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Introduction

Quantum mechanics has always provided a conceptual framework for the
description of microscopic phenomena and has been applied to explain prop-
erties and behaviour of a wide range of natural systems. In particular, the
main developments have been achieved through the first half of the twenti-
eth century thanks to the understanding of the interaction of matter with
electromagnetic fields. Several achievements in the understanding of these
properties have been obtained treating the electromagnetic field classically.
However, in order to fully understand the light-matter interactions a full
quantum theory is required. For example, quantum mechanics allowed to
understand the transport and optical properties of materials. Nowadays,
the field studying these light-matter interactions using a fully quantum de-
scription for both light and matter is the so called Quantum Optics. This
widespread field is attracting great growing interest and is driving the sec-
ond quantum revolution. Indeed, during the last several decades much efforts
have been directed at exploiting the most puzzling effects of quantum me-
chanics, like, for example, the quantum superpositions and the entanglement,
for the development of practical technologies. As part of this research direc-
tion, devices for high-precision sensing [1-4], secure communication [5,6] and
quantum information processing [7], have been implemented in several types
of systems. The driving force behind all these developments is the ability
to experimentally manipulate and control quantum dynamics in a large va-
riety of systems ranging from single photons [5, 8|, atoms and ions [9, 10],
individual electron and nuclear spins [11-13], to mesoscopic superconducting
circuits [14, 15] and nanomechanical devices [16,17]. In particular, each of
these systems possesses physical properties that make it better suited than
others for specific tasks; for example is well-known that, photons are best

suited for transmitting quantum information, weakly interacting spins may
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be used as long-lived quantum memories, while superconducting circuits can

rapidly process information encoded in their quantum states.

The main goal of the quantum technologies is the implementation of de-
vices that can simultaneously perform several of these tasks in the most effi-
cient way. This goal, can be achieved by combining different systems in order
to build a new "hybrid” system able to hopefully inherit only the advantages
of each one of its components and to provide the required multitasking capa-
bilities [18-20]. Specifically, the fundamental property of a functional hybrid
quantum system (HQS) is the ability to communicate, with high fidelity,
quantum states and properties between its different components. Clearly,
even if the idea behind a hybrid quantum system is conceptually simple the
experimental realization of such a device requires careful planning and sev-
eral challenges may arise. For example, if the energy scales of the coupled
components are too different, even in the presence of a good interaction, the
swap processes between the subsystems may not take place. Another obsta-
cle arises when the effective coupling strength g.g between the subsystems is
too weak. In this case, the fidelity of the communication between the com-
ponents results very low. Notice that the minimal coupling strength required
for a functional hybrid quantum system is determined by the coherence time,
that is the time over which quantum superposition states survive. It follows
that the effective coupling rate g.g between the subsystems must be large
enough to allow quantum state transfer between them within the shortest

coherence time Ty, of the two, i.e., gog Trin > 1.

The first ideas of hybrid quantum systems derive from quantum infor-
mation processing and were inspired by the progresses in circuit quantum
electrodynamics (circuit QED), where superconducting qubits are coupled to
high-quality microwave resonators [21-26]. Superconducting artificial atoms
based on Josephson junctions are well-controlled quantum systems but, dif-
ferently than natural atoms, they suffer from short coherence times since they
are very sensitive to environmental noise from extrinsic and intrinsic deco-
hering elements. A better design of the qubits [27-30] and the surrounding
circuitry could reduce decoherence caused by extrinsic elements such as the

local electromagnetic environment. On the other hand, coherence is limited
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by more intrinsic elements, like the low-frequency noise, that are very hard
to avoid. However, superconducting quantum circuits present different ad-
vantages. For example, as they can be designed with specific parameters,
the strong-coupling limit for one or more superconducting qubits in a copla-
nar waveguide resonator can be attained much more easily than for natural
atoms in an optical cavity (cavity QED system) [31]. Moreover, by taking
advantage of the large kinetic inductance of a Josephson junction in the cen-
ter conductor of a resonator, it has been possible to experimentally achieve
the so-called ultrastrong coupling regime [31-34], where the light-matter cou-
pling strength is comparable to the energy scales of the system components
(in this case, qubit and photon). For relatively large Josephson energies
(E; > 1000 GHz), the coupling energy can easily reach values of ~ 1000
MHz and beyond, corresponding to several tens of percent of the resonator
frequency [32]. As long as the Josephson inductance is small compared to
that of the qubit, this coupling can be increased further by lowering the

Josephson energy of the inserted junction.

The importance of the ultrastrong coupling regime in this specific type
of hybrid systems does not rely only in the possibility to get better perfor-
mances from new promising quantum computing technologies [35]. Indeed,
this light-matter regime presents a great variety of new exciting phenom-
ena that cannot be observed in the conventional weak and strong coupling
regimes [33, 34, 36-38]. Most of them derive from the fact that in this ul-
trastrong coupling regime, the rotating wave approximation of the Jaynes
Cummings model [39], well describing many cavity QED experiments in the
standard weak and strong coupling regimes, breaks down and the counter-
rotating terms in the interaction Hamiltonian lead to observable experimen-
tal consequences [33,34]. In this situation, the total number of excitations
in the system is no more conserved, even if the parity is [40]. The most
important consequence of this fact is that the ground state of the system
is now a squeezed vacuum containing a finite number of virtual qubit(s)-
resonator excitations [36,41] that cannot be experimentally detected unless
a time-dependent perturbation is applied to the system [36]. Other hybrid

systems with a great potential for the development of new quantum tech-
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nologies are the so-called optomechanical systems, in which a mechanical
resonator interacts with an optical cavity [42-45]. The typical experimental
setup is constituted by an optical cavity in which one of the mirrors can move
serving as mechanical harmonic oscillator. If the vibrational energy of the
movable mirror becomes larger than the thermal energy kgT', the mechanical
oscillation can behave quantum mechanically and the resulting quantized vi-
brations of the mirror can couple to the photons in the cavity due to radiation
pressure. This kind of setup has been realized in a large variety of systems
in recent years [46-50]. However, the experimental observation of this quan-
tum behavior is challenging since it requires the cooling of the mechanical
resonator to extremely low temperatures and the ability to generate nonclas-
sical states. It is possible to realize an analogue of a cavity optomechanical
system exploiting superconducting circuits without the necessity of using any
moving part [51]. In this case, the circuit consists of a coplanar transmission
line with an electrical length that can be changed at a few percent of the
speed of light by modulating the inductance of a superconducting quantum
interference device (SQUID) composed by two Josephson junctions which
form a loop [52]. The movement is then simulated by tuning the magnetic
field passing through the SQUID loop. Using this type of superconducting
systems, it has been possible to observe the creation of real photons out of
vacuum fluctuations [53] as in the dynamical Casimir effect (DCE), where
a mobile mirror undergoing relativistic motion convert virtual photons into
directly observable real photons [54]. In this case, however, the boundary
conditions of the system are modulated by an effective motion, producing a
parametric amplification of vacuum fluctuations (parametric-DCE [55-59]).
Thus, these optical experiment do not demonstrate the conversion of me-
chanical energy into photons as predicted by the dynamical Casimir effect.
Recently, much effort has been directed by many groups towards this type
of hybrid quantum system and various designs/applications have been ex-
plored. Among all these studies we could highlight the generation of quantum
entanglement [60], quantum measurement [61], high precision displacement
detection [62], and cooling [63-65]. Moreover, since quantum superpositions

are the main resources for quantum information processing, many theoretical
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proposals and experimental demonstrations have been presented in order to

generate arbitrary superpositions of different mechanical Fock states [66—69].



Overview and Results

The thesis is structured as follows. After an introductory part giving an
overview of the field and providing the general context in which my research
activity has taken place, a brief description of the theoretical tools is pre-
sented.

In Chapter 1, the quantum theory of light-matter interaction in cavity
QED is presented . After a brief review of the weak and strong coupling
regimes, the peculiarities of the ultrastrong coupling regime are shown. In
particular, it is pointed out that in this regime the rotating wave approxi-
mation cannot be safely made and counter-rotating terms in the interaction
Hamiltonian must be taken into account. This evidence has two important
consequences, namely that the total number of excitations in the system is no
more conserved and the dressed ground state now contains a finite number
of virtual excitations.

Chapter 2 is devoted to describe the theoretical model behind the interac-
tion between optical and mechanical resonators. The canonical quantization
of both the field and the motion of the mirror, in order to derive a nonrel-
ativistic Hamiltonian of a one-dimensional mirror-field coupled system in a
cavity configuration, is discussed. This approach leads to a more detailed
description of a typical cavity optomechanical setup in terms of an Hamilto-
nian known as ”Law Hamiltonian” [70]. This theoretical framework provides
a more fundamental explanation of the Casimir dynamic effect, and opens the
door to a possible experimental observation of light emission from mechanical
motion.

Chapter 3 is devoted to describe the standard formulation of dissipation
in the ultrastrong coupling regime. In particular, it has been demonstrated
that, while the standard quantum optical master equation can be safely used

to describe the dynamics of the system in the weak and strong coupling
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regimes, in the ultrastrong coupling regime this standard approach fails to
correctly describe the dissipation processes and leads to unphysical results
as well [71]. For example, an incautious application of the standard relations
for a system in its dressed ground state, which now contains a finite number
of photons due to the counter-rotating terms in the Rabi Hamiltonian, would
result in a prediction of an unphysical stream of output photons from the
vacuum even in the absence of any external driving. The dressed master
equation approach presented in this chapter has been used as starting point
to derive a generalized approach in Paper 5.1

Chapter 4 is devoted to introduce the Gauge Principle in quantum me-
chanics. In particular, after a brief general introduction, I provide a review of
the issues recently pointed out by several groups claiming that this fundamen-
tal principle is violated when the light-matter system enters the ultrastrong
or deepstrong coupling regime.

Chapter 5 and Chapter 6 provide an overview of my publications in chrono-
logical order.

In particular, Chapter 5 is mainly centered on papers studying the dy-
namics of open Hybrid Quantum Systems (HQSs). According to quantum
mechanics, a closed system always displays a reversible evolution. However,
no quantum system is completely isolated from its environment; for exam-
ple, control and readout of a quantum system requires a coupling to the
outside world, which leads to dissipation and decoherence. For this rea-
son, realistic quantum systems should be regarded as open. The standard
approaches to describe the HQSs dynamics neglect the interaction among
the system components when considering their coupling to the environment.
This approximation, as has been shown for cavity-QED [71] and optome-
chanical [72] systems, leads to unphysical predictions when the interaction
strength becomes large as in the ultrastrong-coupling regime. In Paper 5.1
we went beyond these previous derivations and presented a general master
equation approach for arbitrary hybrid quantum systems interacting with
thermal reservoirs. This approach has been used to study the influence of
temperature on multiphoton vacuum Rabi oscillations in circuit QED and

the conversion of mechanical energy into photon pairs in an optomechanical
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system.

In Paper 5.2 we studied the dynamical Casimir effect (DCE) in the ul-
trastrong cavity optomechanics. Specifically, by adopting a fully quantum-
mechanical approach for both the cavity field and the oscillating mirror [73],
and by using the generalized master equation (presented in Paper 5.1) we
found that the dynamical Casimir effect can be observed also when the mov-
able mirror is excited by and incoherent drive removing one of the major
obstacles for the experimental observation of this long-sought effect.

In Paper 5.3 we considered a generalized optomechanical system consist-
ing of two vibrating mirrors constituting an optical resonator. Specifically, we
found that motional forces can determine noticeable coupling rates between
the two spatially separated vibrating mirrors. It follows that, by tuning the
two mechanical oscillators into resonance, it is possible to observe an energy
exchange between them, enabled by virtual photon pairs (Casimir photon
pairs). Thus, the electromagnetic quantum vacuum is able to transfer me-
chanical energy, acting somewhat like an ordinary fluid.

Papers in Chapter 6 are, instead, mainly centered on the resolution of the
ambiguities recently arose on the validity of the Gauge invariance principle
in the USC regime. Gauge invariance is the cornerstone of modern quantum
field theory. When the light-matter interaction becomes very strong, different
gauges can lead to drastically different predictions, leading to several contro-
versies [74-78]. Recently, it has been claimed that the quantum Rabi model
(see Chapter 1), describing the dipolar coupling between a two-level atom
and a quantized electromagnetic field, violates this principle giving different
predictions depending on the chosen gauge [79]. This failure is attributed to
the finite-level truncation of the matter system. In Paper 6.1 we show that a
careful application of the gauge principle is able to restore gauge invariance of
the quantum Rabi model even for extreme light-matter interaction regimes.
The resulting Hamiltonian in the Coulomb gauge significantly differs from
the standard model and provides the same physical results obtained by using
the dipole gauge. It turns out that it contains field operators to all orders
that cannot be neglected when the coupling strength is high. These results

shed light on several subtleties of gauge invariance in nonperturbative and
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extreme interaction regimes, which are now experimentally accessible, and
solve all the long-lasting controversies arising from gauge ambiguities in the
quantum Rabi and Dicke models.

In Paper 6.2 we focused on the resolution of serveral fundamental issues
like the proper definition of subsystems and their quantum measurements,
the structure of light-matter ground states, or the analysis of time-dependent
interactions arising when considering high coupling strength regimes like the
ultrastrong and the deep strong.

In Paper 6.3 we studied the gauge invariance of the USC Dicke model,
which describes the dipolar coupling between N two-level atoms and a quan-
tized electromagnetic field. Specifically, we have shown that, while the two-
level approximation can work well in the dipole gauge, the Coulomb gauge
fails to provide the correct spectra in the ultrastrong coupling regime. How-
ever, taking into account the non-locality of the atomic potential induced
by the two-level approximation, gauge invariance is fully restored for arbi-
trary interaction strengths, even in the limit of N going to infinity. Finally,
we expressed the Hopfield model, a general description based on the quan-
tization of a linear dielectric medium, in a manifestly gauge-invariant form,
and showed that the Dicke model in the dilute regime can be regarded as a
particular case of the more general Hopfield model.

In conclusion, in Paper 6.4 we provided an alternative derivation of the
results obtained in Paper 6.1, based on the implementation of the gauge prin-
ciple in two-level systems. The adopted procedure can be regarded as the
two-site version of the general method used to implement the gauge princi-
ple in lattice gauge theories. Applying this method, we have also obtained
the gauge-invariant quantum Rabi model for asymmetric two-state systems,
and the multi-mode gauge-invariant quantum Rabi model beyond the dipole

approximation.






Chapter 1

Cavity QED

Quantum electrodynamics (QED) studies the interaction of atoms with the
quantum fluctuations of the electromagnetic field. The general description
of this kind of interactions is pretty complex and should involve both the
internal structure of the system (atom, molecule, solid, etc.) and the infinite
number of modes of the electromagnetic field, which can be easily described
as a collection of independent harmonic oscillators. However, in cavity QED
the atoms are placed inside a resonant cavity which supports only discrete
modes of the electromagnetic field whose resonance frequencies can be prop-
erly adjusted with respect to the transition frequency of the atoms. Thus,
the problem can be considerably simplified by considering one cavity mode
of frequency w. and a two level atom |g) and |e) with energy separation
E. - E, = h(w. — wy) = hw, such that w. ~ w,, while all the other cavity
modes can be disregarded since do not couple to the atom due to the large
frequency mismatch. Such an approach is still valid in many physical exper-
iments and allows one to describe the light-matter interaction in its simplest

form. Within this simplified model the system can be depicted as in Fig. 1.1.

In order to properly describe a QED system it is important to define
the atom-cavity field coupling rate g, resulting from the interaction between

the atom and the zero-point fluctuations of the electromagnetic field in the

d? w
=] 52 ‘ 1.1

cavity, which is given by [80]:




2 Cavity QED

where w, is the angular cavity frequency, ¢y is the electric permittivity, Vj
is the cavity volume and d., is the dipole moment associated to the atomic

transition.

Figure 1.1: Two-level atom inside a single-mode resonant cavity. The light-
matter interaction is described by three parameters: the atom-field interac-
tion strength g, the cavity photon decay rate x and the atomic decay rate
into non-cavity modes ~.

When the atom-cavity interaction rate is slower than all the loss rates
(9 << K,7), the system is in the weak coupling regime and photons emitted
by the atom escape the cavity before being reabsorbed in a process analo-
gous to the spontaneous emission in the free-space. On the contrary, when
g >> k,7, the system enters the so-called strong coupling regime, in which
the periodic exchange of the excitation between the atom and the cavity is
faster than the irreversible processes given by the photon losses into non-
cavity modes. In this case, the photon emission is a reversible process
in which the photon is absorbed by the atom before it can leave the cav-
ity. In the strong coupling regime, the energy eigenstates of the system are
no longer the bare states of the atom and the cavity mode, but they are
instead coherent superpositions of atom and photon excitations (dressed en-
ergy eigenstates), also known as polaritons. Moreover, the atom and cavity
resonances exhibit an avoided crossing and the resulting splitting is referred
to as the "vacuum-Rabi” splitting, as predicted by the well known Jaynes-
Cummings model [39,81,82]. When the qubit-cavity coupling strength be-

comes comparable to the transition frequency of the qubit or the resonance



frequency of the cavity mode g/w., =~ 0.1, the system enters the ultrastrong
coupling regime (USC) which displays a great variety of new exciting ef-
fects that are not observed in the conventional weak and strong-coupling
regimes [36-38]. Recently, due to the experimental progress in the devel-
opment of circuit quantum electrodynamics (circuit QED) systems, where
superconducting artificial qubits are coupled to on-chip cavities, it has been
possible to experimentally achieve the USC regime [31-34]. This regime has
also been achieved with photochromic molecules [83], by using intersubband
transitions in semiconductor structures [84,85] or by coupling the cyclotron
transition of a high-mobility two-dimensional electron gas to the photonic
modes of an array of electronic split-ring resonators [86]. When the coupling
rates exceed the transition frequencies of the bare components we reach the
so-called deep-strong-coupling (DSC) [40]. This extremely high interaction
regime have been recently obtained in both a circuit QED setup [87] and

with a two-dimensional electron gas [88].

1.0.1 Quantum Rabi Model

In order to describe the interaction of a qubit with the quantized field of a
cavity, let us introduce the Pauli spin operators ¢, 6,0, expressed in the
bare basis {|g) , |e) }:

1 0

0 _1> = le){el — lg){g| (1.2)

6o = 640y — (? ;) — lg){e] + )] (1.3)

by = ilo-—54) = (0 ‘OZ) = illg)el —legh (1)



4 Cavity QED

and the raising and lowering operators 6, and o_,

b = (3 é) o (15)

. (0 0)
o = (1 O>—|g><e| (1.6
(1.7)

The raising operators ¢ produces a transition from the lower to the upper
state and the lowering operator ¢_ has the opposite effect. The &, operator
coincides with the corresponding Pauli spin matrix, while the pseudo-spin
raising and lowering operators can be related to the Pauli matrices through

the relation 64 = 1 [0, & i5,).

The total Hamiltonian for the system,
I’AIZFIQ—FHC—FV (18)

contains three terms: Hg and ]:IQ, describing the cavity field and the qubit,
respectively, and the qubit-cavity interaction V. In terms of the qubit oper-

ators, the qubit Hamiltonian is given by

~

11 1
Hq = Shwqd: = Sl ledlel = Shesq |9) o] (1.9)

In Eq. (1.9) the zero point of energy has been chosen half-way between levels
le) and |g), so that the energy of the state |e) is E. = 3fiw, and that of |g)
is By = —3hw,. The Hamiltonian for the cavity field is

He = hweala, (1.10)

where a' and a are, respectively, the bosonic creation and annihilation oper-
ators for the cavity mode. Finally, in the dipole approximation, the qubit-

cavity interaction has the standard form

V =—d-E=—d-eE(ro)(a+al), (1.11)



where E(ro) is the the electric field at the qubit position ro and e = (Awe/eoVo) 2
is the field per photon within the cavity volume Vj. The dipole-moment op-

erator can be expressed as

d = |g)(gl dle){el +|e)(e[ d]g){g] = dge0 + deg0 1 (1.12)

If we assume, without loss of generality, that the matrix elements of the
dipole-moment operator are real ((g|d|e) = (e|d|g)) and define the qubit-

cavity coupling strength as
hg = —(eld- €| g) E(ro), (1.13)

we can write the the qubit-cavity interaction Hamiltonian as

~

V =nhg(6, +6_)(a+a") = hgo,(a+a). (1.14)

Thus, the total Hamiltonian for the system becomes:

H = %hwq&z + hwea'a + hg(64 +6_)(a + ah) (1.15)
known as Quantum Rabi Hamiltonian. Eq. (1.15) describes the full qubit-
cavity interaction without any approximation. In the latter, the interaction
term a'é_ corresponds to the process in which the atom loses its excitation
creating one photon, while the term ag, describes the inverse process. Both
processes are near-resonant and oscillate at frequencies £(w. — wq). On the
other hand, the terms as_ and a6, (counter-rotating terms), which in the
interaction picture oscillate with the sum frequencies £(w. + wy), describe
the nonresonant processes in which the atom and the field are excited or
de-excited simultaneously. These terms do not conserve the total energy of
the system. Indeed, for E, > E,, the operator combination as_ annihi-
lates a photon and induces a transition from the higher energy state |e) to
the lower energy state |g), while a'é,, creates a photon during the transi-
tion |g) — |e). In analogy with the classical case, these nonresonant terms

are usually dropped performing the so-called rotating wave approximation
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(RWA). However, these terms can be neglected only in the case in which the
ratio g/w. < 1, and this can be understood considering that the counter
rotating terms couples the states |g,n) and |e,n + 1) that differ by two exci-

tations

(e,n+ 1| hglao_ + a'é4) |g,n) = (g,n| hg(ao_ + a'é,) le,n + 1) ~ hyg,

(1.16)
while the energy difference between the bare states (at resonance) is
(e,;n + 1| Hyle,n+ 1) — (g,n| Hy|g, n) ~ 2hw,, (1.17)

where Hy = %hwqﬁz + hw.ata.

Comparing Eq. (1.16) and Eq. (1.17), it is easy to observe that the counter-
rotating terms become relevant only when the coupling strength g becomes
comparable to or much larger than the transition frequency of the atom or
the resonance frequency of the cavity mode.

In this situation, [ﬁR,./(/;XC} # 0, the total number of excitations is not con-
served, even though the parity is [40]. Indeed, under the unity parity oper-
ator P = ¢™Vexe the field annihilation operator a and the atomic operator
0, = 04 + 0_ transform, respectively, as PtaP = —a and Pi6,P = —0y, SO
that the commutation relation [P, Hg] = 0 immediately follows. An impor-
tant consequence of the non conservation of the total number of excitations
is that the ground state of the system is no longer the vacuum state |g,0)
of the JC model, but a new state |G) which now contains both atom and

resonator excitations:

e}

(G =3 (Fonles 20) + oo 2k + 1)), (1.18)

k=0

This excitations are regarded as virtual and can be experimentally detected
only by turning them into real by applying a time-dependent perturbation to
the light-matter coupling [36]. It follows that the number of virtual photons
bound in the dressed ground state is not independent of the coupling strength

but, actually, increases for increasing values of g. The other dressed states



of the Rabi Hamiltonian can be expanded in terms of the bare states as

G4 = (D ile, 28) + ¢y le, 26+ 1)), (1.19)
k=0

|j7 _> = Z(Cé,élwr”gv 2k + 1> + e‘,72k|ea 2k>)7 (120)
k=0

where |7, 4+) and |j, —) indicate, respectively, the even- and odd-parity eigen-
states. Although the analytical spectrum of Hy has recently been found [89],
it is defined in terms of the power series of a transcendental function. An
approximate, but more simple form, can be found in the intermediate regime
(referred to as the Bloch-Siegert regime) where the coupling strength ¢ is
small with respect to ¥ = w, + wq, with the system still being in the ultra-

strong coupling regime. This is done using the unitary transformation
[ = A(a—alo)ve(a-a2)o.] (1.21)

where A = ¢g/%, and £ = gA/2w.. This yields the Bloch-Siegert Hamiltonian

U'HRU ~ Hgs = (we + po6.) ala + %@ +gl,, (1.22)
where I, = a6, +alo_, g = wy + p, and @ = g?/%.

This Hamiltonian is similar to the Jaynes-Cummings Hamiltonian, but
contains Bloch-Siegert shifts ;1 on qubit and resonator frequencies. Since the
Bloch-Siegert Hamiltonian in Eq. (1.22) is block diagonal, its eigenstates can
be found exactly to be

In,+) = —siné, |e,n — 1) + cosb, |g,n) , (1.23)
In, —) = cosB, |le,n — 1) +sinb, |g,n), (1.24)

where 6, is Bloch-Siegert mixing angle

AP — V(ARS)? +4g°n
2gv/n ’

(1.25)

0, = arctan
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and ABS = w, — w, + 2un. To second order in A, the excited eigenstates

|ﬁ,\:/|:> of the Rabi Hamiltonian in the bare basis are then given by
In,£) =Uln,£), (1.26)

while the ground state takes the form

2

|G) = Ulg,0) ~ (1 — A?) 19,0) — Ale, 1) + £v/2]g,2). (1.27)
As mentioned before, the ground state |G) is different from the simple ground
state |g,0) of the JC model, as it is a squeezed vacuum containing a finite
number of virtual photons. This is one of the most important feature of the
ultrastrong coupling regime as, for example, in the presence of nonadiabatic
modulations [36], induced Raman transitions [90], spontaneous decay mech-
anisms [37], or sudden on-off switches of the light-matter interaction [91],
these virtual photons can be converted to real ones, giving rise to a stream
of quantum vacuum radiation. Moreover, in the ultrastrong coupling regime
the resonator field X = & + al can display a non-zero vacuum first-order
coherence (| (G'lal G) |/ (G

the JC model, where the vacuum first-order coherence is strictly zero (e.g.,

a'a| G) # 0), a situation that does not occur in

| {g9,0]al g,0) |* = 0). This property is very important in circuit QED sys-
tems constituted by a flux qubit coupled to an on-chip coplanar resonator,
as a non-zero expectation value of the resonator field in the system ground
state |G) can lead to a vacuum-induced parity-symmetry breaking on an
additional artificial atom [92].

The quantum Rabi model (QRM) here described is the fundamental the-
oretical model used to derive most of the original results presented in this
thesis. Specifically, in Paper 5.1, we used the QRM to test our generalized
master equation approach. In particular, we investigated the temperature
dependence of the two-photon Rabi oscillation process. This exotic effect,
peculiar to the USC regime, describes the simultaneous exchange of two ex-
citations between atom and cavity. In Paper 6.2 we presented the solution to

several fundamental ambiguities regarding this type of systems in the USC



and DSC regimes. In particular, we shed light on the proper definition of sub-
system and its quantum measurement, the structure of light-matter ground
state and the analysis of time-dependent interactions. In Papers 6.1 and 6.3
we investigated, respectively, the validity of the gauge invariance principle
in the USC regime both for the quantum Rabi and Dicke model. The latter
is a generalization of the QRM which takes into account multiple emitters

coupled to the cavity.



Chapter 2

Cavity Optomechanics

Light carries momentum which gives rise to radiation pressure forces. The
research field which explores the interaction (via radiation pressure) between
the electromagnetic field in an optical resonator and a mechanical oscillator
at a fundamental level is called cavity optomechanics. During the '90s, sev-
eral aspects of quantum cavity optomechanical systems such as the squeezing
of light [93,94] and quantum nondemolition (QND) detection of the light in-
tensity [95], which exploit the effective Kerr nonlinearity generated by the
optomechanical interaction, have been theoretically studied. Moreover, in
the last few years optomechanical systems have been implemented in several
designs by many groups [45,96,97] and, in particular, this type of HQSs
have been promising for the study of fundamental quantum effects on a
macroscopic or mesoscopic scale, such as the dynamical Casimir effect (DCE)
which [54,73,98-100] predicts the generation of photons from the quantum
vacuum due to rapid changes of the system geometry. In particular, it has
been shown that this fundamental physical process originates from avoided-
level crossings involving also states with different excitations number [73].
Furthermore, it has also been shown that radiation pressure can be used
to entangle macroscopic oscillators like movable mirrors and the achievable

entanglement is robust against thermal noise [101].

2.1 The optomechanical Hamiltonian

The system Hamiltonian derived by C.K. Law [70] is a non-relativistic Hamil-

tonian describing the interaction, due to the radiation pressure, between an



2.1 The optomechanical Hamiltonian 11

oscillating mirror and the cavity field, derived directly from the canonical
quantization of both the cavity field and the oscillating mirror by using the
equation of motion of the mirror (regarded as a mechanical harmonic oscil-

lator) and the wave equation (with appropriate boundary conditions) of the

field.

Let us consider a one-dimensional cavity formed by two perfectly reflect-
ing mirrors one fixed at z = 0 and the other one able to move in a potential
well V(q) acting as an infinite wall which prevents the movable mirror from
penetrating through the fixed mirror. The cavity field vector potential A(x, )
is then defined in the region 0 < x < ¢(t) corresponding to the whole cavity

effective length and obeys the wave equation (¢ = 1),

PPA(z,t)  9*A(x,t)
or2 Ot

. (2.1)

Notice that we labelled ¢(t) the position of the movable mirror. By applying
the time-dependent boundary conditions A(0,¢) = A(gq(t),t) = 0 ensuring
that the electric field is always zero in the rest frame of the mirror surface

the non-relativistic equation of motion of the mirror is given by

mij— V@ 1 (314(;? ’5)) (2.2)

dq 2 ’

z=q(t)

where m is the mirror mass. The second term on the right side of Eq. (2.2) is
the radiation pressure force that can be derived from the radiation pressure
force appearing in the rest frame of the movable mirror. We can now define

a set of generalized coordinates Qy:

Qr = \/%/Oq(t) dzA(z,t) sin (%) keN. (2.3)

obtained by the modal decomposition of the field in the the basis determined
by the instantaneous position of the mirror. By using Eq. (2.3) and the

completeness relation of the mode functions, the vector potential can be



12 Cavity Optomechanics

> 2 . [(krx
t) = ;Qk@), /@sm (@> . (2.4)

Exploiting Eq. (2.4) and the orthogonality of the mode functions Q(t),
Eq. (2.1) and Eq. (2.2) read:

written as:

Qx Z—Wka+2 ZQIWQJ q Z k]Q]“’ Zg]kg]lQla

V(g 1 -
mj =~ % + Z<—1>’C+kawj¢2k@j ,
kj

(2.5)

where the position-dependent frequencies w;, and the dimensionless coeffi-

cients gy; are given by
(2.6)

Starting from Eq. (2.5), we can construct the system Lagrangian £ as

£0,4 Q0 00 =5 3 01 - wi@@z] + gmd —vfa)
k

| | 27)
—gzgkaij nggngng
ik

Jkl

corresponding to the Hamiltonian:

k

2
1 1 1
H(Pe, Qj,p,q) = o <p+52gijij> +Vig) + §Z P} +wiQi] .
ik
(2.8)
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where P, and p are canonical momenta conjugate to (), and ¢, defined as

Py = Qx - gzgijij :

L (2.9)

p=mqj- 52%&@ :
ik

It is important to notice that, since the mirror is included as a dynamical
degree of freedom, the Hamiltonian in Eq. (2.8) allows us to consider the
effects of radiation pressure. Following the canonical quantization procedure,
we promote the canonical momenta (Pg,p) and their conjugate variables

(Qg, q) to operators, satisfying the commutation relations
o (2.10)
@5l =ih QB =ih

and define the cavity-length-dependent creation and annihilation operators

for each cavity mode as

uld) = || g [ @0 +iR]
@) = | g (@)@~ 7]

where the dependence on the operator ¢ indicates that, for each position

(2.11)

of the mirror, there is a set of Fock states associated with that position.
However, these creation and annihilation operators are not defined when the
cavity has zero length (¢ = 0). This issue can be easily solved by imposing
the boundary condition implying the wave function to be identically zero at

= 0. Using the operators in Eq. (2.11), the Hamiltonian can be written as:

b — + V() + R w(q) [aLak + %] , (2.12)
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where )
. 1h 12100 . s i
I = 2-@ Z kj [;] [aza} — apa; + a,taj — a}ak] ) (2.13)
kj

As expected, the vacuum field energy appearing in Eq. (2.12) is divergent
and it is the origin of the Casimir force. However, following the usual proce-
dure [102], the Casimir energy results to be finite (hr/24q for one-dimensional
space) because of the cancellation of the divergent parts of the vacuum pres-
sure from both sides of the mirror [103]. However, this result is obtained
considering only the static part (the Casimir effect) of the interaction be-
tween the mirror and the outside field and neglecting the dynamical part
which describes the change of the field outside the cavity. Nevertheless, this
is a good approximation in most physical situations where the cavity field is
dominant. At this point we can consider the cavity optomechanical case, in
which the movable mirror motion corresponds to the motion of a mechanical

resonator (see Fig. 2.1).

Figure 2.1: Schematic of a generic optomechanical system: a mechanical oscillator with
frequency wy, is coupled via radiation pressure, with a single-mode cavity with frequency
We.

In this case, the mirror is bounded by a potential V' (§) which keeps the
mirror’s range of motion around a certain equilibrium position [y, and the
radiation pressure force acts as a small perturbation. When the mobile mirror

A

displacement X = q — lp is small compared with [y, one can write I' =~
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f|q:lo = fo, which is the operator [ evaluated at the equilibrium position.
Furthermore, for small values of X /lo the annihilation operators and the

mirror oscillation frequency can be expanded as:

X) (2.14)

By using the latter relations and performing the unitary transformation with
the operator U = exp(iXTy/h), the Hamiltonian in Eq. (2.12) becomes:

n2
~ p A R “ A A
H=o-+V(X)+ hgwkogzoako — XFy, (2.15)

where F} is the normally ordered radiation pressure force

~ h . v o e v
FO = 2—10 Z (—1)k+] v WEoW;0 [a,zoa;r-o + aroQ;0 + GLOCL]‘O + aj-gako] . (216)
kj
Considering only one cavity mode (k = j = 1) and expressing the mobile
mirror energy and displacement in terms of the creation and annihilation

phonon operator

~ 1 A
b=4/— [me + zp] ,
m‘im (2.17)
o -
b —2hwm [me zp} ,
Eq. (2.15) can be written as
H = hw.ala + hwnbd + hg(bt + b)(a' + a)?, (2.18)

where we(m) is the cavity (mechanical) frequency and g = Gx.,s is the op-
tomechanical coupling strength with x,,; the amplitude of the mirror zero-

point fluctuations and G a coupling parameter. When the mechanical fre-
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quency is much smaller than the cavity frequency (which is the most common
experimental situation) the quadratic term in Eq. (2.18) can be neglected,
because it connects bare states with an energy difference 2hwg £ hw,,. With

this approximation, the resulting Hamiltonian is
H = hwata + hwnbd + hgata (b’ +b) . (2.19)

This Hamiltonian, which conserves the number of photons and can be analyt-
ically diagonalized, is referred to as standard optomechanical Hamiltonian.
Eq. (2.18) is employed in Papers 5.1 and 5.2 in order to describe, respec-
tively, the influence of temperature on the conversion of mechanical energy
into photon pairs and to show that the dynamical Casimir effect can be ob-
served even when the mean value of the mechanical displacement is zero.
Furthermore, a generalization of Eq. (2.18), describing a system in which
both the mirrors constituting the optical cavity are able to move, has been
used in Paper 5.3 to demonstrate that, the quantum vacuum allows the
transfer of mechanical excitations between two spatially separated mirrors.
In particular, it turns out that this transfer is possible thanks to virtual

photon pairs generated by the DCE



Chapter 3

Open Quantum system dynam-

1CS

Like in classical physics, any realistic quantum system is subjected to a cou-
pling to an environment which influences it in a non-negligible way. It follows
that realistic quantum mechanical systems must always be regarded as open
systems. Moreover, a more fundamental reason for introducing the notion
of an open system in quantum theory is that quantum mechanics is essen-
tially a probabilistic theory and any test of the statistical predictions on a
quantum system requires to couple it to a measurement apparatus which,
usually, influences the quantum system being measured. In other words we
can say that quantum mechanics contains in itself the notion of an open
system through the action of the measurement process. In order to study
such a complex system, a fully microscopical description including all the
degrees of freedom would be highly desirable. However, a complete micro-
scopic description of a system interacting with an environment is often not
feasible and we are forced to seek for a simpler probabilistic description of an
open system dynamics. In particular, we need a theory that allows the treat-
ment of complex systems (which involve even an infinite number of degrees
of freedom) by restricting the mathematical formulation to a small number
of relevant variables. The theoretical tool able to achieve such a desired re-
sult is the so-called master-equation approach, in which the dynamics of an
open system is formulated by means of an appropriate equation of motion
for its density matrix operator. In the following section I will present the

dressed master equation approach [71] used as starting point to obtain the



].8 Open Quantum system dynamics

generalized master equation presented in Paper 5.1.

3.1 The dressed Master Equation

Let us consider a system S coupled to another system B usually called reser-
voir modelled as an infinite collection of harmonic oscillators (see Fig. 3.1).
Trivially, since both the systems are coupled together the evolution of S will
be influenced by B. This interaction leads to a certain system-environment
correlations such that the resulting changes in the state of S can no longer

be represented in terms of unitary Hamiltonian dynamics. The total Hamil-

(S+B?H5®H37p)

= (S, Hs,ps) *=T=

System

(BaHBapB)

Environment

Figure 3.1: Schematic picture of an open quantum system.

tonian of the system in Fig. 3.1 can be written as:
]f[:]f[s—f—]f[B—l-[:ISB, (31)

where Hg and Hy are, respectively, the free Hamiltonian of the system S and
of the reservoir B while I:[SB describes the interaction Hamiltonian between
the two components. If we denote by x(¢) the density operator of the total
system S + B the reduced density operator p(t) can be obtained through:

p(t) = trp[X ()], (3.2)
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where we have taken the partial trace over the reservoir degrees of freedom.
Once the density operator p(t) is known, if we consider a generic operator O

of the system S, its average can be calculated in the Schrodinger picture as:

(0) = trsep |0 X ()] = trs{Otra[R(1)]} = trs[Op(1)]. (3.3)

It follows that the fundamental task of the master-equation approach is to
isolate and determine the interesting physical properties of the system S by
obtaining an equation for p(¢) containing the properties of the reservoir as
parameters. Let us start considering the Schrodinger equation for x(t):

$= LR, (3.4)

vh
where H is given by Eq. (3.1). It is convenient to separate the rapid motion
generated by Hg + Hyg from the slow motion generated by the interaction
Hgs. This can be done by rewriting Eq. (3.4) in the interaction picture
(note that from now on we will use the tilde symbol to indicate operators in

this picture):

1 - -
where
X(t) = en (Hs+Hp)t Xe*%(HS‘FHB)t’ (3.6)

and Hgg(t) is explicity time-dependent
I:]SB(t) = 6%(ﬁ3+ﬁB)t [:ISB 6_%(ﬁS+HB)t. (37)

By formally integrating Eq. (3.5) and substituting x(¢) in the commutator

we obtain:
X(t) = .l[ffss(t%fc(@)] - i/0 dt' [Hsg(t), [Hss(t'), X(1")]] - (3.8)

The latter is written in a convenient form in order to identify some reasonable

assumptions. The first one is that the interaction is turned on at t = 0, so
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that no correlations exist between the system and the reservoir before this
initial time. It follows that the total system density matrix x(0) = x(0) can

be factorized as
X(0) = p(0) By, (3.9)

where By is the initial reservoir density operator. After tracing over the

reservoir, Eq. (3.8) reads

t

2, dt' tr{[Hsn(t), [Hsn(t"), X(t)]]}, (3.10)

p

where we assumed that trp[Hsp(t)Bo] = 0, a result that is guaranteed if
the reservoir operators coupled to S have zero mean in By. It is important
to notice that, even if the system and the reservoir are not supposed to
interact at ¢ = 0, at later times correlations may arise due to the system-
bath coupling through the interaction Hamiltonian Hgs. However, if the
coupling is weak ¥(t) will only show deviations of the order of Hgp from an
uncorrelated state. The second assumption to be taken into account (Born
approzimation) is that the state of B remains unaffected by the coupling
with S. The latter is a very reasonable assumption since the bath B is very

large, and allows us to write
X(t) = p(t)Bo + O(Hsp). (3.11)

where the higher order terms Hgp can be neglected when considering a weak
system-reservoir interaction [104]. By using the results in Eq. (3.11) the

equation of motion of the reduced density operator can be re-written as:

t

p= —% i dt' trp{[Hss(t), [Hss(t'), 5(¢') Boll}. (3.12)

By carefully analyzing the latter result we can notice that the future evolution
of p(t) depends on its past history through the integration over p(t') (not-
Markovian behaviour). However, if the reservoir is a large system maintained
at thermal equilibrium, it is not expected to preserve the minor changes

induced by its interaction with S for very long and for sure not for long
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enough to significantly affect the future evolution of S. On the basis of these
physical grounds, one can expect a Markovian behaviour and can perform
the so-called Markov approxzimation by substituting p(t') to p(t) in Eq. (3.12)

to obtain the Born-Markov master equation

p= —% i dt' trp{[Hsp(t), [Hss(t'), p(t) Boll}. (3.13)

In order to derive the dressed master equation approach [71] let us con-
sider a more practical system, e.g., an arbitrary qubit-resonator system in the

ultrastrong coupling regime described by the Rabi Hamiltonian Eq. (1.15).

o ———— —— ———————— — — —— {— — —

/" Arbitrary coupling strengths

Light-Matter system

I I

Photonic Matter
reservoir Reservoir

_.______________.__
———————— — —— — —

Figure 3.2: Schematic picture of an open QED system. Each component is individually
coupled to a reservoir and the coupling between the subsystems is directly taken into
account while deriving the dissipators.

In this case, let us consider the qubit and the resonator to be weakly cou-
pled to two independent baths of quantum harmonic oscillators (see Fig. 3.2),

each one described by the free Hamiltonian (A = 1):

]:IB = Z Vli);ri)l, (314)
l

where I;lT, b; are ladder operators for the bath mode [ with frequency v;. The
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system-bath interaction Hamiltonian is given by

Hsp =Y on(é+ ¢ (b + b)), (3.15)
l

where o is the coupling strength to bath mode [, é,¢f — 6_,64 for the
qubit and ¢, ¢ — @, a' for the resonator. The latter can be rewritten in the
interaction picture with respect to the free system and bath Hamiltonians by
iHgt

using the transformation operator U=e as

HSB Z oy e’HSt (¢+ éT) ZHst(l;le_i”“t + l;;ei”lt). (3.16)

Developing the calculations considering that Hy is the total system Hamil-
tonian which can be expressed in the dressed basis of its energy eigenstates

as

= 2_Eiliil. (3.17)

we obtain:

Hp(t) = >~ i) (k] (& + &) (bre ™" + Ble e, (318)
jkl

where Cj, = (j |(é +¢é")| k) and Aj, = E; — Ey. The sum in Eq. (3.18) can

be split in three parts as

HSB Z ol Jj |]><]| (ble it + bT Zl/lt)

lj
AS S 5 5 ot emerson s

J,k>j I j,k<j

(3.19)

The latter equation seems to be very complicated since it involves several

terms. However, taking into account that Cy; = C7 and that Cj; = 0 due
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to the well-defined parity of the eigenstates |j), it can be simplified as

Hgp(t) = 3(t)BY(t) + 31 (t) B(t), (3.20)
where we defined
5(t) = D Coli) (k| e, (3.21)
Jk>j
and
B(t) =Y abe ™" (3.22)
!

By substituting Eq. (3.20) in Eq. (3.13) we obtain

pt) = /O dt' [3(t')p(t")3(t) — 5(t)3(t")p(t) (B (1) B'(t'))
+ / dt' [3'(t)p(¢)5%(t) — 87(6)" (&) p(t)(B() B(t'))
0 (3.23)
+ /O dt' [3'(t)p(¢)3(t) — ()3 () p(t (BT B())

The reservoir correlation functions in Eq. (3.23) can be evaluated explicitly

(B(t)B(t')) = (BY(1)B'(t")) = 0, (3.24)
(B'(t)B(t')) = /0 ) dv g(v)|e(v)* a(v, T)e™ =), (3.25)
(B(t)B'(t")) = /0 h dv g(v)|e()|? [a(v,T) + 1]e 1), (3.26)

where n(v, T) = [e(h”l/ keT) 1] ! is the mean photon number for an oscillator
with frequency v; in thermal equilibrium at temperature 7. It is important
to note that the nonvanishing reservoir correlation functions should involve a
summation over the reservoir oscillators. However, this summation has been
turned to an integration by introducing the density of states g(v), so that

g(v)dv gives the number of oscillators with frequencies in the interval v to
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v+dv. Considering Eqs. (3.24)-(3.26), the only relevant terms in the master

equation are:

p(t) = /0 dt' [3'(t')p(t)3(t) — 5(1)" ()t )(B () B(t))

(3.27)

+ /0 dt' [3(t)p(t')s"(¢') — p(t) ()5 () B(H') B (1))

By using Egs. (3.21)-(3.22) and making the change of variable 7 =t —t', we

obtain:

=2 2 Gl

7,k>7 7 k' >5"

Ajijr g (£) + B g e (8) +Cjjr e (8) + Dy jr e (t)] :

(3.28)

where
Aj () = / dr e BBt B (W) (| () |7) (k] — 1) 0k1 K (71(0) )
< [ dvg)la)? 1)
(3.29)
Byguelt) = [ dr e aw = (1) k] (0) G = €517 H150))

x/ooodl/g(y)|a( V)2 [ (v, T)—l—l} T
(3.30)

Cr (1) = / dr OBt iR (1) G| 5(8) )k | = () 1) (kL)

% / " dv () a@)P A, T)e ™",
(3.31)
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t
D (t) = / dr e St w15 (k] 5(8) K (7] = () 1K) (51 ) (k]
0

x/ooodug(l/)|a( P [, T) + 1]
(3.32)

Note that in Eq. (3.28) the Markov approzimation has been made by re-
placing p(t — 7) by p(t). In each term of the Born-Markov master equation
[Eq. (3.28)], we find oscillating exponentials of the form exp[i(Aj; — Ajt)].
However, since k > j and k' > j’, the arguments of these exponentials will
be zero for j = 5/ and k = £/, and more in general for any pairs of different
transitions in the system occurring at the same frequency. In practice, we
are often interested only in a subset of the energy levels of the system for
which all transitions have different frequencies. For this reason we usually
perform the so-called secular approrimation by setting j = j' and k = k/
in Eq. (3.28). Within this approximation, by extending the 7 integration
to infinity and evaluating the integrals neglecting the Lamb-Shift terms, we

obtain the dressed master equation in the interaction picture:

=Y *a(Ay, T)DIk) () + > TF(1 + n(Awy, T)DI5) (k[A(L)

Ji:k>J j,k>j
(3.33)
where
D7 =2mg(Agj)a(Ak)[PICi (3.34)
I'(v) =2mg(v)|a(v)]?, (3.35)

are the relaxation rates and D[0]p = %(20,@ Of — pOtO — O10p) is the

Lindblad superoperator.

Eq. (3.33) has been obtained (within the usual Born-Markov approxima-
tion) considering the coupling between the subsystems while deriving the
dissipators. It turns out that this procedure allows to correctly describe the
systems dynamics in the USC regime [71]. However, due to the secular ap-

proximation performed in its derivation, it is not able to describe dissipation
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or decoherence in open quantum systems with mixed harmonic-anharmonic
or quasi-harmonic spectra (e.g, for cavity QED in the dispersive regime and
cavity optomechanics). In Chapter 5.1 we relaxed this approximation and
we developed a generalized master equation approach able to describe dissi-
pation in this two commonly studied systems and, more in general, able to
describe open system dynamics without any restriction on the energy level

spectrum, independently by the coupling strength.



