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Polarization beam splitter (PBS) is a crucial photonic element to separately extract transverse-
electric (TE) and transverse-magnetic (TM) polarizations from the propagating light fields. Here,
we propose a concise, continuously tunable and all-optical partial PBS in the vector optomechanical
system which contains two orthogonal polarized cavity modes with degenerate frequency. The results
show that one can manipulate the polarization states of different output fields by tuning the po-
larization angle of the pumping field and the system function as partial PBS when the pump laser
polarizes vertically or horizontally. As a significant application of the tunable PBS, we propose
a scheme of implementing quantum walks in resonator arrays without the aid of other auxiliary
systems. Furthermore, we investigate the optomechanically induced Faraday effect in the vector
optomechanical system which enables arbitrary tailoring of the input lights and the behaviors of
polarization angles of the output fields in the under couple, critical couple, and over couple regimes.
Our findings prove the optomechanical system is a potential platform to manipulate the polariza-
tion states in multimode resonators and boost the process of applications related to polarization
modulation.

I. INTRODUCTION

The manipulation of arbitrary polarization states is of
significant fundamental and applied relevance to a va-
riety of research fields such as quantum communication
networks [1] and quantum optics [2]. Polarization beam
splitter (PBS) [3–5] plays a significant role in polariza-
tion selection. Varies of PBS schemes have been proposed
based on Mach-Zehnder interferometer [6], photonic crys-
tal fiber structure [7], binary blazed grating coupler [8],
multimode interference [9], and asymmetrical directional
coupler [10]. However, previous works barely report a
continuously tunable PBS and a general platform that
provides tunability of polarization states is needed.

Quantum walks (QW), the quantum correspondence
of classical random walks, is proved to be a versa-
tile platform to implement quantum algorithms and
simulations[11–19]. QW has been developed in var-
ious physical system such as nuclear magnetic reso-
nance [20, 21], coupled waveguides [22–24], trapped ions
[25, 26], and photonic systems [27–30]. Recently, the QW
exhibits various topological phases [31–34] and demon-
strates fascinating topological phenomena [35–38]. How-
ever, there is short of schemes that using the internal
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degrees of freedom as coin states in resonator arrays with-
out the aid of other auxiliary systems.

High-quality whispering gallery mode (WGM) micro-
cavities [39] have potential value in investigating funda-
mental physics and practical technologies such as cav-
ity optomechanics [40–51], low-threshold lasing [52–57],
quantum sensing [58–66], and nonlinear optics [42, 67–
70] due to their ability to enhance light-matter inter-
actions. Characterized by exploring the radiation pres-
sure interaction between optical modes and mechanical
modes, optomechanics exhibits rich physical phenomena
such as optomechanically induced transparency (OMIT)
[41, 42, 48, 71], absorption (OMIA) [48, 72, 73], and
optomechanically induced Faraday effect (OMIFE) [74].
These effects enable a new degree of light control and
achieve arbitrary tailoring of the input lights in optome-
chanical systems. Further, the additional degree of light
control allows varies of applications including state trans-
fer [75–79], optical routing [80–82], and entanglement
generation [83–85]. Besides progressing in many appli-
cations such as frequency comb generation [86, 87] and
light storage [47, 88], optoemchanical systems provides a
promising platform to study polarization behaviors.

In this paper, we theoretically propose a concise, con-
tinuously tunable and all-optical partial PBS in the vec-
tor optomechanical system which contains two optical
modes coupling with the same mechanical mode. Since
the effective refractive indexes are polarization depend
in the resonators, the two optical modes with orthogonal
polarizations and degenerate frequency can be achieved.
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In this content, we consider the pump and probe fields are
both linearly polarized. We study the transmission spec-
tra of different ports with different polarizations. Specif-
ically, when the included angle between the polarization
vector of the pump field and the horizontal mode equals
to 0, the output field of port 2 polarizes vertically only
while the polarization of the output field of port 4 is
parallel to the horizontal mode in the case of resonance.
Thus, the vector optomechanical system function as PBS
and it turns over the result when tuning the polarization
of pump field from horizontal to vertical. As a significant
application of the tunable PBS, we propose a scheme of
implementing QW in resonator arrays without the aid of
other auxiliary systems. Furthermore, OMIFE enables
arbitrary tailoring of the input fields in the system and
we investigate the polarization behaviors of the output
fields in the under couple, critical couple, and over cou-
ple regimes. We believe that our findings evidence the
optomechanical system is a potential platform to manip-
ulate the polarization states in multimode resonators and
boost the process of applications related to polarization
modulation.

