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Tunable fast and slow light in a hybrid optomechanical system
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We explain the probe field transmission spectrum under the influence of a strong pump field in a hybrid
optomechanical system, composed of an optical cavity, a mechanical resonator, and a two-level atom. We show
fast (superluminal) and slow (subluminal) light effects of the transmitted probe field in the hybrid system for
suitable parametric regimes. For the experimental accessible domain, we find that the fast light effect obtained
for the single optomechanical coupling can further be enhanced with the additional atom-field coupling in the
hybrid system. Furthermore, we report the existence of a tunable switch from fast to slow light by adjusting the
atomic detuning with the anti-Stokes and Stokes sidebands, respectively, as A, = +w,, and —w,,. The reported
characteristics are realizable in state-of-the-art laboratory experiments.
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I. INTRODUCTION

In recent years, tremendous progress in new methods for
pulse propagation and properties of optical media have been
reported in optomechanics. The rapidly emerging field has
become a playground to study electromagnetically induced
transparency (EIT) [1], inverse EIT [2], stimulated Raman
adiabatic passage [3], refractive index enhancement [4,5],
Fano resonances [6—8], microscopy [9], photonic crystals [10],
and nano-optic resonators [11]. In this paper, we explain the
phenomena of parametrically controlled fast (superluminal)
light and slow (subluminal) light in hybrid optomechanics,
which is of considerable interest in view of its potential impact
on present-day photonic technology [12-16].

Various techniques have been developed to realize fast light
and slow light in atomic vapors and solid-state materials.
One application among these techniques is to control the
group velocity v, of light pulses to make them propagate
either very slow (v, <c¢) or very fast (v, > ¢ or v, is
negative) [17]. For instance, studies on slow light have made
use of the technique of EIT in atomic vapors or Bose-Einstein
condensate (BEC) [18,19]. Astonishingly, Hau et al. [20]
observed a dramatic reduction of the group velocity down
to 17 ms~! in an ultracold sodium vapor. Besides the slow
light, superluminal (fast light) phenomena were observed
in atomic cesium gas [21] and in alexandrite crystal [22].
Safavi-Naeini ef al. [23] have observed the superluminal light
with a 1.4-us pulse advancement as well as tunable delay of the
order of 50 ns in a nanoscale optomechanical crystal device.
Recently, Clark et al. [24] reported the arrival time of the
mutual information contained within the detection bandwidth
in the fast and slow light media. More recently, Mirhosseini
et al. [25] have observed the dramatic enhancement in the fast
light effect caused by electromagnetically induced absorption
in warm rubidium vapor.

On the other hand, cavity optomechanics has surged
swiftly through theoretical as well as experimental advance-
ments over the last few years [26,27]. Combination of op-
tomechanics with mechanical elements, like nanomechanical
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membranes [28-30] and (ultracold) atoms [31-33], leads to
hybrid optomechanics [34] which serves as a workhorse to
study coherent dynamics in microscopic and macroscopic do-
mains. Significant progress has been made in the investigation
of various characteristics of optomechanics, such as quan-
tum entanglement [35], quantum ground-state cooling [36],
squeezing [30,37], dynamical localization [38], gravitational
wave detection [39], EIT [7,40], Fano resonances [7,8] and
classical dynamics [28,41]. Fast and slow light have also been
observed in optomechanical systems [42—49], whose smaller
dimensions and normal environmental conditions have paved
the way toward real applications, such as telecommunication,
interferometry, quantum-optomechanical memory, and classi-
cal signal processing applications [50,51].

In view of many potential applications of fast and slow
light propagation, a question of interest is whether one can
have a controlling parameter in a single setup (experiment)
for switching from superluminal to subluminal propagation
or vice versa. However, previous studies show that single
ended cavities allow only superluminal propagation [45],
whereas hybrid BEC [46], quadratically coupled [47], and even
two-mode optomechanical systems [48] only allow slow light
propagation. Furthermore, it is reported [49] that slow light in
a double ended cavity occurs in the transmitted probe field,
whereas the fast light effect takes place in the reflected field.
In this paper, based on hybrid atom-cavity optomechanics, we
report the following.

