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We introduce a Casimir force in a conventional optomechanical system to study the high-order sideband gen-
eration. In this system, a nanosphere is placed near the moveable mirror of the conventional optomechanical
system. The moveable mirror is coupled to the cavity field and the nanosphere by the optomechanical interaction
and the Casimir interaction, respectively. We find that the amplitude and cutoff order of the high-order sideband
can be enhanced by decreasing the sphere–mirror separation (increasing the Casimir force) and increasing the
optomechanical coupling strength. Our proposal provides an alternative method for generating the high-order
sidebands and for measuring the Casimir force.
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Cavity optomechanics[1,2] is a rapidly growing field that
explores the interaction between light and mechanical mo-
tion via radiation pressure force. It has many potential
applications in quantum information processing[3,4],
quantum communication[5], optical storage[6], detection of
gravitational waves[7,8], and so on. Because cavity optome-
chanics can relate the classical physics and quantum
physics, it has aroused extensive interest and intensive
research. Many important effects in optomechanical
systems have been observed, such as optomechanically
induced transparency[9–12], electromagnetically induced
transparency[13], quantum squeezing[14,15], and optome-
chanically induced nonreciprocity[16,17]. Moreover, many
nonperturbative phenomena have also been revealed based
on the optomechanical interaction, such as Akhmediev
breathers[18]. However, when we consider the nonlinear
terms in the evolution equations, some other phenomena
will appear, such as high-order sideband generation[19–22]

and optomechanically induced sum (difference)-sideband
generation[23,24].
Casimir force[25–27] is an attractive force between

uncharged metallic surfaces caused by the vacuum fluctu-
ations. Recently, the high-precision measurement of
Casimir force was carried out by many groups[28,29]. In
particular, Mohideen and Roy performed a precision mea-
surement of Casimir force between a metallic sphere and a
flat plate using an atomic force microscope. Casimir force
can generate and affect a series of phenomena that arise
from the interaction between mechanical and cavity
modes, such as optomechanical entanglement[30]. Nie et al.
discussed the dynamics of a hybrid optomechanical setup,
where a dielectric nanosphere is levitated inside the
Fabry–Perot cavity of a standard optomechanical system
and is coupled to the cavity field and the movable mirror
by the optomechanical and Casimir interactions[31].

Liu et al. studied the optomechanically induced transpar-
ency with a tunable Casimir force[32].

In this Letter, we theoretically investigate the effect of
Casimir force on the high-order sideband generation in an
optomechanical system, in which a nanosphere is placed
near the moveable mirror of the standard optomechanical
system. The nanosphere is coupled to the moveable mirror
by Casimir force. We find that the amplitude and cutoff
order of the high-order sideband can be enhanced by de-
creasing the sphere–mirror separation and increasing the
optomechanical coupling strength.

Our model is shown in Fig. 1, in which a gold-coated
nanosphere is coupled to the oscillating mirror of a stan-
dard optomechanical system via the Casimir force. The
system is driven by two fields: a controlling field with
frequency ωl and a probe field with frequency ωp. The
Hamiltonian of the system can be written as[32]

H ¼ ℏωcâ†â þ
�
p̂2

2m
þ 1
2
mω2

mx̂2
�

− ℏgâ†â x̂−
π3ℏcR

720ðd − x̂Þ2 þ iℏεlðâ†e−iωl t −H:cÞ

þ iℏðεpâ†e−iωpt −H:cÞ; (1)

where the first term is the free Hamiltonian of the cavity
field, in which âðâ†Þ is the annihilation (creation) operator
of the cavity field with frequency ωc. The second term
is the free Hamiltonian of the mechanical resonator with
effective massm and angular frequency ωm, where p̂ and x̂
are the momentum and position operators of the mechani-
cal resonator. The third term represents the interaction
Hamiltonian between the cavity field and the movable
mirror via the radiation pressure with the coupling
strength g ¼ ωc∕L (L is the cavity length). The fourth
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term denotes the interaction between the movable mirror
and the nearby gold-coated nanosphere via the Casimir
force, whereR is the radius of the nanosphere, d represents
the sphere–mirror separation, and c is the speed of light
in vacuum. It should be noted that the distance between
the nanosphere and the mechanical oscillator should be
much smaller than the size of adjacent plane[32]. The last
two terms describe the interactions of the cavity field with
the controlling field and the probe field, respectively, with
the amplitudes εl ¼

