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The dynamical generation of entanglement in closed bipartite systems is investigated in the semiclassical
regime. We consider a model of two particles, initially prepared in a product of coherent states, evolving in time
according to a generic Hamiltonian, and derive a formula for the linear entropy of the reduced density matrix
using the semiclassical propagator in the coherent-state representation. The formula is explicitly written in terms
of quantities that define the stability of classical trajectories of the underlying classical system. The formalism
is then applied to the problem of two nonlinearly coupled harmonic oscillators, and the result is shown to be in
remarkable agreement with the exact quantum measure of entanglement in the short-time regime. An important
by-product of our approach is a unified semiclassical formula, which contemplates both the coherent-state

propagator and its complex conjugate.
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I. INTRODUCTION

Entanglement is one of the most formidable effects of the
quantum world. Its puzzling nature, which intrigued the scien-
tific community for a long time, is now being used to accom-
plish tasks such as quantum-information processing, quantum
computation, teleportation, and quantum cryptography [1,2].
Also, its importance has been recognized in the context of
several foundational issues underlying the quantum theory,
from the explanation of the quantum-classical transition—
and its implications to the measurement problem—to the
understanding of the nonlocal aspects permeating the Einstein-
Podolsky-Rosen debate [2—4].

Entanglement is widely believed to be a purely quantum
effect with no classical analog. Despite this common belief,
several results have been reported associating the entanglement
dynamics with classical quantities. For instance, in Refs. [5-8],
it is shown that the entanglement dynamics can be approxi-
mately simulated in the short-time regime by the Liouvillian
formalism. In particular, for some specific couplings, the
Liouvillian entropy has been shown to reproduce exactly the
entropic measure of entanglement for all values of time [9].
In addition, in Ref. [8], the authors have analytically shown
that the short-time dynamics of entanglement does not depend
on 7 for a large class of Hamiltonian systems. Finally, some
authors investigated entanglement in the semiclassical regime
by means of time-dependent perturbation theory [10,11].

The scenario delineated by these works points to a situation
in which a statistical theory based on classical trajectories
is able to predict the dynamics of a quantity meant to
be exclusively quantum [12]. This observation leads us to
suspect that the entanglement dynamics is initially promoted
by mechanisms with well-defined classical analogs. Finding
out these mechanisms is the main motivation of this paper.
We follow, however, a program that is substantially different
from the works quoted earlier, as it is based on semiclassical
methods instead of classical statistical theories. Specifically,
we propose to derive a semiclassical measure of entanglement
in terms of the semiclassical propagator in the coherent-state
representation [14—17].

Recently, a similar calculation has been carried out [18,19],
which differs from ours in some important aspects. First,
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the approach adopted there was based on the Van Vleck
semiclassical propagator [20],
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traj.

This is a semiclassical formula for the one-dimensional
quantum propagator (g;|e~"#7/"|4,) in the position represen-
tation. This formula depends only on the classical trajectories
of an underlying classical dynamics connecting the initial
position ¢g; to the final position ¢,, during the time interval
T. The function S(g2,q:1,T) is the classical action of the
trajectory, and the sum runs over all trajectories satisfying
the boundary conditions. Our approach, on the other hand,
is based on a semiclassical propagator formulated in the
coherent-state representation, which has the advantage of
offering a straightforward extension to systems with spin
degrees of freedom [21-25].

A second important difference relies on the fact that our
approach does not employ any averaging over the initial
conditions in phase space. Even though, in Refs. [18,19], this
statistical procedure is claimed to be nonrestrictive, we believe
it is not mandatory from a physical point of view. The only
approximations used here are those usually associated with the
method of the stationary phase.

Finally, we observe that, contrary to the Van Vleck propa-
gator, the coherent-state propagator is generally determined by
complex trajectories and actions. This introduces an additional
technical difficulty, namely, that the complex conjugate of
the semiclassical propagator does not have a straightforward
interpretation. Actually, this turns out to be an interesting
mathematical issue to be understood in the context of general
applications of the coherent-state propagator. In this paper,
we formulate and address this problem as a preliminary
step toward the derivation of a semiclassical formula for the
entanglement.

This paper is organized as follows. In Sec. II, we present
the main ingredients of the original formula of the semi-
classical propagator in coherent states and then extend it to
also contemplate the complex conjugate of the propagator
in a unified formalism. We then proceed to calculate the
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semiclassical purity in Sec. III, where a further extension
of the semiclassical formula of the propagator is required
to accommodate bipartite systems. In Sec. IV, we present
a case study; the formalism is applied to the problem of
two nonlinearly interacting oscillators. Finally, in Sec. V, we
summarize and conclude the paper.

II. SEMICLASSICAL PROPAGATOR IN THE
COHERENT-STATE REPRESENTATION

The aim of this section is twofold. First, we briefly review
some of the main aspects of the semiclassical formula of
the coherent-state propagator. For subsidiary literature on this
representation, we refer to Refs. [26-28]. Second, we show
how to extend the formalism so as to semiclassically approach
both the propagator and its complex conjugate in a unified
mathematical structure. In this sense, our approach intends to
offer a generalization of the formula derived in Ref. [17].

We start, as a motivating question, with the general problem
of calculating the expectation value of an arbitrary operator A
via semiclassical propagators. If the initial state of the system
is the coherentAstate |zo),Ather1, at the instant 7', the mean value
(AVy = (zo|leT/" Ae=1HT/m|70) can be written in terms of the
propagator as
d*z, d*z

__K(Z()’Zl s T T)A(Zl 7Z2)K(227Z07T)7
b4 T

(Ayr =

where A(z1,22) = (z1|Al|z2) and

K(z0,21, — T) = (z0le "7/ |2y) = K*(21,20,T).

