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Abstract A semiclassical method to determine if the classical limit of a quantum system
shows a chaotic behavior or not based on Pesin theorem, is presented. The method is applied
to a phenomenological Gamow—type model and it is concluded that in the classical limit the
dynamics exhibited by its effective Hamiltonian is chaotic.
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1 Introduction

The presence of Lyapunov exponents in quantum systems has been reported in several
papers [1-6] and the positiveness of them is a necessary condition for chaos. In classically
chaotic quantum systems, decoherence formalism can be used to define quantum chaos. In
such case the purity exponentially decreases at a Lyapunov rate [7, 8].

A complete definition of classical chaos can be found in [9], where the three most impor-
tant features of chaos, Lyapunov exponents, Ergodic Hierarchy (EH) and complexity are
studied. Brudno theorem is the link between Kolmogorov—Sinai (KS) entropy and com-
plexity, while Pesin theorem is the link between Lyapunov exponents and KS—entropy as
defined in EH [10].

In this paper we focus on the Pesin theorem, which states that KS—entropy of the system,
i.e. the average unpredictability of information of all possible trajectories in the phase space,
is equal to the sum of all positive Lyapunov exponents.

A reasonable definition of quantum systems with a chaotic classical description has been
given by M. Berry: “A quantum system is chaotic if its classical limit is chaotic” [11]. This
quantum caology, as has been named originally by Berry, is what later came to be called
quantum chaos.

In previous works [12, 13] some of us studied the quantum ergodic hierarchy (QEH). It
ranks the chaotic level of quantum systems according to how quantum correlations between
states and observables are canceled for large times. From mixing level of QEH we can define
a classical statistical limit which allows to reconcile chaos with the Correspondence Princi-
ple [14]. In [13] we used QEH to characterize typical chaos phenomena, like the exponential
localization of kicked rotator and the quantum interference destruction of Casati—Prosen
model in terms of ergodic and mixing levels. Moreover, QEH is an attempt, among several
theoretical and phenomenological approaches (like WKB approximation or random matrix
theory [15-19]), to define a framework for quantum chaos which admits a chaotic classical
description assuming Berry’s definition.

In this paper we use QEH idea of ranking quantum chaos with quantum mean values,
to present a semiclassical condition for chaos by means of Pesin theorem. More pre-
cisely, we express classical quantities by means of quantum mean values, using the Wigner
transformation. In particular, we apply this technique to Pesin theorem.

The paper is organized as follows. In Section 2 we present the KS—entropy and Pesin
theorem. In Section 3 we review the Wigner transformation, that we employ in the next
sections. In Section 4 we express the Pesin theorem by quantum mean values and we obtain
a semiclassical condition for chaos that gives a method to determine chaos in the classical
limit. In Section 5 we apply this method to a phenomenological Gamow model [20, 21] and
we conclude that in the classical limit the dynamics exhibited by its effective Hamiltonian
is chaotic. Finally, in Section 6 we discuss and draw some conclusions.

2 Kolmogorov-Sinai Entropy and Pesin Theorem

We give the general notions of KS—entropy and Pesin theorem within the standard frame-
work of measure theory. We consider a dynamical system (I", £, i, {T;};e), where I" is
the phase space, X' is a o-algebra, u : ¥ — [0, 1] is a normalized measure and {7;};c
is a semigroup of preserving measure transformations. For instance, 7; could be the classi-
cal Liouville transformation or the corresponding classical transformation associated to the
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quantum Schrodinger transformation. J is usually R for continuous dynamical systems and
Z for discrete ones.

Let us divide the phase space I" in a partition Q of m small cells A; of measure @ (A;) .
The entropy of Q is defined as

H(Q) =~ ju(A)log u(A)). (1)

i=1

The KS-entropy of partition Q is given by!

1 .
hu(T, Q) = lim ~H(V}_oT 7 Q). @)

From this, the KS—entropy &g s is defined as the supreme of 1, (T, Q) over all measurable
initial partitions of I,

1 .
hxs =suph,(T, Q) =supf{ lim —HV'_,T~/ 0))}. 3)
0 o n—on J

Moreover, from Brudno theorem it can be proved that KS—entropy is the average unpre-
dictability of information of all possible trajectories in the phase space.

