charges q we
can write

In (3.19)

0
The Hamiltonian for the circuit is then given by the sum of the kinetic energy,

Fxin = Exin({g.}) now expressed with the node charges ¢,, and the potential
energy Fpot

q Co. (3.20)

1
H = 5ch—lq + Epot- (3.21)

Again the equations of motion are reproduced through the Hamilton’s equations

. OH

On = o0, (3.22)
. oH

in =5 (3.23)

Note that the particular form of the Hamiltonian depends on the choice of the
spanning tree.
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18 CHAPTER 3. QUANTUM ELECTRIC CIRCUITS

Figure 3.1: LC-oscillator: The simplest (quantum) circuit. A capacitor with
capacitor C' and an inductor with inductace L connected together form a circuit
which obeys the equation of motion for a harmonic oscillator. The ground node is
marked with the line and and three bars. The active node is the one on the top
where L and C' meet.

3.2 Quantization of circuits

Having established the classical Hamiltonian for a circuit the quantization of the
Hamiltonian is performed in a canonical manner. The conjugate pairs ¢, and ¢,
are promoted to operators ¢,, ¢, satisfying the canonical commutation relation

[an7 én’] = ihénn’a (324)
: . R ., d
where 6, is the Kronecker-delta. Analogous to spatial problems ¢, = —ih o,

For nodes that are connected to capacitors and Josephson junctions only there is
a slight correction to this. In this case the node flux is a compact variable defined
only modulo @, [28, 85]. This leads to a modified commutation relation between
G and ¢ [28]

[ei‘i’/%, q] — 2 x /%, (3.25)

For gg < ®q this gives back the standard relation Eq. (3.24). In the following we
always omit the hat’s above operators for notational convenience.

3.3 Quantum L C-oscillator

The simplest quantum circuit is arguably the quantum LC oscillator Fig. 3.1. The
circuit consists of just a linear capacitance and inductance and has two nodes: the
ground node and one active node. We label the active node as ¢, which in this
case has the meaning of the magnetic flux treading the inductor. The Lagrangian
of the LC' resonator is then, using the prescription laid out in Sec. 3.1,

L=—"_2 (3.26)
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3.3. QUANTUM LC-OSCILLATOR 19

The conjugate charge to ¢ is given by ¢ = 0L/ d¢ = Cp. Finally the Hamiltonian
is given by
2 2
¢ ¢
= 4+ 2
H 50 1 a1 (3.27)
The equations of motion for a harmonic oscillator are recovered using the Hamil-
ton’s equations, Eq. (3.22),

Co+ ® o (3.28)
L
We see that the capacitance C' plays the role of the mass in the mechanical analog
and inductance L is the inverse spring constant.

The quantum version is obtained by raising the conjugate pair ¢, ¢ to operators
with commutation relation Eq. (3.24). We can also introduce the raising and

lowering operators a' and a, as usual, defined by

(3.29)
oo Y (oo L
—V 2n WO
With these operators the Hamiltonian reads
1
H = hw (a*a + 5) , (3.30)

where w = 1/+/LC is the frequency of the quantum LC resonator. Inverting the
relations Eq. (3.29) gives us ¢ and ¢ in terms of a and a',

h
0= 2wC (aT—i—a),

q:i\/?(cﬁ—a).

Thus, the zero point flux and charge, for a harmonic oscillator, are given by
Gupt = V1 (2wC) = \/hZ/2 and @, = JhwC/2 = \/h/(2Z), where we have
defined the impedance Z = y/L/C of the resonator. The scaling of the flux and
charge zero-point fluctuations with v/Z and v/ Z-1, respectively, will turn out to be
very important later when estimating the coupling strengths of different coupling
schemes |28, 50].

(3.31)
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20 CHAPTER 3. QUANTUM ELECTRIC CIRCUITS

3.4 Superconducting qubits

In this section we briefly review the two main types of superconducting qubits
(SC), the charge based qubit and the flux based qubit. They both have their
own merits in simplicity, ease of manufacturing, control etc. What we are most
interested in is their usefulness in ultra-strong coupling physics.

3.4.1 Charge qubits

(b) £,/2,0,/2 Co

Figure 3.2: Charge qubit designs. (a) The widely used transmon qubit design. (b)
Cooper-pair-box qubit, the external biasing voltage Vi is added so that the CPB
can be biased to its charge sweet spot C;Vi/(2e) = 1/2 The fluxes are defined as
in (a).

The most widely deployed SC qubit is a charge qubit called a transmon [31].
It is used in many current experimental works in circuit QED and in most efforts
towards building a universal quantum computer based on superconducting qubit
technology.

In Fig. 3.2(a) the circuit diagram for a transmon qubit is shown. It consist
of a loop made out of two Josephson junctions (JJ) threaded by an external flux
®... This design is not the simplest one for a transmon, a single Josephson junc-
tion would do as well, but the addition of another one adds the ability to tune
the qubit using ®.,. This loop made out of two JJs is called a superconducting
quantum interference device (SQUID). We assume the junctions to be identical
with capacitances C;/2 and Josephson energies F;/2. In real world experiments
there would be a large shunt capacitance in parallel with the junctions. Here we
have for simplicity omitted this large capacitor and simply assume the junction
capacitances to be large instead. This does not change the physics in anyway.

One of the capacitors is chosen to be the branch in the spanning tree and the
rest of the branch fluxes will be determined by Eq. (3.15). The flux at the active
node is labelled as ¢. There is a closed loop in the circuit formed by the two
junctions and we have to use the flux quantization condition Eq. (2.20). That is
the branch fluxes for the Josephson junctions ®; and ®, for the left and the right
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3.4. SUPERCONDUCTING QUBITS 21

junction, respectively, are related by
D) + Py = Py (3.32)

The Lagrangian for the transmon reads

. -

L= C‘];b +E;/2 [cos ((ﬁ%{?x/?) + cos (%{?’(/2)] (3.33)
Cy¢? D,y

_ Jz¢ + B cos (2%) cos ((}%) (3.34)

The conjugate momentum for ¢ is ¢ = C';¢ and the Hamiltonian becomes [31]

2
"= quJ — (D) cos (%) , (3.35)

where we defined the external magnetic flux dependent Josephson energy E;(Pey) =
Ejcos (®Pex/(29g)). Thus we can change magnitude of the potential energy by
changing the external flux. This feature is of great importance for flux qubits as
will become clear in sub—Sec. 3.4.2.

What makes this qubit a transmon qubit is actually the ratio between the so
called charging energy Ec = e¢2/(2Cy), i.e. the energy of charging the capacitor of
the junction by a single electron, and the Josephson energy [31]. For a transmon
the potential energy term F; dominates, E;/FE¢ > 1. Due to this condition the
expectation value of the flux variable will be always close to zero. Now we can
quantize the circuit using the normal commutation relation Eq. (3.24) because
the lowest states do not feel the periodicity of the potential. We introduce the
dimensionless variables ¢ = ¢/®y and n = q/(2e), [p, n| = i, so that the quantized
Hamiltonian reads

H = 4Ecn* — Ejcos . (3.36)

The wave functions of the few lowest states of the transmon and the potential
are plotted in Fig. 3.3 for F;/Ecs = 70. Because of the condition F;/Ec > 1
the lowest states of the transmon can be described by expanding the cosine term
up to fourth order resulting in a spectrum of a anharmonic oscillator. In this
approximation the splitting between the two lowest states fw, = E; — Ej and the
anharmonicity ha = Ey — 2E) + Ej can be shown to be given by [31]

hw, = \/8EcE; — E¢, (3.37)

ho = —FE¢. (3.38)
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Figure 3.3: (a) Few of the lowest eigenstates of a transmon qubit in the cosine
potential. (b) Eigenvalues of the CPB plotted against the gate charge ng. The
black dotted lines indicate the bare charge states without the cosine tunnelling
term.

For USC purposes the transmon is not ideal since it does not allow to use the
two-level-approximation for large couplings due to the lack of a large positive
anharmonicity. Also the capacitive coupling between transmons and LC' oscillators
and the near harmonicity of the spectrum restrict the achievable coupling rates as
will be shown in sub-Sec. 3.5.1.

The above treatment was done in the flux, i.e. position, eigenbasis. It is also in-
structive to consider it in the basis of the charge eigenstates. Since ¢ = —ihd/(d¢)
the eigenstates will be plane waves 1o (¢) = el?Q/h - Operating on this eigenstate
with the Hamiltonian of Eq. (3.35) gives

2
Hipg(¢) = 1q(0) 2% - EJ(;I)QX) (ei2e¢/h + e*me‘z’/h) . (3.39)
J
We have three terms in the expression: the first one is just the original eigenstate
multiplied by the eigenvalue @ from the ¢? operator. The last two terms include
new charge eigenstates where the charge has changed by +2e, from the cos(¢)
operator. We see, thus, that the cosine term moves a charge of 2e, i.e. a Cooper
pair, across the junction. Thus we need to consider only states which contain
an integer number of Cooper pairs. This means that the dimensionless operator
n = q/(2e) only has integer eigenvalues and in this basis we can write |25]

Ej(Pex
TL| N J( )

52 (1n) 0 =11+ [n) (n + 1) (3.40)

H= Y 4En*|n)(

n=—oo

This form gives us also the interpretation of n as the number of Cooper pairs in
the island.
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Cy,E; aCy,aE;(®a) Cy,Ey
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— XCr xE1(®y)
] - @,
8P 50, BE(®s)
| >
—
<— XC1/2,xE;/2

Dy

Figure 3.4: A tunable 4-junction flux qubit. Two of the Josephson junctions are
replaced with a SQUID to allow the tuning of the Josephson energy as explained
in sub—Sec. 3.4.1.

Above we took the Josephson energy E; to be much larger than the charging
energy Fc, E;/FEc < 1. This resulted in the weakly harmonic transmon qubit. In
the opposite regime where the cosine potential can be considered as a weak per-
turbation on top of the kinetic energy F;/FEc < 1 the circuit behaves as a Cooper
pair box (CPB) [86]. By adding a possibility to bias the qubit as in Fig. 3.2(b)
with an external voltage Vi, called the gate voltage, the Hamiltonian in the charge
basis reads [25]

H=3 4B, (n+nc) n) ] - 22

n=—oo

(In) (n =1 [n) (n+10),  (3.41)

where ng = C;V/(2e¢) is the gate voltage in units of Cooper pairs and the charging
energy now includes the gate capacitor C,;, Ec = €?/(Cy + C,). Now by tuning
ng appropriately we can tune two charge states n and n + 1 to be degenerate by
setting n+mng = —1/2. At this charge degeneracy or “charge sweet spot” point the
spectrum of the system consist of two nearly degenerate levels split by E; due to
the cosine term and all other charge states are far higher in energy, see Fig. 3.3(b).
We have thus realized a two-level-system to a very good approximation. The
draw back of the CPB is its sensitivity to fluctuations of the gate charge n¢ [86].
The transmon on the contrary is immune to these fluctuations due to the smaller
charging energy F¢ so that the spectrum is not sensitive to the exact value of the
gate charge [31].

3.4.2 Flux qubits

Flux-type qubits are less intuitive in their nature, but due to the laws of nature
they are more useful in the experimental study of USC physics, as explained in
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24 CHAPTER 3. QUANTUM ELECTRIC CIRCUITS

sub-Sec. 3.5.2. We will review the physics of the tunable 4-junction flux qubit
[58]. Tt is not the simplest flux type qubit, but we will use it in Chap. 7 so it is
useful to introduce it now in detail.

The circuit diagram for a tunable 4-junction qubit is depicted in Fig. 3.4. It is
a 4-junction qubit [34] where two of the junctions have been replaces by a SQUID.
There are, thus, six junctions in the qubit. Two of them have capacitances C'; and
Josephson energies F;. For the SQUIDs the capacitances and Josephson energies
are scaled, pairwise, by factors of @ and S compared to the single junctions, see
Fig. 3.4. The self-inductance of the wires are neglected since they are much smaller
than the Josephson inductances L ;. The three loops give us three flux-quantization
conditions:

4
> o =12, (3.42)
=1
D@ =2, (3.43)

i=2,6

D@ =0 (3.44)

i=4,5

where ®x, X € {¢, a, 5} are the external fluxes threading the big loop and the
smaller SQUID loops, respectively. We use these equations to eliminate the fluxes
Oy, &5 and Pg. Let us introduce the dimensionless phases p; = ®; /P and external
magnetic fluxes fx = ®x /P for convenience. The potential energy for the tunable
4-junction qubit then reads

(6% [0
Epot = —EJ|:COS((,01) + 5005((:01 +o3s+os— fo)+ Ecos(gol + o3+ 01— fet fa)

+ cos (p3) + gcos (p4) + §COS (s — fﬁ)} )

=—FE; |:COS (1) + a cos (%) oS (gpl + o3+ @4 — ﬂ) + cos (p3) (3.45)

+ eos (1) o) |

where f. = f. 4+ (fs — fa)/2 and we have defined a displaced phase jump variable
©4 = @4 — f5/2. This does not effect the kinetic energy, which is given by

C,d2 Cr /. . . \2
2 1+&<¢>1+¢>3+¢>4> +

C; 2 n BC,; 2
2 2 '

Ein:
k 2 9

(3.46)
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Figure 3.5: Properties of the tunable 4-junction flux qubit. (a) The double well
potential of the qubit along a direction ¢, defined in the text, and the wave
functions of the three lowest eigenstates. (b) Frequency of the qubit transition
wy, = wpr of the qubit as a function of the external fluxes f,, fz. (c) Matrix
element of ¢4 between the two lowest eigenstates g1 = (1|P4]0) as a function of
the external fluxes f,, fs. We have used E;/Ecs = 50, E; = 300GHz, f. =,
a = 0.6 for (a-c), and f, = fs =0, f =1 for (a) and S = 6 for (b,c).

From this we can calculate the kinetic energy as a function of the conjugate charges
g = C® by inverting the capacitance matrix C, see Eq. (3.21). We obtain
Eyin = __Fo [(a+ B+ ap) (n] +n3) + (1 +20) n} (3.47)
a+ [+ 2ap
— 2afning — 2a (ny + n3) n4] ,

where we have introduced the dimensionless variables n; = ¢;/(2¢) and the charging
energy Ec = €%/(2C;). The Hamiltonian operator is then the sum of the kinetic
and potential energies [42]

H :% [(a+ B+ aBb) (n] + ng) + (1 + 2a) n? — 2afnins
—2a(ny +nz)ny| — E; |:COS (1) + cos (p3) (3.48)
+ v cos (%) coS (g@l + Y3+ Q4 — ﬂ) + B cos (%) coS (@4)} ,

where ; and n; are operators satisfying the commutation relation Eq. (3.25).
The few lowest eigenstates of the 4-junction flux qubit along with the potential
are plotted in Fig. 3.5(a). The coordinate in the plot is the eigenvector of the
largest eigenvalue of the capacitance matrix C [34|. Along the two other orthogonal
directions the potential has a single well located at the origin. It is evident that the
spectrum of the qubit is highly anharmonic, and the anharmonicity being positive,


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
blio
nowledge

(]
I
rk

26 CHAPTER 3. QUANTUM ELECTRIC CIRCUITS

ie. hao = By —2F, + Ey > 0> E) — Ey = hw,. This is an important property to
be useful in USC experiments.

In the later chapters these types of qubits will be coupled to LC' oscillators.
The coupling is usually obtained by embedding a junction into the wire of the
LC circuit [39, 41]. We will use a configuration where one of the junctions of the
SQUID with junctions of size (3 is shared between the resonator and the qubit. In
this case the coupling will happen through the flux jump related to the junction
in question, in our notation ¢4. In Fig. 3.5(c) we plot the matrix element of ¢,
between the qubit levels 0 and 1, ¢g;, as a function of the flux through the «a
and 8 SQUID-loops f, /s, respectively. The coupling will be directly proportional
to po1. For fz < 1 the matrix element is small and, thus, also the coupling of
the qubit to a resonator would be small. When fz gets close to m the matrix
element starts to grow rapidly and approaches m/2. The dependence on f, is
weaker, but larger values of it do decrease the matrix element a small amount.
The value is understood as half the distance between the double well minima in
the ¢, direction. In electric engineering terms, for small fs the size of the SQUID-
junction is largest and, thus, the inductance of the SQUID is small, L Be_ﬁl.
Current can flow through the SQUID easily making the flux difference small. When
the external flux is increased towards 7 the effective size gets smaller and smaller,
thus increasing the inductance and making the current smaller and increasing the
flux jump.

In Fig. 3.5(b) we also plot the qubit frequency w, as a function of f, and fs.
The tendency of w, is inverse to that of the coupling. For small fg we obtain the
largest qubit frequency and for fluxes close to fg = 7 it reaches its lowest values.
The reason for this change is that by tuning the magnetic flux we can only change
the effective Josephson energy of the SQUID-loop not the charging energy Ec.
Thus, the potential energy changes while the kinetic energy stays the same which
leads to the observed change in the qubit frequency.

3.5 Circuit quantum electrodynamics

In this section we present the two main coupling schemes used to couple SC qubits
to microwave modes, capacitive and inductive coupling. We will go through a
simple example circuit for the two schemes and give limits to the coupling strength
in limiting cases of two coupled harmonic oscillators and ideal charge and flux
qubits.
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3.5. CIRCUIT QUANTUM ELECTRODYNAMICS 27

Or

= CJaEJ((b)

Figure 3.6: A transmon qubit capacitively coupled to an LC-circuit. We use the
same circuit diagram for the tunable junction as in Fig. 3.4.

3.5.1 Capacitive coupling

We will start by considering the capacitive coupling scheme. As the name suggest
the SC qubits are coupled to the microwave mode(s) capacitively through a mutual
capacitance. Normally coupling through a capacitance is used to couple charge
qubits to microwave modes.

We consider the simple circuit of Fig. 3.6. A transmon qubit is coupled to a
simple LC' circuit through a capacitance Cy. We choose the dynamical variables
as depicted in the figure: ¢, is the time-integrated voltage over the resonators ca-
pacitance, C,. Correspondingly ¢, is the generalised flux related to the transmon’s
Josephson junction. Since there are no closed loops in the circuit we do not need to
worry about the flux quantization condition. The Lagrangian of the circuit reads

_GE & O 90 | Coldr — )’
L= 5 _2Lr+ 5 + Ej cos o, + 5 . (3.49)

The Hamiltonian is obtained then with the recipe of Sec. 3.1 and Sec. 3.2.
The total Hamiltonian consist of three parts, the LC' Hamiltonian H,., free qubit
Hamiltonian H, and interaction Hamiltonian Hiy, H = H, + H,+ Hi,,. The three
parts are given by

2 2
&
=oe T an (3.50)
2
q ¢
H, = — — Ejcos(<L), 3.51
=56, M ((I)O) (3.51)
Hyy = 22, (3.52)

g

The capacitive coupling leads to renormalization of all the capacitances C, j,. The
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28 CHAPTER 3. QUANTUM ELECTRIC CIRCUITS

renormalized capacitances are given by

B o
- 3.53
CJ+Cg ( )
B o2
- 54
C C,+C, (3:54)
. (e
C, = roR (3.55)

and C? = C,C, + C;(C, + C,).
Let us take a closer look at the coupling Hamiltonian. We can rewrite it in the
form

Hint = XQq‘Z“a (356)

where x = C,/C, = C,/(C;+C,) and V, = Q,./C, is proportional to the resonator
voltage. For an uncoupled oscillator it would be the voltage, but the coupling to
the qubit changes the situation [51]. In this form we see that the coupling is of
the same type as in cavity QED: the dipole moment of the qubit, the charge ¢,
couples to the electric field of the mode, the resonator “voltage” V.

Introducing the raising and lowering operators for the LC resonator and making
a two-level-approximation for the qubit we can write the free qubit and resonator
Hamiltonians as

H, = hd,a'a, (3.57)
hao
Hy = =10, (3.58)

where @, = 1/+/ L,C, and w, are the coupling renormalized oscillator and qubit
frequencies, due to the capacitance renormalization. The qubit-resonator coupling
becomes

h
Hiw = = (al +a) 0", (3.59)

where hg = 2q; ;47 ¢/ C, is the coupling and G, the zero point charge fluctuations

of the resonator and two-level-system. We have included the factor of half for it

is useful when dealing with systems of multiple qubits coupled to the oscillator.
The zero point fluctuation of charge for the resonator we have calculated al-

ready earlier and it is ¢} ; = 1/h/ (2Z), where Z = /L, /C, is the renormal-

01

, » Where

ized resonator impedance. For the qubit we define it to be qquf = 2eq
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3.5. CIRCUIT QUANTUM ELECTRODYNAMICS 29

q)" = (1] g4 10) /(2¢) is the matrix element of the transmon charge operator be-
tween the qubit levels 0 and 1. An important figure of merit in cavity and circuit
QED for the strength of the coupling is the ratio of the coupling constant to the
oscillator frequency g/@,. For this configuration it is given by [28]

247 ¢q? 2 2 z, ,|C.C?
9 _ eilar 26 N R e (3.60)
o, @G, \ hZ, ko | Cg

where we have used (w,v/Z,)"! = C,v/Z,, w, and Z, are the bare resonator
frequency and impedance, respectively, and introduced the Quantum resistance
Rg = h/(2e)? = 6453 Q.

The frequency normalized coupling depends on three parts: there is a geo-

metrical factor coming from the capacitances 4/ Cr(jf / C’g, which depends just on

the ratios of the capacitances, it is limited from above by C.,/(C, + C;) < 1 and
saturates this bound when the coupling capacitance Cy is the largest capacitance
in the system. Then there is the qubit dependent part g)* which varies depend-
ing on the charge qubit type. We will come back to this shortly. Lastly there
is the coupling method dependent part \/7Z,./Rg. For the capacitive coupling
scheme it scales with the root of the impedance due to the qubit coupling to the
electric field, i.e. to the “voltage” of the resonator. Dividing this by the LC fre-
quency gives the impedance. Thus reaching large coupling strengths requires LC'
resonators with impedances on the order of the quantum resistance R¢. It turns
out this is hard to achieve using geometrical capacitances and inductances. Stray
capacitances in inductors tend to lower the value of the impedance to few tens or
hundreds Ohm’s. In experiments oscillators with impedance Z ~ 50 €2 are usually
deployed due to the availability of commercial coaxial cables in this impedance
range. For this typical value of the impedance the coupling type dependent factor
gives /750 /Rg ~ 0.156. Thus, reaching extremely high values of ¢/@, is not
trivial with capacitive coupling.

There are ways of manufacturing inductors where the inductance is in the order
R, so called “superinductors” |32, 87, 88]. These superinductors take advantage
of linear arrays of Josephson junctions operated in a regime where the current
through the array is extremely low compared to the critical current I., i.e. I =
I.sin(®/Py) < I, such that the sine term is, to a very good approximation,
given by the lowest order Taylor expansion ®/®g, rendering a linear behaviour,
with inductance L; = ®¢/I.. In this case the Josephson inductance can be made
very large without increasing the capacitance of the junction too much, yielding
very high impedances. The draw back of this method is of course that the linear
behaviour is just an approximation and there are also other modes in the Josephson
junction array which might spoil the single mode behaviour of the system.
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30 CHAPTER 3. QUANTUM ELECTRIC CIRCUITS

Let us come back to the qubit dependent part of the coupling qgl. For a
transmon qubit, deep in the E;/FEqc < 1 regime, it would be approximately given

by the harmonic oscillator charge zero point fluctuation g; ; = 2eq) = \/ T, Cy /2
which depends on the qubit frequency. For a Cooper pair box qubit the charge
matrix element is given by q(q)1 = 1/2 and is roughly independent of the qubit
frequency w, = E;. Another important figure of merit for the coupling strength
is the combination

¢ = g (3.61)

iy

For reasons that will become clear in Chap. 4 the value of ( = 1 is regarded as the
threshold for USC. Evaluating this parameter for the transmon gives [50, 68|

¢ = 2qu~fquf _ é{ér _ & <1 (3.62)
c, Cg (Cr + Cy)(Cy + Cy)

Thus, with a weakly anharmonic qubit it is not possible to reach the USC threshold
of one. This is of course due to the fact that the charge zero point fluctuation terms
in g scale as /@, /4. Instead for the Cooper pair box we obtain the relation |35,
50]

~,C, AE, C? 4E
(=Gt g , (3.63)
C, Er (G4 GC)(Cr+Cy) Ey

where E¢ = €2/(2C)) is the renormalized charging energy. The ¢ parameter is
enhanced by a factor of 4E¢/E; compared to the transmon and can in principle
have an arbitrary large value.

Let us make another note on the resonator frequency normalized coupling con-
stant. It is easy to see that

i o 2q;pfquf - &quf < quf

(3.64)

ajr M)Tég B ég q;pf - quf7

as follows from the definitions of C, and ég. Thus, the renormalized coupling
strength depends on the size of the qubit induced charge on the resonator compared
to the zero-point fluctuations of the oscillators charge. The typical g, exceed
the elementary charge by almost an order of magnitude, limiting the obtainable
coupling strengths. High impedance resonators have g; ¢ ~ e such that the bound
is increased to allow for larger couplings.
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3.5. CIRCUIT QUANTUM ELECTRODYNAMICS 31
¢WQ

T
Figure 3.7: A 4-junction flux qubit inductively coupled to an LC-resonator. We

use the box and arrow to represent the whole 4-junction flux qubit circuit diagram
Fig. 3.4.

3.5.2 Inductive coupling

The second coupling scheme we review is the inductive coupling. In this situation
the coupling element between the LC' circuit and the qubit will be an inductor. In-
ductive coupling is used as a means to couple flux qubits to microwave resonances.
In earlier works coupling between the qubit and to resonator was achieved through
a mutual inductance. This is not as effective as sharing an inductor between the
qubit and oscillator as we will present in the following.

The circuit we analyse is presented in Fig. 3.7. A tunable 4-junction flux qubit
is coupled to an LC' oscillator through its inductance L,. The Lagrangian of the
circuit becomes

Cr§b72~ . <¢r — ¢q)2
2 2L,

L= + £4ij, (3.65)

where Ly, is the 4-junction flux qubit Lagrangian and we have used ¢, for the

flux ¢4. Since this circuit does not involve any shared capacitances the derivation
of the Hamiltonian is simple. We obtain
R

2C, 2L,

3 ¢r¢
+ H, + qu,

(3.66)

where I:Iq = Hyjeq + gzﬁ/ (2L,), Hujtq is the bare 4-junction qubit Hamiltonian,
Eq. (3.48).
Let us now take a closer look at the coupling Hamiltonian

6,04
L,

Hiy = = ¢yl (3.67)
We have introduced the resonator current operator I, = ¢,/L,. It does not,
however, correspond to the current flowing through the inductor L,, which is
given by (¢, — ¢,)/L,. This is an important fact to remember when interpreting
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32 CHAPTER 3. QUANTUM ELECTRIC CIRCUITS

what a non-zero value of I, means in terms of physical currents. The coupling is
of the type magnetic field coupled to the magnetic dipole moment B,u. In our
case I, o< B, and ¢4 ~ p.

