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Abstract
We study a Fano-mirror optomechanical system in the quantum nonlinear regime. In this sys-
tem, two strongly lossy optical modes hybridize through both coherent and dissipative couplings
to form an effective optical mode with a drastically reduced linewidth. This linewidth reduction
enables the system to access the single-photon strong-coupling and sideband-resolved regimes
simultaneously. We formulate the system dynamics using an effective master-equation approach
and benchmark it against quantum Langevin and dressed-state master-equation descriptions. With
experimentally realistic parameters, we predict clear quantum signatures, including photon block-
ade and the generation of mechanical cat states. Our work establishes the Fano-mirror architecture
as a promising platform for harnessing single-photon optomechanical nonlinearities for quantum
state engineering under achievable experimental conditions.

1. Introduction

Cavity optomechanical systems constitute a powerful platform for precision sensing and quantum
control of mechanical motion [1–6]. However, since the native radiation-pressure interaction is often
weak, most experiments use strong laser drives to boost the effective optomechanical interaction [7,
8]. Although this driven regime can significantly enhance the interaction strength, it linearizes the sys-
tem dynamics [1] and thus obscures the intrinsic optomechanical nonlinearity. While Kerr-type cav-
ity nonlinearities can facilitate certain tasks (e.g. cooling or amplification) in the sideband-unresolved
regime [9–12], they normally rely on additional nonlinear elements and often involve a tradeoff between
the strong driving needed to exploit the Kerr response and the onset of multistability. This has there-
fore motivated significant interest in accessing the intrinsic single-photon nonlinearity in cavity optome-
chanics, which would enable deterministic generation of nonclassical states [13–18] and open up sensing
protocols that are inaccessible in the linear regime [19, 20]. Microcavity implementations can enhance
the single-photon optomechanical coupling rate g0 by shrinking the cavity length (and thus the optical
mode volume), but they suffer from large optical loss. In state-of-the-art devices, the optical decay rate
κ usually exceeds g0 by two orders of magnitude [7, 21, 22]. This makes it challenging to simultaneously
achieve single-photon strong coupling and sideband resolution, and thereby makes nonlinear optome-
chanical effects difficult to resolve and exploit.

A recently developed architecture [23–27] has emerged as a promising candidate to overcome this
roadblock. It comprises a microcavity formed by a suspended photonic crystal (PhC) membrane and
a highly reflective, frequency-independent mirror, see figure 1(a). The PhC membrane supports both
a mechanical vibrational mode and a localized optical mode. The standing-wave cavity mode and the
localized optical mode hybridize through coherent coupling and, crucially, through a strong dissipative
coupling mediated by a shared photonic reservoir [23]. This hybridization yields bright and dark optical
normal modes; in the dark mode, the effective optical loss is strongly suppressed while the optomechan-
ical coupling remains appreciable. As a result, an effective sideband-resolved regime, where the optical
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linewidth becomes smaller than the mechanical frequency, can be reached [25, 27]. The optical dissipa-
tive coupling, typically absent in conventional coupled-mode optomechanical systems [28–31], plays a
crucial role in significantly reducing the optical loss and thereby enhancing the sideband resolution.

Previous theoretical studies of such optomechanical systems (hereafter referred to as ‘Fano-mirror
optomechanical systems’, due to the Fano-type interference between the two optical modes [23]) have
predominantly focused on the linear regime [23, 25, 27], where the single-photon optomechanical cou-
pling strengths are much smaller than the mechanical frequency. However, recent experiments [24] have
demonstrated that these couplings can become comparable to, or even exceed, the mechanical frequency.
Motivated by these advances, we go beyond the linear approximation and investigate this architecture
in the quantum nonlinear regime. Thanks to the nontrivial hybridization between the cavity and local-
ized modes in the presence of the optical dissipative coupling, we identify an effective regime in which
both single-photon strong coupling and sideband resolution are simultaneously guaranteed, even when
the linewidths of these bare optical modes exceed the mechanical frequency by more than several orders
of magnitude. This regime enables the observation of both optical and mechanical nonclassical effects,
including photon blockade in the dark optical normal mode and deterministic generation of mechani-
cal cat states under different driving protocols. These results are shown to be robust against dissipative
contributions of the optomechanical interaction as well as the dressed-state corrections to the decoher-
ence channels. Since the linearization approach previously used in theoretical studies for this system [23,
25, 27] ceases to be adequate in the nonlinear regime, we employ an effective master equation in the
optical normal-mode basis, which accurately captures the coherent and dissipative hybridization of the
optical modes while keeping the optomechanical interaction fully nonlinear. In the relevant parameter
regime, we explicitly benchmark this description against the Langevin-equation [25, 27] and dressed-
state master-equation [32] approaches.

2. Methods

2.1. Overview of the Fano-mirror optomechanical setup
We first briefly revisit the Fano-mirror optomechanical setup, which has been theoretically explored [23,
25, 27] and experimentally realized [24, 26]. As shown in figure 1(a), such a microcavity optomechani-
cal system consists of a normal mirror (e.g. a distributed Bragg reflector) and a suspended PhC mirror.
The left PhC mirror supports both a mechanical vibrational mode with frequency Ωm (characterized by
an out-of-plane, dimensionless displacement x and momentum p) and a localized optical mode d with
frequency ωd. Hereafter, we refer to this localized optical mode as the ‘Fano mode’. The intracavity field
is described by a cavity mode a with resonance frequency ωa. The two optical modes, i.e. the cavity and
Fano modes, are strongly coupled via a coherent interaction at rate Λ, which originates from the spatial
overlap of their electric fields. As a result, the bare mechanical and optical Hamiltonians read (h̄= 1 in
this paper)

Ĥmec =Ωmb̂
†b̂, (1a)

Ĥopt = ωaâ
†â+ωdd̂

†d̂+Λ
(
â†d̂+ d̂†â

)
, (1b)

where b̂= (b̂†)† = (x̂+ ip̂)/
√
2 is the annihilation operator of the mechanical mode, and similarly for

the optical modes. Note that the two optical modes are inherently coupled to a common reservoir
(i.e. the left photonic reservoir in figure 1), which, as will be shown later, yields collective dissipation
terms in the master equation. This collective dissipation enables nontrivial hybridization effects, and con-
stitutes one of the core ingredients of the present work.

Furthermore, both optical modes interact dispersively with the mechanical mode, with the corre-
sponding Hamiltonian given by

Ĥom =−
(
gωa,0â

†â+ gωd,0d̂
†d̂
)(

b̂+ b̂†
)
, (2)

where gωa,0 and gωd,0 are the respective single-photon optomechanical coupling strengths. Specifically,
the dispersive coupling between the cavity mode and the mechanical motion x arises from radiation
pressure, while that between the Fano and mechanical modes can originate from strain-induced defor-
mations of the PhC mirror, which alter its optical properties. The coupling strengths gωa,0 and gωd,0 are
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Figure 1. (a) Schematic illustration of the Fano-mirror optomechanical system. (b) Diagram of the original Fano-mirror
optomechanical setup, including the interactions among the two optical modes and the mechanical mode, see section 2.1. (c)
Diagram of the system in the optical normal-mode basis, with all effective dissipation and interaction channels indicated, see
section 2.2.

defined through the linear expansion

ωa(d) (x)≃ ωa(d) (0)+
∂ωa(d)

∂x

∣∣∣∣
x=0

x≡ ωa(d) (0)−
√
2gωa(d),0x.

The explicit minus sign in equation (2) fixes this convention, but does not imply that the two coupling
strengths must have the same sign. With this convention, for the Fabry–Pérot-like cavity mode, a pos-
itive mechanical displacement corresponding to cavity elongation gives gωa,0 > 0. By contrast, the Fano-
mode coupling typically has the opposite sign (i.e. gωd,0 < 0) in experiments [24].

Taken together, the total Hamiltonian of the Fano-mirror optomechanical setup, in the absence of
external drivings, is given by Ĥtot = Ĥopt + Ĥmec + Ĥom. In figure 1(b), we provide an intuitive dia-
gram of this three-mode setup, which incorporates the associated interaction and dissipation channels.
Specifically, the cavity mode decays through the left PhC and right normal mirrors at rates κa and γa,
respectively, while the Fano mode decays into the left photonic reservoir at rate κd. We also assume a
damping rate γm for the mechanical mode.

In a microcavity geometry, the mechanical displacement x can also considerably modulate the decay
rates of both the cavity and Fano modes, leading to dissipative optomechanical interactions [24, 25, 33]. To
better elucidate the underlying physics, we initially neglect these dissipative contributions. Such contribu-
tions can be incorporated into the master equation by introducing position-dependent decay rates for the
optical modes. In section 4.1, we will show that, within the parameter regimes considered in this paper,
the dissipative optomechanical couplings have a negligible effect on the system dynamics.

