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Published: 04 August 2016 We propose and analyze.a scheme to en.hance optomechanlcalIy-|n<?uced-transparency (OMIT) l:.vased
: on parity-time-symmetric optomechanical system. Our results predict that an OMIT window which

does not exist originally can appear in weak optomechanical coupling and driving system via coupling
an auxiliary active cavity with optical gain. This phenomenon is quite different from these reported
in previous works in which the gain is considered just to damage OMIT phenomenon even leads to
electromagnetically induced absorption or inverted-OMIT. Such enhanced OMIT effects are ascribed
to the additional gain which can increase photon number in cavity without reducing effective decay.
We also discuss the scheme feasibility by analyzing recent experiment parameters. Our work provide
a promising platform for the coherent manipulation and slow light operation, which has potential
applications for quantum information processing and quantum optical device.

In quantum mechanics and quantum optics, it seems almost inevitable that the quantum system will interact with
the environment around it. The dynamics of such an open quantum system can be described by a non-Hermitian

Hamiltonian (H " h ) with complex eigenvalues, which will result in different phenomena from ones in closed
quantum system'. Recently, a special class of physical system with a so-called parity-time (P7 ) symmetry has
attracted great attention2™. It has been proved that a P7 -symmetric non-Hermitian Hamiltonian (H, PT] = 0)
can also have real eigenvalue spectra'®!!. This characteristic make open system subject to unitary time evolution
like closed system, which causes some environmental damage effects, for example decoherence, can be suppressed
effectively. Up to now, P7 -symmetric system has shown its extensive application prospects in quantum optics
and quantum information processing (QIP), including strengthening optics nonlinearity'>!?, enhancing photon
blockade, realizing quantum chaos'®, soliton active controlling!®!?, and so on.

In addition to theoretical research, P7 -symmetric Hamiltonian has also been realized experimentally in a
variety of physical systems'®-?2. Among them, a simple and intuitive scheme is to link two coupled cavities with
optical gain and loss respectively. Especially in refs 18,20, PT -symmetric region is obviously observed by meas-
uring the eigenfrequencies of supermodes. These progresses of experiments provide a solid platform for exploring
the fundamental P7 symmetry and corresponding strange phenomena.

Although (PT)-symmetry can enhance many quantum optical effects by balancing the loss with extra gain,
there still are opposite phenomena in which environmental loss play a positive role. The most typical two of such
phenomena are optical cooling?-%* and electromagnetically induced transparency (EIT)*2. It is well known that
alarger decay rate is necessary whether for EIT in atomic system® or for optomechanically-induced-transparency
(OMIT) in cavity optomechanical system (OMS)?¢, and a gain is considered just to damage EIT (OMIT) phenom-
enon even leads to electromagnetically induced absorption (EIA) or inverted-EIT (inverted-OMIT) in previous
works>*3L, Up until now, enhancing EIT or OMIT still relies on additional coupled dissipation systems®2%°.
Correspondingly, the extra dissipation needs strong driving and nonlinear coupling to maintain the interference
effect in OMIT, which still remains twofold difficulties because strong driving may lead nonlinear system to insta-
bility!® and strong nonlinear coupling is hard to realize in OMS*®.

In this paper, we propose and analyze an enhanced optomechanically induced transparency in OMS via cou-
pling an auxiliary active cavity with optical gain. A transparency window can appear in weak optomechanical
coupling and driving system, however, similar window can not be obtained in dissipation system unless the
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Figure 1. (a) Schematic illustration of our enhanced OMIT. Here the P7 -symmetric OMS consists of a passive
OMS coupled to an active cavity with tunnelling strength J. (b) Level diagram of the OMIT in OMS. |m, n)
denotes the state of m photons and # phonons in the displaced frame. (c) Eigenfrequencies of supermodes as a
function of coupling J/(x + 7).

driving (or the optomechanical coupling) intensity is magnified roughly 20000 times. This scheme is quite differ-
ent from ones in existing works because our results show that extra gain can exert positive effect on OMIT phe-
nomenon. Though the conclusion is counter-intuitive, we have analyzed the physical mechanisms of our scheme
and explained the reasons of this kind of enhancement. After simulating, we find that absorption and transpar-
ency can be of controllable flexibilities by switching the fiber. We believe it can provide a promising platform for
the coherent manipulation and slow light operation.