This article is organized as follows: In Sec.II, we
demonstrate the basic model and the dynamical equa-
tions. We study the transmission spectra in Sec.III. We
show the OMIFE in Sec.IV. Conclusion is given in Sec.V.

II. MODEL AND DYNAMICAL EQUATIONS

The vector optomechanical model we proposed is illus-
trated in Fig. 1 which contains two degenerate optical
modes, with degenerate frequency 𝜔𝑐 and decay rate ^,
coupling with the same mechanical mode characterized
by frequency 𝜔𝑚 and the damping constant Γ𝑚. The
Hamiltonian of our system pumped by the linearly opti-
cal field can be described by (ℏ = 1)

𝐻 = 𝐻 𝑓 𝑟𝑒𝑒 + 𝐻𝑖𝑛𝑡 + 𝐻𝑑𝑟𝑖𝑣𝑒 + 𝐻𝑝𝑟𝑜𝑏𝑒, (1)

where

𝐻 𝑓 𝑟𝑒𝑒 =𝜔𝑐 (𝑎†l𝑎l + 𝑎
†
↔𝑎↔) + 𝜔𝑚𝑏

†𝑏,

𝐻𝑖𝑛𝑡 =𝑔𝑎
†
l𝑎l(𝑏

† + 𝑏) + 𝑔𝑎
†
↔𝑎↔ (𝑏† + 𝑏),

𝐻𝑑𝑟𝑖𝑣𝑒 =𝑖𝜖𝑝l
√
^𝑒𝑥1𝑒

−𝑖𝜔𝑝 𝑡𝑎
†
l + 𝑖𝜖𝑝↔

√
^𝑒𝑥1𝑒

−𝑖𝜔𝑝 𝑡𝑎
†
↔ + 𝐻.𝑐.,

𝐻𝑝𝑟𝑜𝑏𝑒 =𝑖𝜖𝑟l
√
^𝑒𝑥1𝑒

−𝑖𝜔𝑟 𝑡𝑎
†
l + 𝑖𝜖𝑟↔

√
^𝑒𝑥1𝑒

−𝑖𝜔𝑟 𝑡𝑎
†
↔ + 𝐻.𝑐.,

(2)

𝐻 𝑓 𝑟𝑒𝑒 describes the free Hamiltonian of the optome-

chanical system, 𝑎 𝑗 and 𝑎
†
𝑗
(for 𝑗 =l,↔) are the annihi-

lation and creation operators of the optical mode, l and
↔ label the vertical and horizontal polarization axes re-
spectively. The mechanical annihilation and creation op-
erators are denoted by 𝑏 and 𝑏†. 𝐻𝑖𝑛𝑡 characterizes the
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FIG. 1. (a) Schematic of the vector optomechanical system.
(b) Frequency spectrogram of the vector optomechanical sys-
tem, which is composed of two degenerate cavity modes with
orthogonal polarizations. The pump and probe fields are both
linearly polarized and the included angle between the polar-
ization vector of the pump (probe) field and the horizontal
mode is \ (𝛼).

interaction Hamiltonian of the system with the single-
photon optomechanical coupling strength 𝑔. 𝐻𝑑𝑟𝑖𝑣𝑒 im-
plies the two degenerate optical modes are driven by ex-
ternal fields with strength 𝜖𝑝 𝑗 and frequency 𝜔𝑝. As il-
lustrated in Fig. 1(b), \ describes the included angle be-
tween the polarization vector of the driving field and the
horizontal axes. Hence 𝜖𝑝l = 𝜖𝑝 sin(\), 𝜖𝑝↔ = 𝜖𝑝 cos(\)
where 𝜖𝑝 =

