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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 coupling strength, on the evolution of entanglement
entropies are analyzed. We consider three kinds of entanglement entropies as
the measures of the entanglement of subsystems, 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 sys-
tem. 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 signif-
icant especially in the strong coupling regime. Our research may deepen the
understanding of the optomechanical entanglement, which is crucial in realiz-
ing 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 rout-
ing and protection [5,/6], control of phononic structures [7], producing slow/fast light [§],
and chiral cooling [|9]. Besides, coupled optomechanical systems are promising candidates
for highly sensitive quantum devices required in quantum information processes and quan-
tum 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 optomechan-
ics. Fundamental quantum properties associated with nonclassical correlations, quantum
coherence, and decoherence can also be understood from entanglement dynamics.

It is possible to generate steady-state entanglement in optomechanical systems in-
corporated with mechanical oscillators by adjusting the effective frequency of a movable
mirror [14,/15]. Although optomechanical systems serve as good coupling mediums for en-
tanglement [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
parameters 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 entangle-
ment is highly required. The entanglement can be quantified by several measures, such
as entanglement entropies [18-H21], the logarithmic negativity [14], the generalized con-
currence [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 mechanics, 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
optomechanical 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
[24,125]. Due to time variation of the parameters, our system is described by a time-
dependent Hamiltonian. 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.
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Figure 1: Schematic of the nanomechanical resonator coupled to a cavity field.

2 Preliminary description of the optomechanical system

We consider a nanoresonator coupled to a cavity field via a time-dependent coupling
strength ¢(t), whereas the cavity field is driven by a laser field of which frequency is
wr, (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 wy, of the mechanical
resonator exhibit possible variations 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 wy(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
frequency A and the cavity frequency w. is given by A = w.—wr, —6,p,, where 6y, 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)\/(nc), where G(t) = [wc(t)/L(t)]\/h/[mwm(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
oscillator 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

Xm = —=(m + ay) Xe = —=(ac +ag), (1)

where ay, (Gc) and ah (dl) are annihilation and creation operators, respectively, for the
mechanical mode (optical mode). Their canonical conjugate operators are given, respec-

tively, by Py = —1i0/0Xp and P, = —10/0X.. These operators can also be represented as
. i . A (N .
szi(ajn*am) Pczi(ai*%)- (2)

V2
We confirm that the canonical operators satisfy the commutation relations, [Xm, Pm] =
(X, P] = i.
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The linearized Hamiltonian for the optomechanical system that we have considered in
the time-dependent regime is now expressed to be

2

~

RA(t 5 . X
;)(eccth + e P2 —hg(t) XmXe.  (3)

(BCmtXEn+6_Cth§l)+

where (, and (. are damping constants for mechanical and optical modes, respectively.
For the case in which the parameters, A, wy, and g, are constants whereas (;, = (. = 0,
this Hamiltonian reduces to that of Ref. |2].

Quantum solutions of the system can be derived through diagonalization of the Hamil-
tonian. For a coupled system, we may need to consider the unitary transformation or the
canonical 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 cosf(t) sinf(t) 0 0 X5

):(C | —sinf(t) cosO(t) 0 0 X_ (@)
Pn | 0 0 cosf(t) siné(t) P’

P. 0 0 —siné(t) cosf(t) P

where X4 and P. are canonical operators in the rotated frame. If we take 0(t) in the
above equation in the form

- 2g(1)
o) = o tan 1 <wm(t)eCmt — A(t)eCct>’ (5)

the Hamiltonian, Eq. , is represented to be

~ ~ ~

H=H,+H_+h, (6)

where
e = Dloxa(X3 +wpaPl) (7)
- g[ ~Gutg (1) — e~ A(1)] sin[20(1)] Py P, (8)

with

wxy = ey (t)cos?O(t) + e A(t)sin? 6(t) + g(t) sin[26(1)], (9)
wx = ey (t)sin? 0(t) + e A(t) cos? O(t) — g(t) sin[26(t)], (10)
wpy = e ™l (t) cos? O(t) + e TA(t) sin? 0(2), (11)
wp_ = el (t)sin? 0(t) + e T 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 f’+]5_ has appeared. We can easily
confirm from Eq. that this new term disappears in the case of resonance (wp, (t) = A(t))
with ¢, = (¢ = 0. For this reason, some authors manage the system considering only
the resonance case in order to avoid mathematical complexity (see, for example, Refs.
[2,20,21L26}27] ).
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3 Unitary transformation and wave functions

