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We present an ultrahigh gain, narrow bandwidth, and low noise optical amplifier via the radiation pres-
sure induced by the four-wave mixing (FWM) effect based on a cavity optomechanical system in the
unresolved sideband regime. It offers a favorable platform to amplify a weak signal field and simultane-
ously generate a conjugate field with tunable gain and bandwidth. We achieve an ultranarrow bandwidth
(9 Hz) and ultrahigh gain (40 dB) optical field amplification at a weak pump power (10 µW). Due to the
unresolved sideband regime, the system supports simultaneous multimode amplification. The presented
optomechanical FWM mechanism-based amplifier can provide standard quantum-noise-limit amplifica-
tion, in principle, and is applicable to a broad range of the electromagnetic spectrum ranging from the
microwave band to the ultraviolet band.
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I. INTRODUCTION

A narrow-band, high-gain, and low-noise optical ampli-
fier can provide remarkable coherent amplification for a
weak narrow-band signal field, while keeping the out-of-
band noise intact. When combined with a narrow-band
filter [1] or a neutral optical attenuator, an optical filter
with gain can be realized. It plays a key role in weak signal
detection in optical communication, lidar remote sensing
systems [2], and so on. The gravitational wave detector in
space [3,4] can detect gravitational wave signals in low-
frequency bands less than 1 Hz. However, the collected
optical signal from remote satellites has a typical value of
only several picowatts even if more than one watt of laser
beam has been launched millions of kilometers away. The
local laser at the receiver must be phase locked to the weak
incoming beam by using heterodyne phase locking [5]. In
this scenario, a narrow-band (on the hertz level), high-gain,
and low-noise optical amplifier is helpful to improve the
phase locking.

As a typical nonlinear optical phenomenon, four-wave
mixing (FWM) has been observed in various media
including nonlinear crystals, atomic vapors [6,7], opti-
cal fibers [8], grapheme [9], and organic polymers [10],
and has found crucial applications in the fields of optical
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communication [11], sensing [12], imaging [13], quantum
information [7], and so on. Cavity optomechanical sys-
tems [14], which combine mechanical resonators, electro-
magnetic fields, and optical cavities, have found various
applications such as gravitational wave detection [15],
optomechanical induced transparency (OMIT) and ampli-
fication [16–23], squeezing or entanglement of light fields
and mechanical oscillators [24–29], and interfaces between
microwave and optical light [30]. In order to form a dou-
ble � energy level, which is indispensable for the FWM
process, mechanical mode splitting either in the strong
optomechanical coupling regime [31] or by additional
coherent mechanical driving [32,33] are investigated in the
resolved side-band regime. Although optical amplification
via optomechanical interaction was observed in resolved
side-band systems [19,20] due to the heating effect of a
blue detuned pump field, the systems cannot remain stable
for a large pump power and provide adequate optical gain.

Here, we report an implementation of an optical ampli-
fier via the FWM process induced by radiation pres-
sure in an unresolved side-band optomechanical system,
where the dissipation of the optical cavity is well beyond
the resonance frequency of the mechanical resonator. An
ultrahigh gain, narrow-bandwidth and low-noise optical
amplification for a picowatt level input optical field is
observed at the microwatt level pump power. Due to the
large linewidth of the optical cavity, which covers mul-
tiple mechanical modes, the radiation pressure coupling
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between the cavity fields and mechanical modes results in
the formation of a series of double � configuration energy
levels, which enable the observation of multimode FWM
phenomena [34]. Due to its narrow-bandwidth frequency
response characteristics, the presented amplifier may find
potential applications in optical or microwave frequency
standards [35] and gravitational wave detectors in space.
On the other hand, the present work paves the way for
integrated microscale optical narrow-band amplification
devices with low pump energy.

