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phenomena, and understand fundamental physics, and has therefore been a long-
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1. Introduction
1.1. The importance of light-matter interactions

The quantum interaction of light and matter is a fundamental area of research in physics that spans across its
various fields, encompassing: quantum optics (see, e.g., Refs. [1-3]), photonics [4], cavity quantum electrodynamics
(QED) [5], circuit QED [6-14], atom optics [ 15-17], quantum sensing [ 18] and quantum metrology [ 19], as well as quantum
optical technologies [20], including quantum cryptography, quantum communications, and optical quantum information
processing (QIP) [21]. Moreover, light-matter interactions have been actively investigated in condensed matter physics,
both at the fundamental level concerning, e.g., cavity quantum materials [22], non-equilibrium condensed matter physics
with light [23], light-induced effects in three- and lower-dimensional materials or topological materials [24]; but also
at the applied level to understand the principles behind devices like lasers, light-emitting diodes, photodetectors, and
solar cells. Moreover, we should also mention the importance of light-matter interactions in astronomy (ranging from
analyzing emission and absorption spectra to understanding, e.g., black holes, neutron stars, as well as other stellar and
interstellar structures and their evolution), quantum chemistry (especially photochemistry) [25], and quantum biology
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Main abbreviations and basic notations used in this review.

Notation Meaning

QED quantum electrodynamics

QIP quantum information processing

RWA rotating-wave approximation

]JC Jaynes—-Cummings

uUscC ultrastrong coupling

DSC deep strong coupling

BEC Bose-Einstein condensate

VQs variational quantum simulation

VQA variational quantum algorithm

SQUID superconducting quantum interference device
D(a) displacement operator with a complex amplitude «
S&) squeezing operator with a complex parameter &
Ox, Oy, Oz, O+ Pauli operators

g atom-cavity coupling strength

] inter-cavity coupling strength

K photon loss rate

y atomic spontaneous emission rate

C C = g?/ky single-photon cooperativity

r squeezing degree

Weay cavity frequency

wyq atomic transition frequency

(ranging from understanding and simulating photosynthesis to controlling the activity of neurons or other cell types with
light using the methods of optogenetics) [26].

1.2. The importance of amplifying light-matter interactions

The strength of the quantum interaction between light and matter has a significant impact on various aspects of
science and technology. A stronger quantum interaction can lead to several advantages and opportunities for exploring

new p

henomena, improving technologies, and gaining deeper insights into the fundamental nature of the universe.

Here are some reasons why a stronger quantum interaction between light and matter is beneficial:

1.

Greater sensitivity in quantum measurements: In fields like quantum sensing and quantum metrology, a stronger
quantum interaction allows for more sensitive measurements. This is especially important in applications such as
gravitational wave detection, where precise measurements of tiny perturbations are crucial.

. Enhanced control in QIP: Stronger interactions can lead to better control over quantum systems, enabling more

efficient and reliable QIP, such as quantum computing, quantum communication, and quantum cryptography.

. Emergence of novel phenomena: In many cases, stronger interactions can lead to the emergence of new and

unexpected phenomena, providing opportunities for discovery and innovation.

. Exploring exotic quantum states: Stronger interactions can facilitate the creation and study of exotic quantum states

that can be harnessed for various applications.

. Better understanding of fundamental physics: Stronger interactions enable exploring the boundary between

classical and quantum behavior, providing insights into the fundamental principles of quantum mechanics and
potentially revealing new physics beyond our current understanding.

. Advanced materials and nanotechnology: Stronger interactions between light and matter can lead to the develop-

ment of novel materials and technologies. This includes the creation of metamaterials with unprecedented optical
properties and the design of more efficient photonic devices.

. Improved imaging and spectroscopy: Stronger interactions improve the resolution and sensitivity of imaging

techniques and spectroscopic measurements. This is valuable for various fields, including medical imaging, materials
characterization, and remote sensing.

. Exploring quantum phase transitions: In condensed matter physics, stronger interactions can enable studying

quantum phase transitions, where a material’s properties change dramatically due to quantum effects, especially
at low temperatures.

. Testing fundamental principles: Stronger interactions can lead to more accurate tests of fundamental principles,

such as the equivalence principle or Lorentz invariance, potentially revealing deviations from these principles that
could point to new physics.
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10. Faster dynamics: Increasing the interaction between light and matter enhances the speed of energy exchange
and dynamic processes in a system. Stronger interaction allows for faster energy transfer, coherent dynamics, and
efficient information exchange between the two components.

11. Increasing system nonlinearities: By increasing the interaction strength between light and matter, the energy levels
of the matter can be significantly perturbed, leading to enhanced nonlinear responses in the system.

12. Quantum simulation: Strong interactions can be used to simulate complex quantum systems that are difficult to
study directly. This has applications in understanding condensed matter physics, simulating chemical reactions, and
exploring fundamental physical phenomena.

1.3. Prototype models for studying light-matter interactions

The most popular description of the interaction between a two-level quantum system (such as a real or artificial atom
or a qubit) and a single-mode quantized electromagnetic field (a cavity mode) without the rotating-wave approximation
(RWA) — a simplification that disregards non-resonant components in light-matter interaction Hamiltonians — is the
quantum Rabi model [27]. This model simplifies to the standard Jaynes—Cummings (JC) model [28,29] under the RWA,
i.e., when the counter-rotating terms in the Rabi interaction Hamiltonian are negligible. The multi-atom generalizations
of the quantum Rabi and JC models are known as the Dicke [30] and Tavis—-Cummings [31] models, respectively. Several
interaction-amplification methods exist with the goal of simulating the Rabi (or Dicke) model by using the JC (or
Tavis-Cummings) models under the RWA together with classical or quantum drives, as described in more detail below.

The quantum Rabi model serves as a prototype closely linked to various fundamental models and emerging phenomena.
These encompass the Hopfield [32] and Jahn-Teller [33-37] representations, as well as renormalization-group models,
including the spin-boson [38-40] and Kondo [39,41,42] descriptions. Thus, simulating the quantum Rabi model enables
simulating these or many other models.

The quantum Rabi model and its generalizations have led to a discovery of a diverse range of novel physical effects
(like the creation of photons from the quantum vacuum [43-48]), but they have also brought about notable theoretical
complexities. Among these challenges, a prominent one is the breakdown of the RWA. As a result, various aspects of
the standard quantum-optical theoretical framework require reconsideration to ensure the precise incorporation of all
interaction terms inherent to this regime [49-52]. Note that this breakdown is not unique to quantized fields, and has also
led to many interesting phenomena with classical fields, including, e.g., Bloch-Siegert shift [53-55], coherent destruction
of tunneling [56-58], and driven tunneling oscillations [59-62]. In order to correctly describe a quantum Rabi-like system
when the counter-rotating terms cannot be neglected, the standard formalisms should be generalized to avoid violating
various no-go theorems. For example, as discussed in, e.g., Refs. [63,64] and references therein:

1. The conventional master equation used in quantum optics does not accurately capture the way a quantum Rabi-like
system interacts with its surrounding environment [65-68].

2. The expected photon output rate is no longer directly linked to the number of photons within the cavity. This means
that usual normal-order correlation functions do not correctly describe the photon emission rate in the quantum
Rabi and Dicke models. Thus, it is not possible to observe, e.g., a continuous flow of photons from the ground state
of the Rabi model, which would apparently imply a perpetual-motion behavior [69-71]. A direct application of the
standard formalism could lead to such unphysical results.

3. Additionally, these observations seem to contradict the principle of gauge invariance. Thus, one should be very
careful in calculating observables to avoid gauge ambiguities [72-77].

1.4. Ultrastrong and deep strong coupling regimes

The coupling between light and matter, particularly in the context of quantum systems, is often categorized into four
regimes defined by the strength (which can be weak, strong, ultrastrong, and deep strong) of the interaction between
the two subsystems [49-51]. These regimes have important implications for the behaviors and properties of the coupled
light-matter systems.

The determination of whether the coupling is strong or weak hinges on the comparison between the value of a coupling
strength g and the losses (characterized by some damping rates, say «;) in the system. Thus, the weak-coupling and strong-
coupling regimes are g < k; and g > «;, respectively. However, ultrastrong coupling (USC) and deep strong coupling
(DSC) should not be misunderstood as just stronger coupling, as their characterization does not involve the losses «;, but
rather juxtaposes the value of g against the frequency of light (say w. of a cavity mode) and the transition frequency
of the matter (say w, of an atom), the uncoupled constituents of the system. In these regimes, the coupling strength
becomes comparable to or even larger than the natural frequencies, which implies that the counter-rotating terms in
the quantum Rabi Hamiltonian cannot be neglected. Specifically, the USC and DSC regimes are defined by the conditions
n=g/we.q > 0.1and n > 1[78], respectively. Note that this 10% threshold value for USC is a matter of convention.

The USC regime can lead to dramatic changes in the energy levels and dynamics of the coupled system. New
phenomena, such as avoided level crossings and nonperturbative effects, can arise, causing significant deviations from
the behaviors observed for the weak coupling and the strong coupling. This regime is of particular interest for exploring
fundamental quantum effects and potentially enabling new quantum technologies.
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In the USC and DSC regimes, the interaction between light and matter is so intense that it can even affect the vacuum
state of the electromagnetic field. More specifically: (i) In the strong coupling regime, the ground state of a coupled
light-matter system, e.g., a cavity mode and a two-level atom described in the JC model, corresponds to the uncoupled
system with the cavity in the vacuum state and the atom in the ground state. However, (ii) in the USC regime, the ground
state of the quantum Rabi model is a coherent superposition of all states with an even total number of virtual excitations
in the cavity mode and the atom, with the superposition amplitudes decreasing with the increasing number of virtual
photonic excitations. Moreover, (iii) the ground state of the quantum Rabi model in the DSC regime corresponds to virtual
photonic even and odd Schrédinger’s cat states entangled with the atomic cat states. These counterintuitive results lead
to the emergence of entirely new energy levels and states, which fundamentally alter the system behavior.

Numerous novel effects inherent in the USC and DSC regimes have been theoretically predicted and their various
applications have been proposed, including those summarized in Refs. [49,50]. In addition to quantum nonlinear optics,
quantum optomechanics, and atom optics, which are described in a greater detail in this review, those proposals
encompass also various other fields including: QIP [79-87], quantum metrology [88-91], quantum plasmonics [92-96],
quantum field theory [74,97-99], polariton-enhanced superconductivity [100,101], metamaterials [102-104], quantum
thermodynamics [105], and quantum chemistry (especially chemistry QED) [106-115].

Concerning applications of USC for quantum sensing and quantum metrology, we mention novel high-resolution
spectroscopy [88], which takes advantage of reduced linewidths and enhanced signal-to-noise ratios achievable in USC
setups. Criticality-enhanced metrology in the USC regime has been predicted for the quantum Rabi [89], Dicke [90], and
Hopfield [91] models. In particular, Ref. [91] predicted an improved precision of a thermometric quantum sensor operating
at a quantum phase transition. Recent experimental observation of a superradiant phase transition with emergent cat
states in a controlled quantum Rabi model [116] shows a feasible way of realizing criticality-enhanced metrology in
the USC regime. Mechanical states, which enable quantum-enhanced metrology, can be deterministically generated in
USC-regime optomechanics, as shown in Ref. [117]. The experimental approach developed in Ref. [116] can also lead to
realizing noise-biased cat qubits for fault-tolerant quantum computation in the USC regime.

It is worth noting that QIP often relies on the coherent exchange or transfer of excitations between light and
matter, and this pivotal aspect finds significant relevance in both the strong coupling and USC regimes. However,
USC proves notably more efficient at such transfer processes by using virtual photons. The realm of QIP benefits
extensively from the capabilities of USC systems. Proposals of applications encompass: QIP protocols with dramatically
improved coherence times and quantum-operation fidelity [79], ultrafast quantum gate operations [80,83,84], long-lasting
quantum memories [81,86], holonomic QIP protocols [82], quantum error-correction codes [85], and scalable quantum
processors [87]. Noteworthy advantages span beyond mere reduction in operation times and improved coherence times
and gate fidelity: for example, USC also empowers simpler protocols, where the inherent evolution of an USC system
supersedes the need for intricate sequences of quantum gates (see, e.g., Ref. [85]). Several of these proposed applications
utilize entangled ground states and the underlying parity symmetry.

As mentioned above, it is possible to observe entirely new phenomena in the USC or DSC regimes, e.g., the entangled
hybrid light-matter ground state (corresponding to a Schrédinger cat of other Schrodinger cat states) of the quantum Rabi
model in the DSC regime, which can be considered a new stable state of matter observed experimentally in Ref. [ 118]. The
most recent experiment of that research group demonstrated another interesting effect in the DSC regime — an extremely
large Lamb shift in a multimode QED system [119].

Various experimental demonstrations of the USC regime (for reviews, see Refs. [49,50]) have been reported in different
systems including: intersubband polaritons [120-128], superconducting quantum circuits [118,119,129-137], Landau
polaritons [102-104,138-142], organic molecules [94,143-151], optomechanical systems [93,152-154], magnons [155-
157], quantum dots [158,159], and hybrid superconducting-optomechanical systems [160]. In several experiments, even
the DSC regime has been reached [104,118,119,136,161]. To date, the highest normalized coupling constant (close to 2)
was experimentally achieved in Ref. [161] for plasmon polaritons in three-dimensional nanoparticle metallic crystals.

Despite this impressive experimental progress, it is important to note that probing and controlling the dynamics of
such USC systems over a wide range of parameters remains difficult. In general, while stronger quantum interactions offer
numerous advantages, they also bring challenges, such as increased complexity and technical difficulties in controlling
and manipulating quantum systems. Striking a balance between harnessing the benefits and overcoming the challenges
is a key aspect of research and technological development in this field.

The USC regime presents the potential for inducing and observing various classes of higher-order processes and
nonlinear optical phenomena involving only two-level systems and virtual photons [85,162-165], multiphoton quantum
Rabi oscillations [166], nonclassical state preparation [167], parity symmetry breaking and Higgs-like mechanism [168],
bunched-light emission from individual qubits [169], conversion of an atomic superposition state into an entangled
photonic state [170], as well as simultaneous excitation by a single photon of two or more qubits in a single-mode
resonator [83,171-174] or in different resonators in an array of two or three weakly coupled resonators [175]. Unfor-
tunately, most of these and other interesting effects predicted for the quantum Rabi model in the USC regime have not
been experimentally demonstrated yet, because of the technological challenges mentioned above. We believe that it will
be much easier to induce and observe them by quantum simulations.
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1.5. The importance of quantum simulations

To overcome significant experimental problems of reaching and coherently controlling the USC and DSC regimes,
various quantum simulation methods have been developed [176-180]. These methods use an easy-to-control quantum
system to simulate the properties of a more complex quantum model of interest. More specifically, quantum simulations
refer to using controllable quantum systems, such as quantum computers or specialized quantum simulators, to model and
understand the behavior of complex quantum systems that are difficult to study using classical computers or analytical
methods. These simulations aim to simulate and mimic the behavior of quantum systems in order to gain insights into
their properties, dynamics, and interactions.

The need for quantum simulations arises from various reasons. To mention only some of them:

1. Complexity of quantum systems, which are often intractable by classical simulations: As the number of quantum
particles or quantum excitations increases, simulating their interactions using classical computers becomes expo-
nentially difficult. Quantum simulations have the potential to outperform such classical computations by utilizing
quantum parallelism, which allows quantum systems to explore multiple possible states simultaneously.

2. New insights and discoveries: Quantum simulations can provide insights into quantum phenomena that are
otherwise difficult to observe or understand. They enable the exploration of novel materials, the study of exotic
quantum states, and the investigation of fundamental physical principles that govern quantum systems.

3. Understanding quantum dynamics: Quantum simulations enable to study the time evolution of quantum systems,
shedding light on processes like chemical reactions, energy transfer, and quantum phase transitions.

4. Verification of quantum algorithms: Quantum computers are still in their early stages of development, and verifying
the correctness of quantum algorithms is crucial. Quantum simulations can be used to test and verify these
algorithms on small scales before they are scaled up to larger and more complex problems.

5. Quantum optimization: Quantum simulations can be used to tackle quantum and classical optimization problems
that arise in various fields including: material science and engineering, energy and resource optimization, crypt-
analysis and security, optimization in telecommunications, climate modeling and environmental management, or
aerospace and aviation, as well as those fields which are not necessarily directly related to physics, like machine
learning and artificial intelligence, drug discovery and development, traffic and transportation optimization, logistics
and supply chain management, or even finance and portfolio optimization, among many others. Quantum annealing
and other quantum optimization techniques hold the promise of solving these problems more efficiently than
classical methods.

In summary, quantum simulations are essential tools for understanding and harnessing the behavior of quantum
systems, providing means to explore complex phenomena, discover new materials and properties, and develop and verify
quantum algorithms. As quantum technologies continue to advance, quantum simulations are expected to play a pivotal
role in various scientific and technological advancements.

In this review, we focus on increasing light-matter interactions via quantum simulations, which covers (at least
partially) all the above-mentioned applications. As such, we mainly cover methods for simulating the quantum Rabi model
in the USC regime by applying drives to the JC model operating in the strong coupling regime. But it is worth noting that
the standard and generalized quantum Rabi models enable further simulating and testing large classes of phenomena
or even other theories. These include simulating: deterministic quantum nonlinear optics without real photons, but only
with virtual photons and single atoms [85,162,163], supersymmetry (SUSY) [181], unconventional (polariton-enhanced)
superconductivity [100], the Higgs mechanism [168], and other effects and theories (for a review, see Ref. [49]).

Finally, we note that standard formalisms of quantum optics can indeed be used to describe light-matter systems in
the simulated USC or DSC regime, which can be realized by, e.g., applying quantum or classical drives to a JC-like system.
This is another important theoretical advantage of studying the simulated USC regime compared to the true one.

1.6. Examples of methods for amplifying light-matter interactions

Among various methods of the light-matter-coupling amplification in JC-type systems, as reviewed in Sections 2 and
3, we pay special attention to two approaches, which are based on applying classical and quantum drives.

1.6.1. Light-matter interactions amplified by classical drives

As demonstrated theoretically in Ref. [182], the quantum Rabi model in the USC regime can be fully simulated by
applying two-tone classical drives to the JC model. That method has been demonstrated experimentally in Ref. [183] by
driving a trapped ion by a pair of counter-propagating Raman laser beams. A similar quantum-simulation method has been
experimentally implemented with a superconducting qubit embedded in a cavity-QED setup (a microstrip resonator) and
driven by two microwave tones [184].

The simulation of the quantum Rabi model by applying strong classical drives (instead of quantum ones) to a JC system
enables enhanced-fidelity ultrafast geometric quantum computation [185]. Although a single classical drive applied to a JC
system cannot simulate a full quantum Rabi model, it is enough to induce numerous effects, which are usually attributed
to the USC regime [83,186]. These include the examples described in detail in Appendix D, i.e., frequency conversion,
simultaneous emission of two photons by a single atom, and an analogous effect of the simultaneous excitation of two
atoms by a single photon.
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1.6.2. Light-matter interactions amplified by quantum drives

Another popular method of amplifying light-matter interactions is based on applying parametric amplification (often
referred to as degenerate and non-degenerate parametric amplification, or parametric down-conversion), which can
generate squeezed states of light (or other bosonic fields) as an output. When a weak quantum signal interacts with
a strong pump beam in a nonlinear medium, the interaction can lead to squeezing of one of the quadratures of the signal
beam, which means that the uncertainty in that quadrature is reduced below the vacuum noise level.

Parametric amplification and quadrature squeezing have a significant role in various fields, including quantum
optics [1-3,187,188], atom optics [15], and even nonrelativistic and relativistic quantum field theories [189]. Parametric
amplification offers ways to manipulate the quantum properties of light for various purposes, including improving signal-
to-noise ratios, enhancing measurement sensitivity, and enabling advanced quantum technologies. We note that the
pioneering work of Kennard [190] on nonclassical states (which are now referred to as squeezed states) was published
almost a century ago, while the first applications of squeezing in quantum metrology, i.e., for gravitational-wave detectors
and interferometers were developed over 40 years ago in Refs. [191-194]. Those works can be considered as the beginning
of quantum metrology. To date, the most visible applications of quadrature squeezing are for (i) quantum metrology
with squeezed vacuum in the Laser Interferometer Gravitational-Wave Observatory (LIGO) [195-197] and the Advanced
Virgo Detector [198], and (ii) quantum-optical information processing, e.g., in experimental demonstrations of quantum
advantage via boson sampling with squeezed light [199-201].

Various applications of the USC regime simulated by applying parametric amplification as a quantum drive have been
proposed. For example, giant entangled cat states can be generated in a time-dependent quantum Rabi model simulated by
applying parametric amplification to a JC system [202]. Parametric amplification can further enable creating and stabilizing
long-lived macroscopic quantum superposition states, not only in a single atom, but also in atomic ensembles [203], and
can even enable ensemble qubits for QIP [204]. It can also be used for beating the so-called 3-dB limit for intracavity
squeezing via quantum reservoir engineering [205]. Other examples can be found in the main part of the review.

