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Abstract

We investigate entanglement dynamics for a nanomechanical resonator coupled to an
optical cavity field through the analysis of the associated entanglement entropies. The
effects of time variation of several parameters, such as the optical frequency and the cou-
pling strength, on the evolution of entanglement entropies are analyzed. We consider
three kinds of entanglement entropies as the measures of the entanglement of subsys-
tems, which are the linear entropy, the von Neumann entropy, and the Rényi entropy. The
analytic formulae of these entropies are derived in a rigorous way using wave functions
of the system. In particular, we focus on time behaviors of entanglement entropies in
the case where the optical frequency is modulated by a small oscillating factor. We show
that the entanglement entropies emerge and increase as the coupling strength grows
from zero. The entanglement entropies fluctuate depending on the adiabatic variation
of the parameters and such fluctuations are significant especially in the strong coupling
regime. Our research may deepen the understanding of the optomechanical entangle-
ment, which is crucial in realizing hybrid quantum-information protocols in quantum
computation, quantum networks, and other domains in quantum science.
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1 Introduction

Many novel quantum phenomena and related effects are important in realizing next gener-
ation quantum technologies. Most of such phenomena can be produced by coupling nano-
and micromechanical oscillators with a variety of other systems, such as electrons [1], pho-
tons [2], qubits [3], and magnetic devices [4]. In particular, photonic couplings provide a
powerful platform for state-of-the-art optomechanical techniques applicable to signal routing
and protection [5, 6], control of phononic structures [7], producing slow/fast light [8], and
chiral cooling [9]. Besides, coupled optomechanical systems are promising candidates for
highly sensitive quantum devices required in quantum information processes and quantum
state tomographies.

The entanglement of mechanical modes with cavity fields through the effect of radiation
pressure [10] provides a key paradigm for precision measurements in quantum metrology.
Such entanglement can be employed, for example, to construct information networks which
connect flying bits with solid bits [11,12], and to store quantum information [13]. Hence, the
generation of quantum entanglement and its control are very important in optomechanics.
Fundamental quantum properties associated with nonclassical correlations, quantum coher-
ence, and decoherence can also be understood from entanglement dynamics.

It is possible to generate steady-state entanglement in optomechanical systems incorpo-
rated with mechanical oscillators by adjusting the effective frequency of a movable mirror
[14,15]. Although optomechanical systems serve as good coupling mediums for entangle-
ment [9, 16], the mechanism related to such entanglement is not fully understood yet. We
should resolve this problem, together with the lack of the knowledge for determining param-
eters for wide range of practical applications of them.

If we think of the fact that maximally entangled states often serve as optimal inputs in
the quantum-information protocols [17], a rigorous quantification of such an entanglement is
highly required. The entanglement can be quantified by several measures, such as entangle-
ment entropies [18-21], the logarithmic negativity [ 14], the generalized concurrence [22], or
Gaussian-type basis functions [23]. Among those, we are interested in entanglement entropies
in this work, which are deeply related to entanglement properties of a state. Entanglement
entropies provide a bedrock concept of entanglement on the basis of quantum statistical me-
chanics, quantifying how strongly the subsystems are entangled.

The purpose of this work is to quantify the entanglement of an optomechanical system
from a strict mathematical framework of the entanglement entropies. The system that we
consider is a coupling of a nanomechanical resonator and a cavity field, where parameters of
the system vary adiabatically in time. In particular, we see the effects of a small sinusoidal
variation of the frequency of the optical oscillator on the entanglement entropies. The time
behavior of the entanglement entropies in that case will be analyzed from various angles.

Organization of this article is as follows. In Sec. 2, we will show how to describe the op-
tomechanical system that we manage based on Hamiltonian dynamics. The quantum solutions
of the system will be derived in Sec. 3 using the unitary transformation method, which is a
useful mathematical tool for treating time-dependent Hamiltonian systems [24,25]. Due to
time variation of the parameters, our system is described by a time-dependent Hamiltonian.
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Figure 1: Schematic of the nanomechanical resonator coupled to a cavity field.

Based on such quantum solutions, we will derive a reduced density matrix in Sec. 4. Several
types of entanglement entropies will be evaluated by taking advantage of the reduced density
matrix. The linear entropy will be investigated at first in Sec. 5 separately for mechanical and
optical parts of the system. And then, we will extend our development to the von Neumann
entropy and the Rényi entropy in Sec. 6. As well as the characteristics of such entanglement
entropies, the differences and similarities between them will be analyzed. Concluding remarks
are given in the last section.

2 Preliminary description of the optomechanical system

We consider a nanoresonator coupled to a cavity field via a time-dependent coupling strength
g(t), whereas the cavity field is driven by a laser field of which frequency is w; (see Fig. 1).
The nanomechanical resonator interacts with the cavity field through the radiation-pressure
force carried by the momentum of light. We assume that, as well as g, the frequency A of
the optical oscillator and the frequency w,, of the mechanical resonator exhibit possible vari-
ations in time. The consideration of such time variations of the parameters is the difference
of our description of the system from that of Ref. [2], which corresponds to the case that all
parameters are independent of time. We further suppose that the time variations of the three
parameters, g(t), A(t), and w.,(t), are sufficiently slow so that the evolution of the coupled
system satisfies the adiabatic condition.