II. OPTOMECHNICAL FWM

The FWM mechanism exploits a double � level scheme
in an unresolved side-band cavity optomechanical system
[Fig. 1(a)]. In the figure, nc and m denote the photon and
phonon occupation numbers of the cavity and mechanical
modes, respectively. A strong red-detuned pump field ap
(frequency ωp ) with detuning �eff from the cavity reso-
nance frequency couples the energy transition |nc, m〉 ↔
|nc + 1, m〉 and |nc, m + 1〉 ↔ |nc + 1, m + 1〉. A weak
signal field as (frequency ωs), which is blue detuned to the
pump laser with detuning �s ≈ ωm, couples the transition
|nc, m〉 ↔ |nc + 1, m + 1〉, where ωm is the mechanical res-
onance frequency. Based on this level configuration, the
input signal field can be amplified remarkably and the
associated FWM field aF (frequency ωF ) is generated
simultaneously. The frequencies involved in this FWM
parametric process follow the law of energy conservation
2ωp = ωs + ωF .
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FIG. 1. FWM in an unresolved side-band optomechanical sys-
tem. (a) Level scheme of the optomechanical system in the
unresolved side-band regime. (b) Sketch of the FWM experiment
in a MIM system. The signal and pump fields with appropriate
detuning are injected into the optomechanical system, then the
optomechanical interaction amplifies the signal field and simul-
taneously generates the conjugate field. (c) Schematic diagram
of the various optical fields. The pump field is red detuned to the
cavity resonance to control the mechanical motion. The signal
is blue detuned to the pump laser with detuning frequency �s.
The generated FWM and signal fields are situated symmetrically
along the two sides of the pump field.

In the optomechanical FWM process, the beating of the
signal and pump fields inside the optical cavity generates a
periodic radiation pressure force [Fig. 1(b)], which dynam-
ically drives the mechanical motion with beating frequency
�s = ωs − ωp . The frequency of the intracavity pump field
is modulated in turn by the driven mechanical motion
with δωp(t) = Gδx(t), which generates the Stokes and
anti-Stokes side-band fields with a frequency of ωp ± �s,
where G = ∂ωp/∂x is the optical frequency shift per unit
displacement of the mechanical resonator. In this scenario,
the signal field is amplified due to the excitation of the
Stokes field with exactly the same frequency, accompanied
by the conjugate field (anti-Stokes side-band). The fre-
quency response of the FWM process depends on the sus-
ceptibility of the optical cavity and the effective mechan-
ical susceptibility of the mechanical resonator, which, in
turn, relies on the optical spring effect and optomechanical
damping caused by the detuned pump field.

In the case of a strong pump field, the operator of
the mechanical and cavity mode can be written as its
steady-state value plus an additional operator with zero
mean value b = β + δb and a = (α + d)e−iωp t. The ini-
tial detuning of the pump field is slightly shifted to �s =
ωp − (ωc + Gx̄) by the static-radiation-pressure-induced
displacement of the resonator originating from the intra-
cavity mean field α, where ωc is the bare cavity resonance
frequency. The power transmission of this FWM process,
which is defined as the ratio of the amplified signal and
conjugate field power returned from the system divided by
the input signal power, is given by (Appendix B)

Ms(�s) = |κexχc(�s)[1 + 2iωm|g|2

× Xeff(�s)χc(�s)] − 1|2,

MF(−�s) = 4ω2
mκ2

ex|g|4|χ2
c (−�s)Xeff(�s)|2, (1)

where X −1
eff (ω) = χ∗−1

m (−ω)χ−1
m (ω) − 2ig2ωm[χc(ω) −

χ∗
c (−ω)] is the effective mechanical susceptibility in

the presence of the optomechanical interaction, g = g0α

is the light-enhanced optomechanical coupling strength,
and χc(ω) = (−i�eff − iω + κ/2)−1 and χm(ω) = (iωm −
iω + �m/2)−1 are the optical and mechanical suscepti-
bilities of the optical cavity and mechanical resonator,
respectively. The optomechanical interaction of the sys-
tem produces a double-gain window for the signal field
around �s ≈ ±ωm. The frequency response of the FWM
process is approximately equal to the effective mechan-
ical susceptibility Xeff(�s) for a sufficiently large cavity
linewidth κ .

