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Fig. 1. Schematic diagram of an achievable double-cavity
optomechanical system.
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— %A W) + V2% (@) . (57)
IARBOTRE (55)—(57) AT LIRS
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+ O/ 27 A (@), (58)
Hrp
A(w) =k —i(w—A41)
J2
+— AN (59a)
EQ—I(W—A2)+m
B (w)=— o oy (59D)
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Ya—i(w—A4,)
iJ
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oA ’Ya_l(w_Azaj)V (59¢)
Hg*i(W*AQ)‘F.ga—
Ya —1 (W —Aa)
ORISR G L R A ARk T A
S (w) ! ! (60)

A @) AW

4 SH K
4.1 S = EKREE

a0 BT HUBER T 98 A0 32 2 R KT i ) 1
SR SIS 3 U, B S (L), AL H)
FIR S (wn) RATRER, 11 .S (—wm)RATHE/N. B 2 Z1
7R EK VR RS S (w) BESE (BOB I [H S & &
BT, AR R A RN Ay, FERUE Ky Ml vy ) YAZ
k. AR R AL, FARHUIR T 7T il
RHIES DB FZME k1 < wm . TEAT] 3 PEHHF
MR, PR H R BGE R TRV T S (4wm) F
S (—wm ) XA BIHUBIRF AR (W 2, Ky =
Swm ). X B, AT EZEWFG A ] S BRI A SR
(B — DG IR 1 S 3 K T AILIR - A A3 %2, B
K1 > wm ) BOGHEIE T RGNS A.

0.5

0.4r

0.3

S(w)

0.2

0.1F

2 WU RS G RE TR R BRIE IS S (w) FEATR w Y
A (Fe T R A TS 0 A A0 38 R XT 7 4 A B 43l
A1l = wm, kK1 = bwm ; A2 = —wm, k2 = 0.05wn )

Fig. 2. Fluctuation spectrum S (w) as a function of the fre-
quency w with different double-cavity coupling coefficient
J. The effective detunings of the left cavity mode and right
cavity mode and the corresponding decay rates are respect-

ively are Ay = wm, k1 = dwm ; A2 = —wm, k2 = 0.05wn .

YA W B P R AN AR, DDLU s [l P
BREBONE, BT =0, BuAf R AR R G &
5. M (54) KK S (w) A1 (48a) AT AL BE, It
BBk 75 1% S (w) AL Ky BT A DE, ISR 24T ¢
w= A bR IR (H N, TR w = ki AL R IR
B, MEIBL IR, A T e H R IR B i KERAE,
TRVETE S (W) RATE AL = wa &b,

A R A s hs, SO (] AR A R EOR
R BIT #0, BRIETES (w) )N BRI Y 35 18 25 1%
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2
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R B4 TR] IE AR AR A AL T AL 73550 %8 1 T 5K
PGS (w) B DA A MG (RS B, Ao R R BK
AR, K

Al = +wm, Ay = —wy,. (64)
H (64) ZUAUA (63b) 2, 15 B ER AL VOB I ] B9 #E
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J = /2w (wm — Ar). (65)
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(64) #1 (65) X, FTLIRRIBOLE REE W2 EIT %
SRR dURESSIE S

Al =wm— ) Ay = —wm. (66)

2Wm
Kl 3 45 KV 1 S (w) TE ISR Ay = —wm
T B O Ao A ] O FE IR R ko AR B, 22
A RRIE R Ay = —w, WA (65) 2, IS XT R
1) 5 AR UL (B 5 R A T = 2w . (EAHIE R 2,
RVt A B A A = —wm (TR SR/ NI
SORT) 1A, = 4o (RERERATS HIONT), o T 378
RLAFAIV AN, ISV A0, N IR BEORAE T i
AN BT T2, I T Y e A AR R AL
Ko (R PESE BRIETERYIREE ). 52 b, 2 ko dEH /I
I, kg < T, /N REIEE TF, WA 3 PR,
MIEL 3 b 1] LI, BEE AR A ko BIR)N, U615
B R, R /b BT, ol i, FERLR AL ko
T INEEH T RO T R G AL 5 Ve 400, T
Mg > 2w THR, JOH kg = B (BRER) B, KT
T AN 1 30 Y 8 A D R A P UK 30 UE AR R K e
U INER] T RGBSV AT