(1) There is a new and unique possibility to realize fast and
slow light effects in the transmitted probe field by using a
single setup.

(i) We show that the additional atom-field coupling in
the hybrid system significantly enhances the superluminal
behavior of the probe field obtained earlier for the single
optomechanical coupling.

(iii) In our experimentally feasible system, we provide a
tunable switch that changes the propagation of light from
superluminal to subluminal by adjusting the atomic detuning.

Thus, in contrast to the earlier schemes, our proposal sug-
gests anew and unique opportunity to realize fast and slow light
effects in the transmitted probe field by using a single setup.

The paper is organized as follows. In Sec. II, we present our
hybrid system and give detailed analytical discussions; from
the system Hamiltonian to the probe transmission spectrum
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FIG. 1. (Color online) The schematic representation for the hy-
brid optomechanical system. A high Q Fabry-Pérot cavity of length
L consists of a fixed mirror, a movable mirror and a two-level atom.
The single-mode cavity field of frequency w, is coupled to both; the
mechanical resonator as well as to the two-level atom. The cavity is
simultaneously driven by a strong pump field of frequency w; and a
weak probe field of frequency w,,.

via standard input-output theory. Section III is devoted to
numerical results and discussions, where the occurrence of
fast and slow light regimes have been explained. Finally, in
Sec. IV, we conclude our work.

II. THE MODEL SYSTEM

We consider a hybrid optomechanical system, composed
of a high QO Fabry-Pérot cavity of length L, a mechanical
resonator, and a two-level atom, as shown in Fig. 1. The
single-mode cavity field is coupled to both the mechanical
resonator as well as the two-level atom. Hence, the system
has the nonlinear optomechanical coupling and the Jaynes-
Cummings (JC) (atom-field) coupling of cavity QED [52].
The cavity is simultaneously driven by a strong pump field of
frequency w; and a weak probe field of frequency ), along the
cavity axis. Hence, under the rotating reference frame at the
frequency wy of the strong driving field, the total Hamiltonian
of the system can be written as [7]

P2 1 2 2 Aq
Hr = | 2= 4 “mewq? | + haccle + h=2o, — hgneclcq
2m 2 2

+ hgac(cTcr, 4+ coy) + iFLEl(cT —0)
+il(Epe ™ ct — Exec). (1)

Here, Ac = w. —w;, Ay =w, —w;, and § = w, — w; are,
respectively, detuning of the cavity field frequency, the atomic
transition frequency, and the probe field frequency, with pump
field frequency. In Eq. (1), the first term gives the free
Hamiltonian of the moving mirror. Here, respectively, ¢ and
p represent the position and momentum operators with the
vibration frequency w,, and mass m. The second term describes
the Hamiltonian of the cavity mode with creation (annihilation)
operator ¢! (c). The third term expresses the Hamiltonian
of the two-level atomic system with transition frequency w,.
The next two terms describe the interaction Hamiltonian: the
first term shows the interaction between the cavity and the
oscillating mirror with optomechanical coupling strength
8me = 5°+/h/mawy; the second term describes the atom-field
interaction with (JC) coupling g,.. The parameters o, and o_
are the raising and lowering operators of the two-level atom
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i
with transition frequency w, and are expressed by o = 252,

Here oy, . are the Pauli spin operators for the two-level
atom. Finally, the last two terms in Eq. (1) correspond to the
classical light fields (pump and probe lasers) with frequencies
w; and w,. Here, E; and E, are related to the laser power
as |Ej| = /2¢ P/hw; and |E,| = ,/2k P, /hw), respectively,
where « is the decay rate of the cavity.