Chapter 4

The (Gauge principle

The gauge invariance principle plays a key role in the Standard Model which
describes electroweak and strong interactions of elementary particles. Its
origins can be traced to Vladimir Fock who extended the known freedom
of choosing the electromagnetic potentials in classical electrodynamics to
the quantum mechanics of charged particles interacting with electromag-
netic fields. This fundamental principle has been then generalized and re-
fined trough the years and, nowadays, it is considered to be a fundamental
principle of nature, stating that different forms of potentials yield the same
physical description. The gauge principle can be regarded as the cornerstone
of the standard model, and it is used to introduce all the fundamental in-
teractions in the model. Here we limit to discuss quantum electrodynamics,
and are interested to discuss the gauge principle in the framework of the
non-relativistic quantum theory. According to gauge invariance, different
potentials, as long as they are related to each other by gauge transforma-
tions, describe the same electromagnetic fields [105]. Gauge transformation

can be written in a general form as

A A=A+ AF (4.1)
, OF
U—U'=U-— (4.2)

where A and U are, respectively, the electromagnetic vector and scalar po-
tentials and F' is an arbitrary function, which depends on space-time coor-
dinates. When considering quantum electrodynamics, the gauge invariance

is obtained by transforming the wave functions under local unitary trans-
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formations, resulting in different Hamiltonians in the corresponding time
dependent Schrodinger equations (TDSE). For example, the wave function

transforms as:

(@) p2(a) = O () (13)

where 12 are the wavefunctions in two different gauges and ¢ is the parti-
cle charge. However, it is important to notice that unitary transformations
can result also into “representations” which are not considered as “gauge”
transformations. In particular, the fundamental property for a unitary trans-
formation to be regarded as a gauge transformation is that the dynamics must
be invariant [105]. It follows that, according to the gauge principle, all the
physical observables are gauge invariant. In quantum mechanics, an observ-
able O is defined as an operator acting in the system’s Hilbert space (for
example, the momentum and spin operators). We can easily change the rep-

resentation in which the observable is defined performing the transformation
O — iaF (@) H(1) —iaF(z) (4.4)

If the latter is a gauge transformation the expectation value of the observable

will be also gauge invariant thus, will obey to the relation:

(W OW [pMy = (4@ | O |p@) . (4.5)

However, one could argue that it is possible to construct Hermitian opera-
tors which transform differently from Eq. (4.4) under gauge transformations
still remaining quantum observables according to the interpretation laws of
quantum mechanics. The answer is that, according to the gauge principle,
they are not considered “true” quantum observables because they cannot be
phisically measured. Notice that a physical quantity cannot depend on the
gauge choice, otherwise, it could take any arbitrary value. Often, the eval-
uation of the physical (gauge invariant) observables involve the evaluation
of gauge dependent quantities, e. g., the expression of the electron wave
function depends on the chosen gauge. If the exact analytical solution of the

TDSE is known, it is possible to move from one gauge to the other without
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any problem since all the gauges will yield the same physical results (in this
case, the gauge choice is simply a matter of convenience since it may be easier
to solve the problem in one specific gauge). On the contrary, when approxi-
mations are involved the gauge invariance of the physical observables may be
lost as the error induced by the approximation scheme may not transform in
the same way as the full solution. In order to make this fundamental concept
clear let us consider a single electron in interaction with an electromagnetic
field expressed in two different gauges such that our system can be described

equivalently by the following wave functions:

1/,(1) _ @[)(1) + RW (4.6)
PO = 3O 4 RO (4.7)

where (12 are the exact wavefunctions in the two gauges, while (32 and
R(2) are, respectively, the approximated wavefunctions and the errors. Typ-
ically, R ~ g" for perturbation theory (where g is a small parameter).
The two exact wave functions are as always related by a gauge transforma-
tion such that we can move from a gauge to the other by applying a unitary
operator and that Eq. (4.5) is verified. If the approximate wave functions
obey the same gauge transformation as the full solution the approximated
observable will also be gauge invariant. However, this is not the general
scenario since they usually transform differently yielding:

<1/;<1> 1/;(1>> £ <¢(2>

O O

) (4.8)

Therefore, we have lost gauge invariance by approximating the wave func-
tion. As the approximate wave functions get closer to the exact solution, the
observables calculated in two different gauges converge towards each other
and gauge invariance is recovered in the limit of the exact solution when
R — 0. In conclusion, it is clear that approximating a gauge indepen-
dent quantity (a physical observable) by implementing an approximation of
a gauge dependent quantity (the wave function) may destroy the gauge in-

dependence of the former however the breaking of the gauge invariance is
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an artifact of the approximation method. For this reason one should always
choose the gauge giving the best approximation of the physical quantity un-
der consideration. This issue has been extensively studied. For instance, it
was remarked by Lamb in his celebrated study of the Hydrogen atom fine
structure, that the theoretical results obtained in the so-called length and ve-
locity gauges differ in perturbation theory [106]. This ambiguity was resolved
when it was observed that the perturbation theory is not gauge invariant and
that special care is required to calculate observables in a gauge independent
way. Recently this kind of issues have been raised also in the field of quantum
optics. In particular, it has been shown by several authors [106-110] that
approximate models for light-matter interactions derived in different gauges
may lead to different predictions. Specifically, it has been argued that trun-
cations of the atomic Hilbert space, to obtain a two-level description of the
matter system, violate the gauge principle [78,79] and that such violations
become particularly relevant in the USC and DSC regimes. Among all these
closely related works, De Bernardis et al. [78] have shown that, while in the
electric dipole gauge, the two-level approximation can be performed as long
as the Rabi frequency remains much smaller than the energies of all higher-
lying levels, it can drastically fail in the Coulomb gauge, even for systems with
an extremely anharmonic spectrum. This unexpected result is particularly
unsatisfactory, since the general procedure to derive the multipolar gauge
consists of using the minimal coupling replacement first, and then applying
the Coulomb gauge [111]. The impact of the truncation of the Hilbert space
of the matter system to only two states has been studied also by Stokes and
Nazir [79], by introducing a one-parameter («) set of gauge transformations.
In particular, investigating a matter system with a lower anharmonicity (with
respect to that considered in [78]) and by using the gauge parameter « as a
sort of fit parameter they found the surprising result that, in several circum-
stances, the optimal gauge is the so-called Jaynes-Cummings (JC) gauge, a
gauge in which the counter-rotating terms giving raise to the exotic effect
typical of the USC and DSC regime (e.g., the virtual excitations in the sys-
tem ground state) are automatically absent. However, ambiguities are not

limited to those properties dependent on virtual excitations, but also affect
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physical detectable photons. This issue originates from the gauge dependence
of the field canonical momentum (see, e.g., Refs. [112-114]). According to
the Glauber’s photodetection theory [115], the detection rate for photons po-
larized along a direction 7 is proportional to (@/}|EZ-(_)EZ-(+) |1y, where E® are
the positive and negative frequency components of the electric-field operator.
In the Coulomb gauge, E is proportional to the field canonical momentum
and can be expanded in terms of photon operators. On the contrary, in the
multipolar gauge, the canonical momentum that can be expanded in terms of
photon operators is not E but the displacement operator D. This subtlety is
generally disregarded, and the usual procedure is to obtain the system states
in the dipole gauge (the multipolar gauge after the electric-dipole approxi-
mation) |¢p), and to calculate the photodetection rate ignoring that in this
gauge the electric field operator is not a canonical momentum. It follows
that this procedure, when applied to the quantum Rabi model, can lead to

strongly incorrect predictions.

In 1970, Ref. [108] pointed out that gauge ambiguities in the calcula-
tion of atomic oscillator strengths, originate from the occurrence of nonlocal
potentials determined by the approximation procedures. Since a nonlocal
potential in the coordinate representation is an integral operator, it does not
commute with the coordinate operator. Indeed, it is easy to show that it can
be expressed as a local momentum-dependent operator V (7, p). Specifically,
in order to introduce the coupling of the matter system with the electromag-
netic field, the minimal replacement rule p — 1= p—A(7,t) has to be applied
not only to the kinetic energy terms, but also to the potentials in the effective
Hamiltonian of the particles in the system. By applying such a procedure,
the ambiguities in the calculation of approximate matrix elements for electric
dipole transitions can be removed [108]. Moreover, it has been demonstrated
that taking into account the nonlocality of the approximate potential, two-
photon transition rates involving Wannier excitons in semiconductors become
gauge invariant [109]. Also the microscopic quantum theory of excitonic po-
laritons is affected by the presence of nonlocal potentials. Specifically, the
application of the standard minimal coupling replacement leads to a total

Hamiltonian which, besides the usual 12179 term, displays an additional dia-
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magnetic term e 22 A2 /2m, where e and m are the electron charge and mass
respectively. If a limited number of exciton levels are explicitly included in
the model, the long wavelength solution of the polariton dispersion cannot
be recovered without introducing ad-hoc the Thomas-Reiche-Kuhn sum rule
and truncating the summation consistently [116]. This procedure presents
some ambiguity and appears to be rather artificial. However, if the nonlo-
cality of the approximate potential is taken into account and the resulting
additional terms are included, up to second order in the vector potential, the
correct dispersion relation is automatically recovered [117,118]. In summary,
it seems that the concept of approximation-induced nonlocal potentials, to-
gether with an expansion of the interaction Hamiltonian up to second order

in the vector potential, is able to overcome gauge ambiguities.

In Paper 6.1 the source of gauge violation in the QRM has been identi-
fied, and a general method for the derivation of light-matter Hamiltonians in
truncated Hilbert spaces able to produce gauge-invariant physical results has
been developed. The gauge invariance has been restored by solving the non-
locality issues arising from the two-level truncation of the matter potential in
the effective Hamiltonian. The resulting quantum Rabi Hamiltonian in the
Coulomb gauge differs significantly from the standard one, but, as expected,
it provides exactly the same energy levels obtained by using the dipole gauge,
because physical observable quantities must be gauge-invariant. In Paper 6.4,
the same result has been obtained with an alternative derivation based on the
implementation of the gauge principle in two-level systems. This approach
allowed us to obtain the QRM beyond the dipole approximation. In Paper
6.3 we studied and solved the gauge ambiguities in the Dicke model with a
similar procedure. Specifically we demonstrated that, by employing the cor-
rect procedure shown in Papers 6.3 - 6.4, gauge invariance is fully restored
for arbitrary interaction strengths, even when the number of emitters tends
to infinity. Finally, in Paper 6.2 we focus on the resolution of ambiguities,
not necessarily related to approximations, which can arise while considering
USC and DSC cavity- and circuit-QED systems. For example, we discuss
the proper definition of subsystems and their quantum measurements, the

structure of light-matter ground states, and the analysis of time-dependent
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interactions.



Chapter 5

Open Quantum Systems Dynam-

ics in the USC regime

5.1 Dissipation and thermal noise in hybrid
quantum systems in the ultrastrong-coupling

regime
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The interaction among the components of a hybrid quantum system is often neglected when considering
the coupling of these components to an environment. However, if the interaction strength is large, this
approximation leads to unphysical predictions, as has been shown for cavity-QED and optomechanical systems
in the ultrastrong-coupling regime. To deal with these cases, master equations with dissipators retaining the
interaction between these components have been derived for the quantum Rabi model and for the standard
optomechanical Hamiltonian. In this article, we go beyond these previous derivations and present a general
master equation approach for arbitrary hybrid quantum systems interacting with thermal reservoirs. Specifically,
our approach can be applied to describe the dynamics of open hybrid systems with harmonic, quasiharmonic,
and anharmonic transitions. We apply our approach to study the influence of temperature on multiphoton vacuum
Rabi oscillations in circuit QED. We also analyze the influence of temperature on the conversion of mechanical
energy into photon pairs in an optomechanical system, which has been recently described at zero temperature.
We compare our results with previous approaches, finding that these sometimes overestimate decoherence rates

and underestimate excited-state populations.
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I. INTRODUCTION

According to quantum mechanics, a closed system always
displays a reversible evolution. However, no quantum system
is completely isolated from its environment; for example,
control and readout of a quantum system requires some
coupling to the outside world, which leads to dissipation
and decoherence (see, e.g., Refs. [1-4]). Realistic quantum
systems should thus be regarded as open, taking into account
the coupling to their environments. However, using an
exact microscopic approach to include the environment (or
reservoir) with its many degrees of freedom is often not
feasible. Hence it is highly desirable to model open quantum
systems using a small number of variables. An adequate
description of the time evolution of an open quantum system
can be provided by the equation of motion for its density
matrix: a quantum master equation [5,6]. Another useful
approach is based on the Heisenberg Langevin equation (see,
e.g., Refs. [7-9]). Microscopic derivations of master equations
start from the Hamiltonian dynamics of the total density
matrix (for the system plus the environment). Then, tracing
out the reservoir degrees of freedom, and introducing some
approximations, a master equation can be derived describing
the time evolution of the reduced density matrix only for
the system [10]. It turns out that the resulting evolution, in
general, is no longer unitary, and the open quantum system
evolves into mixed states (see, e.g., Ref. [11]).

A hybrid quantum system combines two or more physical
components or subsystems [12—14], with the goal of exploit-
ing the advantages and strengths of the different systems

2469-9926/2018/98(5)/053834(15)
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in order to explore new phenomena and potentially bring
about new quantum technologies. An important requirement
for the realization of a functional hybrid quantum system
is the ability to transfer, with high fidelity, quantum states
and properties between its different components. Specifically,
the effective coupling rate between the subsystems must be
large enough to allow quantum state transfers between them
within the shortest coherence time of the two subsystems [14].
This interaction regime is usually called the strong-coupling
regime [15]. Cavity quantum electrodynamics (QED) in the
strong-coupling regime has demonstrated great capability and
potential for the control and manipulation of quantum states
[3,13,15]. Further increasing the coupling strength, a hybrid
quantum system enters the ultrastrong-coupling (USC) regime
when the interaction rate becomes comparable to the transi-
tion frequency of at least one of the subsystems [3,16,17].

It has been shown that USC can give rise to several
interesting physical effects [18-34]. Ultrastrong coupling
has been achieved in a variety of cavity-QED and other
hybrid condensed-matter systems, including semiconductor
polaritons in quantum wells [35-39], superconducting quan-
tum circuits [40-53], a terahertz metamaterial coupled to
the cyclotron resonance of a two-dimensional electron gas
(2DEG) [54-58], organic molecules [59—64], and in an op-
tomechanical system, where a plasmonic picocavity was cou-
pled to vibrations in a molecule [65]. In particular, in the
case of superconducting quantum circuits, it is possible to
reach the USC regime with even just a single artificial atom
coupling to an electromagnetic resonator [40,41,52,53,66,67].
Recently, coupling rates exceeding the transition frequencies

©2018 American Physical Society
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FIG. 1. (a) Master-equation approach valid in the weak- and
strong-coupling regimes. The light-matter coupling is neglected
while deriving the dissipators. (b) The master-equation approach
considering the light-matter coupling. As the coupling strength be-
tween the two subsystems increases, it becomes necessary to treat
dissipation effects including the coupling between the subsystems.
This can be done by developing the system operators describing the
coupling to the reservoirs in the eigenbasis of the coupled light-
matter system.

of the components (deep-strong-coupling regime [20]) have
been obtained in both a circuit-QED setup [46,50] and with a
2DEG [58].

Although the Hamiltonian of a coupled light-matter system
contains the so-called counter-rotating terms, allowing the
simultaneous creation or annihilation of an excitation in both
the matter system and the cavity mode, these terms can
be safely neglected for small coupling rates, if the compo-
nents interact resonantly or almost resonantly. However, when
the coupling strength becomes a significant fraction of the
cavity frequency (or of the emitter’s transition frequency),
this often-invoked rotating-wave approximation (RWA) is no
longer applicable and the antiresonant terms in the interaction
Hamiltonian significantly change the standard cavity-QED
physics [35]. For example, the number of excitations in the
cavity-emitter system is no longer conserved [30], even in the
absence of drives and dissipation, and the system states be-
come dressed by the presence of virtual excitations [68]. It has
also been demonstrated [69] that counter-rotating terms can
induce anomalous qubit transitions (which do not conserve
the excitation number) in a superconducting qubit-resonator
system detuned from resonance.

When deriving the master equation for a hybrid quantum
system, the interaction between the subsystems is usually
neglected when considering their coupling to the environment
[see Fig. 1(a)]. This results in the standard quantum-optical
master equation [5,6] (see Sec. Il A). This procedure works
well in the weak-coupling regime, and can also be safely ap-
plied in the strong-coupling regime, when the density of states
of the reservoirs and the system-bath interaction strengths are
approximately flat (frequency independent) on the scale of
the energy-level splittings induced by the interaction between
the subsystems. However, it has been shown that when the
light-matter interaction increases up to the breakdown of the
RWA, this approach leads to unphysical predictions, e.g.,
excitations in the system even at zero temperature [21]. A
closely related problem arising in the USC regime is the
failure of standard input-output theory [22,24,70-72], which
predicts an unphysical output of photons when the hybrid
quantum system is in its ground state.

In order to overcome the problems in the description of dis-
sipation of cavity-QED systems in the USC regime, a master

equation taking into account the non-Markovian nature of the
baths has been developed [73]. Furthermore, Ref. [21] showed
that a master equation working properly in the USC regime
of cavity QED can be obtained by including the light-matter
coupling in the derivation of dissipative terms of the master
equation [see Fig. 1(b)]. This approach does not require the
introduction of non-Markovian baths. The decoherence rates
entering the modified master equation instead depend on
the bath noise spectrum evaluated at the dressed transition
frequencies of the light-matter system. Since this modified
master equation is obtained after a post-trace RWA, it can
only be applied to nonlinear interacting quantum systems with
anharmonicity larger than the transition linewidths. This pre-
vents the application of this approach to cavity-QED systems
in the USC dispersive regime (see Sec. III A), and to other
hybrid quantum systems displaying a coexistence of harmonic
(or quasiharmonic) and anharmonic transitions, e.g., optome-
chanical systems. In order to describe the losses through the
mirror of a cavity embedding matters, a master equation of
a non-Lindblad form was also derived [74]. For optomechan-
ical systems in the USC regime, an analogous dressed-state
master-equation approach has been developed [75], but it also
has limitations (see Sec. IIIB). A zero-temperature master
equation able to describe systems with both anharmonic and
(quasi-) harmonic transitions has been introduced to study a
cavity-QED system in the USC and dispersive regimes [76].
However, a finite-temperature master equation is an essential
tool for a precise analysis of experimental results, which, to
some degree, are always affected by thermal noise. A master
equation without the post-trace RWA has been derived to
describe a general spin-boson problem mapped into a finite-
temperature Rabi model in ultrastrong coupling in Ref. [77].

The main purpose of this article is to provide a general
approach for the description of dissipation in arbitrary hybrid
quantum systems with arbitrary coupling strengths between
its components. We do this by presenting a generalized master
equation able to describe systems with both harmonic and
anharmonic transitions, also valid for non-zero-temperature
reservoirs. The only key assumption in our derivation is a
weak system-bath interaction, such that the usual second-
order Born approximation can be applied (recently, different
approaches where this assumption can be relaxed have been
developed in Refs. [78-81].

In particular, we decompose the system operators in terms
of the dressed states of the hybrid quantum system and derive
the master equation without performing the usual secular
approximation. Finally, we take care of possible numerical
instabilities due to the presence of fast oscillating terms.

The outline of this article is as follows. We begin in Sec. II
by briefly reviewing the standard quantum-optical master
equation (Sec. I A) and the dressed master equation for
anharmonic systems (Sec. II B). Section I C is devoted to the
presentation of a non-Lindblad generalized master equation,
able to overcome the limitations of the dressed approach
of Sec. IIB and to take into account non-zero-temperature
reservoirs. We also give a suitable solution for some numer-
ical stability problems of our generalized master equation.
In Secs. IIT A and III B, we apply this generalized master
equation to calculate the dynamics of a circuit-QED sys-
tem and an optomechanical system, respectively, at nonzero
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temperatures, comparing the obtained results with the stan-
dard approaches used previously. We conclude in Sec. IV. In
the Appendix A, we present more details for the derivation of
the generalized dressed master equation.

II. MASTER EQUATIONS

In this section, we introduce dissipation for hybrid quan-
tum systems following three different approaches. We start
with the standard master equation, generally used for the
description of open systems in quantum optics. Then we
introduce the dressed master equation [21]. Finally, we con-
sider a generalized dressed approach, able to describe the
dissipation of hybrid quantum systems with arbitrary coupling
strength, valid for systems displaying harmonic, quasihar-
monic, and anharmonic transitions, while also considering
non-zero-temperature reservoirs.

We begin by considering a generic system consisting of N
interacting components or subsystems. Each ith component
is weakly coupled to an independent bath, modeled as a
collection of quantum harmonic oscillators, described by the
free Hamiltonian (% = 1 throughout this article)

A =" bl b, (1)
1

where l;i,l (131,) are bosonic annihilation (creation) operators
for the /th bath mode with frequency v; of the ith reservoir.
The system-bath (denoted by the subscript SB) interaction
Hamiltonian is given by

Asg =Y ;G + Db + b)), )
il
where §; (§;L ) are annihilation (creation) operators of the ith
subsystem, mediating the interaction with the reservoirs. We
denoted the coupling strength of the ith subsystem to the bath
mode [ of the ith reservoir by ¢; ;. In the interaction picture,
the system-bath interaction Hamiltonian takes the form

Hsp = Zai,zelmt(fi +8D)e T 5t by et 4 B e,
il
3)

where Hy is the system Hamiltonian and : is the imaginary
unit.

A. Standard master equation

In the standard approach, the components or subsystems
are assumed to be independent while obtaining the dissi-
pation. The coupling between the components is afterwards
introduced in the system Hamiltonian. This leads to the
Schrodinger-picture standard master equation

f) = —l[ﬁs, /3] + Ebareﬁs (4)

where p is the density matrix of the system and

Lowed = Y_{nill + n(w;, THIDIS1p

+y:n(w;, T,)DIS 15}, (5)

with the generic dissipator

D[01p = 120p0" — pO'0 — 0'0p). (6)
In Eq. (5), the y;’s describe the leakage rates and n(w;, T;)
is the average thermal population of the ith reservoir at
temperature 7; and the frequency w; at which §; rotates in the
interaction picture. Pure dephasing effects can be included by
adding to Eq. (5) the additional term (yg, /2)D[c?,<],6, where
d; are system operators that do not change the energy of the
system and y,, are the pure dephasing rates.

The master equation provided in Eq. (4) can be used to
describe many cavity- and circuit-QED experiments in the
weak- and strong-coupling regimes [3,5,6]. However, it has
been shown that when the coupling between the components
or subsystems increases beyond the point where the RWA
is applicable, this approach leads to unphysical predictions,
e.g., production of excitations in the system even at zero
temperature [21].

B. Master equations in the dressed picture
Master equation for anharmonic systems

In order to overcome the limitations of the standard ap-
proach, Ref. [21] developed a dressed master equation, taking
into account the coupling between all the components of the
system. They also considered that transitions in the hybrid
system occur between dressed eigenstates, not between the
eigenstates of the free Hamiltonians of the components. In the
following, we briefly show some key points of the dressed
master equation derivation. We first express the system Hamil-
tonian in the dressed basis of its energy eigenstates. We then
switch to the interaction picture, writing the system operators
as

Sit) =Y Ciulj)(kle™, )
J.k>j
with
Cix = (jIG: + 3Dk, (8)
Ajk=Ej—Ek, (9)

and the reservoir operators as

B(t) =" aisbie"". (10)
il

In this way, the system operators §; are expressed as a sum
over transition operators |j)(k|, which cause transitions (with
frequency A j;) between eigenstates of the hybrid quantum
system {|j), |k)}. Note that “~” identifies the operators in the
interaction picture. With these new dressed operators, Eq. (3)
can be split into two parts, one each for the dressed system
operators with positive and negative frequencies:

Ass = Y (Si0)Bl(1) + 8]0 B;(1)). (1)

Note that, as shown in Ref. [21], the fast oscillating terms
S‘:(I)BJ(I) and S‘,-(t)éi(t) have been dropped by an ini-
tial RWA and the diagonal terms arising from degenerate
transitions with j = k are neglected considering a system
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displaying parity symmetry (in this case C;; = 0). By follow-
ing the standard procedure [5] (second-order Born approxi-
mation, Markov approximation, assuming reservoirs with a
continuum of frequencies, and performing the secular approx-
imation), as shown in detail in Ref. [21], for this simplified
version of Eq. (3), we obtain a dressed master equation that in
the Schrodinger picture can be written as

,(5 = —1[1:15, ;5] + Edressedﬁa (12)

with the Lindbladian superoperator

Lareseadd =y (T n(Aj, THDI ) (k1B

i jk<j
T+ (A, TOIDIRY11A). (13)

where the thermal populations are (kg = 1 throughout this
article)

n(Aj, T) = [exp{Aj/ T} — 117" (14)
and the damping rates are
T/* = 2w (A0l (A j)PIC i 2, (15)

with g(A ;) being the reservoir density of states and (A j;)
the system-reservoir coupling strength.

As shown by several studies [21-24,29,71,82-85], the
Lindbladian in Eq. (13) can correctly describe the dynamics
of anharmonic cavity-QED systems in the USC regime. At
T = 0, rather than exciting the system, the dissipators give
relaxation to the true dressed ground state. At T # 0, these
dissipators correctly describe the relaxation to the thermal-
equilibrium density matrix for the interacting system [71].
However, because of the secular approximation used in the
derivation of Eq. (13), this standard approach is not able to
describe dissipation or decoherence in open quantum systems
with mixed harmonic-anharmonic or quasiharmonic spec-
tra [21], e.g., for cavity QED in the dispersive regime and
cavity optomechanics.

C. Generalized master equation
1. Derivation

In this section, we extend the previous treatment in order
to derive a generalized dressed master equation able to de-
scribe both harmonic and mixed harmonic-anharmonic sys-

J

tems coupled to non-zero-temperature reservoirs. Moreover,
the present derivation is not limited to systems with parity
symmetry.

We start expressing the system Hamiltonian in the dressed
basis of its energy eigenstates. We then switch to the interac-
tion picture, writing the system operators as

S =Y M) +3HIE e

€' —e=w

= > Siwe, (16)

€' —e=w

and the reservoir operators as in Eq. (10), labelling the
eigenvalues of Hg by € and denoting the projectors onto the
respective eigenspaces by [1(¢) = |€) (¢|. Recall that the tilde
symbol identifies interaction-picture operators. In this way,
the system operators §; are expressed as a sum over transition
operators, which cause transitions (with transition frequency
w) between energy eigenstates of the hybrid quantum sys-
tem. For w > 0, $;(w) is a positive-frequency operator that
takes the system from an eigenstate with higher energy to
one with lower energy. Conversely, for o < 0, S;(w) is a
negative-frequency operator which produces a transition to a
higher-energy eigenstate. In the following, to emphasize these
properties, we introduce the notation

§P(w) = 8i(w) for w > 0,
$w) = 8i(—w)  forw >0, )
8O = §(w) for o = 0.

With these new dressed operators, Eq. (3) can be rewritten in
a way that makes it easy to derive the Born-Markov master
equation for the system:

Hss = > 5;(OIBl(1) + Bi()]. (18)

Following the standard procedure (see the Appendix A)
the generalized dressed master equation can be obtained eval-
uating the double integrals in Eq. (A4) of the Appendix A
without assuming parity symmetry, and evaluating the two
integrals without introducing the secular approximation w =
«'. In this case, we obtain a Liouvillian superoperator £ that,
considering all the different subsystems, in the Schrodinger
picture, can be written in the general form

1 A A A A A A
Lomep = 3 Z Z{Fi(—w/)n(—w', THIS:(p(1)Si (@) — Si(@)Si(@)p(D] + Ti(@In(w, T)HLS; (@")p()S:i (@)

i w0

— (S (@)8; ()] + Ti(@)n(w, T;) + 11[8; (@) (1) 8; (@) — §; (@) Si(@)p(1)]
+ Ti(=Nn(=o', T;) + 11[8:(0)p()Si (@) — p(1)S; (@) (@)1}, (19)

where
Ti(w) = 27gi(0)|a; (@), (20)

and “gme” refers to generalized master equation.
Equation (19) contains several terms since both the transi-
tion frequencies w and «’ can be positive, negative, and zero,

(

although both I';(w) and n(w, T;) are nonzero for positive
frequencies only. Moreover, only a few of these terms are
relevant in order to correctly describe the system dynamics.
Indeed, the terms with oscillation frequencies significantly
larger than the damping rates I'; of the system provide neg-
ligible contributions when integrating the master equation.
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Equation (19) also contains terms with o’ = @ = 0, origi-
nating from diagonal transition operators or, more generally,
operators describing zero-frequency transitions. These terms
give rise to additional pure dephasing contributions. Note
that these terms can be regarded as a generalization of those
appearing in the master equation for optomechanical systems
in the USC regime [75].

Expanding Eq. (19), we obtain terms oscillating at frequen-
cies £(' £ w) arising from products of S'l.(f) and S’i(Jr) . We

J

also obtain terms oscillating at frequencies —w’, +w arising
from products of S‘i(_) or S;H with S‘i(o) and nonoscillating
terms arising from products between zero-frequency operators
S’i(o) . Moreover, considering a system with well separated
energy levels (w > T';), the terms oscillating at +(w + '),
4w, and —w’ can be considered as rapidly oscillating and
can be neglected. Including only those terms providing non-
negligible contributions to the dynamics, the Liouvillian in
Eq. (19) can be written as

Lome) = %Z > {Ti@)n@, TS (@)p1)8 (@) = §77(@)87(@)p(0)] + Ti(@)n(w, THIS (@518 (@)

i (w,0)>0

— PO (@)37 ()] + Ti@)ln(w, T) + 1S (@)p(1) 57 (@) = 5§75 (@)p )]
+ (@)@, T) + NI (@)p ()8 () — p1)§7 ()5 (@)l + (T [8V 613 — 575 p(1)]
+ M85 — s8] + @ (TH[8” 518 — p()§” 5]

+Q (I[85 — 305051)]).

with

t [ee]
@ 1) = [ dr [ dv gl mPne. 1)+ 116,
0 0

(22)

QH(T}) = / dx / " dv gl ), T, (23)
0 0

We also observe that, for the particular case of an Ohmic
bath, where
ViV
2 f;’
with y; and f; being, respectively, the damping and the
frequency of the considered subsystem, we obtain

gl (w))* =

(24)

Viw
li(w) = —, (25)
fi
and all the pure dephasing rates give the same result:
QE(T) = QF (1) = T, (26)
T = 1T, @7
4f;

In the next section, we apply this generalized dressed master
equation to two hybrid quantum systems, comparing the ob-
tained numerical results with previous approaches.

2. Stability problems

We observe that the dissipator in Eq. (21) is not in Lindblad
form and, consequently, properties like the positivity of the
density matrix and the conservation of the probability cannot
be guaranteed. Furthermore, in this framework, some useful
theorems [86] on the steady-state behavior have not been
proven yet.

Actually, a careful inspection of Eq. (21) shows that it can
be regarded as approximately Lindblad-like. Specifically, if

21

(

we consider the interaction picture, each term of Eq. (21) (ex-
cept the last) oscillates at frequencies +(w — o). If (v — @')
is significantly larger than the damping rates I'; of the system,
these terms provide negligible contributions when integrating
the master equation. Hence | — @'| can be assumed to be of
the order of the system linewidths. It is thus reasonable to as-
sume for the thermal populations of the reservoirs n(w, T;) =~
n(e’, T;) and for the dampings I'; (w) =~ I'; (@"). This analysis
shows that, within a very good approximation, the dissipator
in Eq. (21) can be regarded to be in Lindblad form.

Although the fast oscillating terms arising in Eq. (21),
produced from transitions with high frequency differences
(not present after the post-trace RWA), should not provide a
significant contribution for |w — «’| > T';, they can strongly
increase the computation time and lead to computational
instabilities. In order to overcome these difficulties, we use
numerical filtering with a steplike function that sets to zero
all the dissipator terms involving frequency differences higher
than a certain value A. More specifically, the filtered Liouvil-
lian takes the form

Lineh = Lome x F(0, o), (28)

where the filter function F(w, ®’) can be written in a general-
ized form as

F(w, o) =0(ow — o) — O(w — &'| — A), (29)

with ® the Heaviside step function and A the bandwidth of
the filter.

III. DISSIPATION IN THE USC REGIME

In this section, we apply the generalized master equation
presented in the previous section to study the influence of
temperature on the dynamics of two open hybrid quantum
systems in the USC regime. Specifically, we reexamine the
dynamics of the two systems presented in Refs. [27] and [87].
The first example is a circuit-QED system in the dispersive
regime, displaying multiphoton quantum Rabi oscillations.
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For this setup, we also compare the results obtained with
the generalized master equation to those obtained using the
dressed approach for anharmonic systems [21].

The second example is an optomechanical system with
coexisting harmonic and anharmonic spectra. Specifically, we
consider an ultra-high-frequency mechanical oscillator ultra-
strongly coupled to a microwave resonator. Very recently, con-
sidering zero-temperature reservoirs, it has been shown [88]
that this system is promising for the observation of the dy-
namical Casimir effect (DCE), which converts mechanical
energy into photon pairs [89]. Here we analyze the influence
of temperature on this fundamental quantum effect. Moreover,
in order to understand the impact of the generalized master
equation on the dynamics of hybrid quantum systems, we
compare the obtained numerical results with those obtained
using a previously developed approach for USC optomechan-
ics [75]. Note that all the numerical results are displayed in
the laboratory frame.

A. Circuit QED beyond the RWA

In this circuit-QED example, we study a flux qubit coupled
to a single-mode resonator [27]. The bare qubit Hamiltonian
can be written as

H, = w,6,/2, (30)
where the qubit resonance frequency is o, =

VA?+ (21,59,)%, with A the qubit energy gap, I, the

persistent current corresponding to the minima of the qubit
potential, and §®, the flux offset. The bare resonator
Hamiltonian is

H. =w.d'a,

€1V

where w. is the frequency of the resonator mode and a (a') is
the bosonic annihilation (creation) operator for that mode. The
total quantum system is described by the generalized quantum
Rabi Hamiltonian

Hs = H, + H. + gX[cos(0)&, + sin(9)s.], (32)

where the flux dependence is encoded in cos(9) = A/w,,
X = a+af, and 6., 6, are Pauli matrices.

As shown in Ref. [27], the lowest energy levels of this
system display a well-known avoided level crossing arising

J

1[yo

|

22 loy

(w,0')>0

[fgme:a

— POW)PD(@)p] + Lon(w, TP (@)pPD(w) — p P ()P ()] +

@yq
X [PP@)p P 7)) = pP (@) PP (@)l +

Kw
+

c

— AP @AW+ =

c

kw'

c

(o', To) + NAP (0)p A7 (@) — ﬁfi(—)(w’)A(“(w)]}.

for w; >~ w. (vacuum Rabi splitting). This avoided crossing
is due to the coherent coupling of the states |e, 0) and |g, 1),
where g (e) indicates the ground (excited) state of the qubit
and the second entry in the kets represents the photon number.
However, when the RWA breaks down, the counter-rotating
terms in Eq. (32) must be taken into account and the total
number of excitations in the system is no longer conserved
[41,69]. As a consequence, the coherent coupling between
states with different numbers of excitations, not allowed in the
standard Jaynes-Cummings model [90,91], becomes possible
through virtual transitions mediated by the counter-rotating
terms [31]. This generates several additional avoided level
crossings between states with different excitation numbers,
e.g., between |e, 0) and |g, 2) [27].

For our numerical calculations, we consider, as in
Ref. [27], w./27m = 4.0 G Hz and a resonator-qubit coupling
strength g/w. = 0.157. We focus on the avoided crossing
arising at w,; >~ 2w, between the states [.) ~ \%(le, 0) &+
lg,2)). We set w, /2w = 7.97 GHz (obtained using the qubit
parameters A/h =2.25GHz, 21, =197nA, and §&, =
3.88 ®y); this is where the splitting reaches its minimum [27].
The minimum splitting 2. provides a direct measurement
of the effective resonant coupling Q. between the states
le,0) and |g, 2).

In order to probe this avoided crossing, we consider, as in
Ref. [27], the case where the qubit is directly excited by a
Gaussian 7 pulse,

H, = £(t) cos(wt )6, (33)

where £(1) = Q exp[—(t — 19)>/27%]/(t~/27). Here, 7 is the
standard deviation and Q/w, = (;r/3) x 107! the amplitude
of the pulse. The center frequency of the pulse corresponds
to the middle of the avoided crossing considered here. Specif-
ically, @ = (w3,0 + @2,0)/2, with w; ; = w; — w;, where we
labeled the energy values and the eigenstates of the hybrid
system as e and |l), with/ =0, 1, ..., such that w; > w; for
k> j.

The system dynamics is then evaluated using the general-
ized master equation (gme)

:6 = _I[I:IS + FI , ﬁ] + »Cgmeﬁ’

(34)

where, considering an Ohmic bath, the Liouvillian dissipator
can be written as

n(a@', THIP T (@)p PP (w) — PP ()P ()p] + fo—‘”[n(w, T,) + NP (0)p P ()

q

yo'

[n(w', T,) + 1]
Wy

n(a', TOIAT (@)p AP () — AT (0)A T ()]

[n(@. To) + NAD @)p A (@) — AD@HAD @)p] + = n(w, THA @)pAD )
,

c

(35)

053834-6



DISSIPATION AND THERMAL NOISE IN HYBRID ...

PHYSICAL REVIEW A 98, 053834 (2018)

2
--------- T/we = (a)
— T/w.=0.375
—
/—F P T/wc =0.75
N~—
<Q:
—~
1
| ) -
~— 1 1 vy
[ v,
< ¥ |"l ‘\,' \/ ‘ll \‘: s,
~ b ) ,
v
y A (%
b Y1 v \' B , U
.
0
0 2r 4 67 8 107
2 (b)
"
n 1y
— N A
= hom s
' '
+ T B T SN ,
~ 1 /R T 1 VT & U A S S
N 1 || 1 v Yoy A [ 1
< | '|| oot L I" “" N ‘ “,'
O PR b R R VAN
) u
W V!
v ! ;
7 4 v i W \ )
b o \ l u ‘, \l e
0 .
0 2 4 67 8 107

FIG. 2. Dynamics of anomalous two-photon vacuum Rabi os-
cillations. Results obtained using the generalized-master-equation
approach, varying the temperature of both subsystems. (a) Time evo-
lution of the mean cavity photon number (A A™) after the arrival
of a Gaussian 7 pulse to the qubit. The system starts in the ground
state. (b) Two-photon correlation function for the cavity, obtained
with the same parameters and conditions. After the arrival of the
pulse, independent of the temperature of the reservoirs, the system
undergoes vacuum Rabi oscillations showing the reversible exchange
of photon pairs between the qubit and the resonator. However,
when raising the temperature, due to the increasing decoherence,
the oscillations become more damped and the correlation function
reaches higher stationary values due to larger incoherent, thermal
contributions. Note that the second and the fifth dips are shallower
because of some spurious effects generated by other transitions
excited by the coherent pulse. All parameters for the simulations are
given in the text. Q. on the x axis indicates the effective resonant
coupling.

Here « and y are the qubit and cavity damping rates, respec-
tively, A" and A are the positive- and negative-frequency
dressed cavity operators (§; =a), and PV and P are
the positive- and negative-frequency dressed qubit operators
(8; = 6_). We neglected the very small pure dephasing term in
the dissipator [see Eq. (21)]and we did not apply any filtering
procedure.

Figure 2 displays the dynamics of the mean cavity photon
number (A A™) (a) and of the zero-delay two-photon cor-
relation function G(t, 1) = (A (A () AD (1)AD (1))
(b) after the arrival of a Gaussian 7 pulse, evaluated for dif-
ferent temperatures and starting the dynamics with the system
in its ground state. We used T, /w, = T, /w. and the decoher-
ence rates y /w. = k/w, = 3.75 x 107*. Note that the output

This work (a)

Ref.[27]

T/we = 0.75
0 " " " " n " " n n "
0 2r 4r 67 8t 107 127 14n 16n
2 (b)

T/we = 0.75

8t 107 12r 14n 16rx

Qeggt

FIG. 3. Comparison between the results obtained using the
generalized-master-equation approach (red solid curves) and the
standard dressed master equation (black dashed curves). (a) Time
evolution of the mean cavity photon number (A A™) at temper-
ature 7'/w, = 0.75 with all other parameters the same as in Fig. 2.
(b) Two-photon correlation functions, obtained with the same param-
eters and conditions. After the arrival of the pulse, both approaches
show the system undergoing two-photon Rabi oscillations and re-
laxing to thermal equilibrium. However, with the standard dressed
master equation, the coherence losses are slightly overestimated
(because of the post-trace RWA), so the oscillations are more damped
and the stationary value is reached sooner.

0 2r 4n 67

photon flux is proportional to (AC)A™). At T = 0 our ap-
proach reproduces the two-photon vacuum Rabi oscillations
shown in Ref. [27]. Here we study the influence of nonzero
temperature on the this anomalous atom-cavity energy ex-
change. Increasing the temperature, the oscillations become
more damped and the energy exchange becomes less effective.
This effect is even more pronounced for the two-photon corre-
lation Gf)(t, t), which displays a stronger thermal sensitivity.
These results help to set a limit on the system temperature for
the observation of two-photon vacuum Rabi oscillations.

In order to further show the impact of the generalized
approach presented in this paper on the dissipative dynamics
of cavity-QED systems in the USC regime, we compare the
numerical results obtained with the generalized dressed mas-
ter equation with those obtained using the standard dressed
approach of Ref. [21].

Figure 3 shows the mean cavity photon number (a) and
the two-photon correlation function (b) evaluated using the
generalized dressed master equation (red solid curves) and the
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standard dressed master equation [21] (black dashed curves),
calculated with the atom and cavity reservoirs at temperature
T /w. = 0.75. Both approaches show the system undergoing
multiphoton Rabi oscillations and the signals reaching the
same stationary values, corresponding to the equilibrium ther-
mal populations.

We observe that the standard approach overestimates de-
coherence effects. In the dispersive regime of cavity QED,
pairs of photonlike transitions partially overlap, reducing de-
coherence effects during the time evolution. This effect is
completely neglected in the standard dressed master equation.
Further calculations, not shown here, indicate that these dis-
crepancies increase with temperature. These effects lead to an
overestimation of the coherence losses of the system, which
also can be seen in the behavior of the two-photon correlation
function [Fig. 3(b)].

It is also important to note that the generalized master
equation is able to overcome another limit of validity of
the standard dressed approach. As reported in Ref. [21],
the standard dressed master equation breaks down in the
limit of high excitation numbers, where more transitions
might accidentally have the same frequency. The general-
ized master equation can handle such degenerate transitions
well.

B. Cavity optomechanics beyond the RWA
1. Full optomechanical Hamiltonian

In Sec. IIT A, we demonstrated that our generalized ap-
proach is able to correctly describe systems with quasihar-
monic spectra. In this section, we explore a mixed harmonic-
anharmonic behavior, considering a simple optomechanical
system [87], where a single cavity mode of frequency w, is
coupled by radiation pressure to a single mechanical mode of
a mirror vibrating at frequency w,,.

Denoting the mechanical bosonic operators b, bf and the
cavity bosonic operators @, a', the system Hamiltonian can be
written as [92]

Hy = Hy + Vom + Vbce, (36)
where
Hy = w.a'a + w,b'h (37)

is the unperturbed Hamiltonian,

N

Vom = ga'a(b + b") (38)

is the standard optomechanical interaction Hamiltonian,
and

Ve = %(az +a')b + bh (39)

describes the emission of photon pairs induced by the me-
chanical motion predicted by the DCE [89,93,94]. When
treating most optomechanics experiments until now, Vpcg
has been neglected. This is a very good approximation
when the mechanical frequency is much smaller than the
cavity frequency (which is the most common experimental

situation), because Vpcg connects bare states with an energy
difference 2w, & w, which then is much larger than the
coupling strength g. With this approximation, the resulting
Hamiltonian, I:IO + Vum, conserves the number of photons and
can be analytically diagonalized. However, when considering
ultra-high-frequency mechanical oscillators, with resonance
frequencies in the GHz spectral range, coupled to a microwave
resonator, VDCE, which does not conserve the photon number,
cannot be neglected any more [87].

As shown in Ref. [87], such a system displays an energy-
level spectrum with a ladder of avoided level crossings arising
from the coherent coupling induced by Vpcg between the
states |n, k,) and |n + 2, (k — q)n42), occurring when the
energies of the initial and final states coincide 2w, >~ qw,,).
Here the first number in the ket denotes photon number and
the second denotes phonon number (with the photon number
as a subscript since the photons displace the mechanical
Fock state). For example, with ¢ = 1, we have the standard
resonance condition for the DCE 2w, >~ w,, [95]), in which
case Vpcg gives rise to a resonant coupling between the states
|0, k) and |2, (k — 1),) with k > 1, converting a phonon into
a photon pair.

When VDCE is taken into account, the system Hamiltonian
does not conserve the number of photons (the phonon number
is not conserved even in the standard optomechanical Hamil-
tonian). For example, the ground state of H contains photons,
ie., (EglatalEy) # 0. Therefore, in analogy to USC cavity
QED, a careful treatment of dissipation and input-output the-
ory is required. If the standard photon and phonon operators
were used to describe the interaction with the outside world,
unphysical effects would arise.

2. Impact of temperature on the dynamical Casimir effect

It has been shown [87] that this system can be used to
demonstrate the conversion of mechanical energy into photon
pairs (DCE). The calculations in Ref. [87] were performed us-
ing a dressed master equation without the post-trace RWA, de-
veloped only for the case of zero-temperature reservoirs. Here
we instead apply the generalized master equation presented in
Sec. I1C, in order to study the influence of temperature on the
energy conversion from phonons to photons.

For our numerical calculation we consider a normalized
optomechanical coupling g/w,, = 0.1, a mechanical damping
rate y/w, = 0.05, and a cavity damping rate k = y /2. We
focus on the avoided level crossing between the states |0, 2)
and |2,0;) at w,, >~ w.. We consider the resonant condi-
tion, corresponding to the minimum level splitting: w./w,, =
1.016.

As in Ref. [87], we consider a continuous coherent drive of
the mechanical oscillator,

I:Id — Q(i) eTtemt 4 Z;Telw”‘l), (40)
with frequency resonant with the oscillating mirror and am-
plitude 2 = y /2. The dynamics giving rise to the DCE is
then described by the filtered generalized master equation

(A =10y)

p = —ilHs+ Hy, p]+ L. (41)
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FIG. 4. Results for the DCE at different temperatures, obtained using the generalized-master-equation approach. (a), (b) System dynamics
for w. >~ w,,, under coherent mechanical pumping, in perfect cooling conditions 7}, = T, = 0, starting the dynamics from the ground state.
(c), (d) The same, but with T,, /w,, = T, /w,, = 0.5 and the initial state being the thermal state with 7' /w,, = 0.5. The blue dashed curves show
the mean phonon number (E(’)BH)) in (a), (c) and the phonon-phonon correlation function g;f)(t, t) in (b), (d). The red solid curves describe
the mean cavity photon number (A(’) A(“) in (a), (c) and the zero-delay normalized photon-photon correlation function gf)(t, t) in (b), (d).

All parameters for the simulations are given in the text.

where the Liouvillian superoperator can be written as

1 A ~ N o o N
Laih= ) Slyn@ . T)BV@)HB (@)~ BV (@)BT@)p] + ylnw. T,) + 1BV @)pB )

(w,0')>0

— BB (w)p] + yn(w, THIBT(@)p B (w) — pBP ()BT ()] + yIn(e, T,) + 1]
x [BP(0)p BT (@) — pBT (@) BT ()] + kn(e, TOIAT (@)pAT (@) — AT (0)AT ()]
+k[n(w, To) + NAD (@)p AT (@) — AT ()AD (@)p] + kn(w, TOIA T (@)p AP (w)

— PAP (@) A ()] + k[n(e, Te) + NAD (0)p AT (@) — pAT (AP ()} F (0, o),

where A and A are the positive- and negative-frequency
dressed cavity operators (§; = &), and B and B are the
positive- and negative-frequency dressed mechanical opera-
tors (§; = 13).

In Fig. 4, we show the photonic and phononic populations,
(A ADY and (B B™), and the relative two-photon and
two-phonon correlation functions,

(A(’)(I)A(*)(t)AA(“(t)A(*)(t))

) _
BB BE (1) B
¢2( 1) = (B (t)B"(1)B™ (1) BT (1)) @4)

(BO®)BH(1))?

Figures 4(a) and 4(b) display the results of calculations done
with zero-temperature reservoirs for both subsystems and
starting the dynamics from the ground state. Figures 4(c)
and 4(d) display the results of calculations for reservoirs
with T, /w,, = T, /w, = 0.5 and with the system initially in
thermal equilibrium with those reservoirs.

(42)

(

At T = 0, with the system starting in its ground state, the
photonic and phononic populations start from zero and, due
to the coherent pumping, reach nonzero stationary values. The
photonic correlation function gf) (¢, t) is initially much higher
than two, suggesting photon-pair emission. As time goes on,
gff) (¢, t) decreases significantly due to losses which affect the
photon-photon correlations, and also due to the increase of
the mean photon number [note that gi‘z)(t, t), owing to the
squared denominator, is an intensity-dependent quantity]. The
mechanical correlation function gg)(t, t), on the contrary, has
an almost constant value [gfgz)(t, t) ~ 1], showing that the
mechanical system is mainly in the coherent state produced
by the pumping.

For reservoirs with nonzero temperature, the phonon and
photon populations, starting from their thermal-equilibrium
values, equilibrate to lower steady-state values. This reduction
of both populations originates from the increase of the decay
rate of the coherent contributions with increasing temperature.
We also note that the difference between the two steady-state
values is reduced at higher temperatures, due to the thermal
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contributions. At T # 0, a fraction of the observed photons,
as expected, does not come from the mechanical-to-optical
energy conversion, but, trivially, from the photonic thermal
reservoir.

This picture is confirmed by comparing the dynamics of
the higher-order correlation functions [Figs. 4(c) and 4(d)].
Specifically, at higher temperature, we observe a strong de-
crease of g A)(t t), showing that a reduced fraction of pho-
tons is emitted in pairs. However, the photon-photon cor-
relation functions remains, even in the steady state, higher
than the thermal value gf)(t, t) = 2. The phonon-phonon
correlation starts from a value ~2 corresponding to the initial
incoherent thermal state and, as time goes on, decays to a
stationary value higher than one due to the incoherent ther-
mal excitations provided by the interaction with the thermal
reservoirs.

Furthermore, in Fig. 4(d), the photon-photon and the
phonon-phonon correlation functions do not start from the
same initial value. This effect is due to the VDCE term which,
owing to its nonbilinear form, modifies the thermodynamic
equilibrium of the initial state of the system. The Vpcg contri-
bution leads to a separation of the correlation-function values
with size proportional to the temperature. This separation thus
vanishes trivially for 7 = 0, when the VDCE term becomes
negligible.

The results obtained clearly show that the generalized
dressed master equation provided here is able to describe dis-
sipation in hybrid quantum systems with coexisting coherent
phases (provided, e.g., by means of a continuous drive) and
incoherent phases (provided, e.g., by thermal reservoirs or
thermal-like pumping). The behavior of the one- and two-
photon correlation functions show that signatures of the DCE
can be observed even in the presence of a non-negligible
amount of thermal noise. It thus demonstrates that this ef-
fect can be observed in a real experimental setup, where
perfect cooling conditions cannot be reached. Although the
number of Casimir photon pairs produced depends on the
thermal noise injected into the system, our results here show
that the DCE remains detectable even at relatively high
temperatures.

3. Comparison to other approaches

As already mentioned in the Introduction, and demon-
strated in Ref. [21], the use of a master equation with a dissi-
pator not taking into account the interaction between the sub-
systems can lead to unphysical results. Hu et al. derived [75]
a dressed master equation specifically developed to describe
dissipation in optomechanical systems characterized by the
standard optomechanical Hamiltonian, Hs = Ho + Vom, i
the USC regime. Here we show that this master equation fazls
when cons1der1ng the complete optomechanical Hamiltonian
Hs = Hy + Vom + Vpce.