Let us introduce the dimensionless operators a(f) for the oscillator as in sub
Sec. 3.5.1 and use a two-level-approximation for the qubit. Using these variables
the resonator Hamiltonian is given by H, = hw,a'a, where w, = 1 /L, C, is the
bare resonator frequency, i.e. there is no renormalization of the oscillator energy
in this case. The qubit frequency is renormalized, due to the inclusion of the term
¢2 /(2L;), to the qubit Hamiltonian to @,. The interaction Hamiltonian becomes

h
Hyy = 79(60* +a)o”, (3.68)

where hg = 2¢;pf¢gpf /L, is the coupling constant and we have included the factor
of half, as in sub-Sec. 3.5.1, for later convenience. The resonator zero-point flux
fluctuations are given by ¢} = /hZ,/2 and for the qubit we use (bgpf = Dypo1,
where ¢g; = (1| ¢,/ P |0), analogously to sub-Sec. 3.5.1.

Again we are interested in how the coupling constant g between the oscillator
and the qubit scales with the system parameters, especially we take interest in
the two parameter ratios g/w, and ¢*/(w,@,). Let us evaluate first the oscillator
frequency normalized coupling constant

g 2¢gpf ¢zpf 2Z (I)O
w_ = <P01

where we have used v/Z, Jw, = L,/ v/Z,. In contrast to the capacitive coupling
situation the dependence on the coupling type dependent factor is inverted to
VRo/(nZ,). This gives a much more favourable scaling with Z, regarding high
coupling strengths. This factor alone for a typical resonator impedance of Z, =
50€2 is given by \/Rg/(m50§2) ~ 6.41 a very large value indeed (the inverse of
this is ~ 0.16, so an increase of a factor of 40). There is no geometrical factor
in the qubit-resonator coupling in this case, but we will encounter also situations
where one exists, see Sec. 4.3. It will depend only on ratios of inductances in the
system analogously to sub-Sec. 3.5.1 where the geometric factor depended only
on the capacitive elements. A geometric factor would be present e.g. when the
coupling to the qubit does not happen through the resonator inductance, but a
dedicated inductance [50]. These types of factors can again be made at most of
order one, as in the capacitive coupling case [50]. The inverted scaling of the
coupling constant can be understood from I, /w, o 1/v/Z,. Next we will consider
the qubit dependent factor ¢q;.

As explained in sub-Sec. 3.4.2 the matrix element of the flux is given by half
the distance between the two minima in the qubit potential landscape. For the

g001, (369)
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3.5. CIRCUIT QUANTUM ELECTRODYNAMICS 33

4-junction qubit it can be up to ¢g; = 1/2, and for a flux qubit with almost a
harmonic spectrum it would be given by the same expression as for the resonator.
Thus, for a nearly harmonic qubit we obtain the bound

2

(=21 <u, (3.70)

Wrly

as we derived earlier for the capacitive coupling. For the anharmonic qubit the
qubit frequency and the matrix element are not correlated like for the harmonic
qubit and the bound of one can be broken. There is no simple expression for @,
for the 4-junction qubit so we cannot write down a simple expression like we did
for the capacitive coupling to a CPB.

In a similar manner to sub—Sec. 3.5.1 we can derive a bound for the oscillator
frequency normalized coupling strength

T q q
i _ 2 zpf¢zpf < zpf
Wy hw,L, — ¢ .’

zpf

(3.71)

in complete analog to the capacitive coupling situation. The set up of Fig. 3.7
saturates this bound, and any geometrical factors will only reduce the coupling.
It is a coincidence that the flux quantum is very large compared to the zero-point
flux fluctuations of typical electric circuits, yielding a large value for this bound.

It is interesting that the coupling to the magnetic field of the resonator can give
a stronger coupling than coupling to the electric field. In experiments with real
atoms instead of artificial ones, we are used to the situation that electric coupling
dominates over the magnetic one unless some symmetries protect the atom against
coupling to the electric field.
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Chapter 4

Models of ultra-strong light-matter
coupling

In this chapter we discuss the models of ultra-strong light-matter coupling. We
begin by introducing the conventional models used in the literature, the Rabi and
Dicke models. Then we show, with explicit examples, that the correct description
of USC systems is given by the Extended Dicke model (EDM). This is done by
carefully analyzing a generic light-matter system and proving that the EDM is the
only model consistent with the two-level-approximation widely used in cavity /cir-
cuit QED.

4.1 Rabi model

The simplest model used to describe ultra-strongly coupled systems is the Rabi
model |89, 90|, or more correctly the quantum Rabi model. We will, however, use
just Rabi model for brevity. It describes systems with a single mode ultra-strongly
coupled to a two-level-atom. The Hamiltonian of the Rabi model is given by
Hopi = hw,a'a + %02 + % (aT + a) o”, (4.1)
where a?) is the annihilation (creation) operator of the field mode and 0%, a =
x,Yy, z,+, —, are the Pauli matrices. For couplings in the strong coupling regime a
RWA can be made and the “counter-rotating” terms, ac~, afo™, of the interaction
(a' + a)o® can be dropped. In this case the Rabi model reduces to the Jaynes-
Cummings model [91]. The full dipole interaction of the Rabi Hamiltonian, a
small change in principle, makes the system however much more complicated. It is
still exactly solvable, like the JC model, but the analytic solution was found only
recently [92]. The reason is the lower symmetry of the Rabi Hamiltonian. The

35
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36 CHAPTER 4. MODELS OF USC

() g%/(wwg) <1 (b) 9/ (wrwg) > 1
Fi YEL
W Vo

Figure 4.1: Effective potentials formed by the qubit for the resonator. In the
semiclassical approximation the operator a can be replaced by a c-number «, which
can be chosen real. The plotted curves E are the eigenvalues of the semiclassical
Rabi Hamiltonian Hgapi(a) as a function of . (a) When ¢* < w,w, the potentials
only have a single minimum at o = 0. (b) For ¢ > w,w, the ground state potential
curve develops a double-well structure with minima at o # 0.

JC Hamiltonian has a continuous U(1) symmetry compared to the Z; symmetry
of the Rabi Hamiltonian, corresponding to flipping the sign of af + ¢ and o®
simultaneously.

Now let us consider the ground state of the system in the ultra-strong coupling
regime, g/w,,g*/(w,w,) > 1. Let us for simplicity at first set w, = 0. Then
the Rabi Hamiltonian can be diagonalized by the polaron transformation U =
exp [g(aT —a)o®/ wT}, explained in detail in App. A, which displaces the oscillator
by a TLS-state dependent amount. The ground state of the system is doubly
degenerate and the states are given by [45, 46|

1 1

Gx) = 7 (=) o) £ | =) [—a)) = 7
where <— / — and 1 / | refer to the ¢” and o® eigenstates, respectively, |3)
is a coherent state of amplitude 3 and |C.)(B) = Nz'(|8) £ |-p)) is a Cat-
state of amplitude 3. The normalization constants N. are close to 1/4/2 for
B> 1. A finite qubit frequency w, induces transitions between the two states and
lifts the degeneracy. These solutions become possible classical ground states after
g*/(wyw,) = 1. Before this point the energy is always minimized by a wave function
of the photons centred at o« = 0. In Fig. 4.1 we show the effective potential created
by the TLS’s for the photons, see Chap. 6. Below ¢?/(w,w,) = 1 the effective
potential has a single global minimum located at a = 0. For ¢*/(w,w,) > 1
the potential has two degenerate minima at a finite a # 0. Due to quantum
tunnelling through the barrier, driven by ¢?, the ground state is the superposition
of the classical states centred in these minima, Eq. (4.2). The formation of these
states is a precursor of the superradiant phase transition (SRPT) observed in the
Dicke model, see Sec. 4.2.

(M ICr(@) £ IC-(a))),  (42)
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4.2. THE DICKE MODEL 37

This analysis explains the boundary ¢*/(w,w,) = 1 used for USC regime: the
formation of new classical stable points in the phase space. For g/w, > 1 the two
coherent states in Eq. (4.2), |£03), are well separated and almost orthogonal.

4.2 The Dicke model

The Rabi model is a description of a single emitter coupled to a field. For multiple
non-interacting emitters coupled to a single field mode the standard description
is the Dicke model [35, 36]. It is a simple generalization of the Rabi model to N
TLS’s coupled to an oscillator. The Hamiltonian is given by

Hpy = hw,a’a + Tuww, S, + hg(a' + a)S,, (4.3)

where S, = Zfil 0X/2 are collective spin operators. The model is named after
R. Dicke, who studied in his seminal work collective effects in dense clouds of
atoms emitting radiation [93]. He found that when the atomic cloud is prepared,
e.g., with a single excitation, and the inter-particle spacings are smaller than the
wavelength of the emitted radiation, the decay rated of the excitation is enhanced
by the number of atoms from I'" to NI'. This happens due to correlations building
up between the emitting atoms. Enhancement factors that scale with N? are
achievable, by preparing states near the equator of the Bloch-sphere of the atoms,
e.g. a 0” polarized state [94, 95].

The Dicke model has a Z; symmetry like the Rabi model. The symmetry is
reflected in the eigenstates as having a definite parity defined trough (below the

critical coupling introduced below) [35, 36]

P — exp {m (am L5+ g)] | (4.4)

The RWA version of the DM is called the Tavis-Cummings (TC) model [96].
Analogously to the JC model the TC model is obtained from the Dicke model by
neglecting the CR terms in the interaction Hamiltonian

h
Hre = hwyata + fw,S, + ?g(aTS_ +aS,). (4.5)

4.2.1 Superradiant phase transition

The Dicke Hamiltonian supports two distinct ground states as a function of the
collective coupling strength G = v/Ng [35, 36]. For weak coupling the ground
state respects the Z; symmetry and has, accordingly, (a) = (S,) = 0. For large
coupling the ground state breaks this symmetry. This allows for the system to be
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38 CHAPTER 4. MODELS OF USC

in states for which (a) # 0 and (S,) # 0. The transition to this symmetry broken
regime is called the superradiant phase transition [47, 48].

The transition point can be obtained in multiple ways. We use here the equa-
tions of motion (e.o.m.). The e.o.m. for the field mode and the collective spin
expectation values read [97]

(@) = —iwra) — 15455, (4.6)
<Sa:> = _1wq<Sy> (4 7)
(S,) = ity (S} — i {(al + a)S.), (4.8)
(S.) = i%((cﬁ +a)S,). (4.9)

In the mean field description the expectation values of products of operators are
factorized, e.g. (aS.) =~ (a)(S,). Using this approximation and solving for the
steady-state of the the above equations gives

(@)= |0, iQi 1— (5)4 : (4.10)
(S,) = | 0, :inr 1— <g>4 , (4.11)
(Sy) = (0, 0), (4.12)
(S.) = (ig 0) : (4.13)

where the first, respectively second, elements in the parentheses denote the normal
and superradiant phases. Of the two stationary states (S,) = +N/2 the state with
a negative polarization is dynamically stable and the other unstable [97]. The

G

2w,
the critical collective coupling [47, 48]

G > G, = \/wwg, (4.14)

or g. = /wew,/N in terms of the single atom-photon coupling. Both of the possible
solutions are dynamically stable [97]. The stationary points at (S,) = +N/2
survive in the superradiant phase, but are now both unstable fixed points [97].
The SRPT has been observed in driven-dissipative scenarios [98-101], but not as
a standard ground state phase transition.

4
superradiant states, (a) = =+ 1— <GQ> , become valid stationary points at
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4.2. THE DICKE MODEL 39

4.2.2 The A%-term and no-go theorems

The discussion of the SRPT was based on the DM Hamiltonian Eq. (4.3). Let us
go back to the more fundamental Hamiltonian where it can be derived from. Our
starting point is the Hamiltonian for N charged particles, with charge ¢ and mass
m, moving in one dimension in an electromagnetic (EM) field

—hal (b —qA)° .
H_thanrzj:{ V()| (4.15)
where V(z) is an external potential confining the particles, A = Ay(a’ + a) is the
vector potential with zero-point amplitude Ag, p—¢A is the kinetic momentum and
we have additionally used the dipole approximation A(z) ~ A in the interaction of
the field and the particle. Expanding the square of the kinetic momentum allows
us to separate the Hamiltonian into three parts

H= f{mode + Hparticle + Hint; (416>
where
~ N 2 42
Hiode = hOJTCLTCL + q—J%(aT + CL)Q, (417)
2m
p2
Hparticle = % + V($), (418)
Hae — 3 (01 1 0)p. (4.19)
m

The interaction with the particles renormalizes the bare Hamiltonian of the field
by a term o< Ng?A%. This is the so called A%-term [59]. In the following we explore
its consequences on the physics.

Let us start, however, by neglecting it altogether. This is a valid treatment
if the coupling between the field and the particles, oc ¢.Ap, is small since it ap-
pears quadratically in the A%-term. In the two-level-approximation (TLA) the full
Hamiltonian H then reduces to the Hamiltonian of the DM. For large couplings
also the A2-term becomes significant and it cannot be neglected anymore.

It is also possible to include the effect of the renormalization exactly. The
modified field Hamiltonian can be diagonalized with a Bogoliubov-transformation
[102, 103], resulting in a renormalized field mode frequency @, = /w? + D? with
D? = 2N¢* Alw,/(hkm) [70]. Thus, the Hamiltonian in the two level description
reduces again to that of the DM

H = h,c'e + hw,S. + hg(c' + ¢)S,, (4.20)
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40 CHAPTER 4. MODELS OF USC

where ¢ are the new field operators and § = g1/w, /@, is the renormalized coupling.
It can then be shown [59, 66, 70] that

§2

Wy

<1. (4.21)

This means that the critical coupling of the Dicke model cannot be reached, such
that the SRPT is not possible.

The above result is not the complete story though, as we show in Sec. 4.4. The
no-go theorem does not hold in general for systems with non-convex potentials.
The reason is the failure of the simple two-level-approximation we have used in
this section in conjunction with the Coulomb gauge [70]. The qualitative result
is, however, correct: for non-interacting TLSs interacting with a mode of the
electromagnetic field there is no superradiant phase transition.

4.3 The Extended Dicke model

In the previous sections we have shortly reviewed the discussion on USC phe-
nomena in the Rabi and Dicke models. For the rest of the chapter we focus on
the Extended Dicke model [50, 51| which we develop in this section. We present
the theory applied to superconducting circuits, but it is a more general theory
applicable to all systems where a single EM mode is coupled to two-level-atoms,
real or artificial [51]. We start by considering non-interacting qubits coupled to
a mode of the electromagnetic field. Then we proceed to treat systems where
the qubits additionally interact with each other through dipole-dipole couplings,
either attractively or repulsively. An example circuit of each situation is given.
Finally we show that the Dicke model does not give the correct description of USC
light-matter systems.

4.3.1 Non-interacting qubits

Let us consider a system of comprising of an LC-resonator coupled to N super-
conducting charge qubits as presented in Fig. 4.2. In Chap. 3 we derived the
Hamiltonian for a single charge qubit coupled to an LC-oscillator. The derivation
for N qubits proceeds very much in the same manner, but with some important
differences. The Lagrangian for the circuit is given by

2 2 . .
L= T¢ ¢ + Z |: ¢za ¢z C <¢r - ¢z>2:| 5 (422)
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4.3. THE EXTENDED DICKE MODEL 41

Figure 4.2: N charge qubits coupled to an LC' resonator. The qubits can to be
CPB qubits or transmon qubits depending on the ratio chosen between Eo and
E;. The circuit is a prototype of non-interacting qubits coupled to a common
resonator mode.

where the Lagrangian for a single qubit is given by

Ly(¢,9) = %(dﬁ ~ Vi) + Ej cos (%) . (4.23)

Introducing the vector notation from Sec. 3.1 allows us to write the Hamiltonian
of the circuit as

1
H=3q'Cq+ Epou(ér, {6i}) = Hy + > Hy + Hin + Hy,, (4.24)

where the individual parts are given by

H, = 292 + o (4.25)
~9 )
H, = 2qf — Ejcos (%;) : (4.26)
q
Hy =y 2 (4.27)
7 Gy
4iq;
Hy =Y o, (4.28)
i qq

with ¢ = ¢+ C, Vi and the variables are now operators obeying [¢,, ¢.] = [¢i, ¢;] =
ih. The coupling results in renormalized capacitances C, = C?/(Cy + Cy), Cy =
c?/[C. + C, + (N - 1)C,C,/(C, + C,)] and C, = C?/C,, with C* = C,C, +
Cy(Cr + NC,), as in the single qubit case, now scaling with the number of qubits
N. Especially the effective resonator capacitance C, > C, which in turn leads
to a smaller resonator frequency. This goes completely against the result for the
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42 CHAPTER 4. MODELS OF USC

Dicke model including the A%-term where an increase of the mode frequency in the
presence of the coupling is obtained. Lowering of the oscillator frequency would
advance the possibility for a SRPT.

In addition, rather surprisingly, there appears coupling terms between the
qubits in the Hamiltonian, with Cyy = (Cy + C,)C?/C2. To add to the unusu-
ality of this term it seems to be an all-to-all interaction with a constant strength.
This should not be, however, interpreted as a direct static coupling. Writing down
the equations of motion for ¢, and ¢;’s resulting from the Hamiltonian Eq. (4.24)
gives

b = = ) 2 4.29
h=Gt i (4.29)
i qi qr Qj

CVq Cg ; qu

Assuming a stationary oscillator ¢, = 0 gives

C,

i

Plugging this into the equation for the qubit variable yields

. 1 ér 5 1 C’r " qi
U N A )G = 4.32

and the coupling to other qubits has vanished. To obtain the above result we
have used Cyq = C2/C, and C;' — C.l = (Cy + Cy)~'. Thus, there are couplings
between the qubits mediated by the dynamical resonator, and they do not exist if
the resonator does not have dynamics of its own. Note that to arrive at this con-
clusion the qubit-qubit “interactions” have to be included in the Hamiltonian, since
without them there would appear a static interaction due to relation Eq. (4.31).
Another argument against interpreting the S2-term as direct qubit-qubit interac-
tions is the fact that it could be removed by a gauge transformation [51, 70|, as
we discuss in Chap. 4. Thus, the appearance of the term is related to our choice
of canonical variables, ¢,/; and g, /;, rather than any physical interaction between
the qubits.

Hamiltonian of Eq. (4.24) is defined in the full Hilbert space of the system.
To proceed we apply the two-level-approximation to the charge qubits. In the
TLA we can write for Cooper-pair-box qubits H,, ~ hw,07/2, with h, ~ E;, and
Gi =~ eo? |25]. We also introduce the annihilation and creation operators of the
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4.3. THE EXTENDED DICKE MODEL 43
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Figure 4.3: Flux qubits coupled to an LC-circuit. The flux quantization condition
for the loop formed by the resonator inductor L,, coupling inductor L, and the
qubits constrain the currents flowing the this loop. The constraint induces dipole-
dipole interactions between the qubits, see text. Removing the resonator inductor
removes the loop in which case the qubits would be non-interacting.

mode, defined through ¢, = iy/hZ,/2(a" — a) and ¢, = \/h/(2Z,)(a’ + a). The
Hamiltonian in the TLA then reads

h 2
Hipn = hiyata + ha,S. + hg(a + a)S, + j s2, (4.33)

where @, = 1/v/ L.C, and g = \/WZT/RQC)/C'QJJT which can be obtained easily
from the result derived in sub-Sec. 3.5.1. The S, = > or /2, o € {x,y, 2},
are collective spin operators. The factor of the S%-term, coming from the H,q
term in the full Hamiltonian, follows due to the relation Cy = ('jgz /C,. The
Hamiltonian we have derived is the Extended Dicke model Hamiltonian [50, 51]|.
In the following chapters we mostly drop the tilde-notation from the resonator and
qubit frequencies for convenience.

4.3.2 Repulsive dipole-dipole interactions

We consider a system described by the circuit of Fig. 4.3. Flux qubits are induc-
tively coupled to an LC-oscillator through a dedicated coupling inductance L,. We
assume them to be 4-junction flux qubits as before for definiteness, but any flux
qubit will do. The difference to the inductively coupled circuits we have looked at
before is the inclusion of a dedicated resonator inductance L, in the circuit, rather
than letting the resonator inductor be also the coupling inductance.

Let us label the branch flux of the resonator inductor ¢,, for the branch flux
through the coupling inductor we use ¢4, and A¢y is the flux jump over the
qubit & =1,2,..., N (for the 4-junction qubit it corresponds to ¢4 of Eq. (3.48)).
Without the dedicated resonator inductor the only closed loops in the circuit are
the ones of the qubits’. However, with L, included there is also a big loop formed
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44 CHAPTER 4. MODELS OF USC

by L,, Ly and the qubits. Thus, we need to apply the flux quantization condition
to this loop

br+ by + > Ay =0, (4.34)
k

where we have assumed the external flux threading the loop vanishes. This equa-
tion can be used to eliminate e.g. the flux through Ly: ¢y = —(3>_, Adr+¢,). Up to
the appearance of a qubit-qubit coupling term, the derivation of the Hamiltonian
is identical to the single qubit circuit in sub—Sec. 3.5.2. The resulting Hamiltonian
is given by

H=H, + Y Hi+ Hu + Hy, (4.35)
k
where
2 2
q ¢
H, = L - 4.36
2C, - 2L, (4.36)
- Agy
Hy = Hyjfq + —, (4.37)
JJ4a 2Lg
How = 223" Aoy, (4.39)
9 k
AprAgy
Hyq = Z Y (4.39)
k,l£k 9

and Hyjf, is the bare Hamiltonian of a 4-junction flux qubit, Eq. (3.48). Due to
the renormalization of the resonator inductance to L, = L,L,/(L, + L,) there
will be a renormalization of its frequency, which, however, does not scale with the
number of coupled qubits. The renormalized qubit and interaction Hamiltonians
are the same as obtained in sub-Sec. 3.5.2, with the replacement of L, — L,.
The qubit-qubit Hamiltonian is of the same form as we derived for the capacitive
circuit in Sec. 4.3, however now it also contains real DD interactions as opposed
to Sec. 4.3.

Quantizing this Hamiltonian, using the two-level-approximation for the flux
qubits and introducing the annihilation and creation operators for the resonator,
we obtain
hg?

W

The coupling g = L, /(L, + Ly)\/ Ro/ (7 Z,. )i is the same as in sub-Sec. 3.5.2,
replacing L, with L,, and also including a geometric factor L, /(L,+ L,) < 1. The

H = hayata+ @,S, + hg(a' +a)S, + (1 +¢)—S2 (4.40)
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4.3. THE EXTENDED DICKE MODEL 45

factor in front of the S? is however not equal to ¢g?/&, as before. Rather there
is an additional £¢?/@, term with e = L,/L, > 0. This can be interpreted as a
collective dipole-dipole interaction among the qubits, as we will demonstrate. The
additional factor vanishes for L,/L, — 0, i.e. if we remove the inductance L, (in
that case “L, = o0”).

The interpretation of the eg?/w,S? as a direct dipole-dipole interaction is cor-
roborated by considering the e.o.m. for the system. Let us go back to the variables
Qr(k)s (A) @y Writing down the equations for ¢, and ¢, and assuming a stationary
oscillator, ¢, = 0, as in sub-Sec. 4.3.1 we obtain the following equation for g

~ OHyjyq Ay

ONGy L, +L,

Gk = (4.41)

The appearance of other qubits [ # k in the e.o.m. for qubit & indicates a static
interaction between them not mediated by a dynamic field ¢,. The interaction
term vanishes in the limit L, — oo as it should.

The direct dipole-dipole coupling originates from the flux quantization condi-
tion Eq. (4.34), which relates the currents flowing in the resonator and coupling
inductors, and through the qubits. It constrains the current through the coupling
inductor, which is a free variable if the dedicated resonator inductor, and thus also
the loop, is missing. This constraint then leads to the observed direct interaction,
which also explains the collective nature of the interaction: all of the qubits are
equally represented in Eq. (4.34), necessitating a collective interaction.

4.3.3 Attractive dipole-dipole interactions

Using flux qubits it is also possible to create systems with attractive direct DD
interactions between the qubits. We analyze here a setup from Ref. [104]|. Rather
than coupling the qubits to the resonator through a single coupling inductor as
previously, we couple them to the resonator in parallel through dedicated coupling
inductors L, for every qubit, see Fig. 4.4. We have taken the qubits to be single
Josephson junctions as in Ref. [104].

Every loop formed by the resonator inductor L, coupling inductor L, and the
junction are threaded by an external flux ¢.. For N qubits this gives rise to N
flux quantization conditions

G+ g + Ui = ¢, Vi=1,2,...,N, (4.42)

where ¢,(,,) is the flux jump across the resonator (coupling) inductor and ; the
flux jump across the junction. These equations are used to eliminate the N extra
variables. In [104] the node fluxes ¢,, ¢; are chosen as the independent variables,
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Figure 4.4: Flux qubit circuit implementing attractive dipole-dipole interactions.
The N loops formed by the resonator inductor L,., every coupling inductor L, and
the junction of the qubit give flux quantization conditions that couple the qubit
variables together. The external flux ¢, is used to invert the cosine potential of
the Josephson junctions.

where ¢; is the node flux in the node between the ith junction and coupling in-
ductor, leading to

by = bi — ¢r, (4.43)
i =g — ¢r (4.44)

There are no capacitive couplings in the circuit such that the conjugate charges to
¢, and ¢;’s are just ¢, = C,.¢, and q; = C;¢;, respectively. The Hamiltonian then
becomes [104]

@ 9 @ | (6i— o) ¢ + ¢e
H_2_C’T‘+2L7~+;|:20J+ o1, —EJCOS( B, )] (4.45)

The external flux is chosen to have a value of ¢./®y = m, such that the sign
of the cosine potential is flipped for every qubit. Going to the annihilation and
creation operators for the resonator and performing a two-level-approximation on
the qubits! we obtain the Hamiltonian

H = w,a'a +w,S. + g(a' +a)S,. (4.46)

The resulting Hamiltonian looks identical to that of the Dicke model. However,
the interpretation of the Hamiltonian is not that simple due to Eq. (4.42) which
couples the branch fluxes related to the coupling inductors and the Josephson
junctions to that of the resonator. We can again gain intuition by looking at the

!The TLA is not justified [104], but since we are only interested in the form of the Hamiltonian
it is fine for the current analysis.
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4.3. THE EXTENDED DICKE MODEL 47

equations of motion for the circuit in the case of a static resonator, ¢, = 0. This
gives the equations of motion for the qubit variables

7 7 Er
G; = I.sin (%0) - % +> Z3%5 (4.47)

T

where L, = L,.L,/(L, + NL,). In the e.o.m. there appear variables of the other
qubits ¢;; such that there are static dipole-dipole interactions between them, not
dynamic ones mediated by a dynamic oscillator mode.

Based on the above considerations it is instructive to write the Hamiltonian
Eq. (4.46) in the same form as Eq. (4.40)

2
H = w,a'a +w,S. +gla’ +a)S, + (1 + 6)g—5§, (4.48)
Wy

where ¢ = —1 is now fixed rather than tunable as in the case of the repulsive
interactions. Thus, we can interpret the system as a collection of qubits coupled to
a common resonator with attractive collective DD interactions. It is an interesting
coincidence that the strength of the interactions is exactly such that the gauge
dependent S2-term is cancelled, resulting in the Dicke model.