√︁
𝑃𝑖𝑛/(ℏ𝜔𝑝) and 𝑃𝑖𝑛 is the input power of the

driving field. ^𝑒𝑥1 denotes the external loss rate between
the optical mode 𝑎 𝑗 and the fiber. 𝐻𝑝𝑟𝑜𝑏𝑒 describes the
probe laser characterized by strength 𝜖𝑟 𝑗 and frequency
𝜔𝑟 . 𝜖𝑟l and 𝜖𝑟↔ satisfy 𝜖𝑟l/𝜖𝑟↔ = tan(𝛼) where 𝛼 de-
notes the angle between the polarization vector of the

probe laser and the horizontal axes. 𝜖𝑟 =
√︁
𝑃𝑟/(ℏ𝜔𝑟 ) and

𝑃𝑟 denotes the input power of the probe field. In the
rotating frame with the driving fields and after follow-
ing the standard linearization procedure, the linearized
equations of the fluctuation parts are expressed as

d𝑎l
d𝑡

= −(𝑖Δ + ^

2
)𝑎l − 𝑖𝐺l𝑏 + √

^𝑒𝑥1𝜖𝑟l𝑒
−𝑖 𝛿𝑡 , (3)

d𝑎↔
d𝑡

= −(𝑖Δ + ^

2
)𝑎↔ − 𝑖𝐺↔𝑏 + √

^𝑒𝑥1𝜖𝑟↔𝑒−𝑖 𝛿𝑡 , (4)

d𝑏

d𝑡
= −(𝑖𝜔𝑚 + Γ𝑚

2
)𝑏 − 𝑖𝐺l𝑎l − 𝑖𝐺↔𝑎↔. (5)

Here, Δ = 𝜔𝑐 − 𝜔𝑝 represents the detuning between
the optical mode and the driving field. 𝛿 = 𝜔𝑟 − 𝜔𝑝

is the detuning between the probe laser and the control
field. 𝐺l (𝐺↔) is the effective optomechanical coupling
strength between the vertical(horizontal) optical mode
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and the mechanical mode. The solutions of the Eq. 3-
Eq. 5 are given by

𝑎l =

√
^𝑒𝑥1𝜖𝑟l − 𝑖𝐺l𝑏

𝛽1
, (6)

𝑎↔ =

√
^𝑒𝑥1𝜖𝑟↔ − 𝑖𝐺↔𝑏

𝛽1
, (7)

𝑏 = −
𝑖
√
^𝑒𝑥1 (𝐺l𝜖𝑟l + 𝐺↔𝜖𝑟↔)
𝛽𝑚𝛽1 + 𝐺2

l + 𝐺2
↔

, (8)

𝛽1 = 𝑖Δ+^/2 and 𝛽𝑚 = 𝑖𝜔𝑚+Γ𝑚/2. The output fields of
the optomechanical system can be obtained by adopting
the input-output relation 𝜖𝑜𝑢𝑡 = 𝜖𝑖𝑛 −

√
^𝑒𝑥𝑎. Specifically,

the output field of port 2 and port 4 are expressed as

®𝜖2𝑜𝑢𝑡 = −√^𝑒𝑥2𝑎l ®𝑒l −
√
^𝑒𝑥2𝑎↔ ®𝑒↔, (9)

®𝜖4𝑜𝑢𝑡 = (𝜖𝑟l −
√
^𝑒𝑥1𝑎l) ®𝑒l + (𝜖𝑟↔ − √

^𝑒𝑥1𝑎↔) ®𝑒↔. (10)

Here, ®𝑒l and ®𝑒↔ are the unit vectors of the vertical
mode and the horizontal mode, respectively.

III. TRANSMISSION SPECTRA ANALYSIS

In Eq. 9 and Eq. 10, higher-order sidebands are not
considered, one can obtain the normalized transmission
coefficients of different polarizations out of port 2 and
port 4, i.e., 𝑡𝑟𝑎𝑛2l, 𝑡𝑟𝑎𝑛2↔, 𝑡𝑟𝑎𝑛4l, and 𝑡𝑟𝑎𝑛4↔. The
normalized transmission coefficients link input to output
modes,