In Fig. 5, we display results obtained describing the dy-
namics of our optomechanical system in perfect cooling con-
ditions, without any pumping, with the master equation pro-
vided in Ref. [75], including the VDCE term as a perturbation
in the dynamics. In these conditions, evaluating the dynamics
with the system initially in the ground state (an eigenstate
of the system), zero population is expected in the states

2x1073
paa(t)
@
S
=
=1
o
o
[a )
p11(t)
0
0 5 10 15

vt

FIG. 5. State populations obtained using the master-equation
approach of Ref. [75]. The red (blue) solid curve shows the time
evolution of the population of the one-photon state |1, 0) (the one-
phonon state |0, 1)) labeled p2(¢) [p1:1(¢)] under perfect cooling
conditions 7, = T, = 0 and without any pumping. The initial state
is the ground state |0, 0). All other parameters are the same as in
Fig. 4. In these conditions, without any external driving or thermal
excitations, the system is expected to remain in the ground state.
However, the plot clearly shows a nonzero population in both the
one-photon and one-phonon states. This indicates that this approach
is not able to correctly describe optomechanical systems when the
Vibce contribution no longer can be neglected.

with one photon, |1, 0), and one phonon, |0, 1). However,
Fig. 5 clearly shows nonzero populations. This anomalous
effect occurs because, due to the additional VDCE term, the
number of photons is no longer conserved and consequently
the eigenstates of the Hamiltonian changes. In this case,
the master equation provided in Ref. [75] does not describe
interactions between subsystems and reservoirs in terms of
the correct eigenstates, which leads to an unphysical evolution
of the initial ground state. This result shows once more the
importance of expressing the system operators in the basis
of the system eigenstates when describing interactions with
reservoirs to derive a correct master equation.

IV. CONCLUSIONS

We have presented a generalized dressed master equation,
valid for arbitrary open hybrid quantum system interacting
with thermal reservoirs and for arbitrary strength of the cou-
pling between the components of the hybrid system. Our
approach was derived within the Born-Markov approxima-
tion, including the pure dephasing terms and without per-
forming the usual post-trace RWA. Therefore, our approach
is able to handle dynamics in systems with both harmonic,
quasiharmonic, and anharmonic transitions. Moreover, this
approach is not limited to systems displaying parity symmetry.
Unfortunately the dissipator obtained includes rapidly oscil-
lating terms that can cause numerical instabilities. In order to
fix this problem, we introduced a filtering procedure which
eliminates the fast-oscillating terms which do not contribute
to the coarse-grained dynamics. This filtering has the added
benefit of reducing computation times.

We applied our generalized approach to study the influence
of temperature on multiphoton vacuum Rabi oscillation in a
circuit-QED system in the dispersive regime. We compared
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our results with those obtained using the dressed master
equation of Ref. [21]. We found that both approaches describe
multiphoton Rabi oscillations and reach the same stationary
state (the thermal equilibrium). However, the standard master
equation overestimates decoherence effects since it does not
take into account the partial overlap of photonlike transitions,
which reduces the decoherence during the time evolution.

We also studied the influence of temperature on the con-
version of mechanical energy into photon pairs (DCE) in an
optomechanical system, recently described in Ref. [87] for
zero-temperature reservoirs. In this case, we showed that the
DCE can be observed also in the presence of a significant
amount of thermal noise.

Finally, we demonstrated that the master-equation ap-
proach provided in Ref. [75] for optomechanical systems
with ultrastrong coupling fails when considering the full
optomechanical Hamiltonian including the Vpcg term. Specif-
ically, under these conditions, the master equation provided in
Ref. [75] does not describe interactions between the compo-
nents and reservoirs correctly in terms of transitions between
eigenstates of the hybrid system. Because of this shortcoming,
that approach leads to an unphysical evolution of the initial
ground state to excited states even at zero temperature and
without any external pumping. This example clearly shows
that the general master-equation approach provided here is

J

necessary to describe dissipation of general open hybrid quan-
tum systems interacting with thermal reservoirs.
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APPENDIX: DERIVATION OF THE DRESSED
MASTER EQUATION

Starting from the system-bath Hamiltonian in Eq. (18),
and following the standard procedure [5], i.e., performing
the second-order Born approximation, the Markov approxi-
mation, and considering reservoirs with a continuum of fre-
quencies, we obtain

t

p(t) = /0 dr'18:() B8 (t) — $: (S (BB (1) Bi(t')) + / dr'18: (A0S (1) — NS (S 1Bl () By (1))
0

+ / dr'18:()BWSi (1) — S8 (BB (OBl () + / dr18: (A8 (1) — BUHNS (S (1B (1) Bl (1)),
0 0

(AD)

where (13’,T (t)éi (")) and (éj (t/)éi(t)) are the reservoir correlation functions

<§j(t)§z(t/)> = /Oodv gi(V)Ia,-(v)|2n(v, Ti)ew(z—t’)’
0

(BBl = / ) dv gi(v)la; (W) P[n(v, T;) + 1]e™0 ",
0

(A2)

(A3)

with g(v) being the reservoir density of states and «(v) the system-reservoir coupling strength. Substituting Egs. (A2) and (A3)
into Eq. (A1), and performing the change of variable T = ¢ — ¢/, we obtain

by =Y S [AL @) + Bl () + €L () + D, (1],

i

where

(A4)

t [ee]
Al (1) = / dv e T T [§()5 ()81 () — Si(@)Si () (1)] / dv g (W)l (W)*n(v, Te',
0 0

Bl ()= / dt e Tt (8 () 5(1)8i (@) — p(1)Si (@) S ()] / dv gl (WP, Tpe ™",
0

0

(AS5)

Cl (1) = / dt e " @T T [8 () 5(1)8i (') — 8i(0)Si(0)p(1)] f dv gi(W)e; W) [n(v, T) + 1le™7,
0 0

t o0
D) = / dr e @IS (@)B(131 (@) — H)S @) (@)] / dv g ()l )2, T)) + 11e™".
0 0

Assuming that the integrands decay on a much shorter time scale than that of the reservoir correlation functions, we can extend
the T integration to infinity. Evaluating both the integrals without performing any approximation except for the Born-Markov
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approximation, the master equation in the Schrodinger picture can be written
p = —ilHs, pl+ Lomeh. (A6)

with the Lindbladian superoperator that in the most general form can be written as

1 N s N N
Lomed = 5 ) D _Ni(=0 (=0, TS@IAN)S (@) = §:(@)8:@)pO) + T (@n(@, T))

i w0

X [8:()p(1)Si (@) — p(1)S; (@)S; (@] + Ti(@)n(w, T;) + 1[Si(@)p()8: (') — Si(0)Si (@) ()]
+Ti(—a)n(—a/, T;) + 1[S:(@)p(1)S; (@) — p()8: ()8 ()]} (A7)
Both T';(w) and n(w, T;) are nonzero only for w > 0; thus, using the definitions in Eq. (17), Eq. (A7) can be written as

Lomep = %Z > {Ti@)n@, THIS (@) (@) — 5 ()87 ()p(1)] + Ti(@n(w, THIS ™ (@)p1)8 (@)

i (w,0)>0

— P8 (@)8 ()] + Ti(@)n(w, T) + I8 (@)p(1)8 (@) — 57 ()3 (@)p(1)] + Ti(@)n(', T;) + 1]
x [§{ P (@)p()8 (@) — p)S(@)8 ()] + Ti(@ (@, THIS ™ (@)p ()8 (@) — 87 ()8 (0)p(1)]
+Ti(@)n(@, T) + N8 (@)p1)8 (@) — p(0)87 ()8 (@)1 + Ti(@In(w, THIS T (@)p(1)8 ()

— PO ()8 ()] + Ti(@)n(w, T) + NI (@)p ()8 (@) — 87 (@)3 " (@)p(1)]

+Ti(@)n(@, T[S (@)p®)8” — 5787 ()p(1)] + Ti@n@', Tr) + 1[5 6(1) 87 (@) — p(6)8 7 ()]

+ i@, TH[S” )8 (0) — p()S T (@)8”] + Ti(@)n(w, Tr) + 1[5 (@)p(1)8” — 58 (w)p(1)]
+ QP (M[SV51)8” = 3V50 ()] + T[SV (1) — 518 ()3
+ Q7 (H)[8Vp1)8° — p)83] + @7 (1[5 p(1)3” - 55V p(1)]}. (A8)

with thermal populations
n(@, T;) = [exp {0/ T} = 117, (A9)
damping rates
[i(@) = 278 (0)|ai ()], (A10)

and pure dephasing damping rates

t [oe)
QT =/ dr/ dv gi(W)|e; (W)P[n(v, Tp) + 1]1e=7,
0 0
(All)
t o0
Q) = / dv / dv g (W)l ) Pn(v, T . (A12)
0 0
Specifically, the terms in the first four lines of Eq. (AS8)

oscillate at frequencies +(w — ). If (w — ') is significantly
larger than the damping rates I'; of the system, these terms

(

provide negligible contributions when integrating the master
equation. In the generalized approach, these terms are then
eliminated by the numerical filtering. The terms in the next
four lines of Eq. (A8) oscillate at +(w’ + ). These terms are
clearly rapidly oscillating and thus provide negligible con-
tributions. The terms in the following four lines, oscillating
at +w, —«’, are fast oscillating when considering systems
displaying well-separated energy levels with w > I'; and,
in these cases, can be neglected. Finally, the terms in the
last four lines arise from degenerate transitions and describe
pure dephasing. The contribution of these terms becomes
negligible at very low temperatures in the particular case
of Ohmic baths. Furthermore, it is important to note that,
applying the post-trace RWA without considering any parity
symmetry of the system, Eq. (A7) can be rewritten in a form
equal to the standard dressed master equation as in Ref. [21],
with a few additional terms provided by the zero-frequency
operators S'i(o) # 0.
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We show that the dynamical Casimir effect in an optomechanical system can be achieved under incoherent
mechanical pumping. We adopt a fully quantum-mechanical approach for both the cavity field and the oscillating
mirror. The dynamics is then evaluated using a recently developed master-equation approach in the dressed
picture, including both zero- and finite-temperature photonic reservoirs. This analysis shows that the dynamical
Casimir effect can be observed even when the mean value of the mechanical displacement is zero. This opens
up possibilities for the experimental observation of this effect. We also calculate cavity emission spectra in both
the resonant and the dispersive regimes, providing useful information on the emission process.

DOI: 10.1103/PhysRevA.100.022501

I. INTRODUCTION

One of the most surprising predictions of quantum field
theory is that the vacuum of space is not empty, but it has
plenty of short-lived virtual particles. Real observable parti-
cles can be produced out from the quantum vacuum providing
energy to its fluctuations [1-5]. Vacuum fluctuations have
measurable consequences, such as the Lamb shift of atomic
spectra [6] and the modification of the electron magnetic
moment [7], even when real particles are not generated. For
years, scientists and researchers wondered if it was possible to
achieve a direct observation of the virtual particles composing
the quantum vacuum or at least if their conversion into real
particles was achievable. The answer arrived when Moore
[2] suggested that a variable length cavity undergoing rela-
tivistic motion would be able to convert virtual photons into
real ones. This phenomenon was later called the dynamical
Casimir effect (DCE). Fulling and Davies [3] demonstrated
that photons can also be generated by a single mirror subjected
to a nonuniform acceleration. The DCE was first studied in the
context of electromagnetic resonators with oscillating walls or
containing a dielectric medium with time-modulated internal
properties [8—11].

This concept was later generalized for other bosonic fields,
e.g., cold atoms [12], phononic excitation of ion chains [13],
optomechanical systems [14], and Bose-Einstein condensates
[15,16]. Moreover, it has been shown that photon pairs can
be emitted from the vacuum by switching or modulating
the light-matter-coupling strength in cavity QED systems
[17-21]. It was shown [22] that a significant number of
photons can be produced also in realistic high-Q cavities
with moderate mirror speeds, taking advantage of resonance-
enhancement effects. Unfortunately, the resonance conditions
require the mechanical frequency w,, to be at least twice the
first cavity mode frequency w,, i.e., w,, =~ 2nw., where n € N.
This is a significant obstacle for experimental observations.

Additional theoretical studies on the DCE have been pre-
sented in, e.g., [3,23-29]. Some of these proposals suggested
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the use of alternative experimental setups where the boundary
conditions of the electromagnetic field are modulated by an
effective motion [17,30-35]. Specifically, the link between
the DCE and superconducting circuits was theoretically pro-
posed for the first time in Ref. [36] and elaborated later on
in Ref. [37]. In this context, it did not take long for the
experimental results to arrive. In fact, the emission of photon
pairs was observed in a coplanar transmission line terminated
by a superconducting quantum interference device whose
inductance was modulated at high frequency [38]. The exper-
imental realization of the DCE gives further evidence of the
quantum nature of the dynamical Casimir radiation, indicating
that the produced radiation can be strictly nonclassical with
a measurable amount of intermode entanglement [39]. Ref-
erence [40] reviews vacuum amplification phenomena with
superconducting circuits. Photon pairs were also produced
by rapidly modulating the refractive index of a Josephson
metamaterial embedded in a microwave cavity [41]. However,
these do not demonstrate the conversion of mechanical energy
into photon pairs, so these experiments can also be regarded as
quantum simulator. A new type of optomechanical dynamical
coupling based on the DCE has also been proposed in trapped
Rydberg atoms interacting with a dynamical mirror whose
refractive index can be periodically varied [42]. A significant
emission of photon pairs has also been predicted in Mott in-
sulators of coherently dressed three-level atoms by parametric
amplification of the polaritonic zero-point fluctuations in the
presence of a fast time modulation of the dressing amplitude
[43].

Most theoretical studies on the DCE are based on a
quantum-mechanical description of the electromagnetic field
and a classical description of the time-dependent boundary
conditions. Recently, the DCE in cavity optomechanical sys-
tems has been investigated without linearizing the dynamics
and describing quantum mechanically both the cavity field
and the vibrating mirror [44-46]. Within this full quantum
description, it turns out that the resonant generation of photons

©2019 American Physical Society
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from the vacuum is determined by several ladders of mirror-
field vacuum Rabi-like splittings. The resulting general reso-
nance condition for the photon-pair production is kw,, >~ 2nw,
(k, n € N). This corresponds to processes where k phonons in
the mechanical oscillator are converted into n cavity photon
pairs. This generalized resonance condition enables a resonant
production of photons out from the vacuum even for mechan-
ical frequencies lower than the lowest cavity-mode frequency,
thus removing one of the major obstacles for the experimental
observation of this effect.

In addition, it has been shown that a vibrating mirror
prepared in an excited state (mechanical Fock state) can
spontaneously emit photons like a quantum emitter. In this
case, however, a photon pair is emitted instead of a single
photon.

Moreover, it has been recently demonstrated that virtual
Casimir photon pairs can be used to enable a coherent mo-
tional coupling between two spatially separated movable mir-
rors, allowing this kind of optomechanical system to also op-
erate as a mechanical parametric down-converter even at very
weak excitations [47]. Entangled photons from the vacuum
can also be generated by using microwave circuit-acoustic
resonators [48].

The approach considered in Ref. [46] also extends the
investigation of the DCE to the optomechanical ultrastrong-
coupling regime, where the optomechanical coupling rate
is comparable to the mechanical frequency [49-55]. This
regime, which attracted great interest also in cavity QED
giving rise to a great variety of novel quantum -effects
[20,56-58], turned out to be an essential feature for
the realization of new interesting proposals in quantum
optomechanics [59-61].

Temperature effects also play an important role in the
generation of photons in a resonantly vibrating cavity [62—65].
Specifically, it turns out that the thermal contributions in
these systems under the influence of time-dependent bound-
ary conditions lead to a strong enhancement of photon-pair
production at finite temperatures.

Encouraged by the results obtained in Ref. [46], here we
investigate the dynamics of an optomechanical system in a
fully quantum-mechanical framework, under incoherent me-
chanical excitation, using a master-equation approach. This
allows us to demonstrate that a remarkable Casimir photon-
pair flux is produced even considering a thermal-like noise
source coupled only to the mechanical degree of freedom.
For ultrastrongly coupled hybrid quantum systems [66—70],
the standard quantum-optical master equation breaks down
and a dressed master-equation approach is needed [56,71,72].
Furthermore, if the energy-level spectrum displays a quasi-
harmonic behavior [51], like in optomechanical systems, a
new dressed master equation [73,74] not involving the usual
secular approximation is required.

The outline of this article is as follows. In Sec. II we
briefly introduce the theoretical model and the dressed master-
equation approach for quasiharmonic hybrid systems. Sec-
tion III is devoted to the presentation of the energy-level
structure, focusing the attention on the avoided level crossings
giving rise to the DCE. In Sec. IV we apply the generalized
master equation [74] to calculate the dynamics of the sys-
tem at finite temperatures and, using the quantum regression

Noise Source

FIG. 1. Schematic of a generic optomechanical system. One of
the mirrors of the optical cavity is coupled to a noise source with
effective temperature 7, and can vibrate at frequency w,. This
system can generate Casimir photon pairs.

theorem, we present the power spectra in the weak-
and strong-light-matter-coupling regimes. We summarize in
Sec. V.

II. MODEL

We study a standard optomechanical system composed of
an optical cavity with a movable end mirror (see Fig. 1).
Moreover, we consider a radiation pressure coupling between
the first cavity mode and a single mechanical mode.

The system Hamiltonian can be written as

Hs = Hy + Vom + Vbce, ()
where (i = 1 throughout the paper)
Ay = w.d'a + w,b'b )

is the uncoupled Hamiltonian and

Vom = ga'a(b + b 3)
is the standard optomechanical interaction Hamiltonian. Here
w, 1s the resonator frequency, w,, is the mechanical frequency,
g is the optomechanical coupling strength, and a (b) and
a’ (b are, respectively, the bosonic creation (annihilation)
operators for the cavity and mechanical modes. Finally, the
perturbation term determining the DCE is

Voce = %’(fﬂ +a"?)(b+ b, )

Since in this case the Vpcg term only couples bare states
having energy differences 2w, £ w,, much larger than the cou-
pling strength g, it can be neglected. Also, this interaction term
is often neglected when describing most of the experimental
optomechanical systems, where the mechanical frequency is
much smaller than the cavity frequency.

The resulting total Hamiltonian conserves the photon num-
ber and can be diagonalized separately in each n-photon
subspace. The general quantum state of such a system is

n, k) = n) ® D(nn)lk), (&)

where the integer k, represents the vibrational excitations
of the mechanical resonator in the corresponding n-photon
subspace and

lky) = D(nn)|k) (©6)

represents the displaced mechanical Fock state determined by
the displacement operator D(nn), where

n=g/on N

022501-2
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is the normalized coupling strength. In the manifold with n =
0, the states |0, ko), simply labeled |0, k), are the eigenstates
of the harmonic oscillator decoupled from the cavity. When
considering ultrahigh-frequency mechanical oscillators with
resonance frequencies

Wy X e, (8

the VDCE term cannot be neglected. In this case, the photon
number is no longer conserved and there is no analytical
solution for the system eigenstates. Moreover, it turns out
that the introduction of the Vpcgp term increases the degree
of anharmonicity, slightly modifying the levels structure but
still preserving the quasiharmonic behavior. Consequently,
the system dynamics has to be described using a general-
ized master equation developed without performing the usual
secular approximation. A suitable approach, able to describe
the time evolution of the density matrix operator p for any
hybrid quantum system in the presence of dissipations and
thermal-like noise, has been presented in Ref. [74].

In the interaction picture, this master equation can be
written as

b =« LIA1p + v LIBp, )

with « and y the cavity and mirror damping rates, respec-
tively. The dressed photon and phonon lowering operators
O = A, B are defined in terms of their corresponding bare
operators 0 = 4, b by the relation [20,56]

O(w) = Z [1(e)(6 + N1 (e )e ™, (10)

e—e'=w

where € are the eigenvalues of Hs and I1(¢) = |€) (¢| indicate
the projectors onto the respective eigenspaces. Furthermore,
the Liouvillian superoperator £[O]p can be expressed in the
general form

A 1 A A A Ak
L0 = Y~ Sin@. 10" @)p0w) ~ 0(@)0' (@)p]

(w,w')>0
+ [n(w, T) + 11[0(0)p0' (o) — O (' )O(w)p]
+ n(w, T[O" (0)pO(w) — pO(w)0' ()]

+ [0, T) + 1[O(@)pO0' (&) — pO' () O()1},
(11)

where (kg = 1)
n(w, T) = [exp(w/T) — 117! (12)

is the thermal noise occupation number of the system reser-
voir, at real or effective temperature 7'.

When counterrotating terms are taken into account in the
interaction Hamiltonian, the introduction of master equations
in the dressed basis is not sufficient. Indeed, a modification of
input-output relationships, relating the intracavity field with
the external fields [46,56,74-76], is also required. According
to these modified relationships, the output fields are no longer
determined by expectation values of the bare photon operators
(see, e.g., [77-79]), but by the expectation values of the
dressed operators in Eq. (10).
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FIG. 2. (a) Lowest energy eigenvalues of the system as a function
of w./w,, for a normalized optomechanical coupling strength 7 =
g/w, = 0.1. The ground state is not displayed. (b) Enlarged view
of the avoided level crossing arising from the coherent coupling
between the states |0, 2) and |2, 0,). The energy splitting reaches its
minimum at the resonant frequency w, >~ w,,.

III. VACUUM CASIMIR-RABI SPLITTINGS

In order to fully characterize our system, we numerically
diagonalize the Hamiltonian Hs in Eq. (1). Figure 2(a) shows
the lowest energy levels as a function of the cavity frequency
w./w,, considering a normalized optomechanical coupling
strength n = 0.1.

As reported in Ref. [46], when the resonant conditions

are satisfied, the VDCE term induces a coherent resonant cou-
pling between the bare states |0, k) (i.e., zero photons and
k phonons) and |2, (k — g),) (i.e., two photons and k — 1
phonons), with ¢ € N*, having a different number of excita-
tions. Figure 2(b) shows an enlarged view of the avoided level
crossing arising for w,, >~ w,, involving the states |0, 2) and
|2, 02). When the splitting is at its minimum, the two system
eigenstates are essentially a symmetric and an antisymmetric

022501-3
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linear superposition of these bare states |yy) =~ %2(|0, 2) &+
|2, 02)). The size of this avoided level crossing (Casimir-Rabi
splitting), analytically calculated using first-order perturbation
theory, is given by

2Q09 = 20, 2|Vpcg 2, 02)
= V28[v/3Ds,02n) + V2D o201, (14)

where

Dy x(2n) = VIR R P2 LE K22y (15)

represents the overlap between different displaced mechanical
Fock states and L,’f/’k is an associated Laguerre polynomial.
It is important to note that the quantity 295:2 plays a funda-
mental role in the DCE, since it determines the rate at which
a mechanical two-phonon state is able to generate photon
pairs. Specifically, for a normalized optomechanical coupling
n = 0.1 we obtain a matrix element 295:3 =~ (.05 that ensures
that this avoided level crossing is able to produce a detectable
rate of Casimir photon pairs.

IV. RESULTS

Here we present the system dynamics numerically evalu-
ated taking into account a thermal-like pumping of the me-
chanical components and considering the photonic reservoir
both at 7, = 0 and at finite temperature. Specifically, we study
the time evolution of the mean phonon (photon) number (B'B)
({ATA)) and the zero-delay phononic (photonic) normalized
second-order correlation function, defined as

(0T (1)OT (1)Ot)O(1))

©'00W? e

2,1 =
with O € [4, B).

A. System dynamics in the weak-coupling regime

We start by considering the system initially prepared in its
ground state and in the weak-coupling regime, which corre-
sponds to the case where the Casimir-Rabi splitting Zngi_q
is smaller than the total decoherence rate of the system
It = ¥ + k. Specifically, we assume y /w,, = 0.05 and k¥ =
y /2 with an optomechanical coupling n = 0.1, considering
the resonant case w,, >~ w, corresponding to the minimum
splitting of the avoided level crossing arising between the
states |0, 2) and |2, 0,) [see Fig. 2(b)]. Figures 3(a) and 3(b)
display the time evolution of the photonic (ATA) (red solid
curve) and phononic (B*B) (blue dashed curve) populations,
together with the time evolution of the resgective two-photon
and two-phonon correlation functions g%()A)(t,t). All these
quantities have been evaluated taking into account the inter-
action with a zero-temperature (7, = 0) photonic reservoir
and providing an incoherent thermal-like pumping of the
mechanical component by means of a phononic reservoir with
an effective temperature T, /w,, = 0.9. As shown in Fig. 3(a),
the photonic and phononic populations start from zero and,
due to the incoherent thermal-like pumping of the mechanical
modes, reach a considerable stationary value. In particular, a
steady-state intracavity mean photon number (AA) ~ 0.15

normalized time

FIG. 3. System dynamics for the resonant case w. ~ w,, consid-
ering a T, = 0 cavity reservoir and the mechanical oscillator coupled
to a thermal-like noise source with an effective temperature T, /w,, =
0.9. (a) Time evolution of the mean phonon number (B'B) (blue
dashed curve) and of the mean intracavity photon number (AA) (red
solid curve). Due to the thermal-like pumping, the populations reach
stationary values. (b) Time evolution of the zero-delay normalized
photon-photon gﬁf)(z, t) and phonon-phonon gg)(t, t) correlation
functions. At ¢ = 0, the two-photon correlation function gf)(t, 1)
displays values much higher than 2, showing that a considerable
number of photon pairs are emitted. As the time goes on, this value
decreases significantly due to the cavity losses and the corresponding
increase of the mean photon number. In contrast, the mechanical
correlation function sets on a constant value gj,?)(t, t) ~ 2, showing
that the mechanical system is in an incoherent state produced by the
thermal-like noise.

is obtained. For a cavity mode of frequency w./27 ~ 6 GHz,
this value corresponds to a steady-state output photon flux
® = k(ATA) ~ 1.4 x 10% photons per second. This output
photon flux is remarkable since it is much higher than the
detection threshold of the state-of-the-art detectors, despite
the quite-low-quality factor Q. = w./k = 40 of the cavity
considered in the numerical calculations. Furthermore, also
the mechanical loss rate y corresponds to a quality factor
O, one order of magnitude lower than the values which are
experimentally measured in ultrahigh-frequency mechanical
resonators [80,81]. Moreover, in Fig. 3(b) we observe that
the photonic correlation function starts from a value much
higher than 2, suggesting that a high number of photon pairs is
produced. As time goes on, this value decreases significantly

022501-4
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FIG. 4. Time evolution of the mean phonon number (E’J‘fi’) (blue
dashed curve) and of the mean intracavity photon number (A'A)
(red solid curve) for (a) n = 0.075 and (b) n = 0.05, in the resonant
case w, >~ w,,. We consider a 7T, = 0 cavity reservoir, while the
mechanical oscillator is coupled to a thermal-like noise source with
an effective temperature 7}, /w,, = 0.9. Since the coupling rate 75
between the states |0,2) and |2,0,) becomes less effective for
decreasing values of 7, in both cases we observe a smaller production
of Casimir photon pairs with respect to the case n = 0.1 displayed in
Fig. 3.

due to the system losses and the corresponding increase of the
mean photon number [note that gf)(t, t) is inversely propor-
tional to the square of the mean photon number]. In contrast,
the mechanical correlation function is set to a constant value
gg)(t, t) ~ 2, showing that the mechanical component is in an
incoherent state produced by the thermal-like pumping. Note
that the production of Casimir photon pairs is sensitive to
the optomechanical coupling strength. Figure 4 displays the
temporal evolution of the photonic (ATA) (red solid curve)
and phononic (B'B) (blue dashed curve) populations for
n = 0.075 [Fig. 4(a)] and n = 0.05 [Fig. 4(b)] using the
same values for the reservoir temperatures Ty, )/w, as in
Fig. 3. We observe that the intracavity mean photon number
(ATA) decreases for decreasing values of 7, suggesting that
a sufficiently high optomechanical coupling strength is re-
quired in order to obtain a detectable output flux of Casimir
photon pairs. This effect can be explained by considering
that lower values of 1 lead to smaller values of the two-
phonon—two-photon effective coupling rate Qé:g and conse-
quently to a lower conversion rate of phonons into Casimir
photon pairs. These results are particularly interesting since

they demonstrate that the DCE can also be experimentally
observed exciting a movable mirror with an incoherent
thermal-like pump such as, a white-noise generator (made
by an ultrahigh-frequency resonator interacting with a mi-
crowave cavity). Inreal optomechanical systems ground-state
cooling is never complete and the interaction with a finite-
temperature reservoir has to be taken into account. The time
evolution of the photonic and phononic populations together
with the respective two-photon and two-phonon zero-delay
correlation functions are displayed in Fig. 5. These functions
are evaluated in more realistic conditions, taking into account
a nonzero-temperature reservoir for both subsystems. In these
conditions, both populations start from a nonzero value cor-
responding to the initial thermal equilibrium density matrix.
As expected, a fraction of the observed photons are thermal
and do not originate from the mechanical-to-optical energy
conversion mechanism. This picture is confirmed by compar-
ing the dynamics of the two correlation functions shown in
Figs. 5(b) and 5(d). Specifically, when the cavity temperature
increases, we observe a strong decrease of the gf) (t,t) peak
value, indicating that fewer photons are emitted in pairs. How-
ever, as expected, the phonon-phonon correlation functions
remain constant at the thermal value gfgz)(t,t) ~ 2. These
results demonstrate that when the presence of a cavity thermal
noise is taken into account, the number of Casimir photon
pairs produced decreases. However, the output photon flux is
still above the detection threshold of the photodetector and
the peak value of the gf)(t, t) indicates that photon pairs are
produced.

B. Emission spectra in the weak- and strong-coupling regimes

In order to obtain more information on the ongoing
physics, here we present the cavity emission spectra derived
via a quantum regression approach. Considering a normalized
optomechanical coupling n = 0.1, we present results for the
system both in the weak- and in the strong-light-matter-
coupling regimes for different values of w./w,,. We consider
the cavity at 7, = 0, while the mechanical oscillator is cou-
pled to a reservoir with effective temperature 7, /w,, = 0.9.
For the sake of simplicity, we indicate the energy eigenvalues
and eigenstates as w; and |/) (I =0, 1, ...) and the transition
frequencies as wjx = w; — wy, choosing the labeling of the
states such that w; > wy for j > k [see Fig. 6(a)]. If the
effective temperature of the mechanical reservoir is high
enough to populate the state |5), the system decays toward
the ground state via two different one-photon decay channels:
|5) = |2) — |0) and |3) — |2) — |0). Since the states |5)
and |3) do not couple with the state |4), the other possible
one-photon transition |[4) — |0) can occur only by decays
from higher energy levels.

We start by considering the zero-detuning case A = (v, —
w,)/w, =0, where w, >~ 1.017w,, is the frequency corre-
sponding to the minimum value of the splitting in Fig. 2(b). In
this case the states |3) and |5) are well approximated, respec-
tively, by the superpositions |{+) = (|0, 2) £ |2, 02))/«/5.

Figure 6(b) displays the emission spectra for the system in
the weak-coupling regime, e.g., 293:3 < IMiot- Due to the high
value of I'y,, we observe a low-resolution emission spectrum
that displays only a wide band composed of a single peak at
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FIG. 5. System dynamics evaluated considering finite-temperature reservoirs and the system initially prepared in a thermal state at the
same temperature T, of the photonic reservoir. Time evolutions of the cavity mean photon number (A*A) (red solid curves) and the mean
phonon number (B*B) (blue dashed curves) are shown for 7, /w,, = 0.9 and (a) T, /w, = 0.2 and (c) T, /w,, = 0.4. Also shown are the time
evolutions of the zero-delay two-photon (red solid curves) and two-phonon (blue dashed curves) correlation functions gf)(t, t) and gf)(t, 1),
respectively, for T}, /w,, = 0.9 and (b) T, /w,, = 0.2 and (d) T, /w,, = 0.4.

frequency w/w,, =~ 0.98. In contrast, when the system is in the
strong-coupling regime (29(2):(2) > T'y), the spectrum becomes

well resolved. As shown in Fig. 6(b), for 293:2/1"[0[ ~6.7
the cavity emission spectrum displays two main peaks. In-
deed, in the resonant case the accidentally quasidegenerate
transitions |5) — |2) and |2) — |0) give rise to a single high-
frequency peak at w ~ w,,, whereas the lower-frequency peak
at w/w,, =~ 0.98 corresponds to the transition |3) — |2). It
is important to note that, in the presence of a 7, = 0 cavity
reservoir, these peaks are observable only if the Vpcg term
is included in the Hamiltonian. Indeed, without this term the
states |2, 0,) and |0, 2) are not coupled anymore and since
the mechanical incoherent pumping only populates phononic
states, the one-phonon decay peaks cannot be observed in
the cavity emission spectra. We now turn to the numerical
analysis of the detuning effects on the cavity emission spectra.
Figure 7(a) displays the emission spectrum calculated for
A = 0.028. As the transitions |5) — |2) and |2) — |0) are no
longer quasidegenerate, the peaks at frequencies ws, and wyg
become well resolved, while the peak corresponding to |3) —
|2) shifts towards a slightly lower frequency. As expected, if
we reduce the detuning and approach the resonance point A =
0, the spectrum essentially presents the same main features of
Fig. 6(c). Specifically, Fig. 7(b) shows that for A = 0.014 the
two peaks at wsy and wy merge and the emission spectrum
presents only a main contribution at w/w,, ~ 1.015, while
the transition frequency w3, does not change significantly.
Finally, in Fig. 7(c) we study the emission spectrum in the
presence of a negative detuning A = —0.028. Also in this
case, the spectrum displays three distinct peaks placed at

lower frequencies with respect to Fig. 7(a). This shift arises
from the energy-level crossing between the states |1) and |2)
shown in Fig. 2(a). Although the highest peak still corre-
sponds to the one-photon decay toward the ground state, the
emission spectrum is not symmetric with respect to the one
in Fig. 7(a). In particular, we observe that the intensity of
the peak associated with the transition |3) — |1) increases,
whereas the |5) — |1) transition peak displays a much lower
intensity. This effect can be explained by considering that,
differently from the positive-detuning cases studied above,
for A < O the state |3) ~ |2, 0,) has more photonic character
than |5) =~ |0, 2), which has more phononic character. Thus,
while the photonic character of the polaron state |3) leads
to an enhancement of the peak intensity at ws; in the cavity
emission spectrum, on the other hand, the phononic character
of the state |5) is responsible for the intensity decrease of the
peak at ws;. This study provides useful information on the
emission process. Moreover, the presence of these features in
the experimental spectra would represent a signature of the
production of DCE photons. A very promising experimental
platform for the observation of the proposed effect is pro-
vided by circuit-optomechanical systems utilizing ultrahigh-
frequency (~4-6 GHz) dilatational resonators [80]. In these
systems, it should be possible to easily achieve an optome-
chanical coupling strength n = 0.02, which is rather close to
the lower value considered here [see Fig. 4(b)]. Finally, we
notice that a higher-excitation noise would allow the observa-
tion of the DCE induced by an incoherent mechanical pump-
ing, even for lower values of the optomechanical coupling
strength.
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FIG. 6. (a) Schematics of the first energy levels of the optome-
chanical system. Solid arrows represent the possible one-photon
decay channels when the effective temperature of the mechanical
reservoir is high enough to populate the state |5). Also shown are the
cavity emission spectra for the system in the (b) weak- and (c) strong-
light-matter-coupling regime and at zero detuning. In both cases,
the cavity reservoir is at 7T, = 0, while the mechanical oscillator is
coupled to a reservoir with effective temperature 7, /w,, = 0.9. The
parameters are w,, = 1 and n = 0.1. The total loss rate ', = k + y
of the system is (b) 7.5 x 10~%w,, and (c) 7.5 x 103 w,,.
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FIG. 7. Cavity emission spectra for the system in the strong-
coupling regime for different values of the detuning A = (w. —
,)/wn, Where w, >~ 1.017 w,, is the frequency corresponding to
the minimum value of the splitting in Fig. 2(b). Specifically, we
considered the cases (a) A =0.028, (b) A =0.01, and (c) A =
—0.028. The main contributions are indicated by dashed lines. The
parameters are the same as in Fig. 6(c).

V. CONCLUSION

We have studied the dynamical Casimir effect in cavity
optomechanics achieved only under incoherent mechanical
excitation. We employed a fully quantum-mechanical descrip-
tion of both the cavity field and the oscillating mirror. The
system dynamics was evaluated under incoherent pumping
of the mechanical component, provided by a thermal-like
excitation. Using a master-equation approach [74] in order
to take into account losses, thermal effects, and decoherence
in the presence of a quasiharmonic spectrum, we showed
that a measurable flux of Casimir photons can be obtained
also without a coherent pumping, suggesting another way for
experimental observation of the DCE. This master-equation
approach could also be used to describe this effect in the pres-
ence of arbitrary colored-noise sources. The incoherent me-
chanical excitation mechanism described here is also expected
to work in parametrically amplified optomechanical systems
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in order to induce two-photon hyper-Raman scattering pro-
cesses, where squeezed photons already present in an opti-
cal resonator are scattered into resonant cavity-photon pairs
[82]. This method would allow the parametric conversion of
mechanical energy into electromagnetic energy in optome-
chanical systems where the mechanical frequency is usually
much lower than the cavity frequency, thus eliminating the
need for extremely high mechanical oscillation frequencies
and ultrastrong single-photon optomechanical coupling. In
Ref. [46] it has been shown that a vibrating mirror is affected
by spontaneous emission, in analogy with ordinary atoms.
However, it decays emitting photon pairs. Here we showed
that an incoherently excited vibrating mirror can emit light,
in analogy to atomic fluorescence or electroluminescence in
semiconductor devices.

By applying the quantum regression theorem, we have
calculated numerically the steady-state cavity emission spec-
tra under incoherent mechanical excitation, for different
detunings and loss rates. When the loss rates were lower than

the effective coupling rate, the emission spectra allowed us to
identify the different emission channels.
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Two close parallel mirrors attract due to a small force (Casimir effect) originating from the quantum
vacuum fluctuations of the electromagnetic field. These vacuum fluctuations can also induce motional
forces exerted upon one mirror when the other one moves. Here, we consider an optomechanical system
consisting of two vibrating mirrors constituting an optical resonator. We find that motional forces can
determine noticeable coupling rates between the two spatially separated vibrating mirrors. We show that,
by tuning the two mechanical oscillators into resonance, energy is exchanged between them at the quantum
level. This coherent motional coupling is enabled by the exchange of virtual photon pairs, originating from
the dynamical Casimir effect. The process proposed here shows that the electromagnetic quantum vacuum
is able to transfer mechanical energy somewhat like an ordinary fluid. We show that this system can also
operate as a mechanical parametric down-converter even at very weak excitations. These results
demonstrate that vacuum-induced motional forces open up new possibilities for the development of

optomechanical quantum technologies.

DOI: 10.1103/PhysRevLett.122.030402

Effective interactions able to coherently couple spatially
separated qubits [1] are highly desirable for any quantum
computer architecture. Efficient cavity-QED schemes,
where the effective long-range interaction is mediated by
the vacuum field, have been proposed [2—4] and realized
[1,5,6]. In these schemes, the cavity is only virtually
excited and thus the requirement on its quality factor is
greatly loosened. Based on these interactions mediated by
vacuum fluctuations, a two-qubit gate has been realized [7]
and two-qubit entanglement has been demonstrated [1].
Creation of multiqubit entanglement [8] has also been
demonstrated in circuit-QED systems. Very recently, it has
been shown that the exchange of virtual photons between
artificial atoms can give rise to effective interactions of
multiple spatially separated atoms [9,10], opening the way
to vacuum nonlinear optics. Moreover, it has been shown
that systems where virtual photons can be created and
annihilated can be used to realize many nonlinear optical
processes with qubits [11,12]. Multiparticle entanglement
and quantum logic gates, via virtual vibrational excitations
in an ion trap, have also been implemented [13,14].
A recent proposal [15] suggests that classical driving fields
can transfer quantum fluctuations between two suspended
membranes in an optomechanical cavity system.

0031-9007/19/122(3)/030402(7)
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Given these results, one may wonder whether it is
possible for spatially separated mesoscopic or macroscopic
bodies to interact at a quantum level by means of the
vacuum fluctuations of the electromagnetic field. It is
known that, owing to quantum fluctuations, the electro-
magnetic vacuum is able, in principle, to affect the motion
of objects through it, like a complex fluid [16]. For
example, it can induce dissipation and decoherence effects
on the motion of moving objects [17-19]. By using linear
dispersion theory, it has also been shown that vacuum
fluctuations can induce motional forces exerted upon one
mirror when the other one moves [20]. Here, we show that
two spatially separated moveable mirrors, constituting
a cavity-optomechanical system, can exchange energy
coherently and reversibly, by exchanging virtual photon
pairs. The effects described here can be experimentally
demonstrated with circuit-optomechanical  systems,
using ultra-high-frequency mechanical microresonators
or nanoresonators in the GHz spectral range [21,22].
Coupling such a mechanical oscillator to a superconducting
qubit, quantum control over a macroscopic mechanical
system has been demonstrated [21]. Our results show
that the electromagnetic quantum vacuum is able to transfer
mechanical energy somewhat like an ordinary fluid. It
would be as if the vibration of a string (mechanical

© 2019 American Physical Society
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FIG. 1. (a) Schematic of an optomechanical system constituted
by two vibrating mirrors. If one of the two vibrating mirrors is
excited by an external drive F (), its excitation can be trans-
ferred coherently and reversibly to the other mirror. The inter-
action is mediated by the exchange of virtual photon pairs.
(b) Relevant energy levels of the system Hamiltonian A as a
function of the ratio between the mechanical frequency of mirror
2 and that of mirror 1. An optomechanical coupling g/@,; = 0.03
has been used; the cavity-mode resonance frequency is
w. = 0.495w;. The lowest-energy anticrossing corresponds to
the resonance condition for the DCE [26]. The higher energy one
is the signature of the mirror-mirror interaction mediated by the
virtual DCE photons.

oscillator 1) could be transferred to the membrane of a
microphone (mechanical oscillator 2) in the absence of air
(or any excited medium filling the gap).

We consider a system constituted by two vibrating
mirrors interacting via radiation pressure [see Fig. 1(a)].
Very recently, entanglement between two mechanical
oscillators has been demonstrated in a similar system,
where, however, the two entangled mechanical oscillators
have much lower resonance frequencies and the system is
optically pumped [23]. This system can be described by a
Hamiltonian that is a direct generalization to two mirrors of
the Law Hamiltonian, describing the coupled mirror-field
system [24-28]. It provides a unified description of cavity-
optomechanics experiments [29] and of the dynamical
Casimir effect (DCE) [30-34] in a cavity with a vibrating
mirror [26]. It has been shown [32-38] that the photon pairs

generated by the DCE can be used to produce entangle-
ment. However, in the present case, the interaction and the
entanglement between two mechanical oscillators is deter-
mined by virtual photon pairs. Both the cavity field and the
position of the mirror are treated as dynamical variables and
a canonical quantization procedure is adopted [24]. By
considering only one mechanical mode for each mirror,
with resonance frequency w; (i =1, 2) and bosonic
operators b; and fng, the displacement operators can be

expressed as X; = Xilp)f(l;,I + b;), where XZ))f is the zero-
point-fluctuation amplitude of the ith mirror. The mirrors
form a single-mode optical resonator with frequency w,.
and bosonic photon operators & and a'. The system
Hamiltonian can be written as H, = H, + H,, where
(h=1) Hy=wd'a+>,0bb; is the unperturbed
Hamiltonian. The mirror-field interaction Hamiltonian
can be written as H; =V, + Vpcg, where V,, =
atay, gi(b; + b)) is the standard optomechanical inter-
action conserving the number of photons, Vpcg =
(1/2)(a* +a™) >, gi(b; + b!) describes the creation
and annihilation of photon pairs, and g; is the optomechan-
ical coupling rate for mirror i. The linear dependence of the
interaction Hamiltonian on the mirror operators is a
consequence of the usual small-displacement assumption
[24]. This Hamiltonian can be directly generalized to
include additional cavity modes. However, in most cir-
cuit-optomechanics experiments, the electromagnetic res-
onator is provided by a superconducting LC circuit, which
only supports a single mode.

When describing most of the optomechanics experi-
ments to date [29], Vpcg is neglected. This is a very
good approximation when ; < @, (which is the most
common experimental situation). However, when w; are of
the order of w,., Vpcg cannot be neglected. We are
interested in studying this regime, which can be achieved
using microwave resonators and ultra-high-frequency
mechanical microresonators or nanoresonators [21,22].
The Hamiltonian A, describes the interaction between
two vibrating mirrors and the radiation pressure of a cavity
field. However, the same radiation-pressure-type coupling
is obtained for microwave optomechanical circuits (see,
e.g., Ref. [39]).

In order to properly describe the system dynamics,
including external driving and dissipation, the coupling
to external degrees of freedom needs to be considered.
A coherent external drive of the vibrating mirror i can be
described by including the time-dependent Hamiltonian

Vi(t) = Fi(t)(b; + b)), (1)
where F;(t) is equal to the external force applied to the

mirror times the mechanical zero-point-fluctuation ampli-
tude. Dissipation and decoherence effects are taken into
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account by adopting a master-equation approach. For
strongly coupled hybrid quantum systems, the description
offered by the standard quantum-optical master equation
breaks down [40,41]. Following Refs. [41-43], we express
the system-bath interaction Hamiltonian in the basis formed
by the energy eigenstates of H, [26].

We begin our analysis by numerically diagonalizing the
Hamiltonian A in a truncated finite-dimensional Hilbert
space. The truncation is realized by only including eight
Fock states for each of the three harmonic oscillators. The
blue solid curves in Fig. 1(b) describe the eigenvalue
differences E; — Ey (E, is the ground-state energy) of

the total Hamiltonian A, (including Vpcg) as a function
of @,/w;. For the optomechanical couplings, we use
g1 = g = g = 0.03w;. Such a coupling strength is quite
high, but nevertheless below the onset of the so-called
ultrastrong optomechanical coupling regime [41,44—46].
The cavity-mode resonance frequency is fixed at
w. = 0.495w,. This value is chosen close to the resonance
condition for the DCE [26] in order to increase the effective
coupling between the mirrors. For comparison, we also
show in Fig. 1(b) (dashed gray lines) the lowest-
energy levels E, . =on— 00 w+> 0k of
the standard optomechanics Hamiltonian Hy+ V.
This Hamiltonian has the eigenstates |k, ky, n) =
Dy(npy)|k)y ® Dy(nf)|k)s ® |n)., where |n), are the
cavity Fock states and |k); are the bare mechanical states
for the ith mirror.

The bare mechanical states |k); are displaced by the
optomechanical interaction, D;(nf;) = exp[np;(b] — b;),
with f; = g;/w; (see Sec. I of Supplemental Material [47]).
The main differences between the blue solid and the gray
dashed curves are the appearance of small energy shifts,
and of level anticrossings in the region w,/w; ~1. We
indicate by |y,,) (n = 0,1,2...) the eigenvectors of A and
by E, the corresponding eigenvalues, choosing the labeling
of the states such that E; > E, for j > k. The lowest-energy
anticrossing corresponds to the resonance condition for the
DCE [26]. The higher-energy splitting in Fig. 1(b) orig-
inates from the coherent coupling of the zero-photon states
[1,0,0) and |0,1,0). At the minimum energy splitting
2200 ~2.11 x 1072w, the resulting states are well approxi-
mated by |y34) =~ (1/v/2)(]1,0,0) £ 10,1,0)). As we will
show explicitly below by using perturbation theory, this
mirror-mirror interaction is a result of virtual exchange of
cavity photon pairs. When the mirrors have the same
resonance frequency, an excitation in one mirror can be
transferred to the other by virtually becoming a photon pair
in the cavity, thanks to the DCE. The resulting minimum
energy splitting provides a measure of the effective
coupling strength between the two mirrors. At higher
energy for w, ~ w; a ladder of increasing level splittings,
involving higher number phonon states, is present (see
Sec. III in [47]).

The origin of the higher-energy avoided-level crossing
shown in Fig. 1(b) can be understood by deriving an
effective Hamiltonian, using second-order perturbation
theory or, equivalently, the James’ method [52,53] (see
Sec. II in [47]). The resulting effective Hamiltonian,
describing the coherent coupling of states |1,0,0) and
|0, 1,0), is

Hep = ©Q,]1,0,0)(1,0,0| + Q,
+ (4%

0.1,0)(0.1,0|
1,0,0)(0,1,0| + H.c.), (2)

Where Ql = W —+ AlO and 92 = Wy —+ AOl denote the
Lamb-shifted levels [47]. The effective coupling strength is

201 — Z <0’ I»OWDCEV@q,2><k"],2|‘7DCE|lv07 0>
10 Eo10—Erg2

- (3

k.q

Equations (2) and (3) clearly show that the one-phonon
state of mirror 1 can be transferred to mirror 2 through a
virtual transition via the two-photon intermediate states
|k, ¢,2). We notice that the largest contribution is provided
by the zero-phonon intermediate state (k = g = 0). This
perturbative calculation gives rise to an effective coupling
strength A and energy shifts A in good agreement with the
numerical calculation shown in Fig. 1(b) (see Sec. II of
[47]). Analogous effective Hamiltonians can be derived for
the avoided-level crossings at higher energy (see Sec. II
of [47]).

