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We investigate the propagation of a pulse �eld in an optomechanical system. We examine the question of
advance of the pulse under the conditions of electromagnetically induced transparency in the mechanical system
contained in a high quality cavity. We show that the group delay can be controlled by the power of the coupling
�eld. The time delay is negative which corresponds to superluminal light when there is a strong coupling between
the nano-oscillator and the cavity.
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1. Introduction

The experimental accomplishment of ultraslow light [1]
in ultracold atoms by using electromagnetically induced
transparency (EIT) [2], inspired appealing applications
[3�6]. Besides the ultraslow light, fast light e�ects (vg > c
or vg is negative) were observed experimentally by using
a gain-assisted linear anomalous dispersion medium [7, 8]
and coherent population oscillations [9]. Slow light has
been also observed in nanomechanical systems very re-
cently [10]. In this experiment, the transmitted signal
delay can be tuned with control beam power in a side-
-coupled cavity system. There has been great interest in
nanomechanical optical systems more recently [11�19].
At the same time light storage in an optical waveguide
coupled to an optomechanical crystal array has been sug-
gested that information is coherently transferred to me-
chanical vibrations of the array [11]. On the other hand,
quite recently optomechanical analogy of EIT in a high-
-quality cavity with nanomechanical mirror has been con-
sidered independently [19].
The experimental analogue of electromagnetically in-

duced transparency has been demonstrated in a room
temperature cavity optomechanics setup formed by a thin
semitransparent membrane within a Fabry�Perot cavity
[20] and detailed experimental studies on optomechanical
light storage in a silica microresonator have been done
very recently [21, 22]. EIT in a cavity optomechanical
system with an atomic medium has been studied also [23].
Furthermore, tunable group delay of the pulse in a cavity
optomechanical system with a Bose�Einstein condensate
[24] and in a nanomechanical resonator-superconducting
microwave cavity systems [25] have been studied theoret-
ically very recently.
Moreover, nonclassical states in optomechanical sys-

tems can be generated experimentally. Entangled states
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can be prepared between the probe light �eld and
the oscillating nano-mirror (see Ref. [26] and references
therein). It has shown experimentally that entanglement
between an optical cavity �eld mode and a macroscopic
vibrating mirror can be generated by means of radiation
pressure [27]. A theoretical work has shown that squeez-
ing of the movable mirror can be achieved by the injection
of squeezed vacuum light and a laser recently [28].
In this work, we investigate the time delay of the weak

probe �eld at the probe resonance in a high quality cav-
ity nanomechanical mirror under the action of coupling
laser. We investigate the propagation of a pulse �eld in
an optomechanical system and examine the question of
advance of the pulse under the conditions of electromag-
netically induced transparency in the mechanical system
contained in a high quality cavity. We show that the
group delay can be controlled by the power of the cou-
pling �eld. Before this work, there were some theoretical
studies on the tunable group delay of the pulse in a cavity
optomechanical system with a Bose�Einstein condensate
[24] and in a nanomechanical resonator-superconducting
microwave cavity systems [25]. However our group de-
lay results are in disagreement with a theoretical study
[25] for the nanomechanical resonator-superconducting
microwave cavity systems.

2. Model system

Let us consider the same model in Ref. [19]. The
pump-probe response of a nanomechanical oscillator of
frequency ωm is coupled to a high quality cavity via radi-
ation pressure e�ects [19]. As shown in Fig. 1 the system
is driven by a coupling �eld of frequency ωc and the probe
�eld has frequency ωp. The Hamiltonian of this system
is [19]:

H = ~ω0c
†c+

[
p2/(2m) +mω2

mq
2/2
]

+i~
(
c†εc e

− iωct − cε∗c e iωct
)

− i~
(
c†εp e

− iωpt − cε∗p e iωpt
)
− χ0c

†cq, (1)

where ĉ† and ĉ are the creation and annihilation opera-

(46)
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Fig. 1. Schematic of optomechanical system coupled
to a high quality cavity via radiation pressure e�ects
adapted from Ref. [19].

tors in the cavity, respectively; p and q are the momen-
tum and position operators of the nanomechanical os-
cillator, respectively; the amplitudes of the pump and
probe �eld are introduced by |εc| =

√
2κPc/~ωc and

|εp| =
√

2κPp/~ωp, respectively. Pc and Pp are the
pump and probe powers, respectively. χ0 = ~ω0/L is
the coupling constant between the cavity �eld and the
movable mirror, where L is the cavity length. Quantum
�uctuations are not taken into account because we are
dealing with the main response of the system. We use
the mean �eld assumption 〈Qc〉 = 〈Q〉〈c〉 in order to de-
rive Eq. (2) [29]. The mean value equations are found by
Heisenberg equation of motion (〈Ȯ〉 = 〈1/ i~[O,H]〉) by
adding the damping and the noise terms [19]:

〈q̇〉 = 〈p〉
m
,

〈ṗ〉 = −mω2
m〈q〉+ χ0〈ĉ†〉〈ĉ〉 − γm〈p〉,

〈 ˙̃c〉 = −
[
κ+ i

(
ω0 − ωc −

χ0

~
〈q〉
)]
〈c̃〉

+ εc + εp e
− i (ωp−ωc)t. (2)

At the rotating frame at the frequency ωc transformed
operator 〈c̃(t)〉 = 〈c(t)〉e iωct. If we use input-output re-
lations [30], we obtain

1√
2κ

(
εout(t) + εp e

− iωpt + εc e
− iωct

)
=
√
2κ〈c〉. (3)

In this system for the cavity decay rate 2κ is used. We
use the following ansatz [31] in terms of probe �eld so as
to solve Eq. (2):

q(t) = q0 + q+εp e
− iδt + q−ε

∗
p e

iδt,

p(t) = p0 + p+εp e
− iδt + p−ε

∗
p e

iδt,

c̃(t) = c̃0 + c̃+εp e
− iδt + c̃−ε

∗
p e

iδt. (4)
The �eld εp with frequency ωp is much weaker than the
pump �eld εc. We obtain the steady state and �rst or-
der solutions. The zeroth order and �rst order equations
according to εp are

p0 = 0,

− i(ωp − ωc)q+ =
p+
m
,

i(ωp − ωc)q− =
p−
m
, (5)

−mω2
mq0 + χ0|c̃0|2 − γmp0 = 0,

− i(ωp − ωc)p+ = −mω2
mq+ + χ0(c̃

∗
0c̃+ + c̃0c̃

∗
−),

i(ωp − ωc)p− = −mω2
mq− + χ0(c̃

∗
0c̃− + c̃∗+c̃0),

− [κ+ i(ω0 − ωc)] c̃0 + i
χ0

~
q0c̃0 + εc = 0, (6)

− i(ωp − ωc)c̃+ = − [κ+ i(ω0 − ωc)] c̃+

+ i
χ0

~
(q0c̃+ + q+c̃0) + 1,

i(ωp − ωc)c̃− = − [κ+ i(ω0 − ωc)] c̃−

+ i
χ0

~
(q0c̃− + q−c̃0). (7)

When we use steady state equations in Eq. (5), Eq. (6),
and Eq. (7), we get the steady state solutions 〈c̃0〉 =
εc/(κ + i∆), 〈q0〉 = χ0|εc|2/[mω2

m(κ
2 + ∆2)], and ∆ =

ω0−ωc−χ0q0/~. If we use �rst order equations in Eq. (5),
Eq. (6), and Eq. (7), we get the c̃+:

c̃+ =
{
m(δ2 − ω2

m + iγmδ) [κ− i(∆+ δ)]− iα
}

/{
m(δ2 − ω2

m + iγmδ) [κ+ i(∆− δ)]

× [κ− i(∆+ δ)] + 2∆α
}

(8)

where δ = ωp − ωc, and α = χ2
0|c̃0|2/~.

3. Results and discussions

We can write the output �eld εout(t) = εout0 +
εout+εp e

− iδt + εout−εp e
iδt [31]. Inserting this to the

input-output relation and comparing the �rst order ac-
cording to the εp, we will get (εout++1) = 2κc̃+. 2κc̃+ is
component of the output �eld. The output �eld is given
by

εout+ = 2κc̃+ − 1. (9)
On the other hand, the output �eld can be written as
εout(t) = εout+εp e

− iδt. The amplitude of the output
�eld is

εout+ = |T |e iφ(ωp). (10)
The transmission is T = 1 at resonance at ωp = ωc +
ωm ≡ ω. If we expand φ(ωp) around ω, we will get for
the phase Φ:

Φ(ωp) = Φ(ω) + (ωp − ω)
∂Φ

∂ωp

∣∣∣∣
ω

. (11)

The transmitted probe pulse can be expressed as

|T |εp e− iωpt e iΦ(ω) e
− i (ωp−ω) ∂Φ

∂ωp
|ω , where Φ(ω) = 0 at

resonance. Combining with the e− iωp(t−τ), the trans-
mitted probe pulse peaks at t = τ , where τ is the pulse
delay. Then the time delay of the pulse can be de�ned
as the following:

τ =

(
∂Φ

∂ωp

) ∣∣∣∣
ω

. (12)

Phase of the output �eld can be found as
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Φ =
1

2i
ln

(
εout+
ε∗out+

)
. (13)

The time delay of the pulse can be easily calculated
from Eq. (13):

τ = Im

(
1

εout+

∂εout+
∂ωp

) ∣∣∣∣
ω

. (14)

In the absence of the coupling �eld the time delay is
τ = 2/κ. For numerical work we use experimental param-
eters [14]: the length of the cavity L = 25 mm, the wave-
length of the laser λ = 2πc/ωc = 1064 nm, m = 145 ng,
κ = 2π× 215 kHz, ωm = 2π× 947 kHz, γ = 2π× 141 Hz,
and mechanical quality factor Q = ωm/γm = 6700. If
δ = ±ωm and ∆ = ωm or in the sideband resolved limit
ωm � κ, the coupling between the nano-oscillator and
the cavity is the strongest. The real and the imaginary
parts of the (2κc̃+) represent the absorptive and disper-
sive behavior, respectively.

