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Abstract

Entanglement plays a crucial role in the development of quantum-enabled devices. One
significant objective is the deterministic creation and distribution of entangled states,
achieved, for example, through a mechanical oscillator interacting with confined elec-
tromagnetic fields. In this study, we explore a cavity resonator containing a two-sided
perfect mirror. Although the mirror separates the cavity modes into two independent
confined electromagnetic fields, the radiation pressure interaction gives rise to high-
order effective interactions across all subsystems. Depending on the chosen resonant
conditions, which are also related to the position of the mirror, we study 2n-photon
entanglement generation and bilateral photon pair emission. Demonstrating the non-
classical nature of the mechanical oscillator, we provide a pathway to control these
phenomena, opening potential applications in quantum technologies. Looking ahead,
similar integrated devices could be used to entangle subsystems across vastly different
energy scales, such as microwave and optical photons.
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1 Introduction13

The ability to control quantum mechanical systems using radiation pressure has given rise to14

the field of optomechanics [1–4], an interesting platform for exploring the quantum properties15

of mesoscopic objects [5–7]. Cavity optomechanical systems, which involve the interaction16

between mechanical vibrations and electromagnetic fields, hold the potential for observing17

quantized vibrational modes in macroscopic objects, even reaching their ground state [8–15].18

This opens the door to creating entangled and superposition macroscopic states, paving the19

way for novel approaches to processing and storing quantum information [16–20].20

In general, when electromagnetic quantum fluctuations interact with a very fast-oscillating21

boundary condition, pairwise real excitations can be created from the vacuum of the electro-22

magnetic field [21–23]. Such a purely quantum phenomenon is known as the dynamical23

Casimir effect (DCE) [24, 25], which has been experimentally realized in superconducting24

circuits [26] and Josephson metamaterials [27].25

Cavity optomechanics involves the modulation of boundary conditions through a mobile26

mirror, enabling the observation of the DCE. In this scenario, the fundamental process involves27

the conversion of mechanical energy into photons [28]. A detailed derivation of the optome-28

chanical Hamiltonian can be found in Ref. [29]. Subsequent advancements extended this29

model to incorporate incoherent excitation of the mirror [30,31], and other works examined30

back-reaction and dissipation effects within this framework [32, 33]. Notably, investigations31

have expanded to consider a cavity with two mobile mirrors [34–36]. In this case, the cavity32

field facilitates an effective interaction between the two mirrors, resulting in phonon hopping.33

This broader exploration adds depth to our understanding of the complex dynamics within34

optomechanical systems.35

The present work investigates a cavity resonator equipped with a two-sided perfect mirror36

embedded within. This configuration corresponds to a tripartite system, where two separated37

electromagnetic fields interact with the vibrating mirror by radiation pressure (see fig. 1).38

Despite the mirror separating the cavity modes into two distinct electromagnetic fields, the39

radiation pressure interaction induces high-order processes across all subsystems. Recently,40

this configuration has been studied, shedding light on the dressed ground state and the corre-41

lation between the two cavity modes [37], and on the optomechanically induced two-photon42

hopping effect [38].43

Furthermore, path-entangled microwave radiation was observed from strongly driven mi-44

crowave resonators [39], where the entanglement of two distinct driven resonators is gener-45

ated thanks to the presence of a common mechanical membrane. Here, instead, we propose46

a scheme to generate 2n-photon entanglement (e.g., two-, four-photon) and bilateral photon47

pair emission (that we name the Janus effect), already in an undriven setup, which can be48

achieved with few photonic excitations (allowing us to explore more easily the quantum prop-49
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Figure 1: Pictorial representation of our setup. Two electromagnetic cavities sepa-
rated by a movable two-sided perfect mirror.

erties of the system). In particular, the emerging entangled states have the structure of NOON50

states, which are important in quantum metrology and quantum sensing for their ability to al-51

low precision phase measurements [40]. As a process involving only a few photons, this setup52

facilitates the examination of the quantum properties of the states. Additionally, it offers en-53

hanced resilience to losses, which increase with the number of photons. The measurement of54

quantum correlations between the two cavities can be seen as direct evidence of the quantum55

nature of mesoscopic mechanical objects, without measuring them directly [41,42].56

Each process is activated by a specific resonance condition, which depends on the reso-57

nance frequency of the three subsystems, and thus on the position of the mirror. Through-58

out our analysis, we carry out analytical aspects and numerical simulations to delve into the59

resonant dynamics and the interplay between the system’s parameters, including coupling60

strengths, bare frequencies, and initial conditions.61

In principle, the effects predicted in this work could be experimentally observed using62

circuit optomechanical systems, namely, employing mechanical micro- or nano-resonators op-63

erating in the ultra-high-frequency range within the GHz spectral domain [43, 44]. Despite64

the current limitations of the experimental feasibility of reaching these resonance conditions,65

the technology behind the optomechanical systems is advancing very fast. With this theoreti-66

cal proposal we hope to stimulate future experimental realizations. Moreover, the addition of67

artificial atoms in a superconducting microwave setup strengthens the coupling with the me-68

chanical resonator [45–49], making it a very promising setup. A valuable alternative approach69

would entail employing a quantum simulator [50, 51], wherein two LC circuits emulate the70

cavities, and a superconducting quantum interference device (SQUID) takes on the role of the71

high-frequency vibrating mirror.72

The article is structured as follows: in section 2 we introduce our quantum model, ana-73

lyzing in detail three specific resonance conditions: (i) two-photon entanglement generation74

in section 2.1; (ii) four-photon entanglement generation in section 2.2; (iii) bilateral photon75

emission, which we call Janus effect in section 2.3. Finally, in section 3 we offer concluding76

remarks and outline potential trails for future research in this field. Some details are left on the77

Appendices. More precisely, in appendix A we employ the Schrieffer-Wolff method to derive78

the effective Hamiltonians, and we also show all the coefficients related to the Janus effective79

Hamiltonian.80
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2 Quantum Model81

Consider two non-interacting single-mode cavities separated by a vibrating two-sided perfect82

mirror, as sketched in fig. 1. The three bosons are described by ladder operators â(â†), ĉ(ĉ†)83

for the cavities and b̂(b̂†) for the mirror, satisfying canonical commutation relations. The84