If the optomechanical couplings g; are strong enough to
ensure that the DCE-induced effective coupling (3)
becomes larger than the relevant decoherence rates in
the system, the transfer of one-phonon excitations between
the two mirrors can be deterministic and reversible.
Neglecting decoherence (calculations including losses
can be found in Secs. V and VI of [47]), if the system is
initially prepared in the state |1,0,0), it will evolve as

W (1)) = cos(A%1)[1.0.0) — i sin(A%)

0.1,0). (4)

After a time 1 = x/(229}), the excitation will be completely
transferred to mirror 1. After a time ¢ = 7/(44%}), the two
mirrors will be in a maximally entangled motional state.
We now investigate the system dynamics starting from a
low-temperature thermal state and introducing the excitation
of mirror 1 by a single-tone continuous-wave mechanical
drive F,(t) = Acos (wyt). We numerically solve the master
equation for hybrid quantum systems in a truncated Hilbert
space [54]. Figure 2 shows the time evolution of the mean
phonon numbers of the two mirrors (B] B;) and the intracavity
mean photon number (A'A). Here, A, B; are the physical
photon and phonon operators. Such operators O = A, B; can
be defined in terms of their bare counterparts 0 = a, b,

as [55_58] O = ZEn>E <l//m|(6+6T)|l//n>|l//m><y/n| We

m
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FIG. 2. System dynamics for @, ~ 1.5®; under continuous-wave
drive of mirror 1. The blue solid and red dashed curves describe the
mean phonon numbers (B} B,) and (B} B,), respectively, while the
black dotted curve describes the mean intracavity photon number
(ATA) and the gray dash-dotted curve shows the same photon
number (A7A),, calculated assuming zero temperature.

consider the system initially in a thermal state with a
normalized thermal energy k5T /@, = 0.208, corresponding
to atemperature 7 = 60 mK for w, /27x = 6 GHz. During its
time evolution, the system interacts with thermal reservoirs all
with the same temperature 7. We use y; =y, =y = @, /260
and x = y for the mechanical and photonic loss rates. We
consider aweak (A/y = 0.95) resonant excitation of mirror 1
(wy = wy). We present results for two normalized coupling
strengths (g/@; = 0.01, 0.03), and set w, = @,. The results
shown in Fig. 2(a) demonstrate that the excitation transfer
mechanism via virtual DCE photon pairs, proposed here,
works very well for g/w; = 0.03. In steady state, mirror 2
reaches almost the same excitation intensity as the driven
mirror 1. The photon population differs only slightly from the
thermal one at = 0, showing that a negligible amount of
DCE photon pairs are generated. We also observe that the
influence of temperature on the mechanical expectation
values is almost negligible (see Supplemental Material
[47]). On the contrary, the cavity mode at lower frequency
is much more affected by the temperature. We observe that for
g/w; = 0.01, although the transfer is reduced, the effect is
still measurable. The mean photon number obtained at 7 = 0
is also shown for comparison (dash-dotted curves) in both the
panels. The mirror-mirror excitation transfer at g/w; = 0.01
can be significantly improved [47] by taking advantage of the
DCE resonance condition w, = 2w, . However, in this case, a
significant amount of real photon pairs are generated. This
configuration can be used to probe the DCE effect in the
presence of thermal photons.

tef@)——— T =oLn| () pu0)
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T s 2N
=~ 1 AT
3 s = —=(1,1,0)=[0,3,0) | /, S P2(t)
B 14 [va) ~10,0,1) | 04}/
T fen = L00+ 020 / )
3) = —=(|1,0, ,2,0) 1L s
g 10 V2 A
R ———— /
o I o) = —=(L0.0)~0.20) L |/
0.5 1) ~10,1,0) /
049 050 051 052 % 2 4 6 8
wa /w1 Y1t
4
04
2
AN
02 PN
T (BIB]) Ty —
2 PP N R g
/ (AT4) !
QL 0
0 2 4 6 8 0 2 4 6 8
71t 7t
FIG. 3. Mechanical parametric down-conversion. (a) Lowest-

energy levels of the system Hamiltonian as a function of the ratio
between the mechanical frequency of mirror 2 and that of mirror
1. An optomechanical coupling g/w; = 0.12 has been used and
the cavity-mode resonance frequency is .= 1.2w;. Two
avoided-level crossings are clearly visible. The one at lower
energy corresponds to the resonant coupling of the one-phonon
state of mirror 1 with the two-phonon state of mirror 2, whose
resonance frequency is half that of mirror 1. The higher-energy
anticrossing corresponds to the resonant coupling of the states
|1,1,0) and |0, 3,0). (b) Time evolution of the mean phonon and
photon numbers. (c) Time evolution of the population of the first
three energy states. (d) Equal-time phonon-phonon normalized
(2)

i

correlation functions ¢;” (7, t) for the two mirrors.

In order to put forward the potentialities and the
flexibility of this vacuum-field-mediated interaction
between mechanical oscillators, we now show that this
system also can operate as a mechanical parametric down-
converter. For mechanical frequencies such that @, ~ 2w,
a ladder of avoided-level crossings manifests. Two of them
are shown in Fig. 3(a). Also in this case, the avoided-level
crossings originate from the exchange of virtual photon
pairs, as can be understood by using second-order pertur-
bation theory. For example, the dominant path for the
lowest-energy level anticrossing goes through the inter-
mediate state |0,0,2): [1,0,0) <> |0,0,2) <> |0,2,0) [47].
We note that these avoided-level crossings, in contrast to
those shown in Fig. 1(b), do not conserve the excitation
number. Analogous coherent coupling effects can be
observed in the ultrastrong-coupling regime of cavity
QED [9,11,43,59,60]. Using w.=1.2w, and g/w; =0.12,
we obtain a minimum energy splitting 2% /@, ~ 4 x 1073.
We fix the resonance frequency of mirror 2 at the value
providing the minimum level splitting, and calculate the
system dynamics considering a weak resonant excitation of
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mirror 1, F (1) =Acos(w,t), with wy= (Es+E,—2E,)/2,
and A/y =0.7. We also used y =2 x 1073w, and
k =y/2. The results shown in Fig. 3(b) demonstrate a
very efficient excitation transfer between the two mechani-
cal oscillators of different frequency. We also observe that
the transfer occurs even in the presence of a very weak
excitation of mirror 1 (peak mean phonon number of mirror
1: <I§IBI> ~().2). It may appear surprising that the steady-
state mean phonon number of mirror 2 is significantly
larger than that of mirror 1, even though it receives all the
energy from the latter. This phenomenon can be partly
understood by observing that a phonon of mirror 1 converts
into two phonons (each at half energy) of mirror 2.
In addition, once the system decays to the state
lwi) ~10,1,0), the remaining excitation in mirror 2 will
not be exchanged back and forth with mirror 1, since the
corresponding energy level is not resonantly coupled to
other energy levels [see Fig. 3(a)]. Figure 3(c) displays the
populations of the three lowest-energy levels, which are the
levels that are most populated at this input power. This
panel confirms that |w,) has the higher population in
steady state.

We also calculated the equal-time phonon-phonon nor-
malized correlation functions

The high value at early times obtained for mirror 2
[see Fig. 3(d)] confirms the simultaneous excitation of
phonon pairs.

In conclusion, we demonstrated that mechanical
quantum excitations can be coherently transferred among
spatially separated mechanical oscillators, through a dis-
sipationless quantum bus, due to the exchange of virtual
photon pairs. The experimental demonstration of these
processes would show that the electromagnetic quantum
vacuum is able to transfer mechanical energy somewhat
like an ordinary fluid [16]. The results presented here open
up exciting possibilities of applying ideas from fluid
dynamics in the study of the electromagnetic quantum
vacuum. Furthermore, these results show that the DCE in
high-frequency optomechanical systems can be a versatile
and powerful new resource for the development of quan-
tum-optomechanical technologies. If, in the future, it will
be possible to control the interaction time (as currently
realized in superconducting artificial atoms), e.g., changing
rapidly the resonance frequencies of mechanical oscillators
(see Sec. VI of [47]), the interaction scheme proposed here
would represent an attractive architecture for quantum
information processing with optomechanical systems
[61]. The best platform to experimentally demonstrate
these results is circuit optomechanics using ultra-high-
frequency (w; at 5-6 GHz) mechanical oscillators.
Their quantum interaction with superconducting artificial

atoms has been experimentally demonstrated [21,22].
Considering instead their interaction with a superconduct-
ing microwave resonator should allow the observation of
the effects predicted here. Specifically, combining circuit-
optomechanics schemes able to increase the coupling
[39,62] with already demonstrated ultra-high-frequency
mechanical resonators [21,22] represents a very promising
setup for entangling spatially separated vibrations via
virtual photon pairs (see Sec. VII of [47]).
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Supplemental Material for
Interaction of Mechanical Oscillators

Mediated by the Exchange of Virtual Photon Pairs

I. DIAGONALIZATION OF THE STANDARD OPTOMECHANICS HAMILTO-
NIAN

We consider a system constituted by two vibrating mirrors interacting via radiation pres-
sure [see Fig. 1(a) in the main paper|. Both the cavity field and the displacements of the
mirrors are treated as dynamical variables and a canonical quantization procedure is adopted
1, 2].

By considering only one mechanical mode for each mirror, with resonance frequency w;
(1 = 1, 2) and bosonic operators EZ and lA)I , the displacement operators can be expressed

as I; = X

pr(lA);-f + EZ), where Xz(fjf is the zero-point-fluctuation amplitude of the ¢th mirror.

We also consider a single-mode optical resonator with frequency w. and bosonic photon
operators @ and af. The system Hamiltonian can be written as H, = H, + H, , where
Hy = weta + wiblby + w)blbs . (S1)
is the unperturbed Hamiltonian. The Hamiltonian describing the mirror-field interaction is
Hi=(a+a')? > Lhi+b), (S2)
i=1,2
where g; are the coupling rates. Eq. (S2) is a direct generalization of the Law optomechan-
ical Hamiltonian [1]. The linear dependence of the interaction Hamiltonian on the mirror
operators is a consequence of the usual small-displacement assumption [1]. Once such linear
dependence is assumed, the generalization (S2) to two mirrors, coupled to the same optical
resonator, is straightforward. Equation (S2) has a clear physical meaning: the radiation
pressure force acting on the mechanical resonators is proportional to the square modulus of
the electric field.
By developing the photonic operators in normal order, and by defining new bosonic

phonon and photon operators and a renormalized photon frequency, H, can be written as

A

Hs = [;[om + VDCE ) (83)



where VDCE is the DCE interaction term:

Vber = (6% +a'2) ¥ %(13#81), (S4)
1=1,2

and ﬁom is the standard optomechanics Hamiltonian:
Hom = HO + ‘/om (85)

with
= ala Z (b +b]) . (S6)

H,,. can be easily diagonalized defining the displacement operators for the two mirrors. In

particular, defining (i = 1,2)

By =b; + Bidfa (S7)
with §; = g;/w;, we obtain
2 2
Ao = we [1 - (61“’1 + 52“2) afa] i'a +wi BBy + w. BB, . (S8)
We We

It is possible to separate the Hilbert space spanned by the Hamiltonian eigenvectors into
subspaces with a definite number of photons n. The eigenstates of Hoy, can be labelled by
three indexes: the first two labelling the mechanical occupation numbers (phonons) of the
two mirrors, dressed by the presence of n cavity photons while the third label describes the

number n of cavity photons. We use the following notation

[Vkan) = [kn) © lgn) @ [n)e = |k, q,n) . (59)

In particular, the photon occupation number n determines the nth cavity-photon subspace,
while the first two kets (|k,,) and |g,)) are the displaced mechanical Fock states, respectively,
for the first and second mirror. The action of the dressed phonon operators on the eigenstates

satisfy the relations

Bl |kn7Qn7n> = \/EKk - 1)n7 dn, n> ) EQ |km%z:n> = ﬂlkn, ((] - 1)n7n> s
Bl ks guyn) = J(k+ 1) [(k+ Dy gsn)y B3 ks @y n) = /(g + 1) [, (g + 1)y ).

(S10)



The explicit expression of the single displaced Fock state |k,); for the ith mirror is (note

that from Eq. (S7) and in the subspace with n cavity photons we have Bl = I;j + nﬂzfz)
1
VA 7

where n-photons manifold and |0,,); is the coherent ground state for mirror ¢ with n cavity

kn)i = —BI*10,); = (bf + nB:1;)¥|0,)s , (S11)

photons, as is shown by the relation
Bz|0n>z = _n/Bi|0n>ia (812)

obtained using Eq. (S7) in BZ]OQZ = 0. Using the displacement operator ﬁ(nﬁl) =
exp[ng;(b; — b)), we have

Bi) .

0, nﬁz )]0); e~ Inbil? /2 il i S13
02 = D)0 = 3 20y 513
In addition, from the relation D(n8)bt DT (nB) = bf + nfs [3], using Egs. (S11) and (S13), we

obtain

! (BZ‘H”L@' 1)*0,); =

bl +nBil;)*D(np;)|0) = (nﬁz)fb“““lm = D(nB;)|ko)
(S14)

il
Finally, after a little bit of algebra, we have
i(kolka)i = (Kol [D(B)]Iko)i = Dp (i) = /KK (n)* e MBI (ngif?), (S15)

where L (x) are the associated Laguerre polynomials.
In conclusion, the standard optomecanical Hamiltonian can be diagonalized as shown

above and we obtain

f{|kaQa TL> = Ek:,q,n‘k7Q7n> ) (816)
where
2 2
Ek,q,n = Wch [1 - (ﬁIW1 + 62&)2) n] + Wlk + waq , (817)
We We

or, in more compact form [replacing for clarity the phonon labels as (k, q) — (k1, k2)]

Ekl,kg,n = Wch — ngnQ/wl + Zwlkz (818)



II. THE DCE INTERACTION HAMILTONIAN AS A PERTURBATION

In this section, we introduce the DCE interaction term. We consider this additional
contribution as a perturbation to the optomechanical Hamiltonian H,,. This additional
term creates and destroys photon pairs. Here we consider processes at the lowest nonzero
perturbation order. Thus we limit our calculations to the subspace containing zero and
two cavity photons. The DCE interaction Hamiltonian VDCE is calculated using second-
order perturbation theory. These perturbative calculations are carried out using the James’

method [4]:

A = Lo o [ s 519
where
D) = e
is the projection operator Vber acting in the subspace containing 0 and 2 photons expressed

in the interaction picture. After some algebra, we obtain (we assume g; = g2 = g):

!’ !

I(O 2) K q , g e
V ( ) 2 }:Ak q |k2,(]2, ><kO>QOa0| e’ k 1 +( ) |k07q07 ><k27q272| e ka (820)
k q
k/q/

where

w,lzlq/ =20+ (K — k)wi + (¢ — q)ws; (S21)

with 2. = 14 3, + B, B; = ¢*/(wiw,) . We also have:
AZ'Z’ = </€2,C]2,2 ‘VDCE‘ k679670> ;
that can be expressed in more explicit form as
A§ =V2{[VF ol (K = 1)o) + VE 4 kol (K + 1)) (a2l +
W @l(d = o) + o+ Laal(d + Dol alk)} (522)
Note that A g/ =A™ o+ Using Dy 1.(28;) = (k5|ko), we have:
AL =V2VK Diw-1(281) + VI + 1Dg 41 (251)] Dg.yr (262)+
ﬁ[\/&Dq,qul(%E) + /@' + 1Dqgq11(282)| Dy pr (21) , (523)
where the matrix elements of the displacement operators can be expressed in terms of asso-

ciated Laguerre polynomials: Dy () = /k!/k/Na¥ “Fe=lo/2[F=k(|q)2).
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A. One phonon — zero photons subspace

The (1 + 0) subspace containing zero photons and one phonon excitation is spanned by
the eigenvectors |1,0,0) and |0,1,0). At wy ~ wy, these states are degenerate in absence of
the Vo interaction. In presence of such interaction, degeneracy is removed and an avoided
level crossing can be observed. This effect can be described by introducing an effective
Hamiltonian. Specifically: a) we introduce Eq. (S20) into Eq. (S19); b) we perform the
integration; ¢) we limit the calculations to matrix elements containing zero photons; d) we
transform back to the Schrodinger picture; e) finally, we project the result into the (1 + 0)
subspace spanned by the vectors |1,0,0), |0,1,0). We obtain

Hoe = HY% + [A010,1,0)(1,0,0] + H.cl], (S24)
where
HY% = 2,]1,0,0)(1,0,0] + £2,0,1,0)(0,1,0], (S25)

with .Ql =wy + AlO and QQ = wy + A()l, and with

2 AIOTAIO

g k k
A - 9 q “'kq ) 996
Ty %29#(/%— Dw; + qws’ (526)

9 AO1F 401

g k k
A9 q “'kq ) g27
01 4 quQQC+kw1+(q—1)w2’ (827)

2 AOlTAlO
Ao 9 kg ka . 28
o1 4 %q: 20+ (k — 1wy + que (528)

In Fig. S1, we show a comparison between the numerically calculated normalized Rabi
splitting (2A{%w;) between the two one-phonon states |1,0,0) and |0,1,0) and the corre-
sponding theoretical value calculated using second-order perturbation theory as a function
of the normalized optomechanical coupling g/w;. The agreement is very good for g/w; below

0.1.
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Figure S1. Comparison between the numerically calculated normalized Rabi splitting (red points)
(corresponding to twice the effective coupling between the two one-phonon states |1,0,0) and
|0,1,0)) and the corresponding calculation using second-order perturbation theory (solid blue

curve).

B. Two phonons — zero photons subspace

The (2 + 0) subspace with zero photons in the cavity and containing two phonon ex-
citations is spanned by the eigenvectors: |2,0,0), |0,2,0) and |1,1,0). Also in this case,
at wy ~ wq, these states are degenerate in the absence of the VDCE interaction. With the
introduction of VDCE, degeneracy is removed, and an avoided level crossing can be observed.
Following the same procedure described in the previous subsection, this effect can be de-

scribed by introducing an effective Hamiltonian acting on the (2 + 0) subspace. We obtain:

Hep = HY + [A5212,0,0)(0,2,0] + Adp [2,0,0)(1,1,0] + +Ag3 0,2,0)(1,1,0] + H.c.]; (S29)

where

f[gff = (25010,2,0)(0,2,0| + 202 [2,0,0)(2,0,0] + 211 |1,1,0)(1,1,0]; (S30)
with QQO = 2&)1 + Ago, 911 =w; +wy + All and QOQ = 2&)2 + AOQ, and

021 420
92 Akq Akq

)\02 —_7 ,
20 4 %;‘ 20 + (k — 2)w; + qus

(S31)



111 420

AL = S32
20 kZ 2ot (k — 2n + qwn’ (832)
A“TAOQ
Ay == £g ~ka S33
02 4 %q: 20 + kwi + (¢ — 2)ws (533)
2 AQOTAQO
g k Kk
QNog = — 2 4" kg , S34
0Ty % 20 + (k — 2)w; + qus (534)
2 AOQTAOQ
g k k
A = — 2 9" kg S35
0 4 %q: 200 + kwi + (¢ — 2)wy (535)
111 411
7 3 Akg Ak (S36)
447204+ (k= Dwi + (¢ — Dwo

A comparison of these perturbative analytical results with the numerical result is provided
in the Tables I and II. The discrepancies can be ascribed to higher-order terms that at a

coupling strength g/w; = 0.1 provide non-negligible contributions.

2280 2048 2092 208

Numerical ~ 0.0217 0.0217 0.0384 0.0167

Theoretical ~ 0.0170 0.0171 0.0348 0.0177

Table I. Comparison between the effective splittings calculated both numerically (as difference be-
tween the eigenvalues) and analytically using the James’ method [4]. In particular, the theoretical
values corresponding to 2A}, 2093 and 2A\}} are obtained by the diagonalization of a 3 x 3 ma-
trix representing the effective Hamiltonian in the subspace with two phonon excitations and zero

photons. The cavity-mode resonance frequency is we. = 0.85w; and wo = w;.



Aqg Aot Aqy Aog2 Agp
Numerical ~ —0.0131 —0.0159 —0.0221 —0.0239 —0.0217
Theoretical ~ —0.0120 —0.0121 —0.0207 —0.0199 —0.0207

Table II. Comparison between the numerically calculated energy shifts and the analytical calcula-
tions obtained using the James’ method. The mechanical frequency of mirror 2 is wy = 0.94 w;. For
this value the energy levels investigated do not interact significantly, and hence the energy shifts
are not affected by the level-repulsion effect that occurs when the mirrors are on resonance with

each other. The cavity-mode resonance frequency is w., = 0.85 wy.

III. ENERGY LEVELS AND SPLITTINGS FOR DIFFERENT OPTOMECHAN-

ICAL COUPLINGS.

=
o

=
N

1,0,0)

1
*Q(IU-, 1,0) +1,0,0))

Eigenvalues (w /w1 )

10,0, 1)

Figure S2. Lowest energy levels of the system Hamiltonian as a function of we/w;. We used

g/wi = 0.1 and w./w; = 0.8.
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Figure S3. Relevant lowest energy levels of the system Hamiltonian as a function of ws/w;. Panel
(a) has been obtained using g/w; = 0.01 and w,./w; = 0.475. Panel (b) has been obtained with the

same parameters of Fig. S2.

Figure 52 displays the lowest energy levels E; — Ej of the system Hamiltonian as a function
of the ratio between the mechanical frequency of mirror 2 and that of mirror 1. An optome-
chanical coupling g/w; = 0.1 has been used, the cavity-mode resonance frequency is w. =
0.8 w;. Starting from the lowest energy levels, we first avoided level crossing originates from
the coherent coupling of the zero-photon states |1,0,0) and |0, 1,0). At the minimum energy
splitting, the resulting states are well approximated by |1 3) =~ (1/4/2)(|1,0,0) % 0,1,0)).
As shown in the main paper and in the previous section, this mirror-mirror interaction is a
result of virtual exchange of cavity photon pairs. This coherent coupling is greatly enhanced
by the presence of a cavity photon, resulting in the larger splitting (Es — E5), corresponding
to the states |¢)56) =~ (1/v/2)(|1,0,1) £]0,1,1)). At higher energy, at wy/w; ~ 1, Vocr
removes the degeneracy between the three states |2,0,0), |0,2,0), and |1,1,0), determining
a two-phonon coupling between the two mirrors.

Figure S3 shows the relevant energy levels of the system Hamiltonian H; as a function of
the ratio wy/wy. For the panel (a) an optomechanical coupling g/w; = 0.01 has been used
and the cavity-mode resonance frequency is w, = 0.475w;. The lowest energy anticrossing

corresponds to the resonance condition for the DCE. The higher energy one is the signature

9



of the mirror-mirror interaction mediated by the virtual DCE photons. At the minimum
energy splitting 2\%0 ~ 1,85 x 1072wy, the resulting states are well approximated by |13 4) ~
(1/4/2)(]1,0,0) & |0,1,0)). In panel (b) we use g/w; = 0.1. In this case the cavity-mode
resonance frequency is w. = 0.8w;. Also in this case, the anticrossing is the signature
of the mirror-mirror interaction mediated by the virtual DCE photons. At the minimum

energy splitting 2A\95 ~ 2,56 x 10~ %w;, the resulting states are well approximated by [)q 3) =~

(1/v2)(11,0,0) £ 0,1,0)).

IV. SYSTEM DYNAMICS UNDER A SINGLE-TONE CONTINUOUS-WAVE
MECHANICAL DRIVE: ADDITIONAL RESULTS

We start investigating the system dynamics at 7" = 0, with the system starting from its
ground state, and introducing the excitation of mirror 1 by a single-tone continuous-wave
mechanical drive Fi(t) = Acos (wqt), with wg = wy. Figure S4 shows the time evolution of
the mean phonon numbers of the two mirrors (f?j B,) and of the intracavity mean photon
number </AIUAX) Here fl, B; are the physical photon and phonon operators (see main paper).
We assume a zero-temperature reservoir and use y; = 2 = 7 = w;/260 and x = 7 for the
mechanical and photonic loss rates. We consider a weak (A/y = 0.95) resonant excitation
of mirror 1. Panel (a) has been obtained using g/w; = 0.1 and w./w; = 0.8. Panel (b) using
g/wr = 0.03 and w./w; = 0.495. Panel (c) using g/w; = 0.01 and w./w; = 0.475. We set
wy = wy. The results shown in Fig. S4 demonstrate that the excitation transfer mechanism
via virtual DCE photon pairs, proposed here, works properly. In steady state, mirror 2
reaches almost the same excitation intensity as the driven mirror 1 at normalized couplings
g = 0.1 and g = 0.03. The photon population remains very low throughout the considered
time window. In Fig. S5, in order to obtain the maximum excitation transfer between the
two mirrors (despite the small coupling strength g/w; = 0.01), we investigate the system
dynamics using w. = 0.5w;. We also consider the system initially in a thermal state with
a normalized thermal energy kT /w; = 0.208, corresponding to a temperature 7' = 60 mK
for wy/2m = 6 GHz. During, its time evolution, the system interacts with thermal baths
with the same temperature 7. The obtained results show that a good mechanical transfer
is achieved. However, in this case, a significant amount of real photon pairs are generated.

This configuration can be used to probe the DCE effect in the presence of thermal photons.
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Figure S4. System dynamics under continuous-wave drive of mirror 1 for different optomechanical
coupling strengths. The blue solid and red dashed curves describe the mean phonon numbers
<BIB1> and <Bg§2), respectively, while the black dotted curve describes the mean intracavity

photon number (ATA) Parameters are given in the text.
V. MECHANICAL EXCITATION TRANSFER: PULSED EXCITATION

We now investigate the transfer of mechanical excitations mediated by virtual photon

pairs by exciting mirror 1 with a resonant Gaussian pulse:
Fi(t) = AG(t —tg) cos (wq t),

where wq = wy, and G(t) is a normalized Gaussian function with standard deviation o =

1/(10A}}). We consider the case of the strong coupling regime, when the mirror-mirror
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Figure S5. System dynamics for w. = 0.5w; under continuous-wave drive of mirror 1, normalized
coupling g/w; = 0.01 and T= 60 mK. The blue solid and red dashed curves describe the mean
phonon numbers (Bl B,) and (BIB,), respectively, while the black dotted curve describes the mean

intracavity photon number (AfA) arising due to the DCE.
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Figure S6. Time evolution of the mean phonon numbers of the two mirrors after the arrival of
the pulse. We consider two different amplitudes which increase from top to bottom: A = 0.257
(a), 0.457 (b). Specifically, panels (a-b) display the mean phonon numbers (Bj B)). Panels (a-f)
display the Fourier transform of the mean phonon number shown in the corresponding panel on

the left. Other parameters are given in the text.
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coupling strength A{} is larger than the total decoherence rate 1 + 2. We set the resonance
frequency of mirror 2 to wy ~ w; providing the minimum level splitting 2A%. The system
starts in its ground state. Figure S6 displays the system dynamics after the pulse arrival
and the Fourier transform of the mean phonon number of mirror 1 (no relevant changes
occur for mirror 2), obtained for pulses with amplitudes increasing from top to bottom: A =
0.257,0.45m. Panels S6(a) and S6(«) have been obtained using the loss rates v = 3.5x 10 3w,
and kK = 0.57. Figure S6(a) displays coherent and reversible sinusoidal oscillations (with
peak amplitudes decaying exponentially), showing that the mechanical state of the spatially
separated mirrors is transferred from one to the other at a rate wso = E3 — Fy = A}, as
confirmed by the peak in the Fourier transform in Fig. S6(c). We notice that the position
and broadening of the peak at wss in Fig. S6(«) is influenced by the initial dynamics of
<§Iél>, which in turn is affected by the pulse shape (Fig. S7 displays the corresponding
spectrum for mirror 2). The higher peak at w = 0 originates from the exponential decay of
the signal. These results clearly show that, for the weaker excitation amplitude (A = 0.257),
only the one-phonon states |1,0,0) and |0,1,0) are excited significantly and contribute to

the dynamics.

w3,2 Iﬁ Wo,8

.'.
2

F.T.[(BIB
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Figure S7. Fourier transform of the mean phonon number of mirror 2 obtained for a pulse with

amplitude A = 0.257.

By increasing the pulse amplitude [Fig. S6(b)], the mean phonon numbers grow sig-
nificantly and the signals are no more sinusoidal, owing to the additional excitation of the

states |2,0,0), |1,1,0), and |0, 2, 0), whose DCE-induced coupling gives rise to the hybridized

13



energy eigenstates |17), |¢s), and |¢g). In order to better distinguish the nonsinusoidal be-
haviour, we used much lower loss rates: v = 8 x 107w and k = 0.5v. Figure S6(3) shows
the appearence of an additional peak at w = wsg 7, confirming that higher-energy mechanical
states get excited. We observe that the frequency splitting wg g is very close to ws 2, hence, it
does not give rise to a new peak in Fig. S6(f). Moreover, the frequency splitting at wg 7 does
not contribute significantly to the dynamics as confirmed by the spectrum in Fig. S6(/3). An
analytic calculation based on three coupled levels confirms that the used parameters give

rise to a negligible contribution at wy 7.

VI. MECHANICAL EXCITATION TRANSFER: NONADIABATIC EFFECTIVE
SWITCHING OF THE INTERACTION

As pointed out in the last paragraph of the main paper, if it is possible to control the
interaction time (as currently realized in superconducting artificial atoms), e.g., by rapidly
changing the resonance frequencies of the mechanical oscillators, the interaction scheme
proposed here would represent an attractive architecture for quantum information processing
with optomechanical systems. Here we provide some examples of quantum state transfer. In
Fig. S8, we show the phonon population dynamics obtained preparing the system in three
different initial states (a) |1,0,0), (b) \%2(|0, 0,0)+11,0,0)), (c) 2,0,0). Mirror 2 is initially
set at a mechanical frequency wjy'. This value must be chosen sufficiently far from the value
Wit ~ (.99 w; corresponding to the minimum splitting between states |1,0,0) and |0, 1, 0).
In particular, we have fixed wi® = W™ —§ with § = 0.069 w;. This value is also sufficiently far
from the region where the avoided three-level crossing between the states [¢;) with i = 7,8,9
appears. Subsequently, a time-dependent perturbation Hy, = f(t)BiB, [with f(t) ~ 6(t —
to)] is introduced in order to modify the resonance frequency of mirror 2 (6 is the Heaviside
step function). More specifically f(t) = § [sin?[£2(t — t0)0(t — to) + sin®[2(t — t£)0(t — t;)]]
is a smoothed step function, where 9 fixes the change in mechanical frequency of mirror 2,
to is the time when the frequency starts to change, t; =ty +7/(2A4), and {2 is the frequency
setting the smoothness.

This enables a non-adiabatic transition from the frequency region with wy = wi, where
the states |2,0,0), |1,0,0) and |0, 1,0) are eigenstates of the system, to the frequency region

min

wo = wy'™ where the former states are no longer eigenstates of the system. As a consequence,

14
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Figure S8. Time evolution of the mean phonon numbers of the two mirrors obtained preparing the
system in an initial state (a) |1,0,0), (b) %(H,0,0) +10,0,1)), (c) |2,0,0). Mirror 2 is initially set
at a mechanical frequency wi (details are given in the text). We note that the dynamics display
oscillations, (a) and (b), due to the avoided level crossing between the states |13) and [i2) with
frequency equal to wsz2; (c) due to the splittings between the states |1g), |1s) and |¢7), whose

transitions from higher to lower levels give rise to beats (the details are given in the text).

the dynamics of the phonon populations of the two mirrors display quantum Rabi-like os-
cillations [see Fig. S8(a) and (b)] due to the avoided level crossing between the states |i)3)

and |1)9) (the eigenstates of the systems are, in this frequency region, the symmetric and
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Figure S9. Time evolution of the mean phonon numbers of the two mirrors calculated after a
non-adiabatic switching of the interaction, as explained in Fig. S8, but in the presence of losses
both in mirrors and cavity. The parameters are the same as in Fig. S8; in addition we have
v = =9 = wi1/650 and £ = 0.57. The system is initially preparated in the states (a)
11,0,0), (b) %(H, 0,0) +10,0,1)), (c) |2,0,0). As we can observe, the oscillations are damped and
disappear after a few periods. In (c) the losses do not allow for observations of beats oscillations
having a longer time period. The dotted gray lines show how the frequency of mirror 2 is tuned

into resonance with mirror 1 (details are given in the text).
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antisymmetric superpositions of |1,0,0) and |0,1,0); see Fig. 1b in the main paper). In
Fig. S8(c), the avoided level crossing between the states [¢9), |1)s), and |¢)7) gives rise to
transitions from higher to lower levels. As a consequence, we observe beats between the two
transition frequencies wg g and ws 7 (with the chosen parameters the other frequency transi-
tion wy 7 does not contribute to the beats). Finally, in Fig. S9, we show the time evolution
of the mean phonon numbers for the same cases discussed above, but in the presence of
losses both in mirrors and cavity. We observe the damping of the population dynamics as

expected in presence of losses.

VII. EXPERIMENTAL PLATFORM FOR THE OBSERVATION OF THE PRO-
POSED EFFECT

A platform to experimentally demonstrate these results is circuit optomechanics using
ultra-high-frequency (w; at 4-6 GHz) dilatational resonators [5]. These mechanical oscil-
lators have a resonance frequency f,, = v/2d, where v is the average speed of sound and
d is the resonator thickness. Their resonant quantum interaction with a superconducting
phase qubit, described by the quantum Rabi (or also the Jaynes-Cummings) Hamiltonian,
has been experimentally demonstrated [5, 6]. In the present case, we want to estimate the
radiation-pressure interaction strength between the high-frequency mechanical resonator and
an electromagnetic resonator. In order to estimate the achievable coupling strength, we be-
gin by analyzing the coupling between a mechanical resonator and a flux qubit, experimen-
tally realized in Ref. [5]. Then we use the experimentally achieved qubit-oscillator coupling
strength to derive an accurate estimate of the presently achievable radiation-pressure cou-
pling strength between this mechanical resonator and an electromagnetic resonator. Note
that the mechanical oscillator considered in Ref. [5] has a quality factor equal to that used
in our calculations: ) = 260. Moreover, it has been shown that lowering f,, can strongly
increase the quality factor [7].

The mechanical resonator is coupled to a superconducting artificial atom through a ca-
pacitor [5]. An elastic strain in the vibrational resonator produces, through the piezoelectric
effect, a charge on the capacitor enclosing it, which results in a charge () on the coupling
capacitor giving a current ). The coupling energy is V= (h/2e) § @, where ¢ is the phase-

difference operator of the Josephson junction. Considering only the two lowest energy levels
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(qubit) of the artificial atom, the phase operator can be expanded as ¢ = (2EL/E")Y46,,

resulting in the Rabi-like interaction Hamiltonian
Vi = h(2EL B 6, (Q)2€) (37)

where Ef, and E’; are the charging energy and the Josephson energy, respectively, of the
phase qubit (with E, < E), and Q is proportional to the vibrational strain velocity i =
i1 Xt (b —by1) (X pf is the zero-point fluctuation amplitude of the mechanical coordinate).
Finally, this interaction Hamiltonian can also be expressed in the standard Rabi interaction
form:

Vi = —igl,(b— b8, (S38)
where g/, is the resulting coupling strength and b and b are, respectively, the annihilation
and creation operators for a generic mechanical oscillator.

For the observation of the effects described in this paper, optomechanical systems dis-
playing a radiation-pressure interaction Hamiltonian are required. Moreover a strong op-
tomechanical coupling (at least g/w; ~ 0.01) is needed. This kind of interaction with a
reasonable coupling strength can be obtained by considering a tripartite system consisting
of an electromagnetic resonator, an ultra-high-frequency mechanical resonator, and a su-
perconducting charge qubit mediating the interaction between the former two parts [8, 9].
It has been shown that the presence of the qubit can strongly enhance the optomechanical
coupling.

Without presenting a detailed circuit-optomechanical setup, which goes beyond the scope
of the present work, we can provide an estimate of the resulting coupling strength which
can be achieved within state-of-the-art technology. Specifically, considering one generic
mechanical oscillator, coupled through a capacitor to a charge qubit, the qubit-mechanical
oscillator interaction Hamiltonian can be written as V,,, = 8FE¢ 7 (Q/2¢), where # is the
number operator for the Cooper pairs transferred across the junction. In the full charge qubit
limit, £; < E¢, the bare qubit transition energy is w, ~ 4E¢, and the mechanical coupling
is longitudinal, i.e., in the two-state representation 7= — &,/2. The resulting interaction

Hamiltonian is

A,

Vam = hw, 6:(Q/2e) (S39)
which can also be expressed as
Vm = g (b + 575 (S40)



Assuming that the same mechanical oscillator is coupled through the same capacitor to
the two different kinds of superconducting qubits, it is possible to compare the two qubit-
mechanical oscillator coupling strengths. From Eqs (S37) and (S39), disregarding the phase

difference, we obtain

N

m £’ w
iﬂ - <2E{c> . (S41)
Below we will consider the case 2w, ~ w;. Assuming the energies E’; and E(, for a typical
phase qubit (see, e.g. Ref. [7]), we obtain g,,/¢g., 2 12.
Now, following Refs. [8] and [9], we consider the additional interaction of the charge qubit
with an electromagnetic resonator, described by the Hamiltonian

A

Ve = gea + a6, , (S42)

where @ is the destruction operator of the cavity mode. In the dispersive regime, the qubit-

cavity interaction can be well approximated by [10]
Vie = (92/24)6.(a +a")*, (S43)

where A = w,; — w.. Corrections of the qubit energy not depending on photon operators
have been disregarded. Equation (S40) shows that the coupling of the charge qubit with the
mechanical oscillator induces a qubit energy shift depending on the mechanical displacement,
50 that w, — Wy + 2gm (b+ b). Replacing A with A(Z) = wy + 2m (b + b)) — w, in Bq. (S43),
assuming small displacements, and considering the qubit in its ground state, from Eq. (S43)

we obtain the following optomechanical interaction,

i = g(a +ah)2(b+ b1, (S44)
with
20mg?
=k (S45)

Using ¢,, = 0.02w;, corresponding to the value of the electromechanical system em-
ployed for the demonstration of single-phonon control of a mechanical resonator [5], assum-
ing gm/g,, = 12, and considering a detuning A = 5¢.., we obtain g ~ 0.02w;. The achievable
value could be even higher, noting that the electromechanical system used in Ref. [5] was
designed to limit g, in order to optimize the transfer process [7].

Beyond the direct observation of the energy transfer between the mechanical oscillators

(see Fig. 1 in the main text), the effective coherent coupling between the two mirrors can also
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be demonstrated by looking at the system response (e.g., (BIB;) ) under continuous-wave
weak excitation as a function of the excitation frequency. For w; = wy, if A > 7, two peaks
should be observed, corresponding, e.g., to the avoided level crossing at higher energy in
Fig. 2(b) in the main text or to that in Fig. S3(a). In order to confirm that the two observed
peaks originate from virtual DCE photons, it would be useful to perform measurements
changing the optomechanical coupling. This coupling can be tuned by modifying the gate
charge of the qubit mediating the interaction [9]. If the energy splitting originates from
virtual DCE photons, as predicted by Eq. (3) in the main text, it should grow quadratically
with the optomechanical coupling g (see Fig. S1). The anticrossing behaviour could also be
probed, changing d of one of the two dilatational resonators and detecting, e.g., (EIEQ at
steady state as a function of the thickness d (note that wy = v/d). Two peaks with a splitting
determined by the thickness, following the avoided level crossing should be observed (see,
e.g., Fig. S3). The detection of the mechanical excitations can be performed following the

procedures used in Refs. [7, 11].
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Chapter 6

Resolution of Gauge ambiguities
in the USC regime

6.1 Resolution of gauge ambiguities in ultrastrong-
coupling cavity quantum electrodynam-

ics



nature

physics

ARTICLES

https://doi.org/10.1038/541567-019-0534-4

Resolution of gauge ambiguities in ultrastrong-
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In quantum electrodynamics, the choice of gauge influences the form of light-matter interactions. However, gauge invariance
implies that all physical results should be independent of this formal choice. The Rabi model, a widespread description for the
dipolar coupling between a two-level atom and a quantized electromagnetic field, seemingly violates this principle in the pres-
ence of ultrastrong light-matter coupling, a regime that is now experimentally accessible in many physical systems. This failure
is attributed to the finite-level truncation of the matter system, an approximation that enters the derivation of the Rabi model.
Here, we identify the source of gauge violation and provide a general method for the derivation of light-matter Hamiltonians
in truncated Hilbert spaces that produces gauge-invariant physical results, even for extreme light-matter interaction regimes.
This is achieved by compensating the non-localities introduced in the construction of the effective Hamiltonians. The resulting
quantum Rabi Hamiltonian in the Coulomb gauge differs significantly in form from the standard one, but provides the same
physical results obtained by using the dipole gauge. These results shed light on gauge invariance in the non-perturbative and
extreme-interaction regimes, and solve long-lasting controversies arising from gauge ambiguities in the quantum Rabi and

Dicke models.

system (TLS) and the electromagnetic field has been realized

in several solid-state systems”. In this regime of quantum
light-matter interaction, going beyond weak and strong coupling,
the coupling strength becomes comparable to the transition fre-
quencies of the system. Recently, light-matter coupling strengths
larger than the system transition frequencies have been achieved
in circuit quantum electrodynamics (QED) experiments involving
a single LC-oscillator mode coupled to a flux qubit superconduct-
ing quantum circuit>*. This extreme interaction regime has been
denoted as deep strong coupling (DSC). In these regimes'?, sev-
eral properties of coupled light-matter systems change drastically,
opening the way to a wealth of new intriguing physical effects (see,
for example, refs. '), which offer opportunities for the develop-
ment of new quantum technologies' .

The form of the electron-photon interaction is gauge dependent
(see, for example, ref. 7). However, all physical results must be inde-
pendent of this choice. Gauge invariance is a general guiding prin-
ciple in building the theory of fundamental interactions (see, for
example, ref. *). Let us consider, for example, a particle field whose
action is invariant under a global phase change [U(1) invariance].
If this phase is allowed to depend on the space-time coordinate x,
its action is not invariant. The symmetry can be restored, replacing
the four-momentum derivatives in the action with covariant deriva-
tives: D,=(d,+igA,), where q is the charge parameter and A, is the
gauge potential.

It has been shown”-** that approximate models for light-matter
interactions derived in different gauges may lead to different pre-
dictions, or can display different convergence properties’. When
the light-matter interaction becomes very strong, different gauges
can lead to drastically different predictions, giving rise to contro-
versies™ ™. For example, in the case of several TLSs interacting

_|_he ultrastrong coupling (USC) between an effective two-level

with a single mode of an optical resonator*, different gauges may
even lead to very conflicting predictions, such as the presence or
the absence of a quantum phase transition. One important conclu-
sion that can be drawn from these controversies is that, once the
light-matter coupling becomes non-perturbative, the validity of the
two-level approximation for the atomic dipoles depends explicitly
on the choice of gauge**°.

In all of these previous studies , it is clear that approxima-
tions in the description of the matter system (for example, a finite-
level truncation) seem to ruin the gauge invariance of the theory. In
1971, it was pointed out’ that gauge ambiguities in the calculation
of atomic oscillator strengths can originate from the occurrence of
non-local potentials determined by the approximation procedures.
Because a non-local potential in the position representation is an
integral operator, it does not commute with the position operator.
Indeed, it is easy to show that it can be expressed as a local momen-
tum-dependent operator V (r, p). This affects the interaction of light
with quantum systems described by approximate Hamiltonians.
Specifically, to introduce the coupling of the matter system with the
electromagnetic field, the minimal replacement rule p — p—A(r, 1)
(A is the vector potential) has to be applied not only to the kinetic
energy terms, but also to the non-local potentials in the effective
Hamiltonian of the particles in the system. By applying such a
procedure, approximate matrix elements for electric dipole transi-
tions®' and two-photon transition rates, involving Wannier excitons
in semiconductors®, become gauge invariant. Also the microscopic
quantum theory of excitonic polaritons is affected by the presence
of non-local potentials*’*.

Here we investigate whether this strategy can work in the maxi-
mally truncated Hilbert space provided by a TLS, and in the non-
perturbative regimes of cavity QED. This investigation is relevant
not only to remove gauge ambiguities in quantum optical systems,
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which are attracting great interest, but also to provide a general
insight into gauge invariance in extreme interaction regimes. We
find that the usual strategy, which consists of taking into account
the non-locality of the atomic potential, performing the minimal
coupling replacement and developing the resulting interaction
Hamiltonian up to second order in the vector potential, fails when
the coupling strength reaches a significant fraction of the resonance
frequencies of the system. We demonstrate that these gauge ambi-
guities can be eliminated for arbitrary coupling strengths only by
taking into account the approximation-induced non-locality and
keeping the resulting interaction Hamiltonian to all orders in the
vector potential A. The results presented here solve all the long-last-
ing controversies arising from gauge ambiguities in the quantum
Rabi and Dicke models.

The minimal coupling replacement
We consider a non-relativistic quantum particle of mass m with
Hamiltonian HO_ p”/(2m) + V (x), where V(x) is a local potential.
According to the gauge principle, the corresponding gauge-invari-
ant Hamiltonian H, can be expressed as

Ay= g+ ——(p—qA) + V(x) (1)
2m

where g is the charge, and ¢(x) and A(x) are the scalar and vector
potentials of the electromagnetic field. Of course, the total energy
also has to include the energy of the free field. We observe that, if the
particle potential V' is non-local, that is, momentum-dependent, the
gauge principle, implying the replacement p — p—qA, should also
be applied to it. In most cases, when dealing with the quantization
of the electromagnetic field, it is useful to adopt the Coulomb gauge,
where the particle momentum is coupled only to the transverse part
of the vector potential. For an effective quantum particle, focusing
on a single-cavity mode and considering the electric-dipole approx-
imation, the Hamiltonian in the Coulomb gauge?” is

He= i(ﬁ—q/i)z +V(x)+Hy, )

where A=A (d+d+) is the vector potential calculated at the par-
ticle posmon with a zero-point-fluctuation amplitude A, and
th = ha,d' dis the cavity-field Hamiltonian. For a multimode reso-
nator: A=A ,(4,+4,)and A on= 2, ho, Aa,.

If the two lowest energy levels of the effective quantum particle
are well separated from the higher energy levels, as in the case of flux
qubits®, and if the detuning A =w_ — w,, (Where @, is the transition
frequency of the two lowest energy levels) is much smaller than the
detunings of other transitions, the truncation of the Hilbert space
to the two lowest energy levels is expected to be a good approxima-
tion. Projecting A, in a two-level space, the standard quantum Rabi
Hamiltonian in the Coulomb gauge is obtained

At A

hw
He=Hy+—"6,+hg 64" +a)+ D" +a)’ (3)

where g =w,A,d,o/h, D=qA;/(2m), and d,;=q(1]%[0) is the
dipole matrix element. Throughout this Article we will use calli-
graphic symbols as, for example, ’HC, to indicate quantum opera-
tors in truncated Hilbert spaces. The diamagnetic term qu /(2m)
can be absorbed by using a Bogoliubov transformation involving
only the photon operators®*. In contrast to the interaction term of
first order in the charge, the A” term is not affected by the trun-
cation of the particle Hilbert space. Hence, considering a few-level
description of the matter part can result in an over-estimation of
the diamagnetic term. Using the Thomas-Reiche-Kuhn sum rule,

804

X hayg|dy |>=(hq)*/(2m), the coefficient of the diamagnetic
term can be written as D= A Zk il | ?/h. When a single tran-
sition is considered, this expressmn can be used to establish a lower
bound: D> flgc/ww

We observe that, in contrast to the Hamiltonian in equation (2),
equation (3) violates the gauge principle, because its derivation does
not take into account that, in the presence of a truncated Hilbert
space, the particle potential loses its locality: V(x) = V'(x,p). We
will discuss this problem below, showing the correct procedure for
solving it.

The dipole gauge

The Hamiltonian in the dipole gauge, H,, corresponds to the
Power-Zienau-Woolley Hamiltonian after the dipole approxi-
mation”. It can be obtained directly from the Hamiltonian
in the Coulomb gauge with the electric dipole approximation
(2) by means of a gauge transformation, which is also a uni-
tary trasformation: H,= U,A-U,, where the unitary operator is
U,=exp [—igxA /h].

The resulting Hamiltonian in the dipole gauge is

242

q AOwc

H,=H,, +H,+ x* +iquxA (a"-a) 4)

Projecting Hy,to a two-level space, the quantum Rabi Hamiltonian
in the dipole gauge is obtained:

. hw 5 .
Hyp=Hy,+ 210 +zth( a)e6, (5)

where ¢ =wAyd,/h=g.w. /0w, and d;=q(1]x|0) is the
dipole matrix “element. In _equation (5) we neglected the term
C=(A2d} w./h)P, where P=]0)(0|+|1)(1| is the TLS identity
operator. This term is obtained by projecting x* in the two-dimen-
sional Hilbert space, Px*P=PxPxP, and using parity symmetry,
which implies (n|x|n)=0. A more accurate derivation can be car-
ried out including this term in the particle potential before the diag-
onalization®” or using perturbation theory. However, we made the
choice of considering the interaction terms only after the Hilbert
space truncation. In ref. * it is shown that, if the two lowest energy
levels are well separated from the higher ones (w,,> g ), the two-
level approximation provides accurate results even for extreme cou-
pling strengths (g > ;).

Revisiting the quantum Rabi model in the Coulomb gauge
As observed above, the derivation of equation (3) does not take
into account that, in the presence of a truncated Hilbert space,
the particle potential can lose its locality: V(x) —» V'(x,p). Thus,
to preserve gauge invariance, one has to also apply the substi-
tution p —p—qA to the potential. In principle, this procedure
can give rise to additional terms in the interaction Hamiltonian
to all orders in the vector potential. Although these higher-
order terms are expected to be negligible for small normalized
couplings n=g./w,, they can become important at higher cou-
pling strengths.

As shown in detail in the Methods, by using some general opera-
tor theorems it is possible to apply the minimal coupling replace-
ment to both the kinetic energy and the non-local potential of the
effective Hamiltonian of a quantum particle by employing a uni-
tary transformation?. In particular, applying equation (20) (see
Methods), we obtain

+H, (6)
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where the unitary operator is U= U, with U as defined above.

