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1 Introduction

The very process of doing physics is to acquire information about the world around us.
At the same time, the storage and processing of information is necessarily a physical
process. It is thus not surprising that physics and the theory of information are inherently
connected.! Quantum information theory is an interdisciplinary research area whose goal
is to explore this connection.

As the name indicates, the information carriers in quantum information theory are
quantum-mechanical systems (e.g., the spin of a single electron). This is in contrast to
classical information theory where information is assumed to be represented by systems
that are accurately characterized by the laws of classical mechanics and electrodynamics
(e.g., a classical computer, or simply a piece of paper). Because any such classical system
can in principle be described in the language of quantum mechanics, classical information
theory is a (practically significant) special case of quantum information theory.

The course starts with a quick introduction to classical probability and information the-
ory. Many of the relevant concepts, e.g., the notion of entropy as a measure of uncertainty,
can already be defined in the purely classical case. I thus consider this classical part as a
good preparation as well as a source of intuition for the more general quantum-mechanical
treatment.

We will then move on to the quantum setting, where we will spend a considerable
amount of time to introduce a convenient framework for representing and manipulating
quantum states and quantum operations. This framework will be the prerequisite for
formulating and studying typical information-theoretic problems such as information stor-
age and transmission (with possibly noisy devices). Furthermore, we will learn in what
sense information represented by quantum systems is different from information that is
represented classically. Finally, we will have a look at applications such as quantum key
distribution.

I would like to emphasize that it is not an intention of this course to give a complete
treatment of quantum information theory. Instead, the goal is to focus on certain key
concepts and to study them in more detail. For further reading, I recommend the stan-
dard textbook by Nielsen and Chuang [6]. Also, I would like to mention the course on
quantum computation [11] by Stefan Wolf (Computer Science Department). Wolf’s course
is somewhat complementary in the sense that it focuses on quantum computation, while
this course is on quantum information.

1This connection has been noticed by numerous famous scientists over the past fifty years, among them
Rolf Landauer with his claim “information is physical.”



2 Probability Theory

Information theory is largely based on probability theory. Therefore, before introducing
information-theoretic concepts, we need to recall some key notions of probability theory.
The following section is, however, not thought as an introduction to probability theory.
Rather, its main purpose is to summarize some basic facts as well as the notation we are
going to use in this course.

2.1 What is probability?

This is actually a rather philosophical question and it is not the topic of this course to an-
swer it.! Nevertheless, it might be useful to spend some thoughts about how probabilities
are related to actual physical quantities.

For the purpose of this course, it might make sense to take a Bayesian point of view,
meaning that probability distributions are generally interpreted as a state of knowledge.
To illustrate the Bayesian approach, consider a game where a quizmaster hides a prize
behind one of three doors, and where the task of a candidate is to find the prize. Let X
be the number of the door (1, 2, or 3) which hides the prize. Obviously, as long as the
candidate does not get any additional information, each of the doors is equally likely to
hide the prize. Hence, the probability distribution P)C(arld that the candidate would assign
to X is uniform,

PE(1) = PP (2) = PEni(3) = 1/3 .

On the other hand, the quizmaster knows where he has hidden the prize, so he would assign
a deterministic value to X. For example, if the prize is behind door 1, the probability
distribution P™a%t the quizmaster would assign to X has the form

PP=i(1) =1 and PP*'(2) = PE*'(3)=0.

The crucial thing to note here is that, although the distributions P4 and P22t are
referring to the same physical value X, they are different because they correspond to
different states of knowledge.

We could extend this example arbitrarily. For instance, the quizmaster could open one
of the doors, say 3, to reveal that the prize is not behind it. This additional information, of
course, changes the state of knowledge of the candidate, resulting in yet another probability
distribution P§#"" associated with X ,2

IFor a nice introduction to the philosophy of probability theory, I recommend the book [5].

2The situation becomes more intriguing if the quizmaster opens a door after the candidate has already
made a guess. The problem of determining the probability distribution that the candidate assigns to
X in this case is known as the Monty Hall problem. For further reading, I refer to [10].



P}C(and/(l) _ )c(and/ (2) = 1/2 and P)C(and/(?)) =0.

When interpreting a probability distribution as a state of knowledge and, hence, as
subjective quantity, we need to carefully specify whose state of knowledge we are referring
to. This is particularly relevant for the analysis of information-theoretic settings, which
usually involve more than one party. For example, in a communication scenario, we might
have a sender who intends to transmit a message M to a receiver. Clearly, before M is
sent, the sender and the receiver have different knowledge about M and, consequently,
would assign different probability distributions to M. In the following, when describing
such settings, we will typically understand all distributions as states of knowledge of an
outside observer.

2.2 Definition of probability spaces and random variables

The concept of random wvariables is important in both physics and information theory.
Roughly speaking, one can think of a random variable as the state of a classical proba-
bilistic system. Hence, in classical information theory, it is natural to think of data as
being represented by random variables.

In this section, we define random variables and explain a few related concepts. For
completeness, we first give the general mathematical definition based on probability spaces.
Later, we will restrict to discrete random variables (i.e., random variables that only take
countably many values). These are easier to handle than general random variables but
still sufficient for our information-theoretic considerations.

2.2.1 Probability space

A probability space is a triple (2, &, P), where (£2, &) is a measurable space, called sample
space, and P is a probability measure. The measurable space consists of a set 2 and a
o-algebra & of subsets of €2, called events.

By definition, the o-algebra £ must contain at least one event, and be closed under
complements and countable unions. That is, (i) €& # 0, (ii) if F is an event then so is its
complement £ := Q\FE, and (iii) if (E});en is a family of events then | J;. E; is an event.
In particular, Q and () are events, called the certain event and the impossible event.

The probability measure P on (2, ) is a function

P: &£—RT

that assigns to each event E € £ a nonnegative real number P[E], called the probability
of E. It must satisfy the probability axioms P[Q] = 1 and P[{J,cy Ei] = > _,cn PEs] for
any family (E;);nen of pairwise disjoint events.

ieN

2.2.2 Random variables

Let (Q,&, P) be a probability space and let (X, F) be a measurable space. A random
variable X is a function from 2 to X which is measurable with respect to the o-algebras



€ and F. This means that the preimage of any F' € F is an event, i.e., X 1(F) € &.
The probability measure P on (2, £) induces a probability measure Px on the measurable
space (X, F), which is also called range of X,

Px[F]:=P[X"Y(F) VFeF. (2.1)

A pair (X,Y) of random variables can obviously be seen as a new random variable. More
precisely, if X and Y are random variables with range (X', ) and (), G), respectively, then
(X,Y) is the random variable with range (X x Y, F x G) defined by?

(X,)Y): we X(w)xY(w).

We will typically write Pxy to denote the joint probability measure Pix yy on (X x Y, F x G)
induced by (X,Y’). This convention can, of course, be extended to more than two random
variables in a straightforward way. For example, we will write Px,...x, for the probability
measure induced by an n-tuple of random variables (Xi,...,X,,).

In a context involving only finitely many random variables X, ..., X,, it is usually
sufficient to specify the joint probability measure Py, ...x, , while the underlying probability
space (€, &, P) is irrelevant. In fact, as long as we are only interested in events defined in
terms of the random variables Xi,..., X,, (see Section 2.2.3 below), we can without loss
of generality identify the sample space (2, £) with the range of the tuple (X3, ..., X, ) and
define the probability measure P to be equal to Px,...x, -

2.2.3 Notation for events

Events are often defined in terms of random variables. For example, if the range of X
is (a subset of) the set of real numbers R then FE := {w € Q: X(w) > z¢} is the event
that X takes a value larger than xy. To denote such events, we will usually drop w, i.e.,
we simply write E = {X > xo}. If the event is given as an argument to a function, we
also omit the curly brackets. For instance, we write P[X > x¢] instead of P[{X > z¢}] to
denote the probability of the event {X > x¢}.

2.2.4 Conditioning on events

Let (2, &, P) be a probability space. Any event E’ € £ such that P(E’) > 0 gives rise to
a new probability measure P[-|E’] on (€2, ) defined by

P[ENE

P[E|E) := 377

VEe€&.

P[E|E’] is called the probability of E conditioned on E' and can be interpreted as the
probability that the event F occurs if we already know that the event E’ has occurred.
In particular, if £ and E’ are mutually independent, i.e., P[E N E'] = P[E]|P[E’], then
P[E|E’] = P[E].

3F x G denotes the set {F x G: F € F, G € G}. Tt is easy to see that F x G is a o-algebra over X x ).



Similarly, we can define Px g as the probability measure of a random variable X con-
ditioned on E'. Analogously to (2.1), it is the probability measure induced by P[-|F’],
ie.,

Pxp/[F] == PIX"'(F)|E'] VF€F.

2.3 Probability theory with discrete random variables

2.3.1 Discrete random variables

In the remainder of this script, if not stated otherwise, all random variables are assumed
to be discrete. This means that their range (X, F) consists of a countably infinite or even
finite set X. In addition, we will assume that the o-algebra F is the power set of X, i.e.,
F :={F C X}.* Furthermore, we call X’ the alphabet of X. The probability measure Px
is then defined for any singleton set {x}. Setting Px(z) := Px[{z}], we can interpret Px
as a probability mass function, i.e., a positive function

Px: X—>RT
that satisfies the normalization condition

» Px(x)=1. (2.2)

zeX

More generally, for an event E’ with P[E’] > 0, the probability mass function of X con-
ditioned on E' is given by Px|p/(x) := Px|g/[{x}], and also satisfies the normalization
condition (2.2).

2.3.2 Marginals and conditional distributions

Although the following definitions and statements apply to arbitrary n-tuples of random
variables, we will formulate them only for pairs (X,Y) in order to keep the notation
simple. In particular, it suffices to specify a bipartite probability distribution Pxy, i.e.,
a positive function on X x Y satisfying the normalization condition (2.2), where X and
Y are the alphabets of X and Y, respectively. The extension to arbitrary n-tuples is
straightforward.®

Given Pxy, we call Px and Py the marginal distributions. It is easy to verify that

Px(z) =Y Pxy(z,y) VoeX, (2.3)
yey

and likewise for Py. Furthermore, for any y € J with Py (y) > 0, the distribution Px|y—,
of X conditioned on the event Y = y obeys

Pyjy—y(z) = Por@y) e x (2.4)

Py (y)

41t is easy to see that the power set of X is indeed a o-algebra over X.
5Note that X and Y can themselves be tuples of random variables.




2.3.3 Special distributions

Certain distributions are important enough to be given a name. We call Px flat if all
non-zero probabilities are equal, i.e.,

Px(z) €{0,q} VxeX

1
[suppPx|’
where suppPx = {x € X : Px(x) > 0} is the support of the function Px. Furthermore,

if Px is flat and has no zero probabilities, i.e.,

for some ¢ € [0,1]. Because of the normalization condition (2.2), we have ¢ =

Px(z) = Ve e X,

1
X
we call it uniform.

2.3.4 Independence and Markov chains

Two discrete random variables X and Y are said to be mutually independent if the events
{X = 2z} and {Y = y} are mutually independent for any (z,y) € X x Y. Their joint
probability mass function then satisfies Pxy = Px x Py.%

Related to this is the notion of Markov chains. A sequence of random variables X1, Xo, ...
is said to have the Markov property, denoted X1 <> Xg < -+ < X, if for all ¢ €

{1,...,n—1}
Py, 1xi=21,. . Xi=2: = Pxi 1| Xi=2;  YT1,...,Ti .

This expresses the fact that, given any fixed value of X;, the random variable X;; is
completely independent of all previous random variables Xi,...,X; 1. In particular,
X,4+1 can be computed given only Xj.

2.3.5 Functions of random variables, expectation values, and Jensen’s
inequality

Let X be a random variable with alphabet X and let f be a function from X to ). We

denote by f(X) the random variable defined by the concatenation f o X. Obviously, f(X)

has alphabet ) and, in the discrete case we consider here, the corresponding probability
mass function Pj(x is given by

Prxy(y) = z Px(x) .
zef~1({y})

For a random variable X whose alphabet X" is a module over the reals R (i.e., there is a
notion of addition and multiplication with reals), we define the expectation value of X by

(X)py =Y Px(a)x .

zeX

6 Px x Py denotes the function (z,y) — Px (z)Py (y).



If the distribution Px is clear from the context, we sometimes omit the subscript.
For a convex real function f on a convex set X, the expectation values of X and f(X)
are related by Jensen’s inequality

(f(X)) = (X)) -

The inequality is essentially a direct consequence of the definition of convexity (see Fig. 2.1).

Figure 2.1: Jensen’s inequality for a convex function

2.3.6 Trace distance

Let P and @ be two probability mass functions” on an alphabet X. The trace distance 6
between P and @ is defined by

5(P.Q) = 3 3 IP() - Q)]

reX

In the literature, the trace distance is also called statistical distance, variational distance,
or Kolmogorov distance.® It is easy to verify that § is indeed a metric, that is, it is
symmetric, nonnegative, zero if and only if P = @, and it satisfies the triangle inequality.
Furthermore, §(P, Q) < 1 with equality if and only if P and @ have distinct support.

Because P and @ satisfy the normalization condition (2.2), the trace distance can equiv-
alently be written as

§(P,Q)=1-> min[P(x),Q(z)] . (2.5)

reX

The trace distance between the probability mass functions Qx and Qx of two random
variables X and X’ has a simple interpretation. It can be seen as the minimum probability
that X and X' take different values.

"The definition can easily be generalized to probability measures.

8We use the term trace distance because, as we shall see, it is a special case of the trace distance for
density operators.




Lemma 2.3.1. Let Qx and Qx be probability mass functions on X. Then

3(Qx,Qx+) = min Pxx/[X # X']

xXx'’

where the minimum ranges over all joint probability mass functions Px x: with marginals
Px =Qx and Px/ = Qx.

Proof. To prove the inequality §(Qx,Q@x/) < minp_ , Pxx/[X # X'], we use (2.5) and the
fact that, for any joint probability mass function Px x, min[Px (z), Px/(x)] > Pxx/(z,z),
which gives

§(PX7PX/) =1- Z min[Px($)7PX/($)] S 1-— Z PXX/(.T,LU) = PXX/[X 75 Xl] .
reX reX

We thus have 6(Px, Px/) < Pxx/[X # X'], for any probability mass function Pxx-.

Taking the minimum over all Pxxs with Px = Qx and Px, = @Qx/ gives the desired
inequality.
The proof of the opposite inequality is given in the exercises. O

An important property of the trace distance is that it can only decrease under the
operation of taking marginals.

Lemma 2.3.2. For any two density mass functions Pxy and Qxy,

d(Pxy,Qxvy) > 6(Px,Qx) .

Proof. Applying the triangle inequality for the absolute value, we find

5 P (@9) ~ Qv (@)l = 5 SIS Prv(e) - Qv (a,9)
= 3 Y1) - Qx (@)l

where the second equality is (2.3). The assertion then follows from the definition of the
trace distance. O

2.3.7 l.i.d. distributions and the law of large numbers

An n-tuple of random variables X1, ..., X,, with alphabet X is said to be independent and
identically distributed (i.i.d.) if their joint probability mass function has the form
Px

Xn ,__
1 Xy :PX .—PX ><~~-><Px.

The i.i.d. property thus characterizes situations where a certain process is repeated n times
independently. In the context of information theory, the i.i.d. property is often used to
describe the statistics of noise, e.g., in repeated uses of a communication channel (see
Section 3.2).



The law of large numbers characterizes the “typical behavior” of real-valued i.i.d. ran-
dom variables X1, ..., X, in the limit of large n. It usually comes in two versions, called
the weak and the strong law of large numbers. As the name suggests, the latter implies
the first.

Let u = (X;) be the expectation value of X; (which, by the i.i.d. assumption, is the
same for all X7,...,X,), and let

be the sample mean. Then, according to the weak law of large numbers, the probability
that Z,, is e-close to u for any positive € converges to one, i.e.,

lim P[|Z, —p|<e]=1 Ve>0. (2.6)

n— oo

The weak law of large numbers will be sufficient for our purposes. However, for com-
pleteness, we mention the strong law of large numbers which says that Z,, converges to p
with probability 1,

P[lim Zn:,u}zl.

n— oo

2.3.8 Channels

A channel p is a probabilistic mapping that assigns to each value of an input alphabet X
a value of the output alphabet. Formally, p is a function
p: XxY-R*T
(z,y) = p(ylz)
such that p(-|x) is a probability mass function for any = € X.

Given a random variable X with alphabet X, a channel p from X to ) naturally defines
a new random variable Y via the joint probability mass function Pxy given by?

Pxy(z,y) := Px(z)p(y|z) . (2.7)

Note also that channels can be seen as generalizations of functions. Indeed, if f is a
function from X to ), its description as a channel p is given by

P(Wlz) = 0y, f(a) -

Channels can be seen as abstractions of any (classical) physical device that takes an
input X and outputs Y. A typical example for such a device is, of course, a communication
channel, e.g., an optical fiber, where X is the input provided by a sender and where Y is
the (possibly noisy) version of X delivered to a receiver. A practically relevant question

91t is easy to verify that Pxy is indeed a probability mass function.

10



then is how much information one can transmit reliably over such a channel, using an
appropriate encoding.

But channels do not only carry information over space, but also over time. Typical
examples are memory devices, e.g., a hard drive or a CD (where one wants to model the
errors introduced between storage and reading out of data). Here, the question is how
much redundancy we need to introduce in the stored data in order to correct these errors.

The notion of channels is illustrated by the following two examples.

Output

p=1 O 2

Figure 2.2: Example 1. A reliable channel

Example 2.3.3. The channel depicted in Fig. 2.2 maps the input 0 with equal probability
to either 0 or 1; the input 1 is always mapped to 2. The channel has the property that its
input is uniquely determined by its output. As we shall see later, such a channel would
allow to reliably transmit one classical bit of information.

Input Output

For all transmission p=0.5

0 »O O

1 > 1

Figure 2.3: Example 2. An unreliable channel

Example 2.3.4. The channel shown in Fig. 2.3 maps each possible input with equal
probability to either 0 or 1. The output is thus completely independent of the input. Such
a channel is obviously not useful to transmit information.

The notion of i.i.d. random variables naturally translates to channels. A channel p,, from
X x---xXto)Yx---x)issaid to be i.i.d. if it can be written as p, = p*" :=pXx---XPp.



3 Information Theory

3.1 Quantifying information

The main object of interest in information theory, of course, is information and the way it
is processed. The quantification of information thus plays a central role. The aim of this
section is to introduce some notions and techniques that are needed for the quantitative
study of classical information, i.e., information that can be represented by the state of a
classical (in contrast to quantum) system.

3.1.1 Approaches to define information and entropy

Measures of information and measures of uncertainty, also called entropy measures, are
closely related. In fact, the information contained in a message X can be seen as the
amount by which our uncertainty (measured in terms of entropy) decreases when we
learn X.

There are, however, a variety of approaches to defining entropy measures. The decision
what approach to take mainly depends on the type of questions we would like to answer.
Let us thus consider a few examples.

Example 3.1.1 (Data transmission). Given a (possibly noisy) communication channel
connecting a sender and a receiver (e.g., an optical fiber), we are interested in the time it
takes to reliably transmit a certain document (e.g., the content of a textbook).

Example 3.1.2 (Data storage). Given certain data (e.g., a movie), we want to determine
the minimum space (e.g., on a hard drive) needed to store it.

