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1. Introduction

The notion of classical chaos is associated with motion on a compact phase-
-space with high sensitivity to initial conditions: trajectories diverge exponentially
fast and nevertheless remain confined to bounded regions [1-7].

In an opposite way, quantization on compacts yields discrete energy spectra,
which entail quasi-periodic time-evolution [8].

Nevertheless, nature is fundamentally quantal and, according to the corre-
spondence principle, classical behavior must emerge in the limit 7z — 0.

Also, classical and quantum mechanics are expected to overlap over times
expected to scale as i~ for some a > 0 [7], the so-called semi-classical regime.
Actually, it turns out that this is true only for regular classical limits whereas,
for chaotic ones, classical and quantum mechanics agree over times which scale as
—log ki [5-7], and footprints of the exponential separation of classical trajectories
are found even on finite dimensional quantization provided that the time does
not exceed such a logarithmic upper bound [6, 9]. Both timescales diverge when
h — 0, but the shortness of the latter means that classical mechanics has to be
replaced by quantum mechanics much sooner for quantum systems with chaotic
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classical behavior. The logarithmic breaking time —log % has been considered by
some as a violation of the correspondence principle [10, 11] and by others, see [6]
and Chirikov in [5], as the evidence that time and classical limits do not commute.

The analytic studies of logarithmic timescales have been mainly performed by
means of semi-classical tools, essentially by focusing, via coherent state techniques,
on the phase space localization of specific time evolving quantum observables. In
the following, we shall show how they emerge in the context of quantum dynamical

entropies.
As a particular example, we shall concentrate on finite dimensional quan-
tizations of continuous hyperbolic automorphisms of the 2-torus T? := R?/Z?

(the unit square with opposite sides identified), which are prototypes of chaotic
behavior; indeed, their trajectories separate exponentially fast with a Lyapunov
exponent log A, > 0 [12, 13]. If § is an initial error along a trajectory, and
dp =~ 0N its classical spreading after n steps of the (time-stroboscopic) dynamics,
then boundness of the motion imposes §,, < 1, where 1 is the diameter of the
2-torus T?. This explains why the limit § — 0 has necessarily to be performed
before the time-limit, and the Lyapunov exponent can be computed as

log Ay = lim 1 lim log <5§> . (1)

n—oo N 6—0

Standard quantization, & la Berry, of hyperbolic automorphisms on T? [14, 15]
yields Hilbert spaces of a finite dimension N, this latter variable playing the role
of the semi-classical parameter and setting to 1/N the minimal size of the phase-
-space grain cells. Imposing the latter bound, min{é} > 1/N, it is evident how the
conflict between the two limits, emerging once §,, ~ 1, can be transferred in the
time-step n as n ~ log N/log A;. In this sense, rather than a violation of the cor-
respondence principle, the logarithmic breaking-time indicates the typical scaling
for a joint time-classical limit suited to classically chaotic quantum systems.

The Kolmogorov—Sinai dynamical entropy [3] (KS-entropy, for short) is de-
fined by assigning measures to bunches of trajectories and computing the Shannon-
-entropy per time-step of the ensemble of bunches in the limit of infinitely many
time-steps: The more chaotic the time-evolution, the more the possible bunches
and the larger their entropy. The production of different bunches of trajectories
issuing from the same bunch is typical of high sensitivity to initial conditions and
this is indeed the mechanism at the basis of the theorem of Ruelle and Pesin [16],
linking KS-entropy of a smooth, classical dynamical systems, to the sum of its
positive Lyapunov exponents.

In the quantum realm, there are different candidates for non-commutative
extensions of the KS-invariant [17-21]: in this paper we shall focus on one of them,
called ALF-entropy [18], and we shall study its semi-classical limit.

The ALF-entropy is based on the algebraic properties of dynamical systems,
that is on the fact that they are describable by suitable algebras of observables,
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their time evolution by linear maps on these algebras, and their states by expec-
tations over them.

We show that, while being bounded by log N, nevertheless over numbers of
time steps 1 < n < log N, the entropy content per letter, or entropy production,
is log Ay. It thus follows that the joint limit n, N — 400, with n o log N, yields
the Kolmogorov—Sinai entropy. This confirms the numerical results in [22, 23],
where the dynamical entropy [18] is applied to the study of the quantum kicked
top, respectively to quantum cat maps.

In this approach, the presence of logarithmic timescales indicates the typical
scaling for a joint time/classical limit suited to preserve positive entropy produc-
tion in quantized classically chaotic quantum systems.