The complex conjugate of the propagator K* is going to
be present whenever measurable quantities are regarded.
However, to the best of our knowledge, there is no prescription
on how to obtain the semiclassical version of this object in
the coherent-state representation. But should not we simply
take the complex conjugate of the semiclassical propagator?
We opt here for a more careful strategy that preserves both
the interpretation of the critical trajectories and the rigor of
the original derivation in Ref. [17].

A. The coherent-state propagator

In Ref. [17], it is shown that the semiclassical formula of
the coherent-state propagator,

K(z2,21,T) = (zale AT/ z,) (1)

depends only on complex trajectories of an auxiliary classical
system governed by the Hamiltonian function H(v,u), which
is to be built according to the prescription,

H,u) = [(z|A|2)] ... - )

*ov

That is, to find H(v,u), one evaluates (z|H|z) and replaces z
and z* by u and v, respectively. The usual classical variables
q and p are related to the variables u and v through

_ 1 (a_ i _ L (fa_ir
u_ﬁ<b+c> and v_ﬁ(b c), 3)
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where b and c, satisfying bc = h, are related to the variances
of the coherent state along the position and momentum axes.
Hamilton’s equations written in terms of # and v become

. i 0H . 1 0H

H=——— and v=—-——. 4)

h dv h ou

Trajectories contributing to the semiclassical propagator must
satisfy the boundary conditions

u(0) =z, and o(T)=7;. 5)

A careful inspection of the dynamical structure defined by
Egs. (3)—(5) reveals why the classical variables ¢ and p must
be complex. Since the boundary conditions given by Eq. (5)
and the evolution time 7 are both fixed from the outset, it is not
possible to find, in general, a classical trajectory satisfying that
many conditions simultaneously, unless ¢ and p are allowed
to be complex numbers. This is the motivation for the change
of variables (z*,z) — (v,u).

Having found the proper trajectory, we can evaluate its
complex action,

"Tin .
S(Z;zl,T):/ [E(uv—uv)—H(v,u)}dt—A, (6)
0

where A = %[u(O)v(O) + u(T)v(T)], and the function

1 (T /3%H(v,u)
*9 1T = = 2 dt. 7
G20, T) 2/0( s ) ™)
The semiclassical propagator is then given by

i 92s \'* .
K(z5,21,T) = NZ (f_l T ) ¢! /HE+G), (8)
2

traj.

where N = exp(—%lzzl2 — %Izl [%). Some comments about
Eq. (8) are in order. First, it is worth mentioning that /C is
obtained through a quadratic approximation around critical
paths—the complex classical trajectories—of K, expressed in
the path-integral formalism. Second, it is explicitly indicated
that, in principle, one should sum contributions of all trajecto-
ries satisfying the boundary conditions. Third, the label z, of
K is written as z5 in KC as the trajectories depend only on the
value of z3 instead of z,. On the right-hand side of Eq. (8), the
only dependence on z; lies in \V.

The difficulties to get a semiclassical expression for *
directly from Eq. (8) can be better appreciated at this point.
Contrary to the Van Vleck propagator, the functions S and
G and the classical variables u and v are all complex. Then,
taking the complex conjugate of Eq. (8) implies working with
the complex conjugate of these functions, which, although
well defined mathematically, may not offer a straightforward
interpretation from the point of view of the quantum-classical
connection.

Next, we address this issue preserving the mathematical
structure that was carefully derived and extensively discussed
in Ref. [17].

B. Unified semiclassical formula

Now, let us consider the generic propagator,

Ke(z2.21.T) = (zale 87/ zy), )
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where H is a time-independent Hamiltonian £ = =£1, and the
kets |z;) and |z;) are coherent states. Clearly, K_(z2,z1,T) =
K (z1,22,T). In this sense, Eq. (9) contemplates propagators
and their complex conjugates in a unified formula. In addition,
we see that K¢(z2,21,7) can be obtained from K (z2,z1,T) by
means of the change H — £H [29]. Furthermore, since & is
nothing but a real constant, the mathematical structure previ-
ously delineated readily applies, provided that we consistently
employ the mentioned change.

We start our program of implementing the change A —&HA
with Hamilton’s equations (4). We get

iE0H iE0H

= ——— d v==>—. 1
" h dv and v h ou (10)

This changes the interpretation of # and v, making their roles
swap in the dynamics depending on the value of £. In order to
avoid this issue, we define the generalized time,

e =Et+(1—&)T)2. (11)

Explicitly, we see that ¢, = ¢, but, for £ = —1, we get t_ =
T —t. This strategy allows us to preserve the equations of
motion in the same form as Eqs. (4),

dug i 0H dve i 0H
— =—-—and 12)
dtg h avg dlg h aug
where ug and v are defined by
ug(te) = ult(te)] and  ve(te) = v[1(5)], (13)

with #(#) given by the inverse of Eq. (11), and
H(ve,ug) = [(z|H|2)] ., - (14)
g

In terms of the new functions, the boundary conditions given
by Eq. (5) read

T T
Ug <(1 — %’)E) =721 and Vg ((1 +$)5> = Z;, (15)
or, equivalently,
up(0)=z1, v(T) =125,
u(Ty=z, v-(0)=12.

