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Optomechanical compensatory cooling mechanism with exceptional points
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The ground-state cooling of the Brillouin scattering optomechanical system is limited by defects in practical
samples. In this paper, we present a compensatory cooling mechanism for a Brillouin scattering optomechanical
system with exceptional points (EPs). The dual-EP system, described in this paper, can be induced by two defects
with specific relative angles and is demonstrated to effectively compensate the limited cooling process. The
system actively manipulates the coupling strength of not only the optical modes but also the Brillouin phonon
modes. Our results provide tools to manipulate the optomechanical interaction in multimode systems and open
possibilities for quantum state transfer and quantum interface protocols based on phonon cooling in quantum
applications.
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I. INTRODUCTION

Coherent control of the interaction between light and mat-
ter is at the heart of quantum technology and fundamental
studies. Cavity optomechanics [1], which takes advantage of
an ultrahigh quality factor Q and small mode volume, has wit-
nessed remarkable progress [2–9] over the last few decades.
On the basis of microcavities, these platforms show great
potential in various applications such as ground-state cool-
ing [10–16], entanglement [17–20], quantum state transfer
[21–23], and nonreciprocity [24–27]. Among quantum infor-
mation processing tasks, high-efficiency ground-state cooling
promises great initialization and fidelity [21,28,29]. Several
schemes have been proposed to realize the tremendous per-
formance of ground-state cooling with various technologies
[30–32]. With the increased phonon lifetimes and high fre-
quency, Brillouin cavity optomechanics opens the possibility
for macroscopic quantum control even at room tempera-
ture. Based on coherent light-sound coupling, stimulated
Brillouin scattering has enabled high-efficiency laser cool-
ing [32–35]. Furthermore, the Brillouin system with a large
optomechanical coupling rate provides a rich avenue for
quantum mechanical state control at the single-phonon and
multiphonon levels, which offers practical optomechanical
interfaces in hybrid quantum networks.

However, real applications of whispering gallery mode
(WGM) optical microcavities face several limitations in their
optomechanical cooling performance. The Q factors of both
optical and mechanical modes are highly important, which
has driven many efforts in precise engineering to achieve
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ultrahigh Q factors. Moreover, defects induced in the fabrica-
tion processes, such as deformed cavity geometry and scatters
[36–39], are easily overlooked major constraints. These de-
fects, even in subwavelength disorders, can lead to effective
internal mode coupling [40] with undesirable modes, which
cannot be eliminated using state-of-the-art approaches. This
internal mode scattering forms a dark mode, which restrains
the ultimate limits of phonon cooling. Backscattering between
clockwise (CW) and counterclockwise (CCW) optical modes
can hinder the application performance of radiation-pressure
cavity optomechanics. The situation is even worse in a Bril-
louin scattering optomechanical system, when internal defect
scattering occurs between the two degenerate Brillouin me-
chanical modes.

In this paper, we propose a compensatory cooling mech-
anism for a Brillouin scattering optomechanical system with
exceptional points (EPs) [41–50]. By using EPs in both optical
and mechanical modes, the limited cooling process is com-
pensated effectively, and we can overcome the cooling rate
and limit in virtual optomechanical devices with fabrication
imperfections. The dual-EP system can be induced by two
defects with specific relative angles. It actively manipulates
the coupling strength of not only the optical modes but also the
Brillouin phonon modes. When both the optical and the me-
chanical modes are at the EPs, the dark-mode effect vanishes.
Our results provide tools for manipulating optomechanical in-
teractions in multimode systems [42,44] and open possibilities
for quantum state transfer and quantum interface protocols
based on phonon cooling in quantum applications.

The remainder of this paper is organized as follows. In
Sec. II we describe the Brillouin scattering optomechanical
system. In Sec. III we analyze the optomechanical compen-
satory cooling. Conclusions are presented in Sec. IV.
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II. BRILLOUIN SCATTERING OPTOMECHANICAL
SYSTEM

For a Brillouin scattering process, the Hamiltonian describ-
ing the optomechanical system with internal mode scattering
is

H =
∑

j

�a†
j a j +

∑
j

ωmb†
jb j + G(a†

1b1 + b†
1a1)