On the other hand, it is well-known that chaos in classical dynamics can be defined by
the exponential increase of the distance between two trajectories that start from neighboring
initial conditions. Quantitatively, it is related with the largest positive Lyapunov exponent of
the system [4]. The positiveness of largest Lyapunov exponent implies exponential instabil-
ity of motion. In turn, exponential instability of motion is chaotic since almost all trajectories
are unpredictable in the sense of information theory.

These two quantities, KS—entropy and the Lyapunov exponents, are related to each other
by Pesin theorem, which establishes that [22-24]

hes= [ | 2w |4V, @
Floi@>o0

where o;(¢) are the Lyapunov exponents of the dynamical system and 2(N+1) is de
dimension of the phase space. When ¢ is constant over all phase space we have

hKS = ZG.

o>0

At this point, it is appropriate to make a comment on the interest of formula (4) and
its precise physical meaning. Pesin theorem relates the KS—entropy, i.e. the average unpre-
dictability of information of all possible trajectories in the phase space, with the exponential
instability of motion. Then, the main content of Pesin theorem is that hg s > 0 is a sufficient
condition for chaotic motion.

In Section 4, the condition hg s > 0 will be used to determine chaos in the classical limit
of a quantum system, where hgs will be given by a semiclassical condition in the limit
h— 0.

IGiven two partitions A and B the partition A v B is {a; U bj :a; € A,b; € B}. That means A Vv B is a
refinement of A and B. Given a semigroup of preserving measure transformations 7;,c;, T~/ is the inverse
of Tj,ie. T/ =T;.
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3 Weyl-Wigner—Moyal Formalism

We review the main tools of Wigner transformation for the development of next sections.
Given a quantum system we consider its quantum algebra A. If f € A, then the Wigner
transformation of f is [25, 26]

f(@) = / (q+ Al flg — AT aV A,
RN+1

where ¢ = (¢, p) € RPVtD p g, A € RNt and f(¢) is a distribution function over
R2V+D From now on we denote f(¢) by symb(f).

The set of all distribution functions A, = symb(A) is called the quasiclassical algebra.
Given a pure state py, = |) (¥ ], its Wigner transformation symb(6y) can be negative, then
the algebra A, is not classical. For this reason p(¢) = symb(p) is called a quasi-probability
distribution, where p is any density matrix of the quantum system.

Given two operators f , & € A, we can also introduce the star product [27]

. N ) ih< =
symb(f g) = symb(f) «symb(g) = (f * g)(¢) = f(¢)exp (-5 0 g™ 0 b) 8(@),

where f(¢) = sym(fA), g(¢) = sym(g) and w?’ is the metric tensor of the phase space I".
The Moyal bracket is the symbol corresponding to the quantum commutator, i.e.

1 1 .
{f.glmp = (f+xg—g=*[f)=symb (.*[f,g])-
ih ih
It can be proved that
(f %)@= f@®)g@)+OMh) and {f glmus ={f.glps+O"), (5

where
N+1
af o af o
{f,g}PB=Z(a 8 _ g)
ol qi apl apl aQt

is the Poisson bracket.
The transformations symb and symb~' define an isomorphism between the quantum
algebra 4 and the quasiclassical algebra of distribution functions A,

symb: A— A, symb~1: Ay — A

The mapping so defined is the Weyl-Wigner—Moyal symbol. When i1 — 0, A, tends to A,
where A, is the classical algebra of observables?2.
A relevant property of the Wigner transformation is [25]

(0); = (510) = (symb(p). symb(0)) = (p(@), 0($)) =
Jrewvnd®* N Dgp(d) 0(9), (©6)

where ( f, g) is the scalar product between f and g, and (,o|0) is a notation for the mean
value of O in 0. In other words, (9| 0) = (0); =tr(p 0) is the action of the functional

0 on the observable O. Let us make a brief remark about formula (6). It says that the

2By “Aq tends to A.;” we mean that in the classical limit, & — 0, the quassiclassical algebra Aq tends
to the commutative algebra of functions defined over I', i.e. A, where i is the parameter of deformation
quantization.
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mean value of an observable O in a state 5 can be calculated, equivalently, in the quantum
algebra A or in the quasiclassical algebra A, i.e. as the trace of p O or as the scalar product
S VD p (@) O(@).

