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Simultaneous cooling of degenerate mechanical modes in unresolved sideband regime
via optical and mechanical nonlinearities
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We propose a scheme to simultaneously cool multiple degenerate mechanical modes in optomechanical
systems beyond the resolved sideband regime. In general, one of the main obstacles for cooling degenerate
mechanical modes is the so-called dark-mode effect. The Duffing nonlinearities (mechanical nonlinearities)
can be used to overcome the dark-mode effect of degenerate mechanical modes. A second-order nonlinear
medium (optical nonlinearity) is introduced to accomplish the ground-state cooling of degenerate mechanical
modes beyond the resolved sideband regime. We find the dark mode of degenerate mechanical modes can be
broken when the mechanical nonlinearities of different mechanical modes are not very close. Our scheme paves
the way toward the implementation of simultaneous ground-state cooling of degenerate mechanical modes of
optomechanical systems beyond the resolved sideband regime in experiments.
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I. INTRODUCTION

In recent years, optomechanical systems have received a
lot of attention since they have many applications including
highly sensitive measurement of tiny displacement, creation
of nonclassical states of light or mechanical motion, and
quantum information processing [1-8]. Of particular interest
are multimode optomechanical systems with two or more
mechanical oscillators [9-23]. Multimode optomechanical
systems have a wide range of applications such as the gen-
eration of entanglement between two or more mechanical
oscillators, the study of quantum many-body effects, and
highly sensitive sensors [1-3]. In the applications of multi-
mode optomechanical systems, the simultaneous ground-state
cooling of multiple degenerate mechanical resonators is indis-
pensable [24].

Unfortunately, there are two main obstacles for the simulta-
neous ground-state cooling of several degenerate mechanical
modes in standard sideband cooling. One is the resolved
sideband condition, i.e., the decay rate of an optical cavity
must be smaller than the frequencies of mechanical modes
[3]. This condition typically requires that the finesse of the
optical cavity should be very high and limits the size of the
mechanical resonators to be cooled. This restriction can be
overcome with the help of an auxiliary mechanical mode [25]
or a coherent auxiliary cavity [26]. The other main obstacle is
the so-called dark-mode effect, which suppresses the ground-
state cooling of degenerate mechanical modes significantly.
This effect appears if two or more degenerate mechanical
modes couple to one common optical cavity mode [27-31].
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Physically, a dark mode formed by two degenerate mechanical
modes is decoupled from the cavity mode of the system com-
pletely. Thus it is very difficult to extract thermal excitations
of the dark mode through the cooling channel of the optical
mode. Later, the dark-mode effect was demonstrated experi-
mentally in [32]. Up to now, several schemes were proposed
for cooling multiple mechanical oscillators simultaneously
[33-38]. In Ref. [33], the authors have pointed out that the
ground-state cooling of several mechanical oscillators could
be accomplished in the resolved-sideband regime by intro-
ducing an optomechanical interface. It was shown that the
dark modes can be broken by introducing a phase-dependent
phonon-exchange interaction [35]. The quantum reservoir
engineering method was also used to realize ground-state
cooling of several mechanical resonators [36]. The authors of
Ref. [37] suggested the thermal energy from many mechanical
modes within a large frequency bandwidth can be extracted
with the help of a standard cold-damping technique. Very
recently, an auxiliary cavity mode was introduced to over-
come the dark-mode effect of multiple degenerate mechanical
modes [38,39]. Consequently, the simultaneous ground-state
cooling of degenerate mechanical modes can be realized in
multimode optomechanical systems in the resolved sideband
regime [38].