After taking the corresponding dissipation and fluctuation
terms into consideration, the Heisenberg-Langevin equations
based on the Hamiltonian given in Eq. (1) are read as

q=%, p=—mw:q — Ymp + gmec'c +E@),
¢ =—(k+iA)c+igmecq — igaco- + E;
+ E e + V2xkcin(t), 2)

_=—(Va +iAy)0o_ +igscCo; + V 2Yaain(t),

where «, y,, and 1y, denote the radiative decays as-
sociated with the cavity, the atom, and the mechanical
mode, respectively. Here, we have introduced the input
vacuum noises associated with the cavity field c;,(f) and
the atom aj,(?), respectively, having zero mean values, i.e.,
(cin(1)) = (ai(t)) = 0. Moreover, the input vacuum noises
affecting the cavity field and the atom obey the nonvanish-
ing commutation relations [53] (cin(t)ch(t))) = 8(t — ') and
(ain(t)afn(t/)) = §(t — t'). Furthermore, the Hermitian Brow-
nian noise operator (thermal Langevin force) £(t) with zero
mean value (£(¢)) = 0, satisfies the temperature-dependent
correlation function [54] (g(t)gf(ﬂ) [ we™ = N(w)dw,
where N(w) = 72-[1 —i—coth(2 )], kp is the Boltzmann
constant, and 7 i 1s the temperature of the mechanical oscillator
reservoir.

In order to explain the effect of the mechanical resonator
and the atom on the probe field transmission, we write the
steady-state solutions of the corresponding operators and study
the output spectrum. Using the mean-field approximation [40],

ie., (gc) ~ {q){c), the mean value equations can be written as
d
% = —mawp (q) = Ym(P) + &melc ) (c),
dla) _tp)
da(1¢t:) " )
7 = —(k +iA){(C) +igmelc)q) — igaclo-)
+E] + Epe_iat,
d{o_) . :
p T —(Va +1Ag)(0-) + igac(c){0z).

As we obtain the expectation values of the operators in the
above set of equations, we drop the Hermitian Brownian
noise and input vacuum noise terms which are averaged to
zero. In order to obtain the steady-state solutions of the above
equations, we write the ansatz [55]

(hy = hy +h_e ™ + h e, 4)

where /i denotes any of the steady-state solutions ¢, ¢, and
a,. The above solution contains three components, which in the
original frame oscillate at frequencies w;, w,, and 2w; — w,,,
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respectively. By substituting the ansatz into Egs. (3) and upon
working to the lowest order in E,, we obtain the following
steady-state solutions:

E;
= ————,
- X 82 {0z )ss
k+il— Yatid, 5)
_ E,(A— B) ]
" BB +(A—C)A +C)—(AB + A'B) +2iCA’
where
=Kk —iA.—1i ol
mh(w?, — iymA — A?) '
2 )
B — gac'(o'z)ss __ C = lt?mc |CX|2’
Va—IAg —iA mh(a)2 —1ymA—A2)
2
A gmc 2
A=A, — —|cl|". 6
mhw?, =l ©)

Here, A’ = [A(—A)]* and B’ = [B(—A)]*. The expressions
given in Eq. (5) lead us to study the probe transmission.
Moreover, here we do not mention the expression for ¢ as this
is associated with the four-wave mixing for the driving field
and the weak probe field (which shall be discussed separately).
Moreover, we are interested in the mean response of the system
to the probe field, while there is the same detuning between
the cavity field and the atomic system with respect to the pump
field (A, = A,). Thus, without loss of generality, hereafter we
assume that the atom stays in its excited state for A, = A,
which implies that w. = w,, that is, cavity field frequency
is resonant with atomic transition frequency. This leads us
to the conclusion that the atomic steady-state value is set as
(0,)ss = 1 [7,56]. Furthermore, in the case of § = +w,, or
A, the coupling between the moving mirror and the cavity
field becomes stronger. To resolve simply, we consider that
the system is in the sideband resolved limit, i.e., ®,, >> k and
8 ~ wy, [40].