If we consider that cavity is driven by a laser field, the relation between the optical fre-
quency A and the cavity frequency w, is given by A = w,— w; — &,p,, where 6,;, is the shift
of the cavity frequency by radiation pressure [2]. On the other hand, the coupling strength is
given by g(t) = G(t)+/ (n.), where G(t) = [w.(t)/L(t)]v/h/[mwy(t)], m is effective mass of
the resonator, L is the cavity length, and (n.) is the mean cavity photon number [2].

Strong coupling in optomechanical systems is favorable for preparing entangled states or
squeezed entangled states, because it is difficult to obtain steady-state entanglement if the
interaction between subsystems is too weak [2,15]. Furthermore, the effects of decoherence in
coupled systems can be overcome or at least reduced, if we adopt a strong coupling. Hence, the
strong coupling, fortified by these advantages, enables us to carry out quantum experiments
with proper control of mechanical quantum states. [2].

From standard mean-field expansion of the interaction, we have a coupled harmonic os-
cillator description of the system in terms of the dimensionless mechanical position operator
X,, and the dimensionless optical quadrature operator X.. These two operators are given in
the form

(am + ar,n) Xc = _(ac + a(';): (1)

V2
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where a,, (d.) and &jn (dD are annihilation and creation operators, respectively, for the me-
chanical mode (optical mode). Their canonical conjugate operators are given, respectively, by
P,=—-id/0X, and P, =—id/ 8XC. These operators can also be represented as

Pn = —=(af — ) = —(a —ac). 2
2t 2
We confirm that the canonical operators satisfy the commutation relations,
[Xm> Pm] = [Xc, P ] =1.
The linearized Hamiltonian for the optomechanical system that we have considered in the
time-dependent regime is now expressed to be

(k2 + p2)+ 2200 hA(f)

(X2 + PH) —hg(OXpnX.. 3)
For the case in which the parameters, A, w,,, and g, are constants, this Hamiltonian reduces
to that of Ref. [2].

Quantum solutions of the system can be derived through diagonalization of the Hamilto-
nian. For a coupled system, we may need to consider the unitary transformation or the canon-
ical transformation approach for its exact diagonalization. However, conventionally, many
authors adopt some approximations in such a case, considering a Hamiltonian in a frame of
simply rotated coordinates. We confirm that such a rotation is described as

X cosO(t) sin6(t) 0 0 X,

)A?C | —sin6(t) cosO(t) 0 0 X @
P, | 0 0 cosO(t) sinf(t) P, |

p. 0 0 —sin@(t) cosf(t) 2

where X, and P, are canonical operators in the rotated frame. If we take 6(t) in the above
equation in the form

0(0) = Satan(wn (1) — A0, 28(1), )

where ¢ = atan(z,, 2,) is the two-variables inverse function of tan = 2, /z;, the Hamiltonian,
Eq. (3), is represented to be

H=H,+H_+h, (6)
where
A h A A
H, = E[wX,:I:(t)Xi"'wP,:h(t)Pi]’ )
b= Slon(d-AO)sn(20(18, b, ®)
with
wx4 = w(t)cos? O(t) + A(t)sin? 6(t) + g(t)sin[20(1)], 9
wx_ = w(t)sin? () + A(t) cos? 6(t) — g(t)sin[20(1)], (10)
wpy = wq(t)cos? () + A(t)sin? 6(t), (1D
wp_ = w(t)sin? () + A(t) cos? O(t). (12)

From this procedure, we have eliminated the cross term that involves XX, in the original
Hamiltonian. However, a new cross term described by P, P_ has appeared. We can easily
confirm from Eq. (8) that this new term disappears in the case of resonance (w,(t) = A(t)).
For this reason, some authors manage the system considering only the resonance case in order
to avoid mathematical complexity (see, for example, Refs. [2,20,21,26,27]).

4
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3 Unitary transformation and wave functions

For a general treatment of the system including non-resonance cases, a rigorous mathematical
procedure beyond the simple rotation method may be necessary. We use the unitary transfor-
mation method [24,25] in order to meet this demand. The intricate original Hamiltonian can
be transformed to a simple form by means of a unitary transformation. Then the Schrédinger
solutions in the transformed system may be easily obtained due to the simplicity of the trans-
formed Hamiltonian. From the inverse transformation of such solutions using the same unitary
operator, it is also possible to obtain the Schrodinger solutions in the original system without
difficulty. This is the main idea of the unitary transformation method, which is incorporated
to the purpose of deriving complete quantum solutions. The effect of the quantum properties
resulting from entanglement of the wave packets may also be better envisioned by adopting
this alternative approach.
We now introduce a unitary operator as

