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Abstract: We develop the analytic theory describing
the formation and evolution of entangled quantum states
for a fermionic quantum emitter coupled simultaneously
to a quantized electromagnetic field in a nanocavity and
quantized phonon or mechanical vibrational modes. The
theory is applicable to a broad range of cavity quantum
optomechanics problems and emerging research on plas-
monic nanocavities coupled to single molecules and other
quantum emitters. The optimal conditions for a tripartite
entanglement are realized near the parametric resonances
in a coupled system. The model includes dissipation and
decoherence effects due to coupling of the fermion,
photon, and phonon subsystems to their dissipative res-
ervoirs within the stochastic evolution approach, which is
derived from the Heisenberg-Langevin formalism. Our
theory provides analytic expressions for the time evolution
of the quantum state and observables and the emission
spectra. The limit of a classical acoustic pumping and the
interplay between parametric and standard one-photon
resonances are analyzed.
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1 Introduction

There is a lot of recent interest in the quantum dynamics of
fermion systems coupled to both an electromagnetic (EM)
mode in a cavity and quantum or classical mechanical/
acoustic oscillations or phonon vibrations. This problem is
related to the burgeoning fields of cavity optomechanics
[1-3] and quantum acoustics [4-6]. Another example
where this situation can be realized is a molecule placed in
a plasmonic nanocavity [7, 8]. In this case, the fermion
system may comprise two or more electron states forming
an optical transition, whereas the phonon field is simply a
vibrational mode of a molecule. One can also imagine a
situation where a quantum emitter such as a quantum dot
(QD) or an optically active defect in a solid matrix is
coupled to the quantized phonon modes of a crystal lattice,
which would be an extension of an extremely active field of
research on phonon-polaritons or plasmon-phonon—
polaritons [9, 10] into a fully quantum regime.

Apart from the fundamental interest, the studies of
such systems are motivated by quantum information ap-
plications. Indeed, the presence of a classical or quantized
acoustic mode provides an extra handle to control the
quantum state of a coupled fermion—-boson quantum sys-
tem. In the extreme quantum limit in which the fermionic
degree of freedom and all bosonic degrees of freedom (both
photons and phonons) are quantized, a strong enough
coupling between them leads to an entangled fermion-—
photon—phonon state, which is a complex enough system
to implement basic gates for quantum computation or
other applications. Such a system has not been realized
experimentally. However, many ingredients have been
already demonstrated, such as strong coupling between a
nanocavity mode and a single molecule [11], numerous
examples of strong coupling between nanocavity modes
and a single fermionic quantum emitter such as a color
center [12] or a QD (see e.g., the studies by Yoshie et al. [13]
and Reithmaier et al. [14] for semiconductor cavity—QD
systems and the studies by Leng et al. [15], Bitton et al. [16],
and Park et al. [17] for plasmonic cavities), strong coupling
and entanglement of acoustic phonons [18, 19], resolving
the energy levels of a nanomechanical oscillator [6], or
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cooling a macroscopic system into its motional ground
state [20].

Interaction of three or more modes of oscillations,
whether they are classical or quantized, is strongly enhanced
close to the parametric resonance, which is therefore the
most interesting region to study. Fortunately for theorists,
the analysis near the parametric resonance is greatly
simplified because some form of a slowly varying amplitude
method for classical systems [21, 22] or the rotating wave
approximation (RWA) for quantum systems [23] can be
applied. The use of RWA restricts the coupling strength to the
values much lower than the characteristic energies in the
system, such as the optical transition or vibrational energy.
The emerging studies of the so-called ultra-strong coupling
regime [24] have to go beyond the RWA. Nevertheless, for the
vast majority of experiments, including nonperturbative
strong coupling dynamics and entanglement, the RWA is
adequate and provides some crucial simplifications that
allow one to obtain analytic solutions.

In particular, within Schrodinger’s description, the
equations of motion for the components of an infinitely
dimensional state vector |¥) that describes a coupled
fermion—boson system can be split into the blocks of low
dimensions if the RWA is applied. This is true even if the
dynamics of the fermion subsystem is nonperturbative,
e.g., the effects of saturation are important. Note that there
is no such simplification in the Heisenberg representation,
i.e., when solving the equations of motion

dg-1[ng) 0
where g is the Heisenberg operator of a certain physical
observable g and H is the Hamiltonian of the system.
Operator-valued Eq. (1) is generally impossible to split into
smaller blocks, even within the RWA. This happens
because some matrix elements g, (t) of the Heisenberg
operator are determined by states |A), |B) which belong to
different blocks that evolve independently in the Schro-
dinger picture. The simplification could only be possible
for specially selected initial conditions in which the Hei-
senberg operator is determined on a “truncated” basis
belonging to only one of the independent blocks. The
Schroédinger’s approach also leads to fewer equations for
the state vector components than the approach based on
the von Neumann master equation for the elements of the
density matrix.

Obviously, the Schrédinger equation in its standard
form cannot be applied to describe open systems coupled
to a dissipative reservoir. In this case, the stochastic ver-
sions of the equation of evolution for the state vector
have been developed, e.g., the method of quantum jumps
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[23, 25]. This method is optimal for numerical analysis in
the Monte-Carlo type schemes. Here, we formulate the
stochastic equation for the state vector derived from the
Heisenberg-Langevin approach which is more conducive
to the analytic treatment. Its key element is an assumption

that there exists the operator of evolution U, which is
determined unambiguously not only by the parameters of
the dynamical system but also by the statistical properties
of a dissipative reservoir.

There were a number of theoretical studies of tripartite
entanglement in open optomechanical systems, either for
purely bosonic field modes or involving the atomic degree
of freedom (see, e.g., [26-32]). The existing studies are
based on either the Heisenberg-Langevin approach or the
master equation. In these cases, the analytic solution is
possible only after some drastic approximations such as
adiabatic elimination of some degrees of freedom or within
the linear perturbation theory, when the atomic pop-
ulations are unperturbed. The work closest to our model is
the study by Liao et al. [31], which considers tripartite
entanglement in the vicinity of a parametric resonance by
numerically solving the Lindblad master equation. The
present paper is different in several important aspects.
First, our work develops a new formalism based on the
stochastic evolution of the state vector, which allowed us to
obtain explicit analytic expressions for the evolution of the
quantum states and all relevant observables: field and
atom energies, emission spectra, etc. We were also able to
derive analytic criteria for the separation of resonances,
which is important for real experimental situations in
which the frequency of the phonons or mechanical oscil-
lations is much lower than the photon or electron transition
frequencies, so the parametric and one-photon resonances
can easily overlap.

Second, the study by Liao et al. [31] takes into account
only the dissipation in the atomic subsystem, whereas our
work includes relaxation and fluctuations in all subsystems:
electronic, EM, and phonon/mechanical. We were able to
write explicit expressions for the relaxation and noise terms
which include all relevant relaxation channels and ensure
that the system goes into a physically meaningful equilib-
rium in the absence of external excitation. Moreover, our
analysis takes into account both inelastic processes (dissi-
pation) and purely elastic decoherence processes.

The paper is structured as follows. Section II formu-
lates the model and the Hamiltonian for coupled quantized
fermion, photon, and phonon fields in a nanocavity. Sec-
tion III derives the solution for the quantum states of a
closed system in the vicinity of a parametric resonance and
analyzes its properties. In Section IV, we provide the sto-
chastic equation describing the evolution of quantum
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states of an open system in contact with a dissipative
reservoir and describe the observables. In Section V, we
consider the case of a classical acoustic pumping. Section
VI describes the interplay of parametric and standard one-
photon resonances and provides the conditions under
which these resonances can be separated. Section VII gives
an example of manipulating entangled electron—photon
states by an acoustic pumping. Appendix contains the
derivation of the stochastic equation of evolution from the
Heisenberg—-Langevin approach and compares with Lind-
blad density matrix formalism.

The focus of the paper is to provide analytic solutions for
the quantum dynamics in systems of coupled electron,
photon, and phonon excitations including dissipation and
decoherence effects. Here, we emphasize “analytic” which
means that we provide the expressions for the time evolution
of the state vector and observable quantities in the form which
shows explicitly the dependence on all experimental param-
eters: transition energies and frequencies, matrix elements of
the optical transitions, the spatial structure of the field modes,
relaxation rates for all constituent subsystems, ambient tem-
peratures, etc. That is why we believe that the results obtained
in this paper will be useful for the experimentalists working on
a broad range of nanophotonic systems.

2 A coupled quantized electron-
photon—phonon system: the
model

Consider a quantized electron system coupled to the
quantum EM field of a nanocavity and classical or quan-
tized vibrational (phonon) modes, see Figure 1 which
sketches two out of many possible scenarios.