The paper is organized as follows: Sect. 2 contains a brief review of the alge-
braic approach to classical and dynamical systems, while Sect. 3 introduces some
basic semi-classical tools. Sections 4 and 5 deal with the quantization of hyperbolic
maps on finite dimensional Hilbert spaces and the relation between classical and
time limits. Section 6 gives an overview of various models of quantum dynamical
entropies present in the literature and particularly focus on the one proposed by
Alicki and Fannes [18, 24] (ALF-entropy, where L stands for Lindblad). Finally,
in Sect. 7, the semi-classical behavior of quantum dynamical entropies is studied
and the emergence of a typical logarithmic timescale is showed.

2. Dynamical systems: algebraic setting

Usually, continuous classical motion is described by means of a measure space
X, the phase-space, endowed with the Borel g-algebra and a normalized measure
i, 1(X) = 1. The “volumes”

n(B) = [ utda)

of measurable subsets  C X represent the probabilities that phase-points x €
X belong to them. By specifying the statistical properties of the system, the
measure pu defines a “state” of it. In such a scheme, a reversible discrete time
dynamics amounts to an invertible measurable map 7T onto X" such that poT = p,
and to its iterates {T*|k € Z}: T-invariance of the measure y ensures that the
state defined by p can be taken as an equilibrium state with respect to the given
dynamics. Phase-trajectories passing through € & at time 0 are then sequences
{T*z|k € Z} [3]. Classical dynamical systems are thus conveniently described by
triplets (X, T, u). In the present work we shall focus upon the following:

e X — a compact metric space: the 2-dimensional torus T? = R?/Z? =
{(x1,22) € R? (mod 1)};

e T — invertible measurable transformations from X to itself such that 7!
are also measurable;

e i — the Lebesgue measure u(dz) = dry doy on T2,
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In this paper, we consider a general scheme for quantizing and dequantizing,
i.e. for taking the classical limit (see [25]). Within this framework, we focus on the
semi-classical limit of quantum dynamical entropies of finite dimensional quanti-
zations of the celebrated Arnold cat map and of generic maps belonging to the
so-called unimodular group on the 2-torus: in the following we simply denote such
a family of maps cat maps family. The last denomination is perfectly legitimate,
in fact the acronym CAT stands for continuous automorphism of the torus.

In order to make the quantization procedure more explicit, it proves useful
to follow an algebraic approach and replace (X, T, u) with (91, @,w,,) where:

e M, is the von Neumann algebra £7°(X) of (equivalence classes of) essentially
bounded p-measurable functions on X', equipped with the so-called essential
supremum norm || - ||e [26];

o {OF|k € Z} is the discrete group of automorphisms of 90, which implements
the dynamics: O(f) := f o T~!. The invariance of the reference measure
reads now w, 0 @ = wy;

® w, is the state on 9, defined by the reference measure p:

wy M, 3 fr— w,(f) ::/ p(dx)f(z) € RT.
x
Quantum dynamical systems are described in a completely similar way by a triple
(M, O,w), the critical difference being that the algebra of observables 91 is no
longer Abelian:

e 91 is a von Neumann algebra of operators, the observables, acting on a
Hilbert space $);

e O is an automorphism of 91;
e w is an invariant normal state on M: wo O = w.

Quantizing essentially corresponds to suitably mapping the commutative,
classical triple (9, ©,w,) to a non-commutative, quantum triple (9, O, w).

3. Classical limit: coherent states

Performing the classical limit or a semi-classical analysis consists in studying
how a family of algebraic triples (91, ©,w), depending on a quantization h-like
parameter, is mapped onto (9, @,w,) when the parameter goes to zero. The
most successful semi-classical tools are based on the use of coherent states (CS for
short).

For our purposes, we shall use a large integer N as a quantization parameter,
i.e. we use 1/N as the h-like parameter. In fact, we shall consider cases where 9
is the algebra My of N-dimensional square matrices acting on €V, the quantum
reference state is the normalized trace %Tr on My, denoted by 7y, and the
dynamics is given in terms of a unitary operator Uz on CV in the standard way:
OnN(X) :=UrX Uy.
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In full generality, coherent states will be identified as follows.
Definition 3.1. A family {|Cn(x))|x € X} € 9 of vectors, indexed by points
x € X, constitutes a set of coherent states if it satisfies the following requirements:

1. Measurability: & — |Cn(x)) is measurable on X;

2. Normalization: || Cn(z) [|?=1, x € X;

3. Overcompleteness: N [, pu(dz)|Cn(2))(Cn ()] = Ly;
4

. Localization: given ¢ > 0 and dy > 0, there exists No(e,dy) such that for
N > Ny and dx(x,y) > do one has

N|(Cn(z),Cn(y)* <e.