0 = expl—ip(DIBOPnE — B~ (PR 1) a3
where
¢ = an(Bon(0)—p A, 2(0)) a4
_ 4 @m(®
B = A (15)

From the transformation of the original Hamiltonian by means of U using the relation
H=U0"HU—in0—, (16)

we can have the Hamiltonian 7 associated to the transformed system. A straightforward
evaluation of the above equation gives

A h A A A n
H = E[wx’m(t)Xﬁl + wn()P2 + wy (OX* + A(t)P?]
_h[¢l(t)ﬁm}2c_¢2(t)ﬁc)2m]: (17)

where 1 (t) = p()B(t), p(t) = ¢(t)B7(t), and

wxm = p(t)cos®p(t)+A()B2(t)sin? p(t) +g()B(O)sin[2¢(t)],  (18)
wxe = wn(t)B(t)sin® (t) + A(t) cos® () — g(£)B(t)sin[2(E)]. (19)

Let us assume that the variations of ¢;(t) and y,(t) over time are sufficiently slow. This
assumption is actually equivalent to the previous assumption that the variations of g(t), A(t),
and w,(t) are slow. Then it is possible to neglect the last term that involves ¢;(t) and ¢,(t)
in Eq. (17), leading to a simple diagonalized Hamiltonian:

A= Z[wx,m(t)ff;i T om(OP? + wy (DX + A()P?]. (20)

The manage of the system based on this Hamiltonian may be much easier from quantum-
mechanical point of view than the use of the original Hamiltonian. By the way, if we choose
B = 1 instead of Eq. (15), Eq. (14) reduces to 0(t) given in Eq. (5). This means that the
previous simple rotation procedure is available only for the resonance case, as expected.
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The characterization of quantum properties of a (composite) system starts from the ex-
plicit mathematical formulation of the wave functions. The mysterious property of nonlocality
associated with quantum entanglement may also be understandable through the wave func-
tions from the most fundamental level. If we write the Schrodinger equation for the simple
but time-dependent Hamiltonian # as

v (X , X, t N
ih% =V, (X, X, ), (21)

the overall wave functions in the transformed system are a linear product of the mechanical
and optical parts of the wave functions, such that

W (X, X, ) = ¥ (X, (X, 0). (22)
If we regard Eq. (20), each component in the above equation is of the form (see Appendix A)

U,(Xm,t) = &,(Xpn, t)expl[io,(t)], (23)
B (X, t) = &(X., t)exp[i5(t)], (24)

where 6,(t) and Sl(t) are phases. Here, ®,(X,,, t) and 6,(t) (&;(X,, t) and Sl(t)) are given in
terms of n,(t) and y,(t) (n.(t) and y.(t)) which are time-dependent factors of the classical
solution given in Eq. (A.13) (Eq. (A.14)) in Appendix A, such that

Tm() 1 Tm(t) B 5
) = {2 mH( wm(t)Xm)eXP[ Tn(OX2],  (25)
6a(t) = —(n+1/2)y,(0), (26)
5 Te(t) 1 7c(t) 5
(I)l(Xcat) 7'L'A(t) \/ZZ_Z'HI( A(t)Xc)eXp[_Yc(t)Xc]: (27)
(1) = —(+1/2)r.(0), (28)
where H,, are nth order Hermite polynomials, while
I U RPN N ()
) = o (- ), 29)
= L (i ®
WO = g (ro-i%d). 30)

The wave functions v, ;(Xy,, X, t) in the original system (untransformed system) can be
obtained from the inverse unitary transformation:

Y1 Ky Xer ) = U0, 1 (X, X, ). (31)

From a minor computation using Eq. (13) and Eq. (22) with subsequent equations, we have

1-pbn,l(Xm:Xc, t) = wn(Xm,Xc’ t)lﬁl(Xm:Xc, t)a (32)

where
VX Xes ) = (X, X, t) exp[i&,(£)], (33)
lﬁl(Xm)Xc’ t) = él(Xm)Xc’ t)exp[igl(t)]) (34)
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with
N EACHE A0 o
¢n(Xm:Xc: t) - Tfa)m(t) \/ZH_TI!HH (\ wm(t)Xm) exp[ Ym(t)Xm] 4 (35)
7 _ )}C(t) 1 Yc_(ﬂ _ 2
¢Z(Xm,Xc: t) - ﬁA(t) WHZ (\ A(t) Xc) eXp[ Yc(t)-)(C ]; (36)
while
Xn, = Xgcosp(t)—p(t)X.sinp(t), 37)
X, = X,cosp(t)+ B H(t)X,sinp(t). (38)

Thus, using Eq. (32) with Egs. (33)-(38) and Egs. (26) and (28), we can represent the full
wave function in the form

T.,[)(Xm,XC, t) = chn,lwn,l(Xm:Xca t); (39)

n=0[=0

where c,; are complex numbers which obey the condition >~ >, [c,;|*> = 1. In the sub-
sequent sections, the wave functions in the original system developed here will be used in
analyzing the entanglement properties of the system through the quantification of the entan-
glement entropies.