This alternative, although equivalent, minimal-coupling method
allows us to understand precisely why the standard quantum Rabi
Hamiltonian in the Coulomb gauge HC violates the gauge principle.
'HC can be obtained by applying the minimal coupling replacement
to the full matter Hamiltonian, A, — UH, 0", and then projecting in
the truncated Hilbert space. Therefore

PURLU B+ = P|0L 07 4 ¥

He=
¢ 2m

where P is the projection operator for the truncated Hilbert space,
and we used the relation VU = V, valid when the potential V is
local. Using Supplementary equation (6), it can easily be shown that
equation (7) gives equation (3). Notice that equation (7) contains
the non-local potential PVP to which the gauge principle has not
been applied. Hence, we can conclude that 7 violates the gauge
principle. This problem arises whenever the matter system is
described within a truncated Hilbert space, and can be solved by
first applying to the matter system Hamiltonian (in the absence of
interaction) the prO]eCthIl operator, and then the unitary operator,
PAP — UPH,PU". Finally, if one desires the resulting Hamiltonian
to be within the truncated Hilbert space, it can be done by
prOJectmg it at the end. Applying the projection operator and using
P’ = p, we obtain

Ho=UR i+ A, (®)

where the projected unitary operator is U=PUP and H,=PH,P.
Equation (8) describes the total light—-matter interaction Hamiltonian
in the Coulomb gauge and in the electric dipole approximation, sat-
isfying the gauge principle despite the, often unavoidable, trunca-
tion of the Hilbert space. We note that Uis a unitary operator, in
contrast to the operator PU used in equation (7). This feature is very
important because, as we will discuss below, it ensures gauge invari-
ance in truncated Hilbert spaces.
When the matter system is described by a single transition (TLS),

we have 7{,=hiw 6, /2 and

U=expliné (a+a")] ©)
where 7 =gp/w, is the normalized coupling strength. Therefore, in

the Coulomb gauge

. )
o= hada -+ ol (10)

{6,cos[2n(a+ anl + &ysin [2n(a+ ann

is the correct quantum Rabi Hamiltonian. The price one has to
pay for preserving the gauge principle in such a truncated space
is that the resulting Hamiltonian will contain field operators at all
orders. This result shows that the occurrence of a non-local poten-
tial, arising from the truncation of the matter system Hilbert space,
does not simply modify the dipole moment*, but profoundly changes
the structure of the interaction Hamiltonian. In Supplementary
Section I, we show (for the case of TLSs) that, in contrast to equa-
tion (3), L[HOU is able to restore the U(1) symmetry that is
broken by coordinate-dependent phase transformations of the matter
system wavefunctions.

In addition to the two-level approximation for the matter
system, the quantum Rabi model also relies on the single-mode
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Fig. 1| Numerical comparisons between different gauges. a,b, Comparison
of the energy spectra as a function of the normalized coupling =g,/ @,
obtained from the quantum Rabi Hamiltonians in the dipole gauge (ﬂD), in
the standard Coulomb gauge (7:{5) and in the Coulomb gauge taking into
account the presence of non-local potentials (7:[c): plots for zero detuning
(4=0) (a) and A=2w./3 (b).

approximation. This further assumption does not result in a
breakdown of gauge invariance and it is also largely satisfied for
very strong coupling strengths when the electromagnetic resona-
tor is an LC circuit’. It may fail for other kinds of resonator display-
ing propagation effects**’. Multimode calculations accounting
for the infinite set of cavity modes can lead to divergences unless a
cutoff is imposed (see, for example, refs. *>*'). Recently, it has been
shown that finite expressions can be obtained when gauge invari-
ance is respected. The generalization of equation (10) to multimode
fields is straightforward. It can be directly obtained from equation
(10) by replacing the normalized coupling #(d + a") with d, A/,
where A=) A, (4,+a 1)is the total vector potential operator at the
atom position. Replacmg the discrete index n with a proper continu-
ous parameter, this generalization can also be applied to a matter
quantum system strongly interacting with a continuum of electro-
magnetic modes'’.

The fulfilment of the gauge principle when considering a TLS
interacting with a strong laser (classical) field*** in the Coulomb
gauge also requires us to take into account the effect of non-local
potentials. In this case, the correct semiclassical Hamiltonian in the
Coulomb gauge HC is

asc N d dy
He= C;“’ 1 lz%A(r) +6, sin[2—> A(t)” (11)
where A(#) is the classical time-dependent vector potential describ-

ing the applied field.

In Fig. 1, we plot the energy dlfferences (E-Ey)/hw,) for the
lowest eigenstates of Hy, (equation (5)), HC (equation (3)) and ’HC
(equation (10)), as a functlon of the normalized coupling #=gp/®..
For Hc weused D=g_ 2 Jw, » however, the qualitative results do not
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Fig. 2 | Breakdown of gauge invariance. Energy spectra versus normalized coupling 5, obtained from the nth-order Taylor expansion ’}-{Cn of the quantum
Rabi Hamiltonian 7:(0 taking into account the presence of non-local potentials. Each panel shows a comparison between the exact spectra, containing all
tegms (black continuous curves) and the approximated energy levels (red dotted curves) at different orders n of approximation. Note the breakdown of the

Hc spectra on the right-hand side of the panels.

change for higher values of D. The comparison in Fig. 1 shows that,
for very small values of the coupling, the eigenvalues of the dif-
ferent Hamiltonians reproduce the expected behaviour. However,
already at moderate coupling strengths, 7~ 0.1, there are significant
deviations in the predicted energies. For 2 0.5, these differences
become drastic. In particular, while the eigenvalues of H,, and
H, do coincide for all the coupling strengths, HQ provides very
different results. This anomalous behaviour of H is a direct
consequence of its violation of the gauge principle, demonstrated
here. If a Lagrangian or a Hamiltonian does not satisfy the gauge
principle, a gauge transformation will produce different physi-
cal results. Recently, values of #>0.1 have been obtained by
several groups". In 2017, the record value =1.34 was achieved”.
The plots in Fig. 1 also enforce the validity of the quantum
Rabi Hamiltonian in the dipole gauge (equation (5)), as they
show that it provides the same energy levels as the correspond-
ing Hamiltonian in the Coulomb gauge, obtained according to the
gauge principle.

The strong differences between the energy levels of HC and H,,
agree with the results in ref. ** They also show that, when the matter
system displays a strong anharmonicity, the energy levels of H,, (in
contrast to those of H ) agree very well with those obtained from
the numerically calculated energy levels of the full light-matter
Hamiltonian A, for a large range of coupling strengths. Indeed, the
two-level approximation is expected to be robust for > 5, where
U= (0, — ) w,, is the anharmonicity. The results of ref. ** con-
firm this robustness only for the dipole gauge. Surprisingly, this
conclusion seems to be in contrast with the results of ref. *°, where
they concluded that the flux gauge (analogous to the dipole gauge
for a superconducting artificial atom) provides completely incorrect
predictions in most cases. These contradictory results are discussed
in Supplementary Section V. Here, we only observe that the degree
of anharmonicity of the matter system considered in ref. *° (u ~7) is
not enough to ensure the validity of the two-level approximation.
However, a common feature of refs. *>* is that the energy levels of
the quantum Rabi model are strongly gauge dependent. In contrast,
our derivation of the Rabi Hamiltonian in the Coulomb gauge and
the results in Fig. 1 clearly show that, as highly desired, the predic-
tions of the quantum Rabi model are gauge invariant if the gauge
principle is correctly applied.

806

To understand how many powers of the photon operators
have to be included in . to obtain the correct spectra, in Fig. 2
we compare the approximate spectra, calculated from different
n-order Taylor expansions H of H with the exact ones (the
eigenvalues of 7{). The results are mterestmg For n=3 there is
already a signiﬁcant improvement (with respect to n=2), up to
7 5 0.25. However, the spectra become completely wrong at 7 $0.3.
Accuracy improves for n=10, but only up to 7.5 0.25. For n=200,
there is an excellent agreement, but only for # < 1.3. These results
show that for values of # larger than 1 (DSC), a very large n is
needed to obtain the correct spectra. However, further increas-
ing 7 requires the inclusion of more and more terms in the expan-
sion. This shows that the procedure of taking into account the
non-locality of the atomic potential and modifying the interaction
Hamiltonian only up to second order in the vector potential®-*>*74¢
completely fails in the USC regime. Figure 2 clearly displays that,
for arbitrary coupling strengths, the breakdown of gauge invari-
ance can be avoided only by taking into account the approxima-
tion-induced non-locality and keeping the resulting interaction
Hamiltonian to all orders in the vector potential. This confirms
the non-perturbative spatial non-locality that occurs when heavily
truncating the particle’s Hilbert space. The results obtained here for
a single two-level dipole (Rabi) can be extended to the multi-dipole
case (Dicke) ***. Supplementary Section III shows how to obtain
the correct Dicke model in the Coulomb gauge. As addressed in
ref. *°, gauge ambiguities also arise in circuit-QED systems. For
example, the full Hamiltonian of a fluxonium capacitively coupled
to an LC oscillator circuit®” (corresponding to the charge gauge)
can be obtained through an analogous minimal coupling replace-
ment. As shown in Supplementary Section IV, the resulting correct
total Hamiltonian for the two-level model in the charge gauge is
very similar to equation (10).

Resolution of gauge ambiguities

Note that A and A are related bya ! gauge transformation”*’, which
can be expressed by Hp,= UHCU As discussed above, Hc (the
standard two-level approximation of H) gives rise to wrong spec-
tra, thus ruining gauge invariance. Instead, we have demonstrated
that H . in equation (10) is the correct quantum Rabi Hamiltonian
in the Coulomb gauge. The numerical results in Fig. 1 show that H -
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gives the same spectra as H,,, thus providing clear evidence that the
procedure developed here restores gauge invariance in TLSs.

We now present an analytical demonstration of the gauge invari-
ance of a TLS coupled to the electromagnetic field. We start from
HD, which, according to ref. **, provides a very good approximation
of the full Hamiltonian Ay, and apply the gauge transformation pro-
jecting U) = U in the two-level space, Z:[I?t(DZ:II, where Z:II:Z:{ The
result of this unitary transformation should be ;, - .. Noticing
that U corresponds to a spin rotation along the x axis, and using the
Baker-Campbell-Hausdorff lemma, it is easy to obtain

A N Wy . W At
UHpU, = hwod'd+—1{6,cos[2n(a+a")]
1tp Uy 2 (12)
+6,sin[2n(a anly=He

This result demonstrates that, if we use 7. instead of 72(/0 and
apply the gauge transformation consistently, gauge invariance is
preserved in a two-level truncated space.

Following ref. *, it is possible to employ a formulation in which
the gauge freedom is contained within a single real continuous
parameter @, which determines the gauge through a function oper-
ator )A( The general gauge transformation in the dipole approxi-
matlon is generated by a unitary transformation determined by

U,=exp[—iX,], where X, =aqxA /. The values a= {0, 1} specify
the Coulomb and the dlpole gauge, respectively. According to the
standard procedure (violating the gauge principle), the a-gauge

quantum Rabi Hamiltonians can be expressed as*® H “_ ﬁUaI:ICU;ﬁ.
Indeed, following the procedure described above, one finds that
the corresponding correct two-level projected unitary operator
is L{ =exp[—iy ]|, where 7 =an(a+ "), and the correct a-gauge
Hamiltonian for a TLS is thus

A~ (a A A AT
T =8 (13)
We obtain
A~ (@) R A ATyA
H = hwd'd—iag(d—ad')o,

+% {6.cos [2n(1-a)(d+a")] (14)

+6,sin [2n(1-a)(d+ ahl}

Because U is unltary, the Hamlltomans (14) w1ll have the same

energy spectra of H = H( and of Hp= H( for any value of a.
This eliminates the gauge ambiguities of the quantum Rabi model.
We conclude this subsection with two remarks. First, when
calculating expectation values in the various gauges, the uni-
tary transformation in equation (13) also applies to the opera-
tors. For example, the photon destruction operator transforms
as d, —L{ a L{ =4+ ians,, where d, is the photon operator in
the Coulomb gauge. Second, different gauges give rise to differ-
ent eigenstates (all related by unitary transformations), even when
using the correct gauge transformations. This feature can lead to
some apparent gauge ambiguities when considering time-depen-
dent coupling strengths. In USC systems, the virtual photons
in the ground state can be released if the interaction is suddenly
switched off '**. Because the different gauges give rise to different
eigenstates, the number of emitted photons (proportional to the
virtual photon population in the ground state) seems to be gauge
dependent. We observe that, during and after the switch off of the
interaction, only the =0 (Coulomb) gauge is well defined. Indeed,
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in the a#0 gauges the field momenta depend on the interaction
strength. According to this reasoning, the vacuum emission after
the switch-off can be safely described only in the Coulomb gauge.
This points out the relevance of obtaining the correct quantum Rabi
Hamiltonian in the Coulomb gauge (14) for the design and analysis
of these experiments.

Discussion

The method developed here is not limited to TLSs but can be applied
to derive gauge-invariant Hamiltonians in arbitrary light-matter
quantum systems. These results are also relevant for the study of
systems with non-adiabatic time-dependent coupling strength'?, as
the Coulomb gauge («=0) is the only one where the field canonical
operators are independent of the interaction.

Our results are also relevant for the study of open quantum sys-
tems. For example, it turns out that when the interaction of the
light and matter components of a quantum system is very strong
(USC), the correct gauge dependence of the subsystem operators
appearing in the master equation cannot be neglected as usual.
Moreover, if the coupling between a subsystem (for example, the
matter system) and the environment is described by a gauge inter-
action and the system-bath coupling strength is not weak, the
preservation of the gauge principle should be ensured despite any
truncation procedure.

Finally, our investigation also applies to quantum matter systems
under the effect of strong laser fields™ and can be extended to study
ultrastrong and deep strong light-matter interactions beyond the
dipole approximation®, where the multipolar gauge® is also affected
by the presence of non-local potentials.
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Methods

Non-local potentials. To understand why local potentials become non-local when
the Hilbert space is truncated, let us consider a 1D potential V. In the coordinate
basis, it can be written as

V= ﬂdxdx'(lelx')lx)(x'l (15)

If the potential is local, its matrix elements can be written
as (lelx') =V(x,x") = W(x)5(x—x"). Considering a complete
orthonormal basis {|n)}, these matrix elements can be expressed as
V(x,x")=W(x)d(x—x") = ZM, W, ,4,(x )y (x), where we define y;, (x) = (x|n).
Notice that the Dirac delta function can be reconstructed only by keeping all
the infinite vectors of the basis. Hence, any truncation of the complete basis can
transform a local potential into a non-local one. If only two states are included, for
example, the two lowest energy levels, we obtain

Ve x') = Wi [y G (x) + () (16)

where, for simplicity, we assume parity symmetry (which implies that the
diagonal matrix elements W, , are zero) and real matrix elements. It is
evident that the sum of the two terms in equation (16), which are products
of two smooth wavefunctions, cannot reproduce the Dirac-delta function,
and this will result in a potential with a high degree of spatial non-locality.
It has been shown by several authors® - that a non-local potential can be
expressed as a momentum-dependent operator V(r, p). Indeed, by using the
translation operator y(x") = exp[i(x'—x)p Jy(x), where p is the momentum
operator, we obtain

[V exOw)dx = Vix Pyt (17)

Generalized minimal coupling replacement. In this section, using some general
operator theorems’, we show how to implement the minimal coupling replacement
on a generic operator O(x, p) by performing a unitary transformation”. Given

two non-commuting operators @ and fanda parameter 4 we want to calculate

e“ﬁ O(d)e”‘ﬁ . The function O(@) can be expanded in a power series:
0@)= ) ¢d" (18)

Using equation (18), we have

e o@e™ = 2 cne”ﬁ&"e”‘ﬁ (19)

n
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Observing that
Mo — ot fetb ot o tb .. b Goh _ ( o o?e”“;) "

we have

R R . L n R R
eﬂlfo(&)e—ﬂlf — 2 c, (e”ﬂde_"ﬂ) — O(e”ﬂ&e_"/}) 20)

n

We now apply equation (20) to €#®/"0(x, p)e™#®/" For the sake of simplicity,
here we consider the 1D case. The generalization to 3D is straightforward. We obtain

eii(x)/ho(x)ﬁ)e—if(x)/ﬁ =0(x, e (X)/hﬁ e—ii(x)/fl) (21)
Then, by using the Baker-Campbell-Hausdorff formula, we obtain
. \2
FO M F/N_ 5 fll_[f(x)"ﬁ] + % [’;] O F )Pl + - =p-df(x)  (22)
where we used the result [¢ (x), p] =70, (x). In conclusion, using equations (21)
and (22), this becomes
7OMO(x, p)e™ W/ = Olx, p—0,7 (x)] (23)
Considering now the special function
7(x)=q xA, (24)
with A= A(x,) being the field potential calculated at atom position x,, we obtain
04 (x)=4gA, (25)
If we plug this result into equation (23), we obtain
OO, ) DM = O(x, p—qA,) 26)

demonstrating that the unitary transformation in equation (23) corresponds to the
application of the minimal coupling replacement in the dipole approximation.

Data availability
The data that support the plots within this paper and other findings of this study
are available from the corresponding author upon reasonable request.

References
58. Louisell, W. H. Quantum Statistical Properties of Radiation (Wiley, 1990).



Supplementary Information for
Resolution of Gauge Ambiguities in

Ultrastrong-Coupling Cavity QED

S-I. LOCAL U(1) INVARIANCE IN TWO-LEVEL HILBERT SPACES.

We consider a local (position dependent) phase transformation [U(1)] of the wavefunc-
tions:

() = expliq 0(z)]y(x) = ¥'(x). (S1)

We perform a Taylor expansion of the function §(z) and project the resulting terms in a

2D Hilbert space, considering as basis, e.g., the two lowest-energy eigenstates of the system.

We assume parity symmetry, so the system eigenfunctions have definite parity. Recalling

that PaxP = T100; = &, (here xyp is the matrix element of the position operator between

the two-level system (TLS) orthonormal states) and (6,)?" = 1, we obtain

where [y and A are constants which depend on the coefficients of the Taylor expansion.
Therefore, besides the trivial constant phase factor exp[if,], the local U(1) transformation,

after the two-level projection, can be implemented as

|¢0) = explildioFo]|¢) - (S3)

We now observe that the system energy is not invariant under this local phase transfor-

mation:
W' Hold) # (W[ Hol) ()
On the other hand, it is well known that the action of the free electromagnetic field is

invariant under the transformation
A— A+0,0(x) = A (S5)

We try to exploit gauge invariance in order to search for a covariant Hamiltonian #H(©),

depending on the field A, such that
(W' |H 1) = (W IH ). (S6)
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Note that, if the field transforms as
A'=A+A, (S7)
we can define the Hamiltonian
H) = Ay e~ — AU (S8)

which satisfies Eq. (S6). We observe that, consistently, Eq. (S7) corresponds to a gauge

transformation of the field with the coordinate projected in a TLS:
A= A+9,0,=A+AN=A" (S9)

We can conclude that the Hamiltonian given by 7:[(()6) = eid"i&z’}:{ge—id‘%z = UH U ensures
the invariance of the expectation values for a local position-dependent phase transformation
implemented in TLSs. However, it is now evident that the Hamiltonian in Eq. (3) of the
main text is not able to ensure the invariance of the mean value of the Hamiltonian under

the gauge transformation (S3).

S-II. SECOND-ORDER EXPANSION OF THE QUANTUM RABI HAMILTO-
NIAN IN THE COULOMB GAUGE

Using the generalized minimal coupling replacement, in the main text we derived the

correct Coulomb gauge Hamiltonian of the quantum Rabi model [Eq. (18) in the main text]
Y o ate oy W0 (s PTEPS N PO 51t
He = hwea'a + — X {az cos {277(@ +a )} + &, sin [277(@ +a )}} : (S10)

When the normalized interaction strength n = gp/w. is sufficiently weak, it is possible
to expand the trigonometric functions in Eq. (S10) up to the linear or quadratic terms.
However, when gp becomes comparable with w,. (i.e., the USC regime), such expansion is
not sufficient. When approaching, or reaching, the deep strong coupling regime (n = 1),
the field terms have to be included to all orders (see Fig. 2 in the main text). Expanding
Eq. (S10) up to second order in the potential, we obtain

~ hw hg?
AE) = hwala + =06, + hgeo,(a+al) - %&Z(a +ah?, (S11)
10
This equation differs from the standard quantum Rabi Hamiltonian in the Coulomb gauge

7:[’0 for the diamagnetic term, which now displays a different coefficient and depends on
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Figure S1. Comparison of the energy spectra as a function of the normalized coupling = gp/we,
obtained from the quantum Rabi Hamiltonians: in the dipole gauge (7—2 D), in the standard Coulomb
gauge; (7:[’0), and in the Coulomb gauge; taking into account the presence of nonlocal potentials
up to second order (7:1(02 )). The plots in (a) have been obtained at zero detuning (A = 0); the plots
in (b) using A/w. = 2/3.

0.. By introducing the Thomas-Reiche-Kuhn sum rule in the diamagnetic term of 7:1/0 and
applying the two-level truncation [S1], 7-2/0 turns into 7:[(02) However, in contrast to the
derivation of Eq. (S11), this procedure is quite arbitrary. Figure S1 compares the energy
spectra of 7:[’0, 7:[(02), and Hc. In particular, we observe that for n < 0.1 the spectra of
both 7—18) (red curves) and H,, (blue dashed curves) are in quite good agreement with the
exact results (expecially those of 7:[(02)) given by H¢ (black dotted curves). Increasing the
coupling, 7:[’0 gives spectra which rapidly become very different from the exact energy levels.

The spectra of 7:[(02) provide an improved approximation which, for the lowest few levels, is
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acceptable for n < 0.2. The range of values of 1 where the approximate models provide
acceptable spectra reduces when detuning is nonzero [Fig. SI1(b)]. A critical behaviour,
where all the plotted energy levels of 7:[(02) tend to collapse towards the ground state energy,
can be observed at n ~ 0.42 . However, as shown in Fig. 2 of the main text, this effect is

removed by increasing the order n of the Taylor expansion.

S-III. DERIVATION OF THE DICKE MODEL IN THE COULOMB GAUGE

We now extend the results obtained in the subsection Resolution of gauge ambiguities of
the main text for a single two-level dipole (Rabi) to the multi-dipole case (Dicke) [S2-54].
The standard Dicke Hamiltonian in the Coulomb gauge can be written as

HY = hweata + oo,
(S12)

+2hge (at +a) J, +jqug (a" + a)2 ,

where the number N of dipoles determines the effective main angular momentum quantum
number j = N/2, and 2J; = N, 6.

Similarly to the quantum Rabi Hamiltonian, it is possible to introduce the coupling
between the matter Hamiltonian (in this case 7:[{)V = hwlojz) and the electromagnetic field,
by using the minimal coupling replacement. In the presence of nonlocal potentials, this can

be done by applying the unitary transformation

HY = UNHY UL + Hy (S13)
where
Uy = expli2n(a’ + a).J,] (S14)

is the projection of Uy = exp [iq Yk i’kfl/ h} in a reduced Hilbert space, which is the tensor

product of N two-dimensional Hilbert spaces. We, then, obtain

Y = hwela + hung { . cos [2n(at + )] + J, sin [2n(a’ + )] } . (S15)

This is the correct Hamiltonian in the Coulomb gauge for the Dicke model. Its gauge invari-
ance can be easily proved following the same procedure shown in the subsection Resolution

of gauge ambiguities of the main text. For example, applying the proper unitary gauge
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transformation, we obtain from Eq. (S13) the dipole-gauge Dicke Hamiltonian [S4]:

HY = ULHN Uy = HY + UL Hop Uy = hwUiaTally + hwyo .
= Tweata + hwigJ, + 2ihwen(al — a)J, + dhwn?® J2 . (S16)

This result eliminates any gauge ambiguity [S4-S6] of the Dicke model.

The Hamiltonian in Eq. (S15) is equivalent to the one in Eq. 45 of Ref. [S4] (if direct
dipole-dipole interactions are not included). The latter has been obtained applying a polaron
transformation to the Dicke Hamiltonian in the dipole gauge. As observed in [S4], this
unitary transformation is equivalent to a gauge transformation and hence gives rise to the
Dicke Hamiltonian in the Coulomb gauge. However, as pointed out in [S4], it does not
solve the gauge ambiguities of the Rabi and Dicke models (see also Ref. [S7]). Indeed, their
direct derivation of the Dicke Hamiltonian in the Coulomb gauge was obtained employing
the standard minimal coupling substitution, instead of the correct generalized one proposed

here [Eq. (S13)].

S-IV. FLUXONIUM QUBIT-LC OSCILLATOR HAMILTONIAN IN THE CHARGE
GAUGE

Here we derive the total Hamiltonian describing a fluxonium qubit (TLS) interacting with
a superconducting LC oscillator [S1, S8]. Considering for simplicity the case of a zero-flux

offset, the fluxonium Hamiltonian is:

N - A Er o~ ~
Hguxe = AEcN? + ?%2 — Ejcosd. (S17)

where QAS = Cin/CI)O, with &g = h/2e the flux quantum, is the reduced flux operator with
conjugate momentum N = Q;/2e (the reduced charge) such that [¢, N] = i. In Eq. (S17),
Eq, Er, and E; are, respectively, the capacitive, inductive, and Josephson energies.

The LC oscillator is characterized by a capacitance C' and an inductance L. Its resonance
frequency is Q = 1/v/LC and its characteristic impedance is Z = \/L/ic . The Hamiltonian

of the LC oscillator is A .
R QQ (I)Q
Hyo ="+ — 1
0oSsC 20 + 2L ) (S 8)

where Q and ® are the charge and the flux operator, respectively.

3



We now introduce the reduced flux operator ¢ = 2w o /®o and the reduced charge operator
% = Q/(2¢), whose commutator is [@, §] = ¢. These can be expanded in terms of the creation

and annihilation operators:
@ - 900(& + aT) )

where @y = V/2e2LhQ) = V2he2Z, and o = \/ChQ/(862) = \/h/SezZ.

The Hamiltonian of the LC oscillator can be expressed as

A E
Hosc = 4EC )22 + %@2 ) (819)

where Ec = €?/(2C) and E;, = (®y/27)?/L.

The capacitive coupling (charge gauge) between the fluxonium and the LC oscillator
can be described by making the substitution N — N+ X in the fluxonium Hamiltonian in
Eq. (S17). The total Hamiltonian then becomes:

] AL \ A2 n EL 72 ~2 952

Hcharge = 4E0<N + X) —Fy COS(¢) + 7(? +4EcX" + EL? . (SQO)
This replacement is different from the standard minimal coupling replacement, since it in-
volves two conjugate momenta instead of a conjugate momentum and a field coordinate. This
minimal coupling replacement can also be obtained by applying a unitary transformation to

the fluxonium Hamiltonian ﬁﬂux:

ﬁchargc = ﬁosc + f%f{ﬂux]%]L ) <S21)
where R = exp[iqg)z]. This can be proved by following the procedure described in the next
section.

Diagonalizing Hy.y and then projecting Eq. (S20) in a two-level space spanned by the

eigenstates |0) (ground state) and |1) (excited state), we obtain

A

Lharee = Haux + hwedla + iliged,(a — a') — 4Eox3(a — ah)?, (S22)

charge

where the reduced flux operator in the two-level approximation becomes ngS = 0190, (P1p =

(e|d|g) is assumed to be real), and go = wigdioxo. We also have:

HﬂuX = —0,, (823)



with 6, = |1)(1] — |0)(0].

It can be shown that the total Hamiltonian in Eq. (S22) is not gauge invariant because
its derivation does not take into account the presence of an effective nonlocal potential
which originates from the two-level truncation. In analogy with the procedure employed in
the main text, the correct gauge invariant total Hamiltonian can be obtained applying the

following unitary transformation to 7:[ﬂuxz

ﬁcharge = hwc &T& + 7%,7":[1E1ux7/?\’Jr ) <S24)
where
R = exp [gca—l,(a —at )} (S25)
Wio

is the unitary operator resulting from the truncation in the two-level space of the unitary

operator R. The minimal coupling replacement in the truncated space Eq. (S24) gives

- o 2 2
Flarge = ool + =2 {cosh [gc(a - aT)} 5.+ isinh [gc(a - dT)ﬁy} } .

w1o wio

This equation describes the correct (gauge invariant) total Hamiltonian for a fluxonium qubit

interacting with an LC' circuit in the charge gauge.

S-V. COMPARISON WITH RECENT RESULTS ON GAUGE AMBIGUITIES
IN CAVITY QED AND COMPARISON BETWEEN TWO-LEVEL MODELS AND
THE FULL MODEL

As pointed out in the main text, the results in [S1] are in conflict with those in [S7] and
with our gauge-preserving formulation of the quantum Rabi model. Indeed, [S1] claims that
the flux-gauge (the analog of the dipole gauge for a superconducting artificial atom) provides
in most cases very inaccurate predictions in the USC regime.

Here we analyse the main findings of these papers, discussing them in view of our results.
Reference [S7] numerically shows that the energy levels of 7:[’0 become very different from
those of #p in the USC regime. It also shows that the energy levels of Hp (in contrast
to those of 7:[/0) agree very well with those of Hp for a large range of coupling strengths.

These numerical calculations [S7] were performed at zero detuning and considering an atomic
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potential providing a strong anharmonicity (u = 100), corresponding to the condition where
the two-level approximation is expected to be very robust.

Our results demonstrate that: (i) the breakdown of gauge invariance is a direct conse-
quence of the fact that 7:[’0 violates the gauge principle; (ii) if one derives a quantum Rabi
Hamiltonian in the Coulomb gauge (7:10) fully obeying the gauge principle, then its energy
levels do coincide with those of p independently from the detuning. We also demonstrate
that, if the gauge principle is applied correctly, the whole class of quantum Rabi Hamilto-
nians fla all provide the same energy spectrum. Hence, contrary to the claims of [S1, S7],
we have demonstrated that it is possible to develop a gauge theory in the presence of a
finite-level truncation of the matter system.

One question, however, remains open: is such a gauge theory for TLSs a good approxima-
tion of the corresponding exact theory for high values of the light-matter coupling strength?
Since we have demonstrated that 7 p is related by unitary transformations to all the a-gauge
Hamiltonians satisfying the gauge principle, and since De Bernardis et al. [S7] have shown
that the energy levels of Hp agree very well with those of the full light-matter Hamiltonian
Hp, for a large range of coupling strengths, the answer is affirmative: if the gauge principle is
obeyed, light-matter theories for TLSs provide a very good approrimation of the exact corre-
sponding theory, at least when the two-level approximation is expected to work. Specifically,
this occurs when the anharmonicity of the effective quantum particle is high compared to
the coupling strength.

All this coherent and consistent picture, however, conflicts with [S1], which seems to
contradict the results in [S7]. Indeed, [S1] claims that the flux-gauge (the analog of the
dipole gauge for a superconducting artificial atom) provides in most cases very inaccurate
predictions in the USC regime. Ref. [S1] presents a formulation in which the gauge freedom
is contained within a single real continuous parameter «, which leads to a-dependent pre-
dictions. Ref. [S1] claims that the specific value of o = aj¢, determining a model without
rotating-wave terms (named JC-gauge), provides the most accurate results. However, in
contrast to the results of [S7], no a-gauge in [S1] is able to produce overall accurate re-
sults, not even for all the three lowest-energy states. In summary, the numerical results of
[S1], more than the validity of the JC-gauge, would suggest that the quantum Rabi model
provides inaccurate overall results in the USC regime.

A first observation about the results in [S1] is that ajyc does not represent a fixed op-
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timal parameter, since its value depends on both the coupling strength and the resonance
frequency w. of the cavity mode. Hence, every change of the detuning would require a gauge
adjustment in order to obtain the more accurate quantum Rabi model. Moreover, looking
at the numerical results [S1], the agreement between the JC-gauge and the exact model
strongly depends on the detuning as well as on the specific energy level of the total system.
For example, at zero detuning (§ = w./wip = 1), they find that the flux gauge accurately
predicts the third energy level (also the levels n = 5 and 8), in contrast to the JC-gauge
which provides completely wrong results for the same levels [S1]. In addition, while the
ground state fidelity in the JC-gauge is the closest to 1, the fidelity of the first excited state
in the flux-gauge outperforms the one in the JC-gauge, despite its energy level being less
accurate. Even more contradictory results [S1] are obtained for § = 1/5. In this case, the
flux-gauge produces a ladder of energy levels in good agreement with the exact calculation,
while the JC-gauge at most works only for the first two energy levels. For large detuning
(0 =5), except for the first two energy levels, all the gauges provide very inaccurate energy
levels [S1].

These results show that the JC-gauge works quite well only for the description of the
ground state and sometimes of the first excited state. In contrast to the results of Ref. [S7],
in most cases no gauge is able to produce overall accurate results [S1]. Finally, we observe
that it is generally possible to find a specific value of & # a;j¢ where the ground state energy
coincides with the exact value. In summary, the numerical results of Ref. [S1] would suggest
that the quantum Rabi model provides inaccurate overall results in the USC regime.

We find that this breakdown of the quantum Rabi model originates from the degree
of anharmonicity of the matter system studied in Ref. [S1]|, which is comparable to the
considered light-matter coupling strengths. Using the parameters of the artificial atom
(fluxonium) considered in [S1], and numerically solving the corresponding time-independent
Schrodinger equation, an energy spectrum of the matter system with a quite low degree of
anharmonicity is produced. Specifically, using Ec = E; = 10E,,, where E¢, Ey, and E; are,
respectively, the capacitive, inductive and Josephson energies of the fluxonium, we obtain
an anharmonicity p ~ 2.2.

In view of the above described gauge ambiguities [S1, S7], and as a further check, we have
performed additional numerical calculations considering our matter system constituted by

an effective quantum particle in a double-well potential. In particular, we consider a dipole
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Figure S2. Comparison between exact and approximate energy spectra. (a) Energy differences

(E — Ep)/hw,. versus the normalized coupling 7, obtained diagonalizing numerically the exact

Hamiltonian Hp (solid grey curves) and the quantum Rabi Hamiltonian Hp at zero detuning

(dashed red curves). (b) As in (a), but with a detuning § = 3. (c¢) Normalized energy differences

versus « for the three lowest excited levels calculated at n = 1, obtained by diagonalizing the

standard a-gauge quantum Rabi Hamiltonians /(@) (violating the gauge principle except for oo =

1). Dashed straight lines describe the corresponding energy levels obtained diagonalizing the exact

Hamiltonian Hp. (d) As in (c), but with a detuning § = 3.

represented by a charged particle of mass m moving in the potential

K o

A 4

V(z) = —=2* 4+ —a", (526)

2

4

where the two parameters x, A > 0 specify the shape of the double well. The Hamiltonian

for the effective particle is given by

h* 02
f=—

2m Ox?

10

Vi(z). (S27)



Analogously to Ref. [S4], we introduce the energy scale E; = h?/(mx2) and the rescaled
variable & = x/x¢, where zy = [yh?/(m))]"/¢ with v > 0. In terms of these quantities,
Eq. (527) can be written as

2
N De 15}
Hy=E;|—=+ =

0 d[2+2

&+ 154} , (328)
where 8 = mrzy/(h?) and pe = —i0/(9E).

We now start considering a system with a high degree of anharmonicity. Specifically, we
used the parameters § = 2.27 and v = 0.5. Within this model, the degree of anharmonicity
can be controlled by changing the value of . The value of F; is fixed by the choice of
the detuning § = w./wig. Notice that these parameters determine an anharmonicity: p =
(w1 — wig) /wio =~ 70.

Figure S2(a) shows a comparison between the energy spectra (for 6 = 1) versus the
normalized coupling strength 7 of Hp, (red-dashed curves) and those of Hp (black continuous
curves). We verified that the energy eigenvalues of the full Hamiltonian Hp are gauge
invariant. The agreement is excellent. Figure S2(b) shows that a very good agreement is
also obtained in the presence of some detuning (§ = 3), although some small discrepancy for
the highest energy levels arises at the highest coupling strengths. Panels S2(c)-(d) display
the energy differences versus the gauge parameter o for the three lowest excited levels of
H'@ calculated at 1 = 1. The dashed straight lines describe the corresponding energy levels
obtained diagonalizing Hp. The exact energy levels are all very well approximated only
for a = 1, although some accidental agreements can occur for some level at some values of

o # 1. Of course, the energy levels of Hp all coincide with those of Hp = H'® = HO.

In order to test how well the approximated quantum Rabi models reproduce the exact
results, it is useful to also consider the energy eigenstates in addition to energy-level cal-
culations. The accuracy of the approximated eigenstates can be tested by calculating the
fidelities. It turns out that, in contrast to the energy levels, the eigenstates change according
to the gauge (even in the absence of approximations). Hence, we compare the exact numer-
ically calculated eigenstates | W) of the full a-gauge Hamiltonian H(®) with the eigenstates
|1} of the a-gauge quantum Rabi Hamiltonian F/(@) (the one which violates the gauge
principle [S1]), and also with the eigenstates |¢)®) of the Hamiltonian H(® (preserving the
gauge principle). Here the subscript ¢ = 0,1,2,... labels the energy eigenstates. For this
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Figure S3. Fidelity for the three lowest energy levels at 7 = 1. The matter system is a charged

particle in a double well potential (and the parameters are given in the text). The anharmonicity

for this system is u ~ 70.

purpose, we define two fidelities:

and

g = [,

B = [(F w5

(529)

(930)

Figure S3 displays the fidelities F and Fj calculated for the three lowest energy levels for

a normalized light-matter coupling strength n = 1. We used the same parameters specified

above, and considered two cases: § = 1 (resonant case), and § = 3 (detuned case). In partic-

ular, we observe that I are very close to 1 for any a and for all the three states considered

(horizontal lines). This behaviour is the one expected for quantum Rabi Hamiltonians H()
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well approximating the full Hamiltonians H® . On the contrary, moving away from a = 1
(notice that H'@=) = F#{©@=1) the fidelities F 7, obtained using the eigenstates |1/;*) of
'@ are significantly lower. We notice that, lowering «, in panel S3(b) the fidelity Fg
suddenly drops to zero at a =~ 0.7. This is due to a degeneracy point in the energy levels
of 7™ so that the state |¥%*) becomes, for a < 0.7, a better approximation of the state
|Ug). We can conclude that quantum Rabi Hamiltonians based on the standard minimal
coupling replacement and violating the gauge principle provide worse approximations of the

full model with respect to the gauge-preserving ones H@,

Finally, we compare the energy levels of H (=1 (red-dashed curves) and H@=Y (grey
continuous curves) considering a matter system with a lower degree of anharmonicity. We
used 8 = 1.7 and v = 0.5. These values determine a lower anharmonicity pu ~ 8. Figure S4
displays the energy spectra at zero detuning as a function of the normalized coupling 1. The
agreement is very good for all the displayed energy levels when n < 0.7 (7 is one order of
magnitude lower than u). For the two lowest energy excited levels, the agreement remains

good for the whole range displayed. For n = 1, the agreement becomes less accurate, as
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expected when the coupling strength becomes comparable to the anharmonicity. We have
also calculated the fidelities for the three lowest energy levels. They remain very high
(Fg > 0.989), although they are slightly lower than those obtained for the system with a
higher degree of anharmonicity.

In summary, if the anharmonicity g is much higher than the normalized coupling
strength 7, the gauge quantum Rabi model developed in this work provides accurate,
gauge-independent results. The breakdown of the quantum Rabi model shown in Ref [S1]
can be attributed to the inadequate degree of anharmonicity of the considered matter sys-
tem. Indeed, a well-known result for light-matter systems is that the influence of an atomic
transition with frequency wj, can be neglected only if g;i/|wj — we| < 1, where g5, is the
transition coupling strength [S9]. Hence, if we desire to include only the two lowest energy
states (|0) and |1)) of the matter system, neglecting the influence of the higher state |2),
the following inequality has to be satisfied: |wo; — we| > go1. Assuming go; ~ g10 = ¢ and

dividing by wyg, the above inequality can be rewritten as
lpw—30+1]>nd, (S31)

where § = w./wio. For the resonant case (§ = 1), we have u > 7. Using the parameters of
the artificial atom (fluxonium) in [S1], we obtain an anharmonicity u ~ 2.2 for which the
condition of Eq. (S31) is not adequately satisfied. It is worth noticing that, when § < 1,
the inequality is easier to satisfy for a given value of . This could explain the improved
accuracy of the flux-gauge energy levels obtained for § = 1/5 in Ref. [S1].

In conclusion, we can state that the degree of anharmonicity of the matter system con-
sidered in [S1] is not enough to guarantee the validity of the two-level approximation. Of
course, depending on the degree of anharmonicity of each matter system, there will always
be a light-matter coupling strength beyond which the two-level approximation fails. In these
cases, if additional levels of the matter system are included, the gauge theory in truncated

Hilbert spaces presented here is still expected to work.
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Abstract

The interaction between the electromagnetic field inside a cavity and natural or artificial atoms
has played a crucial role in developing our understanding of light-matter interaction, and is central
to various quantum technologies. Recently, new regimes beyond the weak and strong light-matter
coupling have been explored in several settings. These regimes, where the interaction strength
is comparable (ultrastrong) or even higher (deep-strong) than the transition frequencies in the
system, can give rise to new physical effects and applications. At the same time, they challenge our
understanding of cavity QED. When the interaction strength is so high, fundamental issues like the
proper definition of subsystems and of their quantum measurements, the structure of light-matter
ground states, or the analysis of time-dependent interactions are subject to ambiguities leading
to even qualitatively distinct predictions. The resolution of these ambiguities is also important
for understanding and designing next-generation quantum devices that will exploit the ultrastrong

coupling regime. Here we discuss and provide solutions to these issues.

* corresponding author: ssavasta@unime.it



I. INTRODUCTION

Light-matter ultrastrong coupling (USC) [1, 2] can be achieved by coupling many dipoles
(collectively) to light, or by using matter systems like superconducting artificial atoms whose
coupling is not bound by the small size of the fine-structure constant. The largest light-
matter coupling strengths have been measured in experiments with Landau polaritons in
semiconductor systems [3] and in setups with superconducting quantum circuits [4]. An-
other potentially promising route to realize USC with natural atoms and molecules is using
metal resonators, since the coupling rates are not bound by diffraction. Single molecules
in plasmonic cavities are starting to enter the USC regime [5], and two-dimensional tran-
sition metal dichalcogenides (TMDs) coupled to metal particles have already reached the
USC regime [6], even at room temperature. Ultrastrong plasmon exciton interactions has
also been reported with crystallized films of carbon nanotubes [7]. The physics of the USC

regime can also be accessed by using quantum simulation approaches (see, e.g., [8]).

These very strong interaction regimes also turned out to be a test bed for gauge invariance
[9-11]. The issue of gauge invariance, first pointed out by Lamb in 1952 [12], has constantly
affected the theoretical predictions in atomic physics and in non-relativistic quantum electro-
dynamics (QED) (see, e.g., [13-16]). Recently, it has been shown that the standard quantum
Rabi model, describing the coupling between a two-level system (TLS) and a single-mode
quantized electromagnetic field, heavily violates this principle in the presence of ultrastrong
light-matter coupling [9, 10]. This issue has been recently solved by introducing a generalized
minimal-coupling replacement [11].

A distinguishing feature of USC systems is the presence of entangled light and matter
excitations in the ground state, determined by the counter-rotating terms in the interaction
Hamiltonian [17-19]. Actually, all excited states are also dressed by multiple virtual exci-
tations [20]. Much research on these systems has dealt with understanding whether these
dressing excitations are real or virtual and how they can be probed or extracted [1, 2]. These
vacuum excitations can be converted into real detectable ones (see, e.g., [20-26]). However,
the analysis of these effects is affected by possible ambiguities arising from the gauge depen-
dence of the system eigenstates [10, 11, 27]. Specifically, the unitary gauge transformation
does not conserve virtual excitations, nor light-matter entanglement [27]. Hence, the defini-

tion of these key features of the USC regime is subject to ambiguities, so that, as we show
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here, a maximally entangled ground state can become separable in a different gauge.

(®) w output
input l & N \ P
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b Trasmission Line

Figure 1. Cavity and circuit QED setups. (a) Schematic view of a typical cavity QED system
constituted by an atom (depicted as an effective spin) embedded in an optical cavity. (b) Circuit
QED: schematic view of a superconducting flux qubit and a superconducting LC' oscillator induc-

tively coupled to each other. The LC oscillator is also inductively coupled to a transmission line.

Ambiguities are not limited to those properties dependent on virtual excitations, but
also affect physical detectable photons. This issue originates from the gauge dependence
of the field canonical momentum (see, e.g., Refs. [13, 14, 16]). According to the Glauber’s
photodetection theory [28], the detection rate for photons polarized along a direction i is
proportional to (¢|Ef_)E’f+)|1/)), where ™ are the positive and negative frequency com-
ponents of the electric-field operator. In the Coulomb gauge, E is proportional to the field
canonical momentum and can be expanded in terms of photon operators. On the contrary,
in the multipolar gauge, the canonical momentum that can be expanded in terms of photon
operators is not B but the displacement operator D. This subtlety is generally disregarded,
and the usual procedure is to obtain the system states in the dipole gauge (the multipolar
gauge after the electric-dipole approximation) |¢)p), and to calculate the photodetection rate
ignoring that in this gauge the electric field operator is not a canonical momentum. As we
show here, this procedure, when applied to the quantum Rabi model, can lead to strongly

incorrect predictions. In this article, we face and solve all these issues by adopting an ap-
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proach based on operational procedures involving measurements on the individual light and
matter components of the interacting system.

The exploration of fundamental quantum physics in the strong coupling [29] and USC
regimes [1, 2] has greatly evolved thanks to circuit QED systems based on superconducting
artificial atoms coupled to on-chip cavities [30]. We show that these systems are not free
from gauge ambiguities and, despite displaying energy spectra very similar to traditional
cavity QED systems, have drastically distinct measurable ground-state properties, like the

photon number and the entanglement.

II. QUANTUM RABI HAMILTONIANS

Let us consider a simple cavity QED system represented by a single atom (dipole) coupled
to an optical resonator. We start adopting the Coulomb gauge, where the particle momentum
is coupled only to the transverse part of the vector potential A Tt represents the field
coordinate, while its conjugate momentum is proportional to the transverse electric field
operator. The latter (as well as the vector potential) can be expanded in terms of photon
creation and destruction operators: Eo(r,t) = Y, Eg(r)age ™ + h.c., where E(r) =
\/ hwy /2e0 £y (r) are the effective mode amplitudes, and h.c. represents hermitian conjugate.
Here, fi(r) are any general “normal modes” with real eigenfrequencies, wy, obtained from
Maxwell’s equations for a particular medium. They are normalized and complete (including
also the longitudinal modes, wy, = 0), so that >, €,(r") £ (r)fi(r') = 16(r—r’), where €, is the

relative dielectric function of a background dielectric medium. The system Hamiltonian is
A L. A At
He = %[pc — AP+ V(r) + 3 hugdjis, (1)
k

where pe and V(r) are the particle’s canonical momentum and potential.

The quantum Rabi Hamiltonian, can be obtained considering a single two-level system
(TLS) at position rg, with (real) dipole moment p = g{e|x|g), interacting with a single
cavity mode [(ag, fy,wr) — (@, f.,w.)]. The correct (namely, satisfying the gauge principle)

quantum Rabi Hamiltonian [11], strongly differs from the standard quantum Rabi model:
» ot Pwo g NETPS N P 5at
He = hwea'a + - {oz cos {277(@ +a )} + 6, sin [277(@ +a )]} : (2)
where w.n = g = /w./2heo p - £.(rp), and &; are the usual Pauli operators.
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In cavity QED, the multipolar gauge after the dipole approximation (dipole gauge) rep-
resents a convenient and widely used choice. A generic system operator in the multipolar
gauge Ou is related to the corresponding operator in the Coulomb gauge Oc by a suitable
unitary Power-Zienau-Woolley (PZW) transformation [16, 31] Oy = TOcT" (see Appendix
A). It turns out that in the multipolar gauge, while the field coordinate remains unchanged,
its conjugate momentum is fIM = —eoeb(r)ﬁ‘,M —-P = —]5M, where P is the electric po-
larization and D, is the displacement field [13, 32, 33], which can be directly expanded in
terms of photon operators:

A ]A)M(I‘,t) . hw

Fu(r,t) = ) i '\ 36, g (r)ag(t) + hee., (3)

where F); is the effective electric field that atomic dipoles couple to [33]. For a single dipole
at position ro, the interaction Hamiltonian is H; = —qa - F(ro) + (q)?/€oep(ro). Considering
a single TLS, we obtain

ﬁb@)zﬁﬂﬂ+szmﬁ@—nﬁ@, (4)

where ED(r) is the electric field operator in the dipole gauge. We note that for spatial
locations away from the dipole (r # ry), then Fp and Ep are equivalent. Next, we rewrite

Ep(r) in a way that makes each mode contribution clear:

_ZZ ()—i—hc—{Zf Vi (ro) + £ (vo)fi(r)| - 0 6 (5)

We now consider the single-mode limit, which is typically assumed in models such as the

quantum Rabi model, where a single-mode cavity is the dominant mode of interest (see

Appendix A):

R heo,
Ep(r,t) =1 Q—fc(r)&’(t) +h.c, (6)
€o

where @'(t) = a(t) + iné,(t). We observe that the operators @ and ' obey the same
commutation relations of the bosonic operators @ and a'. The total Hamiltonian (throughout
the article we use the calligraphic font for operators projected in a two level space) in the
dipole gauge is

Hp = Hiee + Vb , (7)
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where ,?:lfree = hw.ata+ h“’Toéz, wy is the transition frequency of the TLS, and the interaction
Hamiltonian is

Vp = inhw(a' — a)s, . (8)

The two gauges are related by the transformation Hp = THeT T, where T = exp(iF) with
F= —né.(a+ a') (see Appendix A).