4.3.4 General description of qubits coupled to a single mode
resonator

The treatment above can be generalized to describe a generic system of dipoles
interacting with a single mode resonator through a dipole transition and with
each other through dipole-dipole interactions [51|. The generic cavity/circuit QED
Hamiltonian is then given by

Heep = wrala+ Y | So7 +2(a + a)o? + T2 (14 Dyj)otoy| . (4.49)

J

In the above equation we have allowed the two-level-systems to have different
frequencies and interaction strengths with the field mode. The D;; is the dipole-
dipole interaction strength between qubits ¢ and j. Note, the DD coupling strength
is given in units of g¢;g;/w, and the D;; are dimensionless. The dipole-dipole
interactions D;; do not have to have a r~3 dipole character, rather they depend
on the boundary conditions for the field modes that mediate the interactions. In
case of free-space the typical DD couplings would be recovered [51].

The above Hamiltonian also shows that the single mode approximation cannot
be done in a simple minded way of just cutting the full radiative field to a single
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48 CHAPTER 4. MODELS OF USC

mode. Rather, the other modes have to be carefully adiabatically eliminated, and
they result in relevant interactions between the qubits [51].

The general Hamiltonian Eq. (4.49) is very complex. In order to simplify the
discussion we need to make some simplifications. As before we assume that the
qubits are identical, i.e. their transition frequencies are equal w; = w, and the
qubits couple to the resonator with the same coupling strength g; = ¢g. In the
simplest approximation we take the dipole-dipole interactions into account only
in an average way. This is achieved by introducing the averaged DD coupling
strength

1
1,71

which is equal for all of the qubits. Then we replace the DD interaction with a
collective coupling

> Dyojol/A— €Sk, (4.51)
i,J

The general cQED Hamiltonian of Eq. (4.49) then reduces to that of the Extended
Dicke model

2
Hppym = wra'a + w,S, + glal + a)S, + (1 + E)g—Si. (4.52)
Wy

This approximation captures the qualitative behaviour of the dipole-dipole inter-
actions: with on average ferromagnetic interactions ¢ < 0 the qubits want to
align them selves parallel in the x-direction, and for € > 0, i.e. anti-ferromagnetic
(averaged) interactions they prefer to be anti-aligned along x. Of course in this
approximation the total angular momentum S is conserved which is not true in the
general case. Especially for larger DD coupling strengths this can cause inaccura-
cies. The value of ¢ is sensitive to the geometry of the qubit ensemble [51]|. For
example, if we have dipoles arranged in a lattice and the ensemble has a spherical
shape the averaged dipole-dipole interaction strength vanishes e = 0 [51].

This approximation can be made more rigorous. Let us take the dipole-dipole
interaction matrix D;; and diagonalize it. This gives us the N eigenmodes of the
DD coupling matrix. The averaged interaction strength € then corresponds to the
totally symmetric mode of D;; in which all of the qubits participate equally. The
above approximation then consists of neglecting all other modes of the interaction
matrix.

Clearly the Hamiltonians for the two circuits we have analysed above fall under
this description. In the cases we have treated g; = ¢ for all the qubits and also
D;; = D for all different pairs of qubits. The DD interactions are given by D =
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4.4. JUSTIFICATION OF THE EDM 49

L,/((N —1)L,) for repulsive DD interactions, and for the attractive couplings
D = —1/(N —1). Note that for the circuits we analysed the EDM Hamiltonian is
not an approximation of the general Hamiltonian. In these setups the dipole-dipole
interactions, if present, are naturally of collective type.

4.4 Justification of the EDM: Gauge non-invariance
in the USC regime

The Hamiltonians we have derived in the previous section all are written in the
electric dipole gauge (introduced below). In principle a gauge transformation could
be performed on the Hamiltonian and a different looking, but equivalent Hamilto-
nian will be obtained. In the literature another widely used gauge is the Coulomb
gauge. The equivalence of Hamiltonians in different gauges is, however, guaranteed
only in the full Hilbert space of the system. We demonstrate that the electric dipole
gauge, which leads to the Extended Dicke model after the two-level-approximation,
is the gauge to use in the USC regime rather than Coulomb gauge.

4.4.1 Gauge freedom in cavity QED

Maxwell’s equations of classical electrodynamics are invariant under the transfor-
mation of the scalar potential ®.; and vector potential A by [105]

of
Py — Dy + n (4.53)
A— A+ VY, (4.54)

where f is a twice differentiable function of position and time. In the language
of Lagrangians this freedom appears as a two Lagrangians differing by a total
derivative giving the same equations of motions. For Hamiltonians gauge trans-
formations can be performed with canonical transformations in the classical case
and in the quantum realm by unitary transformations. In cavity QED mostly two
gauges are used when performing calculations, the Coulomb gauge and the electric
dipole gauge. Next we shortly review how they are defined.

Note, we are only treating systems in the dipole approximation and consider
systems of non-interacting TLS’s. Dipole-dipole interactions are gauge invariant
and will not change the conclusions made in this section.

Coulomb gauge

The Coulomb gauge is defined by the condition [106]
V-A=0. (4.55)
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50 CHAPTER 4. MODELS OF USC

In this case we can use the well know minimal coupling replacement for a charged
particle moving in an electromagnetic field

P — P+ A, (4.56)

where ¢ is the charge of the particle and p its momentum. Thus, the Hamiltonian
for a single particle of mass m, moving in one dimension, coupled to a single mode
of the electromagnetic field will have the form
—gA)?
He = P9 | i) 4 hata, (4.57)
2m
where V() is the confining potential of the particle, w, the frequency of the field
mode and A = Ag(a’ + a), with Ay a zero-point amplitude. The interaction
between the particle and the mode is of the form
HC

int

xpx A (4.58)

Expanding the square gives also the infamous A2-term, ¢*/(2m)A?, which renor-
malizes the mode frequency to @, = \/w? + D? [59], with D = 2¢* A’w, /(hm).

Electric dipole gauge

We can change from the Coulomb gauge to the electric dipole gauge by performing
the unitary transformation |70]

U = e amA/n, (4.59)

The Hamiltonian in the electric dipole gauge reads |70]

2 ~
H = ;; —+ V(.'E) + hwraTa + iquAO(aT - CL)SC, (46())

m
where the potential of the particle has been renormalized to V(z) = V(z) +
mD?z%/2 due to the coupling to the mode. The coupling is now of the form

H-D

int

xz X E, (4.61)

where E = iw, A(a’ — a) is the electric field. Since Hp and H¢ are connected by a
unitary (i.e. gauge) transformation they share the same spectrum and are, thus,
equivalent.

The equivalence of the Coulomb and dipole gauge Hamiltonians is no longer
true when using a two-level-approximation for the matter system as discussed in
detail in Ref. [70]. Here we present the analysis as it concerns superconduct-
ing quantum circuits, where different circuit variables can be connected by gauge
transformations.
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Figure 4.5: (a) Fluxonium qubits coupled to an LC-circuit. (b) The bare potential
V(¢) of the fluxonium qubit. We choose the parameters £y, /h = 7GHz, E¢, /h =
12GHz and E;/h = 50GHz for the qubit. These give w,/(27) ~ 3 GHz and
anharmonicity wis/we; & 15, consistent with experimentally realized values [107].

4.4.2 Case study: flux qubits coupled to an LC-resonator

As an example we consider flux qubits coupled to an LC-resonator. We present
the Hamiltonian in the Coulomb and electric dipole gauges.

Electric dipole gauge Hamiltonian

We consider the circuit of Fig. 4.5(a). The Hamiltonian for this system is given
by [70]

2
Er, Er,
= a5+ 2 (@T—z%) £ 37 [+ Bt + Bgt]

1

(4.62)

where E¢ = €*/(2C, ) and B, = ®3/L,), are the charging and inductive
energies, and ¢; = A¢; /Py, ¢, = ¢,./Py and n;, = ¢;,/(2e) are the dimensionless
flux and charge variables, respectively. This Hamiltonian is identical to the electric
dipole gauge Hamiltonian Eq. (4.60): an effective particle moving in a potential
V(p) = Ejcos(p;) + Er,¢7/2, shown in Fig. 4.5(b), is coupled to a mode through
its position variable ;.

Coulomb gauge Hamiltonian

From the electric dipole gauge Hamiltonian we can obtain the Coulomb gauge
Hamiltonian by the inverse of the unitary transformation we introduced above,
Eq. (4.59), with A — ¢, and © — ¢;, plus a sum over the qubit variables i. The
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Hamiltonian in the Coulomb gauge is given by [70]
_ 2 B 2
Ho = 4Ec,n} + =9} + > " [4Ec,(ni —n,)? + V(gy)] . (4.63)

It can be readily seen that the Hamiltonian is equivalent to the Coulomb gauge
Hamiltonian Eq. (4.57): an effective particle moving in a potential coupled to the
field through its conjugate momentum.

4.4.3 Gauge non-invariance of the two level approximation

Now that we have obtained the full Hamiltonians in the electric dipole and Coulomb
gauges we consider both of them in the two-level-approximation for the flux qubits.

4.4.4 TLA in Coulomb gauge

Let us start with the derivation of the two-level Hamiltonian in the Coulomb
gauge. To start with expand the square (n; — n,)? and obtain an “A2-term” for
the oscillator mode which can be absorbed into the kinetic energy term to obtain
a renormalized charging energy

E¢ = Ec, + NEg,. (4.64)
Then we can introduce the creation and annihilation operators through n, =

iY/EL, [/(32E¢ )(a' — a) and ¢, = /2Ec,/EL,(a' 4+ a). The individual qubit

Hamiltonian can be diagonalized to obtain the two lowest energy levels [¢g) and
|¢1) and their splitting w,. Then the charge operator can be expressed using the
eigenstates as n = |(¢g|n|i1)|or = ng1o,. The two-level Hamiltonian then becomes

HY = hdyata + hw, S, + ihgg(a® — a)S,, (4.65)

with @, = \/8E¢ Ep, /h the renormalized cavity frequency and

(4.66)

the coupling. Above w, = /8F¢, EL, /h is the bare oscillator frequency. The
obtained Hamiltonian is given by that of the Dicke model.

Consider now a situation with only a single flux qubit coupled to the LC-
oscillator. The matrix element of the charge operator appearing in the definition
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4.4. JUSTIFICATION OF THE EDM 53
of the coupling constant can be turned into a flux matrix element by using the
general relation

Pk = im(wn — Wi)Tnk, (4.67)
between position and momentum matrix elements. Using this result we get [70]

9o _  Ee,
wq(jjc Ecr + Ecq

I (4.68)

where f = 2C,®3w,p3,/h is the oscillator strength. Using the Thomas-Reiche-
Kuhn (TRK) sum rule we can constraint f < 1, so that

g2

¢ <1 (4.69)
Wy

This is the no-go result of the SRPT when including the A2-term, the critical

coupling of the Dicke model cannot be reached.

4.4.5 TLA in electric dipole gauge

Now we repeat our derivation of the two-level Hamiltonian from the electric dipole
gauge Hamiltonian Eq. (4.60). For the oscillator the annihilation and creation
operators are as before with the replacement of the renormalized charging energy
E¢  with the bare one Eg,. The qubit eigenstates and energies are obtained
using the renormalized potential V() = V() + Ef,/2¢* resulting in a qubit
frequency w, and we expand the flux operator using the two lowest energy states
to ¢ = |(Yo|e|t1)|0e = Go10,. The Hamiltonian becomes

2
"o g2 (4.70)

Wr

Er,. .
go = Wr{l/ QELCT ©o1 - (4.71)

The obtained approximate Hamiltonian is that of the Extended Dicke model as
expected based on Sec. 4.3.

Let us again consider a situation with a single qubit coupled with the resonator
and evaluate the dimensionless coupling constant. We obtain

2> ELE, -
9o _ ZCalr g (4.72)

Hi™ = hw,a'a + hi,S. + hge(a' + a)S, +

with the coupling constant

~ 22
WrWg h*w;
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with the modified oscillator strength f = 2C,&,|@3,|/h. Again the oscillator
strength is bounded from above using the TRK sum rule and we obtain

gé < EC‘ZELT

~ = T 329
WrWg h wz

(4.73)

For an arbitrary potential, thus, the dimensionless coupling constant is not bound
by unity, rather it can have a priori any value. It can be show [70], however, that
in order for to obtain g3 /(w,w,) > 1 the bare potential of the qubit V() must be
non-convex at ¢ = 0. Thus, e.g. with a transmon qubit the critical Dicke coupling
cannot be reached.

We have derived a two-level Hamiltonian in two gauges and shown that they
result in different conditions on the dimensionless coupling constant g*/(wyw;).
This implies differences in the physics predicted by the two Hamiltonians. This
shows clearly that the two approximate Hamiltonians are not anymore equivalent
in their spectra or other gauge invariant quantities.

For a multi-qubit system it can be shown [70] that the Coulomb and electric
dipole gauge Hamiltonians both predict absence of superradiance. However, the
mechanism is different. In the Coulomb gauge the absence of superradiance traces
back to the limitation on the dimensionless single qubit-photon coupling strength,
Eq. (4.69). In the electric dipole gauge it is rather the S-term present in the
Hamiltonian that prevents superradiance as we will shown in Chap. 5, while the
dimensionless interaction strength is not constrained. These no-go theorems apply
in systems of non-interacting qubits coupled to a field mode. As we will show
in Chap. 5 attractive dipole-dipole interactions can cause an instability, in both
gauges, and a transition into a superradiant phase. This is possible, however, only
in specific situations and has nothing to do with the cavity [51].

4.4.6 Validity of the TLA

Now that we have established that the TLA Hamiltonians derived in different
gauges predict different physics when the coupling is large, we need to ask which
one gives accurate predictions, or if possibly both are inaccurate. To answer this
question we compare the two approximate Hamiltonians Eq. (4.65) and Eq. (4.70)
to the full Hamiltonian Hg of Eq. (4.62).

In Fig. 4.6(a) we compare the spectra from the approximate TLA Hamiltonians
to the numerically exact spectrum of the full Hamiltonian. The eigenenergies are
plotted against

dolepln)l, (4.74)
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4.4. JUSTIFICATION OF THE EDM 95

Figure 4.6: (a) Comparison between the spectra from the full Hamiltonian of
Eq. (4.62), blue line, and the two-level truncated Hamiltonians Eq. (4.70), green
square markers, and Eq. (4.65), red round markers. (b) The ground state pho-
ton number, (GS|a'a|GS), and entanglement entropy of a single qubit S; =
—Tr[p1logy(p1)], with p; = Tr, y_1]p] the single qubit reduced density matrix,
from the full Hamiltonian, solid blue line, and the electric dipole gauge TLA
Hamiltonian, green square markers.

which is the coupling strength in the electric dipole gauge without including a
modification of the flux matrix element coming from the harmonic renormalization
term. We see that all of the spectra agree for small interaction strengths as one
would expect. As the coupling increases, however, the spectrum calculated using
the Coulomb gauge two-level Hamiltonian starts to deviate strongly from the exact
spectrum, while the approximate electric dipole gauge Hamiltonian still agrees
with it. For even stronger couplings, go/w, ~ 4, also the TLA Hamiltonian in the
electric dipole gauge breaks down and deviates strongly from the exact result.
This observation is not just specific to the chosen system of flux qubits and an
LC-oscillator. Using the two-level-approximated versions of the generic Hamiltoni-
ans Eq. (4.57) and Eq. (4.60) with a double-well or box potential for the qubit gives
the same result: for ultrastrong couplings the electric dipole gauge Hamiltonian
in the two-level-approximation gives more accurate results than the correspond-
ing Coulomb gauge Hamiltonian [70]. Intuition for why this is the case can be
obtained from the relation Eq. (4.67). It shows that the matrix elements of the
momentum operator, in circuit QED language the charge operator, are enhanced
by the transition frequency of the transition. We plot the matrix elements of the
flux and the charge operator for the flux qubit that we have used in Fig. 4.7(a)
and (b), respectively. We see clearly that the matrix elements of the flux operator
only weakly couples the two lowest states |1)g/1) to the rest of the spectrum. For
the charge operator this is not true, the matrix elements of the qubit states to the
other states tend to be larger than the coupling between the qubit states. Thus,
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Figure 4.7: (a) Matrix elements of the flux ¢ between eigenstates |t,,) and |i,,) of
the qubit. (b) Matrix elements of the charge operator ¢ between eigenstates |¢,)
and |¢,,) of the qubit. In both plots we have normalized the magnitude of the
matrix elements to one.

even though the anharmonicity of the flux qubit is large, wis/wp ~ 15 for the
parameters we have chosen, the simple two-level-approximation is not valid in the
Coulomb gauge due to large matrix elements of the charge operator coupling the
two-level-subspace to the rest of the spectrum. In the electric dipole gauge the
coupling of the qubit to the resonator happens through the flux operator which is
well contained in the two-level-subspace. For a harmonic “qubit” the charge and
flux, or more generally the momentum and position, variables are equivalent and
there is no distinction between the Coulomb and electric dipole gauge, or any other
gauge either, but of course the TLA is in this case not relevant since there is no
separated transition to begin with.

In Fig. 4.6(b) we demonstrate that not only the spectrum is correctly repro-
duced by the electric dipole gauge TLA Hamiltonian. We plot the ground state
photon number and the entanglement between the spins as a function of gy for the
approximate and full Hamiltonians and observe good quantitative agreement for
the photon number and qualitative agreement for the entanglement. The entan-
glement from the full Hamiltonian does not saturate since the two-level-subspace
is not perfectly decoupled from the rest of the spectrum, a result which cannot
be captured with the TLA Hamiltonian due to the maximal entanglement entropy
of log,(2) = 1. However, qualitatively they both predict highly entangled qubit
states. See Chap. 5 to how this behaviour comes about.

4.4.7 Remarks

We have demonstrated that the simple two-level-approximation cannot be per-
formed equally accurately in the Coulomb gauge and the electric dipole gauge.
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4.4. JUSTIFICATION OF THE EDM o7

It is possible, however, to perform the TLA in a different way in the Coulomb
gauge and obtain a two-level Hamiltonian that performs equally well as the elec-
tric dipole gauge Hamiltonian [108|. The resulting Hamiltonian, however, is not
of the Rabi, Dicke or even extended Dicke model type. This Hamiltonian can also
be obtained from the EDM Hamiltonian by a two-level truncated version of the
full gauge transformation Eq. (4.59) [51, 108] which is equivalent to the polaron
transformation, see App. A. In [108] the authors relate the failure of the simple
two-level-approximation in the Coulomb gauge to an incomplete application of
the minimal coupling replacement p — p — gA when using the simple TLA. In
the two-level-approximation the potential of the qubit becomes non-local, which
is equivalent to a momentum dependent potential energy [108]. The p — p — gA
replacement has to be done also in the potential not just in the kinetic energy.

If one is only interested in producing the two lowest energy eigenvalues with the
highest fidelity with a TLA Hamiltonian, it is possible that neither the Coulomb
gauge nor the electric dipole gauge gives the best result [109]. In this situation a
gauge which eliminates the counter rotating terms from the light-matter coupling
can be the best choice, in Ref. [109] called the Jaynes-Cummings gauge. The rest
of the spectrum naturally cannot be reproduced in this gauge since the spectrum
will be that of the Jaynes-Cummings model.

In [110] the authors study a situation where the TLS is coupled strongly to
not one but two modes simultaneously. In this case the best Rabi-type two-level
Hamiltonian can be found with an intermediate gauge between the Coulomb and
electric dipole gauges. For larger number of coupled modes it is still an open
question what is the optimal gauge.

Finally, let us touch on a limitation of the discussion presented in this chap-
ter. The analysis we have used, and also discussion in [108-110], assumes the
TLSs to have non-compact support. That is, charge qubits capacitively coupled
to resonator cannot be treated by the formalism presented. The failure in this
situation comes about due to the different canonical commutation relation (CCR)
Eq. (3.25). The modified CCR invalidates the relation Eq. (4.67) and also the
TRK sum rule used to bound the oscillator strength.


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

CHAPTER 4. MODELS OF USC

58

“Jayloljqig UsIpn NL e uud ul sjgejreAe si sisay) [2Jo1oop Siyl Jo uoisian [eulblio panoidde ay |
“regBnyian 3ayloljqig UsIpn NL Jop ue Isi uoirelassiq Jasalp uoisianeulblo apponipab ausiqoidde aig

qny a8pajmoud| INoA

Saylolqie


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
blio
nowledge

(]
I
rk

Chapter 5

Physics of the Extended Dicke
model

In this chapter we discuss the physics of the Extended Dicke model. We begin
by analysing in detail the important case of non-interacting qubits coupled to a
resonator mode. Then we expand the discussion to qubits who additionally have
dipole-dipole interactions. A phase diagram of cavity QED is presented and the
different phases are discussed.

Since the Hamiltonian of the EDM, Eq. (4.33), commutes with the total spin
operator [Hgpy, S°] = 0, with §? = > S2. Thus, the Hilbert space factorizes
into non-interacting blocks between subspaces of different spin quantum number s.
This allows us to concentrate on a total spin subspace s which brings the number
of qubit states down from 2V to 2s + 1, allowing to perform numerics for N > 10
qubits coupled to the mode.

5.1 Special case of non-interacting qubits

Let us start by considering the case of non-interacting qubits, € = 0. In the next
section we explore the phase diagram in the g, € landscape.

5.1.1 Bosonization in the large N limit
To analyse the physics of the EDM we start by considering the limit of a large

number of coupled qubits N > 1. In this situation it is beneficial to transform
from the collective spin variables to bosonic operators with the Holstein-Primakoff

29
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60 CHAPTER 5. PHYSICS OF THE EXTENDED DICKE MODEL

transformation [111]:

N

= T _ —
S. = blb— =, (5.1)
T
S+:\/wa1—@, (5.2)
N
T
s —vy1- 2 (5.3)

N

This transformation is exact, the commutation relations of the spin operators are
preserved. We can, however, make a simplification, when the number of qubits
is large compared to (b'b), or, equivalently, the qubits are close to their collective
ground state, (S,) ~ —N/2. This allows us to expand the square roots as a series
in b'b/N and only keep the leading order term. This results in the collective spin
becoming a bosonic mode

S, = blb— g (5.4)
S, & g(zﬁ +b). (5.5)

The resulting Hamiltonian is (h = 1)

2

Hyp = wyata + wb'b + g(aT +a)(b" 4+ b) + 4G (bT +b)?, (5.6)

Wr

where we have introduced the collective coupling constant G = +/Ng, already
familiar from previous sections. We call this Hamiltonian the Holstein-Primakoff
Hamiltonian.

Hamiltonian Eq. (5.6) is quadratic in the bosonic operators a™ and b . This

means it can be diagonalized with a Bogoliubov-transformation. We denote by
operators cy the resulting upper and lower polariton modes with frequencies

1
wi =5 [wf + Qg + \/(wf - 93)2 + 4G2wrqu g (5.7)

where Q2 = w?2(1 + G?/(w,w,)). The diagonal Hamiltonian is given by H =
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5.1. SPECIAL CASE OF NON-INTERACTING QUBITS 61

Zn wiclci. The new operators written in terms of the old ones are

ey = (:05((9)\/%@T +a)+ sin(&)\/zz(bT +b), (5.8)

et — ey = cos(6) o‘j—:(aT — a) + sin(0) Zj—i(bT —b), (5.9)
el =— sin(&)\/t}uz(cfr +a)+ COS(Q)\/%(N +b), (5.10)
¢’ —c_ = —sin(h) :}J—T(aT —a) + cos(6) 5_‘1(51‘ —b), (5.11)

where the mixing angle 6 is defined through

tan(20) = 2oVPr (5.12)

2_ ()2 -
wp —

A hall-mark of the SRPT in the Dicke model is the vanishing of the lower
polariton mode frequency w_(G.) = 0 [65]. From Eq. (5.7) we can evaluate this
condition:

w_=20
S0l = \/(wg — 02)2 4+ 4G2w,w,

& wag = GPw,w,
2
& — =w, +ND,

T

(5.13)

where D = ¢g?/w, is the coefficient of the S?-term in Eq. (4.33). Thus, this con-
dition can be fulfilled only in the special case of w, = 0. For the Dicke model,
however, we would have D = 0, and the critical coupling derived in Sec. 4.2 is
recovered. Thus, we have shown that the SRPT is not present in the Extended
Dicke model. It is prevented by the S2-term which is responsible for the D de-
pendent terms in wy. It, thus, seems to be analogous to the A%-term of the Dicke
model, since they both prevent the phase transition. However, in contrast to the
A%-term, the S?-term is not present for a single qubit coupled to a resonator.

Expectation values of all desired operators can be obtained in the eigenstates
of the normal modes |n,,n_) using N Ine) = /ne(+1)|ne — (4+)1) and the
expressions of the old operators a(f) and ") as combinations of the new operators.
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62 CHAPTER 5. PHYSICS OF THE EXTENDED DICKE MODEL

Inverting the relations (5.8 - 5.11) we obtain

a'+a= 003(9)\/?—:(01 +cy) — sin(@)\/%(ci +c_), (5.14)

a' —a = cos(h) ﬁ(cl — cy) —sin(0) uJ—_(CT_ —c_), (5.15)
Wy Wy
bl + b = sin(6) ﬂ(ci + c;) + cos(h) ﬂ(ci +c_), (5.16)
W w_
F_ph = i o - Yot
b' —b=sin(d),/—(c —c;) +sin(d), /| —(cL —c_). (5.17)
Wy Wy

For example, the expectation value of the number of photons n = (a'a) in the
ground state is found to be [50]

(a'a) = % (cos(20)C- + ¢+ —4), (5.18)

where we have defined (+ = (wyw_ + w?)(wy +w_)/(w,wyw_). This is a cumber-
some expression in general, but for G < w,,w, it can be simplified to

G%w,

ta) ~
@)~ o T oo, + ND = G2y’

(5.19)

In our case ND — G?/w, = 0 and nothing special happens at the critical coupling
G. as expected. For the Dicke model, however, D = 0 and there would be a
divergence at the critical coupling ,/w,w,. The above equation is of course only
approximate, but this conclusion holds for the full photon number Eq. (5.18) as
well. For extremely strong couplings we can derive the limit, to leading order in
G,

(atay ~ - 1 (5.20)

~ 9
dwrw, 2

that is the photon number is linear in the collective coupling for G > w,,w,. A
result very different to what one expects from the DM, (afa) o< G2.

5.1.2 Light-matter decoupling: the subradiant phase

Taking N — oo for the bosonization also implies that the single qubit-photon
coupling ¢ — 0, in order to keep the collective coupling G = v/Ng finite. In
the following we are interested in N > 1 and g > w,,w,, where a few qubits
and the resonator are ultra-strongly coupled in the single qubit-photon regime.