For a general treatment of the system including non-resonance cases, a rigorous mathe-
matical procedure beyond the simple rotation method may be necessary. We use the uni-
tary transformation 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 Schrodinger solutions in the transformed system may be easily obtained due to
the simplicity of the transformed Hamiltonian. From the inverse transformation of such
solutions using the same unitary operator, it is also possible to obtain the Schrédinger
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 quan-
tum 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

7 = expl{—ig(®)[B() PuXe — 671 (0)PeXon]}. (13)
where
1 _ 2¢(t)
o = 3o (e ) 19
_ win(t) (et

From the transformation of the original Hamiltonian by means of U using the relation

00

H=U'HU —ihU ™ —,
ot

(16)

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

N h N o N «
Ho= Jloxm() o e o (1) PE + wx () X2 + e AL P2
_h[Sbl (t)mec - SbQ(t)PcXm]v (17)

where @1(t) = 9(t)B(2), @2(t) = 9(t)371 (1), and

wxm = €l (t) cos”p(t) + e<TA)BTA(E) sin® () + g(8)8 (1) sinf2(1)], (18)
wxe = el (t)B(t)sin® p(t) + e At) cos® (1) — g(1)B(¢) sin[2p(t))- (19)

Let us assume that the variations of ¢1(t) and p2(t) over time are sufficiently slow. This
means weak damping, (,(t) ~ 0 and (.(t) ~ 0, in addition to the previous assumption that
the variations of g(t), A(t), and wy, (t) are slow. Then it is possible to neglect the last term
that involves ¢1(t) and o(t) in Eq. (17), leading to a simple diagonalized Hamiltonian:

. h . , . ,
H= 5[wxm(lt)Xﬁ1 + e () P2+ wx () X2 4+ e T A(t) 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. , Eq. reduces to 0(t) given in Eq. . If the oscillators are
undamped, 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
explicit mathematical formulation of the wave functions. The mysterious property of
nonlocality associated with quantum entanglement may also be understandable through
the wave functions from the most fundamental level. If we write the Schrodinger equation
for the simple but time-dependent Hamiltonian H as

8\Iln,l (er X07 t)
ot

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

ih = HU,, (X, Xe, 1), (21)

Wyt (X, Xeot) = Wi (X, £) 0y (Xe, 1), (22)

If we regard Eq. , each component in the above equation is of the form (see Appendix
A)

U, (Xm,t) = Pp(Xm,t)explid,(t)], (23)

\I’Z(Xca t) = (I)l(Xm t) exp[idl (t)]a (24)

where 8, (t) and &;(t) are phases. Here, ®, (X, t) and 6, (t) (®;(Xe,t) and & (t)) are given
in terms of Ny (t) and ym(t) (nc(t) and ~.(t)) which are time-dependent factors of the
classical solution given in Eq. (112]) (Eq. (113))) in Appendix A, such that

eSmtiy eSmtA
(X t) = ml : t()t) \/% i ( wm”(t)(t) Xm> exp [~Ym(t)X2], (25)
5n(t) = _(n + 1/2)’7m(t)’ (26)
3 eGeti, eGety,
q)l(Xcvt) = ﬂ&f)w ;ZZIHZ ( Afzt)(t)Xc> €xXp [_YC(t)XCQ] ) (27)
a(t) = —(+1/2)7(), (28)

where H,, are nth order Hermite polynomials, while

efm? Im

Val) = 5o (m -2, (29)
ebet Te

V) = e (30— i0). (30)

The wave functions ¢, ;(Xm, Xc,t) in the original system (untransformed system) can
be obtained from the inverse unitary transformation:

V(X Xy t) = UV, (X, X, 1), (31)