The symbol dx(z,y) used in the localization property stands for the length of the
shorter segment connecting the two points on X. Of course the latter quantity
does depend on the topological properties of X. In particular, for the 2-torus,

dy2x,y := mi T — n . 2

e,y = min | @ -y +n g )

The overcompleteness condition may be written in dual form as

N/ w(de) (Cy(x), XCn(x)) = TrX, X e My.

x

Indeed,

N [ ntae)Cxla), X Cxte) =N ( [ u@e)Cri@)(Cn(elx ) = Tox.

3.1. Anti-Wick quantization

In order to study the classical limit and, more generally, the semi-classical
behavior of (M y, On,7n) when N — oo, we introduce two linear maps. The first,
YNoo (anti-Wick quantization) associates N x N matrices of My to functions in
M, = £7°(X); the second one, Yoo, maps N x N matrices to functions in £5°(X).
Definition 3.2. Given a family { |Cn(z))|z € X} of CS in CV, the anti-Wick
quantization scheme will be described by a (completely) positive unital map yYnoo
M, — My

M, > f o N /X j(dz) ()| Cy () (Cov (@)] = vvoo(f) € M.

The corresponding dequantizing map Yoon : My — M, will correspond to the
(completely) positive unital map

My 3 X — (Cn(x), X Cn(x)) = Yoon (X)(x) € M.

Both maps are identity preserving because of the conditions imposed on
the CS-family and are also completely positive, since the domain of vy is a
commutative algebra as well as the range of 7., . The following two equivalent
properties are less trivial:
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Proposition 3.1. For all f € M,

A Yeon 0 Weo(f) = f, p—ae.

Proposition 3.2. For all f,g € M,

i (1) e 9)) = wu(T) = [ (de)F@g(a).

X

The previous two propositions, proved in [27, 28], can be taken as requests on any
well-defined quantization/dequantization scheme for observables. In the sequel,
we shall need the notion of quantum dynamical systems (M y, O, 7n) tending to
the classical limit (9, ©,w,,). We then not only need convergence of observables
but also of the dynamics. This aspect will be considered in Sect. 5.

4. Classical and quantum cat maps

In this section, we collect the basic material needed to describe both classical
and quantum cat maps and we introduce a specific set of CS that will enable us
to perform the semi-classical analysis over such dynamical systems.

4.1. Finite dimenstonal quantizations

We first introduce cat maps in the spirit of the algebraic formulation intro-
duced in the previous sections.
Definition 4.1. Hyperbolic continuous automorphisms of the torus are generically
represented by triples (M,,, O,w,,), where

o M, is the algebra of essentially bounded functions on the two-dimensional
torus T? := R?/Z? = {(x1,22) € R? (mod 1)}, equipped with the Lebesgue
measure p(dx) = dx;

o {OF|k € Z} is the family of automorphisms (discrete time evolution) given
b
by M, > f — (0Ff)(z) = f(A *z(mod 1)), where A = (CCL d) has
integer entries such that ad — be = 1, |a + d| > 2 and maps T? onto itself;

o w, is the expectation obtained by integration with respect to the Lebesgue
measure: My, > f — w,(f) = [p. def(x), that is left invariant by 6.

Denoting with ¢ := Tr(A)/2 the semi-trace of A, [¢| > 1, the two irrational
eigenvalues of A can be written as 1 < A\p (= t+ V2 —1 and 1 > A_ :=
t—Vit2—1 = )\;1. Distances are stretched along the direction of the eigen-
vector |ey), Aley) = Ay|et), contracted along that of |e_), Ale_) = A_|e_) and
all periodic points are hyperbolic [29]. Once the folding condition is added, the
hyperbolic automorphisms of the torus become prototypes of classical chaos, with
positive Lyapunov exponent log A .

One can quantize the associated algebraic triple (9, @,w,) on either infi-
nite [30] or finite dimensional Hilbert spaces [14, 15, 31]. In the following, we shall
focus on the latter.
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Given an integer N, we consider an orthonormal basis |j) of CV, where
the index j runs through the residual class modulo N, here and in the following
denoted by (Z/NZ), namely |j + N) = |j), j € Z. Using this basis we define two
unitary matrices Uy and Vy, representing position and momentum shift operators,
as follows:

. 27i ) . 2mi ) .