Results

In this part, we present the main results of this work by introducing dynamics analyses and enhanced electro-
magnetically induced transparency phenomena in parity-time-symmetric optomechanical system. The details of
calculation and simulation can be found in METHODS.

Model and dynamics analysis. We consider a typical P7 -symmetric system for realizing the enhanced
OMIT effect (see Fig. 1 for detail) and it is necessary to analyze its dynamics firstly.

By setting /2 = 1, the total Hamiltonian of such a system can be written by increasing oscillator free term and
optomechanical interaction on the basis of ordinary cavity Hamiltonian®, i.e.,

A ~ ~ta ~F ~
H=H +w,bb—gaab +b). (1

"1:he Hamiltonie_m of the cavity can be written as fIC = wc(&;fél + &;&2) + ](&I&Z + H.c.) + I:Id + H_, where
H, = iQ(ale ™ + a,e"") denotes the Hamiltonian of the driving field and correspondingly, the the probe field
inside the cavity is described by H, = i(&;rape_wl’t - &lege’“’ﬂt). Here we make a frame rotating via
H — U'H,U — iU'9,U and letU = exp[ —iw,(a}4, + a}a,)t], then the total Hamiltonian of the whole system
becomes:

~ A A Afa i ot ~ . K n
H = A + a5a,) + w,b b — g aja (b + b) + Q] — a)

n i(ai'ape—iét B &1E§ei&) — J(ala, + H.c). )

In this expression, 4, , (aj,z) andb (lAJT) are the annihilation (creation) operators of the cavity mode and mechanical
mode, respectively. , and ¢, are the amplitudes of the driving field and the probe field, which are respectively
related to the input powers (P, and P,) and decay rate (7), i.e.,[Q,| = - ’2Pdfy/(ﬁwd) and |5P| = [2PP~y/(ﬁwd).
A, = w, — w,is the detuning between the driving field and cavity field. y (y,,) is the optical (mechanical) decay
rate and « is the gain rate of the active cavity. g, is the single-photon coupling intensity of the radiation pressure
interaction between the passive field and the oscillator. For the convenience of discussion, we define the dimen-

sionless position operator X = (1/ A2) (l;T + l;) and momentum operator p = (i/ A2) (lAaJf — l;) instead of the pho-
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non operators in Eq. (2). Then the dynamics of such a system can be determined by quantum Langevin equation
i = [0, H] + N 4, where 6 is an arbitrary optical or mechanical operator and N . is the dissipation term.

Note that both the stability analyses in P7 -symmetric system and the OMIT phenomena in OMS need to be
considered only in the mean value regime!>?¢. Similarly to previous EIT works in atomic systems, optomechani-
cally induced transparency only deals with the mean response of the system to the probe field without including
quantum fluctuation. On the other hand, the non-Hermitian Hamiltonian will be regard as an exact description
of an OMS only if the input-bath operators are ignored. Therefore in order to explore the nonlinear dynamics of
the system, we employ the semi-classical Langevin equations of motion, that is, set o = (6) in the corresponding
quantum Langevin equations. Then the mean values can be obtained by following dynamics equations'>®:

X = w,p
: Ym
b= =t -t 2, a,f

it

n [—iAC - %]al + iJa, + iﬁgoulx +Qp +epe”
a = [—iA + ﬁ}a + il

2 TR 1 3)
A necessary condition for obtaining an available OMIT phenomenon is that there should exist an asymptotic
steady state and the corresponding system will keep the state for a long evolution time. As we all know, the probe
field in OMIT typically has a small amplitude and it would not have an influence on the stability of the system.
Therefore, here we firstly ignore the term & e ' in Eq. (3) for a more simple stability analysis and the stability or
stochastic property of the system is characterized by the Jacobian matrix

w,, 0 0 0
—w,, — Y2 Zﬁgo Re[a,] 2«/5g0 Im[a;] 0
M —ﬁgo Im[ag;] 0O —/2 A — ﬁgox 0 —J ,
ﬁgo Re[a,] 0 —A + ﬁgox —/2 J 0
0 0 0 -] K2 A,
0 0 J 0 —A, K2 @)

which can be obtained by linearizing Eq. (3) under the base vector i = (dx, ép, é Re[a;], 6 Im[qgy],
6 Re[a,], 6 Im[a,]). Here we neglect the optomechanical interaction in Eq. (4) under the condition of
weak-coupling regime g /v < 1. In this case, the eigenvalues of this Jacobian matrix can be easily solved as

2
i v 2
e =t %] -

Ny = (k =)

N G ) N N ,z_[W_H]Z
4 ¢ 4

A + /]2 _ [74—_’{]2 .
4 )

The real parts of above eigenvalues are also known as the Lyapunov exponents of this nonlinear dynamical sys-
tem®”~%. Whether the system is stable or not can be judged by comparing the largest Lyapunov exponent with
zero*®*. Equation (5) implies that if ] > (k4 )/4, the second terms in A; , 5 ¢ Will be pure imaginary numbers.
The real parts of these eigenvalues will not change with the parameter J and the corresponding Lyapunov expo-
nents are L, , = —7,,/4 and L 3, 5= (k —)/4. If the decay and gain rates are in the regime x <, all Lyapunov
exponents of this system will be negative, which can ensure that the mean value trajectories will tend to a fixed
point in phase space. On the contrary, the second terms in A3 45 ¢ will present non-zero real parts if J < (k +7)/4,
which causes positive Lyapunov exponents. In the unstable system, neglected terms g,Re[a,], gjIm[a,] and g,x
in Jacobian matrix will continue to be amplified, and this phenomenon is equivalent to enlarging the nonlinear
coupling coefficient and the system will become more unstable in this case.

Here we give the feasibility analysis of our parameters used in above discussions. The dimensionless parame-
ters are in accord with recent microcavity experiments, that is, w,= 190 THz and w,, /27 = 23.4 MHz. The Q-factor
of passive cavity is Q, ~ 3 x 10’ corresponding to v~ 6.33 MHz and /27 ~ 1 MHz. The optomechanical interac-
tion intensity in this cavity is g,=7.4 x 107>y and corresponding oscillator decay is 7,,/2m ~ 38 kHz owing to
Q. ~2Q,/10°"*2, The driving and probe powers are P,~8pW and P, ~0.08 pW, respectively. In addition, a small
gain rate and fiber coupling (J, x <) are also easy to be achieved in experiments*2. After adopting these param-
eters, we select w,, =1 as an unit to nondimensionalize the other parameters, i.e., y=1/23.4, y,,= 0.038-y and
Q,=10. It can been found that the parameters used in our simulations are similar with ones in previous
works!>*, In Fig. 2, we verify above discussions by numerically calculating the oscillator evolutions and the larg-
est Lyapunov exponents. Figure 2(a) shows that the critical point of the system stability is at J= (x +y)/4. When
Jis increased to be greater than the critical point, a significant asymptotic steady state emerges in this system (see

Ao = (Gllie) I
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Figure 2. (a) Analytical (blue) and numerical (red) Lyapunov exponents as a function of coupling J/(k + ).
(b,c) Evolutions of dimensionless mechanical displacement x in P7 -SP and P7 -BP, respectively. The
dimensionless parameters in this simulation are: A =w,, =1, y=1/23.4=0.043, 7,, = 0.0387=1.652 x 1073,
=74x10"%y=3217x10"5,Q, = 10y = 0.43and k = 0.8y = 3.479 x 10 2 In (b,c) J/(y+ ) is taken as 1
and 0.2, respectively.