III. PHOTODETECTION

The photon rate that can be measured placing a point-like detector in the resonator at

the position r and at a given time ¢ is proportional to [2§]
<E(7) (I‘, t) ' E(+)(I‘, t)> ) (9)

where E and E() are the positive and negative frequency components of the electric-field
operator, with E(-) = [E(]' (see Appendix B). Note that, in the absence of the interactions,
or when the rotating-wave approximation can be applied to the interaction Hamiltonian, the
positive-frequency operator only contains destruction photon operators. However, when the
rotating-wave approximation cannot be applied, this direct correspondence does not hold
[34]. By using the input-output theory (see Appendix J), analogous results for the rate of
emitted photons can be obtained for a detector placed outside the cavity [35].

Considering a single-mode resonator coupled to a TLS (quantum Rabi model), assuming
that the system is prepared initially in a specific energy eigenstate |jc), and using Eq. (9),

then the resulting detection rate in the Coulomb gauge is proportional to
W =Y [{kelPlio)?, (10)
k<j

where

A

P=ila—a'), (11)

and we ordered the eigenstates so that j > k for eigenfrequencies w; > wy. If a tunable
narrow-band detector is employed, a single transition can be selected, so that the detection

rate for a frequency w = w;, = w; — wy, is proportional to

Wik = [{kc|Pljc)]? . (12)
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Figure 2. Quantum Rabi model. (a) Normalized energy levels differences between the lowest
excited levels and the ground energy level of the quantum Rabi Hamiltonian He for the case of
zero detuning (w. = wy) as a function of the normalized coupling strength 7; (b) Square moduli of

the transition matrix elements of the electric-field operator, Wi, g, accounting for the transitions

between the two lowest excited levels and the ground state of the quantum Rabi Hamiltonian,

versus 7). For comparison, the panel also reports the wrong matrix elements i/ L (see text).
In the dipole gauge, we obtain
Wik = |(kpli(a — af) — 2n6.]jp)[*. (13)

The gauge principle, as well as the theory of unitary transformations, ensure that Eqs. (12)
and (13) provide the same result [11]. On the contrary, the usual procedure, consisting

in using the dipole gauge without changing accordingly the field operator (see, e.g., |1,
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2]): W/, = [(kpli(a — a')|jp)|?, provides wrong results. When the normalized coupling
strength n < 1, the error can be small. However, when 7 is non-negliglible, W and W’
can provide very different predictions, as shown in Fig. 2. Panel 2(a) displays the energy
differences between the lowest excited levels and the ground energy level of the quantum
Rabi Hamiltonian ¢ (or Hp) for the case of zero cavity-atom detuning (w, = wp). Here we
indicate the dressed ground state as |0), and the excited states as |fid-) on the basis of the
usual notation for the Jaynes-Cummings (JC) eigenstates |n+) (see, e.g., [36]). Panel 2(b)
shows that, except for negligible couplings (where Wi, 5 = W} £+ = 0.5), Wiy and Wi +0
display different results. The differences are evident already for n ~ 0.1.

It is interesting to point out some noteworthy features of this comparison. First, we
observe that Wi, 5 > Wj_j for all the values of 7, and finally, increasing n, Wi_5 — 0.
These results originate from the dependence on 7 of the corresponding transition frequencies
wiy g- Specifically, photodetection is an energy absorbing process, whose rate is proportional

to the intensity, which in turn is proportional to the energy of the absorbed photons. Hence,

witg > wi_p implies Wi, 5 > Wi_g5. For the same reason, when wi_g — 0, there is

/

no energy to be absorbed, and Wj_g — 0. On the contrary, 1+0

displays the opposite

(unphysical) behaviour.

IV. READOUT OF A STRONGLY COUPLED QUBIT

While in the Coulomb gauge, the atom momentum is affected by the coupling with the
field [16] [mx = pe — ¢A(x)], in the dipole gauge it is interaction-independent: mx = pp.
This feature can give rise to ambiguities in the definition of the physical properties of an
atom interacting with a field [15]. Moreover, an unambiguous separation between light and
matter systems becomes problematic with increasing coupling strength. Again, we face
this problem by adopting an operational approach based on what is actually measured.
In cavity and circuit QED quantum-non-demolition measurements are widely used [37-42].
Specifically, a quantum-non-demolition-like readout of the qubit can be realized by coupling
it, with a moderate coupling strength, to a resonator mode b with resonance frequency wy.
The readout can be accomplished by detecting the dispersive qubit state-dependent shift of
the resonator frequency: w, — wy, + x(6.), where x = wing/(wo — w) [29, 40, 43, 44]. If the

qubit is coupled very strongly to a second field-mode a, this readout scheme can provide
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interesting information on how the qubit state is affected by the USC regime. However,
the expectation value (4,) for a qubit in the USC regime is ambiguous when the coupling
becomes strong. Specifically, since (¥c|6.|tc) # (¥pl6.|wp), the question arises which of
these two quantities is actually detected?

We start from the Hamiltonian in the Coulomb gauge Eq. (1), limited to include only
two quantized normal modes (a and b). We then project the atomic system in order to
consider two levels only, and assume for the resulting coupling strengths that 7, << 7,.
If the USC system is in the state [¢)¢), applying the standard procedure for obtaining
dispersive shifts [44], we find for the readout mode b: x(¢c|T16. Tole) = x(Wp|6.|vp),
where 716, T, = 6. cos[2n(a + aT)] — 6,sin[2n(a + a')] (see Appendix C). Hence, we can
conclude that the readout shift provides a measurement of the expectation value of the bare
qubit population difference, as defined in the dipole gauge. Interestingly, this measurement
is able to provide direct information on the ground state qubit excitations induced by the
interaction with resonator a.

The dot-dashed curves in Fig. 3 display the qubit excitation probabilities that can be mea-
sured by dispersive readout: (ic|776,6_Talic) = (ip|646_|ip), together with (ic|6,.6_]ic),
for the two lowest energy levels of the quantum Rabi model (notice that 26,.6_ = 6, + 7
where Z, is the identity operator in the TLS space) . As shown in Fig. 3, (ip|646_|ip)
strongly differs from (i¢|6,.6_|ic). An analytical description of these results in the large-

coupling limit is provided in Appendix D.

V. LIGHT-MATTER ENTANGLEMENT AND NON-ADIABATIC TUNABLE
COUPLING

One of the most interesting features of USC systems is the presence of entangled ground
states with virtual excitations [1, 2]. However, since the ground state of a cavity QED
system is gauge dependent (e.g., |¢op) = T|¢)), the mean numbers of excitations in the
ground state are gauge dependent. Moreover, the unitary operator T does not preserve the
atom-field entanglement. Since physical observable quantities cannot be gauge dependent,
the question arises if these ground state properties have any physical meaning. Actually, it
is known that these excitations, e.g., the photons in the ground state, are unable to leave the

cavity and can be regarded as virtual (see, e.g., Refs. [20, 45]). However, if the interaction
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Figure 3. Readout of a strongly coupled qubit. Qubit’s excitation probabilities for the system
in its ground states (black curves) and in the first excited state (red curves) calculated in both
the Coulomb (solid curves) and the dipole (dotted-dashed) gauges as a function of the normalized
coupling strength 7. Note that (6.6_)p corresponds to what is measured via dispersive readout of
the qubit (see text). On the contrary, the photon rate released by the qubit after a sudden switch

off of the light-matter interaction is proportional to (64+6_)c (see Sect. V).

is suddenly switched off (with switching time 7" going to zero), the system quantum state
remains unchanged for regular Hamiltonians [46], and the excitations in the ground state,
can then evolve according to the free Hamiltonian and can thus be released and detected
(see, e.g., [23]). Of course detectable subsystem excitations and correlations have to be gauge
invariant, since the results of experiments cannot depend on the gauge. On this basis we

can define gauge invariant excitations and qubit-field entanglement.

It is instructive to analyse these quantities by using both the Coulomb gauge and the
dipole gauge. We start with the Coulomb gauge. We consider the system initially prepared
in its ground state [1)c(to)) = [0c). At t = to, the interaction is abruptly switched off within
a time 7" — 0. This non-adiabatic switch does not alter the quantum state [46], which at
t >ty =ty + T evolves as [Yo(t)) = exp [—iHgeo(t — Lo)][t0c(to)). We can use this state

to calculate, e.g., the observable mean photon number: (¢ (t)|a'alic(t)), which can be
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Figure 4. Vacuum emission. (a) Mean photon number calculated in the Coulomb (solid curve) and

in the wrong dipole (dot-dashed curve) gauges as a function of 7 for the system prepared in the

ground state of the quantum Rabi model. (inset) Vacuum emission (mean photon number) after

the switch off evaluated for n = 0.8. (b) Qubit’s entropies (which quantifies the qubit-oscillator

entanglement) for the ground states (black curves) calculated in both the Coulomb (solid curves)

and the wrong dipole (dotted-dashed) gauges as a function of the normalized coupling strength 7.

measured by detecting the output photon flux from the resonator. It is worth noting that

this expectation value can also be calculated by using the dipole gauge, by applying the

unitary transformation to both the operator and the quantum states: (yc(t)|a’al|ve(t)) =

(Wp(t)ata/|yp(t)).

The Hamiltonian in the dipole gauge can be obtained from that in the Coulomb gauge via

12



a unitary transformation which, in this case becomes time-dependent. It can also be obtained
by considering the corresponding gauge transformation of the fields potentials, taking into
account that, during the switch, the transformation depends explicitly on time. Carrying
out the calculations in the dipole gauge (see also Appendix F), it can be shown that, even in
the presence of a non-adiabatic switch off of the interaction, there are no gauge ambiguities
if the explicit time-dependence of the transformation (or of the generating function for the
gauge transformation) is properly taken into account.

In order to test explicitly gauge invariance in the presence of ultrastrong interactions and
non-adiabatic tunable couplings, we calculate the quantum state after a sudden switch off
of the interaction, by using the dipole gauge. During the switch, the transformation is time-
dependent and can be expressed as T (t) = exp [iA(t)F], where A(t) is the switching function
[with A(t) =1 for t < ty, and A(t) = 0 for ¢ > ¢;]. The resulting correct Hamiltonian in the
dipole gauge is

Hp(t) = Hiveo + Vp(t) — \F. (14)
For very fast switches, the last term in 7:[D(t) dominates during the switching and goes to
infinity for switching times 7" — 0. Hence its contribution to the time evolution during the
switching time cannot be neglected. Let us consider the system at ¢t = to (before the switch
off) to be in the state |¢p(tg)). Assuming T" — 0, just after the switch off (t; =ty +T), the

resulting state is
Uo(t) = exp (iF [ ded ) [wo(to). (15)

Since the integral is equal to —1, and |¢p) = T|tbc), we obtain

W (th)) = T b (to)) = [Yelto)) . (16)

This result shows that, even in the presence of a non-adiabatic switch off of the interaction,
there are no gauge ambiguities, since the final state (after the interaction has been switched
off) does coincide with the corresponding state in the Coulomb gauge. The case where
the system is prepared in the absence of interaction, which is then switched on and finally
switched off before measurements, is analyzed in Appendix F.

In Ref. [27], it has been shown that the standard practice of promoting the coupling to a
time-dependent function gives rise, for sufficiently strong and non-adiabatic time-dependent
interactions, to gauge-dependent predictions on final subsystem properties, such as the qubit-

field entanglement or the number of emitted photons. This problem persists also when the
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system is prepared in the absence of interaction, and measurements are carried out after
switching off the coupling. Our analysis of gauge transformations in the presence of time-
dependent interactions eliminates these ambiguities (see Appendix E).

Figure 4(a) displays the mean photon numbers (Oc|afa|0c) and (Oplatal0p). The first
quantity is the correct one, calculated using the time evolution induced by ﬁc(t). The
latter is the wrong one, obtained considering the wrong dipole-gauge Hamiltonian H p(t) =
T (O HeE)TH(E) (see Appendix F). As shown in Fig. 4(b), the two mean values provide
very different predictions for the observable mean photon number after the switch off. Very
different predictions are also obtained for the qubit excitation probabilities (see Fig. 3).
Figure 4(c) displays the Von Neumann entropy S, (which quantifies the qubit-oscillator
entanglement for the system ground state (black curves) of the quantum Rabi model. This
quantity [17] is obtained by calculating the ground state of the combined system |0), using
it to obtain the qubit’s reduced density matrix in the ground state p, = Tre{|0)(0]},
and then evaluating the entropy of that state S, = —Tres{psl0gs py}. The continuous
curves have been obtained using the Coulomb gauge, while the dotted-dashed ones, within
the wrong dipole gauge (using Hp(t)). It is interesting to observe that, for > 0.2, the
degree of entanglement strongly differs in the two cases. In particular, while in the wrong
dipole gauge both states become entangled cat states [47] displaying maximum entanglement
above 7 = 2, S, goes to zero in the Coulomb gauge, after reaching a maximum at n ~ 0.6.
These significant differences for large values of n can be understood by using an analytical
approximation which works well for n > 1 (see Appendix D).

In summary, the main result of this section consists of an operational definition of ground

state entanglement in cavity-QFED systems which is independent on gauge transformation

VI. CIRCUIT QED

An ideal platform for exploring atomic physics and quantum optics [48] is circuit QED
(see Fig. 1(b)). The main reasons for that are, their flexibility in design, the possibility of
parameter tunability in situ [49] and their capability to reach the USC and even the so-called
deep strong coupling (DSC) (when n > 1) regimes at the single photon — single atom level
[1, 2, 4, 50, 51].

Here, we start considering a well known architecture constituted by a superconducting
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flux qubit and a LC' oscillator inductively coupled to each other by sharing an inductance
[4] (Galvanic coupling). An important feature of the flux qubit is its strong anharmonicity,
so that the two lowest energy levels are well isolated from the higher levels [4]. The system

Hamiltonian can be written in the flux gauge as (see Appendix G)

~ hw
Hiy = 7‘7’@ + hweata + hwen(a+ a)(cos 06, —sinf6.), (17)

where hwen = LcI,1,¢. Here, L. is the qubit-oscillator coupling inductance, I, is the per-
sistent current in the qubit loop, and I, is the zero-point-fluctuation amplitude of the LC
resonator. The flux dependence in encoded in 6 = arcsin(e/wy), where ¢ is the flux bias.
Here wy = /A2 4 2, where AA is the tunnel energy splitting. For § = 0, the qubit parity is
conserved, and the Hamiltonian in Eq. (17) resembles the quantum Rabi Hamiltonian in the
dipole gauge for natural atoms H . However, it is worth noticing that, while the interaction
term in H p is of the coordinate-momentum kind, in 7:[fg it is coordinate-coordinate. As we
will show, this difference, despite not affecting the energy levels of the total system, affects
eigenstates and physical observables, and hence quantum measurements.

The LC' oscillator can be probed by measuring the voltage at the end of a coplanar
transmission line that is inductively coupled to the inductor L of the LC' oscillator (see
Fig. 1(b) and Appendix J). Such voltage is proportional to the voltage across L. In the flux
gauge, the canonical coordinate for the resonator corresponds to the flux across the capacitor
(D¢ = (Lpe/Z)(a+a")] (Z = \/L/iC is the oscillator characteristic impedance), and not that
across the inductor. As a result, in analogy with the electric field in the dipole gauge, the
voltage across the inductor also contains qubit operators: V¢ = Lolp¢[iwe(a — a') + 2nwod,)
(see Appendix J). If the system is prepared (e.g., by a pulse with central frequency w ~ wi, j)

in one of the two lowest excited states |14), the output signal emitted into the transmission

line is proportional to V¥, s = [(1+ 1V210)|2/(weLol,pt)?. This quantity differs from what can
be obtained measuring the voltage across the capacitor, V¥, ; = [(I1£]a—a'|0)|*. Figure 5(a)

displays ViL:I:,f) and Vicif] as a function of the normalized coupling . The significant differences
between these two quantities indicate that, in the USC and DSC regimes, similar observables
can lead to very different results, as recently observed in the context of quantum phase
transitions [52]. Comparing these results with the corresponding ones (Wi, 5) obtained in
Fig. 2 for the cavity QED system, significant differences can be found, although the results

share some qualitative features.
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Figure 5. Circuit QED. (a) Emitted signal V%i,() as a function of the normalized coupling 7. This
quantity is proportional to the power emitted from the system prepared in the initial states |14)
into a transmission line inductively (and weakly) coupled to the inductor of the LC' oscillator. For
comparison, the panel also displays Vici,f)' (b) Mean photon number (blue solid curve), flux-qubit
excitation probability (black solid curve), and Von Neumann entropy (red dashed curve) (quan-
tifying the qubit-field entanglement) in the system ground state as a function of the normalized

coupling 7. All the displayed curves have been calculated using 6§ = 0, which corresponds to a flux

offset e = 0.
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The Hamiltonian in Eq. (17) can also be obtained (in full analogy with the dipole and
Coulomb gauges), in the so-called charge-gauge, performing a unitary transformation [10, 11,
53] (see Appendix G). After such transformation, the voltage across the oscillator inductor
corresponds to the oscillator canonical momentum: V;® = Loly[iw.(a — at)]. However, its
matrix elements are gauge invariant (of course using the system states in the charge gauge).
Interestingly this gauge transformation corresponds to a different choice of the grounded

node in the circuit (see Appendix G).

The switch off of the interaction in Galvanically coupled systems also quenches the qubit
coordinate. Hence, these systems are not suitable to study qubit properties after the sudden
switch off. We consider instead a mutual-inductance coupling [see Fig. 1(b)]. The system
Hamiltonian is still described by Eq. (17); however in this case, after the switch off, the
qubit and oscillator signals can be independently measured (see Appendix H), as in cavity

QED systems (see Sect. V).

Results on measurable vacuum expectation values are shown in Fig. 5(b). Specifically, it
displays the mean photon number, the qubit excitation probability, and the Von Neumann
entropy (quantifying the qubit-field entanglement) in the system ground state. It is interest-
ing to observe that these results strongly differ from the corresponding ones in Figs. 2 and
3. In particular, in the circuit QED system, the mean photon number strongly increases for
increasing coupling strengths. In addition, in the limit of very strong coupling strengths,
the qubit-field entanglement reaches its maximum in contrast to the correct calculation in
Fig. 3(a). It is very surprising that two platforms (cavity and circuit QED) displaying the
same energy spectra give rise to very different ground state properties. This behaviour arises
from the different fundamental origin of the coupling in the two systems, namely coordinate-

momentum versus coordinate-coordinate interaction forms (see last paragraph in Appendix

H).

Also for the case of mutual inductance coupling, it is possible to apply a unitary (gauge)
transformation giving rise to a momentum-momentum coupling (charge gauge, see Ap-
pendix H). Such transformation is time-dependent if the mutual inductance is tuned, like
the unitary transformation 7T introduced to obtain the dipole gauge. Analogously, it can be
shown that after the switch off 1)) = |t;) and no gauge ambiguity arises. Hence, also in

circuit QED, it is possible to define gauge-invariant ground state properties.
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VII. DISCUSSION

By adopting an approach based on operational procedures involving measurements, we
have highlighted and solved a number of qualitative ambiguities in the theoretical descrip-
tion of cavity and circuit QED systems. Broadly, these results deepen our understanding
of subtle, although highly relevant, quantum aspects of the interaction between light and
matter, and are also relevant for the design and development of new technological photonic
applications exploiting the unprecedented possibilities offered by the USC and DSC regimes
(see, e.g., [54]).

Here, we focused on the quantum Rabi model. However, our results can be extended to
matter systems including a collection of quantum emitters, or collective excitations (see, e.g.,
[52, 55]). The conceptual issues discussed and solved here also apply to light-matter systems
involving multi-mode resonators [45, 56-58], or to atoms (natural or artificial) coupled to a

continuum of light modes [59], or even in cavity quantum optomechanics [60, 61].
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Appendix A: Derivation of the photon operators in the dipole gauge

We start by considering the simplest case of a two-level system coupled to a single-mode
resonator, where @ is the photon destruction operator in the Coulomb gauge. Following
Ref. [11] (see also Sect. II), the corresponding operator in the dipole gauge is @' = TaTt,
where T = exp(iF) with F = —né,(a+ a'). We obtain &' = a + ind,, where n = g/w, (g is
assumed real).

We now check the consistency of this result by deriving the general case using an al-
ternative approach not based on unitary transformations. Specifically, we consider a single
two-level system interacting with a collection of complete electromagnetic modes, and then
generalize the result to a strict single-mode coupling regime.

It is well known [13, 32, 62] that the dipole interaction Hamiltonian between an atom
and the radiation field, should involve the transverse displacement field, ]f), rather than the
electric field, E, so that (we neglect a p? term that is trivially proportional to the identity

operator in a two-level approximation):

5 w-D(r)
7 €o€p(T)

: (A1)

=

where €,(r) is the background dielectric constant of the medium where the two-level system is
embedded. The point is that in the dipole gauge the electric field operator is not a canonical
operator and thus the energy has to be expressed in terms of f)(r) (which is a canonical
operator), in order to obtain the interaction Hamiltonian. Given the displacement field’s
fundamental importance [33], we introduce a new field operator through
D(r)

F(r) = o)’

(A2)

and carry out field quantization with respect to this quantum field operator. Thus, for a

single dipole at position ry,

7:l1 =K ﬁ(ro), (A3)
and below we assume g is real (though this is not necessary). This procedure can be gener-
alized for multiple dipoles, however, in this case the field-induced dipole-dipole interaction

terms have to be also included (see Appendix B). In this Section, we only consider a single

dipole (two-level system) at ro. The field operator, obtained from the Power-Zienau-Woolley
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(PZW) transformation, can be expanded in terms of photon field operators (that also couple

to matter degrees of freedom), dy, so that

Ble,t) = B (e t) 4+ B (r,8) — i Z,/Z‘; £ ()tn(t) + hc., (A4)

where fj(r) are “normal modes” with real eigenfrequencies, wy, obtained from Maxwell’s
equations for a particular medium. The normalization of these normal modes is obtained
from [ drey(r)f;(r) - fir(r) = dgrr. These modes are complete, so that Y, e, (r)f} (r)fy(r') =
16(r—r’), and note that the sum includes both quasi-transverse and quasi-longitudinal modes

(wr, = 0). For convenience, one can also write this as
10(r —rp) feb lz fi.(0)f; (ro) + £ (ro)fe(r)| . (Ab)

We can also introduce the usual TLS-mode coupling rate from

g = 1/271 w - f(rg), (A6)

which is only finite for transverse modes (which is due to the choice of gauge).

Next, it is useful to recall the relation between E and F:

A

() = Br)+ 20T

coen (1) P(ry), (AT)

where we consider a single dipole. Treating the dipole as a quantized TLS, then

A A l,l, R R
F(r)=E o(r — _ A8
(I‘) (I‘) + €O€b(r) (I‘ I‘g)(0'+ +0 )7 ( )
where 6, +6_ = 6, are the usual Pauli operators. Thus, defining E p(r) as the electric field

operator in the dipole gauge, we have
(r,t) =1 Z ag(t) + h.c.
o {ka r)f} (ro) + £ (ro)fi(r )] p(64 +6-), (A9)
0

with the understanding that the last term is formally zero for r # ry. For positions away

from the dipole location, then

Ep(r £ ro,t) =i Z Zwofk() K(1) + hec., (A10)
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while for positions at the dipole location,

p(ro,t zz fk (ro)a(t) + h.c. — L l; fg(ro)fk(ro)] (64 +0-). (A11)

€0

Also note, that since ED(I‘ # ro,t) = f‘(r,t), then one can use either operator for field
detection analysis (away from the two-level system), which is a result of including a sum
over all modes. It is also important to note that the general solution of a(t) also includes
coupling to the two-level system, which can be obtained, e.g., from the appropriate Heisen-
berg equations of motion. It is worth noticing that Eq. (A9) can be rewritten in a way that

makes each mode contribution more clear:

—@Z ap(t) +h.c., (A12)

where

(1) = ax(t) + ink0 (A13)

with wime = y/wi/2heo p - £i,(rg). Comparing Eq. (A12) and Eq. (A4), it is clear that,
although Ep(r # ro,t) = F(r,t), the electric field operator Ep(r,t) and the field Fp(r, )

correspond to two different modal expansions.
Single-mode limit

Next, we focus on a single-mode solution (k = ¢,a = a.,n = 7.) as this is typically
the most interesting case for cavity QED regimes, and is one of the key models considered
in the main text (the quantum Rabi model). Of course, treating a single-field mode as
a normal mode is not a rigorous model for open cavities, as we cannot include the cavity
mode loss rigorously, but similar result can be obtained using a quantized quasinormal mode
approach [63] (which are the correct resonant modes in the presence of dissipative output
losses). Nevertheless, for high-@Q) resonators, it is an excellent approximation. Exploiting

Eq. (A12), we obtain:

N .
Ep(r,t) =i 5 f.(r)a'(t) + h.c., (A14)
€o
where
d’(t) =a(t) +ind, , (A15)



with wen = \/w./2heq p - £.(rg). Again assuming that g is real, then g = wen, and H; =
ihg(a’ — a)6, = Vp, as used in the main text.

It is worth highlighting a rather striking difference between the single-mode model and
the multi-mode model. The latter case causes the two field operators Fp(r) and Ep(r) to
be identical, unless r at the dipole location (rg). This multi-mode result also enforces some
fundamental results in electromagnetism, e.g., it recovers well known limits such as the local
field problem (requiring the self-consistent polarization), and ensures causality. The need
to enforce causality in quantum optics has been pointed out in other contexts [45]. We also
observe that, as shown explicitly by the unitary transformation & = 747 at the beginning
of this section (see also [11]), by only using the primed operators in the dipole gauge, gauge
invariance of the expectation values is ensured. Generalizing this approach to the multimode-

interaction case, it can also be shown that aj, = T &kTT, where 7' is the appropriate unitary

gauge operator [16]. Consequently, (¢p|a] ajvp) = (Yolif arlve), where [¥p) = Tlve).

Appendix B: Two-level sensors

It has been shown that normal-order correlation functions, which describe the detection
of photons according to Glauber’s theory, can be calculated considering frequency-tunable
two-level sensors in the limit of their vanishing coupling with the field [64]. The rate at which
the sensor population growth corresponds to the photodetection rate. If two or more sensors
are included, their joint excitation rates provides information on normal-order multi-photon
correlations.

This procedure can also be applied when the electromagnetic field interacts strongly with
a matter system so that the counter-rotating terms in the interaction Hamiltonians cannot
be neglected. Let us consider a simple USC system constituted by an electromagnetic
single-mode resonator strongly interacting with a two-level system with normalized coupling
strength 1. Then we also consider a two-level sensor interacting with the resonator with
vanishing coupling 7, < 7. The standard cavity-sensor interaction Hamiltonian in the
dipole gauge is written as [64]

Vi, = —ihwens(a —ah)os . (B1)

If the USC system is prepared in a state |j) and the sensor has a resonance frequency
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ws = wy (I < j), by applying the Fermi golden rule, it results that the excitation rate of the

sensor is proportional to
[{Ip[Plip) I, (B2)

where |jp) is a system eigenstate in the dipole gauge and P = i(a—a'). This result, however
is different from what can be obtained within the Coulomb gauge: W;; = |(lo|Pljc)|?.

It is instructive to find the origin of such gauge ambiguity and to solve it. Actually, in
the dipole gauge, the interaction energy between the field and the sensor is — [ BrE- f’s,
where P, = pé? is the sensor polarization. Using the relation EE = (D — P)/ey (we here

assume €,(r) = 1), the total Hamiltonian in the dipole gauge can be written as

Hag = HEC +H, + V3, (B3)
where 7%}{;0 is the system Hamiltonian in the absence of the sensor, H, = (hw,/2)é*, and
\ )S 1 3 . ~S 1 3,. D2
Vdg:—f/er-uaz—&——/drP, (B4)
€0 €0
where
P = pé, + p,6° (B5)

is the total polarization. By expanding D in terms of the photon operators, and using the

relationship

1

3 5 G0 + £ 6)Aw) = 10—, (B6)

and after neglecting the terms proportional to the qubits identities, we obtain
Vi = 2 b [i(a — ) + 2. . (B7)
In the single-mode limit, this simplifies to
Vi = hwa” [i(a" — @) + 206, &3 . (B8)

Equation (B8) differs from Eq. (B1) only for the field-induced qubit-sensor interaction
term, arising from the self-polarization terms in the dipole-gauge light-matter interaction
Hamiltonian [65]. However, it is precisely this term that ensures gauge invariance: applying
the Fermi golden rule, by using Eq. (B8), instead of Eq. (B1), we obtain the gauge invariant
result

[(Ip|P = 206.1jp)[* = [{lc|Pljc) > = Wi - (B9Y)
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Appendix C: Dispersive readout of a qubit strongly coupled to a cavity mode

Let us consider a two-level system ultrastrongly coupled to a cavity mode of frequency
w, and weakly coupled to a second mode (e.g., a readout cavity) of frequency wj, acting as
a sensor for the matter system. The resulting Hamiltonian in the Coulomb gauge can be
written as [11]

He = hwaata + huwyb'b
huwo I W (C1)

+ {62c0s [2na (a6 + @) + 20, (B + B)| + 651 [ 204 (a" + @) + 20, (B +0)| }
with 7, = g./wo and 1, = gy/wo. By using the angle transformation formulae, Eq. (C1)

becomes
He = hwaata + huyb'h

+ h;%&z {cos [2na(a" + a)] cos [2n,(bT + B)| — sin (20" + a)] sin [2m, (6" + )]

N~ =

+ h/;o&y {sin {277,1(&T + d)} cos {277b(lA)T + 5)} + cos {Qna( + a)] sin {2775(6T + b)}
(C2)

Furthermore, since 2771)(3T + B) is small, we can also apply the small-angle approximation

cos(x) ~ 1, sin(z) ~ x, thus obtaining

7:10 ~ hwaala + Fuwyb'd + h;do {@cos {217(1(&i + &)} + Gysin [Zna(dT + &)H

C3
+hw0nb(?)T + 13) {6ycos {2%(6” + d)} — 6,sin {2%(@ + d)}} ) )
Introducing the Pauli operators in the Coulomb gauge:
6; = Aafﬁyﬁ = 0,C0S [ } — 0,sin {2% + &)} ,
6! =T16.7, = 6.cos [ (af } + Gysin {2% + d)] : (C4)
&, =T0:T0 = s,
with T, = exp[—in.6.(a + a')], Eq. (C3) can be written in a more compact form as
He = hw,dla + huyhd + h’; L+ mplwo (B + b)6, (C5)
It is important to note that, despite the &} operators also containing photon operators, their
commutation rules remain unchanged: [5;, 7] = 2ie;;,67,. Moreover, we define

XL = (b'6" +bs"),
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Vo= (bs" +0'5"). (C6)
Subsequently, Eq. (C5) can be rewritten in a more convenient form as

N rn hw N A
He = hwed’a + haybth + 705; + inphwo (X 4+ V). (C7)

In order to investigate the effect of the readout cavity on the TLS, we can always perform

a canonical (unitary) transformation (see, e.g., [44]):

A ~

He — He = eigf}:[ceé = 7:10 + [7‘20, S’] +

A

21![3, [, Hel] + ... (C8)

where we defined He to indicate the corresponding dispersive Hamiltonian in the Coulomb

gauge. In the usual way, we search for an anti-Hermitian operator S which satisfies the

relation
Hi+ [Ho, 5] =0, (C9)
where
Hi = ipphwo(X + V'), (C10)
and
Ho = huphd + h‘;oa;. (C11)
Equation (C9) is satisfied using
S=X\X+ V., (C12)
with
L (C13)
A7
and
3 -9b
A= —i 14
12 ’ (C )

where A = wy — wp and X = wy + wp. With such a choice, we obtain

He = hwaata + Ho + [H1, 5]+ (8, (S, Hell + ... (C15)

1
2!

Developing the calculations up to the second order in g, we obtain

- N hy - ~
He =HS + %(b* +0)26 (C16)
where
X = A + v ( )



and

N an o hw
HS = hwaata + hwyb'h + 706; . (C18)
Neglecting the counter-rotating terms proportional to b2 and 82, Eq. (C16) becomes
~ hew h IR
He = hwqala + (20 — 2X> & 4 h(wy 4+ x8.) b'h. (C19)

As it is clear from this expression, the last term in Eq. (C19) can be interpreted as a
dispersive shift of the cavity transition by xé’, depending on the state of the qubit [66].
Sending a frequency-tunable probe signal into the resonator b, transmission spectroscopy
can provide direct information on the expectation value (67)c which coincides with (,)p.
Hence, we can conclude that this kind of readout spectroscopy provides direct information

on the expectation value of the qubit population difference, as defined in the dipole gauge.

Appendix D: Large-coupling limit

Here we discuss the large-coupling limit (n > 1) by using an analytical perturbative
method. Notice that for n > 1 the system enters in the so-called deep strong coupling
regime (DSC). We start from the quantum Rabi Hamiltonian in the dipole gauge:

Hp = Hivee + Vb, (D1)
where
Hiree = hwedi'a + h;”oa (D2)
and the interaction Hamiltonian is
Vp = inhw(a' — a)é,, . (D3)

When nw. > wy, the last term in Eq. (D1) can be regarded as a perturbation. Equa-

tion (D2) can be rewritten as Hp = H) + V), where

H) = hweata + inhw.(al — a)6, , (D4)
and
o hw
V= 7% (D5)

In the limit n > 1, ]}b can be regarded as a small perturbation; neglecting it, the resulting

Hamiltonian can be analytically diagonalized. The two resulting lowest-energy degenerate
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eigenstates can be written as | F in)|£,), where the first ket indicates photonic coherent
states with amplitude Fin, such that: a| F in) = Fin| F in); while the second ket indicates
the two-qubit eigenstates of 6,. The perturbation (fuww/2)d, removes the degeneracy and

mixes the two states, so that the two eigenstates become entangled:

B = 75 [r i) £ + z'n>|—z>] | (D6)

The corresponding eigenstates in the Coulomb gauge are [¢F) = TT|¢5), where

A

T =exp [—z’n (d + dT) &I} , (D7)
is the unitary operator determining the gauge transformation of the qubit-oscillator system:
Hp = THTT By applying the operator 77 to both members of Eq. (D6), and using the

properties of the displacement operator, we obtain the separable states

V&) = 0)|£z) - (D8)
Equations (D6) and (D8), describing the lowest two energy states in the dipole and
Coulomb gauge respectively (for n > 1), explain the results in Figs 3 and 4 for very large
values of 7. In particular, it is easy to obtain: (V5|66 |Yg) = 0, (WEl6L6_|wd) = 1,
(WElo o _[vh) = 0.5, (wolatalyg) = 0, (WElatalyvd) = n?. Moreover, Eq. (D6) describes
two light-matter maximally entangled cat sates providing a qubit entropy S, = 1, while
Eq. (D8) describes two separable states (S = 0), see Fig. 4. This analysis can be easily
extended to understand the results in Fig. 5 obtained for a circuit QED system for n > 1.
Applying the same procedure used to derive Eq. (D6), starting from the Hamiltonian in
Eq. (17), we obtain

) = ;5 = ) a) £ |+ 7)o} (DY)

Appendix E: Gauge transformations in the presence of time-dependent coupling

We start by summarizing some well-known results on equivalent descriptions of the dy-
namics of a physical system (see, e.g., Ref. [16]). We consider a simple 1D dynamical system
described by the Lagrangian L(z,#), where x is the coordinate and & the velocity. The
momentum conjugate with z is p = dL/0x. By adding to the lagrangiaan L(x,2) the total

time derivative of a function F(z,t), one obtains a new Lagrangian

L'(z,%) = L(z, %) + CiF(:c,t) = L(x,) _+_$87F " oF

d ’ or | ot’ (E1)
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which is equivalent to L in the sense that it gives the same equation of motion for the
coordinate x . Considering the new Lagrangian, the momentum conjugate with x becomes

, oL +6j
p_(f‘):'v —P ox

(E2)

When one applies the standard canonical quantization procedure, starting with L on
the one hand and L’ on the other, one derives two equivalent quantum descriptions for the

system, related by a unitary transformation, described by the operator (we use i = 1)

T = expliF(t)], (E3)
where F(t) = F(Z,t) is the quantum operator corresponding to the classical function F/(z,t),
with the hat “”” indicating the promotion of classical variables to quantum operators.
Considering a generic operator O = O(z,p), it transforms as O’ = TOT", while the state
vectors transform as |¢') = T[t)), so that the generic matrix elements of the operators remain
unchanged. If the function F(z,t) depends explicitly on time, the system Hamiltonain

transforms differently:

NI PPV F
H =THT"+iTT' = THT" — %t : (E4)
The function F' introduced by PZW [31, 62] is
F=— / ErP(r) A, (r), (E5)

where, considering a single charge centered on a single reference point R, the polarization

operator can be expressed as
1
P(r) = g /0 du(r — R)S[(1 — u)(r — R)]. (E6)

Hence, the PZW Lagrangian can be derived by that in the Coulomb gauge by the transfor-
mation

d
L'=L+—F E7
where F'is given by Eq. (E5).

In a gauge transformation, defined by a function x(r,t), the potentials become

A'(r,t) = A(r,t) + Vx(r,t) (E8a)
Ulr,t) =U(r,t) — gtx(r, t). (E8b)

28



Introducing Eqgs. (E8a) and (E8b) in the Lagrangian L in the Coulomb gauge, the following
relationship between the two Lagrangians holds (see, e.g., p. 267 of Ref. [16]):

d
L' =L+ — . E
+th(r’t) (E9)

If the function x(r,t) is chosen equal to the function F(r,t), then:

X(r, ) = / ErP(r) A (r). (E10)

Equations (E7) and (E9) shows that the PZW transformation and the multipolar gauge
transformation are equivalent.

This equivalence still holds in the presence of a time-dependent interaction strength. As
discussed in the main text, a time-dependent coupling can be properly described assuming
an atom moving in and out a Fabry-Pérot Gaussian cavity mode, like in experiments with
Rydberg atoms [67], so that the coupling strength becomes time dependent. In this case, the
charge is localized around a time-dependent position R(#). This will give rise to additional
terms when taking the time derivative of F'. However, Eq. (E7) and Eq. (E9) do still coincide,
as well as the conjugate momenta. Both approaches give rise to the same Hamiltonian in
Eq. (E4). Notice that the resulting Hamiltonian after the gauge transformation is different

from

A A

Hp(t) =T Ho ()T (t). (E11)

This explains precisely why the Hamiltonian in Eq. (E11) does not describe a dynamics which
is equivalent to that of the Hamiltonian in the Coulomb gauge [27]. In short, Eq. (E11) is not
a correct Hamiltonian to describe the correct light-matter interaction dynamics. Specifically,
considering the time dependent unitary transformation, Eq. (E11) is not correct because it
misses the explicit time dependence on the transformation, see last term in Eq. (E4). Con-
sidering the gauge transformation, Eq. (E11) is not correct because it is obtained neglecting
the explicit time dependence of x(r,t) in Eq. (E8b), arising from the time dependence of R
in Eq. (E6). The correct Hamiltonian in the dipole gauge, in the presence of time-dependent
interactions, is By, = T(t)Ho ()T (t) + T,

In summary, in the absence of time-dependent interactions, the Coulomb gauge Hamil-
tonian ﬁc and the standard multipolar gauge Hamiltonain Hp = H 5 provide equivalent

dynamics. In the presence of time-dependent interactions, only H 1 provides a dynamics
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which is equivalent to the one determined by I:[C, and the standard multipolar Hamilto-
nian Hp has to be disregarded. Consequently, we can consider H¢ more fundamental than
Hp. The first (I:IC) originates directly from the minimal coupling replacement enforcing the
gauge principle, while the latter (ﬁ p) results from the first, after a transformation which
can be time-dependent. A different point of view could be to consider, independently on the
historical derivation, Hp as the fundamental Hamiltonian and deriving H¢ from it after a
unitary transformation. In this case the correct Hamiltonian in the Coulomb gauge, provid-
ing a dynamics equivalent to that of Hp(t), would be HA(t) = T (t)Hp(t)T'(t) + zT(t)TT(t)
This Hamiltonain, owing to the second term on the right-hand side of the above equation,
does not correspond to a minimal coupling replacement as prescribed by the gauge principle.
On the contrary, He is directly obtained by the minimal coupling replacement (which im-
plements the gauge principle) after setting to zero the longitudinal component of the vector
potential (which has no dynamical relevance) [16].

Analogous considerations apply to the case of switchable circuit QED systems (see Ap-
pendix H). In this case the more fundamental gauge is the so-called fluz gauge, which is
somewhat analogous to the dipole gauge. Also in this case, it is possible to apply a unitary

transformation, in order to obtain an equivalent representation, called the charge gauge.

Appendix F: Non-adiabatic tunable coupling: Switch-on and switch-off dynamics

Following Ref. [27], we consider the treatment of tuneable light-matter interactions
through the promotion of the coupling to a time-dependent function. In Ref. [27] it is
shown that applying the standard widespread procedure, for sufficiently strong light-matter
interactions, the final subsystem properties, such as entanglement and subsystem energies,
depend significantly on the definitions (gauges) of light and matter adopted during their
interaction. This occurs even if the interaction is not present at the initial and final stages
of the protocol, at which times the subsystems are uniquely defined and can be individually
addressed. Such an ambiguity is surprising and poses serious doubts on the predictability of
the system dynamics in the presence of ultrastrong time-dependent light-matter interactions.

Here we address this apparent problem by considering a light-atom system initially in
the absence of interaction and starting, e.g., in its ground state |¢(¢,)) = |g,0). A different

choice of the initial state does not change the conclusions. This situation can be visualized
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considering a system constituted by an optical cavity (initially prepared in the zero-photon
state) and an atom initially external to the cavity and in its ground state. At t = ty,
the atom enters the cavity and flies out of it at ¢ = t;. We consider the case of a TLS
(the generalization to multilevel systems is straightforward). In addition, for the sake of
simplicity, we assume that for ¢; < ¢t < t5 the normalized interaction strength 7 is constant.
We demonstrate that, after the switch off of the interaction, the same quantum state is
obtained independently of the adopted gauge.

We start our analysis considering the Coulomb gauge. The initial state (actually inde-
pendent on the gauge) is [¥o(tim)) = |g,0)c. At t = ¢y, the interaction is non-adiabatically
switched on within a time 7" — 0. This sudden switch has no effect on the quantum state
[46], hence, at t =t = t; + T, |vc(tf)) = |g,0). For t > ¢, the quantum state evolves
as |1he(t)) = exp [—iHo(t — t1)]]g, 0)c. Then, at t = ¢, the interaction is suddenly switched
off. At t = t5 = t, + T, the system state is [Vc(t5)) = exp [—iHc(ts — t1)]|g, 0)c. For
t > t5, the quantum state evolves according to the Hamiltonian for the noninteracting sys-
tem (= 0): |[c(t)) = exp [—iHpee(t — t2)] [0 (tT)), Where Hiee is the system Hamiltonian
in the absence of interaction. We can use these quantum states to calculate any system

expectation value at any time. For example, the mean photon number can be calculated as

(oYY PNye(t)) (F1)
where YV and Y are the positive and negative-frequency components of the operator
YV =i(a —al) [with Y = (Y)i]. Notice that, for ¢ < t; and t > t,, V) = ia.

Now we describe the same dynamics in the dipole gauge. Before switching on the interac-
tion, the state is simply |¢p(t7)) = |g,0). Asshown in Appendix E, the system Hamiltonian
in the dipole gauge is

Hp(t) = TOHT () +iT ()T ()
- ﬂfree + ]A)D (t) - AJT:‘; (FQ)
where A(?) is the switching function (see Fig. 6). Notice that, when the interaction strength
is time independent, the last term in Eq. (F2) goes to zero. On the contrary, during non-

adiabatic switches or modulations, this term can become the dominant one. Owing to the

presence of the last term in Eq. (F2), the state after the switch-on of the interaction becomes
VL R
nlei ) = oo (iF [ a1 (1)) = Tl ). (F3)
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For t > t}, the quantum state evolves as [p(t)) = exp (—iHp(t — t1)T]g,0). Then, at
t = t, the interaction is suddenly switched off. At ¢t =] = t,+ T the system state becomes
[p(t5)) = Tt exp [—iHp(ts — t1)]T g, 0). Since He = THH T, it implies that

[Wp(ty)) = [be(ts)) . (F4)
As an example, we reported in Fig. (6) the gauge-invariant emission,

(@Y O Y Hye(t)),

from a two-level system coupled to a single-mode resonator (quantum Rabi Hamiltonian)
induced by sudden switches of the light-matter interaction, calculated for three normalized

coupling strengths.

As a final remark, we observe that the procedure described here can be directly extended
to show that gauge invariance is also preserved for intermediate gauge transformations de-
pendent on a continuous parameter « [10]. Indeed, it is sufficient to replace F with oF in

the demonstration.

Appendix G: Circuit QED: Galvanic Coupling

A qubit-resonator system is said to be Galvanically coupled when the two components
share a portion of their respective circuits [2]. With circuits, this strategy has been used
to reach both the USC and the deep strong coupling regimes. Besides, the generic lumped
circuit analysis is formally equivalent to the description of the fluxonium-resonator system.
Moreover, these architectures seem to be optimal test-beds for performing experiments on

the gauge issues discussed in this work.

To analyse the different architectures in a unified way, we consider the qubit as a "black-
box”, while the coupler is the part shared with the resonator. The lumped circuit is drawn
in Fig. 7. The coupler can be an effective inductance and the dashed region can describe,
e.g., the three junctions forming the flux qubit as in the experiments [4, 50] or one of the

qubit-junctions as in this other experiment [59].
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time wqnt
Figure 6. Gauge-invariant emission of a two-level atom coupled to a single-mode resonator (quan-
tum Rabi Hamiltonian) induced by sudden switches of the light-matter interaction, calculated for
three normalized coupling strengths. (a) Displays the switching function A(t). The system is ini-
tially prepared in its ground state: |¢c(tin)) = |g,0). At t = t; the interaction is suddenly switched

on, and it is finally switched off at t = ¢s.
1. Flux gauge

In the flux gauge, the Lagrangian can be written as [68],

1 . 1
Efg = ‘Cgubit + 50(1)2 - ﬁ(q) - (I)q)z : (Gl)

Here, L7 ;; describes the qubit part, which depends on the specific artificial atom considered

and 5-(® — ®,)? provides the coupling term. Recall that here @ is the flux through the
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Figure 7. Circuit QED systems with Galvanic coupling. (a) In the flux gauge the chosen coordinates
correspond to the flux across the qubit ®, and the flux across the ocillator capacitor ®. (b) In the
charge gauge the chosen coordinates correspond to the flux across the qubit ®, and the flux across

the oscillator inductor ®.

resonator capactitor and @, is the flux through the coupler, as specified in figure Fig. 7(a).
It is convenient to rewrite Eq. (G1) as a sum of three contributions: the qubit, the LC-
resonator, and their interaction:

1
Efg = »CLC + Equbit + Zq) q)qa (GQ)

where Lic = 1C®? — ®?/(2L), and Lyupi = L) i — P2/(2L). Notice that Ly describes an
oscillator with resonant frequency w. = 1/v LC.

In order to deal with an explicit qubit Lagrangian, we consider a fluxonium-type qubit,
such that:

1 : CI) - Cbex
Lubic = 50@3 — ®2/(2L)) + Ejcos <2wq%t> , (G3)

where Cy is the qubit capacitance, Ly ~ L.L/(L.+ L), ®y = h/2e is the flux quantum, and
®.,¢ is the external flux. The superconducting loop is maximally frustrated at a specific
value of the external flux @ = ®¢/2. In this case [53], the atom’s effective potential has
a symmetric double-well shape consisting of two lowest degenerate local minima separated
by approximately the flux quantum ®,. This configuration can give rise to artificial atoms
with a high degree of anharmonicity, with the two lowest energy levels well separated by the

higher energy ones. An analogous energy spectrum can also be obtained considering a flux
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qubit [4].
The momenta conjugate to ® and @, can be easily obtained starting from Eq. (G2) by

using the canonical relations

Qggc@ (Gda)
oL :
Qq - a? - Cq®q . (G4b)
q

In this case, () and @), represent the charge across the capacitor C' of the oscillator, and the
charge across the coupler, respectively.
By performing the Legendre transformation Hy, = QP + qubq — Ly, the flux gauge

Hamiltonian can be written as

Q| (2, — )
Hy = H, 0 + 1 7 GbH
qubit +5~ 20 2L ) ( )
where ) 2
O, — P,
H e = 20, — Ejcos (27qu)0t> . (G6)
The system Hamiltonian can also be written as
o, P
Hyy = Hyc + Hupit — %, (G7)
where
QQ
H, G8
o= ot ()
and , )
o, b, — P
Hyit = —L + —L — Eicos [ 2n—L—=) G9
qubit = 20, +2LH cos<7r B, ) (G9)

The quantization procedure of Eq. (G7) is straightforward. In our case, the resonator

operators can be expressed in terms of the creation and annihilation operators as
d = d,5(a+ah),

Q = _inpf(& - dT) s

where ®,,¢ = /Lhw,/2, and Qpr = \/Chw,/2 with w. = 1/VLC.

It is important to note that in Eq. (G9) we implicitly considered all the fluxonium levels.
However, when the energy-level spectrum of the system displays a high degree of anhar-

monicity, such that the higher energy levels are well spaced with respect to the first two,

35



Eq. (G9) can be projected in a two-level space spanned by the flux-qubit eigenstates |g)
(ground state) and |e) (excited state) using the operator P = [e){e| + [g)(g]-

The flux across the coupling inductor can be treated as a constant operator with off-
diagonal matrix elements which are directly calculated in the qubit energy eigenbasis as
(g|®4le) ~ LI, where I, is the persistent current in the qubit loop. Performing this

projection, the two-level flux gauge Hamiltonian becomes

huwy
He, = hweata + 70 + hwen(a' +a)é, (G10)

where hwy is the qubit transition energy and hw.n = L.I,1,p¢, where I,pr = ®,p¢/L is the
zero-point current fluctuation of the oscillator.