Fig. 2. The real (solid) and the imaginary (dashed)
parts of the 2κc̃+ as a function of δ/ωm for input cou-
pling laser power of Pc = 1 mW. The parameters used
are the length of the cavity L = 25 mm, the wave-
length of the laser λ = 2πc/ωc = 1064 nm, m = 145 ng,
κ = 2π×215 kHz, ωm = 2π×947 kHz, γ = 2π×141 Hz,
and mechanical quality factor Q = ωm/γm = 6700, and
∆ = ωm. This �gure is the same as in Ref. [19].

As seen in Fig. 2 the imaginary part of the (2κc̃+) ex-
hibits dispersive behavior however the slope of the curve
is negative. Therefore the group delay will become neg-
ative. In Fig. 2 we show the real and imaginary part of
the 2κc̃+. Under the conditions of electromagnetically in-
duced transparency in the mechanical system contained
in a high quality cavity the system gives rise to anoma-
lous dispersion for the probe �eld which is in accord with
Ref. [19], because the slope of the curve in Fig. 2 is neg-
ative as well as in Ref. [19]. This corresponds to superlu-
minal light propagation. After some simpli�cations, we
can write the 2κc̃+ in an instructive form. By using 2κc̃+
in Eq. (13), we plot the phase which is shown in Fig. 3
as a function of the normalized frequency δ/ωm for input
coupling laser power Pc = 1 mW. In these experimen-
tal parameters under no coupling �eld the delay time is
τ0 = 1.48 µs. If there is no coupling, the coupling con-
stant is χ0 = 0. In the existence of coupling EIT reverses
the behavior of the system and the group delay becomes
negative. We plot the group delay τ as a function of the

Fig. 3. Phase as a function of normalized frequency
δ/ωm for input coupling laser power Pc = 1 mW. The
parameters are the same as in Fig. 2.

Fig. 4. Group delay as a function of the pump power.
Time delay of the probe in the presence of the coupling
�eld as a function of the power of the pumping or cou-
pling �eld with δ = ωm. The solid and dashed lines are
for γm = 2π × 141 Hz and γm = 2π × 120 Hz, respec-
tively. The other parameters are the same with those
of Fig. 2.

pump power in Fig. 4 which shows the group delay τ as
a function of the pump power Pc.
At low power pump group delay increases linearly with

increasing strength of the power pump for small power
pump strengths. But there is no transparency window
if we use a pump power on the order of 1�10 µW. On
the other hand, the group delay increases slowly at large
power of the coupling �eld. The probe pulse delay can
be tuned by calibrating the pump power in the probe
resonance (δ = ±ωm) and ∆ = ωm. The pump power
that we have used in Fig. 4 is on the order of 10�400 µW.
The transparency window begin to be seen clearly.
We �nd large negative group delays of order −2 ms in

a high quality cavity under the action of a coupling laser
and a probe laser. In Fig. 4 the group delay is negative,
as a result the fast light e�ect can be observed. This
corresponds to a superluminal situation. In Fig. 4 the
solid curve is for γm = 2π141 Hz and the dashed curve
is for γm = 2π120 Hz. As the damped rate of the mirror
decreases, the group delay increases at all pump powers,
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however after a critical value the group delays become
approximately constant.

4. Conclusion

We have examined the question of advance of the
pulse under the conditions of electromagnetically induced
transparency in the mechanical system contained in a
high quality cavity. We have investigated the tunable
group delay of optical pulse in a nanomechanical one-
-sided cavity system and also we have explored the ef-
fect of the pump �eld power on the group delay. As the
strength of the pump power increases, the group delay
becomes negatively larger. However, at a critical value
of pump �eld power, group delay becomes approximately
constant. Moreover, the dependence of the phase of the
transmitted probe pulse on the frequency has been com-
puted. In the absence of the coupling �eld, the group
delay time is τ0 = 2/κ = 1.48 µs. Whereas the magni-
tude of the group delay is on the order of −2 ms at a high
pump power such as 400 µW for the parameters chosen in
Ref. [14]. One can interpret that EIT reverses the behav-
ior of the nanomechanical system. Superluminal light can
be observed experimentally in a one-sided cavity system
by adjusting the pump power. Our results may be used
for measuring the fast light in a nanomechanical medium
by comparing the group delay of the probe pulse with a
reference pulse propagating in the absence of medium.
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