+ J (a†
1a2 + a†

2a1) + V (b†
1b2 + b†

2b1), (1)

where h̄ = 1, aj (b j) denotes the optical (mechanical) mode
with damping rate κo (γo), and j = 1, 2 denote the CW and
CCW modes, respectively. � is the detuning between the
optical frequency and pump laser, and G denotes the effective
optomechanical strength. According to the Hamiltonian in
Eq. (1), the cooling performance of the mechanical mode b1

in the weak-coupling regime is limited by the internal mode
scattering even for small J and V :

ne = 1 + Cbb

1 + Cab
1+Caa

+ Cbb
ñth. (2)

Here, � = −ωm, Cab = 4|G|2/γ κ , Caa = 4|J|2/κ2, and Cbb =
4|V |2/γ 2, where κ (γ ) is the total optical (mechanical) loss
with scattering [49]. In the calculation process, the photon
occupation number in the environment is neglected because
the optical resonant frequency is orders of magnitude higher.
When J = 0 and V = 0, the system is in an ideal condition
with the classical cooling limit ñth

Cab
. However, in a real system

with defects, internal coupling forms dark states, which hinder
cooling via the different mechanisms shown in Eq. (2). For
example, when only internal coupling exists between optical
modes (V = 0), the interaction Hamiltonian can be rewritten
in the form G̃(a†

1bB + b†
Ba1), in which the bright mode bB =

(Gb1 + Ja2)/G̃ is the hybridization of modes b1 and a2 with
the coupling rate G̃ =

√
|G|2 + |J|2. Because the dark mode

bd = (Jb1 − Ga2)/G̃ decouples from mode a1, the cooling
efficiency is suppressed. In this case, the steady-state phonon
number ne can be simplified under the conditions of a small
J , ne = ñth,

1+Cab(1−2Caa ) . It is clear that the deteriorated cooling
mechanism originates from the decrescent optomechanical
coupling rate induced by optical internal coupling. The steady
phonon number increases owing to the dark state compared
with the ideal optomechanical device, as shown in Fig. 1(b).
This cooling suppression phenomenon imposes more restric-
tions on the cooling techniques and thermal bath temperature.
To understand the evolution of the system in the optical dark
mode, the master equation was applied. Figure 1(c) plots the
dynamical cooling process with ideal (black line) and only
optical scattering (blue line). Clearly, the suppressed optome-
chanical damping rate reduces the cooling speed, and the
system requires more time to achieve a steady state. However,
when the system suffers the coupling of optical modes J = 0,
a dark state consisting of two mechanical modes emerges. In
this case, the phonon occupation can be calculated, and the
fundamental limit can be simplified as ne = 1+Cbb

Cab
ñth. The dark

state with two mechanical modes results in another heating
channel for the system, which poses a fundamental limit for
laser cooling in a virtual environment. The four-mode coupled
system, described in Eq. (1), can be treated as a two-modes-

FIG. 1. (a) Schematic of the optomechanical system with decres-
cent optomechanical coupling rate and an external effective thermal
bath. (b) The steady-state phonon number for different mode scat-
tering strength with ωm = 183 MHz. (c) Dynamical evolution of the
phonon number with internal modes coupling when the thermal tem-
perature is 79.5 mK. (d) The elements J12, J21 of the effective optical
coupling and (e) the steady-state phonon number vs the the phase
β with V = (0.35 − 0.1i)γo, ñth = 3, J1 = J2 = (0.502 − 0.063i)κo.
(f) The time evolution of the phonon number when both optical and
mechanical modes of the undriven system are prepared at EPs. The
other parameters are κo = 1 MHz, J = (0.5 − 0.1i)κo, γo = 0.01κo,
G = 0.24κo.

coupled system with two effective mechanical thermal baths,
shown in Fig. 1(a). The steady and dynamic phonon numbers
of the system with both modes of scattering are plotted in
Figs. 1(b) and 1(c), respectively.

To achieve ground-state cooling, suppressing thermal heat-
ing and enhancing the optomechanical damping rate should be
employed simultaneously. In contrast to previous straightfor-
ward techniques that aim to eliminate scattering, we employ
active scattering control to increase the optomechanical damp-
ing rate and suppress the heating swap between the two
mechanical modes. In particular, when an undriven system is
prepared on the EPs, dark-mode effects can be eliminated. In
this case, the interaction Hamiltonian of the undriven system
is

Hu = J12c†
1c2 + J21c†

2c1 + V12b†
1b2 + V21b†

2b1. (3)