4 Reduced density matrix

It is possible to derive the analytical formula of the entanglement entropies by using the re-
duced density matrix. Let us see the reduced density matrix before the main development of
the entanglement structure of the system. The reduced density matrices in the Fock state are
easily calculated from the density matrices which are given by

Pt K> Xes X Xoo ) = P (X7 X G 1 (X, X s £). (40)

According to fundamental quantum mechanics, we can quantitatively describe mixed states in
optomechanical systems as well as the pure state through the use of these matrices.

Preparing the ground state for the mechanical resonator using the technique of optical laser
cooling has been a goal of continuing research [11,21,28,29]. Ground-state cooling provides
a new route for exploring the quantum regime of mechanical systems with preparation of
nonclassical states such as squeezed, entangled, and superposition states. If we regard this, it
may be preferable to focus on the reduced density matrix in the ground state.

Reduced ground-state density matrices for mechanical and optical parts of the system are
given respectively by [28,30]

(o)
p&o(Xm>X:n: t) = J wé’o(XI/n:Xo t)wo,O(Xm’Xc: t)ch: (41)
—00

(o)
pNO’o(Xc:X(/;: t) J wé,o(XmXé, t)wO,O(Xm’XCJ t)de' (42)
—00

Let us first see for the mechanical part. A straightforward evaluation of the integration given
in Eq. (41) using Eq. (32) with n =1 = 0 results in

N,
PooXm Xy ) =\ 2 exp{—{AnXG +ALX 1T+ BuX Xy, ), (43)

7
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where
1 .
A, = m{(Yc + YC*)Ymﬁ2 cos* p + Y. (Y., + Yn’[‘l)/j2 sin* ¢
+[Yerf1/54 + Y (Y] + 2Y,,82)]cos? ¢ sin? ¢}, (44)
1 .
Bn = ——[YnB —Y/BIYEB—Y./BIsin’(2¢), (45)
2W,,
Ny = 2Re[An]—Bp=-—mc (46)
Whonl
W = (Yo+ Yc*)cos2 @+ (Y, + erl)ﬁ2 sin?
= Ecoszap + Y—mﬁz sin? . 47)
A W

We see that the normalization factor Ny, is represented in terms of the real part of A, which
can be written as Re[A,,] = %(Am + A} ). By the way, the imaginary part of A, is given by
Im[A,]= %(AH1 —A? ). Using Eq. (44), we can easily confirm that

1
Re[A,] = P (Y Y5+ Yo Y B+ [3(Y Vi + YY) + 4(Y Yy + YY) B2
m
(Y. = Y B2)(Y, — Y5 %) cos(4¢)}, (48)
1
Im[A,] = T [Y Y, =YY, + (Y)Y, —Y.Y)cos(2p)]. (49)
m

We also derive the ground-state density matrix for the optical part from a similar evalua-
tion, such that

- N,
Poo(XeXot) =\ = exp{—AX] + AX]+BXX]), (50)
where
1 .
A, = 5w {(Ym + Y)Y B2 cos® ¢ + Vi (Yo + V) B%sin ¢
C
H[Yn Y B+ Y (Y + 2Y,2)] cos? g sin® ¢}, (51)
1 .
Be = oo [YuB—Ye/BIYnp =Y /Blsin®(2¢), (52)
C
YmYe
N. = 2Re[A.]-B, = —mfc 53
: (A =B = et (53)
W, = (Yp+Y5)cos? g+ (Y. +Y)B ?sin’
= Im o2 o+ %ﬂ_z sin? . (54)
m

The real and imaginary parts of A, can also be confirmed to be

1
Re[A.] = %TW{YCYC* + YmYniﬁ“ + [3(YC*Ym + YCY;) +4(Y. Y, + Y:Y;;)][jz
C
—~(Ye = Y B = Y ) cos(4¢)}, (55)
1
Im[A.] = 21_—W[YCYm =YY — (Y)Y, —Y.Y})cos(2¢)]. (56)
C

The information of the system embedded in the reduced density matrices, Egs. (43) and (50),
can be used as a basic tool in estimating the entanglement between the subsystems. The

8
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entanglement entropies take place in each subsystem as a signal of the entanglement between
subsystems, provided that the associated reduced density matrix is non-zero. In the subsequent
sections, these matrices will be used in dynamical analysis of entanglement on the basis of the
entanglement entropies.

5 Linear entropy

Optical and mechanical subsystems share a non-separable quantum correlation through the
entanglement between them, leading the system being distinctly nonclassical. An entangled
quantum state cannot be represented as a simple product of the states of each subsystem.
In such a case, the degree of entanglement can be estimated by, for example, entanglement
entropies which are the most common entanglement measure [31]. It may be possible to
quantify quantum entanglement contained in a state for many independently or identically
distributed sub-quantum-systems, as well as the mutually coupled two subsystems. When
estimating such entanglement for a subsystem, the information pertaining to the remaining
part in the system is usually ignored.