III. EXPERIMENT AND RESULTS

In our experiment, we exploit a membrane-in-the-
middle (MIM) system, more specifically, a Si3N4 high-
tension membrane inside a Fabry-Perot cavity serves
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as the cavity optomechanical system [20,24,36–38]. The
resonance frequencies of its (1, 1) and (2, 2) modes are
585 and 1170 kHz, respectively. The quality factor is
0.61 × 106 for the (1, 1) mode and 1.36 × 106 for the (2, 2)
mode at room temperature. The optical cavity consists of a
concave mirror with high reflectivity and a flat mirror with
relatively low reflectivity, which serves as the input cou-
pler. The cavity operates in an overcoupling regime with
linewidth κ/2π = 3.5 MHz and escape efficiency κex/κ =
0.91. The single-photon optomechanical coupling strength
is determined to be g0/2π = 13 Hz. The above experimen-
tal parameters place the system well into the unresolved
side-band regime.

The schematic of our experimental setup is shown in
Fig. 2(a). A 1064-nm laser is divided into three parts
by two fiber couplers (FC1 and FC2). Among them, two
parts are frequency-shifted by 150 MHz (pump field) and
150 + �s/2π MHz (signal field) using two fiber acoustic
optical modulators (AOM1 and AOM2) [Fig. 2(b)], and
then combined together at another fiber coupler (FC3).
Since the frequency differences among the amplified sig-
nal, conjugate field, and pump field are at a level less than
MHz, they can hardly be separated by a common opti-
cal method. To individually measure the amplified signal
and conjugate field, the reflected field of the system is
monitored via a heterodyne detection device. In order to
eliminate the effect of the radio frequency modulation sig-
nals on the spectrum measurement, the third part of the
laser is shifted by 80 MHz by an acoustic optical modu-
lator in free space (AOM3) to serve as the local oscillator
(LO) of the heterodyne system.

The pump laser is frequency locked to the optical cav-
ity with detuning �eff, which is achieved by adding a dc

(a)

(b)

FIG. 2. Optical amplifier via FWM process in a MIM optome-
chanical system. (a) Sketch of the optomechanical FWM exper-
iment. The MIM system is located in a vacuum cavity where a
vibration isolator is used to suppress the environmental vibra-
tion noise. AOM1 and AOM2 are fiber-coupled acoustic optical
modulators while AOM3 is an acoustic optical modulator in free
space. (b) Schematic diagram of the various optical frequen-
cies involved in the FWM experiment. Det, heterodyne detector;
OFR, optical Faraday rotator; LO, local oscillator; BS, beam
splitter; PBS, polarizing beam splitter.

bias on the error signal of the servo system. An opti-
cal Faraday rotator (OFR) is used to extract the reflective
field of the MIM system. The majority of the reflected
field is detected by a heterodyne system and the result-
ing beating photocurrent signal between the LO and
reflected field is successively monitored by a spectrum
analyzer. The remaining reflective field is used for cav-
ity length locking (not shown in the sketch). By sweep-
ing the radio frequency signal applied on the AOM
in the signal field, the peak values of the beat signal
spectrum proportional to the amplified signal (conjugate)
field power are continuously recorded using the spectrum
analyzer.

Figure 3 shows the normalized frequency response of
the amplified signal and FWM fields, corresponding to
the power gain defined in Eq. (1). The FWM process is
observed clearly with power gains over 30 dB and a band-
width of about 100 Hz despite a pump power of only
15 µW (the power of the original signal is 1.08 pW).
The optomechanical system in the unresolved side-band
regime could support the interaction between one opti-
cal mode and multiple mechanical modes, which enables
the multimode FWM phenomenon. Figure 3(b) shows the
experimental observation of such a phenomenon induced
by a higher-order mechanical mode, giving clear evidence
of the multimode radiation-pressure-induced FWM pro-
cess in our unresolved side-band optomechanical system.
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FIG. 3. Observation of the optical amplification via FWM pro-
cess. The amplified signal and generated conjugate field are
represented by red and blue curves in the diagram, respectively.
The black curve shows the original signal intensity measured by
setting the signal field far off resonance to the cavity resonance.
(a) The (1, 1) mode of the membrane resonator with resonance
frequency of 585 kHz is involved in the optomechanical inter-
action. (b) The optical amplification and FWM process arising
from the (2, 2) mode with resonance frequency of 1170 kHz.
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The frequency response of the power transmissions is sub-
ject to the mechanical motion when the optical driving is
nearly resonant with the mechanical motion. On the other
hand, when the optical driving is far off resonance to the
mechanical motion, the FWM process is very weak with a
power transmission of the signal field slightly lower than 1
due to the imperfect reflection of the over-coupling optical
cavity.