From a minor computation using Eq. and Eq. with subsequent equations, we
have

Ut (X, Xey t) = ¥n(Xm, Xe, )01 (X, Xe, 1), (32)

where
%(meth) = ¢n(Xm’X67t) exp[i(Sn(t)], (33)
(X, Xeot) = (X, Xe, t) explidy(t)], (34)
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with
_ 4 eSmidm () 1 eSmt i (t) exp [— 2
(bn(Xm?XWt) - ﬂ_wm(t) \/W n ( wm(t) Xm) p [ Ym(t)Xm] ) (35)
- _afeste(t) 1 eSee(t)
&1(Xm, Xe, t) = T(t)\/Tl'Hl ( A(t)XC> exp [_Yc(t))(g] ) (36)
while
Xn = Xmcosp(t)— B(t)Xcsinp(t), (37)

X, = X.cos(t)+ B71Ht) Xmsinp(t). (38)

Thus, using Eq. with Eqgs. — and Eqgs. and , we can represent the

full wave function in the form

¢(XmaXC7t) = chn,l@bn,l(XmaXcat)a (39)

n=0 [=0

where ¢, are complex numbers which obey the condition Y% 37 |, |2 = 1. In the
subsequent 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
entanglement entropies.

4 Reduced density matrix

It is possible to derive the analytical formula of the entanglement entropies by using the
reduced density matrix. Let us see the reduced density matrix before the main develop-
ment 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

pn,l(Xrna X, XI/n, X(/:7 t) = @Z)Z,l(Xrlna Xcl:a t)wn,l(me X, t)- (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 matri-
ces.

Preparing the ground state for the mechanical resonator using the technique of optical
laser cooling has been a goal of continuing research [11}21,128,29]. Ground-state cooling
provides a new route for exploring the quantum regime of mechanical systems with prepa-
ration 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]

[e.e]
pOR,O(XmaXI/nat) = / QzZ)E]k,O(XI/naXCvt)¢0,0(Xm7XC;t)dXC7 (41)
—00

oo
ﬁ&O(XcaX(/:at) = / %k,o(Xm,Xéyt)wo,o(Xm,Xc,t)de- (42)
—00
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Let us first see for the mechanical part. A straightforward evaluation of the integration
given in Eq. using Eq. with n =1 = 0 results in

[ Nm N
p&O(XHN X1/n7 t) - 7 exp{—[Aerzn + Amel] + BmeXr/n}v (43)
where
An = L{(Y + V) YuB? cost o + Yo (Vi + YH) 32 sin?
m = 52Wm c ¢ J¥m 2 c\fm m 2
HYn Y B + Yo(YS + 2Yn )] cos? psin® ¢}, (44)
1 * x .
Bu = o[Vl = Ye/Bl[Yf — Y/ B]sin®(2¢), (45)
2Whn
Cmt oCct A |
esmbese e
Nm = 2Re[An| —Bn=—F—"7— 46
Wi = (Ye+Y5)cos®> o+ (Y + Vi) B%sin?
Cet A CmtA
= T o2 o+ c T 52 sin? . (47)
A m

We see that the normalization factor Ny, is represented in terms of the real part of Ay,
which can be written as Re[An] = 3(Am + Af,). By the way, the imaginary part of Ay, is
given by Im[Ay] = %(Am — A%)). Using Eq. 1' we can easily confirm that

1
Reldm] = g (YT + Ya ¥ 8" + B Y + Yo¥g) + 4(¥eVn + ¥IY)]57
—(Ye = Y B2)(YS — Y5 8%) cos(de)}, (48)
1
Im[A,] = W[Y;Ym =YY 4+ (Y Y — YY) cos(2¢)]. (49)

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

. N, .
Poo(Xe, Xovt) = 4 f exp{—[AcX? + AL XP] + BcX X}, (50)
where
1 * 2 4 *\ 02 :. 4
A. = W{(Ym + Y )Ye5” cos® o+ Yin(Ye + Y.) 5% sin® ¢
C
HYu Y8t + Ye(Y7 + 2V %)) cos” psin® ¢}, (51)
1 * * .
Be = W[Ymﬁ — Yo/ B)[YiB — Y/ B sin®(2¢), (52)
C
Cmt Cct J J
€ e Ym Ve
N, = 2Re[A.]| - B, = ———= 53
c e[A] c WewmA (53)
We = (Ym+ Y5 cos?p+ (Yo +Y)B ?sin?p
Cmt N Cct 2
= Cm g2 v+ e e B 2sin? . (54)
W A