The most basic entanglement entropy is the linear entropy, which is defined on the basis
of the purity [18]. The linear entropy is zero for the case of pure states, whereas it is unity for
completely mixed states. In general, we can represent the linear entropies of reduced states
of which density matrices are pil(X,X’, t) as [28,29]:

Spint(t) =1=Tilpy ()T, (57)
where

Trlpy, () = f J pn X 0pr (X, X, t)dX dX. (58)

Let us first see the linear entropy for the mechanical subsystem in the ground state, whose
density matrix is p(I}O(Xm,Xr’n, t). By evaluating Eq. (58) using Eq. (43), we have the linear
entropy for this case as

N
Spoo(t)=1——, (59)

where
Km = /4[Re[A, 112 — B2. (60)

The linear entropy for the optical subsystem characterized by the reduced density matrix
PooXe, X, t) can also be derived in a similar way using Eq. (50). This procedure gives

o N,
Spoo(t)=1——, (61)

c

where

ke = 4/4[Re[A.]]2 —B2. (62)

Thus, we confirm that the mathematical expressions of the two entropies, S; .o o(t) and S L:0,0(t),
are very similar to each other.

We can further investigate the linear entropy for diverse particular cases with a specific
choice of time dependence for parameters, w.(t), wy,(t), etc. Abundant physical phenom-
ena associated with frequency modulations in optomechanical systems have been reported
so far [32-37]. Quantum effects of optomechanical systems can be practically enhanced by
periodic modulations of the frequencies [34-36]. For instance, arbitrary bosonic squeezing
in coupled optomechanical systems can be achieved by modulating one or both frequencies

9
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among the two which are associated with optical and mechanical modes respectively. Through
this squeezing, it is possible to improve the measurement accuracy for weak signals [35, 36].
An optimal optomechanical-cooling scheme by suppressing the Stokes heating process via pe-
riodical modulations of the frequencies of cavity and mechanical resonators has also been
proposed [37].

It is known that entanglement can also be improved by modulating optomechanical pa-
rameters, such as the frequencies [36], the coupling parameter [38-40] and the amplitude of
the cavity mode laser [36,41]. In order to see the influence of the periodical modulation of
the optical frequency on the variation of the entanglement entropy, let us consider the case
that w.(t) is modulated by a small sinusoidal perturbation, i.e., [28,42]

w(t) = weo[1+ ecos(Q2t)], (63)

where w,, €, and Q are constants, while ¢ < 1. Meanwhile, we suppose, along with it, that
the mechanical frequency does not depend on time:

wp(t) = wp o (constant). (64)

We can easily confirm that these suppositions make the system satisfy the adiabatic condition
which was mentioned in Sec. 3 (see sentences given immediately after Eq. (19)). Then, from
a minor evaluation, we have

A(t) = @coll+£Ecos(Qt)], (65)

g(t) = go[l+ecos(Qt)], (66)
1 - -

o(t) ~ o= Eatan(wi{%/wi{)z - wz/oz/wllnl,g, 2g0), (67)

where &g = weo— W — O, £ = W/ Dc, and go = 4/(n)fi/(Mwy, g)wco/L. Using Egs.
(65)-(67), Egs. (18) and (19) can be rewritten as

-2
wC,O

Wxm = Wmno cos? g + [1+2&cos(Qt)]sin? ¢,

m,0

Y0 11 4 (6 + £/2) cos(Qt)]sin[2¢, ], 68)

m,0

+8o

2
w
wxe = wm,o [1— & cos(Qt)]sin? p, + @¢ o1+ £cos(2t)] cos? ¢,

c,0

g, Zm’°[1 1 (6 — £/2) cos(Qt)] sin[ 2, . (69)
c,0

In the above equations, we have considered only up to the first order of £ (and £) for simplicity.

Recall that the wave functions (and, consequently, the linear entropy) are represented in
terms of the time functions, 1, (t), n.(t), ym(t), and y.(t). Hence, in order to see the behavior
of the linear entropy, it is necessary to derive the formula of them from the corresponding
classical equations of motion. From the substitution of Egs. (68) and (69) into Egs. (A.9) and
(A.10) in Appendix A, we have the formulae of w, and w,. This leads the equations of motion
given in Egs. (A.11) and (A.12) in the form

% +[cq + ¢y cos(Qt) + 0(e2)]x =0, (70)
G +[&; + ¢y cos(2t) +0(e?)]g =0, (71)

10


https://scipost.org
https://scipost.org/SciPostPhysCore.4.3.024

Scil SciPost Phys. Core 4, 024 (2021)

where
¢ = wfﬂ,o cos® o+ 033,0 sin® g + go \/ @m0 @c08in(2¢0), (72)
Cy = 256)20 sin g + go(& +£/2)4/ W 0®Dc0Sin(2¢0), (73)
& = wrzn’o sin? g + “_)3,0 cos® o — 8o/ W 0Dc,05IN(2¢), (74)
Gy = 280708 pg— go(€ +E/2) 4/ 0@c0sin(2¢). (75)
The classical solutions of Egs. (70) and (71) are given in terms of the Mathieu functions Ce,,

and Se,, such that

_ Qt 2C2 Qt 2C2
X(t) = C1Cev(?,—ﬂ ) CZSe ( 5 —E), (76)
Qt  2¢ Qt 262)
t) = GC - + C,S — ],
q(t) 1e(2 Q) 23(2 02 (77)

where v = 4c¢;/Q? and ¥ = 4¢;/Q2, whereas C; (i = 1,2) and C; are constants. For the
characteristics of the Mathieu functions including their stability, refer, for example, to Refs.
[42,43].