0.5

0.4r

0.3 F

S(w)

0.2
i Ko =0.05w,,
i ko = 0.50wy,
| T R =Wy
! p—

Ko = bwyy,

0.1F

3 AIFZEWCR ko ST KT (%€ 1S5 50 R
Al = —wm, K1 = bwm; Az = —wm, J = 2wn)

Fig. 3. Optical fluctuation spectrum with different decay
rates k2. The given parameters are Ay = —wm, kK1 = bwm ;

Ag = —wm, J = 2wnm.
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kA R g JR T NEB 2 52 ik VK %, A
(59a) F1 (60) X HLEEM BFF]. M HJE 1A 8RS
A WAL, T -3 5 28K g, B R B 2
23 A EIT 15748 iU — I8 B 241

5 R 5K 3 BN, &I ik
PSRN, BB N AR RN A A T

0.5

0.4

S(w)

0.2

— Optical cavity
— Atom-optical
cavity

0.1F

w/wm

Bl 4 ZHCEW T 28 BEREF BB IE 1% S (w) MR w 1)
AR AL (F2 R AT T 00 A A% % 1 R RS g YRR IR 4 B
Al = wm, K1 = bwm; Az = —wm, k2 = 0.05wn; J& F 1Y
AR R T IR Aa = wm, e = 10wm ; JE T -
HhA BB g = 0.62 X 10~ %wm , JLTHL N = 108)

Fig. 4. Optical and atom-optical fluctuation spectrum S (w)
as a function of the frequency w under the influence of
parameters. The effective detunings of the left cavity mode
and right cavity mode and the corresponding decay rates
are respectively are A; = wm, kK1 = bwm; A2 = —wm,
k2 = 0.05wm . The atomic effective detuning and the coher-
ent decay rates are respectively are Ay = wm, Vo = 10wn -
The atom-field coupling strength is g, = 0.62 x 10~ %wp, .

The atomic number is N = 108.

0.5

S(w)

— Optical cavity
— Atom-optical
cavity

0.1F

—6 —4 -2 0 2 4 6

w/wm

K5 BIH ko = 0.05wm SN 28 R F IR Bk i 35 (4
EMBE NN AL = —wm, K1 =5wm; Az = —wm,J =
2uwm ; Aa = WmyYa = 10wm; ga=0.62x10" 4wy, N=108)
Fig. 5. Fluctuation spectrum and atom-optical fluctuation
spectrum with given decay rates k2 = 0.05wm . The given
parameters are Aj = —wm, K1 = dWm, A = —wm, J =
2w, Aa = wm, Ya = 10wm ; ga = 0.62x 10 *wr , N=108.

IS, R B A AT 0N AR AT, 7
W = —wn XTI IS S (—wm) HE2S I BEARR.

5 HAAH
5.1 ZTIRERSH

Bl 6 25t T A G ERS 2L J A
b, FTLVE : GRS R TR, R H138 A,
SR 2 E5IE—20 R EIR BB TR ke 1
WG K, 45 5 % (39) —3k. WHE gk
JEr R BN, GTE R ST B AR T A
WM R R AR RS R K
FEAEERA TR 20, e P AE ] e e s B
M ko = bwy B, TCIE TR G REL J HUAIE, B4
By HARAHAR/ N, T H B J 3G, R ER SN
JEHAR, fe)e TR, FrLA ko B/ INERET

0.15
— k9 =0.05w,,
— ko =0.50w,
— R2=Wn
0.10 k= By,

0 5 10 15 20 25
J/wm

Bl6 Ny TR R BB oo SR BEOC A & R4
JHIERE (BB HRE g = 0.5wm, Ao = —wm, K1 = Bwm,
Bt Ay W2 (66) 38)

Fig. 6. Cooling rate . as a function of optical coupling
coefficient J in the case of different decay rates ko. The
given parameters are ¢ = 0.5wm, A2 = —wWm, K1 = 5Wm,
and the optimal detuning A; satisfied the Eq. (66).