In the present work, we propose a scheme to cool sev-
eral degenerate mechanical oscillators simultaneously in the
unresolved sideband regime with the help of optical and
mechanical nonlinearities. In order to break the dark modes
formed by degenerate mechanical modes, we introduce the
Duffing nonlinearities (mechanical nonlinearities). Note that
the Duffing nonlinearities of different mechanical oscillators
should not be very close so that the dark modes can be bro-
ken efficiently. In addition, we use a second-order nonlinear
medium (optical nonlinearity) to cool degenerate mechanical
modes even in the unresolved sideband regime. It is worth
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noting that there are two differences between our work and
Ref. [38]. First, in our scheme, the dark modes of degenerate
mechanical modes are broken by the Duffing nonlinearities
of different mechanical modes. In Ref. [38], the dark modes
are broken by an auxiliary cavity mode. Second, the ground-
state cooling of all degenerate mechanical modes can be
accomplished simultaneously even in the unresolved sideband
regime in the present work. However, we note that it is difficult
to realize simultaneous ground-state cooling of all degenerate
mechanical oscillators in the unresolved sideband regime in
Ref. [38].

The organization of this paper is as follows. In Sec. II,
we introduce the model and derive an effective Hamiltonian.
In Sec. III, we derive the quantum Langevin equations of
the present model. In Sec. IV, we discuss the simultaneous
ground-state cooling of two degenerate mechanical resonators
in the unresolved sideband regime. In Sec. V, we investigate
the simultaneous ground-state cooling of three or four degen-
erate mechanical resonators. In Sec. VI, we summarize our
results.

II. MODEL AND HAMILTONIAN

In the present work, we consider an optomechanical system
formed by one optical cavity and » mechanical resonators.
A second-order nonlinear medium x ® is put into the Fabry-
Pérot cavity. There are two modes in the optical cavity. One
is the fundamental mode a; with frequency w.. The other is
a second-order optical mode a, with frequencies 2w,. The
decay rates of optical modes a; and a; are x| and «;, re-
spectively. The mechanical oscillator j with frequency w; and
decay rate y; is denoted by b;. In addition, the fundamental
and second-order modes are driven by two fields with ampli-
tudes ¢; and &,. The amplitude of the Duffing nonlinearity of
mode b; is n;. The schematic representation of our model can
be found in Fig. 1. The Hamiltonian of the system is (& = 1)
[5,40-43]

H = Hy + Hy + H; + Hp + Hy, (D)
N

Hy = wcaIal + 2w.aya; + Z a)‘,-bj.bj, )
j=1

Hy = i(sle_i“”-’aI + 82e_2i“’"’a; —H.c), 3)

N N
Hy ==Y giala(b|+b)) = graiar (bl +bj), (@)
j=1 Jj=1
N

7;
Hy =) 5] +b)", (5)
j=1
ix
H, = TO(aPaz — a%az), (6)

where H) is the free Hamiltonian of the present system and
Hj, is the Hamiltonian for driving fields applied to the fun-
damental and second-order modes a; and a, with frequencies
wr and 2wy. H; denotes the interaction between the optical
and mechanical modes with coupling constants g;;. Hy is
the Hamiltonian corresponding to the Duffing nonlinearities
of mechanical modes. We note that a nonlinear amplitude

FIG. 1. Schematic representation of our model. The fundamental
mode is represented by a; and mechanical mode j is denoted by
b;. Here, the second-order optical mode a, is not shown. A second-
order nonlinear medium is denoted by x®. The effective coupling
strength between a;, and b; is Gy;. A; is the Duffing nonlinearity
(mechanical nonlinearity) of b;. See Egs. (1) and (14) for more
details.

of n; = 10’40)1- (j=1,2,...,N) can be achieved by cou-
pling the mechanical mode to an auxiliary system [5]. The
Hamiltonian of a second-order nonlinear medium is denoted
by H, and g is the interaction between the fundamental and
second-order optical modes. The amplitudes of driving fields
are €1 = /2k1P/wy and &; = /2k,P,/(2wy) with P; and
P> being the powers of two driving lasers applied on optical
modes a; and a;.

In a rotating frame defined by the unitary transformation
U@)= exp{—ia)Lt(a'[al + 2a;a2)}, the above Hamiltonian
can be rewritten as

H=U'HU —iUTU

N
= Acdla) + 24 alar + Z a)jbj.bj
=1

+ l'(SlaJlr —g1a; + &2a; — £2az)

N
- Z(gljajal + g2ja;‘12)(b; +bj)
=1

N .
Nj .+ X0/ 2
+D 5 bt + (e m —alg). (D)
j=1
with A, = w, — .