We can also represent the solutions in another form as given in Egs. (A.13) and (A.14) in
Appendix A (e.g., see Ref. [42]), with

Na(t) = [Ceﬂ(%,—%)w (m’ ZCZ)]UZ, (78)
n(t) = [c#(%,—%)w (g —&)]1/2, (79)
Ym(t) = atan(Cev(ta, i;z) (m )) (80)
r(t) = atan(Ces,(gt, ?;2) Se; (%—%D (81)

We have depicted the time behavior of the linear entropies for this case in Fig. 2 using the
formulae of time functions given in Eqgs. (78)-(81). From a close inspection of Fig. 2, we
confirm that the linear entropies for the mechanical and the optical parts coincide each other.
Evidently, the entanglement is shared between the two subsystems through their coupling.

Figure 2 shows additional diverse properties of the linear entropy depending on several
different values of parameters. We can see from Fig. 2(A) that the linear entropies emerge
from zero as the coupling strength g, grows; in addition, their mean values increase according
to the growth of g,. From this, we can conclude that the entanglement is relatively high when
the coupling between the two subsystems is strong. This consequence agrees with the result of
Ref. [14] in which entanglement was analyzed using other means. Besides, the linear entropies
fluctuate in time in a periodic fashion. Such fluctuations also become significant as g, grows.

The effects of ¢ on the linear entropies can be seen from Fig. 2(B). While the linear en-
tropies are independent of time when ¢ = 0, they fluctuate unless € = 0 and such fluctuations
gradually augment as ¢ increases. On the other hand, Fig. 2(C) shows that the fluctuations of
the linear entropies do not monotonically increase as Q2 grows. The fluctuations of the linear
entropy become greater at first in response to the grow of £ from 1.5, but they eventually
collapse for a higher value of Q2 (see the green curve in Fig. 2(C)).
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6 Von Neumann entropy and Rényi entropy

As well as the linear entropy, the von Neumann entropy is also an essential tool for quanti-
fying quantum information contained in states [19]. The von Neumann entropy is a general
entanglement entropy and it is known as the quantum counterpart of the classical Shannon en-
tropy [44]. The von Neumann entropies for the mechanical and the optical parts are defined,
respectively, as [20, 30]

Sy = =Tl oy (Xm, X g, ) In o (X, X, )], (82)

Sning = —Trl[pp (KXo, X, O Inpl (X, X[, 0)]. (83)

Another useful class of entanglement entropy is the Rényi entropy. This entropy is a gen-
eralization of the von Neumann entropy [19, 30,45]: in fact, the Rényi entropy is the most
general type of entropy that is used for measuring entanglement. The Renyi entropies of order
a (Renyi-a entropies), respectively for the mechanical and the optical parts, are given by

1
—a

Sant = 7 Tl o Kom, Xy, 1°], (84)

In[Te[ 5y, (X, X7, )14, (85)

Sa;n,l = —a

where a > 0 and a # 1. Equations (84) and (85) are defined in a way that the Rényi en-
tropies preserve the additivity for independent events according to the axiom of probability.
In particular, Rényi entropy of order 2 provides a useful measure of quantum information for
multimode Gaussian states, which can be adopted as a privileged tool for addressing related
correlations via entanglement [19].

We also focus on the ground state for both von Neumann and Renyi entropies. We consider
the spectral decompositions [20, 30,46] of the reduced density matrices of the subsystems as
a tackle for obtaining these entropies. Such decompositions for mechanical and optical parts
can be carried out starting from the eigenvalue equations of the form, respectively

f dXI/np(I){’o(Xm:Xr/na t)f](Xr/n, t) :P](t)f](Xm, t); (86)
f dX(/;pN(lio(XOX(/:: t)fk(X(/y t) :ﬁk(t)fk(XCJ t) (87)
From a straightforward evaluation for these equations, we have
pi(t) = [1-&n(01g](0), (88)
Br(t) = [1—&(DIEe(D), (89)
) = Bt Xl ( /2 imAINE)00)
filtat) = {5t RX Jexpl-lxe/2 +imlALIE) oD
where
Bl'Il
gm(t) = 2Re[A. ]+ K s (92)
BC
sl0) = 2Re[A ]+ k. ©3)
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Figure 3: Temporal evolution of von Neumann entropies Sy. o(t) (solid lines) and
§N;0,0(t) (circles) for several different values of Q as designated in the legend. We
used g0=10.2,6=0.1, wp =1, &.o=3,and v=£€/e =1.2.

