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ABSTRACT

In this manuscript, we study discrete-time dynamics of systems that arise in physics
and information theory, and the measure of disorder in these systems known as dy-
namical entropy. The study of dynamics in classical systems is done from two distinct
viewpoints: random walks and dynamical systems. Random walks are probabilistic
in nature and are described by stochastic processes. On the other hand, dynami-
cal systems are described algebraically and deterministic in nature. The measure of
disorder from either viewpoint is known as dynamical entropy.

Entropy is an essential notion in physics and information theory. Motivated by
the study of disorder for the positions and velocities of gas molecules, the notion of
entropy was first introduced mathematically by Boltzmann near the end of the 19th
Century and gives rise to the second law of thermodynamics. Almost eighty years
after Boltzmann, Shannon became the father of the new field of information theory
when he produced his groundbreaking works where he used entropy as a measure
of information transfer between two sources. In the last two years of the 1950’s,
Kolmogorov and Sinai extended the notions of Boltzmann to a dynamical entropy.
The Kolmogorov-Sinai dynamical entropy gives a measure for the disorder of a system
of particles (e.g. gas molecules) averaged over time, quantifying the uncertainty in
the dynamics of a system.

The advent of quantum mechanics and its pervasiveness in nature has required the
development of non-commutative generalizations of dynamics and dynamical entropy
to the quantum regime. Many of each have been proposed. In particular, we recall

the definitions of quantum random walks, dynamical systems and Markov chains.
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We motivate each generalization by relating to its classical counterpart. Quantum
dynamical entropy (QDE) is a generalization of the Kolmogorov-Sinai dynamical
entropy to quantum mechanics. There have been numerous definitions for QDE
beginning with that of Connes, Narnhofer and Thirring in 1987. We focus on the semi-
classical approach given by Stomczytiski and Zyczkowski in 1994 and the quantum
Markov chain approach which started with Accardi, Ohya and Watanabe in 1997.

Linearity of a dynamical entropy means that the dynamical entropy of the n-fold
composition of a dynamical map with itself is equal to n times the dynamical entropy
of the map for every positive integer n. We show that the quantum dynamical entropy
introduced by Stomczynski and Zyczkowski is nonlinear in the time interval between
successive measurements of a quantum dynamical system. This is in contrast to
Kolmogorov-Sinai dynamical entropy for classical dynamical systems, which is linear
in time. We also compute the exact values of quantum dynamical entropy for the
Hadamard walk with varying Liiders-von Neumann instruments and partitions.

In 1948, Shannon proved the Source Coding Theorem which gives upper and lower
bounds on the minimal expected codeword length in terms of the entropy of a ran-
dom variable. This theorem can be leveraged to give the minimal expected average
codeword length for a string of symbols in terms of entropy rate, which can be in-
terpreted as the dynamical entropy of a stochastic process. In 1994, Schumacher
defined indeterminate-length quantum codes and proved a Quantum Source Coding
Theorem. We introduce the notion of stochastic ensembles of pure states and give a
novel representation in terms of quantum Markov chains. Moreover, this representa-
tion allows us to extend the Quantum Source Coding Theorem, giving the minimal
expected average codeword length of an indeterminate-length quantum code in terms
of quantum dynamical entropy.

This manuscript includes joint work with Dr. George Androulakis (Mathematics,

University of South Carolina).
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CHAPTER 1

INTRODUCTION

In this manuscript, we study discrete-time dynamics of systems that arise in physics
and information theory, and the measure of disorder in these systems known as dy-

namical entropy.

1.1 DyNAMICS AND ENTROPY IN CLASSICAL SYSTEMS

The study of dynamics in classical systems is done from two distinct viewpoints:
random walks and dynamical systems. The origins of the classical random walk traces
back to the study of gambling problems, such as the gambler’s ruin problem which
dates back to 1656. Random walks are probabilistic in nature and are described by
stochastic processes. Over the years random walks have seen much success in many
fields ranging from finance ([60]), computer optics ([27]) and computer science ([49])
to biology ([26]) and neurology ([25]). On the other hand, a dynamical system is a
probability space together with a measure-preserving automorphism, thereby giving
deterministic dynamics. Dynamical systems are often used in physics to model an
ensemble of particles whose state varies over time. Motivated by his study of the
three-body problem in celestial mechanics, many people regard Henri Poincaré as the
founder of dynamical systems (see e.g. [47]).

In both random walks and dynamical systems, entropy is used as a measure of
uncertainty or chaos. In physics and dynamical systems theory, entropy is used to
describe chaos and gives rise to the second law of thermodynamics. In information

theory, entropy is used to quantify many properties of information (e.g. the resources
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needed to store information or data compression; see [33, 54]). The notion of en-
tropy was first introduced mathematically by Boltzmann near the end of the 19th
century in [15] as a tool to measure disorder for the positions and velocities of gas
molecules, although the name “entropy” dates back to Clausius in 1865 according to
[65]. Almost eighty years after Boltzmann, Shannon became the father of the new
field of information theory when he produced his groundbreaking works where he
used entropy as a measure of information transfer between two sources in [54, 55].

The entropy described by both Boltzmann and Shannon is static. That is, it is
used to quantify the amount of disorder in a system at a fixed point in time. To
quantify the amount of disorder in the dynamics of a system, the limit of the time-
averaged entropy of joint probabilities is used. Due to the Césaro Mean Theorem, this
limit can also be thought of as disorder of a system at the present time conditioned
on the past. For stochastic processes, this dynamical entropy is known as entropy
rate. In dynamical systems, this dynamical entropy was introduced by Kolmogorov
and Sinai in 1958 and is now referred to as Kolmogorov-Sinai (KS) entropy ([32,
57]). Motivated by the problem of characterizing isometric dynamical systems, the
KS entropy is a metric invariant for dynamical systems. The connection between
entropy rate and KS entropy can be seen through the symbolic dynamics space which
is discussed in Sections 2.3 and 5.3.

Another important property of KS entropy is its linearity in time. Linearity of
the KS entropy means that, for a dynamical system (€2, 3, i, f) and a positive integer
n, the KS entropy of the n-fold composition of f is equal to n times the KS entropy

of f and is given by the equation
RES(f™) = nh5(f), for all n € N.

In contrast, the entropy rate of a stochastic process is not linear in time due to its

probabilistic nature. This difference, amongst others, is discussed in Section 5.4.
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1.2 DyNAMICS IN QUANTUM SYSTEMS

The advent of quantum mechanics and its pervasiveness in nature has required the
development of non-commutative generalizations of dynamics to the quantum regime.
Many descriptions of discrete-time, non-commutative dynamics have been proposed
and studied over the years. In particular, we recall the definitions of quantum random
walks, dynamical systems and Markov chains in Chapter 4.

Quantum random walks (QRWs) are a non-commutative generalization of dy-
namics from the random walk point of view, the properties of which are significantly
different from their classical courterparts (see e.g. [8]). QRWs were first introduced
by Aharonov et al. in [5] and independently by Meyer in [43] to describe closed system
dynamics. Closed systems in quantum mechanics are described by unitary operators
or, more precisely, unitary transformations; QRWs for closed systems are no different
and are referred to as unitary QRWs (UQRWs). In 2012, a new variant of the QRW
was introduced by Attal et al. in [12] to describe open system dynamics; i.e. a system
coupled with an environment. QRWs for open systems are referred to as open QRWS
(OQRWs). The evolution of an OQRW is described by a completely positive trace
preserving map or quantum channel. The study of QRWs has enjoyed much interest
in recent years (see e.g. [7, 29, 30, 34, 48, 63]), and applications have been found
in many areas including quantum computing [35, 37], the study brain networks [41],
and biology [50, 51]. In their seminal paper on OQRWs ([12]), the authors show that
unitary and open QRWs differ only by a single step in their realization procedure.
Namely, the step that requires decoherence and hence simulation of interaction with
an environment. In Subsection 4.1.3, we develop this idea further.

Quantum dynamical systems (QQDSs) are a non-commutative generalization of dy-
namical systems motivated by the algebraic representation of automorphisms on a
probability space (2, %, u) as L>®(Q2). L*>°(Q2) can then be embedded into a commu-

tative subalgebra of a matrix algebra M, the whole of which is non-commutative (see
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e.g. [11]). Matrix algebras are C*-algebra and the general description of QDSs is
done using C*-algebra quantum mechanics.

Quantum Markov chains (QMCs) were first introduced by Accardi in [1]. A
stochastic process is generally defined by its joint probability mass functions (pmfs).
A Markov process is a special case of a stochastic process in which the joint pmf for
one step into the future is only influenced by its current distribution. Therefore a
Markov process can be uniquely defined by its initial distribution, u, and a family
of conditional expectation operators, (P,)neny. From this viewpoint, we can denote
the Markov process as the pair {u, P,}. The QMC approach to non-commutative
dynamics is based on this viewpoint. In QMCs, the initial distribution is represented
by a density operator, p, in a matrix algebra and the conditional expectations are
generalized to a family of transition expectations, (&, )nen, giving a QMC {p, &,}. The
QMC approach is then a straightforward generalization of dynamics from the random
walk perspective. On the other hand, by careful selection of transition expectations,
the QMC approach can also be used to describe the course-grained measurements
of a QDS. This viewpoint allows us to view QMCs as a generalization of dynamical

systems as well. We will discuss this point in Sections 4.3 and 7.

1.3 QUANTUM DYNAMICAL ENTROPY

The main focus of this work is the description of dynamical entropy in quantum
systems. There have been many successful attempts to generalize KS entropy to a
quantum dynamical entropy (QDE) in [18, 6, 59, 44, 3, 38|, beginning with Connes,
Narnhofer and Thirring in 1987. The Connes-Narnhofer-Thirring (CNT) [18], Alicki-
Fannes (AF) [6], Accardi-Ohya-Watanabe (AOW) [3] and Kossakowski-Ohya-Watana-
be (KOW) [38] entropies have had the most attention in the literature as they have
been computed exactly for several examples of quantum dynamical systems. More-

over, the relationship between the different definitions is not fully understood, al-
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though some work in this direction has been done (e.g. [4, 61, 46, 14]).

We are particular interested in the Stomezytiski-Zyczkowski (SZ) quantum dynam-
ical entropy [59] and the QMC approach to dynamical entropy introduced in [3] in
terms of the AOW entropy. SZ entropy uses a semi-classical approach and was devel-
oped using the general notions of measurements, instruments, phase space and state
space developed by Edwards in [23], and Davies and Lewis in [21, 20]. In contrast to
both the CNT and AF entropies, SZ dynamical entropy can obtain nonzero values for
quantum systems with finite-dimensional Hilbert spaces. Quantum algorithms are a
natural example where this property is desirable.

In the past four decades there has been a lot of interest in trying to develop
a quantum computer which requires a new field of computing, known as quantum
computing (see [45]). In 1996, Lov Grover created a quantum database searching
algorithm, now referred to as Grover’s algorithm, which was shown to be quadrati-
cally faster than the classical analogue ([28]). Certain quantum algorithms have even
obtained exponential speed-up over their classical counterparts, such as Shor’s algo-
rithm for factorizing integers ([56]). To demonstrate the applicability of SZ dynamical
entropy for quantum algorithms, we will apply it to UQRWSs which have been shown
to be universal for quantum computation in [40] and give exact computations of the
S7Z dynamical entropy for the Hadamard walk measured with varying Liiders-von
Neumann instruments. In doing so, we also give explicit calculations verifying the
nonlinearity of SZ entropy. This is in contrast to KS entropy, which is linear in time,
and gives further evidence to the probabilistic nature of measurements in a quantum
system.

The QMC approach to dynamical entropy has been studied by many. It has been
modified from its original context in terms of AOW entropy to include an approach
for the study of the AF entropy developed by Tuyls in [61]. AF entropy was originally

introduced in the context of QDSs and the approach of Tuyls lays the groundwork
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for the QMC representation for QDSs. A generalization of both QMC approaches
was given in [38], where the authors introduced the KOW entropy. Furthermore, in
Section 7.2, we give a QMC approach for SZ dynamical entropy. This representation
allows us to show that the AOW entropy is also nonlinear in time.

In Section 7.3, we recall the notion of indeterminate-length quantum codes which
were first considered by Schumacher in 1994 ([52]). In subsequent work with West-
moreland, Schumacher is able to extend the Source Coding Theorem to a quantum
analog, establishing upper and lower bounds on the minimal expected quantum data
compression in terms of von Neumann entropy. In classical data compression, the
Source Coding Theorem can be leveraged to give the minimal average expected data
compression rate in terms of the entropy rate of the corresponding stochastic process.
We introduce the notion of a stochastic ensemble of pure states for indeterminate-
length quantum codes and provide a QMC whose dynamical entropy is equal to the
minimal average expected quantum data compression rate in Theorem 7.3.9.

Throughout this manuscript we will be interested in discrete-time processes. When-
ever suitable definitions for continuous time have been made, we will try to mention

it and give references to related material.
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CHAPTER 2

DYNAMICS IN A CLASSICAL SETTING

In this chapter we will recall two different formalisms of dynamics in a classical (or
commutative setting). We recall random walks in probability theory in Section 2.1
and try to highlight the graph-theoretic intuitions of these random processes. In
Section 2.2, we recall dynamical systems which are dynamics from an algebraic point
of view. We then introduce symbolic dynamics of a random walk in Section 2.3
which is a dynamical system connecting the two different pictures of dynamics. We
finish off the chapter by delving more deeply into the algebraic structure of dynamical
systems in Section 2.4, giving us a first peek at quantum dynamical systems. All of
the systems of this chapter will have entropy introduced on them in Chapter 5 and

will be extended to non-commutative (or quantum) settings in Chapter 4.

2.1 RANDOM WALKS IN PROBABILITY THEORY

Let (€2,%, 1) be a probability space and let (E, £) be a measurable space. Whenever
a set €2 which is finite or countably infinite is equipped with the power set o-algebra
P(2), we will refer to the measurable space (€2, P(€2) (or simply the set Q) as a
discrete space. An (2, E) random variable X is a measurable map X : Q — E.
For any S € &, the probability that X takes values in S is given by u(X € §) =
u(X71(S)). We say that the random variable X is discrete whenever its range E is
a discrete space. In that case, X is determined by its probability mass function
(pmf) px : £ — [0, 1] given by px(z) = u(X = x) for each z € E. We will simply

write p(x) as opposed to px(z) when there is no confusion about the random variable.
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We will be mainly interested in discrete random variables in this manuscript.
Given a finite collection, (Xj)7_,, of (2, F) discrete random variables the joint

pmf of (X4,...,X,) is given by
Pxy X (X1, xn) = (X =21, ., Xy =2,) forallzy,....z, € E.  (2.1)

Furthermore, (Xi,...,X,) is a discrete (€2, E™) random variable.

The conditional pmf of X,, given (Xy,...,X,_1) is given by

an|(X1,...,Xn_1)($n|$1, cee ,l‘n—l) = M(Xn = In\X1 =Z1, .., Xp1 = $n—1)
_ X1, X, (T1, - Tn) (2.2)
Pxy, X0 (:1317 s ’l‘n—l)’
for all zq,...,x, € E. Whenever there is no confusion about the random variables
in question we simply write p(z1, ..., x,) for the joint pmf and p(x,|z1, ..., z,_1) for

the conditional pmf.

If (Q,%, p) is a probability space and (E,£) is a measurable space, then a (dis-
crete time) (2, E) stochastic process is an indexed sequence of (€2, E') random
variables. Throughout this manuscript we will only consider discrete time stochastic
processes and the sequences will all be indexed by N, where the index is meant to
represent time. Whenever (E,£) is a discrete space we will refer to any stochastic
process with range in F as a discrete stochastic process. In this case the stochas-
tic process, X = (X,,)22,, is determined by its joint pmf, denoted by px, and given
by px(x1,...,%n) = Dy, x,(T1,...,2,) for each n € Nand 24,...,2, € E.

Given any discrete stochastic process there is a natural way of viewing the as-
sociated joint and conditional probabilities as being associated to a random walker
moving around on a graph. We call this perspective the classical random walk per-
spective and describe it below. Fix a discrete (2, ) stochastic process X. Then,
from the classical random walk perspective, we interpret p,, (x) as the probability
that a random walker inhabits the site z initially at time 1 and py, (x) as the proba-

bility that-a-random.walker inhabits the site x at time n, for any € E and n € N.
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Furthermore, for any z;,...,z, € E and n € N, we interpret pi,...,z,) as the
probability that a random walker takes the path 1 — z; — -+ — x, at times
0,1,...,n. Moreover, if there is a specific graph the random walker is moving on,
the conditional probabilities reflect this by giving probability 0 whenever there is no
edge for the walker to traverse.

A discrete stochastic process (X,,)72 is called stationary whenever its joint pmf

is invariant with respect to shifts of the time index; i.e.
wXi=a1,..., Xy =x,) = p( Xy =21, .., Xpy = ),

for all n,l € N and zy,...,x, € E. In the literature, a stationary stochastic process
is sometimes referred to as being time invariant (see e.g. [19, Page 61]).
A simple example of a discrete stochastic process is one in which each random

variable depends only on the one proceeding it in the sequence; i.e.

W Xna1 = Tpsalrr =21, .0, X = x) = p(Xna1 = 2001 | X = 20), (2.3)

for all n € N and xy,...,x,.1 € E. A discrete stochastic process which satisfies
Equation (2.3) is referred to as a Markov process. In particular, we are interested
in those discrete Markov processes, X = (X,,)°2,, whose conditional pmfs do not

vary with time; i.e.
w(Xo =2z|X1 =vy) = u(Xp1 =2|X,, =y) forall z,y € E, and n € N. (2.4)

In this case, we will set p,, = u(Xs = z|X; = y) and define the |E| x |E| matrix
P to have (z,y)-entry given by p,,, for all z,y € E. Then P is a transition
(column-stochastic) matrix; i.e. forall z,y € £,0 < p,, <1 and, forall y € E,
> wepDsy = 1. From the classical random walk perspective, the (z,y)-entry of P,
Dsy, is interpreted as the conditional probability that a random walker will move in
one step from site y to site z. Moreover, p,, will be equal to 0 whenever (y, z) is not

a-(possibly.directed).edge on the corresponding graph.
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Given a discrete measurable space (F,P(E)), we will represent a probability mea-
sure 1 on (E,P(FE)) as the column vector 1 = {jie }ecr, where p, := p({e}) for each
e € E, which we will refer as a probability vector. Then, given a transition matrix
P on E, we define Py by matrix multiplication. We say that p is P-invariant
whenever Py = p. In particular, whenever X is a discrete (2, E) Markov process
governed by the transition matrix P, we take the initial measure p to be p,,. In this

case, notice that X is stationary if and only if p,, is P-invariant.

2.2 DYNAMICAL SYSTEMS

Let (£2,X) be a measurable space. Define P,.(£2) to be the collection of all finite or
countably infinite measurable partitions of Q. Define a partial ordering on P,.(£2)
such that, for any C,D € P, (), D < C whenever, for every D € D there exists
Cp C C such that D = UCp. If D < C we say that C is finer than D or that D is
coarser than C.

Whenever 2 is a discrete space we will refer to the partition of {2 into singletons
{{w}}ueq as the atomic partition. In this case it is clear that the atomic partition
A of Q is countable and measurable; i.e. A € P,,(2). Furthermore, in this case, A is
the finest partition in P,.(2); i.e. C < A for any C € P,,.(Q2).

For any C,D € P,(), the join (or least upper bound) of C and D is given by
the partition C V D which contains all sets of the form C' N D for all C' € C and
D € D. Given a finite collection of partitions {Cg}7_; C Pur(€2), the join V}_,C can
be defined recursively from the join of two partitions so that Vj_,Cy is the partition
containing exactly the sets of the form N}_,Cy, where C, € Cj for all 1 <k < n.

Fix a probability space (2, %, u). Given any partition C € P,.(2), consider the
discrete space (C,P(C)). We then define the probability measure associated to

C, denoted by pe, to be given by

te(C) = u(C)  for each C € C. (2.5)

10
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The measure pe can be thought of as a course-graining of the measure p. (This idea of
course-graining will be discussed further in the paragraph following Example 3.2.3.)
Indeed, one can easily define p¢ as a restriction of p on (€2, %) analogously to above
and think of the sets C' € C as the possible outcomes of a particular measurement.
Measurements will be discussed in further detail in Chapter 3.

We also can now draw our first connection to random walks from probability
theory introduced in Section 2.1. To this end, for each C € P,(2) we define a
discrete (€, C) random variable X¢ by setting X¢(w) = C whenever w € C, for any

C € C. Tt is easy to see that the pmf of X¢ is equal to p; i.e.
pxc(C) = pe forall C eC. (2.6)

Furthermore, given any finite collection of partitions (Cp)?_; € P, (Q), it is easy to

see that

pxc, . xe, (C1 oo, Cn) = pyn_ ¢, (C1N N Cy), (2.7)

where Cy, € Cy for all k € {1,...,n} and the joint pmf PXc,....Xc, is given by Equa-
tion (2.1).