Fig. 2(b)). On the other hand, decreasing ] pushes the system to chaotic motion (see Fig. 2(c)). Since the nonlinear
term is enlarged in this case, there exists a deviation for the largest Lyapunov exponents between the numerical
solution and the corresponding analytical solution. However, the analytical largest Lyapunov exponent is accurate
when the system is stable.

After ignoring the oscillator dissipation, we can make an inversion based on Eq. (3) and obtain following
non-Hermitian Hamiltonian

A At A ) At A At A i ot A~
Hy = [AC - 1%]“1‘11 + [Ac + 1%]11;% +w,bb— goa;ral(b +b)
+iQ,al — a) — J(@ja, + H.c.). 6)

to describe this P7 -symmetric system. By diagonalizing the non-Hermitian Hamiltonian, one can easily find that
J= (k4 )/4 is also the exceptional point (EP) of the transition from the P7 -symmetric phase (P7 -SP) to
PT -symmetry breaking phase (P7 -BP). Therefore, we emphasize such a conclusion that the system will always
be stable in P7 -SP. This is the essential prerequisite for enhancing OMIT by using P7 -symmetric OMS.

Enhanced optomechanically induced transparency. The steady-state solution of Eq. (3) can be
expanded to contain many Fourier components. In the limit of weak probe field, the high order terms of ¢, are
neglected in our work and each operator will have the following form?+:

—iot ot

0o="0+ +ospe + ogje 7)
under the condition of ¢t — co. Substituting Eq. (7) into Eq. (3) and ignoring these terms containing ¢2, ¢** and
|€,]% we can respectively gain the zero-order and first-order steady-state equations (see METHODS for cfetail).
The steady-state solutions can be given finally by:

2
o= S f
m
Q
0“1 — m o d7 >
(A, —A)+ 2+
¢ 2 1A57§ (8)

and

{2 = = iby,2]~i(d +8) + 1 + M|+ 5}
w2 — 6%~ ié'ymIZ)[i(A -6 +1+ L][—i(A +6)+ 21+ M] L B(R2A + L — M)

+,
a; =

(©)]

in which the undefined variables are:
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Figure 3. Changes of x with probe field frequency. (a,b) Respectively correspond to the real and imaginary
parts of x. In both figures, the blue dash lines denote the x in P7 -symmetric OMS (J = 0.2501(7y + «)) and
red solid lines are y in normal passive system (J=0). In this simulation, the gain rate is set as weak intensity
k/y=10"* and other parameters are the same with Fig. 2. The insets in (a,b) describe the changes of Rex and
Imy with enlarged cavity and oscillator dissipations. Here the blue lines are of the same parameters with ones in
main figures and the green lines refer to the case we amplify the cavity dissipation 2 times and oscillator
dissipation 20 times (y=2/23.4 and +,, = 0.38+), and the black lines denote the both dissipations are amplified 4
and 40 times, respectively (y=4/23.4 and ~y,, = 0.38).

2 2
L = . ] K’M: . ] K
(A —0) -5 —i(A +6) - 7
8 = iﬁgowmox, A= ﬁgoox, A=A —-AN=w —uw;— ﬁgoox. (10)

In order to obtain the OMIT behavior in this model, the output field should be solved to illustrate its response.
Based on the input-output relation, the output field can be got by

—iot

St (D) + €5 " + Qg = vay. (11)

We also extend the output field €,,,(¢) in the form of

—idt it

0 + -
Eout(t) = Eut T Eout€ p€ + EoutE;e : (12)

and the following relations can be achieved by substituting Eq. (12) into Eq. (11):

0 0
Cout = VA — Qd
+€out = 7+a1 -1
Cout = 7V 4y (13)

Observing OMIT phenomenon requires us to specifically focus on the response of the cavity optomechanical system
to the probe field in the presence of the coupling field. In Eq. (12), the component of the output field oscillating at the
probe frequency corresponds to the term *¢,,,, and one can intuitively find from Eq. (13) that *¢,,, does not vary with
the coupling field. Similarly to previous works, we concentrate on the behavior of *a, and define
X = &, + 1 = v'a, for the convenience of discussion. The relevant absorption and dispersion theories inspire us
that real part and imagery part of x respectively represent the behaviors of absorption and dispersion?.