Here, the electron transition energy is W, the photon
and phonon mode frequencies are w and Q, respectively.
The decay constants y, y,,, and p of the electron, photon,
and phonon subsystems due to couplings to their respective
dissipative reservoirs are also indicated. Figure 1a sketches a
single molecule in a nanocavity formed by a nanotip and a
metal substrate. Here, the EM field is coupled to a transition
between electron states, and this coupling is modulated by
molecular vibrations. Figure 1b shows an electron transition
in a QD coupled to the EM field. The figure implies that it is a
QD which experiences mechanical or acoustic vibrations,
but our treatment below works for any mechanism of rela-
tive displacement between the electron system and the field
of an EM cavity mode, including the situations where it is the
wall of a nanocavity which experiences oscillations.
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Figure 1: (a) A sketch of a molecule in a nanocavity created by a
metallic nanotip and a substrate; (b) A sketch of a quantum dot
coupled to optical and mechanical vibrational modes in a nanocavity.

We start from writing down a general Hamiltonian fora
coupled quantized electron-photon—phonon system and
derive its various approximate forms: the RWA, small-
amplitude acoustic oscillations, classical versus quantum
phonon mode, etc.

2.1 The fermion subsystem

Consider the simplest version of the fermion subsystem:
two electron states |0) and |1) with energies O and W,
respectively. We will call it an “atom” for brevity, although
it can be electron states of a molecule, a QD, or any other
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electron system. Introduce creation and annihilation op-
erators of the excited state |1), & = |0)(1|, &' = |1) (0|, which
satisfy standard commutation relations for fermions:

G'|0) = [1),G]1) = 10,66 = 6'6" = 0; [3,5"],
=00 +00=1
The Hamiltonian of an atom is given as follows:
H,=Wd'o. )
We will also need the dipole moment operator,
d=d(d"'+0), 3)

where d = (1|a|0) is a real vector. For a finite motion, we
can always choose the coordinate representation of sta-
tionary states in terms of real functions.

2.2 Quantized EM modes of a cavity

We use a standard representation for the electric field
operator in a cavity:

E=Y[Em¢+E (1)), (%)

where ¢;',¢; are creation and annihilation operators for pho-
tons at frequency w; ; the functions E; (r) describe the spatial
structure of the EM modes in a cavity. The functions E; (r) and
the relation between the modal frequency w; and E; (r) can be
found by solving the boundary value problem of the classical
electrodynamics [23]. The normalization conditions [33]

IME, (1) E(x)d’r = 4mhw; ®)
4

w,-aa)i

ensure correct bosonic commutators [¢;,¢/] = 6; and the
field Hamiltonian in the form

Hyp = hz_w,-(af G+ %) )

here, Vis a quantization volume and € (w, r) is the dielectric
function of a dispersive medium that fills the cavity. Eq. (5)
is true for any fields satisfying Maxwell’s equations as long
as intracavity losses can be neglected and the flux of the
Poynting vector through the total cavity surface is zero (see
e.g., Refs. [33-36]). Of course the photon losses are always
important when calculating the decoherence rates and
fluctuations. What matters for Eq. (5) is that the effect of
losses on the spatial structure of the cavity modes is
insignificant. The latter is true as long as it makes sense to
talk about cavity modes at all, which means in practice that
the cavity Q-factor is at least around 10 or greater.
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2.3 The quantized phonon field

We assume that our two-level atom is dressed by a phonon
field which can be described by the displacement operator:

G=2G; G =Q @b +Q (nb (7)

- e 1

here, b; and b} are annihilation and creation operators of
phonons, and the functions Q;(r) determine the spatial
structure of oscillations at frequencies Q;. Expression (7)
can be used when the amplitude of oscillations is small
enough. One can always choose the normalization of
functions Q;(r) corresponding to standard commutation

relations for bosons, [Bi,E}‘] = §; and a standard form for
the Hamiltonian of mechanical oscillations:

1, =30 (B i+ ) ®

2.4 An atom coupled to quantized EM and
phonon fields

Now, we can combine all ingredients into a coupled
quantized system. Adding the interaction Hamiltonian
with a EM cavity mode in the electric dipole approxima-
tion, -d- E, the Hamiltonian of an atom coupled to a single
mode EM field can be written as follows:

H=Hep+H,-d(G"'+03)- [E@e+E (0] _ ., 9

where r = r, denotes the position of an atom inside the
cavity. The effect of “dressing” of the coupled atom—EM
field system by mechanical oscillations in its most general
form can be included by adding the Hamiltonian of phonon
modes H » and substituting r, = r, + q in Eq. (9). This will
work for an arbitrary relative displacement of an atom with
respect to the EM cavity mode. Keeping only one phonon

mode for simplicity, in which
4=Qmb+Q (Mb', (10)

and expanding in Taylor series in the vicinity of r = r,, we
obtain the total Hamiltonian,

H=Hey+Hy+ Hy - (0'C+ )"0 +x0C +x'0'C")
—(’1151613 +m6¢'b" +n,07ch"
+n§6@‘r5 + mBEB + )1{6*6*5* " nzaegf N ngafﬁg) an
where
x={-E),, n=[dQ V)E],, n=[dQ - V)E]r:ra'

Our model corresponds to the situation when the
amplitude of phonon (acoustic) or mechanical oscillations
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is much larger than the size of an atom. In this case, an
acoustic field shifts the potential well for electrons as a
whole, rather than deforming it. It is possible to have
an opposite situation when the acoustic field deforms
the potential well for electrons, thus modulating the
dipole moment of the optical transition. This will
change the expression for the effective constant of the
parametric coupling but will not change the resulting
Hamiltonian.

We can always take the functions E(r) and Q(r) to be
real at the position of an atom, but we cannot keep the
derivatives real at the same time if the modal structure
o e**. However, for ideal cavity modes, the latter is
possible. As we will see below, the best conditions for
electron—-photon—phonon entanglement are reached in the
vicinity of the parametric resonance:

E:wiﬂ.

Y 12)

When the upper sign is chosen in Eq. (12), the RWA applied
to the Hamiltonian (11) yields the following equation:

H=Hey +Hy +H, - (n6'ch + n'6¢'D") (13)
where n=n,. For the lower sign in Eq. (12), the RWA
Hamiltonian is as follows:

A =Hen+H,+ H, - (n0'ch" + °6¢'D) (14)

where n = n,.

2.5 An atom coupled to the quantized EM
field and dressed by a classical acoustic
field

For classical acoustic oscillations, the operator ¢ = Q ()b +

Q (r)BT in Eq. (10) becomes a classical function

q=Q(me™+Q (r)e™ (15)

where Q is a coordinate-dependent complex amplitude
of classical oscillations. Near the parametric reso-
nance w+Q:V—F‘[), the RWA Hamiltonian takes the
following form:

H = Hon+ Ha - (M7ce ™ + Wo€™, (16)

where R = [d(Q- V)E],,,. The value of the acoustic fre-
quency Q in Eq. (16) can be of either sign, corresponding to
the choice “+” in the parametric resonance condition Eq.
(12); when the sign of Q changes from positive to nega-
tive, one should replace Q with Q* in the above expres-
sion for R.
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Qualitatively, Hamiltonian (13) corresponds to the
decay of the fermionic excitation into a photon and
phonon; Hamiltonian (14) corresponds to the decay of a
photon into a phonon and fermionic excitation, whereas
Hamiltonian (16) describes parametric decay of a photon
into an atomic excitation and back, mediated by classical
acoustic oscillations.

3 Parametric resonance in a closed
system

When the system is closed and there is no dissipation, the
general analytic solution to the dynamics of coupled fer-
mions, photons, and phonons can be obtained in the RWA.
We write the state vector as follows:

W= 3 (Conola)|1)]0) + Comlet) [} 1).

a,n=0

17)

here, Greek letters denote phonon states, Latin letters
denote photon states, and numbers 0, 1 describe fermion
states. We will keep the same sequence of symbols
throughout the paper:

Cphononphotonfermion |ph0n01'1> |ph0t0n> |fermion).

Next, we substitute Eq. (17) into the Schrodinger
equation,
., 0 =
ih—|¥) = H¥) (18)
ot
where H is the RWA Hamiltonian. For definiteness, we
consider the vicinity of the parametric resonance with a
plus sign, w + Q =¥, which corresponds to the Hamilto-
nian (13). In this case, the equations for the coefficients in
Eq. (17) can be separated into the pairs of coupled
equations

g( Cano )+< wen 0" >< Cano )_0
dt \ Cann-n —iQ%" iwg n —iA J\ Ca-nym-n1 ’
(19)

and a separate equation for the lowest energy state:

Cooo + 1o Cooo = 0, (20)

where

1 1
Q}(ea,n) — % Voan, wen = Q(a + E) + w(n +§>,

w
A=Q+w-—.
+w 7

Note that approximate Eqgs. (19) and (20) preserve the norm
exactly:
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|C000|2 + wf (|Como|2 + |C(a—1)(n—1)1|2)

a=1,n=1
= 2 (|Can0|2+|can1|2):C0nSt.
a=0,n=0
The solution to Eq. (20) is trivial: Cooo(t) =

Cooo (0) exp (—iwgot). The solution to Eq. (19) takes the
following form:

ComO _p@my 1 _plen 1
=Ae™ +Be™: , 1
( Canm-n1 a®” al®” (21)

where the constants A and B are determined from initial
conditions. Here, the eigenvalues Afg’") and eigenvec-

1
tors (a(""") > of the matrix of coefficients in Eq. (19) are

1,2
given as follows:

(an)

A" = iwg n - 165", 45" = Qiim*, 2
R
where
@n _A N (@) |2
612 :Ei Z+ ’QR | . (23)

Figure 2 shows the eigenfrequencies of the system
given by Eq. (22) with @ = n = 1, shifted by w;1|s-o. One can
see the anticrossing with splitting by 20" at the para-
metric resonance.