Next, we recall that, for any two sets C, D € ¥, the conditional probability of
C given D is given by u(C|D) := u(C N D)/u(D). Given a partition C € P,,(2)
and a set D € X, we define the conditional probability measure of C given D
to be given by pcp(C) = p(C|D) for all C' € C. Further, given any two partitions
C,D € P, (), we define the conditional probability measure of C given D to
be given by ficjp(C|D) = peip(C) for all C' € C and D € D. Again, it is clear that

pxeix(C|D) = pep(C|D)  for all C € C and D € D, (2.8)

where the conditional pmf pxc|x» is given by Equation (2.2).
Next we wish to introduce some dynamics on the probability space (€2, %, ).

This role will be played by a measurable map f : 2 — . We call the quadruple

11
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(9,3, i, f) a dynamical system (DS). Furthermore, whenever p(A) = p(f~1(A))
for all A € ¥, we say that p is f-invariant and call the DS (Q, X, p, f) stationary.
It is worth noting that stationary DSs are often referred to as measure-preserving in

the literature.

Remark 2.2.1. In the literature it is common to only refer to (2, %, pu, f) as a DS

whenever p is f-invariant. We do not adopt that convention here.

Remark 2.2.2. In Section 2.1, the dynamics are described by a stochastic process.
Indeed, in the case of time-homogeneous Markov processes governed by a transition
matriz P, it is easy to see that P describes explicitly the dynamics of the system
(which are probabilistic in nature). For a DS (0,3, u, f), the dynamics are played
by a deterministic map making the evolution fundamentally different than that of
stochastic processes. However, we can still associate probabilities to the dynamics via

the probability measures described in Equations (2.6), (2.7) and (2.8).

Fix a DS (Q,%, p, f) and a partition C € P,(2). For each k € Ny, where Ny =
N U {0}, define the k'"-preimage of C under f by f=*(C) := {f7*(C)}cec, where f°
denotes the identity map. Note that, for each C € Py.(Q), f~1(C) € P, () and hence
f7*(C) € P, (Q) for every k € Ny. The probabilistic description of the dynamical
system is then given by the family of probability measures (f“vz;é f,k(c));;o:l, given in
Equation (2.5). We will refer to the family (uvggéf*k(c))?ﬁ:l as the joint probabilities
of (2,3, u, f) with respect to C. These joint probabilities can also be thought
of as the joint pmfs of the appropriate stochastic process as in Equation (2.7). For
any n € N and C,...,C, € C, the probability :“v;;gf*k(C)(Ol N---n f~=0(C,)
can be thought of as the probability of a system whose dynamics are determined by
f being measured at times 1,2,...,n with outcomes C1, (s, ..., C,. We will discuss
measurements further in Chapter 3. Due to this interpretation of measurements at

subsequent times, we would like to introduce the following notation for the joint
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probabilities of (2, %, u, f):
pIey, ... C,) = Mvz;&f_k(c)(c1 NN D). (2.9)

Remark 2.2.3. Given a DS (2,%, i, ) and a partition C € P,.(Q), it is clear that
VIZSF7R(C) consists exactly of sets of the form f~"=V(C,)N---N f~1(Cy) N Cy, for

all Cy,...,C, €C.

2.3 SyMBOLIC DYNAMICS: RANDOM WALKS AND DYNAMICAL SYSTEMS FROM

AN ALGEBRAIC POINT OF VIEW

In this section we present the symbolic dynamics representation of both probabilistic
random walks (see Section 2.1). The symbolic dynamics representation can be done
analogously for dynamical systems and many of the results here hold, although we
will not dwell on this point.

The symbolic dynamics (also known as the code space or path space) representa-
tion for a stochastic process is a DS which encodes the possible paths that a random
walker can take as the points in the space. We will see that the joint pmfs for a
discrete stochastic process are encapsulated as the joint probabilities associated to
the symbolic dynamics.

Let (2, X, i) be a probability space, (E, ) a (not necessarily discrete) measurable
space and X = (X,,)%, an (2, E) stochastic process. Consider the measurable space
(E*, &%), where E* := EN and £* := 0(U22,E™) be the o-algebra generated by U2, E™.
For all n € N, collection of integer times 1 < t; <ty < ---<t, and Ay,..., A, € &,

we define the cylinder set
C (‘?11 i ?:) ={r = (v;)ien € E" : 2, € A for k € {1,...,n}}.

For C € P,.(FE), we say C (‘?11 o ’?:) is a C-cylinder set if A;,..., A, € C. Also, we

define the partition, C € P,.(E*), by
C:={C({)}acc
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and the set

'PAM(E) = {é :C e Par(E>} - Par(E*>'

Notice that the collection of all cylinder sets in E* is a m-system which generates
the o-algebra £*. Therefore, any measure on (E*, £*) is uniquely defined by its values
on the cylinder sets. We define the process-dependent measure, X, on the cylinder

sets by
RO (07 ) = p(Nfa (X, € Ar), (2.10)

forallm € N, 1<t <--- <ty and Ay,..., A, € E. We interpret u*(C (‘?11 » ‘?:))
as the probability that a random walker, governed by the stochastic process X, is in
the set A; at time ¢; and takes the path A; — Ay — -+ — A, at times tq,...,t,.
Notice that this interpretation is similar to that of the joint pmf for discrete stochastic

processes, with the only difference being that the walker’s path is through sets here,

as opposed to singletons before.

Remark 2.3.1. Fiz an (S, F) stochastic process X, Ay,..., A, € &, integer times
1<ty <<ty andt € N\{t1,...,t,} such that t; <t < ti 1 for some 1 <i < n.

Then, since (N1 (Xy, € Ag)) = (N1 (X, € Ax) N (X; € E)), we have that
PO (R ) =eX e (n T a T W)
Similarly, if 1 <t < t; ort >t,. Therefore the measure X is well defined.

We define the shift map
s: E* — E* by s(x) =y where y; = x;11, (2.11)

for each ¢ € N, and refer to the quadruple, (E*,£*, u*, s), as the symbolic dynamics
of X. Notice that (E*,&*, u*,s) is a DS.
Of particular interest is the joint probabilities of (E*,&*, u*,s) with respect to

the partitions in P,.(E). For each C € P, (E), define the (©2,C) stochastic process
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Xe = (X8)2, where, for each n € N, XC is equal to X* "©) defined just before
Equation (2.6). More explicitly, we can see that, for each n € N, X¢ = iz 0 X,,, where
ic : E — C is the natural map that assigns to each e € E the unique C' € C such that
e € C. Moreover, whenever F is a discrete space and A is the atomic partition of F,
the values of X 4 are singletons and it is clear that X can be identified with X 4.
The following proposition shows that the joint probabilities of (E*, ¥*, u*, s) with

respect to C are equal to the joint pmfs of Xe.

Proposition 2.3.2. Let (Q,%, 1) be a probability space, (E,E) a measurable space,
X an (Q, E) stochastic process and (E*, %%, uX, s) the symbolic dynamics of X. Then
for each C € Py.(E),

uﬁf’é)(Cl, o Ch) = px,.(Ch, ..., Cy),  foreachn e N and Cy,...,C, €C.

Moreover, whenever E is a discrete space,

(5.€)

o (xe, . x,) = px (21, ..., x,),  for eachn € N and x4,...,x, € E,

where A is the atomic partition of E and the x;’s are the singleton sets {x;}, for each

1.

Proof. This is an immediate consequence of Equation (2.7) using the notation intro-
duced in Equation (2.9). The moreover statement is just a special case due to the
facts that, whenever E is a discrete space, the atomic partition A is in P,.(E) and

X can be identified with X 4. m
A good resource for symbolic dynamics of Markov processes is [31].

Remark 2.3.3. Let (2,3, i, f) be a dynamical system and C € P,() a partition.
We have already seen in Equation (2.6) that we can associate random variables to
the course-grained measurements associated to a particular partition. Moreover, by

eatending-Equation(2.7)-to account for any finite joins of the form Vi_y f~*(C), it is
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easy to see that the joint probabilities of (2, X, i, f) with respect to C are exactly equal
to the joint pmfs of the associated stochastic process (defined analogously to above).
In this case, we denote the measure on the symbolic dynamics DS (2%, %%, s,é) with

respect to a partition C by [i.

2.4 DYNAMICAL SYSTEMS FROM THE ALGEBRAIC POINT OF VIEW

Let (2, %, i, f) be a DS and consider the collection of all uniformly bounded functions
on Q, L>(Q). Let Ty : L*(Q) — L>(2) be the Koopman operator given by

T(g) = fog forall ge L>(Q). (2.12)
It is well known that T satisfies the following properties (see e.g. [11]):

(i) Ty is a *-automorphism

(i) [[77[] = 1

In further establish connections with random walks on a measurable space (2, X)),

we say that a mapping v : Q x ¥ — [0, 1] to be a Markov kernel if

(i) x — v(x, A) is measurable for every A € ¥, and

(ii)) A+ v(z, A) is a probability measure for all = € .

Whenever (2, 3) is discrete, v is determined by the transition matrix P with entries
P(j,i) =v(i,{j}), foralli,jeQ.
A Markov kernel acts on L>(£2) in the following way
vo f(z ‘/f v(z, dy). (2.13)

Furthermore, any linear operator 7" that acts on L>(2) of the form

/f v(z,dy), (2.14)
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for some Markov kernel v, is called a Markov operator. In a dual manner, we can
consider v acting on the probability measures on (£2,3) (see also Example 3.2.3).

Given any probability measure P on (2, ¥), the measure IP o v given by
Pou(A) = / v(z, A)P(d) (2.15)
Q
is also a probability measure.

Remark 2.4.1. In a similar manner to above, we can also associate to any probability
measure, P, on (Q,%) a linear functional P : L>®(Q) — R given by P(g) = [ gdP
for all g € L>(Q)). This is a slight abuse of notation, but the context should make it
clear whenever P is being used as a probability measure or a linear functional. (See

Ezample 3.2.5.)

A key idea which is useful when considering a type of symbolic dynamics for DSs
in the quantum regime (see Sections 4.3), specifically with open system dynamics,
is what happens when we consider a DS acting on a product space. To this end,
let (24, %) and (€, X.) be measurable spaces, where the subscripts s and e are to
remind us that ), is the system of interest and €2, is the environment, and let f
be a map from €2, x Q. to itself with associated Koopman operator T. To each

g € L>(Q) set g@ 1 € L>®(Qg x Q) be given by
g 1(x,y) =g(x), forall (z,y)€ Qs x Q.

Given a probability measure p on (€2, X.), we define the mapping T : L>®(€) —
L> () to be given by

Ti(g)(z) == /Q Ti(g @ 1)(z,y)du(y) = /Q (9@ 1) f(x, y)du(y). (2.16)

We can think of the map 7 as describing a single component of the dynamics of T’
(or f); i.e. when we only have access to €. It turns out that T is indeed a Markov

operator.(see [l Theorem 2.2]) and hence we can treat the dynamics on Q; exactly
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as we would without an interaction with an environment. On the other hand, it is
possible for 7§ to be probabilistic in nature even when 77 is deterministic. This idea
emphasizes the loss of information to an environment. It is also worth noting it is
not true in general that, for any n € N, (T}'),, given by Equation (2.16) for the n'"
iterate of T, is not necessarily equal to 77" (see [11, Section 2.3]). When extending
DSs to the quantum regime, we will revisit the idea here of having access to only one
component of a coupled system.

Let us turn back now to the DS (Q, ¥, i1, f) and let T be the associated Koopman
operator. To each partition C € P,.(2) we can associate a partition of unity in
L>(Q) given by the collection of characteristic functions v = {1¢}cec. Partitions of
unity will be defined in a greater generality in Section 3.2 where they will be used as
the most basic class of measurements for quantum systems. To the DS (2, %, u, f), we
associate the triple (L*(2), 1, Ty). This triple is the simplest example of a quantum
dynamical system which will be defined in Section 4.2. In that section and the ones
succeeding it we will give many different generalizations with similar probabilistic
interpretations for the system (L>(€2), u, T), while also utilizing our intuition from

the coupled classical system above.
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CHAPTER 3

MEASUREMENTS

Here we recall the formalism of measurements, developed by Edwards [23] and Davies
and Lewis [21, 20]. We follow mainly the notations of Davies and Lewis. We define
phase space, state space, observables and instruments. This formalism is general
enough that it holds valid for classical mechanics, Hilbert space quantum mechanics,

and C*-algebra quantum mechanics.

3.1 STATE SPACE AND PHASE SPACE

A state space is defined as a pair (X, K), where
(i) X is a real Banach space with norm || - ||,
(ii) K is a closed cone in X,

(iii) if u,v € K, then |lul| + ||v|| = ||Ju + v]|, and

(iv) if w € X and € > 0, then there exists uj,us € K such that u = u; — uy and

Jua ]| + lJuzll < flull + €.

It can be shown that, for any state space (X, K), there exists a unique positive
linear functional 7 : X — R such that 7(u) < |Ju||, for v € X, with equality when
u € K. We say that u € K is a state if 7(u) = 1. It should be remarked that all

examples of state spaces presented here will satisfy a strengthening of (iv); namely,

(iv') if u € X, then there exists uj, us € K such that u = u; —ug and |Juq || + ||uz| =
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The following examples of state spaces appear most frequently in the literature.

(A) Classical Mechanics - Let €2 be a locally compact Hausdorff space and
B be the Borel g-algebra of (2. Take X to be the real Banach space of all
countably additive, regular, real-valued Borel measures on X and take the
norm on X to be the total variation norm and the closed cone, K, to be the
set of non-negative measures in X. It is clear that (X, K') satisfies conditions
(i)-(iii) and (iv’) of a state space by taking u; and us to be the positive and
negative parts, respectively, of u € X given by the Hahn decomposition.
Furthermore, the linear functional 7 is given by 7(v) = [ dv = v(Q) for any
veX.

(B) Hilbert Space Quantum Mechanics - Let H be a Hilbert space. Take
X = S{*(H) to be the real Banach space of self-adjoint, trace class operators
on H equipped with the trace class norm and the closed cone, K = S; (H),
to be collection of all the positive, trace class operators on H. It is clear that
the state space (X, K) satisfies conditions (i)-(iii) and (iv’") of a state space
by taking u; and us to be the positive and negative parts, respectively, of
u € X given by the functional calculus. Furthermore, the linear functional
T is given by the trace, tr.

(C) C*-Algebra Quantum Mechanics - Let A be a C*-algebra. Let X be
the real Banach space of all bounded, self-adjoint linear functionals on A
with the dual space norm. Set the positive cone K = {w € X : w(a*a) >
0 for all @ € A}. It is clear that the state space (X, K) satisfies conditions

(i)-(iv) of a state space. Also, the linear functional 7 is given by 7(-) = || - ||
It is worth noting that both the classical and Hilbert space mechanics are a special

case of the C*-algebra quantum mechanics if A is taken to be the algebra of all
continuous functions on {2 vanishing at infinity (also see Section 2.4), or if A is taken
to be the algebra of all compact operators on H, respectively.

A _phase_space_is_defined as an arbitrary measurable space (2,%), where
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represents the collection of possible outcomes of a measurement and is sometimes

called the value space in the literature.

Remark 3.1.1. Throughout this manuscript we try to avoid complicating things with
the GNS construction when considering C*-algebra mechanics whenever possible. In-
stead we will often assume that the C*-algebra A is a subset of B(H) for some Hilbert
space H, where B(H) is the bounded operators on H. Whenever this is the case, it
will be convenient to consider only the states and general state space elements from

the pre-dual of A, A, which is known to be a subset of S1(H) by the trace duality.

3.2 OBSERVABLES AND INSTRUMENTS

We say that x : 3 — X* is an observable if, for every £ € 3, 0 < z(F) < 7 and
x() = 7, where the partial ordering on X* is defined by ¢ < 1) whenever ¢(u) < 1(u)
for all w € K. Given a state u € K, an observable z, and F € ¥, we interpret z(F)u
as the probability that a system in state u takes values in £ when observed with the
observable x.

An operation is a positive, bounded linear operator 7' : X — X, such that
0 < 7(Tu) < 7(u) for every v € K. We denote by O := O(X) the set of all
operations on X. Finally, we define an instrument as a map 7 : ¥ — O such that
T(T(Q)u) = 7(u), forallu € K, and T (U, E,) = >, T (E,), for any disjoint sequence
of sets {E,,} C X, where convergence of the sum is in the strong operator topology.

Notice that for any instrument 7, one can define a unique observable z+ by
setting 7 (E)u = 7(T(F)u) for u € X and F € ¥. However, it is possible that
two distinct instruments, 7 # S, give rise to the same observable, 7+ = xs. From
the above correspondence, given an initial state u € K and F € 3, we can interpret
T(E)u/zr(E)u € K as the state of the system immediately after measuring the

system in state v with the instrument 7 and obtaining values in the set F.
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Next, we give the definitions of partitions and operational partitions of unity that
are generally used in C*-algebra quantum mechanics before introducing their typical
use and formulation as instruments for each of the Examples (A) and (B) above.
This is possible since each of Examples (A) and (B) are a special case of C*-algebra

quantum mechanics given in Example (C).

Example 3.2.1 (C*-Algebra Quantum Mechanics). Let A be a C*-algebra with iden-
tity 1 and let (X, K) and T be as in Ezample (C) above. A (finite) operational

partition of unity is a collection v = (y)i_, C A, for some n € N, such that

> v =1
k=1
Given any operational partition of unity v of size n and any subset E of {1,... ,n} it is

clear that the linear operator, Tp acting on the bounded, self-adjoint linear functionals

on A, given by

TEC) = > v W (3.1)

keE
is indeed an operation. We define an instrument T, : P({1,...,n}) — O by setting

TAE) =Ty for each E € P({1,...,}). We will say T, is governed by v and will
simply write T whenever the operational partition of unity is clear. Of particular
interest are the operational partitions of unity v = (yx)i—y such that v =~y for each
k and vy = Ok for each k, i. Operational partitions of unity of this form will be

simply referred to as partitions of unity.

Remark 3.2.2. One has to take particular care when defining the operations Tj in
Equation (3.1) due to the different pictures (Schridinger or Heisenberg) that are often
employed when considering quantum mechanics. This point will be discussed further

Ezxample 3.2.4 below.

We are now ready revisit our examples of state spaces and introduce typical in-
struments that will be applied to them along with their corresponding observables.

Eirst,we consider. Example (A) and define the sharp measurement instruments.
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Example 3.2.3 (Classical Mechanics). Let 2, B and (X, K) be as in Ezample (A)
above and let the measurable space (2, B) be the phase space. We define the (classical)

sharp measurement instrument T by
T(E)w(A)=v(ANE) forve X and A E € B. (3.2)
The corresponding observable is given by
rr(Eyw=71(T(E)v)=v(E) forE€Bandve X.

Let (Q,B) and (X, K) be as in Example 3.2.3 and let A = ¢(2) be the algebra
of all continuous functions on €2 vanishing at infinity. Consider a partition of unity
v = (). By definition it is clear y can be identified with partition C = (C%) € Pu(2),
exactly as in Section 2.4, through the identification v, = 1, for each k. Since
co(§2) is commutative, 77 in Equation (3.1) simplifies to T3(+) = Y per Lo, - for each
E € P({1,...,k}). The instrument 7, can then be thought of as a course mea-
surement instrument, as opposed to the sharp measurement instrument considered in
Example 3.2.3. The key difference between course and sharp measurement is that for
the course measurement only a predetermined collection of measurement outcomes
is possible (corresponding the the partition C), whereas for sharp measurements any
outcome is possible.

The next example illustrates measurements in the Hilbert space formalism of
quantum mechanics with discrete phase space determined by an operational partition
of unity. This formalism will be used in our analysis of quantum random walks in

Section 4.1 and Stomczynski-Zyczkowski dynamical entropy in Section 6.