The latter question is related to data compression, where the task is to find a space-
saving representation Z of given data X. In some sense, this corresponds to finding the
shortest possible description of X. An elegant way to make this more precise is to view
the description of X as an algorithm that generates X. Applied to the problem of data
storage, this would mean that, instead of storing data X directly, one would store an (as
small as possible) algorithm Z which can reproduce X.

The definition of algorithmic entropy, also known as Kolmogorov complexity, is exactly
based on this idea. The algorithmic entropy of X is defined as the minimum length of an
algorithm that generates X. For example, a bitstring X = 00---0 consisting of n > 1
zeros has small algorithmic entropy because it can be generated by a short program (the
program that simply outputs a sequence of zeros). The same is true if X consists of the
first n digits of m, because there is a short algorithm that computes the circular constant
w. In contrast, if X is a sequence of n bits chosen at random, its algorithmic entropy
will, with high probability, be roughly equal to n. This is because the shortest program

12



generating the exact sequence of bits X is, most likely, simply the program that has the
whole sequence already stored.’

Despite the elegance of its definition, the algorithmic entropy has a fundamental disad-
vantage when being used as a measure for uncertainty: it is not computable. This means
that there cannot exist a method (e.g., a computer program) that estimates the algorith-
mic complexity of a given string X. This deficiency as well as its implications? render the
algorithmic complexity unsuitable as a measure of entropy for most practical applications.

In this course, we will consider a different approach which is based on ideas developed in
thermodynamics. The approach has been proposed in 1948 by Shannon [8] and, since then,
has proved highly successful, with numerous applications in various scientific disciplines
(including, of course, physics). It can also be seen as the theoretical foundation of modern
information and communication technology. Today, Shannon’s theory is viewed as the
standard approach to information theory.

In contrast to the algorithmic approach described above, where the entropy is defined
as a function of the actual data X, the information measures used in Shannon’s theory
depend on the probability distribution of the data. More precisely, the entropy of a value
X is a measure for the likelihood that a particular value occurs. Applied to the above
compression problem, this means that one needs to assign a probability mass function to
the data to be compressed. The method used for compression might then be optimized
for the particular probability mass function assigned to the data.

3.1.2 Entropy of events

We take an axiomatic approach to motivate the definition of the Shannon entropy and
related quantities. In a first step, we will think of the entropy as a property of events E.
More precisely, given a probability space (2, &, P), we consider a function H that assigns
to each event E a real value H(FE),

H: & — RuU{c0}
E — H(E).

For the following, we assume that the events are defined on a probability space with
probability measure P. The function H should then satisfy the following properties.

1. Independence of the representation: H(E) only depends on the probability P[E] of
the event F.

2. Continuity: H is continuous in the probability measure P (relative to the topology
induced by the trace distance).

3. Additivity: H(ENE'") = H(E) + H(E') for two independent events E and E’.

4. Normalization: H(E) =1 for E with P[E] = 3.

Hn fact, a (deterministic) computer can only generate pseudo-random numbers, i.e., numbers that cannot
be distinguished (using any efficient method) from true random numbers.

2An immediate implication is that there cannot exist a compression method that takes as input data X
and outputs a short algorithm that generates X.

13



The axioms appear natural if we think of H as a measure of uncertainty. Indeed,
Axiom 3 reflects the idea that our total uncertainty about two independent events is
simply the sum of the uncertainty about the individual events. We also note that the
normalization imposed by Axiom 4 can be chosen arbitrarily; the convention, however, is
to assign entropy 1 to the event corresponding to the outcome of a fair coin flip.

The axioms uniquely define the function H.

Lemma 3.1.3. The function H satisfies the above axioms if and only if it has the form
H: FE+— —log,PlE].

Proof. Tt is straightforward that H as defined in the lemma satisfies all the axioms. It
thus remains to show that the definition is unique. For this, we make the ansatz

H(E) = f(—log, P[E])

where f is an arbitrary function from R* U {co} to R U {oo}. We note that, apart from
taking into account the first axiom, this is no restriction of generality, because any possible
function of P[E] can be written in this form.

From the continuity axiom, it follows that f must be continuous. Furthermore, inserting
the additivity axiom for events E and E’ with probabilities p and p’, respectively, gives

f(=logyp) + f(—logyp") = f(—logy pp’) -

Setting a := —log, p and a’ := —log, p/, this can be rewritten as

fla)+ f(d) = fla+ad).

Together with the continuity axiom, we conclude that f is linear, i.e., f(z) = v for some
~v € R. The normalization axiom then implies that v = 1. O

3.1.3 Entropy of random variables

We are now ready to define entropy measures for random variables. Analogously to the
entropy of an event E, which only depends on the probability P[E] of the event, the
entropy of a random variable X only depends on the probability mass function Py.

We start with the most standard measure in classical information theory, the Shannon
entropy, in the following denoted by H. Let X be a random variable with alphabet X and
let h(z) be the entropy of the event E, := {X = z}, for any = € X, that is,

h(z) := H(E,) = —logy Px(z) . (3.1)

Then the Shannon entropy is defined as the expectation value of h(x), i.e.,

H(X) == (h(X)) = = 3 Px(a)log, Px(x) .
TeX

If the probability measure P is unclear from the context, we will include it in the notation
as a subscript, i.e., we write H(X)p.

14



Similarly, the min-entropy, denoted Hyin, is defined as the minimum entropy H(E,) of
the events F,, i.e.,

Hin (X) 1= min h(z) = — log, max Py (z) .

A slightly different entropy measure is the max-entropy, denoted Hpax. Despite the
similarity of its name to the above measure, the definition does not rely on the entropy of
events, but rather on the cardinality of the support suppPx := {z € X : Px(x) > 0} of
PX7

Hmax(X) = IOgQ‘SuppPX|-
It is easy to verify that the entropies defined above are related by
Hmin(X) S H(X) S Hmax(X) 9 (32)

with equality if the probability mass function Px is flat. Furthermore, they have various
properties in common. The following holds for H, Hy,in, and Huyay; to keep the notation
simple, however, we only write H.

1. H is invariant under permutations of the elements, i.e., H(X) = H(w (X)), for any
permutation .

2. H is nonnegative.?
3. H is upper bounded by the logarithm of the alphabet size, i.e., H(X) < log, | X|.

4. H equals zero if and only if exactly one of the entries of Px equals one, i.e., if
|suppPx| = 1.

3.1.4 Conditional entropy

In information theory, one typically wants to quantify the uncertainty about some data X,
given that one already has information Y. To capture such situations, we need to generalize
the entropy measures introduced in Section 3.1.3.

Let X and Y be random variables with alphabet X and ), respectively, and define,
analogously to (3.1),

h(zly) == —logy Px|y=y(7) . (3.3)

for any x € X and y € ). Then the Shannon entropy of X conditioned on Y is again
defined as an expectation value,

H(X|Y) = (h(X|Y)) = = > Pxy(z,y)logy Pxjy—y(z) .
TeX
yey

3Note that this will no longer be true for the conditional entropy of quantum states.
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For the definition of the min-entropy of X given Y, the expectation value is replaced
by a minimum, i.e.,
Hinin (XY) := min h(z]y) = — logy max Pxjy =y (2) .
yey yey
Finally, the maz-entropy of X given Y is defined by
i (X[Y) = max logy [supp P y—y | -
yeY
The conditional entropies H, Hpin, and Hpyax satisfy the rules listed in Section 3.1.3.

Furthermore, the entropies can only decrease when conditioning on an additional random
variable Z, i.e.,

H(X|Y)> HX|YZ) . (3.4)

This relation is also known as strong subadditivity and we will prove it in the more general
quantum case.

Finally, it is straightforward to verify that the Shannon entropy H satisfies the chain
rule

H(X|YZ)=H(XY|Z)-H(Y|Z) .
In particular, if we omit the random variable Z, we get
H(X|Y)=H(XY)-H(Y)

that is, the uncertainty of X given Y can be seen as the uncertainty about the pair (X,Y)
minus the uncertainty about Y. We note here that a slightly modified version of the chain
rule also holds for Hy,;, and Hpyax, but we will not go further into this.

3.1.5 Mutual information

Let X and Y be two random variables. The (Shannon) mutual information between X
and Y, denoted I(X :Y) is defined as the amount by which the Shannon entropy on X
decreases when one learns Y,

I(X:Y):=H(X)—- HX|Y) .

More generally, given an additional random variable Z, the (Shannon) mutual information
between X and Y conditioned on Z, I(X :Y|Z), is defined by

I(X:Y|Z):=H(X|Z)- HX|YZ) .

It is easy to see that the mutual information is symmetric under exchange of X and Y,
ie.,

I(X:Y|Z)=1(Y:X|Z) .

Furthermore, because of the strong subadditivity (3.4), the mutual information cannot be
negative, and I(X :Y) = 0 holds if and only if X and Y are mutually independent. More
generally, I(X : Y|Z) =0 if and only if X +» Z + Y is a Markov chain.
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3.1.6 Smooth min- and max- entropies

The dependency of the min- and max-entropy of a random variable on the underlying
probability mass functions is discontinuous. To see this, consider a random variable X
with alphabet {1,...,2¢} and probability mass function P% given by

Py(l)=1-¢
€
Px(z) = 2l _
where € € [0,1]. It is easy to see that, for e = 0,
Hmax(X)Pg( == 0

ife>1,

whereas, for any € > 0,
Hmax(X)Pf( =/

Note also that the trace distance between the two distributions satisfies 6(P%, P%) = e.
That is, an arbitrarily small change in the distribution can change the entropy Hpyax(X)
by an arbitrary amount. In contrast, a small change of the underlying probability mass
function is often irrelevant in applications. This motivates the following definition of
smooth min- and max-entropies, which extends the above definition.
Let X and Y be random variables with joint probability mass function Pxy, and let
€ > 0. The e-smooth min-entropy of X conditioned on Y is defined as
H:(X]Y) = max Hyn (XY
m1n( | ) Qxv B (Pxy) m1n( ‘ )QXY
where the maximum ranges over the e-ball B¢(Pxy) of probability mass functions @ xy
satisfying 6(Pxy,Qxy) < €. Similarly, the e-smooth maz-entropy of X conditioned on'Y
is defined as
H: (X|Y):= min Hpax (XY .
rnax( | ) QxyEBE(ny) ma ( | )QXY
Note that the original definitions of Hy,i, and Hyax can be seen as the special case
where € = 0.

3.1.7 Shannon entropy as a special case of min- and max-entropy

We have already seen that the Shannon entropy always lies between the min- and the
max-entropy (see (3.2)). In the special case of n-tuples of i.i.d. random variables, the gap
between HS, and HZ . approaches zero with increasing n, which means that all entropies

become identical. This is expressed by the following lemma.

Lemma 3.1.4. For any n € N, let (X1,Y1),...,(X,,Ys) be a sequence of i.i.d. pairs of
random variables, i.e., Px,y,..x,v, = Pxy. Then

A |

H(X|Y)py, = ;1_% nh_}rrgo EHIilin(Xl e XY Y)
1

H(X|Y)py, = lim lim —H

max
e—>0n—ocon

(X1 Xn|V1---Yy) .
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Proof. The lemma is a consequence of the law of large numbers (see Section 2.3.7), applied
to the random variables Z; := h(X;|Y;), for h(z|y) defined by (3.3). More details are given
in the exercises. O

3.2 An example application: channel coding

3.2.1 Definition of the problem

Consider the following scenario. A sender, traditionally called Alice, wants to send a
message M to a receiver, Bob. They are connected by a communication channel p that
takes inputs X from Alice and outputs Y on Bob’s side (see Section 2.3.8). The channel
might be noisy, which means that Y can differ from X. The challenge is to find an
appropriate encoding scheme that allows Bob to retrieve the correct message M, except
with a small error probability €. As we shall see, € can always be made arbitrarily small
(at the cost of the amount of information that can be transmitted), but it is generally
impossible to reach € = 0, i.e., Bob cannot retrieve M with absolute certainty.

To describe the encoding and decoding process, we assume without loss of generality*
that the message M is represented as an f-bit string, i.e., M takes values from the set
{0,1}¢. Alice then applies an encoding function ency : {0,1}* — X that maps M to a
channel input X. On the other end of the line, Bob applies a decoding function decy :
Y — {0,1}* to the channel output Y in order to retrieve M’.

M X Y

/
ency P decy M. (3:5)

The transmission is successful if M = M’. More generally, for any fixed encoding and
decoding procedures enc, and decy, and for any message m € {0, 1}, we can define

pencedece (1) .= Pldecy o p o ency(M) # M|M = m)]

as the probability that the decoded message M’ := decy o p o ency(M) generated by the
process (3.5) does not coincide with M.

In the following, we analyze the maximum number of message bits ¢ that can be trans-
mitted in one use of the channel p if we tolerate a maximum error probability €,

°(p) := max{f € N: Jency, decy : mrgxpf);‘f“decf (m) <e}.

3.2.2 The general channel coding theorem

The channel coding theorem provides a lower bound on the quantity ¢¢(p). It is easy to
see from the formula below that reducing the maximum tolerated error probability by
a factor of 2 comes at the cost of reducing the number of bits that can be transmitted
reliably by 1. It can also be shown that the bound is almost tight (up to terms log, %)

4Note that all our statements will be independent of the actual representation of M. The only quantity
that matters is the alphabet size of M, i.e., the total number of possible values.
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Theorem 3.2.1. For any channel p and any € > 0,

1
¢ (p) > n})ax(Hmm(X) — Hmax(X|Y)) — log, - 3,
X

where the entropies on the right hand side are evaluated for the random variables X and
Y jointly distributed according to Pxy = Pxp.”

The proof idea is illustrated in Fig. 3.1.

X codewords y
M M
enc
m ! p dec; !
Yy

supp (Px|y=y)

Figure 3.1: The figure illustrates the proof idea of the channel coding theorem. The range
of the encoding function ency is called code and their elements are the code-
words.

Proof. The argument is based on a randomized construction of the encoding function. Let
Px be the distribution that maximizes the right hand side of the claim of the theorem
and let ¢ be

= |Hpin(X) — Hnax(X|Y) — log, SJ (3.6)

In a first step, we consider an encoding function ency chosen at random by assigning to
each m € {0,1}¢ a value ency(m) := X where X is chosen according to Px. We then show
that for a decoding function dec, that maps y € ) to an arbitrary value m’ € {0, 1}* that
is compatible with y, i.e., ency(m’) € suppPx|y—,, the error probability for a message M
chosen uniformly at random satisfies

(percedece(M)) = Pldecg o p o ence(M) # M| < = . (3.7)

N ™

In a second step, we use this bound to show that there exist encj_, and dec),_; such that

’ !’
ency,_,dec,_ ;

Perr (m) <e Vme {0, 1}671 . (38)

5See also (2.7).
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We then have

F(p)>£4-1
= LHmin(X) - HmaX(X‘Y) —logy(2/e)| —1
> Hpin(X) — Hpax(X]Y) — log,(1/e) — 3.

To prove (3.7), let enc, and M be chosen at random as described, let Y := p o ency(M)
be the channel output, and let M’ := decy(Y") be the decoded message. We then consider
any pair (m,y) such that Py (m,y) > 0. It is easy to see that, conditioned on the
event that (M,Y) = (m,y), the decoding function dec, described above can only fail, i.e.,

produce an M’ # M, if there exists m’ # m such that ence(m’) € suppPyx|y~,. Hence,
the probability that the decoding fails is bounded by

PM # M'|M =m,Y =y| < P[3m’ # m: ency(m') € suppPx|y—y] - (3.9)
Furthermore, by the union bound, we have
P[3m' # m : ency(m’) € suppPx|y—y] < Z Plency(m’) € suppPx|y—y] -
m'#m

Because, by construction, ency(m’) is a value chosen at random according to the distri-
bution Px, the probability in the sum on the right hand side of the inequality is given
by

Plency(m’) € suppPx |y —y] = Z Px (z)
xesuppPX‘Y=y
< |suppPx|y—y| max Px ()

< 9~ (Hunin (X) = Hmax (X|Y))

)

where the last inequality follows from the definitions of H,i, and Hy,ax. Combining this
with the above and observing that there are only 2¢ — 1 values m’ # m, we find

PIM # M'|M = m,Y = y] < 2~ (o)~ Huax(XI¥)) < £
) = - 92 :

Because this holds for any m and y, we have

PIM # M'] <max P[M # M'|M =m,Y =y <
m’y

| ™

This immediately implies that (3.7) holds on average over all choices of enc,. But this
also implies that there exists at least one specific choice for ency such that (3.7) holds.

It remains to show inequality (3.8). For this, we divide the set of messages {0, 1} into
two equally large sets M and M such that peicedece (m) < peuce.dece (7) for any m € M
and ™ € M. We then have

ency,decy : ency,decy —(£-1) ency,decy
max pgir©“°(m) < min pgireet (m) < 2 Pery 4% (m) .
meM meM -
meM
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Using (3.7), we conclude
ma pERC (m) <2 3T 2 e m) = 2pee e (M) < e
* me{0,1}¢

Inequality (3.8) then follows by defining encj_; as the encoding function enc, restricted
to M, and adapting the decoding function accordingly.
O

3.2.3 Channel coding for i.i.d. channels

Realistic communication channels (e.g., an optical fiber) can usually be used repeatedly.
Moreover, such channels often are accurately described by an i.i.d. noise model. In this
case, the transmission of n subsequent signals over the physical channel corresponds to
a single use of a channel of the form p*™ = p x ---p. To determine the amount of
information that can be transmitted from a sender to a receiver using the physical channel
n times is thus given by Theorem 3.2.1 applied to p*™.

In applications, the number n of channel uses is typically large. It is thus convenient to
measure the capacity of a channel in terms of the asymptotic rate

1
rate(p) = lim lim —¢°(p*") (3.10)

e—=>0n—oco N

The computation of the rate will rely on the following corollary, which follows from
Theorem 3.2.1 and the definition of smooth entropies.

Corollary 3.2.2. For any channel p and any e,e’,e"” >0,

’ " ’ " 1
(7575 (p) = max (Hyip (X) = Hio (X]Y)) — logy — =3
X 3
where the entropies on the right hand side are evaluated for Pxy := Pxp.

Combining this with Lemma 3.1.4, we get the following lower bound for the rate of a
channel.

Theorem 3.2.3. For any channel p

rate(p) > max(H(X) — H(X|Y)) =maxI(X :Y) .
PX PX
where the entropies on the right hand side are evaluated for Pxy := Pxp.

3.2.4 The converse

We conclude our treatment of channel coding with a proof sketch which shows that the
bound given in Theorem 3.2.3 is tight. The main ingredient to the proof is the information
processing inequality

IU:W)<I(U:V)
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which holds for any random variables such that U < V < W is a Markov chain. The
inequality is proved by

U W) <IU W)+ I(U :VIW)=I(U: VW) =I(U: V) + (U :W[V)=IU: V),

where the first inequality holds because the mutual information cannot be negative and
the last equality follows because I(U : W|V') = 0 (see end of Section 3.1.5). The remaining
equalities are essentially rewritings of the chain rule (for the Shannon entropy).

Let now M, X, Y, and M’ be defined as in (3.5). If the decoding is successful then
M = M’ which implies

H(M)=1(M: M) . (3.11)

Applying the information processing inequality first to the Markov chain M < Y < M’
and then to the Markov chain M < X < Y gives

IM:M)Y<I(M:Y)<I(X:Y).