As an example, consider an exact parametric reso-
nance % = Q + w and the simplest initial state ¥, = |0)|0)|1)
corresponding to the initially excited atom in a cavity. In
this case, the only nonzero amplitudes are Coo; and Cyyo:

i&

<}

N

2

(&)

C

[0]

>

O

®

& -5

=2 r

L

4 2 0 2 4
A Q™M)

Figure 2: Frequency eigenvalues of the coupled electron-photon-
phonon quantum system as a function of detuning from the
parametric resonance ¥ = Q + w. All frequencies are in units of the
generalized Rabi frequency Q,g“). Thevalues of eigenfrequencies are
shifted vertically by w11|a-o.
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-if
Cio _ 1 o (w1.1—|0§’1’|)t e
Coot 2 1

. % ei(w1,1+|0§1’”|)1< _el_ie > (24)
where
Wy = Q(l + %) + w(l + %) Q& = % = Qg€
The resulting state vector is given as follows:
¥ =e " [ie sin(|Qg|t)[1) [1) |0)
+ cos(|Qg"™[t)0) [0} |1)]. (25)

This is clearly an entangled electron-photon—phonon
state, which is not surprising. In the absence of dissipation,
any coupling between these subsystems leads to
entanglement.

State (25) is a tripartite entangled state which belongs to
the family of Greenberger—Horne-Zeilinger (GHZ) states. It
can be reduced to a standard GHZ state by local operations
[37, 38], e.g., by rotations on the Bloch sphere of each qubit.
In most cases discussed in the literature, the GHZ states are
made of identical subsystems, e.g., photons [39, 40], which
determine the way how they can be manipulated and used.
In our case, each subsystem is of different nature: a fer-
mionic electron system, a bosonic EM field, and a bosonic
phonon field, so we envision at least two interesting appli-
cations. One is to determine the statistics of phonons or
atomic excitations by measuring the statistics of photons.
The latter is relatively easy to do, whereas phonon counting
or direct measurement of quantized mechanical oscillations
is extremely difficult due to their low energy and the lack of
suitable detectors. The second application is control of a
bipartite entangled state of two subsystems, say an atom
and a photon mode, by using the state of the third subsys-
tem, say phonons or mechanical oscillations, as a control
handle. One example is given in Section 7 of the paper. One
can come up with other combinations involving more
complex qubits consisting of coupled fermion—boson sub-
systems, for example, an entanglement of the atom—phonon
system by a classical EM field, etc.

The dynamics of the corresponding physical observ-
ables, such as the energy of the field and the atom, is Rabi
oscillations at the frequency which generalizes a standard
Rabi frequency to the case of a parametric photon-
phonon-atom resonance and which depends on both the
spatial structure of the photon and phonon fields and their
occupation numbers:

(PIE ) = [E(mF[2- cos(20f"[t)]  (26)
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1+ cos(2]Q™|t)

(V|H,|¥) =W 5

@7)

It isillustrated in Figure 3 which shows the normalized
EM field energy density and energy of an atom as a function
of time. Note that the EM field energy never reaches zero
because of the presence of zero-point vacuum energy. With
detuning from the parametric resonance, the amplitude of
the oscillations will decrease.

4 Dynamics of an open electron-
photon—phonon system

4.1 Stochastic evolution equation

Now we include the processes of relaxation and decoher-
ence in an open system, which is (weakly) coupled to a
dissipative reservoir. We will use the stochastic equation of
evolution for the state vector, which is derived in Appendix.
This is basically the Schrodinger equation modified by
adding a linear relaxation operator and the noise source
term with appropriate correlation properties. The latter are
related to the parameters of the relaxation operator, which is
a manifestation of the fluctuation—dissipation theorem [41].

Within our approach, the system is described by a state

vector which has a fluctuating component: [¥) = |¥) + |p‘{7),
where the straight bar means averaging over the statistics
of noise, and the wavy bar denotes the fluctuating
component. This state vector is of course very different
from the state vector obtained by solving a standard
Schrédinger equation for a closed system. In fact, coupling
to a dissipative reservoir leads to the formation of a mixed
state, which can be described by a density matrix

p=|¥) - (¥] + [¥)¥|. In Appendix, we derived the general
form of the stochastic equation of evolution from the Hei-
senberg-Langevin equations [23, 34, 42] and showed how
physically reasonable constraints on the observables
determine the properties of the noise sources. We also

a 3o b 1o
- 25 _ 08
@ )
e e 06
£ 20 ®
2 § 0.4
w
15 0.2
1.0 0.0
0 2 4 6 8 10 0 2
Qg
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demonstrated the relationship between our approach and
the Lindblad method of solving the master equation.

One can view the stochastic equation approach as a
convenient formalism for calculating physical observ-
ables which allows one to obtain analytic solutions for the
evolution of a coupled system even in the presence of
dissipation and decoherence. In this section, we use the
stochastic equation for the state vector given by Egs. (A9)
and (A10). The effective Hamiltonian in Egs. (A9) and
(A10) is determined by an approximation the user wants.
If one wants the Markovian approximation, the Hamilto-
nian is obtained simply by summing up partial Lind-
bladians for all subsystems, whatever they are (in our
case, these are a fermion emitter, an EM cavity mode, and
a phonon mode). Then, the noise source term is deter-
mined unambiguously by conservation of the norm of the
state vector and the requirement that the system should
approach thermal equilibrium when the external pertur-
bation is turned off. This immediately gives Egs. (28) and
(29) below.

Following the derivation in Appendix, Egs. (19) and
(20) are modified as follows:

. : (an)*
d ( Cano ) . Wan+Yano _IQR ( Cano )
at\ C oy —iQI(ea’") {Wen=IA+Y (g 1y (o1 Ca-1y(n-11

__i( Rano )
h R(afl)(nfl)l ’

) . i
Cooo+ (lwo,o +yooo)cooo = —ERooo-

(28)
(29)

Coupling to a reservoir introduces two main differences to
Egs. (28) and (29) as compared to Egs. (19) and (20) for a
closed system. First, eigenfrequencies acquire imaginary
parts which describe relaxation:

Wan = Wan — Wongs Wan —A= Wan = A =1y 4y ny>

Wo,0 = Woo — iYOOO‘

The relaxation constants are determined by the properties
of all subsystems. They are derived in Appendix, and their
explicit form is given in the end of this section.

Figure 3: (a) Normalized field intensity,
(WIE|WY/IE(N)|2, and (b) normalized atom
energy (W|H,|W)/W as a function of time in
units of the generalized Rabi frequency
.
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Second, the right-hand side of Egs. (28) and (29)
contain noise sources —iRano, —iR(a-1)(n-11, and —LRooo.
They are equal to O after averaging over the noise statistics:
Rano = Ria1y(n-11 = Rooo- The averages of the quadratic
combinations of noise source terms are nonzero. Including
the noise sources is crucial for consistency of the
formalism: it ensures the conservation of the norm of the
state vector and leads to a physically meaningful equilib-
rium state. Note that the Weisskopf-Wigner theory does
not enforce the conservation of the norm.

4.2 Evolution of the state amplitudes and
observables

The solution to Eq. (29) is given as follows:

.t
Cooo = ei(iwowyoooy[cooo (0) _% | e (00000 )Ry, (T)dr |.
0

(30)

The solution to Eq. (28) is determined again by the eigen-
values and eigenvectors of the matrix of coefficients, which
are now modified by relaxation rates:

s (an)

— ly

s . - o (a s 1,2 0

A" = iwg - 165", a5 = 22—, (1)

Qg
where
5(a,n) _ é + l-yanO + Y(a—l)(n—l)l
1.2 2 2
“A + i()/(a—l)(n—l)l - Yano)]z (@n)|2

+ 4 +Qg™". (32

The solution to Eq. (28) takes the following form:

( ComO >
C(:H) (n-1)1

1 -t :
— oMt (A 1 J‘e/\{“»")TRano (DA™ = Ractynen (T) dT)
o )\ 7h g a7 —a®™

1 -t (@n)
e B 1 ,[ eAéﬂv")TR(a—l)(nfl)l (7) = Rano ()" dr
aé“’") h az(lx,n) _ al(a,n)

(33)

where the constants A and B are determined by initial
conditions.