III. QUANTUM LANGEVIN EQUATIONS

In this section, we first linearize the above Hamiltonian
by employing the following displacement transformations
ay — o +day and b; — B; +6b; with k=1,2 and j =
1,2,...,N. After some algebra, we obtain the quantum
Langevin equations as follows:

. ) K
ap = —<1Ac+31>061 + xoojon + €1, ()
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. . K
ay = —(zAi_ + f)ag — %a% + &, 9)

~ . Y . .
Bj = —<le + Ej)ﬁj +igijlot | + igajlaa|?
— in;(16B;1 cos® gy, + 12|B;] cos gy, ), (10)

Sa; = —<iAL, + K_1>8a1 + XoochaI + xoo{8az

2
N
+iY_ G1j(8bf + 8b)) + /K1arin, (11)
j=1
. A K2
dap; = —<1AC + ?>8a2 — Xoo18ay

N
+i) Goy(8b} + b)) + oz,  (12)

j=1
8hj = _<in- + %)Sbj +i(G;8a] + G 8ar)

+i(Gpj8a5 + G ;8ar)
— 2iA (8D} + 8b;) + \/Vibjin: (13)

where A, = A, — 221;;1 gijlBjlcosgy,, AL =2A.—2

Y gjlBilcosgy,  Aj=3n;(4|B;|*cos’ g, + 1), and
Gyj=gox (k=1,2 and j=1,2,...,N). We have
assumed B; = |B;le'"i.

Ixlcos(2¢) — 5 [x|sin(2¢) + A,
[x|sin(2¢) — A, —[x|cos(2¢) — 5
0 0
A= 2G4 0
0
2Gy

The dynamics of the system described by Eq. (15) can be
completely described by a 2(N + 1) x 2(N + 1) covariance
matrix V with V; ; = (f; fx + fx f;)/2. Here, N is the number
of mechanical modes. We obtain the evolution of the covari-
ance matrix V as follows:

V =AV + VAT 4+ D, (18)

where D is the noise correlation defined by D =
diag[9, 5, 5Qan+ 1), H5Qnn+ 1), ..., B Qnn+1),
VTN(Znth + 1)]. Here ny, is the mean phonon number of the
mechanical resonators. According to the Routh-Hurwitz
criterion [44], the system described by Eq. (18) is stable only
if all the real parts of the eigenvalues of the matrix A are
negative. All the parameters used in the present work satisfy

Note that the fluctuations of mode a, can be neglected
in the limit of large x, and the adiabatic approximation is
valid [40,43]. Thus the quantum Langevin equations can be
rewritten as

N
. . K1 .
8a; = —<1AC + ?>501 +i ;Glj((Sb; +6b;)

+ X(SGT + «/K—lal,ina
8hj = —(iwj + %)5@ +iG;(8al + 8ay)
— 2iA (b} + 8b;) + /¥jbjin: (14)

where x = xoa2 = |x|e*¢. Without loss of generality, Gy j
has been assumed to be real.
We define the quadrature operators Xo—gq, »; = 80" +

80)/V2, Yoa, p; = i(80" — 80)/+/2, and the noise quadra-
ture operators Xg., , = (O] 4 01,)//2 and Yol s =

i(Ofn — Oin)/~/2. From the above quantum Langevin equa-
tions, we obtain

f=Af +17, (15)
where f = (X,,, Yo, Xp,» Yo,» - - -+ Xpy Yo, )T and

i = (VR Y X AT

. . T
VX JSYNY) (16)
0 . 0 0
2G 2G1y 0
—% w1 0 O
—wi— 4N =8 0 0 (17)
_VTN N
—a)N—4AN —VTN

(

the Routh-Hurwitz criterion. The steady-state mean phonon
numbers of mechanical modes b; are

nj = Vajy12j41 + Vajianjir — 1)/2. (19)