𝜖2𝑜𝑢𝑡l
𝜖2𝑜𝑢𝑡↔
𝜖4𝑜𝑢𝑡l
𝜖4𝑜𝑢𝑡↔

 =

𝑡𝑟𝑎𝑛2l 0 0 0

0 𝑡𝑟𝑎𝑛2↔ 0 0
0 0 𝑡𝑟𝑎𝑛4l 0
0 0 0 𝑡𝑟𝑎𝑛4↔

 ×

𝜖𝑟l
𝜖𝑟↔
𝜖𝑟l
𝜖𝑟↔


=


−

√
^𝑒𝑥2𝑎l
𝜖𝑟l

0 0 0

0 −
√
^𝑒𝑥2𝑎↔
𝜖𝑟↔

0 0

0 0 1 −
√
^𝑒𝑥1𝑎l
𝜖𝑟l

0

0 0 0 1 −
√
^𝑒𝑥1𝑎↔
𝜖𝑟↔


×

𝜖𝑟l
𝜖𝑟↔
𝜖𝑟l
𝜖𝑟↔

 ,
(11)

where 𝜖2𝑜𝑢𝑡l (𝜖4𝑜𝑢𝑡l) and 𝜖2𝑜𝑢𝑡↔ (𝜖4𝑜𝑢𝑡↔) are the pro-
jections of ®𝜖2𝑜𝑢𝑡 (®𝜖4𝑜𝑢𝑡) onto the vertical and horizontal
modes, respectively. Furthermore, the transmission rate
is the square of the corresponding normalized transmis-
sion coefficient. For instance, the transmission rate of
the vertical field out of port 2 is 𝑇2l = |𝑡𝑟𝑎𝑛2l |2.
As analysis above, the transmission of different ports

with different polarizations can be tuned by changing the
related parameter values. The results show that the vec-
tor optomechanical system function as tunable PBS for
some specific parameters. Considering the experimen-
tal feasibility [82], the parameters used in this system

are the intrinsic decay rate of the two optical modes
^0l/2𝜋 = ^0↔/2𝜋 = ^0/2𝜋 = 1 MHz, ^𝑒𝑥1/2𝜋 = 9 MHz,
^𝑒𝑥2/2𝜋 = 8 MHz, 𝜔𝑚/2𝜋 = 90.47 MHz, Γ𝑚/2𝜋 = 22 kHz,
𝐺l/2𝜋 = 5.5 × 𝑠𝑖𝑛(\) MHz, 𝐺↔/2𝜋 = 5.5 × 𝑐𝑜𝑠(\) MHz,
𝑐 = 3 × 108 m/s, _ = 1550 nm, the power of the probe
field 𝑃𝑟 = 20`W, and 𝛼 = 𝜋/4.
The transmission spectra of port 2 and port 4 with

different polarizations are demonstrated in Fig. 2. Fig.
2 (a) - Fig. 2 (d) illustrate 𝑇2l, 𝑇2↔, 𝑇4l, and 𝑇4↔ as a
function of the included polarization angle of the pump
laser \ in the unit of 𝜋 and the detuning 𝛿 in the unit
of 𝜔𝑚, respectively. It is clear that the transmission rate
changes periodically with \ and the period is 𝜋 no matter
which port the output belongs to or which polarization
the output field is. Note that the transmission rate in Fig.
2 exceeds 1 in some regions which never happens in reg-
ular transmission spectra. The physical interpretation is
there is Faraday effect induced by optomechanics in the
vector system. The polarization of the incident probe
laser experiences rotation related to the polarization an-
gle of the pump field. The details about optomechanical
induced Faraday effect(OMIFE) can be found in Sec. IV.

It is interesting that the optomechanical vector system
can function as tunable PBS when \ equals to some spe-
cific values. Fig. 2 (e) and Fig. 2 (f) demonstrate the
transmission spectra of port 2 and port 4 when \ = 0. If
the detuning between the pump laser and the probe field
𝛿 equals to the mechanical frequency 𝜔𝑚, the output field
of port 2 polarizes vertically only and has no projection
onto the horizontal mode. On the contrary, the polar-
ization of the output field of port 4 is parallel to the
horizontal mode. The physics behind the phenomenon is
that when \ = 0 there is driving field only for the horizon-
tal mode 𝑎↔. Due to the interference effect between two
pathways, optomechanical induced transparence(OMIT)
emerges for the horizontal mode. The first pathway is the
probe photons excite optical mode 𝑎↔ and couple to the
output port 4 and the other one is the photons generated
by the sideband transition through the optomechanical
interaction are coupled out of the cavity. For the vertical
mode 𝑎l, there is no driving field and the OMIT cannot
be observed. As expected, the transmission rate 𝑇4l ex-
hibits a Lorenz curve. In parallel, Fig. 2 (g) and Fig. 2
(h) show the PBS can turn over the result when tuning
the value of \ to 𝜋/2.
Note that the transmission of port 2 with vertical po-