As an example, we consider the reservoir at low tem-
peratures, when the steady-state population should go to
the ground state |0)|0)|0). Also, we will neglect purely
elastic dephasing processes which lead to atomic deco-
herence without changing the populations. The elastic
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processes will be added later. In this case, we can take
Yooo = 0, as shown below. We will also assume that the
only nonzero correlator of noise is delta-correlated in time:

ROQO (t + £)R800 (t) = h26 (s)Dooo. (34)
Then, Egs. (29) and (30) yield the following:
d -
dt |Co00l* = Dooo, (35)
whereas Eq. (28) gives the following:
d —
at (|Como|2 + |C(a71)(n71)1|2>
= _2<Yan0|can0|2 + Y(a_l)(n_m|C(a—1)(n—1)1|2)~ (36)

This equation guarantees that the system occupies the
ground state at t — oo.

The noise intensity is determined by the condition that
the norm of the state vector be conserved. This gives the
following equation:

Dooo = 2a7§171(Yan0|Can0|2 +Yanmm|C (a—l)(n—1)1|2>- 37)
In Appendix, we discuss in detail the dependence of the
noise correlator on the averaged dyadic components of the
state vector. We also show how to find the correlators
which ensure that the system approaches thermal distri-
bution at a finite temperature.

The above formalism allows us to obtain analytic
solutions to the state vector and observables at any
temperatures and detunings from the parametric reso-
nance, while still within the RWA limits. However, the
resulting expressions are very cumbersome, and they
are better to visualize in the plots. Let us give an
example of the solution at zero reservoir temperature
and exactly at the parametric resonance %: Q+w,
when the expressions are more manageable. Consider
the initial state ¥y = |0)|0)|]1) when an atom is excited
and boson modes are in the ground state. In this case,
the only nonzero amplitudes are Cyoo, Coo1, and Ciyo. TO
make the algebra a bit simpler, we assume that the
dissipation is weak enough and its effect on the eigen-

vectors < ) can be neglected. As a result, we obtain

(an)
a;

the following equation:

@ = o (i to0tu0)e [ie-iﬂsin( ‘Q}‘;’” |t) |1)[1)]0)

+ cos( |0 |t )loNOID | + CaclodiONO.  (38)
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where

_ i B 2
ICoool2=1-¢ (o Yoo )t Q}(elvl) _ \/lQI(eM)lz _ (Yoor 4}’110) X

6 = Arg[Qg™].

As we see, dissipation leads not only to the relaxation of
the entangled part of the state vector but also to the fre-
quency shift of the Rabi oscillations. This shift is absent if
Yoor = Y110

The resulting expressions for the observables such as
the EM field intensity and the energy of the atomic exci-
tation are given as follows:

(PIE' W) :|E(r)|2[1 + e (rotvon )t

_ COS(Z‘Q}(;J) |t)e’ (y110+y001)t:| N (39)
~ 1+ cos(2|f2}(:'l)|t>
(V|H,|¥) =W 5 e (ovom)t (40)

Figure 4 illustrates the dynamics of observables in Egs. (39)
and (40).

Note that the Weisskopf—Wigner theory would give the
same expression (40) for the atomic energy but a wrong
expression for the EM field intensity:

(WIE W) = IE(r)IZ[Z - COS(ZlQS’l)lt”e*(yuo+yom)f,

which does not approach the correct vacuum state.

4.3 Emission spectra

According to the study by Scully and Zubairy [23], the po-
wer spectrum of the emission is given as follows:

1. = .
S(r,v) = ERe [ atG® (r,r; 7)€", (41)
0

where G (r,r; 1) is the field autocorrelation function at
the position r of the detector:

GO (rr;7) = B | deiEs (DEa(E+ D). (42)
0

1.0
22

2‘2'0 >0.8

D =)

E 1.8 % 0.6

=

s €04
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where ¢, (t),¢J (t) are annihilation and creation opera-
tors for the photons which interact with the detector,
and the Heisenberg picture is used. We will assume that
the coupling between the photons and the detector is
weak, so the photon detection does not affect the dy-
namics of the intracavity photons. According to the
study by Madsen and Lodahl [45], €;(t) oc€(t) for a
nanocavity, so we can calculate the G (r,r; T) using
operators for the cavity field ¢(¢),¢' (¢), up to a constant
factor in the result. Note that the lower limit of the in-
tegral over t is set to be t = 0, which requires that no
photons exist before ¢ = 0.

In the Heisenberg—Langevin approach, an operator
in the Heisenberg picture can be expressed through
Schrodinger’s operators using the effective Hamiltonian

Hes, which contains the anti-Hermitian part, see the
Appendix. At the same time, the inhomogeneous term
proportional to the noise sources should be added.
Including these noise terms in the solution for the field
operators when calculating the emission spectra is
equivalent to taking into account the detection of thermal
radiation which seeps into the cavity from outside and
spontaneous emission resulting from thermal excitation
of an atom. We assume that the reservoir temperature in
energy units is much lower than W and Aw so that the
contribution of these noise terms to the emission spectra
can be neglected (although noise is still needed to pre-
serve the norm).

Then, the average
expressed as follows:

correlator (¢t (t)¢(t+ 1)) is

(et +1)

— (W (t = O)Iei;lgfft/h’éte—igefft/heiﬁgﬁ(t+'r)/h’(:.e—i;19ﬂ(t+‘r)/h|\I](t - 0))

= (W (t)]ete et/ el e0 [y (£ 4 7)), (43)

where |¥(t)) is the state vector of the system which we
found in the previous subsection. It can be written as
W (t)) = Yo oCu (D)) 5® (1)), where |Wa®(t)) is the part
describing phonons and electrons. Therefore,

Consider a simple example when the initial state is
|0)|0)|1). Within the RWA, the system can only reach states

Figure 4: (a) Normalized field intensity,
(WE'|WY/IE(n)]?, and (b) normalized atom
energy (W|H,|W)/W a function of time in
units of the generalized Rabi frequency
QY. Here, Yi10 + Yoo1 = 0.3Q5".
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" (te(t+1)
= ¥ Cml (w2e ()] Jeer et/ heifi e /hg( ¥ C, (& + ) )W (£ + 7))
n=0 n=0 (44)

- ( § VA C(t)(n - 1P (t)|)e-fﬁefff/hefﬁéﬂam/ h( S VAC, (t+ D)l - V¥ (¢ + 1) >
n=0 n=0

|0)]0)|1), |1)|1)|0), and |0)|0)|0). After acting with ¢ on a
state of the system, a new state |1) |0)|0) can also appear,
but it cannot evolve into other states. So, in this case, we
have the following:

(€ (et +1))

= (C; (O] (W ()])e et/ neila o (C, (¢ 4 T)O) L (¢ 47) ))

= (Chyo (t)(lI(OI(OI)e’iHe“'/heiHé“"”’/h (Cuo (t +7)[1)|0)|0))
= Chio (6)Cio (t + T) €XP [iw1,0T — Y100 2t + T)],
(45)
where we used Egs. (A32) and (A33) and assumed that the
noise for state |1) |0)|0) has zero correlator. Since

Cno(t)—lSII’1<|Q( )| >exp[—iwl,1t—wq, (46)
we obtain

& (He(t + 1)) =sin <|Q;;’l)|t> sin (|Q§’”| (t+ ‘r))

exp [~iwt] exp [~ y,. (2t + 7)), @7)

where we introduced the notation y,,
the power spectrum is found to be

- +
= Y00 + Y110 2)’001. Then,

) i ‘Q(H’
St lEmF
4Yac< R |+yg1c>
S DS
Ve~ iv- o) + |05

The normalized power spectra are shown in Figure 5 for

various values of |Q( )|/yac For IQ( )‘ <¥.c»> the spectrum

has a single maximum at zero detuning v =w. For
‘Q}J’”( > Y., the spectra are split and their maxima (same
value for all spectra) are reached at detunings given by
(v-w)?= ‘Q(“) - yic. Therefore, to reach the strong
coupling regime, the Rabi frequency |f2}(;’l)| has to exceed

the combination of the decoherence rates denoted by y,.

Note that in a standard Lindblad formalism, y param-
eters are inverse decay times for the populations or field
energies, i.e., they are related to the quantities which are
quadratic with respect to the state vector within the

Schrédinger’s approach. That is why our y’s in the sto-
chastic equation of evolution, which is linear with respect
to the state vector, correspond to the Lindblad y’s divided
by 2.

4.4 Relaxation rates

Finally, we give explicit expressions for the relaxation
constants y,,, and y,,;. They were derived in Appendix
using the Lindblad master equation approach and
assuming statistical independence of “partial” dissipa-
tive reservoirs for the atomic, EM, and phonon sub-
systems. Within the model which neglects purely elastic
dephasing processes, the result is as follows:

Yoo = yNT“ y“'[ T""(n+1)+( Te'"+1) ]

"0 Raal a+ )+ (7 + 1)a. (49)
Va1 = yNT“ H“’[ Te'"(n+1)+( Te'"+1) ]
+‘%[ﬁ0” (a+1) + (ﬁé” + 1)0(], (50)
O 1
-10 -5 0 5 10

(v = @) /Yac

Figure 5: The emission spectra for f),(;’l)'/yac equal to 0.5, 1, 2, and
5. All spectra are normalized by the same constant.
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wherey, u,,, and y, are partial relaxation rates of the atomic,
photon, and phonon subsystems, respectively; NCT,“ =1

1+e Ta

w
T - —T, . .
Nl = elo qplem = 1 7 =1 are their occupation
1+e Ta eTem -1 elp-1

numbers at thermal equilibrium; Ty em ), are tempera-
tures of partial atom, photon, and phonon reservoirs in
energy units, respectively. As a reminder, the atom en-
ergy is equal to O in state |0) and W in state |1).