Example 3.2.4 (Hilbert Space Quantum Mechanics). Let H, (X, K) and T be as in
Ezample (B) and let v = (vy)7—, be an operational partition of unity. Let (2, P(Q2))

be a discrete phase space of size n. Here, we are in the Schrodinger picture of quantum
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mechanics and we define the instrument T =T, by
T(E)p=>_ BipB; foreachpe X and E € P(),
i€k
where the sums are taken with respect to the strong operator topology if ) is countably
infinite. In this case, T is really the dual (or pre-dual depending on context) of the
instrument defined via the operations in Equation (3.1) and will generally be applied
to density matrices on H. Moreover, when restricted to actions on K, T represents
a positive operator valued measure. The corresponding observable is given by
z7(E)p =Y _tr(BipB;) for each p € X and E € P(RQ).
i€E

Whenever v is a partition of unity in Example 3.2.4; i.e. the family of ~;’s are
pairwise orthogonal projections, we will often denote them by (P;)7_; and note that
Shoy PP, = >} , P, = 1. In this case, the corresponding instrument 7, governed
by 7, is called a Liiders-von Neumann instrument and is given by

T(E)p=>_ PP, forpe X and E € P(Q),
keE
where the sums are taken with respect to the strong operator topology if €2 is count-
ably infinite. It is worth noting that 7 is defined by the “collapse of wave function
formula." The corresponding observable is defined analogously.

Whenever the partition of unity (Pg)j_, consists of orthogonal, rank-1 projections,
the Liiders-von Neumann instrument 7 is called a coherent states instrument (see
[59, Section IV].) In this paper whenever we refer to a coherent states instrument
we will always mean a Liiders-von Neumann instrument given by a family of or-
thogonal, rank-1 projections as opposed to the more general definition given in [59,

Example (M)].
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CHAPTER 4

NON-COMMUTATIVE RANDOM WALKS

In this chapter we recall three different descriptions of discrete-time dynamics in the
quantum (or non-commutative) setting. We motivate each description by relating to
its classical counterpart and discuss some connections between the different descrip-

tions.

4.1 QuANTUM RANDOM WALKS

Quantum random walks (QRWs) are a generalization of classical random walks to
quantum mechanics, the properties of which are significantly different from their clas-
sical courterparts (see e.g. [8]). QRWs come in two flavors: unitary QRWs (UQRWs),
introduced by Aharonov et al. in [5] and independently by Meyer in [43], used to
describe closed system dynamics, and open QRWs (OQRWs), introduced by Attal et
al. in [12], for open system dynamics. As the name suggests, UQRWS evolve via uni-
tary transformation, whereas OQRWs evolve via completely positive trace preserving
maps (quantum channels). The study of QRWSs has enjoyed much interest in recent
years [7, 29, 30, 34, 48, 63], and applications have been found in many areas including
quantum computing [35, 37], the study brain networks [41], and biology [50, 51].
Both unitary and open QRWs are defined, using Hilbert Space Quantum Mechan-
ics (see Example 3.2.4), on the tensored Hilbert space H = He ® Hp, where the
coined Hilbert space, H¢, is meant to represent the internal degrees of freedom and
the position Hilbert space, Hp, is meant to represent the position of a random walker.

The position Hilbert Space Hp is a separable Hilbert space with some orthonormal
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basis labeled by a finite or countably infinite vertex set V. For this reason, it is
convenient to keep in mind the probabilistic/graph-theoretic random walk model, as

a classical comparison, in this section.

4.1.1 TUNITARY QUANTUM RANDOM WALKS

The unitary quantum random walk (UQRW) is one of the many adaptations of the
classical random walk to the quantum domain and, in particular, is an adaptation of
classical random walks for closed quantum systems; i.e. systems that do not interact
with an environment. Similar to the probabilistic and graph-theoretic random walk
perspective (Section 2.1), we define the UQRW on a finite or countably infinite vertex
set V.

To consider a collection of vertices in the quantum domain, Hilbert space quantum
mechanics is used (see Example 3.2.4) and we consider the position space, Hp :=
l5(V'), with an orthonormal basis, {|v) },ev, indexed by V. To add internal degrees of
freedom to the vertices, the coin space H¢ is used, which is an at most countably-
dimensional Hilbert space. In general, a UQRW is given by the unitary transformation
over the tensored Hilbert space H = He ® Hp. The most common UQRWs are
the so-call coined UQRWs. To define these we must first fix an orthonormal basis,
{le;v) }emeoxv on H, sometimes referred to as the computational basis, for some
index set C, where |c,v) = |¢) ® |v). We say that a UQRW is coined if it is the
unitary transformation of an operator U of the form

U=25(> U ® v){v]), (4.1)

veV
where U, is a unitary operator on Hy for each v € V', and S is a permutation operator
which is referred to as the shift operator. By a “permutation operator', we mean

that S has the form

S = Z lo(c,v)){c,v|, (4.2)
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for some permutation o of C' x V. For each v € V, the unitary operator U,, referred
to as the coin operator at v, changes the coin state at the vertex v in a deterministic
way while the shift operator S moves the random walker from one site to another. In
the sequel we will only consider coined UQRWs and we will drop the adjective. We
say that a UQRW is space homogeneous if there exists a unitary operator W on
He such that W = U, for every v € V. For a space homogeneous UQRW the form

of U in Equation (4.1) simplifies to
U=SW®& lpy,).

We say that a shift operator S is coin-preserving if, for each ¢ € C, there exists
a permutation o. of V' such that
S= Y leoc(v)){c vl
(c;0)ECKV
Furthermore, we say that a UQRW is coin-preserving if its shift operator is coin-
preserving. Notice that a coin-preserving shift operator moves the random walker
from site to site without affecting the internal state of the walker.

Let U be a unitary operator of the form Equation (4.1) with shift operator, S,
given by Equation (4.2). To draw a connection to classical random walks it is helpful
to visualize a random walker on the directed graph G = (V| E) where E is the edge
set determined by the shift operator S. That is to say, for all u,v € V, (u,v) € E
if and only if there exists ¢;, ¢y € C such that o(cy,u) = (¢, v), where o is the map
appearing in Equation (4.2), or, equivalently, P,SP, # 0, where P, = Ly, ® |v)(v|;
i.e. P, is the projection from H to Ho ® span(v).

We are specifically interested in the Hadamard walk, which has been studied
extensively in the literature (e.g. [8, 29, 48]) and is defined below. Consider the
vertex set V = {0,...,N — 1}, for some N € N with N > 2, and set Hp = CV.

Let He = C?, with orthonormal basis {|R), |L)}. Define the (coin-preserving) integer
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shift operator by
N—1
S=> |Rn+1)(R,n|+|L,n—1)(L,nl|
n=0
where addition on the integers is done modulo N. Throughout the rest of this section
addition (on V') will be done modulo N. Notice that |R) now corresponds to a shift
right on the integers and |L) corresponds to a shift left on the integers. In this case

the directed graph G = (V, E) has edge set which is given by E = {(n,n+1), (n,n —

1)} The unitary operator

1 [1 1
h:=— ,
V21

on He¢ is referred to as the Hadamard matrix (or Hadamard coin/gate). The Hada-
mard walk on V is the map © : X — X, where (X, K) is the state space defined

in Example 3.2.4, given by
O(p) = UpU~, for each p € X, where U = S(h® 1y,). (4.3)
It is clear that the Hadamard walk is coin-preserving and space homogeneous.

Remark 4.1.1. The Hadamard walk can easily be extended to V = 7Z as opposed to
the finite cycle V-=1{0,..., N — 1} and it is often viewed in this manner. (e.g. [48,
Section 5.1])

4.1.2 OPEN QUANTUM RANDOM WALKS

In this subsection we recall the definitions of open quantum random walks (OQRWs)
introduced by Attal, et. al in [12].

Again, we begin with the tensored Hilbert space H = Ho ® Hp, where the coined
Hilbert space, Ho = C?, is meant to represent the, d € N, internal degrees of freedom
(or chirality) for a walker and the position Hilbert space, Hp = C" (or more generally

Lo(V)if Vo is countably.infinite), is meant to represent the position of a random walker
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on an at most countable vertex set V. We will retain all notations from the previous
subsection.

A completely positive, trace-preserving (CP-TP) map (or quantum channel) M :
S1(H) — Sy1(H), where S;(H) is the trace-class operators on H, is an open quantum
random walk if it has the following Kraus decomposition:

M(p) = Y M;;jpM;;, forall pe Si(H), (4.4)
ijev
where M, ; = B, ; ® |i)(j| for some B;; € B(H¢) for each 4,5 € V. The operator
B, ; is meant to describe the change in the coin-state degrees of freedom when the
random walker moves from site j to site 7.

It is clear that an OQRW, given by Equation (4.4), must satisfy

ijev
or equivalently
> B;;B;j=1p,, foreachjeV. (4.6)

i€V
Note that for any OQRW M and state p € S;(H) the output state is of the form
M(p) = >_ pi ®[i)il, (4.7)
i€V

where p; € S1(H¢) for each i € V.

4.1.3 A CONNECTIONS BETWEEN OPEN AND UNITARY QUANTUM RANDOM WALKS

In their seminal paper on OQRWs ([12]), the authors show that unitary and open
QRWs differ only by a single step in their realization procedure. Namely, the step that
requires decoherence and hence simulation of interaction with an environment. If we
recall that measurements can be thought of as an interaction with an environment, we
find a special case of OQRWs as UQRWs with measurement, as you will see. In what
follows, we consider only space-homogeneous, coin-preserving UQRWSs for simplicity,

but.the result-extends.-easily to general coined UQRWs.
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Suppose O is a space-homogeneous, coin-preserving UQRW governed by a unitary
operator U = S(W & 1g,), let v = (P,)vey, where the projections defining 7T are
given by

P, =1p, ® |v)(v|, for each v € V,

and let 7 = be the corresponding Liiders - von Neumann instrument governed by ~.
Consider the shift operator’s decomposition
S= Y leo()ie]
(e,v)eCxV

for some permutations o. of V. For each ¢ € C, let B, be the matrix whose c'" row
is equal to the c'" row of W and has every other entry equal to 0. Now, for each
u,v € V,set By, =2 cec Be..

oc(v)=u

Then, for each v € V', notice that

> B, ,Buy = > B!B.=1y,,
ueV ceC
by the definition of the B.’s since W is unitary. Thus,
M() = > (Buw ®u)(v]) - (B}, ® [v){ul) (4.8)
u,veV
is an OQRW. Moreover, given any p =€ S;(H) of the form Equation (4.7), which
will be its form after one application of M, we have

ToO(p) = T(S(X WpW" @ [v)(v])S7)

veV

= T(Y Y BapuBi® lo.(v){oa(w)]) = M(p).

c,deC veV

Thus, M = T o © defines a special case of OQRWs.

4.2 QUANTUM DYNAMICAL SYSTEMS

Let (A, 3(A)) be a von-Neumann algebraic system (also referred to as an algebraic

iterature) with X(A) the set of all normal states on the von
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Neumann algebra A. Throughout this section we will, for simplicity, ignore the GNS
construction and assume that 4 C B(H) for some separable Hilbert space H and
we will identify each normal state, w € 3(A) with its density operator p € S1(H),
the space of trace class operators on H, through the identification w(-) = tr(p -) (see
Remark 3.1.1). An algebraic probability space together with an automorphism © and
an initial state p € Sy(H) will be denoted by the triple (A, ©, p) and referred to as a
quantum dynamical system (QDS). We will be mainly interested in stationary
quantum dynamical systems; i.e. w o © = w or equivalently ©*(p) = p, where ©* is
the dual of ©.

Fix a QDS (A, O, p). Similar to classical dynamical systems in Section 2.2 we wish
to define joint probabilities associated to course-grained measurements determined
by a fixed partition. Two key differences in QDSs are that, instead of pmfs (as in
the classical case), probabilities in quantum mechanics are determined by density
operators and we are allowed more general partitions; i.e. operational partitions of
unity given in Example 3.2.1. To each operational partition of unity v = ()¢, of

A we define the associated density operator p[y] € M, having (i, j)-entry

pllij = w(vjvi) = tr(vipy;), foreachi,j e {1,...,d}. (4.9)

plv] can be thought of as the density matrix describing the initial state p with the
measurement determined by .

To describe the joint probabilities associated to the QDS (A, ©, p) with respect
to v, we alternate evolving with © and measuring with v and arrive at a density

operator p™[y] € M$"™ = Myn whose (i, j)-entry is given by

P = w0600 ) )Ya)
= t1(7,0"( -0 (v V5,) - )V5)s (4.10)

for each n € N, where i = (iy,...,4,) and j = (j1,...,jn). We will refer to density

matrices.p7 1) e MP™ as the joint densities of (A, ®, p) with respect to ~.
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See also [38, Equation 3.20].

Next we define the join of operational partitions of unity in order to describe the
correlated probabilities of the QDS across time. Given any two operational partitions
of unity v = (1)¢_, and A = (\)™,, we define the join of v and X to be the

operational partition of unity
vyod={wAN:ke{l,....,d} and l € {1,...,m}}. (4.11)

Note that, due to the non-commutativity of A, the join of operational partitions
of unity is not commutative; i.e. 7o X # X o~. The join of any finite number of
operational partitions of unity can be defined using Equation (4.11) recursively.

Given any stationary QDS (A, ©, p), operational partition of unity v = (v)¢_,
and integer time n € N, let ©™(y) = (0™(7x))r and consider the density operator
plO@" () 0+ 00O(y) 0q]. If O is a x-automorphism; i.e. O(a*) = O(a)* for each
a € Aand O(ab) = O(a)O(b) for each a,b € A, then Equation (4.10) simplifies to

P = w(nO() O (11,) 0" () O (Vi) i)

= tr(7:,0" (Vi,_,) - @“*1*(%)/)@”*1*(7;1) O (), (412)

for eachn € Nand i,j € {1,...,d}", where the last equality holds since p is invariant

with respect to ©*. Therefore, in this case,
Py = pl@" L (7)o---00O(y) 0y for each n € N. (4.13)

We finish off this section by showing that for any classical DS (2, X, f, 1), the asso-
ciated (commutative) QDS on L>°(€)) with dynamics given by the Koopman operator
(see Section 2.4) has probabilities that are exactly equal to the joint probabilities of
(2,2, 1, f). Fix a DS (2,%, f, ) and let Ty be the associated Koopman operator
given in Equation (2.12). To each partition C € P,(2) we can associate a partition

of unity given by the collection of characteristic functions v = {l¢}oec € L®(92).
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To the DS (2,3, i, f), we associate the QDS (L>°(2), Ty, 1), where p is a state in

the sense of Example 3.2.3 which is given more explicitly in Remark 2.4.1.

Proposition 4.2.1. For any stationary DS (0,3, i, f) and partition C = {C;}L, €
Por(Q), the joint probabilities, nF©), given in Equation (2.9) are equal to the diagonal
entries of the joint densities, u"™[y], of the associated QDS (L>®(2), Ty, 1) given in
Equation (4.12). Moreover, the off-diagonal entries of n™[y] are equal to 0 for all
n € N. Therefore

pW] = diag(u )

for each n € N, where diag(v) € My is the diagonal matriz with entries from v for

any probability measure on ({1,...,d}, P({1,...,d})).

Proof. Fix a DS (2,3, u, f) and a partition C € P,(£2). Let (L>(2), Ty, 1) be the
associated QDS and v = (1¢)cec be the corresponding partition of unity in L>°(£2) as
described in the preceding paragraph. Note that by Property (i) given immediately
after the definition of T} in Equation (2.12), the joint densities ;™ [4] are indeed

given by Equation (4.12) for each n € N. Then

WM = p(nTr(n) TR ()T () - Ty (i), ) Equation (4.12)

n—1
= / H Tf(]lcikﬂ ¢, Jdp  Remark 2.4.1

= (S**/ 1 ]leH
prianya(er

ki)

= 5?,3:“’(mlc=0 (C’Lk+l)) = 7,3:u’§1f C)(Ciw s Cln)a Equation (29)

as desired, where equality 6 holds since [ f(Lp)dp = [4np-1(5) dp for any A, B € ¥.
Therefore ;™[] = diag(u{©)) for each n € N. O
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4.3 QUANTUM MARKOV CHAINS

In this section we recall the definition of quantum Markov chains (QMCs). The
QMC approach to non-commutative dynamics was first introduced by Accardi in [1],
was developed further for the Accardi-Ohya-Watanabe (AOW) entropy in [3], and
can be thought of as a symbolic dynamics for QDSs which utilizes spin chains from
quantum statistical mechanics. Another QMC approach was introduced by Tuyls
in [61] for the study of the Alicki-Fannes (AF) entropy, which was introduced in
[6]. Finally, a generalization of both QMC approaches was given in [38], where the
authors introduced the Kossakowski-Ohya-Watanabe (KOW) entropy. Throughout
this section, we will follow mainly the terminology and notations of [3] and [38], but
we will follow the construction given in [61], which is most suitable for our purposes.

Fix a stationary QDS (A, 0O, p). We will refer to any completely positive, unital
map & : My ® A — A as a transition expectation, for any d € N. Let v = (y;)L,
be an operational partition of unity. Following [61, Page 413] (see also [38, Equation
3.14]), we will consider the transition expectation &, : M; ® A — A given by the
equation

d
E(aij]) = Z via;;v;  forall [a; ;] € My ® A. (4.14)

ij=1
Remark 4.3.1. In the original paper, [3], the authors only considered ~ that were
partitions of unity and considered a simplified (as compared to Equation (4.14)) tran-
sition expectation given by
d
E.([a;;]) = Z}Wiﬂi for all [a; ;] € My ® A.

Notice that there is no need for a v} in the above equation since 7 = ~;, for each
i, whenever v is a partition of unity. We will consider this transition expectation

further in Section 7.2.

To include the dynamics of the QDS, we will also make use of the transition
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expectation

E,0=00E, (4.15)

A quantum Markov chain (QMC) is a pair {p, £} where p is an initial state
and £ is a transition expectation. We will be specifically interested in QMCs whose
transition expectation is given by Equation (4.15). Given a QMC, we define the

quantum Markov state ¢ € X(M$") by the equation
(g @ - Ray,) =tr(p€lay @ E(a RE(---E(a, @ 1)--+)))), (4.16)

for all n € N and a4,...,a, € My. For notational convenience, we will often write
1 = {p,E} whenever ¢ is the quantum Markov state obtained from the QMC {p, £}
as defined in Equation (4.16).

The joint densities for 1 are given by the density matrices p, € MJ" satisfying
Yo ® - @ a,) =tr(pha @ - - ® ay), (4.17)

for all n € N and ay,...,a, € M,. For any stationary QDS (A, ©, p), operational
partition of unity v, and associated quantum Markov chain and state {p,&, o} and
1, respectively, the joint densities of ¢ given in Equation (4.17) are equal to the
joint densities are equal to the joint densities of (A, ©, p) with respect to v given in
Equation (4.10), as we will see in Section 7.

In a similar vein to the coupled classical system in Section 2.4, we can think of the
coupled system My ® A here. In this case we only have access to the measurements
with values in My; notice that when defining the joint correlations in Equation (4.16)
we have assumed the state 1 on A. We can think of the output of the transition
expectation £, (a®1) as the most likely state of A to have produced the measurement
outcome a € M, with respect to the partition . In practice, we will usually apply the
lifting €7 ¢ : ¥(A) — X(My ® A), in the sense of [2], to the initial state p iteratively

to obtain the joint densities p,. The iterative applications of the lifting £ o can be
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thought of in the Schrodinger Picture as providing, in the limit, the state ¢y which
contains all the correlations of a classical stochastic process!

We will finish this section by giving the QMC representation for a classical dy-
namical system. Fix a DS (Q,%,u, f), a finite partition C € P,(Q) of size d
and let (L>(2), Ty, 1) and v be the associated QDS and partition of unity, respec-
tively. For each k € {1,...,d}, let ex = |k)(k| in L>*°({1,...,d}), where we identify
L>({1,...,d}) with the diagonal matrices in My, which we denote by diag(My).

The transition expectation &, : L>*({1,...,d}) ® L>(2) — L>() for v, given in

Equation (4.14), simplifies to

d d
EOQ e ® fr)=> 1¢, - fr forany fi,...,fs€ L2(Q). (4.18)
k=1 k=1

Notice that since we have identified L>({1,...,d}) with diag(M,), there are no off-
diagonal entries to consider and Equation (4.18) is of the form introduced in Re-
mark 4.3.1.