2.2. Optical normal modes
In this work, we focus on the so-called ‘single-photon ultrastrong-coupling regime’, where gωa,0 and
gωd,0 are comparable in magnitude to the mechanical frequency Ωm. The Fano-mirror setup typically
exhibits sufficiently strong optical coupling, such that Λ≫ |gωa,0|, |gωd,0| [24]. This hierarchy allows us to
treat the optomechanical interactions as perturbative corrections to the optical subsystem (we will ver-
ify this approximation numerically as shown in figure 2). Accordingly, one can temporarily neglect the
mechanical degrees of freedom and transform the Hamiltonian into the optical normal-mode basis, as
in previous works focusing on the weak-coupling regime [25, 27]. Despite the large bare linewidths of
the two optical modes, we will show that this setup can also effectively enter the single-photon strong-
coupling regime under appropriate conditions. It is important to note that the single-photon strong-
and ultrastrong-coupling regimes are not mutually exclusive. The former refers to the situation where
the single-photon optomechanical coupling strengths dominate over the optical dissipation rates, while

3
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the latter implies that these couplings approach or exceed the mechanical frequency. Therefore, a single
optomechanical system can simultaneously lie in both regimes, which is the case for our effective model,
as will be shown below.

Specifically, the optical Hamiltonian Ĥopt can be diagonalized as

ˆ̃Hopt = ω+Â
†
+Â+ +ω−Â

†
−Â−, (3)

where Â± denote the optical normal modes, defined as

Â+ = cosθ â+ sinθ d̂,

Â− =− sinθ â+ cosθ d̂ (4)

with the mixing angle θ determined by tan(2θ) = 2Λ
ωa−ωd

. The corresponding eigenfrequencies of modes
A± are given by

ω± =
ωa +ωd

2
±

√(
ωa −ωd

2

)2

+Λ2. (5)

Moreover, by applying the inverse transformation â= cosθÂ+ − sinθÂ− and d̂= sinθÂ+ + cosθÂ−,
the optomechanical interaction terms can be expressed in the normal-mode basis as

ˆ̃Hom =−
[
G+Â

†
+Â+ +G−Â

†
−Â− +Gmix

(
Â†
+Â− + Â†

−Â+

)](
b̂+ b̂†

)
, (6)

where the effective optomechanical coupling strengths are given by

G+ = gωa,0 cos
2 θ+ gωd,0 sin

2 θ,

G− = gωa,0 sin
2 θ+ gωd,0 cos

2 θ,

Gmix =
gωd,0 − gωa,0

2
sin(2θ) . (7)

Equation (7) shows that the transformed Hamiltonian contains a mixed interaction term that simul-
taneously couples all three modes, with coupling strength Gmix. Specifically, it describes a mechanically-
induced tunneling (frequency conversion) process between the two normal modes. Such mixed interac-
tions have been shown to enable intriguing physics in optomechanics [34]. For instance, in a membrane-
in-the-middle optomechanical setup where the mixed optomechanical interaction dominates the system
dynamics and when the normal-mode frequency splitting is tuned close to the mechanical frequency,
both photon–phonon and photon–photon interactions can be significantly enhanced [35]. In the present
work, however, we focus on regimes where only one of the optical normal modes contributes apprecia-
bly to the dynamics, and thereby the contribution of the mixed interaction is negligible. As we will show
in section 2.3, under these conditions the transformed Hamiltonian can be greatly simplified.

2.3. Effective master equation
Previous related works focus on the weak-coupling regime [25, 27] and use quantum Langevin equations
for its description. By contrast, the system studied in this paper operates in the ultrastrong-coupling
regime and, under appropriate conditions, can effectively access the strong-coupling regime. In this
case, the standard linearization of the quantum Langevin equations becomes unreliable [22], because
the quantum fluctuations of the relevant variables are no longer small compared to their mean values.
More importantly, the resulting dynamics can become non-Gaussian in this regime, so that a Gaussian
description based solely on first- and second-order moments is generally insufficient. We stress that
this does not invalidate the full nonlinear quantum Langevin equations, which can provide a com-
plete description of the system dynamics. However, they are less convenient for the nonlinear quantum
effects considered below, such as photon blockade and mechanical cat-state generation, where access to
the individual matrix elements of the density operator is often required. We therefore adopt a master-
equation approach, which keeps the optomechanical interaction fully nonlinear and provides a direct
framework for computing the density matrix and non-Gaussian observables. Several modified master
equation formalisms have been developed for optomechanical systems in the single-photon strong- and
ultrastrong-coupling regimes [32, 36]. The standard master-equation description, which assumes that
the photonic (phononic) reservoir induces dissipation only in the optical (mechanical) degrees of free-
dom [15, 16], remains accurate for quantum-optical observables studied in this paper, particularly when
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the mechanical damping rate γm is small compared to the other relevant rates, such as the effective opti-
cal linewidth and optomechanical coupling strength; see section 4.2 for details. In what follows, we adopt
this standard description, which leads to the master equation

˙̂ρ=−i
[
Ĥtot, ρ̂

]
+

∑
j={a,b,d,ad}

Lj [ρ̂] , (8)

with the corresponding Lindblad dissipators defined as

La [ρ̂] = Γa

(
âρ̂â† − 1

2

{
â†â, ρ̂

})
, (9a)

Ld [ρ̂] = κd

(
d̂ρ̂d̂† − 1

2

{
d̂†d̂, ρ̂

})
, (9b)

Lad [ρ̂] =
√
κaκd

[
âρ̂d̂† − 1

2

{
â†d̂, ρ̂

}
+H.c.

]
, (9c)

Lb [ρ̂] = γm (nth,b + 1)

(
b̂ρ̂b̂† − 1

2

{
b̂†b̂, ρ̂

})
+ γmnth,b

(
b̂†ρ̂b̂− 1

2

{
b̂b̂†, ρ̂

})
. (9d)

The dissipators in equations (9a), (9b) and (9d) describe the individual dissipation of modes a, d,
and b, respectively, with Γa = κa + γa the total decay rate of a. Equation (9d) incorporates the effect of a
finite thermal phonon population, where nth,b = [exp(h̄Ωm/(kBT))− 1]−1 is the mean thermal phonon
number with kB the Boltzmann constant and T the temperature. Thermal excitations of the optical
modes can be safely neglected because their resonance frequencies are much higher than the energy scale
set by temperature (h̄ωa,d ≫ kBT). The dissipation term in equation (9c) accounts for the collective dis-

sipation of modes a and d, which effectively induces a dissipative interaction −i
√
κaκd

2

(
â†d̂+ d̂†â

)
. As

mentioned above, this collective effect arises from the fact that both optical modes couple to a common
photonic environment. It plays a crucial role in shaping the optical normal modes and is absent in con-
ventional optomechanical systems. As a result, the overall (complex) coupling strength between a and d

is effectively given by G = Λ− i
√
κaκd

2 [23–25, 27].
The dissipation part of the master equation (8), as given in equations (9a)–(9c), is not in the canon-

ical Lindblad form due to the term Lad. However, we show in appendix A.1 that it can be brought into
the canonical Lindblad form and, therefore, gives rise to physically meaningful dynamics. Furthermore,
the dynamics described by equation (8) is consistent with the dynamics described by the Langevin
equations (before linearization) in [25], in the absence of dissipative optomechanical couplings and in
the high-temperature limit, kBT≫ h̄Ωm

1.
Similar to the procedure in section 2.2, the Lindblad dissipators in equations (9a)–(9c) can also be

transformed into the optical normal-mode basis. Due to the mixing of modes â and d̂, the resulting
expressions involve nontrivial cross-mode dissipative terms, including both individual decay channels
for Â± and interference-like contributions between them. To provide a more intuitive understanding, we
illustrate the system in the optical normal-mode representation in figure 1(c), where all relevant dissipa-
tion and interaction channels are indicated. The full forms of the transformed dissipators are cumber-
some, and for clarity, we present the explicit expressions in appendix A.2. As will be shown below, these
transformed dissipators can also be greatly simplified when the contribution of one optical normal mode
is negligible.

We now consider a relevant regime, where only one of the optical normal modes contributes appre-
ciably to the system dynamics, while the other mode, as well as the cross-mode terms, can be safely
neglected. When the overall optical coupling G = Λ− i

√
κaκd/2 is sufficiently strong, the two normal

modes Â± may exhibit a large enough frequency splitting. In this case, if a coherent driving, which
is near-resonant with one of the normal modes, is applied to the system (for instance, to mode a via
the right normal mirror), the excitation of the other normal mode becomes negligible due to the large
detuning. Specifically, we consider a driving term Ĥdrive = εp

(
â†e−iωpt +H.c.