We focus now on the functions Sg(z3,21,7) and
G:(z5,z1,T), the extended forms of Eqgs. (6) and (7). Relations
(13) give us the rule to rewrite Sz and G in terms of ug(#z) and
v (). We then change the variable of integration from ¢ to
t: and the limits of integration to (1 — £)7 /2 and (1 + §)T /2.
Finally, we replace the dummy variable #; by ¢ and use the

(16)

identity,
(1+8)1/2 T
/ F(t)dt = g/ F(t)dt,
1-6)T/2 0
which holds for any F(¢) as far as & = £1. This procedure

allows us to write
9’H
gf ( (Ve ”E)>dt, (17)
Bugavg

Sg f/ |: (ugvg — ugvg) — H(Ug ug)] dt — Ag, (18)
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where Az = @[ugvg’ + ué v;]. For the sake of compactness

of the notation, we have introduced the following (double)
primed variables:

ué = u:(0), ug = u(T), (19)
v = v:(0), vé’ = ve(T).

The notation is such that prime (double prime) always refers
to the initial (ﬁnal) instant. Notice by Eqs (15) and (19) that
while !, = u” = z; and v} = v’ = z3, the variables u’ , u’_,
v/, and v” are not fixed by the boundary conditions (15).
They are obtained once the solution for the trajectory has been
found.

The semiclassical propagator in the coherent-state repre-
sentation is then finally written as

i 0§,
Ks(z;‘,zl,D:NZ(h 82*8;) MEH9) - (20)
traj.

where N = exp(—1|z2|* — 1211 remains unchanged. It is
worth noticing that, for & = 41, the original formalism is
fully reproduced.

Finally, concerning the complex action S:(z3,z1,7T), it
satisfies the following useful relations:

y i 0S54 i 0S4 , i 0S4 i 054
S I T A
, i 0S_ i 05— ” i 05— i 08,
" _ﬁazg_ﬁﬁ’ _hazl hoou”’
and
8857% %—H(Ug’”g) = —£H (v, Vg, g) (22)

In addition, using Eqgs. (21), the prefactor of K¢ (z5,21,T) can
be written as a function of the elements of the tangent matrix
M; defined by

Suy Sug M:, M, 814/5
“ ) =M: J ) = ¢ ;). (23)
Svg Sz M, va g
One can show that
i 928 1 i 9%S_ 1
L% _  and L — @
h 32 071 M;Z h 8Z 4 Muu

e | 8 828+< 328, )1 9S8,
“n | duhov)  gur? \oviou ) au,? |’

and

328, [ %S, \ !
M;ru = 2 " / ’ (25)
av = \ovidu’y
- (5 oS,
v v ou', dul,*

Another set of three equations relating derivatives of S_ with
elements of M_ can be obtained by simultaneously replacing
+, u, and v in Egs. (25) with —, v, and u, respectively. The
reason to write the prefactor in terms of elements of the tangent
matrix is the ease of handling them in several situations,
especially in numerical treatments.
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The classical structure we have proposed is such that a
trajectory (ug(fz),ve(te)) is the solution of the equations of
motion in terms of a proper time scale ;. The interpretation
of a forward time evolution from O to T is preserved, but
while K, (25,21,T) depends on a trajectory that propagates
from z; to 25, K_(z;,z1,T) depends on one propagating from
75 to z;. In this sense, comparing with the case in which
& = +1, trajectories for £ = —1 can also be interpreted in
terms of a backward time evolution, which is compatible
with the intuition one may construct from the exact relation
K (22,21, T) = K4 (22,21, — T).

The set of equations given in this section defines the general
recipe to obtain the semiclassical version g of the exact
propagator K¢ given by Eq. (9). As such, this unified formalism
constitutes the first important contribution of this paper. All the
formal details involved in the derivation of original formulas,
especially those associated with the stationary phase method,
can be found in Ref. [17] for the case in which & = +1.

C. A simple example: Harmonic oscillator

In order to clarify the notation and illustrate the adequacy
of the formalism, we calculate the semiclassical version of
K:(z5,z1,T) for the harmonic oscillator Hamiltonian Hio.
According to Eq. (14), the classical Hamiltonian results

HhO(Ug,ug) = ha)(vgug + %),

where we have adopted as the coherent-state basis exactly
that one associated with Hp,. Then, from Eq. (12), one gets
Ve = iwvg and i = —iwug, whose solutions read

Ug(tg) = Cieiwfg and Mg(lg) — Cje—iwtg.
From Egs. (11) and (15), we get
CE = e @IHOT2 and  CE = 7,/ @1-9T/2,

so that
Ug(tg) — Zéeiwlt57(1+E)T/2|’
uf(tf) — Zlefia)[tgf(lfé)T/ﬂ.
Using these solutions, we directly obtain
hwéT hoéT _
Ge="73 Se=—T7 —ihame ™,
—iwET

and Ag = ihugv: = ihz 25e . The prefactor becomes

. 172
(l_ 3285 ) — omiwET/2
h 0230z

The final result is

—i — 2_ 2, ¥ ,—iwET
,CE(Z;,ZI,T) —e l(;)ET/Ze 1/2|z11°—1/2|z2| e«.[ZZ(‘,

s

which is identical to the exact one,

Ke(22,21,T) = (za]e " T(@a41/2) 7))
— e*inT/2<Z2|efiw$TZl)‘

III. SEMICLASSICAL MEASURE OF ENTANGLEMENT
FOR PURE BIPARTITE SYSTEMS

We now focus on the main task of this paper, namely, the
derivation of a semiclassical measure of entanglement for pure
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bipartite systems via coherent-state propagators. In order to do
so, we need to extend the results of Sec. II to bipartite systems.
The procedure is well known [30,31], and its generalization
for the complex conjugate of the propagator is straightforward.