In Fig. 3(a,b), we first exhibit the enhancement effect on the OMIT phenomenon in this P7 -symmetric OMS
(blue dashed line). The real part and imagery part of x show an obvious transparent window emerges at the fre-
quency § = w, — wy; = w,,. This OMIT phenomenon can still appear even in the weak driving and weak optome-
chanical coupling regimes, which is quite different from the OMIT in the normal passive system. When J=0, the
PT -symmetric OMS returns to a normal passive system and the gain rate x no longer exist and the system only has
decay rates -y and +,,,. Figure 3 illustrates that the absorption and dispersion properties perform like a light falling on
anormal medium and there are not any transparent windows in this case since the driving and coupling are both too
weak. The comparisons between blue line and red line in Fig. 3 show OMIT phenomenon is enhanced by the PT
-symmetric system. The insets in Fig. 3(a,b) show that such an enhancement effect in fact can be carried out in a
wide range of parameters. As a criterion of enhanced OMIT, the depth of transparent window is almost unchanged
even though the v and +,, are both enlarged. What is influenced by dissipation is the width of transparent window
and it is widened significantly when -y and +,, are increased, implying that the enhancement effect discussed in our
work is a general conclusion to a certain extent, i.e., it does not require that vand +,, are both extremely small. It can
be known from Fig. 4, that OMIT phenomenon can not be obtained in normal passive system unless there exists
very strong optical driving or optomechanical coupling. In Fig. 4(a), we show that, in order to obtain OMIT, increas-
ing the driving intensity or coupling intensity is equivalent in this system and Fig. 4(b) indicates that Qg is required
to be amplified 15000 times for achieving a similar OMIT phenomenon Re(x) — 0. Based on the above discussions,
one can conclude that a P7 -symmetric OMS can indeed enhance the OMIT phenomenon.
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Figure4. (a) Real part of x at §=w,, as functions of magnified driving (2, and coupling intensity g. (b) Real
part of x at §=w,, as function of 2;g. The inset in (b) shows the absorption spectra under g/ 248, = 5000
(blue), 10000 (red) and 15000 (green), respectively. The parameters here are the same with Fig. 3.
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Figure 5. Changes of p1 with different gain rates « at the transparent frequency 6 = w,,. (a,b) Respectively
correspond to the real and imaginary parts of . The insets in (a,b) show the absorption and dispersion spectra
under £ =0.01 (green), k =0.05 (red) and £ =0.1 (blue). The parameters here are the same with Fig. 3.

Further more, we introduce an optomechanically induced amplification phenomenon in this enhanced OMIT,
that is, the probe field may be amplified by the active cavity if we increase its gain rate . We find that the amplifica-
tion is selective, meaning that it can be realized in this system only when the probe field satisfies w, — w;=w,,. To
describe this property, we consider the variable u = — "¢, and plot it in Fig. 5. In Eq. (11), we have defined the
output corresponding to the probe field is of the amplitude "¢, ¢ ,. Therefore, *c,,, can be regard as a magnification
since it is an amplitude ratio between the response and probe field. In normal OMIT phenomenon, the maximum
response amplitude should be ;1= 1 due to the conservation of energy. Physically, this case means all probe fields are
exported without any dispersion. However, the existence of the active cavity allows response field to carry more
energy than the probe field. In Fig. 5(a), one can observe significant amplification effect with the increasing of . In
particular, the probe field will be doubled at x =0.1. It is worth noting that amplified probe (response) field is still a
small quantity compared to the driving field. Thus, the dynamics analyses in Eqs (4)~(13) are still accurate. The inset
in Fig. 5(a) shows that this amplification phenomenon only exists at the transparent frequency 6 = w,,,
Correspondingly, the dispersion spectra (see Fig. 5(b) and its inset) illustrate that there are not any dispersion effects
in this case. The above two properties clarify the reason why we think this amplification is selective. Moreover, the
insets in Fig. 5 show the absorption and dispersion spectra are similar with these in normal OMIT phenomena
except for negative Re(y). Especially, the widths of the transparency windows almost keep unchanged. Therefore, this
enhanced OMIT can be directly used in some schemes of OMIT applications without changing other properties.