Hamiltonian can be derived by quantizing the classical Lagrangian description (see Appendix85

in Ref. [38]), and it reads (ħh = 1)86

Ĥ = ωa â†â +ωb b̂† b̂ +ωc ĉ† ĉ −
g

2

�

(â + â†)2 −Ω2(ĉ + ĉ†)2
�

(b̂ + b̂†) . (1)

where ωa,ωc are the bare frequencies of the cavities, ωb is the bare frequency of the mirror,87

g is the coupling strength, and the ratio Ω = ωc/ωa is related to the mirror position. In the88

limit of large detuning ωb ≪ ωa,c , the rotating wave approximation can be applied, and the89

standard optomechanical interaction term, proportional to the number operators â†â(ĉ† ĉ), is90

obtained [3]. It is worth noting the presence of the minus sign in front of the Ω factor. This91

arises from the given configuration, where the radiation pressure of the right cavity pushes the92

mirror in the opposite direction with respect to the radiation pressure of the left cavity [38].93

With this Hamiltonian, we will describe three peculiar configurations. By employing the94

Schrieffer-Wolff approach (see Refs. [52–54] and appendix A), we obtain effective Hamilto-95

nians which directly show the high-order non-linear processes related to specific resonance96

conditions.97

Although we analytically characterize all these processes by using effective Hamiltonians,98

all the simulations are carried out by employing the quantum trajectory approach [55,56], and99

using the full Hamiltonian in eq. (1). To explore the phenomenology, we numerically calculate100

the time evolution of the mean values of the dressed number operators [57,58], i.e., 〈X̂−o X̂+o 〉101

(o ∈ {a, b, c}). Each dressed operator is defined as102

X̂+o ≡
∑

j>k

〈k|(ô + ô†)| j〉 |k〉〈 j | , X̂−o = (X̂
+
o )

† , (2)

where | j〉 is the j -th eigenstate of the full Hamiltonian in eq. (1). This properly defines the103

jump operators, which by construction act like an annihilation (creation) operator in the en-104

ergy basis. In this dressed picture, the quantum jumps are between the dressed states (the105

eigenstates of the full Hamiltonian) which contain contributions from bare states with an ar-106

bitrary number of excitations. With this notation, we refer to the mean value of the number107

operator of the single quantum trajectory, while average quantities obtained over 1000 quan-108

tum trajectories are indicated as 〈X̂−o X̂+o 〉. The dissipation rates of the three subsystems are109

indicated as γa, γb, and γc .110
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2.1 Two-photon entanglement generation111

Let us consider the condition ωa ≃ ωb ≃ ωc . The effective Hamiltonian up to the second112

order becomes (see appendix A)113

Ĥeff =Ĥ0 + Ĥshift + Ĥhop + Ĥent +O(g 3) (3)

Ĥshift =−
g 2

3ωb
−

4g 2

3ωb

�

â†â + ĉ† ĉ
�

−
4g 2

3ωb

�

â†â + 1+ ĉ† ĉ
�

b̂† b̂

−
5g 2

6ωb

�

â†2â2 + ĉ†2 ĉ2�+
2g 2

ωb
â†âĉ† ĉ

Ĥhop =−
g 2

6ωb

�

â†2 ĉ2 + ĉ†2â2�

Ĥent =−
g 2

ωb

�

(â†2 + ĉ†2)b̂2 + (â2 + ĉ2)b̂†2� ,

where Ĥ0 =ωa â†â +ωb b̂† b̂ +ωc ĉ† ĉ is the same in any derivation of effective Hamiltonian.114

The Hamiltonian term Ĥshift contains only numbers operators (and their powers) describ-115

ing bare energy shift due to the perturbation. The two effective interaction terms clarify an116

otherwise complex dynamic implicit in eq. (1). Indeed, Ĥhop shows the two-photon hopping117

sub-process [38] while Ĥent links the three sub-parts together ultimately bringing to tripartite118

entanglement.119

The effective Hamiltonian in eq. (3) admits the lowest energy closed dynamics in the sub-120

Hilbert space spanned by the states {|2, 0, 0〉 , |0, 2, 0〉 , |0, 0, 2〉}. Here, the first and third en-121

tries represent the a and c cavity excitations, respectively, while the second represents the mir-122

ror (b) excitation. Under the resonance condition ωa = ωc = ω, we can define the ordered123

basis {|0, 2, 0〉, |ψ(2e)
+ 〉, |ψ

(2e)
− 〉}, with |ψ(2e)

± 〉 = (|2, 0, 0〉 ± |0, 0, 2〉)/
p

2 being the symmetric124

and anti-symmetric two-photon maximally entangled states between the two cavities. Notice125

that these entangled states have the structure of NOON states, which are typically exploited126

in quantum-enhanced metrology [40]. Therefore, the Hamiltonian takes the block form127

H =









2ωb −
3g 2

ωb
−2
p

2g 2

ωb
0

−2
p

2g 2

ωb
2ω− 5g 2

ωb
0

0 0 2ω− 13g 2

3ωb









, (4)

highlighting the fact that the dynamics occurs between the state |0, 2, 0〉 and |ψ(2e)
+ 〉. In other128

words, two phonons are exchanged with a symmetric entangled state of two totally delocal-129

ized photons. The non-uniformity of the matrix elements in eq. (4) stems from the different130

coefficients appearing respectively in Ĥhop and Ĥent as well as the different coefficients ap-131

pearing in Ĥshift. Indeed, in general, the eigenstates of the effective Hamiltonian are written132

as a generic superposition of |0, 2, 0〉 and |ψ(2e)
+ 〉. However, we can make the superposition133

symmetric by choosing the condition ω = ωb + g 2/ωb, which makes the upper-left block a134

symmetric matrix with equal diagonal terms. The same condition can be found by minimizing135

the difference of the two eigenvalues in eq. (4) as a function of ω. Under this condition the136

eigenstates of the upper-left block become137

|φ(2e)
± 〉 = (|0, 2, 0〉 ± |ψ(2e)

+ 〉)/
p

2 . (5)

In Fig. 2(a-b) we show two different trajectories, while Fig. 2(c) shows the master-equation-138

like behavior that arises taking the average over 1000 trajectories. Both the snapshots high-139

light a fascinating trapping effect that occurs whenever one photon is detected in one of the140
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Figure 2: Two-photon entanglement generation. The time evolution of the mean
values of the dressed number operators for different trajectories and the average
over 1000 trajectories. (a) A trajectory where the first jump occurs with a phonon
loss, locking the system into the state |0, 1, 0〉, until a second quantum jump occurs.
(b) A trajectory where the first jump occurs in cavity c, locking the system into the
state |0, 0, 1〉, as a clear signature of an entangled state. (c) The average behavior
shows the coherent and dissipative energy exchange between the bare state |0, 2, 0〉
and the entangled state |ψ+〉. The used parameters are: ωa = ωc = ωb + g 2/ωb,
g = 0.05ωb, and γa = γb = γc = 5× 10−4ωb.