A particular case of (6) is when O is the identity I,

(I = (PU) = (symb (D), symb(D) = (p(¢), 1(9)) = fR v @) =1,

which is nothing but the normalization condition for the state p.
In next section we use the Wigner transformation property given by (6) to express Pesin
theorem by means of quantum mean values.

4 Pesin Theorem Expressed in Terms of Quantum Mean Values: A Semiclassical
Condition for Chaos

With the mathematical background of previous section and the definitions of Section 2 we
will write the Pesin theorem in terms of quantum mean values.

As a starting point we make the following assumptions. Let S be a quantum system with
its quantum algebra .A. We assume S has a classical limit Se3, which is a dynamical system
with a phase space I" and a classical group of transformations {7;}. Since the process of
generating the KS—entropy involves a discrete sequence of steps, the quantum evolution of

S is forced to be discretized*. We consider U () = e_i%“j as the discretized evolution
operator5 associated with the classical transformation T';, where T is taken as T and the
real parameter o defines the time steps.

Then, we show a property that is the key point to express Pesin theorem by means of
quantum mean values. Given a partition Q = {Ay, ..., Ay} of [', we write the measure of
an element A; of Q at time ¢ as the trace of an appropriate operator ) A; at time ¢. More
precisely, let 14, (¢) be the characteristic function of A; (), where A;(t) = T;(A;) and
A;(t) is A; at time ¢. Then, by definition we have

1A (1) = [d>N DL,y (D) = (Ia;0)(9), 1(9)) =
(symb(La; (1)), symb(I)) = (Ia;()|1) = (I ),A )’ @)

where we have used the Wigner transformation property, see (6).

Therefore, 1 (A;(t)) = (I A (t)|1 ), which means that the measure of A; at time ¢ is equal
to the trace of the operator I 4; at time 7, where i 4, (1) is the Wigner transformation of the
characteristic function of A; (¢).

Next step is to write a semiclassical version (h ~ 0) of the KS—entropy of any partition
using the formula (7). Consider a partition Q = {Ajy, ..., A,;} of I'. Then, we have the
partition B(—n) = v;?ZOT_fQ. Let B(ko, k1, ., k) = (Vi T~/ Ay, be an element of

3The classical algebra A of S is the limit of the quasiclassical A, of § when i — 0, i.e. limp_0A,; =
At

4For instance, discretized evolutions are used in Hamiltonians with a time-dependent potential. In such cases,
it is common to take U (n) = F(tn), where F is the Floquet operator and  is the periodicity of the potential.
5In an irreversible process effective Hamiltonians are commonly used to describe open quantum systems, i..
a quantum system in interaction with its environment. In general, it is not a self-adjoint operator, H #* Hf.
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B(—n). Using (22) of Appendix A we can give an expression for u(B(ko, k1, ..., kn)). We
have

n
w(B(ko, k1. oo k) = | [T Zar, (DI | when h~0, @®)
j=0

that is the trace of the product of operators fAkj (j) where iAkj (j) = ﬁ(j)fAkj (O)Ij(j)"' is
I Ay, (0) after j steps.
Therefore, if we replace (B (ko, k1, ..., kn)) by (]_['}:0 iAkj (j)|f) in (2), we obtain

hy(T, Q) = limy o0 L H(B(—n)) =

.....

where R, is the number of elements of B(—n)°.
Then, from (3) and (4), we obtain the Pesin theorem in terms of quantum mean values

. R, A R A -
sup [~ timoo 5200 ) (T g, OIF) tog (T Fai, )17}

.....

= Jr [Za,- ($)>0 i (¢)] d*N D¢ when h~0. )

Formula (9) implies that if we have a quantum system S, with a classical limit S.;, the
positive Lyapunov exponents of S.; are related with the supreme of an expression which

involves the mean values (]_[';ZO ) Ay, (Jj )|i ) Moreover, it gives an alternative method for

calculating Lyapunov exponents of the classical limit of a quantum system.