For a sufficient large cavity linewidth, the frequency
response of the FWM process closely depends on the
effective mechanical susceptibility of the mechanical res-
onator, which can be formulated by the effective mechan-
ical damping rate �eff and resonance frequency ωeff of the
mechanical motion as X −1

eff = ω2
eff − ω2 − iω�eff. There-

fore, we can manipulate the FWM process via control-
ling the mechanical motion. The maximum gain in the
bad cavity limit κ � ωm is achieved when the optical
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FIG. 4. Observed frequency response of the FWM. The max-
imum gain and window width are manipulated by varying the
detuning of the pump field under a constant pump power (a)
and varying the pump power while keeping a constant detuning
(b). The black curve represents the normalized original signal
(OS) intensity without FWM and the colored lines show the fre-
quency response of the FWM process at different detuning values
or intensities of the pump field. (c),(d), The variation of the win-
dow width and maximum gain as a function of the detuning of
the pump field, where the red triangle and blue solid circles rep-
resent the measured values and the line represents the theoretical
predictions.

driving is resonant to the mechanical motion |�s| = ωeff
(Appendix C)

Mmax = 64|g|4κ2
ex

κ4�2
eff

. (2)

For a high Q mechanical resonator, the effective mechan-
ical damping rate is dominated by the optomechanical
damping �eff ≈ �opt. In this case, the bandwidth of the
amplifier is dependent on the optomechanical damping rate
in the bad cavity limit

�opt = −g2
0nc

4�effκωm

(κ2/4 + �2
eff)

2 . (3)

According to Eqs. (2) and (3), the gain and window width
of the optical amplifier depend on the optomechanical cou-
pling strength g and the optomechanical damping rate �opt,
which are tunable by the intensity and detuning of the
pump field.

By experimentally shifting the effective detuning
�eff/2π from 60 to 620 kHz while keeping the pump
intensity constant at 15 µW, the gain coefficients are sig-
nificantly suppressed, accompanied by a broadening of the
bandwidth due to the increased optomechanical damping
rate [Fig. 4(a)]. The effect of varying the pump power is
shown in Fig. 4(b), where we set the detuning of the pump
field �eff/2π = 270 kHz and vary the pump intensity from
5 to 20 µW. The above experimental observations agree
well with the theoretical predictions (Appendix C) and
indicate that the gain and bandwidth of the optical ampli-
fier can be manipulated by controlling the detuning and
power of the pump field. Thus, the presented optomechani-
cal system offers a favorable platform to achieve the optical
amplification with a tunable window width, which is diffi-
cult to achieve in other systems. Moreover, the system can
serve as a high-gain optical amplifier at a low pump power
condition, and the intensity gain is nearly pump-power
independent.

Optical systems with ultranarrow response bandwidth
have potential applications in various fields such as optical
frequency standards [35] and gravitational wave detection
[15]. Figure 5 shows that the small detuning and low power
of the pump field enable a large gain and narrow window
width FWM. Given the same detuning of the pump field,
the optomechanical damping rate is smaller for the higher-
order mechanical modes due to their higher resonance
frequencies. By using the (2, 2) mode of the mechani-
cal resonator and setting the pump field detuning around
10 kHz, with a pump power of 10 µW an extremely high
intensity gain of 40 dB and ultranarrow frequency response
bandwidth of 9 Hz is achieved via the optomechanical
amplifier (Fig. 5).
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FIG. 5. High intensity gain, ultranarrow bandwidth optical
amplification. Using a nearly resonant and low-power pump field
combined with a (2, 2) mechanical mode, the optomechanical
damping rate can be suppressed greatly. In this way, a 9-Hz band-
width frequency response window with a 40-dB intensity gain
has been achieved.