Then, as is well known [30], it is possible to carry out the spectral decompositions of the
reduced density matrices, leading to

PR oK X ) = > pi(Of (X, 0F; (X, 1), (94)
j=0

oo Xit) = X Pl (XG DfiXer ). (95)
k=0

Using Egs. (94) and (95), we readily have the formulae of the von Neumann and Rényi
entropies, such that

Swoo = —In(1—En)= T2 InEn, 96

Swop = —In—£)- = Ing. ©7)
1, -y

Sa;O,O - 1_a1n 1_5% ) (98)

Swo0 = L Gl 18 (99)

l—a 1-¢&¢

If the time dependence of w,(t), A(t), and g(t) disappears, the outcome, Egs. (96) and (97),
reduces to that in Refs. [20,46]. For an other simple case, the results, Egs. (96)-(99), are
similar to those of Ref. [30] but not exactly the same.

The time behavior of the von Neumann entropies is shown in Fig. 3 for several different
values of Q. As you can see, the pattern of this behavior is very much the same as that of Fig.
2(C) which corresponds to the linear entropies. In fact, the linear entropy is an approximation
of the von Neumann entropy [18]. The value of the linear entropy is restricted within the
range from O to 1. However, the upper bound of the von Neumann entropy is not so simply
determined (see, e.g., Ref. [47]).

Temporal evolution of the Rényi entropies for several different values of a are given in Fig.
4. We see that Rényi entropies become small as a increases. However, such entropy changes
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Figure 4: Temporal evolution of Rényi entropies S,.o o(t) (solid lines) and §a;0’0(t)
(circles) for several different values of a. We used 2 = 1.5 for (A) and Q2 = 2.5 for
(B). All other values are common and they are g = 0.2, ¢ = 0.1, wp =1, @9 =3,
and v=¢/e =1.2.

per unit increase of a is not so large when the value of a is sufficiently high. Consequently,
the Rényi entropies reduce to their minimum values in the limit @ — oo. The Rényi entropies
also exhibit a periodical variation in time. The patterns of such a variation shown in Figs. 4(A)
and 4(B) quite resemble those of Fig. 3 (or Fig. 2(C)) with Q = 1.5 and Q = 2.5, respectively.

We see from Fig. 5 that each kind of entanglement entropies grows as the coupling strength
go increases. The von Neumann entropy among the three kinds of entropies exhibits the
highest rate of increase in such a growth. The rate of growth of the Rényi entropy with a = 2
is almost the same as that of the linear entropy. However, strictly speaking, the growth of
the Rényi-2 entropy is slightly faster than that of the linear entropy. Rényi-2 entropy is an
alternative form of the linear entropy, whereas Rényi-1/2 entropy implies quantum uncertainty
defined in terms of the skew information [48].

Although we have evaluated entanglement entropies for the case of the ground state of
the optical (and mechanical) oscillators partly for convenience, it may highly be possible to
think of an excited state of the optical oscillator, because it is driven by a laser field. If such a
state is far from the ground state, the entanglement between the optical and the mechanical
modes may be enhanced due the increase of the quadrature uncertainty in the optical mode.
Notice that, if the quantum number in a coupled oscillatory motion is large, the entanglement
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Figure 5: The increment of entanglement entropies Sy. o(t), Sy.0,0(t), and Sy.0 o(t)
at t = 0 for (A) and at t = 1 for (B) through the increase of coupling strength g.
We used £ =0.1, 2= 1.5, wy, g =1, &, o =3,and v=£/¢ = 1.2.

between the associated subsystems is enhanced [49-51].

7 Conclusion

We have investigated entanglement entropies for a nanomechanical resonator coupled to a
cavity field. The effects of the time variation of parameters, such as cavity frequency w,(t)
and the coupling strength g(t), on the evolution of the entanglement entropies have been
analyzed in detail. The wave functions in Fock state and the corresponding reduced density
matrices of the coupled system have been evaluated under the assumption that the system
evolves adiabatically. Using the reduced density matrices, we have derived analytical formu-
lae of several fundamental entanglement entropies, such as linear entropies, von Neumann
entropies, and Rényi entropies. These entropies emerge and increase as the coupling strength
go becomes high, while they disappear for uncoupled systems.

In particular, we have focused our research on the effects of a modulation in the cavity
frequency: The cavity frequency is perturbed by a sinusoidally varying small modulation term
of which frequency is Q. If g, and/or the amplitude ¢ of the modulation term in w.(t) grow, the
fluctuations of the entropies also increase. However, such fluctuations do not monotonically
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increase along the grow of the frequency Q. Although fluctuations of the entropies increase
as 2 grows provided that Q is sufficiently low, the fluctuations rather reduce as 2 reaches a
higher value.