Squeezing-enhanced interactions between a boson field and matter are not limited to squeezed optical photons.
Actually, the first experimental demonstrations of such amplification schemes were realized with squeezed phonons in
Boulder [206,207] (see also Ref. [208]) and squeezed microwave photons in Paris [209]. More specifically, the Boulder
group reported in Ref. [206] the 3.25-fold amplification of a phonon-mediated interaction between two trapped-ion
Mgt hyperfine qubits by parametric modulation of the trapping potential. Another Boulder experiment [207] showed
the interaction between the motional and spin states of a single trapped *>Mg* ion amplified by phonon squeezing.
Phonons in those experimental implementations correspond to a normal mode of trapped-ion motion. The experiments
reported in Refs. [207,208] are based on sequential and multiple application of proper squeezing and displacement
operations in a close analogy to the theoretical proposal for amplifying Kerr interactions [210]. Moreover, the Paris-
group experiment [209] demonstrated two-fold amplified interactions via microwave-photon squeezing (at 5.5dB) in
a superconducting circuit. Specifically, the amplified interaction was observed between a coplanar waveguide resonator
capacitively coupled to a transmon qubit. Moreover, a recent theoretical proposal applies the same idea in magnonics,
i.e., for amplifying phonon-mediated magnon-spin interactions via virtually-excited squeezed phonons [211,212].

Other quantum simulation methods of the USC regime include cavity-assisted Raman transitions, digital simulations,
and variational methods among others; they are reviewed in Section 3.

1.7. Outline of the review

In summary, this review provides a comprehensive overview of various mechanisms for the amplification and
simulation of light-matter interactions, especially in cavity and circuit QED, and cavity optomechanics.

The review is focused on describing USC between photons or phonons and qubits, which are realized by real atoms (like
trapped ions) or artificial atoms (e.g., superconducting quantum circuits). Nevertheless, many methods reviewed in this
paper can be readily generalized to achieve or simulate the USC between other types of quantum excitations, e.g., between
phonons and magnons (see, e.g., Refs. [211,212]), photons and magnons [213], or photons and plasmons [161]. Thus, the
reviewed methods offer new opportunities for quantum technologies also in other fields, like microwave superconducting
spintronics or microwave plasmonics.

We discuss different methods which enable amplifying the interactions between light and matter from the strong
to ultrastrong, or even deep strong, coupling regimes. These methods include resonant, parametric, and collective am-
plification, among others. The amplified photon-mechanical and photon-atom interactions are then explored in detail,
with an overview of various amplification mechanisms. Next, simulation methods are discussed, including cavity-assisted
Raman transitions, coupled waveguides, and ultracold atoms in optical lattices. Theoretical proposals and experimental
implementations are presented, including the application of single or two classical drives in the JC model to simulate the
quantum Rabi model or Rabi-like models, and then to nonlinear processes in the USC regime. The review also covers digital
simulation methods and variational quantum simulations (VQSs). Finally, we discuss simulation techniques involving
coupled waveguides, ultracold atoms in an optical lattice, atomic quantum dots, and a superfluid Bose-Einstein condensate
(BEC), as well as the USC between two resonators through three-wave mixing.

For pedagogical reasons, we also present, in the main text and in appendices, detailed derivations of some key results
of the applied methods. In particular, we show how the noise induced by squeezing the cavity with a squeezed vacuum
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reservoir can be effectively eliminated, and how effective Hamiltonians can be intuitively derived within a second-order
perturbation theory. We give a few illustrative and detailed examples showing how the effective Hamiltonians, derived
for JC-type systems driven by a single classical drive in the strong coupling regime, can enable the simulation of some
nonlinear effects characteristic for the USC regime.

2. Amplification of quantum light-matter interactions

Below, we first review, in Section 2.1, amplification methods for optomechanical interactions in cavity optomechanics,
including, e.g., amplification via linearization, resonant amplification, parametric amplification, and so on. Then, in
Section 2.2, we consider amplification methods of photon-atom interactions in cavity and circuit quantum electrody-
namics, including, e.g., parametric amplification, collective amplification, etc. Furthermore, in Section 2.4, we introduce
recent experimental demonstrations of using parametric squeezing to amplify light-matter interactions in trapped-ion
and superconducting-circuit systems. Finally, in Section 2.3, we introduce the amplification of Kerr-type light-matter
interactions with squeezing.

2.1. Amplified photon-mechanical interactions in cavity optomechanics

Cavity optomechanics explores the interaction between electromagnetic radiation and mechanical motion [214,215].
This optomechanical interaction fundamentally originates from the momentum transfer of cavity photons to mechanical
objects, referred to as radiation-pressure forces, and can be described by the Hamiltonian (hereafter we set h = 1) [216]

Howmi = —Ga'ax, (1)

where G is the cavity-frequency dispersive shift per displacement, a is the annihilation operator for the cavity mode, and
x is the mechanical displacement, e.g., of the cavity mirror. The radiation-pressure force upon the mechanical object is
accordingly given by F = Ga'a. The mechanical motion can be modeled by a single-mode harmonic oscillator with a
Hamiltonian

Hp = omb'b, (2)

where wp, is the mechanical frequency and b is the phonon annihilation operator. The displacement x is accordingly
expressed as

X = Xgpe(b + b'), (3)

where
1

szf = T

A/ 2Megrwm

is the zero-point fluctuation of the mechanical resonator, with meg being the effective mass of the mechanical resonator.
As a result, the optomechanical interaction Hoyy becomes

Homi = —goaTa(b + bT)y (5)

where gy = Gx,r is the single-photon optomechanical-coupling strength. A necessary condition for Eq. (5) to be valid
is that gp is much smaller than 2wy £ wp, such that the mechanically induced creation and annihilation of photon
pairs can be neglected. In most experimental situations, this condition is well satisfied. Indeed, g is extremely weak
and, as a result, the ratio gy/wp, is very small. For these reasons, it is an experimental challenge to observe effects of
the detuned optomechanical interaction Hoyy. Therefore, a large number of methods have been proposed to amplify the
optomechanical interaction. Below, we review such methods.

(4)

2.1.1. Amplification via linearization

When the cavity mode is driven by a strong coherent drive, the optomechanical interaction Hoy; can be linearized
approximately and, as a result, the coupling strength gy is enhanced with the average number of intracavity photons. Let
us assume that the Hamiltonian of the coherent driving is

Hgr = € exp(iwgt)a’ + H.c., (6)

with complex amplitude £ and frequency wy. The quantum Langevin equations of motion for the operators a and b in a
frame rotating at the cavity frequency wc,y are then given by

a= —iAa+igoa(b+b') —ig — ga—ﬁain(t), 7)
b= —iwmb+igoa’a — %b — /Vmbin(0), (8)
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where A = wcy — wyq is the detuning of the cavity resonance w¢,, from the strong driving field, « is the cavity decay
rate, and y,, is the mechanical decay rate. Moreover, aj,(t) and bj,(t) are the input-noise annihilation operators for the
cavity field and the mechanical motion, respectively. Note that here, to derive the quantum Langevin equations of motion
in Egs. (7) and (8), the Weisskopf-Wigner approximation has been made [1], such that the decay rates ¥ and y;, are
constant.

Because of the presence of a strong drive &, one can divide the cavity field into the sum of an average amplitude « and
a small fluctuation d8a, such that a = « + a. Likewise, the mechanical motion is reexpressed as b = 8+ &b. Indeed, da and
8b can also be understood as the displaced versions of the operators a and b, respectively. Substituting these displaced
operators into the equations of motion in Egs. (7) and (8), and then separating the classical and quantum parts, yields

= —iAa—if — %a, 9)
B = —ionp +iglal? - 2. (10)
8a = iA'8a+ igo(a + 8a)(8h + 8b') — géa — Jkan(t), (11)
8b= —iwmdb +igo(a'a + ad’ + a*a) — yz—mﬁb — Vmbin(t), (12)

where A" = A — go(B8 + B*) is a new detuning induced by the optomechanical interaction. By setting ¢ = B8 = 0, the
average amplitudes « and 8 are found to be

i£
T A tk/2
_igolel®  golal?
- iwmn + Ym/2 - Wm
Neglecting the weak nonlinear coupling terms in Egs. (11) and (12), the equations of motion for the displaced operators
da and &b are given by

(13)

(14)

Sa = —iA'Sa+ iagy(sh+ sbT) — %Sa — JKa, (15)
§h = — iwndb + igo (eSa’ + a*8a) — )’Zﬂab — Vmbin, (16)
both of which correspond to an effective optomechanical interaction
Héyy = —gc[exp(—if)da + exp(if)sa' | (8b + 5bT), (17)
where
g = 8o/, (18)

is referred to as the linearized optomechanical interaction strength, and @ is the phase of the amplitude «. Here, i, = |o|?
is the average number of intracavity photons. Thus g is enhanced by a factor of </fi;, compared to the bare single-photon
coupling go. It has been experimentally shown that such an enhanced coupling can even reach the regime of the USC [217].

In the case of A’ & wp, i.e., in the red-detuned regime, the linearized Hamiltonian H(L)MI can, under the RWA, be reduced
to

Hiyy ~ H_ = —gc[exp(—i6)8ash’ + exp(if)sa'sb]. (19)

In the displaced frame, H_ acts as a beam-splitter-like interaction and results in the exchange of a single excitation
between the cavity and the mechanical resonator. In the original frame, this exchange corresponds to an anti-Stokes
scattering process where a single photon of the driving field is scattered into the cavity resonance, while simultaneously
absorbing a mechanical phonon. The Hamiltonian H_ has already been widely used for, e.g., sideband cooling of
mechanical motion [218-222] and coherent state transfer between the cavity and mechanical modes [223-225].

In the case of A’ & —wp, ie, in the blue-detuned regime, the linearized Hamiltonian Hj,,, under the RWA, reduces
to

Hgw ~ Hy = —gc[exp(—if)8ash + exp(if)3a’sb']. (20)

In the displaced frame, H, acts as a two-mode-squeezing-like interaction and results in a simultaneous excitation of a cav-
ity photon and a mechanical phonon. In the original frame, this simultaneous excitation corresponds to a Stokes scattering
process, where a single photon of the driving field is scattered into the cavity resonance, while simultaneously exciting a
mechanical phonon. The Hamiltonian H, has already been widely used for, e.g., quantum-limited amplification [226,227]
and generating entanglement between the cavity and mechanical modes [228-230].

9
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Fig. 1. (a) Schematics of the double-cavity approach to enhance the single-photon optomechanical interaction. The two cavities, both with frequency
ey, are coupled through a beam-splitter interaction of strength J, which in turn leads to two normal modes with resonance frequencies w+ = wcay£J.
The rightmost mirror is oscillating with frequency wp,. (b) Resonant two-mode optomechanical interaction described by Hgf,“ in Eq. (24). Under the
resonance condition w,, &~ 2J, a photon can be scattered, through the optomechanical interaction gy, from the mode a_ (a;) into the mode a; (a_)
by the absorption (emission) of a mechanical phonon in the mode b.

Source: Panels (a) and (b) are reproduced with permission from Ref. [233], P. Kémdr et al. Phys. Rev. A 87, 013839 (2013).

2.1.2. Resonant amplification

In Section 2.1.1, we introduced a method of amplifying the optomechanical interaction with a strong coherent driving.
This is the most commonly used method in cavity optomechanics. However, such a method neglects the intrinsic
nonlinearity of the optomechanical interaction Hopy in Eq. (5). To make that nonlinearity significant, the single-photon
strong coupling regime is required. In this regime, the single-photon coupling strength g, exceeds the cavity loss rate
K, i.e., g0 = k. However, the optomechanical interaction Hoy in fact describes an off-resonant interaction, and thus its
strength strongly depends on the ratio go/wy,. Unfortunately, that ratio is usually very small, typically of the order of 107>
to 1072. This strongly suppresses the nonlinearity of the optomechanical interaction, even in the case of gy > «. For this
reason, many proposals to amplify the single-photon nonlinearity in cavity optomechanics focused on how to make the
nonlinear interaction resonant or near-resonant.

A possible approach is to linearly couple the optomechanical cavity to another empty cavity [231-233], as shown in
Fig. 1. Such a double-cavity setup can be realized with, e.g., a membrane-in-the-middle optomechanical system [234] or
two coupled whispering-gallery-mode microresonators [235-237].

Let us assume that the intercavity coupling is given by

Hic = —J(ac’ +d'c), (21)

where c is the annihilation operator for the empty cavity and J is the coupling strength. Note that the presence of the
negative sign does not affect the results of interest. In the case when these two cavities have the same frequency wcay,
the coupling Hic leads to the formation of the normal modes (often referred to as supermodes)

1 1
a, = —=(@+c) and a_ = —(a—o), (22)
T2 V2
with resonance frequencies w+ = w¢,y ], respectively. When expressed in terms of the normal modes, the optomechan-
ical interaction Hpyy in Eq. (5) becomes

Homi = —% <a1a+ + aT_a_) (b+b") — %(@ai + ala_) (b+b'). (23)
By tuning the splitting of the two normal modes to be equal to the mechanical frequency, i.e., w,, ~ 2J, one can apply
the RWA, yielding

How ~ HS, = %(agﬂ_b ¥ H.c.), (24)
where the superscript “DC” refers to the double-cavity optomechanical system and a phase factor of —1 has been absorbed
into go. The Hamiltonian Hgl\c,u describes the resonant exchange of photons between the two normal modes by the
absorption or emission of a mechanical phonon, as depicted in Fig. 1(b). Such an exchange process leads to the formation
of dressed states, e.g.,

1

1.) = —(]100) = |011)). 25

[14) ﬁ(l ) £1011)) (25)
1

12.) = %0200) + 3111 + ﬁ|022>), (26)
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Fig. 2. (a) Maximum mechanical displacement, 2g/|§], in a double-cavity optomechanical system with a periodically modulated intercavity coupling.
Inset: the second-order Bessel function of the first kind, J,(2¢), plotted as a function of the modulation amplitude ¢. (b) Modified cavity density
of states by the residual optomechanical interaction [described by Hs in Eq. (31)] for the “+ " polariton mode. The inset shows the asymmetrical
density of states for the “—” (left) and “+ " (right) polariton modes. The solid curves are analytical results; the dashed curve is obtained from a
numerical simulation of the master equation.

Source: Panels (a) and (b) are adapted with permission, respectively, from Ref. [239], J.-Q. Liao et al. Phys. Rev. Lett. 116, 163602 (2016) and Ref. [243],
M.-A. Lemonde et al. Phys. Rev. Lett. 111, 053602 (2013).

1
120) ﬁ(ﬁ|2oo> |022>) 27)
for the three lowest energy levels, with the unchanged ground state, i.e., |0) = |000). Here, |n,n_ny,) refers to a state with
n. photons in the normal modes a., and n,,, phonons in the mechanical mode b. The resonant nonlinearity in Eq. (24)
can enable the double-cavity optomechanical system to enter the single-photon strong coupling regime more easily than
the usual single-cavity optomechanical system.

As demonstrated in Refs. [238,239], if the coupling strength J in Eq. (21) is assumed to be modulated sinusoidally so
that

J = J(t) = {awp cos(wot), (28)
then the optomechanical interaction Hoy becomes
Homi ~ Hgy = gu(c’c — a'a)[bexp(—ist) + H.c.], (29)
with
1
v = Egalzno (2¢) (30)

being an effective optomechanical interaction. Here, ¢ is the dimensionless modulation amplitude, wq is the modulation
frequency, § = wn, — 2npwg is the modulation-induced detuning, and J,(z) is the nth-order Bessel function of the first
kind. The number ng is a special integer such that the coupling with a detuning § is nearly resonant. The superscript “M”
refers to the modulation of the intercavity coupling.

The Hamiltonian HS"MI essentially describes an effective force o« (cfc — afa) acting on a mechanical resonator with
an effective frequency 8. Compared to the natural optomechanical interaction Hgyy, the near-resonant coupling HgIMI
can induce a single-photon mechanical displacement proportional to go/|§| rather than to go/wp,. This indicates that, as
shown in Fig. 2(a), the optomechanical nonlinearity is strongly amplified. The physical reason for this amplification is that
the single-photon hopping between the two cavities at the proper times accumulates the displacement effect when the
driving force is in phase with the mechanical oscillation. A similar enhancement of the nonlinearity can also be obtained
by modulating the cavity frequencies [240]. The resonant amplification based on modulation has been studied for the
generation of mechanical Schrodinger cat states via flipping a qubit repeatedly [241], and even for the detection of the
virtual radiation pressure arising from atom-field USC [242].

To obtain the linearized Hamiltonian Hj,, in Eq. (17), the residual optomechanical interaction

Hs = —go8a'8a(sb + sb") (31)

is neglected. This coupling is of the same form as the standard optomechanical interaction and, as suggested in Refs. [243-
245], can be amplified when the coupling H; is treated as a perturbation to the linearized Hamiltonian H(%Ml in Eq. (17).
In the absence of the coupling H;, the Hamiltonian H,, can be diagonalized, yielding
Hoyy = Eplps +E_plp_, (32)
1


https://link.aps.org/doi/10.1103/PhysRevLett.116.163602
https://link.aps.org/doi/10.1103/PhysRevLett.116.163602
https://link.aps.org/doi/10.1103/PhysRevLett.116.163602
https://link.aps.org/doi/10.1103/PhysRevLett.111.053602
https://link.aps.org/doi/10.1103/PhysRevLett.111.053602
https://link.aps.org/doi/10.1103/PhysRevLett.111.053602

W. Qin, AF. Kockum, CS. Mufioz et al. Physics Reports 1078 (2024) 1-59

where the operators p. represent two normal modes with eigenenergies
1 1/2

2
E. = ﬁ( 24 wrzn + \/(AZ — a)%) — lGAgCZa)m) , (33)

respectively. These two normal modes hybridize the photonic and mechanical degrees of freedom and can thus be
considered as polaritons. Expressed in terms of the polariton modes, the Hamiltonian Hs is transformed to

Hs ~ 1:15 = g'()(pipz_ + H.C.), (34)

where g, is an effective coupling strength proportional to the single-photon coupling go. Here, we have assumed that
Ey = 2E_, such that the coupling Hs becomes resonant and, thus, dominant. Other off-resonant couplings have been
neglected under the RWA. The Hamiltonian Hs describes a process where a “+ " polariton is created and simultaneously
two “—" polaritons are destroyed, and vice versa. This process can strongly modify the cavity density of states even with
a weak single-photon coupling gy, as depicted in Fig. 2(b). It could be further exploited for observing optomechanically
induced transparency and also measuring the average number of mechanical phonons.

2.1.3. Parametric amplification

In this section, we introduce another method, which uses parametric amplification to enhance the nonlinear optome-
chanical interaction [210,246]. Before discussing this method, let us first recall degenerate parametric amplification, which
is a very common nonlinear process in quantum optics.

Parametric amplification essentially describes a nonlinear interaction between three distinct light fields, usually
referred to as the pump, signal, and idler, respectively. This nonlinear interaction down-converts a pump photon into
a correlated photon pair (i.e., a signal photon and an idler photon) under energy and momentum conservation. Here, we
focus our attention mainly on degenerate parametric amplification (DPA), in which the signal and idler photons in each
pair are identical, i.e., have the same frequency and the same polarization. There are similar results for non-degenerate
parametric amplification. The Hamiltonian describing DPA inside a cavity is

1
Hppa = Agpna’a + E.szh[exp(—iezph)az +H.c], (35)

where £2,p1 and 6,p, are the amplitude and phase of the parametric (or two-photon) driving, and Aypp = @eay — Wopn/2
is the detuning between the cavity frequency w.,y and half the parametric driving frequency w;ph.

The dynamics described by Hppa squeezes the cavity field. To proceed, we now introduce the squeezing operator
defined by

1
SE) = eXD[5(5*02 - éa”)} (36)

where &£ =r exp(i@zph) is an arbitrary complex number. Here, r is the squeezing parameter, which determines the degree
of squeezing. The squeezing operator acting on the cavity mode a causes a squeezed cavity mode asq, which is given by
the Bogoliubov transformation

asq = S(§)as’ (§) = acosh(r) + a' exp(ifpn) sinh(r). (37)
It is easily found, after a straightforward calculation, that
a = ayq cosh(r) — al, exp(ibapn) sinh(r). (38)
By expressing Hppy in terms of the a; mode and then choosing a proper squeezing parameter, i.e.,
1. Azph + £22ph

r=-1In , (39)
4 Ath - -Qth
the Hamiltonian Hpps becomes diagonal,
Hppp = 05l asq. (40)

where wsq = /Aﬁph - szph is the frequency of the squeezed cavity mode. Here, we have assumed that Aypp > 25ph,

such that the system is stable. Note that the ground state of the Hamiltonian Hyq is the vacuum state in the squeezed
frame, which corresponds to the squeezed vacuum in the lab frame.

The nonlinear transformation in Eq. (38) shows a Bogoliubov coefficient of cosh(r), which increases exponentially with
the squeezing parameter r. This indicates that in the squeezed frame, the coupling of the cavity mode to other degrees of
freedom can be enhanced exponentially. Such a mechanism has been used for enhancing the optomechanical interaction
in cavity-optomechanical systems [246]. A schematic setup is illustrated in Fig. 3(a). Crucially, a nonlinear x® crystal is
placed inside a cavity, such that the cavity mode is subject to a detuned two-photon driving. As mentioned above, the
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Fig. 3. (a) Schematics of using parametric amplification to enhance the optomechanical interaction. A cavity, with frequency ey, contains a x
nonlinear crystal, which is driven by a two-photon driving of frequency wph, amplitude $2,,, and phase 6,,,. The right mirror of the cavity is
oscillating with frequency w,, and position x(t). (b) Enhanced optomechanical interaction g (left axis) and resonance frequency of the squeezed
cavity mode wsq (right axis) as a function of the detuning Ay, for £2,,, = 4000w,,. The inset shows the ratios gsqo/wn and gs’qo /wsq.