If all reservoirs are at zero temperature, we obtain the
following:

ya,,o:@n+@a, AN T Y

2 2 Yaou =5+ 2 G1)

Eq. (51) shows that y,,, = 0, validating our choice earlier in
this section. We also obtain physically intuitive expres-
sions for yy;o and yoo;: Yo = %+ Yoor = 5

Purely elastic processes which lead to the atomic deco-
herence with characteristic time 1/y,, can be taken into ac-

count by adding y,; to the relaxation constant y, . At the same
time, one has to modify the noise correlator Roo; (¢ + & )R(*)O1 (t)

by adding to it the quantity 2y ,;*| Cooy 2. This prescription will
lead to correct dynamics of the observables; see the last sec-
tion in the Appendix. Note that the population relaxation
times will not depend on y,; as it should be.

The above expressions allow one to quickly estimate
the feasibility of reaching strong coupling regime and
quantum entanglement when all fields are quantized. In a
semiconductor dielectric cavity at near-infrared wave-
lengths ~1 pum for the refractive index ~3.5 and a typical
dipole matrix element of the interband optical transition d/
e~0.5 nm, the maximum vacuum Rabi frequency is of the
order of 100-200 peV [13, 14], diffraction limited by the
cavity size. This sets the upper limit for the sum of relax-
ation rates y,. = y;qo + 11937 introduced above. In the ex-
periments with single QDs [13, 14], the phonons were not
involved and the sum of relaxation rates in the electron and
cavity subsystems was kept below 100 peV at low tem-
peratures, allowing them to reach the strong coupling
regime.

In plasmonic cavities, a sub-nm field localization can
be achieved, leading to Rabi frequencies of the order of
100-200 meV for the same order of the transition dipole
moments. However, the combined relaxation rate is much
higher, up to ~100 meV, typically dominated by cavity
losses. Here, the strong coupling of plasmons to a single
quantum emitter has been achieved in multiple experi-
ments, as discussed in the Section 1. However, reaching the
quantum regime for the EM and especially the phonon
fields remains a challenge. It could be beneficial to
consider longer wavelength emitters with the optical
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transition at the midinfrared and even terahertz wave-
lengths. Indeed, with increasing wavelength, the plasmon
losses go down and the matrix element of a dipole-allowed
transition increases, whereas the plasmon localization
stays largely the same.

5 Classical acoustic or mechanical
oscillations

Quantization of acoustic or mechanical oscillations is very
difficult to achieve because of their low energy of the quan-
tum. In most experiments, they remain classical and therefore
cease to be an independent degree of freedom. Instead, their
amplitude becomes an external time-dependent parameter,
like an external pumping. In this case, the RWA Hamiltonian
is given by Eq. (16). It depends only on quantum operators
6,0 and ¢, ¢'; therefore, the state vector has to be expanded
over the basis states |n) |0) and |n) |1):

¥ =} (Cwoln)|0) + CuIm)I1)). (52)
n=0

Substituting Eq. (52) in the Schrédinger equation with the

Hamiltonian (16), we again get separation into a block of

two equations,

Cno = —i(l)ncno +1

R i
—e' tC(n—l)l Vn,

b (53)

. w R .
C(n—l)l = _i<wn1 + E)in)l + iE eflmcno Vn, (54)
and a separate equation for the amplitude of the ground
state |0) |0) of the system:

Coo = —iwoCoos (55)

where w, = wQ: + %) and R = [d(Q- V)E],,, (see Eq. (16)).
After making the substitution C, 1y = G_ipe ™, Egs. (53)
and (54) give the equations similar in form to Eq. (19):

Cno iwn _iQI(en)* Cno

d
e =0, (56
dt ( Gnan ) " < -0 iw, —iA )( G ) G6)

where

w
Qf{”z%x/ﬁ, A=Q+w—%, wn—Azwn_1+g.

Egs. (55) and (56) are different from Egs. (19) and (20) only
in one aspect: they do not contain the index of the quantum
state of the phonon field, whereas the Rabi frequency de-
pends on the amplitude of classical acoustic oscillations
Q(r,), see Section 2.5. Obviously, the solution to Egs. (55)
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and (56) will have the same form and the expressions (26),
(27) for the observables will remain the same, after drop-
ping the index of the quantum phonon state and redefining
the Rabi frequency.

Dissipation due to coupling to a reservoir can be
included using the stochastic equation of evolution of the
state vector, see the Appendix. The corresponding equa-
tions are again similar to those for a fully quantum problem
given by Egs. (28) and (29):

Coo + i(wo +Yo)Coo = —%Roo» (57)
d{ Cu Wy + Vo -0 Cno
dt ( Cinoin ) ' < —iQY) dwn - A+ Y gy )( Cn-in >
i Ryo
Ch ( R >
(58)

Since the acoustic field is now a given external pumping,
the relaxation constants should not depend on the pa-
rameters of a phonon reservoir. They can be obtained after
obvious simplification of Egs. (49) and (50):

_ 4 Ta I’la) 7 Tem lem
Yoo = N1+ [gem (n+ 1) + (mpem + 1)n],  (59)
v = INTe 1 Bo (aTen g 4 1) 4 (Agm +1)n],  (60)
m = 570 2 w w

All expressions for the state vector and observables can be
obtained from the corresponding expressions in Section 4
after dropping the index a of the quantum state of the
phonon field and redefining the frequency of Rabi
oscillations.

6 Separation and interplay of the
parametric and one-photon
resonance

For an electron system coupled to a EM cavity mode and
dressed by a phonon field, the phonon frequency Q can be
much lower than the optical frequency. In this case, the
overlap of the parametric (three-wave) resonance w + Q =~
% and the one-photon (two-wave) resonance w = % can be
an issue.

Here, we derive the analytic criteria for the separation
of these resonances and show numerically what happens
when they overlap. Throughout this section, we neglect
losses. Since the parametric and one-photon resonances
are separated by the phonon frequency Q, the losses can be
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neglected when the value of Q exceeds the sum of the
spectral widths of the EM cavity mode and the electron
transition which originate from dissipation and decoher-
ence. If this condition is violated, resonances overlap
strongly and their separation is impossible anyway.

The separation criterion imposes certain restrictions
on the Rabi frequencies of the two resonances. To derive
these restrictions, we neglect dissipation and retain in the
Hamiltonian (11) both the RWA terms near the parametric
resonance wiQx% and the terms near a one-photon
resonance w = % Since the result will be almost the same
whether the phonon field is quantized or classical, we will
consider the classical phonon field to keep the expressions
a bit shorter. The resulting Hamiltonian is given as follows:

- 1 o i
H= hw(c*c + 5) +Wa'o - (x + Re™™)a'C

- (X" +ReMac', (61)
wherey = (d - E),,, and 93 was defined in Eq. (16); Q is now
a complex-valued amplitude of classical phonon oscilla-
tions. The value of Q in Eq. (61) can be both positive and
negative, corresponding to the choice of an upper or lower
sign in the parametric resonance condition w + Q ~ . The
change of sign in Q corresponds to replacing Q with Q" in
the expression for fR.

The state vector should be sought in the form of Eq.
(52). After substituting it into the Schrédinger equation, we
obtain coupled equations for the amplitudes of basis states

[1)|0), [n - 1)|1):

. i, . i
Crno + iWnCro — — (X" + R €Y)VNC 1y = 0,

5 (62)

Cin-n + i<wn1 + g)c(nl)l —% (X + ERe_lm) VnCp =0, (63)

and

COO + ia)0C00 =0, (64)

where w, = w (n +%) To compare these equations with

Egs. (53) and (54), it is convenient to assume that the sys-
tem is exactly at one of the resonances and study the
behavior of the solution with increasing the detuning from
another resonance. For example, we assume an exact
parametric resonance w + Q = % In this case, the detuning
from the two-wave resonance is % - w = Q. After the sub-

stitution Cpy = Gpoe ™t and C 1y = G(n,l)le”'(“'"*l*%)‘, we
obtain from Egs. (62) and (63) that

GnO —% (X* + %*eim) ﬁG(n,l)leii (%’—w)t =0, (65)
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Gntn % (f + Re ) ynG e KX =0, (66)

If we neglect at first the perturbation of the system in
the vicinity of the two-wave resonance, the solution to Egs.
(65) and (66) at y = 0 is

Gro _ 2,00t 1 Lo 1
<G(n1>1>_Ae i + Be & 4 ) (67)

where Qf = 19t/n is the Rabi frequency of the parametric
resonance and A and B are arbitrary constants. The state
described by Eq. (67) is obviously entangled.