Now, we discuss the strengths of the mechanical and
optical nonlinearities. In general, the natural Duffing nonlin-
earity (mechanical nonlinearity) is very small. For example,
in Ref. [5], the authors have shown that a nonlinear amplitude
of n; = 10w ; can be achieved by coupling the mechanical
mode to an auxiliary system. Here, w; is the frequency of the
mechanical mode b;. Also, the optical nonlinearity strength is,
in general, small compared with the frequency of the mechan-
ical mode w;. Note that the effective mechanical nonlinearity
A and the effective optical nonlinearity x in Egs. (13) and
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FIG. 2. Steady-state amplitudes |a»| and |B;| are plotted as
functions of the driving power P with n = 107w, and |xo| =
10~3w;. We assume P; = P, = P in the present work. Other param-

eter values are w; = wy = -+ = wy = 27 x 20 MHz, 0w, = 27 %
500 THz, G; = Gj = 1074w, (j=1,2,..., N),k; = 100wy, k; =
20000)1, VM=V2=-"=VYN= 10_60)1, 90[,/. = 0, Ac = 10&)1, and
A:, = 20&)1.

(14) are defined by A; = 3n;(4|8;|* cos® g, + 1) and x =
Xottz, respectively. It is clear to see the effective nonlinearities
A and x could be significantly enhanced by 8; and «;. In
Fig. 2, we plot the steady-state amplitudes |a;| and |B;| as
functions of the driving power P using Egs. (8)—(10). We
assume Py =P, =P, oy =wp=---=wy, and y} = y» =
--- = yy in this figure. From Fig. 2, one can see that |ap| &
400 and |8;| ~ 13.7 if P =4 uW. The natural Duffing non-
linearity strength is 1, = 10~*w) and the optical nonlinearity
strength is xo = 1073w, In the case of P = 4 uW and O, =
0, we find A ; = 3n;(4|B;1* cos® g, + 1) ~ 0.23w; and |x| =
xoloa| ~ 0.4w;. In a word, the effective nonlinearities A ; and
x could be significantly enhanced in the present model.

IV. SIMULTANEOUS GROUND-STATE COOLING OF TWO
DEGENERATE MECHANICAL OSCILLATORS

In this section, we investigate the simultaneous ground-
state cooling of two degenerate mechanical resonators beyond
the resolved sideband regime with the help of optical and
mechanical nonlinearities. First, we derive the linearized
Hamiltonian under the rotating wave approximation (RWA) in
the absence of mechanical nonlinearities. Second, we recast
the linearized Hamiltonian based on two hybrid mechanical
modes B; and B;. The dark mode effect can be seen clearly
from this Hamiltonian in the absence of mechanical nonlin-
earities. Third, we introduce the mechanical nonlinearities.
One can find that the dark mode formed by two degener-
ate mechanical resonators is destroyed by the mechanical
nonlinearities with different amplitudes. Finally, the optical
nonlinearity is used to cool degenerate mechanical resonators
simultaneously even in the unresolved sideband regime.

A. Dark mode of two degenerate mechanical oscillators
From Egs. (14), we can write out the linearized Hamilto-
nian under the RWA explicitly as
Hrwa = Hy + H; + Hpy + H,

Hy = A8a}8a) + w18b]8by + w28b}8b,

H; = —G1(8a]8b, + 8b!8ay)
— G12(8aj8by + 8b}say),

Hp = A (8D} + 8b% + 28b(8b,)
+ Ay (865 + 8b3 + 28b58b,),

A, = %(aaP —5d?). (20)

We now introduce two hybrid mechanical modes B and B, as
follows:

1
B) = ————=(G118b1 + G128b,),
NASTR G
1
B, = (G128by — G118b»). 21

VGhi +Gh

Here, the new operators B; and B, satisfy the bosonic
commutation relations [Bj, B1"]1=1 and [B,, B,"] = 1. The
Hamiltonian Hrwa can be expressed as
Hrwa =H'o+H'1+H'A +H',,
H'o = Adajsa; + wy,,B]B) + wy.,B) B,
A’} = G (3a\B) + 8a\B,") + &,(B\'B, + B,'By),
A’y = w1 A (B} + B +2B}B)
+ w (B% + B;z + 23232)
+&A(B1By + BBy + BJ{B; + BEBI
+2B!B, + 2B}By),