Ul i=exp (5F0) i+ 1), and Vi) = oo (R0 =0 ) 1 )
In the last equation, we explicitly indicated the dependence on two arbitrary phases
(u,v) € [0,1) labeling the representation and fulfilling

UN =™y, Vi =es™1y. (4)

It turns out that

UnVn = exp <2]1\77T> VnUn. (5)
Introducing Weyl operators labeled by n = (ny,ny) € Z?

Wy (n) = exp (me) VIR — W (=n)", (6)
it follows that

Wi (Nn) = eir(Vnina+2niut2ng) (7a)

Wi (n) Wiy (m) = exp (i;\;a(n, m)> Wi (n +m), (7b)

where o(n, m) ;= nims — namy is the so-called symplectic form.
Definition 4.2. Quantized cat maps will be identified with triples (My, On,TN)
where
o My is the full N x N matriz algebra over C generated by the (discrete) group
of Weyl operators {Wx(n)n € Z2?}. In the following, such a group will be
denoted by Weyl group;

o Oy : My — My is the automorphism such that
Wi (p) — On(Wn(p)) := Wn(Ap), p € (Z/NZ)*. (8)

In the definition of above, we have omitted reference to the parameters u, v in (3):
they must be chosen such that

(o) C)-(0)+5 () wean o)

Then, the folding condition (4) is compatible with the time evolution [15]. The
reason for (9) is the following: denoting with é; and é, the standard unit vectors
of R?, the representation generated by the two generators Uy = Wy (é;) and
VN = Wn(é2) and the one generated by On(Uyx) = Wy (Aé1) and On(Vy) =
W (Aéz) must be unitarily equivalent; in other words the two representations
must be labeled by the same w and v. According to (4), this can be expressed by

W) = Wn(4e)]¥  and  [Wy(&)]V = [Wn(4&)Y;  (10)
the latter equation restricts the possible couples (u,v) available and leads to (9).
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An important set of matrices A, originally called “set of quantizable maps”
and characterized by (u,v) = (0,0), is also important for historical reasons, indeed
it was the set used by Berry and Hannay [32] to develop the first quantization of
cat maps. Recent developments of Berry’s approach to quantization can be found
in [33-35].

Further, relation (7b) is also preserved since the condition detA = 1 guar-
antees that the symplectic form remains invariant, i.e. o(An, Am) = o(n,m).
Invariance of o(-,-), together with (7), also allows Eq. (8) to hold true for all
p € Z? and not only for those in (Z/NZ)>.

Many other useful relations can be obtained by using the explicit expression

. im 2im .
Wy (n)|j) = exp (N(n1n2 + 2nqu + 2n2v)> exp <jn2> |7 +mn1). (11)

N
In particular, from (11) one readily derives the decomposition
My 3> X = Z ™~ (XWn(=m)) Wi (m), (12)
Me(ZNZ)?

while from Eq. (7b) one gets
Wy (n), Wy(m)] = 2isin (%a(n, m)) Wy(n+m),

which suggests that the hi-like parameter is 1/N and that the classical limit cor-
responds to N — oo. In the following section, we set up a CS technique suited to
study classical cat maps as limits of quantized cats.

4.2. Coherent states for cat maps

We shall construct a CS-family {|Cn(x))|x € T?} on the 2-torus by means
of the discrete Weyl group. We define

[Cn(2)) := WN([Na])|Cn), (13a)
where |[Nx| = (|[Nz1], [ N22]), 0 < |[Nax;| < N —1 is the largest integer smaller
than Nz; and the reference vector |C) is chosen to be

s 1 N-1
|Cn) = ZO Cnli, OnG) = s ( j ) (13b)
=
Measurability and normalization are immediate, overcompleteness comes as follows.
Let Y be the operator in the left hand side of Definition 3.1. If 75 (YWx(n)) =
™~ (Wyn(n)) for all n = (ny,ne) with 0 < n; < N — 1, then according to (12)
applied to Y it follows that Y = 1. This is indeed the case as, using Egs. (7b),
(13) and N-periodicity,

(W) = [ de(Cy(a). Wa(m)Cx(a)

- [ awesp (Bt (Na)) ) (Cx Wa(mCx)
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5 5 ew(Botmm) e wamon

P<e(Z/NZ)?

=78 (Wn(n)). (14)
In the last line we used that when @ runs over T?, | Nz;], i = 1,2 runs over the
set of integers 0,1,..., N — 1.
The proof of the localization property in Definition 3.1 is more technical and
requires several steps: the willing reader can find it in [27, 28].