To write the formal solution to Egs. (65) and (66), we
make another substitution of variables: Gpo + Gn-11 = Gs.
The result is

Gi F iQéB)Gi = iQ}(g)*eithno + iQéz)eiQtG(n,l)l,

where QY = Ly~/n is the Rabi frequency corresponding to
the one-photon (two-wave) resonance. The solution to the
last equation is given as follows:
t
G. = 2(A,B)e"™ " +ie" %" [ "% [QP" e Gy (1)
0

+ QPG (D)]dr. (68)
R (n-1)

Considering the terms proportional to Q 1(22)

we seek the solution as

Gro \ _ pi00( 1 -0 1 6Gno
<G(n1)1>_Ae ! e -1)" 6Gm )

To estimate the magnitude of the perturbation, we sub-
stitute Eq. (67) into Eq. (68). After some algebra, we obtain

as perturbation,

that under the condition Q% « Q, the magnitude of the
perturbation is given as follows:

(2)

R
6Gn0, n-D1 7~ [T~

G —-1)1>
Q no, (n-1)1

whereas if QF ~ Q, the magnitude of the perturbation is
given as follows:

Q(Z)
5Gn0, (n-1n1 ~

)
QR

GnO, (n-1)1-

To summarize this part, if both Rabi frequencies Ql(f),

QY < Q, the two resonances can be treated independently

(3)
R

for any relationship between the magnitudes of Q3" and

Ql(f). If the above inequality is violated, one can neglect one
of the resonances only if its associated Rabi frequency is
much lower than the Rabi frequency of another resonance.
These restrictions are obvious from qualitative physical
reasoning: either the magnitudes of the Rabi splittings are
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much smaller than the distance between resonances or one
of the splittings is much weaker than another one.

When the effect of the neighboring resonance is non-
negligible, it can still be taken into account in the solution.
Indeed, consider the solution to Egs. (62) and (63), taking
into account only the two-wave resonance, i.e., taking
R = 0. After obvious substitutions, we arrive at

1
Cno _A —i(w,,—%.W)t :
= Ae X Q Q o2
o 5t g+l
QP
QP
2 Q Qz
B e R I |
1
(69)
In the limit Q > Q}, we obtain the following:
1
< Cno > A _i(wn+|n;§>|z)l
e @
Q
@
+ Be Q 70)

1
It is clear from Eq. (70) that the entanglement of states
described by Cno and C1y; is determined by a small

parameter |Q§)|

, Whereas at exact resonance, the entan-
glement is always stronger, see Eq. (67). Therefore, when

QI(QZ) < Q, we can neglect the contribution of the two-
photon resonance to the entanglement of states |n)|0) and
[n — 1) |1). However, it follows from Eq. (69) that the two-
wave resonance shifts the eigenfrequencies of the system.
Qualitatively, these shifts can be included by putting y = 0
in Egs. (62) and (63) but replacing the eigenfrequencies w,
and wy_; according to Eq. (70):

o[ w_joff
h Q-

Wy = Wy + , Wpg +— = Wy + (71)

Q h
ol
If 0P <« @, these shifts can be significant in order to
interpret the spectra near the three-wave parametric resonance.
The same reasoning can be carried out to analyze the
effect of a detuned three-wave resonance on the solution

near the two-wave resonance.
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These results can be verified by an exact numerical
solution of Eqgs. (62) and (63) for given initial condi-
tions. After that, we can obtain the spectra of C,o and
C(n-11. Since they are oscillating functions, their spectra
form discrete lines at frequencies which we denote
as Wosc.

As an example, we select the case of n=1, set
‘Ql(f)' = |QI(Q3)| = 0.1Q, and choose the initial condition as
Cno (0) = 0 and C(n_1 (0) = 1. The frequencies wes. of the
spectral lines for Cno and C(,-11 are shown in Figure 6.
Their values are shifted by wosc,0 = W1|y-w,s The area of the
dot for each spectral line is proportional to the square of its
amplitude. If a marker is not visible, it means the corre-
sponding line is very weak and can be neglected. The
anticrossing can be seen at both the one-photon resonance
and parametric resonance.

As an illustration of the violation of the condition for
resonance separation, we show the oscillation frequencies for

‘Q,(f)' = |ng3)| = 0.5Q in Figure 7. Here, the anticrossing pic-
ture of isolated resonances is smeared and cannot be observed.

7 Control of entangled states

In order to control the quantum state of the system, turn the
entanglement on/off, read or write information into a
qubit, or implement a logic gate, one has to vary the pa-
rameters of a system, for example, the detuning from
resonance, the field amplitude of the EM mode at the atom
position, or the intensity of a classical acoustic pumping.
The analytic results obtained in previous sections can be
readily generalized when the variation of a parameter is
adiabatic, i.e., slower than the optical frequencies w or %
Since the space is limited, the time-dependent problem will
be considered elsewhere. Here, we consider just one
example, namely turning on/off of a classical acoustic

pumping q = Q(r)e ¥ + Q" (r)e'™.
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For maximal control, it is beneficial to place an atom at
the point where E(r=1,) —» 0, whereas (Q:V)E,, is
maximized. The equations of motion for quantum state
amplitudes were derived in Section 5, see Egs. (53)-(55).

Consider an exact parametric resonance w + Q = % for
simplicity, when

w
Wy = Wpq + %

The solution to Egs. (53)—(55) when the acoustic pumping is
turned off is given as follows:
¥ = Cop (0)e7'0)[0) + ¥ (Cno (0)e " [n)|0)
n=1
+ Clunn (0)e (D) — 1))

The solution when the acoustic pumping is turned on
is given as follows:

|\ 73 COO (O)efiwotl())'()) E I:(Ane—ilg}({l)lt + Bneilg;a")|t)e—iw"t|n>|0>
n=1

+(_ Ane—ilﬂén)h " Bnei|ﬂi(zn)|t)ei9_i(w""+%)t|ﬂ _ 1>|1)]
72
Assume that the initial quantum state before the

pumping was turned on was not entangled, for example,
an atom was in an excited state and there were no photons:

W = e (@0r1)1)0)|1).

If the acoustic pumping is turned on at t = 0, the quantum
state becomes entangled:

¥ = ie 1 sin(|Qg|t)[1)0) + e-f(wo+”rx”)fcos(|gg);t)|o>|1>,
(73)
Then the acoustic pumping can be turned off. Depending
on the turnoff moment of time, one can obtain various

entangled photon—atom states, e.g., Bell states, etc. The
above reasoning is valid when the turn-on/off rate is slower

a 1 b s Figure 6: The frequencies w,s of the spectral

05 B lines for Cpo (left panel) and Cn_1y (right
o p panel), with n = 1, as functions of the

S o e " g o ..,-' ../ photon frequency w. The photon

=05l - > .t frequencies are shifted by W/, and the

3 a s / 2 positions of spectral lines w,s. are shifted

‘ ! ‘z‘ 05 .." o by Wosc,0 = W1ly-w/n- The area of a marker is

FABL e :‘::. 3T / . proportional to the amplitude squared of

2 - 1 the spectral line. Both axes are in units of Q.
: . The parameters are |0 | = || = 0.1Q,
257 P 05 o 05 15 P 05 0 05 and the initial condition is Cpo (0) = 0 and
w—W/h (Q) w—W/h (Q) Cin11(0) = 1.
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Figure 7: The frequencies wos. of the spectral
lines for Cpo (left panel) and Cn_1y (right
panel), with n = 1. The notations are the
same as in Figure 6. The parameters are

2 ..o. 2
-3r 3
41 ,-° 4
-5 -5 ! 5
-3 -2 -1 0 1 2 -3 -2 -1 0 1 2
w—W/h (Q) w—W/hL ()

than the optical frequencies and the detuning from the two-

wave resonance w = %

8 Conclusions

In conclusion, we showed how the entanglement in a
system of a fermionic quantum emitter coupled to a
quantized EM field in a nanocavity and quantized phonon
or mechanical vibrational modes emerges in the vicinity of
a parametric resonance in the system. We developed ana-
Iytic theory describing the formation and evolution of
entangled quantum states, which can be applied to a broad
range of cavity quantum optomechanics problems and
emerging nanocavity strong coupling experiments. The
model includes decoherence effects due to coupling of the
fermion, photon, and phonon subsystems to their dissi-
pative reservoirs within the stochastic evolution approach,
which is derived from the Heisenberg-Langevin
formalism. We showed that our approach provided the
results for physical observables equivalent to those ob-
tained from the density matrix equations with the relaxa-
tion operator in Lindblad form. We derived analytic
expressions for the time evolution of the quantum state and
observables and the emission spectra. The limit of a clas-
sical acoustic pumping, the control of entangled states,
and the interplay between parametric and standard two-
wave resonances were discussed.
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Appendix A
The stochastic equation of evolution
for the state vector

The description of open quantum systems within the
stochastic equation of evolution for the state vector is
usually formulated for a Monte Carlo-type numerical
scheme, e.g., the method of quantum jumps [23, 25]. We
developed an approach suitable for analytic derivations.
Our stochastic equation of evolution is basically the
Schrédinger equation modified by adding a linear
relaxation operator and the noise source term with
appropriate correlation properties. The latter are related
to the parameters of the relaxation operator in such a way
that the expressions for the statistically averaged
quantities satisfy certain physically meaningful
conditions.

