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We obtain a classical analog of the quantum covariance matrix by performing its classical approximation
for any continuous quantum state, and we illustrate this approach with the anharmonic oscillator. Using this
classical covariance matrix, we propose classical analogs of the purity, linear quantum entropy, and von Neumann
entropy for classical integrable systems, when the quantum counterpart of the system under consideration is in
a Gaussian state. As is well known, this matrix completely characterizes the purity, linear quantum entropy, and
von Neumann entropy for Gaussian states. These classical analogs can be interpreted as quantities that reveal how
much information from the complete system remains in the considered subsystem. To illustrate our approach,
we calculate these classical analogs for three coupled harmonic oscillators and two linearly coupled oscillators.
We find that they exactly reproduce the results of their quantum counterparts. In this sense, it is remarkable that
we can calculate these quantities from the classical viewpoint.
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I. INTRODUCTION

Within the theory of quantum information, many tools help
us describe the structure of the space of quantum states; in
particular, it has been found that many structures of geomet-
ric type can be developed, and this branch of the theory is
known as quantum information geometry. This branch aims
to develop structures that allow us to establish a measure of
distance between quantum states. Since quantum mechanics is
a theory based on probability, the most logical idea to establish
a geometric structure within this subject is to introduce a dis-
tance between probability distributions. In this way, Rokhlin
[1] and Rajski [2] introduced an information metric between
two random variables; of course, the concept of statistical
distance is entirely independent of quantum mechanics and
can be defined in any probability space. However, using this
metric, Schumacher [3] was able to show the nonseparability
of entangled states. On the other hand, the geometric structure
of quantum mechanics has also borne many fruits, defining
it through the parameter space using many quantities; among
the most notable are the quantum fidelity [4], the quantum
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metric tensor [5], the Berry phase [6], and the Loschmidt
echo [7]. Furthermore, using a recent formulation [8] it is
possible to rewrite these geometric structures in terms of
correlation functions of time-dependent operators. In contrast,
within classical mechanics, the state space has a real differen-
tiable manifold structure and the observables correspond to
the space of functions on the manifold. Despite this, there
are several classical analogs of some tools found in quantum
information geometry in the context of integrable systems,
like the Hannay angle [9] (see [10,11] for systems involving
coherent states) and the classical analog of the quantum metric
tensor [12-14].

A fundamental property of quantum mechanics is entan-
glement, which plays a crucial role in quantum information
and gives rise to quantities such as purity, linear quantum
entropy, and von Neumann entropy. All these quantities are
used to measure the degree of entanglement between quantum
states, which is the quantum phenomenon par excellence [15].
It is well known that quantum entanglement does not have a
classical counterpart [16], however, some of the mentioned
quantities do have a classic analog, such as linear quantum
entropy [17]. Furthermore, the quantum covariance matrix
is a widely used tool for studying entanglement; see, for
instance, [18] and references therein. An important feature
of the quantum covariance matrix is that it fully character-
izes Gaussian states, which play a crucial role in quantum
information theory and many quantum optics experiments.
For example, several quantum communication experiments
use only Gaussian states [19,20]. In this line of thought, we
wonder about the classical analogs of the quantum covariance
matrix, purity, linear quantum entropy, and von Neumann
entropy for classical integrable systems.

Published by the American Physical Society


https://orcid.org/0000-0002-0549-5706
https://orcid.org/0000-0002-0206-7378
https://orcid.org/0000-0002-8805-0963
https://orcid.org/0000-0002-8615-761X
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevA.105.062412&domain=pdf&date_stamp=2022-06-06
https://doi.org/10.1103/PhysRevA.105.062412
https://creativecommons.org/licenses/by/4.0/

BOGAR DIAZ et al.

PHYSICAL REVIEW A 105, 062412 (2022)

The purpose of this article is twofold. First, we derive a
classical analog of the quantum covariance matrix by perform-
ing its classical approximation in the context of integrable
systems. Notably, the classical covariance matrix is able to
produce the same results as its quantum counterpart, up to the
use of a quantization rule for the action variables. Second,
using the classical covariance matrix, we propose classi-
cal analogs of the purity, linear quantum entropy, and von
Neumann entropy for Gaussian states. Our classical analogs
provide a measure of “nonseparability” of the individual
subsystems in phase space. In [21] it was suggested that
a classical analogy of a quantum state {4pg, in which the
subsystems A and B are entangled with the environment E,
is given by a probability distribution P(X4, X, Xg) where X,
Xp, and Xg are random variables. In this paper, we elaborate
more in the context of this analogy, considering that the role
of the random variables is played by the classical phase-space
variables expressed in terms of action-angle variables and
the variances correspond to the correlation functions of the
system. An important feature of these classical analogs is
that they can be calculated for any classical integrable system
using classical tools only, with the advantage that they yield
the same mathematical results as their quantum counterparts
for Gaussian states, as demonstrated through the examples.

The structure of the paper is the following. After this
introduction, in Sec. II, we first review the relationship be-
tween the quantum covariance matrix, symplectic matrix, and
quantum geometric tensor using the path integral formulation
of quantum mechanics. Then, we obtain a classical covari-
ance matrix for classical integrable systems, written in terms
of action-angle variables, and establish its relation with the
quantum covariance matrix. We show that this classical matrix
yields the same results of its quantum counterpart for the
ground state (which it is not Gaussian) of the anharmonic
oscillator, up to a quantization rule. In Sec. III, we recall the
definition of purity, linear quantum entropy, and von Neumann
entropy. These functions are completely determined by the
quantum covariance matrix of the system if it is in a Gaussian
state. Then, taking this into account, in Sec. IV, we introduce
classical analogs of the purity, linear quantum entropy, and
von Neumann entropy for classical integrable systems. These
classical analogs are entirely determined by the classical co-
variance matrix of the classical system. In Sec. V, we compute
and compare our classical analogs of the purity, linear quan-
tum entropy, and von Neumann entropy with their quantum
counterparts for two examples: three coupled harmonic oscil-
lators and two linearly coupled oscillators. In Sec. VI, we give
our conclusions and some comments. The paper ends with
Appendixes A and B.