5. Quantum and classical time evolutions

One of the main issues in the semi-classical analysis is to compare if and how
the quantum and classical time evolutions mimic each other when a quantization
parameter goes to zero.

In the case of classically chaotic quantum systems, the situation is strikingly
different from the case of classically integrable quantum systems. In the former
case, classical and quantum mechanics agree on the level of coherent states only
over times which scale as —log h.

As before, let T denote the evolution on the classical phase space X and

Ur the unitary single step evolution on CV, the so-called Floquet operator, which
represent its “quantization”. We formally state the semi-classical correspondence
of classical and quantum evolution using coherent states:
Condition 5.1. Dynamical localization: There exists an o > 0 such that for all
choices of € > 0 and dy > 0 there exists an Ny € IN with the following prop-
erty: if N > Ng and k < alogN, then N|(Cy(z),UFCn(y))|* < & whenever
d(T*kz,y) > do.

Remark 5.1. The condition of dynamical localization is what is expected of
a good choice of coherent states, namely, on a timescale logarithmic in the inverse
of the semi-classical parameter, evolving CS should stay localized around the clas-
sical trajectories. Informally, when N — oo, the quantities

Ki(z,y) := (Cn(2),UrCn (y)) (15)
should behave as if N|Ky(x,y)|> ~ 6(T*x — y) (let us note that this hypothesis
makes our quantization consistent with the notion of reqular quantization described
in Sect. V of [21]). The constraint k < alog N is typical of hyperbolic classical
behavior and comes heuristically as follows. The maximal localization of coher-
ent states cannot exceed the minimal coarse-graining dictated by 1/N; if, while
evolving, CS stayed localized forever around the classical trajectories, they would
get more and more localized along the contracting direction. Since for hyper-
bolic systems the increase in localization is exponential with Lyapunov exponent
log Ay > 0, this sets the upper bound, better known as logarithmic breaking-time,
and indicates that o ~ 1/log A4.

Proposition 5.1. Let (My, On,7n) be a general quantum dynamical system
as defined in Sect. 3 and suppose that it satisfies Condition 5.1. Let || X||2 =
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VIN(X*X), X € My denote the normalized Hilbert-Schmidt norm. In the en-
suing topology

. k _ k =
k,NHog,llgriOlegN | ON © YNoo (f) = YNoo © OF(f) [[2= 0. (16)

Remark 5.2. The above proposition, whose proof can be found in [27, 28],
can be seen as a modification of the so-called Egorov’s property (see [36]), and
gives the strength of the non-commutativity of classical and time limits when
the classical system has a positive Lyapunov exponent. The same (logarithmic)
scaling for the breaking-time has been found numerically in [37] also for discrete
classical cat maps, converging in a suitable classical limit to continuous cat maps.
Analogously, similar analysis [38] has been performed on sequences of discrete
approximants of discontinuous automorphisms on the 2-torus, known as Sawtooth
maps, and the logarithmic breaking-time has been recovered there, too.

We shall not prove the dynamical localization condition 5.1 for the quantum
cat maps, but a direct derivation of formula (16), based on the simple expression (8)
of the dynamics when acting on Weyl operators, is available in [27, 28] and reads
as follows:

Proposition 5.2. Let (My, On,Tn) be a sequence of quantum cat maps tending
with N — oo to a classical cat map with Lyapunov exponent log Ay ; then

1. Qk o0 - oo Qk 207
o N—s oo b <log N/(2 108 A1) I ON © Yoo (f) = INoo © O%(f) 2

where || - ||2 is the Hilbert-Schmidt norm of Proposition 5.1.

6. Dynamical entropies
Intuitively, one expects the instability proper to the presence of a positive
Lyapunov exponent to correspond to some degree of unpredictability of the dy-

namics: classically, the metric entropy of Kolmogorov provides the link [8].

6.1. Kolmogorov metric entropy
For continuous classical systems (X, T, u) such as those introduced in Sect. 2,

the construction of the dynamical entropy of Kolmogorov is based on subdividing
X into measurable disjoint subsets {E/|¢ = 1,2,---,D} such that |J, B, = X
which form finite partitions (coarse graining) &.