As the number R, is usually hard to calculate, usefulness of (9) seems to be restricted
to simple cases where R, is trivial.” However, if we are only interested in knowing if S.;
is chaotic or not, we do not need to perform the supreme of (9) explicitly. Instead, with the
help of the following lemma, it is enough to focus in the asymptotic behavior (n — o00) of
w(B(ko, k1, ..., kn)) to ensure the existence of positive Lyapunov exponents and to conclude
that S.; is chaotic. The lemma states [22]

w(B(ko, k1, ..., ky)) decreases exponentially = K S — entropy > 0. (10)

This lemma is a sufficient condition for chaos. It says that chaos is governed by the expo-
nential decay of u(B(ko, k1, ..., k,)) in the limit n — oo. Physically, this asymptotic limit
means looking at the system for large times, without taking into account the details of the
chaotic dynamics at finite times, like the formation of fractal structures in a chaotic sea or the

SR, is well known as the topological entropy of B(—n). Roughly speaking, R, “measures” the degree of
mixing of a dynamical system as it evolves in time. Typically, in a fully chaotic system the formation of
fractal structures in a chaotic sea can produce numerous sets B(ko, k1, ..., k,) and therefore an increasing of
Ry.

7For instance, if R, is uniformly bounded for all , then from (3) it follows that supp{...} = 0. From (4) we

obtain [ [ZU’ (#)>00i (¢)} d*N+D g = 0, which implies that o;(¢) = 0 for all i. Therefore, in such case
there is no chaotic behavior.
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folding of trajectories. Taking into account that (B (ko, k1, ..., kn)) = (n?:o iAkj (j)li)
when & = 0 (see (8)), then lemma of (10) becomes

n
l_[ IAAki (j)|f decreases exponentially =—> K S — entropy > 0, (11)
i—0 '

which provides a condition for chaos in the classical limit S;.
Summing up, from the previous steps up to (11) we can obtain a method to determine if
the dynamics of S.; is chaotic or not. The prescription of the method is as follows:

(a) Take a generic partition Q = {A; : i = 1, ..., m} of phase space I" of S;.

(b) For any n-tuple (ko, ki, ...,k,) with k; € {l,...,m} calculate the operators
Iay, () = U(Da, U )", where In, (0) = sym™" (I, (9)).

(¢c) Then, perform <]_[;'-:0 IAA,(]_ (j)|f> for all n.

(d) Finally, if <H7=0 n y (@)) | ) decreases exponentially when n — oo, then KS-entropy

of S is positive. Therefore, the dynamics exhibited by S,; is chaotic.

In next section we see how prescription (a) — (d) works with an example.

5 Physical Relevance

In order to illustrate the physical relevance of the condition given by (11), we apply the pre-
scription (a) — (d) to an example of the decoherence literature: a phenomenological Gamow
model type [20, 21]. This model consists of a single oscillator embedded in an environ-
ment composed of a large bath of noninteracting oscillators, which can be considered as a
continuum.

The degeneration of this system prevents the application of perturbation theory. Instead,
we can apply an analytical extension of the Hamiltonian [21, 28-32] to obtain an
non-hermitian effective Hamiltonian I:Ieff. Non-hermiticity of H, s yields two set of eigen-
vectors {(n"i|};’n°:0 and {|n) };’1‘3:0 (left and right eigenvectors, respectively), which satisfy
[33]

Heppln) = zaln),  (AlHes = (ilzj,  n €N,
(m|n) =8un  (bi — orthogonality),

o0

Z )| =1  (completeness).
n=0

The effective Hamiltonian I:Ieff is given by

o0
Hepp =) zaln) (),
=0

where z, = n(wp — i yp) are complex eigenvalues, except zo = wy, Yo is associated with the
decoherence time g = y% and wy is the natural frequency of the single oscillator [20].
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From formula (23) of Appendix B, we can expand the operators iAkj (j) in the
bi-orthogonal basis {|r) (51}, seN,

o0
» . 200 i ~
Ia, () = @, (0,0)[0)(0] + D aa, (o) > 7 |r) (7| +

r=1

o0
+ Z oAy, (O, S)eiﬁO(Sfl)aje*%Osaj 10Y 5| +

s=1

o0
+ 3 ey, (r, 0)e RO =R ) 0] 4

r=1
o0 Yo )
+ ) aa, (ne)e RO NS, (12)
r,s>0,r#s

From (12), we see that for j > % = ’ER all the sums decay exponentially. Then, we
can neglect these terms and obtain