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

RelAc] = gy (VX0 4 YVt 4 (B0 Vi Yo¥i) (Ko Yon + Y0¥
(Ve = YaB2) (V7 = Y %) cos(4)}, (53)
1
A = o Ve = Y2Vt — (V2 Vi — YeXih) cos(2)] (56)
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The information of the system embedded in the reduced density matrices, Eqs. (43) and
, can be used as a basic tool in estimating the entanglement between the subsystems.
The 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 en-
tangled 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 sub-
systems. 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 pff’l(X , X', t) as |28,29):

Spima(t) = 1= Tr[py, (1)), (57)

where o o
Bl OF = [ [ X 06 (XX, X ax. (58)

Let us first see the linear entropy for the mechanical subsystem in the ground state,
whose density matrix is /)(Pfo(Xm7 X}, t). By evaluating Eq. using Eq. , we have
the linear entropy for this case as

Ny
Spoo(t) =1——=, (59)
where
km = /4[Re[An]]?2 — B2, (60)

The linear entropy for the optical subsystem characterized by the reduced density matrix
ﬁ&O(XC, X/, t) can also be derived in a similar way using Eq. 1} This procedure gives

. N.
Spoo(t) =1—-—, (61)

KRe

where

ke = \/4[Re[A]]2 — B2. (62)

Thus, we confirm that the mathematical expressions of the two entropies, Sr.0,0(t) and
Sr.00(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, we(t), wm(t), etc. Abundant physical phenom-
ena associated with frequency modulations in optomechanical systems have been reported
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so far [32H37]. 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 frequen-
cies 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 sig-
nals [35,36]. An optimal optomechanical-cooling scheme by suppressing the Stokes heating
process via periodical 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
parameters, 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 we(t) is modulated by a small sinusoidal perturbation, i.e., [28,42]

we(t) = we o[l + € cos ()], (63)

where wep, €, and ) are constants, while ¢ < 1. Meanwhile, we suppose, along with
it, that the system is undamped ((, = (. = 0) and the mechanical frequency does not
depend on time:

wm(t) = wm,o (constant). (64)

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

A(t) = wep[l + &cos (Qt)], (65)
g(t) = go[l +ecos(Qt)], (66)
1 -1 290
Wm,0/%c,0 — Ye0 m,0

where W g = we,0 — Wi, — Orp, € = EWe,0/We,0, and go = \/(nc)h/(mwm o)we,o/L. Using Egs.
-, Egs. and can be rewritten as

~2

2 We,0 - )
WX,m = Wm,Cos” po+ ——[1+ 2&cos(2t)]sin” ¢
m,0
w
+90 . [14 (e 4+ &/2) cos(Qt)] sin[2¢0], (68)
Wm,0
wye = —=[1—&cos(Qt)]sin® pg + @e o[l + &cos(Q)] cos? o
We,0
—go Em’o [1+ (= — £/2) cos(t)] sin[20]. (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, 1y (), 7c(t), m(t), and ~.(t). Hence, in order to see the
time 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. and
into Egs. and in Appendix A, we have the formulae of w, and w,. This leads

10
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the equations of motion given in Egs. (110)) and (L11]) in the form

&+ [c1 + ez cos(Qt) + O(e?)]z = 0, (70)
i+ [e1 + E2 cos(Q) + O(e)]g = 0, (71)
where
¢ = w?mo cos? g + (21370 sin? g + go /wm owe,0 sin(2¢o), (72)
co = 25‘(2}30 sin? g + go(e + £/2) \/wm.0@e 0 sin(2¢0), (73)
1 = w12n70 sin? o + @0270 cos? 0o — gox /Wm,0We,0 SIn(2¢p), (74)
(75)

Co = 25@30 cos? ®wo — 90 (8 + 5/2) v/ Wm,0We,0 sin(2g00). 75

The classical solutions of Egs. and are given in terms of the Mathieu functions
Ce, and Se,, such that