Under the dynamical maps 7' : X — X , any given £ evolves into 77 (€) with
atoms T77(Ey) = {x € X|Tx € E,}; one can then form finer partitions

Eomy =\ TIE) =/ TE)\ - \/ T (€).
=0

whose atoms
n—1

Eiiroi_y = (T Ei;, =E;,[( T (L)) (T (Ei,_)

=0
have volumes
,uim‘l,..in71 = (Eioil"'in—l) . (17)
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Definition 6.1. We shall set ¢ = {igi1 - -in—1} and denote by 27, the set of D"
n_tuples with i; taking values in {1,2,---, D}.

The atoms of the partitions &g, 1) describe segments of trajectories up to time
n encoded by the atoms of £ that are traversed at successive times; the volumes
wi = p(E;) corresponds to probabilities for the system to belong to the atoms
Ei,,E;, -, E;, , at successive times 0 < j < n—1. The n_tuples ¢ by themselves
provide a description of the system in a symbolic dynamic.

The richness in diverse trajectories, that is the degree of irregularity of the
motion (as seen with the accuracy of the given coarse-graining) correspond intu-
itively to our idea of “complexity” and can be better measured by the Shannon
entropy [39]:

Su(€on-1)) = — Z pi log pu. (18)

ieQp
In the long run, & attributes to the dynamics an entropy per unit time-step

1
hu(T,€) = lim ~S,,(En-1). (19)

This limit is well defined [3] and the “average entropy production” h, (T, &) mea-
sure how predictable the dynamics is on the coarse grained scale provided by the
finite partition £. To remove the dependence on &, the Kolmogorov—Sinai entropy
hiS(T) of (X,T,u) (or KS-entropy) is defined as the supremum over all finite
measurable partitions [3, 39:

h/IfS(T) == supgh, (T, €). (20)
For the automorphisms of the 2-torus, we have the well-known result [3]:
Proposition 6.1. Let (M, ©,w,,) be as in Definition 4.1, then hffS(T) =log A\4.

6.2. Quantum dynamical entropies

The idea behind the notion of dynamical entropy is that information can be
obtained by repeatedly observing a system in the course of its time evolution. Due
to the uncertainty principle, or, in other words, to non-commutativity, if observa-
tions are intended to gather information about the intrinsic dynamical properties
of quantum systems, then non-commutative extensions of the KS-entropy ought
first to decide whether quantum disturbances produced by observations have to
be taken into account or not.

Concretely, let us consider a quantum system described by a density matrix
p acting on a Hilbert space §. Via the wave packet reduction postulate, generic
measurement processes may be described by finite sets Y = {y1,y2,...,yp} of
bounded operators y; € B($)) such that Zj y;y; = L. These sets are called parti-
tions of unity (p.u., for the sake of shortness) and describe the change in the state
of the system caused by the corresponding measurement process

pT5(p) =Y yipy;- (21)
J

It looks rather natural to rely on partitions of unity to describe the process of
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collecting information through repeated observations of an evolving quantum sys-
tem [18]. Yet, most of these measurements interfere with the quantum evolution,
possibly acting as a source of unwanted extrinsic randomness. Nevertheless, the
effect is typically quantal and rarely avoidable. Quite interestingly, as we shall see
later, pursuing these ideas leads to quantum stochastic processes with a quantum
dynamical entropy of their own, the ALF-entropy, that is also useful in a classical
context.

An alternative approach [17] leads to the dynamical entropy of Connes
et al. [17] (CNT-entropy). This approach lacks the operational appeal of the
ALF-construction, but is intimately connected with the intrinsic relaxation prop-
erties of quantum systems [17, 40] and possibly useful in the rapidly growing field
of quantum communication. The CNT-entropy is based on decomposing quantum
states rather than on reducing them as in (21). Explicitly, if the state p is not a
one-dimensional projection, any partition of unity ) yields a decomposition

ZTr (ov29) \é; EJJ%W (22)
PY;Y;)
When 7%, (p) = p, reductions also provide decompositions, but not in general.

A different kind of wave packet reduction is the starting point for construct-
ing the coherent states entropy [21, 41] (in the following CS-entropy, for short), in
fact based on coherent states |Cyx) as the ones introduced by Definition 3.1.

The map

Z(E)(p) 1=N/EICN(w)>(CN(w)IpICN(-’BD<CN(w)|M(dw), (23)

for a measurable subset E C X and an operator p, is called an instrument: it
describes the change in the state p of the system caused by an E-dependent mea-
surement process (compare with (21)), actually a double approximate measure-
ment in the phase space. Repeated measurement, taken stroboscopically during
the dynamical evolution and performed with different instrument Z(E;;) labeled
by different elements E;; of a partition £, map the input state p into many possible
outputs {p;|s € 23}, which in turn can be mapped into many positive numbers
{R* 3 w; = wp;i|t € 2} summing up to one. Now we have once more the
correspondence between strings ¢ € {25 and probability w;, in other words we end
up with a probability space and a similar reasoning leading us in Sect. 6.1 to the
KS invariant, can now be used for constructing the CS-entropy.