Source: Panels (a) and (b) are reproduced with permission from Ref. [246], X.-Y. Lii et al. Phys. Rev. Lett. 114, 093602 (2015).

cavity mode a is squeezed by the two-photon driving and, as a result, becomes the squeezed mode agq. Expressed in terms
of the mode ayq, the optomechanical interaction Hamiltonian in Eq. (5) is transformed to

1

Homi = —goalyasq (b + b') + 5gsquh(a§q +al3) (b +b'). (41)

where
om __

8q = 8ocosh(2r) (42)
describes the strength of the optomechanical interaction between the squeezed cavity field and the mechanical resonator,
and

g2 = gy sinh(2r) (43)
is the strength of a two-photon process in the squeezed frame.

We now consider the case of wsq > {a)m, gfqph } as shown in Fig. 3(b). Here, the RWA is allowed, such that the second
term in Eq. (41) is negligible, yielding a standard optomechanical interaction Hamiltonian in the squeezed frame,

Homi ~ Hgy = —gs"é“aiqasq (b+ bT)' (44)

When r > 1, the coupling strength, ;’5“ can be approximated by

Aoph + §22ph
oM ~ oo exp(2r) = —on TR 45
&sq ~ 8o exp(2r) =g, | oo — So0n (45)

This implies that, compared to the single-photon coupling gy in the original laboratory frame, an exponential enhancement
of gsf’(;“ can be achieved with increasing the squeezing parameter r, i.e., when Ajp, approaches 2, from the right,
as seen in Fig. 3(b). Under a similar mechanism, the quadratic optomechanical interaction can also be exponentially
enhanced [247,248].

The parametric driving, while squeezing the cavity mode, also introduces thermal noise and two-photon-correlation
noise into the cavity. These two types of noise are generally considered detrimental in strong-squeezing processes.
However, by injecting a squeezed vacuum field into the cavity [see Fig. 3(a)], one can eliminate both types of noise (see
Appendix A), and as a result the dynamics of the optomechanical system can be described by the master equation

p = —i[Hoy. p] + € L(a5q) p + Yim(en + DLD)p + ymnen £(b1) p. (46)
where
i, = g + onb'b -+ Hil (#7)

while yp,, is the mechanical decay rate and ngy, is the thermal phonon number of the mechanical mode. It is seen
that by increasing the squeezing parameter r, the optomechanical system can be driven into the single-photon strong
coupling regime (i.e., gg" > «) even from the single-photon WC regime (go < «). As a direct result, such a parametric
enhancement of the optomechanical interaction improves the conversion [249], entanglement [250], and even cross-Kerr
nonlinearity [251] between the optical and microwave fields. The two-mode squeezing of the cavity field is also capable
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of exponentially enhancing the optomechanical interaction, but at the same time a two-mode, rather than single-mode,
squeezed vacuum field is needed to suppress the noise induced by this two-mode squeezing [252].
In the case of wy; &~ 2wy, the Hamiltonian in Eq. (41) reduces to

Homi =~ Hs_q = gsquh (agqu + H.C.), (48)

1
2
which can be used to simulate the dynamical Casimir effect [46,253]. In fact, the dynamics described by H*? can be
interpreted in the laboratory frame as mechanically induced two-photon hyper-Raman scattering, i.e., an anti-Stokes
scattering of a driving photon pair, rather than a single photon, into a higher-energy mode by absorbing a phonon.

Furthermore, by squeezing the cavity field, one can also eliminate the quantum backaction heating even in the
unresolved sideband regime, such that ground-state cooling [254] and mechanical squeezing [255] can be implemented.
Instead, squeezing the mechanical mode provides another way to enhance the optomechanical interaction. For examples,
along this line, photon blockade [256,257], mechanical squeezing [258], superradiant quantum phase transition [259], and
enhancing quadratic optomechanical interaction [247] have been studied.

Recently, Ref. [260] showed that by combining parametric amplification processes and dynamical-decoupling tech-
niques, one can amplify the desired interaction, and at the same time suppress an undesired interaction, so as to speed
up the dynamical evolution of the system.

2.1.4. Other amplification mechanisms

Parity-time symmetry. In contrast to conventional Hermitian Hamiltonians, non-Hermitian parity-time (77°) symmetric
Hamiltonians [261-263] exhibit a phase transition from the unbroken to broken 7?7 phases at an exceptional point,
where the eigenvalues are changed from real to complex numbers. By coupling two different optical or microwave
cavities, one with passive loss and the other with active gain, P7-symmetric systems can be created [264-266]. In
such double-cavity systems, many counterintuitive aspects occur, particularly in the vicinity of exceptional points, which
can be explored to implement a strong nonlinearity for cavity optomechanics. By manipulating the gain-to-loss ratio,
a nonlinear regime for the intracavity-photon intensity can emerge, such that the optical pressure and the mechanical
gain are enhanced simultaneously, resulting in an ultralow-threshold phonon laser [236,237]. A PT-symmetry-induced
enhancement mechanism has also been used for demonstrating optomechanical chaos [267], optomechanically-induced
transparency [268], and high-precision metrology [269].

Collective effects. By coupling a cavity field to an array of mechanical resonators, a collectively enhanced optomechanical
interaction can be obtained [270,271]. It has been predicted in Refs. [272,273] that the single-photon coupling strength of
the cavity mode to a collective mechanical mode can scale as N2, where N is the number of mechanical resonators.
Compared to the case of a single mechanical resonator, the resulting collective coupling can be made up to several
orders of magnitude stronger, which, as a direct consequence, enables exploiting the long-range interactions between
distant mechanical resonators. Optimal configurations for these optomechanical arrays are given in Ref. [274], such that
the optomechanical interaction strength scales exponentially with N before the saturation. Furthermore, the collective
enhancement of the single-photon optomechanical interaction has also been shown in the cases where the collective
motion of ensembles of ultracold atoms, serving as a mechanical resonator, is coupled to the cavity field [275-278].

Nonlinear Josephson junctions. For microwave-regime superconducting cavities, the mechanical motion, which modulates
the capacitance of a cavity, can couple to the cavity mode via the radiation-pressure interaction [220,226,279]. When a
Cooper-pair transistor is embedded inside a superconducting cavity [280], the single-photon optomechanical interaction
strength can be enhanced by several orders of magnitude. Such a giant enhancement arises due to the presence of the
nonlinearity of the Josephson junctions, and has been experimentally demonstrated in Ref. [281]. Similarly, the nonlin-
earity of Coulomb blockade can also be used to significantly enhance the single-photon optomechanical interaction [282].
It has been suggested that, with a Cooper-pair transistor [283] or a Cooper-pair box [284], even the USC between cavity
photons and a mechanical resonator can be reached. Moreover, an ultrastrong single-photon optomechanical interaction
can also be obtained by embedding a dc superconducting quantum interference device (SQUID), with a suspended arm
as a mechanical resonator, into a superconducting cavity [285-287].

2.2. Amplified photon-atom interactions in cavity quantum electrodynamics

Cavity QED is the field of studying the fundamental interactions of atoms with photons in high-Q cavities, in which
photons are confined for a long time and, thus, can repeatedly interact with the atoms. Cavity QED has been considered to
be a promising platform to explore various applications ranging from fundamental tests of quantum theory to powerful
quantum technologies. To understand this platform, let us first recall the interaction of a single-electron atom and a
single-mode radiation field.

The atom can be considered as a dipole with a dipole momentum d = er, where e is the electronic charge and r is the
position vector of the electron. Typically, the wavelength of an electromagnetic field is much larger than the size of the
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atom, such that the dipole approximation can be applied. Under this approximation, the interaction between the atom
and the field is modeled by

Hine = —d - E, (49)
where

E=¢(a+a') (50)

represents the field at the location of the atomic nucleus, with € being a vector with the dimension of the electric field,
and a (a') is the annihilation (creation) operator for the field mode. When expressed in terms of atomic energy eigenstates
|i), the dipole momentum d is

d= Z d,‘jO’,‘j, (51)
ij
where d;j = e(i|r|j) is the dipole transition matrix element between the levels |i) and |j), and o;; = |i)(j| denotes the
corresponding atomic transition operator. It follows, by substituting Eqs. (50) and (51) into Eq. (49), that
Hint = — Z(du . 6) (Cl + GT)O'U. (52)

ij
For a two-level atom with the ground state |g) and the excited state |e), dg; = d.. = 0 because the electronic states |g)

and |e) are of a definite parity, ggz = gee = 0. Moreover, we assume that dg = d,,, such that the interaction Hamiltonian
‘Hint NOW becomes the well-known quantum Rabi interaction Hamiltonian, i.e.,

Hi =g(a+a") (o™ +o7), (53)

where g = —dg - € = —d,; - € is the coupling strength, while 6~ = |g)(e| and o+ = |e)(g| are the ladder operators of
the atom. Eq. (53) can describe the atom-field interaction, in particular, when the coupling strength g is comparable to
the atomic transition frequency or the cavity frequency. The quantum Rabi model is discussed in the following sections.
Here, we focus on the case when g is much smaller than these two characteristic frequencies. In this case, one can apply
the RWA so as to neglect the counter-rotating components, yielding the JC interaction Hamiltonian [28], i.e.,

Hib ~ He = g(ao™* +alo™), (54)

describing an important and basic type of atom-field interactions.

In cavity QED, the interaction H;gt leads to a coherent exchange of energy between the atom and the cavity and,
thus, has been widely used, particularly for QIP. However, owing to the presence of decoherence, exploiting such an
atom-cavity system for QIP often requires the strong coupling regime, where the strength g exceeds both the atomic
spontaneous emission rate y and the cavity decay rate . Within the strong coupling regime, a single excitation can be
coherently exchanged between the atom and the cavity before their coherence is lost. A typical parameter quantifying
this property is the cooperativity, defined as
2
c=2°, (55)
Ky
which shows that the ability, e.g., to process quantum information, increases with the coupling strength g. The first
demonstration of strong coupling with single atoms was reported in Ref. [288]. Below we review several methods for
amplifying the coupling strength g and the cooperativity C.

2.2.1. Parametric amplification

The coupling in Eq. (54) essentially originates from the fluctuations of the electromagnetic vacuum [5], and thus
amplifying these fluctuations via antisqueezing could induce an enhancement of the coupling strength g. The basic idea
underlying this amplification method, essentially the same as the idea presented in Section 2.1.3, is shown schematically
in Fig. 4(a).

When the cavity field is parametrically driven (i.e., is squeezed), as described by the Hamiltonian in Eq. (35), the
coupling strength g can be exponentially enhanced [289-291]. Upon substituting the Bogoliubov transformation in Eq. (38)
into Eq. (54), the atom-cavity coupling Hamiltonian Hjigt is transformed to

H' = gl (asq0 ™ + H.c.) + g&[exp(ifapn) asqo~ + H.c.], (56)
where

8 = &cosh(r), (57)

85 = —gsinh(r) (58)

characterize the strengths of the rotating-wave and counter-rotating interactions, respectively, between the squeezed
cavity mode ayq and the atom. The counter-rotating interaction describes the processes not conserving excitation number,
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Fig. 4. (a) Schematics of using parametric amplification to enhance the photon-atom interaction g and thus the cooperativity C. The single-mode
cavity contains a x® nonlinear medium, which is strongly pumped at amplitude $25pn, frequency woph, and phase 6,,,. A two-level atom, with the
ground state |g) and the excited state |e), is coupled to the cavity mode with a strength g; wc,y and w, are the resonance frequencies of the cavity
and the atom, respectively, « is the cavity decay rate, and y is the atomic spontaneous emission rate. (b) Exponentially enhanced cooperativity Cgq
and coupling g;;" (inset) between the squeezed cavity mode and the atom. The gray and yellow shaded areas refer to the weak (Csq < 1) and strong
(Csq > 1) coupling regimes under the assumption of C = 0.2. (c) Exponentially enhanced entanglement of two three-level A-type atoms mediated
by the squeezed cavity mode. With squeezing, the lower bound of the entanglement error § = 1—F is lowered to ~ G/(eer). clearly far below 1/C

and 1 /ﬁ , which are the lower bounds imposed, respectively, by unitary and dissipative state preparation without squeezing. Curves show effective
predictions and symbols indicate exact results.
Source: Panels (a)-(c) are adapted with permission from Ref. [289], W. Qin et al. Phys. Rev. Lett. 120, 093601 (2018).

and thus can be neglected in the large-detuning regime }g§q| /(wsq + Aq) < 1. Here, Aq = wq — wopn/2, where wg is the
atomic transition frequency. As a result, the interaction Hamiltonian H;gt in Eq. (56) becomes approximated by

Ht"* = g (agq0 " + H.c.), (59)
given in terms of the coupling strength gg'. Therefore, for r > 1, an exponentially enhanced atom-cavity coupling,
1
8sq ~ S8 exp(r), (60)

can be predicted, as plotted in the inset of Fig. 4(b). Since there are ~ exp(2r) photons converted into a squeezed single-
photon state, the exponential enhancement, given in Eq. (60), can also be understood as a collective enhancement. This
mechanism is to some degree similar to a collective enhancement of the coupling of a single photon to an atomic ensemble.

As demonstrated in Appendix A, in order to suppress the noise induced by the parametric driving (i.e., by squeezing the
cavity mode), one can couple a squeezed vacuum reservoir to the cavity mode. By properly tuning the relevant parameters,

the dynamics of the atom-cavity system can be described by a standard master equation,
p=—i[H¢, p] +«L(asq) o +vL(c7)p, (61)
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where

1 int
Hd = wsqal,asq + 7490z + H™ (62)
is the system Hamiltonian in terms of the squeezed mode asq, and p is the density matrix of the system. This master
equation indicates that one can define an effective cooperativity
2
gsq
qu = (63)
Ky
in the squeezed frame. It is found that, as shown in Fig. 4(b), an exponential enhancement in the cooperativity for r > 1
can occur, i.e.,

1
Cyq ~ ZC exp(2r). (64)

A typical application of such a giant enhancement is to improve quantum entanglement or gate operations between
separated atoms in the same cavity. Note that in this type of applications, the interaction between these atoms is mediated
by a cavity mode in the squeezed vacuum, rather than in the usual vacuum. However, this is not a problem because the
cavity mode, often serving as a quantum data bus, can be made effectively decoupled from the atoms of interest, or
disentangled from the already entangled atoms at the end of the state preparation or the gate operation.

When entangled states of separated atoms are prepared in optical or microwave cavities, the state error § = 1 — F
scalesas § oc 1/ /C for the preparation approaches based on unitary gates, and as & 1 /C for dissipative state preparation.
Here, F is the fidelity between the actual and ideal states. Thus, the cooperativity enhancement given in Eq. (64), when
applied to dissipative state preparation, can enable an exponential improvement in the state error [289], i.e.,

1
as shown in Fig. 4(c). There, two three-level A-type atoms are considered, and the desired state is an entanglement of the
ground states of these two atoms. The role of the parametrically enhanced coupling between the atoms and the squeezed
cavity mode is to exponentially suppress the transitions from the desired state to some decaying states and, as a result, suppress
the decay out of the desired state. Note here that the cavity degree of freedom is always effectively decoupled from the
atoms and, thus, the state of the cavity mode (e.g., the vacuum or squeezed vacuum) is not important.

So far, parametrically amplified photon-atom interactions, and thus mediated atom-atom interactions, have been
widely studied. This mechanism has been explored to generate lasing into a squeezed cavity mode [292]. It has also
been shown that when adiabatically eliminating the degree of freedom, an exponential enhancement of the dipole-
dipole coupling between atoms can be observed [293]. If the amplitude of the atom driving is modulated in time, then
a fast and high-fidelity generation of steady-state entanglement [294], and similarly, a high-fidelity implementation of
arbitrary phase gates [295] can be achieved by a parametric driving of the cavity. In the case of two coupled cavities, it
is possible to parametrically drive a single cavity, which is coupled to an atom, to enhance the coupling of this atom
to another cavity [296]. When, furthermore, a multiphoton coupling between the atom and the cavity is taken into
account, their single-photon or two-photon coupling can be greatly enhanced even for a small squeezing parameter [297].
Enhanced spin-phonon, and in turn spin-spin, interactions via squeezing a mechanical resonator have been theoretically
demonstrated in hybrid systems in Ref. [298]. Very recently, a theoretical proposal that can amplify magnon-spin
interactions via virtually-excited squeezed phonons has also been put forward in magnonics [211,212].

2.2.2. Collective amplification

In Section 2.2.1, we showed that a detuned parametric driving of a cavity enables the coupling between an atom
and the squeezed cavity mode to be enhanced exponentially. Because exponentially many photons are converted into a
single-photon state of the squeezed cavity mode, this parametric enhancement of the atom-field coupling can thus be
understood as originating from the coupling of a single atom to many photons.

In this section, we introduce an opposite enhancement mechanism, which is based on the coupling of a single photon to
an ensemble containing many atoms or spins. To proceed, let us assume that the ensemble contains N identical two-level
atoms. The coupling between the ensemble and a cavity mode is described by the interaction Hamiltonian

N
Hens = D_g(a'o; +ao)’), (66)
j=1

where gj is the single atom-cavity coupling strength, and aji are the ladder operators of the jth atom. The atomic ensemble
can be considered as a large collective pseudospin with'S = N/2, such that it can be described with collective spin
operators

N N
1 + 1 z
Si = z Z] go; and S; = 5 gl:"j , (67)
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where g2 = & ]N 1 gjz. In the special case where gj is a constant, i.e., g§ = g, one has S, = ZJ L 0. The interaction

Hamiltonian Hg;g is accordingly transformed into

HI = g(aS; +a'S_). (68)

ens

Let us now apply the Holstein-Primakoff transformation [299]

S_ = /N—stss, S, = sTy/N—sts, and S, =—-N/2+5s's, (69)

where s and s’ are the bosonic annihilation and creation operators, which satisfy the commutation relation [s, ST] =1.In
the low-excitation regime, where the average number of excited atoms is much smaller than the total number of atoms
(i.e., (s's) « N), the operators S_ and S, are further simplified to

~ +/Ns and S, ~ +/Ns, (70)

respectively. It is seen that the collective spin behaves as a quantum harmonic oscillator. In this case, the Hamiltonian

int
HJY becomes

HIY = geoi(as® + afs), (71)
where
8col = \/Ng~ (72)

This means that the collective coupling g., is enhanced by the square root of the number of atoms, compared to the
single-atom coupling strength g. Such a collective enhancement comes at the expense of reducing the nonlinearity of the
coupled atom-cavity system.

The collective strong coupling between light and matter was first demonstrated experimentally with an ensemble of
Rydberg atoms in Ref. [300], and has been a fundamental building block of quantum repeaters for long-distance quantum
communication [301-312]. Moreover, a collective enhancement of light-matter interactions allows one to generate vari-
ous nonclassical states in large ensembles, e.g., spin-squeezed states [ 173,313-323] and atomic Schrédinger cat states [203,
324,325]. Thus, it also forms an essential ingredient of quantum metrology for high-precision measurements [326].

Recently, much attention has been focused on coupling nitrogen-vacancy (NV) electronic-spin ensembles to super-
conducting circuits to simultaneously exploit the complementary advantages of these two different physical systems
(e.g., strong nonlinearity and ease of design of superconducting circuits [6-14], and extremely long coherence times of NV
spins [327]), therefore building an important type of hybrid quantum system [328,329]. However, the coupling of a single
NV spin to a superconducting cavity usually is g/27 &~ 10 Hz [330], which is too weak to allow for a coherent exchange
of quantum information between the NV spin and the cavity field. However, the NV spin ensembles typically contains
N = 10'? NV spins, and therefore a collective coupling of g.;/27 ~ 10MHz can be achieved according to Eq. (72).
Such a collective enhancement has been widely demonstrated experimentally [331-337]. The most common setup of
such experiments is sketched in Fig. 5(a) [331]. A diamond single crystal containing a number of NV centers is placed on
top of a superconducting coplanar resonator, whose resonance frequency is tunable with an array of four SQUIDs [see
Fig. 5(b)]. The collectively enhanced ensemble-cavity coupling can, as seen from Fig. 5(c), cause two clear anticrossings,
an indication that the ensemble-cavity system is in the strong coupling regime. Note that here these two anticrossings
arise from the fact that there are two distinct microwave transitions between the ground-state spin-triplet sublevels of
NV centers, and both can be coupled to the resonator mode. In addition, the collectively enhanced coupling of ensembles
of ion spins [338-340] or ’Rb atoms [341] to a superconducting cavity has also been reported in experiments.