] 7 485t B RO R 75 T4, B IRERS & 2
B TR L AR (40) 2, T P
TR AR n B2 B0, oI I, B
SR RO, ¥ BB o 2L, %
BEIE T2 ARTTTE L2 S, LR -0 Bk
R H IG5 R ION KA | B i < e B,
SR IR 7 Ty BEE Y HVR IR e, TS
B R T B SEOS ER R, P47 T
By 5 nelii 22 K. (KRR 6 AFE T ELER S BT 0
JEONE, B T, ¥ HIE B T
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N, WIS TR, BEE TR, 184158, 014
BT, M n, XOEWHER, R ERES T 012
;%Cnm M1k, 0.10 [
0.08
1.0 &
0.06
0.8
0.04 +
. 0.6 0.02
g
:a' 0 1 1 1 1
0.4 0 0.1 0.2 0.3 0.4 0.5
T/K
0.2 )
Bl 8 P TR np A SRR BE TRYAS AL (47 1Y
ol Treee B B wm = 1.551 x 20 MHZ , Qm = wm/Ym = 6.2 x 10?,
10 15 20 25 J =10wm, g=0.5wnm, K1 =5wm, k2 =0.05wn, A=
J/wm —wm , LRI A (66) 3X)
Fig. 8. Mean phonon number np as a function of effective
initial temperature 7. The given parameters are wm =
1.55m x 20 MHz, Qm = wm/vm = 6.2 X 104, J = 10wm,
g = 0.5wnm, K1 = bwm, k2 = 0.05wm, A2 = —wm and the
optical detuning A, satisfied the Eq. (66).
[FEFRRER D
P9 FIF 10 235 20 il 1 v 4158, FIPE-R) 75

SR TR TR n, i ARG R T
AL (4 S EUE wm=1.551 x 20 MHz, Qm=wm/Ym =
6.2 x 104,y = 403, g = 0.5wm , kK1 = 5wm , k2 = 0.05wn ,

7
A Pz
A
Ag = —wm, WMWK AL 2 (66) )
Fig. 7. Mean phonon number n, as a function of optical
coupling coefficient J. The given parameters are wm =1.551x

(F ) WIEAJR T REE, rTUA ), YSROEFR

I, TR LT RGN PR Tk
S (—wm) AR, SEAIM T ANFARRAT, JFIA 5 B i A Jk

B HIZR ~ RN A HE T FHn, .

5
Bon, BRI G 280 T 8922 AL, 80 i B

20 MHZ, Qm = Wm/Ym = 6.2 x 10%, nm = 403, g = 0.5wm ,
K1 =>5wm, k2 =0.05wm, A2 = —wm, and the optical detuning

0.10

A; satisfied the Eq. (66).
0.08

H T 2 IENUMAR T 1 B AR AT, RI—E S
6.2 x 10, go = 1.2 x 10~ *wp, |¢| = 6000wy, (XFHF
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0.06
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R

Ye/Wm
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— Optical cavity
—— Atom-optical cavity
1 1

20 25
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J/wm

(O 8 PRSI T = 300 mK ). F A28 Y Hifth =
Bt 2R (66) SRR, S RERL
FRE A k1 = 5wm Al kg = 0.05wy . ME 7 AT L
BE, B FEn, 1T LUNT 1. X R B 7
WH AT A GO (B0 k) > wn ), HUAEIR
TR LI HI BT 2, R IR 228 e SHL
PTF AN LA G, B LRSI ESE A0k
f ST L. O AN B A I 5 e B (R A B R R s T
s G MIRAE 2506 (58 B K TR+ 1)
W) (R A] 4y BE ) B 2A BUG )3 (A 04 5
INTFHURAR TS 33X B R 2 A R0 A0 W A3
SRR, PR nT ASE IR T- IS 508 4. 9
ST 7, B S AR e A R
J = 10w, Bl 8 K375 T4 n, B A 25000 Uk T 5
T (7R Ak A 38000 R TR R RAIG, %o o A AR A 75 4
ny B/, BIVS ENMGY. MR T = 300 mK A,
RS THLIE 0.0844, X 5 7 AMPIIGIRE S

BORATE I, WISl 17 Y.