A, = %(aa? —8dd), (22)

a)lG%l + a)zG%z
a)l,w = T

G} +Gh
_ LL)]G%Z + CDZG%I
W = — 55—
Gy, + Gy,
o p = A]G%l + AQG%Z
’ G, +Gi,
" A1G%2 + AzG%]
A= ——
G}, + G,
G, = [ 1 G
£, = (w1 — 02)G11G12
! Gl +Gi,
(A1 — A2)G11Gr2
= 23
SA G%l +G%2 ( )

033509-4



SIMULTANEOUS COOLING OF DEGENERATE ...

PHYSICAL REVIEW A 109, 033509 (2024)

Some remarks must be made now. First, if the frequencies
of two mechanical modes are equal (w; = w,), then one can
easily find &, = 0. Second, in the absence of mechanical non-
linearities (A; = A, = 0) or the mechanical nonlinearities are
equal (A = Ay > 0), the term £, = 0. Thus the hybrid mode
B; is totally decoupled from B; and da; simultaneously in the
case of w1 = wy (§, = 0) and A; = A, (64 = 0) as we can
see from Eqgs. (22) and (23). The hybrid mode B, is called
a dark mode [38,39] and cannot be cooled completely. In
other words, the mechanical system cannot be cooled if the
frequencies of two mechanical resonators are equal (§,, = 0)
and the mechanical nonlinearities are also equal (§5, = 0).

The reason is as follows. The thermal excitations of B;
can be extracted through the cooling channel of the optical
modes da; since there is direct interaction between B; and
day as one can clearly see from the term G+(8aIB1 +8a;B;1)
of Eq. (22). Unfortunately, the thermal energy of the dark
mode B, cannot be extracted through the cooling channel if
&, = 0and &, = 0, and there is no direct interaction between
B and By or between B, and §a;. Physically, the dark mode
formed by two degenerate mechanical modes can be destroyed
by introducing mechanical nonlinearities with different am-
plitudes, i.e., A| # Ay (€5 # 0). In this case, &, = 0, while
&n # 0. Therefore, there is direct interaction between B, and
B,. The thermal excitations of B; and B, can be efficiently
extracted through the cooling channel of the optical mode
8ay. Itis possible to realize simultaneous ground-state cooling
of degenerate mechanical modes with the help of mechanical
nonlinearities when the amplitudes are not very close.

B. Cooling beyond resolved sideband regime

In general, in the standard sideband cooling, one obstacle
for ground-state cooling of mechanical resonators is the re-
solved sideband condition, i.e., the decay rate of an optical
cavity must be smaller than the frequencies of mechanical
modes [3]. This restriction typically requests that the finesse
of an optical cavity should be very high, which limits the size
of mechanical resonators to be cooled. In the Hamiltonian A’
of Egs. (22), the optical nonlinearity yx is employed to cooled
mechanical resonators beyond the resolved sideband regime.

In Fig. 3, we plot the steady-state mean phonon numbers
of mechanical modes b, and b, as functions of parameters
wy/wy and k1 /w; for different A| and A,. From Fig. 3(a) and
Fig. 3(b), one can see that, in the absence of mechanical non-
linearities, the mean phonon numbers of the first and second
mechanical modes can be much larger than 1 if the frequency
of the second mechanical mode is close to the frequency of
the first mechanical mode, i.e., wy = w;. Clearly, this is a
natural consequence of the dark-mode effect, i.e., when the
frequencies of two mechanical modes are equal, they form a
hybrid dark mode B, as we have pointed out previously. If
the mechanical nonlinearities with different amplitudes are
introduced, the steady-state mean phonon numbers of two
degenerate mechanical resonators can be cooled efficiently as
one can find in Fig. 3(c) and Fig. 3(d). This implies that the
mechanical nonlinearities with different amplitudes can break
the dark mode B, since the parameter £, in Eq. (22) is not
zero and there is interaction between hybrid modes By and B;.
The thermal excitations of B, can be extracted via the cooling
channel B, = B; = a; as one can clearly see from Eq. (22).