cavities, or when a phonon is detected in the mirror. For instance, in Fig. 2(a) we clearly see141

that the first jump occurs with a phonon loss, locking the system to the state |0, 1, 0〉, while142

the coherent dynamics is lost. After a certain time, a second jump occurs leaving the system in143

its ground state. On the contrary, in Fig. 2(b) the first jump occurs in cavity c, and the system144

is locked in the state |0, 0, 1〉. Note that, when the cavity c jumps, the number of photons in145

cavity a immediately goes to zero, as a clear signature of the quantum correlations exhibited146

in the entangled state |ψ(2e)
+ 〉. Again, when the second jump occurs, the system reaches its147

ground state.148

This trapping effect occurs because the effective Hamiltonian does not contain terms that149

allow the exchange of a single photon-phonon excitation, while the act of measuring (losses)150

is modeled as a single boson detection. The remaining excitation is localized in the subsys-151

tem where the first measurement occurred until a second measurement occurs. In Fig. 2(c)152

(obtained by averaging over 1000 trajectories) one clearly sees the coherent and dissipative153

energy exchanging over time, between the bare state |0, 2, 0〉 and |ψ(2e)
+ 〉, meaning that two-154

phonon generates two-photon entanglement. Note that, the above-mentioned trapping effects155

are washed out by the averaging of a master equation [59,60]. The parameters used to repro-156

duce fig. 2 are: ωa =ωc =ωb + g 2/ωb, g = 0.05ωb, and γa = γb = γc = 5× 10−4ωb.157

6



SciPost Physics Submission

2.2 Four-photon entanglement generation158

Under the resonant conditions, ωb ≃ 4ω (ω = ωa = ωc) the effective Hamiltonian up to the159

third order in the coupling constant becomes (see appendix A)160

Ĥeff =Ĥ0 + Ĥshift + Ĥhop + Ĥent ,

Ĥshift =−
2g 2

3ωb
−

5g 2

3ωb

�

â†â + ĉ† ĉ + â†2â2 + ĉ†2 ĉ2�

+
4g 2

3ωb

�

â†â + ĉ† ĉ + 1
�

b̂† b̂ +
2g 2

ωb
â†âĉ† ĉ

Ĥhop =
2g 2

3ωb

�

â†2 ĉ2 + â2 ĉ†2�

Ĥent =
2g 3

3ω2
b

�

(â4 − ĉ4)b̂† + (â†4 − ĉ†4)b̂
�

. (6)

As we did in the previous case we can look for the simplest closed dynamics and project the161

Hamiltonian in corresponding basis. This subspace is spanned by the states {|0, 1, 0〉 , |2, 0, 2〉,162

|4, 0, 0〉 , |0, 0, 4〉}, but due to the form of interaction Hamiltonian part and resonant con-163

ditions one can define the ordered basis {|0, 1, 0〉, |ψ(4e)
− 〉, |ψ

(4e)
+ 〉, |2, 0, 2〉}, where |ψ(4e)

± 〉164

= (|4, 0, 0〉 ± |0, 0, 4〉)/
p

2 being the symmetric and anti-symmetric four-photon maximally165

entangled states between the two cavities. Again, we highlight that these states have the166

structure of NOON states. Using this basis, the Hamiltonian takes the block form167

H =

















ωb +
4g 2

3ωb

8g 3

p
3ω2

b

0 0

8g 3

p
3ω2

b

4ω− 80g 2

3ωb
0 0

0 0 4ω− 80g 2

3ωb

8g 2

p
3ωb

0 0
8g 2

p
3ωb

4ω− 16g 2

3ωb

















, (7)

revealing the two concurrent dynamics: the oscillation between |0, 1, 0〉 and |ψ(4e)
− 〉 and the168

one between |2, 0, 2〉 and |ψ(4e)
+ 〉. The latter, namely, the lower-right part of the matrix de-169

scribing the dynamics between the states |2, 0, 2〉 and |ψ(4e)
+ 〉, can be explained in terms of the170

two-photon hopping terms [38]. It originates only from the third line in (6), and thus it does171

not introduce any new effect. Since the mirror plays a role only in the first sub-dynamics, only172

the upper-left block becomes important for the four-photon entanglement generation process173

we are describing. To look for symmetric eigenstates, we can proceed as in section 2.1, by174

choosing ω such that the diagonal terms are equal. Note that, in this case, the same cannot175

be done for the lower-right part because the non-linear Hshift acts differently on these states,176

making the two dynamics mutually exclusive.177

In particular, for ω =
ωb

4 + 7
g 2

ωb
, the eigenstates take the form178

|φ(4e)
± 〉 =

1
p

2

�

|0, 1, 0〉 ± |ψ(4e)
− 〉
�

, (8)

in analogy to section 2.1. The above state again encompasses entangled cavities but now with179

a higher number state. Compared to the two-photon entanglement, we now get a third-order180

process, which results in a greater sensitivity to finding the resonance point of maximum in-181

teraction. This gives a small difference between the resonance condition obtained analytically182

with the effective Hamiltonian and the one required from the full Hamiltonian of eq. (1).183
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Figure 3: Four-photon entanglement generation. The time evolution of the mean
values of the dressed number operators for different trajectories and the average over
1000 trajectories. (a) A trajectory where the first jump occurs with a photon loss from
cavity a, projecting the dynamics into an incomplete coherent process involving the
two-photon hopping between |3, 0, 0〉 and |1, 0, 2〉. A second jump puts the system
into the state |2, 0, 0〉, allowing this time a complete two-photon hopping process
between the two cavities [38]. When a third jump occurs with a photon loss from
cavity a, the system jumps to the locked state |1, 0, 0〉, and the coherent dynamics
is lost. After a certain time, a fourth jump leaves the system in its ground state. (b)
The occurrence of a jump with a phonon loss brings the system directly to its ground
state, because of the lack of energy. (c) The average behavior shows the coherent
and dissipative energy exchange between the bare state |0, 1, 0〉 and the entangled
state |ψ(4e)

− 〉. The used parameters are: ωa = ωc ≈ 0.2566ωb, g = 0.03ωb, and
γa = γb = γc = 2× 10−5ωb.