���������������������
2κPl∕ℏωl

p
and εp ¼

����������������������
2κPp∕ℏωp

p
,

where κ is the decay rate of the cavity field, Pl and Pp

are the powers of the controlling field and the probe field,
respectively.
In the rotating frame at the frequency ωl , the Hamilto-

nian of Eq. (1) is given in the form as

H rot ¼ ℏΔl â†â þ
�
p̂2

2m
þ 1
2
mω2

mx̂2
�

− ℏgâ†â x̂−
π3ℏcR

720ðd − x̂Þ2 þ iℏεlðâ† − H:cÞ

þ iℏðεpâ†e−iδt −H:cÞ; (2)

where Δl ¼ ωc − ωl and δ ¼ ωp − ωl are the detunings of
the cavity field and probe field from the controlling field,
respectively.
Substituting the Hamiltonian into Heisenberg equa-

tions of motion and introducing the corresponding damp-
ing terms phenomenologically, we obtain

_̂p ¼ −mω2
mx̂ þ ℏgâ†â þ 2π3ℏcR

720ðd − x̂Þ3 − Γmp̂þ F̂ th;

_̂x ¼ p̂
m

;

_̂a ¼ −ðiΔl þ κ − igx̂Þâ þ εl þ εpe−iδt þ
�����
2κ

p
âin; (3)

where κ and Γm are the decay rates of cavity field and
mechanical resonator, respectively. F̂ th is the thermal
noise, resulting from the coupling between the mirror
and environment and satisfying hF̂ thðtÞi ¼ 0[33]. The quan-
tum noise of the cavity field is represented by âin with
hâinðtÞi ¼ 0[33]. The operators can be reduced to their ex-
pectation values because we are only interested in the
mean response of our system. By using the mean-field

assumption hâ b̂i ¼ hâihb̂i ¼ ab and dropping the quan-
tum and thermal noise terms (their expectation values
are zero), we can write the evolution equations of the ex-
pectation values as

_p ¼ −mω2
mx þ ℏga�a þ 2π3ℏcR

720ðd − xÞ3 − Γmp;

_x ¼ p
m

;

_a ¼ −ðiΔl þ κ − igxÞa þ εl þ εpe−iδt : (4)

The steady-state solutions of Eq. (4) can be obtained as

as ¼
εl

ðiΔl þ κÞ− igxs
; xs

¼ 1
mω2

m

�
ℏgjasj2 þ

2π3ℏcR
720ðd − xsÞ3

�
: (5)

By using Eq. (5), we plot Fig. 2(a) and Fig. 2(b) to show
the variation of the intracavity steady-state mean photon
number jasj2 with the sphere–mirror separation d and
the power Pl of the controlling field. It can be seen from
Fig. 2(a) that the steady-state mean photon number jasj2
decreases with the increasing sphere–mirror separation
and approaches a limit value when d is large enough.
The reason for this is that the Casimir force decreases with
the increase of d, and the limit value corresponds to the
fact that the Casimir force can be neglected when d is large
enough. Figure 2(b) shows that the intracavity steady-
state mean photon number linearly increases with the
power of the control field, and apparently, this is a reason-
able result.

Now, we study the output spectrum of the system. The
output spectrum is defined as[19,20]

SoutðωÞ ∝
����
Z þ∞

−∞
SoutðtÞe−iωtdt

����; (6)

in which SoutðtÞ ¼ S inðtÞ−
�����
2κ

p
aðtÞ (the input–output

relation), S inðtÞ ¼ εl e−iωl t þ εpe−iωpt , and aðtÞ can be

Fig. 1. Sketch of the system.