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
blio
nowledge

(]
|
rk

5.1. SPECIAL CASE OF NON-INTERACTING QUBITS 63

(@) 771 (b)
| N
05 DM . N9 N =10
= \ N N 2S5 |/N
= | ’ 1 05F NN 2SN
sl A7 NS0 42N T
0 el \T 0 ™

0 1 2 3 5 0 1 2 3 4 5
g/wr g/wr

Figure 5.1: (a) Photon number per qubit (a'a)/N in the ground state of the EDM.
The photon number is plotted against the coupling for N = 10 and N = 9 qubits.
The dotted line is the DM prediction which diverges at the critical coupling g.. The
dashed lines are analytical predictions from the Holstein-Primakoff Hamiltonian,
for small g, and the effective Hamiltonian Eq. (5.25) for large ¢g. (b) The spin
observables 2[(S,)|/N and 4(5?) /N plotted as a function of the coupling for N = 10
qubits. The dashed lines are as in (a). For (S,) the effective Hamiltonian Eq. (5.25)
is inaccurate and also corrections to the eigenstates have to be taken into account
in order to quantitatively match the g > w, result, see App. B. The behaviour
of (S.) and (S?) for N = 9 qubits is qualitatively same, the only difference being
that (S2) — 1/4 rather than to 0 for large couplings g.

In this regime the non-linearity of the spins plays a central role in the physics
and the Holstein-Primakoff Hamiltonian loses its applicability. In order to tackle
the problem in this regime we use exact numerical diagonalization techniques and
strong coupling perturbation theory.

In Fig. 5.1(a) we plot the ground-state photon number per qubit {a'a)/N for
the EDM as a function of the coupling g. We plot it for w,/w, = 0.5 and for 9
and 10 qubits coupled to the resonator. The behaviour for small g, up to g ~ w,,
is well predicted by the linearised Holstein-Primakoff Hamiltonian Eq. (5.6). For
larger couplings the behaviour for 9 and 10 qubits, surprisingly, start to deviate
from each other. Especially, for 10 qubits the photon number reaches a maximum
at a finite ¢ and then decreases approaching 0 as ¢ — co. On the other hand, for
9 qubits there is a small plateau where the 10 qubit system reaches its maximum,
but then the photon number increases again monotonically. This is completely
unexpected from the perspective of the Dicke model, where there is no difference
between an odd or even amount of coupled qubits, nor can the photon number
decrease for increasing coupling.

How can these findings be understood? A rough argument can be made just
based on the magnitudes of the coefficients of the different terms in the EDM
Hamiltonian Eq. (4.33). When the coupling energy is the dominant energy scale
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64 CHAPTER 5. PHYSICS OF THE EXTENDED DICKE MODEL

g > wy,w, the S2-term in the Hamiltonian is the most dominant part. Since the
eigenvalues of S? are positive the minimal energy penalty from this term comes
from states with the minimal eigenvalue. For an even number of qubits this will
be the eigenstate |m,) of S, for which m, = 0, such that also S?|m, = 0) = 0.
However for an odd number of coupled qubits the total spin is a half-integer s =
N/2 =k + 1/2 for some k € N, such that the possible values for m, are also half
integers m, = —s,...,—1/2,1/2,... s and there is no state for which m, = 0.
Thus, the energy is minimized by two states, namely |m, = £1/2). The coupling
term between the resonator and the qubits then displaces the oscillator by an
amount +¢g(a’ + a)/2 depending on the qubit state. The ground state is, thus, an
entangled state of the form |GS) ~ (|a, —1/2)+|—a, 1/2))/v/2, where a = g/(2w,)
is the amplitude of the resonator coherent state. The photon number of this state
is (a'a) = |a|* o ¢? rather than g as we derived from the Holstein-Primakoff
Hamiltonian for large G. This, difference is a signal of the non-linear effect of the
TLSs. For an even qubit number the coupling to the resonator vanishes altogether
g(a® 4+ a)m, — 0. Thus, the ground state of the system will be a product state
of the oscillator vacuum state and the |m, = 0) state, |GS) ~ |0, 0), giving a zero
photon number. Thus, we have given an intuitive explanation of the observed
behaviour of the ground state photon number and the surprising difference for
odd/even number of qubits.

The above argument is not quite the complete picture. In considering only the
S2-term we have neglected the effect of the interaction term Hig(a' + a)S,. A
priori it is possible that the lowering of the energy from this term, by displacing
the resonator such that the expectation value of the coupling Hamiltonian be-
comes negative, could compensate the energy penalty compared to the eigenstate
with minimal m,, and lead to a different ground state. We will give the detailed
explanation to why this is not the case later in this section. The free qubit Hamil-
tonian S, will lead to mixing of different S, eigenstates and could in principle also
change the ordering of the energy levels. However, in the regime g > w,,w, it
is highly suppressed, and only weakly mixes the different m,-states, not affecting
the qualitative behaviour we have laid out. This will also be discussed later in the
section.

The conclusions made from the simple considerations made above are corrobo-
rated by the spin observables shown in Fig. 5.1(b). We plot the expectation values
|(S.)| and (S?%) normalized by N/2 and N/4, respectively, for 10 coupled qubits.
The absolute value of the z-polarization and the square of the x-polarization both
tend to zero for large couplings, as expected from our intuitive picture.
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5.1. SPECIAL CASE OF NON-INTERACTING QUBITS 65

EDM in the polaron frame

It is instructive to move into the polaron frame for the EDM Hamiltonian where
the bilinear interaction term is removed. The full derivation is presented in App. A,
here we give an outline of the treatment.

We apply the unitary transformation U = exp [v(aT — a)Sm} to Eq. (4.33),
with 7 = g/w,. This displaces the annihilation and creation operators to a(f —
ah —~S,. The S, dependent parts do not change since [S,, U] = 0. The free
qubit Hamiltonian is rotated by an amount dependent on the resonator to

S. — cos(iy(a' — a))S, — sin(iy(a" — a))S,. (5.21)
Using these substitutions the transformed Hamiltonian is given by

Hyor = wya'a + % (D(—7)5’+ + D(y)i) , (5.22)

where D(a) = exp(aal — a*a) is the displacement operator and Sy = S, +1S, are
the ladder operators with respect to the S, eigenbasis.

By moving into the polaron frame we have removed both the linear coupling
to the cavity and the S3-term. Moreover, the free qubit Hamiltonian HZ, second
term in FEq. (5.22), is heavily suppressed for g > w,,w,, HZ, wqe_72/2. Thus,
to lowest order in w,/g the resonator and the qubits are decoupled, and all the
2NV qubit eigenstates are degenerate. This is in conflict of our simple treatment
where we concluded that the eigenstate, or states, with the minimal S, quantum
number will be the ground state. The reason for the exponential degeneracy is
the interaction term H;i,; as we anticipated. However, this result is also in conflict
with our numerical results for (S?), which shows clearly that the state of the qubits

approaches the state with the minimal S, eigenvalue.

Effective low-energy Hamiltonian

The reason for this discrepancy is the importance of quantum fluctuations due to
HZ, [50, 51]. In App. B we calculate the effective Hamiltonian in the 0 photon
subspace {|n = 0, s, my)}sm, for the EDM up to second order in the perturbation
HE ). The first order perturbative correction is exponentially suppressed in v =
g/wr

HY) = we 28, (5.23)

Surprisingly the second order correction does not go exponentially in the coupling,
rather it is polynomial in w,/g
() _ W

Hg = 2 (S:—5%), (5.24)
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66 CHAPTER 5. PHYSICS OF THE EXTENDED DICKE MODEL

/

g/wr =0 g/wy =3

Figure 5.2: SU(2) @Q-functions of the reduced qubit states p, = Tr.[p]. (a) For
small couplings the qubit state is close to a coherent spin state at the south pole
of the Bloch-sphere. (b) For increasing coupling the state is squeezed along x. (c)
In the limit ¢ — oo the state approaches a narrow circle in the plane S, = 0.

where S is the total spin operator. In this result we have neglected an exponentially
suppressed term that couples different m, states, and assumed ~ 2 2 in order to
simplify H, (E? to the from given above, see App. B.

Interestingly, coupling to the higher photon number manifolds n # 0 induces
strong shifts of the energies of the spin states. Since the second order term is not
exponentially suppressed, it determines the ordering of the energy levels rather
than H e(;f). The effective Hamiltonian describing the ground state photon manifold

n = 0 is then

2 wyw?
Heg = wee " /25, + ?j (82— 8?%). (5.25)
Thus, we see that our simple argument produced the correct result; the ground
state of the system has a minimal S, quantum number. Moreover, from H EE? we
see that the ground state is in the maximal total spin subspace s = N/2, which
we could not deduce from our simple argument, but what we implicitly assumed
anyway.

In the polaron frame the resonator and the qubits are decoupled in the low-
energy sector of the Hilbert space and the ground state for a system with odd
number of qubits is |GS) = (|s=N/2,m, =—-1/2) + |s=N/2,;m, =1/2)) ®
In = 0) /+/2 and for even qubit number |GS) = |s = N/2,m, = 0)®|n = 0). Mov-
ing back to the original frame with &/~! gives the ground state deduced from the
simple argument.

In Fig. 5.2 we show the SU(2) @-function of the reduced density matrix of the
qubits, @Q(n) = (n|p,|n), where n is a unit vector on the Bloch-sphere and |n) is
the corresponding spin-coherent state. The plot is for N = 10 and shows three
different couplings ¢g/w, = 0,3,8. As the coupling is increased the initial spin
coherent state |s = N/2,m, = —N/2) is squeezed along x, and approaches a ring
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5.1. SPECIAL CASE OF NON-INTERACTING QUBITS 67

Img| =1

Figure 5.3: Charge configurations of Fig. 4.2 corresponding to a states |m,| =
1, left, and m, = 0 right. The DM would predict an energy difference for the
presented configurations even though they differ only by the sign of the charge on
the coupling capacitor Cy. In the EDM this energy difference is not present. The
inductive parts of the circuit have been left out for clarity.

in the z = 0 plane for large couplings g.

Now that we have understood the behaviour of the ground state of the system
for different couplings, we are in place to understand the importance of the S?
term. Consider the e.g. the circuit of Fig. 4.2 in the regime where the inductive
energies Ey and E;, = ®%/L are negligible compared to the capacitive contribution.
If there would be no S? term in the Hamiltonian the charge configurations depicted
in Fig. 5.3, corresponding to m, = 0 and |m,| = 1, would have different energies.
In both of the configurations the energy is stored as the charging energy Q?/(2C,)
of the coupling capacitor Cy, and the charge on the resonator capacitor plate C,
vanishes, such that the voltage across it also vanishes. The only difference in the
two configurations is the sign of the charge on one of the coupling capacitors.
This however cannot lead to an energy difference since the charging energy is
quadratic in the charge. Thus, the Dicke model is in conflict with basic electrostatic
considerations by predicting an energy difference between these equivalent charge
configurations. This, discrepancy is fixed by the inclusion of the S? term which
correctly gives the degeneracy of all the charge configurations.

Even though we have derived the effective spin Hamiltonian Eq. (5.25) for the
ground state manifold n = 0 it has predictive power also in the excited manifolds
n > 0, see Fig. 5.4. We see that also in these manifolds 2V fold degeneracies start
to form when the coupling ¢ > w,,w,. This means that for a few of the lowest
excited manifolds the eigenstates will have the same form as in the ground state
manifold (¢, sm,) = |n) |5, my).

Ground state entanglement

It is interesting that, for an even number of qubits, increasing the qubit-oscillator
coupling leads to a complete decoupling of the two. Even though the resonator
and the qubits are not entangled, the state of the qubits’ is highly entangled.
Entanglement between subsystems A and B of a composite system Hq ® Hp
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68 CHAPTER 5. PHYSICS OF THE EXTENDED DICKE MODEL

Figure 5.4: The spectrum of the EDM, solid blue lines, and the DM, red dashed
lines, plotted against the coupling strength g. The behaviour of the spectrum
in the single qubit-photon USC regime in the two models is completely different.
Rather than forming degenerate manifolds of pairs of superradiant states, in the
EDM manifolds of 2V fold degeneracy are formed. The plot is for N = 2 qubits.

can be quantified with entropy of entanglement Sg, defined as the von Neumann
entropy of the reduced density matrix of one of the subsystems

Sp = —Tr(palog(pa)) = —Tr(pplog(ps)), (5.26)

where pag)y = Trpa)(p) is the reduced density matrix of subsystem A(B) and log
is the base two logarithm.

In Fig. 5.5 we plot the entanglement entropies of the reduced qubit density
matrix p, = Tr,.(p) and the reduced single qubit density operator p; = Trx_1(py),
S, and S respectively, for a N = 10 qubit system. The entanglement entropy S
quantifies the entanglement of the spins with the resonator and &; the entangle-
ment among the qubits. (This is actually not quite true in the case S, # 0, due to
the entropy of entanglement being a valid measure only for pure states p = |¢) (¢].
We are however only interested in the entanglement between the qubits in the sub-
radiant phase when S, ~ 0, such that S; measures to a very good approximation
only the entanglement among the spins.)

Let us first concentrate on §,. It follows qualitatively the behaviour of the
ground state photon number shown in Fig. 5.1. First there is an increase in the
amount of entanglement until at a finite ¢g it reaches a maximum value, after
which it decreases monotonously back towards zero as g — oo. The entanglement
entropy of a single qubit, however, behaves rather differently. At first it increases
at a much slower rate than S,, but &; continues to increase even after S, has
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Pq N =10

Sk

P1

0 1 2 3 4 5
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Figure 5.5: Entropy of entanglement for the EDM ground state. S, red line,
quantifies the entanglement between the oscillator and the qubits and S; between
a single qubit and the rest of the system. When S, ~ 0 a non-vanishing value of
S1 signals entanglement among the qubits. For g — oo the single qubit density
matrix is a completely mixed state p; = I5x2/2 such that S; saturates to 1.

started to decrease. For g — oo it saturates to S; = 1 which is the upper bound,
logarithm of the single qubit Hilbert space dimension, S; = log(2).

We call the regime of parameter space for which the resonator is in a low photon
number state and the qubits are in the highly entangled state the subradiant phase,
as opposed to superradiant phase. It is not, however, a phase in a rigorous sense,
rather the transition from the normal phase is a smooth crossover without a closing
of an energy gap. This is discussed in more detail in the next section.

5.2 Phase diagram of cavity QED

We want to explore the ground state physics of the cavity QED Hamiltonian
Eq. (4.49) as a function of the coupling strength g and the DD coupling strengths
D;;. We do this qualitatively using the EMD Hamiltonian. In the previous section
we analysed the ground state for non-interacting qubits, ¢ = 0, and saw that the
ground state for large couplings is in the subradiant phase. Here we map the
parameter space for arbitrary e.

In Fig. 5.6 we plot the phase diagram of the cavity QED ground state, with
numerical, black solid and dashed lines, and analytical, red dotted line, phase
boundaries, for varying effective fine structure constant o and DD interaction
strength €. The effective fine structure constant is defined through

— = 27a. (5.27)

This is motivated by the relation g/w, < \/2may,, with aps ~ 1/137 the fine
structure constant, for regular cavity QED systems with atoms in cavities |7, 28,
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k “subradiant”

-

crossover

1
h ~ 1st order

“normal”

2nd order
Y, “superradiant”

0.5 1
(0
Figure 5.6: Ground state phase diagram of cavity QED. The black lines denote the
numerically obtained phase boundaries, solid normal to superradiant and dashed
normal to subradiant, and the red dotted line is the analytical phase boundary
Eq. (5.35). The insets show the reduced qubit state in each phase, see Sec. 4.3 and
Fig. 5.2. The numerical phase boundaries have been obtained for N = 10 qubits.

51]'. Next we will go through the different phases of the ground state, starting
with the normal phase.

5.2.1 Normal phase

In the limit of very small coupling ¢ < w;, w, the ground state will be the standard
uncoupled vacuum state with {(a'a) ~ 0 and (S,) ~ —N/2, regardless of the average
DD coupling strength. This is the so-called normal phase. Since the coupling is
small, the terms proportional to g in the EDM Hamiltonian can be neglected.
Additionally a RWA can be performed such that the EDM Hamiltonian reduces to
the TC Hamiltonian Eq. (4.5). All the phenomena of the strong coupling regime
are then reproduced such as the vacuum Rabi splitting [112] and Rabi oscillations
[106] between dressed states.

For couplings large enough to break the RWA we can use the Hollstein-Primakoff
approximation to calculate properties of the ground state for finite coupling g, as
was done in Sec. 4.3. The bosonic Hamiltonian corresponding to Eq. (4.52) is the

Note, that in [7, 28] a resonant coupling is assumed which alters the scaling with « fs
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5.2. PHASE DIAGRAM OF CAVITY QED 71

same as Eq. (5.6) with the replacement G*/(4w,) — (14¢)G?/(4w,), in accordance
with the additional term e¢?/w, in Eq. (4.52),

2

G G
Hyp = wya'a + wb'b + E(aT +a) (b +b) + (1L +&)— (b +b)? (5.28)

Wy

where we have again introduced the collective coupling G = v Ng. From the above
Hamiltonian we can again calculate e.g. the ground state photon number, which
is for G < w,,w, given by

Ng*w,

T Y
{ala) = 4wy + w)2(wy + N2 /)

(5.29)

in accordance with Eq. (5.19).

For positive € the normal phase borders the subradiant phase, encountered
already for ¢ = 0 in Sec. 5.1, and for £ < 0 to the superradiant phase. We will
comeback to the definition of these borders when discussing the respective phase.

5.2.2 Subradiant phase

For larger couplings and € > 0 the system transitions into the subradiant phase
with (afa) = 0, but (S.) = 0 and (S?) = 0 for even number of qubits or (S?) = 1/4
for odd numbers, as explained in Sec. 5.1. In the polaron frame we get the following
Hamiltonian, see App. A

2
H = w.a'a+ 5%53, (5.30)

where we have neglected the term coming from the free qubit Hamiltonian w,S,.
From this Hamiltonian it is clear that the inclusion of repulsive interactions does
not qualitatively change the ground state properties for finite coupling since the
additional £¢g?/w,S? term drives the qubits also to states with minimal S, projec-
tion. However, for ¢ — oo the exponential ground state degeneracy is lifted due
to the energy penalty to other S, eigenstates.

In Fig. 5.6 we have used the condition (for even number of qubits)

d{a'a)
dg

=0, (5.31)

to define the boundary between the normal and subradiant phases, plotted as the
black dashed line. This, condition is satisfied for o ~ O(1), i.e. when the dipole-
field coupling becomes non-perturbative. It is interesting that also the linearised
Holstein-Primakoff Hamiltonian Eq. (5.28) predicts a maximum of (a'a) at finite
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72 CHAPTER 5. PHYSICS OF THE EXTENDED DICKE MODEL

g for € > 0. In the limit g — oo the ground state photon number of the bosonized
Hamiltonian approaches [51]

1+2e -2/ 1
lim (a'a)gp = e et l) > 0. (5.32)

g—roo 4y/e(e +1)

Thus, the reduction of the photon number of the full Hamiltonian below this value
indicates the emergence of the entangled antiferromagnetic states of the qubits.
These states decouple from the cavity much better than the two-mode squeezed
states of the bosonic description, resulting in photon numbers well below Eq. (5.32).

Let us for a moment consider a circuit QED realization of Eq. (4.52). The two
quadratures of the mode a are ¢. = ¢*!(a' + a) and ¢, = —i¢?®'(a’ — a). For
a charge qubit coupled to an LC-resonator these would correspond to the total
resonator charge and its flux. As a more robust sign for the subradiant phase we
consider the operator

Wy

2
v, = vt (aT ta+ —ng> , (5.33)

where V7' = ¢?P'/C, is a zero-point amplitude. This operator corresponds to
the voltage measured across the resonator capacitor and V! is the zero-point
amplitude of it. The form of V, follows from the definition

V.= Qgr = —i[Hgpwm, ¢ (5.34)

where ¢, is the flux variable of the resonator. The difference between ¢, and V,
is that V. corresponds only to the charge on the resonator capacitor plate and g,
includes charges on all capacitor plates connected to the node of the resonator, see
Fig. 5.3. Especially, considering the setup of Fig. 4.2 ¢, includes the charges in
the plates of the coupling capacitors C'; which do not create a voltage difference on
the resonator capacitance C,.. The charges in the coupling capacitor are created
by a finite polarization of the charge qubits, and, thus, the variable ¢, contains
both resonator and qubit degrees of freedom. A non-zero value of (g.) does not,
however, necessarily correspond to a current in the resonator inductor, this is the
case only if also (V) # 0.

In a more general setting V, corresponds to the generalized velocity of the
generalized coordinate ¢, of the electromagnetic mode. The mechanical analog is
that V,. corresponds to the kinetic momentum of a particle, which does not have
to equal the canonical momentum.

In Fig. 5.7 we plot the variance of V. in the ground state AV? = (V?) — (V)2 =
(V2), since expectation values of a,a’ and S, vanish due to the parity symmetry of
the Hamiltonian. There is a peak in the variance for both even and odd number of


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
lio
nowledge

b

i
r

5.2. PHASE DIAGRAM OF CAVITY QED 73
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Figure 5.7: Plot of the resonator voltage, solid lines, and flux, dashed lines, fluctu-
ations across the normal-to-subradiant phase boundary. Both odd and even num-
ber of qubits have the same qualitative behaviour. The linear Hollstein-Primakoff
Hamiltonian, black dotted line only for (V/?), cannot reproduce the features of the
full Hamiltonian for large single-atom photon coupling g.

qubits at « = 1, and the position does not depend sensitively on € or N [51]. The
absence of even-odd effects in the variance makes it a good signature of reaching
the subradiant regime. In Fig. 5.7 we plot also the variance of the resonator flux
variable A¢?. Tt displays a dip at the point of the voltage peak, however, the
variances are larger than those for a minimum uncertainty state.

The transition from the normal phase to the subradiant phase is not a phase
transition in the strict sense. There is no closing of an energy gap, in the ther-
modynamic limit, when passing to the subradiant phase. Rather the two phases
are continuously connected to each other in a crossover manner. However, the two
phases are clearly qualitatively different.

5.2.3 Superradiant phase

For on average attractive dipole-dipole interactions € < 0 the normal phase be-
comes unstable for larger couplings, and the system enters into the superradiant
phase. This transition is similar to the Dicke superradiant phase transition, how-
ever, the interpretation of the transition is different.

As in the Dicke model it is possible to quantify the phase transition using the
bosonized Holstein-Primakoff Hamiltonian. The Hamiltonian is that of Eq. (5.28)
with ¢ < 0. From the Hamiltonian we can obtain the normal mode frequencies w.
as in Sec. 4.3. The condition for the superradiant phase transition from w_ = 0
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(a) 5 (b
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Figure 5.8: Superradiant phase (a) The fluctuations of the field, Aa?, and the
spin, AS?, across the phase boundary. The peaks of the fluctuations are close to
the analytical transition point, marked by the dotted line. (b) Fluctuations of the
resonator voltage, (V/?) solid lines, and flux, (¢?) dashed lines, across the phase
boundary for N = 8,20, 50 qubits. The dashed horizontal line marks the analytical
prediction Eq. (5.37) and matches the numerical result well for large N. For all of
the plots we have used w, = w,, ¢ = —0.1 and a symmetry breaking field oc S, of
103w,

becomes [51]

Wrlg
> ge = 4] —=L, 5.35
9>9 —N (5.35)

which is plotted as the red dotted line in Fig. 5.6. The transition point is qual-
itatively same as for the Dicke model, but has been scaled by a factor (—5)_1/ 2
and the transition is possible only for € < 0, i.e. for attractive dipole-dipole inter-
actions. As discussed in Sec. 4.2 the superradiant phase is characterized by finite
expectation values of a and S,

N AN g
(Sp) =+—4/1— <—> , {a) = —=(S,). (5.36)
2 g

The transition into the superradiant phase is signalled by a sharp peak in the
variance of the qubit polarization AS? = (S2) — (S,)? and the field amplitude
Aa? = (a'a) — |{a)|? as shown in Fig. 5.8(a). The fluctuations of the qubit po-
larization AS? are used in Fig. 5.7 to numerically obtain the phase boundary
between the normal and superradiant vacuums. The discrepancy between the an-
alytical and numerical phase boundaries in the limit of small single photon-atom
coupling, but large collective coupling, g < w,,w, is due to finite size effects and
would go away in the thermodynamic limit. The discrepancy in the limit of large
g is a quantum effect which we discuss in a moment.

In Fig. 5.8(b) we plot the fluctuations (V?) of the voltage operator, introduced
in Eq. (5.33), and of ¢,. Again there is a peak in the voltage fluctuations, cor-


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
lio
nowledge

b

i
r

5.2. PHASE DIAGRAM OF CAVITY QED 1)

respondingly a dip in the flux fluctuations, and they coincides with the phase
transition point. Note, however, that now the averages of S, and a do not vanish,
implying a finite value of ¢,.. Regardless of this the average value of V. still vanishes
due to Eq. (5.36), which means (g.) # 0 corresponds to a static charge not lead-
ing to a current in the resonator inductor. This means that the properties of the
resonator alone, i.e. the voltage V, and flux ¢, are not affected by the transition
in the mean field level.

Unlike in the transition to the subradiant regime the peak of (V%) gets sharper
for increasing qubit amount, turning into a cusp at the critical coupling ¢. in the
thermodynamic limit. The maximum of the voltage fluctuations can be calculated
from the linearised theory to be

% ~ \/1 +% (%)2 (5.37)

Surprisingly the maximum is independent of the number of qubits. For an interac-
tion dominated system, |¢| — oo, the peak vanishes. Thus, it can be interpreted as
a quantum signature of the phase transition which involves the dynamical cavity
mode.

Based on our findings we can reinterpret the superradiant phase transition as
an instability in the collection of qubits, driven by the attractive dipole-dipole
interactions, which is there regardless of the presence of the field mode. This,
interpretation is supported by the fact that the mean field properties of the mode
alone do not change at the phase transition point. The presence of the mode can,
however, affect the quantitative details of the precursor of the phase transition
for moderate number of qubits N and strong single atom-photon coupling. To
illustrate this we compare the EDM with the corresponding Lipkin-Meshkov-Glick
(LMG) Hamiltonian [113]

2
Hing = w,S. +2-52, (5.38)
wy

which presents a ferromagnetic phase transition at the critical coupling g. of the
DM in the thermodynamic limit. In Fig. 5.9(a) we plot the fluctuations AS? of the
DM and LMG for different |¢|N across the phase transition point. We see when
le| N < 1, i.e. when the transition point requires a rather large g, that the coupling
to the cavity in the Dicke model reduces fluctuations of the spin and stabilizes the
ferromagnetic phase for smaller couplings than in the LMG. For larger |¢|N the
predictions from the two Hamiltonians become closer to each other as is expected
due to the reduction of the importance of quantum effects and better validity
of the mean field description, see Fig. 5.9(b). The cavity’s tendency to reduce
fluctuations is understood by the dressing of the spins by photons. The dressed
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Figure 5.9: Comparison of the EDM and the corresponding LMG Hamiltonian.
(a) The fluctuations of S, from the EDM, solid lines, and the LMG, dashed lines,
for N = 10, 50 as a function of the effective fine structure constant. (b) The critical
coupling a, and the width of the peak of the spin fluctuations of (a). For N — oo
the EDM and LMG model give the same results, indicating that the cavity mode
has no effect on the spins. We have taken w, = w, and € = —0.1 for the plots. A
bias field Hy;,s = 10*3wq5’$ is used to deterministically pick one of the degenerate
minima.

spin effectively experiences a smaller w, reduced roughly by the overlap of the
cavity states corresponding to the two superradiant spin states.