The QMC representing the DS (€, 3, i, f) with respect to C is then given by
the pair {u, £, } on the spin chain diag(M,)®" with quantum Markov state given by
Equation (4.16). Recall that, in the symbolic dynamics picture for a classical DS, we

define a measure fi on Q* = Oy (see Remark 2.3.3) by

p(C (44 ) = pie 740 (©), (4.19)
for any cylinder set in ¥*, and extend uniquely to X*. Again, we will denote
e (ﬁl » ";")) by n#9(Ay,..., A,) as in Equation (2.9). On the other hand, the
quantum Markov state 1 plays the role of u(s"f) in the spin chain. Identifying each
A in Equation (4.19) with its representation in diag(My); i.e. Ay = 3 ;.0,ca, €5, We

have

YA @ @A) = (A @ E (A2 @ Ery (- &y (A @ 1) ---)))) (4:20)

(& (A1 @ &y (A2 @y (- &1y (A1 @ (f 0 14,)))))
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= pu(folaof’N---Nfroly,)

= p(Mi_y f M (Ay)).
Therefore, if f is p-invariant; i.e. (Q, %, i, f) is stationary, we have that
VA @ @A) = O (A, ..., Ay,

where (50 (Aq,...,A,) is the notation given just beneath Equation (4.19). Hence
Y can only take values depending on the partition 7 (or C), similar to what we have

seen before with classical symbolic dynamics.
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CHAPTER 5

ENTROPY IN CLASSICAL SYSTEMS

Dynamical entropy in classical systems can be seen from two distinct viewpoints: The
information theoretic viewpoint (see e.g. [19]) which uses entropy rate of stochas-
tic processes and the dynamical systems viewpoint (see e.g. [22]) which uses the
Kolmogorov-Sinai (KS) dynamical entropy. We prove that the connection between
entropy rate and KS entropy is seen through the symbolic dynamics of a stochastic
process, which is a dynamical system with KS entropy equal to the entropy rate of
the original stochastic process (see Section 5.3). On the other hand, entropy rate and
KS entropy are inherently different as the former is probabilistic in nature and the

latter is deterministic (see Section 5.4).

5.1 ENTROPY IN DYNAMICAL SYSTEMS

Let (2,3, 1) be a probability space and P,.(2) be the collection of all finite or
countably infinite measurable partitions of {2 as in Section 2.2. Given any partition
C € P, (Q) we define the entropy of C by

H,(C):= > n(u(C)),

cec
where 7 : [0,00) — [0,00) is given by n(z) = —zlnz, for x > 0 and we agree that
n(0) = 0. When there is no confusion about the probability measure in question, we

will simply write H(C) instead of H,(C).

Remark 5.1.1 ([22, Page 23|). It is well known that n is countably subadditive; i.e.

Doy o)D) 0155 any nomnegative sequence {a,},. This gives that for any
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probability space (2, X, 1) and any two partitions C, D € P,,(2) satisfying D < C, we
have that H(D) < H(C).

Fix a probability space (2, %, 1). Recall that, for any two sets C, D € %, condi-
tional probability of C' given D is given by u(C|D) := p(C N D)/u(D). Given two

partitions, C,D € P,.(2), the conditional entropy of C given D is given by

H(C|D) : %M Cgejcn u(C|D)) CZE%MC’HD)IH( u(C|D)). (5.1)

The so-called chain rule follows.

Theorem 5.1.2 (Chain Rule, [22, Equation 1.4.3]). Let (2,3, ) be a probability
space and C,D € P, (). Then

H(CVvD)=H(D)+ H(C|D).
More generally, given a finite collection of partitions Co, . ..,Cp € Pur(Q2), we have

H(Vi_oCr) = H(Co) + > H(Ci| ViZy Co).
k=1

Also, from the definition of conditional entropy (Equation (5.1)) and the countable
subadditivity of  (Remark 5.1.1) we have, for any B,C, D € P,.(Q) satisfying B < D,
that

0 < H(C|D) < H(C|B). (5.2)

See [22, Section 1.4] for more details on conditional entropy of partitions. The fol-
lowing theorem will be used throughout this manuscript. In the proof we will use
the well known Césaro mean Theorem which states that, for any sequence of real
numbers {a,}22, converging to some element, a € R U {oo}, the sequence {b,}>>,

given by b, = %22:1 ay, for each n € N also converges to a.

Theorem 5.1.3. Let (2,3, 1) be a probability space and {C,}32, be a sequence in
Poanl )l f dimpesoee H(CralV =1 Cr) = a, then limy, oo H(Vi_,Cy) = a.
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Proof. Set a; = H(C,) and a,, = H(C,| V}Z{ Cy), for each n € N with n > 2. Then,
by assumption, a, converges to a € RU {co}. For each n € N, set b,, = %Zzzl aj.
Then, by Theorem 5.1.2, b,, = %H (Vi_,Ck) which converges to a by the Césaro mean
Theorem. O

Next we wish to define the Kolmogorov-Sinai (KS) dynamical entropy. Fix a DS
(2,3, 1, f) and a partition C € P,,.(2). The Kolmogorov-Sinai (KS) entropy of

(2, %, p, f) with respect to C is given by

WS (1,€) = Jim ~H( 6 (e)), (5.3)

whenever this limit exists.

From Theorem 5.1.3, we have

WES(f,.C) = lim H(f™(C)|vi_, f-*D(C)), (5.4)

n—oo

whenever this limit exists.

Corollary 5.1.4. Let (2,2, u, f) be a stationary DS and C € P, (). Then the limit

in Equation (5.4), and hence the limit in Equation (5.3), exists and

RES(£,C) = Tim H(F(C)| Vi £~#7D(C)).
Proof. For each n € N with n > 2, we have
H(fO)| Vi, f7579(©C) < H(F ™0 Viey f7*7V(C)) by (5.2)
= H(E) Vi ()

where the last equality holds since (€2, 3, i, f) is stationary. Therefore H(f"™(C)|
vi_ f~+=1(C)) is a decreasing sequence which is bounded below by zero and hence

converges. By Theorem 5.1.3,

RS(f,C) = lim H(f"(C)] Vi, f~*7V(C)).

n—oo
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Remark 5.1.5. As mentioned before it is common in the literature to only refer
to (2, %, u, f) as a DS whenever y is f-invariant. Although this convention has its
benefits, as evidenced by Corollary 5.1.4, we find it restrictive and do not adopt it

here.

Finally, the KS entropy of (€2, ¥, u, f) is given by

WES(f) = s HES(7.C). (55)
CePar(R2)
H(C)<oo

Remark 5.1.6. Fiz a dynamical system (Q, 3, u, f). In many instances, KS entropy
is taken as the sup over only finite partitions. However, the two definitions are
equivalent (see [22, Page 102]). Furthermore, it is remarked in [22, Page 61] that the
restriction of the sup in Equation (5.5) to include only those partitions, C, satisfying
H(C) < oo is natural because otherwise it is possible to obtain infinite KS entropy
for the identity transformation. This is due to the fact that H(f,C) = oo whenever

H(C) = .

For a more detailed exposition on dynamical entropy and classical dynamical
systems (with invariant measures), we refer the reader to the book of Walters [64]. For
extensions of the results of Walters to include infinite partitions with finite entropy,

the reader is referred to the book of Downarowicz [22].

5.2 ENTROPY IN PROBABILITY THEORY

Next we look at entropy of random variables and stochastic processes. We will stick
to to discrete output spaces, although more general definitions are well known. Let
(Q,%, ) be a probability space, (F,E) be a discrete measurable space and X an
(Q, E') random variable with pmf p = py. The entropy X is given by the equation

Hy(X) == n(p(x))- (5.6)

zel
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When there is no confusion about the probability measure in question, we will simply
write H(X) instead of H,(X). Note that, by Equation (2.6), H(X¢) = H(C) for any
partition C € P,,(€2) on a probability space (2,3, 1), where X¢ is given just before
Equation (2.6).

Any finite collection, (X)p_;, of (£, E) discrete random variables can also be
viewed as a discrete (£2, E™) random variable (or random vector) and the entropy of
(X1,...,X,) is given by Equation (5.6) and is related to its joint pmf by the equation

H(Xy,...,X,) = Z NPxy,.x, (X1, 20)). (5.7)

rL€EE
1<k<n

Notice that, by Equation (2.7), for any finite collection of partitions (Cy)7_; in Pg(£2),
where (2,3, i) is a probability space, we have H(X, ..., X%) = H(VZ_,Cp).

The conditional entropy of X,,.; given (Xi,...,X,) is given by the equa-
tion

H(Xp1]| X1, Xn) = > pl,. . xn) Y, np(@agal|z, ..., x)), (5.8)

rpeE Tn+1€EE
1<k<n

where p(z,4+1|21,...,2,) is given in Equation (2.2). Notice that, by Equation (2.8),
for any finite collection of partitions (Cy)j—; € Par(€2) of a probability space (€2, X, i),
we have H(XC|XC% ... XC-1) = H(C,| ViZ{ C). See [19, Section 2.2] for more

details on conditional entropy of random variables.

Remark 5.2.1. The entropy and conditional entropy of non-discrete random vari-
ables can be defined similarly to Equations (5.6) and (5.8), respectively, by using in-
tegration and probability distribution functions instead of sums and pmfs. However,

we are mainly interested in discrete random variables here.

Next we turn to entropy rate of stochastic processes. Let (€2, 3, ) be a probability
space, (E, £) be a discrete measurable space, and X = (X,,)$%, be an (2, E) stochastic

process. Given a stochastic process of discrete random variables, the entropy of a finite
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initial subsequence is given by Equation (5.7) and the conditional entropy of the n'®
term given all the previous ones is given by Equation (5.8).

The entropy rate of a stochastic process X = (X,,)%_, is given by

n=1

H(X) = lim ~H(X,, ... X)), (5.9)

n—oo n,

whenever this limit exists.

Another quantity, which is often equal to the entropy rate, is given by

H(X) = lim H(Xp1| X1, ..., X), (5.10)

n—oQ

whenever this limit exists. The two quantities H(X) and H’(X) correspond to two
different interpretations of entropy rate. The first is interpreted as the average entropy
of the first n random variables and the second as the entropy of the last random
variable given the past. The following result shows the relationship between H(X)
and H'(X).

Corollary 5.2.2. Let X = (X)), be a stochastic process. If the limit in Equa-

tion (5.10) exists, then the limit in Equation (5.9) also ezists and H(X) = H'(X).

Proof. By the definitions of H(Xj, ..., X,,) and H(X,|X1,...,X,_1) in Equations (5.7)
and (5.8), respectively, (and the sentence following each of those equations) this is

simply a restatement of Theorem 5.1.3. O]

The following is another corollary for stationary stochastic processes which is also

proved in [19, Theorem 4.2.2].

Corollary 5.2.3. Let X be a stationary stochastic process. Then the limits in Equa-
tions (5.9) and (5.10) both exist and H(X) = H'(X).

Proof. The proof is similar to the proof of Corollary 5.1.4. For each n € N with

n > 2, we have
H(Xn|X1,...,Xn_1) S H(Xn‘Xla---anfl) by (52)
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= H(X, 1|X1,..., X, o) since X is stationary.

Therefore H(X,|X1,...,X,_1) is a decreasing sequence which is bounded below by
zero and hence converges. By Equations (5.7) and (5.8), and Theorem 5.1.3, H(X) =
H'(X). O

Next we look at the entropy rate of discrete Markov processes governed by a tran-
sition matrix; i.e. the discrete Markov processes satisfying Equation (2.4). Recall the
conventions for representing transition probabilities as stochastic matrices, probabil-
ity measures on a discrete measurable space (E,P(FE)) as probability vectors, and
defining their product by matrix multiplication at the end of Section 2.1. Also recall
that p is P-invariant whenever Pu = p and the convention of setting the initial mea-
sure 1 to be px,. The following theorem gives a simplification of the entropy rate for

Markov processes governed by a transition matrix.

Theorem 5.2.4. Let X be a discrete (2, E) Markov process governed by the transition

matriz P and set p = px,. Then

H(X) = 1m Y (P'u)y > 1(Pay),

n—oo
yek zel

whenever the limit exists. Moreover, if X is stationary, then
H(X> = Z My Z n(pw,y)-
yer el
Proof. Since X is a Markov process governed by the transition matrix P we have
H(Xp1] X1, 0, Xy) = H(X 1] X)) = Z Px, (Y) Z U(pa:,y%
yeE zeE
for each n € N, where the second equality follows from Equation (5.8). Then from
the definition of matrix multiplication, for each n € N and e4,...,e, € E, we have

an(en) = Z le (61) H pekzekfl = (Pnlu’>€n
k=2

e €E
1<k<n-—-1
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Therefore
H(X) = lim Y (P"u)y > 1(Pay),

n—oo
yeE zel
whenever the limit exists. The moreover statement is immediate because P"u = p

for all n € N whenever X is stationary. O

Remark 5.2.5. Certain cases of Theorem 5.2.4 appear frequently in the literature, but
to the best of our knowledge we have not seen it presented in the generality of above.
For instance, it can be seen for the case where p is P-invariant in [19, Theorem 4.2.4]

or [64, Theorem 4.26].

In the literature, given a transition matrix P on a discrete measurable space
(E,P(F)) with a unique invariant probability vector f, it is common to set
H(P) =3 1y > 1(Pay), (5.11)
yeE 2B
and refer to H(P) as the entropy of P. As it is shown in Theorem 5.2.4, the entropy,
H(P), of P is equal to the entropy rate, H(X), of any stationary Markov process, X,

governed by the transition matrix P such that px, = pu.

5.3 ENTROPY IN SYMBOLIC DYNAMICS: THE CONNECTION BETWEEN

ENTROPY RATE AND KS ENTROPY

Let (Q,%, 1) be a probability space, (E,€) a (not necessarily discrete) measurable
space, X = (X,,)%%, an (2, E) stochastic process, and (E*,£*, u*, s) the correspond-
ing symbolic dynamics. Recall that, for any C € P, (F), we defined the partition
C € Pu(E"), by

A

C:= {C(f)}Aec

and the set

Pur(E) :=={C : C € Pur( E)} C Purl( E).
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Since (E*,&*,u*X, s) is a DS, its partition dependent and independent KS entropies
are given by Equations (5.3) and (5.5), respectively.

Of particular interest is the KS entropy of (E*,&*, uX,s) with respect to the
partitions in P,.(E). For each C € P,.(E), recall the (Q,C) stochastic process X¢ =
(XE)e2, defined in the paragraph preceding Proposition 2.3.2. Since the values of
X 4 are singletons, it is clear that X can be identified with X 4 whenever A is the
atomic partition of the discrete space E. The following corollary shows that the KS

entropy of (E*, X%, u*X, s) with respect to C and the entropy rate of X¢ are equal.

Corollary 5.3.1. Let (2, %, 1) be a probability space, (E,E) a (not necessarily dis-
crete) measurable space, X an (0, E) stochastic process and (E*, %%, u*, s) the sym-
bolic dynamics of X. Then for each C € Py (E), H(X¢) = h%5(s,C). In particular,
whenever E is a discrete space, H(X) = h#5(s, fl), where A is the atomic partition

of E.

Proof. This is an immediate consequence of Proposition 2.3.2 and the definitions of

entropy introduced in the two preceding sections. O]

An important tool for computing the KS entropy of a DS is the Kolmogorov-Sinai
Theorem. First, given a DS (2, %, i, f) and a partition C € P,({2), we say that C is

a generating partition for (2, X, u, f) if
o(Uney Vi, f749(0) = 3.

Notice that the definition of a generating partition does not depend on g, but for

simplicity of notation we keep the full DS.

Theorem 5.3.2 (Kolmogorov-Sinai Theorem). Let (2, %, u, f) be a DS and C,D €
Purl(Q). If o(D) C a(Up2y Vi, fED(C)), then

WS (f,€) > h(f, D).

In-particular,if C-is-a-generating partition and H(C) < oo then hE5(f) = hE5(f,C).
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A proof of Theorem 5.3.2 can be found in [22, Theorem 4.2.2].

Corollary 5.3.3. Let (2,%, 1) be a probability space, (E,E) be a discrete measur-
able space, A be the atomic partition of E, X be an (Q, E) stochastic process and
(E*, %%, 11X, s) be the symbolic dynamics of X. Then H(X) = hS(s) = hS(s, A)

whenever X1 has finite entropy.

Proof. Since

Vicls () = {0 (d ) v, e, € BY,

we see that A is a generating partition for (E*,¥*, u*,s). Then Proposition 5.3.1
and Theorem 5.3.2 give that h"%(s) = h¥%(s, A) = H(X), whenever A has finite
entropy. Noticing that H(A) = H(XA) = H(X;) < oo, the result follows. ]

Remark 5.3.4. Notice that the results in Proposition 5.3.1 and Corollary 5.3.3 look
nearly identical except that the condition H(X) < oo has been added to the latter.
This assumption is necessary due to the fact that hKS(s,fl) is defined regardless

A

of whether H(A) is finite or infinite, but is only considered in the supremum of

A

FEquation (5.5) when H(A) is finite.

5.4 DIFFERENCES BETWEEN ENTROPY RATE AND KS ENTROPY

In this section we give the differences between entropy rate and KS entropy. The first
thing to notice is that dynamics of a stochastic process are probabilistic in nature,
whereas the dynamics of a DS are deterministic in nature. This fact will be exploited
to establish the differences in the two entropies in this section and again in Section 6.3
to establish differences between quantum dynamical entropy and KS entropy. The
following two propositions give properties of KS entropy whose analogous statements
do not hold true for entropy rate. The first proposition will use the well known fact

(see e.g. [22, Equation (1.3.2)]) that for any probability space (2,3, 1) and partition
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C € P, (£2), we have
H(C) <In|C| <In|Q|. (5.12)

Proposition 5.4.1. Let (0, %, i, f) be a DS such that || < co. Then h5(f) = 0.
Proof. For any partition C € P,,(Q2), Equation (5.12) gives that
H(Vi f~#79(C)) < Q]

, for each n € N. Therefore h%59(f,C) = 0 for every C € P,.(Q) and thus h5(f) =
0. ]

Proposition 5.4.2 (22, Fact 4.1.14]). Let (0,3, i, f) be a DS. Then the KS entropy

of [ is linear in time; i.e.
RES(f™) = nh®5(f),  for alln € N.

The example of a stationary Markov process governed by the unbiased random
walk on a cycle (which is defined below) is enough to show that entropy rate does not
have the analogous properties of KS entropy given in Propositions 5.4.1 and 5.4.2. Let
V ={0,...,N — 1}, for some N € N with N > 3, let p be the uniform distribution
on V and consider the discrete probability space (V,P(V), ). The unbiased random
walk on the N-cycle, V', is governed by the transition matrix P with entries p,1;, =

Dv—1,, = 1/2, where addition is done modulo N, for allv € V', and p,, = 0 if u # v=£1.

Proposition 5.4.3. Let (V,P(V),u) be the discrete probability space with V =
{0,...,N — 1}, for some N € N with N odd and N > 3, p be the uniform dis-

tribution on 'V and P be the transition matriz governing the unbiased random walk

onV. Then H(P) =In2 and H(P?) = $In2.

Proof. Clearly p is the unique probability measure that is P-invariant. Therefore
Equation (5.11) gives that
1 1
H(P> = Z Ho Z n(puw) = Z Nzn(i) =In2.

veV ueV veV
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Also notice that, for all v € V, P? has entries pﬁm =1 p¥) =1and p?) =0in
all other cases, where addition is done modulo N. Again p is the unique probability
measure that is P%invariant and Equation (5.11) gives that

HP?) =" o > n(pP) = ]1,(277(411) + n(;)) - 2111 9.

veV ueV veV

]

Proposition 5.4.3 and Corollary 5.3.3 establish that the KS entropy of the symbolic
dynamics of a stochastic process with range in a finite measurable space need not be
zero, whereas Proposition 5.4.1 states that the KS entropy of a finite DS must be 0.
Propositions 5.4.3 and 5.4.1 do not contradict Proposition 5.3.1 since the cardinality
of £, in the symbolic dynamics of a stochastic process, is not finite unless the range,
E, of the stochastic process is a singleton. Also, Proposition 5.4.3 says that entropy
rate is not linear in time whereas Proposition 5.4.2 says that KS entropy is linear in
time. Again these two propositions are not contradictory. We will elaborate a bit
further for clarity. In what follows, we will denote the KS entropy of a DS (Q, %, u, f)
by hE9(f, 1) instead of h5(f) to distinguish between different measures. We will
denote the partition dependent KS entropy similarly.

Let (V,P(V), ) be the finite discrete probability space with V' ={0,..., N — 1},
for some N € N with N odd and N > 3, p be the uniform distribution on V', P
be the transition matrix governing the unbiased random walk on the N-cycle, V,
X = (X,)2, be any stationary Markov process governed by the transition matrix
P, Ay the atomic partition of V and (V*, P(V)*, X, s;) be the symbolic dynam-
ics of X, where s; denotes the shift map on V*. Since Ay is a generating par-
tition for (V*,P(V)*, uX,s1), Corollary 5.3.3 shows that H(X) = hf5(sy, u*) =
hES (s, pX, ffv) Since ffv\/sl_l(.,éfv) is a generating partition for (V*, P(V)*, u*, s?)
with finite entropy, the KS Theorem gives that h¥S(s?, 1 X) = hKS(s2, X, Ay Vv

s7Y(Ay)). Next, consider the stationary Markov process Y = ((Xon_1, X2,))2%, and
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let (V x V)*,P(V x V)* u¥,sy) be the symbolic dynamics of Y and Ay be the
atomic partition of V' x V, where sy denotes the shift map on (V' x V)*. Since
Ay v is a generating partition for ((V x V)*, P(V x V)*, u¥, s5) with finite entropy,

Corollary 5.3.3 gives that H(Y) = A" (sy, n¥) = h55(sy, 1Y, Ay x1). Notice that
pX (C (o) = leanmrea) )y = ) X(C (970 G)),
for all eq,...,e9, € ' and n € N. Thus
Hyx (Vizysy ) (Avay))) = Hyox (Viea (1) 070 (Av v sy (Av),
for all n € N, and therefore
H(Y) = h%5(s0, nY, Avyr) = h55(s2, 1%, Ay v s7 (Ay)) = 2H(X).