)
, where εp and ωp are the

amplitude and frequency of the driving field, respectively. Transforming into the normal-mode basis and
neglecting the contributions of A+ (this approximation will be verified later), we obtain the effective
Hamiltonian

Ĥeff = ω−Â
†
−Â− +Ωmb̂

†b̂−G−Â
†
−Â−

(
b̂+ b̂†

)
− εp sinθ

(
Â†
−e

−iωpt +H.c.
)
. (10)

1 The optical part of the dissipation is exactly the same in both models, only the mechanical part is modeled slightly differently. In the
master-equation approach, Lb [equation (9d)] corresponds to symmetric noise, while in the Langevin description the noise is often
taken to act only on the momentum quadrature, see, e.g. appendix B.5 of [67].

5



Quantum Sci. Technol. 11 (2026) 035035 L Du et al

Similarly, the effective Lindblad dissipator for mode A− can be obtained as (recall that the contribu-
tions of mode A+ are neglected)

LA− [ρ̂] = κ−

[
Â−ρ̂Â

†
− − 1

2

{
Â†
−Â−, ρ̂

}]
, (11)

with the effective decay rate given by

κ− = Γa sin
2 θ+κd cos

2 θ−
√
κaκd sin(2θ) . (12)

Equation (12) shows that, owing to the hybridization of the optical modes, κ− can be made much
smaller than both Γa and κd. This dissipation suppression leads to an effectively enhanced sideband res-
olution, which is beneficial for resolving optomechanical features at the single-photon level. Moreover, in
the complementary case where the contribution of mode A− is negligible (when, e.g. the driving field is
nearly resonant with mode A+ instead), one can derive the effective decay rate of mode A+ as

κ+ = Γa cos
2 θ+κd sin

2 θ+
√
κaκd sin(2θ) , (13)

see appendix A.2 for details. In this way, we arrive at a minimal optomechanical model that enables a
range of genuine nonclassical phenomena, such as photon blockade and the generation of nonclassical
mechanical states.

2.4. Relevant parameter regimes
Before exploring nonclassical phenomena, we first identify parameter regimes in which the following
two conditions are satisfied simultaneously: (i) the excitation of one of the optical normal modes (e.g.
A+) can be neglected; and (ii) the effective decay rate of the other normal mode (which dominates the
system dynamics) is much smaller than the mechanical frequency Ωm. The first condition can be ful-
filled when the driving field is resonant with the A− mode (i.e. ωp = ω−), and the frequency difference
∆normal = |ω+ −ω−| between the two normal modes is much larger than the effective linewidth κ+ of
the A+ mode. In this case, the A+ mode remains far detuned from the driving field and is therefore
barely excited. The second condition is more direct: it ensures that the optomechanical system operates
in an effectively sideband-resolved regime [25, 27], which is essential for observing a variety of nonclas-
sical effects.

To identify suitable parameter regimes, we numerically examine (using QuTiP [37, 38]) the dynamics
of the optical subsystem by solving the effective master equation

˙̂ρopt ≡ L̃opt

[
ρ̂opt

]
=−i

[
ˆ̃Hopt +

ˆ̃Hdrive, ρ̂opt

]
+

∑
j={a,d,ad}

L̃j

[
ρ̂opt

]
, (14)

where ρ̂opt is the density matrix of the optical part, and ˆ̃Hopt, L̃a, L̃d, and L̃ad are defined in
equations (3) and (A7)–(A9), respectively. The effective driving Hamiltonian is given by

ˆ̃Hdrive = εp

[(
cosθÂ†

+ − sinθÂ†
−

)
e−iωpt +H.c.

]
, (15)

which indicates that the A+ and A− modes are driven with effective amplitudes εp,+ = εp cosθ and
εp,− = εp sinθ, respectively. In equations (14) and (15), the tildes are used to distinguish quantities in
the normal-mode basis from those in the original representation. Although εp,+ can be much larger than
εp,− for small θ, the A+ mode remains nearly unpopulated when conditions (i) and (ii) are simultane-
ously satisfied, because it is strongly detuned and subject to an extremely large linewidth. This will be
verified numerically below.

In figure 2(a), we plot the effective parameters in the optical normal-mode basis, including the fre-
quency difference ∆normal and the effective decay rates κ±, as derived from the master equation (14).
The chosen parameters are experimentally accessible and similar to those considered in [25]. Using
this parameter set, both conditions (i) and (ii) can be satisfied. Note that the mixing angle is small
(θ ≈ 0.04) due to the large frequency difference |ωa −ωd| compared to the optical coherent coupling
Λ. As a result, in the effective Hamiltonian (10) the effective optomechanical coupling strength G− is
essentially set by gωd,0 for the parameters considered. Quantitatively, their difference |gωd,0 −G−| remains
at the order of 10−3 (in units of Ωm) across the parameter range of interest. We further emphasize that
the parameter set considered in figure 2(a) is not unique for our purpose; an alternative viable choice is
presented in appendix B. Additional parameter options have also been explored in [25, 27].

6
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Figure 2. (a) Effective parameters of the optical normal modes (on a logarithmic scale), derived from the effective master
equation (14), as functions of the dissipation ratio κd/κa. (b) Time evolution of the mean photon numbers in the optical
normal modes A±, for κd/κa = 1.6× 10−3 and different values of the driving amplitude εp. (c) Eigenspectrum of the opti-

cal Liouvillian L̃opt for κd/κa = 1.6× 10−3. The left panel shows the full spectrum, while the right panel provides a zoom-in
around the zero eigenvalue. The eigenvalues are denoted as λ= {λ1,λ2, · · ·}. (d) Steady-state mean phonon number ⟨b†b⟩ss
obtained from both the effective two-mode and the exact three-mode optomechanical models, as a function of−gωd,0 (nor-

malized by the mechanical frequency), with εp/κa = 1× 10−8 and κd/κa = 1.6× 10−3. In both panels (b) and (d), the
driving field is chosen to be resonant with the A− mode, i.e. ωp = ω−. Other parameters: γa/κa = 1× 10−4, ωa/κa = 200,
ωd/κa = 195, Λ/κa = 0.2,Ωm/κa = 1.5× 10−6, γm/κa = 8× 10−14, gωa,0/Ωm = 0.25, and nth,b = 0.

Note that the effective parameters of the optical normal modes can be alternatively determined
within a full (non-linearized) Langevin-equation framework [25, 27]. In that framework, the environ-
mental degrees of freedom are eliminated and the system dynamics are governed by the resulting quan-
tum Langevin equations. In appendix B, we provide more details on the Langevin-equation framework
and compare the effective parameters extracted from the master equation (14) with those obtained from
the Langevin-equation framework. The two sets of results show excellent agreement within the parame-
ter regime of interest, supporting the validity of the effective master equation formalism adopted in this
work.

To validate the theoretical prediction, in figure 2(b) we show the time evolution of the mean photon
numbers in the two optical normal modes, with different values of εp and all other parameters identi-
cal to figure 2(a). Applying a weak driving field that is resonant with the A− mode, we observe that the
A+ mode remains nearly unexcited throughout the entire evolution. With the parameters considered,
the A+ mode reaches steady-state populations only at the level of 10−11 for all three drive amplitudes
shown. In contrast, the A− mode is gradually populated and evolves toward a steady state with a finite
mean photon number. This steady-state photon number can be tuned over a reasonable range by vary-
ing the driving amplitude εp, as shown by the three representative curves (solid lines with circle mark-
ers) corresponding to different εp. Although the bare driving amplitude appears much larger than the
effective decay rate κ− (by more than an order of magnitude), the effective driving amplitude experi-
enced by the A− mode is actually εp,− = εp sinθ ∼ κ−. As a result, the steady state of A− approximates
a weak coherent state with a small field amplitude. To further support our analysis, we plot the eigen-
spectrum of the Liouvillian L̃opt (see equation (14)) in figure 2(c), where the eigenvalues are denoted
as λ= {λ1,λ2, · · ·}. All eigenvalues, except for the zero eigenvalue associated with the steady state, have
negative real parts. This confirms that the system asymptotically approaches a unique nontrivial steady
state. The spectral gap, which is defined as the smallest nonzero value of −Re[λ], is found to coincide
with κ−/2 (κ−/κa ≈ 1.633× 10−7 for the parameters considered), see the inset in figure 2(c). This
agreement further verifies that the steady-state dynamics are predominantly governed by the A− mode.
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Before proceeding, we incorporate the mechanical mode and the associated optomechanical inter-
actions into our analysis, and assess the validity of reducing the full system to an effective two-mode
optomechanical model. This verification is performed by comparing the steady-state mean phonon num-
ber, ⟨b†b⟩ss, obtained from both the effective two-mode master equation

˙̂ρ=−i
[
Ĥeff, ρ̂

]
+

∑
j=A−,b

Lj [ρ̂] , (16)

and the exact three-mode master equation (8), with the corresponding driving term included. As shown
in figure 2(d), the two approaches yield excellent agreement across a wide range of the normalized
optomechanical coupling strength −gωd,0/Ωm (gωd,0 typically takes negative values in experiments [24]).
This confirms the validity of the mode-elimination approximation under appropriate conditions. The
non-monotonic dependence of the steady-state phonon number on |gωd,0| can be understood from the
fact that, increasing the optomechanical coupling not only enhances the radiation-pressure backac-
tion but also reshapes the optical steady state that drives the mechanics. In particular, a turning point
can emerge (at the crossing of the yellow- and blue-shaded regions in figure 2(d)) when the intrinsic
single-photon nonlinearity becomes resolvable (when G2

−/Ωm > κ−, i.e. −gωd,0/Ωm ≳ 0.3, as explained
in section 3.1). This marks a crossover from an essentially linear response to a regime where nonlinear
features strongly affect the mechanical state.