The dissipative dynamics of the atomic ensemble can be described with the standard Lindblad operator

N N
2Ll =7 2_(205 005" o5’ = ') 73)

N |

Here, we have assumed the atoms to be fully independent. It follows, on performing the Fourier transform

~ 1 o
0y = —F= Z exp(—zkj)aj (74)
N5
and then using the relation /NG, = S, that
— 1 ~—
Zﬁ(aj )o = Nc(s,)p+;c(ok )0, (75)
i

where the first and second terms on the right-hand side describe the dissipative processes of the zero and nonzero
momentum modes, respectively. If the coherent dynamics only involves the zero-momentum (k = 0) mode, then one
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Fig. 5. Experimental demonstration of collectively enhanced photon-atom interaction. (a) Photograph of the experimental sample: a nitrogen-
vacancy (NV) electronic-spin ensemble is placed on top of a superconducting coplanar waveguide resonator, whose resonance frequency is tuned by
modulating the magnetic flux @ threading a SQUID array shown in (b). (c¢) Transmission spectrum |S,;(w)| of the resonator. Two avoided crossings,
induced by the strong coupling of the resonator mode to two microwave transitions between the ground-state spin-triplet sublevels of NV centers,
can be observed clearly. Here, Byy is an external magnetic field applied to induce the spin Zeeman splitting and & = h/2e is the flux quantum.
Source: Panels (a)-(c) are adapted with permission from Ref. [331], Y. Kubo et al. Phys. Rev. Lett. 105, 140502 (2010).

can focus on only that mode [173,342,343]; that is,

_ 1
> z(oy)p = LGP, (76)
j
This is also valid in the steady-state limit or the long-time limit, because the nonzero momentum modes in Eq. (75) only
decay. In particular, such a reduction can exactly describe the dissipative dynamics of an atomic ensemble initially in the
ground state. Therefore in the low-excitation regime, the dissipative dynamics of the atomic ensemble is determined by

N
> z(o7)e = LGs)p. (77)

j=1

which corresponds to a damped quantum harmonic oscillator. It is found from that the local dissipation can be described
by the collective dissipation in some cases, such that the collective cooperativity is given by

Ceol = NC, (78)

which increases proportionally to the number, N, of atoms in the ensemble. It has been shown that even an ensemble
weakly coupled to the cavity can induce strong coupling of a single atom to the cavity [344].

The collective cooperativity C. in Eq. (78) is only valid for ensembles of independent atoms. When well separated,
the atoms can be considered as independent. But when the spacing of these atoms is very small, their dipole-dipole
interaction and their collective dissipative dynamics need to be taken into account. In this case, it has been suggested
that the collective cooperativity can be further enhanced [345,346], with an effective collective cooperativity given by

G'G
clf— ——, (79)
K Yeff
where G = (g1, ..., &v)" and yef is an effective collective decay rate. By optimizing the amplitude profile of the transverse

cavity field, the maximum value of G'G can be obtained. At the same time, for collective subradiant states, the decay rate
veff 1S strongly suppressed such that yesr < y. Thus, the effective collective cooperativity Cfg{ is significantly enhanced.
Compared to Cg in the cases of independent atoms, which scales linearly with the number of atoms N, this subradiant
enhancement results in a nonlinear scaling of Cé’gf with N (e.g., oc N4).

2.2.3. Other amplification mechanisms

Plasmonic cavities. Usually, improving both the quality factor Q and the mode volume V for the same cavity remains
challenging, due to the diffraction limit. This means that it is difficult to simultaneously achieve a small cavity decay rate
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x and a strong photon-atom interaction g, which limits the cooperativity C. Plasmonic particles (i.e., metal nanoparticles)
driven by an external field can produce intense localized fields near them [92]. Many cavities have already utilized such a
mechanism to localize an electromagnetic field into a region of nanometer scale and, as a result, to significantly decrease
the mode volume of these cavities [347-351]. This yields an enhancement in the coupling of an atom to the cavity
field when the atom is placed closed to the plasmonic particles, and in turn drives the system to the strong coupling
regime. For example, for whispering-gallery-mode cavities with an ultrahigh Q but relatively large V, the resulting
cooperativity is enhanced by approximately two orders of magnitude compared to that obtained in the case of a bare
cavity [352,353]. This type of enhancement has been used, e.g., to generate indistinguishable single photons [354] and
quantum entanglement [355].

Hybrid cavities. In addition, it has been demonstrated that coupling two different cavities, one with a low Q (i.e., with a
large cavity loss rate) and the other with a high Q (i.e., with a small cavity loss rate) can effectively realize a high-Q and
small-V cavity [356]. The atom is assumed to be coupled to the low-Q cavity. Due to a large detuning and, thus, a low
photon occupation, the low-Q cavity mode can be eliminated adiabatically, yielding an effective interaction between the
atom and the high-Q cavity mode. This effective atom-cavity system combines the respective advantages of these two
cavities (i.e., a high Q and a small V). The strong coupling regime, characterized by C > 1, can then be reached, as long
as the detuning of the low-Q cavity is large enough.

2.3. Amplified Kerr-type light-matter interactions via quadrature squeezing

Phase shifts induced by Kerr-type effects are typically very small when dealing with single photons [357]. A number of
experiments have demonstrated the feasibility to generate and observe cross-Kerr phase shifts even on the order of a few
tens of degrees per photon, which can enable performing at least limited quantum logic gates. These include experiments
based on cavity QED using single atoms [358], quantum dots [359], or atomic ensembles [360], circuit QED [361], and
photonics using optical fibers [362]. Anyway, much larger phase shifts at the single-photon level are in high demand in
order to harness the full power of the Kerr or Kerr-type effects for quantum computing.

As demonstrated in Ref. [210], it is possible, at least theoretically, to boost a cross-Kerr phase shift to an arbitrary
value by employing sequentially either one- or two-mode quadrature-squeezing operations. Utilizing such Kerr amplifi-
cation techniques may prove valuable in implementing quantum nondemolition (QND) measurements [363] or practical
quantum-optical entangling gates, like a deterministic Fredkin gate [364] or a conditional phase (CPHASE) gate [365,366],
which rely on giant Kerr nonlinear interactions at the level of individual photons.

There is yet another fundamental advantage of the approach proposed in Ref. [210]; namely, this method shows the
feasibility of enhancing (at least some types of) higher-order nonlinear interactions by applying lower-order nonlinear
effects. Indeed, the Kerr effect generated in an nonlinear medium is proportional to its third-order susceptibility x(*,
while squeezing generation depends on the second-order susceptibility (2.

In this section, we recall the amplification method and circuits proposed in Ref. [210]. The method was developed based
on a vector coherent-state theory and applied physical operations that adhere to the commutation relations associated
with the SU(1,1) generators. Thus, let us consider cross-Kerr-type nonlinear interaction between a two-level atom a and
an optical mode b, as described by the effective Hamiltonian (h = 1)

Hiter = go20-b'b = gna, (80)

where g is the strength of the Kerr interaction, which is proportional to the third-order susceptibility, x*, of the nonlinear
medium; o, (o_) is the atomic raising (lowering) operator; n, = o,0_ is the atomic excitation number operator; b (b')
is the annihilation (creation) operator for the optical mode b; and n, = b'b is the photon number operator in the mode
b.

The main purpose of this method is to amplify g by applying either standard single-mode quadrature-squeezing
operators (k = 1, 2)

6
Sk = Sp(6) = exp[—z"(b2 - bfz)] (81)
to the mode b, or the two-mode squeezing operators

Sbe(61) = exp[—61 (bc — bTcT)] (82)

to the mode b and an auxiliary mode (say c). In these definitions, 6, is a real squeezing parameter; the extra minus
indicates that the squeezing angle is r; the subscripts b and c indicate the modes on which the squeezing operations are
applied; and c (ct) is the annihilation (creation) operator for the mode c. The circuit shown in Fig. 6(a) enables enhancing
the Kerr nonlinearity according to the relations

squeezing  NKETT&PS  ooicezing  KOT&PS  ooieezing _Bﬁ_ amplified Kerr&PS
i€ _ i€ _ i _ _ i _
Sp(61) i3 (2nanp—np) Sp(62) et3 (2nanp—np) Sp(61) = e2(8—8)2na—1) oigy(2nany "b)’ (83)
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Fig. 6. Circuits of Ref. [210] for amplifying the cross-Kerr interaction between a two-level atom (in path a) and optical modes (in paths b and c) by
sequentially applying quadrature squeezing: (a) single-mode squeezing Sy = S,(6;) and S, = Sy(6,), according to Eq. (83); or (b) two-mode squeezing
S1 = Spe(61) and Sy = Spc(6>), according to Eq. (91), separated with proper phase shifts (PSs). The SWAP gates are represented by the lines connecting
the x symbols.

where PS stands for a linear phase shift (or shifter) in the mode b. The parameters g and 6; determine the squeezing
parameter

#, = arctanh[— cos g tanh(26;)] (84)
in the gate S, in Fig. 6(a), and the amplified Kerr interaction strength
g, = arctan[tan g cosh(26;)]. (85)

By defining the Kerr unitary operator as K(A¢) = exp[iA¢ ngny], the left-hand side of Eq. (83) can be rewritten in a
form with the operations clearly corresponding to the gates in Fig. 6(a), i.e.,

K(Adamp) = P'S1K(Adin)PS2PK(Adin)S1, (86)

where P = exp(—if), with 8 = gn,/2; and P’ = exp(—if’), with 8’ = (g, —g)(n, —1/2)—g, np, are linear phase shifts. For
brevity, the less important phase shift P’ is not shown in Fig. 6(a). Moreover, A¢i, = g and A¢amp = 2g, are, respectively,
the initial and amplified Kerr interaction strengths. The cross-Kerr amplification factor can be defined by the ratio of these
final and initial phase shifts,
Kamp = A¢amp = lﬂ (87)
A¢in g
Let us assume typical experimental conditions, for which A¢y, < 1 and also the squeezing parameter 6, is relatively
small, to guarantee that tan(2 A¢;,) cosh(26;) <« 1. Then it is easy to show, by expanding g, in Eq. (85) in power series
of g = 2A¢;,, that the method enables increasing the initial Kerr interaction strength by an exponential factor determined
by the squeezing parameter 61, i.e.,

AGamp X 4APin cosh(26,), (88)
and so
Kamp ~ 2 cosh(26,), (89)

which is independent of the initial Kerr interaction strength Agyy.

The single-optical-mode amplification method, described by Eq. (83), was generalized in Ref. [210] to the two-optical-
mode case. Specifically, the cross-Kerr interaction, given in Eq. (80), is also assumed between the atom a and another
optical mode c, i.e.,

Hy

¢ =go,o_c'c = gngne, (90)
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where n. = cfc is the photon-number operator in the mode c. This generalized amplification method is described by the
relation

Kerr,p &PS Kerrac&PS Kerr,p &PS Kerrac&PS

squeezing

Spe(61) ei%(ZHanb—"b) ei%(2nanc—nc) Spe(6-) ei%(lna"b—nb) ei%(ZHaﬂc—nc) Spe(61)
— ei(gyfg)(ZﬁrU eigy(zna”b*nb)eigy(zna”c*nc)’ (91)

squeezing squeezing

PS amplified Kerr&PS

where the squeezing parameter 6, is given by Eq. (84), while the Kerr amplification factor g, is given by Eq. (85) multiplied
by a factor two.

The operations on the left-hand side of Eq. (91) correspond to the gates shown in Fig. 6(b). This correspondence can
be even better seen by rewriting Eq. (91) in the form of Eq. (86), but for the combined Kerr operators and phase shifts,
as defined by (for j = b, c)

K = KapKoe, where Ky = exp(ignan;), (92)
P =PyP., where P;=exp[—i(g/2)n;], (93)
P’ =exp(—if’), where B’ =2(g, —g)na—1/2)—g,(ny+nc), (94)

respectively, and for the two-mode squeezing operators instead of the single-mode ones. Note that the phase shift P/,
which does not affect the Kerr amplification factor, is, for brevity, not shown in Fig. 6(b), analogously to how it was
omitted in Fig. 6(a). It might be surprising that Eq. (91) contains the terms describing the Kerr interactions of the atom
a with both optical modes, while the circuit shown in Fig. 6(b) includes only the Kerr gates between the atom a and the
mode b. This modification of the circuit is explained by the relation

K = KapULS,npKap UGy pp» (95)

using the SWAP gate, UZS,,p, between the optical modes b and c.
2.4. Experimental demonstrations of parametrically amplified light-matter interactions

In 2021, an experimental demonstration of parametrically squeezing a bosonic mode to enhance the generation of
quantum entanglement between qubits was reported in a trapped-ion system in Ref. [206] by a group at the National
Institute of Standards and Technology (NIST). It has further been experimentally shown, by the same group in Ref. [207]
in 2023, that the use of parametric squeezing can realize the amplification of the system Hamiltonian, even without
the precise knowledge of this Hamiltonian [260]. Recently, the parametrically amplified dispersive interaction between
an atom and a squeezed microwave cavity mode was also demonstrated in a superconducting-circuit experiment in
Ref. [209]. Below, we introduce these experiments in more detail.

2.4.1. Trapped ions

We start with the trapped-ion experiment reported in Ref. [206]; the experimental setup is shown in Fig. 7. The
experiment used two 2>Mg" ions, which were trapped ~ 30 wm above a linear surface-electrode ion trap [see Figs. 7(a)
and 7(b)]. Furthermore, an out-of-phase radial motional mode, shared by the two 2>Mg" ions and cooled to near the
ground state using resolved-sideband cooling from oscillating magnetic field gradients, was used as a bosonic harmonic
oscillator degree of freedom, and therefore played the role of light in light-matter interactions. Its parametric modulation,
and in turn its squeezing, was implemented by applying an oscillating potential at or close to twice the motional frequency
to the rf electrodes of the ion trap [see Figs. 7(b) and 7(c)]. The states |[|) = |F =3, mf=1) and 1) = |[F =2, mg = 1)
in the 25; /2 electronic ground state hyperfine manifold of the trapped Mg™ ions were used as qubit states. Here, F refers
to the total angular momentum, and my refers to the projection of the total angular momentum along a quantization axis
defined by an external magnetic field.

The two trapped-ion qubits are coupled to the shared motional mode through the Melmer-Sgrensen interaction,
making the phase-space displacement of the motional mode conditioned on the qubit state. In the case of no squeezing,
the time evolution drives the states |[+—) and |—+) to traverse circular trajectories in phase space, as depicted in Fig. 8(a).
Here, |£) = %(M) 4 |})). Consequently, the states |[+—) and |—+) accumulate their geometric phases, which are given
by the areas enclosed by the respective trajectories and thus are of the same amount [see Fig. 8(a)]. The motional mode,
after some time, returns to its starting point in phase space, i.e., its initial state, and is disentangled from the qubits. At
the same time, the states |[+—) and |—+) acquire a geometric phase of 7 /2 for a single phase-space loop, which in turn
induces quantum entanglement between the qubits.

If a detuned parametric driving is applied to the motional mode, the time evolution rotates the direction of squeezing
of the motional mode, and also changes the degree of squeezing periodically. Correspondingly, as shown in Fig. 8(b),
the phase-space trajectories, along which the geometric phases that are accumulated for the states |+—) and |—+),
become elliptical [367,368], with larger-amplitude displacements originating from the parametrically amplified ion-
motion coupling. This indicates that compared to the no-squeezing case, a larger geometric phase can be accumulated for
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Fig. 7. Experimental setup and circuits of Ref. [206] for demonstrating parametrically amplified light-matter interactions. (a) Photograph of the
surface-electrode ion trap. (b) False-color SEM image of the central region, boxed in (a), of the ion trap. Two >Mg™ ions are trapped ~ 30 um above
the trap surface. The blue electrodes provide the qubit control, while the red electrodes provide the trapping rf and the parametric modulation for
the motional mode. (c) Circuit diagram for parametric modulation of the ion motional frequency. BPF refers to a band-pass filter.

Source: Panels (a)-(c) were provided by Dr. Daniel H. Slichter from NIST.
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Fig. 8. Phase-space representation of the geometric phase accumulation demonstrated in Ref. [206] for the cases (a) without and (b) with squeezing
the motional mode of trapped-ion qubits. The horizontal arrow at the bottom represents the evolution time, with the initial time assumed to be
0. In the case of no squeezing, the geometrical phases acquired by the states |+—) and |—+) are accumulated along circular trajectories, and are
equal to the (gray shaded) areas enclosed by their respective trajectories. When the motional mode is squeezed (in fact, periodically), the circular
trajectories become elliptical with larger-amplitude displacements. The squeezing speeds up the geometric phase accumulation and, in turn, leads
to a faster generation of quantum entanglement. For both cases, the motional mode is disentangled from the already entangled trapped-ion qubits

at the end of the state preparation and, thus, the quantum state of the

motional mode is not important.
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a given evolution time, thus leading to a faster generation of quantum entanglement. On the other hand, in analogy to
the no-squeezing case, the squeezed motional mode is also disentangled from the qubits after a single phase-space loop.
Therefore, whether the motional mode is in a squeezed vacuum or the usual vacuum is not important.

In the experiment in Ref. [206], the observed results demonstrated that with parametric amplification, the entan-
glement generation is sped up by a factor of >~ 3.74, from which an increase of up to 3.25-fold in the strength of the
ion-motion coupling can be estimated. That experiment also showed the dependence of the interaction amplification
on the phase 6, i.e., on the direction of squeezing. This is different from the 6,p,-independent amplification process
proposed in Ref. [289].

In proposals [246,256,289-291] of using parametric squeezing to enhance light-matter interactions, precise knowledge
of the system Hamiltonian is needed in advance, e.g., the relative phase between the squeezing operation and the rest
of the system dynamics. To clarify this issue, the use of parametric squeezing to amplify a coherent displacement of a
bosonic field can be taken as an example. A direct method is to apply a squeezing operation and then an antisqueezing
operation to the bosonic field, yielding

D(asq) = ST(€)D()S(8)- (96)

Here, D(a) = exp(aa’ — o*a) is a displacement operator and S(£) is the squeezing operator defined in Eq. (36). A
straightforward calculation gives

asq = [cosh(r) + e2eh 2% sinh(r)]a, (97)

where ¢, = arg(a). Clearly, choosing 6,5, — 2¢y = 2nm (n = 0,+1,+£2,...) can lead to an exponential amplification
in the coherent amplitude «, such that asq = e"a. This kind of amplification was experimentally reported in Ref. [208],
using the same setup as shown in Fig. 7, but with a single trapped *>Mg™ ion. The displacement operation of motion was
implemented by applying a resonant oscillating potential to an electrode of the ion trap. An increase in « by a factor of
~ 9.17 was demonstrated in that experimental work. However, it is also clear that the amplification given in Eq. (97)
depends strongly on the phase difference 6,,, — 2¢,. Indeed, for some values of 6, — 2¢,, the coherent amplitude «
even becomes deamplified; e.g., the phase difference of 6,pn — 2¢, = (2n+1)r (n =0, £1, £2,...) leads to asq = e ¢,
i.e., an exponential decrease in «. Thus, in order to achieve the desired amplification, the accurate value of the phase ¢, is
needed. However, in some cases, the phase ¢, may be unknown or even fluctuate in time. To address this kind of issue,
a proposal, which, in the absence of the precise knowledge of the system parameters, can amplify or speed up quantum
dynamics using parametric squeezing, was put forward in Ref. [260].

In order to amplify the coherent amplitude « of a bosonic field, whose full knowledge is unknown, the expression in
Eq. (96) needs to be modified, according to the formalism of Ref. [260], to become

D(asq) = ST(=r)D(et/2)S(~r)S" (r)D(e/2)S(r), (98)

In this case, ayq is then found to be
sq = cosh(r)a, (99)

indicating that the coherent amplitude « can be amplified by a factor cosh(r), but independently of its phase. This
amplification process can be understood better in phase space as shown in Fig. 9.

More generally, the method presented in Ref. [260] can also amplify a qubit-field interaction without precise
knowledge. Consider, as an example, the JC interaction Hjigt given in Eq. (54). The evolution operator U(t) under HJ“C1t
for an evolution time t is Trotterized, such that

Nt
u(t) = H“(N)' (100)
n=1

Here,
u( L = ST(—r)U, ! S(—r)st(r)u ‘ S(r) (101)
N~ ’\ 2N \an )7
where Uy(t/2N) = exp(—iHJigtt/ZN) accounts for the evolution operator under Hjigt for a sufficiently small time
t/2N [207,260]. According to the Trotter formula [260], a sufficiently large N can enable
U(t) ~ exp(—iHJigt‘ampt), (102)
where
Hye"*™ = cosh(r)Hj2". (103)
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Fig. 9. Phase-space representation of squeezing-induced amplification of a coherent displacement of motion, demonstrated in Ref. [207]. The gray
dotted outlines and the orange blobs represent the phase-space distributions before and after, respectively, the operations shown in the corresponding
boxes at the top are applied. The gray and blue arrows refer to the squeezing and displacement operations, respectively, while the red and black
arrows in the final panel refer to the unamplified and amplified displacements, respectively.

Source: All panels are reproduced from Ref. [207], S. C. Burd et al. PRX Quantum 5, 020314 (2024), with permission.

It is easily seen that this is an interaction amplification by a factor cosh(r), but without the need to know precisely
the exact form of the interaction. Note that the JC interaction HJiCnt taken as an example here does not commute with
the squeezing operators and thus Trotterization is needed as mentioned above; however, for some other interaction
Hamiltonian that commutes with the squeezing operators (up to a phase), as is the case for a simple displacement
operation, Trotterization is not necessary.

Recently, this kind of squeezing-induced amplification in the absence of a full knowledge of the details of the system
parameters has been experimentally reported in trapped-ion systems in Ref. [207]. The experimental setup was the same
as given in Fig. 7, but a single trapped >>Mg™ ion was used there. The theoretical predictions given in Eq. (99) and Eq. (103)
were demonstrated in that experimental work. The experiment showed that the coherent amplitude « can be amplified
by a mean gain of ~ 1.77, in good agreement with the theoretical prediction of ~ 2.11 (corresponding to a squeezing
parameter of r ~ 1.38).