II. QUANTUM AND CLASSICAL
COVARIANCE MATRICES

The quantum covariance matrix o = (o) of a quantum
state |m) has entries given by

Oup ‘= %(f'af'ﬁ + fﬁf'a>m - <f'a>m(fﬁ>ma (1)

where £ = (q1,..., 4y, P1»....Py)" is a 2N-dimensional
column vector of position and momentum operators, o and
B run from 1 to 2N, and (-),, = (m| - [m) stands for the ex-

pectation value in the state |m). Throughout this paper, bold
letters with a hat denote quantum operators. Before carrying
out the classical approximation of the quantum covariance
matrix (1), we want to show how it and the Fubini-Study
metric are related, which can be performed using the path-
integral formulation of quantum mechanics. Suppose that a
Hamiltonian H; describes our system during the time interval
t € (—00,0), and assume that this Hamiltonian depends on a
set of phase-space coordinates (q,, p,) witha =1, ..., N and
some parameters A, witht = 1, ..., M. We shall consider that
the full set of phase-space coordinates and parameters is de-
noted by z4 = (g4, Pas M), in consequence, A =1, ...,2N +
M. Furthermore, we assume that H; possesses a discrete and
nondegenerate spectrum E,. Now, consider that at t = 0, the
system suffers a perturbation that modifies the Hamiltonian in
the form

Hy = H; + 087", 2)

where O, = 9H;/dz* are deformation functions and the sys-
tem evolves from (0, co0) with this new Hamiltonian Hy.
Notice that here we are considering more general variations
than those given in [8] since we allow variations of the phase
space variables (g,, p,). However, these variations could only
be translations in such a way that we can extract them from the
quantum averages. Now, following a procedure analogous to
that presented in [8], we can arrive at a generalized quantum
geometric tensor for the mth state

10 > A A
Giy =~ / dnf dn(Oat)On(12))
—00 0

—(Oat))m(Op(t2))m]. 3)

The real part of this tensor gives the Fubini-Study metric,

g™ = Re Gy, and its imaginary part is related to the (gen-

eralized) Berry curvature, F,n’ = —2Im G An alternative
expression for (3) is given in [22]. In this way, we have
full expressions for the quantum metric tensor and the Berry
curvature for the mth quantum state and defined for arbitrary
variations in the parameter-space and phase-space transla-
tions.

The phase-space part of gfﬂ;) is related to the quantum
covariance matrix in the following way:

(m) _

L/, L
8guaqy = (E(papﬁpbpa)m— (pa>m(pb>m)7 (4a)

7

-1/t . .. R
Loy = ?<§(paqb + @pPa)m — <pa>m(qb>m)s (4b)

g(lij;b = %(%«iaélb + qb(ia>m - <(]a)m<qb)m) . (40)
The proof of these equations is given in Appendix A. In this
way, we observe that the Fubini-Study metric for the phase-
space variables reduces to the quantum covariance matrix (1),
up to the 1/ factor and a sign in the components g") .
As a closing remark, it is worth noting that the phase-space
part of the generalized Berry curvature Fa(gz) is related to the
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symplectic matrix Qqp 1= —i[F,, Fg] as

- % Qqp. &)
Thus, the generalized quantum geometric tensor (3) contains
both the quantum covariance matrix and the symplectic ma-
trix. Notice that the quantum geometric tensor associated to
the parameters admits a classical analog. Then, it is natural to
look for a classical analog of the phase space part of (3).

(m) _
Fp =

A. Classical approximation of the quantum covariance matrix

In this section, we consider classical integrable systems for
which the action-angle variables I = {I,} and ¢ = {¢,} exist
and prove that the quantum covariance matrix (1) reduces
to the “classical” covariance matrix ¢ = (0 ) with matrix
elements

- (rat>cl<rﬂ>c1» (6)

in the classical approximation, i.e., when % — 0, m — 0o
such that mh is constant and equal to a particular torus
I, corresponding to a quantum state |m). In (6), r =

1
O'(;:ﬂ = <rozrﬂ>c1

Gy qnsP1y -+ py)T is a 2N-dimensional phase-space
column vector and we define
1 2 v
= —_— PN d , 7
(ai= o [ aver )

which denotes the classical average of a function f = f (¢, I).
Here, we write dV¢ = d(pl -+ dey. Notice that (6), as well
as (1), is symmetric (o wf = oﬂa) and positive-semidefinite. In
Appendix B, we provide another perspective on the classical
average (7).

The proof can be done straightforwardly by using the
Wigner-function formalism [14,23-25]. In this approach, the
expectation value of an operator O(q, p) can be written as

(0),, = / d¥gd"pw,, O, (8)

where W, is the Wigner function and O is the Weyl transform
of O, which are, respectively, given by

_ 1 TN, z _z
Wa(q, p) = T /_ood ze Ilfm<q+ 2)%(61 2)
(9a)
T e 4 2 _z
O(CI,P)—/_OOd ze < 5 0(q, p)|g 2> (9b)

Here, the variables ¢ = {g,} and p = {p,} are the eigenvalues
of the operators q and P, respectively. Also, we write p -
2= Yl Patar and Yu(g+3) = (g + 3Im), ¥i(g —3) =
(mlg — 5). Some useful results are that if F = F (@), G =

G(p), and K= z(qapb + Ppq.), then their Weyl transform
satisfy F = F(q), G = G(p), and K = q,p,, respectively
[25].