Combining this with (3.11) and assuming that the message M is uniformly distributed
over the set {0, 1}* of bitstrings of length ¢ gives

{=H(M)<maxI(X:Y).
Px
It is straightforward to verify that the statement still holds approximately if ¢ on the left
hand side is replaced by ¢, for some small decoding error ¢ > 0. Taking the limits as

in (3.10) finally gives

rate(p) <maxI(X :Y) .
Px
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4 Quantum States and Operations

The mathematical formalism used in quantum information theory to describe quantum
mechanical systems is in many ways more general than that of typical introductory books
on quantum mechanics. This is why we devote a whole chapter to it. The main concepts
to be treated in the following are density operators, which represent the state of a system,
as well as positive-valued measures (POVMs) and completely positive maps (CPMs), which
describe measurements and, more generally, the evolution of a system.

4.1 Preliminaries

4.1.1 Hilbert spaces and operators on them

An inner product space is a vector space (over R or C) equipped with an inner product
(-,-). A Hilbert space H is an inner product space such that the metric defined by the
norm |laf] = +/(«, @) is complete, i.e., every Cauchy sequence is convergent. We will often
deal with finite-dimensional spaces, where the completeness condition always holds, i.e.,
inner product spaces are equivalent to Hilbert spaces.

We denote the set of homomorphisms (i.e., the linear maps) from a Hilbert space H to a
Hilbert space H’ by Hom(H,H’). Furthermore, End(#) is the set of endomorphism (i.e.,
the homomorphisms from a space to itself) on H, that is, End(H) = Hom(#H,H). The
identity operator oo — « that maps any vector @ € H to itself is denoted by id.

The adjoint of a homomorphism S € Hom(H,H'), denoted S*, is the unique operator
in Hom(#', H) such that

(o/,Sa) = (S*d/,a) ,

for any o € H and o € H'. In particular, we have (S*)* = S. If S is represented as a
matrix, then the adjoint operation can be thought of as the conjugate transpose.
In the following, we list some properties of endomorphisms S € End(H).

e S is normal if SS* = 5*S.
e S is unitary if SS* = S§*S = id. Unitary operators S are always normal.
e S is Hermitian if S* = S. Hermitian operators are always normal.

e S is positive if (o, Sa) > 0 for all @ € H. Positive operators are always Hermitian.
We will sometimes write S > 0 to express that S is positive.

e S is a projector if SS = S. Projectors are always positive.

Given an orthonormal basis {e; }; of H, we also say that S is diagonal with respect to {e;};
if the matrix (S; ;) defined by the elements S; ; = (e;, Se;) is diagonal.
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4.1.2 The bra-ket notation

In this script, we will make extensive use of a variant of Dirac’s bra-ket notation, where
vectors are interpreted as operators. More precisely, we identify any vector a € H with
an endomorphism |a) € End(C, H), called ket, and defined as

la): = ay

for any 7 € C. The adjoint |a)* of this mapping is called bra and denoted by («|. It is
easy to see that (a| is an element of the dual space H* := Hom(H, C), namely the linear
functional defined by

(o B (a;f)

for any 5 € H.

Using this notation, the concatenation («||8) of a bra (o] € Hom(H,C) with a ket
|8) € Hom(C,H) results in an element of Hom(C, C), which can be identified with C. It
follows immediately from the above definitions that, for any «a, 8 € H,

(a]B) = (. B) -

We will thus in the following denote the scalar product by («|3).

Conversely, the concatenation |8)(«| is an element of End(H) (or, more generally, of
Hom(H,H') if @« € H and B € H' are defined on different spaces). In fact, any endo-
morphism S € End(#H) can be written as a linear combination of such concatenations,

ie.,
S = Z |8i) (i

for some families of vectors {«;}; and {f;};. For example, the identity id € End(#) can
be written as

id =" le:) (e
for any basis {e;} of H.

4.1.3 Tensor products

Given two Hilbert spaces H4 and Hpg, the tensor product Ha ® Hp is defined as the
Hilbert space spanned by elements of the form |a) ® |3), where a € H 4 and 8 € Hp, such
that the following equivalences hold

e (a+d)®p=ab+a®f
ca®(B+p)=a®@B+acp
e 0RB=a0=0
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for any a,o’ € Ha and 8,8 € Hp, where 0 denotes the zero vector. Furthermore, the
inner product of H4 ® Hp is defined by the linear extension (and completion) of

(a® Bla’ ® B') = {ala’)(B|6") .

For two homomorphisms S € Hom(H 4,H/,y) and T' € Hom(H g, H’z), the tensor product
S ® T is defined as

(SeT)(a®p) = (Sa)® (TH) (4.1)

for any o € H 4 and € Hp. The space spanned by the products S®T can be canonically
identified! with the tensor product of the spaces of the homomorphisms, i.e.,

Hom(Ha,H'y) ® Hom(Hp, Hz) = Hom(Has @ Hp, Hy @ H)) . (4.2)
This identification allows us to write, for instance,
la) ®18) = la®f) ,

for any oo € H4 and 8 € Hp.

4.1.4 Trace and partial trace

The trace of an endomorphism S € End(#) over a Hilbert space H is defined by?

tr(S) =) (il Sles)

7

where {e;}; is any orthonormal basis of H. The trace is well defined because the above
expression is independent of the choice of the basis, as one can easily verify.
The trace operation tr is obviously linear, i.e.,

tr(uS + vT) = utr(S) + vtr(T) ,

for any S,T € End(H) and u,v € C. It also commutes with the operation of taking the
adjoint,>

tr(S™) = tr(9)* .
Furthermore, the trace is cyclic, i.e.,

tr(ST) = tr(TS) .

IThat is, the mapping defined by (4.1) is an isomorphism between these two vector spaces.

2More precisely, the trace is only defined for trace class operators over a separable Hilbert space. However,
all endomorphisms on a finite-dimensional Hilbert space are trace class operators.

3The adjoint of a complex number « € C is simply its complex conjugate.
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Also, it is easy to verify? that the trace tr(S) of a positive operator S > 0 is positive.
More generally

(S>0)A(T>0) = tr(ST)>0. (4.3)

The partial trace® trp is a mapping from the endomorphisms End(H4 ® Hp) on a
product space Ha ® Hp onto the endomorphisms End(H 4) on H4. It is defined by the
linear extension of the mapping.%

trg: ST tr(T)S,

for any S € End(H4) and T' € End(HB).

Similarly to the trace operation, the partial trace trp is linear and commutes with
the operation of taking the adjoint. Furthermore, it commutes with the left and right
multiplication with an operator of the form Ty ® idg where T4 € End(H.).” That is, for
any operator Sap € End(H4 ® Hp),

trp (SAB(TA ® idB)) = tI‘B(SAB)TA (4.4)
and

tI‘B((TA X idB)SAB) = TAtrB(SAB) . (4.5)

We will also make use of the property that the trace on a bipartite system can be
decomposed into partial traces on the individual subsystems, i.e.,

tr(SAB) = tI‘(tI“B(SAB)) (4.6)
or, more generally, for an operator Sypc € End(Ha ® Hp @ He),
trap(Sasc) = tra(tre(Sasc)) -

4.1.5 Decompositions of operators and vectors

Spectral decomposition. Let S € End(#H) be normal and let {e;}; be an orthonormal
basis of H. Then there exists a unitary U € End(#) and an operator D € End(#) which
is diagonal with respect to {e;}; such that

S=UDU".

4The assertion can, for instance, be proved using the spectral decomposition of S and T (see below for
a review of the spectral decomposition).

5Here and in the following, we will use subscripts to indicate the space on which an operator acts.

6 Alternatively, the partial trace trg can be defined as a product mapping Z ® tr where Z is the identity
operation on End(H4) and tr is the trace mapping elements of End(Hp) to End(C). Because the
trace is a completely positive map (see definition below) the same is true for the partial trace.

"More generally, the partial trace commutes with any mapping that acts like the identity on End(Hp).
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The spectral decomposition implies that, for any normal S € End(H), there exists a
basis {e;}; of H with respect to which S is diagonal. That is, S can be written as

S= Zailei><ei| (4.7)

where oy are the eigenvalues of S.
Expression (4.7) can be used to give a meaning to a complex function f : C — C applied
to a normal operator S. We define f(S) by

f(8) = Zf(ai)lez?(eil :

Polar decomposition. Let S € End(#). Then there exists a unitary U € End(#) such
that

S =vS85*U
and
S=UvVS*S .

Singular decomposition. Let S € End(H) and let {e;}; be an orthonormal basis of H.
Then there exist unitaries U,V € End(H) and an operator D € End(#) which is diagonal
with respect to {e;}; such that

S=VDU .

In particular, for any S € Hom(#H,H’), there exist bases {e;}; of H and {e}}; of H' such
that the matrix defined by the elements (e}, Se;) is diagonal.

Schmidt decomposition. The Schmidt decomposition can be seen as a version of the
singular decomposition for vectors. The statement is that any vector ¥ € H4 ® Hp can
be written in the form

U= yie; @¢

where e; € Hy and e € Hp are eigenvectors of the operators ps = trp(|¥)(¥|) and
pp = tra(|¥)(¥|), respectively, and where v? are the corresponding eigenvalues. In
particular, the existence of the Schmidt decomposition implies that p4 and pp have the
same nonzero eigenvalues.
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4.1.6 Operator norms and the Hilbert-Schmidt inner product
The Hilbert-Schmidt inner product between two operators S, T € End(H) is defined by

(S,T) == tr(S*T) .

The induced norm ||S||2 := +/(5,S) is called Hilbert-Schmidt norm. If S is normal with
spectral decomposition S = ). a;le;)(e;| then

15112 = /> lel? -

An important property of the Hilbert-Schmidt inner product (.S, T') is that it is positive
whenever S and T are positive.

Lemma 4.1.1. Let S,T € End(H). If S >0 and T > 0 then
tr(ST) >0 .

2 2
Proof. If S is positive we have S = /S~ and T = +/T . Hence, using the cyclicity of the
trace, we have

tr(ST) = tr(V*V)

where V = v/SV/T. Because the trace of a positive operator is positive, it suffices to show
that V*V > 0. This, however, follows from the fact that, for any ¢ € H,

(glVVie) =lVel* = 0.

The trace norm of S is defined by
8]l = trls|
where
|S] :=V5*S .

If S is normal with spectral decomposition S = ). a;le;)(e;| then
ISl =) |l -
i

The following lemma provides a useful characterization of the trace norm.

Lemma 4.1.2. For any S € End(H),
15[l = max |tx(US))|

where U ranges over all unitaries on H.
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Proof. We need to show that, for any unitary U,
[tr(US)| < tr|S] (4.8)

with equality for some appropriately chosen U.
Let S = V|S| be the polar decomposition of S. Then, using the Cauchy-Schwarz
inequality
tr(Q*R)| < [[Qll2l Rl|2
with @ := /|S|V*U* and R := /|5]| we find

|te(US)| = [tr(UV]S)| = [te(UVV[SIVIS])] < VEr(OVISIV-U*)tx(S]) = te(|S]) .

which proves (4.8). Finally, it is easy to see that equality holds for U := V*. O

4.1.7 The vector space of Hermitian operators

The set of Hermitian operators on a Hilbert space H, in the following denoted Herm(H),
forms a real vector space. Furthermore, equipped with the Hilbert Schmidt inner product
defined in the previous section, Herm(#) is an inner product space.

If {e;}; is an orthonormal basis of H then the set of operators E; ; defined by

B, = {;_|ei><ej+;_|ej><ei| ifi < j
zleies] — slej) (el ifi>
forms an orthonormal basis of Herm(H). We conclude from this that
dim Herm(H) = (dim #)? . (4.9)
For two Hilbert spaces H 4 and H g, we have in analogy to (4.2)
Herm(H4) @ Herm(Hp) = Herm(Ha @ Hp) - (4.10)

To see this, consider the canonical mapping from Herm(H 4 )®@Herm(H p) to Herm(H a4 @ Hp)
defined by (4.1). Tt is easy to verify that this mapping is injective. Furthermore, because
by (4.9) the dimension of both spaces equals dim(H 4)? dim(#H)?, it is a bijection, which
proves (4.10).

4.2 Postulates of quantum mechanics
Despite more than one century of research, numerous questions related to the foundations
of quantum mechanics are still unsolved (and highly disputed). For example, no fully

satisfying explanation for the fact that quantum mechanics has its particular mathematical
structure has been found so far. As a consequence, some of the aspects to be discussed
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in the following, e.g., the postulates of quantum mechanics, might appear to lack a clear
motivation.

In this section, we pursue one of the standard approaches to quantum mechanics. It
is based on a number of postulates about the states of physical systems as well as their
evolution. (For more details, we refer to Section 2 of [6], where an equivalent approach is
described.) The postulates are as follows:

1. States: The set of states of an isolated physical system is in one-to-one correspon-
dence to the projective space of a Hilbert space H. In particular, any physical state
can be represented by a normalized vector ¢ € H which is unique up to a phase
factor. In the following, we will call H the state space of the system.®

2. Composition: For two physical systems with state spaces H 4 and H g, the state space
of the product system is isomorphic to H4 ® Hp. Furthermore, if the individual
systems are in states ¢ € H4 and ¢’ € Hp, then the joint state is

\I’:¢®¢/€HA®HB.

3. Evolutions: For any possible evolution of an isolated physical system with state
space ‘H and for any fixed time interval [tg,t1] there exists a unitary U describing
the mapping of states ¢ € H at time ¢y to states

¢ =U¢
at time ¢;. The unitary U is unique up to a phase factor.

4. Measurements: For any measurement on a physical system with state space H there
exists an observable O with the following properties. O is a Hermitian operator on
‘H such that each eigenvalue = of O corresponds to a possible measurement outcome.
If the system is in state ¢ € H, then the probability of observing outcome z when
applying the measurement is given by

Px(z) = tr(P;|¢)(4])

where P, denotes the projector onto the eigenspace belonging to the eigenvalue
x, i.e., O = ) «P,. Finally, the state ¢, of the system after the measurement,
conditioned on the event that the outcome is x, equals

r 1

4.3 Quantum states

In quantum information theory, one often considers situations where the state or the
evolution of a system is only partially known. For example, we might be interested in

8In quantum mechanics, the elements ¢ € H are also called wave functions.
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a scenario where a system might be in two possible states ¢g or ¢, chosen according to
a certain probability distribution. Another simple example is a system consisting of two
correlated parts A and B in a state

1
\I/:\/;(60®60+€1®61>€HA®HB, (4.11)

where {eg,e;} are orthonormal vectors in H4 = Hp. From the point of view of an
observer that has no access to system B, the state of A does not correspond to a fixed
vector ¢ € H,, but is rather described by a mixture of such states. In this section,
we introduce the density operator formalism, which allows for a simple and convenient
characterization of such situations.

4.3.1 Density operators — Definition and properties

The notion of density operators has been introduced independently by von Neumann and
Landau in 1927. Since then, it has been widely used in quantum statistical mechanics
and, more recently, in quantum information theory.

Definition 4.3.1. A density operator p on a Hilbert space H is a normalized positive
operator on H, i.e., p > 0 and tr(p) = 1. The set of density operators on H is denoted
by S(H). A density operator is said to be pure if it has the form p = |p){(¢|. If H is
d-dimensional and p has the form p = é -id then it is called fully mized.

It follows from the spectral decomposition theorem that any density operator can be
written in the form

p=3" Px(a)les)(es]

where Px is the probability mass function defined by the eigenvalues Px(x) of p and
{es} are the corresponding eigenvectors. Given this representation, it is easy to see that
a density operator is pure if and only if exactly one of the eigenvalues equals 1 whereas
the others are 0. In particular, we have the following lemma.

Lemma 4.3.2. A density operator p is pure if and only if tr(p?) = 1.

4.3.2 Quantum-mechanical postulates in the language of density
operators

In a first step, we adapt the postulates of Section 4.2 to the notion of density operators.
At the same time, we generalize them to situations where the evolution and measurements
only act on parts of a composite system.

1. States: The states of a physical system are represented as density operators on a
state space H. For an isolated system whose state, represented as a vector, is ¢ € H,
the corresponding density operator is defined by p := |¢)(¢].”

9Note that this density operator is pure.
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2. Composition: The states of a composite system with state spaces H4 and Hp are
represented as density operators on Hy ® Hp. Furthermore, if the states of the
individual subsystems are independent of each other and represented by density
operators p4 and pp, respectively, then the state of the joint system is ps ® pp.

3. Evolution: Any isolated evolution of a subsystem of a composite system over a
fixed time interval [tg,t;] corresponds to a unitary on the state space H of the
subsystem. For a composite system with state space H4®H p and isolated evolutions
on both subsystems described by U4 and Up, respectively, any state pap at time ¢y
is transformed into the state!'?

Pap = (Ua®Ug)(pap)(Uj @ Ug) (4.12)
at time ¢7.1!

4. Measurement: Any isolated measurement on a subsystem of a composite system is
specified by a Hermitian operator, called observable. When applying a measurement
Oa = ), xP, on the first subsystem of a composite system H4 ® Hp whose state
is pap, the probability of observing outcome z is

Px(ZL‘) :tr(Px®idBpAB) (413)

and the post-measurement state conditioned on this outcome is

’ ]- . .
= —= (P ®id P, ®idp) . 4.14
pAB,z PX (.T) ( ®1 B)pAB( ®1 B) ( )

It is straightforward to verify that these postulates are indeed compatible with those of
Section 4.2. What is new is merely the fact that the evolution and measurements can be
restricted to individual subsystems of a composite system. As we shall see, this extension
is, however, very powerful because it allows us to examine parts of a subsystem without
the need of keeping track of the state of the entire system.

4.3.3 Partial trace and purification

Let Ha®Hp be a composite quantum system which is initially in a state pap = |¥) (| for
some ¥ € Ho®Hp. Consider now an experiment which is restricted to the first subsystem.
More precisely, assume that subsystem A undergoes an isolated evolution, described by
a unitary Uy, followed by an isolated measurement, described by an observable Oy =
oL rPy.

According to the above postulates, the probability of observing an outcome z is then
given by

Px(z) = tr((P, ®idp)(Ua @ Up)pap (Ui @ Up))

10In particular, if Hp = C is trivial, this expression equals pfA =UapaU}.
1By induction, this postulate can be readily generalized to composite systems with more than two parts.
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where Up is an arbitrary isolated evolution on Hp. Using rules (4.6) and (4.4), this can
be transformed into

Px(l‘) = tr(PxUAtI“B(pAB)UI‘) ,

which is independent of Up. Observe now that this expression could be obtained equiv-
alently by simply applying the above postulates to the reduced state pa := trg(pap). In
other words, the reduced state already fully characterizes all observable properties of the
subsystem H 4.

This principle, which is sometimes called locality, plays a crucial role in many information-
theoretic considerations. For example, it implies that it is impossible to influence system
H 4 by local actions on system H . In particular, communication between the two subsys-
tems is impossible as long as their evolution is determined by local operations U4 ® Up.

In this context, it is important to note that the reduced state p4 of a pure joint state
pAp is not necessarily pure. For instance, if the joint system is in state pap = |¥)(¥| for
U defined by (4.11) then

1 1
pa = §|60><60| + §|€1><61| ) (4.15)

i.e., the density operator p4 is fully mixed. In the next section, we will give an interpre-
tation of non-pure, or mized, density operators.