In order to investigate the optical properties of the output
field, we employ the standard input-output relation [42]:
Cout(t) = cin(t) — \/ﬂc(t), where ¢, and cqy are the input and
output operators, respectively. By using the above input-output
relation and the ansatz given in Eq. (4) for (c(#)), we can obtain
the expectation value of the output field as

(con(1)) = (E; — N2Kke,) + (Ep — N 2ke_)e ™
—2kcy e, 7)

In analogy with Eq. (4), the above solution of the output field
contains three components. The first term corresponds to the
output field at driving field frequency, w;. The second term
corresponds to the output field at probe frequency, w,. The
last term corresponds to the output field at frequency 20, — w,,
which corresponds to the Stokes field. It is generated via the
nonlinear four-wave mixing process, in which two photons at
frequency «j; interact with a single photon at frequency w,
to create a new photon at frequency 2w; — w, [57]. We note
that the second term on the right-hand side in expression (7)
corresponds to the output field at probe frequency w, with
detuning §. Thus, the transmission of the probe field, which is
the ratio of the returned probe field from the coupling system
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divided by the sent probe field [23,42], can be acquired as

E, —V2kc_ 2Kc_
T(wp) = — 5 =1- T (8)
p p

For an optomechanical system, in the region of the nar-
row transparency window the rapid phase dispersion, viz.,
¢/(w),) = arg[T (w,,)], can cause the transmission group delay
given by [42]

d¢yw,)  diarglT(,)])
- do, dw, ’

€))

8

As the magnitude of group delay depends upon the rapid
phase dispersion in the transmitted probe field, 7, < 0 and
7, > 0, corresponding to fast and slow light propagation,
respectively. Therefore, the high phase dispersion is always
advantageous, which allows for large change in the group
delay, and leads to strongly altered group velocity [14,58]. In
the following section, we show that hybrid optomechanics
provide an effective way to achieve the high dispersion
by controlling the atom-field coupling. Consequently, we
anticipate that fast light obtained for the single ended cavities
can further be enhanced in the hybrid system. Moreover, we
provide a tunable switch from fast to slow light by adjusting
the atomic detuning.

III. RESULTS AND DISCUSSIONS

In order to quantify the superluminal (fast) and slow light ef-
fects, we consider experimentally realizable parametric values
of the optomechanical system in our numerical simulations.
We calculate the transmission spectrum, phase, and group
delay of the probe field for the parameters [27,59]: the op-
tomechanical coupling g,,./27r = 1.2 MHz, E;/2n = 2 MHz,
wn /27 =10 MHz, «/27 =215 kHz, g,./2m =4 MHz,
A./2m =10 MHz, A,/2m = £10 MHz, y,/2m = 200 kHz,
and y,, /2w = 140 Hz. Note that w,, > k, therefore the system
operates in the resolved-sideband regime, also termed the
good-cavity limit [40]. In the following, we explain the probe
transmission, and observation of superluminal and slow light
regimes in the hybrid system.

A. Superluminal regime with single optomechanical coupling

We consider the case when atom-field coupling is switched
off, i.e., g, = 0; this reduces the system to a single ended
optomechanical system [45,49]. In Fig. 2, we plot the trans-
mission coefficient |T'|> as a function of normalized probe
detuning §/w,,, for different values of the optomechanical
coupling g,.. We see that, in the absence of the pump
laser, i.e., gu. = 0, a standard Lorentzian curve appears in
Fig. 2(a) [7,42]. However, in the presence of a pump laser, the
transmission spectrum of the probe field shows a prominent
transparency window at the resonant region, viz., § ~ w,,,
in Figs. 2(b)-2(d). The transparency window as appears in
Fig. 2 can be modulated effectively by the optomechanical
coupling g,,., or equivalently by the pump power [23,42].
Such a physical phenomenon is very similar to EIT [7,40].
The underlying physical mechanism for this phenomenon is
as follows: the simultaneous presence of pump and probe
fields generates a radiation pressure force at the beat frequency
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FIG. 2. The transmission |T'|*> of the probe field as a function
of normalized probe detuning is plotted for (a) to (d), gu../27 =
0, 0.5, 0.8, and 1.2 MHz, respectively. The experimental values of
the parameters are E; /27 = 2 MHz, w,,/2r = 10 MHz, A, = w,,
K = w, /10, and y,, /27 = 140 Hz [59]. (Note that g,. = O for this
particular situation.)