In order to demonstrate the amplification of the qubit-field interaction given in Eq. (103), the experiment used the
hyperfine states |}) = |[F = 3, mp = 3) and |1) = |F = 2, mp = 2) of the trapped *Mg™ ion as qubit states. This qubit is
coupled to a radial motional mode of the ion through a laser-driven stimulated Raman transition, which can be described
by a JC Hamiltonian. Note that the phase of such a laser-driven JC interaction is not stabilized with respect to the squeezing
phase, representing an example of strengthening the qubit-motion interaction where the exact phase (and thus the form)
of Hquad is not known. Experimentally, an increase in the ion-motion coupling strength by a factor of ~ 1.56 was observed
for N = 6, in good agreement with the theoretical prediction of ~ 1.7 (corresponding to r &~ 1.1).

2.4.2. Superconducting circuits

In the superconducting-circuit experiment in Ref. [209], a quarter-wavelength coplanar-waveguide resonator inter-
rupted by a superconducting nonlinear asymmetric inductive element (SNAIL) is capacitively coupled to a transmon
qubit, as shown in Fig. 10(a). This SNAIL resonator, when pumped close to twice the resonator frequency, can behave as a
degenerate parametric amplifier, and as a result can induce a significant squeezing but with a very weak Kerr nonlinearity.

The experiment was operated in a dispersive regime to provide spectroscopic features able to decouple the effect of
the undesired enhanced noise (i.e., thermal noise and two-photon correlation noise) from the expected enhanced coupling
(as opposed to the resonant case). In this regime, the interaction given in Eq. (56) leads to a dispersive coupling between
the qubit and the squeezed cavity mode, with a strength

2g?

¥ = ——=—— cosh?(r) +

Ag — wsq

Ag + wsq

2g?

sinh?(r).
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Fig. 10. Experimental demonstration of the squeezing-enhanced dispersive atom-cavity coupling reported in Ref. [209]. (a) Experimental setup with
a diagonal break. A quarter wavelength coplanar waveguide resonator (blue), as a single-mode cavity, is shunted to ground through a SNAIL element
(boxed in green), such that it can act as a degenerate parametric amplifier, whose reflection spectrum is measured through an inductive coupler
(boxed in blue). This SNAIL resonator is capacitively coupled to a transmon qubit (red) with a SQUID loop (boxed in red) threaded by a flux. (b)
Dispersive coupling x.ans Of the qubit and the cavity versus the two-photon driving £2,,, for Ajyn/27m = 0, £20, £30, and +40 MHz, and with
offsets 0.2, 0.1, and 0 MHz for clarity. The colormap represents the squeezing in decibels, and the gray shaded area refers to the instability regime.
The curves are theoretical predictions, and the symbols are experimental data; moreover, in the case of Ay, # 0, the open and solid symbols
correspond to Ay > 0 and Ay, < 0, respectively. Clearly, there is no improvement in yans for Ay = 0, but a two-fold increase in xrans for
Agpn/2m = 20 MHz at a squeezing of ~ 5.5dB.

Source: Figures, with some modifications, from Ref. [209], M. Villiers et al. PRX Quantum 5, 020306 (2024), with permission.

Here, the physical parameters are defined in Section 2.2.1. This expression is only for a pure two-level system, and for a
transmon qubit with an anharmonicity yann, it needs to be modified to

2g2 2g2
Xtrans = g Xanh COShZ(T) + g Xanh
Aq — Wsq Xanh T Aq — Wsq Aq + Wsq Xanh + Aq + wsq

sinh?(r). (105)

It can be seen that as yann — 00, xtans — X. Clearly, the dispersive coupling x in Eq. (104) and its transmon version
Xtrans 1N EQ. (105) can increase (even exponentially) with the squeezing parameter r.

As shown in Fig. 10(b), a two-fold increase in xans can be experimentally observed for Ap,/2m = 20MHz and
$£2ypn/2m = 17 MHz (corresponding to a squeezing of >~ 5.5dB). Note that there is no improvement in xans When
Anpn = 0. An asymmetric improvement of xans for the two cases of Aypn, > 0 and Ajp, < 0 was also demonstrated
in the experiment. Such an asymmetry arises mainly due to the fact that for Aypn > 0 (or Aypn < 0), the resonance of
the squeezed cavity mode shifts towards (or away from) the qubit resonance, thus decreasing (increasing) the detuning
between the qubit and the squeezed cavity mode.

In the case of Aypy = 0, the amplification bandwidth decreases as the gain increases. This is because of the fundamental
gain-bandwidth constraint; that is, the product of the gain and the amplification bandwidth is approximately equal to
the single-photon loss rate «. In sharp contrast, in the detuned case of Ay, # 0, the amplification bandwidth becomes
constant and thus independent of the gain [369]. This interesting feature was also observed in the experiment in Ref. [209].

3. Simulation of ultrastrong and deep-strong light-matter interactions

In this section, we switch from considering schemes for amplifying existing interactions to ways of simulating
interactions that are significant compared to the bare transition frequencies in the system. There are many ways to
perform such quantum simulations [177,178], and a plethora of experimental systems in which it can be implemented.
Here, we first consider, in Sections 3.1-3.3, analog simulation schemes where one or two drives are added to a system with
a low interaction strength, such that a reference frame can be found where the renormalized parameters can be tuned
by the external drives to reach the USC or DSC regimes. Then, in Section 3.4, we review digital protocols for quantum
simulation. Finally, in Section 3.5, we review a number of additional simulation methods and setups, including VQS,
two analog simulation setups with cold atoms, and ways to simulate the USC between resonators or in optomechanical
systems.

3.1. Cavity-assisted Raman transitions

3.1.1. Derivation

Some of the most important instances of simulating light-matter systems in the USC regime are based on the use
of cavity-assisted Raman transitions to obtain an effective Dicke Hamiltonian. Crucially, the effective frequencies of the
involved subsystems in the simulated Hamiltonian are strongly reduced, thereby providing a way to explore regimes
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Fig. 11. Level structures of simulations of the quantum Rabi model with cavity-assisted Raman transitions. (a) Original proposal with the atomic
electronic states, and (b) alternative proposal with the atomic motional states in a BEC. See also Refs. [370,372], respectively.

where the light-matter coupling can be very strong in comparison. Such a simulation was originally proposed in Ref. [370]
as a way to observe the superradiant phase transition of the Dicke model, and has been followed by many proposals for
particular systems. For example, in Ref. [371], a method was proposed to simulate the quantum Rabi model in cavity QED
with a single rubidium atom in a cavity.

This proposed scheme is shown in Fig. 11(a). The atomic part consists of two ground states, |0) and |1), and two excited
states |s) and |r). The two ground states constitute an effective two-level system. The cavity mode a of frequency wc,y is
coupled to the transitions |1) <> |s) and |0) <> |r). Two external lasers, of frequencies wj, and wy, drive the transitions
[1) <> |r) and |0) < |s), respectively, with Rabi frequencies £2, and £2;. By defining the lowering operators o,; = |1)(s],
oy, = |1)(rl, o4y = 10)(s], and o, = |0)(r|, and the number operators o; = |i){il, i € {0, 1, s, r}, the Hamiltonian of the
system reads

H = Ho + Hint + Har, (106)
with
Ho = weva'a + w101 + wror + wsos, (107)
Hine = gs(a'o;; + Hee.) + gr(a'oy, + He), (108)
25, - 2, -
Hgr = ;(e'w'st oy +H.c) + é(e"‘"rt oy, +Hc). (109)

The time dependence of the Hamiltonian can be removed via a unitary transformation

U= exp{i[a)’]m + wis05 + (01 + ©))or + (w5 — &) )aTa]t}. (110)
The time independence is enforced by fixing the parameter ] to be

o] = (w5 — wy)/2, (111)

which implies @] & w1, since w; & wqay — w1 and wis & wey + 1. In the new rotating frame, the time evolution is
governed by the Hamiltonian Hy = UHU + i(8,U)U*, which is now time-independent and reads Hy = Hgo + V, where
Hg is the new bare Hamiltonian, given by

HR,O = (ScaTa + Ai01 + Aror 4+ Asos, (112)

with 8, = Wy — (Wi + 01)/2, A = w1 — 0, Ay = w0 — %(a)ls + wy), As = ws — wis; and V is the interaction term that
couples the ground states to the excited states:
s, _ 2,
VZ?( Os+a(;s—)+7
Under the assumption |Ar/s| > {8c, A1, §2;s, &5}, the excited states can then be adiabatically eliminated. This
assumption enables a separation between a manifold of “fast” degrees of freedom (involving the excited states), and
a manifold of “slow” degrees of freedom (involving the ground states). After adiabatically eliminating the fast degrees of
freedom, an effective Hamiltonian for the slow degrees of freedom can be obtained: the states |1) and |0) are connected
via the second-order processes, which involve the absorption-emission processes of a cavity photon and a laser photon.
As an intuitive example, one can see that the excitation [0) — |r) by the absorption of a cavity photon, followed by
the transition |r) — |1) via the emission of a laser photon, yields an effective dynamics described by a Hamiltonian
term o aaOJq. In order to derive the effective Hamiltonian, one can follow the approach based on the Schrieffer-Wolff
transformation described in Ref. [373]. Up to second order in the interaction term V that couples fast and slow degrees
of freedom, the effective Hamiltonian is expressed as

(Gl_r + Ult) + gS(aTUfS + acr]*;) + g (afao_r + ao(;). (113)

1 1 1
(ilHeli) = Ey + ;<i|V|a><a|vu>[Ei “E e EJ, (114)
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where E; are the energies of the bare Hamiltonian E; = (i|Hgoli). The indices i, j label the states in the slow manifold,
while « labels the states in the fast manifold. We label the eigenstates of Hg as |k, n) = |k) ® |n), where k € {0, 1, s, 1}
refers to the atomic state, and |n) denotes the Fock state with n cavity photons. Then, we find:

1, n|Her|0, n — 1) = —4/n , 115
(1, n|Heg] ) [2As (115)
8r§2;
(1, n|Here|0, n + 1) %—«/n+12A , (116)
r
92 gZ
1, n|Heg|1,n) & né. + Ay — —— — n=, 117
(1, n|Hege| 1, n) e+ 4 A 2, (117)
QZ g2
0, n|Heg|0, n) &~ n§. — —— — n=. 118
( | eff| ) c 4As A, ( )
From these matrix elements, we can, by defining the spin operators S_ = o,; and S; = %(201 — 1), write the effective
Hamiltonian as
Heir = Aca’a+ Aos; + xa'aS; + Ag(a’S_ + H.c.) + A (a'S, + H.c.), (119)
where
1(g &
Ac=8 — - 4+, 120
e=8—2 (Ar + A, (120)
Ay 1(022  2F
Ag= —+ - —=--L], 121
=73 "3 ( A A (121)
2 2
gr gs
—°r 5 122
X=3 T (122)
and the effective coupling strengths are given by
K9} 2
SE_gs s, TE_gr r (123)
2A; 24,

While we here have presented the derivation for the one-atom case, the effective Hamiltonian for a system of N atoms
is only slightly modified by including a factor N for the Lamb shift of the cavity resonance, i.e., A4 — NX4 [370]. It can
be seen that one can reach y = 0 by setting grz/Ar = gsz/As. Similarly, we can set g;2;/As = g:§2,/24;, so that the
effective Hamiltonian has the form of a quantum Rabi model for N = 1, and a quantum Dicke model for N > 1:

Heit = Aca’a+ AoS; + A(a’ +a)(S— + S, (124)
with
_ _gs-Qs _ _gr-Qr (125)
2A 24,

Crucially, we see that the USC regime can be easily achieved, since both the detunings A, and Ag can be made arbitrarily
small compared to the coupling strength A.

3.1.2. Implementations in atomic condensates

The first experimental implementation of cavity-assisted Raman transitions for the simulation of the Dicke model,
and also the observation of a superradiant transition, was realized in an atomic BEC [372]. In this approach, the spin
is defined by the atomic motional states, rather than the atomic electronic states. The underlying mechanism behind the
observation of this superradiant transition in atomic clouds inside optical cavities is the self-organization of the atoms into
a checkerboard pattern, as demonstrated theoretically in Ref. [374] and shown experimentally in Ref. [375]. The theoretical
mapping of this transition to a dynamical version of the superradiance transition of the Dicke model was put forward in
Refs. [376,377]. The equivalence between them is established by writing the state of an atom as |ky, k;) |a), where |ky, k;)
describes a momentum eigenstate in the x-z plane and |a) is an internal, electronic eigenstate. The energy-level structure
and the corresponding couplings are shown in Fig. 11(b).

One can define an effective two-level spin system composed of the ground state |0, 0) |g) and an excited momentum
state |+k, k) |g) = %Zmi;:i |ak, Bk) |g), which is coupled to the cavity mode via the two-photon absorption and
emission processes. The JC-type term aot emerges from the process of the absorption of a cavity photon. Such a photon
absorption excites the state |0, 0) |g) to |tk, 0) |e) = % Zﬂ:i |pk, 0) |e), which, in turn, generates the state |tk, +k) |g)
and the simultaneous emission of a photon into the pump field. The excitation of momentum eigenstates is due to the
recoil experienced by the atoms by the absorption or emission a photon of momentum =k, and therefore a small energy
difference between the two ground states is given by the photon recoil energy, which is on the order of kHz. Similarly,
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a counter-rotating term o 'a’ is obtained when the ground state is excited to |0, £k) |e) by the absorption of a pump
photon (so that the recoil momentum is gained in the z axis instead), which is then brought to the state |+k, £k) |g) by
emitting a photon into the cavity mode.

This idea was implemented experimentally in Ref. [372], which reported the first Dicke phase transition, using a 8’Rb
BEC with N ~ 10° atoms. The Dicke phase transition and the emergence of self-organization are manifested by an abrupt
build-up of the cavity field accompanied by the development of momentum components at (ky, k,) in the atomic cloud.
The symmetry breaking between two possible superradiant states (associated with two atomic density waves shifted by
half an optical wavelength) was further explored by the same group in Ref. [378], and the dynamical properties of this
phase transition were then interpreted in terms of a Kibble-Zurek mechanism in Ref. [379]. Several theoretical works
have studied more deeply the critical properties and phase diagrams of these models; see, e.g., Refs. [380,381].

3.1.3. Implementations in trapped thermal atoms

An implementation that followed the original proposal of Ref. [370] more closely, by using the atomic electronic states
instead of the atomic motional states to encode a two-level system, was shown for the first time in Ref. [382], where
the effective two-level system was encoded by the hyperfine ground states |[F = 1, mf = 1) and |F = 2, mr = 2) of ¥’Rb
atoms, with a Zeeman splitting (on the order of MHz) induced by an external magnetic field. In Ref. [383], the same
group further explored the rich phase diagram emergent under situations of the asymmetric coupling, i.e., A; # A, and
in Ref. [384], the differences between co- and counter-propagating structures were discussed in detail.

The cavity-assisted Raman transitions have been investigated for a plethora of effects and their applications, such as
the formation of spinor self-ordering and spin textures [385,386], the generation of spin squeezing [319] and steady-
state entanglement in solid-state systems [387], the simulation of supersymmetry field theories in quantum optics [181],
the driven dissipative dynamics under strong symmetries (dissipative freezing) [388], and the engineering of spin-spin
interactions mediated by photons [389-392].

3.2. Simulated ultrastrong interactions in two-mode-driven Jaynes—-Cummings Systems

In addition to the protocols described in Section 3.1, there are a few more which also rely on applying two drives
to a system that is not in the USC regime, and in particular, a system in the strong coupling regime, which can be
described by the JC Hamiltonian or one of its close relatives. Thanks to the two drives, one can engineer a rotating frame
where the model parameters are renormalized to be in the USC regime. This type of proposal has already been realized
experimentally for both trapped ions and superconducting circuits.

3.2.1. Theoretical proposals

Basic implementation. The simulation scheme proposed in Ref. [ 182] considers a system consisting of a qubit, of frequency
wy, coupled with a strength g to a cavity mode of frequency wc,y, such that a full description of the system is given by
the quantum Rabi Hamiltonian,

w
HRabi = wcavaTa + 7’10_2 + g(a + aT)Ux. (126)
This Hamiltonian can be viewed as an equivalent variant of the quantum Rabi Hamiltonian in the dipole gauge, i.e.,
[ .
Hyg = @en'a + —loz + igag(a’ — oy, (127)

since the former can be directly obtained by applying a replacement a — ia to the latter. Here, g4¢ refers to the light-
matter coupling strength in the dipole gauge. Note that the form of the quantum Rabi Hamiltonian in the USC regime
strongly depends on the choice of gauge. In the Coulomb gauge, the standard quantum Rabi Hamiltonian is given by

w, .
Higns = @eavd'a+ —lo, + ggla+ oy + Da+a')?, (128)

where g = Zag®q/®cav, and D is the diamagnetic amplitude. According to Eq. (128), it seems as though Eq. (126) was also
a simpler variant in the Coulomb gauge, with a rotation o, — o, and at the same time neglecting the diamagnetic term
o< (a + at)?. However, in fact, such a system Hamiltonian in the Coulomb gauge in Eq. (128) is wrong in the USC regime,
since it does not produce the correct eigenvalues and, as a result, causes the breakdown of gauge invariance [73,74,393].
This gauge ambiguity has been well resolved in Ref. [74] by applying the minimal-replacement rule not only to the particle
kinetic energy but also to the particle nonlocal potential. In this case, the resulting system Hamiltonian in the Coulomb
gauge, i.e.,

HE = ocvala + % {o; cos [2n(a + a")] + oy sin [2n(a + a")]} . (129)

where 1 = g4g/®cav, 1S gauge invariant and can produce the same eigenvalues as the Hamiltonian in the dipole gauge
given in Eq. (127).
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When g <« {wg, wcav}, the RWA can be applied to Eq. (126) to yield the simplified model described by the JC
Hamiltonian

,
Hic = weavata + 7"02 +g(aoy +d'o_). (130)

To use a simple system modeled by the Hamiltonian in Eq. (130) to simulate the USC between the qubit and the cavity,
two classical drives (at frequencies w; and w,, and with strengths £2; and §2,, respectively) are applied to the qubit. By
choosing the drive strengths and frequencies appropriately, it turns out to be possible to recover, in a rotating frame, the
dynamics of Eq. (126) with parameters renormalized, such that the USC of light and matter is realized.

In more detail, the corresponding derivation is as follows. Making the RWA also for the two drive terms added to
Eq. (130), and then moving to a frame rotating at w;, the Hamiltonian of the system becomes

Wq —

w . .
H= (0 — oala+ Lo, +g(a0s + afo_) + 210y + 22V 6 4 et ], (131)
Next, we move to the interaction picture with respect to the drive term, 2,0y, and rewrite the qubit terms in the rotated
basis |£) = (|g) + |e))/ﬁ. This yields the transformed Hamiltonian

Hy = (Wcav — O)l)aTa - g(eﬂfht |+><_| + H.C.)
+ SLHH = ) =1+ €2 1) (=] = e 2 =) (+])a + Hc]

* %[(l+><+| — =) =] = €2 ) (] 4 TP =) ()€ 2T + He ], (132)

Assuming that £; > (g/4, g — w1} and that w, — w; = 2£2;, we apply the RWA to Eq. (132), keeping only the
time-independent terms, and as a result, have

2 g
Hett = (Wcav — wl)aTa - 720'2 + 5( + aT)U)o (133)

This is of the same form as Eq. (126), but with an effective cavity frequency wcy — @1 and an effective qubit frequency
§2,, both of which can be tuned by the two classical drives to values smaller than the effective coupling strength g/2.

It is important to note that the effective model in Eq. (133) is obtained in a rotating frame. Experimentally, some
quantities in this model, like the qubit population, would thus display rapid oscillations, which could make them hard
to observe. To remedy this, Ref. [182] proposes that after the two drives have been on for a time ¢, they are turned
off non-adiabatically, and then the qubit and the drive at w; are both detuned by some amount before the drive at w;
is turned on again for the same time t, but with an opposite phase to before. This protocol allows one to recover the
dynamics of the model in a rotating frame.

Variation for trapped ions. Single ions can be trapped using radio-frequency fields and have some of their electronic
degrees of freedom (a qubit) couple to their motion in the trap (a harmonic oscillator) through laser driving. The proposal
in Ref. [394] considers the situation when two laser drives are applied, in which case the Hamiltonian for such a setup
can be written as

H = wmerata + %oz + Z 2n0, cos[n(a+ a') — wnt + ¢y, (134)
n=r,b
where wy is the transition frequency of the ionic qubit, wme is the frequency of the harmonic motional mode, £2,
are the Rabi frequencies of the drives denoted by r and b, w, are the drive frequencies, ¢, are the drive phases, and
n = k/«/2 Mwpne is the Lamb-Dicke parameter, with k the component of the laser wave vector in the direction of the
harmonic motion and m the mass of the ion. Transforming to the interaction picture with respect to the bare qubit and
the motional degree of freedom, the Hamiltonian becomes

Hipe = Z %{exp{in[a(t) + a'(6)]} expli(wg — wn)tloy + Hel, (135)
n=r,b

where a(t) = gel@mot!,

Next, we assume that the two drive frequencies are tuned to wp; = wq £ Wmot + Jp/r, Such that they are close to
(detuned by 8y, from) the blue (b) and red (r) sidebands, respectively. We further assume that we are in the Lamb-Dicke
regime, i.e., 1, /<aTa) <« 1, and that the drives are resonant and weak enough (8, p, £2r 5 < ®mot) NOt to excite any other
sidebands. In this limit, also assuming equal drive strengths 2 = 2, = §2p, Eq. (135) simplifies to

ins2 . )
Hine = UT@ (ae ™" 4 a'e ") + H.c. (136)

30



W. Qin, AF. Kockum, CS. Mufioz et al. Physics Reports 1078 (2024) 1-59

Upon inspection, we see that this is the Hamiltonian in the interaction picture that would result from starting from the
original Hamiltonian

1 i1 ins2 +
H= 5(3,, —8)ata + Z(Sr + 8p)o, + T(U+ —o_)(a+ad"). (137)

The coupling form of i(o — o,)(a + aT) is an equivalent version of the light-matter coupling form of the quantum Rabi
Hamiltonian in the dipole gauge [see Eq. (127)]. Here, we can identify an effective harmonic-mode frequency (8, — 8;)/2,
an effective qubit frequency (§; + 8p)/2, and an effective coupling strength n$2 /2. These effective parameters can all be
tuned by adjusting the drive frequencies and strengths, allowing the simulator to explore a wide range of parameters in
the USC regime. As is pointed out in Ref. [394], all transformations performed here commute with observables of interest
(e.g., the number of excitations in the qubit and the harmonic mode), such that these observables can be directly measured
in experiments. A later theory work [395] suggests that some additional laser drives may need to be added to explore
the particular parameter regime where a quantum phase transition can occur.