We consider the coherent-state basis given by |z) =
|zx,2y) = |zx) ® |zy), and the classical variables u; = (uf,ui)
and v = (vfc,vg). While S; has a straightforward extension,
the function G, requires the change,

82H(v§,u5) 82H(v5,u5)
N
ngaug ayiaui

82H(V§,llg)
av§ou

As far as the prefactor is concerned, we need to replace the
function (i /h)(8°Ss /925071) by

i 025,021y 025,021y i £
det | — =det| =S... ), (26)
B " R nonu
) Sg 8"55
023,021 023,021y

which can be equivalently written as [see Eq. (24)],

; +3-1 —
det(l—Sé )Z{(deth) , for & =41, 27

B (detM)~!, for &=—1.
Notice that M, and M, are now 2 x 2 blocks of the tangent
matrix. Equations (25) (and also their versions for § = —1) can

also be extended to the case of bipartite systems by replacing
each second derivative of S¢ by a 2 x 2 matrix analogous to
that of Eq. (26).

The entanglement of a pure bipartite system composed of
the subsystems x and y, at the time T, can be quantified by the
linear entropy of the reduced density matrix,

Siin(Hx) =1 — P(py), (28)

where p, = Tryp and p = | (T)) (¥ (T)|. The purity P of the
reduced density matrix g, is defined by

P(po) = Tre{p7} = Tro{[Tr, A(T)P). (29)

The information about the entanglement dynamics, encoded in
the linear entropy Sy, is fully contained in the purity, which,
hence, is the object of interest in this section. As we are mainly
interested in the dynamical behavior of the purity, hereafter,
we will denote P () simply by Pr.

A. Semiclassical reduced density matrix

Assuming an initial state given by |zo) = |zox) ® |zoy) and a
generic time-independent Hamiltonian H, the matrix elements
of the density operator in the coherent-state representation read

(21|p(D)|22) = (z1le™ """ |70) (2] T/ 2)
= K, (21,20, T)K (20,2, T).
Their semiclassical approximations are then given by

(21 1(T)|22) semi = K(27,20, T)K (25,22, T),  (30)

which can then be evaluated by means of complex classical
trajectories (ug (), Ve (tz)) with specific boundary conditions.
While, for K (z},z0,T), the boundary conditions are u/, = z,
and v’jr =z}, for K_(z},2,,T), they are u” =z, aqd v = z.
Matrix elements of p(T), therefore, can be semiclassically
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written as functions of pairs of (generally complex) classical
trajectories [(uy,v4) and (u_,v_)], connected by the fact that
u, =2zpand v_ = z.

Tracing over the subsystems y, we obtain the matrix
elements of the reduced density matrix

Culp Tz = [ Kel(Ehzp)ao )

d?*z.
X/C—[ZS,(sz,Zy),T]%- 31)

To calculate the integral, we apply the saddle-point method
[17,32]. The critical points (Z;‘,,Zy) satisfy the relations

d B i o
dz* |:_|Zy|2 + F—£S+[(zlx,z_‘,),zo,T]} =0,

| [ (32)
i _|— |2+l_8 [Z*( _ )T] _0
dz, & 5 O 120 (222 2y), =0.

As usual [17], we neglect G¢ for it is a low-order term in 7.

According to Egs. (21), the last equations imply that the
critical pair of trajectories [(fi,,V,) and (@, V_)] contributing
to Eq. (31) should obey the additional boundary conditions
szT(T) = Zy and v, (T') = Zj. Then, given the primary bound-
ary conditions ﬁ;f(T) =zj and i, (T) = Zy, it follows that,
among all pairs of trajectories contributing to Eq. (31), the
critical ones (still complex, in general) are those for which
the position and momentum in the y space at the final point
are real, having the same value for both trajectories, namely,
i, (T)—z andv (1) =7},

Expandmg the integrand up to second order around the
critical pair of trajectories, we get

Z Net/MS+G:+8-+G)
= —1,
pairs v det M v/ det M,

where the bar over the functions indicates that they
should be calculated With the critical pairs and N =
eIl =(1/2)lz1x P =1/ DleaeP=15 P | I addition,

dzidz,
I :f 2;'[1 exp{ESZ)T,YSZy},

8z) = (lzy —2,] [z;—2Z}D

is the transpose of 6z, and

(lelléx(TNZZx)semi = (33)

where

i %S _1
i 022
Y=1"_ i»rs
IR

The result for the Gaussian integral,

Lo (1S (1S, o
- ho9z2 | \no{z)? ’

alternatively can be written in terms of the tangent matrix,

i 92S_

LT MG, (M) Ry,
i 81%

. 2_

i 3_S+ _ T,MMJF,,(MITU)71
Ro{zzyr
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where we have defined the column matrix 4, whose transpose
reads hT (0,1). Using these expressions, we get

—1/2

I'=[1—-hIM,,(M,)" hyh [ M (M) 1y ] (34)

B. Semiclassical purity

Now, we proceed with the derivation of the semiclassical
formula for the purity Pr. For convenience, we introduce the
notation,