The protocol of introducing the relaxation operator
with a corresponding noise source term to the quantum
dynamics is well known in the Heisenberg picture, where
it is called the Heisenberg—Langevin method [23, 34, 42].
We develop a conceptually similar approach for the
Schrédinger equation. Here, we derive the general form of
the stochastic equation of evolution from the Heisenberg—
Langevin equations and track how certain physically
reasonable constraints on the observables determine the
correlation properties of the noise sources.
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1. From Heisenberg—Langevin
equations to the stochastic
equation for the state vector

The Heisenberg-Langevin equation for the operator g of a
certain observable quantity takes the following form [23, 34, 42]:

d_i

i~ (A1)

[H.8] +R(8) + Lg (t),
where R(g) is the relaxation operator, L, (t) is the Lan-
gevin noise source satisfying ig(t) =0, where the bar
means statistical averaging. For given commutation re-
lations of the two operators, [g;,8,] = C, where C is a
constant, correct Langevin sources should ensure the
conservation of commutation relations at any moment of
time, despite the presence of the relaxation operator in
Eq. (A1), see [34, 43, 44].

The group of terms £ [H,g] + R(g) can often be written
as follows:

A8 +R@ =4 (A g-8f). (A
where H.g is a non-Hermitian operator. For example, if the
relaxation operator describes dissipation with relaxation
constanty so that § oc e, then Heyr = H — ih41, where 1is
a unit operator. Note that in the master equation for the
density matrix, the relaxation is often introduced in a
conceptually similar way [25], [H,p]= Hexp — pHls,
which is however slightly different from the form used in
Eq. (A2): [H,8) = Hls & — 8H.¢. The difference is because
the commutator of an unknown operator with Hamiltonian
enters with opposite sign in the master equation as
compared to the Heisenberg equation.

Now consider the transition from the Heisenberg—Langevin
equation to the stochastic equation for the state vector. The key
point is to assume that there exists the operator of evolution
U (t), which is determined not only by the system parameters
but also by the properties of the reservoir. This operator
determines the evolution of the state vector:

W (£)) = U (6)[Wo), (¥ (£)] = (FolT" (), (A3)

where ¥, = ¥ (0). Hereafter, we will denote the operators
in the Schrodinger picture with index “s” to distinguish
them from the Heisenberg operators. An observable can be
calculated as follows:

g(t) = (Y ()| s (1)) = (Yol 8 ()| Wo)
which leads to

g =U"(t)gsU), (A4)
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Since the substitution of Egs. (A3) and (A4) into the
standard Heisenberg equation leads to the standard
Schrédinger equation, it makes sense to apply the same
procedure to the Heisenberg—Langevin equation in order to
obtain the “stochastic variant” of the Schrodinger
equation. The solution of the latter should yield the
expression for an observable,

g(t) = (¥ ()I8s¥ (0),

which is different from the standard expression by addi-
tional averaging over the noise statistics.

Note that an open system interacting with a reservoir is
generally in a mixed state and should be described by the
density matrix. We are describing the state of the system
with a state vector which has a fluctuating component. For
example, in a certain basis |a), the state vector will be
Cq(t) = Cq + C,, where the fluctuating component is
denoted with a wavy bar. The elements of the density
matrix of the corresponding mixed state are
Pap = CaCy=Cq Cy+Cq- Cp .

The solution to the Heisenberg-Langevin equation
can be expressed through the evolution operator U (t)
using Eq. (A4). The noise source terms should be chosen
to ensure the conservation of commutation relations at
any moment of time, despite the presence of the
relaxation operator. Since commutation relations
between any two operators are conserved if and only if
the evolution operator U(t) is unitary, a correct noise
source in the Heisenberg-Langevin equation will
automatically ensure the condition U'U =1.

We implement the above protocol. Substituting Eq. (A4)
together with geff = ﬁTFIeff,S[A] and geffT = f]Tgeff’s f ﬁ into
Egs. (A1) and (A2) and using U'U =1, we arrive at the
following:

de. i o fd e i\ -
<—U* 0 At >g5U + U*gs<— U+ iHeff,SU) =L,

dt h dt h
(A5)

Next, we introduce the operator F, defined as follows:

i, -20'gF (A6)

For the operator LJ, Eq. (A6) gives
L} = 2F"(U'gs)" = 2F'g{ U. Since g and g5 are Hermitian
operators, fg has to be Hermitian too. (One can develop the
Heisenberg-Langevin formalism for non-Hermitian
operators too, for example, creation or annihilation
operators, but the derivation becomes longer.) Then the
operator L, can be “split” between the two terms on the
left-hand side of Eq. (A5) using the following relationship:
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I, - 0'gF + F'g,0 (A7)
Substituting the latter into Eq. (A5), we obtain the
following:

d N\~ o (d s i o -
(dtUT - ﬁU*H s —F*)gsU + U*gs(dt U+ ﬁHemsU - F>

=0.

For simplicity, we will assume operator Heg to be constant
with time, i.e., we will not differentiate between ﬁeff and
Hegr s.
The last equation is satisfied for sure if
d -

i~ =~ =~ dey doiee =
—U=—HxU+F,—U = _UHgx+F". A8
dt i eff + dt 7 eff T (A8)
Multiplying Eq. (A8) by the initial state vector |¥,) from the
right and from the left, we obtain the stochastic equation
for the state vector and its Hermitian conjugate:
d i
—_— \P = ——H A
! ) 5 (A9)

W) % IR(£))

d i

E(‘PI (‘I’IHeff+ (R(t)| (A10)
where we introduced the notations ihEF [¥o) = |R(1)),
—in(Wo|F" = (R(t)|. We will also need Egs. (A9) and (A10)

in a particular basis |a):

d lo/n i

giCe = 7 2(Her) G0 ~ 3R (A11)
=336, (fln) R, (A12)
dt @ = eff v 7 QO

where R, = (a|R), (Hetr)zp = (a|Hete|B).

Applying the same procedure to the standard
Heisenberg Eq. (1), we obtain that in Egs. (A9) and (A10):
Het =Hds= H and |R(t)) =0, which corresponds to the
standard Schrédinger equation and its Hermitian conjugate.

Note that intermediate relations (A8) for the
evolution operator and in particular operator F should
not depend on the choice of a particular physical
observable g in the original Heisenberg—Langevin Eq.
(A1). We assume that the Langevin operators in the
original equation do not contradict this physically
reasonable requirement.

In general, statistical properties of noise that ensure
certain physically meaningful requirements impose certain
constraints on the noise source |R) which enters the right-
hand side of the stochastic equation for the state vector. In
particular, it is natural to require that the statistically
averaged quantity |[R) = 0. We will also require that the
noise source |R) has the correlation properties that preserve
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the norm of the state vector averaged over the reservoir
statistics:

WO (@) =1 (A13)

2. Noise correlator

The solution to Egs. (A9) and (A10) can be formally written
as follows:
) = e ent| W) -

Je 0| R (T))dr, (A14)

- .t —~
(W] = (Woleffnl 1 L [ (R(p)le i 0ar,  (a15)
0
In the basis |a), Eqs. (A14) and (A15) can be transformed
into the following equations:

2ot -
Ca = (el e it (9o) — [ (alelr IR (D) dr,  (Al6)
0

C, = (¥ |ehHeff Ha) + - I(R(T)|e’%H3ff Daydr.  (Al17)

In order to calculate the observables, we need to know
the expressions for the averaged dyadic combinations of
the amplitudes. We can find them using Egs. (A11) and
(A12):

i z(H<h>c C,— CaC,H()

(A18)

where we separated the Hermitian and anti-Hermitian
components of the effective Hamiltonian:
(a|Hege|B) = H S +H @ Substituting Eqs. (A16) and (A17)
into the last term in Eq (A18), we obtain the following:

i— i—s 1° i
— CyRa+ 1 CaRy :h—_j[ (t+&)le Heff<’|B><a|R(t)>d¢’

0 —
% [ (R(0) |B) e et R (¢ + &)},

To proceed further with analytical results, we need to
evaluate these integrals. The simplest situation is when the
noise source terms are delta-correlated in time
(Markovian). In this case, only the point £ = O contributes
to the integrals. As a result, Eq. (A18) is transformed to the
following equation:
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d
* (Orales %y ()
i E;(Hw C,C; - CoCHY)
- %z(H;‘;h)cvc* +C.CHUM) + Dy, (A19)
where the correlator Dy is defined as follows:
Ry(t+&)Ra(0) = Ry (ORa(t+8) =1'6(§)Dap (A20)

The time derivative of the norm of the state vector is
given as follows:

(A21)

%;Cdz = —% %g(Héﬁ")CvC; + C,XC:Hézh)) - D
Clearly, the components D,, of the noise correlator
need to compensate the decrease in the norm due to the
anti-Hermitian component of the effective Hamiltonian.
Therefore, the expressions for H;;h) and D,, have to be
mutually consistent. This is the manifestation of the
fluctuation—dissipation theorem [41].