Conversely, any mixed density operator can be seen as part of a pure state on a larger
system. More precisely, given p4 on H 4, there exists a pure density operator psp on a
joint system H ® Hp (where the dimension of Hp is at least as large as the rank of p4)
such that

pa =trp(pan) (4.16)

A pure density operator pap for which (4.16) holds is called a purification of p4.

4.3.4 Mixtures of states

Consider a quantum system # 4 whose state depends on a classical value Z and let p% €
S(H.a) be the state of the system conditioned on the event Z = z. Furthermore, consider
an observer who does not have access to Z, that is, from his point of view, Z can take
different values distributed according to a probability mass function Py.

Assume now that the system H 4 undergoes an evolution U, followed by a measurement
Oa = Y, xP, as above. Then, according to the postulates of quantum mechanics, the
probability mass function of the measurement outcomes = conditioned on the event Z = z
is given by

Px|z—.(x) = tr(PUap3U}) .

Hence, from the point of view of the observer who is unaware of the value Z, the probability
mass function of X is given by

Px(x) = ZPZ(Z)PX|Z:z(x) .
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By linearity, this can be rewritten as
Px(z) = tr(PyUapalUy) . (4.17)
where

pA = ZPZ<Z):O,Z4 :

Alternatively, expression (4.17) can be obtained by applying the postulates of Sec-
tion 4.3.2 directly to the density operator p4 defined above. In other words, from the
point of view of an observer not knowing Z, the situation is consistently characterized by
PA-

We thus arrive at a new interpretation of mixed density operators. For example, the
density operator

1 1
pa = 3leo)(eol + g lea) e (4.18)

defined by (4.15) corresponds to a situation where either state ey or e; is prepared, each
with probability % The decomposition according to (4.18) is, however, not unique. In
fact, the same state could be written as

1,.. .. 1, .,
pa = §\€0><€0| + §|€1><€1|

where & := 1(eo + e1) and & := 2(eg — e;). That is, the system could equivalently be
interpreted as being prepared either in state ég or €1, each with probability %

It is important to note, however, that any predictions one can possibly make about
observations restricted to system H 4 are fully determined by the density operator pa,
and, hence do not depend on the choice of the interpretation. That is, whether we see
the system H 4 as a part of a larger system H4 ® Hp which is in a pure state (as in
Section 4.3.3) or as a mixture of pure states (as proposed in this section) is irrelevant as
long as we are only interested in observable quantities derived from system H 4.

4.3.5 Hybrid classical-quantum states

We will often encounter situations where parts of a system are quantum mechanical
whereas others are classical. A typical example is the scenario described in Section 4.3.4,
where the state of a quantum system H,4 depends on the value of a classical random
variable Z.

Since a classical system can be seen as a special type of a quantum system, such sit-
uations can be described consistently using the density operator formalism introduced
above. More precisely, the idea is to represent the states of classical values Z by mutually
orthogonal vectors on a Hilbert space. For example, the density operator describing the
scenario of Section 4.3.4 would read

paz =3 Pa(2)p3 ®le:) el
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where {e,}. is a family of orthonormal vectors on Hy.
More generally, we use the following definition of classicality.

Definition 4.3.3. Let H 4 and Hz be Hilbert spaces and let {e,}, be a fixed orthonormal
basis of Hz. Then a density operator paz € S(Ha ® Hz) is said to be classical on Hz
(with respect to {e,},) if'?

paz € Herm(H 4) ® span{|e,){e;|}.

4.3.6 Distance between states

Given two quantum states p and o, we might ask how well we can distinguish them from
each other. The answer to this question is given by the trace distance, which can be seen
as a generalization of the corresponding distance measure for classical probability mass
functions as defined in Section 2.3.6.

Definition 4.3.4. The trace distance between two density operators p and ¢ on a Hilbert
space H is defined by

1
3(ps0) = 5o —ol, -

It is straightforward to verify that the trace distance is a metric on the space of density
operators. Furthermore, it is unitarily invariant, i.e., 6(UpU*, UcU*) = 6(p, o), for any
unitary U.

The above definition of trace distance between density operators is consistent with the
corresponding classical definition of Section 2.3.6. In particular, for two classical states
p =2, Pz)e.)(e:| and ¢ = 3 Q(z)|e;)(e.| defined by probability mass functions P
and @, we have

d(p,o) = 6(P’ Q) .

More generally, the following lemma implies that for any (not necessarily classical) p
and o there is always a measurement O that “conserves” the trace distance.

Lemma 4.3.5. Let p,o € S(H). Then
(0. 0) = max (P, Q)
where the maximum ranges over all observables O € HermH and where P and Q are the

probability mass functions of the outcomes when applying the measurement described by O
to p and o, respectively.

121f the classical system Hy itself has a tensor product structure (e.g., Hz = Hz @ Hr) we typically
assume that the basis used for defining classical states has the same product structure (i.e., the basis
vectors are of the form e = ¢’ ® ¢’/ with ¢’ € Hz/ and € € H ).
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Proof. Define A := p—o and let A =}, a;le;)(e;| be a spectral decomposition. Further-
more, let R and S be positive operators defined by

R= Z ailei) (el

i a; >0
S =- Z ai|ei><ei| 5
i ;<0
that is,
A=R-S (4.19)
A|=R+S . (4.20)

Finally, let O = 3 P, be a spectral decomposition of O, where each P, is a projector
onto the eigenspace corresponding to the eigenvalue x. Then

5(P,Q) = %Z\P(:@ Q)| = % S [tr(Pep) — tr(Poor)| = % Slu(Pa)] . (421)

x x

Now, using (4.19) and (4.20),
|tr(PoA)| = |tr(PpR) — tr(PpS)| < [tr(PoR)| + |tr(PpS)| = tr(Pu|A) (4.22)

where the last equality holds because of (4.3). Inserting this into (4.21) and using >~ P, =
id gives

5(P.Q) < 5 3 tr(PulAl) = Jer(1A]) = 5 1ATL = d(p.0)

This proves that the maximum maxp §(P, @) on the right hand side of the assertion of
the lemma cannot be larger than §(p, o). To see that equality holds, it suffices to verify
that the inequality in(4.22) becomes an equality if for any x the projector P, either lies in
the support of R or in the support of S. Such a choice of the projectors is always possible
because R and S have mutually orthogonal support. O

An implication of Lemma 4.3.5 is that the trace distance between two states p and o can
be interpreted as the maxzimum distinguishing probability, i.e., the maximum probability
by which a difference between p and o can be detected (see Lemma 2.3.1). Another
consequence of Lemma 4.3.5 is that the trace distance cannot increase under the partial
trace, as stated by the following lemma.

Lemma 4.3.6. Let pap and oap be bipartite density operators and let pa := trp(pap)
and o4 :=trp(cap) be the reduced states on the first subsystem. Then

d(pa,oa) <0(pap,oagp) -
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Proof. Let P and @ be the probability mass functions of the outcomes when applying a
measurement O4 to pa and o4, respectively. Then, for an appropriately chosen O 4, we
have according to Lemma 4.3.5

6(pa,on) =6(P,Q) . (4.23)

Consider now the observable O4p on the joint system defined by Oap = Ox ® idpg.
It follows from property (4.4) of the partial trace that, when applying the measurement
described by O4p to the joint states pap and c4p, we get the same probability mass
functions P and @). Now, using again Lemma 4.3.5,

§(paB,oaB) > 0(P,Q) . (4.24)
The assertion follows by combining (4.23) and (4.24). O

The significance of the trace distance comes mainly from the fact that it is a bound
on the probability that a difference between two states can be seen. However, in certain
situations, it is more convenient to work with an alternative notion of distance, called
fidelity.

Definition 4.3.7. The fidelity between two density operators p and ¢ on a Hilbert space
‘H is defined by

F(p.0):=[lp*o? |,
where [|S]|; := tr(vV5*S5).

To abbreviate notation, for two vectors ¢, v € H, we sometimes write F'(¢, ) instead of

F(|p) (9|, |) (1)), and, similarly, 6(¢, 1) instead of 6(|@) (4|, |1){(2)]). Note that the fidelity
is always between 0 and 1, and that F(p, p) = 1.

The fidelity is particularly easy to compute if one of the operators, say o, is pure. In
fact, if o = [¢) (1|, we have

F(p. [9)(W]) = llp? o[l = tr(y/ o poz) = tr(v/[0) @ lpl) (¥]) = v/ (lpld) -

In particular, if p = |¢) (4|, we find
F(g,¢) = [ol¥)] - (4.25)

The fidelity between pure states thus simply corresponds to the (absolute value of the)
scalar product between the states.
The following statement from Uhlmann generalizes this statement to arbitrary states.

Theorem 4.3.8 (Uhlmann). Let p4 and o4 be density operators on a Hilbert space H .
Then

F(pA,O'A)Z max F(pABaO'AB)-

PAB,0AB

where the mazximum ranges over all purifications pap and oap of pa and o4, respectively.
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Proof. Because any finite-dimensional Hilbert space can be embedded into any other
Hilbert space with higher dimension, we can assume without loss of generality that H 4
and Hp have equal dimension.

Let {e;}; and {f;}; be orthonormal bases of # 4 and H g, respectively, and define

0 .= Z e R fi.
Furthermore, let W € Hom(H 4, Hp) be the transformation of the basis {e;}; to the basis
{fi}:, that is,
W:e— fi.
Writing out the definition of O, it is easy to verify that, for any Sp € End(Hp),
(ida ® SB)O = (9, ®idp)O (4.26)

where S/ := W~LSTW, and where S% denotes the transpose of Sp with respect to the
basis {f;}i.
Let now pap = |¥)(¥| and let

\I/:Zaiegéafi’
i

be a Schmidt decomposition of ¥. Because the coefficients «; are the square roots of the
eigenvalues of p4, we have

U = (\/pa®idg)(Us @ Up)®

where U, is the transformation of {e;}; to {e;}; and, likewise, Up is the transformation
of {fi}: to {f!}:. Using (4.26), this can be rewritten as

U= (y/paV ®idg)©
for V := UsW~LULW unitary. Similarly, for cap = [¥')(¥’|, we have
V' = (\/oaV' ®@idp)O©
for some appropriately chosen unitary V’. Thus, using (4.25), we find
Flpap,oap) = (¥[¥)] = (B]V"ypay/oaV'|0) = tr(V*\/pay/oaV')

where the last equality is a consequence of the definition of ©. Using the fact that any
unitary V' can be obtained by an appropriate choice of the purification o 45, this can be
rewritten as

F(pap,oaB) = m[;]xxtr(U,/pA\/aA) .
The assertion then follows because, by Lemma 4.1.2,

Flpa,04) = |V/pavaally = maxte(U/pay/5a) -
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Uhlmann’s theorem is very useful for deriving properties of the fidelity, as, e.g., the
following lemma.

Lemma 4.3.9. Let pap and oap be bipartite states. Then
F(pap,0aB) < F(pa,oa) .

Proof. According to Uhlmann’s theorem, there exist purifications papc and capc of pap
and o 4p such that

F(pap,oaB) = F(papc,oaBc) - (4.27)

Trivially, papc and o apc are also purifications of p4 and o4, respectively. Hence, again
by Uhlmann’s theorem,

F(pa,04) > F(papc,oaBc) - (4.28)
Combining (4.27) and (4.28) concludes the proof. O

The trace distance and the fidelity are related to each other. In fact, for pure states,
represented by normalized vectors ¢ and i, we have

(¢, ) = V1= F(¢,9)? . (4.29)

To see this, let ¢ be a normalized vector orthogonal to ¢ such that ¥ = a¢ + B¢*, for
some o, 3 € RT such that a?+ 32 = 1. (Because the phases of both ¢, ¢+, 1) are irrelevant,
the coefficients o and /3 can without loss of generality assumed to be real and positive.)
The operators |@)(¢| and |¢) (1| can then be written as matrices with respect to the basis

{0.6").
961 =(p o)

2 *
el = (5 )

In particular, the trace distance takes the form

1 1 2o
s(60) = sllioveel ~ oyl = 5 ("8 )

The eigenvalues of the matrix on the right hand side are ag = 5 and oy = —5. We thus
find

1

1
3o, ) = 5(\040| +la1]) =8 .
Furthermore, by the definition of £, we have

1—[{g¢)? .

The assertion (4.29) then follows from (4.25).
Equality (4.29) together with Uhlmann’s theorem are sufficient to prove one direction
of the following lemma.
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Lemma 4.3.10. Let p and o be density operators. Then

1= F(p,0) <d(p,0) < /1= F(p,0)?.

Proof. We only prove the second inequality. For a proof of the first, we refer to [6].
Consider two density operators p4 and 04 and let pap and o4p be purifications such
that

F(pa,04) = F(paB,0aB)

as in Uhlmann’s theorem. Combining this with equality (4.29) and Lemma 4.3.6, we find

V1—=F(pa,c4)2 =/1—F(pap,048)? = 6(pap,oaB) > 6(pa,oa) .
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4.4 Evolution and measurements

Let H4 ® Hp be a composite system. We have seen in the previous sections that, as long
as we are only interested in the observable quantities of subsystem H 4, it is sufficient
to consider the corresponding reduced state pa. So far, however, we have restricted our
attention to scenarios where the evolution of this subsystem is isolated.

In the following, we introduce tools that allow us to consistently describe the behavior of
subsystems in the general case where there is interaction between H 4 and Hp. The basic
mathematical objects to be introduced in this context are completely positive maps (CPMs)
and positive operator valued measures (POVMs), which are the topic of this section.

4.4.1 Completely Positive Maps (CPMs)

Let H4 and Hp be the Hilbert spaces describing certain (not necessarily disjoint) parts
of a physical system. The evolution of the system over a time interval [to,¢1] induces a
mapping & from the set of states S(H4) on subsystem H4 at time o to the set of states
S(Hp) on subsystem Hp at time ¢;. This and the following sections are devoted to the
study of this mapping.

Obviously, not every function £ from S(Ha4) to S(Hp) corresponds to a physically
possible evolution. In fact, based on the considerations in the previous sections, we have
the following requirement. If p is a mixture of two states py and p;, then we expect that
E(p) is the mixture of £(pg) and E(p1). In other words, a physical mapping & needs to
conserve the convex structure of the set of density operators, that is,

E(ppo+ (1 —p)p1) = pE(po) + (1 —p)E(p1) , (4.30)

for any po, p1 € S(Ha) and any p € [0,1].

As we shall see, any mapping from S(H4) to S(Hp) that satisfies (4.30) corresponds
to a physical process (and vice versa). In the following, we will thus have a closer look at
these mappings.

For our considerations, it will be convenient to embed the mappings from S(H4) to
S(Hp) into the space of mappings from End(#H 4) to End(Hp). The convexity require-
ment (4.30) then turns into the requirement that the mapping is linear. In addition, the
requirement that density operators are mapped to density operators will correspond to
two properties, called complete positivity and trace preservation.

The definition of complete positivity is based on the definition of positivity.

Definition 4.4.1. A linear map £ € Hom(End(H4),End(#p)) is said to be positive if
E(S) >0 for any S > 0.

An simple example of a positive map is the identity map on End(H), in the following
denoted Z4. A more interesting example is T4 defined by

Ta:S— ST,

where ST denotes the transpose with respect to some fixed basis. To see that T is positive,
note that S > 0 implies (¢|S|¢) > 0 for any vector ¢. Hence (¢|ST|¢) = (¢]S|¢) > 0,
from which we conclude ST > 0.
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Remarkably, positivity of two maps £ and F does not necessarily imply positivity of the
tensor map £ ® F defined by

(ERF)(SRT):=E(S)RET) .

In fact, it is straightforward to verify that the map Z, ® T4+ applied to the positive operator
paa = U (¥, for U defined by (4.11), results in a non-positive operator.

To guarantee that tensor products of mappings such as £ ® F are positive, a stronger
requirement is needed, called complete positivity.

Definition 4.4.2. A linear map & € Hom(End(H 1), End(Hp)) is said to be completely
positive if for any Hilbert space Hg, the map £ ® Zg is positive.

Definition 4.4.3. A linear map & € Hom(End(#4), End(#p)) is said to be trace pre-
serving if tr(E(S)) = tr(S) for any S € End(H4).

We will use the abbreviation CPM to denote completely positive maps. Moreover, we
denote by TPCPM(H 4, Hp) the set of trace-preserving completely positive maps from
End(H4) to End(Hp).

4.4.2 The Choi-Jamiolkowski isomorphism

The Choi-Jamiolkowski isomorphism is a mapping that relates CPMs to density operators.
Its importance results from the fact that it essentially reduces the study of CPMs to
the study of density operators. In other words, it allows us to translate mathematical
statements that hold for density operators to statements for CPMs (and vice versa).

Let H4 and Hp be Hilbert spaces, let H 4 be isomorphic to H 4, and define the nor-
malized vector ¥ = W4 € Har @ Ha by

d
1
v=— e; Xe;
Vi

where {e;};=1,... 4 is an orthonormal basis of H4 = H 4 and d = dim(H 4).

Definition 4.4.4. The Choi-Jamiolkowski mapping (relative to the basis {e;};) is the
linear function 7 from Hom(End(# ), End(Hp)) to End(H 4 ® Hp) defined by

T:E= (Za @E)(T)(T]) .
Lemma 4.4.5. The Choi-Jamiolkowski mapping
7: Hom(End(H4),End(Hp)) — End(Ha @ Hp)

is an isomorphism. Its inverse 771

maps any pa'p to
T Hparp): Sarrd-tra ((TA%A’(SA) ® idB)PA’B) ;
where Ta—sar: End(H 4) — End(H a/) is defined by

Tasa(Sa) =Y lei)arlejlaSalealesla -

,J
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Proof. Tt suffices to verify that the mapping 7! defined in the lemma is indeed an inverse
of 7. We first check that 70771 is the identity on End(H 4 ® Hp). That is, we show that
for any operator pa g € End(Ha ® Hp), the operator

T(Tﬁl(pA/B)) = d . (IA/ ®tI‘A/)(((IA/ ® TA*)A/)(|\I’><\I/|) ® idB)(idA/ ® pA/B)) (431)

equals pa'p (where we have written Z4» ® tra/ instead of tras to indicate that the trace
only acts on the second subsystem H 4/). Inserting the definition of ¥, we find

(t N pap)) =d- (Ta ® trA/)(Z(\eMejIA/ @ |ej)(eilar @ idp)(idar ® parp))
= Z(\€i><6¢\A' ®idp)parp(lej)ejlar ®idp) = parp ,

%,J

which proves the claim that 7 o 77! is the identity.
It remains to show that 7 is injective. For this, let S4 € End(H4) be arbitrary and
note that

(Tacsar(Sa) @ida)¥ = (idar ® Sa) .
Together with the fact that tra/(|¥)(¥]) = Lid4 this implies
E(Sa) =d - E(Satra(|W)(¥]))
= d-tra (T @ €) ((ida © 5)|0) (V)
= d-tra(To @ €) (Tasa (Sa) @1id.) W) ()
= -t (Tassar(Sa) ©1da) (Zar 0 E)(W)(V]))

Assume now that 7(€) = 0. Then, by definition, (Z4» ® £)(|]¥)(¥|) = 0. By virtue of the
above equality, this implies £(S4) = 0 for any S4 and, hence, £ = 0. In other words,
7(£) = 0 implies £ = 0, i.e., 7 is injective. O

In the following, we focus on trace-preserving CPMs. The set TPCPM(H 4, Hp) ob-
viously is a subset of Hom(End(#H ), End(#p)). Consequently, 7(TPCPM(H4,Hp)) is
also a subset of End(Ha ® Hp). It follows immediately from the complete positivity
property that 7(TPCPM(H4,Hp)) only contains positive operators. Moreover, by the
trace-preserving property, any pa g € T(TPCPM(H 4, Hp)) satisfies

1,
trp(paB) = gldAz . (4.32)

In particular, p4'p is a density operator.
Conversely, the following lemma implies'® that any density operator p4/p that satis-
fies (4.32) is the image of some trace-preserving CPM. We therefore have the following

13See the argument in Section 4.4.3.
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characterization of the image of TPCPM(H 4, ) under the Choi-Jamiolkowski isomor-
phism,

T(TPCPM(HA,HB)) = {,DA/B € S(HA ®HB) : tI"B(PA/B) = éldA/} .

