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Abstract— In This paper a ground-state cooling
method for bad optomechanical systems is
proposed. Previous authors show that an optical
cavity with equal loss and gain has a parity-time
reversal (PT) symmetry. We introduced an
optomechanical cavity coupled to the two modes
of a PT symmetry and a passive optical cavity. A
quarter-wave plate provides linear mixing
interaction between the PT symmetry and
passive cavities. In this study, our proposed
system improved the cooling rate by utilizing two
effects: energy localization and quantum
interference. These two impacts increase the
cooling rate while the system is red or blue-
detuned. It is demonstrated that optomechanical
cooling occurs in both the bad-cavity limit and
the weak optomechanical coupling regime. These
innovations can be attained by parameter
management of the system.
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|. INTRODUCTION

Ground-state cooling optomechanical systems
are excellent tools for fundamental quantum
experiments and quantum technologies [1-5].
In optomechanical systems, the radiation
pressure causes the photon-phonon interaction.
The photon-phonon interaction provides stokes
and anti-stokes scattering. The generation of
stokes and anti-stokes frequencies is due to the
creation and annihilation of mirror phonons,
respectively. The rate of the phonon
annihilation is computed by the differences
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between the stokes and anti-stokes amplitude.
This can be engineered using the
optomechanical cavity spectrum. There are
general dissipative and dispersive methods for
mechanical mode cooling [6]-[8]. In dispersive
cooling methods, the amplitude of the
normalized spectrum at the anti-stokes
frequency is much greater than stokes [9].
However, in the dissipative method, the
absorption is frequency-dependent, and the
stokes frequency is much larger than the anti-
stokes frequency. In addition to dispersive and
dissipative cooling methods, the sympathetic
cooling method can be employed. Light can be
used to mediate heat transfer from a hot mirror
or nano-particle to the ultra-cold atoms [10].
The most famous dispersive method is the
resolved sideband cooling [11-12]. The
resolved sideband method can be employed in
a good cavity optomechanical system, where
the mechanical frequency is much greater than
the cavity decay rate k[ @, . Theoretically, it

is predicted that the average phonon number of
the cooled mirror is proportional to the square
of w, and the cooling rate is proportional to

cavity decay rate [6].

For a small mechanical frequency, the cooling
is inefficient and the cooling rate is minimal.
Outside  the  resolved-sideband  regime,
approaches to the ground state cooling have
been proposed, e.g., the dissipative coupling
mechanism [13], hybrid systems [14], and
electromagnetically  induced transparency
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(EIT) cooling [15]. The interference effects in
systems, including the optomechanical cavity
and one or more auxiliary cavities, could
improve the cooling efficiency.

In [16], the authors have considered an
optomechanical cooling system consisting of a
two-mode optical cavity. Two cavity modes are
orthogonally polarized, and a quarter-wave
plate inside the cavity provides the linear
mixing interaction between these two modes. In
this paper, a fast ground state optomechanical
cooling is proposed. Therefore, the destructive
quantum interference between the two-cavity
modes, using the quarter-wave plate, helps to
suppress the heating process. Another method
for cooling is applying. Exceptional points in
parity time reversal (PT)-symmetry [17] and in
the optomechanical cavity has been discussed
in many papers, e.g., non-reciprocal energy or
state transfer [18] phonon laser [19] and chaos
[20]. Also, the PT-symmetric gain-loss cavities
coupled to an optomechanical system have a
long range of the applications [21]. In some
recent works, the mechanical cooling using PT
symmetry has been studied [22]. In this paper,
the proposed system consists of the gain cavity,
which is coupled to the optomechanical cavity
and also, there exists the quarter-wave plate that
provides the linear mixing between the
optomechanical and the PT symmetric optical
cavity. The results demonstrate that the cooling
rate is increased by two main reasons. Energy
localization in gain cavity near the exceptional
point and the interference affects which both of
them eliminate the heat process. In the proposed
method, the cooling rate increase even in the
bad cavity system.

The remaining part of the paper is organized as
follow. The theoretical method is presented in
section A. The linearized equations are given in
section B. In section D, numerical calculation
and the results can be seen. The paper is then
finished with some calculations.