IV. THE ADDED NOISES

As an optical amplifier, the added noises should be taken
into consideration. Two factors are responsible for such
noises in our system: the intrinsic thermal motion of the
mechanical resonator and the radiation-pressure shot noise
of the pump field [39]. To derive the added noises, we
omit the signal field while retaining the thermal driving
and vacuum fluctuation terms of Eq. (A3)

χ−1
c (ω)d(ω) = −ig[δb†(ω) + δb(ω)] + √

κexdv(ω)

+ √
κ0av(ω),

χ−1
m (ω)δb(ω) = −i[g∗d(ω) + gd†(ω)] +

√
�mbth(ω).

(4)

Starting from Eq. (4), the reflective field from the cavity
can be expressed as

dr(ω) = 2iωmχc(ω)Xeff(ω)

×
{

κex[|g|2χc(ω)dv(ω) + g2χ∗
c (−ω)d†

v(ω)]
+√

κexκ0[|g|2χc(ω)av(ω) + g2χ∗
c (−ω)a†

v(ω)]

}

− ig
√

�mκexχc(ω)Xeff(ω)[χ∗−1
m (−ω)bth(ω)+ χ−1

m (ω)b†
th(ω)]

+ χc(ω)
[
κexdv(ω) + √

κexκ0av(ω)
] − dv(ω). (5)

Then, the spectrum of the added noise photon number
takes the form

Nr(ω) = 〈dr(ω)†dr(ω)〉
= 4ω2

mκexκ|g|4|χ2
c (−ω)Xeff(ω)|2

+ |g|2�mκex|χc(ω)Xeff(ω)|2[|χ−1
m (−ω)|2nth

+ |χ−1
m (ω)|2(nth + 1)]. (6)

where nth = kBT/�ωm denotes the average thermal phonon
number of the mechanical mode at temperature T and kB is

the Boltzmann constant. The first term on the right-hand
side of Eq. (6) represents the effect of the radiation-
pressure shot noise of the pump field and the second term
represents the effect of thermal motion of the mechanical
resonator.

When referring the added noise to the input port of the
amplifier, the resulting input noise power is defined as

PN = �ωNr(ω)/Ms(ω). (7)

For the current setup operating at room temperature, the
thermal motion is the dominant noise source in the ampli-
fication process. Since the mechanical resonator is driven
by the modulated radiation pressure of the cavity field
in the FWM process, even if the signal field is absent,
the thermal motion of the resonator itself can also induce
the FWM process and contribute to the added noise. In
order to measure the added noise in the optomechanical
amplifier, we block the signal beam and use the same
experimental parameters as in Fig. 2(a). The measured
noise is PN ≈ 3 fW/Hz at the peak gain point ω = ωeff. By
using the experimental parameters and Eq. (7), the the-
oretical input noise power spectrum is calculated to be
0.62 fW/Hz. The discrepancy between the theoretical pre-
diction and the experimental observations probably arises
from other thermal vibration noises of the system including
the chip substrate and cavity mirror, which are not included
in our theoretical model, rather than the membrane itself.