Let us now consider a quantum system whose classical
motion is integrable. In the classical limit (which we denote by
=), the Wigner function W, (¢, p) becomes a delta function on
the torus I, associated with the quantum state |m) [26]. More

precisely, it is given by

1
Winlq. p) = n )Nﬁ[l(q p) = Inl. (10)

Using (10) together with (8) and (7), we can show that

o0
(Qa)m = / dNgd"p 811(q, p) — In)qa
—00

1
Q@mN

1 00 2T
=GP /0 dN1 /0 d¥o 85I — L)qu(I, ¢)

1 2w
= W/o d ¢ qu(ln, 9)
= (‘Za>cl~ (11)

By following an analogous procedure, it is possible to prove
the following relations:

(QaQpdm = (qaqp)el, (12a)
(Padm = (pa)el, (12b)
(PaPb)m = (PaPb)ecls (12¢)
5(@aPo + Polia)m = (Gapp)a. (12d)

Plugging (11) and (12) into (1), it follows that 0,5 >~ o ﬁ, and
hence

o~o, (13)

which completes the proof. Then, we show that, for a quantum
system whose classical counterpart is integrable, the classical
analog of o is given by . This means that we can get a first
glimpse of the quantum covariance matrix o from the classical
framework by using o\,

To complete the scheme, we introduce the classical analog
of the symplectic matrix (5). In this case, to order /i we now
obtain

Lo
—(@aPy — Polia)m
ih

1
= —{qa * Pb— Pb * Ga)m = ({qa> Pb})cl, (14)

il

where to take the classical limit, we first transform all the
operators to functions using the phase-space formalism of
quantum mechanics and the Moyal product [27], and {q,, p»}
corresponds to the Poisson bracket. On the other hand, since
the classical covariance matrix is positive-semidefinite it fol-
lows that the corresponding uncertainty relation between the
functions r, and rg is

sy 2 0. (15)

See [28] for a general classical statistical uncertainty relation.

In the next sections, we exploit the consequences of (13)
and propose, for integrable systems, classical analogs of some
quantum quantities that can be written as a function of the
quantum covariance matrix.

B. Classical and quantum covariance matrices
of the quartic anharmonic oscillator

Here, we illustrate the computation of the classical covari-
ance matrix for the quartic anharmonic oscillator and compare
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it with its quantum counterpart. We consider the Hamiltonian

2
mwy o

! 2+ +A 4 (16)
m? T 4T

H =

with & > 0 but A < 1 so that we can treat the system pertur-
batively.

We begin by splitting the Hamiltonian into two pieces:
the unperturbed exactly solvable Hamiltonian Hy = ﬁ P+
mwé
2
as

¢*, and the perturbation H; = %q“. In this way, (16) reads

H = Hy + AH,. (17)

The action-angle variables (¢, Iy) of Hy are

2Ly .
q = smgo,
ma

p = +/ 2lymw cos ¢y.

(18a)

(18b)

To find the action-angle variables (¢, ) of the complete
Hamiltonian (16), we need the generating function of the
canonical transformation (¢g, Ip) — (¢, I) which we call W.
This function depends on the mixed pair (¢p, ) and is ex-
pressed as a power series in A:

W = @ol + AWy + AW + - -, (19)

where the functions W's are computed through canonical per-
turbation theory [29]. This in turn allows us to obtain Iy and ¢
as

ow oW ow,

ly=— =14+ r—+12— 4., (202)
9o dpo do
ow 8W1 23W2
_ow _ KM 52002 20b

The substitution of (20a) into (18) and a further expansion in
A gives us the required elements to compute the classical co-
variance matrix. All that remains is to change the measure of
the classical average (7) as dp = (d¢/d¢o)d @y using (20b) to
facilitate the integration. The averages (q) and (p). vanish,
and the components of resulting classical covariance matrix to
order A? are

A _ (o2 1 A2 851213 N (1)

o = = —_ ey,
1=\ mwy  8miwy  2304miw]

ofy = (gp)a =0, (21b)
a ) A2 172213

0y = (P )a = mawpl + +.--. (2lo)

8mw} B 768m3w;)

Now, on the quantum side, we compute the quantum co-
variance matrix for the ground state only, which already
departs from a Gaussian state. To this end, we use the per-
turbative procedure of nonlinearization to obtain the wave
function as a power series in A [30]. Once the wave function
is obtained, we can compute the required expectation values,

(Ag)*(Ap)*

0.2506 -
0.2505 -
0.2504 -
0.2503
0.2502
0.2501
0.2500 —=======-- -~

FIG. 1. Plot of (Ag)*(Ap)® as a function of A fixing m = 1,
wo =1, =1, and I = 1/2. The dashed blue curve corresponds to
the classical result and the solid orange corresponds to the quantum
result.

finding that (q)o and (p)o vanish. The quantum covariance
matrix to order A2 turns out to be

7 AR? 35120
A2
_ — _ (22
o1 =@ 2mwy  16mPw]  1536miw] + (222)
1
o = 5(6113 +Ppg)o =0, (22b)
%) maoh AR AR N 220)
O = = —_ cee C
2= 0= T T e 512m0;

To compare (21) with (22), we need to establish a quanti-
zation prescription for the action variable. A first and simple
approach, although not exact, is to use the quantization rule
of the harmonic oscillator for the ground state [ = 7i/2; this
yields important differences between the coefficients of the
terms in both series. A second approach is to use different
quantizations for different powers of the action variable, anal-
ogous to what was done in [12,13]. In this case, the rules are
I =1/2,1* = h*/2,and I° = 21k% /34, which substituted into
(21) give rise to (22) and are precisely the same rules that
reproduce the energy series [31,32]. This shows that, even
for this nonquadratic system, the classical covariance matrix
leads to the same results as its quantum counterpart modulo a
quantization rule.

In the light of the classical uncertainty relation (15), we
draw our attention to the product of the variances (Ar,)? =
((ra — {ra))?) = {r2) — (ra)> = 0}, of ¢ and p. Using (21)
we obtain, in the classical case,

At

A AP =1F — ———
(Aqy(Ap) 1152m* et

e @)

and using (22), the result in the quantum case is

N N h2 )\'2’;’4
(AQ)°(Ap)" = — +

At L 24
4 1536m4a)8 + 24)

Clearly, the zeroth order in A corresponds to the well-known
result of the harmonic oscillator.

In Fig. 1, we show the plots of both functions and see that
the curve of the quantum result grows with A, as opposed to
the classical result. This illustrates the fact that the product of
variances in the quantum case must be greater than or equal to
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1i? /4, which is a stronger constraint than the nonnegativity of
the classical case.