The setup of a bichromatically driven ion can be taken further to realize other versions of the quantum Rabi model. In
Ref. [396], it was shown that it also can simulate the two-photon Rabi model, i.e., by replacing a and a' in the interaction
in Eq. (126) with a* and (a*)z, respectively, such that the photonic population only can be changed in steps of two. The
key to realizing this simulation is to tune the two drives to the second sidebands instead of the first ones, i.e., to set the
drive frequencies to wy;r = wq £ 2wmet + 8p/r. Using the same assumptions as when going from Eq. (135) to Eq. (136),
with these drive frequencies Eq. (135) simplifies to

2
HY = —¥U+ [aze""sf‘ + (a*)ze’i“bt] +H.c, (138)

int
which we can recognize as being the interaction-picture version of the original Hamiltonian

1 1 20
H= Z((Sb - 5r)aTa + Z(Sr + 8p)o; — nTUX[aZ + (at)z]' (139)

In this case, we identify an effective harmonic-mode frequency (§, — 8;)/4, an effective qubit frequency (8, + 8p)/2, and
an effective coupling strength 2£2 /4. As before, we here have the freedom to adjust the drive frequencies and detunings
to simulate a wide range of parameters that correspond to the USC regime of the two-photon quantum Rabi model.

Further generalizations of the scheme in Ref. [394] were proposed in Ref. [397]. There, it was shown that the scheme
can be extended to the Dicke model (the generalization of the quantum Rabi model to multiple qubits), as well as
variations on that, like the biased Dicke model (which includes a term proportional to oy for each qubit) and the anisotropic
Dicke model (where the rotating and counter-rotating parts of the interaction have different strengths).

3.2.2. Experimental implementations

Superconducting circuits. The first implementation of the proposal in Ref. [182] came in 2017 [184], using superconducting
circuits [10,11,14]. The experimental setup, shown in Fig. 12, consisted of an LC oscillator (the harmonic mode) and a
transmon qubit [398] (an anharmonic LC oscillator, made anharmonic by the nonlinear inductance of Josephson junctions).
Using the notation from Eq. (130), this setup had a harmonic-mode frequency w¢,y /27 = 5.948 GHz, a qubit frequency
wq tuned close to wcay, and a bare coupling strength g/2mw = 4.3 MHz, i.e., g/wcy < 0.001.

Applying two drives to the qubits as explained in Section 3.2.1 and illustrated in Fig. 12(c,d), the experimental
simulation could reach deep into the USC regime with a ratio gesr/werr &~ 0.6 between the effective coupling strength
g.¢r and the effective resonance frequency we. In these conditions, the quantum revival characteristics of the USC regime
were observed (they are due to a different mechanism, compared to the revivals that can occur in the JC model [399]).

The maximum drive strength of the stronger of the applied drives is limited by the anharmonicity of the qubit,
o /21 = (w31 — w1o)/2m = 0.36 GHZ, where w1 and w5 are the transition frequencies for the first and second transitions
of the qubit, respectively. This is because a too strong drive would excite higher levels of the qubit. However, this did
not preclude simulating a higher ge¢ or a lower weg; the actual limitation to observing dynamics for higher ratios gefr/wesr
was the decay rates of the qubit and the harmonic mode.

Trapped ions. The proposal of Ref. [394], discussed in Section 3.2.1, was first implemented in an experiment with a
trapped ion in 2018 [183]. In that experiment, an ”'Yb™ ion was trapped and cooled down to its motional ground state.
Using the notation from Eq. (134), the qubit transition frequency was w,/2m = 12.642812 GHz (using a transition in
the Sy, hyperfine manifold) and the harmonic motional mode had a resonance frequency of wnet/27w = 2.498 MHz. The
drive strength §2 of the bichromatic laser drive was chosen such that the effective coupling strength was held fixed at
Zeit = 11§2/2 = 2 x 12.5 MHz and the detuning from the red sideband was set to zero, i.e., §; = 0. The effective resonance
frequency of both the qubit and the harmonic mode then became wegf = 85/2, and the detuning §, from the blue sideband
was varied to achieve different ratios gefr/wesr between 0.04 and 1.2, with the latter simulating the DSC regime.

In simulations starting from a state with the qubit excited and the harmonic mode in its ground state, the experiment
showed how the dynamics qualitatively differ between the regime where the JC model holds, the regime of USC but not
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Fig. 12. Experimental setup used in Ref. [184] for simulation of USC with superconducting circuits. (a) Optical micrograph of the chip used, with
the transmon qubit highlighted in red and the A/2 microstrip resonator constituting the harmonic mode highlighted in blue. The resonator next to
the harmonic mode is not used in the experiment; it is detuned from the other components in frequency. The scale bar in the bottom left corner is
1mm. (b) Circuit diagram of the setup on the chip. The qubit and the resonator are capacitively coupled, and the qubit also couples capacitively to
another resonator, which is probed through a transmission line (TL) to read out the qubit state. (c) Pulse sequence used to simulate the quantum
Rabi Hamiltonian. (d) Illustration of the frequencies for the harmonic mode and the applied drives.

Source: Figures, with some modifications, from Ref. [184], ]. Braumiiller et al. Nat. Commun. 8, 779 (2017), with permission.

DSC, and the regime of DSC. In the DSC case, the effect of the counter-rotating terms is especially clear, with the number
of phonons climbing above six. Additional experiments simulating the DSC regime demonstrated phonon-number wave
packets bouncing back and forth, adiabatically prepared the ground state of the quantum Rabi Hamiltonian in the DSC
regime (starting from the JC regime and slowly increasing the effective coupling strength), and studied the low-energy
spectrum of the quantum Rabi Hamiltonian.

In 2021, another experimental group used the same setup with a trapped 'Yb™ ion to study a quantum phase
transition in the quantum Rabi model [400], demonstrating a theoretical prediction from Ref. [401]. By making the red and
blue sideband detunings §, and &, almost the same, the regime with wq > @wme was simulated. Here, the drive strength
£2 was then swept to simulate sweeping geg across a quantum critical point. The behaviors predicted from the quantum
phase transition for both qubit and phonon populations were observed, with both populations increasing significantly
when gesr exceeded the critical value.

The next year, the same group took this setup further by simulating the Rabi-Hubbard model [402]. In that model,
several sites, each governed by a quantum Rabi Hamiltonian, are coupled together through hopping between the bosonic
modes of the respective sites. The quantum Rabi Hamiltonian was simulated as above, while the hopping interaction was
given by the Coulomb interaction between ions. In the experiment, which used up to 16 ions, a quantum phase transition
was observed and various dynamics of the system were studied at a scale beyond what a classical computer can simulate.

3.3. Simulated ultrastrong interactions in single-mode-driven Jaynes-Cummings systems

One of the most important hallmarks of the ultrastrong regime of light-matter coupling is the existence of nonlinear
processes that do not conserve the total number of excitations in the system. In Ref. [163], a complete description of
many such processes is provided, which includes, for instance, the conversion of a single photon into multiple atomic
excitations [67,171,174] or multiple photons [165], multiphoton oscillations [166], converting an atomic superposition
state into an entangled photonic state [170], frequency conversion [ 162], and nonlinear photon-mediated interactions [85].

In order to implement the majority of these nonlinear processes, a crucial requirement is that the Hamiltonian should
neither conserve the total number of excitations nor its parity. The quantum Rabi model, with a light-matter coupling
term of the form g(a + a')(c~ + o), does not conserve the total number of excitations due to the terms gao~ and
gato . However, these terms still keep the total parity constant, since they add or remove excitations by an even number.
Therefore, most of the aforementioned processes, such as the simultaneous absorption of a single photon by several
atoms [171,174], require the implementation of a generalized Rabi model with the addition of another coupling term
of the form o,(a + a'), which allows to increase or decrease excitations by an odd number. As a result, one can engineer
non-linear processes characterized by the coherent oscillation between an initial state |i) and a final state |[f) with a
different total number of excitations, such as the simultaneous absorption of a single photon by two atoms, that would
be represented by the two states |i) = |1, g, g) and |f) = |0, e, e). This can be achieved if the system parameters are tuned
such that |i) and |f) are eigenstates of the bare Hamiltonian with the same energy, allowing one to obtain an effective
Hamiltonian that generates the coherent conversion between the two states,

Hesr = gerr(If) (il + H.c.). (140)
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From the point of view of simulations, a recent proposal [186] showed that all the nonlinear processes emerging from
the generalized quantum Rabi model — including those breaking parity conservation — can be simulated in JC systems
well below the USC regime, using only a single coherent drive. This result is achieved by working in the dressed basis of
the atoms driven by the classical field. Let us consider the Hamiltonian of a single driven atom coupled to a cavity mode
in the weak-driving regime described by the JC model, and written in the rotating frame of the drive:

H = Ajata+ A,07 0 —l—g(aTU* —l—ao*) —i—.Q((T+ +c77), (141)

where §2 is the drive amplitude. The part that describes the driven atom can be exactly diagonalized. Denoting the ground
and excited eigenstates of the undriven atom |g) and |e), respectively, the eigenstates of the driven atom, |%), can be
obtained as a rotation of the original eigenstates around the y axis:

|+) = cos @ |g) + sinf |e) = exp(ioy,20)g) ,

|—) = sinf |g) — cos O |e) = — explioy (20 + )] 1g) , (142)
where cosf = l/\/@, sinf = l/m, 0 €[0,7/2], & = £2/(As/2 + R), and R is the Rabi frequency given by

R=22+4+(4,/2)%. (143)
One can then define a new atomic lowering operator in the dressed basis, 6~ = |—)(+/, related to o~ by

0~ =sin?06~ — cos>HGF + cos B sin 66, (144)

with 6, = 2676~ —1. This allows one to obtain a new light-matter Hamiltonian between the cavity mode and the dressed
atom, of the form

H = Aqa'a+ R6; + g[(sin® 06~ — cos® 66 + sin6 cos 66;)a’ + H.c.]. (145)

Crucially, this light-matter Hamiltonian has terms of the types o« a6~ and o afé*, which violate the conservation of
the total number of excitations, and o« a6, and o a'G,, which violate the conservation of parity. Therefore, a light-
matter interaction of the form in Eq. (145) has all the necessary ingredients to simulate the nonlinear processes that can
be achieved with a generalized quantum Rabi model, described by effective Hamiltonians of the form of Eq. (140). The
matrix elements of the effective Hamiltonian can be obtained, for instance, using the method described in the previous
section, based on Eq. (114). An alternative technique to obtain this type of effective Hamiltonians, which is particularly
convenient when processes higher than second order are involved, is described in Appendix B, with details on how to
achieve a second-quantized form of the effective Hamiltonians in Appendix C.

3.3.1. Example: Two atoms simultaneously excited by a single photon

We now briefly discuss a particular example of the simulation of a particular nonlinear process by which two atoms
are simultaneously excited by a single photon. This process is a characteristic of ultrastrongly coupled light-matter
systems [171,174,175]. We consider two atoms coupled to a single cavity mode. The states of the bare basis, working
in the dressed-qubit picture, are {|4, £, n)}. For the nonlinear process where a single photon is simultaneously absorbed
by two atoms, the initial and final states are

[ == —n+1); |f) =1+ +,n). (146)
The Hamiltonian, in the rotating frame of the driving, reads
H= Agla+ A, (afal i a;az) + 2(01 4+ 09 + Hoe) Jrg[a(alT " aj) n H.c.], (147)

where a is the bosonic annihilation operator of the cavity and A, = w;, — w (A, = w, —wy) is the cavity (qubit) detuning
from the drive frequency. In the dressed qubit basis, it then becomes

H = Adla+R(5/5+52)
~|—g{a[sin2 0(61 + &3) — cos? G(cﬂ + &ZT) +sinf cos 0(G1,; + 5'2‘2)] + H.c.}‘ (148)

When the resonance condition A, =~ 4R is satisfied, the nonlinear process |—, —,n + 1) <> |+, +, n) is enabled, which
can be described by an effective Hamiltonian

Her = Aqata + Z(R + )6, + xa'aé,,; +geff(aT5152 + a51T52T)- (149)
i

Here, A and & are, respectively, a Lamb shift and a dispersive coupling rate. Their expressions can be found in Appendix D,
where we elaborate on three examples of different nonlinear processes in further detail, including the one discussed here.
Moreover, using perturbation theory, the effective rate of this process is computed to be

3

Seff = % (cos® 0 sin® 0 + 3 cos @ sin’ ). (150)
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3.4. Digital simulation

The simulation protocols described so far in this section all fall into the category of analog quantum simulation,
where a system is arranged (in the cases we have seen, by the use of external drives) to behave like the system we
want to simulate. The other approach to simulating quantum systems is digital quantum simulation [176,178], where
quantum gates or other means are used to turn different Hamiltonian interactions on and off in a sequence (a Trotter
decomposition [403]). This yields the same time evolution as the total Hamiltonian we wish to simulate. In examples in
this subsection, the proposed and implemented schemes could also be called digital-analog quantum simulations [404],
where the Hamiltonians available in the simulator are interleaved with quantum gates on parts of the system.

3.4.1. Theoretical proposal

A proposal for a digital-analog quantum simulation of the quantum Rabi model was first presented in 2014 in
Ref. [405]. Similar to the proposal of Ref. [182], discussed in Section 3.2.1, the starting point is a system with a qubit
coupled to a resonator, which is well described by the JC Hamiltonian in Eq. (130). The key insight used is that the
quantum Rabi Hamiltonian

Heabi = wrea’a + %az +gr(a+at)oy (151)
can be divided up into Hrapi = H1 + H,, where

Hy = %a*a + %UZ + gr(aoy +a'o_), (152)

H, = %aTa — %oz + gr(ao_ +a'oy), (153)

with Wq1 — Wq2 = WRq-
In a frame rotating with frequency wgr, the standard JC Hamiltonian in Eq. (130) becomes

~ A
Hic = Acala+ 7"02 +g(aoy +d'o_), (154)

with A¢/q = wc/q — wgr. This has the same form as H; in Eq. (152). Applying a qubit rotation (a bit flip) to Eq. (154) yields

. - A
e_’”"X/ijce'”"X/z = Acafa — qu'z + g(aU— + aT0+)’ (155)

which has the same form as H, in Eq. (153). By changing the qubit frequency before performing the bit flip, we can set
the effective simulated qubit frequency wgq. The effective simulated resonator frequency becomes wg. = 2A. and the
effective simulated coupling is unchanged, gz = g.

The simulation then consists of short Trotter steps, where the system is switched between evolving in time with the
Hamiltonian in Eq. (154) and the Hamiltonian in Eq. (155), by detuning and flipping the qubit. To lowest order in t/s,
where t is the total evolution time and s is the number of Trotter steps, this approximates the time evolution of the full
quantum Rabi Hamiltonian as [403]

2
exp(—itHrabi) A [exp(—itH,/s) exp(—itHy/s)] + O(%) (156)

However, a better Trotter approximation is to let each step consist of first applying H; for a quarter of the time, then H,
for half the time, and finally H; again for a quarter of the time. This ensures a smaller Trotter error.
As is also pointed out in Ref. [405], this scheme is readily extended to simulating the Dicke Hamiltonian [30]

N N
Wpq - .
Hp = wpca'a + Z 70}” + ng(a +a')o? (157)
Jj=1 j=1
for N qubits interacting with a single harmonic mode, by using a system well described by the Tavis-Cummings
Hamiltonian [31]

N N
Hrc = weavata + E 7‘7020) + E g(aaﬂ) + aToﬁ')). (158)
= =

All that is required is to flip and detune all the qubits in parallel in exactly the same way as one qubit is flipped and detuned
in the simulation of the quantum Rabi model. Note that in order to satisfy the gauge principle, the Dicke Hamiltonian in
the dipole gauge is (see Ref. [406] for the case in the Coulomb gauge)

HSE = weaala + oS, + 2igag(al — a)Sy + 4nga,S2, (159)
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Fig. 13. Digital quantum-simulation protocol implemented in Ref. [410]. The qubit (green line) starts at its sweet spot, detuned from the resonator
frequency (red line). At the beginning of a Trotter step, the qubit frequency is tuned close to the resonator frequency. Next, the qubit is detuned
again and flipped by a 7 pulse (an additional phase ¢ is introduced by the choice of the rotation axis for the pulse), tuned back close to resonance
(to a different frequency than the preceding time), detuned again and flipped back by a second 7 pulse (introducing a second additional phase ¢,),
tuned close to resonance again (with the same frequency as the first time), and finally detuned back to the sweet spot. The first and last tuning
close to resonance implements an effective JC Hamiltonian [(154)]; the middle tuning close to resonance (with the qubit flipped) implements an
effective anti-JC Hamiltonian [(155)]. The phase difference ¢; — ¢, sets the rotating frame in which the simulation takes place.

Source: Figure from Ref. [49], A. F. Kockum et al. Nat. Rev. Phys. 1, 19-40 (2019) [adapted from Ref. [410], N. K. Langford et al. Nat. Commun. 8,
1715 (2017)], with permission.

where S, = jv 10x 9 It is seen that the Dicke Hamiltonian in Eq. (157) can be viewed as a simpler variant of Eq. (159)

in the dlpole gauge, with neglecting the diamagnetic term o S2. Note that, however, although this diamagnetic term is
safely negligible below the USC regime, it can become important in the USC regime [74,393,406].

The ideas from Ref. [405] were further developed and generalized in Ref. [407], which considered simulating some
variations of the Dicke model, and also provided more detailed expressions for the error in the Trotter expansion shown in
Eq. (156). For example, the Hamiltonian of a Fermi-Bose condensate can be mapped onto a generalized Dicke model with
inhomogeneous qubit frequencies [408], which can be simulated just like the standard Dicke Hamiltonian by tuning the
qubit frequencies individually. A biased Dicke model, where a term Z 1 AUX) is added to Eq. (157), appears somewhat
more complicated to simulate, requiring more gates applied to the qublts For a pulsed Dicke model [409], where the
coupling strength gp in Eq. (157) is time-dependent, the simulation scheme of Ref. [405] can be modified to include
tunable couplings g (provided that the experimental setup allows that).

3.4.2. Experimental implementation

The proposal of Ref. [405] for digital quantum simulation of the quantum Rabi model was implemented experimentally
in 2017 [410], using superconducting circuits. The main components of the setup were a resonator with a resonance
frequency wey/27r = 6.381GHz and a transmon qubit with a tunable frequency (sweet spot for protection from
decoherence at a)z/ = 5.452GHz). The two were coupled capacitively with a strength g/2x = 1.95MHz, so
g/weay = 3 x 1074, far from the USC regime. In the simulation, an effective coupling strength up to gg/wg. ~ 1.8 was
realized.

The experimental protocol is sketched in Fig. 13. To reduce Trotterization error, a second-order Trotter step as described
below Eq. (156) was used. Each Trotter step took 122 ns; one simulation run consisted of up to 90 Trotter steps. An
improvement on the original protocol in Ref. [405] was that the rotation axes used to flip the qubit were chosen to yield
phases that defined the frequency of the rotating frame in which the simulation takes place.

In the experiment, the simulation was used to observe the time evolution of both qubit and photon population from an
initial state with the qubit excited and the resonator in its ground state. The phase-space dynamics of the resonator state
were also mapped out through Wigner tomography of the resonator for different initial states and conditioned on the
results of qubit measurements, demonstrating qubit-resonator entanglement. These insights into USC and DSC photonic
states were helped by the fact that the resonator photons in this simulation setup always are real, not virtual. However,
this feature of the simulator also meant that decoherence from the photon decay was a major limitation for the simulator
performance.

3.5. Other simulation methods

There are several approaches to simulating USC, which do not cleanly fall into the categories above of digital quantum
simulation or analog quantum simulation through additional drives defining renormalized parameters, or which target
other ultrastrongly coupled systems rather than those described by the quantum Rabi or Dicke models. In this subsection,
we give an overview of these other approaches, starting from VQS to find the ground state of the multimode Dicke model
in Section 3.5.1, and continuing with schemes for analog simulation of the quantum Rabi model: using coupled waveguides
in Section 3.5.2 and using two variations on setups with cold atoms in Sections 3.5.3 and 3.5.4. We then conclude with a
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method for simulating USC between two resonators in Section 3.5.5 and schemes for the simulation of USC optomechanics
in Section 3.5.6.