Nevertheless, the added noise can be suppressed by set-
ting the system at a cryogenic temperature. As simulated
in Fig. 6, with a low temperature of T = 10 mK, the added
noise photons of the optomechanical amplifier can be less
than 1.2 photons per hertz. For a lower temperature of
T = 1 mK, the added noise can reach the quantum noise
limit of a phase-insensitive linear amplifier, that is, 1 pho-
ton per hertz. In this scenario, the radiation pressure shot
noise of the pump field is the dominant noise source. When
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FIG. 6. Simulated noise photon spectrum Nr(ω)/Ms(ω) of the
optomechanical amplifier (referred to the input port of the ampli-
fier) at different temperatures. Other parameters are the same as
in Fig. 3.
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the detuning of the signal frequency is far from the reso-
nance frequency ωeff of the mechanical motion, the added
noise tends to zero quickly, which means no excess noise
is introduced. It is noted that the excess noise beyond
the quantum noise limit depends on the average thermal
phonon number of the mechanical mode nth at a nonzero
temperature. Therefore, for a mechanical resonator with a
very high resonance frequency above gigahertz, the strict
requirement of a cryogenic temperature is not necessary
for a quantum noise limit operation due to the sufficiently
low phonon population of the mechanical mode.

V. CONCLUSION

We propose and demonstrate a high-gain, low-noise,
and narrow bandwidth optical amplifier via a radiation-
pressure-induced FWM phenomenon in an unresolved
side-band optomechanical system. The system requires
only a microwatt-level pump power to achieve a remark-
able intensity gain for a weak signal field at the picowatt
level. The added noise of the optomechanical amplifier
can reach the standard quantum noise limit of a phase-
insensitive linear amplifier when operating in a cryogenic
temperature or using a mechanical resonator with a high
resonance frequency above gigahertz.

In comparison with other media that allow optical
amplification, such as atomic systems and nonlinear crys-
tals, cavity optomechanical systems with tunable energy
levels, which depend on the parameters of the optical cav-
ity and mechanical resonator, can be operated in a broad
wavelength range, ranging from the microwave to ultravi-
olet bands. Meanwhile, as demonstrated in our experiment,
the intensity gain and bandwidth of the amplifier can be
dynamically tuned by optical driving, which is difficult
to achieve in other media. By tuning the optomechanical
damping through the pump field, the gain bandwidth of
the optical amplifier can be as narrow as a few hertz or
even below the hertz level. Such a device is well suited
for the scenarios where detection of a weak narrow-band
signal is required. Moreover, by suppressing the added
noises induced by the mechanical thermal motion, our sys-
tem may allow the generation of a quantum entanglement
between the amplified and the conjugate modes [27–29].
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APPENDIX A: THEORETICAL MODEL

The Hamiltonian of an optomechanical system in an
unresolved side-band regime is given by

H = Hfree + Hint + Hdrive,

Hfree = ωca†a + ωmb†b,

Hint = g0a†a(b† + b),

Hdrive = i
√

κex(αpe−iωp ta† + αse−iωsta†) + H.c.,

(A1)

where Hfree, Hint, and Hdrive denote the free Hamiltonian,
optomechanical interaction part of the Hamiltonian, and
optical driving of the system, respectively. The operators
a and b denote the annihilation operator of the cavity
field with bare cavity resonance frequency ωc, and the
mechanical mode with resonance frequency ωm, respec-
tively. The operator b is related to the displacement opera-
tor via x/xZPF = b + b†, where xZPF = √

�/2meffωm is the
zero-point fluctuation and meff is the effective mass of the
mechanical mode. The coefficient g0 = GxZPF denotes the
single-photon optomechanical coupling strength and G =
∂ωc/∂x is the optical frequency shift per unit displacement
of the resonator. The value κex represents the dissipation
associated with the input coupling of the optical cavity and
the total dissipation of the optical mode is κ = κex + κ0.
The driving fields consist of pump field ωp with ampli-
tude αp = √

Pp/�ωpe−iφp and signal field ωs with ampli-
tude αs = √

Ps/�ωse−iφs , where Pp(Ps), φp(φs) denote the
input power and phase of the pump (signal) field. Here-
after, we assume Pp � Ps to ensure an undepleted pump
approximation.