In other words, the KS entropy of (V*, P(V)*, u*,s?) is equal to the KS entropy of
(V x V), P(V x V)*, u¥, s5) and corresponds to the entropy rate of Y.

Next consider the stochastic process Z = (Xy, 1), and let (V*, P(V)*, u%, s1) be
the symbolic dynamics of Z. Then Z is the stationary and invariant Markov process
governed by the transition matrix P? and, from Proposition 5.4.3 and Corollary 5.3.3,
H(Z) = h¥S(sy, u?) = 'S (sy, p%, Ay) = 2In2. Thus Propositions 5.4.2 and 5.4.3
are not contradictory as 2H (P) = 2H (X) = h9(s2, u*) corresponds to the entropy
rate of Y, whereas H(P?) = H(Z) = h%9(sy, u%) corresponds to the entropy rate of

Z.

5.5 ENTROPY IN DATA COMPRESSION

Next we revisit the entropy of random variables for the purpose of data compression.
We will discuss extensions to quantum data compression in Subsection 7.3.1. In this
section, all codings will be done into strings of bits. The extensions to d-bits can be

done easily.
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Let S be a finite or countable set equipped with the power set o-algebra P(.5),
and let X be a random variable with values in S. The set S will be referred to as
the symbols set that we wish to encode. In the literature, the set S is referred to
as the set of object, the message set, or sometimes even the index set. For any set Y,
we will denote by Y the set U Y which can be thought of as the collection of all
possible strings from Y, where Y denotes the empty set (or empty string). Lastly,
let A = {0,1} be the binary alphabet. A code, also referred to as a source code,
C:S — At is a mapping from S to A", strings with letters in the binary alphabet
A. For each x € S, we refer to C'(z) as the codeword of the symbol x. We define
¢ : A" — Ny, where Ny = NU {0}, by ¢(a) = m whenever a € A™ and refer to {(a)
as the length of a.

The expected length of a code C' on a symbol set S is given by

EL(C) := %p(x)é(ﬂf) = E[((C(X))], (5.13)
where p is the pmf of the random variable X and the expectation E is taken with
respect to p.

A code C' is said to be non-singular whenever
r#y=C(z) #Cy), forallz,yes, (5.14)

i.e. whenever C' is an injective map and hence the codewords are pairwise distin-
guishable. We extend the code C' to the extended code, also called the extension

of C, CT: ST — AT by concatenation. That is to say
CT(zwg - x,) = Cla1)C(22) - - C20), (5.15)

for all z1x9-- 2, € S®™ and n € N, and we define C*(0)) = 0. We call the code C
uniquely decodable whenever its extension C* is non-singular; i.e. C' is uniquely

decodable whenever all strings of symbols from S are pairwise distinguishable.
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An extremely useful class of uniquely decodable codes are the so-called instan-
taneous (or prefix-free) codes. A code is said to be prefix-free if no codeword is
the prefix of another; i.e. for every distinct pair z,y € S there is no a € A" such
that C'(z)a = C(y). Prefix-free codes are called instantaneous because the decoder is
able to read out each codeword from a string of codewords, instantaneously, as soon
as she sees that word appear in a string and without waiting for the entirety of the
string.

The Kraft-McMillan Inequality is fundamental in classical data compression.

Theorem 5.5.1. (Kraft-McMillan Inequality, [19, Theorems 5.2.1 and 5.5.1]) For
any uniquely decodable code over a symbol set S with cardinality |S| = m € N, the

codeword lengths €1, 0s, ... L, must satisfy the inequality

Yool <1,
=1

Conversely, given a set of codeword lengths that satisfies this inequality, there exists

an instantaneous code with these code lengths.

Remark 5.5.2. The Kraft-McMillan Inequality is sometimes referred to only as the
Kraft Inequality. This is due to the fact that Kraft was the first to prove the in-
equality in [39], although his original theorem refers only to instantaneous codes.
McMillan later extended Kraft’s work to include all uniquely decodable codes in [42].
Furthermore, it is worth noting that the Kraft-McMillan inequality can be extended
to a countable set of symbols (see Theorem 5.2.2 and the corollary following Theo-
rem 5.5.1in [19]). When including countable sets of symbols, the inequality is referred

to as the Extended Kraft-McMillan Inequality.
An immediate corollary to the Kraft-McMillan Inequality is the following:

Corollary 5.5.3. If (1,05, ... L, are the codeword lengths for any uniquely decodable

codes-then there exists-an-instantaneous code with these same code lengths.
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We call a uniquely decodable code C' optimal whenever the expected length

EL(C) is minimized; i.e. the optimal uniquely decodable code is given by
CP = argmin {EL(C) : Y 274 < 1}.

We set EL*(X) := EL(C") the optimal expected length of X. The results for

the optimal expected length are summarized in the following:

Theorem 5.5.4. ([19, Theorem 5.4.1]) Let X be a random variable with range in

the symbol set S. Then the optimal expected length of X satisfies the inequality
H(X)<FEL*"(X)< H(X)+1,

where H(X) is the Shannon entropy of X, i.e. H(X) = —Y>", p;log p; where (p;)ics
is the pmf of X.

Well known examples of codes which satisfy the inequality of Theorem 5.5.4 are the
so-called Huffman codes and Shannon-Fano codes.

In the above theorem, we are only interested in the compressability of single
codewords. Suppose instead that we wish to compress strings of codewords with
code distributions given by a stochastic process X = (X;)°,. Then, for each n € N,

Theorem 5.5.4 holds for the random vector (Xi, Xo, ..., X,), giving
H(X1, Xo, ..., X)) < EL(X1, X, oo, X)) < H(X1, Xoy oo, X0) + 1.
For each n € N, we set
EL:(X) := iEL*(Xl,Xg, LX) (5.16)

to be the optimal expected codeword length per symbol for the first n symbols.
We can then express the optimal expected codeword length per symbol (over all

symbols) in terms of the entropy rate (Equation (5.9) or (5.10)).
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Theorem 5.5.5. (/19, Theorem 5.4.2]) The minimum expected codeword length per

symbol for a stochastic process X = (X;)32, satisfies

H(X, Xo, ..., X,) < BLY(X) < H(Xy, Xa, ..., Xy) +1‘

n n n

Moreover, if X is such that the limit defining entropy rate exists (e.g. X is a stationary

stochastic process), then
EL(X) —» H(X) asn — oo.

In particular, if X consists of independent identically distributed (i.i.d.) copies of a

random variable X, then
EL(X)— H(X) asn— 0.

The fact that H(X) = H(X) for any stochastic process X consisting of i.i.d. copies
of a random variable X is a simple consequence of Theorem 5.2.4. This finishes our
brief overview of data compression in classical information theory. For a more detailed

exposition see [19, Chapter 5].
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CHAPTER 6

SLOMCZYNSKI—ZYCZKOWSKI ENTROPY

The remaining chapters are devoted to the presentation of dynamical entropy in
quantum systems. Unlike classical systems, where KS entropy and entropy rate have
established themselves as the dynamical entropies, there are many competing defini-
tions for quantum dynamical entropy (QDE) (all of which are valid generalizations of
KS entropy). Moreover, the relationship between the different definitions is not fully
understood, although some work in this direction has been done (e.g. [4, 61, 46]).
In this chapter we consider the QDE introduced by Stomczytiski and Zyczkowski
in [59]. In Section 6.1 we provide the definitions for the Stomczytiski-Zyczkowski
dynamical entropy. In Theorem 6.2.5 at the end of Section 6.2 we show that SZ
entropy is not linear in the time interval between successive measurements which
answers an open problem posed in [59, page 5692 Question (2)]. This result is in
contrast to KS entropy which is linear in time (see Proposition 5.4.2). Moreover,
since entropy rate is nonlinear in time (see Proposition 5.4.3), the result gives further
evidence that measurements of a deterministic quantum system produce properties
that are probabilistic in nature. In Section 6.3, we apply SZ entropy to the Hadamard
walk and its square with a variety of Liiders - von Neumann instruments. The results
in Theorems 6.3.2 and 6.3.3 show explicitly the nonlinearity of SZ entropy established
in Theorem 6.2.5. Moreover, by comparing the results of Theorems 6.3.2 and 6.3.3,

we provide further evidence of the sensitivity of quantum systems to measurement.
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6.1 SZ ENTROPY: DEFINITION

Stomezytiski and Zyczkowski introduced their version of a QDE in 1994 in [59]. In
that paper, the authors use a semi-classical approach to develop a QDE using the
general notions of state space, phase space, observables and instruments introduced in
Chapter 3. A key benefit of the QDE introduced in [59] is that it is not guaranteed to
be zero for finite systems, unlike some of the others. This is because their approach, at
least as developed here, draws on the intuitions gained by study probabilistic random
walks (Section 2.1). Compared to some of the other approaches, which are guaranteed
to be zero for finite systems and have a dynamical systems type viewpoint, we already
see parallels to classical dynamical entropies (see Section 5.4).

Let (X, K) be a state space and u € K be a state. Let (£2,X) be a phase space,
T an instrument and © a 7-preserving automorphism of X; i.e. 7(0v) = 7(v) for
all v € X. Let (%, X*) be the measurable space defined for symbolic dynamics in
Section 5.3. We will define an instrument and state-dependent probability measure,
p® 7T on (QF ¥*) which is similar, but not the same, as the one we used for symbolic
dynamics. First, we define the values of x(®7 % on the cylinder sets in ¥* with an

initial interval of time sequences, {k}}_, for some n € N, by

pOTIC (h ) =7(T(A) o @0 0T (A) 0 @0 T(A)u),  (6.1)

n

for all Ay,..., A, € X. Since the collection of cylinder sets with an initial interval of
time sequences form a 7-system which generates ¥*, there is a unique extension of
p© 7T to (Q*, £*) by the -\ Theorem.

Notice that, for a stochastic process X, we defined the measure p* first on cylinder
sets with arbitrary time sequences (Equation (2.10)), whereas the measure, p(®7%
in Equation (6.1), was defined first on the cylinder sets with an initial interval of time

sequences. By defining 1(®-7% in this way, we have that, for A;, A5 € %,
pOTCR ) = HOTIC (1 5)
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= 7(T(A3) 00 0T (Q)oOoT(A))u),

which is not necessarily equal to 7(7(Az) o ©2 o T(A;)u). Therefore we interpret
p &7 (C (All 4s )) as the probability that a system in initial state u will be measured
at times 1,2,3 and record the measurement sequence (Aj, As) at times 1 and 3. In
other words, we must assume that the instrument 7 is interacting with the system
at all integer times, regardless of whether or not we record a measurement. Just as

in Section 2.3, we will use the notation
WOTO(AL, L A = p@T(C (A An)), (6.2)

for all Ay,..., A, € ¥ and n € N, whenever we consider initial time sequences
1,...,n.
Define the (€2*, Q) stochastic process X(®7%) = (X(©:Tu)y by setting X (&7 (z) =

n

x,, for each © = () men € Q* and, for each C € P, (Q2), define the (2*,C) stochastic
process Xée’T’u) = (X®Tuloe  hy XOTwl) — j, 0 X(OTW) where i : Q — C is
the natural map that assigns to each x € ) the unique A € C such that x € A. Note
that even though the formulas of X(©-7%) and X((je’T’u) do not depend on O, 7 and

(©,Tu

u, the measure p ) on their domain, *, depends on ©, T and w.

We define the Stomczyriski-Zyczkowski (SZ) entropy of (®,7,u) with

respect to C to be the entropy rate of the stochastic process Xée’T’u). It is related

(G,T,u

to ) by the equation

1
h5%(0,T,u,C) = H(XéG’T’u)) =limsup— Y n(u®@T"(A,...,4,)). (6.3)

n—oo 1N AzeC
The second equality follows from Equations (5.7) and (5.9).

Remark 6.1.1. Let (Q, 2% u®7% s) be the symbolic dynamics for the system
(O, T,u), where s is the shift transformation given in Equation (2.11). From Propo-

sition 5.3.1 and the definition of X((je’T’u) it is clear that

KO, T, u,C) = H(XP T = pi5(5,C).
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Next we split the SZ entropy of (©,7T,u) with respect to C into two different
causes for randomness. The first cause of randomness is that caused by the choice of

instrument, is referred to as the measurement SZ entropy and is given by
hle(T,u,C) == h¥%(1, T, u,C). (6.4)

The second cause of randomness is given by the dynamics; i.e. the automorphism O,

is referred to as the dynamical SZ entropy, and is given by the difference

h3i(©,T,u,C) == h%(0,T,u,C) — hiZ,.(T,u,C).

meas

Finally, we define the dynamical SZ entropy of (0,7, u) by

h3Z(0,T,u):==  sup  h3L(O,T,u,C). (6.5)

R dyn
CEPur(Q)H(C)<o0

In the remainder of this section, we consider the dynamical SZ entropy of the
commutative QDS associated to a classical DS with sharp measurements (Exam-
ple 3.2.3). We begin by showing that the measurement SZ entropy for classical sharp

measurement instruments is equal to zero.

Lemma 6.1.2. Let (2, B), (X, K), 7 and T be as in Example 3.2.3. Then, for any

state i € K and partition C € P, () with finite entropy, we have hSZ (T, u,C) = 0.

meas

Proof. Fix a state u € K and a partition C € P,,.(Q2) with finite entropy. Then, for

any n € N and Ay,..., A, € C, we have that

p BT (AL LA, =

0 else

Therefore

B2 T €)= lim — 3 n(u(4))
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The following result shows that the dynamical SZ entropy is a valid generalization
of KS entropy (Equation (5.5)) by showing that the KS entropy of a dynamical system
with sharp measurements is equal to the dynamical SZ entropy of that system. The
result is claimed without proof in [59, Proposition 4(A)]; we provide a proof for

completeness.

Proposition 6.1.3. Let (2, B), (X, K), 7 and T be as in Ezample 3.2.53. Let p € K
be a state; i.e. a probability measure on (0, B), and f : Q — Q a measurable map
so that (S, B, p, f) is a DS. Let Ty : X — X be the Koopman operator given in
Equation (2.12). Then for each C € Pu(Q), h55(f,C) = h3Z,(Ty, T, i, C).

— "Ydyn

Proof. Fix a partition C € P,.(Q2). For all n € Ny and A, ..., A, € C we see that

plIe T Ay, A) = 7(T(Ap) o Tpo---0TyoT(Ag)p) by (6.1)
= (T(A) o Tyo---o Ty o T(Ay))u(X)

= (T(Ap)oTyo---0TsoT(A))u(f " (Ag))

= plAi, N FTHAL) N0 T (A))

where we used Equation (2.12) in equality 4. Using Remark 2.2.3 and Lemma 6.1.2,
we get
WS (F,0) = W4T, T, 1, C) = Wil (T, T 1, C).

dyn

[]

If we compare Proposition 6.1.3 to Proposition 4.2.1 (and Corollary 7.1.2 given
in the next chapter) we see the versatility of the SZ entropy. Namely, we are able to
compare the SZ and KS entropies directly in the classical mechanics picture without
resorting to an associated QDS. It is worth noting, however, that the dynamical SZ

entropy-of-the.associated QDS is still equal to the KS entropy of the original DS.
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6.2 SZ ENTROPY WITH LUDERS - VON NEUMANN INSTRUMENTS

In this section, we restrict our attention to the SZ entropy of quantum systems
measured with Liiders - von Neumann instruments (see Example 3.2.4). The following
lemma, stating that the measurement SZ entropy is zero for Liiders - von Neumann

instruments, is claimed in [58]. For completeness we provide the proof.

Lemma 6.2.1. Let (2, P(Q2)), (X, K) and H be as in Example 3.2.4 and let T be a

Liiders-von Neumann instrument. Then h5Z (T, p,C) = 0 for any state p € K and

meas

A

any C € P,(Q) with finite entropy; i.e. H(C) < oc.

Proof. Let (P;);cq be the family of pairwise orthogonal projections that governs T
and fix a state p € K. Since the family, (F;);cq, is pairwise orthogonal we have, for

any n € Nand A;,..., A, € P(Q), that

ZaGAl tr(PapPa) - N(LTW)(AI), ifA,=---=A4,

0, else

Therefore, for any C € P,.(Q) with H(C) < oo, we have

W2 (T,p,C) = nmlznw@M(A» by (6.3) and (6.4)

n—oo n, AeC

1 4 A
= lim —H(C) =0 by the definition of C.

n—oo n,

]

Remark 6.2.2. [t is natural to consider only the partitions C € P, (Q) with finite

entropy in Lemma 6.2.1, because these are the only partitions considered in Equa-

tion (6.5).

Fix a discrete phase space (€2,%) with |2 = N. Then Lemma 6.2.1, together
with Equation (5.12), implies that hdSyZn(@, T.p,C) = h%%(0,T,p,C) for any unitary

transformation ©, partition C, state p, and coherent states instrument 7. Recall that,
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given a unitary U on a Hilbert space H, the unitary transformation, ® : X — X,
of U is given by
o) =U-U". (6.6)

Next we examine the properties of SZ entropy for coherent states instruments.
The following lemma gives a simplification of Equation (6.1) for coherent states in-
struments. The moreover statement of the following lemma is mentioned in [58, page

3] without proof.

Lemma 6.2.3. Let H, (X, K), 7 and (Q,P(Q)) be as in Example 3.2.4. Let v =
(P)ica be a partition of unity on H such that each P; is a rank-1 projection, and
let a; € H be such that P; = |a;)(a;|, for each i € Q. Let T be the coherent states
instrument governed by v, U a unitary operator on H, © the unitary transformation

of U and p € K a state. Then, for alln € N and Ay,..., A, € P(Q),

n

PO A A = Y {an|plad) T Kaw|Ulak-1)|* (6.7)
e =

Moreover, X©T:r) js a Markov process governed by the transition matriz P on Q with

(i, 7)-entry given by |{a;|Ua;)|?, for alli,j € Q.
Proof. By direct calculation, Equation (6.1) simplifies to

pOTP(A . A) = T(T(A)0©00---000T(A)p)

= > t(T({an}) 00000 0T ({ai})p)

ap €A
1<k<n

— 3 (P, U---UPypP,U*---U"P,)

apEAL
1<k<n

= D tr(lan)(an|U - Ular)(ailplas) x
ap€AL
1<k<n

(aa|U" - - Ulan){an])

n

= 3 (alplar) T KawlUlar—o) P,

ap€AL k=2
1<k<n
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where the second to last equality follows from writing P,, = |ag){ag|, foralll <k <n
and the last equality follows since (ay_1|U*|ag) = (ax|Ul|ag_1), for all 2 < k < n. It
is immediately clear that X(®7) is a stationary Markov process governed by the

transition matrix P. O

It is worth noting that Equation (6.7) is a simplification of the probabilities in

[59, Equations (27)-(29)] for Liiders-von Neumann coherent states instruments.

Corollary 6.2.4. Let H, (X, K), 7 and (Q,P(2)) be as in Example 3.2.4. v =
(P))icq be a partition of unity on H such that each P; is a rank-1 projection, and let
a; € H be such that P; = |a;){a;|, for each i € Q, T the coherent states instrument
governed by v, U a unitary operator on H, © the unitary transformation of U, p € K
a state and P the transition matriz defined in Lemma 6.2.3. Then
W20, T.p, A) = lim (P ), Y (| a:|U]a,)P).

yeN zef
where = Px(©.T) and A is the atomic partition of Q). Moreover, whenever u =
(fy)yeq is P-invariant, we have

W20, T, p, A) =D iy > n(|{ae|Ulay)[?).
yeQ  weQ

Proof. This follows immediately from Lemma 6.2.3 and Theorem 5.2.4. O

In [59, Section IV] the authors require that the state p is invariant in the sense
that
O(T()p) =p (6.8)

when defining SZ entropy for coherent states instruments. This seems to be due
to the fact that, in [59, Proposition 2(B)], the authors show that, under Assump-
tion (6.8), for a general coherent states instrument, the stochastic process X (®-7+) is
stationary and hence, by the “moreover” part of Corollary 6.2.4, h54(0, T, p, A) =

> yea tiy > zca n(|(az|Ulay)[?). We find Assumption (6.8) restrictive and do not adopt
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it here. It is also worth mentioning that another invariance condition often imposed
on quantum dynamical systems is that ©(p) = p. For instance, for AF entropy in [6,
Page 76] which is formulated for general C*-algebras and defined in Chapter 7, the
authors require that a state w satisfies w o © = w which is equivalent to O(p) = p in
the Hilbert space quantum mechanics picture whenever w is a normal state given by
w(-) = tr(p-). Also, given a Hilbert space H, a unitary operator U on H and a norm-1
eigenvector, x € H, of U, the pure (or vector) state p = |z)(z| satisfies O(p) = p,
where O is the unitary transformation of U. There has been a lot of interest in
finding these pure, invariant states in the literature for UQRWs (see e.g. [36, 24]).
Therefore ©(p) = p seems another natural definition of invariance. However, we will
show in Proposition 6.3.1 that ©(p) = p does not imply that X(®7) is a stationary
stochastic process.