Note that the noise correlator could depend on the
averaged combinations (e.g., dyadics) of the components
of the state vector. This is because the noise source term
|R) introduced above depends on the initial state |¥,) and
the evolution operator U, and these quantities form the
state vector components at any given time. Of course,
what we call a “state vector” is the solution of the
stochastic equation of motion, which is very different
from the solution of the conventional Schrédinger
equation for a closed system. In particular, we
postulated the existence of the evolution operator U
determined not only by the parameters of the dynamical
system but also by the properties of a dissipative
reservoir, although we did not specify any particular
expression for U.

As an example, consider a simple diagonal anti-
Hermitian operator H{®":

HY = —ihy, 64 (A22)

and introduce the following models:

(i) Populations relax much slower than coherences (ex-
pected for condensed matter systems). In this case, we
can choose Dy, = 0, Dyy = 2yl,(|Ca|2 ; within this model,
the population at each state will be preserved.

(ii) The state a = agown has a minimal energy, while the
reservoir temperature T = 0. In this case, it is expected
that all populations approach zero in equilibrium,
whereas the occupation number of the ground state
approaches 1, similar to the Weisskopf-Wigner model.
The adequate choice of correlators is Dg.p =0,
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Doa ¢ Saaypuns  Vay,,, =0- The expression for the
remaining nonzero correlator,

Dadown Adown Z 2Ya | ClX |2)

A#Qdown

(A23)

ensures the conservation of the norm:

d d 2
o T | Cotgo]

Z |Ca|2:_ Z 2ya|ca|2:

A#QAdown

QAdown

This is an example of the correlator’s dependence on
the state vector that we discussed before.

3. Comparison with the Lindblad
method

One can choose the anti-Hermitian Hamiltonian H;;h) and
correlators D,g in the stochastic equation of motion in such
a way that Eq. (A19) for the dyadics C,C;, corresponds
exactly to the equations for the density matrix elements in
the Lindblad approach. Indeed, the Lindblad form of the

master equation has the following form [23, 25]:

d_ e 1 = o
aP= [H,p] +L(p) (A24)
where L (p) is the Lindbladian:
- 1 SO
L (p) = —E%yk<l]: lkp + plkJr lk - Zlkpl];r ), (A25)

Operators [, in Eq. (A25) and their number are
determined by the model which describes the coupling of
the dynamical system to the reservoir. The form of the
relaxation operator given by Eq. (A25) preserves
automatically the conservation of the trace of the density
matrix, whereas the specific choice of relaxation constants
ensures that the system approaches a proper steady state
given by thermal equilibrium or supported by an
incoherent pumping.

Eq. (A24) is convenient to represent in a slightly
different form:

% p= -% (B - Pl ) + oL (0) (A26)
where
He=H- ih;yﬁz 1 6L (p) = gyﬁkﬁ; : (A27)
Writing the anti-Hermitian component of the
Hamiltonian in Egs. (A11) and (A12) as
HYY = —ih (a|%yk7k "1 B), (A28)
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and defining the corresponding correlator of the noise
source as

W =16(£)Dyp, Dyp = al6L (P

B, oo
(A29)

We obtain the solution in which averaged over noise
statistics dyadics m correspond exactly to the elements
of the density matrix within the Lindblad method.

Instead of deriving the stochastic equation of evolution
of the state vector from the Heisenberg—Langevin
equations, we could postulate it from the very beginning.
After that, we could justify the choice of the effective
Hamiltonian and noise correlators by ensuring that they
lead to the same observables as the solution of the density
matrix equations with the relaxation operator in the
Lindblad form [25, 46, 47]. However, the demonstration
of direct connection between the stochastic equation of
evolution of the state vector and the Heisenberg-Langevin
equation provides an important physical insight.

4. Relaxation rates for coupled
subsystems interacting with a
reservoir

Whenever we have several coupled subsystems (such as
electrons, photon modes, and phonons in this paper), each
coupled to its reservoir, the determination of relaxation
rates of the whole system becomes nontrivial. The problem
can be solved if we assume that these “partial” reservoirs
are statistically independent. In this case, it is possible to
add up partial Lindbladians and obtain the total effective
Hamiltonian.

Consider the Hamiltonian (11) of the system formed by a
two-level electron system coupled to an EM mode field and
dressed by a phonon field:

FI:erm+ﬁa+FIp+V. (A30)
where, H,, = hw ("¢ + ¢c") is the Hamiltonian for a single
EM mode ﬁeld, H, = W,6'G + W,66" is the Hamiltonian
for a two-level “atom” with energy levels Wy, ﬁp =
"0 (b + bb') is the Hamiltonian for a phonon mode, V =
V, + V,is the interaction Hamiltonian, where V;, describe
the atom—photon and atom-photon—-phonon coupling,
respectively:

V,=-(x6'c +x' ¢ +xoc +x'6'c),
V, = ~(n,6¢h + n;6¢'d" + n,0"ch’
+1,6¢'b +1,6¢b + n;6'¢'b" + n,6¢b" +n56'¢'D),

where Y, n,, 17, are coupling constants defined before.
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Summing up the known (see e.g., [23, 25]) partial
Lindbladians of two bosonic (infinite amount of energy
levels) and one fermionic (two-level) subsystems, we
obtain the following:

L(p)= —XNlT“ (66'p + poa' - 26'po) - ZNg“ (6'0p +po'o - 26pa")

llzw Ailen (C8'P + pE'C — 26pT) — ”“'( n,m +1)(c'cp +pec’ - 26pc’)

Foniy (bb'p + pb'b - 2b'pb) - £2 (i +1)(b'bp + pbb' - 25pb')
(A31)
where vy, u,, and u, are partial relaxation rates of the

systems,

wi-Wo 1 wo-wp I -1 _
Ngﬂl—<l+e Ta ) e Ta, mym = (efer —1) , A

" -1
()’

T4 em,p are the temperatures of partial reservoirs. For the
Lindblad master equation in the form Eq. (A26), we get the

following:
H off = H zF (A32)

where

F=;{Y(N1Ta66*+Nga?ﬁ6) +u, [n et 1 (Al 1 1)272)
BB+ 1 4155
(A33)

Using the effective Hamiltonian given by Egs. (A32) and
(A33), we arrive at the stochastic equation for the state
vector in the following form:

gcmo _ W, + hw(n + %) + hQ(a + %)Cmo
dt h
i ~ i
- E (al (n| (0| Vl\y> - Yano CanO - ER‘MO’ (A34)

d w, +hw(n+%) +hQ(a+%) i N
“co = Cont —
dtCm i 5 1 h((xl (n| V|¥)
i
- ym.l Canl - ERanla
(A35)
where
Yaro yNT“ H“'[ aem(n+1) +( ne + l)n]
Yo (A36)
+7[ﬁgp(a+1)+(ﬁ +1 a],
Yant :ZNT“ +Ho (7 [ cem(n+ 1) + (A +1)n]
l‘ (A37)
Q[ng" (a+1)+( )a],
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Egs. (A36) and (A37) determine the rules of combining
the “partial” relaxation rates for several coupled
subsystems.

5. Including purely elastic dephas-
ing processes

So far, we used the Lindbladian which includes only the
dissipation and does not include purely elastic
dephasing processes. In order to take them into
account, we need to modify the Lindbladian to include
the explicit dependence on the operators of populations.
We will follow the prescription which can be found in the
study by Fain and Khanin [48]. Using Eq. (A25) for the
“partial” Lindbladian Ly of a two-level atom, where
k=123, =0,L=0",and; = 56" - 6'G, we obtain the
following:

La(p) = —%NIT (66'p + poo" — 26'p5) %Ng (6'6p + po'c
~26p5") - 245 + 6L (p),
(A38)

where

8o () = g (66" - 5'0)p (66" - 6'0). (A39)
For the evolution of a two-level system, using the
Lindbladian (A39) leads to standard density matrix
equations with inverse relaxation times for the
coherence, Tiz =Y+ Yy, and populations, Til =y.
Furthermore, using the scheme developed in
Section 3 of the Appendix, we obtain that adding
elastic processes to the stochastic equation of
evolution for the state vector leads to the following
modifications for the anti-Hermitian part of the
effective Hamiltonian,
h

(ah) (ah) _
Haa =>Hag —160([34

yel’
and the correlators of noise sources,
— 1 .
Do = Dag + ye,(5a,3|ca| - 5cacﬁ).

This is a general prescription. Since, in this work, we are
only interested in the RWA dynamics of states |a)|n) |0)
and |a —1)|n -1)|1), the same expressions for the
observables can be obtained with a much simpler
modification of the formalism. One can show that it is
sufficient to modify the relaxation constants y , 1)1y
according to
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Y-y (n-01 = Y @-pn-n1 T Vel

and correlators D (q_1) (n-1)1; (a-1) (n-1)1 S

D(a—l)(n—l)l;(a—l)(n—l)l = D(a—l)(n—l)l;(a—l)(n—l)l + 2ye,|C(a_1><n_1>1I2 .
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