Lemma 4.4.6. Let ® € Ha @ Hp such that trp(|®)(®|) = 2ida. Then the mapping
& :=171(|®)(®|) has the form

E: SA — USAU*
where U € End(H a4 ® Hp) is an isometry, i.e., U*U =id4.

Proof. Using the expression for £ := 77(|®)(®|) provided by Lemma 4.4.5, we find, for
any Sy € End(H4),

E(Sa) = d-tra(Tassa (Sa) ®idp)|®)(@])
= d- Y (eilSale;) (el @ id5)|@) (2]([ej) @ idp)

2]
- S ESAE;
,J

where F; := V/d - ({e;| ® idp)|®)(e;|. Defining U := 3, F;, we conclude that £ has the
desired form, i.e., £(Sa) =USAU*.
To show that U is an isometry, let

1
q):ﬁ;&@fi

be a Schmidt decomposition of ®. (Note that, because trg(|®)(®|) is fully mixed, the
basis {e;} can be chosen to coincide with the basis used for the definition of 7.) Then
((es] @ idp)|®) = |fi) and, hence,

UU =d Y le;) (@(les) @ idp) (e © idp)|®) (e:] = ida -

i,J

4.4.3 Stinespring dilation

The following lemma will be of crucial importance for the interpretation of CPMs as
physical maps.

Lemma 4.4.7 (Stinespring dilation). Let &€ € TPCPM(Ha,Hp). Then there exists an
isometry U € Hom(H a,Hp @ Hr), for some Hilbert space H, such that

E: 84— trr(USAUY) .
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Proof. Let Ea—,p := &, define pap := 7(€), and let papr be a purification of p4 5. We then
define &' = 51’4%(3712) := 7" Y(papr). According to Lemma 4.4.6, because trzr(papr) is
fully mixed, &', —(B,r) has the form

5:4—>(B,R) : SA = USAU* .

The assertion then follows from the fact that the diagram below commutes, which can be
readily verified from the definition of the Choi-Jamiolkowski isomorphism. (Note that the
arrow on the top corresponds to the operation £ +— trg o £’.)

trrp /
Easp 5A—>(B,R)

R

PA’'B m PA’BR

O

We can use Lemma 4.4.7 to establish a connection between general trace-preserving
CPMs and the evolution postulate of Section 4.3.2. Let £ € TPCPM(H 4, Ha) and let U €
Hom(H 4, Ha ®HR) be the corresponding Stinespring dilation, as defined by Lemma 4.4.7.
Furthermore, let U € Hom(H s @ Hr, Ha®Hz) be a unitary embedding of U in H 4 ® Hr,
ie., U is unitary and, for some fixed wy € Hg, satisfies

U:v®@wg—Uv.

Using the fact that U is an isometry, it is easy to see that there always exists such a U.
By construction, the unitary U satisfies

E£(Sa) = trr(USa @ [wo) (wo|)T™)

for any operator S4 on Ha. Hence, the mapping £ on H 4 can be seen as a unitary on
an extended system H4 ® Hr (with Hr being initialized with a state wg) followed by a
partial trace over Hp. In other words, any possible mapping from density operators to
density operators that satisfies the convexity criterion (4.30) (this is exactly the set of
trace-preserving CPMs) corresponds to a unitary evolution of a larger system.

4.4.4 Operator-sum representation

As we have seen in the previous section, CPMs can be represented as unitaries on a larger
system. In the following, we consider an alternative and somewhat more economic'4
description of CPMs.

141n the sense that there is less redundant information in the description of the CPM.
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Lemma 4.4.8 (Operator-sum representation). For any € € TPCPM(H 4, Hp) there ex-
ists a family {E.}, of operators E, € Hom(H A, Hp) such that

£: Sarr Y E.SAE; (4.33)

and Yy, EXE, =ida.
Conversely, any mapping € of the form (4.33) is contained in TPCPM(H 4, Hp).

Proof. By Lemma 4.4.7, there exists operators U € Hom(H 4, Hp ® Hr) such that

E(Sa) =trp(USAU") = (idp ® (fa

x

)WUSAU(idp @ | fa))

where {f,}. is an orthonormal basis of Hg. Defining
E, = (idB ® <fw|)U 5
the direct assertion follows from the fact that

Y EIE; =) U(idp ®|f.))(ds ® (f:)U=U"U=id,

which holds because U is an isometry.

The converse assertion can be easily verified as follows. The fact that any mapping of
the form (4.33) is positive follows from the observation that E,S4EZ is positive whenever
S, is positive. To show that the mapping is trace-preserving, we use

tI‘(g(SA)) = Ztr(ExSAE;) = Ztr(E;EXSA) = tI‘(idASA) .

O

Note that the family {E,}, is not uniquely determined by the CPM &. This is easily
seen by the following example. Let £ be the trace-preserving CPM from End(H4) to
End(Hp) defined by

E: Satr(Sa)|w)(w]

for any operator Sy € End(H4) and some fixed w € Hp. That is, £ maps any density
operator to the state |w)(w|. It is easy to verify that this CPM can be written in the
form (4.33) for

E, = |w> <6m|

where {e;}, in an arbitrary orthonormal basis of H 4.
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4.4.5 Measurements as CPMs

An elegant approach to describe measurements is to use the notion of classical states.
Let pap be a density operator on Ha ® Hp and let O = ZI x P, be an observable on
Ha. Then, according to the the measurement postulate of Section 4.3.2, the measurement
process produces a classical value X distributed according to the probability distribution
Px specified by (4.13), and the post-measurement state p'y 5 , conditioned on the outcome
x is given by (4.14). This situation is described by a density operator

Pxap = ZPX(x)le:v><ea:| ® pfAB,x .

on Hx ® Ha ® Hp which is classical on Hx (with respect to some orthonormal basis
{ex}z). Inserting the expressions for Px and p/yp ., this operator can be rewritten as

p/XAB = Z ‘ez><6x| ® (P, ®idp)pas(P: ®idB) .

Note that the mapping & from pap to pyx 45 can be written in the operator-sum repre-
sentation (4.33) with

E,:=z)® P, ®idp ,
where

ZE;Ew = pr ®idg = idap .

It thus follows from Lemma 4.4.8 that the mapping

E: paB ' pPxap

is a trace-preserving CPM.

This is a remarkable statement. According to the Stinespring dilation theorem, it tells
us that any measurement can be seen as a unitary on a larger system. In other words, a
measurement is just a special type of evolution of the system.

4.4.6 Positive operator valued measures (POVMs)

When analyzing a physical system, one is often only interested in the probability distri-
bution of the observables (but not in the post-measurement state). Consider a system
that first undergoes an evolution characterized by a CPM and, after that, is measured.
Because, as argued above, a measurement can be seen as a CPM, the concatenation of
the evolution and the measurement is again a CPM EinTPCPM(H 4, Hx ® Hp). If the
measurement outcome X is represented by orthogonal vectors {e, }, of Hx, this CPM has
the form

E:Sa Y lea)(es| ® EuSAE] .
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In particular, if we apply the CPM £ to a density operator p 4, the distribution Py of the
measurement outcome X is given by

Px(2) = tr(EppaEl) = tr(Mapa) |

where M, := EXE,.

From this we conclude that, as long as we are only interested in the probability distri-
bution of X, it suffices to characterize the evolution and the measurement by the family
of operators M,. Note, however, that the operators M, do not fully characterize the full
evolution. In fact, distinct operators E, can give raise to the same operator M, = E}E,.

It is easy to see from Lemma 4.4.8 that the family {M, }. of operators defined as above
satisfies the following definition.

Definition 4.4.9. A positive operator valued measure (POVM) (on H ) is a family {M, }.
of positive operators M, € Herm(#H) such that

> M, =idy .
x

Conversely, any POVM {M,}, corresponds to a (not unique) physically possible evo-
lution followed by a measurement. This can easily be seen by defining a CPM by the
operator-sum representation with operators F, := /M.
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5 Non-Classicality of Quantum Theory

5.1 Introduction

A physical theory should allow us to make predictions about observations. In quantum
mechanics, these predictions are generally probabilistic. For instance, if we perform an
experiment in which we measure a two-level particle in state 1/v/2(eg + e1) with respect
to an observable O = 0leg)(eg| + 1]e1)({e1| then, according to quantum theory, we expect
to see each of the possible outcomes, 0 and 1, with probability % That is, if we repeat the
experiment many times, we will get a sequence of outcomes consisting of approximately
as many 0Os as 1s. The theory, however, does not predict the individual outcomes. In
particular, each sequence with the same relative frequency of Os and 1s is equally likely.

The probabilistic nature of quantum mechanics prompted several physicists, among
them Albert Einstein, Boris Podolsky, and Nathan Rosen, to question whether the theory
is complete [3].! In principle, the individual measurement outcomes may depend on an
additional parameter, also called classical hidden variable. A theory involving such hidden
variables could be deterministic, and probabilities would merely arise from the fact that
we do not know the values of the hidden variables.

It turns out, however, that there is no consistent way to explain experimental data
by a classical hidden variable theory, at least as long as one requires the theory to be
compatible with special relativity. More precisely, one can show that any physical theory
which involves classical parameters that are correlated to the measurement outcomes is
necessarily signaling, meaning that it would allow instantaneous communication between
space-like separated regions. In this section, we prove a similar (but slightly weaker)
result, saying that any classical theory that predicts individual measurement outcomes is
non-local.

Simon Kochen and Ernst Specker [4] (see also [9]) were among the first to give a mathe-
matical argument implying that any hidden variable theory that is compatible with quan-
tum mechanics would have certain unnatural properties. More precisely, they showed that
deterministic predictions are necessarily contexrtual. This means that there cannot be a
hidden variable theory that is independent of the measurement arrangement.

An alternative argument? was proposed by John Bell in 1964 [2]. Bell considered an
inequality involving the statistics of measurements at two distant locations, known as
the Bell inequality. This inequality is satisfied by any theory in which the outcomes
of physical measurements are determined by local classical variables. In contrast, the

I Already in 1926, Albert Einstein famously expressed his concerns about the completeness of quantum
mechanics in a letter to Max Born with the words “Jedenfalls bin ich iiberzeugt, dass der [Herrgott]
nicht wirfelt.”

2Tt has later been shown that Kochen and Specker’s argument can be related to Bell-type arguments.

49



measurement statistics predicted by quantum mechanics (and verified by experiments)
violate the inequality, leading to the conclusion that quantum mechanics is incompatible
with any local classical theory.

The following presentation follows in spirit Bell’s argument (although we will not make
use of Bell’s inequalities).

5.2 Correlations in generalized theories

Consider a setting where local measurements are performed at two distant sites, in the
following called Alice and Bob. Alice chooses a measurement setup a € A and obtains a
measurement outcome X . Similarly, Bob chooses a setup b € B and obtains Y.

A physical theory would typically make certain predictions about the measurement
outcomes X and Y, depending on the measurement arrangements (a, b). These predictions
may be only probabilistic, in which case they specify the probability distribution of the
pair of outcomes (X,Y’) depending on the input pair (a,b) € A x B, in the following
denoted by Pxy|qp-

From now on, we will additionally assume that Alice and Bob’s measurements take
place in space-like separated regions of space-time. Special relativity then predicts that
no information can flow between Alice and Bob. This property is captured by the notion
of non-signaling distributions.

Definition 5.2.1. A conditional distribution Pxy |4 is said to be non-signaling if for all
ac€Aand beB

Px|ab = Px|a and  Pya = Pyp
where Px|q, and Py, denote the marginals of Pxy|qp-

In a classical local theory, one would expect that the outcomes obtained by measurements
at each of the locations (Alice or Bob) only depend on local classical parameters. The
resulting conditional probability distribution then has the following property.

Definition 5.2.2. A conditional distribution Pxy |4 is said to be classically local if it can
be written as a convex combination of products of distributions Py|,. and Py, that is

Pxy|ap = Z Pz(2)Px|azPyp- (5.1)

where Pz is a probability distribution and Px|q, and Py, are conditional distributions.

The following lemma provides an intuitive characterization of classically local conditional
distributions.

Lemma 5.2.3. Let A = {a1,...,a,} and B = {b1,...,b,}. A conditional distribution
Pxy|ab is classically local if and only if there exist families of random variables {X,}q and
{Yo} jointly distributed according to Px, .x,, v, v, such that for alla € A and b € B

PXY\ab = PXa.Yb . (52)
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Proof. Assume first that there exist families of random variables {X,}, and {Y;}, with
the desired property (5.2). With the definition

Z = (Xllu s aXau7Ybla .- '7va) )
the distribution Pxy |4, can be written in the form (5.1) where

1 fx=ux,

0 otherwise

PX|az(x) = {

and

1 ify=uy
Py 1y, = .
Yib () {0 otherwise

To prove the converse statement, assume that Pxy/|q is classically local, i.e., it can
be written in the form (5.1) for appropriately chosen conditional distributions Px|,. and
Py .. Tt is then easy to verify that the families of random variables {X,}, and {Y;}s
defined by

Px, o Xa, Yy, e, = E Pz(2)Pxja,z " Pxlayz " Pyipiz - Pyp,=
z

satisfy (5.2). O

As we shall see, conditional distributions predicted by the laws of quantum mechanics
are always non-signaling, but they are generally not classically local.

5.3 Quantum-mechanical correlations

Let us now consider the type of correlations that arise from measurements of quantum
systems. According to the discussion in Section 4.4.6, each possible measurement arrange-
ment a of Alice is characterized by a POVM {E2},, and, similarly, each arrangement b of
Bob corresponds to a POVM {Fé’}y If the measurements are performed simultaneously
on a state pap, the resulting conditional probability distribution Pxy |4 is given by

PXY|ab(xa y) = tI‘(E; ® F; pAB) . (53)
Using the fact that Zy F; = idpg, we have
Pxjap(2) = Y Pxyja(,y) = Y tr(Eg © Fypap) = tr(Efpa) ,
y y

that is, Px|q is independent of b. Likewise, Py |4 is independent of a, which implies that
Pxy|ap is non-signaling. (This is of course no surprise because we know that quantum
mechanics is compatible with special relativity.)
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As mentioned above, however, quantum mechanics is not classically local. To see this,
we consider a specific setup where Alice and Bob’s measurements are applied to a fully
entangled state pap := |U)(¥| defined by

1
V.= \/;(60®€0+61 ®61)

where {eg, e1} and {fy, f1} are orthonormal bases of Alice’s system H 4 and Bob’s system
‘Hp, respectively. The measurements of Alice and Bob are along the pair of vectors
vy = cos(P)ep + sin(¢)eq
7r . 77
vt = cos(¢ + 5)60 + sin(¢ + 5)61 ,

parametrized by an angle ¢ € R. In other words, Alice and Bob choose angles a,b € R
and then apply POVMs defined by the operators

Eg = loa){va] and  Ef = Jol) ()]

for Alice and

Fg = |vp){vp| and  Fy := |vy){vy |
for Bob. According to (5.3), the conditional probability distribution of the measurement
outcomes is then given by

Leos?(a—b) ifx=y

PXY|ab(x7y) :tr(Eg@’F;PAB) = {% (54)

isin®(a—b) ifz#y.

The following statement is a variant of Bell’s theorem.

Lemma 5.3.1. The conditional distribution Pxy|q, defined by (5.4) is not classically
local.

Proof. The proof is based on Lemma 5.2.3 which provides an alternative characterization
of classical locality. Assume by contradiction that there exist families of random variables
{Xa}a and {Y3}, satisfying (5.2), and let 0 := 55, for some even N € N. According
to (5.4), we then have

P[X.o #Y9]=1 and P[X,=Yy| =1
which implies
P[Xo # Xyp2] =1.
Similarly, we have

N/2-1

P[Xo # X.0) < P| \/ (Xais # Yi2ir1)s) V (Yais1ys # X(2i42)s)]
=0
N/2—1

< Z P[Xais # Y2ir1)s] + PlY(2i11)s # X(2i42)5] = N sin®(d)
i=0
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where the inequality is the union bound. Because N sin®(§) = N sin®(5%) < 1 for N > 2,
we arrive at a contradiction. O

Lemma 5.3.1 immediately implies that the measurement statistics predicted by quantum
mechanics (and verified experimentally, see e.g., [1]) cannot be explained by any theory
that is classically local.
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6 Entropy of quantum states

In Chapter 3 we have discussed the definitions and properties of classical entropy measures
and we have learned about their usefulness in the discussion of the channel coding theo-
rem. After the introduction of the quantum mechanical basics in chapter 4 (and after the
short insertion about the non-classicality in quantum theory) we are ready to introduce
the notion of entropy in the quantum mechanical context. Textbooks usually start the
discussion of quantum mechanical entropy with the definition of the so called von Neu-
mann entropy and justify the explicit expression as being the most natural analog of the
classical Shannon entropy for quantum systems. But this explanation is not completely
satisfactory. Hence a lot of effort is made to replace the von Neumann entropy by the
quantum version of the min-entropy which can be justified by its profound operational
interpretation (recall for example the discussion of the channel coding theorem where we
worked with the min-entropy and where the Shannon entropy only appears as a special
case).

One can prove that the min-entropy of a product state p®" converges for large n to
n-times the von Neumann entropy of the state p. The quantum mechanical min-entropy
thus generalizes the von Neumann entropy in some sense. But since this work is still
in progress we forgo this modern point of view and begin with the definition of the von
Neumann entropy but omit the proof of the strong subadditivity since it can be stated
more elegantly in terms of the quantum mechanical min-entropy (see [7]).

6.1 Motivation and definitions

Let Hz be a Hilbert space of dimension n which is spanned by the linearly independent
family {|z)}, and consider an arbitrary state p on Hz which is classical with respect to
{|2)}.. Hence,

p=7> Pr(2)|2){xl,

where Pz(z) is the probability distribution for measuring |z) in a measurement of p in the
basis {|z)},. Our central demand on the definition of the entropy measures of quantum
states is that they generalize the classical entropies. More precisely, we demand that the
evaluation of the quantum entropy on p yields the corresponding classical entropy of the
distribution Pz (z). The following definitions meet these requirements as we will see below.

Definition 6.1.1. Let p be an arbitrary state on a Hilbert space H. Then the von
Neumann entropy H is the quantum mechanical generalization of the Shannon entropy.
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It is defined by
H(p) == —tr(plogp).

The quantum mechanical min-entropy Hpi, generalizes the classical min-entropy. It is
defined by

Hunin (p) := = 1085 [|ploo-

The quantum mechanical max-entropy Hpnax generalizes the classical max-entropy. It is
defined by

Hmax(p) = 10g2 |0'(p)|,

where o(p) denotes the spectrum of the operator p.