Therefore, to find the maximum interaction point, we obtainω through a numerical optimiza-184

tion process, showing a very small difference from the analytical value, but large enough to185

make this third-order process incomplete if using the analytical point.186

As can be seen from Fig. 3(a) the trapping effect is more cumbersome. Once a measure-187

ment occurs in cavity a, it rips away one photon from a previously four-photon entangled state.188

This measurement projects the dynamics into an incomplete two-photon hopping process, be-189

tween the states |3, 0, 0〉 and |1, 0, 2〉. Indeed, the specific resonance condition we choose here190

does not match with that involving this subprocess, and for this reason, we have an incom-191

plete coherent dynamic. A second measurement restores the inherent parity, washing away192

these spurious beatings, and letting the two cavities interact under the influence of a complete193

two-photon hopping interaction [38]. When a third jump occurs with a photon loss, from the194

cavity a in our case, the system jumps to the locked state |1, 0, 0〉, while the coherent dynamics195

is lost. After a certain time, a fourth jump leaves the system in its ground state. In Fig. 3(b)196

we show how the occurrence of a jump with a phonon loss brings the systems directly to its197

ground state, because of the lack of energy. The average behavior obtained by averaging over198

1000 trajectories shows the coherent and dissipative energy exchange between the bare state199

|0, 1, 0〉 and the entangled state |ψ(4e)
− 〉. This is reported in Fig. 3(c). Note that, the averaging200

process hides the complex dynamics described above. The parameters used to reproduce fig. 3201
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Figure 4: The Janus effect. Time evolution of the mean values of the dressed num-
ber operators for both cavities and the mirror. In the (a) panel a first jump causes
the initial state |2, 0, 2〉 to collapse to the state |1, 0, 2〉 with consequent trapping. In-
deed, from now on, there are no sub-processes involved, and the dynamics becomes
trivial. In panel (b) the initial dynamics is interrupted by the measurement of the
phonon, leaving the system in its ground state. Panel (c) shows the average over 1000
trajectories. The used parameters are: ωa = ωb/4 + ϵ, ϵ = ωb/15, Ω ≈ 0.6067,
g = 0.05ωb, γa = γb = γc = 2× 10−5ωb.

are: ωa =ωc ≈ 0.2566ωb, g = 0.03ωb, and γa = γb = γc = 2× 10−5ωb.202

2.3 Janus effect203

We now move to an asymmetric case, ωa ̸= ωc (i.e., the mirror not in the middle), in which204

the resonance condition is expressed as ωb ≃ 2(ωa +ωc). Under this condition the effective205

Hamiltonian in eq. (A.4) up to the third order becomes206

Ĥeff =Ĥ0 + Ĥshift + ĤJan , (9)

Ĥshift =Ωa â†â +Ωb b̂† b̂ +Ωc ĉ† ĉ +αa â†2â2 +αc ĉ†2 ĉ2

+αa,b â†âb̂† b̂ +αa,c â†âĉ† ĉ +αb,c b̂† b̂ĉ† ĉ

ĤJan =geff
�

â†2 ĉ†2 b̂ + â2 ĉ2 b̂†�

where the corresponding coefficients and also the coupling strength geff are written in ap-207

pendix A. Note that, geff = 0 if ωa = ωc . We call the last interaction Hamiltonian the Janus208

interaction because the exchange is bilateral: for each phonon, two photons are simultane-209

ously generated in each cavity, and conversely. Now, the projecting space for the first reduced210

dynamics is simply spanned by the states {|0, 1, 0〉 , |2, 0, 2〉}, and the Hamiltonian takes the211

form212

H =

�

Ωb 2geff
2geff 2(Ωa +Ωc +αa +αc + 2αa,c)

�

. (10)

The point of maximum interaction can be found again by equating the two diagonal terms.213

However, as for the four-photon entanglement, this is a third-order process, and a more214

9
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accurate resonance condition is found numerically. Since we need ωa ̸= ωc , we can fix215

ωa =ωb/4+ ϵ and ωc to satisfy the required resonance condition.216

Here we choose ϵ = ωb/15, and a numerical optimization procedure allows us to find217

the value of ωc (and so also Ω) to get symmetric eigenstates in terms of |0, 1, 0〉 and |2, 0, 2〉.218

Under this condition, the two eigenstates are219

|ψ(Jan)
± 〉 =

1
p

2
(|0, 1, 0〉 ± |2, 0, 2〉) .

As before, we employ a quantum trajectory approach to investigate how a measurement220

affects the dynamics of the system. In Fig. 4(a) a single quantum jump collapses the initial221

state |2, 0, 2〉 into |1, 0, 2〉. The latter state has no sub-processes and exhibits trivial dynamics.222

Fig. 4(b) shows how the phonon measurement changes the initial dynamics and leaves the223

system in the ground state, in analogy to section 2.2. Fig. 4(c) represents the average over224

1000 trajectories. Note that, the “averaging” process hides the complex dynamics described225

above. We used the following parameters for our simulation: ωa = ωb/4 + ϵ, ϵ = ωb/15,226

Ω ≈ 0.6067, g = 0.05ωb, γa = γb = γc = 2× 10−5ωb.227

3 Conclusions228

In this work, we have investigated the quantum phenomena that arise from a cavity resonator229

containing a two-sided perfect mirror, which acts as a mechanical oscillator interacting with230

two separated electromagnetic fields by radiation pressure. We have shown that, depending231

on the chosen resonant conditions, this system can generate 2n-photon entanglement and232

bilateral photon pair emission.233

We have also explored the effects of the system’s parameters, such as the coupling strengths,234

the bare frequencies, and the initial conditions, on the entanglement and the photon emission.235

We have provided analytical and numerical results to support our findings and to illustrate the236

feasibility of observing these phenomena in realistic setups. Our work contributes to the devel-237

opment of quantum-enabled devices that rely on the deterministic creation and distribution of238

entangled states. Among them, the NOON states, emerging from the 2n-photon entanglement,239

are a promising path for quantum sensing and quantum metrology. Moreover, in this work,240

we exploited high-order effects emerging from the standard Casimir-like interaction between241

mechanical objects and light fields. The Janus effect is an example, where we demonstrated242

the simultaneous conversion of phonons into photons in distinct modes.243

We have proposed circuit-optomechanical systems and quantum simulators as possible244

platforms to implement our scheme, which could also be extended to other physical systems245

and energy scales. Furthermore, our work opens up new avenues for exploring quantum effects246

in tripartite systems. Our findings are expected to stimulate further research in this direction247

and foster the advancement of quantum technologies.248
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A Effective Hamiltonian258

The effective Hamiltonian, which shows in a direct way the high-order processes, can be ob-259

tained through the Schrieffer-Wolff (SW) transformation [52–54]. We start by evaluating the260

following rotation261

Ĥeff = eλŜ �Ĥ0 +λĤI
�

e−λŜ , (A.1)

where262

Ĥ0 =ωa â†â +ωb b̂† b̂ +ωc ĉ† ĉ (A.2)

ĤI =
g

2

�
�

â + â†�2 −Ω2 �ĉ + ĉ†�2
�
�

b̂ + b̂†� ,

and λ tracks how many times we apply the off-diagonal terms. Using the Baker-Campbell-263

Hausdorff lemma264

eB̂Âe−B̂ = Â+
�

B̂, Â
�

+
1

2

�

B̂,
�

B̂, Â
��

+ . . .+
1

n!