3. Results

3.1. Photon blockade effect
To investigate the performance of the Fano-mirror optomechanical setup in the single-photon
(ultra)strong coupling regime, we begin by examining the photon statistics, under the condition that
the A+ mode is effectively eliminated, as identified in section 2.4. In particular, we focus on the photon
blockade effect [15] in the A− mode, which manifests as a suppression of multiphoton occupation in
this normal mode. This effect is expected to occur when the optomechanically induced anharmonicity
becomes spectrally resolvable, i.e. when G2

−/Ωm > κ− (as explained below). This condition ensures that
the effective model described by Ĥeff operates in the sideband-resolved, single-photon strong-coupling
regime, where photon blockade is experimentally observable.

To test this prediction, we numerically solve the master equation (16) and evaluate the equal-time
second-order correlation function [15]

g(2) (t;0) =

〈
Â†
− (t) Â†

− (t) Â− (t) Â− (t)
〉

〈
Â†
− (t) Â− (t)

〉2 . (17)

We denote its steady-state value as g(2)(0)≡ limt→∞ g(2)(t;0). This quantity provides a direct experimen-
tal probe of photon statistics. While a coherent state exhibits Poissonian statistics with g(2)(0) = 1, pho-
ton bunching and antibunching are indicated by g(2)(0)> 1 and g(2)(0)< 1, respectively. In particular,
photon blockade occurs when g(2)(0)→ 0.

In figure 3, we demonstrate the photon-blockade effect in the A− mode. As shown in figure 3(a),
when κ− ≪ Ωm (purple dot-solid line), a series of bunching and antibunching resonances appears, with
the strongest antibunching observed at ∆− = ω− −ωp = G2

−/Ωm. By contrast, these resonances disap-
pear when the sideband resolution is lost, i.e. when κ−/Ωm ≫ 1 (orange dashed line). We again bench-
mark the effective two-mode model against the exact three-mode description, as shown by the excel-
lent agreement between the curves and markers. This agreement further confirms the validity of the
effective two-mode Hamiltonian in equation (10) within the considered parameter regime. The result
in figure 3(a) can be understood via the polaron transform

Û†ĤeffÛ=

(
ω− −

G2
−

Ωm

)
Â†
−Â− +Ωmb̂

†b̂−
G2
−

Ωm
Â†
−Â

†
−Â−Â− − εp sinθ

[
D̂

(
G−

Ωm

)
Â−e

iωpt +H.c.

]
(18)

with Û= exp
[
G−Â

†
−Â−

(
b̂† − b̂

)
/Ωm

]
, and the displacement operator D̂(α) = exp

(
αb̂† −α∗b̂

)
. The

transformed Hamiltonian reveals that the Fock states |n−⟩ of the A− mode acquire an energy shift of
−(n−G−)

2/Ωm, rendering this mode effectively anharmonic with a Kerr-type nonlinearity. Consequently,
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Figure 3. Photon blockade in the dark normal mode. (a) Steady-state value g(2)(0) of the equal-time second-order correlation
function versus the detuning∆− (between the A− mode and the driving field) for two values of κ−. With the parameters used
here, κ−/Ωm = 0.0817 and 11.51 correspond to κd/κa = 1.6× 10−3 and 2.0× 10−3, respectively; see also figure 2(a). For
comparison, we provide the results obtained from both the two-mode effective model (described by Ĥeff) and the three-mode
exact model (described by Ĥtot + Ĥdrive). The red vertical line marks∆− = G2

−/Ωm, where g(2)(0) reaches its minimum. (b)

g(2)(0) as a function of the normalized coupling strength η =−G−/Ωm. (c) Time evolution of the equal-time second-order
correlation function g(2)(t;0) for different mean thermal phonon numbers nth,b. (d) g(2)(t;0) evaluated at Ωmt= 200 as a func-
tion of nth,b. The light blue areas in (a) and (c) represent the region where the photon antibunching effect arises. Parameters:
nth,b = 0 in (a) and (b); η = 0.5 in (a), (c), and (d); κd/κa = 1.6× 10−3 and∆− = G2

−/Ωm in (b)–(d). Other parameters are

γa/κa = 1× 10−4, ωa/κa = 200, ωd/κa = 195, Λ/κa = 0.2,Ωm/κa = 2× 10−6, γm/κa = 8× 10−14, εp/κa = 2× 10−9, and
gωa,0/Ωm = 0.25.

when the driving field is resonant with the |0−⟩ ↔ |1−⟩ transition, i.e. ∆− = G2
−/Ωm, it becomes

detuned from the subsequent transition |1−⟩ ↔ |2−⟩, which is thereby suppressed if this single-photon
nonlinearity is resolvable, i.e. G2

−/Ωm > κ−. Note that different phonon sidebands are no longer spec-
trally separated in the sideband-unresolved regime (Ωm ≲ κ−). This washes out the bunching/antibunch-
ing resonance structure and thus suppresses the observable photon blockade.

We next define a dimensionless optomechanical coupling strength η =−G−/Ωm (recall that G− ≈
gωd,0 < 0 in experiments) and investigate how the effective optomechanical interaction influences the

photon blockade effect. In figure 3(b), we plot g(2)(0) as a function of η. It shows that g(2)(0) reaches
a minimum near η = 0.5 and exhibits a sequence of pronounced peaks as η increases further. This
indicates that stronger optomechanical coupling does not necessarily enhance the photon blockade
effect [15]. Beyond the optimal point, increasing η can instead enhance the multiphoton resonances and
degrade photon blockade.

We further examine the sensitivity of photon blockade to thermal phonon excitations, which are
a common experimental limitation in optomechanics. In figures 3(c) and (d), we show the time evo-
lution of g(2)(t;0) and its value at Ωmt= 200, respectively, for different mean thermal phonon num-
bers nth,b, assuming that the mechanical mode is initially precooled. We find that g(2)(t;0) approaches
a nearly steady value after Ωmt≈ 100, and that the dynamics is quite insensitive to nth,b over the shown
timescale. This robustness can be understood from the sufficiently small mechanical damping rate γm
(here γm/κ− ≈ 4.9× 10−7), which sets the timescale for mechanical dissipation and (re)thermalization.
Specifically, for an initially precooled mechanical mode the thermalization rate is approximately given
by γmnth,b. In the parameter regime considered here, this implies that the thermalization effect can be
neglected during the evolution shown. This robustness diminishes gradually as γm increases [39, 40].

In experiments, the photon statistics of the A− mode can be inferred from photon counting and
coincidence measurements performed on the output fields emerging from the left PhC mirror [15].

9
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Importantly, because the PhC mirror hosts the Fano mode, the left output field generally contains con-
tributions from both optical modes a and d, i.e. ôout =

√
κaâ+

√
κdd̂− ôin with ôin the left input field

operator [25, 27]. In the ideal situation where only the A− mode is populated while the A+ mode
remains in the vacuum state, the two original optical modes can be expressed as â=− sinθ Â− and
d̂= cosθ Â−, such that

√
κaâ+

√
κdd̂∝ Â−. In our protocol, the left PhC mirror is assumed to be

driven only by vacuum fluctuations. Under this condition, all normally ordered moments involving
ôin do not contribute, and the output-field correlation functions (obtained by replacing Â− with ôout
in equation (17)) are entirely determined by the intracavity operators. According to the definition in
equation (17), any proportionality factor α relating the output operators to the intracavity ones (e.g.
ôout = αô) cancels out between the numerator and denominator. Therefore, in the ideal case, the second-
order correlation function extracted from the left output field coincides with that of the A− mode.
Deviations from this equivalence may arise if the A+ mode becomes non-negligibly populated. While
figure 3 focuses on the weak-driving limit, in an experiment one may deliberately increase the drive
amplitude to boost the detected photon flux and thereby shorten the integration time. This comes at the
price of a larger g(2)(0), but there exists an optimal operating point that optimizes the trade-off between
the antibunching contrast 1− g(2)(0) and the detected photon flux, enabling the fastest measurement.
For the parameters of figure 3, we have verified that increasing the drive strength by a factor of 200
raises g(2)(0) to ≈ 0.6 at η = 0.5, while the output photon flux grows by roughly two orders of magni-
tude. Operating in this brighter regime still yields clear antibunching and enables substantially faster data
acquisition.