8 = w, — wy, resonant with the mechanical frequency w,,. The
frequency of the pump field «j; is shifted to the anti-Stokes
frequency w; + w,,, which is degenerated with the probe field.
Destructive interference between the anti-Stokes field and
the probe field can suppress the buildup of an intracavity
probe field and result in the narrow transparency window.
The window becomes wider and more transparent when
either the pump field power or the optomechanical coupling
continuously increases [7].

We plot the phase and group delay of the probe field in
Fig. 3. Within the transparency window, the phase of the
transmitted probe beam suffers a sharp enhancement as shown
in Fig. 3(a), which indicates that the group velocity of the
transmitted probe field can be strongly altered [14,58]. In
Fig. 3(b), we plot the group delay 7, as a function of the
pump power for § = w,,. We can see that by employing single
coupling g,,. the group delay is negative, which corresponds
to the superluminal (fast-light) effect of the transmitted probe
field. It is worth noticing that the phenomenon of superluminal
effect can be counterintuitive owing to the presence of
phenomena for which it is possible that the peak of the output
pulse may exit the optical material before it passes through
the entrance face [58,60]. Its consistency with the principle
has been verified experimentally by Stenner et al. [44]. Thus,
the effect of single optomechanical coupling leads to the
superluminal propagation in the probe field transmission as
noted earlier [45,49].

B. Superluminal regime in hybrid optomechanics

Here, we analyze how the addition of the two-level atom in
the optical cavity can influence the transmission of the probe
field. In Fig. 4, we show the transmission and the phase of the
probe field as a function of the normalized probe detuning
§/wy, for P, =6 uW and A, = w,. Figure 4(a) plots the
transmission spectrum for different values of JC coupling g,..
We see that a narrow transparency window appears for g, = 0
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FIG. 3. (Color online) (a) The phase ¢, of the probe field as a
function of normalized probe detuning. (b) Group delay 7, as a
function of the pump power (FP;), whereas g,. = 0. All parameters
are the same as in Fig. 2.

(thin gray curve). However, different from the output field for
the single coupling as in Fig. 2, the characteristics of the probe
field change in the presence of JC coupling in the present case.

From Fig. 4(a), one can see that the transmission window
becomes wider and wider by continuously increasing the atom-
field interaction. Hence, one can estimate the magnitude of the
atom-field interaction by measuring the width of the window.
It is also worth noticing that, different from the single coupling
case, when a two-level atom is coupled to the optomechanical
resonator, the atomic state splits into two states making the
dressed states by the single-photon state and the two-level
system for w, = w, [52]. This splitting of the atomic state
significantly affects the probe field transmission. Moreover,
due to the addition of the atom in the system (g,. # 0), Egs. (5)
and (6) reveal that the effective loss of the cavity and the
effective detuning A will decrease, which is equal to enhancing
the radiation pressure [61]. Thus, the existence of atom-field
coupling, together with g, significantly affects the probe
transmission and may lead to the high phase dispersion that can
strongly alter the group velocity of the transmitted probe field.