(a) n, wnhA =A,=0

400

1 5 1 5 300
1200

100 100

m/w co/co

n wnhA =A,=0

(c) n, W|thA _01m andA —001(u

”iﬂ ”ii

21 21

n W|th/\ _010 and/\ _001m

FIG. 3. Steady-state mean phonon numbers n; and n, versus
wy/w; and k;/w;. The parameters are y; = y, = 10~%w,, G, =
G =0.1w;,¢ =057, A, = wy, | x| =0, and ny = 1000.

In Fig. 4, we plot the stationary-state mean phonon num-
bers n; and n, as functions of parameters A,/A; and x| /w;
for different value of w,. From Fig. 4(a) and Fig. 4(b), we find
that two degenerate mechanical resonators by and b, cannot
be cooled if the amplitudes of two mechanical nonlinearities
are close. From Fig. 4(c) and Fig. 4(d), one can see the two
mechanical resonators can be cooled simultaneously if the
difference between their frequencies is not very small. This
is consistent with the results of [27,32].

Now, we turn to investigate the simultaneous ground-state
cooling of two degenerate mechanical resonators in the highly
unresolved sideband regime with the help of optical nonlinear-
ity. In Fig. 5, we plot the mean phonon numbers as functions

anwnhm =0, b)n Wltho) =0,

500 500
1 5 400 1 5 400
300 300
200 200
100 100

A/A A/A

cnwnthm -090) nwnhm —09m

0.2 0.2
0.1 0.1

21 21

FIG. 4. Steady-state mean phonon numbers n; and n, versus
Ay/Ay and ky/w,. The parameters are y; =y, = 10~%w,, G, =
G12 = 0.1&)1, d) = 0‘57[, Ac = w, |X| = 0, A] = 0.16()1, and nh =
1000.
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FIG. 5. Steady-state mean phonon numbers n; and n, ver-
sus A,/A; for different «; and |x|. The parameters are
VI =V = 10_60)], G]] = G|2 = 0.10)],¢ = 0.57T, A( = wi, A| =
0.1(1)1, wy = wi, and Ny = 1000.

of A,/ A for different values of k| and |x|. In the absence of
optical nonlinearity, the mean phonon numbers 7, and n, are
always lager than 10 when the decay rate of the optical mode
is much larger than w; [see the red solid lines of Fig. 5(a) and
Fig. 5(b)]. If the optical nonlinearity is introduced, then the
mean phonon numbers are reduced [see the green dashed lines
of Fig. 5(a) and Fig. 5(b)]. However, n; and n, are larger than
10 in the case of |x| = Sw; and «; = 20w, . Particularly, n;
and n; can be smaller than 1 in the case of | x| = 10w; and the
difference of two mechanical nonlinearities is not very close
[see the blue dotted lines of Fig. 5(a) and Fig. 5(b)].

V. SIMULTANEOUS GROUND-STATE COOLING OF
THREE OR FOUR DEGENERATE MECHANICAL
OSCILLATORS

In this section, we study the simultaneous ground-state
cooling of three or four degenerate mechanical modes in the

J

unresolved sideband regime using mechanical nonlinearities
with different amplitudes and optical nonlinearity.

A. Three degenerate mechanical oscillators

Similar to the previous section, we obtain the quantum
Langevin equations for the fundamental optical mode a; and
three mechanical modes by, b,, and b3 as

say = —(iAC + %)&u +iGy1(5b] + 8by)

+iG12(8D} + 8by) + iGy3(8b} + 8b3)
+ X(S(ZT + «/K_lal,ina
8h; = —(iwj + %)5@ +iGyj(8a] + 8ay)

— 2iA (b} + 8b;) + /7jbjin: 24)

with j=1,2,3. The quantum Langevin equations are
still given by Eq. (15) with f= Xays Yoy Xbys Yo, , Xby o Yo, s
Xp,, Yp,)T and

RV N N N

VXS Y X SrsY) - (25)