�

B̂,
�

B̂,
�

B̂, . . .
�

B̂
︸ ︷︷ ︸

n times

, Â
����

+ . . . , (A.3)

we have (up to the third order on the expansion)265

Ĥeff = Ĥ0 +λĤI +λ
�

Ŝ, Ĥ0 +λĤI
�

+
λ2

2!

�

Ŝ,
�

Ŝ, Ĥ0 +λĤI
��

+
λ3

3!

�

Ŝ,
�

S,
�

Ŝ, Ĥ0 +λĤI
���

+O(λ4)

= Ĥ0 +λ
�

ĤI +
�

Ŝ, Ĥ0
��

+
λ2

2!

�

2!
�

Ŝ, ĤI
�

+
�

Ŝ,
�

Ŝ, Ĥ0
���

+
λ3

3!

�

3!

2!

�

Ŝ,
�

Ŝ, ĤI
��

+
�

Ŝ,
�

Ŝ,
�

Ŝ, Ĥ0
���

�

+O(λ4) .

In order to cancel the linear term in λ, we now choose Ŝ such that [Ŝ, Ĥ0] = −ĤI , and the266

total effective Hamiltonian becomes267

Ĥeff ≃ Ĥ0 +
λ2

2

�

Ŝ, ĤI
�

+
λ3

3

�

Ŝ,
�

Ŝ, ĤI
��

= Ĥ0 +λ
2Ĥ (2)

eff
+λ3Ĥ (3)

eff
. (A.4)

The most crucial step in doing SW transformation is to get the generator Ŝ, such that [Ŝ, Ĥ0] = −ĤI .268

In the following, we apply a systematic method to obtain it. We impose Ŝ = [Ĥ0, ĤI], and, leav-269

ing the coefficients undefined since they will be obtained using the condition [Ŝ, Ĥ0] = −ĤI ,270

we get271

Ŝ =
�

Ĥ0, ĤI
�

= c0 b̂ + c1 b̂† + c3 ĉ†2 b̂ + c4â† b̂†â

+ c5 b̂† ĉ† ĉ + c6 ĉ† b̂ĉ + c7â†2 b̂ + c8â2 b̂ + c9â†2 b̂†

+ c10 b̂†â2 + c11â†âb̂ + c12 b̂† ĉ2 + c13 b̂† ĉ†2 + c14 b̂ĉ2 .

By using [Ŝ, Ĥ0] = −ĤI , the generator becomes272

Ŝ =
g
�

1−Ω2
�

2ωb

�

b̂ − b̂†�+
g

ωb
â†â
�

b̂ − b̂†�−
Ω2g

ωb
ĉ† ĉ
�

b̂ − b̂†�−
g

4ωa − 2ωb

�

â†2 b̂ − â2 b̂†�

+
g

4ωa + 2ωb

�

â2 b̂ − â†2 b̂†�+
Ω2g

4ωc − 2ωb

�

ĉ†2 b̂ − ĉ2 b̂†�

−
Ω2g

4ωc + 2ωb

�

ĉ2 b̂ − ĉ†2 b̂†� , (A.5)

11



SciPost Physics Submission

and the perturbative Hamiltonians Ĥ (2)
eff

and Ĥ (3)
eff

for the second and third order respectively273

can be obtained following eq. (A.4).274

The total effective Hamiltonian expressed in eq. (A.4) describes all the high-order processes275

up to the third order. By imposing a specific resonance condition, one can make a process276

dominant over the others. By applying the rotating wave approximation (RWA) to Ĥeff, we277

reduce it to a specific effective one that describes that specific process. As done in the main278

text, we want to explore the generation of 2n-photon entanglement (e.g., two-, four-photon)279

and the bilateral photon emission, namely, the Janus effect. In particular, the two-photon280

entanglement is obtained by choosing ωa ≈ ωb ≈ ωc , leading to different oscillating terms,281

which can be neglected by applying the RWA. All the remaining non-oscillating terms form282

the specific effective Hamiltonian, expressed in eq. (3). Similarly, the same procedure can283

be performed in the case of the four-photon entanglement (ωb ≈ 4ω, with ω = ωa = ωc),284

leading to the specific effective Hamiltonian in eq. (6), and in the case of the Janus effect285

(ωb ≈ 2(ωa+ωc)) in eq. (9). In the case of the Janus effect, here we show all the coefficients286

contained inside eq. (9):287

Ωa =
g 2(Ω3+2Ω2−3Ω−5)

ωb(Ω+2) Ωb =
g 2(Ω8+3Ω7+2Ω6+2Ω2+3Ω+1)

Ωωb(2Ω2+5Ω+2)

Ωc =
Ω2g 2(−5Ω3−3Ω2+2Ω+1)

ωb(2Ω+1) αa =
g 2(−3Ω2−6Ω−1)

2Ωωb(Ω+2)

αc =
Ω4g 2(−Ω2−6Ω−3)

2ωb(2Ω+1) αa,b =
2g 2(Ω+1)
Ωωb(Ω+2)

αa,c =
2Ω2g 2

ωb
αb,c =

2Ω5g 2(Ω+1)
ωb(2Ω+1)

288

while the the effective coupling is geff =
Ωg 3(2Ω6+5Ω5+4Ω4−4Ω2−5Ω−2)

2ω2
b
·(2Ω2+5Ω+2)

. After the RWA, the re-289

sult is equal to that obtained with other procedures, such as the generalized James’ effective290

Hamiltonian method [61].291

References292

[1] F. Marquardt and S. M. Girvin, Optomechanics, Physics 2, 40 (2009),293

doi:10.1103/Physics.2.40.294

[2] A. Nunnenkamp, K. Børkje and S. M. Girvin, Single-Photon Optomechanics, Phys. Rev.295

Lett. 107, 063602 (2011), doi:10.1103/PhysRevLett.107.063602.296

[3] M. Aspelmeyer, T. J. Kippenberg and F. Marquardt, Cavity optomechanics, Rev. Mod. Phys.297