Now, we check if our requirement from above really is fulfilled. To that purpose we
consider again the state

p=> Pz(2)|2)(2]-
Since the map p — plog p is defined through the eigenvalues of p,

H(p) = —tr(plogp) = — Y Pz(2)log, Pz (),

which reproduces that the Shannon entropy as demanded. Recall that ||p||e is the op-
erator norm which equals the greatest eigenvalue of the operator p. Thus, the quantum
mechanical min-entropy reproduces the classical min-entropy:

Hunin(p) = —1ogs [[plloc = —logmax Pz (2).

To show that the classical max-entropy emerges as a special case from the quantum me-
chanical max-entropy we make the simple observation

Hyox i= 10g2 |U(p)| = IOgQ |Supp PZ|

Notation. Let pap be a density operator on the Hilbert space H4 ® Hp and let py
and pp be defined as the partial traces

pA=1trp pap, pB:=1tra pas.

Then the entropies of the states pap € S(Ha @ Hp), pa € S(Ha) and pp € S(Hp) are
denoted by

H(AB)pAB = H(PAB)7 H(A)pAB = H(PA), H(B)pAB = H(pB)'

6.2 Properties of the von Neumann entropy

In the present section we state and prove some basic properties of the von Neumann
entropy.
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Lemma 6.2.1. Let p be an arbitrary state. Then,
H(p) =0,
with equality iff p is pure.

Proof. Let {|j)}; be a complete orthonormal system which diagonalizes p, i.e.,
p=>_pjli)l
J

with Zj pj = 1. Therefore,
H(p) =~ pjlogp;. (6.1)
J

The function —z log z is positive on [0, 1]. Consequently, the RHS above is positive which
shows that the entropy is non-negative. It is left to show that H(p) = 0 iff p is pure.

Assume H(p) = 0. Since the function —zlogz is non-negative on [0, 1] each term in
the summation in (6.1) has to vanish separately. Thus, either p;, = 0 or p = 1 for all k.
Because of the constraint ). p; = 1 exactly one coefficient p,, is equal to one whereas all
the others vanish. We conclude that p describes the pure state |m).

Assume p is the pure state |¢). Hence,

p =P}l
which yields H(p) = 0. O

Lemma 6.2.2. The von Neumann entropy is invariant under similarity transformations,
i.e.,

H(p)=HUpU™)
for U € GL(H).

Proof. Let f : R — R be a function and let M be an operator on a Hilbert space H.
Recall that
f(M) =V vMv—hy,

where V' € GL(H) diagonalizes M. Now we show that
FUMUTY) =Uf(M)U™!

for U € GL(H) arbitrary. Let D denote the diagonal matrix similar to M. The operator
VU~! diagonalizes UMU™!. According to the definition above,

fomMuvYy=vvtfvuvtvmutvv-hyvut =uv-trvmv-hvo

On the other hand
Uf(MU =0V f(vMv—hHvu L

This claims the assertion from above. Since the trace is unaffected by similarity transfor-
mations we conclude the proof by setting M = p and f(z) = zlog(z). O
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Lemma 6.2.3. Let Ha and Hp be Hilbert spaces, let |1) be is a pure state on Ha @ Hp
and let pap := |Y){(¢¥|. Then,

H(A)pan = H(B)pas-

PAB

Proof. According to the Schmidt decomposition there exist orthonormal families {|i)}
and {|ig)} in H4 and Hp, respectively, and positive real numbers {\;} with the property

>, A2 =1 such that
— 3" Mlia) ® lis).

Hence, trp(pap) and tra(pap) have the same eigenvalues and thus, H(A),,, = H(B),,p-

O

Lemma 6.2.4. Let pa and pp be arbitrary states. Then,

H(pa ® pp) = H(pa) + H(pp).

Proof. Let {p{}; ({pj }i) and {]ia)}s ({liB)};) be the eigenvalues and eigenvectors of the
operators pa (pp). Hence,

pa®pp =Y pi'plia)ial @ ljp)(inl-
i
We deduce
H(pa®pp) = - Zpl p} log(p{'p})

= H(PA) + H(pp)-

Lemma 6.2.5. Let p be a state on a Hilbert space H of the form

p=Dp1p1+ -+ PnPn

with density operators {p;}; having support on pairwise orthogonal subspaces of H and
with Zj pj = 1. Then,

H(plpl + ... +pnpn) = class {pz 2 + ij

where {H1ass({pi}i)} denotes the Shannon entropy of the probability distribution {p;};.

Proof. Let {)\;i)} and {[j)} the eigenvalues and eigenvectors of the density operators

{pl} Thus7
p = PO
,J
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and consequently,

=S pid710g(pin()

i,J

_Z Z/\() pilog(p;) ZpIZ)\ )log )\(l
Hclass({pi}) + ZpiH(pl)

H(p)

O

A consequence of this lemma is that the entropy is concave. More precisely, let pq, ..., pp
be density operators on the same Hilbert space 4 and let {p;}; be a probability distri-
bution on {1,...,n}. Then

H(pip1 + ..+ papn) = p1H(p1) + .. + ppH(pp).

Lemma 6.2.6. Let Ha and Hz be Hilbert spaces and let paz be a state on Ha @ Hyz
which is classical on Hy with respect to the basis {|z)}, of Hz, i.e., paz is of the form

paz =3 Pz(2)p§ ®2)(z|.

Then

7

H(pAZ):Hclass PZ +ZPZ (Z) .

Proof. Define
pe =% ®|2)(2l,
apply Lemma 6.2.5 with p; replaced by p,, use lemma 6.2.4 and apply Lemma 6.2.1. [

6.3 The conditional entropy and its properties
We have encountered the identity
Hclass (X‘Y) = Hclass (XY) - Hclass(Y)

for classical entropies in the chapter about classical information theory. We use exactly
this identity to define conditional entropy in the context of quantum information theory.

Definition 6.3.1. Let H4 and Hp be two Hilbert spaces and let pap be a state on
Ha ® Hp. Then, the conditional entropy H(A|B), is defined by

H(A|B)/)AB = H(AB)pAB - H(B)I)AB'
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Recasting this defining equation leads immediately to the so called chain rule:
H(AB)PAB = H(A|B)PAB + H(B)PAB'
Lemma 6.3.2. Let pap be a pure state on a Hilbert space Ha®@Hp. Then H(A|B),,, <0
iff pap is entangled, i.e. H(AB)p,p # H(A)pas + H(B)pap-

Proof. Observe that
H(A|B)PAB = H(AB)PAB - H(B)PAB'

Recall from Lemma 6.2.1 that the entropy of a state is zero iff it is pure. The state
tra(pap) is pure iff pap is not entangled. Thus. indeed H(A|B),,, is negative iff psp is
entangled. 0

Hence, the the conditional entropy can be negative.

Lemma 6.3.3. Let Ha, Hp and He be Hilbert spaces and let papc be a state on Ha ®
Hp @ He. Then,

H(A‘B)PABO = _H(A|C)PABC'
Proof. We have seen in Lemma 6.2.3 that p4pc pure implies that
H(AB),=H(C),, H(AC), = H(B),, H(BC), = H(A),.

Thus,
H(A|B), = H(AB), — H(B), = H(C), — H(AC), = —H(A|C)p.

O

Lemma 6.3.4. Let Ha and Hz be Hilbert spaces, let {|z)}. be a complete orthonormal
basis in Hyz and let pay be classical on Hy with respect to the basis {|z)}., i.e.,

paz =Y Pr(2)p @ |2) (2|

Then the entropy conditioned on Z is

H(A|Z), ZPZ

Moreover,
H(AZ),>0
Proof. Apply Lemma 6.2.6 to get
H(A|Z), = H(AZ),— H(Z)p
= Hclass PZ + ZPZ Hclass(PZ(Z))

ZPZ z

In Lemma 6.2.1 we have seen that H(p) > 0 for all states p. Hence, H(A|Z), > 0. O
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Now it’s time to state one of the central identities in quantum information theory: the
so called strong subadditivity.

Theorem 6.3.5. Let papc be a state on Ha @ Hp ® He. Then,
H(AlB)PABC Z H(A|BC)PABC'

In textbooks you presently find complex proofs of this theorem based on the Araki-Lieb
inequality (see for example [6]) . An alternative shorter proof can be found in [7]. Never-
theless we forgo the proof.

Lemma 6.3.6. Let p be an arbitrary state on a d-dimensional Hilbert space H. Then,
H(p) S lOgQ da
with equality iff p is a completely mized state, i.e., a state similar to éid}[.

Proof. Let p be a state on H which maximizes the entropy and let {|j)} the diagonalizing
basis, i.e.,
p=> pjli)l
J

The entropy does only depend on the state’s eigenvalue, thus, in order to maximize the
entropy, we are allowed to consider the entropy H as a function mapping p’s eigenvalues
(p1,.-,pa) € [0,1]¢ to R. Consequently, we have to maximize the function H(py, ..., pq)
under the constraint p; + ... + pg = 1. This is usually done using Lagrange multipliers.
One gets p; = 1/d for all j =1, ...,d and therefore,

1
p= gid‘ﬂ

(this is the completely mixed state). This description of the state uniquely characterizes
the state independently of the choice of the basis the matrix above refers to since the
identity idy is unaffected by similarity transformations. This proves that p is the only
state that maximizes the entropy. The immediate observation that

S(p) = logy d
concludes the proof. O
Lemma 6.3.7. Let Ha and Hp be two Hilbert spaces and let d := dim Ha. Then,
|H(A|B),| < logy(d).
Proof. Use Lemma 6.3.6 to get
H(A|B), < H(A), < logy(d)
and Lemma 6.3.3 to get

H(A|B) = H(A|B)PABC = _H(A‘C)PABC > _1Og(d)v

PAB

where papc is a purification of pyp. O
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Lemma 6.3.8. Let Hx and Hp be Hilbert spaces, {|x)}. be a complete orthonormal basis
in Hx and let pxp be a state on Hx @ Hp which is classical with respect to {|x)},. Then,

H(X|B),>0
which means that the entropy of a classical system is non-negative.

Proof. Let Hx be a Hilbert space isomorphic to Hx and let ppxx’ be a state on Hp ®
Hx @ Hx: defined by

ppxxr =Y Px(2)p ® |z)(z] @ [a)(x].

z,j
Hence,
H(X|B)I)Bxx/ = H(BX)PBXX/ - H(B)l)Bxx’
and
H(X|BX") ), =HBXX"), . —H(BX ), -
According to the strong subadditivity
H(X‘B)pBXX’ 2 H(X|BX/)pBXX"

To prove the assertion we have to show that the RHS vanishes or equivalently that
H(BXX'),, . isequalto H(BX'),, ., . Let ppxs denote the state which emerges from
ppxx after the application of trx(-). Hence, H(BX') = H(BX') Further,

PBX X! PBx""

H(BX/)PBX/ - H(BXI)PBX/®|O)<O|’
where |0) is a state in the basis {|z)}. of the Hilbert space Hx. Define the map

S : HX ®HX/ —>HX ®HX’

by
S(0)) = |2)
S(z2)) = 120)
S(lzy)) = |zy), (otherwise).

We observe,
[Z ® Slppx: ® |0)(0][Zs ® S~ = ppxx'-

Obviously, [Zp ® S| € GL(Hx ® Hx/) (the general linear group) and thus does not change
the entropy:

H(BX') = H(BX'),, .00 = HBXX')

PBX X' PBX X"
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Lemma 6.3.9. Let Ha, Hp and Hp be Hilbert spaces, let pap be a state on Ha @ Hp,
let
£ Hp — Hp

be a TPCPM(Hp,Hp') and let
pap = [Ia @ El(pan)
be a state on Ha @ Hp:. Then,

H(A|B)p,, < H(A|B')

PAB PAB’"

Proof. Let |0) be a state in an auxiliary Hilbert space Hz. Then
H(AB),,, = H(AB)

PAB

PAB H<B)PAB
= H(ABR)pABQ@\o)(O\ - H(BR)/)AB®|0>(0|‘

According to the Stinespring dilation the Hilbert space H g can be chosen such that there
exists a unitary U with the property

trr o ady (€ ® [0)(0]) = £(£),

where ady (+) := U(-)U~! and &€ € S(Hp). Since the entropy is invariant under similarity
transformations we can use this transformation U to get

H(AIB),,; = H(AB'R)iz,@adu)(panel0)0) — H(B'R)z,0adu](pans0)0))
= H(A|B'R){z,0adu](pa50)(0))

(
< H(A|B')z40trroadu](pas®]0)(0)
= H(A|B/)[IA®8](F’AB)
= H(A|B/)F’AB”
where we have used the strong subadditivity and the Stinespring dilation. We get
H(A|B)y,, <HAIB),, ..

which concludes the proof.

6.4 The mutual information and its properties

Definition 6.4.1. Let pap a state on a Hilbert space Ha ® Hp. Then, the so called
mutual information I(A : B) is defined by

I(A : B) = H(A)PAB + H(B)PAB - H(AB)PAB = H(A)PAB - H(AlB)PAB

Let papc a state on a Hilbert space Ha ® Hp ® Hc. Then, the so called conditional
mutual information I(A : B|C) is defined by

I(A : B|C) = H(A‘C)ﬂABC - H(A|BC)PABC
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We observe that the definition of quantum mutual information and the definition of
classical mutual information are formally identical. Next we prove a small number of
properties of the mutual information.

Lemma 6.4.2. Let papc a state on a Hilbert space Ha @ Hp @ Ho. Then,
I(A: B|C) > 0.

This Lemma is a direct corollary of the strong subadditivity property of conditional
entropy.

Lemma 6.4.3. Let Ha, Hp, Hp be Hilbert spaces, let pap a state on a Hilbert space
Ha®Hp and let
E: 'HB — HB/

be a TPCPM. Then,
I(A:B)>1(A:B".

This is an immediate consequence of Lemma 6.3.9.

Lemma 6.4.4. Let Ha, Hp, Hco be Hilbert spaces and let papc be a state on a Hilbert
space Ha @ Hp @ Ho. Then,

I(A:BC)=1I1(A:B)+I(A:C|B).

To prove this statement we simply have to plug in the definition of mutual information
and conditional mutual information.

Exercise (Bell state). Compute the mutual information I(A : B) of a Bell state pap.
You should get H(A) =1, H(A|B) = —1 and thus I(A : B) = 2.

Exercise (Cat state). Let Ha, Hp, Hc and Hp be Hilbert spaces of quantum
mechanical 2-level systems which are spanned by {]|0)4,|1)a}, {|0)5,|1)5}, {|0)c,|1)c}
and {|0)p, |1)p}, respectively. Then, the so called cat state is defined the pure state

) = \%(|O>A‘O>B‘O>C|O>D +1)al1)B[1)c|1) D).

Hence papep = |¢)(¢| is the corresponding density matrix. Compute the expressions
I(A:B),I(A: B|C),I(A: B|CD) and I(A : BCD). During your calculations you should
get
H(A)p = H(B)p = H(C>p = H(D)p =1,
H(AB),=H(AC), =1,
)
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7 Supplement: Resource inequalities

This section contains a more detailed and more formal treatment of the material
presented during the last few weeks of the lecture. The treatment is motivated by
relatively recent research results and is therefore not covered by standard textbooks
on quantum information theory.

For the exam, the material presented during the lecture as well as the exercises are
relevant. This section of the script can be considered as a supplement (and is therefore
not required for the exam).

7.1 Resources

We are considering dynamics in discrete time from a Hilbert space H(™ to a Hilbert
space H (") with initial data p(™) and final data p(°""). By dynamics in discrete time we
mean that the system’s propagator is only defined for certain discrete points {to,?1,...}
in time. At the initial time N parties Ay, ..., Ay (usually called Alice, Bob, Eve, ...) are
observers on Hilbert spaces {H§in)}j which compose H™ in terms of a tensor product
Hn) = ’H,gin) ®..® ”H,E\i,n). At the final time the N parties A1,..., Ay are observers on
Hilbert spaces {H§out)}j which compose H©™ in terms of a tensor product H©") =

Hgout) ®.® Hg\‘;ut). Hence, a party Ay, sees the state

(in)

) e L plin) .
tr,}_[(llu)®.”®Hl(cln)®”.®,;_[5\zfn) P P

(the hat means ”ignore this quantity”) at the initial time and

b
tngout)®.“®}‘L§:ut)®-“®H§\?Ut) p(out) — P;(:u )
at the final time. We can generalize the situation even further by the introduction of a
Hilbert space Hg m which describes degrees of freedom that are not seen by any of the
parties (e.g., the Hilbert space associated to the physically real optical fibers that transmit
qubits from Alice to Bob or a device that stores qubits and which is not accessible by any

of the parties). Consequently,
HO = He @ H™ @ . @ HEY

and
H(out) _ HS,M ® 'Hgo‘l'ﬁ) ®R.® Hg\?ut).
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We will refer to the Hilbert space Hg v as the memory of the resource. Next we are
introducing some quite cumbersome definitions before we will then come back to the
situation which we have just described.

Definition 7.1.1. Let [ = {0,1,2,....,T}, [ = {0,1,2, ..., T+ 1} and let {H;}ier, {Hi}ier
be Hilbert spaces. Then a resource R is a family {&;}+er of trace preserving completely
positive maps

gt : S(Ht) — S( 2+1)

for all t € I. The elements &; of the family {&;}+cs are called preresources.

Note that we haven’t imposed any restrictions on the Hilbert spaces involved in the
definition of resources and that a resource is a set of maps that does not specify the par-
ties and the memory of the resource which are involved in the process. The parties and
the memory of the resource can be specified separately by specific partial traces on S(H;)
and S(Hj,,), respectively. Usually (when considering N parties and a memory of the
resource) one assumes that the Hilbert spaces {H;}ics are of the form He v @ (QN 1 Hi4)
where these Hilbert space factors are associated to the N parties and the memory of the
resource in the obvious way.

A resource itself hasn’t any immediate meaning; it’s simply a family of separate trace
preserving CPMs. But we will see below how we can use so called protocols to connect
the separate trace preserving CPMs (i.e., the preresources) of a resource to get a trace
preserving CPM from a Hilbert space H,_, (corresponds to H(™) to a Hilbert space

t—741 (corresponds to H(ut)), Before we get to the definition of protocols we are having
a look at how we can use resources to define new resources by their serial and parallel
combinations.

Definition 7.1.2. Let R(Y) = {Et(l)}tel and R = {552)}t€1 be two resources. Then the
parallel composition R @ R?) is the resource {gt(l) ® 5;2)},%[ with

&V @& S0V @ HY) = SH o 1)
for all t € I.

Definition 7.1.3. Let R(Y) = {St(l)}te[ and R = {5,5(2)},5@ be two resources. Then the
serial composition R o R(®) is the resource {Et(l) o 575(2)}1561 with

g 0™ SHP) = s
for all ¢t € I.

Now it is time to state the fundamental definition of protocols.

Definition 7.1.4. Let I = {0,....T}, I = {1,...,T+1} and let {HM}}, (" M” stands for

i : b,i b,
"memory” ), {H{T™ berictns IR Yerimtons MY ™ herimr, v and {H" Y er i v
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b2 ” b2 ’7

be five families of Hilbert spaces. The index makes clear to which party
Hilbert space is associated to. Then a protocol II is a family

a specific

a b
{ﬂ—t( )7 71—15431}7561

of trace preserving CPMs

(@’HM 2 H, am)) =S8 (@HM ® H! ao“”)
and

S (@ HM @ Hgi’i“)> -8 <® HM ® Hi}i;"“”)
which act separately (or "locally”) with respect to the N parties and their corresponding
memory Hilbert spaces {HM}Y | ie.,

® _ 2@ o o

Ty " =Ty Nt
and
= lo onl)
where
(a . S(H]V[®/H(a1n ) —)S(HM QH aout))
and

b,in b,ou
7 SHM @ 1™ - SHM @ 1Y)

forall j € {1,...,N}.