In Fig. 4(b), we plot the phase of the transmitted probe
field in the presence of the two-level atom in the optical
cavity. Figure 4(b) and the inset show that a relatively high
and rapid phase change occurs in the resonant interval of the
transparency window (8§ ~ w,,) as compared with the case of
single coupling shown in Fig. 3(b). The phase dispersion curve
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FIG. 4. (Color online) (a) The transmission |T'|> of the probe
field as a function of normalized probe detuning is shown, involving
both coupling parameters of the hybrid system. The experimental
parameters of the atomic system are: g, = 0 for thin gray curve,
and for the rest g,./2m = 1.2,1.4,1.6 MHz (from bottom to top)
with A, = w,, and y,/27 =200 kHz. (b) Phase ¢, of the probe
field as a function of normalized probe detuning is shown for
8ac/2m = 1.2 MHz. The inset shows the magnified phase ¢, for the
same parametric values. Rest of the parameters are the same as in
Fig. 2.

for A, = +w,, represents the anomalous dispersion as shown
in Fig. 4(b). Moreover, in the context of fast and slow light,
the high phase dispersion is always advantageous as it greatly
alters the group index of the medium, through which a probe
pulse will propagate with strongly altered group velocity [58].
Unlike single ended cavities, here we show that the high
dispersion can be achieved by simply adjusting the JC coupling
in the hybrid system, which may result in an enhancement of
superluminal behavior.

In Fig. 5, the group delay 7, is plotted as a function of the
pump power with§ = w,, and A, = w,,, for different values of
JC coupling. For the experimental accessible parameters, we
obtain the pulse advancement of the order of 1.2 ns for g,. =
27 x 4 MHz (black curve), and 20 ns for g, = 27 x 8§ MHz
(blue dashed curve). Note that, as compared to the previous
case of single coupling in Fig. 3(b), here we achieve the pulse
advancement of the order of 20 ns, significantly larger in mag-
nitude. Thus, we infer that the pulse advancement increases
by continuously increasing the JC coupling under a constant
driving field in the hybrid system. Hence, by employing
both coupling parameters simultaneously, we achieve the high
phase dispersion which leads to the higher pulse advancement
than single ended cavities.
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FIG. 5. (Color online) Group delay (z,) as a function of the pump
power for 6 = w,, and A, = w,, is shown for different values of the
atom-field coupling g,.. The black solid and blue dashed curves
correspond to the pulse advancement for g,./2m =4 and 8 MHz,
respectively. All other parameters are the same as in Fig. 4.

C. Subluminal regime in hybrid optomechanics

In the context of fast and slow light, a question of interest is
whether one can have a controlling parameter in a single setup
for switching from superluminal to subluminal propagation
or vice versa. In 2001, Agarwal et al. [62], and thereafter in
2004 Sahrai ef al. [63], proposed a switching mechanism from
subluminal to superluminal propagation based on a A-type
system and four-level atomic system, respectively. Analogous
to the multilevel atomic systems, single ended optomechanical
systems share the properties of a three-level atomic system and
therefore lead to the occurrence of a single EIT window [7,40].
The occurrence of a double EIT window, for example, or the
switching mechanism from the superluminal to subluminal
regime, requires additional interfering pathways [62,63], and
the hybrid optomechanical systems spectacularly meet this
requirement, as they can share the properties of four (or more)
level atomic systems [7,64].

In our scheme, change in the atomic detuning from A, =
W, 10 —w,, acts as a tunable switch from superluminal to
subluminal light propagation in the hybrid system. The atomic
detuning A, = —w,, means that the two-level atom is resonant
with the Stokes sideband.

In Fig. 6(a), we plot the phase ¢, versus normalized probe
detuning §/w,, for A, = £w,,. It can be seen that the phase
of the probe field changes suddenly with a steeper dispersion
as we switch the atomic detuning from A, = w,, (solid black
curve) to A, = —w,, (dashed gray curve). Figure 6(b) shows
the magnified dispersion curves for the same parametric
values, showing the dispersion dynamics in the resonant
region. We see that the slope of the dispersion curve goes from
negative to positive as we adjust the atomic detuning with the
Stokes sideband. The switching of atomic detuning changes
the dispersion curve from anomalous for A, = +®,, to normal
for A, = —w,,. This reflects that the propagation dynamics
of the probe field alters from superluminal to subluminal
propagation.