5.2.4 Super- to subradiant phase transition

In the previous section we saw that the subradiant and superradiant phase bound-
aries merge in the limit of strong couplings ¢g/w, > 1, resulting in a direct transition
between the two phases. In this regime the mean field description is not valid any-
more and we need to take into account the full non-linearity of the qubits. Consider
the effective pure spin Hamiltonian for the low energy physics in the EMD

Wyw
2¢?

2
Hg = wyo /<D g, 4 s

(5257 + L (5.39)
2 —s :

In this Hamiltonian we clearly see the suppression of tunnelling due to the polaronic
nature of the eigenstates, responsible for the reduced fluctuations in the EDM
compared to the LMG model observed in the previous section. The interplay
between the two S? terms in the Hamiltonian decides the ground state phase of
the system. For ¢ > 0 the term will be positive resulting in a subradiant order.
For attractive dipole-dipole interactions there is a competition between the two
terms and a critical . < 0 emerges at which the transition to the superradiant
state takes place. We can use the Holstein-Primakoff approximation of the spin
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Figure 5.10: (a) The voltage and spin fluctuations and the mean cavity field across
the super-to-subradiant phase transition. The effective fine structure constant is
a = 2. (b) Zoom of the phase diagram Fig. 5.6 around ¢ = 0. Red solid lines
denote the numerical phase boundaries, the dashed line is the critical DD coupling
strength Eq. (5.42), and the dotted line the standard phase boundary Eq. (5.35).
(c¢) Born-Oppenheimer potentials of the oscillator for the ground state of the EDM,
see Chap. 6. For € > ¢, the wave function of the oscillator is concentrated around
X = 0. Around the critical point the state spreads to occupy all of the dif-
ferent degenerate minima. For ¢ < e. the wave function randomly collapses to
one of the two degenerate minima corresponding to the superradiant qubit states
|m, = £N/2). We have used a symmetry breaking field o S, of 103w, in all plots
and w, = w,. For (a) and (b) we have used eight qubits and for (c) four.

Hamiltonian Hg to obtain the condition for the phase transition

2

2
02 /(202 g Wy

We can now explain the discrepancy observed in the previous between the nu-
merically obtained and analytic phase boundary of the superradiant regime. By
neglecting the second term in the parentheses we get a critical coupling

— [P g2/ () 541
Je —€Ne ) ( )

which corresponds to the previously obtained critical coupling but with an expo-
nentially suppressed qubit frequency. This leads to a much smaller critical coupling
for g/w, > 1. Neglecting the exponentially suppressed qubit frequency gives us a
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78 CHAPTER 5. PHYSICS OF THE EXTENDED DICKE MODEL

critical DD coupling strength

2
Wy Wy

2947

2
qw

(5.42)

Ec = —

which is independent of N. For large couplings at this point the system transitions
directly from the superradiant to the subradiant phase. For smaller couplings the
transition happens through the normal phase. In Fig. 5.10(b) we plot a zoom of
the phase diagram around |¢| < 1 and for @ 2 1 and compare the analytic ex-
pression Eq. (5.42) to the numerically obtained one. The agreement is very good
for sufficiently strong couplings and we see clearly that the subradiant vacuum
extends to negative values of € as predicted by Eq. (5.42). Thus, the fluctuations
induced by coupling of the spin states to higher photon manifolds n > 0 stabilize
the subradiant state against small attractive DD interactions. In Fig. 5.10(a) we
show (a), (V?) and AS? along a sweep in ¢ for large g/w,. All of the expecta-
tion values show a discontinuous behaviour at the boundary of the two phases,
reminiscent of a first order phase transition. However, the situation is more com-
plex in our case. In a first order phase transition there are two minima which
cross each other at the critical point resulting in a discontinuous behaviour. In
the super-to-subradiant transition there are 2s + 1 = N + 1 minima involved in
the process. In Fig. 5.10(c) we plot the adiabatic Born-Oppenheimer potential
Veo(X) = X2/2 + Eo(X), where X = (a +a)/v/2 and Ey(X) is the ground state
of the spin part

2
Hepw(X) = w,S: + V29X S, + (1 + 5)Z—S§, (5.43)

for different €. At . all of the different minima become degenerate.
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Chapter 6

Ultra-strong coupling
radio-frequency circuit QED

In the previous chapters we have mainly explored the ground state properties of
USC systems. In this chapter we expand our analysis to excited states. Another
drastic difference is the parameter regime we are considering. Previously the cavity
mode and the qubits have had comparable frequencies, w, ~ w,. In this chapter
however we consider the extremely dispersive limit w, > w, while maintaining
strong interactions ¢g?/w, ~ w,. In this regime the mode can be treated adiabat-
ically and described as an effective particle moving in a potential created by the
qubits. In the Rabi- and Dicke model this regime has already been studied in
previous works [114-122|, but the emphasis has been on the ground state poten-
tial. It has been shown that already for a single qubit coupled to a low-frequency
mode a ground-, excited- and dynamical phase transitions can be obtained in the
limit of w, — 0 [119-122|. In studying only the ground-state potential, the energy
scales at which the physics takes place is given by that of w, which is the smallest
energy scale in the problem. Probing the system at this small energy scale can be
challenging. For example, in circuit QED standard measurement techniques work
efficiently only for frequencies 22 1 GHz. By considering physics in the excited qubit
potentials, we gain the benefit of being able to utilize standard measurements and
techniques in probing the system.

We consider a generic circuit- or cavity-QED system described by the general
Hamiltonian Eq. (4.49) (h=1)

HCQED—wTaa—l—Z Lo 921 +a)oy —i—ZZf] (1+ D;;)ofo? (6.1)

For concreteness imagine, for example, an LC-resonator coupled to flux qubits, see
Fig. 6.1(a). The dipole-dipole interactions can arise, for example, from placing the
flux qubits near each other such that they have mutual inductance, or by coupling

79
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Figure 6.1: (a) Multiple flux qubits coupled to an LC-oscillator. Additional direct
dipole-dipole interactions can be engineered by coupling the qubits to SQUID
loops. (b) When w, < w, the dynamics of the electromagnetic mode are identical
to a particle moving in an effective potential created by the qubits.

them to auxiliary SQUIDs [123]. The sign and magnitude of D;; can be tuned
in situ in the latter case by bias currents applied to the SQUIDs [123]. In what
follows we assume for simplicity that the qubits are identical and that they couple
to the cavity with a uniform strength. We treat the dipole-dipole interactions in
the collective approximation and replace them by their average as in Chap. 5. The
resulting Hamiltonian is that of the extended Dicke model

2
Hepy = wrata + w,S; + gla’ + a)S, + (1 + a)i—sg. (6.2)

Note, the qualitative results presented in the following do not require perfectly
identical qubits. However, we do require that the Zs symmetry of the Hamiltonian,
a — —a and o} — —o7, is preserved by any imperfections.

6.1 Born-Oppenheimer approximation

In the regime w, > w, the qubit variables are fast and respond adiabatically to
the slowly varying field of the oscillator. The concept of a photon and Fock-states
are not useful in this regime anymore, and it is beneficial to use a particle in a
potential picture the for resonator, see Fig. 6.1(b).

To describe the system we introduce the rescaled quadratures

Wy

2o (a' +a), P=1i/ ;er (a" — a), (6.3)

X =
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6.1. BORN-OPPENHEIMER APPROXIMATION 81

for the oscillator mode which correspond to the standard position and momen-
tum operators of the harmonic oscillator. The EDM Hamiltonian written in the
quadrature variables and renormalized by the qubit frequency, Hgpym = Hepu Jwgs
becomes

2 X2 _

Hgpy = o T T HA. (6.4)

where 1 = (w,/w,)? is the effective mass of the oscillator and
Hy,= 5.+ V20X S, + (1 +¢)\252. (6.5)

Above we have defined the dimensionless coupling constant A = g/,/w,w,. For
large frequency ratios w,/w,, i.e. large effective mass, Eq. (6.4) shows that the
kinetic energy term ~ P? is much smaller than the other terms in the Hamil-
tonian. Thus, in analogy to electron-nucleus systems we can employ the Born-
Oppenheimer (BO) approximation [124] to separate the fast dynamics of the qubits
from that of the slow oscillator. In the BO limit the eigenstates of the system are
given by [116, 117]

o= [ AX00aX) 1X) a0 (6.6)

where |x, (X)) is the adiabatic eigenstate of the qubit which solves the Schrédinger
equation

Hy [xa(X)) = BalX) [xa (X)), (6.7)

for every value of X. Since the adiabatic eigenvalue E,(X) depends on the oscilla-
tor coordinate X it provides an additional effective potential to the resonator who
follows the Schrédinger equation

Above V,(X) = X?/2 + E,(X) is the total BO potential of the mode resulting
from qubit eigenstate n. The BO potentials are even functions of X due to the Z,
symmetry of the Hamiltonian.

In the Born-Oppenheimer approximation the coupling of the adiabatic qubit
cigenstates |x,(X)) are neglected. The leading coupling terms, which couple
Eq. (6.8) for different n, are given by

_ laQSn,k <Xm(X)’\/§)\Sx|Xn(X)>
p0X B (X)— En(X)

Cr.m : (6.9)
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82 CHAPTER 6. USC RADIO-FREQUENCY CQED

where we have used (i (X)|0x[xn(X)) = (X (X)|0x Hy|xn (X)) /[En(X) = E (X)]
with 0y = 0/(0X). Near the potential minimum we can approximate the eigen-
states ¢, x(X) with harmonic oscillator eigenfunctions, such that Ox ¢, ~ VI
resulting in a scaling Cy, ,, ~ A/ /0.

As we will show, for larger couplings some of the excited state effective po-
tentials are separated by higher-order avoided crossings, in which case the energy
difference |E,(X) — E,,(X)| < 1. In these cases corrections beyond the BO treat-
ment may become relevant. In situations we are interested in, however, the BO
approximation is well-satisfied, which we have confirmed by comparison to the
numerically exact solution.

6.2 Adiabatic potential structures

In this section we explore the potential structures resulting from H,(X) as a func-
tion of the coupling parameters A and ¢ and the number of qubits N.

6.2.1 Ground state instability

We start with the simplest situation of a single qubit coupled to the resonator.
In this case Hgpy reduces to the quantum Rabi Hamiltonian. In Fig. 6.2(a) and
(b) we plot the BO potentials Vj,1(X) for two different coupling strengths. For
small couplings the potentials are almost harmonic and only slightly perturbed
by the coupling to the qubit. For larger couplings the ground state potential
becomes flatter and flatter, and at a critical coupling A. = 1 it transforms into a
double-well, with minima at X, = /A — M /(v/2A2)). The same qualitative
behaviour occurs also in the N-qubit Dicke model, see Fig. 6.2(c) for N = 2,
which is obtained by setting € = —1 in the Hamiltonian. In this setting of strong
attractive DD interactions the potentials have an analytic form given by [97, 116]

2

. X
Vi (X) = -+ ma/1+200X)?, (6.10)

and are labelled by the total spin quantum number s = 0,1,..., N/2 and the
z-projection m, = —s,—s + 1,...,s — 1,s. As can be seen from Eq. (6.10) the
ground state, m, = —N/2, is the first one to become unstable for any N at a
critical coupling A\, = 1/ V/N. This change in the stability of the ground state
potential is just the manifestation of the superradiant phase transition that we
have discussed before in the approximately resonant case.

Above the transition point we can obtain the tunnel-splitting of the lowest res-

onator states by approximating the full potential VJ\]?/I\Q/I_ N2 (X) by a quartic double-

well potential with the correct barrier height Viy/2,—n/2(0)PM —Vﬁ/l\z{_ N /Q(Xmm) and
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Figure 6.2: BO potentials for one and 2 coupled qubits. (a) and (b) N = 1, the
Rabi model. In (a) A*> = 0.1 is below the critical coupling and (b) A\? = 1.5 above
it. (c) Dicke model, i.e. ¢ = —1, for N = 2 and A\?> = 0.8 above the transition
point. The potentials are qualitatively identical to the Rabi model BO potentials.
(d-f) € = 0, i.e. non-interacting qubits for N = 2 and (d) A\? = 0.1, (e) A\ = 0.8
and (f) A2 = 2.1. In (c-e) the orange dashed line denotes the singlet state and blue
solid lines are for the triplet states. We have plotted the potentials with respect
to the minimum of the ground state potential, i.e. Fy = min{V;(X)|X}.

N

location of the minima X,,;,. We obtain [125]

Aéysn, ~ iAefSO, (6.11)

NG

with a prefactor A = /(A2 — A2)5/[u(A2 + A2)]/(A\2)\) and exponent

So = 24/u(A2 — A2)3(A2 + A2)/(3A2\?). For couplings far above the transition
point the tunnelling is suppressed by Aé ~ e 2VEOV?/3 At the critical coupling
when the potential is almost purely quartic the energy splitting is given by [126]

. S| A2
AE)\:)\C =cC ’ E, (612)

with a prefactor ¢ &~ 1.1. Thus, at the transition point the density of states (DOS)
Pr=x, = Aé;/\c ~ +/Npu? which diverges in the classical limit © — oo. Compared
to DOS of the bare harmonic potential of the oscillator py—g = /i, the scaling is
only weakly enhanced.
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84 CHAPTER 6. USC RADIO-FREQUENCY CQED

6.2.2 Non-interacting qubits

We move now to non-interacting or only weakly interacting qubits ¢ ~ 0. In
Fig. 6.2(d-f) we plot the potential curves for this case for three different coupling
strengths, again for N = 2 qubits. There is a qualitative difference in that the
ground state potential remains stable at X = 0, while developing additional min-
ima at X = 2 for A\ = 1. More interestingly for us, the potential corresponding to
the first qubit excited state develops a double-well structure already at an inter-
mediate interaction strength.

It is not possible to obtain an analytic expression for the effective potentials
in the non-interacting case, however, we can calculate analytically the transition
point for the first excited state potential using fourth order perturbation theory.
At X = 0 we can diagonalize ]:Iq exactly for two qubits, since the triplet state
|s =1,m, = 0) = |T) is decoupled from the other states |s = 1,m, = +1) = |+1).
The eigenenergies and states are given by

EY =N, |xr) =|T), (6.13)
and
. 1
BY =3 (5)\2 Vit 52/\4> , (6.14)
Ix+) = Ni*t [(25‘1/\‘2 +vV1+ 45—2>\—4> 1) + |—1>] ,

with the normalization constant Ny = \/1 + (V1 +4672274 £ 2571X72)2 and we
have introduced the abbreviation € = 1+4¢. The singlet state |S) = |s = 0, m, = 0)
is decoupled from the cavity so that its energy is given by Es=0 regardless of .
Thus, even at X = 0 where the field of the resonator vanishes there is an energy
splitting between the singlet and triplet states given by

AEpg = (1+¢))\%, (6.15)

for any € # —1, i.e. the DM. At first this seems odd, but recalling, e.g., a flux qubit
realization of this Hamiltonian, it becomes clear. The interaction Hamiltonian
between the qubits and the resonator is given by Hiy o (¢, + Y., ¢:)?, where
¢,/; are the flux variables of the resonator and the qubits, see Fig. 6.1(a). At
X =0, i.e. ¢, = 0 there is an energy penalty for states for which ). ¢; ~ S, # 0,
see Sec. 4.3, which is the case for the triplet state, however, for the singlet this
contribution vanishes.

In order to obtain the instability point of the |y7) state we calculate corrections
to the X = 0 eigenenergy due to the resonator field term v/2AXS,. Up to fourth
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6.2. ADIABATIC POTENTIAL STRUCTURES 85

order in X we obtain [127]
EY = _2x%)\* (6.16)
T ) .
EW = 4XeX0(1 + 20, (6.17)
so that the effective potential is given by

X2
Vr(X) =X + 7(1 — 4z +4X 1N (1 4+ 220, (6.18)

From the above equation we see that Vi transitions from a single-well to a double-
well potential when the quadratic term in X vanishes, that is at
1

V2v/i+e

In Fig. 6.2 we have used € = 0, such that the transition point is given by A, = 1/v/2.

4ENE =14 N, = (6.19)

6.2.3 General structure

For increasing number of qubits the potential structure becomes more complicated
with various global and local minima, and local maxima depending on A and €. In
Fig. 6.3(a) and (b) we demonstrate this for N = 3 and ¢ = 0.02. In this situation
the adiabatic potential corresponding to the first excited state develops a triple-
well structure. However, in contrast to the ground state effective potential of the
two qubit system, the minima at X # 0 can become lower in energy than the
original global minimum at the origin as A increases. This situation is reminiscent
of a first order phase transition point in which there is a discontinuous jump of the
global minimum of the free-energy, see Fig. 6.3(b). In addition to this the ground
and second excited state BO potentials exhibit a double-well transition.

To obtain a better intuition about the possible potential structures let us con-
sider the limit A > 1. In this case the terms proportional to S, are dominant
compared to the S, term. As a first approximation neglecting the bare qubit
Hamiltonian gives the eigenstates |xsm, (X)) = |Xs.m.(0)) which are specified by
the total spin s and its projection m, along x. The corresponding adiabatic po-
tentials are

. 1 2
VLX) =5 (X + \/§>\mx) +eAZm?, (6.20)

They are parabolas centred at m, with a minimum of eA\*m?2. The resulting total
eigenstates |Psm, k(X)) [Xsm.(0)) are the semiclassical analogs of the displaced
states of Sec. 4.3. In Fig. 6.3(c) they are plotted as the dotted lines. Analogously
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Figure 6.3: Multi-qubit BO potentials. (a) Effective potentials for N = 3, ¢ = 0.02
and A2 = 1.86. The first excited state potential has three degenerate minima at
the chosen \, e, reminiscent of a first order phase transition. (b) Location of the
global minima of the potentials in (a) as a function of A. The highest potential
surface has been omitted since its minimum is at X = 0 for all couplings due to
symmetry. We have omitted the degenerate minimums at —X,,;,. (¢) Three lowest
potentials for N = 4 and A > 1 for non-interacting qubits. The bare potentials
Eq. (6.20) are plotted as the dotted lines. We have only plotted the s = N/2
potential curves in all plots for better visibility.

to Sec. 4.3 we can calculate perturbatively the corrections arising from the bare
qubit Hamiltonian S, to these bare potentials. At the minima of each potential
f@mz (Xmin), with X, = —v/2Xm, the S, term induces a second order shift due
to coupling to neighbouring states m, £ 1 given by [127]

AV, = 3 = (25| [ma)
o m,#Ema ‘/;,mz (Xmin) - ‘/s,mg (Xmin)

1 s% (my) 52 (my)
e (1 F2m+ e 1= (2m, — 1)g> ’ (6:21)

where si(m;) = /s(s+ 1) — my(m, £ 1). For weak interactions ¢ < 1 we obtain

- (1—3e)m2 — (1 —¢e)s(s+ 1)
A ~ -
Vs,mz 2)\2 9

(6.22)
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6.3. PROBING THE SPECTRUM 87

and at ¢ = 0 we reproduce exactly the result of the full quantum calculation of
Sec. 4.3. At the points where two neighbouring parabolas meet Xgoe = —(1 +
£)(2m, + 1)A/2 we can exactly diagonalize the 2 x 2 Hamiltonian describing the
states m,, m, + 1 to obtain the splitting between the resulting potential curves.
The effective Hamiltonian for the two states is given by

S+<mz)a

ﬁXdeg = VSS%Z (Xdeg)[2><2 + 2 T

(6.23)
where 5,5 is the 2 x 2 identity matrix. The eigenvalues of the effective Hamiltonian

are

s+ ()
2 )

Ba = V10, (Xaw) (6.24
which leads to a splitting A = s,(m,). There are also higher order avoided
crossings between adiabatic potentials corresponding to states m, and m, +n. In
Fig. 6.3(c) the resulting potentials are plotted with solid lines. For a general A
and ¢ the effective potentials are smooth transformations of the stacked parabolas
f/;ymz = X?2/2+m, in the uncoupled case, all the way to the degenerate parabolas
of Eq. (6.20).

6.3 Probing the spectrum

In traditional circuit QED systems both the qubits and the resonator are in the
GHz regime and they can be efficiently probed using electronic readout techniques.
However, in the rf-regime this is no longer feasible with usual methods. Thus, all
the information about the oscillator mode has to be deduced from measurements
on the qubits.

As a first example we consider the single-qubit excitation spectrum S(w) given
by [112]

S(w) = g%/ooo dr{o,(7)0,(0))e™T, (6.25)

where the expectation value is taken with respect to the equilibrium state of the
system. Due to the assumption of identical qubits, any of them can be chosen to be
excited, all giving the same result. Above we have introduced a characteristic decay
rate ' of the correlation function. In the parameter regime we are considering the
qubits are not so strongly affected by the resonator, such that I will be close to
the bare decay rate of the qubit. In the numerical calculations that follow we have
assumed rather large values I' ~ w, for the decay rate, compared to the achievable
rates in state-of-the-art flux qubits [33].
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Figure 6.4: Single qubit excitation spectrum S(w) for N = 2 qubits on resonance
(a) and for 1 = 10* (b). The black dotted lines in (b) are the energies of the triplet
and singlet state potentials relative to the ground state at X = 0. We have used
e=0and I'/w, =5 x 1073 in both plots.

6.3.1 Strong-coupling condition

Let us assume the qubit-resonator system has been initialized close to the ground-
state |GS) of the system, which can be achieved e.g. by cooling [128]. In this
situation we can express S(w) as

1 I?|(flo.,|GS)|?
W=7 zf: (@ —|<£|f)2|+ r>2| Iz (6:26)

where the sum goes over the final states (f| separated from the ground state by
wy. In Fig. 6.4 we plot the excitation spectrum for a standard resonant cavity
QED system, (a), and for a low frequency resonator, (b). We have taken N = 2
for both plots, and plot them against ¢ rather than A as is common practice.

In the resonant case the vacuum Rabi splitting Qr = +/2g is visible in the
plot, resulting from the hybridisation of the resonator and the triplet state |17
of the qubits. The strong coupling regime for a resonant cavity QED system is
then reached when the splitting exceeds the linewidth {2z > I'. The resonance in
between the Rabi-split lines is the antisymmetric singlet state |S) of the qubits,
which does not couple to the cavity. Its frequency with respect to the ground state
does however change, visible as the bending down of the line for larger interaction
strengths.

In the rf-domain, ;1 = 10%, the frequency of the resonator cannot be seen on the
scale of the plot. The interaction between the mode and the qubits nevertheless
has a strong influence on the spectrum. The coupling induced splitting between the
singlet and tripled states, Eq. (6.15), can be seen, and a strong coupling condition
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6.3. PROBING THE SPECTRUM 89

for the radio-frequency regime can be formulated as

Tw,

6.27
14¢’ (6.27)

g >

i.e. when AFErg exceeds the linewidth.

The excitation frequencies obtained from the BO potentials at X = 0 are
plotted in Fig. 6.4(b) as the dashed lines. The agreement with the main peaks of
the excitation spectrum demonstrates that at low temperatures the single qubit
spectrum probes the BO potentials at X = 0. This can be understood considering
the wave function of Eq. (6.6). For moderate couplings the qubit states are only
weakly dependent on X such that they can be approximated by x, (X = 0) where
the ground state wave function is concentrated. With these approximations the
spectrum is given by

S(w) ~ | (x1(0)] 02 [x0(0)) |2 Z : F2|<¢1,k|¢0,0>|2

4 W — ka)Q + F2/47 (628)
where wyy = €1 — €9 0. Form the above formula we see that states with big overlap
with the resonator ground state wave function, extending ~ 1/,/p around X = 0in
the harmonic approximation, are most relevant for the spectrum. Due to this fact
there is no special feature at the transition point A\, = 1/ V2, which corresponds
to g/w, ~ 0.07 in Fig. 6.4(b).

6.3.2 Detecting the change in the stability of the excited
state

In order to pin point signatures of the symmetry breaking transition, we show
in Fig. 6.5(a) and (b) zoom of the triplet resonance and cuts of S(w) for various
coupling strengths below and above the transition point A., respectively. For cou-
plings below the critical value the height of the resonance peak decreases slightly,
which is mostly attributable to a decrease in the matrix element (x1(0)| o [x0(0)).
At the transition point, however, there is a rapid decrease in the height of the
spectral line. Moreover, for A > A, the lines get significantly broader and start to
exhibit additional structure. These features can be, again, understood based on
the resonator states. At the critical coupling the BO potential corresponding to
the triplet state becomes quartic, as we have shown, such that the lowest resonator
wave function ¢, o corresponding to it broadens significantly, reducing the overlap
to the ground state wave function ¢y . For couplings above the transition point
Vi(X) is a double-well potential, such that the amplitudes of the energetically
lowest wave functions at X = 0 are further reduced. Thus, the main contribution
to the spectral line comes from eigenstates close to energy Vi(X = 0), whose wave
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Figure 6.5: Probing the symmetry breaking transition. (a) Zoom of the triplet
resonance of S(w) from Fig. 6.4 (b) for A > A.. Note, here we plot the spectrum
against \> o ¢* and the resonance line is linear in A\?. (b) Cuts of S(w) for
different A\? € [0.1,0.8] in steps of 0.1. The black dotted line is a guide to the eye.
(c) Spectrum for a finite temperature kg7 /w, = 0.1. Only the triplet resonance
is shown. (d) A finite temperature enables transitions between the ground state
potential and the lowest states in the double-well of the excited states, upper
dashed orange line, due to the wider spread of the thermal state, lower green solid
line. We have used p = 10* ¢ = 0 and T'/w, = 5 x 10? for all plots.

functions are more concentrated around X = 0. Other smaller amplitude peaks
are generated by states living in the two wells of V;(X) which are resolved only
for sufficiently small T'.

A clearer signature of the change in the stability of the triplet state is obtained
from the spectrum at finite temperature 7', which we show in Fig. 6.5(c). To
calculate the thermal spectrum, Eq. (6.28) has to be averaged over a thermal
distribution of initial states ¢¢ ;. The excited oscillator states of the ground state
allow transitions to states farther away from X = 0, such that the spectrum
probes the triplet potential on a broader range of X. We consider a temperature
of kgT/w, = 0.1, for which the qubits are still in the ground state with a high
probability, but several resonator states ~ kgT/w, = 10 are occupied. In this
situation the triplet-state resonance splits into two for A > A.. They can be
identified with the energy separations between the ground and triplet potentials
at X =0 and X = X,;, of the triplet potential. This is illustrated in Fig. 6.5(d).
This measurement does not require any cooling of the rf-mode offering a simple
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Figure 6.6: Ramsey protocol. (a) Sketch of the protocol for detecting the wave
packet dynamics. The resonator state is prepared in a superposition between two
effective potentials and is let to evolve freely for a variable time 7,,. After a 7/2-
pulse the return probability Py(7,) to the qubit ground state is measured. (b) The
return probability Py as a function of the coupling strength A\? and the waiting
time 7,,. (¢) The resonator wave function conditioned on the qubit excited state
Ix1(0)) during the free evolution and A\? = 0.8. The initial wave packet, orange
dashed line in the first panel, is a superposition of many eigenstates ¢y 5 of V;(X),
and, thus, starts to spread. After reaching the classical turning points it returns
back. We have used ¢ = 0 for all plots and have not included qubit decoherence.

path for observing signatures of the change in the triplet-potential structure.