(2121 Pe(D)] 220 )semi = RV, W, v u” [ T), (35)

where we recall that contributing pairs of trajectories
(u+(#+),v+(t+)) have boundary conditions w/, =z, Vv_ =
z5, V| = (z},,2}), and u” = (22,,Z,), also u}(T) =z, and
v, (T) = z. The latter conditions state that the y position
and y momentum at time 7" must be real, with these two
classical quantities defining Z,. For the sake of clarity, we
have eliminated the bar over the trajectories involved in
Eq. (35).
Noticing that the purity (29) can be written as

d*w,d*z, . .
Pr = T(wx|px(T)|Zx)(Zx|10x(T)|wx>a
we write the semiclassical purity as
Pr = /R(v+,u+,v u’,T)

Xd X
< ROV U, .V U, T)%, (36)

where the two contributing pairs of trajectories (uy,vy) and
(U4, V), satisty, respectively:

() v =z,v_ =1z, =Wz},  ul =(z%y),
uf (T) = Zy, and v, (T) = Z};
(11) U/ - ZO’ V/ - Z()’ V” (Z:’ w;)’U/L = (w)ﬁwy),

UNT) = w,,and V, (T) = '*

In order to ﬁnd the cr1t1cal trajectories [(0i+,Vy) and
(U4,V1)] of Eq. (36), we look for its saddle points (Wy,W})
and (Z,,Z}). We find the following additional conditions:

Vx_(T) = II);, IZ;_(T) = U_—}x,
0, (T)=2;, UNT)=z,.
Therefore, all boundary conditions that must be satisfied by

the critical set of four classical trajectories contributing to Pr
can be summarized as follows:

(37

u, =z, Vi=W;.z), 0 =7,
Vo=1z5, U =(Z.Zy), = (23,2, 38)
U, =1, =@ w)), U =Gy,
V. =1z, U’L = (wx,wy), V7 = (},w}).

As discussed previously, the final point of the trajectory
(04,v,) is connected to the final point of (1_,v_), implying
the position and momentum in the y direction to be real and the
same for both trajectories. An equivalent conclusion applies
to (U, V+) and (U_,V_). Analogously, in the x direction,
we see by Egs. (37) that the trajectory (.4, V) is connected to
(0_,V_), while (i_,v_) is connected to (U, V,.). This means
that the trajectories contributing to Pr constitute a set of four
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trajectories whose final and initial conditions are mutually
connected according to Eq. (38).

A close look at these boundary conditions reveals that there
exists at least one trivial set of classical trajectories satisfying
all of them. It corresponds to the trajectory starting from
W, =0 =0,=0_=2adV =V. =V, =V_=g
Hereafter, we use a tilde to refer to this set of four identical
trajectories, which obviously satisfy, in addition, the condi-
tions Z, = w, and Z, = w,.

Now, a rather important point concerning the contributing
trajectories should be identified. Consider the class of time-
independent classical Hamiltonians H(v,u) deriving from
Hermitian Hamiltonian operators H(q,p). In these systems,
a trajectory whose phase-space variables are all real at a
given instant in time remains real for all times [33]. Since
the boundary conditions given by Eqgs. (38) assure that the
final point is real, the critical set of trajectories contributing to
‘Pr has exclusively real trajectories. Therefore, once the initial
point is completely determined, there is no other solution to
Eqgs. (38) but the trivial set discussed earlier. Applying the
saddle-point method to expand Eq. (36) around the set of real
trajectories, we obtain

Pr=IRW, W, V_ ' TRV, U, V. U.T), (39

where

Pw.dz, 1
Z:/%exp{ESWTASW},
Tl

with
T

ow' = ([w, — wx][wj: - u_):][Zx - Zx][Z;k - Zj])

The 4 x 4 matrix A can be written as

A, +C, -1 0 C.
A— —1 Ap + Cy C, 0
B 0 C. A, + C, —1 ’
C. 0 —1 Ap + Gy
where

. N .
=S g (e ) (L) o,
hoa{il}? h Qi 9] hoo{oy)?

. S . S 2 . >
Ay == 82~S+ L G= 8~2St - 32:9_ D,
ha{v))? h 90]07] h 8{u;{}2
i 3%°S R
C. = z — t L — | D', and
h9vyovy | \ hdaldal

i 928 i 3°S,
D=1-|-— —— .
hoofayy? ) \noa{o))?

The Gaussian integral Z then results

T = {1 = (As + Ca)(Ap + Cp)P
—2C2[1 + (Aa + C)(Ap + C1 + CH} 2. (40)
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Since the four trajectories are identical, we define

\/ \/ Y &3 \/ \/ Y 3
M, = Mffu =M, M, = Mffv =M

uvs
(4D
Y Y Crt Y Y 1t
M,, =M, = My, M,, = My, = My,
Then, for r and s assuming x and y, we have
i 92S S
L o pTNL, ML
h o) o
(42)
i 028, e el
nagpany MM B

with hf = (1,0). In addition, R(VZ_, ﬁ’+, v.,a ., T)= R(Vx_,
0;, \7’_, ﬁZ,T) = R, with

R = [detM,, ] [detM,, ]

x [1— R ML MG kML MG R, T2 43)
Inserting the last results in Eq. (39), we obtain
Pr = E2 detM,,,, det M, (44)
where
& =& +[(detM,, detM,, — det A det B)
x (detM,, detM,, — det CdetD) — £,
& = —4(detM,,, det M, det A’ det B')?,
E" = (detA’)? detBdetD — (det A’ det B')2
+ (detB')? det A det C,
with
1000

0001 | -~
0010

0100
A/D/
2.0

Equation (44) defines the general recipe for the calculation
of the semiclassical purity and constitutes, therefore, the
second important contribution of this paper. Crucial informa-
tion emerges from this result, namely, that the semiclassical
purity strongly depends on the determinant of sub-blocks of
the tangent matrix. This implies the purity to be essentially
determined by the stability of the (real) classical trajectories
underlying the corresponding classical system. In other words,
the semiclassical purity is sensitive to whether the trajectory
is chaotic or regular.