3.2. Non-Gaussian mechanical states
In section 3.1, we investigated the nonclassical photon statistics enabled by the effective sideband-
resolved and single-photon strong-coupling characteristics in our system. In this section, we demonstrate
the feasibility of preparing non-Gaussian mechanical states within the same framework. In the absence
of external driving fields, equation (18) describes an optical mode with Kerr-type nonlinearity and a
(decoupled) linear mechanical harmonic oscillator. In this case, any initially Gaussian mechanical state
remains Gaussian throughout the evolution. To generate non-Gaussian mechanical states, appropriate
driving protocols are generally required, as they can introduce effective anharmonicity to the mechanical
mode. In view of this, we adopt the bichromatic driving scheme proposed in [18], which enables high-
fidelity generation of motional cat states in the single-photon strong-coupling regime. Specifically, we
apply two coherent driving fields: one resonant with the A− mode (i.e. ωp,1 = ω−) and the other red-
detuned from A− by approximately twice the mechanical frequency (i.e. ∆ ′

− = ωp,2 −ω− ≈−2Ωm). The
detuned drive induces an effective two-phonon cooling process, which is a key ingredient for mechanical
cat-state generation [18].

With the bichromatic driving scheme, the Hamiltonian of the effective model reads

Ĥbi = ω−Â
†
−Â− +Ωmb̂

†b̂−G−Â
†
−Â−

(
b̂+ b̂†

)
−

∑
l=1,2

εp,l sinθ
(
Â†
−e

−iωp,lt + Â−e
iωp,lt

)
, (19)

where εp,1 and εp,2 denote the amplitudes of the resonant and detuned driving fields, respec-
tively. For numerical simulations, we displace the A− mode by its steady-state amplitude, which
is determined by the driving amplitude εp,2, i.e. α− = εp,2 sinθ/(∆ ′

− + iκ−/2). This displacement,
along with an extra frame rotation at ωp,2, is implemented via the unitary transformation Û ′ =

exp(iωp,2Â
†
−Â−t)exp(α−Â

†
− −α∗

−Â−). In this transformed frame, the Hamiltonian becomes

Ĥ ′
bi =−∆ ′

−Â
†
−Â− +Ωmb̂

†b̂−G−Â
†
−Â−

(
b̂+ b̂†

)
−G−

(
α−Â

†
− +α∗

−Â−

)(
b̂+ b̂†

)
− εp,1 sinθ

(
Â†
−e

i∆2,1t + Â−e
−i∆2,1t

)
, (20)

where ∆2,1 = ωp,2 −ωp,1 is the detuning between the two driving fields. Note that in equation (20),

we have omitted the term −G−|α−|2(b̂+ b̂†) by applying an additional displacement transformation
D̂(β) = exp(βb̂† −β∗b̂), with β = G−|α−|2/Ωm. The induced static frequency shift of the A− mode,
δ− =−2G2

−|α−|2/Ωm, is then absorbed into the definition of the detuned driving frequency. With these
transformations, one can numerically solve the system dynamics with the master equation

˙̂ρ=−i
[
Ĥ ′

bi, ρ̂
]
+

∑
j=A−,b

Lj [ρ̂] . (21)
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Figure 4. Preparation processes of non-Gaussian mechanical states. (a)–(f) Snapshots of the Wigner functionW(x,p) of the
mechanical mode at different times (normalized by Γ̃ = 4|G̃−|2/κ−, with G̃− = G2

−α−/Ωm), with [(a)–(c)] η = 0.15 and
[(d)–(f)] η = 0.35. (g) and (h) Fidelity F and Wigner logarithmic negativityW of the prepared mechanical state with respect to
the ideal even cat state [defined as |cat,+⟩ in equation (22)], with (g) η = 0.15 and (h) η = 0.35. The inset in (g) compares the
time evolution of the fidelity F with nth,b = 0 (blue solid) and nth,b = 100 (yellow dashed), with all other parameters identical to
the main panel. In both cases (i.e. η = 0.15 and η = 0.35), the mechanical mode is initially prepared in the vacuum state. Other
parameters (unless otherwise specified) are γa/κa = 1× 10−4, ωa/κa = 200, ωd/κa = 195, Λ/κa = 0.2,Ωm/κa = 4× 10−6,
γm/κa = 8× 10−14, gωa,0/Ωm = 0.12, α− =

√
0.1, nth,b = 0, and χ = 1.54.

According to [18], a two-component (two-legged) mechanical cat state can be generated when the
optomechanical system operates in the single-photon strong-coupling regime, i.e. when |G−|> κ−/2 in
our setup, which is clearly satisfied as demonstrated above. To prepare the cat states

|cat,±⟩= (|χ⟩± |−χ⟩)√
2
(
1± e−2|χ|2

) , (22)

where |χ⟩ denotes a coherent state of the mechanical mode with amplitude χ, we apply a resonant driv-
ing field with εp,1 = G2

−χ
2α−/Ωm [18]. Figure 4 shows snapshots of the Wigner function [41] of the

mechanical state, which is defined as

W(x,p) =
1

π

ˆ ∞

−∞
⟨x+ z|ρ̂b|x− z⟩e−2ipz dz (23)

with ρ̂b = TrA− (ρ̂) being the reduced density matrix of the mechanical mode. Indeed, for smaller η, the
mechanical mode evolves from the vacuum towards an even cat state [cf figures 4(a)–(c)]. However, as η
becomes larger, the prepared state departs from an ideal cat state [cf figures 4(d)–(f)], even though the
condition |G−|> κ−/2 still holds.

This deviation can be understood by performing the unitary transformation Û defined in

equation (18) on the transformed optomechanical coupling term G−Â
†
−Â−

(
b̂+ b̂†

)
in equation (20),

which yields
(
G̃∗
−Â− − G̃−Â

†
−

)(
b̂2 − b̂†2

)
+O(G2

−/Ωm) to leading order in G−/Ωm [18]. It shows that

the nonlinear optomechanical interaction results in a second-order phonon process with an effective rate
G̃− = G2

−α−/Ωm. The remaining term O(G2
−/Ωm) describes the higher-order nonlinear corrections,

which are proportional to G2
−/Ωm. However, the above analysis relies on the assumption |G−|/Ωm ≪ 1

(i.e. η ≪ 1 under our current parameters), such that G−/Ωm can be treated as a small perturbative
parameter and only the leading-order terms are retained. When |G−| becomes comparable to Ωm, this
approximation breaks down: the effective two-phonon description (enabling the cooling and stabilization
of the cat state) becomes inaccurate, and higher-order nonlinearities (e.g. three- or four-phonon pro-
cesses) can no longer be neglected. In this regime, the system dynamics becomes too complex to main-
tain a cat state.

To quantitatively evaluate the prepared mechanical state, we calculate the fidelity F =√
⟨cat,+|ρ̂b|cat,+⟩ of the mechanical state ρ̂b with respect to the ideal even cat state ρ̂cat,+ =

|cat,+⟩⟨cat,+|. We also quantify the nonclassicality of the prepared mechanical state by calculating the
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Wigner logarithmic negativity [42] W = ln[
˜

dxdp|W(x,p)|], which vanishes for states with a non-
negative Wigner function (in particular, all Gaussian states) and takes positive values for states exhibiting
Wigner negativity. Larger values of W indicate stronger Wigner-function negativity, and thus a higher
degree of nonclassicality. Note that the parity of the prepared cat state is determined by that of the ini-
tial mechanical state. If the mechanical mode is initialized in the odd Fock-state manifold, one would
instead expect the generation of an odd cat state. The dynamics of the fidelity and the Wigner loga-
rithmic negativity for two representative values of η are shown in figures 4(g) and (h). For a moderate
η, the protocol yields a high-fidelity cat state together with a considerable degree of nonclassicality, as
expected. For larger η, however, the prepared mechanical state deviates significantly from a standard
cat state. In particular, W exhibits a relatively large transient peak but then drops drastically, indicat-
ing that the nonclassicality is not stably maintained. We also compare the dynamics of F for η = 0.15 in
the cases nth,b = 0 and nth,b = 100, as shown in the inset of figure 4(g). The two traces are nearly indis-
tinguishable, confirming that mechanical thermalization is negligible on the state-preparation timescale
owing to the ultralow mechanical damping rate.