The group delay, 1., versus the pump power is plotted
in Fig. 7 for A, = —w,,, against various values of cavity
decay rate «. The group delay is positive, which confirms that
the characteristics of the transmitted probe field change from
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FIG. 6. (a) The phase of the probe field, ¢, vs the normalized probe detuning §/w,,, for A, = w,, (black solid curve) and A, = —w,, (gray
dashed curve) for g,./2m = 1.6 MHz and g,,./2m = 0.1 MHz. (b) We show the magnified dispersion curves for the same parametric values
showing the dispersion dynamics in the resonant region. The switching of atomic detuning changes the dispersion curve from anomalous for
A, = 4w, to normal for A, = —w,,. The rest of the parameters are the same as in Fig. 4.

superluminal to subluminal light as we turn atomic detuning
as A, = —w,,. The magnitude of group delay increases with
decrease in «, as shown in Fig. 6(b), which shows that the
longer the lifetime of the resonator the more obvious we see
the slow light effect.

In this particular regime, i.e., A, = —w,,, Genes et al. [54]
has found the largest stationary entanglement between atoms
and mirror. It has been found that one has a sort of
entanglement sharing: due to the presence of the atom(s),
the initial cavity-mirror entanglement partially redistributes
to the atom-mirror and atom-cavity subsystems and this effect
is predominant when the atoms are resonant with the Stokes
sideband. Here, we achieve a tunable switch from superluminal
to slow light with A, = *w,,. Thus, consistency of the
switching mechanism from superluminal to slow light regime
(A, = —wy,) is in agreement with the realistic experimental
conditions [54]. In addition, the orders of pulse advancement
and delay, ie., 7, = —20 and 4.2 us, show a very good
agreement with the experimental realization of fast and slow
light in Refs. [23,44], which can be further enhanced with the
longer lifetime of the resonator.

Hence, observation of superluminal light and its enhance-
ment, and existence of a tunable switch from superluminal
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FIG. 7. (Color online) Group delay (z,) as a function of the pump
power (P;) for the case of A, = —w,,, indicating the slow light
effect of the transmitted probe field for the different values of cavity
decay rate k = x 215,2w x 215,37 x 215 kHz, for blue solid,
gray dashed, and black dotted curves, respectively. The rest of the
parameters are the same as in Fig. 4.

to slow light, make our model more practical and advan-
tageous over previous schemes, such as the single ended
cavities [45], coupled BEC-cavity systems [46], quadratically
coupled systems [47], and hybrid optomechanics with two
optical modes [48]. Moreover, we explain the fast and
slow light effects in the probe field transmission. However,
previously it was reported [49] that slow light in a double
ended cavity occurs in the transmitted probe field, whereas
the fast light effect takes place in the reflected field. The
recent progress in optomechanics makes it possible to real-
ize our reported characteristics in state-of-the-art laboratory
experiments.

IV. CONCLUSION

In conclusion, we have explained tunable fast and slow light
effects of a transmitted probe field in a hybrid optomechanical
system for experimentally realizable parametric values. Based
on standard input-output theory, the full analytical model is
presented to investigate the transmission, phase, and group
delay of the probe field. It is shown that the addition of a two-
level atom in the system not only affects the transmission of
the probe field but also yields the high phase dispersion, which
makes it possible to realize the enhancement of superluminal
light in the hybrid system. In addition, a tunable switch from
superluminal to slow light is achievable in our model by
simply adjusting the atomic detuning as A, = Fw,,, which
makes our scheme thereby more advantageous and more
practical over earlier schemes. Fast and slow light effects have
potential impact on present-day photonic technology and have
paved the way toward many applications including quantum
information processing, integrated quantum optomechanical
memory, classical signal processing, real quality imaging,
cloaking devices, higher detection efficiency of x rays, optical
buffering, delay lines, telecommunication, and interferometry
[14,23,65,66].
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