6.4 Wave-packet dynamics

Another way to probe the excited state transition is through dynamics. The basic
idea is to perform a Ramsey-type measurement [129] illustrated in Fig. 6.6(a). In
the beginning of the protocol the system is prepared in the absolute ground state.
Then a single qubit is driven creating an equal superposition between the qubit
excited and ground states, while keeping the resonator state fixed. After creating
the superposition the resonator state is let to evolve in the superposition potential.
After some waiting time the system is driven back, and the overlap between the
two wave packets that have evolved in the two potentials can be determined by
measuring the qubit polarization.
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We apply this protocol to an N = 2 qubit system as in the previous section.
The system is prepared in the ground state |V (¢t =0)) =~ [doo)|x0(0)) e.g. by
cooling. A microwave field of frequency wy is used to drive the system to a 50-50
superposition between the qubit ground state and the triplet state. During this
time the system evolves according to the Hamiltonian H = Hgpy + Hq(t), with

Hq(t) = Qcos(wgt + 0)o,, (6.29)

and o, is a single qubit operator for an arbitrary qubit. For the first pulse we
set the phase § = 0 and optimize the pulse time 7z ~ Q! for every A. The
driving can be done in a time much smaller than the characteristic time of the
oscillator, such that its state does not evolve during the pulse time. In the second
step we let the system evolve under the free Hamiltonian Hgpy for a waiting time
Tw- The resonator wave packet propagates in two different potentials V(X) and
V1(X) during this time. Finally, a second 7/2-pulse is applied this time with an
optimized phase 6 to counteract any trivial phase differences accumulated between
the states. For A\ = 0 the qubits would be driven perfectly back into the ground
state. For a general A the return probability Py(7,) = Tr[p(ts) [x0(0)) (x0(0)]],
with p(t;) the density operator at the final time ¢ty = 27z + 7, can be used to
probe the dynamics of the resonator wave packet during the free evolution. The
ground state probability can be measured e.g. by dispersively coupling the qubits
to another GHz resonator [25].

The return probability Py(7,) is plotted in Fig. 6.6(b) for varying 7,, and A\. We
see a clear difference in Py above and below the critical coupling A, = 1/v/2. For
couplings smaller than A. the ground and triplet state potentials are both approx-
imately harmonic, such that the resonator wave packet remains localized around
the origin in both potentials, resulting in a near perfect return to the initial state.
Above the transition point the wave packet starts to oscillate in the double-well
potential of the triplet state, resulting in oscillations in the return probability.
We have confirmed that the oscillation frequency matches the dynamics of a wave
packet initialized in the centre of the triplet state BO potential. Thus, the Ramsay-
sequence probes the overlap between the time-evolved wave packet in the excited
state potential and the Gaussian ground state. In Fig. 6.6(c) we plot a few snap-
shots of the resonator state ¢(X) conditioned on the qubit excited state |x1(0)).
For 7,, = 0 the state is the Gaussian ground state wave packet centred at X = 0.
After waiting time of 1/(2v,.) almost all of the wave packet has left the central re-
gion and arrived at the classical turning points. For a longer waiting time the wave
packet returns, but due to the non-linearity of the triplet potential a perfect revival
is not possible. In the simulations we have not considered qubit decoherence, thus
in order to observe these effects the qubit coherence time T5 has to be longer than
Tw ~ w, *. This is not a stringent requirement, even for w,/(27) ~ 10 MHz it can
be fulfilled with realistic coherence times of To ~ 1 — 100 us [33].
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Figure 6.7: (a) More realistic circuit, including the self-reactances L and Cy of
C and L, respectively. Using this circuit we can estimate the effect of a higher
mode we, ~ 1/4/LsCs on the physics. The qubits are taken to be three junction
flux qubits. (b) The BO potentials of the LF mode resulting from the two-mode
circuit of (a), blue solid lines, are compared to the ideal potential curves of the
corresponding EDM, orange dashed lines. The parameters used for the two-mode
circuit are given in Tab. 6.1. Note that we have adjusted the capacitance C'; in
order to maintain the same qubit frequency for the single and two-mode circuits
(Cy ~ 3.5fF for the single-mode circuit).

6.5 Circuit QED implementation

As we mentioned in the beginning of the chapter the physics described above could
be probed with flux qubits coupled inductively to an LC-resonator. In traditional
circuit QED systems with w, ~ w, the higher resonances of the LC-circuit can be
made much higher than w, , such that even in the USC regime we, > w;, wy, g [41].
In the low frequency oscillator parameter regime this is not, however, clear and we
need to analyse the validity of the single mode approximation more carefully.

In Fig. 6.7(a) we show a more realistic model for a system with two flux qubits
coupled to an LC-oscillator. We take into account the self-capacitance Cy of the
inductor and the self-inductance of L, of the capacitor [130]. This gives rise to
a second mode we, ~ 1/v/LsC with a frequency much above the resonator. For
concreteness we take the flux qubits to be three-junction qubits [67, 131-133].

We choose the flux variables as indicated in Fig. 6.7. The Lagrangian of the
two-mode circuit then becomes

e

£=5

+ Cs((bb — gk A(Z‘bk)Q . (¢a — ¢b)2 _ (P = 2 A¢k>2 + Z‘C(Hm

2L, 2L
(6.30)
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94 CHAPTER 6. USC RADIO-FREQUENCY CQED

where the qubit Lagrangian is given by

L CAR O, Agy + @, Ay b
L, = 5 + 5 + E; |acos To + 2 cos T% cos T@o )

(6.31)

and the additional qubit variable ¢_ j, not coupled to the LC-circuit, corresponds
to the generalized flux between the two junction in the lower arm of the qubit. The
qubits are biased with an external magnetic flux ®., and the effective capacitances
are given by C;, = Cj(a+ 1/2) and C_ = C;/2. After introducing the conjugate
charges g,/ = 8¢a/b£, qx = Oag, L and q_ = Jy_ , L the Hamiltonian becomes

H=Hic+ Hwn + H, (6.32)
where H, =), [Hy, + >, AdrA¢y/(2L)] and
9 2
. & q__Jg _ A¢k + q)e A¢k B
qu—20q+20_ E; {acos(—(bo + 2 cos 20, coS 20,
(6.33)

is the single flux-qubit Hamiltonian. The LC-circuit is described by the two-mode
Hamiltonian

7 qg (0 — )? ﬁbg

Hyp = 2o rb 6.34
=50 50,V on.  Tap (6.34)
and
Qa4p ¢q¢b
Hyy = bt Rl 6.35
=, + =7 (6.35)

is the qubit-resonator interaction Hamiltonian. In Eq. (6.34) we have introduced
the effective capacitance C, = C,C,/(Cs 4+ 2C,) of the b-mode.

As a next step we diagonalize the LC' Hamiltonian to Hpc = Zn: n wncilcn
with the normal mode frequencies

1
Wi = 5 (WZ + w? £ \/(wg —w?)?+ 4ggbwawb) , (6.36)
where the bare frequencies are given by w, = 1/v/L,C, wy, = 1//LyC}, and g4 =
\/ Zp/ Zaw, is the coupling between them. The impedances of the bare modes are
Zas and Ly = L,L/(Ls + L) is the effective inductance of mode b. In terms of the
normal modes the coupling Hamiltonian H;j,, becomes

Hiyy = Z iw(cj7 —cp)n + gd)—n(cg + ¢) Pk, (6.37)

2 2
k==
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6.5. CIRCUIT QED IMPLEMENTATION 95

where we have used the dimensionless qubit variables n;, = ¢./(2¢) and ¢, =
A¢y/Pg. The couplings are given by

Zy Gy / + g
=2 —— .
gq + RQ Cq )wb’ (6 38)
Cb w_
=2 —— .
RQ o\ w | — cos(&)ws, (6.39)

_ |Rq [w .

o =\ — 7, / oL sin(§)w, (6.40)
_ | Rq [w
- 7TZb W COS(f)wb, (641)

where the mixing angle £ is defined through

tan(2¢) — — 2o/l (6.42)

2 _ 2
wZ — wp

In the limit Ly, < L, Cy < C the normal mode frequencies reduce to w_ =~
1/VLC = w, and wy ~ 1/+/L,C}, and the couplings can be simplified to

g¢ - RQ Tz Cb (6 43)
“Var RQ '

96+ _ RQ s 9q,+ -9 W_Zbﬁ (6 44)

Wy V7Zy L wy Rg C,’ '

where Z = \/L/C is the impedance of the low frequency mode. From the above
definitions we see that for a typical Z =~ 502 resonator the charge coupling is
negligible. Moreover, for the high-frequency mode the dimensionless inductive
coupling is reduced by a factor Ly/L < 1, assuming Z, ~ Z.

We continue by introducing the rescaled quadratures, Eq. (6.3), and arrive at
the renormalized Hamiltonian H = H/w,

- P? X?
H=—+"—"—+H/(XP 6.45
5+ 5+ I(X.P) (6.45)
with w, the characteristic qubit frequency and effective mass p = (w,/w_)?. Note,
that the Hamiltonian for the high-frequency physics now also includes the high-
frequency mode ¢

Hy(X, P) = w,clcy + Hyw(X, P) + H,, (6.46)
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96 CHAPTER 6. USC RADIO-FREQUENCY CQED

Qubit Resonator
C;=2211F C = T79.58 pF
E;/h =336.8GHz | L =127.3nH
a=0.74 C, =1.06fF
L, =127nH

Table 6.1: The set of circuit parameters for the qubits and the LC-resonator,
which are used for the numerical simulations shown in Fig. 6.7(b).

and depends also on the momentum P of the low-frequency mode due to the
presence of the charge coupling.

In Tab. 6.1 we give the set of parameters that we consider. The parameters for
the LC-circuit are comparable to what can be achieved in state-of-the-art experi-
ments [134-137]. The high-frequency Hamiltonian H, is then diagonalized, with-
out using a TLA for the qubits, and BO potentials for the low-frequency mode are
obtained. We compare the effective potentials from the full two-mode circuit to the
ideal BO potentials from the corresponding single-mode circuit, by neglecting the
self-capacitance and self-inductance of the resonator inductor and capacitor, re-
spectively. The parameters of Tab. 6.1 give w,/(27) ~ 8 GHz, w_/(27) = 50 MHz,
such that the effective mass is &~ 2.5 x 10%. The coupling constants are given
by gy, /w_ ~ 7.15 and g, _ ~ 0.06, which would translates to A ~ 0.84 in a single
mode setup. For the high-frequency mode we obtain w, /(27) ~ 160 GHz, safely
above the qubit, and the couplings are g, /w; ~ 0.37 and g4+ /wy ~ 0.01.

In Fig. 6.7(b) we show the comparison of the BO potentials from the single-
and two-mode circuits. The potentials are qualitatively similar, with only small
shifts near X = 0. The appearance of the momentum P in H, »(X, P) in principle
changes the effective potential picture. However, the charge coupling g, is very
small and only contributes a second order term ~ (g, /w-)*P?, resulting in a
small renormalization of the effective mass, which for the current set of parameters
is negligible. Thus, we conclude that the presence of other resonances does not
change the physics as long as they are above the qubit frequency.
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Chapter 7

(GGenerating multi-qubit
entanglement from the subradiant
vacuum

In the previous chapters we have concentrated on the basic description of ultra-
strongly coupled light-matter systems. In this chapter we explore how the strong
coupling can be used as a resource.

In Chap. 5 we have shown that in a system of N non-interacting qubits cou-
pled to a common oscillator mode the qubits become highly entangled in the USC
regime. More specifically the ground state of the system, for N even, is given
by |GS) ~ |0) |N/2,0), where |n) is a Fock state of n photons and |s,m,) is an
angular momentum eigenstate of total angular momentum s and x-projection m,.
The Dicke state |N/2,0) is highly entangled, but since the system is strongly in-
teracting this entanglement among the qubits is not useful. We present a protocol
to prepare the system in the entangled ground state |GS) starting from the un-
coupled standard vacuum state |n = 0) |s = N/2,m, = —N/2) and then bring the
entangled qubit state back into the non-interacting regime. As a possible realiza-
tion of the presented protocol we envision flux qubits coupled to a lumped element
LC-resonator, see e.g. Fig. 4.3.

7.1 General description of the protocol

As we have shown in Chap. 5, the system of non-interacting qubits coupled to a
common resonator mode is described by the Hamiltonian (A = 1)

2
Hgpy = wrata + w, S, + g(a’ + a)S, + g—Sﬁ. (7.1)
w

r
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98 CHAPTER 7. MULTI-QUBIT ENTANGLEMENT GENERATION

A A
> wmax
Wmax| |weak
coupling
A Y
gmax
usc Wmin
Wmin < Jmin ' ! !
Jmin Gmax —1T T Ts"i"TzL"i

Figure 7.1: The general entanglement extraction protocol. The system parameters
wy(t) and g(t) are varied adiabatically and diabatically to first prepare a given
state, determined by the initial state, and then extract it to a non-interacting
regime, respectively.

We assume that the qubit frequency w, and the light-matter coupling strength ¢
can be tuned by changing some underlying system parameters. The parameters are
initialized in the beginning of the protocol to w,(t = 0) = wpax > w;, g(t =0) =
Imin < w,.. In this regime the eigenstates of the system are to a good approximation
given by the uncoupled eigenstates |n) |s, m.). The system is initialized to a chosen
eigenstate or any superposition or incoherent mixture, such as a thermal state see
sub-Sec. 7.3.1, of the eigenstates, p;. By adiabatically adjusting w,(t) and g(t) the
system is tuned into the USC regime in two steps: First the coupling strength is
tuned from the initial value in time 77 to g(71) = gmax > w,, while wy(t) is kept
constant. Second the qubit frequency is tuned in time 75 from the initial value
to wy(T1 + T2) = wmin ~ w, and the coupling strength is kept constant during
this time. In a perfectly adiabatic situation the state of the system will evolve
adiabatically into a final state p; completely determined by the initial state that
was chosen, and the values wyin, gmax. At this point the steps taken are executed
again in a reverse manner, but in a diabatic way: First the coupling is ramped
quickly back to its initial value in time T3, g(t = 71 +T5+T3) = Gmin, and then the
qubit frequency is switched in time Ty back, w,(T1 + T + T3 + T4) = Wimax. Since
these changes in the system parameters are done in a diabatic manner, the system
does not have time to respond to these changes, and the state of the system stays
ideally unchanged during the last two steps. Thus, at the end of the protocol the
system is in the state py that was prepared during the first half of the protocol, but
the system is brought back into the non-interacting regime. Since the qubits do not
anymore interact strongly with the resonator they can be manipulated separately
and the entanglement can be used, e.g., in a quantum information protocol. The
basic idea is illustrated in Fig. 7.1.

Due to the large qubit frequency wp.x > w, the resonator and the qubits are
highly off-resonant in the beginning of the protocol. Thus, the ramp-up of the cou-


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

7.2. EXTRACTING THE GROUND STATE ENTANGLEMENT 99

pling needs to be slow only compared to this fast time scale set by the initial qubit
frequency. In the second step the coupling is already large, such that when the
qubit and resonator frequencies become comparable the non-adiabatic state transi-
tions are reduced by the exponentially suppressed qubit frequency Winin € Imax/ (2wr)
see Sec. 5.1. Thus, ramping the qubit frequency has to be slow only compared to
the fast time scale g;! . In the same spirit the diabatic steps, switching of the
coupling strength and the qubit frequency, have to be fast only compared to the
slow time scales w !, w1 and g_!. This is very important so that the ramping
times are experimentally feasible and consistent with the two-level-approximation
that we have used for the qubits.

Figure 7.2: Fidelity of the state of the system to the entangled qubit state |[N/2,0)
during the protocol. The oscillations after the end of the protocol are trivial
and can be undone by single qubit rotations. The parameters we have used are
Winax/Wr = 20, Wiin/Wr = 0.5, gmax/wWr = 4.5, gmin/w, = 0.1 and the time intervals
are Ty = Ty = 6.5w ! and T3 = T, = 0.5w, !, which are all same for the different
qubit numbers. The impurity 1 — P is plotted only for N = 4.

7.2 Extracting the ground state entanglement

In order to extract the entanglement in the ground state of the system we choose
the uncoupled ground state |0) |[N/2,m, = —N/2) as the initial state. By virtue
of the adiabatic theorem [138]| the system will stay in the instantaneous ground
state during the adiabatic steps 17 and T5 of the protocol. Thus, after these two
steps the system has been prepared in the qubit-entangled USC ground state |GS).
After ramping down the coupling and ramping up the qubit frequency the qubits
are in the entangled USC ground state, but do not anymore strongly interact with
the resonator.

We quantify the effectiveness of the protocol by using the fidelity of the pre-
pared qubit state to the ideal state |s = N/2,m, = 0) defined through F(t) =
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100 CHAPTER 7. MULTI-QUBIT ENTANGLEMENT GENERATION

Tr [p(t) |N/2,0) (N/2,0]], where p(t) is the density operator of the system. The
total duration of the protocol is given by Ty = Zle T;. As a figure of merit
for the whole protocol we use the entanglement extraction fidelity (EEF) Fp =
max{F(t)[t > Ty}, i.e. the maximum fidelity after the protocol has been run. In
Fig. 7.2 we plot the fidelity F(t) during the protocol. The protocol is run for
four different number of qubits N = 2,4, 6,8, all of which use the same values for
the parameters, see Fig. 7.2 caption. The obtainable EEFs are all near perfect
FE ~ 0.95 — 0.99 without fine-tuning the protocol for different qubit numbers.
The oscillations in F(¢) after finishing the protocol are due to trivial phase fac-
tors from the evolution of the entangled state under the free qubit Hamiltonian
Hpee = wyS2, and can be undone by local qubit rotations.

We also plot 1 — P where P is the purity P = Tr[p,(t)?] of the reduced qubit
state py(t) = Tr, [p(t)] in Fig. 7.2, black dashed line. The purity of the qubit state
at the end of the protocol is essentially one. During the protocol the qubits and
the resonator entangle, but when the USC ground state is reached the purity of
the qubit state is regained. The purity plot is for the case of N = 4 qubits.

As a possible experimental realization of the protocol we consider qubits with a
maximal energy gap wmax/(27) &~ 10 GHz coupled to an LC-resonator of frequency
wy/(2m) ~ 500 MHz. Then the maximal required coupling in the protocol gmax =
4.5w, ~ 21 x 2.25 GHz is consistent with experimentally demonstrated values in
flux qubits [41, 42]. The required amount of tunability of the qubit frequency and
the coupling is demonstrated in Sec. 7.4. The diabatic switching times we have
assumed are T3 4 = 0.5w, ! ~ 0.16 ns. Sinusoidal modulation of flux qubits on these
time scales has already been demonstrated [139] and they are within reach of state-
of-the-art waveform generators. The duration of the protocol Ty = 14w, * ~ 5ns
is much smaller than coherence times of flux qubits ~ 1 — 100 us [33].

Modifications of this scheme can be used to prepare also other entangled qubit
states. For example a singlet state of the qubits characterized by total angular
momentum s = 0 and zero projection along all axes S/, ,/. |:S) = 0 can be prepared.
The biggest difference to the presented scenario is that the s conserving nature of
the Hamiltonian has to be broken during the protocol in order for the qubits to
evolve out of the maximal spin subspace s = N/2 to the singlet subspace s = 0.
The singlet preparation scheme is inherently robust against disorder in the qubit
frequencies. Retaining a coupling ¢(7%) 2 w, at the end of the protocol, which
can be done since the singlet states are decoupled from the cavity, energetically
separates the s = 0 subspace from the other total spin subspaces. The reason is
the finite energy splitting between the singlet and triplet states, see Chap. 6. If
this energy gap is larger than the spread in the qubit frequencies, transitions away
from the singlet subspace are energetically suppressed [58|.
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Figure 7.3: (a) The EEF for different g, and Ty(= T3) for a system of N = 4
qubits. High EEFs, Fr > 0.9, are obtained in a sizeable range of parameters, such
that limitations in the switching times and obtainable minimal coupling strengths
do not render the protocol useless. (b) F(t) during the protocol including resonator
decay and a T' = 0K bath. The quality factor of the oscillator is taken to be
Q = 100 and wpay = 10w,. (c) The EEF, red solid line, as a function of the
temperature of the initial state of the system, when the oscillator is taken to
be in a thermal state in the beginning of the protocol. The blue dashed line
gives the occupation probability of the ground state. (d) as (b), but with a finite
temperature bath kgT = hw,. Green dashed line denotes the performance of the
protocol neglecting the resonator decay. Parameters not explicitly specified are as
in Fig. 7.2.

7.3 Experimental imperfections

In experimental realizations of the protocol there might be limitations on the tun-
ability of the parameters w,(t) and ¢(¢) or the diabatic switching times obtainable
are longer than what we have assumed. In Fig. 7.3(a) we plot the entanglement
extraction fidelity for N = 4 qubits as a function of gy, and Tjy. Let us first con-
sider fast switching time Tyw, < 1. In this case EEFs of Fz ~ 0.8 can be obtained
up to very large gmi, = w,. Vice versa, for small minimal couplings gy, /w, < 0.1
switching times up to Tyw, ~ 4.5 result in EEFs of Fp = 0.8. In the next section
we consider the performance of the protocol when the qubit frequency and the
coupling are not independently tunable using a flux qubit implementation of the

protocol.
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102 CHAPTER 7. MULTI-QUBIT ENTANGLEMENT GENERATION

Up to know we have not considered dissipative processes during the entan-
glement extraction protocol. Next we consider the effect of cavity dissipation on
the performance of our protocol. Since the qubits and the oscillator are ultra-
strongly coupled we cannot use the standard quantum optical master equation
[140]. Rather, the coupling has to be taken into account in the derivation of the
master equation such that correct jump operators are used. After obtaining the
correct jump operators we can move back to the composite basis |n) |s, m.) with a
unitary transformation. During the protocol the qubit frequency and the coupling
are changed in time, and, thus, we have to calculate the jump operators at every
time step. See App. C for details of the derivation of the master equation and
how the time-dependent couplings are handled. In Fig. 7.3(b) we plot the fidelity
F(t) during the protocol for N = 4 qubits and a cavity of quality factor ¢ = 100.
Even for this extremely low quality factor the protocol is essentially not affected
by the resonator decay. This can be understood based on the adiabatic nature of
the protocol. During the preparation the system stays at all times in the instan-
taneous ground state defined by H(t). During the last two steps the cavity decay
could in principle have an effect, but these steps take such a short time w1 such
that the resonator decay does not have time to have any effect.

We have assumed that the qubits are all identical in our protocol. This is
not, however, a strict requirement. A considerable amount of disorder, ~ £+10%,
in both the frequencies wé of the qubits and the couplings g; can be tolerated
without losing much of the EEF. In the case of disordered qubit frequencies this is
easily understood since the coupling is the dominant energy scale when the qubit
entangled ground state is reached. Deviations in the qubit frequencies do not
matter since the bare qubit Hamiltonian is irrelevant at that point [58].

7.3.1 Extracting entanglement from a thermal state

In order to reach the large detuning assumed between the qubits and the resonator
Wmax/wr & 20 the oscillator has to have a rather low frequency w, /(27) ~ 500 MHz.
This means that even in the ~ 10mK temperatures of dilution refrigerators the
resonator will be thermally occupied. This can be in principle counteracted with
cooling methods [128]. However, it is not even necessary. In Fig. 7.3(c) we plot
the EEF starting from an initial state where the oscillator is in a thermal state
at temperature T' as a function of the initial state temperature. For temperatures
kpT/(hw,) < 0.5 there is essentially no degradation of the achievable EEF. Even
for kpT'/(hw,) = 2 we obtain Fg ~ 0.8. Note that only the coherent dynamics has
been simulated and the EEF has been obtained by averaging the EEFSs for different
initial states according to a thermal distribution at the corresponding temperature.
The EEF decays much slower than the population of the ground state, blue dashed
line in Fig. 7.3(c), showing that the qubit state is effectively mapped to the en-
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Figure 7.4: Circuit diagram of the tunable four-junction flux qubit. The frequency
of the qubit and its coupling to the LC-resonator can be tuned by changing the
external fluxes, f,/3, threading the two SQUID-loops.

tangled |N/2,0)-state also in the higher Fock-state manifolds. Fig. 7.3(d) shows a
master equation simulation at a finite temperature of kgT'/(hw,) = 1. The dashed
green line shows the obtained EEF neglecting the resonator decay. Even for the
very low quality factor () = 100 assumed the difference to the unitary evolution is
only ~ 3.5%. The full master-equation simulation justifies the approximate treat-
ment used in Fig. 7.3(c). The robustness against resonator decay is due to the
short time of the entire protocol. Even for () = 100 the length of the protocol is
only a fraction of the resonator decoherence time Ty ~ 0.1x71.

Why the protocol works so well, even in the presence of thermal photons in the
resonator, can be understood from the effective USC Hamiltonian Eq. (5.25)

—g2/(2w2) wrwg 2 2
Heff:wqe 9 ’"52—1—2—2(3_,6—5) (72)
g
As we have shown numerically it can also qualitatively describe the higher photon
manifolds n > 0, see Sec. 5.1 and Fig. 5.4. Thus, when the resonator starts in a
thermal state the prepared state will be approximately given by

[W(T¥)) = Piherm @ [N/2,0) (N/2,0], (7.3)

such that to a first approximation the qubits and the resonator do not entangle.
The quantitative agreement of the effective Hamiltonian in the n > 0 manifolds
is not as good as in the ground state manifold, such that the obtained EEF is
reduced compared to the resonator prepared in its ground state.

7.4 Circuit QED implementation

In this section we present an example implementation of the protocol in circuit
QED using flux qubits coupled to a lumped-element LC-circuit. We take the flux
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Figure 7.5: Tunability of the qubit. Qubit frequency (a) and coupling (b) as a
function of the external fluxes f,/5. The path that we take in the (f,, f3)-space
is marked with the orange line and the arrows show the direction in which it is
traversed. The parameters for the qubit are given in the main text.

qubits to be the tunable four-junction flux qubit, see Fig. 7.4, we have introduced
in Chap. 3. The tunability of the qubit frequencies and couplings is implemented
by changing the external fluxes f,/5 = ¢a/s/Po.

We consider the parameters Ec/h = 4.99 GHz, E;/h = 99.7 GHz, a = 0.6 and
£ = 6 for the qubit, and C' = 1.59pF and L = 63.7nH for the resonator in the
numerical simulations below. These parameters give an LC-oscillator frequency
of w,/(2m) = 500 MHz. The qubit frequency w, and the coupling constant g are
plotted in Fig. 7.5(a) and (b), respectively, together with the path taken in the
(fa, f5)-landscape, orange solid line. The starting point is at ( fa, f5) = (0,0) where
the maximal qubit frequency, wypax = 22.8w,, and the minimal coupling, gmin =
0.25w,, are obtained. In the adiabatic stage the fluxes are tuned to (0,0.967)
where the minimal qubit frequency, w, = 0.7w,, and maximal coupling, g = 4.5w,,
are reached. Finally fz is switched diabatically back to 0.