After preparing the mechanical cat state, it can be read out using established mechanical-state tomog-
raphy protocols that remain compatible with our effective model. One direct route is quadrature tomog-
raphy based on back-action-evading measurements [43]. Such quadrature measurements have been
implemented in resolved-sideband platforms and used for mechanical-state tomography [44]. As a com-
plementary strategy that is well suited to the single-photon (ultra)strong-coupling regime, one may
exploit single-photon scattering/emission spectroscopy [45]. In that regime, the spectrum of scattered or
emitted photons encodes information about the underlying mechanical state over a wide range of cavity-
field decay rates and does not rely on the sideband-resolved condition. This strategy provides a route to
reconstruct (or strongly constrain) the mechanical phonon-state statistics and to benchmark nonclassi-
cality even when operating deep in the nonlinear regime.

We note that alternative measures of cat-state quality can also be employed. Recently, ‘catability’ was
introduced as a directly measurable criterion based on nonlinear squeezing, which quantifies cat-like
non-Gaussian features by comparing the measured state against the optimal Gaussian benchmark [46].
This provides an appealing alternative to fidelity, particularly in experimental situations where full
quantum-state tomography is demanding. More details on catability and representative numerical sim-
ulations are provided in appendix C.

4. Discussion

4.1. Impact of dissipative optomechanical couplings
So far, we have considered an idealized case where the mechanical mode interacts with the optical modes
solely through dispersive couplings. This ideal framework allows us to clarify the key mechanism, i.e. the
unconventional optical-mode hybridization, and to show how it can lead to an effective single-photon
strong-coupling, sideband-resolved regime. In practice, however, microcavity optomechanical systems,
such as the Fano-mirror setup considered here, can exhibit dissipative optomechanical couplings, as the
mechanical displacement also modulates the optical decay rates, as briefly discussed in section 2.1. This
effect needs to be taken into account for realistic implementations. It can be incorporated by introducing
position-dependent decay rates

κa (x̂)≈ κa,0 +
√
2gκa,0x̂,

κd (x̂)≈ κd,0 +
√
2gκd,0x̂, (24)

where gκa,0 and gκd,0 denote the single-photon dissipative coupling strengths between the mechanical mode
and the optical modes a and d, respectively. In principle, one should also define γa(x̂) in a similar man-
ner for the right normal mirror. However, its effect can be absorbed into a slight renormalization of gκa,0.

In this section, we investigate the impact of such dissipative optomechanical couplings on the
results obtained above. This is achieved by replacing the constant optical decay rates in equations (9a)–
(9c) with the corresponding x-dependent counterparts in equation (24). We assume that the dissi-
pative coupling strengths gκa,0 and gκd,0 are slightly larger in magnitude than the dispersive coupling
strengths gωa,0 and gωd,0, yet remain of the same order of magnitude as in [24]. In figure 5, we compare
the results obtained with and without including the dissipative optomechanical couplings. Specifically, in
figures 5(a) and (b), the thick black solid lines reproduce the results in figures 3(a) (the purple dot-solid
line) and 4(g), respectively, while the thin red dashed lines represent the modified results for nonzero
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Figure 5. Comparison of the results with and without the dissipative optomechanical couplings. We assume gκa,0/Ωm = 0.25
and gκd,0/Ωm = 0.92 for dissipative optomechanical couplings. In panel (a), we compare the second-order correlation function

g(2)(0) of the A− mode, with all other parameters identical to those used for the purple dot-solid line in figure 3(a). In panel
(b), we compare the fidelity F of the prepared mechanical state with respect to an ideal even cat state, with all other parameters
identical to those used for figure 4(g). The two panels share the same legend.

gκa,0 and gκd,0. In both panels, the excellent agreement between the two sets of results confirms that dissi-
pative couplings of reasonable strengths have a negligible impact on the system’s behavior.

This agreement can be understood from two complementary perspectives. First, examining
the x-dependent optical decay rates in equation (24), it is clear that the x-dependent terms are
much smaller than the corresponding constant terms as long as {κa,0,κd,0}≫ {gκa,0,gκd,0}. Under
this condition, the modulation of the decay rates due to the mechanical displacement is negligi-
ble, and thus has little influence on the dissipation processes. Second, from a more quantitative
viewpoint, the effective dissipative optomechanical coupling strengths for the two optical normal
modes are given by Gκ

± = [∂κ±(x)/∂x] |x=0/
√
2 [25], where κ±(x) are defined by replacing the con-

stant decay rates in equations (12) and (13) with their x-dependent counterparts. In the parameter
regime we considered, where κa,0 ≫ κd,0 and the mixing angle θ is sufficiently small, one finds Gκ

− ≈
gκd,0

[
1− 1

2 sin(2θ)
√
κa,0/κd,0

]
, which is much smaller in magnitude than the dispersive counterpart

G− ≈ gωd,0 provided that |gωd,0| is comparable to |gκd,0|. This again confirms that the effective dispersive
coupling between the A− mode and the mechanical motion dominates the dynamics of the system.

4.2. Standard and dressed-state master equations
In the present work, we adopt the standard local master-equation description, in which the photonic
reservoir induces dissipation only in the optical degrees of freedom and the phononic reservoir induces
dissipation only in the mechanical degrees of freedom. This description is appropriate for the param-
eter regimes considered in this paper (as will be verified) and offers a straightforward way to gain
insight into how the hybridization of the optical modes facilitates the emergence of the above quantum
phenomena.

It has been shown that in the single-photon ultrastrong-coupling regime, a more accurate descrip-
tion is provided by the so-called ‘dressed-state master equation’ [32], which formulates dissipation in the
eigenbasis of the interacting optomechanical Hamiltonian. The dressed-state master equation introduces
photon-number-dependent correction terms that generate additional mechanical damping and cavity
dephasing. As the optomechanical coupling strength increases, these corrections cause the predictions of
the dressed-state master equation to deviate increasingly from those of the standard description.

Nevertheless, the correction terms scale with the mechanical damping rate γm. Therefore, when the
mechanical damping is sufficiently weak (e.g. γm ≪ κ− in our work), the difference between the two
descriptions becomes negligible. In appendix D, we verify this statement with a direct numerical com-
parison between the results obtained from the standard master equation and the dressed-state master
equation.

4.3. Experimental platforms
The presented Fano-mirror optomechanical setup could be realized with a suspended PhC mirror
[47] on top of a distributed Bragg reflector (DBR) mirror forming an optomechanical microcavity;
see, e.g. recent works [24, 26, 48]. To obtain parameters similar to those assumed in figure 3, we set
κa = 2π× 1THz, which (when choosing the same ratios ωa/κa and ωd/κa as in figure 3) results in ωa

and ωd close to 2π × 200 THz, i.e. corresponding to optical wavelengths in the telecom regime around
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1500 nm. The mechanical resonator will then have a frequency of Ωm = 2π × 2MHz and quality fac-
tor Qm =Ωm/γm = 2.5× 107, which is achievable with, for example, defect modes localized in mem-
brane phononic crystals [49, 50]. To obtain gωa,0/Ωm = 0.25, one could realize a microcavity with Lcav ⩽
1µm [24] and a mechanical defect mode with a mass meff = 1ng [48, 51], such that gωa,0 = xzpfωa/Lcav ⩾
0.2Ωm with xzpf =

√
h̄/2meffΩm. The suspended PhC provides the required localized optical mode d and,

thus, the left mirror. The linewidth of this PhC, i.e. the left mirror, would be κd = 2π × 1.6GHz, which
translates into a quality factor of 105 or a reflectivity of about 0.9999. PhC quality factors larger than 105

can be achieved [52–54], and recently a PhC reflectivity of > 0.9998 has been demonstrated [55], close
to the required value. The loss rate through the right mirror, γa = 2π× 0.1GHz, translates to a mir-
ror reflectivity of larger than 0.99 999, which is also experimentally achievable [56]. The optomechanical
coupling between the PhC mode and the mechanical mode, gωd,0, as well as the coupling Λ between the
optical modes a and d would require careful analysis and engineering, which could be based on [24].
Hence, the setup of a suspended PhC mirror forming a microcavity with a DBR constitutes a promising
route to observe the analyzed nonclassical optomechanical states.