III. PURITY, LINEAR QUANTUM ENTROPY,
AND VON NEUMANN ENTROPY

The purity © of a normalized quantum state, described by
a density operator p, is defined as [33,34]

() = Trp?. (25)

Notice that for pure states > = p and then u takes a maxi-
mum value of 1. On the other hand, for mixed states p2? # p
and thus 0 < u < 1. The purity is related to the linear quan-
tum entropy Sz by

Sp(p) =1 —n(p), (26)

which provides a measure of the degree of mixedness of a
quantum state.

So far, we consider general quantum states. In what fol-
lows, we restrict our analysis to Gaussian states, which are
well known for being fully characterized by the quantum
covariance matrix and the first moments of the canonical oper-
ators [33,34]. The motivation is that, for these states, the purity
depends only on the quantum covariance matrix [33,35-39].
In fact, considering an n-mode Gaussian state with quantum
covariance matrix o, (n denotes the degrees of freedom of
the subsystem formed by the particles aj, as, ..., a, of the
system of N degrees of freedom), the purity (25) takes the
simple form

a\" 1
a,ax,...,ay) == ———. 27
ular, a ) <2> Jdoton, 27)

Here, the subscript (n) represents (a;, az, .. ., a,), for a com-
pact notation. We must notice that, written in this way, the
purity u has a statistical interpretation in terms of the quantum
covariance matrix or the Fubini-Study metric, which tells us
how much information from the complete system remains in
the subsystem considered. This fact will allow us to give a
classical interpretation of the quantum purity, as we will see
in the following section.

The name “linear quantum entropy” of Sy, follows from the
fact that it corresponds to a lower approximation of the von
Neumann entropy S, which for a quantum state p is defined
by

S(p) = =Tr(pIn p). (28)

The von Neumann entropy is zero for pure states and serves
as a measure of the mixedness of the quantum state [34].
Notably, for an n-mode Gaussian state with covariance matrix
0 (), this entropy can be written as [33,38,40-42]

Star, ay. ....a) =Y _ S(wp), (29)
k=1

with
S = (s 30+ 5) = (= o — 1), GO)

where v, are the symplectic eigenvalues of o, /h, ie.,
they are the entries of a nonnegative diagonal matrix D =

diag{vy, ..., v,}, which, together with a suitable symplectic
matrix M, permits us to write

M=, )

nxn

Notice that S(vy) = 0 only if v; = 1/2, and that in the case of
one degree of freedom [41], for the particle a;, we have

_1 g 32
V= n Opu,Pa; 940,90, — (Uqulpal) . (32)

It is worth mentioning that using (31), the purity (27) can
also be expressed in terms of the symplectic eigenvalues of
o /h. In fact, we have

I\
l’L(a17a2v "'aan) = (i) Evk 1' (33)

IV. CLASSICAL ANALOGS OF THE PURITY, LINEAR
QUANTUM ENTROPY, AND VON NEUMANN ENTROPY

The goal of this section is to provide classic analogs of the
purity (27), linear quantum entropy (26), and von Neumann
entropy (29) in the framework of classical integrable systems.
Then, we consider here a subsystem consisting of the n parti-
clesay, ay, ..., a, of the classical integrable N-system, which
is written in terms of the action-angle variables (¢, I).

Bearing in mind (27), the relation (13) for the quantum o ()
and classical cr(Cn') covariance matrices, i.e., 0 ;) = a(c,:), and the
Bohr-Sommerfeld quantization rule for the action variables, in
the sense /i/2 — I, it is natural to define the classical function

1 n
plarar, .. ap) = ——=—=—=[Tl (34
/det O’(cr:) k=1

We recall that the /,, is associated with the kth normal mode.
This in turn allows us to define, in analogy with (26), the
classical function

ay)=1—uNay,a,....a,).  (35)

It is worth making some comments about (34) and (35). First,
ue and S§! are purely classical quantities and to calculate
them no a priori knowledge of the corresponding quantum
system is required. Second, 1! and S§! are functions of the
action variables and the system’s parameters only. Conse-
quently, to compare u°' and Szl with p [given by (27)] and
Sy, respectively, we should resort to the Bohr-Sommerfeld
quantization rule and set I, = ii/2. However, to avoid the
use of this rule and keep the calculations completely in the
classical setting, we can define classical functions from (34)
and (35) closest to their quantum counterparts by making all
action variables equal to a real-positive constant «. By doing
this, the resulting classical functions are

cl
SL (Cl], as, ..

iNar, a, ... ay) = lim nay, a; ..., a,)
—
. 1
= o" lim ——, (36a)
fi—a /deta(i})
SNai, ar, ... a) =1 = iNay, aa, ..., ay), (36b)
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which can be regarded as classical analogs of the purity (27)
and linear quantum entropy (26), respectively. We remark that
i and S§! are classical quantities since in their calculation we
do not need to invoke anything from the quantum framework.
As we will see in the examples of Sec. V, the functions fLCl
and S‘Zl yield exactly the same mathematical results as their
quantum counterparts and, remarkably, without the need of
setting o = 71/2. Notice that (36a) and (36b) are defined for
any integrable system. However, it is only when the corre-
sponding quantum system is in a Gaussian state that ' and
8¢l correspond to the classical analogs of the quantum purity
and linear quantum entropy, respectively.

In complete analogy with (29) and taking into account
the relation (13) for the quantum and classical covariance
matrices as well as the Bohr-Sommerfeld quantization rule for
the action variables /2 — I, we define the classical function

SNar,a, ... an) =Y SNow), 37
k=1
where
§(00) =(ox + 5 In (ox + 4) — (o — 3 n (00— ),
(38)

with oy := o!/21,, being of' the symplectic eigenvalues of
a(C,}). In the case n = 1, for the particle a; we get

o1 ! ol g —(0°1 )2. (39)

- 21a1 Pay Pay ~ Gay 9a, qay Pay

We can go further and define a classical function closer to
(29) by setting all action variables equal to a constant in (37).
That is, we can define the function

$Uar, aa, ... ay) =Y 8N,

(40a)
k=1

O := lim oy, (40b)
Ik—pB

where S is given by (38) and S is a real-positive constant,
which, as we will see, disappears during the calculation (as
in the classical analog of the purity). The function (40a) is
defined for any integrable system and can be regarded as
a classical analog of the von Neumann entropy when the
quantum counterpart of the system under consideration is in
a Gaussian state. A remarkable fact about (40a) is that it
can be calculated completely from a classical point of view
and, as shown in the examples, it yields exactly the same
mathematical results as the von Neumann entropy.