Note that Eq. (44) results the unit for the case of noninter-
acting subsystems, in agreement with the result predicted by
quantum theory. In this case, the elements M, , M, ,., My, ..,
and M, , , where both r and s may assume x and y, with
r # s, vanish because the subspaces do not couple. Then, a
straightforward manipulation of Eq. (44) leads to the expected
result.

= T
Il
=

/e
o P

(45)
1000

0010 ] -~
0100
0001

[l
=
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Therefore, given the classical Hamiltonian H(v,u) and the
center z of the initial state, the calculation of the purity with
Eq. (44) becomes a problem of classical mechanics. One may
wonder whether the semiclassical formula is able to describe
the dependence of the purity on the characteristics of the
initial state other than its centroid. However, by examining
Eq. (14), we realize that H (v,u) itself has information not only
about the physical interaction, but also contains quantities that
characterize |zy), namely, its variances b, , and c, ,.

IV. CASE STUDY: NONLINEARLY COUPLED
OSCILLATORS

As an example of application of the formalism, we show
now that, using Eq. (44), the short-time behavior of the purity
is suitably reproduced.

Consider the following Hamiltonian,

A=H®1,+1,® H,+1H, ® H,, (46)
where
) 2 A2
n D m,w;q;
H, = =
2m, + 2

for r = x or y. The initial state |[o) = |zox) ® |zoy) is chosen
such that |zo,) is the coherent state associated with H,. The
annihilation operator 4, and its eigenvalue zo, are

1 f]r iﬁr 1 qor ipOr
Ar =—\|\—+ and r=—=\-—-+ s
¢ \/E <br Cr ) 0 «/z (br Cr

where b, = /h/(m,w,) and ¢, = /m,hw,. (qor,por) gives
the location of the center of the wave packet in phase
space. In terms of the annihilation and creation operators, the
Hamiltonian is written

H =hQ.ala, + hQyala, +hTalaala, + e, (47)

where Q, = w, +1'/2,T" = Mo, wy,and ey = hi(w, + w,)/2.
According to Eq. (14), the underlying classical Hamiltonian is

H(v,w) =hQ v, u, +7hQvyuy +hlvucvyuy, + €.

The classical trajectories can readily be integrated and are
given by

(1) e !

uy() | | uhe™! 48
- ! oAt ’ ( )

U, (1) v.e

vy (1) vy ettt

where A, = i(Q, + Fu/yv;) and A, =i(Q2y + T'u/v}). The
tangent matrix can be written as the product of two matrices
M; and M; such that

Suy Su’
8u’y/ Su’
sor | = My M, so | 49
Sv” v/
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where
1 —au' vy 0 —au'u',
7oy !’
M, = au’,v, 1 au'yu, 0
0 av,v; 1 aviu', |’
! a2y !,
avyvy 0 avyu, 1
witha =iI'T, and
e T 0 0 0
Iy 0 M 0 0
2 =
0 0 ethT 0
0 0 0 et

As we are interested just in the trajectory starting fromu’ = z,
and v = zjj, we obtain
detM,, = e~ (1 — a?|zoc |20, ),
detM,, = e * I (1 — 42|70, * |20y %),
and, according to Eq. (45),
detA = a2|ZOx|2(Z3y)2ef(xf,\y)r’
detB = a?|z0.|*(z0))?e T,
detC = a?(z5,) 2oy et 2T,
detD = az(z()x)zlzoyIZe’(’\v"Av")T,
detA' = az, 25,
detB’ = —aZ0x20y-
Then, Eq. (44) becomes
_ 14+ x
T+ 6x + 223 + 2x)2
where x = |zo,|?|z0y|*[">T?. It is important to compare the

semiclassical result with the exact one. Using common
techniques of the quantum formalism, we obtain

Pr (50)

2(n+m)
TN
Pr=e Z n!m!
I'T(n —
X exp {—4|zoy|2 sin’ [%“ . (5D

This result is clearly different from the semiclassical one.
In particular, we see that, at the instant 277/ I, the quantum
result predicts the total recoherence of the subsystem (i.e.,
Py v = 1). The semiclassical formula, however, results in
a monotonically decreasing function of T and, as such, is
not able to reproduce the recoherence. On the other hand, let
us consider the short-time scale (I'T < 1). In this case, the
quantum result simplifies to

Pr = 1 = 2|z0.|*|z0y|*T?T?, (52)

which accurately agrees with the semiclassical purity Pr in
this limit.