Il. THEORETICAL MODEL

As shown in Fig. 1, we consider an
optomechanical system consisting of a two-
mode optical cavity. The two-mode optical
cavity constructed from three fixed mirrors M2,
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M3 and M4 and one moving mirror M1 which
is allowed to oscillate under the radiation
pressure of inter cavity light pressure. An
active-passive cavity is the (M1-M3) cavity The
active medium is located between the M2 and
M3 mirrors while (M1-M2) is a passive cavity.
It is shown that in an optical cavity with equal
gain and loss, the system has PT symmetry,
which have interesting property. For example,
in a system of active and passive medium the
energy flows from the active to the passive one,
where in PT-symmetry optomechanical system
the phonon energy of mechanical resonator
through the passive part transfer to the active
medium and localized in the active medium
[22]-[27]. This effect causes to enhance the heat
transfer and spring effect i.e., a shift in
mechanical resonator frequency and an increase
in the damping rate occurs. Furthermore, the
quarter wave plate QWP placed inside the
cavity, causes linear mixing interaction
between the (M1-M3) and (M1-M4) cavity
modes. (M1-M4) and (M1-M3) cavities are
excited by two lasers with the same frequencies
and orthogonal polarization. Suppose the cavity
bandwidth of (M1-M3) is much greater than
that of (M1-M4) cavity. The (M1-M4) is
designed for resolved sideband cooling and
(M1-M3) is suitable for high-rate heat transfer.
The collaboration of field localization and band
width enhancement causes the enhancement of
cooling rate; relative to the previous works. In
previous publications [16] on the basis of good
cavity assumptions (ki>>kz) it is shown that
cooling rate, two order of magnitude is greater
than the conventional resolved sideband
cooling. In this paper we show that in the
presence of PT symmetry even in a bad cavity
system enhanced cooling rate relative to the
good cavity system is obtained.

The effective Hamiltonian of the full system
becomes H =H,+H, which H, is free part,
and H, is the interaction part of the effective

Hamiltonian. In a system of units where A = 1,
the Hamiltonian Ho is

H, =23:<a)jajfaj)+a)mbTb, (1)

=L
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where wj and aj, j=1,2,3 are frequencies and
annihilation bosonic operators of the jth cavity,
respectively. The mechanical resonator is
depicted by bosonic annihilation and creation
operators b and b’ with the frequency wm. The
first three terms on the right-hand side of Eq. 1
are the energy of the cavities in optical mode,
and the last term is due to the energy of a
mechanical oscillator. The last term of the
effective Hamiltonian is the interaction term

H, ZG a;'a;(b+b")+i (aza1 ~aa, )+

3

+J(a'a; +aa, )+ Z  (a;+a;")
=2 (2)

The first term on the right-hand side of Eq. 2 is
the radiation pressure, interaction with moving
mirror. Here, G;=Gy;, j=12 is the

coherent driving enhanced optomechanical
coupling strength and G, is single-photon

mirror optomechanical coupling coefficient.

O

M3 M2 \ M1

Fig. 1. Schematic diagram of an optomechanical
system comprising of the gain-loss system (M1-M3)
coupled to the cavity (M1-M4). An active optical
mode az with gain ks in a gain cavity (M2-M3) is
coupled to a passive optical mode a; with decay rate
ki in the optomechanical cavity (M1-M2) and form
the PT-symmetic system (M1-M3). A passive optical
mode az in a loss cavity (M1-M4) coupled to the loss
cavity (M1-M2) with QWP (quarter wave plate) and
also to the mechanical mode b directly.

Gain

The second term is due to two field coupling
between passive cavities (M1-M2) and (M1-
M4) through quarter-wave plate (QWP), g is the
coupling strength of the two-cavity modes and
depends on the plate's rotated angle with respect
to the crystal neutral axis. The third term is the
coupling of the active and the passive cavities.
The strength of photon-tunneling between the
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active and passive cavities is denoted by J and
can be tuned by changing the distance between
the active and passive cavities. The fourth term
is due to the laser inputs with Rabi frequency
Q;(j=1,2) Both input at lasers have the same
frequency and their polarizations are
orthogonal. Although mean value of physical
parameters is dependent on the Rabi
frequencies, the small signal equations are
independent on the Rabi frequency.

The Hamiltonian can be written in a rotating
frame with frequency wi.