For the optical modes, J12 = J + J1e2iβ (J21 = J + J2e−2iβ ) is
the tunable coupling rate after actively controlling scattering
with J1 (J2). Figure 1(d) demonstrates the tunability of the
optical mode coupling strength, where all the elements of
J12 and J21 vanish for a certain phase β. The best cooling
performance was achieved when the undriven system was at
the optical EPs, as shown in Fig. 1(e). At the same time, V12

(V21) has the same form as J12 (J21), and the energy scattering
of mechanical modes can be tuned to achieve mechanical EPs
through V1 and V2. When both the optical and mechanical
modes of the undriven system are prepared at the EPs by
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FIG. 2. (a) Diagram of a microresonator with two defects; the
relative angle between the two defects is β. (b) Simulation result of
the typical mechanical vibration characterized by an eigenfrequency
around 163 MHz. (c) and (d) Real and imaginary parts of the me-
chanical eigenvalues with different defect sizes vs the relative angle
β. The radius of the resonator R = 60 µm.

setting V1 = V2 = (0.35 − 0.068i)γo, the cooling efficiency is
further optimized, as shown in Fig. 1(f).

III. OPTOMECHANICAL COMPENSATORY COOLING

We take advantage of defects to form EPs and realize a
more effective cooling device containing the main features of
the toy model where the coherent control of mode scattering
is applied. The universal design is illustrated in Fig. 2(a). Two
defects with a relative angle β are introduced to form EPs in
the resonator, which consists of an optical mode pair (a1, a2)
with degenerate frequency ωa and a mechanical mode pair (b1,
b2) with degenerate frequency ωm. We implemented finite-
element simulations of defective resonators with different
defect sizes with the aid of COMSOL MULTIPHYSICS software.
The material of the resonator is silicon dioxide, which is in
the material library, and the other components are filled with
air. The typical simulation result of the Brillouin mode and
mechanical vibration distributed around the equatorial plane
of the resonator with azimuthal number mb = 8 is shown in
Fig. 2(b). It is worth noting that this set of parameters serves
only as an example. In principle, there is no limitation regard-
ing the resonator size, defect size, wavelength, or refractive
indices. Figures 2(c) and 2(d) demonstrate the real and imag-
inary parts of the mechanical eigenvalues, which correspond
to the frequencies and linewidths, with different defect sizes.
It can be found that the frequencies and linewidths of the Bril-
louin mode pair share similar periodic behavior as β changes,
with the period π/mb.

Figures 3(a) and 3(b) denote the real parts and imaginary
parts of differences for different defect sizes. In addition, the

FIG. 3. (a) and (b) Real parts and imaginary parts of dif-
ferences of the mechanical eigenvalues vs the relative angle for
different defect sizes. (c) and (d) Real parts and imaginary parts
of differences of the mechanical eigenvalues vs the displacement
along the green line in Fig. 2(a) at three EPs for different de-
fect sizes. The radius of the resonator R = 60 µm. The mode
coupling rates of the defect sizes 3.5, 4, 4.5, 5, and 5.5 µm corre-
spond to {eb1, eb2} = {5 × 104 − 1.5i, 4.9 × 104 − 1.6i} Hz, {9.3 ×
104 − 2.8i, 9.2 × 104 − 2.9i} Hz, {13.8 × 104 − 4.3i, 13.7 × 104 −
4.4i} Hz, {20 × 104 − 5.9i, 19.9 × 104 − 6i} Hz, and {27 × 104 −
7.7i, 26.9 × 104 − 7.8i} Hz, respectively.

differences Re�ω and Im�ω change periodically with β and
have the same period π/mb, �ω = 2

√
e2

b1+e2
b2+2eb1eb2cos(2mbβ ).