Alternative optomechanical platforms to realize similar dynamics could be based on coupled-mode
cavity optomechanical [57, 58] or microwave electromechanical systems [59]. Together with the concept
of reservoir engineering [60], these platforms could allow engineering of proper couplings between the
optical and mechanical modes as well as of their couplings to the environment.

In realistic experiments, preparing a MHz-frequency mechanical oscillator in the quantum regime
typically requires additional techniques, such as sideband cooling [61, 62] or measurement-based quan-
tum control [63, 64]. In particular, sideband cooling has also been extended to the single-photon strong-
coupling regime [61]. Moreover, it has been demonstrated that applying a cat-state preparation protocol
to an initial thermal state can still produce a nonclassical ‘hot Schrödinger cat state’ [65], i.e. a coher-
ent superposition of displaced thermal states. Remarkably, such hot cat states can retain clear quantum
signatures (e.g. interference fringes and even Wigner-function negativity) despite having very low initial
purity.

5. Conclusions

In summary, we have investigated a Fano-mirror microcavity optomechanical system in the quantum
nonlinear regime, where the single-photon optomechanical coupling strengths are comparable to the
mechanical frequency. The localized optical mode supported by the PhC membrane (i.e. the Fano mir-
ror) and the Fabry-Pérot cavity mode exhibit an unconventional hybridization via both coherent and
dissipative couplings, such that the optical subsystem can be well captured by a pair of bright and dark
normal modes. Importantly, the dark mode can simultaneously exhibit strongly suppressed effective opti-
cal loss and sizable dispersive optomechanical coupling, which enables an effective sideband-resolved,
single-photon (ultra)strong-coupling regime even when the bare optical linewidths are far (several orders
of magnitude) larger than the mechanical frequency.

Building on an effective master-equation description, we predicted clear signatures of quantum non-
linearity accessible in experimentally realistic parameter ranges. These include photon blockade of the
dark normal mode, with antibunching resonances arising from the optomechanically induced Kerr-type
anharmonicity, and deterministic generation of nonclassical mechanical states, such as mechanical cat
states under a bichromatic driving protocol. We further showed that the key signatures are robust against
dissipative optomechanical couplings of realistic strengths and, for the parameter regime considered in
this work, are also consistent with a more refined dressed-state master-equation description. Overall, our
results establish the Fano-mirror architecture as a promising route to accessing single-photon optome-
chanical nonlinearities and efficient mechanical state engineering in microcavity geometries where optical
loss would otherwise preclude such physics. This opens up a new platform for nonclassical state genera-
tion and quantum technologies with continuous variables.
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Appendix A. Lindblad dissipators

In this appendix, we present different forms of the master equation (8), first putting it in the canonical
Lindblad form in appendix A.1 and, second, rewriting it in the normal mode basis in appendix A.2.

A.1. Canonical Lindblad form
As written, the dissipative part of the master equation in equation (8) does not make it immediately
clear whether it represents a physically well-defined dynamics, since it is not expressed in canonical
Lindblad form [66]. By contrast, Lb[ρ̂], given in equation (9d), is already in canonical form. We there-
fore focus exclusively on the optical dissipation,

Lopt [ρ̂] = La [ρ̂] +Ld [ρ̂] +Lad [ρ̂] =
∑
i,j

Γij

(
ĉiρ̂ĉ

†
j −

1

2

{
ĉ†i ĉj, ρ̂

})
, (A1)

where we have defined ĉ1 = â, ĉ2 = d̂ and the matrix

Γ =

(
Γa

√
κaκd√

κaκd κd

)
. (A2)

We now rewrite Lopt[ρ̂] in canonical form by diagonalizing Γ, finding the eigenvalues Γ± associated with
the eigenvectors (x±1 ,x

±
2 )

T, with

Γ± =
Γa +κd ±

√
(Γa +κd)

2 − 4γaκd

2
, (A3)

x±1 =
1√
N±

, x±2 =
1

2
√
κaκd

√
N±

[
(κd −Γa)±

√
(Γa +κd)

2 − 4γaκd

]
, (A4)

N± = 1+
1

4κaκd

[
(κd −Γa)±

√
(Γa +κd)

2 − 4γaκd

]2
. (A5)

We thus obtain

Lopt [ρ̂] =
∑
σ=±

Γσ

(
ĉσρ̂ĉ

†
σ −

1

2

{
ĉ†σ ĉσ, ρ̂

})
, (A6)

where ĉσ =
∑2

j=1 x
σ
j ĉj and note that ĉ± obey the canonical bosonic commutation relations, namely

[ĉσ, ĉ
†
σ ′ ] = δσσ ′ . Finally, we can see from equation (A3) that Γ± > 0, and therefore, the master

equation (8) is indeed a Markovian Lindblad equation which preserves the Hermiticity and positivity
of the system’s density matrix.

A.2. Lindblad dissipators in the optical normal-mode basis
In this appendix, we explicitly derive the Lindblad dissipators in the optical normal-mode basis. After
moving to this basis, the Lindblad dissipators in equations (9a) and (9b) become

L̃a [ρ̂] = Γa

(
cosθ Â+ − sinθ Â−

)
ρ̂
(
cosθ Â†

+ − sinθ Â†
−

)
− Γa

2

{(
cosθ Â†

+ − sinθ Â†
−

)(
cosθ Â+ − sinθÂ−

)
, ρ̂
}
, (A7)
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L̃d [ρ̂] = κd

(
sinθ Â+ + cosθ Â−

)
ρ̂
(
sinθ Â†

+ + cosθ Â†
−

)
− κd

2

{(
sinθ Â†

+ + cosθ Â†
−

)(
sinθ Â+ + cosθÂ−

)
, ρ̂
}
, (A8)

and the dissipator in equation (9c) becomes

L̃ad [ρ̂] =
√
κaκd

(
cosθ Â+ − sinθ Â−

)
ρ̂
(
sinθ Â†

+ + cosθ Â†
−

)
−

√
κaκd

2

{(
cosθ Â†

+ − sinθ Â†
−

)(
sinθ Â+ + cosθÂ−

)
, ρ̂
}
+H.c.. (A9)

Therefore, each normal mode Â± inherits dissipative contributions from both modes a and d. The cross
terms, such as Â†

+Â−, give rise to cooperative dynamics between these two normal modes.
Then, the master equation (8) can be rewritten as

˙̂ρ=−i
[
ˆ̃Htot, ρ̂

]
+

∑
j={A+,A−,b,A+A−}

Lj [ρ̂] , (A10)

with

ˆ̃Htot =
ˆ̃Hopt + Ĥmec +

ˆ̃Hom, (A11 a)

LA± [ρ̂] = κ±

(
Â±ρ̂Â

†
± − 1

2

{
Â†
±Â±, ρ̂

})
, (A11 b)

LA+A− [ρ̂] =

[
cos(2θ)

√
κaκd + sin(2θ)

κd −κa

2

][
Â+ρ̂Â

†
− − 1

2

{
Â†
+Â−, ρ̂

}
+H.c.

]
, (A11 c)

where κ± are given by equations (12) and (13), and the components of ˆ̃Htot are given in equations (1a),
(3) and (6). When neglecting the contributions of mode A+, the only relevant optical dissipator is
LA− [ρ̂], as stated around equation (11) in the main text.

Appendix B. Effective parameters obtained from two different methods

As noted in the main text, the effective parameters of the two optical normal modes can also be deter-
mined within a Langevin-equation framework. By tracing out the environmental degrees of freedom
and neglecting the weak mechanical contributions, one obtains the following Langevin equations for the
optical modes: [

˙̂a
˙̂
d

]
=−i

[
ωa − iΓa

2 G
G ωd − iκd

2

][
â

d̂

]
+ f⃗in, (B1)

where f⃗in is the vector of input fields. The non-Hermitian coefficient matrix in equation (B1) has two
complex eigenvalues

Ω ′
± =

ωa +ωd

2
− i

Γa +κd

4
±

√(
ωa −ωd

2
− i

Γa −κd

4

)2

+G2, (B2)

whose real parts, ω ′
± = Re(Ω ′

±), and imaginary parts, κ ′
± =−2Im(Ω ′

±), give the effective resonance fre-
quencies and decay rates of the optical normal modes, respectively. In this framework, the frequency
difference between the normal modes is given by ∆ ′

normal = |ω ′
+ −ω ′

−|.
In the main text, we obtain the effective parameters from the effective master equation (14). Here

we validate this description by comparing them with those extracted from the Langevin-equation
framework.