larization in the case of 𝛿 = 𝜔𝑚 and \ = 0 is not 1 due
to the presence of the loss in the system. For practi-
cal applications, the loss of different polarization states
is also should be manipulated to meet experimental re-
quirements. We investigate the impact of the coupling
rate ^𝑒𝑥2 on the transmission rates as shown in Fig. 3.
To make sure the polarization of port 2 and port 4 is
either vertical or horizontal only, the critical couple con-
dition ^𝑒𝑥1 = ^𝑒𝑥2 + ^0 should be maintained. Take \ = 0
for example, the results show the value of ^𝑒𝑥2 has a big
impact on the linewidth of the output fields of port 2
and port 4, which has been demonstrated by Fig. 3(a)
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FIG. 2. Transmissions of different ports with different polarizations as a function of \/𝜋 and 𝛿/𝜔𝑚: (a) port 2 with vertical
polarization, (b) port 2 with horizontal polarization, (c) port 4 with vertical polarization, and (d) port 4 with horizontal
polarization. (e) and (f) illustrate the transmissions of port 2 and port 4 when \ = 0. (g) and (h) illustrate the transmissions of
port 2 and port 4 when \ = 𝜋/2. The parameters used in this system are ^0l/2𝜋 = ^0↔/2𝜋 = ^0/2𝜋 = 1 MHz, ^𝑒𝑥1/2𝜋 = 9 MHz,

^𝑒𝑥2/2𝜋 = 8 MHz, 𝜔𝑚/2𝜋 = 90.47 MHz, Γ𝑚/2𝜋 = 22 kHz, 𝐺l/2𝜋 = 5.5 × 𝑠𝑖𝑛(\) MHz, 𝐺↔/2𝜋 = 5.5 × 𝑐𝑜𝑠(\) MHz, 𝑐 = 3 × 108

m/s, _ = 1550 nm, 𝑃𝑟 = 20`W, and 𝛼 = 𝜋/4.

and Fig. 3(c). Under the condition of not changing the
polarization state of the output of port 2 and port 4, the
transmission rate of the resonance of 𝛿 = 𝜔𝑚 varies from
0 to 0.9 by tuning the value of ^𝑒𝑥2 which can be real-
ized by changing the distance between the below fiber
and the resonator are shown in Fig. 1(a). Fig. 3(e) plots
the transmission rate of port 2 and port 4 with different
polarization in the resonance of 𝛿 = 𝜔𝑚. It is evident
that the transmission of the vertical polarization field of
port 2 can be adjusted and so does the loss while the
loss of the other polarization state of port 2 and port 4 is
maintained. Correspondingly, the loss of the horizontal
polarization field of port 4 can also be tuned in the case
of \ = 𝜋/2 and 𝛿 = 𝜔𝑚.
As mentioned above, the transmission rate in Fig. 2

may exceed 1 in some regions while the total transmission
rate of port 2 or port 4 will not. Unlike Eq. 11, the
transmission rates of port 2 and port 4 are given by

𝑇2 =
| − √

^𝑒𝑥2𝑎l |2 + | − √
^𝑒𝑥2𝑎↔ |2

|𝜖𝑟 |2
, (12)

𝑇4 =
|𝜖𝑟l −

√
^𝑒𝑥1𝑎l |2 + |𝜖𝑟↔ − √

^𝑒𝑥1𝑎↔ |2

|𝜖𝑟 |2
. (13)