In a frame rotating at the frequency of the pump field
a0 = aeiωp t, the nonlinear quantum Langevin equations of
the system can be expressed as

ȧ0 =
(
i�0 − κ

2

)
a0 − ig0a0(b† + b)+ √

κex(αp + αse−i�st)

+ √
κexdin + √

κ0av ,

ḃ = −
(

�m

2
+ iωm

)
b − ig0a†

0a0 +
√

�mbth, (A2)

where �0 = ωp − ωc and (�s = ωs − ωp) denote the fre-
quency difference between the pump field and the cavity
mode (the signal and pump field). �m = ωm/Qm is the
dissipation of the mechanical mode, where Qm is the
mechanical quality factor, din denotes the fluctuations of
the driving fields, av denotes the vacuum noise associated
with the optical dissipation, and bth represents the thermal
drive to the resonator.

We express the optical and mechanical modes as the
sum of the mean fields at the steady state and the fluc-
tuation term: a0 = α + d, b = β + δb. From Eq. (A2),
we can obtain the values of the mean field at the steady
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state for the optical cavity mode and mechanical mode as
α = 2

√
κexαp/κ − i�eff and β = g0|α|2/ωm. By neglect-

ing the nonlinear terms, the linearized quantum Langevin
equations of the fluctuations for the optical and mechanical
modes d and δb are given by

ḋ(t) = −
(κ

2
− i�eff

)
d(t) − ig0α[δb†(t) + δb(t)]

+ √
κexαse−i�st + √

κexdin + √
κ0av ,

δḃ(t) = −
(

�m

2
+ iωm

)
δb(t) − ig0[α∗d(t) + αd†(t)]

+
√

�mbth. (A3)

Note that the detuning of the pump field is slightly shifted
to �eff = �0 + Gx̄ due to the static-radiation-pressure-
induced displacement x̄ = xZPF(β

∗ + β) of the resonator
originating from the intracavity mean field.

We neglect the thermal noise bth and the small fluctua-
tions of the optical fields din and av . In this case, we convert
Eq. (A3) into the frequency domain using the Fourier
transform

χ−1
c (ω)d(ω) = −ig[δb†(ω)+ δb(ω)] + √

κexas(ω − �s),

χ−1
m (ω)δb(ω) = −i[g∗d(ω) + gd†(ω)],

(A4)

where g = g0α is the light-enhanced optomechanical cou-
pling strength, χ−1

c (ω) = −i�eff − iω + κ/2 is the opti-
cal susceptibility of the cavity, and χ−1

m (ω) = iωm − iω +
�m/2 is the mechanical susceptibility. As the system is in
the unresolved side-band regime, the mechanical response
can be described by the effective mechanical susceptibility
in the presence of the optomechanical interaction, which
takes the form

X −1
eff (ω) = χ∗−1

m (−ω)χ−1
m (ω) − 2i|g|2ωm

× [χc(ω) − χ∗
c (−ω)]. (A5)

Then the fluctuation of the cavity mode modulated by the
mechanical motion can be described as

d(ω) = ds(ω) + dF(ω),

ds(ω) = √
κexχc(ω)[1 + 2iωm|g|2Xeff(ω)χc(ω)]

× αs(ω − �s),

dF(ω) = 2iωm
√

κex|χc(−ω)|2g2Xeff(ω)α∗
s (ω + �s).

(A6)

Equation (A6) shows that the fluctuations of the cavity
field can be separated into two parts, the Stokes field ds(ω)

with center frequency �s and the anti-Stokes field (FWM)
dF(ω) with center frequency −�s.

APPENDIX B: THE REFLECTIVE FIELDS

In terms of the input–output relation of the optical cav-
ity, dr(ω) = √

κexd(ω) − αs(ω − �s) and for a monochro-
matic signal laser input, αs(ω) can be expressed as a delta
function αsδ(ω), so the reflective field of the cavity can be
expressed as

dr(ω) = Rs(ω)δ(ω − �s) + RF(ω)δ(ω + �s). (B1)

Considering the rotating frequency ωp , we convert Eq.
(B1) into the time domain

dr(t) = Rs(�s)e−iωst + RF(−�s)e−iωF t, (B2)

where ωF = ωp − �s, and the amplitudes of the reflected
signal field Rs(�s) and the conjugate field RF(−�s) take
the forms