The pulse shapes for w,(t) and ¢(t) obtained using the path in Fig. 7.5 are
shown in Fig. 7.6(a). We see that the qubit frequency and the coupling cannot
be independently tuned using this simple qubit. However, it is important to eval-
uate the performance of the protocol using this qubit design close to what has
been implemented in experiments [39, 41, 42]. The lack of independent tunabil-
ity reduces the adiabaticity of the protocol due to a different path taken in the
(wg, g)-landscape, such that the total protocol time is longer than that of the ideal
protocol. The fidelity during the protocol is plotted in Fig. 7.6(b) for N = 4
qubits. Even with these non-ideal pulse shapes the obtained EEF for four qubits
is very good Fg > 0.9 and for two qubits it goes up to Fr ~ 0.96 (not shown).
Thus, the protocol performs very well even under these non-ideal conditions.
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7.4. CIRCUIT QED IMPLEMENTATION
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Figure 7.6: The protocol as implemented using tunable flux qubit of sub—Sec. 3.4.2.
(a) Pulse shapes of w,(t) and g(t) obtained by the path marked in Fig. 7.5. (b)
The fidelity during the entanglement extraction protocol using the pulse shapes of
(a). The plot is for N = 4 qubits and parameters are given in the text. Inset: a

zoom to the end of the protocol.
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Chapter 8

Simulating non-perturbative cavity

QED

In the previous chapters we have considered the EDM as a fundamental description
of physical systems. However, experimentally realizing systems in the USC regime
with multiple two-level-systems is challenging, and, thus, so far only systems with
a single two-level-system ultra-strongly coupled to a mode have been realized [41,
42]. Quantum simulation, digital and analog, is a powerful method to simulate
quantum systems [141, 142|. In a digital simulation the dynamics of a system or its
quantum ground state are approximated by applying gates on a system of qubits.
In analog simulation, on the other hand, the Hamiltonian of another quantum
system is implemented as the effective Hamiltonian of the simulator, possibly in
some rotating frame.

Trapped ions [143] are a well developed platform for quantum simulation [144—
146]. In this chapter we propose to simulate, in an analog manner, non-perturbative
light-matter systems with trapped-ions. We begin by showing how to implement
the general cavity QED Hamiltonian (A = 1)

92 D..
Heqep = wea'a + w,S, + gla’ +a)S, + w—sg +) T%go—;ﬂ (8.1)
irj

with the trapped-ion quantum simulator. Note, in this chapter we assume an inde-
pendent scaling of the P?-term and the dipole-dipole interactions D;; in contrast
to Chap. 5. We take for simplicity the qubits to be identical and the couplings
homogeneous. The other half of the chapter is devoted to possible applications
and experiments that could be performed with the system. Trapped-ion systems
have already been used to simulate the Rabi model [147, 148 and the Dicke model
[149-151], and the dynamics of the Rabi model in the USC regime has been sim-
ulated also digitally using SC qubits [152]. The Dicke SRPT has been realized

107
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lg,0) lg,0)

Figure 8.1: The setup: (a) A sketch of the setup. (b) Normal mode frequencies
of the crystal. The trap is taken to be stiffest along the y-axis and softest along
longitudinal z-axis, v, < v, < v,. Specifically we consider v, = 27 x 1 MHz,
vy = 2m x 5MHz and v, = 27 x 5.5 MHz. (c) Detunings of the driving lasers along
x-axis, and (d) y-axis.

in driven-dissipative scenarios with atoms in cavities [98-101, 153]. Proposals for
simulating the Rabi- and Dicke-models with cold neutral atoms trapped near to
tapered optical fibres also exist [154].

8.1 Trapped-ion implementation of the EDM

We consider a chain of ions trapped in a linear Paul trap, Fig. 8.1(a). The axis
of the chain is assumed to be directed along the z-axis. The trapping frequency
along the z-axis is smaller than in the two orthogonal directions. We take the x-
and y-axes trap frequencies to be off-resonant to avoid any accidental resonances.
Fig. 8.1(b) shows the normal mode frequencies. The ions are driven with pairs of
lasers along the x- and y-axes, with frequencies w,;, amplitudes 2, ;; and phases
Gag, With a = z,y labelling the axis and [ = r,b the laser. The Hamiltonian of
the system in a frame rotating with the free-ion Hamiltonian Hy = ), woo7?/2 is


https://www.tuwien.at/bibliothek
https://www.tuwien.at/bibliothek

Die approbierte gedruckte Originalversion dieser Dissertation ist an der TU Wien Bibliothek verfugbar.

The approved original version of this doctoral thesis is available in print at TU Wien Bibliothek.

thele

(]
blio
nowledge

(]
|
rk

8.1. TRAPPED-ION IMPLEMENTATION OF THE EDM 109

given by [143|

Qo ; . _
HI _ ZI 2,l, |:O_;,—el(ka,l7’a,l+5a,lt ¢a,l> + H.C.] , (8.2)
where 0,; = wy; — wa,; and we have used the optical RWA to neglect terms o<

eFiwotwa )t The jons are treated as two-level-systems with frequency wy and the
frequencies of the normal modes of the ions” motion are v, ,,,. In the above equation
Tai = mri&f,mua,i,m (bLm + ba,m) is the position operator of ion 7 around the

equilibrium position rgfg on axis . The zero-point amplitude for mode m along «

is PPt = Vh/(2Mv,, ), with M the mass of the ion, and ug.;, is the envelope

a,i,m

of the normal mode m at the position of the ion n.

8.1.1 Collective TLS-field coupling

Let us start by engineering the collective Dicke coupling Hi,, = g(af+a)S, between
the qubits and the mode. The normal modes in the x-axis will be used for this
purpose, and the centre of mass (COM) mode in the x-axis plays the role of
the photonic mode a. In order to realize H;,; we choose the laser frequencies as
in Fig. 8.1(c). The ions are driven near the first red and clue COM side-band

resonances wy; = wo £ (Vyec — Ayy), where A, < v, is a small detuning from
the exact resonance and v, . = v, is the COM mode frequency. The plus sign
corresponds to the blue laser [ = b and minus for the red laser [ = r. The

amplitudes of the red and blue lasers are chosen to be equal and homogeneous
Qurn = Qupn = Q, and the phases are also set to be equal ¢po1 = ¢o2 = 7/2.
The Hamiltonian in the Lamb-Dicke (LD) regime and in a RWA keeping only the
COM first side-band transitions the Hamiltonian becomes [147|

Hl,x = Z W |:O-7JLr (b;rc,ceiAI’b + bw’ceiAz,T) + HC] ’ (83>

where bSJl is the annihilation (creation) operator of the COM mode and 7, . =
ko722 is the Lamb-Dicke parameter for COM mode, which in the LD regime sat-

isfies 7.1/ (bt +be)?) < 1. Additionally we have moved to a rotating frame
with respect to the x-modes of the crystal. The COM mode has a uniform mode
envelope 1, .; =1/ VN = Uy By introducing the effective frequencies [147]

1
Wy = _(Acc,b + Aw,r)

2

1
g = 5By~ Asy) (8.4)
g = anmum,c
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110 CHAPTER 8. SIMULATING NON-PERTURBATIVE CAVITY QED

and after performing a unitary transformation U(t) = exp|[—i(w,S, + wrala)t] to
eliminate the time-dependence we obtain the effective Hamiltonian

H = w,.ala + w,S. + g(a' + a)S,, (8.5)

where we have renamed b, . to a. Thus, the effective Hamiltonian implemented by
the x-modes is that of the Dicke model and we have a collective coupling of the
ions to the COM mode in that axis. The effective parameters Eq. (8.4) are easily
tunable by the laser detunings A, ,/, and amplitude €2,.

8.1.2 The P2-term

We proceed with the y-modes, which will be used to implement the collective
S2term. The detunings of the driving lasers are set to d,; = +u, — w,, where
ty = Vye+ Ay, vy, is the COM frequency in the y-direction and the plus and
minus sings correspond to the blue, [ = b, and red, | = r, lasers, respectively, see
Fig. 8.1(d). The w, dependence of the driving laser frequencies are needed due to
the effective field w, created using the transverse x-modes. The Hamiltonian for
the y-driving lasers in the Lamb-Dicke regime after neglecting other terms than
the first side-band transition in a RWA is given by [155, 156|

H, = Z wam# (o7 e™" 4+ H.c.) sin(pyt) (b] e + H.e.) (8.6)

,m

where 7y, = ky erf is the Lamb-Dicke parameter for y-mode m. We have assumed

the driving lasers to have equal and homogeneous amplitude €2,;;, = €, and the
phases have been set to ¢, = 0, ¢, , = m. Without the external field w, the time-
evolution created by Eq. (8.6) can be calculated exactly using a Magnus expansion
[155, 156]. In the presence of w, we can calculate it to second order and obtain
the following time-evolution operator

U(t) = exp [—iz (ﬁi’m(t) m+He)of — 12 &aza”‘“] ) (8.7)

where
py — e¥rm (1, cos(pyt) — iy m sin(pyt))
Bim(t) = Qynymyim=— yg o —, (8.8)
/’Ly - V
202 imny]‘m Vym Sin(2pu,t)
¢i' — Yy Y, i v 7mt _ Yy,m Yy (89)
! ; :uy m Y 2:“1/

N sin((py + vym)t)  sin((py — vym)t)
Hy + Vym Ky = Vym
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8.1. TRAPPED-ION IMPLEMENTATION OF THE EDM 111

The presence of the local field generates a term o l)?J571ﬂl)@,7T,L(77Z1 which is, however,
suppressed by a factor w,/ (i, —vym) and can be neglected in the parameter regime
of interest [157]. The first term in Eq. (8.7) coherently displaces the modes by an
amount » . f;m(t)of depending on the ions’ state, which leads to entanglement
between the ions and the modes. In order to create pure spin-spin interactions
we, thus, require f;,,(t) < 1, such that the modes are only virtually excited. The
second term gives a conditional phase between two ions ¢ and j. In the limit of
long evolution times tv,,, > 1 the phase factor is given by the secular term, o< ¢,
in Eq. (8.9). Thus, the time-evolution at long times is created by the effective
Hamiltonian

€ D/L r T
HT =)  =Foto], (8.10)

.3

where the dipole-dipole coupling strength is given by [158-163]

_ Z yny muylmuyﬂ mVym (811)

—v2.
The shape of D;; can be tuned by choosing 1, close to a specific mode v, ,,. Then
the mode function u,;,, of that mode will be reflected in the DD interaction
matrix D;; [164]. We choose the detuning close to the COM mode, such that the
dipole-dipole couplings will be mainly homogeneous

D~ (o Uy )

=X (8.12)

Y

for all 7,7 with smaller corrections coming from the far off-resonant modes. By
choosing i, in the middle of the band one obtains couplings with alternating signs,
leading to frustration and related effects [161].

8.1.3 Dipole-dipole interactions

In order to implement the short-range dipole-dipole interactions present in the
EDM, we generalize the scheme from above to laser beams with multiple sidebands
with different frequencies. This can is taken into account by replacing

Q ettt 53 "0, elvint (8.13)
in Eq. (8.2). The Hamiltonian is then given by that of Eq. (8.6) with a sum

over the different sidebands n. Asserting that the detunings between different
sidebands remain large, 7, ,Qy n < |0y1n — dy1n|, the cross terms from lasers with
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112 CHAPTER 8. SIMULATING NON-PERTURBATIVE CAVITY QED

different sideband frequencies that are created are rapidly oscillating and, thus,
can be safely neglected. The spins are then described by the effective Hamiltonian
of Eq. (8.10), and the generalized dipole-dipole matrix is given by

Vy mU ,i,mu J,m
Dij = 2(Qyuiym)’ Lo (8.14)
m,n :uy,n - Vy,m
It can be engineered by combining multiple near-resonant and/or far-detuned
lasers. The short-range dipole-dipole interactions can then be implemented by
adding a laser which is far detuned from all of the modes [158, 160], adding a

component to D;; which decays roughly as ~ |i — j| = for very large detuning.

8.1.4 Accessible parameter regimes

In summary, we have show that by addressing different phonon branches of the
ion chain, collective spin-mode and dipole-dipole interactions can be engineered.
Thus, by combining the schemes, we obtain

Heqep = HE + HY) (8.15)

with a dipole-dipole interaction matrix given by

gD,

C

This completes our goal of engineering FEq. (8.1) as the effective Hamiltonian of
the ions. In theory this approach gives us full control over the model parameters,
but the hierarchy of frequency scales and the single-mode addressability assumed
in the derivation, impose limitations on the accessible parameter regimes. This
will be discussed next.

Ultra-strong coupling regime

As a concrete example we consider a chain of N = 10 trapped *°Ca™ ions with
a phonon spectrum of Fig. 8.1(b). The LD parameter for the z-motion is 7, . =
0.043, and for 2, = 27 x 15.4kHz, A,;, = 27 x 0.41kHz and A, , = 0 we obtain
w, = w, = 27 x 0.21kHz and a coupling parameter of g/w, = 1. The P?-term
is implemented by the scheme discussed above and we use a pair of lasers with
Rabi-frequency €, = 2w x 139 kHz to drive the COM mode with detuning A, ; =
27 x 14kHz. For LD parameter 7, . = 0.041 this gives us a collective S2-coupling
of magnitude ¢*/w. = D = 27 x 0.21kHz. Since the driving laser couples to all
other y-modes as well, the exact evaluation of the coupling matrix D;; in Eq. (8.14)
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Figure 8.2: Engineered dipole-dipole interactions for N = 10 ions. (a) The residual
dipole-dipole interaction matrix of the non-interacting system. The case of repul-
sive (b) and attractive (c¢) dipole-dipole interactions. (d) The distance dependence
D, _ ;| of the interaction matrix elements for a single near-resonant pair of lasers,
two upper solid lines with markers, averaged over the chain. The lowest line with
markers shows the distance dependence of the dipole-dipole interactions for the
far-detuned laser pair The solid lines are fits to the markers giving a ~ £0.16 for
the upper lines and « = 2 for the lowest line. The black dotted line gives the value
of D specified in the text.

results in small spatial variations, D;; ~ |i — j|~%!. The resulting residual dipole-
dipole interactions, J;;, are shown in Fig. 8.2(a). Each dipole feels a residual
field J; = > jziJij on average, whose variance is (AJ)?2 =3 (J;)?/N. For the
parameters we consider AJ/w, ~ 0.19, such that the qubits are approximately
non-interacting. Since the P?-term scales as o« g* the imperfections J;; share this
scaling, and become negligible for small g.

To add the short-range dipole-dipole interactions, we use another pair of lasers
along the y-axis with Rabi-frequency €2, = 27 x 1.0 MHz and detuning A, o =
21 x 1.7 MHz. Since the lasers are far detuned the coupling to all the phonon modes
is approximately equal. The dipole-dipole interactions resulting from this laser pair
are approximately given by J;; ~ Jo/|i — j|*, with o ~ 1.98 and Jy = 27 x 80 Hz.
The total mean field introduced by these lasers J ~ 27 x 0.20 kHz is on the order of
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114 CHAPTER 8. SIMULATING NON-PERTURBATIVE CAVITY QED

wy- The coupling matrix J;;, including imperfections from the P*-term, is plotted
in Fig. 8.2(b). The value of a < 2 is limited by the ratio between the bandwidth of
the y phonon modes and the detuning. For a 1D chain the |i— 5|72 couplings can be
considered as mid-range [165]. Since the beat-note of the far detuned pair of lasers
must be larger than the COM frequency, ji, 9 > v, the effective interactions are
always repulsive. In order to implement an equivalent model with J;; < 0, we can
reverse the sign of the other terms in Hgpy [166]. This is obtained by replacing
Q, — —(, and reversing the sign of the detunings, A,,, and A, ;. This trick
results in the model —H.qrp with Jy < 0. The overall minus sign is irrelevant for
the quantum simulation. The resulting attractive dipole-dipole interactions are
plotted in Fig. 8.2(c) for A,y = —27 x 11kHz and Q,; = 27 x 112kHz. Apart
from the sign, these parameters give essentially the same effective parameters as
above.

We have shown that trapped ions can be used to engineer few-body cavity QED
models with coupling constants g/w, ~ O(1) at absolute frequency scales of a few
hundred of Hz. These scales are still fast compared to simulation times of tens of
milliseconds available in state-of-the-art trapped-ion experiments [157, 167].

Non-perturbative regime

Above we have shown that reaching the regime of ¢g/w, ~ 1 is possible with our
trapped-ion implementation of the EDM. As shown in Chap. 5 significant non-
perturbative changes in the ground state of the EDM happen beyond g/w, 2 2—3.
In order to simulate this regime two difficulties arise. Firstly, for a fixed value of
D = 27w x 200 Hz the qubit and mode frequencies have to be an order of magnitude
lower w,, ~ 2m x 20Hz than before, leading to longer absolute time scales. In
addition to this a smaller value of w, also means that the variations in D;; will
become more important, AJ/w, ~ 2 and the qubits can no longer be considered
non-interacting. In general these issues a worse for larger N, since the mode
spacing of the crystal is smaller making the single mode addressability harder to
achieve. This results in a competition between the time scale of the simulation
and the fidelity of the realized model. For small and moderate number of ions,
however, many interesting effects can be explored within these constraints. It
also has been shown [168, 169] that with single ion addressability and machine
learning algorithms, it is possible to improve the quality of the created spin models
significantly.
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8.2. EXAMPLES 115

8.2 Examples

The above analysis shows that trapped ions can be used to simulate regimes of
cavity QED at the moment inaccessible in other experiments. In this section we
present two examples, also illustrating possible measurements that one can apply
to gather information about the system. We begin by considering the excitation
spectrum of a cavity QED system and later use the ground state preparation
scheme of Chap. 7 to probe the light-matter decoupled ground state in the USC
regime.

8.2.1 Qubit excitation spectrum

The first example we consider is the measurement of the excitation spectrum of
a cavity QED system. We consider the parameter regime g/w, < 1. In order to
measure the excitation spectrum the ions are prepared in their ground state |g)
and the phonon mode is cooled to its ground state. At this point the couplings
are gradually switched on such that the system is adiabatically prepared into the
ground state |G) of Eq. (8.1). Then a weak perturbation H,(t) ~ Ae !+ Afel! is
applied for a time 7},. For long pulses 7}, — oo the amount of excitations created
by the perturbation is proportional to the excitation spectrum

S(w) = g?ﬁ/ooo dr{A(T)AT(0)) 0™, (8.17)

where the average is taken with respect to the state py ~ |G) (G| obtained with
the adiabatic preparation. Practically speaking, a difference in the measurement
of (ATA) before and after the perturbation gives a good estimate of S(w) for a
finite T,,.

If one takes A = a, a measurement of the cavity spectrum is performed. We
choose instead A = o5, in which case the spectrum also contains information
about the dark excitations of the qubits not coupled to the mode. In Fig. 8.3
we plot the numerically calculated spectra for N = 6 qubits. Other parameters
are similar as discussed above. In our case a purely adiabatic preparation of the
ground state was not feasible, taking a time of hundreds of milliseconds, and a
non-adiabatic bang-bang scheme was used [151, 170, 171]. Using this scheme we
are able to prepare the ground state with a fidelity F = (G| po |G) 2 0.8 within
Torep S 7Tms. Using this prepared state the spectrum is evaluated assuming a
common phenomenological decay rate I' = 27 x 4 Hz for all states, corresponding
to experimental runtime of 7}, ~ 40 ms.

In the excitation spectrum the USC regime can be identified as the regime
where the splitting between the upper an lower polariton modes Aw no longer
follows the initial linear behaviour Aw ~ G = v/Ng. In 8.3(a), corresponding
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Figure 8.3: Excitation spectra of N = 6 non-interacting qubits, Jy = 0, for varying
g (a). The dotted lines indicate the initial linear scaling of the polaritonic branches
w, £ G/2. (b) Sketch of the phase boundary (green line) between the normal and
the ferroelectric phase. The insets show the behaviour of the p(m,) distribution
in the two phases. Parameter sweeps in (a), (b) and (c) are indicated by the blue
arrows. In (c) and (d) the phase boundary is crossed by changing the qubit-photon
coupling g for Jy/w, ~ —0.38 and the DD interaction strength .Jy, and g/w, = 1,
respectively. The dashed lines indicate the point at which the phase boundary is
crossed. We have used w, = w, for all plots.

to non-interacting dipoles J;; = 0 (up to small corrections c.f. Fig. 8.2(a)), the
linear scaling can be observed for small G. Due to probing a single ion, the
response is sensitive to all excitation modes and the coupling to the collective
polariton modes is reduced by a factor N~!. Being able to observe both collective
and single-qubit effects is, thus, an interesting feature of the few-qubit regime. For
larger couplings the P2-term starts to become important and the spectrum deviates
from the predictions of the DM [44, 172-175]. The most important difference being
that the lower polariton branch stabilizes to a non-vanishing value for any coupling
[44, 172]. Another interesting feature of the few-qubit regime is the redshift of the
dark polariton modes seen in Fig. 8.3(a). It is caused by the fact that the ground
state energy Fg(g) is an increasing function of the coupling g. When a qubit
is excited to a dark mode less energy is required. This cannot be predicted by
a purely linear theory, and conversely not observed in traditional experiments in
the optical and THz regime, where the single qubit-photon coupling ¢ < w, and
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only the linearized collective interaction of a large number, N > 1, of qubits is
available. Non-linear effects such as this are expected to be observable only for a
moderate number of qubits N < 10 [176]. The presence of the small residual DD
interactions can also be observed in Fig. 8.3(a) as the finite splitting between the
dark polariton modes.

Consider next a system with strong attractive dipole-dipole interactions, J;; ~
Jo/|i—7]|* with Jy < 0. In this situation the qubits can exhibit a phase transition to
a ferroelectric state at a critical coupling J§. For o = 2 and in the thermodynamic
limit the critical value J§/w, ~ —0.4 is obtained [177]. When the qubits are
additionally coupled to a cavity the critical DD coupling is expected to decrease
as

J5(g) = Jg(g = 0)e 9"/ (8.18)

due to the qubits getting dressed by virtual cavity photons, see Chap. 5. This is
a purely non-perturbative effect absent in the Dicke model, where the transition
is driven by strong ferroelectric DD interactions J;; = —g?/w, and is only weakly
modified by the presence of the cavity mode [51]. For the N = 6 qubits considered
only a crossover between the normal phase and the ferroelectric phase takes place.
It is possible, however, to find the phase boundary by considering the probability
distribution

p(ma) = (G| P, |G) (8.19)

where P,,, = > P, is the projection operator to collective spin states with
total spin s and z-projection m,, S, |s,m,) = mg|m,). In the normal phase
this distribution has always a single maximum at minimal |m,|. In contrast in
the ferroelectric phase the distribution is bi-modal with the maximal weight at
m, = +s for very large couplings. The phase diagram and p(m,) in the different
phases are sketched in Fig. 8.3(b).

As we see from Eq. (8.18), the phase boundary can be crossed in two ways:
Either one can increase the qubit-photon coupling ¢ while keeping |Jo| < |J§]
constant or by increasing the DD coupling |Jy| directly. The spectra corresponding
to these cases are plotted in Fig. 8.3(c) and (d). In both cases the frequency of
first excitation mode approaches zero at the phase boundary, but stays finite due
to finite size corrections, as expected. Even though the lowest excitation mode
behaves very similarly in both tuning schemes, there is a clear difference in the
excited states. When tuning the qubit-photon coupling there are many avoided
crossing around w, indicating a strong hybridization with the mode. These features
a completely absent in the case where Jj is tuned.
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(a) 0.8 ) ' ) (b)
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Figure 8.4: Adiabatic ground-state preparation in the USC regime for (a) non-
interacting qubits Ji5 = 0 and (b) Ji2/w. = —3.5. Starting from the normal ground
state [n = 0)®|m, = —N/2), the ground state is prepared by adiabatically turning
on the qubit-photon coupling and DD interactions during a time of T},ep S 10ms
for a given pair (g, .Jy). In both cases we have taken w, = w,.

8.2.2 Ground state preparation

As we have shown above, the first non-perturbative corrections are observable in
the regime g/w, < 1. However, the ground state is still essentially determined by
wq and J;;, while the effect of the cavity mode can be only seen in the excited
states. For large enough coupling ¢g/w, 2 2 this is no longer the case. In this
regime, in addition to renormalizing w,, see Eq. (8.18), the qubit-photon coupling
also creates effective anti-ferroelectric interactions between the qubits, see Chap. 5,

Wyw
292

2
q

Hpp =

(52 —8%). (8.20)

These effective interactions compete with |Jy| favouring a subradiant ground state
with completely anti-aligned qubits, that decouple from the cavity, see Chap. 5.
Experimentally this physics can be seen already in the simple case of N = 2
ions. In this case the interaction matrices reduce to a single relevant parameter
D;; = D and J;; = Jy. The detuning constraints are relaxed, which allows us to
consider D = ¢?/w, = 27 x2kHz corresponding to a value of w, = w, = 125 kHz for
g/w, = 4. In Fig. 8.4 we plot the expectation value of the simulated ground state
photon number (a'a) for non-interacting qubits J, = 0, (a), and ferroelectrically
coupled qubits Jy/w, = —3.5, (b). In this case an adiabatic preparation is possible
in a reasonable time and that is what has been used, see Chap. 7 for details.
For small values of the coupling constant g, both cases show an increase in the
photon number as expected from the hybridization of the mode and the qubits.
In the ferroelectric case this trend continues for larger couplings, experiencing a
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8.3. DISCUSSION 119

rapid increase after g/w, ~ 1, as one expects in the superradiant phase. In the
non-interacting system the increasing trend turns around after g/w, = 2, and for
g/w, =~ 4 the cavity mode has approximately returned into the vacuum state.
The simulated ground state photon number differs from the correct value for the
preparation time 7T, ~ 10ms used here, but it shows the correct qualitative
behaviour, especially the characteristic maximum of (a'a), a witness of entering
the subradiant regime [51], is reproduced. This effect can be easily confirmed in
the trapped-ion platform by doing full tomography of the internal state of the ions.
We find a high fidelity of Tr[po |T) (T'|] =~ 0.95, where |T) = (|eg) + |ge))/+/2 is the

triplet state minimizing FEq. (8.20), for the largest coupling.

8.3 Discussion

In this chapter we have shown that trapped ions can be used to implement quan-
tum simulation of non-perturbative cavity QED. This platform offers a flexible
way to tune both the interactions between the qubits and a cavity mode, and the
direct dipole-dipole interactions. In the two examples presented, we have high-
lighted some possibilities for observing signatures of non-perturbative light-matter
interactions.