The following result states that SZ entropy is not linear in the time interval be-
tween successive measurements which answers an open problem posed in [59, page
5692 Question (2)]. This result is in contrast to KS entropy which is linear in time
(see Proposition 5.4.2). Moreover, since entropy rate is nonlinear in time (see Propo-
sition 5.4.3), the result gives further evidence that measurements of a deterministic

quantum system produce properties that are probabilistic in nature.

Theorem 6.2.5. Let (X, K) and T be as in Example 3.2.4. Let (2, P(2)) be a discrete
phase space with | = N for some N € N, T a Liiders-von Neumann instrument,

© a T-preserving automorphism and p € K a state. Then hflyzn(@”, T,p) <N for all

n € N. Therefore, if h532(0,T,p) # 0, then hSZ (0", T, p) # nh3Z2(0,T,p) for all

dyn dyn dyn

sufficiently large n € N.

Proof. Let (0, P(Q)*, u®"7) s) be the symbolic dynamics of (0", T, p) for each
n € N and let A be the atomic partition of Q. Using Equation (5.12), we have that
Hyeonrm (VI s7%(A) < In(] Vi, s ¥(A)|) < mIn N, for all n,m € N. Therefore

I

h3Z (07 T psd)<Ju N, for each n € N. If h5Z (0, T, p, A) = k # 0, then we have,

dyn dyn
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for all n > %, that

hiZ (0", T,p,A) <InN < nh§Z(0,T,p, A)

dyn dyn

Since A is a generating partition for (2, P(Q)*, u®"7#) s), we have S (0™ T, p)

= h5% (0", T, p, A) and nh3% (0, T, p, A) = nh3% (0, T, p). The result follows. [

dyn dyn dyn

In [58] the authors establish a class of instruments which have positive dynamical
S7Z entropy and we give further such examples in Section6.3. Therefore Proposi-
tion 6.2.5 does establish the nonlinearity of dynamical SZ entropy in time. In the

next section we give examples exhibiting the nonlinearity of dynamical SZ entropy.

6.3 SZ ENTROPY OF THE HADAMARD WALK

This section is dedicated to applying SZ entropy to the Hadamard walk and its square
with a variety of instruments. The results in Theorems 6.3.2 and 6.3.3 show explicitly
the nonlinearity of SZ entropy established in Theorem 6.2.5. Moreover, by comparing
the results of Theorems 6.3.2 and 6.3.3, we provide further evidence of the sensitivity
of quantum systems to measurement.

Let H=Hc®Hp, C = {R, L} and take the phase space to be (C'x V,P(C xV)).
Take (X, K) be the state space (S;(H),S{ (H)) as in Example 3.2.4. Define the

parition of unity v = (P,)ecoxv, Where, for each (c,v) € C' x V,
P. = |e,v){c,v|, whenever e = (¢,v) € C' x V. (6.9)

Let T be the coherent states instrument governed by ~. The next proposition states
that, for a unitary transformation © and a state p € K, O(p) = p does not imply
that the associated Markov chain, X(®7) is stationary. The result shows that
this natural definition of invariance for p is not sufficient for the stationarity of
X(©70)  whereas Assumption (6.8), imposed by the authors of [59], does guaran-

tee that X970 is stationary.
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Proposition 6.3.1. Let © be the Hadamard walk on a vertex set V with |V| = N > 2
defined in FEquation (4.3). Let T be the coherent states instrument given by the

partition of unity v = (Pe)ecoxv (Equation (6.9)) and let A be the atomic partition

on C x V. Let|x) = m((l +V2)|R) + |L)) ® Spey [v) (which is a unit

norm eigenvector for the unitary matriz, U, of the Hadamard walk) and p = |z)(z|.

©,T.p)

Then the pmf, p,©1.s, of Xf is not P-invariant, where P is the transition
1

matriz defined in Lemma 6.2.3. Furthermore, the dynamical SZ entropy is equal to

h5Z.(0,T,p) =1n2.

dyn

Proof. For each (¢,v) € C x V,

1
pren—,p)(c, v) = (c,v|p|e,v) = m(@ +2V2)6e.r + 1) (6.10)

Also, for each e = (c,v), f = (d,u) € C' x V, a straightforward calculation yields

% c=Randu=v-1
|<€|U|f>|2 = % c=Landu=v+1 (6.11)
0 else
1
= 55’11,,’[)—(_1)65,[/' (612)

Recall that |(e|U]|f)|? is the (e, f)-entry of P, for each e, f € C' x V. Thus, for each
e=(c,v)eCxV,

(Pryern)e = 3 pyarm(DIUINP

feCxv
1

= Sxern(Rv— (=1)"") +pyern(Lv—(=1)%"))
1, 3+2V2 1 1

= 5

+ =,
N(4+2v2) N4+ 2\/5)) 2N
where we used Equation (6.11) in equality 2.
Therefore Pp, .75 # pye.7.,) and thus X(©.7:r) is not stationary. Continuing to
1 1

entropy, we see that Pp, .7, is the uniform distribution, p,
1
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on C'x V', which is invariant with respect to P. Thus Corollary 6.2.4 and Lemma 6.2.1
imply that

1 1
BLOT.pA = X X alelUNF) = ¥ s2n(s) =2,

feCxv ecCxV feCxv

This implies which is equal to hdyn(@, T,p) = In2 because Aisa generating partition
for (0, P(Q)*, u®7) s) by Corollary 5.3.3. O

As the UQRW is a quantum analogue of the classical random walk, it is natural
to consider measurements of the position space only. There are two options for how
to go about this. One option is to take the phase space to be (C' x V,P(C x V)), the
coherent states instrument 7 to be given by the partition of unity v = (P.)cecoxv,
defined in Equation (6.9), and calculate the dynamical SZ entropy with respect to

the partition
Cv = {C,}vev, where C, := {|R,v),|L,v)}, for each v € V. (6.13)

On the other hand we could take the phase space to be (V,P(V)), define the projec-
tions

P, = 1p, ® |v)(v|, for each v € V, (6.14)

and calculate the dynamical SZ entropy of the Liiders-von Neumann instrument V
with respect to the atomic partition of V', where V' is governed by the partition of
unity A = (P,),ev. We will calculate the entropies for both these scenarios (with the
same initial state) on the Hadamard walk, ©, and its square, ©2. We will see that
the two interpretations do not yield the same entropy. This is further evidence to the
sensitivity of a closed quantum system to measurement. Furthermore, Theorems 6.3.2
and 6.3.3 provide concrete examples illustrating the fact that dynamical SZ entropy
is not linear in time. In fact, one can also see that the dynamical SZ entropy is
nonlinear in time by considering ©2 in Proposition 6.3.1, but we do not include the

calculation-here.
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Theorem 6.3.2. Let © be the the Hadamard walk on V with |V| = N > 3. Let T
be the coherent states instrument governed by the partition of unity v = (P.)eecxv
given in Equation (6.9), p = ]21—]’\’, and Cy the partition given in Equation (6.13). Then
h3Z2(0,T,p,Cy) =In2 and h3% (02, T,p,Cy) = 3In2.

dyn dyn

Proof. Notice that Py©.T0) (¢,v) = (¢, v]p|e,v) = 5% for all (¢,v) € C x V and recall
that the transition matrix P, which governs © with respect to the coherent states
instrument 7, has entries given by Equation (6.11). In the following, it will be more
convenient to rewrite Equation (6.11) viewing f as the fixed index. In this manner,

for each f = (¢,v) € C x V, we have

1
Ulf) = (8v+1)+ (—=1)%*|L, v = 1)), (6.15)
and hence
1
|<6|U|f>|2 = 5(58,(R,’U+1) + 58,(L,U—1))' (616)
Also, we have
M(@’T’p)(cvn o Cy,) = Z (1, vilpler, va) H | (e, vk U -1, vp—1)|?
ch€{R,L} k=2
1<k<n

[~ <5vkzvk1+150k7R+5Uk:Ukl15Ck»£’>

c€{R,L} 2N k=2 2
1<k<n

_ i ﬁ 5vk,vk,1+1 + 6Uk:yUk:71*1
N k=2 2 ,

for all vy, ..., v, € V, where we used Equation (6.7) in equality 1 and Equation (6.16)

in equality 2. These are exactly the probabilities px (v1, ..., v,) of a stationary Markov
chain X which is governed by the transition matrix, (), for the unbiased random walk

on the N-cycle V. Therefore

dyn

follows from Proposition 5.4.3.
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Next we show that h5Z (0%, T, p,Cy) = 2In2. Forall f = (c,v) € C'x V, we have

dyn 2

U2f) = %U(|R,v 1) 4 (—1)P5 Lo — 1)) by (6.15) (6.17)
= (1)L 0 = 2) + (<10l R0} + |, 0) + R0 +2)
and hence
T e=(R,v) or (L,v)
2 e=(Rv+2)
(elU? )P =" (6.18)

1 e=(Lv-2)
0 else

Notice that |[{e|U?|f)|* in Equation (6.18) does not depend on the coin space compo-

nent of f. Therefore

/“’L(627T7p) (C'U17 R C'Un)

= > Aen,vilplen,v) [T Hew, valU?|en—1, ve—1)[* by (6.7)

ck€{R,L} k=2
1<k<n

_ Z L L 5Ck,L5’Uk,’Uk—1_2 + 5Ck7L5vk7vk—1
2N 5 4

c,€{R,L}
1<k<n

+ 5Ck»R6'Uk7'Uk—1 + 6Ck7R6Uk7Uk—1+2
4

1 2 /1 1 1
- N H (Z(svkﬂ”k—l_Q + 55%,%—1 + Z(Svk,vk_l-ﬂ) )
k=2

for all vy,...,v, € V, where we used Equation (6.7) in equality 2. These are exactly
the probabilities py(v1, ..., v,) of a stationary Markov chain Y which is governed by

the transition matrix Q2. Therefore
3
hgyzn(@27 T: P CV) = H(Q2) = 5 In 2,

where the second equality follows from Proposition 5.4.3. O

Theorem 6.3.3. Let © be the Hadamard walk on V with |V| = N > 3 defined

be the Liders-von Neumann instrument governed by the
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partition of unity A\ = (P,),ev defined in Equation (6.14) and p = JZ. Then
h3Z2(0,V,p) =In2 and h5Z%(0%V, p) = 3In2.

dyn dyn
Proof. Notice that from Equation (6.1), for each m,n € N and vy,...,v, € V, we
have
POV vy, 0) = T(V(0,) 00™ 010 0™ 0 V(vy)p) (6.19)
= (P, U™ - U"Pypb, (U™)" - (U™)"F,,).

Also, notice that p = 5% 3, cy (IR, v)(R,v| + |L,v){L,v|) and so, for each m,n € N

and vy, ...,v, € V, Equation (6.19) becomes

p(&"Vop) (U1, ..., 0p)
1
= Z ﬁ tr(Panm e UmPvl |C7 U1><C, Ul|Pv1(Um)* e (Um)*Pvn)
ce{R,L}
1
= Z W <d,Un|UmPvn_1"‘Plem|C,’U1>|2. (620)
c,de{R,L}

Let A be the atomic partition of V. We first show that 3% (0,V, p, A) = In2.
Notice that for (c¢,v) € C x V, UP,|c,v) = Ulc,v) and is given by Equation (6.15).

Thus, by direct calculation, we have that

:U’(@’vw) (vla s 7vn)

1
= Z ﬂ|<cmvn|UPvn_1 "'Pv2U|Cl,'l)1>|2 by (620)
c1,en€{R,L}

1
- > Henva|lUPy, - Py X

2N c¢,cen€{R,L}
( 1
V2
1
= 2_ Z _(51)2,1114-1502,1% + 61)2,1)1—1502,L) X
01702,cn€{R,L}

[{cn, vn|UP,

(IR, v +1) + (=1)°05| L, vy — 1)) 7

DO | —

cee Pv3U|02, U2>|2

n—1

— Z L ﬁ 5vk’rkal'i_ldck’R + 6’019,’0]971—150]6,[,
2 2
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= l ﬁ 5vk’vk:—1+1 + 51}167'016—1_1
N k=2 2 ’

forall vy,...,v, € V, which are exactly the probabilities px (v1, . .., v,) of a stationary
Markov chain X which is governed by the transition matrix, (), for the unbiased

random walk on the N-cycle V. Therefore

BSZ(0,V.p, A) = H(Q) = In2,

A

where the second equality follows from Proposition 5.4.3. Moreover, since A is a

generating partition for (V*, P(V)*, u®V) s), we have that

h§a(©,V,p) = n2

dyn

by Corollary 5.3.3.
Next we show that hgyzn(@z, V,p, A) = %an using path counting techniques. To

that end, for each n € N and n-tuple v = (vy,...,v,) € V", we set
l, == |{k : k < n such that vy = vgy1 = -+ = v}
Then, we define the sets
LY ={veV":v=(v,...,v) for some v € V},

LY :={veV":l,iseven}\L! and L} := {v € V" : [, is odd}\ L.

For each n € N and v = (vy,...,v,) € V", we will identify v with the cylinder set
C (7 %) and consider £" := {L?, L?, L} as a partition of V*.

With this correspondence, we will show that the conditional probabilities,
Px©2v.0) (Vnt1|v), for v,y given v = (v1, ..., v,) are dependent upon which set L € L
that v belongs to. First, we will determine the change of coin state that occurs after

measuring the walker at the same site a number of times in a row. We claim that

the resulting coin state, after n measurements at a site v, depends only on the initial
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coin state ¢ € {R, L} and the congruence class of n modulo 4. Specifically, for all
neN,v=(v,...,v) € V" and c € {R, L}, we claim the following:

if n =0 mod 4, then

1
P,U?--- P,U?|c,v) = alc,v) for some a € C with |a| = St (6.21)
n times
if n =1 mod 4, then
1
P,U*---P,U?|c,v) = a|L + (—1)°* R, v), for some a € C with |a| = Sk (6.22)
if n =2 mod 4, then
1
P,U? ... P,U%c,v) = a|c*,v) for some a € C with |a| = NEE (6.23)
where we set R = L and L+ = R, and, if n =3 mod 4, then
1
P,U?--- P,U?|c,v) = a|L — (—1)°£R,v), for some a € C with |a| = NEEE (6.24)

where we used the abbreviation |L+ R, v) := |L,v) £|R,v). We will prove the claims
by induction on n.

The base case, n = 0, is trivial. For the inductive step we will handle the different
congruence classes of n separately. To this end, let m € N with m > 1 and suppose
that for all n < m Equations (6.21)-(6.24) hold for all v € V"' and their respective
values of n. Fix v € V™™ and ¢ € {R,L}. If m =1 mod 4, then, for some a € C

with |a| = ﬁ, we have

P,U?---P,U?|c,v) = P,U%a|c,v) by (6.21)

- g|L + (=1)%2R,v) by (6.17),

and Equation (6.22) is satisfied since —tmr = —mzr-. If m = 2 mod 4, then, for
2.2L72 ol=—1

some a € C with |a| = ﬁ, we have
2le,v) = P,U%|L+ (=1)°LR,v) by (6.22)

E:JH_)LL}M 2”'—* "
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= (_1)6C’LG|CL’ U>7
where the second equality holds because

U2|R+ L,v) = 2U|R,v+ 1) = |L,v) + |R,v + 2) and (6.25)
UL — R,v) = —2U|L,v — 1) = |L,v — 2) — |R,v),
for all v € V. Thus Equation (6.23) is satisfied since —gnr = —mzr—. If m =3 mod 4,
2L2 ol=—1
then, for some a € C with |a| = 7z, we have
2L72
P,U?---P,U%|c,v) = P,U%u|c",v) by (6.23)

= SIL— (=) R,v) by (6.17),

where we used the fact that (—1)°*+: = —(—=1)%c in the second equality. Hence
Equation (6.24) is satisfied since —lmr = —per—. If m = 0 mod 4, then, for some
22b2) 517

a € C with |a] = 2—\_1%7, we have

P,U?---P,U%|c,v) = P,U%|L— (—1)°LR,v) by (6.24)
= —(=1)%Lalc,v) by (6.25)

and hence Equation (6.21) is satisfied since — 47 = —mgr—. Therefore the induction
23 ol——1

is complete and the claims are verified.

Next we claim that for all v = (v1,...,v,) € V"\L} with pye2.v,(v) # 0 there
exists some ¢ € He such that for all v,,; € V the conditional pmf of X (©%Vp) g
given by

>_de{R,L (d, Vn 1 U3, ) |2
Px©2v. (Vnt1lvr, ..o, 0n) = SR e . (6.26)

Indeed, for all v € V" with py 2.y, (v) # 0, we have

Px@2,v.) (Vng1|vr, ..o 0p)
(©%,V,p)
— H Y (017"'7vn+1) (627)
p®*V)(vy oL vy)

d7 n Uzpv ttt qu []2 , 2
= ZC,dE{R7L} |< v +1|2 n 2 2|c U1>|2 by (620)
1y [ vn| U P, -+ P U2, )|

72

www.manharaa.com




ZdG{R,L} |<d7 vn+1|U2Pvn o Pszzlca Ul>|2

= qc R (628)
A S iy o [UF - B0, o) P
where, for each ¢ € {R, L}, we set
ZdE{R,L} |<d7 U'n|U2Pvn71 e Pv2U2|C7 U1>|2 (629)

T Seaetnn (A vUPP, - P U o)
Notice that if ¢. = 0 in Equation (6.29) then the denominator on the right hand side
of Equation (6.28) is also equal to 0. In this case, we will use the convention that
their product is defined and equal to 0.
For each ¢ € {R, L}, we define ¢, € H¢ to be the unique element satisfying the
equation

Pan2 e PU2U2|C, V1) = [e, V).

Then Equation (6.28) simplifies to

Zd R,L |<d7 Un+41 |U2|¢ca vn) |2
Px©2,v,0) ('Un+1|'U1, . ,Un) = E dc S ! ”w ”2 , (630)
ce{R,L} c

where equality in the denominator follows by Parseval’s identity.
Notice that Equation (6.17) gives
Ran(P,,,U?P,) = span{|R,v + 2)} and (6.31)
Ran(P, oU?P,) = span{|L,v — 2)}, for allv € V.
Moreover, Equation (6.31) implies that, for any operator A € B(H),
Ran (P, 2U?P,A) C span{|R,v + 2)} and

Ran(P, ,U?P,A) C span{|L,v —2)}, forallv € V.

Hence, if v € V*\L?, then for each ¢ € {R, L} we have

P,

Un—ly

U?--- P,U?|c,v1) = a.|d,v,_y,), for some a. € C, (6.32)

where d = R whenever v,,_;, = v,,—,—1+2 and d = L when v,,_;, = v,,—;,—1 — 2. Thus

d does not depend on the initial coin state c. For each d € {R, L}, we also have that

) = al,v,), for some a € C with |a| = , (6.33)

ol fut)
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where 1) is the coin state given by Equations (6.21)-(6.24) depending on the con-
gruence class of [, modulo 4 and we used the fact that v,,_;, = v,_y,01 = -+ = v,
by definition of {,. We combine Equations (6.32) and (6.33) to get that, for each
ce{R, L},

P, U?---P,U?c,v) = aL.|v,v,), (6.34)

where a, = a.-a with a, and a coming from Equations (6.32) and (6.33), respectively.
Since ggr + q = 1 and both ¥ and ¢ in Equation (6.30) are equal to 1) which
appears in Equation (6.34), we see that Equation (6.30) simplifies to Equation (6.26)
as claimed.