H :i(—Ajaj*aj)+a)mbfb+zz“Gjaj*aj (b+b")
j=t j=1
+i%(aja2—a;a1)+J(afa3+a;a1)+ 3)
+Z3:Qj(aj+af),
=2
where the parameters A, =@ -o;, j=1-3

are cavities detuning frequencies. Equation 3 is
employed to obtain the dynamic equations. In
the presence of environmental losses and
noises, the linearized quantum Langevin
equations are:

ai=(iAl—%ja1+%a2—iJa3—

~iG, (b+b") - Jkay,

: k .
a2=(|A2—?2ja2—%a1—|G2(b+b*)—

ko2, (4)
a, = (IA + ja —iJa, - \/_asln

b:(—icom —y—m]b—iZGj (a,+a,')-
2 ) 4
- ymbin’

where daj (j=1,2,3) and ob fluctuation are
denoted by aj and b respectively. aiin, azin asin
and bin are the noise operators with zero mean
values and the correlation functions given by
[21]:
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<a:in (t)a in(t)> =
<ai'in (t)al,, (t')>:5(t—t'), i=12. 6

Thermal reservoir of mechanical resonator is
described by the damping ym and thermal

occupation  ny, =(e"n’*" —1)_1 The
corresponding correlation functions are
<biTn ()b, (t)> =nyd(¢-1')

‘ (6)

(B (1)8) (1)) = (ny +) (¢~1).

The intrinsic quantum noise in the active cavity
mode can be describe by the following
correlation functions:

(adi (t)asn (t)) =
< Ay, (t )asm( )> (t t)

I1l. COOLING RATE

The cooling rate of the mechanical resonator is
calculated using the quantum noise spectrum of
the optical force. The optical force operator can
be written as follow:

FO-—(a0+a )
®)

By the Fourier transform of the autocorrelation
function, the quantum noise spectrum of the
optical force is introduced

See () = [ dte" (F(1)F(0)). ©)

Therefore, to obtain Spz(w) we rewrite Eq. 4 in
the frequency domain.

()

(7)

Xl(w) =-iJa;(w)+—(g/2)a, (a))—
—iG, (b+b") - Jka, (o)

o = (0/2a(0) 10, (') -
_\/k_aZin(w)

%— ida, () ~ kg, (@)
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b(e) ;

—|ZG a +a;)—yr,b,(v), 10
s~k ).
where, the response functions x,(j=12,b)
are

1
Xj(w):

—i(a)+Aj)+kj/2 (11)

; j=1521b1

where A, =-w, and Kk, =y, . By taking the

Hermitian conjugate of both side of Eqg. 10
Three new algebraic equations are obtained.
The new equations and Eq. 10 made a system
of linear algebraic equations with eight

unknowns (3,,a,,a,,b,3/,a;,aj,b") and eight
linear equations are algebraic. The system of
linear algebraic equations versus noise function
(aﬁn,azm,agin,bm,a;n, al .al ,n) are solved
easily. a,(w) and a(w) are obtained, which

are linear versus the noise functions. The noise
functions are uncorrelated. Employing the
correlation functions Egs. 5-7 and the Fourier
transform the correlation functions of noises in
the frequency domain are obtained.

<a§in (w)ay, (a)')> =5(w+)

a,, (v)al, () =0
al, (o)a, (a)’)> 0, j=12
(0)a), (@) =5(0+) (12)

Equation 8 is written in the frequency domain
and correlation function <F"(co')F(a))>

Verses <a1(w')af(a))> and <af(w'))al(a))> is

written in the following:

(F' () F (o)) =2 (a,(0)a () +
+a! (@) a (o)),

where a,(w) and a, (') are linear functions

of noise terms. Since a;,(w){/=12,3} and

b, () are uncorrelated, the (F'(o')F())

(13)
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versus noise correlation function is linear
versus the correlation function of input noises.
The spectral density Sg is given by

Ser (a)) = ja’co'(FT (a)')F(a))> (14)

By employing the noise correlation function of
Eqgs. 12-14, the following equation for Srr(w) is
obtained:

G 2
Ser (@) =2 (k (@) +
zpf

kol @)f [ +
+ 3%, (o) [ ),

where y(w) is the total system response
function.

(15)

Xp1 . (16)
1+ yor {[Xz (962/2)+61]+G12Xb}

The response function of PT system is:

x(w) =

Xg
=% 17
(@) = an
where,
X1
X (@)= : (18)
1+ (0% /8 o

In the overall the system function y(w) has a
zero at the resonance frequency of (M1-M4)
cavity i.e., we have a destructive interference at
the resonance frequency of (M1-M4) cavity.