Notice that the classical analog of the purity (34) can also
be expressed in terms of the symplectic eigenvalues &; as

] n
ﬂ/d(alschy'-'van): (5)1_[6‘](_11 (41)
k=1

in analogy with (33).

Finally, to better understand why we obtain the same
mathematical results of the purity and entropy from a clas-
sical point of view, we can observe that we have both local
and global information when describing our system in terms

of action-angle variables. Thus, using the n action vari-
ables, we have a torus 7”". In contrast, when analyzing the
correlations of the original variables [q (¢, ), ..., g.(¢, ),
pi(e, D), ..., pa(p, D], we see a knot K"(K") since all the
variables are correlated in this case and we are observing the
n subsystem. In this sense, the classical functions i, $§!, and
S¢! provide a measure of “nonseparability” of the individual
subsystems in phase space.

V. EXAMPLES

In this section, we present two examples of coupled oscil-
lators for which we compute the classical functions defined
in the previous section. At the same time, we compare the
results with those found using the quantum definitions for
the ground state of the quantum counterpart of these classical
integrable systems. Both examples show that our classical
approach provides exactly the same results as their quantum
counterparts.

A. Three coupled harmonic oscillators

Let us consider a system of three coupled harmonic oscil-
lators (N = 3, a = 1, 2, 3) with parameters {k, ki, k13}. The
Hamiltonian reads

H(g,p)=Hpl + B3+ D3+ k(g + 85 +43)
+kial(q1 — ¢2)* + (g2 — ¢3)°]
+ki3(g3s — q1)*} (42)

To deal with this Hamiltonian, it is convenient to introduce
the transformation from the variables (g, p) to new variables
(Q, P) given by

Q0=Sq, P=Sp, (43)
where
0 q1 Py P1
0=, g=|a|, P=|~| pr=|pr|,
03 q3 P D3
44)
and
. . .
V3 V3 V3
_ 1 2
s=| % 3 | (43)
L 0 L
V2 V2

which allows us to express the Hamiltonian (42) in the form

H(Q.P)=5(P{ + P; + P; + 0] Q7 + 0,05 + 03,03),

(46)
where
w) = \/E, Wy =+ k+3kpp, w3:=+vk+kp+ 2k,
47)

are the frequencies of uncoupled harmonic oscillators. Notice
that we restricted ourselves to the case k > 0, k + 3k, > O,
and k + ki + 2k3; > 0. In turn, the transformation from the
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variables (Q, P) to the action-angle variables (¢, I) is given by

20,\"?
Qa—< ) sin ¢, :(2wala)1/zcos¢a,

(48)

With this at hand, we compute the 6 x 6 classical covari-
ance matrix (6), obtaining

wa. ) ) d Oqq  Ogp
and the classical average of a function f = f(p,I) is o = o o) (50)
computed via w e
1 2w
fla = sl / / /0 o f (49)  where the block matrices o4y, 0,p, and o, are given by
J
121 I 3r I I 121, I 3,
(e a-a G ra W)
w=z|  wmw wte atw | (5la)
121, L 3l I L 12 I 3I
S+ e o8 G rE+R)
| 3Qho; + hwy 4+ 3Lws3) Loy —hwy,  3Q2Loy + ho, — 35w3)
O =3 Liw, — bhay Loy +2hw, Loy — hw, , (51b)
%(2110)1 + 12(,()2 - 3130)3) 110)1 — 12(,()2 %(2]10)1 + Iza)z + 3]36()3)
Ogp = 033. (51c)

We can obtain the classical covariance matrix of each subsystem by taking from (50) the respective rows and columns. The
subsystems are as follows: each oscillator (1), (2), and (3); the possible pairs (1,2), (2,3), and (1,3); and the complete system

(1,2,3).

1. Classical analog of purity

Using (34) and (50), we obtain the following results for each subsystem:

w1 wrw3

w(1) = 61, , (52a)
QLwi + Lhws 4+ 3Lw3)[wBLw, + Lhws) + 2liwyws]

cl w12
2) =3I , 52b
w2 2\/(11602 +2Lw ) 1o + 2Lw,) (52b)
n@3) = °1<1) (52¢)
1f(1,2) = 61,1 \/ D1en®; , (52d)

QChhLw + Liwy + 311 Lws)[jw 3hw, + Bws) + 2L wws]
cl w1w2
1,3) =3I , 52
w3 =3 o o T hon)Clhor + han) (52e)
I

192,3) = 2ud(1,2), (52f)
w(1,2,3)=1. (52¢)

Notice that the resulting functions u°' depend on the action
variables [ and the normal frequencies w, except in the case of
the complete system [see (52g)].

We now calculate the classical analog of the purity (36a).
Setting [y =L =1L =« in (52), it is straightforward to
obtain

’ac](l) -6 w3
Qo + 0y + 3w3)[w1Bws + ®3) + 2wr03]
(53a)
el 23\/ w1 , 53b
PR =3 o T 201 (w1 1 200) 43b)

(

along with 29(3) = pv(1,2) = a%@2,3) = ),
a1, 3) = a(2), and (1,2, 3) = u(1,2,3). Some of
these equalities are expected because the system is symmetric
under the interchange 1 <> 3. Let us make some comments
about these results.

(1) As expected the functions i take values between 0
and 1. Notice that they do not depend on «.

(2) Notice thatif w; = wy = w3, then (1) = 1, which is
the case for uncoupled oscillators ki, = kj3 = 0. This means
that the oscillator (1) is pure only if it does not interact with
the oscillators (2) and (3), as we can expect.

(3) We have that if w; = wy, then °(2) =1, which
corresponds to kj; = 0. This means that the oscillator (2)
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is pure if it does not interact with the oscillators (1)
and (3).

(4) Using these classical analogs of purity and (36b) we
can also calculate the classical analog of the linear quantum
entropy.