Next we claim that, for n € N, if v = (vy,...,v,) € LY and pye2.v,,)(v) # 0, then

% if Un+1 = Up
Px 2.0 (Vng1lvL, .. v0) = % if v, 1 is exactly one of v, + 2> (6.35)
0 else
\

where the exactly one value of v, € {v, — 2,v, + 2} with nonzero conditional

probability depends on the given sequence (vy,...,v,) in the following manner:

o If
(i) vn_y, = Vp_y,—1+2and [, = 1 mod 4, or

(il) wvp—y, = Vp_1,—1 — 2 and I, = 3 mod 4,
then v, 11 = v, + 2.

o If
(iii) vp—1, = Vp—t,—1 — 2 and [, = 1 mod 4, or

(iv)  vp_y, = Vp_y,—1 +2 and [, = 3 mod 4,
then v, = v, — 2.

In addition we claim that, for n € N and v = (v1,...,v,) € V", if v € LI U L and
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Px©2v., (V) # 0, then

if Un+1 = Up

N [=

if Unt1 = Up + 2
pX(®2,V,p) (Un+1|U07 o e 7U’n,) = (636)
if v, =v, —2

=

PN

0 else

In order to see Equation (6.35), let v € L} with py(e2,v.,(v) # 0 and suppose v
satisfies the conditions for Case (i); i.e. v, = vp_y,—1 +2 and [, =1 mod 4. Since
Un—1, = Un_,—1 + 2, the coin state, d, on the right hand side of Equation (6.32) is
d = R. Using this, the fact that [, = 1 mod 4 and Equation (6.22), we see that
the coin state, 1, on the right hand sides of Equations (6.33) and (6.34) is given by

1 = R+ L. Plugging into Equation (6.26) and using (6.25), we have

;

1 : _

2 if Un41 = Un
Px©2,v,p) (Un+1|vlv cee avn) = % if v, =v,+2

0 else

in this case. The other three cases can be done similarly and thus we obtain that
Equation (6.35) is satisfied for all v € L.

Next, for the proof of Equation (6.36), let v € L2 with pye2.v,(v) # 0. By
Equations (6.21) and (6.23), we can see that the coin state ¢ in Equation (6.34) is
given by 9 = ¢, for some ¢ € {R, L}. Plugging this value of ¢ into Equation (6.26)
and using (6.18) we can see that the conditional pmf, py(e2v.,, of X(©*V0) ig given
by Equation (6.36), for all v € L.

It remains only to show that Equation (6.36) is valid for all v = (v,...,v) € L.
Since the modulus of a in Equations (6.21)-(6.24) is independent of ¢ € {R, L}, we
have . = 1 in Equation (6.29) for both values of c. Note that by Equations (6.21)-

ector ¢, € He which appears in Equation (6.30) is given
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c ifn—1=0mod 4

L+ (=1)Y%tR ifn—1=1mod4
¢Q::
ot ifn—1=2mod 4

\L —(=1)%tR ifn—1=3mod 4
Thus if n — 1 is even, then by Equations (6.30) and (6.18) we obtain immediately
Equation (6.36). If n — 1 is odd, then we must examine the cases n —1 =1 mod 4
and n —1 =3 mod 4 separately. [f n—1=1 mod 4 then g =L+ R, ¢y =L—R
and Equations (6.30) and (6.25) give Equation (6.36). The case of n —1 =3 mod 4
can be verified similarly.

We are now set to show h3Z (6%, V,p, A) = 5In2. By direct calculation, we have

that

@ V 827V’ 2
Hu(azva) (X(-I—l P)|(X1( P)’ o 7X7(L® ,V,p)))

n

- Z Px©2,v,p) (Ulv s ’Un) Z n(px(927V,p) (Un+1|1)1, s ,Un)) by (58)

’UkGV Un+1€V
1<k<n
n n 1 1 n 1
= WOV UL @) +0(3)) + L) ()

= p &V rry Lg)g In2 + pu©*Y)(L") In 2, (6.37)
where we used Equations (6.35) and (6.36) in equality 2 and

M(GQ’V”’)(L;L) = Z Px©2v,p (V1,. .., v,) for each x € {c,e,o}.
(v1,...,un)ELD

It remains only to solve for

lim (©*Y*) (L") for each z € {c,e,0}.

n—oo

Notice that, by definition of L?, we have that

M(@2 Vi) (L) = Py ) for each n € N.

veV
ntnn%
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Using Equation (6.36) n — 1 times and Equation (6.20) to see that pye2v., (v) = ~,

we obtain py ez, (v, ...,v) = z2ry and hence
———

n times

uOV(LY) =

, for each n € N. 6.38
2n—1

For ease of notation, set e, = u(©*V?(L"), 0, = p©VA)(L") and ¢, = p©*V) (L),
for each n € N. Notice that e; =071 =0,¢y =1l and ¢, = 2,%1, for all n € N, by Equa-
tion (6.38). For each v = (vq,...,v,1) € V" 1 and v, € V let vov, := (v1,...,v,) €
V™. Suppose v € L. If v, = v, then lyo,, = l,+1 and if v,, # v,,_; then l,0,, = 0.
Thus pye2v.,) (Vo v, € Liv € Lg™') = 1 and pyezv,)(vov, € Lijv € Li™') =0
for z € {o,c}. Suppose v € L' U L' Then vouw, € L" exactly when
Un, # vy—1. Therefore Equation (6.36) gives pyezv,)(vouv, € Lllv € Lt7!) =1

for each = € {e, c}. Therefore

1
€n = Op_1 + §(en_1 +¢,o1), forall n > 2. (6.39)

Equation (6.36) also gives that pye2v,)(vov, € LEJv € Lr™') = 1; using this
together with the fact that py ez, (vov, € Llv € LP~!) = 0, we have

1
On = Sen-1, for all n > 2. (6.40)

Therefore

1
€n = é(en,l +éno+cn1), foralln > 3. (6.41)

We claim that the limits e := lim,, ., €, and o := lim,,_,, 0,, both exist. It is enough,
by Equation (6.40), to show that the limit e exists. To see this we show that (e;,)nen
is increasing and bounded. We show that (e,)nen is increasing by induction. Since
er = 0 and e5 = § (by Equation (6.39)), the base case is done. Next, fix n € N
with n > 3, and suppose that e,,_1 < e, for all m € {2,...,n — 1}. Then, by

Equation (6.41), it is enough to show that e, + ¢,—1 > e,_1. We see that,

ol Lalu Zyl_ﬂbl

1
— é(en—Q +ép—3+ Cn—Z) < ép_2+ Cp_t1,
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where the inequality follows by the inductive hypothesis and the fact that %Cn_z =
¢n—1. Therefore (e,),en is increasing and trivially bounded by 1, and both the limits
e and o exist. Furthermore, for all n € N, 1 = ¢, + 0, + ¢, because L™ is a partition
of V* and lim,_, ¢, = 0 by Equation (6.38). Hence 1 = e+ 0o = 3, implying that

e = 2 and o = §. Taking the limit in Equation (6.37), we see that
li 31 2 In2= 41 2
nl_)ﬂ()lo(en—l—cnbn + o, 1n —gn )

Therefore h3Z (02, V, p) = h3Z(02%,V,p, A) = 5 In2 as desired. O

dyn dyn

The fact that h3Z (0%, V,p, A) # h3Z (0, T, p,Cy) provides further evidence of

dyn

the sensitivity of quantum systems to measurement.

Remark 6.3.4. The results of this section are also submitted for publication in [9].
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CHAPTER 7

QUANTUM MARKOV CHAIN ENTROPY

In this section we recall the quantum Markov chain (QMC) approach to quantum
dynamical entropy. This QMC approach was first introduced in [3] in terms of the
Accardi-Ohya-Watanabe (AOW) entropy. Another QMC approach was introduced
by Tuyls in [61] for the study of the Alicki-Fannes (AF) entropy, which was introduced
in [6] and often referred to as ALF entropy to emphasize Lindblad’s contributions.
Finally, a generalization of both QMC approaches was given in [38], where the au-
thors introduced the Kossakowski-Ohya-Watanabe (KOW) entropy. Throughout this

chapter, we will follow mainly the terminology and notations of [3] and [38].

7.1 QMC ENTROPY: DEFINITION

Fix a stationary QDS (A, ©, p) and an operational partition of unity v = (7;)%_, on A.
Let £, and &, ¢ be the transition expectations defined in Equations (4.14) and (4.15),
respectively, which are both mappings from M; ® A to A. Also, let ¥ = {p,&, 0} be
the corresponding quantum Markov state and {p,, }>2; be the joint correlations for ¢

given in Equation (4.17). Recall that ¢ is given by

bl ® - @ a,) = tr(p€ 0l © €,0(a2 8 &0 E0(a, ® 1)),

for alln € N and aq,...,a, € M,.
We will show that the joint correlations, p, with n € N, can be given explicitly

by applying the lifting £ ¢ : X(A) — Mg ® %(A) iteratively to the initial state p,
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where X(A) is the set of normal states on A. The lifting £ ¢ was first described in
[2] and is simply the dual of &, e.

First, recall that £, ¢ = © o &, (by Equation (4.14)) so that £ g = £7 0O, where
©* is the dual of ©, and &7 : ¥(A) — My ® X(A) is given by

d
&(o) = ['ViU’V;]?,jzl = Z Eij ® 7i07;, (7.1)
ij=1
where E;; = |e;)(e;| € My is the standard matrix basis element with (4, j)-entry

equal to 1 and every other entry equal to 0.
For each n € Nand i = (i1,...,in),7 = (j1,...,n) € {1,...,d}", the (i, j)-entry

of p, can be calculated in the following manner:

on(i,7) = (s s eirlpuleins---rej,)
= Y(E;,® QL )
= tr(p&ye(Ejin © & el & eo(Ej.i ®14))))
= (& o(p)Ejin @ Evel & e(E), i, ®14)))
= tr(S;(p)Ejl,il ®&Ey0( & 0(Ej, i, ®14))) since p is invariant
d
= ‘Zl tr((Eij © o) (Ejyin @ Eve(- - &y 0(Ejin @ 14)))))
inj=
= (075,650 (Ejin © Ey0(- - €y 0(Ej i, @ 14))))

= tr(1,0" (11, 075,75, 60 (Bjsis @ Ev0(- - &y 0(Ej, i, ® 14))))

= (7,07 0" (v,5) ), (7.2)
where we used Equation (7.1) in equality 6. We have proved the following.

Proposition 7.1.1. Let (A, ©,p) be a QDS, v be an operational partition of unity
on A and ¢ = {p,E, 0} be the associated quantum Markov state. Then the joint

densities, p,, of ¥ given in Equation (7.2) are exactly equal to the joint densities
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Finally, the QMC dynamical entropy of (A, ©®, p) with respect to ~ is

given by

, 1
hME(©,p,9) = limsup —S(pn) (7.3)

n—oo

1.
= limsup —S(p™[]),

n—oo N
where S(-) := tr(n(-)) is the von Neumann entropy and p™[y] is given in Equa-
tion (4.10). Notice that the equality between lines 1 and 2 of Equation (7.3) follows
from Proposition 7.1.1. Further, given a subalgebra B of A, the QMC dynamical
entropy of (A, ©, p) with respect to B is given by

hg" (O, p) = sup heMC(0, p, 7). (7.4)

vCB

The QMC dynamical entropy given in Equation (7.3) has been considered by many
in different contexts. For the AF entropy ([6]) and AOW entropy ([3]), the authors
consider only those ©’s which are x-automorphism, and hence the joint densities are
given by Equation (4.12). For AOW entropy the authors made the further restriction
that v be simply a partition of unity and considered the transition expectation given
in Remark 4.3.1; when considering the transition expectations in Remark 4.3.1, the
resulting joint densities in Equation (7.2) are diagonal, as we will see in Section 7.2. In
1999 the KOW entropy was introduced in [38] and the restriction to x-automorphisms
was not imposed. Moreover, the authors of [38] allow for more generality by introduc-
ing an additional Hilbert space to represent noise. Our main result (Theorem 7.3.9)
of this chapter makes use of some of the ideas introduced in that paper, but we will
not present the full generality here.

We finish this section by stating a corollary relating the KS entropy of a classical

DS to the QMC entropy of the associated commutative QDS.

Corollary 7.1.2. Let (2,%,u, f) be a stationary dynamical system and consider

thegassociatedscommutative quantum dynamical system (L*(S2), Ty, ) described in
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Section 4.2. Then, for any partition C € Pq(2) with associated partition of unity -,

we have

h’KS(fv Ly C) = h’QMc(Tf7 M, /Y)

Proof. This is a simple consequence of Propositions 4.2.1 and 7.1.1. See also the last

paragraph of Section 4.3. m

Remark 7.1.3. Let (0,2, p, f) and (L>*(Q), Ty, ) be as in Corollary 7.1.2 and con-
sider the unital subalgebra B of L*>(QQ) consisting of all finite linear combinations of
characteristic functions of measurable sets. In [62, Section 5.2], Tuyls shows that B
is dense in L*°(Q2), in a particular sense, and that the partition-independent KS and

QMC entropies are equal; i.e.

WS (f, ) = hg™ e (T, ).

7.2 AcCCARDI-OHYA-WATANABE ENTROPY

In this section we specialize the QMC approach to the Accardi-Ohya-Watanabe
(AOW) dynamical entropy as it was originally introduced in [3]. The only differ-
ences between this and the previous section is that in the present section we restrict
our attention to only partitions of unity and we consider the transition expectation
given in Remark 4.3.1. We will not require that our dynamics are x-automorphisms
(as in [3]), but will consider this case separately. We define this transition expectation

below for ease of reading.

Remark 7.2.1. [t is worth noting that we could have included this in the previous
section and simply given the QMC dynamical entropy (Equation (7.3)) an additional
parameter for the transition expectation. However, we decided to present the AOW

entropy separately to minimize confusion.
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Let (A, 0, p) be a QDS and v = ()&, be a partition of unity on A. Define the

transition expectations E., E, ¢ : My ® A — A by

d
EW([ai,j]) = Z%am% fOl" all [a@j] c Md &® .A. (75)

i=1
and

E%@ =0o E,y. (76)

Lastly, let v = {p, E, o} be the corresponding quantum Markov state. Both 1 and
its joint correlations, p,, are given by Equations (4.16) and (4.17), respectively.
The liftings EZ, EZ o : X(A) — Mg®X(A), where ¥(A) is the collection of normal

states on A, are given by E7 o := EZ 0 ©" and

d
i=1
where E; ; := |e;)(ej| € My is the standard basis element with (7, j)-entry equal to one

and all other entries zero, for all 1 < 14,7 < d. In a similar manner to the work leading
up to Equation (7.2), we will give explicitly the entries of the joint correlations, p,,.

To that end, for each n € Nand i, € {1,...,d}", we have

pn(i,7) = (€, - € lpnl€js---,€5.)
= Y(Ejpu® - QFE; )
= tr(pEye(Eji ® Eyvel - Eye(Ej. ®1))))
= tr(Eo(p)Ej i @ Eyo(-- By e(Ej ., ®1)))

= 0y (7,0 (0) Vi By 0 (Ejpiy ® Eyo(- -+ Eye(Ej i ®1))))

= 0;;t1(7,07(--- O (7, ©"(P)Vir) -+ )Vin)- (7.8)

Therefore each p, is a diagonal matrix with entries given by Equation (7.8). If p is

invariant with respect to ©*, then Equation (7.8) simplifies to
) = 035 tr(76, 07 (- ©% (3 p¥ir) - -+ ) i) (7.9)
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and if ©* is also a x-automorphism we have

pnlis ) = 03 tr(i, - O (33,)p@" D (3,) -+ 3, ) (7.10)

The AOW dynamical entropy of (A, ®, p) with respect to = is given by

RV (O, p, ) = limsup — S(pn) = hmsup— > paliyi). (7.11)
n—00 n—oo T 1<ip<d
1<k<n

Given a subalgebra B C A the AOW entropy of ©® with respect to B is given by

hf"(0) = sup K9V (0, 7). (7.12)

¥CB
Notice that Equations (7.11) and (7.12) are identical to Equations (7.3) and (7.4),
respectively.
We finish up this section by presenting an example of AOW entropy. This example

was also considered in [3, Model 2], but we present it here for completeness.

Example 7.2.2. Let A be a matriz algebra My acting on a Hilbert space H = C?. Let
U be a unitary on H, © be the corresponding unitary transformation (Equation (6.6)),
and suppose that p € S1(H) = X(A) is invariant with respect to ©*. Fiz an orthonor-
mal basis, {e;}1_,, of H and let v = (v;)&, be the partition of unity with v; = |e;) (el
for each 1 < i < d. Then © is a x-automorphism such that O"(vy;) = |U"e;){U"e;].
Hence, by Equation (7.10), we see that the diagonal entries of the joint correlations,

Pn, are given by

puliyi) = (%-n O (Y pO T () )

= H (Ueiy.,y, i) (e, pesy ), (7.13)
where the equality follows in an analogous manner to that of Lemma 6.2.3. Thus, the

diagonal entries of the joint correlations are given by a homogeneous Markov process

with initial distribution p = (u;)%_, such that p; = (e;, pe;), for each 1 <i < d, and
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transition matriz P = (p; ;)¢ ,_, with entries p;; = |(Ue;, e;)|*, for each 1 < i,j < d.
Hence

d d
WAOY(©, p,7) = lim S (P"w); Y- n(|(Uej, e)[?)
=1 7j=1

by Theorem 5.2.4. Moreover, whenever u is P-invariant, we have

d d
hAOW(@a P, 7) = Z €i, PE; Z U€j> ez )
=1

Notice the similarities between SZ entropy with coherent states instruments in

Corollary 6.2.4 and Example 7.2.2. We will revisit AOW entropy in Subsection 7.3.3.

7.3 QuANTUM DATA COMPRESSION USING QMC DYNAMICAL ENTROPY

In this section, we give a QMC dynamical entropy representation for optimal quantum
data compression similar to Theorem 5.5.5 in the classical case. In Subsection 7.3.1,
we recall the notions of indeterminate length codes for lossless quantum data com-
pression and introduce the notions of stochastic ensembles. In Subsection 7.3.2 we
introduce an open quantum random walk representation for stochastic ensembles
before applying the QMC dynamical entropy to the OQRW, obtaining the desired
extension of Theorem 5.5.5. The QMC representation of the OQRW introduced in

Subsection 7.3.2 is new, to the best of my knowledge.

7.3.1 QuaNTUM DATA COMPRESSION

We will introduce the notions of quantum data compression, extending the notions of
Section 5.5. Similar to that section, all codings will be done into strings of (binary)
qubits. The extensions to d-qubits can easily be done.

We begin with the description of indeterminate-length quantum codes, whose
preliminary investigation began with Schumacher ([52]) and Braunstein et. al in
[17]. We may think of the codes introduced in the previous section as being varying-

length codes; the term indeterminate-length is used to draw attention to the fact
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that a quantum code must allow for superpositions of codewords, including those
superpositions containing codewords with varying lengths. We will follow mainly the
formalisms in [13] as opposed to the zero-extended forms of [53]. A description of the
connection between these two formalisms can be found in [16].

For any Hilbert space H, we will denote by H® := ¢, H®* the free Fock space
of H, where H*® = C. We will denote 1 € H®® = C by |@) and refer to it as
the empty string. Further, we set H®" equal to @®,_,H®". Let S = {pn, |s.)},
be an ensemble of pure states, or simply ensemble, where p = {p,})_, is the
pmf of a random variable X and |s,) € Hs = C? such that Hs = span{|s,)}.
The collection {|s,)} will be referred to as the symbol states of the ensemble S.
An (indeterminate-length) quantum code, U, over a quantum binary alphabet
A = {|0),]1)}, which is an orthonormal basis for H4 = C?, is a linear isometry
U: Hs — HY. The extended quantum code of U is the linear mapping U+ :

HE — HY given by
Ut(|z1@z - an)) = U(l21))U(|22)) - - U(laa)),

for all |x12q -+ x,) € HS" and n € N, and we set UT(|0)) = |0).

The quantum code U is said to be uniquely decodable if the extended quantum
code U™ is an isometry. Throughout this section, we will restrict ourselves only to
the situation where RanU C Hﬁefm for some (;.x € N; i.e. there is a finite upper

bound /..« on the length of all codewords.

Remark 7.3.1. The uniquely decodable quantum codes considered in this section can
be considered lossless because we guarantee in the definition that the corresponding
extended quantum codes are linear isometries; i.e. the codings for strings of symbol

states are pairwise distinguishable and hence the original strings can be recovered.

Remark 7.3.2. The authors of [16] allow non-empty strings to map to the empty

StringGamdiatheirapapersethe authors send along a classical side channel to give the
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lengths of the codewords and so that convention is possible. Without the classical side
channel (as is the approach here) allowing non-empty strings to map to the empty

string will cause the quantum code to not be uniquely decodable.