The rate of the mechanical resonator cooling is
the difference between the rate of the anti-

stokes, A, =(X3p /5 )Ser (@) and stokes,
A = (X3 /7*) e (—,) modes. For positive

cooling rate, Aas should be larger than the
heating rate As, which means the effective
cooling rate parameter, I, = A, — A, is greater

than zero. It is assumed that the resonance
frequency is the same as stokes frequency. The
parameters of the PT-symmetric resonator are
chosen such that the resonance frequency is at
the stokes frequency. The input noise does not
affect the micromechanical resonator evolution.
Since the resonance frequency of PT-
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resonator is real value and
completely noise destructive interference
appears in the field-driven of the
micromechanical resonator. At the exception
point there is a phase transition in the PT-
symmetry that the optical field is strongly
localized in the gain cavity [28]. The optimized
cooling rate occurs at the transition point, and
the energy localization effect can be used to
improve the cooling rate. The absorption rate of
the anti-stokes photons can be increased.
Therefore, the phase transition point for the best
cooling rate is calculated:

2 2 2
JZ\/k_+le+g k, GG, (19)

symmetric

4 Vm 4k2 szm

V. GROUND-STATE COOLING IN
THE BAD CAVITY

In this section, the cooling limit of the
mechanical resonator is calculated at the
steady-state. Therefore, the rate equation is
solved in the steady-state (=0, m is the
mean value of the phonon number state). The
final mean phonon number n, becomes [23]:

m, Tt A (20)
7m +Fopt

Total mean photon number includes two parts:

the classical, if = 2™ and quantum, 7] =
Cop+¥Ym

, cooling limit.

As

Fopt¥m

The optimal cooling limit is obtained with the
minimum 7z, when 7, < 1. The frequency of
equality of gain and loss cavity is located at the
stokes frequency A,=w,, that causes
vanishing of the intensity at stokes frequency
and can cool the mechanical resonator.

Here, the mechanical frequency is
wmn/27=20MHz and mechanical damping is
Ym = 1075 .In our calculation the physical
parameters, A{=A3=-w, , A=w, and
g=0.1lwm are employed. The spectral density
Skr(w) versus normalized frequency w/wm for
different physical parameters are depicted in
Figs. 2 and 3. The physical parameters of Figs.
2 and 3 are (ki=om, G1=0.005wm,
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G2=0.00050wm) and (ki=wm,
G2=0.001wm) respectively.

G1=0.01wm,

N 6}

o]

=2
=1

3 4t
-~

&

w

2
NS

=

0 ; 5 i
-1.5 -1 -0.5 0 0.5 1 1.5
w/w,,

Fig. 2. The optical force spectrum Sgr(w) versus
wlwm. The other parameters are: G;=0.005wm,
G>=0.0005wm, ki=cwm, ko=0.5com, g=0.1wm.

0 N
-1.5 -1 -0.5 0 0.5 1 1.
/Wy,

Fig. 3. The optical force spectrum Sgr(w) versus
wlwm. The other parameters are Gi1=0.01wm,
G2=0.001wm, ki=wm, k,=0.5cwm, and g=0.1wm.

Spr(w)(kHz)

=
(=]

2
zpF

X
o

—

-1 -0.5 0 0.5 1 15
@/ Wy,

Fig. 4. The Optical force spectrum Srr(w) versus

wlwm. The other parameters are G1;=0.0lwm,
G2=0.001wm, ki=2wm, k=0.5wm, and g=0.1wm.

Comparison of the results presented in Figs. 2
and 3 show that the minimum mean final of
phonon  numbers are nimin=0.15 and
nimin=0.015, respectively. It seems that
increasing the optomechanical coupling
strength leads to enhanced cooling rate.
Increasing Gi1 and G: affects J and changes the
phase transition point of the PT-symmetric
optical cavities.

The spectral density of a bad cavity and ground
state cooling of a bad cavity is resented in Fig.
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4. The minimum final mean phonon number via
G is plotted in Fig. 5. This figure shows that
the blue and red detuning regimes have
different behavior. Variation of final mean
phonon number with respect to the g/wm
variation is shown in Fig. 6.

There is a gap between the blue and red
detuning region. On the other hand, there exist
the upper and lower limits of g/wm for reaching
the ground-state cooling.