2. Classical analog of the von Neumann entropy

To calculate the classical analog of the entropy we need the
symplectic eigenvalues o, of the classical covariance matrix
of each subsystem and the corresponding &,,. They are given
by

1 2]1 L 3 3L
(): o0, = + QLw; + Lhwy + 3Lw3)
12[1 a)2 w3
1 2 1 3
=01 = + — + Qwi 4+ wy + 3w3), (54a)
12 w?
1 11 2D 2w 2w,
2): 01 = + — J(Lho, +2Lwy) = 61 = 54—+ —, (54b)
612 W w2 w1
1 211 L 3 35
3):o = + QLo + b, +3Lw;3)
1213 a)z w3
1 2 1 3
=6 = —./|—+— + Qw; + wy + 3ws3), (54¢)
12 w1 w?
(1,2) = ﬁ\/mwzws —VF+E?)
02 = 1212\/211)1&)2(1); (E + F + Ez)
51 =1
= (54d)
Gy = 112\/( + - —l— )(2a)1+w2+3a)g)
with E = 16112601602603 + 2L Lws (a)l + 0)2) + 6]1]3602(&)1 + a)%) + 25122(1)1602603 + 3L Lw; (a)% + 0)%) + 91320)1602603,
F .= —144w w3 Bl1hws + L1 wy + 2L o) [ wy(Bhw; + Lws) + 2L Lw,ws],
o] = 2[—;] 6’] = %
(1,3) : = _ - -, (54e)
o= g /(A + L)Qhor + hoy) G =g,/5+ 2+
1 VR )
(2 3) . o1 = 1212 \/Zwlwza); F +E2)
9 . 1
02 = TI;\/Zwlwz(m v F +E2)
61 =1
= (541)
=5 /(2+L+2)C0 + 0 +303)
o1=3=6,
(1,2,3) : {oa =3 =0, (542)
03 = % = &3.
Using these results, the classical analogs of the von Neumann entropy (40a) for each subsystem are
5 (1) 1 ) [2w3(a)% — Nowjwr + a)%) + 303(0) + 2w2) + 3w 2w + wz)]6
=—|lo
12 & 8916100448 256w?wga)§
2 1 3 h 6
+ 2 + — —|— (26{)1 —+ w7 —+ 36()3) tanh™ , (553)
2 JE+ L+ 2)Co + o +30y)
- 1 2w 2w 3 18
902 =~ |2/ 4 22 s | —2 —3log<&22) (55b)
6 w3 w1 /Zw_a;l_i_zw_aiz_}_S (w1 — w7)
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behavior of these functions, in Fig. 2(a) we plot the classical
analog of the entropy S¢/(2) and the classical analog of linear
quantum entropy S¢'(2) as functions of the frequencies w; and
w,. Also, noticing that §¢(2) and $§'(2) actually depend on
the quotient w;/w;, in Fig. 2(b) we plot them as functions of
this quotient. Clearly, we see that both §¢(2) and $§(2) are
equal to zero when w; = w;, as we already pointed out.

3. Quantum approach

The aim of this subsection is to compare the previous
results with those coming from the quantum approach. The
quantum counterpart of the Hamiltonian (42) is

N Lo 0 . 2 A2 A
H@.p) = 5 (BT +P3 + 3+ k(af + @5 + &)

+ kio[(@1 — @) + (@2 — @3)°] + k3@ — @)’}
56
0 (56)
) The ground-state wave function of this system is Gaussian and
given by
B SCI 2
(2 (@) 1 o )
o Vo) = g P | g 2@ +200)
w2

+ (q% + q%) Qw1 + wy + 3w3)

- +4q:(q1 + g3) (w1 — @2
FIG. 2. (a) Classical analog of the quantum entropy S¢(2) 921 + 4a)(en )

(green) and classical analog of the linear quantum entropy S¢(2) +2g193w; + 0> — 3w;3 )] . (57)
(dashed orange) for the subsystem (2) as functions of w; and w,.
(b) 8¢'(2) (solid green) and 5’21(2) (dashed orange), but now as func-

tions of w; /). Using this state, the quantum covariance matrix (1) turns out

to be
along with §9'(3) = §°(1, 2) = §9(2, 3) = §(1), §(1, 3) = o= (Z‘” g‘”’> (58)
§¢1(2), and §¢!(1, 2, 3) = 0. Notice that if w; = @y = w3 then a- Tep
$(1) = 0, and if w; = w, then S9(2) = 0. To illustrate the  where
J
1(2 , 1,3 L1 12 .1 _ 3
[Tt e 2Gra =)
L1 1,2 L
99 = ¢ o o o 7w o ’ (3%)
(2 .1 _ 3 L1 12 41 3
G ta o) ama @ Tata)
" %(2w1+a)2+3w3) W] — Wy %(2(01 + wy — 3w3)
O =g ) — @ o + 2w, W) — @ , (59b)

%(2w1+w2—3a)3) W) — W %(20)1 + wy + 3w3)
O’qp = 03><3. (59C)

By using the Bohr-Sommerfeld quantization rule I, — %/2, it is straightforward to verify that the resulting classical and
quantum covariant matrices, (50) and (58), satisfy the relation (13).

The covariance matrix of each subsystem can be easily obtained by taking from the above matrix the respective rows and
columns. Using (27) and (58), we compute the purity of each subsystem, obtaining

wiwrw3

1) =

) = O o T ar + 3w Geon T 3) + 2Zanans]’ (60a)
w1wr

2=3 ’ 60b

#e) \/(Za)l + wy)(w1 + 2w») (60b)
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along with (1,2,3) =1, u(3) = u(1,2) = n(2,3) = u(l),
and u(1,3) = p(2). Comparing (53) and (60), it is direct
to see that both results are exactly the same. Hence, in this
example, we verified that the classical function i1 is able to
produce the same mathematical results of the quantum purity
W
We now turn to the calculation of the von Neumann
entropy. Using (58), it can be verified that the symplectic
eigenvalues vy of the corresponding matrices o (,)//i are equal
to the eigenvalues &; given by (54). This means that, from
(29), the resulting von Neumann entropies of the subsystems
are the same as determined from the classical function (40a)
with (54), i.e., they are given by (55). This corroborates that
the classical function (40a) is capable of giving rise to the
same mathematical results of the von Neumann entropy.