86, 1391 (2014), doi:10.1103/RevModPhys.86.1391.298

[4] S. Barzanjeh, A. Xuereb, S. Gröblacher, M. Paternostro, C. A. Regal and E. M.299

Weig, Optomechanics for quantum technologies, Nature Physics 18(1), 15 (2022),300

doi:10.1038/s41567-021-01402-0.301

[5] M. Aspelmeyer, S. Gröblacher, K. Hammerer and N. Kiesel, Quantum302

optomechanics—throwing a glance, J. Opt. Soc. Am. B 27(6), A189 (2010),303

doi:10.1364/JOSAB.27.00A189.304

[6] O. Romero-Isart, A. C. Pflanzer, F. Blaser, R. Kaltenbaek, N. Kiesel, M. Aspelmeyer and305

J. I. Cirac, Large Quantum Superpositions and Interference of Massive Nanometer-Sized306

Objects, Phys. Rev. Lett. 107, 020405 (2011), doi:10.1103/PhysRevLett.107.020405.307

12

https://doi.org/10.1103/Physics.2.40
https://doi.org/10.1103/PhysRevLett.107.063602
https://doi.org/10.1103/RevModPhys.86.1391
https://doi.org/10.1038/s41567-021-01402-0
https://doi.org/10.1364/JOSAB.27.00A189
https://doi.org/10.1103/PhysRevLett.107.020405


SciPost Physics Submission

[7] P. Meystre, A short walk through quantum optomechanics, Annalen der Physik 525(3),308

215 (2013), doi:10.1002/andp.201200226.309

[8] A. Schliesser, O. Arcizet, R. Rivière, G. Anetsberger and T. J. Kippenberg, Resolved-310

sideband cooling and position measurement of a micromechanical oscillator close to the311

Heisenberg uncertainty limit, Nature Physics 5(7), 509 (2009), doi:10.1038/nphys1304.312

[9] S. Gröblacher, J. B. Hertzberg, M. R. Vanner, G. D. Cole, S. Gigan, K. C. Schwab and313

M. Aspelmeyer, Demonstration of an ultracold micro-optomechanical oscillator in a cryo-314

genic cavity, Nature Physics 5(7), 485 (2009), doi:10.1038/nphys1301.315

[10] I. Wilson-Rae, N. Nooshi, W. Zwerger and T. J. Kippenberg, Theory of Ground State Cool-316

ing of a Mechanical Oscillator Using Dynamical Backaction, Phys. Rev. Lett. 99, 093901317

(2007), doi:10.1103/PhysRevLett.99.093901.318

[11] F. Marquardt, J. P. Chen, A. A. Clerk and S. M. Girvin, Quantum Theory of Cavity-319

Assisted Sideband Cooling of Mechanical Motion, Phys. Rev. Lett. 99, 093902 (2007),320

doi:10.1103/PhysRevLett.99.093902.321

[12] F. Elste, S. M. Girvin and A. A. Clerk, Quantum Noise Interference and Back-322

action Cooling in Cavity Nanomechanics, Phys. Rev. Lett. 102, 207209 (2009),323

doi:10.1103/PhysRevLett.102.207209.324

[13] J. D. Teufel, T. Donner, D. Li, J. W. Harlow, M. S. Allman, K. Cicak, A. J. Sirois, J. D. Whit-325

taker, K. W. Lehnert and R. W. Simmonds, Sideband cooling of micromechanical motion to326

the quantum ground state, Nature 475(7356), 359 (2011), doi:10.1038/nature10261.327

[14] J. Chan, T. P. M. Alegre, A. H. Safavi-Naeini, J. T. Hill, A. Krause, S. Gröblacher, M. As-328

pelmeyer and O. Painter, Laser cooling of a nanomechanical oscillator into its quantum329

ground state, Nature 478(7367), 89 (2011), doi:10.1038/nature10461.330

[15] T. Ojanen and K. Børkje, Ground-state cooling of mechanical motion in the unresolved331

sideband regime by use of optomechanically induced transparency, Phys. Rev. A 90, 013824332

(2014), doi:10.1103/PhysRevA.90.013824.333

[16] W. Marshall, C. Simon, R. Penrose and D. Bouwmeester, Towards Quantum Superpositions334

of a Mirror, Phys. Rev. Lett. 91, 130401 (2003), doi:10.1103/PhysRevLett.91.130401.335

[17] B. Pepper, R. Ghobadi, E. Jeffrey, C. Simon and D. Bouwmeester, Optomechani-336

cal Superpositions via Nested Interferometry, Phys. Rev. Lett. 109, 023601 (2012),337

doi:10.1103/PhysRevLett.109.023601.338

[18] K. Stannigel, P. Komar, S. J. M. Habraken, S. D. Bennett, M. D. Lukin, P. Zoller and P. Rabl,339

Optomechanical Quantum Information Processing with Photons and Phonons, Phys. Rev.340

Lett. 109, 013603 (2012), doi:10.1103/PhysRevLett.109.013603.341

[19] L. Garziano, R. Stassi, V. Macrí, S. Savasta and O. Di Stefano, Single-step arbitrary control342

of mechanical quantum states in ultrastrong optomechanics, Phys. Rev. A 91, 023809343

(2015), doi:10.1103/PhysRevA.91.023809.344

[20] V. Macrí, L. Garziano, A. Ridolfo, O. Di Stefano and S. Savasta, Deterministic synthesis of345

mechanical NOON states in ultrastrong optomechanics, Phys. Rev. A 94, 013817 (2016),346

doi:10.1103/PhysRevA.94.013817.347

[21] G. T. Moore, Quantum theory of the electromagnetic field in a variable-length one-348

dimensional cavity, J. Math. Phys. 11, 2679 (1970), doi:10.1063/1.1665432.349

13

https://doi.org/10.1002/andp.201200226
https://doi.org/10.1038/nphys1304
https://doi.org/10.1038/nphys1301
https://doi.org/10.1103/PhysRevLett.99.093901
https://doi.org/10.1103/PhysRevLett.99.093902
https://doi.org/10.1103/PhysRevLett.102.207209
https://doi.org/10.1038/nature10261
https://doi.org/10.1038/nature10461
https://doi.org/10.1103/PhysRevA.90.013824
https://doi.org/10.1103/PhysRevLett.91.130401
https://doi.org/10.1103/PhysRevLett.109.023601
https://doi.org/10.1103/PhysRevLett.109.013603
https://doi.org/10.1103/PhysRevA.91.023809
https://doi.org/10.1103/PhysRevA.94.013817
https://doi.org/10.1063/1.1665432


SciPost Physics Submission

[22] A. Lambrecht, M.-T. Jaekel and S. Reynaud, Motion Induced Radiation from a Vibrating350