Fig. 4 shows the total transmission rate of port 2 and
port 4 as a function of \/𝜋 and 𝛿/𝜔𝑚. Similar to Fig.
2 (a) - Fig. 2 (d), the total transmission rates feature a
period with 𝜋 as \ increases. In the domain of Fig. 4 (a)
and Fig. 4 (b), the total transmission rates 𝑇2 and 𝑇4 are
always between 0 and 1. Fig. 4 (c) presents the transmis-
sion spectra with different value of \ and are marked by
different markers. Note that the markers are correspond-
ing to the markers in Fig. 4 (a) and Fig. 4 (b) according

to the value of \. Further, we have shift the transmission
spectra when \ = 0.75𝜋 and \ = 1.25𝜋 with amount of
-𝜔𝑚 and 𝜔𝑚 in the axis of 𝛿 to make it clear. For port 4,
the transmission spectrum varies from a typical Lorenz
curve to OMIT as \ changes from 0.75 𝜋 to 1.25 𝜋. It
can be inferred that the angle of polarization of pump
field has a big impact on the optomechanical interference
effect and influences the transmission spectrum further.
With the tunable polarization beam splitter as the vec-

tor optomechanical system functions in hand, one can
design the QW scheme in whispering-gallery-mode res-
onator arrays with reasonable arrangement. One of the
straightforward ways to construct QW in resonator ar-
rays is using the polarization states of the photon as coin
states to determine which side of the cavity it will go
into for the next step. Fig. 5(a) shows an alternating
scheme to implement QW which is governed by the oper-
ator𝑈 = 𝑆𝐶 (\ (𝑥)), with 𝑆 =

∑
𝑥 ( |𝑥〉〈𝑥+1|

⊗
|0〉〈0|+|𝑥〉〈𝑥−

1|
⊗

|1〉〈1|) the conditional transition operator and the
position-dependent coin operator can be expressed as

𝐶 (\ (𝑥)) = 𝐼𝑥

⊗
𝑃(\ (𝑥)),

𝐼𝑥 =
∑︁
𝑥

|𝑥〉〈𝑥 |, (14)

𝑃(\ (𝑥)) =
(
𝑐𝑜𝑠(\ (𝑥)) 𝑠𝑖𝑛(\ (𝑥))
𝑠𝑖𝑛(\ (𝑥)) −𝑐𝑜𝑠(\ (𝑥))

)
.

𝑥 is the position of the walker and {|0〉, |1〉} are the
two orthogonal coin states corresponding to the vertical
and horizontal polarization of the photons, respectively.
𝐼𝑥 is the identity operator. 𝑃(\ (𝑥)) indicates there is a
rotation for the coin states after every step and can be
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FIG. 3. The transmission of different ports with different polarizations as a function of ^𝑒𝑥2/^𝑒𝑥20 and 𝛿/𝜔𝑚. (a)-(e) are in the
case of \ = 0 and (f)-(j) are in the case of \ = 𝜋/2. (e) and (j) indicate the transmission rate of different ports with vertical or
horizontal polarization when tuning the value of ^𝑒𝑥2 in the case of resonance 𝛿 = 𝜔𝑚. ^𝑒𝑥20/2𝜋 = 8 MHz and ^𝑒𝑥1 = ^𝑒𝑥2 + ^0.
The other parameters are the same as that in Fig. 2.

realized by half wavelength plate in our scheme. \ (𝑥)
depicts the rotation angle of the half wavelength plate
dependent on the position of the walker for the generality.

For the parameters in Fig. 2, the transmission of 𝑇2l
is 90% and the transmission of 𝑇4↔ is 100% when \ = 0.
Considering the loss of the system, there are position and
polarization dependent loss operator 𝐿 after the condi-
tion operator 𝑆 and the coin operator 𝐶 in each step
which can be shown as

𝐿 = 𝐼𝑥

⊗(
𝑙1𝑥 0
0 𝑙2𝑥

)
, 0 ≤ 𝑙1𝑥 , 𝑙2𝑥 ≤ 1. (15)