Note that each protocol is a special case of a resource (you simply have to redefine the
time index) which acts locally with respect to the parties and their memory.

Definition 7.1.5. Let R = {&; }er,
Et: SHem®@Hy) > S(Hem ® 'HQ_H)
( ) _ _(a)

be a resource and let II = {Wga) 7Tt+1}t€[a =T ®.. 8 W](\?)t, wgb) = 7r§bt) ® .. ® Wj(\l;,)t
with

7 SHM @ HE™) — S(HM @ 1)
and

: SHM @ H™) 5 SHM @ HM)

be a protocol. The resource R and the protocol IT are compatible if it is possible to compose

b)

the equal-time elements &, (" and 7" in the form

(7 @ Te ) o U 0 (& @ Tar) 0 U o (1) © T )
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for all times ¢t € I. The map Zi s denotes the identity map on S(HM ® ... @ HM).

The maps an) and Qii)l are isomorphisms which shuffle the Hilbert spaces in the tensor
products such that we can apply the subsequent maps meaningfully (isomorphisms of this
kind won’t be written out explicitly in the remainder of the script because the expressions
would become too cumbersome otherwise). The resulting family

(R) i= {(r%) © Te ) o 21 0 (€1 0 Tnar) 0 A o (Y @ Te )}
of trace preserving CPMs defines a new resource which is called the ordinary pairing
between the protocol II and the resource R.

The ordinary pairing between protocols and resources has the property that the number

of preresources in the resulting resource is equal to the number of preresources in the
initial resource. Nothing prohibits us to go even a step further and define pairings which
are extraordinary in the sense that we use special kinds of protocols to glue groups of
preresources in the initial resource together. The number of preresources in the resulting
resource is not anymore equal to the number of preresources in the initial resource in the
case of extraordinary pairings. The next definition of ”implementations” makes clearer
what we mean by ”glueing together preresources”. Implementations are extraordinary
pairings which glue all the preresources in a resource together to a single preresource.
The resulting resource thus contains only a single preresource. An implementation is
consequently a trace preserving CPM. We conclude that (in contrast to arbitrary resources)
implementations have direct physical interpretations in the sense that they define processes
that are physically meaningful.
Definition 7.1.6. Let R = {&;}+c1 be aresource and let IT = {ﬂ't(a), ﬂ't(:)_)l}tef be a protocol
(compatible with the resource R) with the property that ’H;»];’O“t) = ’H,ﬁff for all j €
{1,...N} and all times ¢ € I. Then the preresources contained in the pairing II(R) can all
be composed to get a single CPM

SI(R) = (m), ®Tem) o (Er © Lnn) o () @ Te ) o (1) @ Te )
o(Er—1 ®ZIrp)o...0 (7T§b) ®@Zem) o (Eo®@Lr )0 (W(()a) ® Te M)-

Note that we have omitted the isomorphisms shuffling the tensor space factors in this
expression. The trace preserving CPM STI(R) is called implementation of the resource
R and describes a process with no interaction with the parties during the times between

=0and t = T + 1; it takes an input at time ¢ = 0 and generates an output at time
t=T+1.

Figure 7.1 is an illustration of a preresource emerging in the ordinary pairing between
a resource and a protocol.

Example 7.1.7 (Source of entangled qubits). Consider a system with state p;m) ® pg") €
S(Ha®Hp) at time ty. First, we are going to define a resource R and second, we will state
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Figure 7.1: Illustration of a preresource emerging in the ordinary pairing between a re-
source and a protocol in case of the participation of two parties ”A” (Alice)
and "B” (Bob). The protocol has local memories HX and HY. The degrees
of freedom associated with the resource are encoded in terms of the Hilbert
space Hg nr-

a protocol I1 (which is compatible to R), such that the pairing II(R) is a trace preserving
CPM which describes the distribution of r entangled qubits to two parties called Alice and
Bob and to which the input states pgn) and pgn)
spaces are displayed in the table 7.1.

We set R = {&,} with

are associated to. The involved Hilbert

gto : S(th) — 8( ;U+1)

such that
e o) = | FZescon DGO 10GL 7= 10..0/0-0],
o |0...0){0...0], otherwise.

Now let us define the protocol I1 = {77,5(;), W{fil}, such that (recall that a protocol must act
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Table 7.1: The involved Hilbert spaces

Alice Bob
Hi = (C)* Hi = (C)*r
Hivr =Ha Hir = s
,H,(f tOUUt) (C2)®r /HS; fout) ((CQ)@T
b,in r b,in T
Hy = (©)° Hi = (C)°
HYP = Ha® (C2)=r Hggﬂ Hp ® (C?)%"
Hi, = (C)° 2 (C)*" | Hy 4y = (CO)% @ (C)*F

locally with respect to the parties)
(a) (@) & 5@

Tto” = TAto B,to
with . i) )
Toto S<’HuM ®(H)“° b S(%y@"‘u,t; )
pﬁ,t0®pﬁ = py ®(]0...0)(0...0[)

(with § = A or B and linear extension to the whole Hilbert space), i.e., in the first part of
the protocol we copy Alice’s and Bob’s input states into the corresponding memories. The

second part
(b) =0 (b)
Mool = Tato+1 @ TR 41

of the protocol is defined as
() . (b,in) (b,0ut)
AT S&Hé” ®H/ﬁ,tﬂl) - SHMoH t"fl)
Pitor1 @ Prorr [0 0><0 0| ® (Pn to+1 @ P to+1)
(with £ = A or B and linear extension to the whole Hilbert space), i.e., the second part
of the protocol copies the states in the memory back to the Hilbert space which is directly

accessible by Alice and Bob. Hence, the resource R and the protocol Il are compatible and
the paring II(R) is the CPM

(b,out)

(b,out)

TI(R) : S(H% oM o HY @ HG ) - SHY oH T o HY o HY Y

oA @ pi™ ®,0§§’ ®p(m) ( (
= Y eqoy 100000l @ (i) (l®  p4™)  ©]0..0)(0..0l® (i) (j] @ p§")

(with linear extension to the whole Hilbert space). We thus observe (after having traced out
the spaces HY and HY ) that the trace preserving CPM TI(R) describes the distribution

of r entangled qubits to Alice and Bob. Further, we could have redefined W{_l:_)l as trygar o

tryur o ﬂt(_l:_)l. In this case we end up with the system’s total state

ST lGle e @ il @ ph"
i,j€{0,1}"
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after the application of II(R). The resource R is consequently a resource which can be
used to describe the distribution of r entangled qubits between two parties. Because of the
frequent use of this resource one defines a symbol for R:

T
0+ 0= R.

Example 7.1.8 (Source of entangled classical bits). Consider a system with state p(m)

(m) € S(Hly,, @Hlp 4, ) at time to. Assume we would like to define a resource R together
wzth a compatible protocol 1 such that the pairing II(R) is an implementation describing
the distribution of v completely correlated classical qubits to two parties called Alice and
Bob and to which the input states pgn) and pgn) are associated to. To that purpose we
can proceed exactly as in the previous example with the only difference that we have to
replace the definition of &,. A pair of completely correlated classical bits are two qubit
states p € C? @ C2 which are classical with respect to the computational basis, i.e.,

p = p|0)(0] + (1 — p)[1)(1].

This is the kind of two-qubit states we intend to distribute to Alice and Bob. Consequently,
the &, can be defined as

£ (p) = { & Yicqoy Gl @ 104l if p=10...0)(0...0],
ol? |0...0)(0...0], otherwise.

If one proceeds as in the previous example one gets a trace preserving CPM which describes
the distribution of r completely correlated classical bits to Alice and Bob. Because of the
frequent use of this resource one defines a symbol for this resource:

0+ 30:=R.

Example 7.1.9 (Quantum channel). Let 1™ = (C2)®" and H\™ = (C2)®" be Hilbert
spaces related to two parties called Alice and Bob and suppose Alice transmits v qubits to
Bob. This process can be formulated in terms of a resource as follows. Set "H(Out) (C%)®r

and ’H(OUU (CH®" and define the resource R = {&;,} with
g S(H(zn) ®Hgm)) N S(Hgout) ®Hg7ut))

by
Eio (™ @ p§™) == 0...0)(0...0| @ p§™

for arbitrary states p W H(Zn) and p(m) € 'H(m) . Note that we don’t need any local
processes to describe the transmission of qubits and thus, we don’t need to define a protocol
(which would act as the identity map). Because of the frequent use of this resource one
defines a symbol for this resource:

T
o~ 0:=R.
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Example 7.1.10 (Classical channel). Let ,H;m) = (C*H®" and Hgn) = (C*)®" be Hilbert
spaces related to two parties called Alice and Bob and suppose Alice transmits r classical
bits (i.e., r qubit states which are classical with respect to the computational basis) to Bob.

This process can be formulated in terms of a resource as follows. Set H(OUU (Cc?)er
and ’H(out) (C2)®" and define the resource R = {&;,} with

Ero: SHE @ 1E™Y 5 SHC @ 1)
by

& (03" ® p§”) = 10..0)(0..0[ @ | D i)l @ py" @ i) il

i€{0,1}"
for arbitrary states pA ’H(m) and p(m) ’Hgn). Note that in case of an input state

( ") which is classical with respect to the basis {|i)}; the application of this resource leads

to the perfect transmission of the state p(m) to Bob as demanded. Again we don’t need
any local processes to describe the transmission of classical bits and thus, we don’t need to
define a protocol. Because of the frequent use of this resource one defines a symbol for this
resource:

o—30:=R.

Example 7.1.11 (noisy quantum channel). Let H(zn) (CH®" and ’H(m) (CH®" be

Hilbert spaces related to two parties called Alice and Bob and suppose Alzce transmits r

qubits to Bob through a noisy quantum channel. This process can be formulated in terms of

a resource as follows. Set ’H(m”) (C*)®" and H(Out) (C%)®" and define the resource
€ SOHGY @ HUGY) > ST @ H™)

by
£ (p (m)®p(m)) |0...0)<0...0|®f(pgn))

for arbitrary states p;m) € ’Hgn) and pgn) € "Hgn). The map F : (C*)®" — (C*)®" is the
trace preserving CPM which describes the noise of the specific quantum channel. Because
of the frequent use of this resource one defines a symbol for this resource:

oi:o = R.
Example 7.1.12 (noisy classical channel). Let ,Hgm) = (C*)®" and ’Hgn) = (C%)®" be
Hilbert spaces related to two parties called Alice and Bob and suppose Alice transmits r
classical bits to Bob through a noisy quantum channel. This process can be formulated in

terms of a resource as follows. Set ”H(Om) (C*)®" and H(Out) (C%)®" and define the
resource R = {&;,} with

5150 . S('Hgn) ®Hg’n)) 5 S(Hgout) ®,H](30ut))
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(03 @ p§) = 10..0)(0..0@ [ D i)l @ F(pi™) @ i)l
i€{0,1}"

for arbitrary states pgn) € HXW) and pgn) € ’Hgn). The map F : (C?)®" — (C*H)®" is the

trace preserving CPM which describes the noise of the specific quantum channel. Because
of the frequent use of this resource one defines a symbol for this resource:

F,r
o—>o0:=R.

All the symbols introduced in the examples above are summarized in table 7.2.

Table 7.2: Pictographic representation of frequent resources

Classical Quantum
7 corr. bits: o < o 7 ent. qubits: o e o
Noiseless channel (7 bit): o — o | Noiseless channel (r qubits): o ~~ o
Noisy channel (r-bit): o A/ Noisy channel (r-qubit): 0%l o

7.2 A partial order in the space of resources

Our strategy is the following: First, we are defining a norm in the space of CPMs (the so
called ”diamond norm”), second, we are introducing a distance measure in the space of
resources building on the diamond norm in the space of CPMs. Third, we are using the
distance measure in the space of resources to define an equality-relation between resources
(more precisely, an equivalence relation on the space of resources). Fourth, we are using
this equality relation to define the partial order ”>" and fifth, we are generalizing the
equality-relation and the relation describing the partial order such that they hold up to
an error €.

7.2.1 The diamond norm of CPMs

Let £ and F be arbitrary CPMs from S(H) to S(H'). The defining demand on the
definition of the wanted distance measure d(..,..) between the CPMs £ and F is that it
is proportional to the maximal probability for distinguishing the maps £ and F in an
experiment. After our discussion of the trace distance between states in an earlier chapter
it is natural to propose the distance measure

A&, 7) = max NE() = Fo)lh
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if one recalls the ”maximal distinguishing probability property” of the trace distance. Up
to a factor 1/2 this is the maximal probability to distinguish the CPMs £ and F in an
experiment which works with initial states in the Hilbert space H. But this is not the best
way to distinguish the CPMs £ and F in an experiment! Note that in our naive definition
above we have excluded the possibility to consider initial states in ”larger” Hilbert spaces
in the maximization-procedure. The probability to distinguish the CPMs £ and F in an
experiment may increase if we "enlarge” the input Hilbert space H by an additional tensor
space factor;
H~~HQHEg;

and apply the CPMs £ and F as £ ® Zg and F ® Zg to states in S(H @ Hg). These
replacements lead to a simultaneous replacement of the output Hilbert space:

Hl ~ 'Hl X HE
Let us have a closer look at an explicit example to recognize that situations occur in which
d(&,F) <d(€ @ Ip, F ®Ig)

for some Hilbert space H . This shows why we discard the immediate use of d(€, F) but
use a distance measure of the form d(£ ® Zp, F ® Ir) instead. We will still have to figure
out the optimal choice for the Hilbert space H g which will lead to the definition of the so
called ”diamond norm”.

Example 7.2.1. Let H = H' = Hp =2 C?, define

£: 80?) — 8(C?)
p = &E(p) =1 —p)p+ Elce

and set F :=1 :=Tc2. We are trying to show that
d(&,T) < d(E ®Tp, T Ik).

We first compute the left hand sight explicitly and prove the inequality afterwards building
on the explicit result derived for the left hand sight.

The left hand sight. According to the proposed distance measure CZ(, ),

d(&,1) = e 1€(p) = Z(p)Ilx

To compute this expression we first prove two claims.

Claim 1: The distance ||E(p) — F(p)|l1 is mazimal for pure states p = |¢) (|, ¥ € H.
Proof: The state p can be written in the form

p=pp1+ (1 —p)p2
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(p1 and ps have support on orthogonal subspaces) whenever the state p isn’t pure. In this
case we observe

1€(p) = F(p)ln plE(pr) = Fpo)llh + (1 = p)l€(p2) — F(p2)llr

<
< max{[|€(p1) = F(po)ll1; [€(p2) = Flp2)llr},

where we have used the linearity of CPMs and the triangle inequality in the first step. The
application of this to smaller and smaller subsystems leads to pure states in the end. This
proves the claim.

Claim 2: The distance ||E(p) — Z(p)||1 is invariant under unitary transformations of p,
i.e.,

1E(p) = plli = |EWUPU™) = UpU*||;.

Proof: Because of the invariance of the trace norm under unitaries,

1€(p) —pllh = NUEPU* = UpU* ||y
= [[EWUpU") = UpU*||1,

where we have used the explicit definition of the map £ in the second step. This proves
the claim.

Together, these two claims imply that we can use any pure state p = ) (Y| to mazimize
IE(p) — plli- We chose |b) = |0) where {|0),]1)} is the computational basis of C*. We get

wen=|(F 1)

Proof of the inequality. Now that we have computed J(S,I) we have a closer look at an
experiment where the experimentalist implements the maps £ and T as E QR Lg = ERT
and Z @ Iy =T ® L, respectively. We thus have to show that

1

d&,T) < dE®Tp,IT®Ig).

According to the definition of J(, ..) it is sufficient to find a state p € S(C? @ C?) such
that
I€©Z(p) —T@I(p)lh =2 d(€,I) =p.

For simplicity, we assume p = 1/2. Our ansatz for p is the Bell state |Bo) (5ol

Definition 7.2.2. The Bell states or EPR pairs are four specific two-qubit states Sy, ..., 83
defined by

1
1Bu) == —=(o)abla, b).
8 a,bez{o,l} \/5 wet
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Hence,
80) = 7= (100) +11)).
Inserting this state in ||E QI(p) — I @ L(p)|l1 gives approzimately (for p=1/2)
0.9789 > 1/2 = d(€,T),

where you may use Mathematica to diagonalize the resulting 4 X 4 matrixz. This proves the
inequality.

To summarize, we have found out that there exist situations in which
d€,T) < dE®Tp,IT®Ig).
This forces us to use

A&, F) = ERTIp(p) —FOI
(& F) = qmax 1€@Ip(p) = F@Iolp)lh

instead of our naive approach above. Next one asks how the distinguishing probability
depends on the choice of the Hilbert space Hg. To that purpose we are stating and proving
two lemmas. In the final definition of distance between CPMs we will then use a Hilbert
space Hp which maximizes the probability for distinguishing the CPMs £ and F.

Lemma 7.2.3. Let pap be a pure state on a Hilbert space Ha ® Hp and let p/yp be an
arbitrary state on a Hilbert space Ha ® Hp:, such that

trppap = trp pp.
Then there exists a CPM € : S(Hp) — S(Hp'), such that
/
Pap =Za®E(pap).

Proof. Assume that p/y 5, is pure. Since pap is pure (and by the assumption made in the
lemma) there exist states ¥ € Ha @ Hp and ¢’ € Ha ® Hp:, such that pap = [¢) (| and

Papr = )], Let
9) = S VA4 @ fwi)s

and

W) = 3 VA a® [wp

be the Schmidt decompositions of [¢)) and [¢)'). Without loss of generality we assume
|viYa = |vi)a because v; and v} are both eigenvectors of the operator pa := trppap =
trp/p'y g/ Define the map

U:= Z \w) g (w;| B
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This map U is an isometry because {w;}; and {w}}; are orthonormal systems in Hp and
‘Hp, respectively. Consequently,

V' = (ida @ U)(¥)

which proves the lemma for p/y 5, being pure.
Now let’s assume that p/, 5, isn’t pure and consider the purification p/y 5/ of p/4 5. Then
(according to the statement proved so far) there exists a map

U:Hp — Hp ® Hg,
such that
Papr = (ida ®U)pap(ida ® U”).

Now we simply define £ := trr o adiq,gu and thus

Pap =Za®E(pap)
which concludes the proof. O

Let us come back to the question about the best choice for the Hilbert space Hg ap-
pearing in the definition of the distance measure in the space of CPMs. Let & and &; be
two CPMs from S(Ha) to S(H'4) and let p4 be a state in S(Ha), par € S(Ha @ Ha) be
the purification of pa, pyp be a state in S(Ha ® Hp) such that pa = trpp’y. Because
pAR is pure there exists a state ¢ € Hy ® Ha, such that par = |¢)(¢| and according to
the Schmidt decomposition there exist v; € H 4 and real numbers A; € R such that

w:Z\/Yivi@@Uz’-

According to the lemma we just proved there exists a CPM G : S(Ha) — S(Hp) such
that
pap =Za®G(par).