Discussion

Transformation between inverted-OMIT and OMIT. In the above section, we have already shown a
transparent window (Re(x) — 0) and Im(x) — 0) will appear after we add an extra gain to keep the system in PT
SP. A natural question is what this transparent window corresponds to, an ordinary OMIT or an inverted-OMIT.
The achieved answer is that P7 symmetry can enhance both OMIT and inverted-OMIT. The inverted-OMIT in
PT -symmetric OMS has been reported in ref. 30 recently. The OMIT effect, never being observed in gain sys-
tems, can also be enhanced under certain parameters. In order to show our conclusions intuitively, we calculate
the transmission rate 1)(6) = |a,,,/a;, [ i.e., the square of amplitude ratio between the output field and input field
amplitudes, to distinguish OMIT or inverted-OMIT*. Using the input-output relationship in Eq. (13), the trans-
mission rate can be simplified as
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Figure 6. Changes of 1) with probe field frequency. (a) Comparison of transmission rates corresponding
respectively to absorption process (red), OMIT (blue), inverted-OMIT (green) and inverted-OMIT in ref. 26.
Here we set g=7.4 X 10~*y, 7y,,= 0.38y and Q ;= 5000+. The absorption, OMIT and inverted-OMIT
respectively correspond to J=0, 0.2501(y+ &) and (y+ k); k=0, 10~*yand 0.057. The inset in (a) is the
comparison of transmission rates corresponding to OMIT (blue, £ = 10~*y) and optomechanically induced
amplification (red, k =10"%y). (b) Comparison of transmission rates corresponding to y=1/23 (blue), y=2/23
(green) and y=4/23 (black) with ~,, = 0.38~. Here the other parameters are the same with the Fig. 2.

2
+ —idt
Eout®
—idt
€

n(8) = = |yta, — 1

(14)

due to narrow bandwidth driving and detecting fields. Generally speaking, a typical OMIT-like transmission rate
corresponds to such a one with a transparency window and two sideband dips in frequency domain. It takes on,
however, a significant difference with inverted-OMIT phenomenon in which corresponding transmission rate
exhibits a transmission dip and two sideband peaks®0:#4-46,

It can be known from Fig. 6(a) that under some certain parameters, one can make the system switch between
transparency and inverted transparency by only adjusting the coupling intensity J of fiber and the gain  on the
auxiliary cavity. The transmission rate 7 takes on a significant decline at 6 = w,,, when J= 0. Physically, this means
that the optomechanical system corresponds to an absorption process on the probe field. When the fiber is con-
nected (J==0) and its coupling is adjusted to the appropriate interaction strength, a transmission window with
1~ 1 appears at 6 = w,, with two sideband dips. By setting different J and &, an inverted-OMIT phenomenon can
be also observed in our system, meaning that we can achieve both slow light and fast light operations in such a
system and the absorption and transparency can be of controllable flexibilities by switching the fiber. The inset in
Fig. 6(a) shows that the optomechanically induced amplification phenomenon exhibits similar transmission rate
curve with the OMIT phenomenon. The only difference between optomechanically induced amplification and
OMIT is that n(w) of the former will be greater than 1 because the probe field is amplified by the auxiliary cavity.

In Fig. 6(b), we show that the OMIT-like transmission rate can also appear even if the y and +,, are both
enlarged, which is a similar conclusion with Fig. 3. In particular, the transparent window will not be affected with
the increased dissipation and 7(w) ~ 1 is always satisfied. Relatively, the deep two sideband dips become shallow
and the width of the transparent window will be broadened in this case.