Fig. 5(b) and Fig. 5(c) show the probability distribu-
tion of the first 6 steps and the standard deviation of the
first 15 steps of QW in the passive resonator arrays. Un-
like classical random walks, the probability of the edge
position is much higher than the probability of 𝑥 = 0
for the QW case. It is inferred that the behavior of the
walks in the resonator arrays matches with the quantum
case. The most important difference between the QW

and the classical random walks is that the standard de-
viation of the QW is proportional to the number of the
steps 𝑠 while the classical random walks is proportional
to

√
𝑠. To make it clear, Fig. 5(c) demonstrates the

standard deviation of the quantum case (the blue solid
line), the classical case (the red solid line) and the case in
resonator arrays (the triangle markers). It can be found
that the behavior of this case is similar to the quantum
case, which solids the walks in our case is indeed the QW.
Notice that the standard deviation of the first few steps
close to the classical case because of the loss of the vector
system.

The results in Fig. 3 show that the loss of the pho-
tons with different polarization is adjustable in the vector
system, which provides an alternating way to implement
PT-symmetric QW [36] in the resonator arrays. Imple-
mentation of the PT-symmetric discrete-time QW allows
us to observe different topological phases and have po-
tential value in designing topological device taking ad-
vantages of the robustness of these phases to a variety of
perturbations including impurities, decoherence, interac-



6

𝜃/𝜋

𝛿/𝜔!
T2

Tr
an
sm
is
si
on

𝛿/𝜔!

𝜃/𝜋

𝛿/𝜔! T4

(a) (b)

(c)

FIG. 4. The total transmission rate as a function of \/𝜋 and
𝛿/𝜔𝑚: (a) port 2 𝑇2 and (b) port 4 𝑇4. (c) The total trans-
mission rate 𝑇2 and 𝑇4 as a function of 𝛿/𝜔𝑚 with different
value of \. To make it clear, note that the transmission rates
when \ = 0.75𝜋 and \ = 1.25𝜋 have -𝜔𝑚 and 𝜔𝑚 shift in the 𝛿

axis, respectively. The other parameters are the same as that
in Fig. 2.

tions, and explicit breaking of symmetries.

IV. OPTOMECHANICALLY INDUCED
FARADAY EFFECT

As mentioned above, there is OMIFE in the vector
system. Fig. 6 (b) depicts the schematic of the input
and output field polarization angles in the model. In
Fig. 6, we fix the polarization angle of the probe field at
𝜋/4. Note the polarization angle of port 2 and port 4 are
𝛽2 and 𝛽4, which satisfy

𝑡𝑎𝑛(𝛽2) =
𝑎l
𝑎↔

, (16)

𝑡𝑎𝑛(𝛽4) =
𝜖𝑟l −

√
^𝑒𝑥1𝑎l

𝜖𝑟↔ − √
^𝑒𝑥1𝑎↔

. (17)

The parameter values in Fig. 2 indicate the coupling
between the cavity and the fiber is in the critical couple
regime for both the optical modes as ^𝑒𝑥1 = ^𝑒𝑥2 + ^0. It
is necessary to explore the behaviors of the polarization
angles in the under couple regime and in the over couple
regime. Fig. 6 (a) and Fig. 6 (c) demonstrate the po-
larization angles of output field of port 2 and port 4 as a
function of \/𝜋 and Δ^𝑒𝑥2/^𝑒𝑥20. In the Δ^𝑒𝑥2/^𝑒𝑥20 axis
we pick three values, i.e. 0.25, 0, and -0.25, which are in
the under couple, critical couple, and over couple regime,
respectively. It can be found that the behavior of the
polarization angle of the output field of port 2 is main-
tained when changing the value of Δ^𝑒𝑥2/^𝑒𝑥20 while the
behavior of 𝛽4 varies in the three coupling regimes. Fur-
thermore, the corresponding polarization angle behaviors

-1

0

-2 20

1

…… ……
0 1 2-1-2

H
V

HWP 𝜃Filter
Probe

Pump 1 Pump 2

(a)

(b) (c)

FIG. 5. (a) Schematic of implementation of QW in optome-
chanical system. HWP: half wavelength plate. (b) The prob-
ability distribution of the QW in resonator arrays with the
walkers starting from 𝑥 = 0 and the coin state chosen to be
( |𝐻〉+ |𝑉〉)/