Cavity, Phys. Rev. Lett. 77, 615 (1996), doi:10.1103/PhysRevLett.77.615.351

[23] V. Dodonov, Fifty years of the Dynamical Casimir effect, Physics 2(1), 67 (2020),352

doi:10.3390/physics2010007.353

[24] J. R. Johansson, G. Johansson, C. Wilson and F. Nori, Dynamical Casimir effect in a354

superconducting coplanar waveguide, Phys. Rev. Lett. 103(14), 147003 (2009).355

[25] J. R. Johansson, G. Johansson, C. M. Wilson and F. Nori, Dynamical Casimir356

effect in superconducting microwave circuits, Phys. Rev. A 82, 052509 (2010),357

doi:10.1103/PhysRevA.82.052509.358

[26] C. Wilson, G. Johansson, A. Pourkabirian, M. Simoen, J. Johansson, T. Duty, F. Nori and359

P. Delsing, Observation of the dynamical Casimir effect in a superconducting circuit, Nature360

479(7373), 376 (2011), doi:10.1038/nature10561.361

[27] P. Lähteenmäki, G. Paraoanu, J. Hassel and P. J. Hakonen, Dynamical casimir effect in a362

josephson metamaterial, PNAS 110(11), 4234 (2013), doi:10.1073/pnas.1212705110.363

[28] V. Macrì, A. Ridolfo, O. Di Stefano, A. F. Kockum, F. Nori and S. Savasta, Nonperturbative364

Dynamical Casimir effect in optomechanical systems: Vacuum Casimir-Rabi splittings, Phys.365

Rev. X 8, 011031 (2018), doi:10.1103/PhysRevX.8.011031.366

[29] C. K. Law, Interaction between a moving mirror and radiation pressure: A Hamiltonian367

formulation, Phys. Rev. A 51, 2537 (1995), doi:10.1103/PhysRevA.51.2537.368

[30] A. Settineri, V. Macrí, A. Ridolfo, O. Di Stefano, A. F. Kockum, F. Nori and S. Savasta, Dis-369

sipation and thermal noise in hybrid quantum systems in the ultrastrong-coupling regime,370

Phys. Rev. A 98, 053834 (2018), doi:10.1103/PhysRevA.98.053834.371

[31] A. Settineri, V. Macrì, L. Garziano, O. Di Stefano, F. Nori and S. Savasta, Conversion of372

mechanical noise into correlated photon pairs: Dynamical Casimir effect from an incoherent373

mechanical drive, Phys. Rev. A 100, 022501 (2019), doi:10.1103/PhysRevA.100.022501.374

[32] S. Butera and I. Carusotto, Mechanical backreaction effect of the dynamical Casimir emis-375

sion, Phys. Rev. A 99, 053815 (2019), doi:10.1103/PhysRevA.99.053815.376

[33] A. Ferreri, H. Pfeifer, F. K. Wilhelm, S. Hofferberth and D. E. Bruschi, Interplay be-377

tween optomechanics and the dynamical casimir effect, Phys. Rev. A 106, 033502 (2022),378

doi:10.1103/PhysRevA.106.033502.379

[34] O. Di Stefano, A. Settineri, V. Macrì, A. Ridolfo, R. Stassi, A. F. Kockum, S. Savasta and380

F. Nori, Interaction of Mechanical Oscillators Mediated by the Exchange of Virtual Photon381

Pairs, Phys. Rev. Lett. 122, 030402 (2019), doi:10.1103/PhysRevLett.122.030402.382

[35] S. Butera, Influence functional for two mirrors interacting via radiation pressure, Phys.383

Rev. D 105, 016023 (2022), doi:10.1103/PhysRevD.105.016023.384

[36] K. Y. Fong, H.-K. Li, R. Zhao, S. Yang, Y. Wang and X. Zhang, Phonon heat trans-385

fer across a vacuum through quantum fluctuations, Nature 576(7786), 243 (2019),386

doi:10.1038/s41586-019-1800-4.387

[37] F. Montalbano, F. Armata, L. Rizzuto and R. Passante, Spatial correlations of field observ-388

ables in two half-spaces separated by a movable perfect mirror, Phys. Rev. D 107, 056007389

(2023), doi:10.1103/PhysRevD.107.056007.390

14

https://doi.org/10.1103/PhysRevLett.77.615
https://doi.org/10.3390/physics2010007
https://doi.org/10.1103/PhysRevA.82.052509
https://doi.org/10.1038/nature10561
https://doi.org/10.1073/pnas.1212705110
https://doi.org/10.1103/PhysRevX.8.011031
https://doi.org/10.1103/PhysRevA.51.2537
https://doi.org/10.1103/PhysRevA.98.053834
https://doi.org/10.1103/PhysRevA.100.022501
https://doi.org/10.1103/PhysRevA.99.053815
https://doi.org/10.1103/PhysRevA.106.033502
https://doi.org/10.1103/PhysRevLett.122.030402
https://doi.org/10.1103/PhysRevD.105.016023
https://doi.org/10.1038/s41586-019-1800-4
https://doi.org/10.1103/PhysRevD.107.056007


SciPost Physics Submission

[38] E. Russo, A. Mercurio, F. Mauceri, R. Lo Franco, F. Nori, S. Savasta and391

V. Macrì, Optomechanical two-photon hopping, Phys. Rev. Res. 5, 013221 (2023),392

doi:10.1103/PhysRevResearch.5.013221.393

[39] S. Barzanjeh, E. Redchenko, M. Peruzzo, M. Wulf, D. Lewis, G. Arnold and J. M. Fink,394

Stationary entangled radiation from micromechanical motion, Nature 570(7762), 480395

(2019), doi:https://doi.org/10.1038/s41586-019-1320-2.396

[40] V. Giovannetti, S. Lloyd and L. Maccone, Advances in quantum metrology, Nature pho-397

tonics 5(4), 222 (2011), doi:https://doi.org/10.1038/nphoton.2011.35.398

[41] M. Paternostro, D. Vitali, S. Gigan, M. S. Kim, C. Brukner, J. Eisert and M. Aspelmeyer,399

Creating and Probing Multipartite Macroscopic Entanglement with Light, Phys. Rev. Lett.400

99, 250401 (2007), doi:10.1103/PhysRevLett.99.250401.401

[42] T. Krisnanda, M. Zuppardo, M. Paternostro and T. Paterek, Revealing Non-402

classicality of Inaccessible Objects, Phys. Rev. Lett. 119, 120402 (2017),403

doi:10.1103/PhysRevLett.119.120402.404

[43] A. D. O’Connell, M. Hofheinz, M. Ansmann, R. C. Bialczak, M. Lenander, E. Lucero,405