Qt 2 Qt 2
$(t) = ClCe,, <2, —(2622) + CQSQV (2, —g2622> y (76)
_ Qt  2¢ - Qt  2¢
q(t) = Clcef, <2,—£2622> +CQS€§ (2,—§2622>, (77)

where v = 4c;/Q? and v = 4¢1/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. and
in Appendix A (e.g., see Ref. [42]), with

Mm(t) = [Ce,}(%t,?2022>+Se,,2<?’?2022>]1/2’ (78)
n(t) = [ceﬁ(?,—i;z)+se,;2(?,—2905>]1/2, (79)
Ym(t) = tan~! MI (80)
Y(t) = tan™? m]. (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 Egs. —. 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 go grows; in addition, their mean values increase
according to the growth of gy. 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 gg grows.

The effects of € on the linear entropies can be seen from Fig. 2(B). While the linear
entropies are independent of time when ¢ = 0, they fluctuate unless ¢ = 0 and such

11
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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 €2 grows. The
fluctuations of the linear entropy become greater at first along the grow of ) from 1.5,
but they eventually collapse for a higher value of Q (see the green curve in Fig. 2(C)).

6 Von Neumann entropy and Rényi entropy

As well as the linear entropy, the von Neumann entropy is also an essential tool for
quantifying 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 entropy [44]. The von Neumann entropies for the mechanical and the optical
parts are defined, respectively, as [20},30]

SN;”J = _T‘r[pg,l(Xm?Xrln’t) lnpgl(vaXrlxvt)]v (82)

SN%”J = _Tr[pnl(X X t) lnpn,l(Xchévt)}' (83)

Another usual concept of entanglement entropy is the Rényi entropy. This entropy
is a generalization 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 o (Reniyi-a entropies), respectively for the mechanical and the optical
parts, are given by

Sa;n,l =

1 «
1—a ln[Tr[pS,l(Xm7Xrln7t)] ]v (84)

Sa;n,l =

L T (X, XL 1)), (55)

where @ > 0 and o # 1. Equations and are defined in a way that the Rényi
entropies preserve the additivity for independent events according to the axiom of prob-
ability. 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

[ X0 (X X155 60 0) = 015X, (36)
| XX XD R ) = POl Xert) (87)

From a straightforward evaluation for these equations, we have
pi(t) = [1— &)L (1), (88)
Prlt) = [1—£c<t>]&’f<t>, (89)
fi(Xot) = o J% [/ Xom] exp{—[m/2 + im[An]) X2}, (90)
fulXet) = {5 = Hil/ReXc] exp{ ~[re/2 + ilm[A]] X2}, (91)

\/2’“14:
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where
Ell) = TR (92)
Glt) = Do (93)

2Re[Ac] + K

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

P00 (X, X1 ) = > pi(6) 7 (X1, £) f5( X, 1), (94)
=0
,000 XmX t) Zpk Nl: Xévt)fk(th)‘ (95)

Using Eqgs. and ([95] , we readily have the formulae of the von Neumann and Renyi
entropies, such that

5

SN;O,O = —111(1 — gm) — _ § lnfm, (96)
Snoo = —In(1—&)— : fcg Iné, (97)
1 1—&n)
Sa;()p I—a In ( 1 _iror[l) s (98)
O _ 1 (1 - gc)
Sa00 = Ta M e (99)

If the time dependence of wy, (t), A(t), and g(t) disappears and (y, = (. = 0, the outcome,
Egs. and @, reduces to that in Refs. . For an other simple case, the results,
Eqgs. —, are similar to those of Ref. but not exactly the same.
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Figure 5: The increment of entanglement entropies Sr.0,0(t), Sn.0,0(t), and Sq:0,0(t) at
t =0 for (A) and at ¢t = 1 for (B) through the increase of coupling strength go. We used
e=01,Q=15 wmo=1, @0 =3, v=¢lc =12 and (u = C = 0.