From the graphical analyses for the time evolution of the entropies, we have confirmed
that the entanglement entropies of the mechanical part are the same as those of the optical
part. This consequence stems from the fact that the entanglement entropies are state quantities
shared between the nanoresonator and the cavity field. The fluctuation patterns of the three
kinds of entropies resemble one another. However, the entanglement entropies grow as g
increases with different rates depending on the type of entropies; we confirmed that the von
Neumann entropy exhibits the highest rate of increase.

Our technique for characterizing entanglement entropies can also be applied to other states
beyond the Fock states, such as the coherent states, squeezed states, and thermal states. As well
as theoretical quantification of entanglement, experimental measurement of entanglement or
entanglement entropies may also be a major concern in this context. Recently, protocols for
measuring entanglement entropies through an optimized universal tool have been proposed
[31,45].

As a final remark, we have rigorously analyzed entanglement entropies which are nec-
essary for the understanding of entanglement dynamics related to quantum optical control
of optomechanical nano-devices. We hope that this work can further motivate great ideas
in achieving strong entanglement based on optomechanical coupling, which plays a key role
in the field of quantum information, such as quantum computation protocols [52], quantum
secure communication [53], teleportation [54,55], and neo-cryptographic systems [56].
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A Derivation of wave functions in the transformed system

Let us consider a time-dependent harmonic oscillator of which Hamiltonian is given in terms
of a coordinate operator y by

, 1
H= E[A(t)}“'2 +B(0)p2], (A1)

where p, = —ihd/dy, while A(t) and B(t) are time functions that are differentiable with
respect to time. The corresponding classical equation of motion can be written as

B(t) .

7~ 5o T AWBOY =0. (A.2)

Without loss of generality, let us express the classical solution of the above equation in the
form . .
y(£) =n()[Cpe T + C_em 0], (A.3)

where 7n(t) and y(t) are real time functions and C, are real constants. Then, the quantum
wave functions in the Fock state are given by [57, 58]

Py (y, 1) = @n(y, t) explid,(t)], (A4
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where &, (y, t) are the eigenstates which are given in terms of 1n(t) and y(t), such that

PR 0 RSN O
aly.t)= hnB(t)mH”( hB(t)y)eXp[ 2hB(r)(Y(” ln(t))y ] (A-5)

while the phases are given by 6,(t) = —(n+ 1/2)y(t).

Now, let us turn our attention to the optomechanical system given in the text. For the
mechanical part of the system, the dimensionless position operator of the nanomechanical
resonator and its canonical conjugate operator are given by

N meogy,(t) A 1
X.o=\| —/—27% P =\|——9p A.6
o J n X m \mem(t)h x (A.6)

where % and p, (= —ihd /d x) are ordinary position and momentum operators of the resonator.
Similarly, the operator of the dimensionless quadrature and its canonical conjugate variable
in the optical part are represented as

A EoA(t)A A 1 A
X, = P.=\|——— A.
=\—7 4 =\ cante (A7)

where g and p, (= —ihid /9 q) are the ordinary quadrature operator and its canonical conjugate
variable, respectively. Using these, the Hamiltonian in Eq. (20) can be rewritten in terms of
ordinary coordinates in the form

1 o bg
H= 3 (mwi(t)fcz + =+ eococzl(t)qz + —q) , (A.8)
m €0

where

wx(t) = v wX,m(t)wm(t); (A.9)
we(t) = \ wx (DA(L). (A.10)

The corresponding equations of motion are given by

%+ wi(t)x =0, (A.11)
g+ wg(t)q =0. (A.12)

The classical solutions of these two equations are of the form

x(t) = np(O)[Cre®) + e n0)], (A.13)
q(t) = ne()[CyeTD 4 C_em D], (A.14)

The wave functions for the transformed Hamiltonian can be divided into x and g parts;
the x part is given in terms of 1,(t) and y,(t) whereas the q part is in terms of 1.(t) and
y.(t). For the x part, the use of the relation B = 1/m leads to

_ myn(t) 1 my y(t) m (. Nm(t)
o, (x,t)= P znn!H"( x) exp [_E (Ym(t)—lnm(t))xz], (A.15)

while, from B = 1/¢ for the g part, we have

z _ EOYC(t) 1 EOYC(t) _& . _T)C_(t) 2
&(q,0) =\ P mHz( . q)exp[ Zh(n(t) lnc(t))q]' (A.16)
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If we represent the eigenstates, Egs. (A.15) and (A.16), in terms of dimensionless canonical
variables using Eqs. (A.6) and (A.7), we have Egs. (25) and (27) in the text. Notice that
the eigenstates described in terms of the dimensionless canonical variable X, (Eq. (25)) are
dimensionless, while the dimension of Eq. (A.15) is L~Y2 where L is the length dimension.
According to this, we have adjusted the normalization factor of Eq. (25) so that it becomes
dimensionless. Similar adjustment has also been applied in Eq. (27) which corresponds to the
optical part.
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