√
2 for the first 6 steps. (c) The standard deviation

of the QW (blue solid line), the classical random walks (the
red solid line) and the QW in the resonator arrays (triangle
markers) for the first 15 steps. The parameters are the same
as that in Fig. 2.

are shown in Fig. 6 (d) - Fig. 6 (f). The polarization
of the output field of port 2 is always perpendicular to
the polarization of the pump field. The reason is one can
always construct a pair of new modes (𝑎// and 𝑎⊥) whose
polarization are parallel to and perpendicular to the po-
larization of the pump field with 𝑎l and 𝑎↔. Due to
OMIT effect the polarization of the output field of port
4 is parallel to the polarization of the pump field while
the polarization of the output field of port 2 is parallel to
the polarization of the pump field in the critical couple
regime. In the under couple and over couple regimes the
transmission of 𝑎// of port 4 is always 1 while the trans-
mission of 𝑎⊥ is not 0 anymore in the case of resonance.
So the behaviors in the two regimes of 𝛽4 is different from
the critical couple regime. For port 2 the amplitude of
transmission of 𝑎⊥ will not change the polarization of the
output field of port 2 as the transmission of 𝑎// is always
zero in the three regimes under the condition of 𝛿 = 𝜔𝑚.
Due to Faraday effect in the vector optomechanical sys-
tem, the polarization angles of port 2 and port 4 can be
adjusted rapidly by tuning the polarization angle of the
pump field and the coupling between the cavity and the
fiber.
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FIG. 6. The angle between the polarization of the output
field and the horizontal mode 𝛽/𝜋 as a function of \/𝜋 and
Δ^𝑒𝑥2/^𝑒𝑥20: (a) port 2 and (c) port 4. (b) Schematic of
the input and output field polarization angles in the vector
optomechanical system. The angle 𝛽/𝜋 of different ports as a
function of \ with different value of Δ^𝑒𝑥2/^𝑒𝑥20: (d) 0.25, (e)
0, and (f) -0.25. ^𝑒𝑥20/2𝜋 = 8 MHz. The other parameters
are the same as that in Fig. 2.

V. CONCLUSION

We have demonstrated a concise vector optomechani-
cal system, consisting of two degenerate optical modes
coupling with the same mechanical mode, which is a
promising platform for continuously and all-optical tun-
ing PBS. By changing the polarization angle of the pump
field, one can control the polarization angles of different
output ports. Furthermore, we study the OMIFE in this
system and the different behaviors of polarization angles
of the output field in the under couple, critical couple,

and over couple regimes. Considering the feasibility of
experiments we choose the values of the parameters from
the previous experimental literature [82]. In this paper,
we only focus on the case both the pump field and the
probe field are linearly polarized. The input fields with
circular polarization may lead to other interesting phe-
nomenons which give more opportunities to complex po-
larization manipulations. As a significant application of
the tunable PBS, an optional scheme of implementing
QW in resonator arrays without the aid of other aux-
iliary systems is proposed in this paper. Furthermore,
taking advantage of the tunable loss of the PBS, one
can design novel QW platforms to detect and observe
topological phases with a reasonable arrangement of the
passive resonators. Our results prove the optomechanical
system is a potential platform to manipulate the polar-
ization states of the output fields and boost the process
of applications of the optomechanical system.
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[35] R. Süsstrunk and S. D. Huber, Science 349, 47 (2015).
[36] L. Xiao, X. Zhan, Z. Bian, K. Wang, X. Zhang, X. Wang,

J. Li, K. Mochizuki, D. Kim, N. Kawakami, et al., Nature
Physics 13, 1117 (2017).

[37] L. Xiao, T. Deng, K. Wang, Z. Wang, W. Yi, and P. Xue,
Physical Review Letters 126, 230402 (2021).

[38] L. Xiao, T. Deng, K. Wang, G. Zhu, Z. Wang, W. Yi,
and P. Xue, Nature Physics 16, 761 (2020).

[39] K. J. Vahala, nature 424, 839 (2003).
[40] M. Aspelmeyer, T. J. Kippenberg, and F. Marquardt,

Reviews of Modern Physics 86, 1391 (2014).
[41] S. Weis, R. Rivière, S. Deléglise, E. Gavartin, O. Arcizet,
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