The time behavior of the von Neumann entropies is shown in Fig. 3 for several different
values of ). The pattern of the time behavior of the von Neumann entropies in this figure
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 0 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 o are given in
Fig. 4. We see that Rényi entropies become small as « increases. However, such entropy
changes per unit increase of « is not so large when the value of « is sufficiently high.
Consequently, the Rényi entropies reduce to their minimum values in the limit a — oc.
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 2 = 2.5, respectively.

We see from Fig. 5 that each kind of entanglement entropies grows as the coupling
strength ¢gg 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
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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 for convenience in part, 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 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 wc(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
formulae of several fundamental entanglement entropies, such as linear entropies, von
Neumann entropies, and Rényi entropies. These entropies emerge and increase as the
coupling strength gg 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 gy and/or the amplitude € of the modulation term in we(t)
grow, the fluctuations of the entropies also increase. However, such fluctuations do not
monotonically increase along the grow of the frequency 2. Although fluctuations of the
entropies increase as {2 grows provided that € is sufficiently low, the fluctuations rather
reduce as () 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 go 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 have been proposed using a
universal tool for probing engineered quantum systems associated with entanglement 31,
45].

As a final remark, we have rigorously analyzed entanglement entropies which are neces-
sary 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 new cryptographic systems [56].
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Appendix

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 ¢ by

B = SIA07 + B3] (100)

where p, = —ihd/0y, 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

y— Eggy + A(t)B(t)y = 0. (101)

Without loss of generality, let us express the classical solution of the above equation in
the form ‘ .
y(t) = nt)[Cre®) 4 C_e O], (102)

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

v, (yv t) = (bn(ya t) exp[i&n (t)}v (103)

where ®,,(y,t) are the eigenstates which are given in terms of 7(t) and v(t), such that

I EHE {10 0
B (y.1) = th(w(vﬁnnifal< hfxt)y>emp s (10 -0 ) 7] 0w

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

- [mwm (t) . 5 1 R
X = Tl’ Py = m ) (105)

where & and p,(= —ihd/0z) are ordinary position and momentum operators of the res-
onator. Similarly, the operator of the dimensionless quadrature and its canonical conjugate
variable in the optical part are represented as

. eoA(t) . . 1 R
X, =4/ 22 Po= | ———pa, 1

where ¢ and p,(= —ih0/0q) are the ordinary quadrature operator and its canonical con-
jugate variable, respectively. Using these, the Hamiltonian in Eq. can be rewritten
in terms of ordinary coordinates in the form

.1 52 H2
H 5 (mw%(t):ﬁQ + e_Cr“t% + eowg(t)cf + e_Cth)Z) , (107)

18



SciPost Physics

where

Wy (t) = WX,m(t)wm(t)v (108)
wt) = Joxo(HA®). (109)
The corresponding equations of motion are given by

i+ (i 4 e (H)z = 0, (110)

G+ Ced + e lwi(t)g = 0. (111)

The classical solutions of these two equations are of the form

2(t) = nu()[Crem® 4 CemmO), (112)
at) = n([Cye O + e, (113)
The wave functions for the transformed Hamiltonian can be divided into x and q parts;

the x part is given in terms of 7y, (t) and 4y, () whereas the ¢ part is in terms of 7. (¢) and
¢(t). For the x part, the use of the relation B = e~¢m?/m leads to

4 eSmtmA, eSmtmA,
O, (z,1) = h; (t) ;nmgn( € hv (t)x>
eSmtm, Tm
X exp {— o (*’ym(t)—izmg;>x2}, (114)

while, from B = e~% /¢ for the ¢ part, we have

Oy(q,t) = | “ladelt) L g, ( WQ) exp [eCCtGO ("Vc(t) iﬁc@) qQ] :

hro V2 h 2h e (t)

(115)
If we represent the eigenstates, Egs. and , in terms of dimensionless canonical
variables using Egs. and , we have Egs. and in the text. Notice
that the eigenstates described in terms of the dimensionless canonical variable X, (Eq.
l) are dimensionless, while the dimension of Eq. is L=Y2 where L is the length
dimension. According to this, we have adjusted the normalization factor of Eq. SO
that it becomes dimensionless. Similar adjustment has also been applied in Eq. which
corresponds to the optical part.
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