N t
Tay, () = @, (0,00)0  for all j > ER with j=1,..,n. (13)

The coefficient %R can be interpreted as an adimensional relaxation time, where parameter
« defines the time steps of the discretized evolution.
From (13), we can obtain an asymptotic expression for ]_[;'-zo I Ay, (j), when n > &8

25,
n n
[Tis, )= [ [Tan, @0 ) 0001 for n> X, (14)
j=0 j=0
and therefore,
/E)iAkj DI | =~ .,E)“A"f 0,00 for n>> %R (15)

Up to (15) we have completed the steps (@) — (c¢) of our prescription. The last step is to
check that (]_[;fzo ) Ay, (G )|f ) decays exponentially when n — oo.
First, we note that when j —> 0o we have

WAk, () = (a, (DI = aa,, (0,0) +
+302 a0, nye" 2R __, @, (0,0). (16)

Since we consider classical motion is bounded”, we can consider phase space I' is
normalized. Then, from (16), we have

) = 1> pu(Ag;(j)) — aa; 0,0). a7

$From (12), it follows that if n > £, then Ia, (1) = a,, (0,0)[0)(0] is diagonal. Thus, [T} _q 1a,, (/) =
Lag, (0).da, (1).day, (1) = Ly (0).1a, (1)...a,, (0,0)[0)(0] = (H'}:o ax, O, 0)) [0Y(0] is diagonal,
regardless if operators iAkO 0), iAkl ), ..., iAk”_l (n — 1) are diagonals or not.

Typically, the phase space of a non-integrable chaotic system is a compact manifold. If motion is regular
and integrable, the phase space can be taken as a torus.
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Also, given that u(Ag; () = 0 for all j, it follows that 0 < aay 0,0) < 1.
Moreover, if (A, (jo)) = 0 for some kj, since u(Ax; (jo)) = (]_[;?:0 iAkjo (j0)|f),
then (]_[;LO IAA,(J,O (j0)|f> = 0. Therefore, !0

n n
[T 74, Gl | 1og([ ] ia,, CGiodl) =0, (18)
j=0 j=0
and it does not contribute to the semiclassical version of KS—entropy of (9). This means
that we can consider (A, (j)) > 0 for all j. Thus, we have
0< aay; 0,0 <1 for all j=1,..,n. (19)

If we call §; = min{otAkj 0,0) : k; = 1,..,m} and 8, = max{otAkj 0,0) : k; =
1, ..., m}, then from (19) we have

n
51t < [aa, 0.0 < 857" (20)
j=0
Finally, from (15) and (20), we obtain

n
~ N 13
S < [ [Tia, DI | <85 forn» ;R @1
J=0

Equation (21) implies that (1‘[’]?:0 I Ay, @3] i ) decreases exponentially. Therefore, by pre-
scription (a) — (d), we conclude the positiveness of Lyapunov exponents of classical limit
of the phenomenological Gamow model. Then, in the classical limit the dynamics exhibited
by its effective Hamiltonian is chaotic.

6 Conclusions

In this paper we used properties of Wigner transformation in order to express classical quan-
tities by means of quantum mean values. In particular, we translated the quantities involved
in Pesin theorem and we obtained a version of Pesin theorem expressed in terms of quantum
mean values, which relates the Lyapunov exponents of the classical limit of a system with
the mean value of the projectors that correspond to characteristic functions on phase space.