14

—Red - detuning
= -Blue - detuning

0.8 1

0 0.02 0.04 0.06 0.08 0.1 0.12
Gl/wm

Fig. 5. Minimum phonon number ny versus
normalized optomechanical coupling coefficient,
Gi/cm, for red (A= —w,,) and blue (A= w,,)
detuning and in both cases A, = —A;. The other
parameters are: ky=cm, k;=0.1cwm, and g=0.5cwm.

1 -

‘. —Red - detuning
08 - \ - -Blue - detuning
\
\
0.6 - \
= |
= !
04 - '
‘\
0.2 Th el
0 . . . -
0 0.5 1 15 2

9/ @m
Fig. 6. Minimum phonon number ny versus
normalized optomechanical coupling coefficient,
o/wm, for red (A;= —w,,) and blue (A;= w,,)
detuning and in both cases A, = —A;. The other
parameters are: Ki=wm, ko=0.1wm, G1=0.005wm, and
G2=0.0005wn.

For example, for ki=wm, k2=0.lwm and
G1=0.005wm, G2=0.0005wm the upper level of
g/wm in the red detuning is 0.18 and the lower
level in blue detuning is 0.3. Figures 7 and 8
illustrate the minimum phonon number against
normalized detuning A,/w,, for good cavity
and bad cavity respectively. An important point
is related to the weak optomechanical coupling.
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It is worth noting in the experimental view
because the generation of the strong coupling
regime in the optomechanical system is very
hard. The other advantage is about the bad
cavity configuration of the optomechanical
cavity. The results show, this system can do in
the bad cavity limit as well in good cavity
regime. In this system, the cavity that is directly
related to the mechanical resonator decays at a
fast rate while PT cavities decay at a slow rate,
l.e., in the k, >>k, regimes of operation. In

[16], fast ground-state cooling has been done
for a bad cavity, but in our scheme, the ground-
state cooling is done more efficiently, and the
minimum phonon number was less. In [24],
ground state cooling has been done by utilizing
PT-system properties, but in our proposed
method, ground-state cooling for bad cavity
optomechanical systems is also possible.

10
kl =0- me

U1.

-1.1 -1.05 -1 -0.95 -0.9
Al f'wm
Fig. 7. The mean phonon number n versus
normalized cavity detuning frequency, A, /w,,, with
k1=0.8wm, k2=0.5w and A,= w,, for weak coupling
G1=0.005cwm, G2=0.00050m, and g=0.1wm.

15

-1.1 -1.05 -1 -0.95 -0.9 -0.85 -0.8
A‘lf“wm
Fig. 8. Phonon number n versus normalized cavity

detuning frequency, A, /w,, With ki1=1.2com and the
other parameters are the same as Fig. 7.

V. CONCLUSION

The collaboration of a PT-symmetric resonator
in a bad cavity causes the elimination of stokes
frequency in the optomechanical system. The
spontaneous emission noise of the active cavity
is filtered by completely destructive noise
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interference in the PT-symmetric resonator
cavity. The main goal is optomechanical
ground state cooling. Optomechanical coupling
and decay rates of the cavities affect the optimal
condition of mechanical cooling. The
frequency of equality of gain and loss is located
at stokes frequency, and the frequency of the
optomechanical cavity is the anti-stokes
frequency. Two effects were employed to
improve the cooling in the optomechanical
system. 1. The energy-localization mechanism
near the exceptional point leads to the heat
absorption from the mechanical resonator by
the PT symmetric cavity. 2: The destructive
quantum interference between two optical
modes suppresses the heating process. We have
designed a system in such a way that both
effects can be applied simultaneously. The
system consists of the gain cavity, which is
coupled to the optomechanical cavity, and also
of the quarter-wave plate that provides the
linear mixing between the optomechanical
cavity and the second passive optical cavity.
The phase transition occurs at the exceptional
point is calculated. It is shown that the optimal
cooling rate is at this point. The minimum of the
mean phonon number with respect to the
optomechanical coupling strength and the
coupled coefficient between the optical modes
Is investigated. The results show that the
proposed system introduced in this system,
works in a bad-cavity limit and weak
optomechanical coupling regime. Also, the
cooling rate is investigated in two regimes of
operation. When the system is red-detuned with
respect to the optomechanical frequency, by
increasing the Gi parameter, the phonon
number is decreased. The results display that
the cooling can be attained in the bad-cavity
limit of the optomechanical system. The other
regime is blue-detuning where the large value
of the Gi increases the minimum phonon
number. The energy-localization reduces the
coupling strength for achieving the ground state
cooling in the red-detuned regime.
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