This example revealed the limitations of our semiclassical
formula. We see that the approach is not able to capture the
physics of recoherences, which is associated with important
quantum phenomena such as interferences and revivals. Ac-
tually, we have seen that the semiclassical purity accurately
reproduces the exact result only within a very short time
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scale (I'T « 1) that is much shorter than the one in which
recoherence occurs (I'T = 2m). It has been shown in the
literature that interference phenomena can be reproduced by
semiclassical approaches involving more than one trajectory
(see, for instance, Ref. [34]). We expect a similar strategy to
be able to improve our results for longer times. This, however,
requires one to carefully revisit the formalism looking for
further contributing trajectories, which do not exactly obey
the boundary conditions (38).

As far as the entanglement is concerned—here, measured
by the linear entropy Sj, = 1 — Pr—we may write

Stin >~ 2H, T, Ty, (53)

where we have defined the dimensionless time T, = w,T.
In this expression, Hj,, corresponds precisely to the classical
version of the interaction Hamiltonian given in Eq. (46). Notice
that the short-time entanglement grows proportionally with
the magnitude of the interaction, as expected. Surprisingly,
however, it does not depend on 7 at all, thus corroborating
our claim that the onset of the entanglement dynamics can be
described in terms of classical mechanisms.

It is worth noticing that our semiclassical formula does
predict a dependence on 7, in general. Consider, for instance,
an arbitrary classical function H(q,p). The application of
usual quantization rules to this function (see, e.g., Ref. [35])
produces an fi-independent operator H(G,p). However, the
classical Hamiltonian entering in our recipe is given by
(zlh(@,P)|z) = H(q,p) + Yo" fu(g,p), which generally
depends on % [17]. It follows that the stability matrix and
the semiclassical purity will depend on % as well. However,
in the regime of large actions and energies, this dependence
manifests as a perturbation to the dynamics generated by
H(q, p) so that our claim remains valid.

V. FINAL REMARKS

We have derived a semiclassical formula for the purity of
pure bipartite systems initially prepared in a product of coher-
ent states. Since, here, we are concerned only with pure states,
our formula turns out to be a direct semiclassical measure of
entanglement. As a preliminary step toward the development
of our formalism, we have derived a unified semiclassical
formula, which is able to approach both propagators and their
complex conjugates.
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Our result for the semiclassical purity is given in terms of a
very compact formula (44), which is shown to depend only on
the trajectories of an auxiliary classical system. Specifically,
the short-time entanglement dynamics is proven to depend
exclusively on the elements of the tangent matrix, which
defines the local stability of the classical trajectories. As a
consequence, the initially separable wave functions get spread
and then entangle according to a rate that strongly depends
on whether the corresponding classical trajectory is chaotic
or regular.

Finally, in order to illustrate the theory, the formalism
has been applied to the problem of two nonlinearly coupled
oscillators, whose dynamics is rich in quantum effects, such
as collapses and revivals. The semiclassical approximation
has been shown to exactly reproduce the entanglement
dynamics in the short-time regime. This is consistent with
the approximations underlying the method.

Our results are in qualitative consonance with those
reported in Refs. [18,19] and give additional analytical support
to the widely known fact that the entanglement dynamics in
the regime of short times depends on the characteristics of the
classical point in phase space in which the initial state has been
centered (see, e.g., Ref. [5]). Moreover, they emphasize the
fact that the short-time entanglement is promoted essentially
by classical mechanisms, which here have been identified to be
the stability of underlying classical trajectories. Our findings
provide, therefore, analytical support for the numerical results
of Refs. [6,8], which show that it is possible to mimic the
entanglement dynamics in terms of entropic measures defined
in the Liouvillian theory.

The natural continuation of this paper consists in extending
the formalism to spin degrees of freedom. Moreover, even
though we have assumed the initial state to be a product of
coherent states, the generalization of the semiclassical purity
for arbitrary initial states is possible. Research on these topics
is now in progress.

ACKNOWLEDGMENTS

A.D.R. and R.M.A. acknowledge financial support from
CNPq/Brazil. We thank M. A. M. de Aguiar for a careful
reading of this paper and for valuable suggestions. We also
thank J. G. P. Faria, G. Q. Pellegrino, and M. V. S. Bonanga
for helpful discussions.

[1] M. A. Nielsen and I. L. Chuang, Quantum Computation and
Quantum Information (Cambridge University Press, Cambridge,
UK, 2000).

[2] R. Horodecki, P. Horodecki, M. Horodecki, and K. Horodecki,
Rev. Mod. Phys. 81, 865 (2009).

[3] A. Einstein, B. Podolsky, and N. Rosen, Phys. Rev. 47, 777
(1935).

[4] 1. S. Bell, Rev. Mod. Phys. 38, 447 (1996).

[5] K. Furuya, M. C. Nemes, and G. Q. Pellegrino, Phys. Rev. Lett.
80, 5524 (1998).

[6] R. M. Angelo, S. A. Vitiello, M. A. M. de Aguiar, and K. Furuya,
Physica A 338, 458 (2004).

[7] H. Han and P. Brumer, J. Phys. B 40, S209 (2007).

[8] R. M. Angelo and K. Furuya, Phys. Rev. A 71, 042321
(2005).

[9] Since the Liouvillian formalism is fundamentally based on
Newtonian trajectories, it is, therefore, a manifestly local and
deterministic theory.

[10]J. Gong and P. Brumer, Phys. Rev. Lett. 90, 050402
(2003).

[11] M. Znidaric and T. Prosen, Phys. Rev. A 71, 032103
(2005).