Physical mechanism of enhancing OMIT. Now we discuss the physical mechanism why parity-time-
symmetric system can enhance OMIT by an extra gain. The underlying physics of OMIT is formally similar
to that of ordinary EIT in atomic system and we know that emerging traditional EIT in A-type atom system
requires three necessary conditions. Analogizing optomechanically induced transparency to EIT in atomic sys-
tems, Huang and Agarwal in ref. 47, discussed this relation and sketched three conditions for engendering OMIT,
that is,

i. Driving frequency is set in the red sideband, thatis, A, = w, — w; = w,,
ii. Optical field loss needs to be much greater than oscillator dissipation, i.e., 7y, < 7.
iii. Steady state of oscillator displacement is not zero, i.e., x (t — c0) = 0.

Intuitively, conditions 2 and 3 are contradictory in a normal dissipative optomechanical system because the
condition y,, < ~y requires a large optical field decay, which will result in a decrease of the photon number in the
cavity. When the photon number is reduced, the oscillator displacement will approach to equilibrium position
and the condition iii is violated in this case. In order to solve this contradiction, strong driving is needed in previ-
ous works to ensure more photons preserved in the cavity and strong optomechanical interaction is demanded for
a nonvanishing oscillator displacement x. That is why Fig. 4 shows the OMIT effect appears only with strong
driving and optomechanical interaction.

In PT -symmetric OMS, we find that the gain can increase the photon number. Under some certain parame-
ters, however, this gain almost does not reduce the effective dissipation of the system, which ensures the condition
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iii is also well satisfied. In other words, the contradictory OMIT conditions can be well met simultaneously in
PT -symmetric OMS even with weak optomechanical coupling and driving, and it is the reason for the positive
effect of P7 -symmetric OMS on OMIT.

Now we verify the above analyses in mathematics and let us re-examine the steady state solution in Eq. (8).
The oscillator displacement depends on the photon number in the cavity, which jointly affect the OMIT phenom-
enon via parameter 3 (see Eq. (9)). For the quantitative interpretation, we simplify 3 as

2 (g,%)° (852"

2 21 X a2 2
A AJZ N T K Aeff =+ Peﬁ'/4
¢ A2 2 2AN4 K2

by substituting Eq. (10) into Eq. (8) and neglecting A’. In Eq. (15), we find that 3 depends on the product rather
than independent driving and coupling intensities, and it is the reason why increasing driving intensity or coupling
intensity is equivalent and hyperbolic contour appears in Fig. 4. More importantly, it can be known from Eq. (15)
that the extra auxiliary cavity can provide frequency and decay corrections in the expression of 3, that is,
Ag = A1 — c)and D'y = (y — ck), wherec = JHI(N + K/4).Tf k is positive, i.e., a gain effect on the auxiliary
cavity, both A, yand I,y will be reduced and correspondingly, 3 will be amplified because A yand I',yappear in the
denominator of Eq. (15).

Here we emphasize that the corrections of frequency (A,g) and decay (I',) described above are only applicable to
the discussion of 3. In addition to the impact of 3, the extra auxiliary cavity can also change dynamics characteristics

of the system. As shown in Fig. 1(c), the cavity mode will take place a model splitting Aw = /16]* — (v + x)*/2in
the P7 -SP regime>'>. If we set ] to be very close to the EP (J~0.2501(x + 7)), two splitting models will degenerate
again with an effective decay ~,y=y— x (see effective energy level diagram in Fig. 1(b)). A small » allows us to ignore
it, which causes the effective energy level decay is not affected by the auxiliary cavity. Therefore, the condition
Y K v — K ~ y can still be well satisfied.