We first recall the parameter set used in figure 2 and display the corresponding results in figure 6(a).
For visualization, we introduce ζ =∆normal −κ+ and ζ ′ =∆ ′

normal −κ ′
+ as indicators of whether the

A+ mode can be safely eliminated. Positive values of ζ and ζ ′ ensure that a driving field resonant with
the A− mode lies outside the spectral window of the A+ mode. Larger positive values indicate a smaller
dynamical contribution from A+. The excellent consistency between the two sets of effective parameters
validates the accuracy of the effective master equation approach adopted in the main text.
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Figure 6. Effective parameters obtained from both the effective master equation method (solid lines) and the effective Langevin
equation method (dashed lines). In panel (a) we use identical parameters as those in figure 2(a), while in panel (b), we consider
a different set of parameters (also considered in [25]): γa/κa = 6.4× 10−8, ωa/κa = ωd/κa = 200, Λ/κa = 2, and Ωm/κa =
6.38× 10−7.

In fact, the parameter set used in figure 6(a) is not the only one that allows for safe elimination of
the A+ mode. In figure 6(b), we examine an alternative set of parameters (also considered in [25]), with
which the two optical normal modes are well separated and the effective linewidth of the A− mode is
much smaller than the mechanical frequency. In this regime, we again observe sufficiently good agree-
ment between the results obtained from the two methods.

Appendix C. Catability of the prepared cat states

To further characterize the generated mechanical cat states, we additionally evaluate them using the
recently proposed notion of ‘catability’ [46], which provides a complementary indicator to the fidelity
and the Wigner logarithmic negativity used in the main text. While the fidelity quantifies the overlap
with a chosen target cat state and the Wigner logarithmic negativity captures the nonclassicality of the
prepared state without reference to a target state, catability is specifically designed to test whether a
given state can be certified as an approximate cat state. For a given target cat-state size χ (determined
by εp,1 in our scheme), catability can, in principle, be inferred from only three sets of displaced number-
distribution measurements, rather than from a full reconstruction of the density matrix. This reduced
measurement overhead makes catability an interesting tool for future experimental characterization of cat
states.

For the even and odd cat states defined in equation (22), the catability construction is based on the
positive-semidefinite operator

Ô± (χ,µ) =
(
b̂†2 −χ∗2

)(
b̂2 −χ2

)
+µ

(
1∓ Π̂

)
, (C1)

where Π̂ is the parity operator, and µ > 0 is an auxiliary optimization parameter. The first term probes
the separation of the two coherent peaks, while the parity term probes the quantum coherence between
them (i.e. the fringes between the two peaks). For the even cat states considered in figure 4, the relevant
operator is Ô+(χ,µ).

For a mechanical state ρ̂b, the corresponding even-cat catability is then defined as

ξ+ (χ) =min
µ>0

Tr
[
Ô+ (χ,µ) ρ̂b

]
min
ρ̂G

Tr
[
Ô+ (χ,µ) ρ̂G

] , (C2)

where the minimization in the denominator is taken over the set of all single-mode Gaussian states ρ̂G.
According to [46], the interpretation of this quantity is as follows: ξ+(χ) = 0 corresponds to the ideal
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Figure 7. Additional characterization of the mechanically prepared states via the catability criterion. (a) Time evolution of the
even-cat catability ξ(+)(χ) for the generated mechanical state at η = 0.15, using the same cat size χ = 1.54 as in figure 4. (b)

Same as in (a), but for η = 0.35. (c) Catability ξ(+)(χ) at Γ̃t= 2.93 for the η = 0.15 case, plotted as a function of the cat size χ.
The minimum occurs at χ≃ 1.535, which is essentially identical to the target value χ = 1.54. The light blue areas in (a) and (c)
represent the region of ξ(+)(χ)< 1, where the state is demonstrated to be a non-Gaussian approximate even cat state. For the
catability evaluation, we assume µ ∈ [0.05,5] with 15 sampling points and χ ∈ [0.8,2.2] with 41 sampling points. The minimiza-
tion over Gaussian states is performed using 8 multistart initial guesses. All other parameters are the same as in figure 4.

target cat state, 0< ξ+(χ)< 1 indicates that the tested state is a non-Gaussian approximate even cat
state of size χ, while ξ+(χ)⩾ 1 makes the criterion inconclusive.

In figures 7(a) and (b), we plot the time evolution of ξ(+)(χ) for the generated mechanical state
(using the same protocol as in figure 4), fixing the cat size to the target value χ = 1.54 prescribed by
our driving protocol (see also figure 4). For the weaker-coupling case η = 0.15 (panel (a)), the catability
decreases monotonically from values above unity and eventually reaches values well below unity. This
confirms that the prepared mechanical state becomes a non-Gaussian approximate even cat state. By
contrast, for the stronger-coupling case η = 0.35 (panel (b)), the catability remains above unity through-
out the shown time interval. In this case, the catability does not identify the state as an approximate
even cat of the chosen size, although it does not imply that the state is not catlike.

In figure 7(c), we further evaluate ξ(+)(χ) at the time Γ̃t= 2.93 (corresponding to the maximum
fidelity for the η = 0.15 case; see figure 4) as a function of the cat size χ. The minimum is found at
χ≃ 1.535, which is essentially identical to the target value χ = 1.54. This implies that the target cat state
employed for the fidelity is already very close to the ideal even cat state that best matches the prepared
mechanical state. Taken together, these results provide an additional consistency check for our mechani-
cal state-preparation protocol.

Appendix D. Comparison with the dressed-state master equationmethod

Strictly speaking, the master equation of an optomechanical system should be appropriately modified
when it is operated in the single-photon ultrastrong-coupling regime [32]. In this regime, the mechani-
cal component of the optomechanical dressed states undergoes a significant displacement, which is pro-
portional to the photon number, due to the strong optomechanical interaction. Moreover, the system
experiences an effective pure dephasing of the optical mode, which arises from the mechanical noise
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Figure 8. Comparison of the results obtained from a standard master equation [cf equations (16) and (21)] and a dressed-state
master equation [cf equation (D1)]. In panel (a), we compare the second-order correlation function g(2)(0) of the A− mode,
with all other parameters identical to those used for the purple dot-solid line in figure 3(a). In panel (b), we compare the fidelity
F of the prepared mechanical state with respect to an ideal even cat state, with all other parameters identical to those used for
figure 4(g). Panels (c) and (d) examine the same quantities as in panel (a), but with larger mechanical damping rates: γm/κa =
8× 10−9 (i.e. γm/Ωm = 4× 10−3) in (c) and γm/κa = 8× 10−7 (i.e. γm/Ωm = 0.4) in (d). All panels share the same legend as
shown in (b).

mediated by the optomechanical coupling. Under the Born-Markov and the rotating-wave approxima-
tions, the modified master equation (referred to as the ‘dressed-state master equation’) can be derived
as [32]

˙̂
ρ̂ = −i

[
Ĥ, ˆ̂ρ

]
+ γm (nth,b + 1)D

[
b̂− ηn̂−

]
ˆ̂ρ+ γmnth,bD

[
b̂† − ηn̂−

]
ˆ̂ρ

+κ−D
[
Â−

]
ˆ̂ρ+ 4γm (kBT/Ωm)η

2D [n̂−] ˆ̂ρ, (D1)

where ˆ̂ρ and Ĥ denote the density matrix and Hamiltonian of interest, respectively, kB is the Boltzmann
constant, and all other symbols are defined in the main text. Here the Lindblad superoperator is defined
as D[ô]ˆ̂ρ= ôˆ̂ρô† − 1

2{ô
†ô, ˆ̂ρ}, which, together with the corresponding decay rates, forms the superopera-

tors Lo introduced in the main text. Clearly, equation (D1) reduces to the standard form in the regime
of η =−G−/Ωm ≪ 1.

In figure 8, we present the results obtained from the standard master equation (used in the main
text; cf equations (16) and (21)) and the dressed-state master equation (cf equation (D1)). Specifically,
figures 8(a) and (b) examine the same quantities as in figures 5(a) and (b), respectively. The excellent
coincidence between the two approaches appears to contradict the findings in [32], which predict a pro-
nounced discrepancy in the ultra-strong coupling regime. The coincidence in figure 8 can be understood
from the fact that we consider a sufficiently small mechanical damping rate γm (over three orders of
magnitude smaller than κ−), which determines the magnitudes of the correction terms in equation (D1).
Such a small γm is well within reach in current experiments [24]. To verify this explanation, we show in
figures 8(c) and (d) the same comparison as in figure 8(a), but for two much larger mechanical damp-
ing rates [γm/Ωm = 4× 10−3 in figure 8(c) and γm/Ωm = 0.4 in figure 8(d)]. Clear discrepancies emerge
as η increases, and they become progressively more pronounced for larger γm. This indicates that under
strong mechanical damping, the dressed-state master equation typically predicts more classical behavior
than the standard master equation.
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