Fig. 2. Intracavity steady-state mean photon number jasj2
varies with (a) the sphere–mirror separation and (b) the
power of the controlling field. The parameters used are
m ¼ 145 ng, ωm ¼ 2π × 947 kHz, Γm ¼ 2π × 141 Hz,
R ¼ 150 nm, κ ¼ 2π × 215 Hz, ωl ¼ 2 πc∕λ, λ ¼ 1064 nm,
g ¼ 2π × 70 GHz∕μm, and Δl ¼ ωm. In addition,
(a) Pl ¼ 10 μW and (b) d ¼ 2 nm.
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obtained by solving the set of equations of Eq. (4). Since
these equations are nonlinear, it is difficult to obtain
analytical solutions, so we use the Runge–Kutta method
to solve these equations with the initial conditions:
ajt¼0 ¼ 0, xjt¼0 ¼ 0, pjt¼0 ¼ 0[34]. Before discussing the out-
put spectrum in detail, we would like to point out that the
spectra have a shift of frequency ωl , since Eq. (4) describes
the evolution of the system in the rotating frame at
frequency ωl .
Figure 3 shows the output spectra for different values of

the sphere–mirror separation. In Fig. 3(a), we set the
sphere–mirror separation d to ∞ (without Casimir force).
We can find that the cutoff order of the high-order side-
band is four, and the higher the order is, the weaker its
intensity is. This is a feature of the perturbation regime.
Next, we shorten the sphere–mirror separation d to 2 nm.
As shown in Fig. 3(b), compared with Fig. 3(a), the cutoff
order of the high-order sideband increases to six. We
continue to decrease the sphere–mirror separation d to
1.8 nm. From Fig. 3(c), we can clearly see that some non-
perturbation features appear in the spectrum, such as, the
intensity of the second-order sideband is almost as strong
as the first-order sideband, which is obviously different
from the perturbation feature in Fig. 3(b). Not only does
the cutoff order of the high-order sideband increase to
nine, but also the corresponding intensities of the high-
order sidebands increase with respect to Fig. 3(b). When
we further decrease the sphere–mirror separation d to
1.5 nm, some more obvious nonperturbation spectral
structures appear, as shown in Fig. 3(d). The intensities
of the higher-order sidebands are significantly enhanced,
and the intensities of some higher-order sidebands even
exceed the first-order sideband, which is the typical non-
perturbation feature of the high-order sideband genera-
tion. In summary, Fig. 3 shows that the cutoff order
and the amplitude of high-order sidebands can be signifi-
cantly enhanced by decreasing the sphere–mirror

separation (increasing the Casimir force). Comparing with
other methods for the high-order sideband generation,
introducing a Casimir force in a conventional optome-
chanical system provides an alternative method for the
controlling of the high-order sideband generation.

Figure 4 shows the output spectra for different values of
the optomechanical coupling strength g. We can clearly
see that both the cutoff order and the intensity of the
high-order sidebands increase with increasing the coupling
strength. Therefore, a stronger optomechanical coupling
strength is more conducive to the generation of high-order
sidebands.

In conclusion, we theoretically investigate the features of
the high-order sideband generation in an optomechanical
system controlled by a Casimir force. We find that the am-
plitude and cutoff order of the high-order sidebands can be
enhanced with the decrease of the sphere–mirror separation
(corresponding to the increase of the Casimir force). We
also find that the amplitude and cutoff order of the
high-order sidebands can be enhanced by increasing the op-
tomechanical coupling strength. Our proposal provides an
alternative method for the generation of the high-order
sidebands and also a potential method for measuring the
Casimir force. In current experiments, the distance for
measuring the Casimir force is about 100 nm[35,36]. However,
with the rapid advances of nano-fabrication techniques, a
smaller distance can be expected in the near future[32].
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