Moreover, from the modified version of Pesin theorem, we obtained a method (the pre-
scription (a) — (d) of Section 4) to determine if in the classical limit the dynamics exhibited
by the Hamiltonian of a quantum system is chaotic or not. The core of this method is the

step (d), which establishes that if we have a quantum system where (]_['}:0 I Ay ( j)|f )

exponentially decays when n — oo, then in the classical limit the KS-entropy of the
quantum system is positive. This also implies that the system must have positive Lyapunov
exponents and, therefore, its classical limit must present a chaotic behavior. Summing up,

n
l_[ fAk _ (])lf exponentially decreases = in the classical limit the dynamics
j=0 exhibited by its Hamiltonian is chaotic

101f £(x) = x log(x), then by definition f(0) = 0.
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Finally, in Section 5, we applied our method to a phenomenological Gamow-type model
and we concluded that in the classical limit the dynamics exhibited by its effective Hamil-

tonian is chaotic. The exponential decay of (]_[;5:0 I Ay, DI ) occurs for n >> %R, where

tg is the decoherence time and « the real parameter which defines the time steps.
Furthermore, from Pesin theorem expressed in terms of quantum mean values, the

quantity (]—[']’»:0 I Ay, ()OI ) can be related with the positive Lyapunov exponents. This

suggests that decoherence time of Gamow-type model could be related with positive
Lyapunov exponents of its classical limit. Here we see an interesting hypothesis about
a possible relationship between decoherence time and Lyapunov exponents and we
hope it will be corroborated in future researches with more examples and theoretical
essays.

Acknowledgments This paper was supported partially by the CONICET (National Research Council,
Argentina), the IFIR (Instituto de Fisica de Rosario, Argentina), the IFLP (Instituto de Fsica de La Plata,
Argentina) and Universidad de Buenos Aires, Argentina.

The authors would like to acknowledge the anonymous reviewer for helpful comments on the original
manuscript.

Appendix A: The Classical Quantity p (B (kg, k1, ..., k,)) Expressed as a Quantum
Mean Value

In order to evaluate the KS entropy, we have to generate the following partition

B(—n):\n/T_jQ: ﬁT‘jAk‘/. tAE€Qt .

j=0 j=0

If B(ko, k1, ..., k) = m7=0 T_jAkj is a generic element of B(—n), then the measure of
B(ko, k1, ..., kp) 18
w(Bko, ki, ... kn)) = pt (ﬂ§:0 T’-fAkj) = fﬂ7on*"Ak,- MG = fely_ 1o, @) NV
= Jr Tl Tay, (TI )P0y = (1‘[7=0 Ly, 0T/ ($), 1(¢)> = <symb (1‘[’}=0 IA;o\T-f) ,symb(i)>
= (ITj=o Iag, o T1F) = (Mg iy, (IF) @)

where we have used the following properties:

e The characteristic function of an intersection of sets is the product of the characteristic
functions of each set.

e If T is bijective, then I7-j 4, ($) = IAkj (T/9).

J

e Ifh~0,then symb (]_[”- f ,-) (¢p)~ ]_[4 fi(¢), where we have neglected terms of order
(’)(h)) This property is the generalization of (5) for a product of n functions f;.

° IAkj- oT/ = IAk () = U(j)IAk (O)U(/)' where U(j) = e‘ﬁH“/ is the evolution
operator and o 1s a real parameter which defines the time steps. This property is a
consequence of the formula (6).

@ Springer



Int J Theor Phys

Appendix B: An Expansion for Operators I A,

We consider a Hamiltonian of the form

H=>"2rF.

where z, = Re(z,) + iIm(z,) are complex eigenvalues and {|r)}, {(s]} are its two sets of eigenvectors, left
and righ respectively [33]. Then we have

La, ) =) an, (r.9)Ir) G-
r.s
Therefore,

I, () = R 1 (2, o, (9) ) 51) eF 7T =
o~ X p2nlp) (PDaj (Zma% , s)|r><'5\) RESMEATNCDLY

= ¥, X e, (P, @)e R | p) (G, (23)

. i ik .
where we have used the exponential of an operator (¢4 = Zg‘;o%) and the orthogonal relations of the
projectors |r)(s], that is

(N FD* = Il and

Gy =0 if r#s. (24)
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