However, if the auxiliary cavity is also a dissipative cavity without gain, the auxiliary cavity (or other coupled
quantum systems) can not always guarantee to increase (3 because I,z will increase when  is negative. Though
Yeg= v+ || is increased in this case, it can not always guarantee for a positive effect on OMIT. This is the reason
why our scheme is superior to other schemes which use passive quantum system to enhance OMIT?>-%>,

In summary, we have proposed a theoretical scheme to enhance the OMIT phenomenon in P7 -symmetric
OMS. By calculating absorption (dispersion) spectrum and transmission rate, we have achieved an obvious
OMIT window with experimentally accessible parameter values. In contrast to the single passive nonlinear OMS
or coupled passive systems, our results illustrate that Re() ~0 and Im(x) ~ 0 are easy to be satisfied even though
both driving and nonlinear coupling are extremely weak. This enhancement effect is due to the additional gain.
Specifically, a special physical mechanism ensures that the photon number in cavity is increased without reducing
effective decay, and this is the key difference between our scheme and previous works in which the gain is consid-
ered just to damage OMIT phenomenon. We have found that this scheme allows us to flexibly control absorption
and transparency by switching the fiber. Moreover, the probe field can also exhibit an electromagnetically induced
amplification effect with the increasing gain rate. We thus believe the scheme proposed here may provide a prom-
ising choice for the unachievable strong nonlinear coupling in quantum optical devices, which is of potential
applications for coherent manipulation, slow light operation and other utilizations in QIP*.

w

(15)

Methods
Derivation of the absorption and dispersion spectra.  As we have discussed in RESULTS, the steady-
state solution of Eq. (3) can be expanded to the following form:

—iot iot

_0 + -
0= 0+ 0 e + os;e (16)
under the condition of t — 0o, and the relation

—it ist

. Lot o— .
0=0—id"oe,e ™ +ib ocye (17)

can be intuitively obtained. Substituting Eq. (17) into Eq. (3), the dynamics equations of systemic mean values
become:

0 = w,’p
Ym0 0 JZe [ 2
0 = _TP_wmx+ 2g0|al‘

—iA, — %}Oal + iJ%, + iﬁgooalox + Qy

o
I

Oag — i]oaf‘

0 = [—iAC + %]0“2 + iJ%,

iA, — 1]0111T — /%, — i«/fgooalmx + Q

(18)
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and
S0+ —ibt _ + —ibt
—i6"xe e = w,, peye
et —iot  _ _ Om+ —ist o+ —idt
6" peye - peye Wy, XEpE

+ﬁg0(0 16 e 15t+0a1+a1'gpe z&t)
—i(5+a1€pe’i‘$t = [—iAc - %]Jralspe*i& + i]+a2€Pefi§t

+ iﬁg0(0a1+xepe_i5t + 0x+alape_i&) + Epe—iét

) — ) K i : —
—16+a25pe ot — [—zAc + 5y +a25Pe ot 4 z]+a15pe iot
—16+a15 e = [zA }*aTepe iot i]+a;61,ef"6'

2

z«/_go( a, xe e + 0x+aT5pef"5’)

—istale e = [1A + ] a E e ital €pe ot
2%p 2 1 (19)
2

P
first-order and second-order steady states. Therefore, Eq. 19 can be further simplified as:

after ignoring these terms which contain &2, 7 and |€,|*. Here Eqs 18 and 19 correspond respectively to

—i6tx = w, p
—i6Tp = ’V"“rp x4 2, (% fa, + a"a)
—i6Ta, = [ ] +ita, + if2g a, x + % ay + 1
—ibta, = [ ] a, + ilta,
—istal = [1A ] —iJta — iﬁgo (0a1+x + 0x+afr)
—ista) = (iAC + ﬁ]ﬂﬂ —i*a
2 ) % 1 (20)
Based on Egs 18 and 20, the steady-state solutions can be given finally by:
NG
o= S
wm
Q
0!11 - (A A" - ol S
i - + 5 + B K
¢ 2 iN -5 (21)

and

{(w,f1 — 5 - iéfymlz)[—i(A +6+ 71+ M] + B}
(= 6 = i3, /2[i (A = 6) 4 T L[~ i(A +8) 4 ]+ M+ p@RA+L-M) )

+,
a, =

which are exactly the same with Eqs 8 and 9 in Results.
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