6.3. ALF-entropy
The idea underlying the ALF-entropy is that the evolution of a quantum

dynamical system can be modeled by repeated measurements at successive equally
spaced times, the measurements corresponding to p.u. as in Eq. (21).
Such a construction associates a quantum dynamical system with a symbolic
dynamics corresponding to the right-shift along a quantum spin half-chain [42].
Generic p.u. Y = {y1,92,...,yp} need not preserve the state, but distur-
bances are kept under control by suitably selecting the subalgebra of observables
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Mo 2 yj. The construction of the ALF-entropy for a quantum dynamical system
(M, ©,w) can be resumed as follows:

e One selects a @-invariant subalgebra My C M and a p.u. Y = {y1,...,yp}
of finite size D with y; € 9My. After j time steps ) will have evolved into
another p.u. from My: O4(Y) := {67 (1), 07 (y2),..., O/ (yp)} C Mo.

e Every p.u. Y of size D gives rise to a D-dimensional density matrix
pVij = w(y;yi), (24)
with von Neumann entropy H,[Y] := S(p[Y]) = —Tr(p[YV]log p[V]).
e Given two partitions of unit ¥ = {y1,92,...,yp}, £ = {21, 22,..., 28}, of
size D, respectively B, one gets a finer partition of unit of size BD as the
set

YoZ:={yz,...,y12BY2%1,---,Y22B}-- . YDZ1,-- - YpzB}.  (25)

e Given a size D p.u. Y and the ordered time refinements

y[07n71] = 9”71(3}) o 67172(:);) 0.0 y’ (26)
the D™ x D™ density matrices p[)(,)’"_l] =p [y[o’"’l]} define states on the

n-fold tensor product M%" of D-dimensional matrix algebras Mp.

e Given a p.u. Y of size D, let &y : Mp @ M — I and ey : M — M, with
M € Mp, be linear maps defined by
Py(M ®@ x) := Zy;‘xijij and ep(x) = ny@(m)y]Mw (27)
i,j ,J
@y is a completely positive unital map, while eq(1) = 1. One readily com-
putes

w (e, o enr, - - oenr,, (1)) =Tr (p;[)?’"_l]Mo Q@M - ® M,H) :

[0,n—1]

The states py, are compatible
n—2
p[;,)’"_l] P M= p[ﬁ’n_z], where M= ®(MD)27
£=0

and define a global state py on the quantum spin chain M¥ = ®72,(Mp)e.

Thus it is possible to associate with the quantum dynamical system
(M, ©,w) a symbolic dynamics which amounts to the right-shift o : (Mp)y —
(Mp)es1 along the quantum spin half-chain.

Non-commutativity becomes evident when we check whether py is shift-
-invariant. This requires w (Y, y;zye) = w(x) for all x € M. Let us note that this
is the case in which p — I'5(p) = p (see Eq. (21)).

Definition 6.2. The ALF-entropy of a quantum dynamical system (I, O,w) is
hﬁb&/(@) = sup hﬁLF(Q,y), (28a)
YCMo
where
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1
KA (8,Y) = limsup= H, {ylov"—”} . (28b)

Like the metric entropy of a partition &£, also the ALF-entropy of a partition of
unit ) can be physically interpreted as an asymptotic entropy production relative
to a specific coarse-graining.

6.4. Comparison of dynamical entropies

In this section we outline some of the main common features of many dif-
ferent dynamical entropies, taking the ALF as a reference example, because of
its conceptual simplicity. Here, we just sketch such features, emphasizing those
parts that are important to the study of the classical limit of quantum dynamical
entropies (QDE).

The first thing to notice is that any QDE must coincide with the
KS-entropy when 9t = 90, is the Abelian von Neumann algebra £7°(X’) and
(M, ©,w) represents a classical dynamical system.

The next observation is that when, as for the quantized hyperbolic automor-
phisms of the torus considered in this paper, 91 is a finite-dimensional algebra,
both the CNT- and the ALF-entropy are zero, see [17, 18]. Consequently, if we de-
cide to take the strict positivity of ALF- or CNT-entropy as a signature of quantum
chaos, quantized hyperbolic automorphisms of the torus cannot be called chaotic.