M. Neeley, D. Sank, H. Wang, M. Weides, J. Wenner, J. M. Martinis et al., Quantum406

ground state and single-phonon control of a mechanical resonator, Nature 464(7289),407

697 (2010), doi:10.1038/nature08967.408

[44] A. G. Primo, P. V. Pinho, R. Benevides, S. Gröblacher, G. S. Wiederhecker and T. P. M.409

Alegre, Dissipative optomechanics in high-frequency nanomechanical resonators, Nature410

Communications 14(1), 5793 (2023), doi:https://doi.org/10.1038/s41467-023-41127-411

7.412

[45] T. T. Heikkilä, F. Massel, J. Tuorila, R. Khan and M. A. Sillanpää, Enhancing Op-413

tomechanical Coupling via the Josephson effect, Phys. Rev. Lett. 112, 203603 (2014),414

doi:10.1103/PhysRevLett.112.203603.415

[46] J. Pirkkalainen, S. Cho, F. Massel, J. Tuorila, T. Heikkilä, P. Hakonen and M. Sillanpää,416

Cavity optomechanics mediated by a quantum two-level system, Nat. Commun. 6(1), 1417

(2015), doi:10.1038/ncomms7981.418

[47] F. Rouxinol, Y. Hao, F. Brito, A. Caldeira, E. Irish and M. LaHaye, Measurements of419

nanoresonator-qubit interactions in a hybrid quantum electromechanical system, Nan-420

otechnology 27(36), 364003 (2016).421

[48] A. S. Aporvari and D. Vitali, Strong coupling optomechanics mediated by a qubit in the422

dispersive regime, Entropy 23(8), 966 (2021), doi:https://doi.org/10.3390/e23080966.423

[49] J. Manninen, M. T. Haque, D. Vitali and P. Hakonen, Enhancement of the optomechanical424

coupling and Kerr nonlinearity using the Josephson capacitance of a Cooper-pair box, Phys.425

Rev. B 105, 144508 (2022), doi:10.1103/PhysRevB.105.144508.426

[50] J. R. Johansson, G. Johansson and F. Nori, Optomechanical-like coupling between supercon-427

ducting resonators, Phys. Rev. A 90, 053833 (2014), doi:10.1103/PhysRevA.90.053833.428

[51] E.-j. Kim, J. R. Johansson and F. Nori, Circuit analog of quadratic optomechanics, Phys.429

Rev. A 91, 033835 (2015), doi:10.1103/PhysRevA.91.033835.430

[52] J. R. Schrieffer and P. A. Wolff, Relation between the Anderson and Kondo Hamiltonians,431

Phys. Rev. 149, 491 (1966), doi:10.1103/PhysRev.149.491.432

15

https://doi.org/10.1103/PhysRevResearch.5.013221
https://doi.org/https://doi.org/10.1038/s41586-019-1320-2
https://doi.org/https://doi.org/10.1038/nphoton.2011.35
https://doi.org/10.1103/PhysRevLett.99.250401
https://doi.org/10.1103/PhysRevLett.119.120402
https://doi.org/10.1038/nature08967
https://doi.org/https://doi.org/10.1038/s41467-023-41127-7
https://doi.org/https://doi.org/10.1038/s41467-023-41127-7
https://doi.org/https://doi.org/10.1038/s41467-023-41127-7
https://doi.org/10.1103/PhysRevLett.112.203603
https://doi.org/10.1038/ncomms7981
https://doi.org/https://doi.org/10.3390/e23080966
https://doi.org/10.1103/PhysRevB.105.144508
https://doi.org/10.1103/PhysRevA.90.053833
https://doi.org/10.1103/PhysRevA.91.033835
https://doi.org/10.1103/PhysRev.149.491


SciPost Physics Submission

[53] S. Bravyi, D. P. DiVincenzo and D. Loss, Schrieffer–Wolff transformation433

for quantum many-body systems, Annals of physics 326(10), 2793 (2011),434

doi:https://doi.org/10.1016/j.aop.2011.06.004.435

[54] S. M. Girvin and K. Yang, Modern condensed matter physics, Cambridge University Press436

(2019).437

[55] K. Mølmer, Y. Castin and J. Dalibard, Monte Carlo wave-function method in quantum438

optics, J. Opt. Soc. Am. B 10(3), 524 (1993), doi:10.1364/JOSAB.10.000524.439

[56] H. J. Carmichael, Statistical methods in quantum optics 2: Non-classical fields, Springer440

Science & Business Media (2009).441

[57] A. Ridolfo, M. Leib, S. Savasta and M. J. Hartmann, Photon blockade442

in the ultrastrong coupling regime, Phys. Rev. Lett. 109, 193602 (2012),443

doi:10.1103/PhysRevLett.109.193602.444

[58] A. Le Boité, Theoretical Methods for Ultrastrong Light-Matter Interactions, Adv. Quantum445

Technol. 3, 1900140 (2020), doi:10.1002/qute.201900140.446

[59] V. Macrì, F. Minganti, A. F. Kockum, A. Ridolfo, S. Savasta and F. Nori, Revealing higher-447

order light and matter energy exchanges using quantum trajectories in ultrastrong coupling,448

Phys. Rev. A 105, 023720 (2022), doi:10.1103/PhysRevA.105.023720.449

[60] F. Minganti, V. Macrì, A. Settineri, S. Savasta and F. Nori, Dissipative state transfer and450

Maxwell’s demon in single quantum trajectories: Excitation transfer between two nonin-451

teracting qubits via unbalanced dissipation rates, Phys. Rev. A 103, 052201 (2021),452

doi:10.1103/PhysRevA.103.052201.453

[61] W. Shao, C. Wu and X.-L. Feng, Generalized james’ effective hamiltonian method, Phys.454

Rev. A 95, 032124 (2017), doi:10.1103/PhysRevA.95.032124.455

16

https://doi.org/https://doi.org/10.1016/j.aop.2011.06.004
https://doi.org/10.1364/JOSAB.10.000524
https://doi.org/10.1103/PhysRevLett.109.193602
https://doi.org/10.1002/qute.201900140
https://doi.org/10.1103/PhysRevA.105.023720
https://doi.org/10.1103/PhysRevA.103.052201
https://doi.org/10.1103/PhysRevA.95.032124

	Introduction
	Quantum Model
	Two-photon entanglement generation
	Four-photon entanglement generation
	Janus effect

	Conclusions
	Effective Hamiltonian
	References