We have used a small number of ions, for which we can benchmark the perfor-
mance of the simulation with exact numerical methods. In this sense the simulation
aspect lies in the possibility of studying light-matter interactions in a regimes not
accessible today with systems of real or artificial atoms, rather than simulating
systems beyond the scale of classical simulations. The proposal presented can
be, however, extended to tens of ions and/or multiple modes, allowing to study
non-perturbative effects in systems well beyond the reach of classical capabilities.
The main difficulty in increasing the simulation scale is the collective P2-term,
~ ¢*/w,S% which is the most dominant term in the USC regime. This term is
created by addressing a single transverse normal mode of the ion crystal, which
becomes more difficult the larger the crystal is, in turn increasing the experimental
runtime. In the future with improved motional heating rates and ion coherence
times, second scale quantum simulations can become available, enabling the ex-
tension of the proposed scheme to tens of ions.
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Chapter 9

Summary and Outlook

In this thesis we have studied the interaction between light and matter in the ultra-
strong coupling regime. The main focus has been in circuit QED systems, since
they offer an experimentally relevant platform in realizing ultra-strong light-matter
couplings.

We started with a brief introduction to Hamiltonian circuit theory and basic
phenomena of superconductivity, namely the Josephson effect and flux quanti-
zation, needed to understand superconducting (SC) circuits. The quantum LC-
oscillator was introduced and two prototypical type of SC qubits, the charge qubit
and the flux qubit. The two main coupling schemes, capacitive and inductive cou-
pling, between qubits and LC-circuits in experiments were discussed. The suit-
ability of the coupling schemes for USC were discussed and limits to the obtainable
coupling strengths were derived.

Chap. 4 started with a review of the main USC models used in the literature.
The superradiant phase transition of the Dicke model and the no-go theorem were
discussed. Then, by starting from three different microscopic circuit models repre-
senting superconducting qubits, we showed that the Extended Dicke model must
be used to correctly capture the USC physics of multi-qubit circuit QED systems.
It was shown that the Extended Dicke model is the accurate two-level-truncated
Hamiltonian in the USC regime, while the tradional Dicke model, derived in the
Coulomb gauge, fails due to the momentum coupling to the field.

In Chap. 5 the ground state properties of the EDM were discussed first in the
case of non-interacting qubits, and it was shown that there is no SRPT in this
model. The ground state in the USC regime is in a new subradiant phase, where
the qubits form a highly entangled state and decouple from the resonator mode.
Next the treatment was expanded to include dipole-dipole interactions between
the qubits in a collective approximation. The ground state phase diagram of light-
matter systems was explored as a function of the light-matter coupling strength
and the DD interaction strength. In the case of repulsive dipole-dipole interac-
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122 CHAPTER 9. SUMMARY AND OUTLOOK

tions it was shown that the ground state is also in the subradiant phase as in the
case of non-interacting qubits. For attractive DD interactions the ground state
was shown to be in the superradiant phase for sufficiently strong couplings. This
allowed us to give a new interpretation of the Dicke SRPT as an instability of the
interacting qubit ensemble which is not created by coupling the TLSs with the
mode. For extremely strong light-matter coupling it was shown that a new type of
phase transition exist where the system transitions directly from the superradiant
vacuum to the subradiant phase, the super-to-subradiant phase transition. The
new PT is reminiscent of a first order phase transition, with the important differ-
ence that at the critical point more than two states become degenerate. Including
quantum corrections it was shown that the transition from the superradiant to the
subradiant phase happens at a finite attractive DD interaction strength.

In Chap. 6 we moved our focus to the excited states of the EDM, whereas in
the previous chapters mainly the ground state physics was considered. A regime
where the qubits and the resonator have very dissimilar frequencies, the resonator
frequency being much smaller than the qubit frequency, was considered. In this
case a Born-Oppenheimer approximation can be used to separate the fast and
slow dynamics of the qubits and the resonator, respectively. The qubits create
an effective potential for the resonator, whose shape depends on the light-matter
and DD coupling strengths and the number of coupled qubits. It was shown
that the BO potentials show various instabilities in the ground and excited states.
Schemes to detect an instability in the excited states were presented. The first
possibility is to perform single qubit excitation spectroscopy. An instability can
be detected as a splitting of the excitation spectrum above the critical coupling of
the transition for a thermal resonator. As another method a Ramsay-type scheme
was presented. The qubits are driven in a superposition state and the resonator
is let to evolve in a superposition of effective potentials. Measurements of the
coherence of the qubit state in the energy basis, then reveal the motion of the
resonator in the BO potential. Importantly the presented schemes only involve
operations in the frequency scale of the qubit, such that standard circuit QED
methods and measurements can be applied.

A scheme to extract entanglement from the subradiant vacuum was presented
in Chap. 7. High fidelity multi-qubit entangled states can be prepared using the
protocol. The suggested protocol was shown to be robust against experimental
restrictions and non-idealities, and that the presented protocol can be performed
with state-of-the-art circuit QED systems. An example realization using the tun-
able four-junction flux qubit was presented.

In Chap. 8 a quantum-simulation scheme of non-perturbative cavity QED using
trapped ions was suggested. By driving the harmonic modes of the trapped-ion
crystal, interactions between qubits, and between qubits and a mode of the crystal,
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9.1. OUTLOOK 123

can be engineered. It was shown that the general cavity QED Hamiltonian can be
implemented in these systems. The available parameter regimes of the simulation
in state-of-the-art trapped-ion systems were discussed and the main limitations
were pinpointed. Possible experiments with the quantum simulator include using
the scheme of Chap. 7 to prepare the subradiant vacuum state and confirming the
generated multi-qubit-entangled state with full-state tomography. The spectrum
of the EDM could as well be probed in the ion system.

9.1 Outlook

In the future an interesting research direction would be to study how the single
mode description we have presented arises from a more complicated situation where
the TLSs are ultra-strongly coupled to multiple, possibly infinite number of modes.
This regime has already received some attention, but mainly for single qubits
coupled to a continuum of modes [42, 69, 178-182]. As we have shown the physics
of multi-qubit systems can be very different, opening chances for exiting physics.
This situation presents challenges both numerically and analytically. The fast
growth of the size of the systems Hilbert space restricts the domain where brute
force numerical simulations can be performed. Existing sophisticated numerical
methods such as matrix product states (MPS) are limited to situations where
the system is only weakly entangled, a priori not guaranteed in the USC regime.
Also the long-range interacting nature of the EDM presents a challenge for MPS
simulations which are more suited to simulate short-range interactions. Numerical
techniques based on the polaron ansatz exist [183-185], but also these methods
run into problems for g/w, 2 1. Due to the numerical restrictions new analytical
methods have to be developed that capture the important physical features of the
multi-mode USC system in a simpler manner, enabling numerical simulations of
manageable size.

Another direction would be to study the two-level-approximation in a multi-
mode USC system. Results on the optimal gauge for the TLA exist only up to two
coupled modes [110]. It would be interesting to expand the analysis to an arbitrary
number of coupled modes. Also in this case exact numerical simulations will be
limited to very small system sizes and analytical methods have to be developed.

In this thesis we have treated the dipole-dipole interactions always in the mean-
field approximation. Including the exact DD interaction matrix opens up possibili-
ties for new interesting physics. The complete 2/¥-dimensional Hilbert space of the
qubits has to be considered in this case, again creating challenges in numerical sim-
ulations. One interesting direction to take would be to look for quantum effects
of the superradiant phase transition stemming from the DD interactions. This
could be done, e.g., by studying the quantum Kibble-Zurek mechanism (QKZM)
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[186-188|. By tuning the light-matter system across the SRPT and observing the
rate of defect production, the dynamical scaling exponents of the transition can
be obtained [189]. The scaling exponents determine if the phase transition is in
the mean field class or not [189]. (For the Dicke model the SRPT is in the mean
field class.)
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Appendix A

Polaron transformation

In this appendix we present the Polaron transformation used frequently in the
analysis of ultra-strongly coupled systems. It is a useful tool in context of the
Dicke and Extended Dicke models. The aim of the transformation is to simplify
the Hamiltonian so that it can be solved analytically at least quasiexactly. This is
achieved by eliminating the qubit-resonator coupling from the Hamiltonian.

We analyze the effect of the transformation on the most general Hamiltonian
used in this thesis and give simplified results for the DM and EDM with the col-
lective spin approximation. The starting Hamiltonian is the that of the Extended
Dicke model with dipole-dipole interactions

t t hg2 2 hg2 T __x
H = hw,a'a + hw,S, + hg (a' + a) S, + —S2 + Z Dyjoiay, (A.1)
s i, ]

w 4w, “—

where S, are the collective spin operators introduced in Chap. 4. As stated above,
our aim is to eliminate the qubit-oscillator coupling term H;y; ~ ¢ (aT + a) S,
This can be achieved with the unitary transformation [50, 51|

U = (e-a)s: (A.2)

where v = g/w;.
The effect of the transformation on the operators a and a' can be calculated
using the Baker-Campbell-Hausdorff formula

e’Be™* = B+ [A, B]+ % [A, [A, B]] + ... (A.3)

for exponential of operators. Since [a, aq = 1 the above formula truncates after
the first order. Thus, we obtain

Uad' = a+ [y (a' —a) S,, a] =a—~S,, (A.4)
UdU' = a" + [y (al — a) S, '] = al — 78, (A.5)
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126 APPENDIX A. POLARON TRANSFORMATION

i.e. the resonator field operators are displaced by an amount 7S,. Let us now
move on to the qubit operators. Since U o S, it commutes with S, and by
extension with all of the single qubit Pauli sigma-z operators, of. The effect on
the collective sigma-z operator .S, can be calculated by thinking of U/ as a resonator
dependent rotation of the qubit around the z-axis. The angle of rotation is given
by 6 = —iy (a’ — a) as can be seen by writing U = €5 = R,(6). The effect of
this S, rotation on S, is given by

R.(0)S.RL(0) = cos(6)S, + sin(6)S,. (A.6)
Thus, the action of U is

US.UT = cos(—iy (a' — a))S. + sin(—iy (a — a))85,
v (a" = a))S. —sin(iy (a’ — a))S,. (A.7)

Using cos(z) = (e + e*ix) /2 and sin(z) = —i(e'” — ™) /2, and defining the
raising and lowering operators Sy = S, £+ 1S5, with respect to S, we obtain

Us.U" = i (e”(‘“_“) + ev(“T_“)> <§+ + SL) + i (e‘”w_“) — &(‘”‘“)) <§+ — 5L>

L (-0, el

=3 (P8, + D)3, (A5)
where we have introduced the displacement operator D(«) = exp (OzaT — a*a). In
this frame the S, term thus induces jumps between different S, eigenstates and
simultaneously displaces the resonator by ~.

It is now easy to see that we get a term from the free oscillator Hamiltonian
that cancels the interaction Hamiltonian H;,, but we also get a term that is
proportional to S2. Also transforming H,, gives that kind of term, but with a
negative sign and factor of two in front. The result is to cancel the collective S?
term in the EDM Hamiltonian. Putting everything together gives

ZDU ota?. (A.9)

(]

H = hw,ata + % (D(——)s+ +D(= ZYS )

Wy Wy 4w,

The resulting Hamiltonian is diagonal in the S, eigenbasis when neglecting the
second term.

For the EDM with the collective spin approximation, i.e. Z Djjofof/4 —
£5? see Sec. 4.3, we obtain

Hepy = hw,ala + % (D(_wi)§+ + D(i)s_) " S2. (A.10)

wr T
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In the special case of ¢ = —1, corresponding to the Dicke model see Sec. 4.3, we

get

(A.11)

592 2
Wy

)

o

)

-3, + (L
Wy Wy

o

Ty
2

= hw,a'a +

FIDM
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Appendix B

Effective low energy theory for the
USC regime

B.1 Effective Hamiltonian

In this appendix we give the details of the perturbative approach to obtain a low
energy effective Hamiltonian for the Extended Dicke model. The starting point is
the Hamiltonian in the polaron frame obtained through the polaron transformation
of App. A (we set i = 1 through out this appendix),

H =w.a'a +o- Z Dijoiof + — (D(—g)&r + D(%)SL) : (B.1)

where Si = S5, £1S,. We divide the Hamiltonian in two parts H = H, + Hj,
where

Hy =w,a 50 ], (B.2)
H = % <z>(—w—r)§+ + D(w_)g_) . (B.3)

The first term is diagonal in the basis |n, {s;}), where n is the photon number
and the s;, s; = £1, specifies the spin state. In the limit of w, — 0 these are the
eigenstates of the system. The second term, H;, induces transitions between these
states by flipping a spin, not a specific one but a superposition of all N possible
flips, and at the same time displaces the resonator state by +g¢/w, depending on
the direction. Note that in the original basis these states are given by

A [—wi (af - a) Sx] n, {s:}). (B.4)

T
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130 APPENDIX B. LOW ENERGY USC THEORY

These states are displaced Fock-states where the amplitude of the displacement
a = g/w, Y, s; depends on the total projection along z-direction.

Let us introduce the short-hand notation 7 = g/w,. We want to calculate
the effective Hamiltonian for the systems low energy states in the limit w,/g — 0.
Thus, we need to evaluate the perturbative corrections to the energies of eigenstates
of Hy coming from H;. In general this will be very difficult due to the presence
of the dipole-dipole interactions and, thus, the dependence of the energy of the
eigenstates on the spin state. Thus, we will restrict ourselves to the situation
when these energy differences are negligible compared to the coupling induced
between the states by H;. Neglecting the dipole-dipole coupling induced energy
shifts makes all of the spin states degenerate and allows us to do the perturbation
theory using the collective spin states |s,m,). Thus, the states with the lowest
energy are the ones with no photons and the spin state is arbitrary {]0, s, M) } 5 m, -

The direct coupling induced between the states in the lowest n-manifold by H;
is given by

W, 2 = s
/ / q — 2 My ,Mz+1 Mg Mg —1
<0, S ,mm| H1 |O,S,m$> = —2 e’ / 55,5’ <S+x N 5mg,mm+1 + S_x N (5mgmmx_1> s

(B.5)

where ST = (s,m, + 1| S+ |s,m,) = /s(s + 1) — my(m, = 1). Thus, the
effective Hamiltonian at first order is

HY) = we 25, (B.6)

We see that to first order the different m,-states are coupled through the pertur-
bation by the bare qubit Hamiltonian .S,, but the frequency of the qubits has been
suppressed exponentially. The origin of this suppression is the photonic compo-
nent of the spin eigenstates in the polaron frame. The coherent cloud of photons
in the states reduces the overlap by a factor exp (—?/2) = (0, —7/0,~), where
|n,a) is a displaced Fock-state.

To obtain the second order correction we need to evaluate the effect of virtual
transitions to higher m-manifolds and again back to the ground-state manifold.
The perturbation H; can only change the m,-state by +1 and leaves s untouched.
The photonic component is displaced by £+ and, thus, all photonic states n > 1
are coupled. Thus the needed corrections are given by

0,s,m.| Hy|n,s,m, + 1) (n,s,m,; + 1| H |0, s, m,)
EO,s,mz - En,s,mg

M (s,mq,m.,) :Z < (B.7)

n=1
(0,s,ml| Hy |n,s,m, — 1) (n,s,m; — 1| H |0, s,my)
EO,s,mz - Egn,s,méC
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Of these elements the only ones that can be non-zero are the ones where m/, = m,
or m), = m, = 2. For both of the terms the denominator is given by Eg s m, —
En,s,mg = —NWr.

Let us evaluate the diagonal term first

o0 Wg (STz,mz-i-l)ze—«,?(_,y)zn (g'f_no::mz_l)Qe—’yQ,.yQ’n

M xy My ) = —
(5, ) ; 4 —nw,n! + —nw,n!
2 o 2n

Wg _ g

Sh— N 1) ) B.8
2wTe [ ot ; n X nl (B8)

The sum can be evaluated exactly to be
f: g +2) — 2l0g(y) — T (B.9)
nxn! ’

n=1

where Ei(z) = — [7"e7"/tdt is the exponential integral, log(x) is the natural log-
arithm and I" &~ 0.5772 is the Euler-Mascheroni constant. For v = 2 it is approxi-
mately given by

oo on 2
e’
Z ~ (B.10)
such that the diagonal term can be simplified, in this regime, to
Wy ¢y
M (s,m,,m,) 52 [m2 —s(s+1)]. (B.11)
g

This term is not exponentially suppressed like the first order coupling, thus, it is
this second order term which will determine the ordering of the levels for large ~.
Next we evaluate the off-diagonal elements:

)n nsz:I:Z mgetl S:nz,mz:tl

e -*
M (s,my,m, £2) = Z ke

— —4nw,n!
2 e nA2n
Yo -2 5 (=1)"y
— _ 4 0% Smxi2ymwilsm17mxi1 B.12
dw, 7T * EZ: n x n! (B.12)
Also the sum appearing above can be solved analytically
°° (_1)n,}/2n . )
2 Tl = Eil=77) = 2log(y) — T, (B.13)

n=1
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132 APPENDIX B. LOW ENERGY USC THEORY

and for large ~ it is approximately given by

nA2N

Z m ~ —2log(7), (B.14)

so that the off-diagonal terms simplify to

2
w - .
M (s,my,,m, £2) = 2—‘16_'y2 log () Smat2mexl gte ma L, (B.15)
These off-diagonal elements are, again, exponentially suppressed in g compared to
the diagonal terms. It is also exponentially smaller than the first order term such
that we neglect it all together. Thus, the effective Hamiltonian at second order
reads
2
@ _ YUY oo g2
Hy = ?;’ (5287, (B.16)
where §* = 52 + SS + 52 is the square of the length of the collective spin S.
The total effective Hamiltonian for the ground state n = 0 manifold is then
wrwg

2
) 2 g T _x —2/2
Hep = 242 (5 —8°) + TM;DM% 07 +we TS, (B.17)

where we have reinserted the small dipole-dipole interactions.

B.2 Correction to the eigenstates

Not only the energies of the states get shifted also the eigenstates change due to
the perturbation from H;:

10, 5,m4) ~ [0, 5,m5)? + 0, 5, m)" (B.18)

where |0, s,mm)(o) are the unperturbed eigenstates introduced earlier. The first

order correction is given by

s 00 "I H. 10 N
|0;5;mx>(1) = Z Z (5, ma] H 0,5, ma) In,s,m.)
—nw,

;—_ —
mh=—s n=1

n

__YWg 42/ - g ( n gma,me+1
=——de —((=1)"S n,s,my + 1 B.19
Rl D (SR ) (B1Y)

+ S™e e s, my — 1) )
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The states in the ground state manifold get some higher n manifold states mixed
to them and also some character from the neighbouring m, + 1 states. For most
of the observables these corrections do not make a practical difference, but there
are some exceptions. For example, the qubit polarization in the ground state is
significantly modified due to the mixing [50]

WqWy
2 )
g

2
(S:)as = = (0,s,0/ H1|0,s,0) ~ —s(s + 1) (B.20)

q

which would decay exponentially in g according to Heg. In the above analysis we
have again assumed the dipole-dipole energy to be negligible.
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Appendix C

Master equation for ultra-strongly
coupled systems

In this appendix we give the details of the derivation of the master equation used
in Chap. 7. The derivation presented in mainly based on [140]. The environment
is modelled in the standard way as a collection of harmonic oscillators, and the
coupling between the bath and the system is assumed to be bilinear. The derivation
is done for an almost generic system operator X with a Hamiltonian Hg. In Chap. 7
the specific case of X = a + a' and Hg = Hgpw is used.

The system and the bath, under the rotating wave approximation of the inter-
action Hamiltonian, are described by the total Hamiltonian H = Hs+ Hg + Hgp,
where

Hs = " hu ) {nl, (1)
Hp = huwpblby, (C.2)
k
Hsp =Y hge(bf X+ + biX_), (C.3)
k
and X (-) =32, . (oyn Tam 1) (M], Tom = (n| X [m). The system Hamiltonian is

expressed in the energy eigenbasis {|n)}, with eigenfrequencies w,,. The frequen-
cies wy, are the eigenfrequencies of the bath oscillators and b(!) is the annihilation
(creation) operator for mode k of the environment. We have assumed that the
system operator that couples to the bath has only off-diagonal matrix elements
(thus this treatment does not include pure dephasing).

The density operator for the whole system + environment py. satisfies the von

135
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136 APPENDIX C. USC MASTER EQUATION

Neumann equation [30]

dptot 1
=——|H, t)]. C.4
dt h[ ptot( )] ( )
We move to an interaction picture with respect to the free Hamiltonians of the
system and the bath, Hg + Hp. The von Neumann equation in this frame is given
by

dp] 1
— = ——|Hgp(t t C.5
dt h[ SB( )7 pf( )]7 ( )
where the interaction picture system-bath coupling Hamiltonian is
Hsolt) = 3D (e Xol0) + bee™1X-(1)) (C.6)
XiHM) =Y @t n) (m], (C.7)

n,m>(<)n

and we have defined A,,,,, = w, —w,,. The von Neumann equation can be integrated
to [30]

p1(t) =p1(0) — ﬁ / A [Hsp(t'), pi(t) (8)

1

o [ / A" [Hss(t), [Hsa(t"). pr(t")])

We assume weak coupling to the reservoir so that we can use the Born approxi-
mation [30], and assume an uncorrelated system bath state pr(t) =~ p;.s(t) ® pp(0)
for all times, where pp(0) is the equilibrium state of the bath. Taking a trace over
the bath degrees of freedom gives

prs(®) = p10) = & [ @ Tes (Hsl?), pr0) © pu(0)

o [a / AT ([Hs(t), [Hsn(t"), prst") @ pu(O)]). (C)

The second term of the above equation gives

Trp ([Hsp(t), pr.s(0) ® pp]) = D _[Xo(8){b) + X-(6){b)s prs(0)].  (C.10)
k

We assume, without loss of generality, that <b§j)> = TrB(pB(O)b,(j)) = 0, which is
mostly the case. A non-vanishing value is easily incorporated [30]. Thus, the first
integral vanishes.
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To continue we take a derivative of p; ¢ and obtain

t

Vs L [ 4ty (Hsp(t), [Hss(®), prs(t) @ psO)]).  (C11)

R,

Expanding the double commutator gives in total 16 terms, which contain autocor-
relation functions of the environment. We take them to be

(br(t)b1(0)) = (Nin(w) + 1)e 45 (1), (C.12)
(0 ()b (0)) = Ny (w)e “46(1), (C.13)

and everything else vanishes, as is the case for a bath in a thermal equilibrium.
Above Ny (w) = (e — 1)71 is the thermal occupation of the environmental
modes at frequency w. Assuming a delta correlated bath allows us to approxi-
mately replace prs(t') — prs(t), making Eq. (C.11) time-local. This is the so
called Markov approximation. Putting everything together and going back to the
Schrodinger picture gives [140]

S Hs, A+ 3 TonNa(Bom)lm) (ollc)
+ Z L (1 + New(Apn))D[|n) (mlp(t), (C.14)

where D[O] = OpOT — {00, p}/2. The decay constants are given by
Lo = 27d(An) 6% (A rin) | T |2, (C.15)

and we have taken a limit of a continuous bath with density of states d(w). The
coupling constant g(w) also depends on the energy of the transition. For a one
dimensional bath, such as a transmission line, we have ¢*(w) = w [190]. In addition
to these bath dependent factors the relaxation rate for a transition also depends
on the matrix element of the coupling operator between the eigenstates in question
T = (M| X |n).

The form of the USC master equation has a simple interpretation. The dissipa-
tors in the eigenbasis are given by the negative and positive frequency components
of the operator X coupling to the environment. Consider for example the situation
where the resonator mode in the Extended Dicke model is coupled inductively to
a transmission line. Then we would have X = a + a'. Using just the standard
dissipators @ and a' would not result in the system relaxing towards its ground
state [140|. Instead taking the positive and negative frequency components results
in the correct behaviour.
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138 APPENDIX C. USC MASTER EQUATION

C.1 Simulation of the master equation with time-
dependent couplings

In Chap. 7 the qubit frequency and the coupling of the qubits to the resonator
mode were taken to be time-dependent. This introduces additional complexity to
the simulation. The master equation of Eq. (C.14) is not adequate because the
basis {|n)}, = {n(t)}, of the EDM is in this situation time-dependent. In order
to use the eigenbasis of the EDM, Eq. (C.14) needs to be complemented with
terms o< (n(t)|n(t)), where the dot denotes the time derivate. We, however, take
a complementary approach.

In order to accommodate for the changing qubit frequency and coupling, we
diagonalize the EDM Hamiltonian for every time step and construct the correct
jump operators, X, as explained above. Then these operators are transformed
back to the time-independent uncoupled basis, |k, s, m.), spanned by the Fock-
states |k) and the collective spin states |s,m,). This is done with a time-dependent
unitary transformation

Uty= > k,s,m.) (n(t). (C.16)

n,k,mz

In the uncoupled basis no additional terms o< (n(t)|n(t)) are needed, in the expense
of the jump operators becoming very complicated, inducing transitions between
multiple basis states |k, s,m.). The master equation is simulated using the solver
provided in the quantum optics package QuantumOptics.jl [191] for the julia pro-
gramming language.
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its properties are discussed. It is shown that circuit QED systems cannot
undergo Dicke superradiant phase transition. Rather a new ground state
phase is discovered where the qubit and the field mode decouple, while the
qubits are entangled among themselves. In this work I performed all the
analytical calculations and most of the numerical simulations. The data for
figure 4 was produced by Z.-L. Xiang.
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In this paper a toy model of cavity QED is analysed. The model consist
of dipoles interacting with a single mode of electromagnetic field and with
other dipoles through dipole-dipole (DD) interactions. A general cavity QED
Hamiltonian is derived. Its properties are discussed first in the classical limit
and then in the quantum case. The ground state phase diagram of cavity
QED systems in the presence of DD interactions is obtained and analysed.
New super-to-subradiant phase transition is discovered. In this publication
I performed part of the analytical calculations and numerical simulations in
sections 5 and 6. I also participated in discussing all the results and gave
feed back on the manuscript.
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This publication is concerned on the gauge equivalence of approximate
two-level Hamiltonians in the USC regime. A Rabi model description of
light-matter systems is derived in two prevalent gauges used in the field,
the Coulomb gauge and the electric dipole gauge. It is shown that the ap-
proximate Hamiltonians give different predictions in the USC regime, and
that only the Rabi model derived in the electric dipole gauge can reproduce
the results of the full Hamiltonian. The culprit for the failure of the two-
level-approximation in the Coulomb gauge is identified to be the momentum
coupling. A circuit QED example is discussed and gauge invariance is found
also in this system. In this paper I participated in devising the circuit QED
example of section 5 with P. Pilar. I participated in discussing the results
and gave feedback on the manuscript.

T. Jaako, J. J. Garcia-Ripoll, and P. Rabl, Ultrastrong-coupling circuit QED
in the radio-frequency regime, Phys. Rev. A 100, 043815 (2019). [127]

A circuit QED system is discussed in the limit where the qubit frequency
is much larger than that of the oscillator. A Born-Oppenheimer type descrip-
tion of the system is used to show that several symmetry breaking transitions
can be found in the ground and excited states of the system. Protocols to
probe the transitions in the excited states are presented that involve only
measurements on the qubits, avoiding operations on the MHz resonator. In
this publication I performed all of the numerical simulations and analytical
calculations.
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