In the flux gauge, the flux across the oscillator inductor is o =P — <i>q. Projecting the
artificial-atom flux <i>q in the two-level space, we obtain P L = Ppe(a + at — 2n6,). The

voltage across the oscillator inductor is

A

V=@ = (b, Hig) /(i) = welbupe [i(a! — ) + 206, - (G11)

2. Charge gauge

In order to derive the charge gauge Hamiltonian of the system ( see Fig. 7(b), we consider
as canonical coordinates the node flux ®, and the flux ® across the resonator inductance
L. Following the same procedure of the previous subsection, the system Lagrangian can be

written as

1 . 1 . .\ 2 1 1
Lo = 50,9 + 5C (&, — @) - ﬁq)Q — 57 @+ Ercos2m(®y — Qex)/R0)] . (G12)

with the canonical momenta defined as
Q, = (C,+ YD, + CD, (G13a)
Q=C(d—d,). (G13b)

Performing the Legendre transformation (see Subsection G 1), and promoting the canonical

variables to operators, the system Hamiltonian in the charge gauge results in

A

Heg = 20 2¢, "

82+ 8% By cos [2n(B, — Do) /B0)] . (G14)

2
Qo+ O + 550+ o
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Also in this case, if the system displays a high degree of anharmonicity, we can project the
system Hamiltonian in the two-level subspace {|g), |e) }. However, it has been shown that this
truncation ruins gauge invariance [11]. The coupling described in Eq. (G14) is analogous to
the minimal coupling replacement used to introduce the particle-field interaction in quantum
field theory and atomic physics. According to this procedure, the particle momentum is
replaced by the sum of the particle momentum and the product of the charge and the field
coordinate. In the present case, the coupling is introduced by replacing the momentum of
the artificial atom: Qq — Qq + Q. It has been shown that, when the atom Hilbert space
is truncated, unavoidably some degree of spatial nonlocality is introduced in the atomic
potential [11]. As a consequence, the truncated potential will depend also on the momentum
Q and gauge invariance is preserved only by also applying the minimal coupling replacement
to it. To solve this problem, we introduce the minimal coupling replacement by applying a

unitary transformation to the atomic Hamiltonian:
-f{cg = IA{LC + RTﬂqubitﬁi; <G15)
where R = exp(i®, Q/h). Tt is worth noticing that Eq. (G15) is equivalent to Eq. (G14).

After truncating the atomic space to only two states, the bare qubit Hamiltonian reduces to

ﬁqubit = h(wo/2)5,, The resulting unitary operator in the reduced space is

R = exp [no.(a—a')|, (G16)
and Eq. (G15) becomes
Heg = Hic + RIHquiR . (G17)

We finally obtain

&

Hey = hwedla +

= {9 cosh [2n(a — a")] + gy sinh [29(a — a")| }

= hwedla + —24 (G18)

z

l\Dgr[\D

where, in the last line, we indicated with the primed symbol the transformed Pauli operator:

o' =RI6.R. (G19)

3. Gauge invariance

The Hamiltonians derived in the previous sections are connected (in full analogy with

the dipole to Coulomb transformation), by a unitary transformation. It results that such
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unitary operator coincides with R that we used in the previous subsection to implement the
minimal coupling replacement (charge gauge). For example, the flux gauge Hamiltonian can

be obtained starting from I:]Cg by performing the unitary transformation [11]
Hfg = RﬂcglﬁzT = [A{qubit +RIcR. (G20)

By using the generalized minimal coupling replacement, described in the previous sub-
section, gauge invariance holds even after the reduction of the atomic degrees of freedom to

only two levels. Specifically, it results [11]
?:ng - ﬁﬁcg,]éj = ﬁqubit + 7/?\/7:[14(}7%1- . (G21)

The inverse transformation from the charge to the flux gauge is straightforward. The
unitary transformation procedure also allows to derive the relationship between the operators
in the different gauges. For example, we can derive the charge gauge operators (labelled with

the ‘prime’ superscript):

&' =RI6,R =6, (G22a)
6. = cosh [277(@ — aw 6, + isinh [Qn(a — df)} Gy (G22b)
&, = cosh [277(& — &T)} &, — isinh [277(@ — &T)} b, (G22¢)
& =6 — 5, (G22d)

It turns out that, in the above equations, the only gauge invariant qubit operator is &,
while the others have to be transformed accordingly to the considered gauge. Finally, we
notice that the oscillator momentum Q = zszf(&T — @) is also invariant under the unitary

transformation.

Appendix H: Qubit-oscillator coupling by mutual inductance

We now discuss the qubit-resonator system which is inductively coupled to a LC resonator
via mutual inductance (see Figure 8). In the flux gauge, the Kirchoff equations yield the

Hamiltonian:

~ ~ ~ 1 ~ ~
Hiy = Hyupie + Hrc — ﬁ‘p o, , (H1)
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where the qubit Hamiltonian is

A

Heyuie = Q2 Tqﬂ Ejcos [271(Dg — Pext) /)| ,

and the oscillator Hamiltonian is
Hic = —Q2 L2

2L

Assuming for symplicity L > M, we obtain for the renormalized inductances: L = (L L —
M?)/L,~ L ; L, = (L,L — M?)/L ~ L, where L, is the qubit inductance. The relevant
dynamical variables are the flux ® at the node between the inductor and the capacitor of the
oscillator (see Figure 8), @ the corresponding charge (the canonical momentum conjugate to
), ¢, corresponding to the flux through the qubit and the qubit charge @, (the canonical
momentum conjugate to ®,). The last term in the right-hand side of Eq. (H1) describes
the coupling of the LC-resonator with the superconducting artificial atom via the effective

mutual inductance M = (LL, — M?)/M ~ LL,/M (see also Appendix I). Hence, Eq. (H1)

can be written as

P ®

q

=
= R
=
op

Figure 8. The fluxonium-LC circuit inductively coupled to a LC' resonator.

A QQ o2 )2 (i)Q M ;.
Hy, = 50 + —_ + QC? + — — Ejcos [2%(@ - (I)ext)/(I)O):| - E(I)q)q . (H2)

q
The coupling strength in Eq. (H2) is proportional to the mutual inductance M. When
the energy level spectrum of the superconducting artificial atom displays a high degree of

anharmonicity, such that the higher-energy levels are well spaced with respect to the first two,
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as in Appendix G10, Eq. (H2) can be projected in a two-level space spanned by the flux-qubit
eigenstates |g) (ground state) and |e) (excited state) using the operator P = |e)(e| + |g)(g]-
The resulting qubit-oscillator Hamiltonian coincides with Eq. (G10).

It is possible to define a unitary operator in order to perform a transformation from flux

to charge gauge:

. PSR R M A -
H., = RHy, R with R =exp [z’LQ q>q] . (H3)
q
We obtain
Q2 P 1 [ MA]P P2 .
cg = % —+ 27 —+ f Qq — fQ —+ ﬁ — EJ COS [27T<q>q — ®ext)/(p0)] . (H4)
q q q

In this case we observe that the interaction term is transformed and, instead of involving the
product of the two coordinates, it involves the product of the two momenta. The charge gauge
interaction closely resembles the minimal coupling replacement for natural atoms. However,
it is worth pointing out that in the case of time-dependent interactions [M — M (t)], also
}A‘?(t) becomes time dependent. As a result, the correct Hamiltonian in the charge gauge is

no more I:ICg = }?I:Ifg}?T, but it becomes:

Ao, (t) = RO AR (DR (1) +iRE (H5)
which contains additiona terms with respect to Eq. (H4).

It is interesting to compare this result with the corresponding one for natural atoms in
Appendix E (see in particular the discussion in the last paragraph). For natural atoms,
the Hamiltonian resulting from the minimal coupling replacement is the fundamental one
(especially in the presence of time-dependent interactions). However, in the present case,

A

H, (which describes the minimal coupling replacement for superconducting circuits) is not
the fundamental Hamiltonian. Here we can adopt an operative definition: the fundamen-
tal gauge is the one where the Hamiltonian does not change its structure in the presence
of time-dependent interactions, which actually is I:Ifg (the analogous of the dipole gauge
Hamiltonian).

This difference between circuit QED and cavity QED systems arises from the different
origin of interactions. For natural atoms, the specific form of the interaction is given by

the minimal coupling replacement (the interaction Hamiltonian can be obtained from the

gauge principle applied to the Dirac equation and then taking the nonrelativistic limit).
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On the other hand, in circuit QED we do not have such a fundamental theory, it is an
effective one which can be derived from the Kirchoff equations. We also notice that these
differences result into a coordinate-momentum interaction Hamiltonian for natural atoms
and into a coordinate-coordinate interaction (which becomes momentum-momentum in the
charge gauge) for superconducting artificial atoms inductively coupled to an oscillator. The
different kind of behaviour of cavity and circuit QED systems after switching off the inter-

action, shown in the main text [cf. Fig. 4 and Fig. 5], originates from these differences.

Appendix I: Coupling to a transmission line

We now discuss the qubit-resonator system that it is inductively coupled to a transmission
line [cf. Fig. 1(b) in main text]. After discretization, the equivalent circuit for the transmis-
sion line (TL) is a set of coupled resonators, each of size Az. The properties of the line are
given by the effective impedance. Here, we assume it homogeneous, thus Ly = Iy Az and
Cr = erA, are the inductance and capacitance at each site, while I and ¢p are those per

unit of length. The mutual inductance is M. See Fig. 9 for a representation of the circuit.

qubit

Figure 9. The fluxonium-LC' circuit coupled to a transmission line (TL) in the flux gauge.
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Figure 10. The fluxonium-LC circuit coupled to a transmission line (TL) in the charge gauge.

In the flux gauge, the Kirchoff equations yield the Hamiltonian:

1 1 1
Hy, = Hogpit + —Q* + —®2 + —(d — )2 I1
fg qbt+20Q +2L +2L( q) ( )
1 2 1 2 1 2
+ — T+ —=(Ppy1 — D)+ — D — D
CT;QJ 2LT( +1 ) 2LT ;( J+1 J)
1

(D — D) (D, — D) .
(@ = 2) (@01 - @)

The terms in the first line include the qubit and the resonator Hamiltonians and the
resonantor-qubit coupling with a renormalized inductance L = (LyL— M?)/Ly. The second
line includes the Hamiltonian of the linear chain, i.e., the transmission line. Notice that in the
inductor coupled to the oscillator the inductance is also renormalized: Ly = (LyL — M?)/L.
The term in the last line describes the coupling of the LC-resonator with the transmission line
via the effective mutual inductance M = (LLp — M?2)/M. We are interested in the situation
where the TL is used for readout, thus the circuit is designed to have M < L. Consequently,
we can safely approximate the renormalized terms by its bare values Ly = Lr+O(M?) = Ly
and L = L4+ O(M?) 2 L. Notice that, in Eq. (I1) the dynamical variables are ®;, the node
fluxes in each capacitor (@); their canonical charges). @ is the flux through the capacitor
of the oscillator, and () the conjugate canonical charge. Finally, ®, is the flux through the

qubit. Notice that this Hamiltonian is written in the flux gauge.
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Finally, introducing the position-dependent flux ¢(x) for the open transmission line, and

the charge density p(x) = Q]/ Az, the Hamiltonian in the continuum (Az — 0) reads

o,
H = HLC + Hqubit - ;

+/daz{p ! [di)(:v)f}

+ﬁq> ®,) /dx@xgb

(12)

This Hamiltonian can be quantized promoting the canonical coordinates to operator and
introducing the commutation relations [&,, Q,] = if, and [®, Q] = ih, and [, p] = ihd(z—z').

Performing then the projection on the two-level subspace for the qubit, we end up with

tOt Hfg + Htl + Vfg , (I3)
where
g 1, b 2}
fra = [ {5-0*@) + 5 00@) | | (14)
and
Vi = a®,pe(a + af — 206,) / dz 9,8(x) | (15)

with a = M/(Lly). It is important to notice that the coupling operator to the two-level
system is (@ + a' — 2n6,). We emphasize that this is a consequence of the chosen dynamical
variables, which define the gauge, in this case the flux one.

We can also work in the charge gauge (See fig. 10):

Hit = RIFLSR = Heog + Hy + Veg (16)
where
Ve = a,5(a + a) / dz 9,8() . (17)

In this case, the coupling to the transmission depends only on the oscillator operators.
The position-dependent flux of the transmission line can be expanded in terms of photon
operators as

z) = A / % (bue™ +hec.) (18)

where A = \/hZy/4m, with Z; the impedance of the transmission line, k, = w/v is the
wavenumber (v = 1/+/lrer is the phase velocity of the transmission line), and the photon
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operators obey the commutation rules {Ew, BZ/} = 0(w — w’). By using this expansion, the
oscillator-line interaction Hamiltonian can be written as

A

_ by il
v=ingt [ dwg(w)(b, L), (19)

where @, is the flux across the oscillator inductor, and fig(w) = a®,,1Av/w/v . Note that
this expression describes the interaction potential in both the flux and charge gauges. In
the first case ' = ®,¢(a + al), in the latter & = ®,¢(a + al — 296,). Equation (I9) is
the starting point for the derivation of the input-output relationship for an LC' oscillator
inductively (weakly) coupled to an open transmission line. An analogous interaction term

can be derived for an optical cavity [69].

Appendix J: Input-output theory in the USC regime: LC oscillator coupled to a

transmission line

In the following we assume that g(w) (with g(w) = 0 for w < 0) is a slowly varying
function of frequency, as compared to the line-widths of the system resonances. We also

define ¢ = &, /®,p. Using Eq. (19), the Heisenberg equation of motion for b,, becomes
l;w = —iwb, — g(w) . (J1)

By expanding the operator ¢, using the eigenstates of the interacting system {|i)} and
defining P;; = |i)(j|, we obtain:
¢ => i Py(t).
2%
The solution of Eq. (J1) can be expressed in two different ways; depending if we choose to

integrate using the input initial conditions at ¢t = ¢y or the input initial conditions at ¢t = ¢;,

with g < t1, and tg < t < t;. By integrating Eq. (J1), the two solutions are, respectively,

~ . ~ t . N

b, (t) = e*W(t*tO)bw(tO) — Z g(wji) wij / dt' et )Bj(t') , (J2a)
i, to

A ) ~ t1 . A

hu(t) = 1)+ Yl oy [ e O, (120)

12
Subtracting the solution given by Eq. (J2b) from that given by Eq. (J2a), after some algebra

we obtain

~ ~. t1 ) PN
(1) = B5(0) = gl oy [ e OBy (1), (73)

4,
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In Eq. (J3) we defined the output operator as b2"(t) = exp [—iw(t — t;)]b,(t1) and the input
operator as b () = exp [—iw(t — to)]bs(to). The positive frequency component of the output

(input) vector potential operator is defined as

out(ln) A/ bOUt(IH) )’ (J4)

where, for the sake of simplicity, we disregarded the spatial dependence. From Eq. (J3) we

obtain

Bhalt) = 440) = A T | aw g e P 1), (J5)

Let us assume that Py;(t) & exp [—iw;;t] P;;(0), perform the limits t, — —oo and t; — o0,
consider g(w) and A(w) slowly varying functions of w around the value wj; (i.e., approxi-

mately constant respect to the linewidth), and use the relation
o) . ,
/ dt'e ™ @i = = 9§ (w — wyy) .
—0o0

Observing that only those terms oscillating with frequency wj > 0 can give a nonzero
contribution (owing to the factor é(w — wj;) with w > 0) and extending the integration in

w, we have for i < j:

/Oodwg(W) dt —iw(t— t)P wﬂ / dt / dwe™ iw(t—t')
0 \/a sz -
— 97 (“ﬂ)gj(t). (J6)
Vo

Using Eq. (J6) and inserting the result in Eq. (J5), we obtain

A:ut( ) -

Py(t). (J7)

1<j

Note that g(wj;) is different from zero only for wj; > 0 (hence for i < j). We now also

calculate the output voltage operator using the relation V. () = qﬁout( ). From Eq. (J7),

A

V() = Vi () — 2eA S 2 o By (J8)

1<J J’L

which can be expressed as

Vot () = Vil () = KV (2) (J9)



where K = 2raA?/(hv), and
Vit = Pur 3 i By(1).

i<j
Notice that when the oscillator interacts in the USC regime with a qubit, Vﬁ cannot be
expanded in terms of the destruction photon operator only, independently on the chosen
gauge. It also contains contributions from the photon creation operator a'.

We observe that an analogous input-output theory can be developed for optical cavities
interacting with a matter system in the USC regime [35, 69]. In the presence of systems
interacting quite strongly with thermal reservoirs, this approach can be improved using

ab-initio approaches [70] or introducing quasinormal modes [63].
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The Dicke model, which describes the dipolar coupling between N two-level atoms and a quantized

electromagnetic field, seemingly violates gauge invariance in the presence of ultrastrong light-matter coupling,

a regime that is now experimentally accessible in many physical systems. Specifically, it has been shown that,

while the two-level approximation can work well in the dipole gauge, the Coulomb gauge fails to provide the

correct spectra in the ultrastrong coupling regime. Here we show that, taking into account the nonlocality of
the atomic potential induced by the two-level approximation, gauge invariance is fully restored for arbitrary
interaction strengths, even in the N — oo limit. Finally, we express the Hopfield model, a general description
based on the quantization of a linear dielectric medium, in a manifestly gauge-invariant form, and show that the

Dicke model in the dilute regime can be regarded as a particular case of the more general Hopfield model.

DOI: 10.1103/PhysRevA.102.023718

I. INTRODUCTION

Models describing the interaction between one or few
modes of the electromagnetic field in a resonator and indi-
vidual or ensembles of few level atoms are a cornerstone
of quantum optics. The simplest examples are the quantum
Rabi [1-3] and the Dicke Hamiltonians [4-7] describing,
respectively, the interaction of a single-mode bosonic field
with a two-level atom, and with an ensemble of N two-level
atoms. Their simplified version obtained after the rotating
wave approximation are the Jaynes-Cummings and Tavis-
Cummings models [8,9], respectively.

Recently, it has been argued that truncations of the atomic
Hilbert space, to obtain a two-level description, violate the
gauge principle [10—12]. Such violations become particularly
relevant in the case of ultrastrong (USC) light-matter cou-
pling, a regime, now experimentally accessible in many phys-
ical systems, in which the coupling strength is comparable
to the transition energies in the system [13,14]. In particular,
it has been shown that, while in the electric dipole gauge
the two-level approximation can be performed as long as the
Rabi frequency remains much smaller than the energies of
all higher-lying levels, it can drastically fail in the Coulomb
gauge, even for systems with an extremely anharmonic spec-
trum [11]. The Dicke Hamiltonian, a model of key importance
for the description of collective effects in quantum optics,
shares analogous worrying problems, not only in the presence
of a small number N of atoms, but also in the so-called
dilute regime, where N — oo, while the coupling strength be-
tween the field and the resulting collective excitations remains
finite [11]. Examples of realizations of the Dicke model in the
USC dilute regime include intersubband organic molecules

“Corresponding author: ssavasta@unime.it

2469-9926/2020/102(2)/023718(11)
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[15-20], intersubband polaritons [21-24], and Landau
polaritons [25-29].

In quantum electrodynamics, the choice of gauge influ-
ences the form of light-matter interactions. However, gauge
invariance implies that all physical results should be inde-
pendent of this formal choice. As a consequence, the ob-
servation that the quantum Rabi and Dicke model provide
gauge-dependent energy spectra casts doubts on the reliability
of these widespread descriptions.

The source of these gauge violations has been recently
identified and a general method for the derivation of light-
matter Hamiltonians in truncated Hilbert spaces, able to pro-
duce gauge-invariant physical results, even for extreme light-
matter interaction regimes, has been proposed [30]. According
to the gauge principle, the coupling of the matter system
with the electromagnetic field is introduced by the minimal
replacement rule p — p — gA, where p is the momentum
of an effective particle, A is the vector potential of the
field, and ¢ is the charge. It has been known for decades
that approximations in the description of a quantum system
with space truncation can give rise to nonlocal potentials
which can always be expressed as potentials depending on
both position and momenta: V (r, p) [31]. In these cases, in
order not to ruin the gauge principle, the minimal coupling
replacement has to be applied not only to the kinetic energy of
the particles in the system, but also to the nonlocal potentials
in the effective Hamiltonian of the matter system [31-33].
Once this procedure is applied, it is possible to obtain gauge-
invariant models, even in the presence of extreme light-matter
interaction regimes [30,34]. This method has been applied to
obtain a quantum Rabi model satisfying the gauge principle
[30]. In the following, we will refer to models not violating
gauge invariance as gauge-invariant (GI) models, even if the
form of the Hamiltonians change after a gauge transformation.
The generalization to N two-level systems (Dicke model) is

©2020 American Physical Society
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briefly discussed in the Supplemental Material of Ref. [34].
The resulting GI quantum Rabi and Dicke Hamiltonians in the
Coulomb gauge differ significantly in form from the standard
ones and both contain field operators to all orders. A recent
overview of these gauge issues in TLSs can be found in
Ref. [35].

Here, after revisiting the derivation of the GI Dicke model,
we derive the corresponding dilute regime, also known as the
thermodynamic limit [36-39]. In such a limit, applying the
Holstein-Primakoff transformation [40], the standard Dicke
Hamiltonians in the dipole and in the Coulomb gauges, both
bilinear in the bosonic operators, are obtained (see, e.g.,
Ref. [36]). Such Hamiltonian can be diagonalized exactly, us-
ing a multimode Bogoliubov transformation. However, it has
been shown that the effective Hamiltonians in the Coulomb
and dipole gauge give rise to polariton eigenfrequencies
(modes) which can significantly differ for large coupling
strengths [11]. Although the form of the gauge-invariant
Dicke model contains field operators to all orders and appears
very different from a bilinear Hamiltonian, we show that, in
the thermodynamic limit, a bilinear Hamiltonian very similar
to the standard one is obtained. Specifically, the resulting
Dicke Hamiltonian in the Coulomb gauge only differs from
the standard one for the coefficient of the diamagnetic term
(proportional to A2). However, we show that such a difference
is sufficient to restore gauge invariance.

Another widespread description of the interaction between
the quantized electromagnetic field and collective excitations
is the Hopfield model [41]. This model was initially intro-
duced to describe the interaction of the electromagnetic field
with a harmonic resonant polarization density of a three-
dimensional (3D) dielectric crystal. Nowadays, it is used to
describe the interaction between free or confined light and dif-
ferent kinds of collective excitations, such as optical phonons,
excitons in nanostructures, magnons, and plasmonic crystals,
which can be described as bosonic fields. We compare the
(GI) Dicke and the Hopfield models and apply to the latter
the concepts derived for obtaining the first. In doing so, we
provide a method to derive in a simple way manifestly gauge-
invariant Hopfield models, having only knowledge about the
matter polarization field.

II. DICKE MODEL WITH FINITE NUMBER OF DIPOLES

For the following analysis, we consider a generic setting as
shown in Fig. 1, where a finite number of electric dipoles are
coupled to the single mode of the electromagnetic field in a
resonator (see, e.g., Ref. [11]). The dipoles can be modeled
as effective particles of mass m in potentials V (x;), where
x; is the separation between the charges ¢ and —g of the ith
dipole. In the absence of any dipole-dipole interaction, and of
the interaction with the electromagnetic field, the Hamiltonian
describing a system of N effective particles can be written as
AN =N AP, where

52
A = L4V (). (1)

Assuming that the two lowest-energy levels (fiwy and 7w;)
are well separated by the higher-energy levels and considering
the system of dipoles interacting with a field mode of fre-

FIG. 1. Sketch of an optical resonator coupled to N identical,
distinguishable, quantum emitters. We consider two-level emitters
that can be described by means of collective operators J, with @ =
{x, v, z}, which obey the angular momentum commutation relations
(with cooperation number j = N/2). These atoms interact with a
bosonic mode of frequency w, via a dipole interaction. The resulting
normalized collective coupling strength scales ocy/N.

quency w. ~ wy, where w, = w o (here w; j = w; — wj), we
can truncate the Hibert space of each dipole by considering as
a basis only the two lowest-energy levels. In this case, each
dipole can be modeled as a pseudospin, and the Hamiltonian
describing the system of N dipoles, in the absence of interac-
tion with the electromagnetic field, can be written in terms of
collective angular momentum operators J, = (1/2) Y | 6®
(¢ =x,y,2)as

Ay = AT = hoo(. + ), )

where (7 are Pauli matrices and j = N/2, and here IT is
the operator projecting each effective particle into a two-level
space. Notice that, after the projection, the operator IT repre-
sents the identity operator for the linear space constituted by
the tensor product of all the N two-level spaces. Throughout
this article we will use calligraphic symbols (as, for example,
7-Alf)N)) to indicate quantum operators in truncated Hilbert
spaces. Notice that the ground state of the system corresponds
to all the spins in their ground state: |j, j, = —j), and it is
an eigenstate of ’}:L(()N) with eigenenergy equal to zero. When
all the dipoles are in their excited state, the corresponding
collective state | j, j, = j) has energy fiw,N.

A. Quantum Dicke model in the Coulomb gauge

By applying the minimal coupling replacement, the Hamil-
tonian for the system constituted by N dipoles and a single-
mode electromagnetic resonator in the Coulomb gauge can be
written as

~

R N T (pi — gA)? R
AY =" [% + v<x,»)] +H, 0
i=1

where H, = ho.4'a is the bare photonic Hamiltonian includ-
ing a single mode with resonance frequency w,. and annihi-
lation (creation) operator a @"), and A = Ag(a + at) is the
vector potential along the x direction with a zero-point ampli-
tude Ag. Notice that the vector potential has been assumed
to be constant in the spatial region where the dipoles are
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present. This approximation can be relaxed, even maintaining
the dipole approximation.

It has been shown [30,42] that the minimal coupling
replacement p — p — gA determining Eq. (3) can also be
implemented by applying to the matter system Hamiltonian
the following unitary transformation:

ALY = OyA" 0y + .. )
where
q N
Uy = exp (iﬁA igl:xi). 5

By expanding the kinetic terms, Eq. (3) can be written as the
sum of three contributions:

A =AY + .+ VY, (©6)

where ch =V, »+ Vp describes the interaction terms

N A
v =AY 7
and
A q2 A
VM = NZ—A? = D@+ a")?, (8)
2m

where D :NAéqz/(Zm). Using the Thomas-Reiche-Kuhn
(TRK) sum rule [43], the coefficient in the diamagnetic term
can be written as ¢>/2m =Y, wy ;ldy ;|*/h, where dy ; =
(Yrilgx|yj) are the dipole matrix elements between two en-
ergy eigenstates of the effective particle, that in the following
we assume to be real quantities. The TRK sum rule has
a precise physical meaning, since it expresses the fact that
the paramagnetic and diamagnetic contributions to the phys-
ical current-current response function cancel in the uniform
static limit, which is a consequence of gauge invariance
[44—46]. The physical current operator, corresponding to the
Hamiltonian in Eq. (3), is

5 N
. 8Heg pi q* .
Johys = —— = — 4+ N—A, 9
phys SA C]; m m ( )

and the corresponding current-current response function in the
uniform static limit is proportional to [46]

i 2
N o ldi P + N% —0. (10)
k

This relationship expresses the fact that the paramagnetic (first
term on the left-hand side) and diamagnetic (second term
on the left-hand side) contributions to the physical current-
current response function cancel out in the uniform and static
limit [46]. It is interesting to observe that the TRK sum rule
remains valid even in the presence of interatomic potentials
[46]. Very recently, a TRK sum rule for the electromagnetic
field coordinates, which holds even in the presence of USC
interaction with a matter system, has been proposed [47].
Defining the adimensional coupling strengths n; =
Aody.0/h, the diamagnetic coefficient can be written as

D=NiY wwon;- (1)
k

The standard Dicke Hamiltonian in the Coulomb gauge can
be obtained from Eq. (3) truncating the Hilbert space of each
dipole to include only two energy levels:

HE =AY = w.a'a + ha)x(f + )
+ 2hwm@’ + a)dy + j a'+ay, (12
where n=n, =Aod;o/h, and the relation ihp;/m =

[xi, Héi)] has been used.

It has been shown that the two-level truncation for the ef-
fective particles ruins the gauge invariance [10]. In particular,
it has been argued that the Coulomb-gauge Hamiltonian in
Eq. (12) is not related by a unitary transformation (hence it
is not gauge equivalent) to the corresponding Hamiltonian
in the dipole gauge. Closely related developments have been
presented in Refs. [11,12,30]. We will discuss this issue in
detail below. Here we limit to showing that the Hamiltonian in
Eq. (12) does not satisfy the gauge principle and how to solve
this problem following Ref. [30]. This Hamiltonian can be
obtained, projecting in two-level spaces the full Hamiltonian
in Eq. (3). Using Eq. (4)

HY =0y Z[ +V(x,]0;ﬁ+hwca%. (13)

By applying the unitary operator to the kinetic and potential
terms separately, observing that [V (x;), Uy] = 0, we obtain

Ay p (pi — gAY . . . .
He, =11 Z 2—1’[ + 11 ZV(x,-)l'[ + hw.a'a
- m -

(14)

It has been shown that truncating the Hilbert space transforms
a local operator like V(x;) into a nonlocal one which can
be expressed as a function of both position and momentum
[31]: fIV(xi)ﬁ = W (x;, p;). Therefore, the Hamiltonian in
Eq. (14) contains operators [W (x;, p;)] depending also on the
particle momenta, where the minimal coupling replacement,
prescribed by the gauge principle, has not been applied.

In particular, we observe that, for a local potential, we have
*'|V]x) = V(x)8(x —x'). By using the closure relation, it
can be expressed as V (x, x') = Zn,n, Viw Y ()Y (x'), where
Y, (x) = (x|¥,) and {|v,,)} constitute a complete orthonormal
basis. Notice that the Dirac delta function can be reconstructed
only by keeping all the infinite vectors of the basis. Hence
any truncation of the complete basis can transform a local
potential into a nonlocal one. The action of the resulting
nonlocal potential on a generic state |y) in the position
representation is

Viy) = /dX’(XIle/)(x/Ilﬁ) = /dx/V(x,x/)lﬁ(x/)-

15)
Using the translation operator property, (x|T,|v) = expli(a —
x)pl¥ (x), we obtain from Eq. (15)

xlVIy) = / dx'V (x, )Py (x) = V(x, Py (x). (16)

As an example, Fig. 2 shows as a local potential V (x) (in this
case a double-well potential) evolves into a nonlocal one when
increasing the truncation of the Hilbert space. Here n indicates
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n = 200

FIG. 2. Example of nonlocal potentials V (x, x”) originating from
a local potential V (x) (in this case a double well) after the truncation
of the Hilbert space to the lowest n energy levels. Decreasing the
number of levels, the degree of nonlocality increases. We considered
the potential V (¥) = Ex[—(B8/2)%> + (y/4)%*], where ¥ is a dimen-
sionless coordinate [11], 8 = 3.95 and y = 2.08 are dimensionless
coefficients, and E is the kinetic-energy coefficient: Hy = E; 132 /2 +
V(X). Note that only dimensionless quantities, as a function of
dimensionless quantities, have been plotted and the three axes have
been omitted.

the number of energy states included in the projection opera-
tor, starting from the ground state.

A formulation preserving the gauge principle can be ob-
tained replacing in Eq. (14) the terms

1V () = W (x, pr)
with

OW (., pi — gA)IL

Hence this problem, arising from the truncation of the Hilbert
space of the matter system, can be overcome by first applying
to the matter system Hamiltonian (in the absence of inter-
action) Hy the projection operator I, and then the unitary
operator Uy as follows:

AN - AAMH — 0y ARM AT,

Finally, if one asks that the resulting Hamiltonian be within
the truncated Hilbert space, one has to finally project:

OvAAM D] — A0 AR A} L
This method is not limited to truncated two-level spaces
but can be applied to any truncated Hilbert space to produce
light-matter interaction Hamiltonians satisfying the gauge
principle. Applying this procedure, we obtain

A = Uy Uy + hod'a, (17)

where Uy = ﬁUM I1. Using repeatedly the properties of the
identity operator IT = [T, we obtain

Uy = exp[2in@a +a’)J,. (18)

Here, once the Hilbert space is truncated, the operator IT is
assumed to describe the identity operator in the truncated
Hilbert space. This last procedure is essential in order to
obtain unitary operators acting on Fy. According to the
gauge principle, the coupling with the electromagnetic field
has to compensate for the space- and time-dependent unitary
transformations applied to the wave function of the particle.
Field-dependent unitary operators can compensate for unitary
transformations of the quantum state of the particle even in
the presence of Hilbert space truncation. As shown in a very
recent work [48], this procedure is essential to implementing
the gauge principle in truncated Hilbert spaces.

The unitary transformation LA{N’f-AloLAIIT, describes the rotation
of the system of pseudospins around the x axis by an angle
$ = 2n(a + a"). The resulting Hamiltonian is

HEY =hwa'a + hjo, + hog(J, cos[2n@" + a)]
+ J, sin[2n(a’ + a)]}. (19)

This result shows that the occurrence of a nonlocal potential,
arising from the truncation of the matter system Hilbert space,
changes significantly the structure of the Coulomb-gauge
interaction Hamiltonian (see, e.g., Ref. [49] for comparison).
The price that one has to pay for preserving the gauge prin-
ciple in such a truncated space is that the total Hamiltonian
contains field operators at all orders, in contrast to the standard
Coulomb gauge Hamiltonian in Eq. (12).

B. Dicke model in the dipole gauge

The Hamiltonian in the dipole gauge for a collection of
N effective particles, ﬂéjgv ), corresponds to the Power-Zienau-
Woolley Hamiltonian after the dipole approximation. It can be
obtained directly from the Hamiltonian in the Coulomb gauge
with the electric dipole approximation Eq. (3) by means of a
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gauge transformation, which is also a unitary transformation:

5 (N)
Ay = TyAY Ty, (20)
where Ty = U,}. We obtain
Ay = Hy" + TyA.Ty. (1)

Applying the Baker-Campbell-Hausdorff lemma, we have

a)Zx (ﬂ>22x-x-
i A - iAje
i

(22)

Ay =HV+H. 49

The standard Dicke Hamiltonian in the dipole gauge can be
obtained from Eq. (22) truncating the Hilbert space of each
dipole to include only two energy levels: ’H(N) l'IH M1,

Observing that ql'[ le, = 2d1,oJx, and using the fact that
I1 is the identity operator for the resulting collection of two-
level systems, we obtain

A = hod'a+ hod(L + j) + 2iln o @" - a)J;

+4nn* o J2. (23)

Comparing Eq. (4) and Eq. (21) (notice that Ty = 17;,), we
observe that, while the Coulomb-gauge Hamiltonian can be
obtained by applying a unitary transformation to the bare
matter Hamiltonian, the dipole-gauge Hamiltonian is obtained
by applying the H.c. transformation to the bare photonic
Hamiltonian.

We will show in the next subsection that, in contrast to
the standard derivation of the Coulomb-gauge Dicke Hamil-
tonian, the dipole gauge Hamiltonian in Eq. (23) does not
violate the gauge principle. This behavior can be understood
by observing that a truncation on the number of modes in
the photonic system, as a single-mode description of the res-
onator, despite determining a loss of spatial locality [50], does
not introduce any spatial nonlocality in the quadratic potential
of the single-mode Hamiltonian, since different normal modes
are independent and correspond to different effective particles.
On the contrary, truncating the Hilbert space of an individual
mode, e.g., considering a few photon system, could produce
issues analogous to those appearing in the Coulomb gauge.

Equation (23) describes the Dicke Hamiltonian in the
dipole gauge. It includes a self-polarization term induced by
the interaction with the electromagnetic field (o<fx2). Neglect-
ing it can lead to unphysical results [51] and to the loss
of gauge invariance. This Hamiltonian slightly differs from
that derived in [11], where the intra-atom self-polarization
terms ocx? are included in the atomic potentials and give
rise to a renormalization of the atomic transition frequency
i o and of the coupling 1. While the full inclusion of these
terms into the qubit Hamiltonian might seem to be the most
accurate approach to derive a reduced two-level Hamiltonian,
it applies the two-level truncation to the different terms of the
light-matter interaction Hamiltonian with a different level of
accuracy. Specifically, while the terms oocl-2 are included in
the atomic potentials before the diagonalization of the atomic
Hamiltonian, the other terms are taken into account only after
the application of the two-level approximation. Moreover,

the resulting self-polarization term J2 = (1/4)Y"; . 606

still includes the intra-atomic contributions (i = j), although
these determine only a rigid shift of all the energy levels. In
Ref. [11] it is shown that, when the coupling strength is quite
high, including the intra-atom self-polarization terms in the
atom potential before the diagonalization of the full atomic
Hamiltonian, can result in less accurate results.

C. Gauge invariance of the Dicke model

The Dicke Hamiltonian in the dipole gauge in Eq. (23) can
also be derived directly applying a gauge (unitary) transfor-
mation to the Dicke Hamiltonian in the Coulomb gauge in
Eq. (17) [or alternatively in Eq. (19)]:

Ay = TvHE Ty, (24)

where Ty = LA{[T, Equation (24) demonstrates that the two
formulations of the Dicke model 7:[@' ) and ’;flfg) are related

by a gauge transformation. Such a relation is not fulfilled if
H{y is replaced by H.

III. DICKE MODEL IN THE N — oo LIMIT

The starting point for our analysis in the thermodynamic
limit is the Holstein-Primakoff representation [40] of the an-
gular momentum operators J, = b'h — j, J. = b\/2j — b'b,
and J_ = JT [notice that Jy = J; +if,]. Here b and b' are
bosonic operators. This allows one to obtain effective Hamil-
tonians that are exact in the standard thermodynamic limit
N — oo and n — 0, with n\/ﬁ — A remaining a finite quan-
tity.

We proceed in the thermodynamic limit by replacing
the angular momentum operators introduced in the previous
section by using the Holstein-Primakoff representation, ex-
panding the square roots, and finally neglecting terms with
powers of j in the denominator, since these go to zero in the
considered limit [52]. We can start from the Hamiltonian of
the collective spin system in the absence of interaction with
the electromagnetic field in Eq. (2). We obtain

Ho = hab'b. (25)

A. Dipole gauge

Applying the Holstein-Primakoff representation to Eq. (23)
and performing the thermodynamic limit (N — oo, nv/N —
A), we obtain

Hag = hwa'a + hob'b + iin w.(a" — a)(b+ b")
+ fiwe A (b + b (26)

B. Coulomb gauge

In contrast to the Dicke Hamiltonians in the dipole gauge
Hfg) , and in the standard Coulomb gauge 'V, the correct

cg
Coulomb gauge Dicke Hamiltonian 7:121;’ ) contains field oper-

ators at all orders. At a first sight, this feature prevents the
possibility to obtain a harmonic Dicke Hamiltonian in the
thermodynamic limit as obtained from 7:{((11;’ ). Hence the ther-
modynamic limit, apparently, would destroy gauge invariance.
Actually, as we are going to show, this is not the case.
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Starting from Eq. (19), performing a series expansion of
cos [2n(a’ + a)] and sin [2n(a* + &)], we obtain

N . Nw
(N) __ AT A X
He,' =hoa'a+h 5

+ liwy(b'b — N/2)
x [1—2n*@" +a)* + o(n™)]
- ihwx‘/TN(BT —bh2n@" +a)+ 0. @7

In the thermodynamic limit (N — oo, VN n — X), only terms
up to the second order in n remain different from zero, and we
finally obtain

Heg = hiwd'a + hawb'b — ihoh (b" — b)(@'
+a)+ D@ + a)?, (28)

where we defined D = w,A%. As a result, also the correct
Coulomb gauge Hamiltonian Hy [Eq. (19)] reduces to a
Hamiltonian which describes a harmonic system constituted
by two interacting harmonic oscillators, like the dipole gauge
Hamiltonian.

In the same limit, the standard Coulomb gauge Hamilto-

nian H1", not satisfying the gauge principle, becomes

My =hod'a + hob'b — iho) (b" - b)@" + a)
+ D@ +a)?, (29)

where we used Eq. (11), and defined D' = ), a)k,o)xﬁ = D/h.
7:L/Cg in Eq. (29) is very similar to ﬁcg in Eq. (28). They only
differ for the diamagnetic coefficient multiplying the term
(@™ + a)%. While the coefficient in Eq. (29) (D’) contains a
sum over all the allowed transitions from the ground state, the
one in Eq. (28) (D < D’), more consistently, contains only the
contribution from the single two-level transition considered in
the two-level approximation leading to the Dicke model. As
we will show in the next subsection, this difference determines
the loss or the preservation of gauge invariance. Moreover, it
has been observed that the value of the diamagnetic coefficient
with respect to w,A? can prevent or allow a superradiant phase
transition in Dicke models [53].

It is interesting and reassuring that also after the truncation
of the Hilbert space of the atomic ensemble, using Eq. (28),
the paramagnetic and diamagnetic contributions to the phys-
ical current-current response function [44-46] still cancel in
the uniform static limit. In particular, in the present case, it is
proportional to

_ (wx)\)z

+D=0. (30)

Wx

This does not occur using the Hamiltonian in Eq. (29):

(@)

Wy

+D #0. (31)

C. Gauge invariance

In order to demonstrate that 7:lcg and ”Hdg are related
by a unitary (gauge) transformation and hence display the
same spectrum of eigenergies, we start applying the Holstein-
Primakoff representation to the unitary operator which imple-
ments the minimal coupling replacement in Eq. (17), as well

as the gauge transformation of the Dicke model [see Eq. (24)].
Taking the standard limits (N — oo, with «/]Vn = ) finite),
we obtain

Uy — U =explir@+ahyb+ bh). (32)

The Dicke Hamiltonian in the Coulomb gauge f[cg can be
readily obtained by applying the generalized minimal cou-
pling replacement using Eq. (25) and Eq. (32):

Heg = UH U + hiwd"a. (33)

This approach is particularly interesting, since it provides
a recipe to obtain the correct Coulomb-gauge light-matter
interaction Hamiltonian starting from the knowledge of the
unperturbed Hamiltonian of a bosonic excitation 7, and its
associated polarization operator, which in this case is p =
V/Nd, o(b+ b"). Notice that the unitary operator in Eq. (33)
can be expressed as U = exp (iAp/h). Thus, within this ap-
proach, it is not necessary to start explicitly considering a col-
lection of effective two-level atoms, but it is sufficient to start
from a bosonic Hamiltonian for the bare matter system and
then to use the generalized minimal coupling replacement in
Eq. (33). We will discuss further this point and its connection
with the Hopfield model in the next section.

Applying to ’7':ng the unitary transformation 'AT7:ng'ATT,
where 7" = U1, the corresponding Hamiltonian in the dipole
gauge in Eq. (26) is easily recovered:

THT = Ha,. (34)

Equation (34) demonstrates that 7:ldg and 7:[Cg are related by a
unitary transformation as required by gauge invariance; hence
they will display the same eigenvalues. In contrast, Hég is not

related to ’;‘:Ldg by a unitary transformation and thus it will
display different energy levels.

We now provide a direct check of the breakdown of gauge
invariance of the Dicke model as described by the standard
Hamiltonian in the Coulomb gauge Eq. (29). Specifically, we
compare the resonance frequencies of the two collective po-
lariton modes obtained by diagonalizing (using Bogoliubov-
Hopfield transformations) the Hamiltonians Egs. (26), (28),
and (29). For the polariton frequencies, resulting from the
diagonalization of Eq. (26), we obtain

WRs = 302 + 0? £ /(32— 0?) + 4200], (39)

where @, = /o (0w, + 422/ w,).
Diagonalizing the Hamiltonian in Eq. (28) results in the
polariton frequencies

a)C2gi = %[d)f + o+ \/(&)f + a)f,)2 - 4a)§a)%], (36)
with @, = J/o.(w. + 4D).

The polariton frequencies a)ég .. resulting from the diago-
nalization of the standard Coulomb-gauge Dicke Hamiltonian
in Eq. (29) can be obtained from Eq. (36) after the replacement
D—TD.

The unitary gauge transformation in Eq. (34) implies that
Wdg+ = Wcg+. This relation can be explicitly shown after
some algebraic manipulation. On the contrary, the polariton
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o =~ N W b 010

FIG. 3. Frequencies wcg+ = wqy+ and a)ég . of the two polari-
ton modes, obtained diagonalizing the Dicke model, in the limit
N — o0, as a function of the normalized coupling strength A for
(a) the resonant case (w, = w,) and (b) for the detuned case with
w, = 0.8w,.

frequencies obtained from ﬁég are different:

’
wcgi 75 Weg+ = Wdg+-

Figure 3 displays wcg+/w. = wye+/w. and a)ég L/ as a
function of A, for D’ = 2D. The choice of « = D’/D depends
on the specific system. Here we used the reasonable value
o =2.

The differences are relevant, starting from normalized
coupling strengths A ~ 0.4. Hence we can conclude that
for coupling strengths A = 0.4 the standard Coulomb-gauge
Dicke Hamiltonian (in the thermodynamic limit) provides
significantly wrong polariton frequencies in agreement with
the results in Ref. [11].

D. Superradiant quantum phase transitions

In the past, it was shown [54] that, when the number of
atoms tends to infinity, the Dicke model can undergo a transi-
tion to a superradiant phase, where the system exhibits a spon-
taneous coherent electromagnetic field. The initial predic-
tion used the rotating wave approximation (Tavis-Cummings
model). However, soon after, using a Hamiltonian similar to
that in Eq. (26), it was shown that photon condensation is
robust against the addition of counter-rotating terms [55,56].
These early studies soon stimulated great interest on the Dicke
model as well as a long-standing and still ongoing debate and
controversies (see Ref. [7] for a recent review). A thorough
detailed description of the whole debate is beyond the scope
of this article. Here we limit ourselves to briefly describing
how the results presented here enter this debate.

The Dicke model Hamiltonian in Eq. (26) also exhibits
a quantum phase transition [57], which can occur at zero
temperature by tuning the light-matter coupling A across a
quantum critical point. Above the quantum critical point, the
ground state of the cavity QED system is twice degenerate.

To the best of our knowledge, this phase transition has
never been observed in thermal equilibrium systems. How-
ever, it has been realized with quantum simulators made of
atoms in an optical cavity subject to both dissipation and
driving [58,59].

Early on, it was pointed out that addition of the neglected
diamagnetic term (proportional to A2) in the Dicke model,
naturally generated by applying minimal coupling, forbids
the phase transition as a consequence of the TRK sum rule
(no-go theorem for superradiant phase transition) [60,61].
Specifically, using the Hamiltonian in Eq. (29), it has been
shown that the superradiant phase transition can occur only if

wA? > D' =DJ/h,
where
D = NA3q*/(2m).

However, the TRK sum rule, which can be expressed as

D' =) wwohi =D/h
k

(here wy o and A, are the transition frequencies and coupling
rates between the ground state and all the excited states of the
atom), implies that w, A2 < D',

More recently [53], it has been shown that the TRK sum
rule also forbids the quantum phase transitions, in the case of
cavity QED systems consisting of real atoms coupled to the
field via minimal coupling Eq. (29). Such a no-go theorem
does not apply to circuit QED systems. If this phase transition
can be observed using superconducting circuit systems is still
a subject of debate.

The general debate on a superradiant phase transition was
enriched by a work providing a microscopic derivation of the
Dicke model in the dipole gauge [62]. In this model [see, e.g.,
Eq. (26)], there is no diamagnetic term preventing the Dicke
phase transition. Hence the authors claim that the basis of
no-go argumentations concerning the Dicke phase transition
with atoms in electromagnetic fields dissolves. Actually, this
puzzling ambiguity was addressed in previous work [49].
In the electric dipole gauge, the system is described by the
original Dicke Hamiltonian. As a consequence, in the dipole
gauge, the quantum operator —iw.(@ — a') does not corre-
spond, as in the Coulomb gauge, to the electric-field operator
but to the displacement operator. Although above the critical
coupling (a) # 0, the phase transition leads to a spontaneous
polarization of the two-level systems, however, it does not
lead to a spontaneous transverse electric field. This occurs
because the electric-field operator in the dipole gauge is

E=—iwla—a" —rb-Db").

More recent work [10] confirms this view and applies it to
circuit QED systems.

This article, showing accurately that the Dicke model in the
thermodynamic limit provides gauge-independent physical
results, eliminates any gauge ambiguities in discussions on the
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superradiant phase transition in cavity QED systems consist-
ing of real atoms coupled to the field via minimal coupling.
In particular, the same results obtained in the dipole gauge
are obtained in the Coulomb gauge if the correct Coulomb-
gauge Hamiltonian in Eq. (29) is adopted, and if the system
operators O , as well the system states, are transformed accord-
ing to the proper unitary transformation: @dg = f@cg’ﬂ and
[Vag) = ,7\—|wcg>. Finally, we observe that, using the Coulomb
gauge Dicke model in Eq. (29), since the TRK sum rule is
satisfied [see Eq. (30)], the superradiant phase transition is
forbidden because (following, e.g., Ref. [53]) it would require
w A2 < D.

IV. GAUGE INVARIANCE OF THE HOPFIELD MODEL

The Hopfield model provides a full quantum description
of the interaction between the electromagnetic field and a
dielectric which is described by a harmonic polarization den-
sity. The original treatment considers a 3D uniform dielectric
with a single resonance frequency describing dispersionless
collective excitations. This exactly solvable model was ini-
tially applied to the case of excitonic polaritons. Afterwards,
it has been applied and/or generalized to describe a great
variety of systems with different dimensionalities and degrees
of freedom, including quantum well [63] and cavity polaritons
[64], phonon polaritons [65,66], and plasmonic nanoparticle
crystals [67]. A generalized Hopfield model for inhomoge-
neous and dispersive media has been proposed [68]. Here
we analyze the original model, its gauge properties, and its
connection with the Dicke model in the thermodynamic limit.