Rs(�s) = {κexχc(�s)[1 + 2iωm|g|2
× Xeff(�s)χc(�s)] − 1}αs,

RF(−�s) = 2iωmκex|χc(−�s)|2g2Xeff(�s)α
∗
s . (B3)

The power transmission, defined as the ratio of the ampli-
fied signal and conjugate field power reflected from the
system divided by the input signal power, is given by

Ms(�s) = |Rs(�s)|2
|αs|2

,

MF(−�s) = |RF(−�s)|2
|αs|2

.

(B4)

APPENDIX C: MANIPULATION OF THE
OPTICAL AMPLIFIER

The optical mode can damp the motion of the mechan-
ical resonator, which is known as the optical damping
effect. Due to the large dissipation of the cavity mode, the
optomechanical system stays in the weak coupling regime
[14]. The effective mechanical susceptibility Xeff(ω) in Eq.
(A5) can be approximately written as X −1

eff (ω) = ω2
eff −

ω2 − iω�eff, where ωeff = ωm + δωm and �eff = �m + �opt
are the effective resonance frequency and mechanical
damping rate of the mechanical resonator with

δωm = |g|2
[

�eff − ωm

κ2/4 + (�eff − ωm)2 + �eff + ωm

κ2/4 + (�eff + ωm)2

]
,

�opt = |g|2
[

κ

κ2/4 + (�eff + ωm)2 − κ

κ24 + (�eff − ωm)2

]
.

(C1)

To derive the above equations, we have used the approxi-
mation ω ≈ ωm and δωm 	 ωm. In the limit of the unre-
solved side-band regime and a small detuning, that is,
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κ � ωm, �eff, Eq. (C1) yields

δωm = g2
0nc

2�eff

κ2/4 + �2
eff

,

�opt = −g2
0nc

4�effκωm

(κ2/4 + �2
eff)

2 .
(C2)

Here, nc = |α|2 represents the average photon number
inside the cavity, which is directly related to the input
pump power by nc ≈ 4κexPp/(κ

2�ωp). Equation (C2)
shows that we can modify the optomechanical damping
rate by adjusting the detuning and input power of the
pump field, which further changes the effective mechan-
ical damping rate and enables the control of the window
width of the FWM.

The maximum gain of the signal field can be achieved
at resonant mechanical driving (|�s| = ωeff) in Eq. (B4),
which takes the form

Mmax = 64|g|4κ2
ex

κ4�2
eff

. (C3)

Equation (C3) indicates that the gain of the FWM process
relies on the optomechanical coupling strength g and the
effective mechanical damping rate. Note that |g|2 = g2

0nc
and �eff ≈ �opt, so the maximum gain in Eq. (C3) can be
altered by shifting the detuning of the pump field while
keeping the pump power invariant. The above results indi-
cate that manipulation of FWM can be implemented by
controlling the detuning and power of the pump field.

Figures 7 and 8 show the theoretical predictions of
the manipulation of the optical amplifier, where the rele-
vant parameters are κ/2π = 3.5 MHz, κex/κ = 0.91, and
g0/2π = 13 Hz. The window width of the FWM pro-
cess as a function of the power and effective detuning of
the pump field is shown in Fig. 7. By setting the pump
power at 15 µW and varying the pump detuning from
60 to 620 kHz, the maximum gain and bandwidth can
be controlled through the optomechanical damping effect

FIG. 7. Optomechanical damping rate versus the detuning and
power of the pump field.
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FIG. 8. Simulation of the manipulation of the optical amplifier
via optomechanical FWM process by controlling the detuning (a)
and input power of the pump field (b). OS, original signal. The
parameters used here are the same as in Fig. 4.

[Fig. 8(a)]. The bandwidth of the amplifier can also be
controlled (the maximum gain is kept almost intact) by
varying the pump power while fixing the pump detuning
(�eff/2π = 270 kHz), as shown in Fig. 8(b).
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