Similar to the previous section, the steady-state mean
phonon numbers of mechanical modes by, b,, and b3 are

n = (V33 + Vi — /2,
ny = (Vss + Ve — 1)/2,

n3y = (V77 + Vgg — 1)/2, (26)

and V is a 8 x 8 covariance matrix with Vj = (f;fi +
fifj)/2. The dynamics of the covariance matrix V' is similar
to Eq. (18) with

Ixlcos 2¢) — 5 [xIsin(2¢) + A, 0 0 0 0 0 0
IxIsin(2p) — Ac  —lxlcos@p)—5  2Gy 0 261, 0 261 0
0 0 - o) 0 0 0 0
A 2G1; 0 —w; —4AM —% 0 0 0 0 .
B 0 0 0 0 -z w 0 N
2G12 0 0 0 —wy — 4A2 -z 0 0
0 0 0 0 0 0 —B 3
2G13 0 0 0 0 0 —w3 — 4A3 —%
. K K
D= dlag[g, S B+ 1), 2@+ D, 2@+ D, 2@+ D, 2+ D, 2 2+ 1)]. (28)
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FIG. 6. Steady-state mean phonon numbers of mechanical
modes n; (red solid lines), n, (green dashed lines), and n; (blue
dash-dot lines) versus Az/A; for different k; and |x|. The param-
eters are y; =y =3 = 10%w,, G|, =G;n =Gi3 =03w,,¢ =
0.57‘[, Ac = w, Al = 0.1&)1, Az = O.SAl, w|] = Wy = w3, andnlh =
1000.

In Fig. 6, we plot steady-state mean phonon numbers nj,
n,, and n3 as functions of A3/A| with A, = 0.8A and w; =
w, = ws. In other words, the frequencies of three mechanical
modes are the same. However, the mechanical nonlinearities
of by and b, are not very close since A, = 0.8A;. As a
result, the mechanical modes b; and b, cannot form a dark
mode since the dark mode can be destroyed by two me-
chanical nonlinearities with different amplitudes. Note that
A3 could be equal to A, or A; and it is still possible to
form a dark mode between b; and b3 (A = A3) or b, and
b3 (Ay = A3). In Fig. 6(a), we calculate the mean phonon
numbers in the resolved sideband regime with x; = 0.1w; and
the optical nonlinearity is assumed to be zero with |x| = 0.
There are two peaks of n3 (blue dash-dot lines). One peak is
located at A3 = A, = 0.8A, which is a result of the dark
mode formed by b, and b3. The first mechanical mode b,
can be cooled efficiently even in the presence of the dark
mode which is mixed by b, and b3 in the resolved sideband
regime. The other peak is located at A3 = A, which is a
result of the dark mode formed by b; and b3. In this case,
by and b3 cannot be cooled, while n, could be smaller than
1. In a word, if we want to achieve ground-state cooling of
all mechanical modes, the mechanical nonlinearities should
not be too close. If the optical decay rate is much larger
than the frequencies of mechanical modes, all the stationary-
state mean phonon numbers of mechanical modes are larger
than 1 when x; = 10w; and |x| = 0 as one can clearly see
from Fig. 6(b). Therefore, we introduce the optical nonlin-
earity. In Fig. 6(c), we find all the degenerate mechanical
resonators can be cooled efficiently even in the unresolved
sideband regime with the help of optical nonlinearity with
x| =Sw;.
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FIG. 7. Steady-state mean phonon numbers n; (red solid lines),
n, (green dashed lines), n; (blue dash-dot lines), and n4 (cyan
solid lines) versus A4/A, for different x; and |x|. The parameters
are y; =y, =y3 = 10%0;, G1; = G1a = Gi3 = Gy = 0.1wy, ¢ =
O.SJT, AE = w, A] = 0.2(1)|7 A2 = O.SAI, A3 = O.9A1, w; = Wy =
w3 = Wy, and nh = 1000.