eb1 and eb2 are the mode coupling rates induced by defects
1 and 2, respectively. Furthermore, the larger the number of
defects, the larger is the maximum value of the difference. The
simulation results are in good agreement with the qualitative
analysis. Both the coupling coefficients, Jb1 and Jb2, have an
exponential factor 2imbβ, which indicates a period equal to
π/mb. The effect of defects on the Brillouin mode pair is
restricted by their size. Small defects have a limited impact
on the mode, causing a slight difference between the real and
imaginary parts. At specific points, that is, 0.876, 1.077, and
1.278, the real and imaginary parts of the Brillouin mode pair
coalesce simultaneously; these points are called EPs. To test
the robustness of the defective system, the position of defect 2
was applied to a displacement from the equatorial plane along
the green line shown in Fig. 2(a). For different defect sizes,
the differences between the real and imaginary parts at the
three EPs’ angles versus displacement are shown in Figs. 3(c)
and 3(d). It can be observed that at some displacement range
(�5 µm), the EPs are maintained, and the system shows ro-
bustness with the position displacement along the direction
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FIG. 4. (a) and (b) Real and imaginary parts of the optical eigen-
values with different azimuthal mode numbers vs the relative angle
β. (c) and (d) Real parts and imaginary parts of differences of the
optical eigenvalues vs the relative angle β with different azimuthal
mode numbers. Dots in this figure are simulation results, whereas
lines in (c) and (d) are theoretical curves. The radius of the cavity
is R = 60 µm, and the radius of the defects is r = 4.5 µm. The
mode coupling rates of m = 11, 14, and 19 correspond to {ea1, ea2} =
{8.3 × 109 − 7 × 108i, 7.9 × 109 − 8 × 108i} Hz, {9 × 109 − 1.2 ×
109i, 8.9 × 109 − 1.3 × 109i} Hz, and {1 × 109 − 3.8 × 109i, 0.9 ×
109 − 3.9 × 109i} Hz, respectively.

perpendicular to the equatorial plane. Furthermore, the system
exhibits higher robustness for smaller defect sizes.

The proposed scheme also works to reach the optical EP,
and the visualized mode control upon defect engineering is
shown in Fig. 4. The azimuthal numbers of the optical modes
considered herein are ma = 11, 14, and 19. Figures 4(a) and
4(b) demonstrate the real and imaginary parts of the optical
eigenvalues with different azimuthal numbers as β varies.
The frequencies and linewidths of the optical modes have the
same period π/mc, as predicted by the theoretical analysis. In
addition, there are EPs for the optical mode pair at which the
frequencies and linewidths coalesce simultaneously, such as
β = 1.419 in the ma = 19 case, for example. To demonstrate
the presence or absence of EPs, Figs. 4(c) and 4(d) imply the
difference between the real parts and the imaginary parts of
the optical modes.

We now study the cooling performance of the mechanical
resonator using the optomechanical system described above.
To calculate the evolution for all modes of the optomechanical
system, we should consider all dissipations induced by the
two defects. To demonstrate the impact of defects on cool-
ing, we calculated the steady solution of the two mechanical
modes for various angles of β, as shown in Fig. 5. Because
the azimuthal numbers of the optical and mechanical modes
are different, the periods of the mechanical exceptional point
(MEP) and optical exceptional point (OEP) are different in
Fig. 5(a). The MEP and OEP occurring at different angles β

can affect phonon occupancy. The plots show that both modes

FIG. 5. Normalized steady phonon number of two mechanical
modes vs phase β. (a) OEPs and MEPs emerge for different defect
locations. (b) and (c) plot the normalized occupancy of modes b1 and
b2 with optomechanical coupling strength G/κo = 0.155, ma = 14,
and mb = 8. The other parameters are the same as in Fig. 1.

b1 and b2, represented by the red line with dots and the blue
dashed line, respectively, are cooled when the relative angle
changes. For the mechanical mode b1, the steady phonon
number also demonstrates a periodic variation. In general, the
period is mπ

mamb
, where m is the least common multiple of ma

and mb; in this case, it is π
2 . When β = 0.336, the phonon

number decreased to its local minimum for the cooled mode
b1. However, the mechanical modes still couple with each
other, resulting in the suppression of cooling for b1. When
β = 0.577, the undriven optical modes and mechanical modes
are prepared at their EP, and the phonon number of the cooled
mode b1 reaches the global minimum. The phonon number of
b2 reached the global maximum, indicating that the cooling of
b2 was efficiently suppressed. The dark-mode effect was com-
pletely inhibited, and the phonon number reached its cooling
limit.

IV. CONCLUSION

In this paper, we proposed a compensatory cooling mecha-
nism for a Brillouin scattering optomechanical system with
EPs. When those are used in both optical and mechanical
modes, the limited cooling process is compensated effectively,
as EPs can suppress thermal heating and enhance the optome-
chanical damping rate simultaneously. The dual-EP system
can be induced by two defects with specific relative angles,
and it actively and concurrently manipulates the coupling
strength of the optical and Brillouin phonon modes. This
approach can overcome the ultimate limits of phonon cooling
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induced by mode scattering in both real and fundamental
applications.
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