It is worthwhile mentioning that in [43] (see [44] for an
equivalent criterion), Simon introduced a separability crite-
rion for Gaussian states of a bipartite system of two harmonic
oscillators. Soon after, in [45] (see also [46,47]), a separability
criterion for Gaussian states of 1 x M (M is arbitrary large)
oscillators was provided, which is the case of this example.
As explained in these references, the Gaussian states are en-
tangled if the criteria are violated. These criteria are linked
to our results by the observation (condition) that only when
some of the normal frequencies are equal, the corresponding
subsystems are pure and the von Neumann entropy is zero.
Certainly, in that cases, the subsystems are separable and
classically uncoupled.

Before concluding this example it is important to empha-
size that our classical analogs of the purity, linear quantum
entropy, and von Neumann entropy are completely defined
in the classical context, i.e., we do not need any a priori
information from the quantum context to compute them.

B. Linearly coupled harmonic oscillators

We now want to illustrate our classical approach on a
system of two coupled harmonic oscillators described by the
Hamiltonian

H(q, p) = 2(p] + P} +Adq} + Bg3 + Cq192),

where A, B > 0 are parameters and we restrict our study to
the region A # B, 4AB — C > 0. This system has been widely
analyzed in the context of quantum entanglement and, in
particular, it has been shown that for certain parameter values
it exhibits a very large quantum entanglement [48-50]. Also,
in [13] this model was used to study the classical analog of
the quantum geometric tensor (3) restricted to the parameter

J

(61)

.2
Leos’a | hsinla
(241 w2

(:722 - ;7‘]) sin o cos &

Lw; cos? o + Lo, sin® o

Opp = .
(Lw, — Liwy) sina cos

Ogp = 02><2.

space. Interestingly, it was shown that the classical analog
of the quantum metric tensor does not yield the full param-
eter structure of its quantum counterpart, the cause being a
quantum anomaly. The origin of such anomaly was that the
transformation matrix, which brings the system into its normal
form, depends on the system’s parameters [14]. In contrast,
we show in this subsection that our classical analogs exactly
reproduce the mathematical results of their quantum counter-
parts.

To bring the system (61) into its normal form, we perform
the canonical transformation

0 =Rq, P=Rp, (62)

where

o) 1=(n) r=() »=()
= y = s P = s = s 63
¢ (Qz) 1 (6]2 P, b 2] (©3)

and
cosa
R=1\ .
sin o

—sina
) . (64)
cos o

Here, the angle o is such that tan2a = C/(B — A) with
o € (—m /4, /4). Notice that the transformation matrix R
depends on the system’s parameters. In terms of the new
variables, the Hamiltonian reads

H(Q.P) = 1(P! + P} + 0]} + ©303).

where w; and w, are the normal frequencies

C C
W = A—Etana, wy = B+Etana. (66)

We further express the new coordinates in terms of the action-
angle variables (¢,, I,) as

(65)

12
Qa = <_u> Sin (Pa, Pa = (2(1)a1a)1/2 COs (pﬂ’ (67)
Wq

and compute the classical average via

(f) —#//Zﬂdz f
Cl_(2]‘[)2 0 Q.

Using (6) and the previous transformations, we arrive at the
4 x 4 classical covariance matrix o' of the system:

(68)

UC] — (qu Uq{’), (69)
Oqp  Opp
where
(6{772 — :T‘l) sin & cos «
I sin® o + b cos? o ’ (702)
w] w2
(Lwy — Iw;) sina cos o
- , (70b)
Lo sin® « + Lw, cos?
(70c)
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In this case, the subsystems are: each oscillator (1) and (2); and the complete system (1,2). With (69) at hand, we compute the
classical analog of the purity (36a). The result for each subsystem is

W1W2

(1) = — 5 5 —
(w1 sin® & + w; cos? @) (w cos® & + w; sin® )

a(1,2) = 1.

4AB — C?
=/ = 1(2),

71
4AB (T1a)

(71b)

Notice that if C = 0 then 2'(1) = 1 = 1°'(2), which means that the oscillators (1) and (2) are pure only if they are uncoupled,
as expected. Remarkably, the resulting classical purities (71) exactly match their quantum counterparts, which were calculated
in [50] for the ground-state wave function of the corresponding quantum system.

On the other hand, the symplectic eigenvalue of the subsystem (1) is

(1): o1 =

b sin? o

1 I, cos’ a "
2]1 w1

) (Iiw) cos? & + L, sin® )

~ 1 [fcos’a sina
=0 = — +
2 w1 wy

)(a)l cos? o + wy sin® ) =

AB

4AB — C?’ 72)

and, because of the symmetry between the subsystems (1) and (2), the symplectic eigenvalue of the subsystem (2) is 6, = 6.
Furthermore, the symplectic eigenvalues of the complete system (1,2) are o7 = 1/2 = 0, = 6| = 6,. Then, the classical analogs
of the von Neumann entropy for the subsystems (1), (2), and (1,2) turn out to be

81y = A—B+l In L_i_l — L_l In L_l = 592) (73a)
T \V44B-C2 2 V4AB—-C2 2 V4AB—-C2 2 VaaB—-C?> 2) ’

S(1,2) = 0.

Notice that if C =0 then $°(1) = §(2) =0, i.e., they
vanish when the oscillators are uncoupled. Finally, it can
be verified that the resulting classical entropies (73) exactly
match their quantum counterparts for the ground state of the
quantum version of (61).

VI. CONCLUSION

In this paper, we first derive the classical covariance matrix
(6) for integrable systems, which is the classical analog of the
quantum covariance matrix, as is stated by the relation (13).
We achieve this classical covariance matrix by using the clas-
sical limit of the Wigner function and show that the relation
(13) between both covariance matrices holds even if the corre-
sponding quantum state is not Gaussian, which is illustrated in
the case of the anharmonic oscillator. Then, we introduce the
functions (36a), (36b), and (40a) for classical integrable sys-
tems and show through examples that they are, respectively,
the classical analogs of the purity, linear quantum entropy,
and von Neumann entropy as long as the quantum counterpart
of the system is in a Gaussian state. The classical functions
(36a), (36b), and (40a) provide, respectively, a mathematical
description of the purity, linear quantum entropy, and von
Neumann entropy of the system from a classical point of
view, without resorting to quantum context. These classical
functions depend on the classical covariance matrix which
only involves averages over the angle variables of the system.
Our classical analogs reveal how much information from the
complete system remains in the subsystem under considera-
tion. As we explain, this is because, by using the action-angle
variables, we have both local and global information.