The field operators are given in terms of the bosonic pho-
tonic operators dy , and the bosonic operators lgk, 5 describing
the destruction of the polarization quanta by

A(r) = ZA( ey (s + afk /\)e’kr
kA
‘ (37)
P(r) = PO ea(biy + by, )e™T,
k.1

where Kk is the wave vector, A labels the two transverse
polarizations, ey, are the polarization unit vectors, and we
have defined A<°> VA 2eVay) and PO = /liwgB/(2V).
Here, V is the quantlzatlon volume, w; and wq are the bare
resonance frequencies of the photonic modes and of the matter
system waves, respectively, and B is the polarizability [41].

The Hopfield Hamiltonian in the Coulomb gauge can be
written as

A Ho oo PO
Hg, /] E iy, ax ;. + iy E by ; bk
KA KA

+ifiwo » | Ax(aws, +a )by — BTy ;)
kA

+hoy Yy Al +aly, ), (38)

k,x

where Ay = VA" PO/,

It is interesting to observe that this equation can be written
in the compact form

I‘?CI:IgOP =" Z a)kak )\ak s UHOp (Fla)() Z bk )\bk k) I-;op’

KA 'S5y
(39)
where

Ubtop = exp [i D Axlans +aly )by — IST_“)} . (40)

k.1

We observe that this unitary operator coincides with the
Hermitian conjugate of the operator describing the Coulomb
— dipole gauge transformation in a system with a polarization
density operator given by Eq. (37):

Ortop = Ty @1)
where
THop = exp |:h /drA(r) P(r)] (42)

This relationship implies that the Hopfield Hamiltonian in
the dipole gauge can be easily obtained:

/yHop .
Ay = Thop HAP T, ) = Thtop (}‘1 > o ;. k) Tiiop
k.1

+ hwy Z BL,AEk,A' (43)

kA

After simple algebra, we obtain

(ZOP = thkak 5 ax,). + hag Zbk )\bk A

kA kA
—1/i Z wr A (G, — flik,k)(l;k,k + Btk,,\)
kA
+hY o Ap(bis + BT, )% (44)
kA

Equation (43) demonstrates that Eq. (38) and Eq. (44) are
related by a unitary (gauge) transformation and hence display
the same energy spectrum. The compact forms in Eq. (39) and
Eq. (43) are manifestly gauge related. Moreover, being man-
ifestly related by a unitary transformation, they provide the
same energy spectra and the same matrix elements of physical
observables. Of course, both the corresponding operators and
the vector states have to be transformed accordingly, when
changing from one gauge to the other. If needed, a continuous
set of gauge transformations which depend on one parameter
can be considered. It is sufficient to, e.g., start from the Hamil-
tonian in the Coulomb gauge and then consider a unitary
transformation using modified unitary operators, where the
exponent in Eq. (42) is multiplied by such a parameter (see,
e.g., Ref. [12]).

These results open the way to the application of the gen-
eralized minimal coupling replacement [see Egs. (39), (41),
and (42)] to promptly derive general gauge-invariant Hopfield
Hamiltonians. Given a generic polarization operator like that
in Eq. (37), using the unitary operator in Eq. (42), it is possible
to directly obtain the total Hamiltonian in the Coulomb or
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dipole gauge by applying the corresponding transformation
to the bare matter system Hamiltonian [see Eq. (39)] or to the
bare photonic Hamiltonian [see Eq. (44)]. From this point of
view, the Dicke model in the dilute regime can be regarded as
a particular case of the Hopfield model where the polarization
density operator is P = (x/ﬁdl,o/V)(lAJ + ZAJT) (see Sec. I C).

V. CONNECTION WITH THE PEIERLS SUBSTITUTION

Throughout this work we considered ensembles of nonin-
teracting atoms. It remains an open problem how to construct
gauge-invariant model Hamiltonians for interacting atoms.
Here we limit ourselves to briefly analyzing the simplest
case of spinless electrons in a one-dimensional inversion-
symmetric crystal with N sites (one atom per site) in a
tight-binding approximation (see, e.g., Refs. [46,69]). In the
absence of the interaction with the field, and considering
a single orbital ¢;(x) = ¢(x — R;) (here R; indicates the
site coordinate) per atom, the model Hamiltonian can be
written as

N N
Ho=Eo Y INGI—tY (j+1(jl+He), (45

=1 j=1

where Ey = (¢;|Hol¢;) and t = —(¢;+1|Ho|¢;). Considering
the interaction with a uniform field, the model Hamiltonian
becomes

A~

H=T0#H0 1, (46)

where U = exp (igxA) and T1 =} |){j|. Assuming that U
is almost constant within the spatial range of the localized
orbitals, we have (¢;|U|¢;) = §; j» exp (igR;A). We obtain

N N
Fo=Eo > 1)Ul —1 Y (€*4]j + 1)(jl + Hel,  (@47)
j=1 j=1

where a = R —R;. This result corresponds to the so-
called Peierls substitution and can be easily generalized to
fields which are slowly varying on the lattice scale replacing
the phase fators in Eq. (47) with exp{iq%[A(RHl) + AR}
[46,70-73]. If more than one orbital per atom is considered,
in addition to the Peierls substitution [46], we expect the
presence (also in the diagonal term proportional to Ej) of
additional phase factors depending on the dipole moment
matrix element between two orbitals at the same site, similar
to those obtained for a single atom [30]. Such a development
is left for future work. We conclude this section by observing
that the Peierls substitution method and the results presented
in this work are closely connected. They both implement the
minimal coupling replacement applying unitary operators to

the bare Hamiltonian of the material system. Such a connec-
tion is further explored in a very recent work [48].

VI. DISCUSSION AND OUTLOOK

We have investigated the gauge invariance of the Dicke
model in the dilute regime. In particular, we started from the
derivation of the correct (not violating the gauge principle)
Dicke model in the Coulomb gauge for a finite number N
of dipoles. After that, using the Holstein-Primakoff trans-
formation, we obtained the Coulomb-gauge Dicke Hamilto-
nian in the dilute regime. We demonstrated that it is related
by a gauge (unitary) transformation to the corresponding
Hamiltonian in the dipole gauge. Hence the two gauges, as
required, provide the same energy spectra, in contrast with
the standard Dicke model. The standard Dicke Hamiltonian
in the Coulomb gauge and the one derived here only differ
for the diamagnetic coefficient multiplying the term (a" + ).
This difference determines either the loss or the preservation
of gauge invariance.

We also analyzed the Hopfield model, showing its gauge
invariance. We provided a method to derive in a simple way
manifestly gauge-invariant Hopfield models, having knowl-
edge just of the matter polarization field. These results show
that the Dicke model in the dilute regime can be regarded as a
particular case of the more general Hopfield model.

Finally, we briefly discussed the connection of the gauge-
invariant approach here discussed with the Peierls substitution
used to introduce the interaction of crystals with the electro-
magnetic field. This brief analysis suggests a generalization
of the present approach to many-body interacting electron
systems.

Very recently, it has been shown that generalized Dicke
models for two-level systems which do not display inversion
symmetry can generate sizable spin squeezing and entan-
glement [74]. It would be interesting to apply the methods
proposed here to eliminate gauge ambiguities from these
models.
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The quantum Rabi model is a widespread description for the coupling between a two-level system
and a quantized single mode of an electromagnetic resonator. Issues about this model’s gauge
invariance have been raised. These issues become evident when the light-matter interaction reaches
the so-called ultrastrong coupling regime. Recently, a modified quantum Rabi model able to provide
gauge-invariant physical results in any interaction regime was introduced [Nature Physics 15, 803
(2019)]. Here we provide an alternative derivation of this result, based on the implementation
in two-state systems of the gauge principle, which is the principle from which all the fundamental
interactions in quantum field theory are derived. The adopted procedure can be regarded as the two-
site version of the general method used to implement the gauge principle in lattice gauge theories.
Applying this method, we also obtain the gauge-invariant quantum Rabi model for asymmetric
two-state systems, and the multi-mode gauge-invariant quantum Rabi model beyond the dipole

6

approximation.

I. INTRODUCTION

The ultrastrong and deep-strong coupling (USC and
DSC) between individual or collections of effective two-
level systems (TLSs) and the electromagnetic field has
been realized in a variety of settings [1, 2]. In these ex-
treme regimes of quantum light-matter interaction, the
coupling strength becomes comparable to (USC) or larger
than (DSC) the transition frequencies of the system.

Recently, it has been argued that truncations of the
atomic Hilbert space, to obtain a two-level description
of the matter system, violate the gauge principle [3-5].
Such violations become particularly relevant in the USC
and DSC regimes. In particular, De Bernardis et al. [3]
shows that, while in the electric dipole gauge, the two-
level approximation can be performed as long as the Rabi
frequency remains much smaller than the energies of all
higher-lying levels, it can drastically fail in the Coulomb
gauge, even for systems with an extremely anharmonic
spectrum.

The impact of the truncation of the Hilbert space of
the matter system to only two states was also studied by
Stokes and Nazir [4], by introducing a one-parameter ()
set of gauge transformations. The authors found that
each value of the parameter produces a distinct quantum
Rabi model (QRM), providing distinct physical predic-
tions. Investigating a matter system with a lower an-
harmonicity (with respect to that considered in Ref. [3]),
they use the gauge parameter « as a sort of fit parameter

* corresponding author: ssavasta@unime.it

to determine the optimal QRM for a specific set of sys-
tem parameters, by comparing the obtained a-dependent
lowest energy states and levels with the corresponding
predictions of the non-truncated gauge invariant model.
The surprising result is that, according to this proce-
dure, in several circumstances the optimal gauge is the
so-called Jaynes-Cummings (JC) gauge, a gauge where
the counter-rotating terms are automatically absent.

Recently, the source of gauge violation has been iden-
tified, and a general method for the derivation of light-
matter Hamiltonians in truncated Hilbert spaces able to
produce gauge-invariant physical results has been devel-
oped [6] (see also related work [7-9]). This gauge in-
variance was achieved by compensating the non-localities
introduced in the construction of the effective Hamilto-
nians. The resulting quantum Rabi Hamiltonian in the
Coulomb gauge differs significantly from the standard
one, but provides exactly the same energy levels obtained
by using the dipole gauge, as it should be, because phys-
ical observable quantities must be gauge invariant. A re-
cent overview of these gauge issues in TLSs can be found
in Ref. [10].

Very recently, the validity of the gauge invariant QRM
developed in Ref. [6] has been put into question by Stokes
and Nazir [5]. Specifically, it is claimed that the results in
Ref. [6] are not correct, and the truncation of the Hilbert
space necessarily ruins gauge-invariance.

Here we present a detailed derivation of the results in
Ref. [6] with an alternative, more direct and fundamen-
tal method. In our opinion, this approach demonstrates
that the results in Ref. [6] [Egs. (8) and (9) in particular]
are indeed correct, and moreover, represent the imple-
mentation in a fully consistent and physically meaning-



ful way of the fundamental gauge principle in two-state
systems. The derivation described here can be regarded
as the two-site version of the general method for lattice
gauge theories [11]. These represent the most advanced
and commonly used tool for describing gauge theories in
the presence of a truncated infinite-dimensional Hilbert
space. When a gauge theory is regularized on the lattice,
it is vital to maintain its invariance under gauge transfor-
mations [11]. An analogous approach has been developed
as early as 1933 [12] for the description of tightly-bound
electrons in a crystal in the presence of a slowly-varying
magnetic vector potential (see, e.g., also Refs. [13-15]).

Applying this method, we also obtain the multi-mode
gauge-invariant QRM beyond the dipole approximation.

The derivation presented here in Sect. IV, we believe,
is already sufficient to eliminate any concerns about the
validity of the results in Ref. [6]. However, in Sect. V, we
also provide a reply to the key points raised by Stokes
and Nazir [5].

II. THE GAUGE PRINCIPLE

In this section, we recall some fundamental concepts,
which we will apply in the next sections.

In quantum field theory, the coupling of particles with
fields is constructed in such a way that the theory is in-
variant under a gauge transformation [16]. Here, we limit
the theoretical model to consider U(1) invariance. This
approach can be generalized to introduce non-abelian
gauge theories [11, 16].

Let us consider the transformation of the particle field
¥ — €9%). This transformation represents a symme-
try of the free action of the particle (e.g., the Dirac ac-
tion) if @ is a constant, but we want to consider a generic
function 6(x) (local phase transformation). However, the
free Dirac action is not invariant under local phase trans-
formations, because the factor €?4?(*) does not commute
with 9,,. At the same time, it is known that the action of
the free electromagnetic field is invariant under the gauge
transformation:

Ay — A, — 0,0, 1)

It is then possible to replace, in the action, the derivative
0,, with a covariant derivative of 9 as

D;ﬂ/’ = (au + iun) v, (2)
so that
Dyp — €’Dyy, (3)

even when 6 depends on z. It is now easy to construct
a Lagrangian with a local U(1) invariance. It suffices to
replace all derivatives 0, with covariant derivatives D,,.

The same procedure, leading to the well-known mini-
mal coupling replacement, can be applied to describe the
interaction of a non-relativistic particle with the electro-
magnetic field. Considering a particle of mass m with

a geometrical coordinate = and a potential V(z), the
Hamiltonian of such a particle interacting with the elec-
tromagnetic field can be written as

- 1
HE = — [p— qA(2)]* + V(2), 4
E = oAl + V() (1)
where p = —id/dz is the momentum of the particle
(here A = 1). It turns out that the expectation values
(Y|H§'|¢) are invariant under local phase transforma-
tions,

d(x) = " Dy(z) ()

thanks to the presence of the gauge field A(x).

Note that the function of a continuous degree of free-
dom (x) lives in the infinite-dimensional space of all
square-integrable functions, and the local phase trans-
formation transforms a state vector in this space into a
different vector in the same space. Finally, we observe
that the total Hamiltonian, in addition to H§', includes
the free Hamiltonian for the gauge field.

III. DOUBLE-WELL SYSTEMS IN THE
TWO-STATE LIMIT

The problem of a quantum-mechanical system whose
state is effectively restricted to a two-dimensional Hilbert
space is ubiquitous in physics and chemistry [17]. In the
simplest examples, the system simply possesses a degree
of freedom that can take only two values. For example,
the spin projection in the case of a nucleus of spin-1/2 or
the polarization in the case of a photon. Besides these
intrinsically two-state systems, a more common situation
is that the system has a continuous degree of freedom x,
for example, a geometrical coordinate, and a potential
energy function V(z) depending on it, with two separate
minima [17] (see Fig. 1). Let us assume that the barrier
height V is large enough that the system dynamics can be
adequately described by a two-dimensional Hilbert space
spanned by the two ground states in the two wells |L)
and |R).

The motion in the two-dimensional Hilbert space can
be adequately described by the simple Hamiltonian:

Ho= > Ejli)(il —t(RNL|+he), (6)
j=L.R

where the tunneling coefficient is given by ¢ = (L|Hy|R),
and

. P2
is the usual system Hamiltonian.

If the potential is an even function of the geometrical
coordinate, V(z) = V(—z) (see Fig. 2), E, = ER, and
we can fix F;, = Fr = 0. Introducing the Pauli operator
Pz = |L)(R| + h.c., we obtain

Ho = ~tps, (8)
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Figure 1. A double-well system in the two-state limit.
The symbols Ey and F; are the two lowest-energy levels, well
separated in energy by the next higher energy level E>. Panel
(a) also shows the square modulus of the two wavefunctions
localized in the well, obtained as linear combinations of the
two lowest energy wavefunctions displayed in panel (b).

whose eigenstates, delocalized in the two wells, are the
well-known symmetric- and antisymmetric combinations
(see Fig. 2b),
1
1S) = = (1R +11))

1
=7 (IR) = L)) 9)

with eigenvalues F4 g = £t, so that A = F4 — Eg = 2t,
where we assume ¢ > 0. The Hamiltonian in Eq. (6) can
be written in diagonal form as

Ho = (A/2)5. (10)

where 6, = —p, = |[A)(4] — |S)(S|. Note, to distin-
guish between the different basis states for the operator
representations, we use 6; for the |A)—|S) basis, and p;
for the |L)—|R) basis. Thus, for example, the diagonal
&, operator becomes of nondiagonal form in the |L)—|R)
basis.

It is worth noticing that this elementary analysis is not
restricted to the case of a double-well potential. Analo-
gous considerations can be carried out for systems with
different potential shapes, displaying two (e.g., lowest
energy) levels well separated in energy from the next
higher level. The wavefunctions ¥ (x) = {(z|L) and
¥gr(x) = (z|L) can be obtained from the symmetric and
antisymmetric combinations of ¥g(x) and ¥4(x) (see
Fig. 1), which can be obtained exactly as the two low-
est energy eigenfunctions of the Schrédinger problem de-
scribed by the Hamiltonian in Eq. (7). The gap A = 2¢

14)

is obtained from the difference between the correspond-
ing eigenvalues. This two-state tunneling model is a well
known formalism to describe many realistic systems, in-
cluding the ammonia molecule, coupled quantum dots,
and superconducting flux-qubits.

The case of a potential of the effective particle which
does not display inversion symmetry can also be easily
addressed. For example, an asymmetric double well po-
tential, as shown in Fig. 1, can be considered. In this
case, Eq. (6) can be expressed as

~ €. A

Ho = §pz - pr- (11)
The quantity € is the detuning parameter, that is, the
difference in the ground-state energies of the states lo-
calized in the two wells in the absence of tunneling.
The Hamiltonian in Eq. (11) can be trivially diagonal-

ized with eigenvalues +wg/2, where w, = VA2 + €2.

Potential

Position (x)

Figure 2. A symmetric double-well system in the two-
state limit. The symbols Ey and FE; are the two lowest-
energy levels, well separated in energy by the next higher
energy level F>. Panel (a) also shows the square modulus
of the two wavefunctions localized in the well, obtained as
symmetric and antysimmetric combinations of the two lowest
energy wavefunctions displayed in panel (b).

IV. THE GAUGE PRINCIPLE IN TWO-LEVEL
SYSTEMS

The question arises if it is possible to save the gauge
principle when, under the conditions described above,
such a particle is adequately described by states confined
in a two-dimensional complex space. If we apply an arbi-
trary local phase transformation to, e.g., the wavefunc-
tion 4 (x) = (2|A): Ya(x) — Py (2) = @4 (2), it



happens that, in general, ¥/, (x) # cstbs(z) + catha(x),
where ¢4 and cg are complex coefficients. Thus the
general local phase transformation does not guarantee
that the system can still be described as a two state
system. According to this analysis, those works claim-
ing gauge non-invariance due to material truncation in
ultrastrong-coupling QED [3-5] (we would say at any cou-
pling strength, except negligible), at first sight, might
appear to be correct.

The direct consequence of this conclusion would be
that two-level models, widespread in physics and chem-
istry, are too simple to implement their interaction with
a gauge field, according to the general principle from
which the fundamental interactions in physics are ob-
tained. Since adding to the particle system description
a few additional levels does not change this point, the
conclusion is even more dramatic. Moreover, accord-
ing to Stokes and Nazir [4, 5], this leads to several non-
equivalent models of light-matter interactions providing
different physical results. One might then claim the death
of the gauge principle and of gauge invariance in trun-
cated Hilbert spaces, namely in almost all cases where
theoreticians try to provide quantitative predictions to
be compared with experiments.

Our view is drastically different: we find that the
breakdown of gauge invariance is the direct consequence
of the inconsistent approach of reducing the information
(Hilbert space truncation) on the effective particle, with-
out accordingly reducing the information, by the same
amount, on the phase 6(z) determining the transforma-
tion in Eq. (5). In physics, the approximations must be
done with care. These must be consistent.

We start by observing that the two-state system de-
fined in Eq. (6) still has a geometric coordinate, which
however can assume only two values: x; (with j = L, R),
that we can approximately identify with the position of
the two minima of the double-well potential. More pre-
cisely, and more generally, they are:

TR = <R‘$|R> ’
xp = (L|z|L) . (12)
Here, parity symmetry implies x; = —xpr. In the fol-

lowing we will use the shorthand (R|z|R) = a/2. Hence,
the operator describing the geometric coordinate can be
written as [17] X = (a/2)p,, where p, = |R)(R|— |L){L]|.

We observe that the terms proportional to ¢ in the
Hamiltonian in Eq. (6) or Eq. (8), implies that these
can be regarded as monlocal Hamiltonians, i.e., with
an effective potential depending on two distinct coordi-
nates. Nonlocality here comes from the hopping term
t = (R|Hy|L), which is determined by the interplay of
the kinetic energy term and of the potential energy in
Hy.

It is clear that the consistent and meaningful local
gauge transformation corresponds to the following trans-
formation

) = co|L) + crlR) = ) = €% ¢, |L) + e""‘g’*CR‘? )
13

where |¢) is a generic state in the two-dimensional
Hilbert space, and 6; are arbitrary real valued param-
eters. R

It is easy to show that the expectation values of Hg are
not invariant under the local transformation in Eq. (13).
They are only invariant under a uniform phase change:
[9) — €'%|¢)). However, one can introduce in the Hamil-
tonian field-dependent factors that compensate the dif-
ference in the phase transformation from one point to
the other. Specifically, following the general procedure of
lattice gauge theory, we can consider the parallel trans-
porter (a unitary finite-dimensional matrix), introduced
by Kenneth Wilson [11, 18, 19],

i +a

Ukarll,mk = €xp |:ZQ/
Tk

where A(x) is the gauge field. After the gauge transfor-
mation of the field, A’(x) = A(x)+df/dz, the transporter
transforms as

dxA(x)} . (19)

Ul

_ iq0(xzk+a)
Tpta,xEp € U$k+

e 0(zy) (15)

a,T

This property can be used to implement gauge invariant
Hamiltonians in two-state systems.

A. Symmetric two-state systems

Introducing properly the parallel transporter in
Eq. (14) into Eq. (8), we obtain a gauge-invariant two-
level model:

HE = —t|R)(L|Uyp.y, +hoc.. (16)
Gauge invariance can be directly verified:

W' (IRNLIU; 2, +hec) |6) =
(WIURY (LN Us g, + i) [),

where [¢) and |¢) are two generic states in the vector
space spanned by |L) and |R). By neglecting the spatial
variations of the field potential A(x) on the distance a =
xr — xr, (dipole approximation). The Hamiltonian in
Eq. (16) can be written as

HE' = —t|R)(L| €1 + h.c.. (17)

Using Eq. (9) and the Euler formula, it can be easily ver-
ified that the Hamiltonian in Eq. (17) can be expressed
using the diagonal basis of Hg, as

PEEVAN
HE = 5 [6- cos (gad) + &, sin (qaA)] , (18)

where 6, = —i(JA)(S|—[S)(A]).
Eq. (12), then

Using Eq. (9) and

qa/2 = q(Alz]S) . (19)

This precisely coincides with the transition matrix ele-
ment of the dipole moment as in Ref. [6].



Considering a quantized field A, the total light-matter
Hamiltonian also contains the free-field contribution:

N A - - .\
H= 5 G, cos (qaA) + 6y sin (qaA)| + Hpn . (20)

For the simplest case of a single-mode electromag-
netic resonator, the potential can be expanded in terms
of the mode photon destruction and creation operators.
Around z = 0, A = Ag(a + a'), where Ay (assumed
real) is the zero-point-fluctuation amplitude of the field
in the spatial region spanned by the effective particle.
We also have: Hy), = wpthd, where wpy, is the resonance
frequency of the mode. It can be useful to define the
normalized coupling strength parameter [6]

n=q(a/2)A, (21)

so that Eq. (20) can be written as

H= % {6 cos[2n(a + a')] + &, sin 2n(a + a")]}
+ wpnata. (22)

Using the relations p, = |R)(R| — |L)(L] = |4)(S| +
|SY(A| = 6., the Hamiltonian in Eq. (16) can also be
expressed as

H=UHU", (23)
where
U = exp (iqaAé,/2) . (24)

Equations (23) and (24) coincide with Egs. (8) and (9)
of Ref. [6], which represents the main results.

It is also interesting to rewrite the coordinate-
dependent phase transformation in Eq. (13) as the appli-
cation of a unitary operator on the system states. Defin-
ing ¢ = (0r+601)/2 and 6 = (0g — 61.)/2, Eq. (13) can
be written as

) — [¢)) = e"%e' 1% |y) . (25)

This shows that the coordinate-dependent phase change
of a generic state of a TLS is equivalent to a global phase
change, which produces no effect, plus a rotation in the
Bloch sphere, which can be compensated by introducing
a gauge field as in Eq. (23). Notice also that Eq. (25)
coincides with the result presented in the first section of
the Supplementary Information of Ref. [6], obtained with
a different, but equivalent approach.

In summary, the method presented here can be re-
garded as the two-site version (with the additional dipole
approximation) of the general method for lattice gauge
theories [11], which represents the most advanced and so-
phisticated tool for describing gauge theories in the pres-
ence of truncation of infinite-dimensional Hilbert spaces.
These results eliminate any concern about the validity
of the results presented in Ref. [6], raised by Stokes and
Nazir [5].

We conclude this subsection by noting that Eq. (16)
can be also used, without applying the dipole approxima-
tion, to obtain the (multi-mode) gauge-invariant quan-
tum Rabi model beyond the dipole approrimation. Specif-
ically, without applying the dipole approximation to
Eq. (16), after the same steps to obtain Eq. (22), we ob-

tain
H = % [&z cos (q/ dx A(m))

TR
+ &, sin <q / dz A(x)>] + Hyp . (26)
Tr
One interesting consequence of this result is that it in-
troduces a natural cut-off for the interaction of high en-
ergy modes of the electromagnetic field with a TLS. In
particular, owing to cancellation effects in the integrals
in Eq. (26), the resulting coupling strength between the
TLS and the mode goes rapidly to zero when the mode
wavelength becomes shorter than a/2 = (A|z|S).

It is worth noticing that this derivation of the gauge-
invariant QRM does not require the introduction of an
externally controlled two-site lattice spacing, in contrast
to general lattice gauge theories. In the present case, the
effective spacing a between the two sites is only deter-
mined by the transition matrix element of the position
operator between the two lowest energy states of the ef-
fective particle, a = 2(A|z|S), which in turn determines
the dipole moment of the transition, ga/2.

B. Asymmetric two-state systems

The results in this section can be directly generalized
to also address the case of a potential of the effective par-
ticle which does not display inversion symmetry. It has
been shown that the interaction (in the USC and DSC
limit) of these TLSs (without inversion symmetry) with
photons in resonators can lead to a number of interest-
ing phenomena [20-26]. In this case, Eq. (11) provides
the bare TLS Hamiltonian. Note that the first term in
Eq. (11) is not affected by the two-state local phase trans-
formation in Eq. (13), hence the gauge invariant version
of Eq. (11) can be written as

A
“h: =5 (R)(L|Usp, +he),  (27)

ﬁgi _ £
0 2p
which, in the dipole approximation, reads:

gl € . A iqa
HE = he— (IR)(L|e"** +he) .  (28)

This can be expressed as

. A ..
) [Pz cos (qaA) — pysin (gaA)] ,  (29)

€

qei _

which can also be written in the more compact form

HE = UH U, (30)



where

U = exp [igaAp,/2]. (31)

Equations (30) and (31) represent the minimal cou-
pling replacement for TLS, derived directly from the fun-
damental gauge principle. .

We observe that the operator X = ap, /2 represents the
geometrical-coordinate operator for the two-state system,
with eigenvalues £a/2. The Hamiltonian in Eq. (29) can
be directly generalized beyond the dipole approximation
with the following replacement:

a/2
dx A(z) . (32)

—a/2

aA —

Considering a single-mode electromagnetic resonator,
the total Hamiltonian becomes

H = wpnata + gpz (33)
A I L L
-5 {pscos [2n(a+ a')] — pysin [2n(a+a")]} .

Since the operator X is the position operator in the
two-state space, the unitary operator U = 7 also corre-
sponds to the operator which implements the PZW uni-
tary transformation [27], leading to the dipole-gauge rep-
resentation,

A

Hy = UTHU = wna'a + gpz - Sha
- inwph(d - &T)ﬁz + Uij (34)

where we used: p? = 7, where 7 is the identity operator
for the two-state system. Note that H, coincides with
the Hamiltonian describing a flux qubit interacting with
an LC oscillator [24].

V. DISCUSSION

In Sect. IV, we have derived from first principles the
general QRM for TLSs. The results presented in Sect. IV
exactly coincide with those obtained by Di Stefano et
al. [6] for symmetric TLSs and in the dipole approxima-
tion. This derivation is already sufficient to eliminate
any concern about the validity of the results in Ref. [6],
recently raised Stokes and Nazir [5]. However, for com-
pleteness, here we address some of the specific criticisms
that were raised.

A. The main issue raised by Stokes and Nazir in
Ref. [5]

The gauge-invariant approaches developed in Sect. IV,
and also in Ref. [6], are in contrast with the point of view
adopted by Stokes and Nazir [4, 5]. According to them,
gauge non-invariance is a necessary implication of the

truncation of the Hilbert space of the material system.
Moreover, it was claimed [5] that the approach proposed
in Ref. [6] rests on an incorrect mathematical assertion
and so does not resolve gauge non-invariance.

We have shown in Sect. IV, not only that the gauge-
invariant QRM developed in Ref. [6] is correct, but also
that it fits well in the spirit of lattice gauge theories ini-
tiated by Kenneth Wilson [11]. Hence it is clear that
the claims in Refs. [4, 5] — that gauge non-invariance is
a necessary implication of the truncation of the Hilbert
space of the material system — are not correct.

Consistent with our approach, lattice gauge theories
show that it is vital to maintain the gauge invariance of a
theory after reducing the infinite amount of information
associated to a continuous coordinate [11], contrary to
the claims of Stokes and Nazir [4, 5].

In this section, we will also show that the method and
the assumptions adopted in Ref. [6] to obtain a gauge
invariant QRM and a general method to preserve gauge
invariance in truncated Hilbert spaces are correct.

The apparent proof that the results in Ref. [6] rests on
an incorrect mathematical assertion and does not resolve
gauge non-invariance is presented in the section entitled
“Material truncation”.

According to the authors [5], the main issue is that
Ref. [6] tacitly and incorrectly equates

Pexp (iqrA)P = exp [ig(PzP)A], (35)

where P is the projection operator for the TLS. Since,
they argue, P # I (here I indicates the identity oper-
ator), in general, if f(O) is a nonlinear function of a
Hermitian operator O, we have Pf(O)P #* f(POP)

Here, the key point from which all the criticisms de-
scend, simply, is that Ref. [6] assumes P = I, while, ac-
cording to Stokes and Nazir [5], P # I. Specifically, the
results in Ref. [6], rely on the deliberate decision to treat
the effective particle like a TLS, with its own identity.
This is very clearly stated already below Eq. (5). Quot-
ing directly from Ref. [6]: “P = [0)(0| + [1)(1] is the TLS
identity operator”. Clearly Pis an operator with a 2 x 2
matrix representation. On the contrary, in Ref. [5], and
using their different operator notation, P is an infinite-
dimensional operator. From our perspective, the Hilbert
space truncation occurs once and definitely. Moreover,
once the matter system is described by a two-state sys-
tem, any meaningful operator must act on this space and
hence, it has a 2 x 2 matrix representation, and the prop-
erties of the identity operators can be legitimately used.
As a consequence, operations like, e.g., O? = (POP)?
are perfectly correct, in contrast to O2 = (POP)?, with
P defined as in Ref. [3].

References [4, 5] both consider the two-level approxi-
mation in a partial and (in our view) inconsistent man-
ner, with operators that repeatedly can bring the system
in and out of the “two-level” system. Thus, strictly speak-
ing, they do not have a rigorous two-level system, but one



coupled to other external levels. This unfortunate miz-
up destroys gauge invariance as they show in their plots
in Ref. [4].

In order to distinguish between the two different def-
initions of projection operators, from now on, we will
indicate the projection operators as defined in Ref. [6]
using calligraphic symbols. Reference [6] starts by using
(specifying it from the beginning) P = 7T already when
deriving the dipole-gauge Rabi Hamiltonian in Eq. (5),
before presenting the main result [6]. A consequence of
this choice, is that the equivalence PU (z)P = U(PaP) is
legitimate. This result is obtained by expanding U () in
a Taylor series and then using for each term the relation
Pz™P = (PxzP)", which can be easily obtained using
the properties of identity operators. This procedure is
described in detail at the beginning of the Section I of
the Supplementary Material of Ref. [6] for a generic op-
erator D(0) = ¢'10(=)

In summary, Stokes and Nazir [5] strongly criticizes
the consequences of the choice P=1. They explain that
for a non-linear function f, [see Eq. (20)], Pf(O)P #
F(POP), which is of course correct if P is not the iden-
tity operator. However, we are surprised to see that,
a few lines before Eq. (20), Ref. [5] seems to contra-
dict itself, by using Pf(@)f’ = f(POP) to derive their
Eq. (17). Specifically, following the procedure introduced
in Ref. [4], Stokes and Nazir [5] start from the non-
truncated total Hamiltonian H,. Then, they apply the
projection operator P to obtain their standard a-gauge
two-level model. However, they treat in a different way
the free atomic Hamiltonian H,, and the light-matter in-
teraction term V,. Specifically, they apply the first pro-
jection operator as PH,, P, but instead of applying the
same procedure to the interaction term: V, — PV,P,
they use the non-equivalent (according to their defini-
tion of P) truncation: V,(z,p) — Vo(PxP, PpP). Since
V*(x,p) is a non-linear function of z (it contains a
quadratic term), it is not at all clear why the authors
used V¥(PxzP, PpP), instead of PV*(x,p)P.

The same procedure is also adopted and briefly de-

scribed by Stokes and Nazir in Ref. [4] (see the Methods
section in particular). Below Eq. (12), (which is the same,
in a slightly different notation of Eq. (16) in Ref. [5]),
the authors write:
“If the interaction Hamiltonian V¢ is linear in r and p,,
then the two-level model Hamiltonian can also be written
H$ = P*HP®*. This is not the case for H in Eq. (11) due
to the “d2" term, which demonstrates the availability of
different methods for deriving truncated models. Here we
adopt the approach most frequently encountered in the
literature, and outline other methods in Supplementary
Note 2.7

In summary, not only do Stokes and Nazir [5] use what
a few lines below claim to be absolutely wrong, but, in a
closely related work, the same authors also admit, after
using this procedure, that it is “frequently encountered
in the literature”.

B. Gauge-ambiguities

Stokes and Nazir [5] (see also Ref. [28]) also point
out that gauge-ambiguities are much broader than gauge
non-invariance that results from an approximation. Ac-
cording to these references, subsystem predictions vary
significantly with the gauge relative to which the subsys-
tems are defined independent of model approximations.

Although it is true that features such as, e.g., the
amount of light-matter entanglement and of bare exci-
tations in the system eigenstates, are gauge-relative, in
our opinion, this statement can be misleading and re-
quires some comment. In particular, we observe that, as
described in detail in Ref. [7], the approach developed
in Ref. [6] can be applied to remove gauge ambiguities
in all the experimentally observable quantities including
the detectable light-matter entanglement in the ground
state of cavity-QED systems, even in the presence of
Hilbert space truncation. This is one of the main results
of Ref. [7]. The main point here is that measurements (as,
e.g., experimental clicks or transmission amplitudes) are
numbers that do not care about our gauge discussions.
Therefore, if our approximations are applied consistently,
as theoreticians, we should provide these numbers. As
theoreticians, we can play with different representations,
but all of them must be consistent and unambiguous.
Reference [7] shows that this is the case even under ex-
treme conditions, as in the presence of deep ultrastrong
light-matter interactions and/or non-adiabatic ultrafast
switches of the interaction. These theories work well even
in the presence of relevant approximations, if these are
carried out in a consistent manner.

C. Other points raised by Ref. [5]

e Bloch sphere rotation

According to Stokes and Nazir [5], the models actually
analysed in Ref. [4] are Bloch sphere rotations of the
multipolar QRM.

As a matter of fact, the light-matter interaction is in-
troduced, at a fundamental level, by invoking the gauge
principle. This leads to the minimal coupling replace-
ment. Then, a gauge (unitary) transformation can be ap-
plied to obtain the multipolar gauge Hamiltonian, which
acquires a simple form in the dipole approximation. In
Sect. I of the Supplementary Material of Ref. [6], it is
explained how the results in Ref. [6] are indeed able to
satisfy the gauge principle. Results in Sect. IV confirm
this result in a very clear and precise way. Hence, from
a fundamental point of view, the opposite is true: The
multipolar QRM works fine because it is a Bloch sphere
rotation (as required by gauge invariance in TLSs) of the
Hamiltonian in Egs. (8) and (9) of Ref. [6].

As a final remark on this point, we observe that in
the Coulomb gauge and using the QRM of Ref. [6], the
electric field operator can be expanded in terms of cre-
ation and destruction photon operators, as in the not-



truncated model, and as in the free electromagnetic the-
ory (in the absence of interactions). On the contrary, af-
ter the gauge transformation in the multipolar QRM, the
electric field operator also contains contributions from
the atomic dipole, as a consequence of the PZW trans-
formation. This is shown in detail in Ref. [7]. This view
is further confirmed by Eq. (16) here, which can be used
to derive the QRM beyond the dipole approximation in
Eq. (26). A result that, to our knowledge, has never been
obtained, so far within any gauge, including the multi-
polar gauge.

e Non-equivalent models

Stokes and Nazir [5] state:, “the idea of Ref. [4] (here
Ref. [6]) to define two-level model gauge transformations
as projections of gauge-fixing transformations does not
resolve gauge non-invariance, because it does not produce
equivalent models.” The authors refuse our choice to
regard the operator P as the identity operator for the
two-level space, although it seems that they also use it
[4, 5] (see Sec. V). Then, they realize [5] that refusing this
implies that gauge non-invariance in truncated Hilbert
spaces cannot be resolved. This is not surprising, since
in Sect. I of the Supplementary Material of Ref. [6], it
has been shown that the gauge principle is satisfied using
repeatedly the properties of the identity operator.

In our view, the conclusion reached in Ref. [5] is a
direct consequence of an inconsistent choice attributed
to Ref. [6]. Sect. IV here further confirms that only the
choice P = I can produce a gauge invariant theory in the
spirit of lattice gauge theories.

D. Some consequences of renouncing gauge
invariance

The consequence of the only possible choice, accord-
ing to Refs. [4, 5], is that the gauge principle cannot
be implemented in truncated Hilbert spaces, and gauge
transformations provide non-equivalent light-matter in-
teraction models. Since this remains true beyond TLSs,
and since almost every practical calculation involving
field-matter interactions is carried out cutting the infi-
nite amount of information provided by exact infinite-
dimensional Hilbert spaces, the unpleasant conclusion of
Stokes and Nazir [4, 5] is that gauge invariance and the
gauge principle do not work in most practical cases. Nat-
urally, this would be a huge problem, not only in cavity
QED, but also for a wide range of calculations, including
the transport and optical properties of solids, especially
in the presence of strong fields, and for the broad field
of lattice gauge theories in quantum field theory and in
condensed matter many-body quantum physics [11]. As
shown, e.g., in Refs. [12-15, 18, 19], [11] and references
therein, luckily this is not the case (see also Sect. IV).

VI. ON THE EXISTENCE OF
SYSTEM-DEPENDENT OPTIMAL QUANTUM
RABI MODELS

In Stokes and Nazir’s Ref. [5], and also in their Ref. [4],
the authors correctly admit that the dipole gauge is op-
timal when the anharmonicity is high. However, a sys-
tem with high anharmonicity is just, as also discussed
in Ref. [6], a system where the two level truncation can
be safely performed, even in the presence of very high
light-matter coupling strength.

On the contrary, when the anharmonicity, u (with
i = (w21 — wi0)/wio) is of the same order or lower
than the normalized light-matter interaction strength 7
(i.e., p ~ n), the two level approximation becomes unreli-
able, because the detuning between the cavity frequency
and the additional atomic transition frequencies becomes
comparable with the coupling strength. This trivial and
well-known issue has been described in detail in Sect. V
of the Supplementary Information of Ref. [6].

In addition, if a strong positive detuning between the
cavity-mode resonance frequency and the two-level tran-
sition frequency is considered, the coupling of additional
atomic transitions with the cavity photons becomes even
more relevant, and the two-level approximation becomes
pointless. Indeed, this is the situation corresponding to
a number of plots in Ref. [4].

Ref. [5], citing Ref. [4], explains that the multipolar-
gauge (what we call dipole-gauge) does not work when
the material system is an harmonic oscillator. In Ref. [4]
the same concept is explained as: “We show further that
if the material system is a harmonic oscillator, then it is
possible to derive a JCM (Jaymes Cummings model) that
is necessarily more accurate than any derivable QRM
(quantum Rabi model) for finding ground-state aver-
ages.”

It is well-known that the spectra and the physical prop-
erties of a harmonic system constituted by two coupled
harmonic oscillators is very far from those of a system
constituted of a two-level model interacting with a har-
monic oscillator (QRM). Hence, the fact that the dipole-
gauge QRM, which is an highly non-linear model is not
able to describe harmonic oscillators is not surprising.
However we are not able to catch the meaning of a highly
nonlinear model, used as a fit to to reproduce only some
very limited feature of the physics of two coupled har-
monic oscillators (weak excitation limit).

We could elaborate in significantly more details and
considerations, however, this is not the right place for a
detailed analysis of the results in Ref. [4].

In the present work, we have shown how to apply the
fundamental gauge principle to TLSs in order to derive
a gauge-invariant QRM. Of course, this procedure works
fine, until, taking also into account the interaction with
the gauge field, the two-level approximation is meaning-
ful. Naturally, if the detuning between the field and addi-
tional transitions becomes comparable with the coupling
strength, these cannot be ignored anymore, and the two-



level approximation is no more adequate.

VII. CONCLUSIONS

In contrast with the claims of Stokes and Nazir [5],
we have shown in Sect. IV of this work that the results
presented in Ref. [6], and also used in Ref. [7], are cor-
rect, deriving them with an alternative, more direct and
fundamental method. This derivation shows that the re-
sults in Ref. [6] are not only correct, but they constitute
the only route (to our knowledge) to implement, in a fully
consistent and physically meaningful way, the fundamen-
tal gauge principle in truncated Hilbert spaces. We have
also extended the results in Ref. [6] to asymmetric two-
state systems.

In addition, the method used here allowed us to obtain
the gauge-invariant QRM beyond the dipole approxima-
tion, which is one of the main results of this work. Note
that the problem of a quantum-mechanical system, whose
state is effectively restricted to a two-dimensional Hilbert
space and which interacts with the electromagnetic field
in various regimes, is ubiquitous in physics and chemistry
[17]. Hence, the availability of a general gauge-invariant
model describing this widespread physics is highly desir-
able.

The results in Sect. IV shows that the results in Ref. [6]
also fit well in the great tradition of lattice gauge theories
opened by Kenneth Wilson [11]. Lattice gauge theories
constitute a powerful reference example where it is pos-
sible and also vital to maintain the gauge invariance of a
theory after reducing the infinite amount of information
associated to a continuous coordinate [11], contrary to
the claims of Refs. [4, 5].

A noteworthy feature of this derivation of the gauge-
invariant QRM is that, in the present case, the two-site
lattice spacing is not externally controlled, in contrast to
general lattice gauge theories. Here, the effective spacing
a between the two sites is only determined by the transi-
tion matrix element of the position operator between the
two lowest energy states of the effective particle, which
in turn determines the dipole moment of the transition.

In Sect. V we have also disproved the criticism by
Stokes and Nazir [5], claiming that the results in Ref. [6]

rest on an incorrect mathematical assertion.

We conclude with some key observations from
Sect. VB, where we pointed out that the analysis here
and in Refs. [6, 7] also remove gauge ambiguities in the
experimentally observable quantities, including the de-
tectable light-matter entanglement in the ground state
of cavity-QED systems, even in the presence of Hilbert
space truncation. This is one of the main results of
Ref. [7]. The key point is that measurements (as, e.g.,
experimental clicks or transmission amplitudes) are data
that do not care about gauge representations. Therefore,
if our approximations are applied consistently, as theo-
reticians, we should provide numbers which are not af-
fected by gauge transformations. Of course, as theoreti-
cians we can play with different representations, but all
of them must be consistent. Reference [7] shows that this
is the case even under extreme conditions, as in the pres-
ence of deep ultrastrong light-matter interactions and/or
non-adiabatic ultrafast switches of the interaction. All
this works even in the presence of relevant approxima-
tions, if these are carried out in a consistent way.

If a theory is to be useful and meaningful, it should re-
move any ambiguities in the description of experimental
data — so a theory that is introduced to be ambiguous
and not gauge invariant, ultimately is not very useful; so
claiming such a theory is more correct is futile.
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6.5 Conclusions and Outlook

In this thesis work I presented the research activity developed during my
Ph.D. program, mainly focused on several aspects of hybrid quantum sys-
tems. Specifically, I followed two lines of research. The first one concerns the
study of dissipation and decoherence effects in open quantum systems enter-
ing the USC light-matter regime. The second line of research is devoted to
the resolution of recently claimed gauge invariance issues in USC cavity- and
circuit-QED. [79,119,120]. In the following I will draw a brief summary of
the main results and achievements obtained in both this research activities.

Among the most relevant results obtained in the study of open quantum
system dynamics in the USC regime, we presented a generalized dressed mas-
ter equation [72], valid for arbitrary open hybrid quantum systems interacting
with thermal reservoirs and for arbitrary strength of the coupling between the
components of the hybrid system. The latter allowed us to study the dynam-
ics of systems with harmonic, quasiharmonic, and anharmonic transitions.
For example, exploiting this new theoretical tool, we demonstrated that me-
chanical quantum excitations can be coherently transferred among spatially
separated mechanical oscillators through a dissipation-less quantum bus, due
to the exchange of virtual Casimir photon pairs [121]. Moreover, a signifi-
cant measurable flux of Casimir photons can be obtained in optomechanical
systems also without a coherent pumping, suggesting another way for the
experimental observation of the DCE [122]. Specifically, we demonstrated
that an incoherently excited vibrating mirror can emit Casimir photon pairs,
in analogy to atomic fluorescence or electroluminescence in semiconductor
devices. The experimental demonstration of both of these processes could
have important consequences. The first would show that the electromag-
netic quantum vacuum is able to transfer mechanical energy somewhat like
an ordinary fluid, opening up exciting possibilities of applying ideas from
fluid dynamics in the study of the electromagnetic quantum vacuum. The
experimental realization of this effect would make the DCE in high-frequency
optomechanical systems a versatile and powerful new resource for the devel-

opment of quantum-optomechanical technologies. On the other hand, the
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possibility to observe a DCE by an incoherent thermal-like excitation would
allow the parametric conversion of mechanical energy into electromagnetic
energy in optomechanical systems where the mechanical frequency is usually
much lower than the cavity frequency, eliminating the need for extremely high
mechanical oscillation frequencies and ultrastrong single-photon optomechan-
ical coupling. Furthermore, this new process could be exploited in order to
achieve two-photon hyper-Raman scattering, where squeezed photons already
present in an optical resonator are scattered into resonant cavity-photon

pairs, in parametrically amplified optomechanical systems.

Gauge invariance is a general guiding principle in building the theory
of fundamental interactions stating that all physical results must be inde-
pendent of the gauge choice. In the recent years, different authors claimed
that approximate models for light—-matter interactions derived in different
gauges may lead to different predictions, or can display different convergence
properties in ultrastrongly coupled light-matter systems. After identifying
the source of this gauge violation, we developed a method able to derive
the correct gauge-invariant form of Hamiltonians in truncated Hilbert spaces
valid even for extreme light—matter interaction regimes [123]. Exploiting this
method, we derived the correct quantum Rabi Hamiltonian in the Coulomb
gauge. Besides solving long-lasting controversies arising from gauge ambi-
guities in the quantum Rabi and Dicke models, these results could be also
relevant for the study of systems with non-adiabatic time-dependent cou-
pling strength and for the study of open quantum systems. For example, it
turns out that when the interaction of the light and matter components of a
quantum system is very strong (USC), the correct gauge dependence of the
subsystem operators appearing in the master equation cannot be neglected
as usual. Moreover, if the coupling between a subsystem (for example, the
matter system) and the environment is described by a gauge interaction and
the system—bath coupling strength is not weak, the preservation of the gauge
principle should be ensured despite any truncation procedure. Furthermore,
we have also investigated the gauge invariance of the Dicke model in the di-
lute regime, and deriving, also in this case, the correct gauge-invariant Dicke

Hamiltonian in the Coulomb gauge for both a finite number N of dipoles and
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in the dilute regimes with N — oo [124]. Finally, by employing an operational
approach based on the physical measurements of the system observables, we
have investigated and solved a number of qualitative ambiguities in the the-
oretical description of cavity- and circuit-QED systems [125]. Among them
we can highlight the proper definition of subsystem and their quantum mea-
surements, the structure of light-matter ground states and the analysis of
time-dependent interactions. In particular, even if we focused our attention
on the quantum Rabi model, our results can be extended to matter systems
including, multi-levels systems, a collection of quantum emitters, collective
excitations, multi-mode resonators and atoms (natural or artificial) coupled
to a continuum of light modes, finding possible applications even in cavity
quantum optomechanics.

In a very recent preprint [126], we pointed out the relationship between
the gauge-invariant quantum Rabi model and lattice gauge theories. This
connection, I believe, will allow soon to obtain gauge-invariant models for
the rigorous study of cavity-embedded 1D chains, and 2D systems, like
graphene [127-129]. Furthermore, this approach, will allow the develop-
ment of accurate models for studying topological quantum photonics and
the cavity QED of interacting electron systems.

In conclusion, looking at the recent scientific literature, there is a great
growing interest in studying light-matter interactions in the ultrastrong cou-
pling regime. The results presented in this thesis have been so far very well
received by the referees of various journals, and are receiving several citations.
I am quite confident that my Ph.D. work will have a significant impact in the
field of interacting quantum systems, and may contribute to the development

of novel quantum technologies.
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