Let S = {pn,|sn)})_, be an ensemble whose symbol states span a Hilbert space
Hgs of dimension d. Consider a classical uniquely decodable code, C, on a symbol
set, S = {z;}¢,, with d-many symbols. We will construct a corresponding uniquely
decodable quantum code, U, from C' by identifying the classical binary alphabet
A = {0,1} with the quantum binary alphabet A = {]0),|1)} € C? and the symbol
set, S, with any orthonormal basis {|e;)}%, of Hgs; this construction is given in [13].

Fix an orthonormal basis {|e;)}%, of Hs and define the quantum code U : Hg —
H by the equation

It is clear that |C(x;)) € HS% C HY, where {; is the length of C(z;), and that
{|C(x;))}4_, is an orthonormal set, so that U is a linear isometry. Furthermore, since
C' is uniquely decodable, the map U’ : H§* — HY defined by the equation
d d
Ut = le_:l - l[z_:l |C(z4,)C(xi,) - - - C(z4,)) (€1, €y - - - €3, (7.15)
is a linear isometry for each ¢ € Ny. Since the extended quantum code U" : HS — HY
is given by
Ut = fj U, (7.16)
=0

we see that U™ is a linear isometry and hence U is uniquely decodable. We will refer
to quantum codes constructed from classical ones by Equation (7.14) as classical-
quantum encoding schemes (c-q schemes). (In [13] c-q schemes are referred to

as lossless quantum encoding schemes.)
Remark 7.3.3. Notice that the symbol states {|s,)}_, of the ensemble S are not

directly encoded by the |C(z;))’s unless N = d and there ezists a permutation o of
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{1,...,d} such that |s,u)) = |e;) for every i € {1,...,d}. Indeed Uls,) need not
belong to HZ® for any ¢ € N, but can in general be in a superposition of different

lengths. (Hence the term indeterminate-length quantum codes.)

The Kraft-McMillan Inequality (Theorem 5.5.1) was initially extended to the
quantum domain in [53] and subsequently in [13]. Before presenting (a slightly differ-
ent) Quantum Kraft-McMillan Inequality, we will first introduce the length observable
and quantum codes with length eigenstates. The length observable A acting on
HY is given by

A= iﬁﬂg, (7.17)
=0

where II; is the orthogonal projection onto the subspace H%e of HY.
We say that a quantum code U : Hs — H$ has length eigenstates if there is an
orthonormal basis {|e;)}&, of Hs and a sequence {|¢;)}&, C HY with |[¢;) € H"

for some V; < lax, for each i, such that U has the form

U= Z:szﬂez‘ (7.18)

Note that the |¢;)’s are orthogonal due to U being a linear isometry. It is easy to
see that every c-q scheme is a quantum code with length eigenstates. Lastly, for each
¢ € NU {0}, we will refer to the elements of the set {¢; : i € {1,...,d}, ¢ € HE"}

as the length £ eigenstates of U.

Remark 7.3.4. The quantum Kraft Inequality proved in [53, Section IIC] is more
general than the same proved in [13, Theorem 1], although the formalisms are quite
different. Our version of the quantum Kraft Inequality, presented below, is a gen-
eralization of [13, Theorem 1], but is not quite in the full generality of [53, Section
IIC] (in the forward direction) because we only consider uniquely decodable codes (as
opposed to the more general notion, called condensable codes, considered in [53]).
However, our version does have a converse statement, similar to the classical Kraft

Inequality—which-is-missing from the aforementioned versions.
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Theorem 7.3.5. (Quantum Kraft-McMillan Inequality) Any uniquely decodable quan-

tum code U with length eigenstates over a binary alphabet must satisfy the inequality
tr(UT2720) < 1.

Conversely, if U : Hs — HY is a linear isometry with length eigenstates satisfying
the above inequality, then there exists a c-q scheme U with the same number of length

U eigenstates for each ¢ € N.

Proof. Let U be a uniquely decodable quantum code with length eigenstates of the

form

d

U=>_[¥i)el.

i=1

For each n, N € N, let
Co = A{lv) € HX™ - [¥) = [¢u)thiy) - - [thi,) with in,... iy € {1,...,d}}
be the collection of length N strings consisting of n codewords and let
dp=|{i € {1,...,d}:¢; € HF'}|

be the number of length ¢ eigenstates of U, for each ¢ € N. Then, by the unique
decodability of U, each element of CY has a unique representation as a string of n

codewords and the elements of CY are pairwise orthogonal, and hence we have

|C,JLV| = Z dody, -+ - dy, < N,
Thus
2NN dpdy, e dy, =Y (270, (27%dy,) - (27dy,) < 1L
O+ Hly=N O+l =N

Since each /; is at most £, where £, = max {l;}, we have N < nlyay. So if we
_Z_

sum the above inequality over N we obtain

lrnax Cinax "
S (27%dy)(27%dy,) - (27dy,) = (2(2—%)) < Nlmax.
/=1

(
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Notice that the left-hand side of this inequality is exponential whereas the right-hand
side is linear. This implies that the left-hand side is bounded above by 1. Hence we

must have that

Zmax Zmax
tr(U2720) = > 27 e (UTILU) = Y 27, < 1. (7.19)

/=1 /=1

Notice that the inequality in Equation (7.19) is simply a restatement of the clas-
sical Kraft-McMillan Inequality. Conversely, suppose that U is a linear isometry
with length eigenstates satisfying the quantum Kraft-McMillan Inequality. Then, by
Equation (7.19), the classical Kraft-McMillan Inequality is also valid. Thus, by the
converse of the classical Kraft-McMillan Theorem, one can find a classical uniquely
decodable code C' which has exactly d,-many codewords of length ¢, for each ¢ € N.
The c-q scheme U constructed from this classical code C' has the desired proper-

ties. 0

We would like to find a quantum code which minimizes the amount of resources
required. Unfortunately there are numerous ways to define the length of a codeword
for an indeterminate-length quantum code (e.g. base length [16], exponential length
[13, Definition 6], etc.). Here, we define the length of a codeword |w), where
lw) = Uls) € HY, for a unique |s) € {|s,)}\_,, as the expectation with respect to the
length observable in Equation (7.17). Explicitly, the length of a codeword |w) = Uls)

will be given by a function ¢ : H{ — R*, defined as follows:

d

((|w)) = (w|Alw) = (Us, AUs) = (s, UTAUs) =" [{e;]s)[*¢. (7.20)
i=1
For any ensemble S = {p,, |s,)}_,, define the ensemble state ps of S by

ps = Z:lpnlé‘nﬂsn\- (7.21)

If U is a quantum code on Hg define the average codeword length with respect
to the ensemble S by
EL(U) = tr(psUTAU).
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We denote by U, the optimal quantum code with length eigenstates for the
ensemble S if

Uopt := argming { EL(U) : tr(UT274U) < 1}, (7.22)

The optimal average codeword length for the ensemble S is given by
EL*(ps) := EL(Uypt) = tr(psUlyAUspi). (7.23)

It is shown in [13, Theorem 2| that the optimal c-q scheme (and hence optimal
quantum code with length eigenstates by the converse of Theorem 7.3.5) is given by
the classical Huffman codes. The bounds on EL*(ps) in terms of the von-Neumann

entropy follow immediately.

Theorem 7.3.6. The minimum average codeword length for an ensemble S is bounded

as follows,

S(ps) < EL"(ps) < S(ps) + 1.
Proof. See [13, Theorem 3]. O

Next, we wish to consider the optimal average codeword length per symbol for
a collection of ensembles {S¥}7°, where 8" = {pn, .., 5152 k) I, n—1 and
probabilities given by the pmf of a stochastic process X. We will refer to such a
collection of ensembles as a stochastic ensemble. Note that, by the definitions of
a stochastic process, stochastic ensembles S*¥ must be compatible in the following

sense:

N
Z pn17~--,nk,nk+1 = pn1,...,nk7 (724)

ng4+1=1

forallng,...,ng € {1,..., N} and k € N. Notice that we allow for the possibility that
preparations of the ensemble at each time be dependent upon previous preparations.
If the preparations of the ensemble are independent and identically prepared copies

N_ - i.e. the stochastic process X is made up of i.i.d.

of an ensemble S = {pp, |sn) }re1;

91

www.manaraa.com



copies of a random variable X, then p,, ., = Pn,Pny P, and pgr = p©* where

Psk = 20 w1 Prne| Sy * Smy.)- For each k € N, let
* 1 *
ELi(psr) = %ELk<pS’“) (7.25)

be the optimal average codeword length per symbol for the first & symbols
with respect to the ensemble S*. Notice that the optimal average codeword length
per symbol is defined analogously to the classical case in Equation (5.16). Then, from

Theorem 7.3.6, we have

1 1 1
%S(Psk) < EL(psr) < %S(Psk) +o (7.26)

In the following subsection, we introduce an OQRW representation for a stochastic en-
semble before applying the QMC dynamical entropy to the OQRW in Subsection 7.3.3

with the ultimate goal of extending Theorem 5.5.5.

7.3.2 AN OPEN QUANTUM RANDOM WALK ASSOCIATED WITH A STATIONARY MARKOV

ENSEMBLE

Consider a Markov process X with values in {z,,}_; and with pmf px. We will refer
to the stochastic ensemble {S*}°,, with S' = {px(x,), |sn) }\_, spanning Hs = Hg
and S* = {px (Tny, - Tny ) Sny - Sn) N -1 SPanning HS® = Hg: for each k €
N, as the Markov ensemble governed by X. Whenever the Markov process is
stationary or homogeneous we will refer to the Markov ensemble as being stationary
or homogeneous, respectively.

Below we consider only stationary and homogeneous Markov ensembles. To this
end, let X be a stationary, homogeneous Markov process governed by the transition
matrix P = (p,,) and has initial distribution p = {p,})_;. Recall that, since X is
stationary, we have that p is invariant with respect to P. Moreover, the pmf, px, of X

is given by px(Tn,s- .., Tn,) = Pny Hfzzpnml_l, foreach k e Nand 1 < nq,...,n; <
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N. Setting d = dim(Hg), so that d* = dim(Hgk) for each k € N, we define the

following sequence of states which represents this collection of ensembles by

N
psi = Y ulsn)(sal € My = Si(Hs:) (7.27)

n=1

and, for each k € N with k > 2,

N k
Psk = Z Pny Hpnlynl—1|3n1 T 571k><3n1 T Snkl € Mé@k = Sl(HS’“)
n,...,Np=1 =2
N N
= Z pn1|sn1><5n1| Q- ® Z pnk,nk—llsnk><snk“ (728)
ni=1 ne=1

For each n € {1,...,N} we set |s}) = |s,) ® |n) € Hs ® C¥ and consider the

quantum-classical (g-c) state
N
pi=> palsh)(sh| € My® My = S1(Hs @ CV). (7.29)
n=1
Let Ho = Hs and Hp = CV, and define the OQRW over H = Ho ® Hp by

N
M) = 3 My, - My, (7.30)

m,n=1
where My, , = /PrmnUmnn®|m)(n|, and U, , is any unitary operator on H¢ satisfying

UnnlSn) = |Sm), for all m,n =1,..., N. It is clear that

N
*
Z pm,nUm’nUm,n = ]1Hc7
m=1

for each n, and hence M is an OQRW. Furthermore, notice that

M(p) = > Mm,n(;pklsmszl)ME,n

m,n=1

N
= Z pnpm,nUm,n|5n><5n|U;L,n ® |m)(m|

m,n=1
N
= Y _palsu){(shl =p,
n=1

where the second to last equality holds since p is P-invariant. Hence the g-c state
p is an invariant state for M. where the last equality holds since p is P-invariant.

invariant state for M.
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7.3.3 A QUANTUM MARKOV CHAIN REPRESENTATION FOR MARKOV ENSEMBLES

Consider the quantum dynamical system (B(Hp), ©*, py), with

N
po=tru.(p an|n (7.31)

representative of the initial distribution of X, and ©* the dual of the map © which

satisfies the commutative diagram
Si(Hp) ——=—— S1(Hp)
! ]
Si(He ® Hp) - Si(He ® Hp)

with

(i) A(m){(n|) = |s.,) (s, ], for all m,n € {1,..., N}, and

(i) a(-) = trae ().
Remark 7.3.7. The definition of © above is a slight modification of an optical com-
munication process (see [40, Page 1202]). The main modification we have made is
that we have essentially allowed for a different noise term, |s,){s,|, for each site

[n)(n| of the position Hilbert space.

Consider the spectral decomposition of pg1,

pst = sz’|ﬂz’><ﬂz’| (7.32)

and fix an operational partition of unity v = (v;)%L, of Hp, where

N
Yi =Y (pi,sn)|n)(n|, foralli=1,...,d. (7.33)

n=1

Notice that

1(/%, Sm) (Pis sn) ) (nm) (m|

[{pis 5n)*)In) (n]

IR

d
Z i =
i=1

Il
=L
.9& %MZ
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N
E:IBthl (n] = Lup,

where the second to last equality follows by Parseval’s identity, and hence ~ is indeed
an operational partition of unity. Let E, : My ® My — My; ie. E, : B(Ho) ®

B(Hp) — B(Hp), be the transition expectation given by Equation (4.14) and let
E, o= 0"0E, : B(Hc) ® B(Hp) — B(Hp), (7.34)

just as in Equation (4.15). Before proceeding with the construction of the quantum

Markov chain, we give a technical lemma which will be helpful later.

Lemma 7.3.8. Let {S*}2°, be a stationary, homogeneous Markov ensemble, with en-
semble states {|s,)}_,, which is governed by a stationary, time-homogeneous Markov
process X with transition matric P = (ppm). Let ©, v, E, and E, g« be defined as
above. Then the lifting B o. : Si(Hp) — Si(Hc) ® Si(Hp) acts on the diagonal

states of S1(Hp) in the following way.

7@*

for each |n) in the orthonormal basis of Hp. Moreover,

:,e* (po) = p-

Proof. First, recall that E, e- = ©* o E, (by Equation (4.15)) so that EZ . = E0©.
Then, for each |n)(n| € S;(Hp), we have

O(n)(n]) = aoMoA(|n)(n|)
= aoM(|s)){s)]) with |s/) defined above Equation (7.29)

N
= a(z Pmn|Sim) (si,]) by Equation (7.30)

= Z_ DMy (m|. (7.35)
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Next we consider the lifting £ : S1(Hp) — S1(Hc) ® Si(Hp) which is given by
the formula (see Equation (7.1))
E(0) = [1i07;]i21 = Z [0){ps| @ 7io7],
i,j=1
where we have identified S;(H¢) with M, and given the matrix representation with
respect to the vectors {|p;)}%, from Equation (7.32). Then, for each |m)(m| €
S1(Hp), we have
d
E(Im)(ml) = >~ |pi)(pil ® vilm){mly;
ij=1

d
= > o)1 ® (pi, $m) Im) (m|(sm, p;) by Equation (7.33)

= (Z}(pusm pi) > (Z_: PjrSm |pj ) ® [m)(m|
= [sm) (S| ® Im)(m| = [s}, ) (s}, |- (7.36)

Combining Equations (7.35) and (7.36), for each |n)(n| € S1(Hp), we have

N
B o-(In)(n]) = Z Pmn|m)(m|) by Equation (7.35)

= Z PmnlSh)(sh,| by Equation (7.36). (7.37)

For the moreover statement, we have

N
E:,e*(PO) = Z we*

n)(n|) by Equation (7.31)
_N
= Z PuPmnlSm){(s,| by Equation (7.37)
N
= Z Pmlsi, ) (s, = p since X is stationary. (7.38)

O

Next, we will consider the quantum Markov state 1 given by the chain {py, £, o~ },

where pg is given in Equation (7.31) and E, o- is as in Equation (7.34). Then, for
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each k € Nand ay,...,a, € B(Hc) = My, we have

Yo ®---®ap) = tr(polye- (a1 ® E’y@*(' By er(ar @ Lap))))
= tr(Ee-(po)ar ® Ey e+ (- Eyor(ar ® 1p,)))

N
= tr( D Pulsy, )sh, a1 ® By (- Eyor(ax @ 1uy)))

ni=1
N
= D P t2([800) (S ) tr(|ra) (| By o (a2 @

ni=1
B eo( Eyo-(ax ® 1g,))))

N
= Z PniPnang tr(|8711><$711|a1) tr(|sn2)(sn2|a2) X

ni,no=1

tr([ng)(no| By o+ (- Eyeor(ar @ 1uy)))

N k k
= Z DPny Hpnz,m_1 H tI‘(|Snl><Sm |al)’
1 =2 =1

Ny, M=
where the “moreover” part of Lemma 7.3.8 was used in the 3™ equality, the fact
tr(A ® B) = tr(A) tr(B) was used in the 4" equality and Lemma 7.3.8 was used in
the 5 equality.

Thus, for each k € N, the state p;, from Equation (4.17) is given by

N k
Pk = Z DPny Hpnl»nl—l |Sn1 e Snk><sn1 e Snkl = pPgk- (739)
1=2

ni,...,np=1

Therefore,

1 1
h(©", po,7) = limsup —-S(px) = limsup —S(pgr) = limsup E L (psk),

where the first equality holds by the definition of the dynamical entropy in Equa-

tion (7.3). We have proved the following theorem.

Theorem 7.3.9. Given any stationary, homogeneous Markov ensemble {S*}32,, the
optimal average codeword length per symbol converges to the dynamical entropy of the

quantum dynamical system (©*, po,7y), described above, in the following sense:

1
limsup FL;(pgr) = limsup ES(psk) = h(©", po, 7).

k—o0
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Corollary 7.3.10. Given a Markov process X made up of i.i.d. copies of a random
variable X, the stationary, homogeneous Markov ensemble {S¥}%°, governed by X

has optimal codeword length per symbol given by

lim ELi(pss) = S(ps2).

Proof. First notice that X is governed by the transition matrix P = (pnm)fy m—1 Such
that p,., = pn, for every 1 < n,m < N, where p = (p,)’_; is the initial distribution
of X. Therefore

psk = par, for each k € N.

Using the construction from above and Equation (7.26), we have that

S(p) = S(psr) = S(P?{C) = kS(ps1),

where the last inequality follows by additivity of von Neumann entropy (see e.g. [65,

Equation 2.8]). Therefore, by Theorem 7.3.9, we have
lim FL; )=l 1S( =1 1kS =S5
Jim ELy(pgr) = lim —S(pse) = lim -+ kS(pst) = S(ps1)-
m

We finish this subsection by showing that the i.i.d. Markov ensemble consider in
Corollary 7.3.10 has another representation in terms of AOW entropy. The following
result is interesting in its own right, but we were unable to extend it to non-i.i.d.

Markov ensembles.

Proposition 7.3.11. Let {S*}%2, be a stationary, homogeneous Markov ensemble
governed by a stochastic process X made up of i.i.d. copies of a random variable X .
Then

lim ELy(psk) = S(p) = h"M(0, 0™, ),
where p = ps1, v = (|pi)(ps] )y (with |p;)’s coming from the spectral decomposition
of p in Equation (7.32)), © is the Bernoulli shift on the half-spin chain M$", and

the AOW. dynamical-entrapy is given in Equation (7.11).
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Proof. Set p = ps1. Then

p= §pnlsn><sn| = ;mlpz)(pih (7.40)

where the last equality is simply the spectral decomposition of p. Notice that, for

each k € N,

N

pPsk = pnl"'pnk|5n1"'5nk><sn1 Snk|
N, ,Mep=1

N N
= Z pn1|8n1><8n1| ORI Z pnk|8nk><8nk|

ni=1 nE=1
d d .
= Z P11|Pi1><l)i1| - Z piklpik><pik| = p® :
=1 =1
Let v = (7:)%, be the partition of unity with 7; = |p:){p;] ® 11> for each

i € {1,...,d}, let © be the Bernoulli shift on the half-spin chain M;?N, and let
1 = {p®N, 0} be the corresponding quantum Markov state. Also, let E, be the
transition expectation given in Remark 4.3.1 and let £, g = © o E,.

Then to calculate h4°W (O, p*N, ~), we need only find the diagonal entries of the
joint correlations, pi, by Equation (7.11). Noticing that p®N is invariant with respect

to ©* and that O is a *-automorphism, we can use Equation (7.10) to get
pk(a ;) = tr(%k T @(k_l)*(Vil)p(gN@(k_l)*(’yh) o '%k)
= (i @ © % © p%)
= (v Vi) tr (Va0 in) -t (Vi 0i,)
= PirPis " Pigs
for each k € Nand i = (i1, ...,4) € {1,...,d}*.
Therefore pp = psx and hence
S(pr) = Spst) = S(p®*) = kS(p), (7.41)

for each k£ € N. Taking limits in Equations (7.26), (7.41) and (7.11), we see that
Li(pst) = S(p) = W (©, p™. ),
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as desired. 0

For a more detailed description of the AOW entropy of the dynamical system

considered in Proposition 7.3.11 see [3, Section 4.1].

Remark 7.3.12. The results of this section are also submitted for publication in [10].
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