3.5.1. Variational quantum simulation

The broad class of quantum algorithms known as variational quantum algorithms (VQAs) [411] have been widely
explored over the past few years, in the hope that they will be able to provide advantages when run on near-term
quantum computers still subject to noise. In a VQA, the aim is to solve some problems encoded as minimizing a cost
function. To find a solution, an ansatz in the form of a parameterized quantum circuit, applied to some initial quantum
states, is chosen. By measuring properties of the output state after the circuit has been applied, information is gathered
that lets a classical optimization algorithm update the parameters of the circuit to approach an optimum encoding the
solution to the problem. In particular, VQAs can be applied to finding the ground or excited states of a given Hamiltonian
in this manner, or even simulating the time evolution; this class of VQAs are known as VQS [411,412].

In 2020, Di Paolo et al. [413] proposed the use of VQS to find the ground state of a system with USC. The proposal
considered a generalization of the quantum Rabi model [(126)] to N qubits and M harmonic modes, i.e., a multimode
Dicke model, which is described by the Hamiltonian

H = Z Cl)qt zy Za)kakak + Z Zglko (a,< + ak), (160)

i=1 k=

where wg; is the transition frequency of qublt i, wy is the resonance frequency of mode k, and gj, is the strength of the
coupling between qubit i and mode k.

To treat the problem with VQS, the first step is to encode the bosonic modes in the qubits used in the VQS. The encoding
chosen in Ref. [413] truncated the Fock space of mode k to have at most n;’®* photons and then encoded this state using
np** 4 1 qubits as |n;) — ‘00 oo Onp1 15, Oy - On,r(nax>. The annihilation operator of mode k then maps to the qubit

operators, such that

nmax 1
ax — Z Ve + 1ank0n,+1, (161)
n,=0

which facilitates simulation by only containing nearest-neighbor interactions between pairs of qubits.

The simulator is initialized in the state |vac) = ®f’=1 |0qi) ®f.‘i1 |0x), where |0i) is encoded in the qubits as shown
above. To find the ground state |G) of the system, one applies an ansatz, a parameterized unitary operator U(#), to |vac)
and searches for an optimal set of parameters 6*, such that

IG) ~ U(#") |vac) (162)

and #" minimizes the energy of the system [set by the Hamiltonian in Eq. (160)]. In Ref. [413], the choice of U(#) is based
on the polaron transformation [414], which approximately disentangles Eq. (160). For one qubit, this transformation is
given by

P = Hexp[a)’ O'x(al<+ak):| (163)

k=1

where a)q is a renormalized qubit frequency. The transformation, applied as PTHP, displaces the modes depending on the
qubit state.
The final form of the variational ansatz is
N M dy f
HHHexp( ik "xk> exp(d’ "xk> (164)
i=1 k=1 s=1 ik
where X7 and X act on the even and odd sites, respectively, in the qubit register encoding mode k, so as to form

X¢ + X? = a, + a. The variational parameters f; are to be optimized in the VQS. They stem from the terms wk’i‘w,
q

in Eq. (163). For the case of multiple qubits, an additional term is added before this ansatz to initialize the qubits in an
entangled state instead of ®" | |Oqi).

In Ref. [413], the ability of this variational ansatz to find the ground-state energy of small instances of Eq. (160)
was tested both in numerical simulations and in an experiment using three superconducting qubits on an IBM quantum
processor. In the numerical simulations, the VQS came within a few percent (relative error) of the ground-state energy
for the single- and two-mode quantum Rabi and Dicke models with a Fock-space truncation of 3-5 photons per mode.
Interestingly, the energy estimate from the VQS was better than the value given by doing the exact polaron transformation
n (163). In the experiment using superconducting qubits, the errors were larger, but there was qualitative agreement in
how the ground-state energy changed as a function of g/w, when simulating the resonant quantum Rabi model [(126)]
using two qubits to encode the mode. The errors were attributed to both the noise in the quantum processor and the
performance of the classical optimization algorithm used in the VQS.
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3.5.2. Coupled waveguides
A scheme for analog simulation of the dynamics of the quantum Rabi model [(126)] proposed in 2011 [415] takes as
its starting point the observation that the state of the system can be written as

[W(6) =) Au(t)|g, n) + Ba(t) e, n) , (165)
n=0

where the first entry in the kets denotes the qubit state and n denotes the photon number. Since the quantum Rabi
Hamiltonian preserves the parity of the total number of excitations, the evolution of the coefficients in Eq. (165) decouples
into two parity chains. If we define c,(t) to be A,(t) for even n and B,(t) for odd n, its evolution is determined by

dea(t) (=1
d“f = KnCn41 + Kn—1Cp—1 + Ta)qcn + NwcavCn, (166)

where x, = g+/n + 1. The other parity chain has coefficients f,(t), which are B,(t) for even n and A,(t) for odd n. The
coefficients f;(t) obey the same evolution as in Eq. (166), but with c,(t) replaced by f,(t) everywhere.

The proposal of Ref. [415], implemented experimentally in 2012 [416], is to construct an array of coupled photonic
waveguides where the amplitudes of the propagating light in the waveguides evolve according to Eq. (166). In that setup,
the propagation distance in the waveguide corresponds to the time, the coupling g is set by the coupling between adjacent
waveguides (which has to increase as 4/n + 1 to make g constant; this is achieved by setting the spacing between the
waveguides), the qubit transition frequency is set by a modulation of the effective refractive index in the waveguides,
and the resonator frequency is determined by the gradient of the refractive index.

In the experiment of Ref. [416], this proposal was implemented in 15 waveguides written with a femtosecond laser on
a fused silica substrate. The relevant parameters were set such that g/w¢y = 0.65, well in the USC regime, was realized.
By measuring the light distribution in the waveguides, it was possible to observe the time evolution of the qubit and
resonator populations in the simulation. To simulate a different set of parameter values, it was necessary to manufacture
a new set of waveguides; no parameters were tunable in situ for this simulator.

i

3.5.3. Ultracold atoms in optical lattices

Another proposed method for simulating the physics of the quantum Rabi model uses ultracold atoms in an optical
lattice [417]. In the limit of few atoms, the interactions between atoms are negligible and the Hamiltonian of a single
atom in the lattice can be written as
2

2
1% mw

H=2_ 1 2 costakox) + 20,2, (167)
2m 2 2

where m is the mass of the atom, p = —ih% is the momentum of the atom, x is the position of the atom, wq is the

frequency of the atomic motion in a harmonic trap induced by laser driving in the setup, V is the depth of a periodic
potential induced by laser driving, and 4k is the wave vector of that potential (stemming from a four-photon interaction
with a driving field having a wave vector ko [418]).

Assuming that the harmonic trap varies slowly on the scale of the periodic potential, a suitable basis for the system is
the Bloch functions <x|¢>nb(q)> = ¢n,(q, X) = exp(igx/h)uy, (x), where q is the quasimomentum, nj is the band index, and
Uy, (x) is a periodic function with the same periodicity as the periodic potential. Taking u,,(x) = exp(—2ikox) exp(4inpkox),
which yields a first Brillouin zone q € (—2fikg, 2hko], in the Bloch basis the Hamiltonian in Eq. (167) becomes, for the two
lowest-energy bands (i.e.,, n, = 0, 1),

_ 1 (¢ +4nkyq 0 Vo 1\ mhe? 3 (1 0
H_ﬂ< 0 q* — 4hkeq T72\1 o) 7 a2 \o 1) (168)

assuming that the system state is fully contained in the first Brillouin zone.
Rotating the qubit basis appropriately, the Hamiltonian in Eq. (168) corresponds to the quantum Rabi Hamiltonian

in Eq. (126) with a cavity frequency wey = o, a qubit frequency wy; = ZV—ﬁ and a coupling strength g = 2k0‘/’%?. In

Ref. [417], it is shown that with typical parameters of ultracold rubidium atoms in an optical lattice, these values would
correspond to g/w.y ~ 10, well into the regime of DSC, without much tunability possible, while the effective qubit
frequency could be widely tuned in the range w,/wey € [0, 30].

The experimental implementation of the proposal from Ref. [417] was published in 2023 [419]. The experiment
employed rubidium atoms in a setup with a trap frequency wg/27 in the range [350, 750] Hz and an effective coupling
strength g/2m e [2290, 3090] Hz, achieving g/wcy up to 6.6. The effective qubit frequency w,/2m could be tuned
widely, from 0 Hz to 5850 Hz. These settings enabled the observation of the time evolution of both the bosonic and qubit
excitations in simulations of the DSC regime. In a follow-up experiment with the same setup, collapse and revival of the
excitation number in the DSC regime was observed [420].
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3.5.4. Atomic quantum dots coupled to superfluid Bose-Einstein condensates

An alternative way, compared to the proposal of Ref. [417] in Section 3.5.3, to use cold-atom systems for the simulation
of the quantum Rabi model was put forward in Ref. [421]. In that proposal, a superfluid BEC in a shallow confining
trap is made to interact with an atomic quantum dot [422], i.e., a single atom (of the same species as the atoms in the
BEC, but in a different hyperfine state) in a tight trap. The system is assumed to be in the collisional-blockade regime,
meaning that the interaction g4y between atoms in the dot is much larger than interaction g, between atoms in the BEC,
such that the dot is never occupied by more than one atom, making it a two-level system. The BEC is assumed to be in
the low-temperature superfluid regime, such that its quantum fluctuations can be described by a continuum of bosonic
modes (phononic excitations). The coupling between the atomic quantum dot and the BEC is introduced through a Raman
transition (effective Rabi frequency §2, detuning §) from external lasers.

The setup outlined above can be described by the Hamiltonian

2 lof
H= Zwkaltak + Tdoz + |:—3’ + Zg(ak + ali>:| Ex (169)
K K

where the effective qubit frequency £2; is set by £2 and the number of atoms in the BEC, wy are the BEC mode frequencies
with the corresponding annihilation operators ay, and the coupling between the atomic quantum dot and these phononic
modes is given by

— @k
V 2AVe.

where V is the volume of the BEC and g, is the coupling between the atomic quantum dot and the atoms in the
condensate. The parameter §' depends on g, g, §2, and & [422]. Since the couplings g4, g, and g4y can be tuned by
external magnetic fields close to Feshbach resonances, it is possible to set 8 = 0. By further having suitable boundary
conditions for the BEC trap, the phononic modes can be spaced widely enough in frequency that only one of them
effectively couples to the two-level system of the atomic quantum dot. We then recover the quantum Rabi Hamiltonian
from Eq. (126).

In Ref. [421], it is shown that for standard parameters of a setup with a rubidium BEC and a potassium atomic quantum
dot, one can achieve an effective cavity frequency of a few hundred Hz (clearly lower than in most other simulation
proposals discussed in this review) and an effective coupling g that ranges from much less than that to much more than
that, i.e., spanning from much less than USC all the way to DSC. It is also possible to add more atomic quantum dots to
simulate the Dicke model instead of the quantum Rabi model.

g (8cd — &cc)s (170)

3.5.5. Ultrastrong coupling of two resonators via three-wave mixing

A close relative of the quantum Rabi and Dicke models is the Hopfield model [32], which describes the interaction
between two harmonic modes (not a harmonic mode and a qubit; however, the second harmonic mode can be an effective
model for a collection of atoms) without having made the RWA. Omitting the diamagnetic term, the Hopfield Hamiltonian
reads

Hipa = wqa'a + wpb’b + G(a + a') (b + b'), (171)

where w, and wj are the resonance frequencies of the modes a and b, respectively, and G is the strength of the coupling
between them. Note that here, in order to satisfy the gauge principle, the Hopfield Hamiltonian in the dipole gauge is
given by [406]

Hyy = wea'a + wpb'b + iGagla’ — a)(b + bT) + Gy(b + bT)?, (172)
and in the Coulomb gauge, by
Higy = woa'a + wpbTh — iGeg(bT — b)(a + a') + Glgla+a' ), (173)

where Ggg and G are the coupling strengths in the dipole and Coulomb gauges, respectively. Moreover, G, and G/cg are
the corresponding diamagnetic amplitudes, which are related to the strengths Gqz and G, respectively. The Hopfield
Hamiltonian in Eq. (171) can be viewed as a simper variant in the dipole or Coulomb gauge, neglecting the diamagnetic
term o (b4 b')? or (a+af)?. However, note that although these diamagnetic terms can be safely removed below the USC
regime, they can become important in the USC regime [74,393,406].

In 2017, Ref. [423] put forward a proposal for simulating Eq. (171) in a setup with two superconducting resonators
connected through a three-wave-mixing process generated by a Josephson mixer [424]. By pumping the Josephson mixer
with two tones, at frequencies wp = wq + wp + 2§ and wr = w, — wp, respectively, where § is a small detuning, the
Hamiltonian for the setup (shown in Fig. 14) becomes

Hs, = wea'a + wpbth + Z [a)jc;cj +x (cj + c]T)(a +a')(b+ bf)], (174)
j=B,R
where cg and cp are the annihilation operators for the two drive tones.
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Fig. 14. Setup of Ref. [423] for simulating USC between two resonator modes, a (orange) and b (blue). The ring of four Josephson junctions shorted
by inductors in the middle of the two resonators realizes three-wave mixing between a, b, and a mode c that can be driven from the left in the
setup. The box on the left is a hybrid coupler which serves to couple modes a and c to different transmission lines.

Source: Figure from Ref. [423], S. Fedortchenko et al. Phys. Rev. A 95, 042313 (2017), with permission.

If the two drives are off resonance from the mixer, the stiff-pump approximation lets us treat cg and cg as two complex
amplitudes. In the regime where |§] < wq, wp, |wg — wp| and |XCB,R| < 18|, applying the RWA results in an effective
Hamiltonian

Her = —8a’a — 8b'b + Gg(a'b' + ab) + Gg(a'b + ab'), (175)

where Gg/r = xCp/r, describing the system in a frame where the mode a rotates at a frequency w, + 4, and the mode b
rotates at a frequency w, + §. Choosing drive amplitudes such that Gg = Gg = G, this is of the same form as Eq. (171)
and allows tuning the ratio G/|§| into the USC regime by selecting the detuning § of the drive frequencies.

The proposal of Ref. [423] was implemented in an experiment in 2018 [425]. There, the mode frequencies were
wq/27 = 8.477 GHz and wy, /27w = 6.476 GHz, much larger than the achievable interaction strength ycp g from the three-
wave mixing. However, the simulated effective frequency and coupling were of comparable size, with both a few tens
of MHz. In this regime, Ref. [425] demonstrated how the modes hybridize in the USC ground state, and measured both
single- and two-mode squeezing of the emitted fields from the two resonators, as a result of the entanglement in the
ground state.

3.5.6. Simulation of ultrastrong optomechanics

The USC regime in cavity optomechanics refers to the case where the single-photon optomechanical coupling gy is
comparable to the mechanical frequency wy,, i.e., g ~ wn. However, as mentioned in Section 2.1, the single-photon
coupling g is typically extremely weak, and reaching ultrastrong optomechanical interaction has remained challenging
so far, despite considerable theoretical [283-287] and experimental [426] effort aimed at this goal. Therefore, there have
been several methods proposed to simulate ultrastrong optomechanical interaction with current technologies [427-429].

Among these possible simulation methods, it was suggested in Ref. [429] that two bosonic modes, with annihilation
operators a and b, are coupled with a cross-Kerr interaction of strength g, i.e.,

Hyerr = Xafabfb’ (176)

similar to Eqgs. (80) and (90), and one of these bosonic modes, say b, is driven by a detuned, strong driving of frequency wg.
Upon introducing a displacement transformation, b = §b + B, with §j being the field amplitude induced by the driving,
it follows that

Hgerr = —PBpxa'a(sb' + b). (177)

Here, 8 has been assumed to be real for simplicity and the residual cross-Kerr interaction has been neglected.

The right-hand side of Eq. (177) is of the same form as the optomechanical interaction Hamiltonian given in Eq. (5).
The effective optomechanical coupling strength is now S, x and the effective frequency of the mode §b, which plays the
role of the mechanical resonator, is the detuning A, = wp — wy, Where wj, is the bare frequency of the mode b. Clearly, the
ratio By x / Ap can be made comparable to (or even much larger than) unity by tuning the drive amplitude and frequency,
such that an ultrastrong optomechanical interaction can be well simulated.

In an analogous way, it has been theoretically shown that a Fredkin-type interaction of three bosonic modes can also
be used to simulate ultrastrong optomechanical interaction [430], and that with the squeezing of the mode b, even a
quadratic optomechanical coupling in the USC regime can be simulated [431].
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4. Summary and perspectives

In this review, we have described theoretical and experimental quantum simulation and amplification methods
developed in the past decade or so for increasing the coupling between light and matter, from strong to ultrastrong
and deep strong, i.e., when the coupling strength becomes comparable to the frequencies of photons and characteristic
atomic transitions.

It should be stressed that the methods described here are not limited to photon-mediated interactions, but have also
been applied to amplify interactions mediated by phonons or magnons. In fact, the first experimental demonstrations
of quantum amplified boson-mediated interactions were reported for phonons [206], and only later for photons [209].
We believe that these described methods can also be generalized and applied to amplify the interactions mediated by
exciton-polaritons, plasmons, magneto-plasmons, rotons, or other types of collective bosonic interactions.

In the past two decades, we have witnessed impressive theoretical and experimental progress demonstrating how
the ultrastrong coupling of light and matter facilitates the generation or emulation of complex quantum phenomena
that were hitherto beyond reach. Multiple experimental platforms, which comprise superconducting circuits, quantum
wells, molecules, organic light-emitting diodes, two-dimensional electron gases, plasmonic nanoparticle crystals, or
YIG (yttrium-iron-garnet) crystals, have been developed for probing a wide array of physical phenomena. From non-
perturbative light-matter interactions to the emergence of novel quantum phases, such platforms have unraveled a host
of intriguing phenomena with far-reaching fundamental and practical implications.

Despite this impressive progress, both theoretical and experimental, we hold the perspective that the exploration of
the ultrastrong and deep-strong coupling regimes remains in its nascent stages, with a vast realm of novel effects and
potential applications for quantum technologies awaiting their emergence. It should be stressed that such applications are
not limited to quantum information processing, quantum metrology and sensing, advanced materials (like cavity-mediated
electron-photon superconductors) and nanotechnology, but also include possible applications for quantum chemistry [25],
quantum biology [26], or for testing supersymmetric (SUSY) theories. We believe that, by applying the described or other
methods for amplifying light-matter interactions, such fundamental and practical objectives can be accomplished with
greater ease and speed.

Let us conclude this review with the following opinion of Carlo Rubbia about the progress in quantum physics in
general: “I think Nature is smarter than physicists. We should have the courage to say: ‘Let Nature tell us what is going
on.” Our experience of the past has demonstrated that in the world of the infinitely small, it is extremely silly to make
predictions as to where the next physics discovery will come from and what it will be. In a variety of ways, this world will
always surprise us all. We have to leave all this spectrum of possibilities open and just enjoy this extremely fascinating
science”. This opinion is not limited to elementary-particle physics, but it is also very relevant for the emerging field of the
ultrastrong light-matter quantum interactions. Our perspective is that, with quantum amplified light-matter interactions,
Nature can reveal a great deal about what is going on and how to make use of it.
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Appendix A. Eliminating squeezing-induced noise

For simplicity, we consider a two-photon-driven cavity coupled to a squeezed vacuum bath with a squeezing parameter
1. and a reference phase 6,. To begin, we work within a frame rotating at H;o; = wzpha*a /2+Hg, where a is the annihilation
operator for the cavity mode, wyph is the frequency of the parametric driving of the cavity mode, and Hg = _, vt (v))t (1))
is the free Hamiltonian of the bath, with t(v;) being the annihilation operator for the bath mode of frequency v;. In this
frame, the full Hamiltonian is

Hr = Hppa + Hj, (A1)

where Hppa is the Hamiltonian responsible for the parameter driving, which is given in Eq. (35), and

Hy =) a(w)[ta’ +H.c] (A2)
1

represents the coupling of the cavity mode to the bath, with the frequency-dependent coupling strength A(v;).