(73b)

To illustrate the approach, we calculate our classical
analogs for a nontrivial system of three coupled harmonic
oscillators, and for a system of two linear coupled oscillators
which was previously analyzed in the literature. We find in
these examples that the aforementioned classical analogs ex-
actly match their quantum versions.

Let us end with some comments. (i) Our classical analogs
may help to provide more insight into the investigation of
separability of quantum states. In this line of thought, our
approach may be exploited to develop a classical analog of
the separability criterion for Gaussian states [43,44,47], which
relies on the quantum covariance matrix. (ii) Following our
approach, it seems feasible to define classical analogs of
other quantum quantities, for instance, generalized purities
and entropies [51]. (iii) It would be interesting if we could
generalize these classical analogs to other kinds of states. (iv)
In [52] it was shown that for a classical nonlinear system the
quantum entanglement of localized states is influenced by the
classical bifurcations in the underlying channel periodic orbit.
Also, in [53,54] it was found that, under some circumstances,
the linear growth of the entanglement entropy has a classical
counterpart and was connected to classical and quantum quan-
tifiers of chaos. In this sense, it would be worth to connect
these results to our approach and extend our classical analogs
to non-integrable systems.
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APPENDIX A: PROOF OF EQ. (4)

In this Appendix we prove the relation between the Fubini-Study metric and the quantum covariance matrix, i.e., equations (4).
We begin by going to the Schrodinger picture in (3) to factor out the time dependence. Analyzing the second term in (3), we

clearly see that (O4(t))), = (mleift O e i |m) =
term of (3) takes the form

(O7),, and similarly for (Og(t2))m

. Analogously, we find that the first

(Ou(t)Op (1)) = e 15 = (| B pe™ 111 e 712 B g m). (A1)

We introduce the identity operator I = ), |n)(n| between the two exponentials inside the bracket, which results in

(Oat)O(t2))m

Zeh(E,, En) =0 (101 B 4 |n) (| O g |m). (A2)

Splitting the sum for m # n and m = n, it is easily seen that the integrand in (3) reduces to

(Oat)Op(12))m — (Ou(t))m(Op(t2))

and, therefore,

=i EEE 1| Oy ) (n] O m). (A3)
n#m

Giy =~ Z( f dn f dty eh EnEn:= ’”) (m|Oaln) (n] Oglm). (A4)

n#m

We thus completely isolated the time dependence and we can integrate it. Having in mind the ranges of #; and #,, the

computation of the integrals gives

0 0o . 0 e’} . ) Fz2
/ dn / dty b E-EDR=1) _ Jim / dn, / dty ehEBurioen) _ M (AS)
—00 0 e=0* J_o 0 (En — Em)2
which yields With this result in hand, we conclude that
(m|O41n) (n| Oplm) gm _ 5 1O m Oy, Im)
Gy = : (A6) =2 —E
AB ; (En - Em )2 n#m (En Em)
or specializing to phase space, = Z (m|Paln)(n|py|m). (A1)
n;ﬁm
GL”;;) = Z (m|Oqln) (n| O |m) . (A7)  Adding and subtracting the term with n = m and identifying

nstm (En - Em)2

We first consider §,. The Schrédinger equation reads, in
position space, as

H(CI, —ih— )%(q) E,n(q), (A8)

with v¥,,(¢) = (g|n). Applying the operator —zh
ing by the wave function v, (q), and 1ntegrat1ng 1n q, we find
that

, multiply-

iR / g wm(q> wn(q>

= (E, m)/quwm(—ma‘”"(")) (A9)

or

—if(m| Oy, |n) = (Ey, — En){m|paln). (A10)

the completeness relation, we end up with the following ex-
pression:

(m) _

1
Gyt = 23 (Babh = Bl (Bl (A12)

Now, we take the real part of (A12) to find the Fubini-Study
metric for position coordinates, which turns out to be

171 R . .
g(qT;b = F(E (Pan + pbpa)m - (pa>m(pb>m> (A13)

On the other hand, writing the Schrodinger equation in
momentum space, we see that the following relation holds for

Pa:

ii(m|Op,In) = (E, — Ex)(mlaaln).  (Al4)
This allows us to proceed similarly with g/} and g%") to find
that
. 1/ o
8aums = 772 E(paqb+qbpa>m — Pa)m(@p)m ), (ALS)
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and

1 /1 o
oy = ;(?quqb + QpGa)m — <qa)m<qb>m)- (A16)

This completes the proof.

APPENDIX B: ON THE CLASSICAL AVERAGE

In this Appendix, we provide another perspective on the
classical average, we introduce an angular probability dis-
tribution P, (p) (see [55,56] for the usual position-space
treatment). Without loss of generality, we consider a classical
system with one degree of freedom and the corresponding
orbit in phase space for a fixed energy. The probability of
finding the particle in the orbit’s region spanned by d¢ is
given by the ratio of time dr that it spends there, and the
period T = 2m /w that it takes to traverse the entire orbit.

More precisely, this probability is given by

dt  do do
Pylp)dyp i = — = — = —.
1(p)dy T =T — n
From this expression, we read off the probability distribution
P.(¢) = 1/(2m), which is uniform and allows us to compute

the average f(I) of a function f(¢,I) as

(BI)

2
f:=fo do Pa(@)f(@) = (fa, (B2)

matching the classical average (7). An analogous result fol-
lows for integrable systems with N degrees of freedom. If
the system is separable and the analysis is made in each
degree of freedom’s phase space (q,, p.), the total probability
distribution turns out to be

Patg', ..., ¢™) = PP PV @Y).  (B3)

The same result follows for integrable but not separable sys-
tems (in the original coordinates (g, p)), once transformed
into normal coordinates.
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