Ve HIE R e BE R GRS R A J AR AL (S E

BB JE wm = 1.551 X 20 MHz , Qm = wWm/vm = 6.2 x 10%,
nm =403, g=0.5wm, K1 =5wm, k2=0.05wn, A1=As=

Ay = Az = —wm, Da=wn,

k2 = 0.05wn ,
ga = 0.62 x 104wy, N = 108.
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—Wm ,Aa = Wm,Ya = 10wm ,ga = 0.62 x 10" 4wy, ,N = 108)
Fig. 9. Cooling rate - as a function of optical coupling co-
efficient J. The given parameters are wm=1.551x 20 MHz,

Qm = Wm/¥m = 6.2x10%, nm = 403, g=0.5wm , K1 =5wn

Ya = 10wm ,
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Fig. 10. Mean phonon number n, as a function of optical
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coupling coefficient J. The given parameters are same as

the ones in Fig. 8.
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Abstract

The ground-state cooling of mechanical resonator is one of the fundamental problems in cavity quantum
photomechanics. The so-called ground-state cooling is to make the number of steady-state phonons of the
mechanical resonator less than one. In this paper, we first propose an electromagnetically-induced-transparency-
like cooling mechanism in a double-cavity optomechanical system to cool a mechanical resonator. In the double-
optical cavity optomechanical system, the right additional cavity, which is directly coupled to a standard
optomechanical system, contains an ultra-cold two-level atomic ensemble. By selecting the optimal parameters
to meet the cooling process of the mechanical resonator corresponding to the maximum value of the optical
fluctuation spectrum and the heating process of the mechanical resonator corresponding to the minimum value
of the optical fluctuation spectrum, the mechanical resonator can be cooled by monitoring the phonon number.
We also exert the effects of the atomic additional cavity on the quantum Langevin equations and optical
fluctuation spectrum. We find that the atomic double-cavity system may have a better ground-state cooling
than the double-cavity in certain parameters.

To date, the researchers have proposed a number of theoretical cooling schemes in order to achieve the
ground-state cooling of mechanical resonator. As far as we know, the sideband cooling for just a standard
optomechanical system is a most famous scheme and the mechanical resonator is coupled to the optical field via
radiation pressure force. By the quantum theory of mechanical resonator’s sideband cooling, the optical fluc-
tuation spectrum determines the transition rate of both cooling and heating process of the mechanical resonator.
That’s to say, the optical fluctuation spectrum at a mechanical resonator frequency wy, is corresponding to the
cooling transition, whereas the optical fluctuation spectrum at —w,, is corresponding to the heating transition.
They respectively correspond to anti-Stokes and Stokes effect in physics. Under resolvable sideband conditions,
the optical field’s decay rate (the half-width of the single Lorentzian peak of optical fluctuation spectrum) is less
than the frequency of the mechanical resonator. So, the ground-state cooling of the mechanical resonator can be
obtained by making the maximum and minimum value of the optical fluctuation spectrum respectively
correspond to the cooling anti-Stokes process and heating Stokes process.

In this paper, we mainly observe the electromagnetically-induced-transparency-like ground-state cooling in
a double-cavity optomechanical system with an ensemble of two-level atoms. By adjusting the maximum and
minimum value of the optical fluctuation spectrum at the position of w = w,, and w = —w,,, the mechanical
resonator could be cooled down approximately to the ground state. Even when there exists an ensemble of two-
level atoms in the right additional cavity, the mechanical resonator can be better cooled than just a cavity.
These results may be conducive to the ground-state cooling of the mechanical resonator in the future
experiment.

Keywords: double-optical cavity, ground state cooling, Langevin equation, rate equation
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