To proceed, we introduce the squeezed cavity mode agq of frequency wsq using the Bogoliubov transformation given
in Eq. (38). Then, we again switch into the frame rotating at wsqaiqasq; in this frame, the coupling of the cavity mode to
the bath is transformed to

Hi(t) = a(t)TT(t) + H.c. (A3)
Here, we have defined
a(t) = exp(—iwopnt/2) exp(iwsqal,asq)a exp(—iwsal asq)., (A4)
T(6) = Y A(u)t(v)exp(—ivt). (A5)
]

Following the standard procedure in Ref. [1] and then returning to the frame rotating at H,,, we obtain the master
equation expressed, in terms of the a; mode, as

Pc= — i[wsqanaSCh Pc]
+ K(qu + 1)£(asq)pc + KNSqE(an)pC
— KMgq £ (asq) pe — e MZ £/ (aly) pe (A6)
where
1
Nsq = cosh?(r) sinh?(r,) + sinh?(r) cosh?(re) + 3 sinh(2r) sinh(2r) cos(fe — 6apn), (A7)
Mgq = exp(—i6apn) [sinh(r) cosh(re) + exp[—i(6e — bapn) ] cosh(r) sinh(re) |
x[cosh(r) cosh(re) + exp[i(6e — 62pn)] sinh(re) sinh(r)], (A8)
and the Lindblad superoperators are defined by
1 1
£(0)p =o0po’ — Eo*o,o - E'OOTO’ (A9)
1 1
£'(0)p = 0po — 5000 = 5 poo. (A.10)

The decay rate « of the cavity mode in Eq. (A.6) is expressed as
i = 27 d(wapn/2) A% (w2ph/2). (A.11)

where d(a)zph /2) is the density of states for the squeezed vacuum bath at frequency w;pn/2. Here, we have assumed that
the central frequency of the squeezed vacuum bath is equal to half the two-photon driving frequency (i.e., wypn/2). In
addition, we have also made the approximation

d(w2pn/2 £ @) ~ d(wapn/2). (A12)

This is justified as the frequency w; of the squeezed cavity mode is typically much smaller than the frequency wy,p of the
parametric driving.
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Eigenvalues of :E )
subsystemB —————— LB

Eigenvalues of —— B
subsystem A A

Fig. B.1. Requirements for applying adiabatic elimination. The energy levels, E,; and Eg;, of the subsystems A and B need to be distributed in
well-separated manifolds. At the same time, the elements of coupling A and B also need to be much smaller than this difference.

From Egs. (A.7) and (A.8), we can, by setting r. = 0, see the effects of the thermal noise and the two-photon correlation
noise caused by the detuned parametric driving. However, when choosingr, =rand 6, — 60 = +n7x (n =1, 3,5, ...), we
have

Ngq = Mgq = 0, (A.13)
such that the master equation in Eq. (A.6) is simplified to

e = —i[wsqal asq. pc] + K L(a5) pe. (A.14)
It is seen that the squeezing-induced noises, arising both from the parametric driving and the squeezed vacuum reservoir,

are completely suppressed as desired, and as a result, that the squeezed cavity mode is equivalently coupled to a vacuum
reservoir.

Appendix B. Effective Hamiltonians from perturbation theory

In this appendix, we describe a perturbative method that allows one to obtain the effective Hamiltonian in a relatively
straightforward manner. The main advantage of this method is that it can be cast in a very simple form, very similar to
second-order perturbation theory, but can encapsulate effects beyond the second-order theory.

Let us start by considering the following Hamiltonian in a matrix form:

_ ([ Ha  AHu
H‘(AH;B HB)’ (B.1)

Written in this form, the separation between the two sectors of the Hilbert space, A and B, is made explicit. Here, A is
the subspace of the Hilbert space consisting of N4 states {|a,), |az), ... ]aNA>}, and B is another subspace, consisting of Np
states {|by) , [ba) . ... |bn,)}. The Hamiltonians within A and B are Hx and Hp, respectively, with matrix elements given by
Ha i = (ai|H|a;) and Hg; = (bj|H|b;). These two subspaces do not have independent dynamics; they are coupled by the
“interaction” Hamiltonian M:IAB, where AHpg i = (a;|H|b;). The parameter A has been included in this definition to act as
a perturbation parameter that is considered small in the following. Defining the projectors

Nap
Pa= > laail, (B2)
i=1
Np
Pg= Y bi)(bil, (B3)
i=1
we can write
Hp = PaHP,,
Hp = PgHP;g,
)Hap = PAHPg.

The Hamiltonian H, is thus an Ny x N4 matrix, Hg is an N x Np matrix, and Hyp is an Ny x N matrix.

Our main goal is to obtain an effective Hamiltonian that describes the evolution of subsystem A under the influence of
subsystem B, without the need of explicitly describing subsystem B. This is only possible if the timescales of the intrinsic
dynamics of the two subspaces are very different—this is why it is called adiabatic elimination—and still remain different
even after considering the coupling between them. In energetic terms, this requires a “clustering” of energy levels, so
that these energy levels can be split into some well-separated manifolds, as discussed, e.g., in Ref. [373] and illustrated
in Fig. B.1. In particular, by denoting the eigenvalues of Hy and Hp as {Es;} and {Ep;}, respectively, we require

Eni — Eaj| < |Eai — Egjl (B.7)
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and
A|(ai|Has|bj)| < |Exi — Egyl. (B.8)

Let us now discuss how this elimination can be performed in a simple way. For this, we write the eigenvalue equation
for the Hamiltonian in Eq. (B.1) as

Hy  AHag\ (¢a @A
= E N B.9
(KH/IB Hy > (‘PB Z; (B9)

where @4 is an Ny x 1 vector and ¢g an Np x 1 vector. Explicitly performing the matrix multiplication yields two coupled
equations for ¢4 and @g:

(E — Ha)pa = AHgp @8, (B.10a)
(E — Hp)ps = AH}z ¢a. (B.10b)
Solving Eq. (B.10b), we obtain
1
)»H B.11
B = E — H 7B PA- ( )

Substituting this result into Eq. (B.10a), we obtain an eigenvalue equation for ¢,, equivalent to Eq. (B.9), but in terms of
an Ny x Ny Hamiltonian Heg, which only acts on elements of the subspace A:

(E — Hefr)pa = 0, (B.12)

where

Hep = Ha + AZHABE — His. (B.13)
So far, this is an exact result, and one can see that the apparent simplicity of Eq. (B.12) is hiding a considerable degree of
complexity residing in the denominator of Heg in the presence of E. This equation is therefore not so straightforward to
solve.

The key to obtain a truly effective Hamiltonian for the dynamics in the subspace A is to apply our previous assumptions
about the clustering of energy levels, which allows us to treat the Hamiltonian AHup as a perturbation. The unperturbed
energy levels of the subspace A, i.e., the eigenvalues of Hy, are all clustered around an energy level that we call Ep, and
they are well separated from unperturbed energy levels of the subspace B. All the terms of the coupling Hamiltonian AHgp
are small in comparison to this separation. Therefore, the corresponding perturbed energy levels of A can have the energy
E = E; + O()). Considering that Eq. (B.12) is an eigenvalue equation for one of those perturbed energy levels, we can, up
to lowest order in the interaction parameter A, write Heg as

1
Her = Hp + A2 L HjB (B.14)
0

This can now be understood as en effective Hamiltonian for the subspace A. This method of computing Heg, Which has
the appealing form of second-order perturbation theory, has the significant property of being able to encapsulate any
higher-order process that occurs within the eliminated subspace B. This aspect is discussed in more detail in the main
text.

Appendix C. Effective Hamiltonians in second-quantized form

The effective Hamiltonian of Eq. (B.14) is defined in the subspace A. In most instances, this result can be generalized
and written in terms of the general bosonic and atomic annihilation and creation operators, giving a clearer understanding
of nonlinear processes. To show how this can be done, let us consider a general situation in which we have N, cavities
and N, atoms (or qubits), and the initial and final states are some tensor products in the dressed-qubit basis:

Ncav Na

® ) @) si) (c1)
j=1

Ncav

= ® lsi). (C2)

k=1

where ni, n, € N denote the photon numbers and s;, s]’. € {+,—}. We assume ny # n, and s; # s]/. — otherwise, the
corresponding cavity or atom does not change during the whole process, and then it can be factored out. Let us also
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System 1: one qubit System 2: two qubits
coupled to two cavities coupled to one cavity

V9

Fig. D.1. Cavity-QED setups used to simulate ultrastrong light-matter interactions with the addition of a single atomic drive. In system 1, a single
qubit (or atom) is assumed to be coupled to two cavity modes; in system 2, two qubits are assumed to be coupled to a single cavity mode.

define the change of the photon number in cavity k as Any = nj — n (which characterizes the process), a transition
operator Cy for cavity k as

[ if Ang < 0,
G = . Cc3
k a,t if Ang >0, (C3)
and a transition operator A; for atom j as
a=1% NH=T (C.4)
o; if s =—

so that |f) oc [T, G ™A li).
As a result, we can obtain a general expression for the effective Hamiltonian in terms of the creation and annihilation
operators, provided we can find a set of parameters y;;, Aj, and g, which allows one to rewrite the matrix Hef in the

form
Hegt = Hy + ( Dok gnisi +sih) + o gl [ i /(max[ng, "L])\Ank\> _ (C5)
8ert [ [ v/(max(ng, mDjang Doy Xk jmisj + SiAj) + o

Here, note that « is an overall energy shift that can be ignored. We can then rewrite Eq. (C.5) as

Her = Ha+ Y _ | xiej alaudiz + 2612 + gerr | [ [ G4+ Hee | | (C6)
k.j k.j

From this expression, it is clear that x,; describes an effective dispersive coupling between cavity k and atom j, A; is a
Lamb shift of the natural frequency of atom j, and g is the rate of the coherent exchange between [i) and [f).

Appendix D. Examples of simulating ultrastrong light-matter interactions in single-mode-driven Jaynes-Cummings
systems

In this section, we provide details of the derivation of the effective Hamiltonians, which describe the nonlinear
characteristic of ultrastrong light-matter interactions simulated in JC-type systems with the addition of a single drive,
as discussed in Section 3.3 of the main text. The three cases that we consider here are based on two examples of the
cavity-QED systems depicted in Fig. D.1: a single qubit coupled to two cavities, and two qubits coupled to a single cavity.
The three nonlinear processes that we discuss are: (i) two photons simultaneously emitted by a single atom; (ii) frequency
conversion of photons; and (iii) two atoms simultaneously excited by a single photon. These three cases are examples
of nonlinear processes that have been discussed in the context of ultrastrongly coupled light-matter systems, e.g., in
Refs. [85,162,171].

D.1. Example I: Two photons simultaneously emitted by a single atom

System. The setup considered is system 1 displayed in Fig. D.1: a single atom—described as a qubit—is coupled to two
cavity modes. The states of the bare basis in the dressed-qubit picture are {|%, n, m)}, where — and + stand for the
dressed-qubit states of Eq. (142), and n,m = 0, 1, ..., are the numbers of photons in the two cavity modes, respectively.
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Example I: two photons simultaneously
emitted by a single atom

(b) [+, n,m + 1)
Iz—k\\\f,n, m+1)
|—,n,m) o \\ [+,n—1,m+1)

k\ k)
\\ #I/I
N Y |+n—1,m)

[—n—1,m) Example IlI: two atoms simultaneously
Example II: frequency conversion of photons excited by a single photon

Fig. D.2. Intermediate transition processes that mediate the effective interactions (a) between the two states |+,n,m) and |—,n+ 1,m+ 1) in
example I, (b) between the two states |[+,n,m+ 1) and |—,n+ 1, m) in example II, and (c) between the two states |—, —,n+ 1) and |+, +, n)
in example III. Blue solid arrows denote transitions that conserve the number of excitations, red dashed arrows denote transitions that change the
number of excitations by one, and blue dashed arrows denote transitions that change the number of excitations by two. Transitions marked by blue
arrows conserve parity; transitions denoted by red arrows do not. See also Refs. [162,163,171].

Nonlinear process. We consider the nonlinear process where a single dressed atom simultaneously emits two photons,
and vice versa. The initial and final states are thus

[y =I+,n,m; [f)=|-n+1,m+1). (D.1)

Intermediate states. For any choice of |i) and |f)—i.e., any value of m and n—the subspace of intermediate states involved
in the process (to lowest order) consists of the following 12 states:

{I£,n+1,m), [£,nm+1), |+ n+2m+1),
|:|:7n+1am+2>7|:|:7nsm_1)a|:|:an_1am>}' (D'z)

Among these 12 states, there are four that contribute, as intermediate states, to the interaction between [i) and |f), as
shown in Fig. D.2(a). The other eight states, which are not plotted in Fig. D.2(a), contribute to the Lamb shifts and the
dispersive couplings, which need to be accounted for since these are of the same order in g as the effective coupling.

System Hamiltonian. The Hamiltonian, in the rotating frame of the drive, is given by
H = Adla; + Azabay + Ayofo + 2(0 + o) +g[o (a{ + az) + H.c.], (D.3)

with a; , the bosonic annihilation operators of the cavity modes, A;, A, and A, the frequency detunings of the cavities
and qubit with the drive (i.e., Ay = wx — wL), 2 the amplitude of the driving field, and g the coupling rate between the
cavities and the qubit (considered to be equal for simplicity). In the dressed-qubit basis, we obtain

H = Aala;, + Azdla, +R6, + g[(sin2 06 — cos® 06" + sin6 cos 65;) (aI + az) + H.c.]. (D.4)

Approximate resonance conditions. The nonlinear process |+, m,n) <> |—,n+ 1, m+ 1) is enabled when the following
resonance conditions are met:

The second condition is imposed in order to detune the first-order processes (e.g., 6aI + H.c. if Ay = 2R), and the

. - 42 . . o
competing second-order processes [e.g., (aai + H.c.) for A; = R] that can excite degenerate photon pairs within a

single cavity [432-434].
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Effective Hamiltonian. The resulting effective Hamiltonian, using Eq. (B.14), takes the form

Ata o/ D(m + 1)
Hl —H Xin+ x» m+ off ’ D6
! A+<géff n+Dm+1) —xin+1) = xo(m+1)—i+a (D.6)

which, following the procedure outlined above, can be written as

Hip = Majar + 42050, + R+ 1) + (xlaial + Xzazaz)(}z +géff(a1;a;5 + H~C-)- (D.7)
Here, g;ff refers to the effective two-photon coupling rate; it is given by

gy = g% cosOsin® O[RF(1 — f)17", (D.8)
where we have introduced a parameter f € (0, 1) such that

Ay =2fR, A;=2(1-f)R, (D.9)

ensuring that the resonance condition is automatically fulfilled. Moreover, the Lamb shift of the qubit is

g2

A= ?[cos“e(A;L +451) —sin*o(aTl +451)], (D.10)
and the dispersive coupling rates are
cos*o  sin*9\ |
xi=g2< R ) ie{1,2}, (D.11)
i,+ i,—

with Ai,:t = A,‘ + 2R.

Exact resonance conditions. In order to obtain the full Rabi oscillations between the states |i) and |f), the diagonal elements
of Héff should be equal. While the approximate resonance condition, given in Eq. (D.5), allows us to justify the derivation
of Hl, it does not exactly meet the condition for the equal diagonal elements of Hlg. Thus, it needs to be fine-tuned. In
order to do this, we introduce a small correction § < R to the value of A4, such that

A =2R+8=2R— A, +34, (D.12)
and then find the § that makes the diagonal elements of H; equal. The resulting § is

8 =224+ x12n+ 1)+ x2(2m + 1). (D.13)
The lowest energy levels and the avoided level crossing arising under the exact resonance condition are plotted in
Figs. D.3(a) and D.3(b), respectively.

D.2. Example II: Frequency conversion of photons

System. The setup considered here is again system 1 in Fig. D.1 as in example I: a single atom—described as a qubit—is
coupled to two cavity modes. The states of the bare basis, working in the dressed-qubit picture, are again {|%, n, m)}.

Nonlinear process. We consider the nonlinear process where a photon is converted into a photon of different energy. The
initial and final states are, thus, given by:

iy =|+,n,m+1); |[f)=|—-,n+1,m). (D.14)

Intermediate states. For any choice of |i) and |f)—i.e., any value of m and n—the subspace of intermediate states involved
in the process (to lowest order) consists of the following 12 states:

(I, n+1,m+1),|&,nm),|£,n+2,m),
|£.n+1,m—1),|+,nm+2),|£,n—1,m))} (D.15)

As in the previous example, there are four states that contribute, as intermediate states, to the interaction between |[i)
and |f), as shown in Fig. D.2(b). The other eight states, which are not shown, yield the Lamb and dispersive shifts.

System Hamiltonian. The Hamiltonian is the same as Eq. (D.3) in example L.

Approximate resonance conditions. The nonlinear process |+, n, m+ 1) <> |—, n+ 1, m) is enabled when the following
resonance conditions are met:

As in example I, the second condition guarantees that the second-order processes, introducing photon pairs into the
cavities, are out of resonance.
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Example I: two photons simultaneously emitted by a single atom
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Fig. D.3. (a), (c), (e) Lowest energy levels of the system Hamiltonians in examples I, II, and III, respectively, of simulating ultrastrong light-matter
interactions. Here, E, refers to the eigenenergy of the nth eigenstate; A} and Aj denote the values of the detunings A; and A,, respectively, at
which the exact resonance conditions are fulfilled. (b), (d), (f) Enlarged view of the boxed regions in (a), (c), (e), respectively, each showing an
avoided level crossing around their bare eigenenergy Ey. These avoided level crossings originate from the state hybridization due to the high-order
nonlinear interactions shown in Fig. D.2.

Effective Hamiltonian. The resulting effective Hamiltonian, using Eq. (B.14), takes the form

Hety = Hy + (X”;S; X(zr(znlﬁ)&iﬂ;r o X%%; J£n1;r—l );ET S (x) : (D-17)
which, following the procedure outlined above, can be written as

HY = Avalay 4+ Azalay + R+ 2)6, + (xlaxal + Xzazaz)éz +g£ff(a;ra25 + H.c.). (D.18)
Here, glt; refers to the effective rate of the nonlinear process; it is given by

gélffzgz(f_ 1)cos®0'sin6 + f cos O sin30. (D.19)

RF(f = 1)
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In Eq. (D.18), we have defined
Ay =2R, Ay =2(f — 1)R, (D.20)
for f € (0, 1), such that the resonance conditions are automatically fulfilled. Moreover, the Lamb shift of the qubit is
_ g2cos®0(4R+ Ay + Ay) | g?sin® (4R — Ay — Ay)
2 (2R+ A1)(2R+ A3) 2 (2R— A1)(2R — A))
and the dispersive coupling rates are
,( cos*6 sin 9 )
Xi=8& <2R+Ai+2R—Ai>’ ie{l,2}. (D.22)
Exact resonance conditions. Following the same discussion as in example I, and setting

A =2R+8=2R+ Ay +3, (D.23)

(D.21)

one can see that the § for the exact resonance condition has the same form as given in Eq. (D.13). The lowest energy
levels and the avoided level crossing arising under the exact resonance condition are plotted in Figs. D.3(c) and D.3(d),
respectively.

D.3. Example Ill: Two atoms simultaneously excited by a single photon
Here we discuss the nonlinear effect originally described in the USC regime in Ref. [171] and recently experimentally

realized in Ref. [174]; that is, two atoms can be simultaneously excited by a single photon, and vice versa.

System. The setup corresponds to system 2 in Fig. D.1: two atoms are coupled to a single cavity mode. The states of the
bare basis, working in the dressed-qubit picture, are again {|+, &, n)}.

Nonlinear process. We consider the nonlinear process where a single photon is simultaneously absorbed by two atoms.
The initial and final states are, thus, given by:

i) =|—,—n+1); |f)=I++,n). (D.24)

Intermediate states. For any choice of |i) and |f)—i.e., any value of n—the subspace of intermediate states involved in the
process (to lowest order) consists of the following 12 states:

{|+,_,n+1),|_,+,n+1),|+,+,n+1>,|+,_,n>,|_,+,n),|_,_,n),
I+ —n+2), |- +.n+2), |- —n+2), - +n-1), [+ —n—-1), [+ +.n—- 1} (D.25)

These states mediate the interaction between |i) and [f), up to third order, as shown in Fig. D.2(c). Note that there is no
second-order process coupling |i) and |f).

System Hamiltonian. The Hamiltonian, in the rotating frame of the driving, reads
H=A'a+ A, (ofo1 +0f0r) + Qo1+ 00 + He) + g[a(a]T +of)+ H.c.], (D.26)

where a is the bosonic annihilation operator of the cavity and A; = w, — w, (As = w, —w) is the cavity (qubit) detuning
from the drive frequency. In the dressed qubit basis, it reads:

H= AaaTa+R(&Jal +a§&2)

—i—g{a[sin2 0(61 + 63) — cos? 9(&;r + 6;) +sin6 cos 0(G1,; + &2,2)] + H.c.}. (D.27)
Approximate resonance condition. The nonlinear process |—, —,n+ 1) < |+, +,n) is enabled when the following
resonance condition is satisfied:

Aq ~ 4R. (D.28)

Effective Hamiltonian. The resulting effective Hamiltonian, using Eq. (B.14), takes the form

mo_ —xin+1)—x2—r+a gerV/n+ 1
Her = Ha + ( ghvn+1 2xn+2x+a)’ (D.29)

which, following the procedure outlined above, can be written as
H% = Awata+ S (R+ )62+ xa'ad, + g;'gf(af&l&z +a5] 5*). (D.30)
i
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Here, glft is the effective rate of the nonlinear process; it is computed to be

3
gl = % (cos’ 6sin® 6 + 3 cos 6 sin’ 0). (D.31)
It is clear from the cubic dependence on g that, in contrast to the two previous examples, this is a third-order process; the
intermediate transitions are shown in Fig. D.2(c). On the other hand, both the Lamb shifts of the atoms and the dispersive
coupling between the atoms and the cavity are dominated by the second-order processes and, thus, exhibit a quadratic
dependence on g:

g2 (2R — Ag)cos* 0 + (2R + A,)sin* 0

A= , D.32
2 4R — A2 (D.32)

X = 2A. (D.33)

Exact resonance conditions. Following the same approach as in the previous examples, the fine-tuning of the resonance
condition is done by defining a small energy detuning § < R, such that

Ag =4R+ 6. (D.34)
The detuning is then found to be
§=4n+ 1)x. (D.35)

The lowest energy levels and the avoided level crossing arising under the exact resonance condition are plotted in
Figs. D.3(e) and D.3(f), respectively.
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