However, the latter observation is not as general as the former. There exist
many alternative definitions (different from ALF and CNT), and some of them
need not to be equal to zero for all quantum systems defined on a finite-dimensional
Hilbert space: an interesting example is represented by the CS-entropy introduced
in [21].

From the previous considerations, it is clear that the main field of application
of the CNT- and ALF-entropies are infinite quantum systems, where the differences
between the two come to the fore [42].

The complete proofs of the above facts can be found in [17] for the CNT-,
in [18, 43] for the ALF-, and in [21] for the CS-entropy. Here we just state more
rigorously the above observations, in the case of the ALF-entropy, in the two
subsequent Proposition 6.2 and Proposition 6.3.

Proposition 6.2. Let (M, O,w,,) represent a classical dynamical system. Then,
with the notations of the previous sections

Wi, (8) = Wy S(D).
In the particular case of the hyperbolic automorphisms of the torus, we may

restrict our attention to p.u. whose elements belong to the *-algebra D,, of com-
plex functions f on T2 such that the support of f is bounded

hP(T) = higgam,)(6) = hiyp, ) (0).

Remarkably, the computation of the classical KS-entropy via the quantum me-
chanical ALF-entropy yields a proof of Proposition 6.1 that is much simpler than
the standard ones [12, 13].
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Proposition 6.3. Let (M, O,w) be a quantum dynamical system with M, a finite
dimensional C*-algebra, then

héﬁgﬁ)(@) =0.

7. Classical limit of quantum dynamical entropies

Proposition 6.3 confirms the intuition that finite-dimensional, discrete time,
quantum dynamical systems, however complicated the distribution of their quasi-
energies might be, cannot produce enough information over large times to generate
a non-vanishing entropy per unit time. This is due to the fact that, despite the
presence of almost random features over finite intervals, the time evolution cannot
bear random signatures if watched long enough, because almost periodicity would
always prevail asymptotically.

However, this does not mean that the dynamics may not be able to show
a significant entropy rate over finite interval of times, these being typical of the
underlying dynamics. Here we show that underlying classical chaos plus Hilbert
space finiteness make a characteristic logarithmic timescale emerge over which
these systems can be called chaotic. This is precisely the content of the next
Theorem 7.1, whose proof can be found in [27, 28].

Theorem 7.1. Let (X,T,u) be a classical dynamical system which is the
classical limit of a sequence of finite-dimensional quantum dynamical systems

(Mn, On,7n). We also assume that the dynamical localization condition 5.1
holds. If

1. E={FE1,Es,...,Ep_1} is a finite measurable partition of X,

2. Yn ={vy1,Y2,-..,yp} is a bistochastic partition of unity, which is the quanti-
zation of the previous partition, namely y; = YNoo(XE,) fori=1,2,...,D—1

/ D—
and Yp ‘= 1-— Zizol y;kyu

then there exists an o such that
. 1 (k) (k) ‘ _
k,NHocallIcr%alogN k ‘HD}N } Su(g ) =0

A similar phenomenon has been proved both for the CNT-entropy [27, 28] and for
the CS-entropy [44], although in this case a different kind of dynamical system
has been studied. Nevertheless, the proof of convergence of CS-entropy to the KS
invariant only make use of dynamical localization condition 5.1 so that, after an
appropriate substitution of similar terms, Theorem 7.1 can be extended to both
CNT- and CS-entropies.

The dynamical localization condition 5.1 has been extensively used in all the
proofs mentioned in this section, and the results here presented strongly do depend
on it. Once the framework in which sequences of quantum approximants approach
their classical limit has been settled, by an appropriate Egorov convergence, like
the one in Propositions 5.1 and 5.2, we still let room for bizarre behaviors in
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the entropy production. Condition 5.1 removes such a freedom and extend the
convergence from observables to dynamical entropies.

8. Conclusions and outlook

We have reviewed how quantum dynamical entropies reproduce the
Kolmogorov—Sinai invariant in quantum systems too, provided that we observe
a strongly chaotic system on a very short logarithmic timescale. However, due
to the discreteness of the spectrum of the quantizations, we know that saturation
phenomena will appear. It would be interesting to study the scaling behavior of the
quantum dynamical entropies in the intermediate region between the logarithmic
breaking time and the Heisenberg time. This will, however, require quite different
techniques than the coherent states approach, indeed the Ehrenfest time, whose
scaling is the same as the breaking time here described, set the upper bound of
semi-classical technology.
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