B. Four degenerate mechanical oscillators

Here, we investigate the ground-state cooling of four de-
generate mechanical modes. Similar to the case of two or three
mechanical modes, we can find the evolution of the covariance
matrix V for four mechanical modes. The expressions of A
and D are not written out explicitly here since they are too
long. So, we only show the numerical results here. In Fig. 7,
we plot the steady-state mean phonon numbers n;, n,, ns,
and ny as functions of A4/A; for different values of x; and
|x| with w; = w; = w3 = w4. From Fig. 7(a), one can find
there are three peaks in the cyan solid lines (n4) which are
natural consequences of three possible dark modes formed by
mechanical modes. The first peak is located at Ay = 0.8A,
and the dark mode is mixed by b4 and b, since w4 = w, and
A4 = A,. Inthis case, by and b5 can be cooled efficiently. The
second peak is located at A4 = 0.9A and the dark mode is
formed by b4 and b3 due to ws = w3 and A4 = Aj. The third
peak is located at A4 = A and the dark mode is formed by b4
and b,. In the case of k1 = 10w; and | x| = 0, all mechanical
resonators cannot be cooled efficiently [see Fig. 7(b)]. Again,
we introduce the optical nonlinearity x. As one can clearly see
from Fig. 7(c), the simultaneous ground-state cooling of all
degenerate mechanical modes can be realized even in the un-
resolved sideband regime with the help of optical nonlinearity
and mechanical nonlinearities with different amplitudes.

Finally, we discuss two competing effects of the optical
nonlinearity in the present model. First, the Stokes heating
processes can be significantly suppressed and the backac-
tion limit of standard sideband cooling can be surpassed
with the help of the optical nonlinearity as pointed out in
Ref. [40]. The first effect of the optical nonlinearity is help-
ful for ground-state cooling. Second, there is nonlinearity
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in the Hamiltonian H, = %(arzaz — a}a}) of Eq. (6) when
the optical nonlinearity yq is introduced. This nonlinearity is
harmful for ground-state cooling since the photon number of
cavity a; is increased. As a result, the influence of the optical
nonlinearity on the ground-state cooling of the mechanical
modes is a tradeoff between these two competing effects.
In the highly unresolved sideband regime with «; > w;, the
photons generated by the optical nonlinearity can decay very
quickly and the first effect which suppresses the Stokes heat-
ing processes is dominant. Thus the mechanical modes can
be cooled efficiently even in the highly unresolved sideband
regime. This is consistent with the results of our work. In
contrast, in the resolved sideband regime with x| < wi, the
photons generated by the optical nonlinearity cannot decay
quickly. Although the Stokes heating processes can still be
suppressed by the optical nonlinearity in the resolved side-
band regime, these photons generated by the nonlinearity can
heat the mechanical modes significantly and are the dominant
effect in the resolved sideband regime. In fact, we observe that
the mean phonon numbers of mechanical modes in the case
of |x| > 0 can be larger than that of | x| = O in the resolved
sideband regime. The results are not shown here because we
focus on the ground-state cooling of mechanical modes in
the highly unresolved sideband regime in the present work.
Thus, if we want to cool several degenerate resonators in the
resolved sideband regime, the optical nonlinearity should not
be introduced. It is worth noting that one can overcome the
dark-mode effect in the resolved sideband regime using other
methods [33-39].

VI. CONCLUSION

In the present work, we have proposed a scheme to realize
simultaneous ground-state cooling of degenerate mechanical
oscillators in the unresolved sideband regime with the help of
optical and mechanical nonlinearities. One main obstacle for
ground-state cooling of degenerate mechanical oscillators is
the dark-mode effect. This kind of effect emerges if several
degenerate mechanical modes couple to a common optical
mode. In this case the ground-state cooling of mechanical
modes is suppressed significantly. Here, we introduced the
Duffing nonlinearities (mechanical nonlinearities) to break
the dark mode formed by degenerate mechanical modes. Our
results show that the dark mode can be completely destroyed
by mechanical nonlinearities when their amplitudes are not
very close.

In the absence of the second-order nonlinearity medium,
the degenerate mechanical resonators cannot be cooled effi-
ciently in the unresolved sideband regime. However, if we put
the second-order nonlinearity (optical nonlinearity) into the
system, the simultaneous ground-state cooling of two or more
degenerate mechanical modes can be accomplished even in
the unresolved sideband regime.
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