[12] There is another famous example of the connection between
classical concepts and exclusively quantum effects, namely, the

052335-8


http://dx.doi.org/10.1103/RevModPhys.81.865
http://dx.doi.org/10.1103/PhysRev.47.777
http://dx.doi.org/10.1103/PhysRev.47.777
http://dx.doi.org/10.1103/RevModPhys.38.447
http://dx.doi.org/10.1103/PhysRevLett.80.5524
http://dx.doi.org/10.1103/PhysRevLett.80.5524
http://dx.doi.org/10.1016/j.physa.2004.03.015
http://dx.doi.org/10.1088/0953-4075/40/9/S13
http://dx.doi.org/10.1103/PhysRevA.71.042321
http://dx.doi.org/10.1103/PhysRevA.71.042321
http://dx.doi.org/10.1103/PhysRevLett.90.050402
http://dx.doi.org/10.1103/PhysRevLett.90.050402
http://dx.doi.org/10.1103/PhysRevA.71.032103
http://dx.doi.org/10.1103/PhysRevA.71.032103

ENTANGLEMENT DYNAMICS VIA COHERENT-STATE ...

problem of quantization rules, in which the quantum energy
spectrum is built up from classical orbits [13].

[13] M. C. Gutzwiller, Chaos in Classical and Quantum Mechanics
(Springer-Verlag, New York, 1990).

[14] J. R. Klauder, Phys. Rev. D 19, 2349 (1979).

[15] Y. Weissman, J. Phys. A 16, 2693 (1983).

[16] E. A. Kochetov, J. Phys. A 31, 4473 (1998).

[17] M. Baranger, M. A. M. de Aguiar, F. Keck, H. J. Korsch, and
B. Schellaas, J. Phys. A 34, 7227 (2001).

[18] P. Jacquod, Phys. Rev. Lett. 92, 150403 (2004).

[19] P. Jacquod and C. Petitjean, Adv. Phys. 58, 67 (2009).

[20] J. H. Van Vleck, Proc. Natl. Acad. Sci. 14, 178 (1928).

[21] H. Solari, J. Math. Phys. 28, 1097 (1987).

[22] V. R. Vieira and P. D. Sacramento, Nucl. Phys. B 448, 331
(1995).

[23] E. A. Kochetov, J. Math. Phys. 36, 4667 (1995).

[24] M. Stone, K. S. Park, and A. Garg, J. Math. Phys. 41, 8025
(2000).

[25] A. D. Ribeiro, M. A. M. de Aguiar, and A. F. R. de Toledo Piza,
J. Phys. A 39, 3085 (2006).

[26] J. R. Klauder and B. S. Skagerstan, Coherent States. Applica-
tions in Physics and Mathematical Physics (World Scientific,
Singapore, 1985).

PHYSICAL REVIEW A 82, 052335 (2010)

[27] A. Perelomov, Generalized Coherent States and Their Applica-
tions (Springer-Verlag, Berlin, 1986).

[28] W. M. Zhang, D. H. Feng, and R. Gilmore, Rev. Mod. Phys. 62,
867 (1990).

[29] It is also possible to think of the change T — &T, since
K:(22,21,T) = K(22,21,ET). We prefer the replacement A —
& H because the corresponding changes in the formalism occur
in a more direct and easily justifiable way.

[30] A.D. Ribeiro, M. A. M. de Aguiar, and M. Baranger, Phys. Rev.
E 69, 066204 (2004).

[31] C. Braun and A. Garg, J. Math. Phys. 48, 032104 (2007).

[32] N. Bleistein and R. A. Handelsman, Asymptotic Expansion of
Integrals (Dover, New York, 1986).

[33] Given a Hermitian Hamiltonian operator H(§,p), then (zAz) =
((zHz))*. This guarantees that the classical Hamiltonian H(v,u)
can be written as a power series of the complex canonical
variables q and p, with real coefficients. Then, from Hamilton’s
equations, it follows that real points in phase space are allowed to
possess only real phase-space velocities. Therefore, the motion
is constrained to the real phase space.

[34] M. Novaes, Phys. Rev. A 72, 042102 (2005).

[35] R. M. Angelo, L. Sanz, and K. Furuya, Phys. Rev. E 68, 016206
(2003).

052335-9


http://dx.doi.org/10.1103/PhysRevD.19.2349
http://dx.doi.org/10.1088/0305-4470/16/12/016
http://dx.doi.org/10.1088/0305-4470/31/19/013
http://dx.doi.org/10.1088/0305-4470/34/36/309
http://dx.doi.org/10.1103/PhysRevLett.92.150403
http://dx.doi.org/10.1080/00018730902831009
http://dx.doi.org/10.1073/pnas.14.2.178
http://dx.doi.org/10.1063/1.527554
http://dx.doi.org/10.1016/0550-3213(95)00196-Y
http://dx.doi.org/10.1016/0550-3213(95)00196-Y
http://dx.doi.org/10.1063/1.530913
http://dx.doi.org/10.1063/1.1320856
http://dx.doi.org/10.1063/1.1320856
http://dx.doi.org/10.1088/0305-4470/39/12/016
http://dx.doi.org/10.1103/RevModPhys.62.867
http://dx.doi.org/10.1103/RevModPhys.62.867
http://dx.doi.org/10.1103/PhysRevE.69.066204
http://dx.doi.org/10.1103/PhysRevE.69.066204
http://dx.doi.org/10.1063/1.2710198
http://dx.doi.org/10.1103/PhysRevA.72.042102
http://dx.doi.org/10.1103/PhysRevE.68.016206
http://dx.doi.org/10.1103/PhysRevE.68.016206