The CPMs &; and & act only on states in S(H4) and thus they act on the states par
and p'y 5 as

E@Ip(Pap) = (Za®G)o (& ®Za)(par)

E@Ip(Php) = (Za®G)o(E2®@Ta)(par)-

We have proved in an earlier chapter about quantum states and operations that trace
preserving CPMs can never increase the distance between states. We thus get

€1 @ Zp(pap) — E2 @ Ie(Pap)l < 1€1 @ Za(par) — E2 @ Za(par)lli-

This inequality holds for any choice of Hp and states in S(Ha ® Hp). We conclude that
the right hand sight of our the inequality describes the best way to distinguish the CPMs
&1 and & in an experiment. Consequently, this is the best choice for the distance measure
between CPMs. This distance measure is induced by the following norm.
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Definition 7.2.4 (Diamond norm for CPMs). Let H and G be two Hilbert spaces and let
E:SH)— S
be a CPM. Then the diamond norm ||€||¢ of £ is defined as

1€llo == lI€ @ Tall,

where || - ||; denotes the so called trace norm for resources which is defined as
Pll; ;= max v
Nwl=_max ()],

where U : §(L1) = S(L2) denotes an arbitrary CPM.

Next we are using this notion to define a distance measure in the space of resources.

7.2.2 The distance between resources

Let R = {& }ter and S = {F;}er be two resources, assume that the input spaces of the
preresources in R are isomorphic to the corresponding input spaces of the preresources in
S and assume that the output spaces in R are isomorphic to the corresponding output
spaces in S. Our goal is the deduction of the maximal probability (up to a factor 1/2) for
the distinction of the resources R and S in an experiment. The map

pr.p = (é7 ®Ip,,) o (Dr @ Lg m) 0 (E7-1 ® Ip,,) © ... 0 (&1 ® Ip,,) o D1(]0))

represents the most general form how a resource R can be turned into a trace preserving
CPM describing a physical process without an interaction with an experimentalist (e.g.,
Alice, Bob, Eve, ...). Here D = {D}; together with a memory D,, is an arbitrary resource
with the only constraint that the compositions above are possible. We have omitted
the isomorphisms between the compositions for the reader’s convenience which would be
needed to shuffle the inputs such that the maps appearing in the composition above can
be applied meaningfully. The corresponding expression for S is

ps,p = (Fr ®Ip,,) o (Dr ®Zem) o (Fr-1 @Ip,,) o ...0 (F1 @ Ip,,) o D1(|0)).

Hence, ||pr,p — ps,pll1 is the probability for the distinction of the resources R and S in
the specific set-up described by the resource D. To determine the maximal probability to
distinguish the resources R and S in an experiment we thus have to maximize ||pg,p —
ps,pll1 over all possible realizations D. This defines a natural distance measure in the
space of resources.

Definition 7.2.5. Let R and S be resources as above. Then the distance d(R, S) between
R and S is defined as

d(R, S) = ngX ||(5T ®Ipm) o (DT ®Ig,M) o (ET—l ®Ipm) 0...0 (51 ®Ipm) o D1(|0>)
_(]:T ®Ipm) o (DT ®Ig’M) o (]:Tfl ®Ipm) 0...0 (]:1 ®Ipm) o D1(|0>)”1
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Let R and S be two resources for which the corresponding input and output aren’t all
isomorphic to each other. Then the distance between R and S is defined as

d(R,S) =2
because such resources can be distinguished with probability 1.

The reader should be warned that this ”distance measure” doesn’t define a metric in
the space of resources because the distance between unequal resources can be zero. Hence
the use of the term ”distance” (which is used in the literature) may be misleading.

7.2.3 Definition of equality and partial order in the space of resources

Before we can define a partial order "<” in the space of resources we need a notion
of equality of resources which is different from an equality-relation which assumes equal
corresponding preresources. We say that two resources R and S are equal, R = S, if the
distance between R and S vanishes and consequently, R and S can’t be distinguished in
an experiment. Equal resources have thus always the same effect in their application (i.e.,
when they are implemented by the use of an implementation ZII).

Definition 7.2.6. Two resources R and S are called equal, R = S, if
d(R,S) =0.

This equality-relation defines an equivalence relation in the space of resources. The
introduction of a ”partial order in the space of resources” means the definition of a relation
7 <” between the equivalence classes corresponding to the equivalence relation ”=".

Definition 7.2.7. Let R and S be two resources. Then we say that R is greater or equal
than S, R > S, if there exists a protocol II, such that

I(R) = S.

7.2.4 Uncertain equality and uncertain partial order

In practice, it does not matter if two resources are only slightly different. Consequently, it
is convenient to define equality of resources only up to an error € > 0 which is the maximal
probability for distinguishing the two involved resources in a measurement.

Definition 7.2.8. We say that a resource R is e-equal to a resource S if the resource R
lies in an e-ball around the resource S,

d(R,S) <e,

and write
R=S

in this case.
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g
The definition of the approximate partial ordering ">’ in the space of resources is com-
pletely similar to the definition of the exact partial ordering in the space of resources.

Definition 7.2.9. Let R and S be two resources. Then we say that R is e-greater or
€
equal than S, R > S, if there exists a protocol II, such that

I(R) = S.

7.3 Resource inequalities

Let R and S be two arbitrary resources. A resource inequality for these two resources
(i.e., R < S or R > S) tells us which of the two resources could (in principle) be more
”powerful” than the other. Consider for example the resource inequality R < S. This
tells us that we can apply some local operations on S in order to get a new resource which
can’t be distinguished from the resource in any experiment. Such statements build up
information theory and, in particular cryptography. In this subsection we are proving two
specific resource inequalities connected to ”quantum teleportation” and ”dense coding”.
But first we start with a simpler resource inequality which will be used in the proof of the
dense coding theorem.

Theorem 7.3.1. The resource inequality

{o o0} > {050}
holds iff n > m.
Proof. “<”: To prove the implication

[nzm:{oﬁeot}Z{oi)ot}}

we have to define a protocol II such that

(o % o) = {o - o,}
which means that we have to define a protocol II such that

d(TI(o % o), {o 5 0,}) = 0.

The distance measure d(.., ..) between resources reduces to the diamond distance between
CPMs in the situation under consideration because each of the involved resources consists
of only one preresource. Hence, the wanted protocol must satisfy the equation

ITI(0 % or) = {o == or}lo,

which is obviously the case if we manage to find a protocol with the property

n

I(o ~ 01)(p) = {o — o1 }(p)
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for all states p € S((C?)®™):
p="Y_ pili)l
i,7€{0,1}
It suffices to show the existence of such a protocol for the special case n = 1 = m. Now let

us come to the explicit definition. The protocol is of the form IT = {Wia),ﬂg?l} because
the resource contains only one preresource.

Description of w,fa). The first part of the protocol measures the input p in the compu-
tational basis {|0),|1)} and does nothing on Bob’s side. This gives the state

P = > piali)il

i€{0,1}
up to normalization on Alice’s side.

Description of ﬂt(i)l. The second part of the protocol does nothing at all. It’s simply

the identity map.

We conclude that the operation described by the pairing II(o NS o) takes the input p
and Bob sees the state
P =" pili)il

ie{0,1}

at time ¢ + 1. Thus, indeed

TI(0 ~ o1)(p) = {0 — o }(p)

for all states p € S((C?)®™).
“=": Next we are proving
[{o&ot}z{ogot}:&nzm .

We are consequently assuming that there exists a protocol II for the LHS of the inequality
such that both sides of the inequality have the same effect on any input state (on Alice’s
side). Especially they have the same effect on an input state px € S((C?)®™) which is
uniform and classical. Let pc denote the state which is transmitted by the preresource
{o % o4} when we apply the pairing II({o ~> o,}) to px. The classicality of the state px
allows us to produce a copy of px in an external memory before time ¢. Consequently, it
is possible to evaluate the mutual information I(X : C),,g,. between the states px and
pc. By assumption that the protocol works

I(X:0)

pxc — M.
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On the other hand

(X :0) H(X)pye — H(XIC)pxc
= —H(C|X)pxe +H(O)pxo

= _H(C|X)ch +n.

pPxc

The quantity —H (C|X), pc 1S negative because px is classical (see the chapter about
entropies). We thus conclude
n>m.

Next comes the proof of a lemma needed in the proofs of the subsequent theorems.

Lemma 7.3.2. Let the time to be arbitrary and let t € {to,to + 1}. Then,

{o 01,0 T3 o1} > fo Tr o} > >0,

Proof. The inequality states that the existence of an implementation II with the property
II({o s Oy, © SN Oty4+1}) =© N oF

implies r > r’. Let us now consider the preresource o SN Ot,+1 as an implementation
I ({o = OF 5 ey © BN o; }) of a resource {o AN OF 5 +ry O RN o7 } with > r; = r and
Iy <1y < .. <1, with i; € [to,to + 1] for all j. The map II({o «x oy, IT,.({o AN o7,
RN oz })}) can be interpreted as a propagator in discrete time with respect to the
times to,t1,...,1,. Recall that it acts like o L/> o7 by definition of the protocols. Let us
assume the input on Alice’s side is a state p(®) € ((CQ)‘X’T/ which is classical and uniformly

distributed on 7’ bits, i.e.,
in 1
P =S el

z€{0,1}7’

The classicality of the state p(™ allows us to copy the state p™ to an external memory
Hp at time t. Hence, the system is in the state

pro = P @ p™ ©10...0)(0...0) € S(Hp @ Ha, @ Hp,)
at the initial time to. The available number of bits for communication at time ; is
ag; == Z Ter-
t,€{£j+1,...,fn}

We define
Et = I(D : Bt)pt + ay
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for t € {to,t1,...,1n} (p¢ denotes the system’s total state at time ¢ and B; denotes Bob’s
system at time t) such that for example at time t = ¢

Eto :O+T

Recall that we store the input state p(™ in the external memory D. The expression
I(D : By),, thus denotes the mutual information between Bob’s state at time ¢ and Alice’s
input state p("). We observe

Egn = I(D : Bfn)pfn +0
= H(D)P{,,L + H(Dlen)P;,,,
= H(p™)+0

!/
= r

)

(recall that p(™ is classical and uniformly distributed). Hence, it suffices to show that
E; < By, because r’ = E; and r = Ej,. We are proving that By, < By for all j. The
whole process is composed out of the following operations:

1. local actions on Alice’s side,
2. local actions on Bob’s side,
3. classical communication.

Let us check that none of these operations can increase the quantity Ej.

Operations of the form (1). These states don’t change E; because Alice’s state does not
occur in the definition of F;.

Operations of the form (2). We have proved in the chapter about entropies that local
operations on Bob’s side can never increase the mutual information, i.e.,

I(D:ng)gv >I(D:B )fj+1'

J Tt

Hence, these operations can’t increase F.

Operations of the form (3). During each transition t~j — th+1 Bob’s system is enlarged
by a tensor factor He, = (C?)®“s (w; < ;) in order to be able to receive the transmitted
J

information during the transition ¢; — ¢;11. We have to prove that

E-

tit1

=I(D: B;,Cy,) +ap, —r;, <I(D: ng)p{]_ +ag, = Eq; . (7.1)

Ptjpa E

The strong subadditivity of entropies and the classicality of the communication (thus,
H(ng |DBt~j)p£_+1 > 0, see the chapter about entropies) imply
J

H(Cy)

37PEj 41

> H(Cy,|Bi,)p;, = H(Cy,|By)p;, —H(Cy,|DBy, )y, = 1(D: Cy | By))
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By definition of ry,
< Tt.

H(Cy)p;,,, <

PEjta
We thus deduce
I(D : ij|ij) S Tt.

Adding I(D : Bg,),; +a;, — ry, on both sides yields

I(D:By,)p;, +1(D:Cy|By) +aj, —ry, <I(D:By)p, | +ag,.

This is exactly the inequality (7.1). We thus have shown that E; < E;  and consequently,
7’ < r. This concludes the proof. O

Now we are ready to state and proof two of the most fundamental resource inequalities
appearing in quantum cryptography.

Theorem 7.3.3 (Teleportation). Let the time t be arbitrary and let t € {t,t + 1}. Then,
k l m
{o«ws 04,0 —>Ot+1} > {ow OE}
iff m <1/2 and m < k.

Proof. 7<": We begin with the proof of the ”only if’-statement, i.e., we are proving that
if m<1/2and m <k then

{o & 04,0 —» orp1} > {0 o).
For this it is sufficient to show that
{o«\l/s 04,0 i>ot_,_1} > {oMl-) OE}

(you simply apply the algorithm described below to independent systems). According to
the definition of partial order in the space of resources we have to show the existence of a
protocol II such that

1 2 1
II({o ¢~ 04,0 — 0441 }) = {o ~» o7}

We thus have to show that there exists a protocol II such that
1 2 1
d(IL({o e~ 0,0 — o411 }), {0~ o7}) = 0.

The resource IT we are going to define is an implementation of the resource {o & 0,0 —l> o
}. The two resources which are compared in the equation above thus contain only one
preresource each and the distance between these two resources consequently reduces to
the diamond distance between CPMs:

d(I({o & 0,0 — 0}i11), fo = o7}) = ({0 « or,0 — 01 }) — {o = o7}
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We will prove that for our specific resource (which is defined in a moment) the equation

TI({o & 01,0 — 0ip1 () (W) = {o = oz} (1) () (7.2)

holds for all pure states [¢)(¢)| in S(C?). We have learned during our discussion of the
diamond distance between CPMs that the expression ||Ep) — F(p)|1 is maximal for pure
states p (the maps £ and F are arbitrary CPMs). Hence, the proof of equation (7.2) is

sufficient to show that the diamond distance between the CPMs II({o o 04,0 N Ott1})

and {o = oz} vanishes. This will conclude the proof of the if-direction.

Deﬁmtion of the implementation and proof of (7.2). The implementation II is of the

form {7rt ﬂt(i)lﬂrt(i)l,wt(z where for example

ﬂfa) 1(4),5®7TBt : S(HA ®H(a 1n)®HB QH aln)) —>S(HA ®H(aout) ®H ®H(aout )
and

) =aord)  SHY oYM o HY @ HG™) - SHY o1 o HY @ HG )

at time ¢t. The Hilbert spaces Hj(ffﬂ ) Hgfﬂ , HS),;_I;Q nd HSHQ are isomorphic to
(C?)®2. All the other Hilbert spaces which are involved in the process are assumed to be
isomorphic to C2. Alice’s input state is a pure state [1)) = a|0) + 3|1). The system’s total
input state is assumed to be of the form

[Ty = |0) @ o) ©10) ©10) € HY @ H™ @ 1Y oM™
for convenience.
Description of ﬂ't(a). The first part ﬂt(a) of the protocol is a local (with respect to Alice)
1-qubit quantum channel which transmits Alice’s input state into Alice’s memory. Hence,

after the application of 71'75&), the system’s total state is

Ty = ) ©10) ®10) ®10) € HY @ H™ @ HY @ HE.

k
Description of {o « o;}. Next comes the first part of the resource which distributes a
Bell pair to Alice and Bob. Hence, afterwards,
|\I/o«~»o> =

®0) ©10) @ 0) + )@ (1) @10) ® (1)

\flw
f\0> ® 1) @0) © 1)

1
Wl
%\m ©|0) ® [0) @ |0) +

+ i f'l
= 5|w1> 0) ® (a]0) + BI1)) + 5|¢2> 2 0) ® (al0) - B|1))

) ®10) @[0) ©0) + )@ 1) ©]0) @ 1)

+3his) © 10) ® (510) + al1) + 2[4 @ [0) @ (~10) + 1),
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where we have expanded the state in Alice’s system and memory with respect to the Bell

basis {wh ¢27 ¢37 ¢4}

Description of W]g_?_)l. Next Alice measures the state in her system and her memory with
respect to the Bell basis in this two qubit system. This means that we apply the projection
operators

{l1v5) (Y] @idee ®@idee}jmt,..a

to the system’s total state to get the mized state (up to a normalization factor)

4
b
A = Dot (sl gy gytein [Wormo) (¥omol )
j=1 .
[95) (Y] ®idee ®idez « [Vouno) (Poumol - [15) ()] ® idez ® ide2
(b,in)

which is classical on HA @ H Att+1- We recognize that the quantity

tr ([93) (031 - 0y g, [ Worm) (Tore]
is independent of j which leads to a uniform probability distribution that describes the

classical system’s state. Consequently, these coefficients are all equal to 1/4 because of
the normalization of the probability distribution. The system’s state thus becomes

o = 0wl @ 001 ® (al0) + A1) (o (0] + 5 )

+412) (w2l @ 10)(0] © (al0) — BIL) (" (0] — 5°(1)
410 {ws] @ 10)(0] © (810) + al))(5* (0] + a* (1)
1) (al @ [0)(0] © (~10) + af1))(~5°(0] + a* (1]

(the first tensor factor is a state in Alice’s system and memory, the second tensor factor
is a state in Bob’s memory and the third tensor factor is a state in Bob’s system).

Description of 7Tt(j_)1. Next Alice and Bob both enlarge their Hilbert spaces form the
space and transmit their states locally such that we end up with the system’s state

ol = J10001® hin) (] @ (al0) + 1)) (" (0] + 5 {1]) © 100)(00)
21001 @ s} ia] @ (af0) — 811)) " (0] — 5 (1]) @ 100 {00)
+7100] ® s} (s] @ (810) + 1)) (8% (0] + o {1]) © 100)(00)

+%|0><0l ® [1ha) ($a] @ (=B]0) + a[1))(=B7(0] + o (1]) ® |00)(00]
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(the first tensor factor is a state in Alice’s memory, the second tensor factor is a state
in Alice’s system, the third tensor factor is a state in Bob’s memory and the last tensor
factor is a state in Bob’s system).
2
Description of {o — o;41}. The state pgj_)l is classical on Alice’s system. We now use

2 . . .
the preresource {o — o1} to transmit the classical state on Alice’s system to Bob’s
system. Afterwards, the system’s state is

Poo = il0><0| ® [00)(00] @ (al0) + B[1))(a™ (0] + B7(1]) & [¢1) (¢
+i|0><0| ® [00)(00] @ (al0) = B[1))(a™(0] = B7(1]) & [¢2) (2]
+i|0><0| ® |00)(00] @ (8]0) + 1)) (B (0] + " (1]) @ [¢)3) (3]
+i|0><0| ® |00)(00[ @ (=B10) + al1))(=B"(0] + a™ (1]) @ |tha) (¢a]-
Description of ﬂt(i)Q. We define the four operators Ny, ..., Ny by
Ny =1, Ny:=o0,, N3:=0,, Nj:=1ioy.
In the last part of the protocol Bob applies a procedure to the qubit in his memory which
one refers to as ”Pauli rotation”: depending on the Bell state |/;) in his system he applies

the operator N; to the qubit in his memory. Thinking in terms of states in the space
S(Hsystem) of density operators this means that we apply the map

4
Y adi o ca 02 0N @l (w51 ()
Jj=1

which leads to the state
1
Z|O><0| ® 100)(00] @ [¢) (| ® [(c2ye2-

Next Bob initializes the state in his system with |00)(00|, shrinks the Hilbert space corre-
sponding to his system from (C?)®2 to C2, and transmits the state in his memory to his
system. Further, Alice and Bob trace out their memories. We finally get

Pty = 100)(00] © [1)) (1]

The state Bob is seeing thus really is the pure state |1). This proves equation (7.2) and
thus concludes the proof of the ”<«<"-direction.

Proof of the "= 7-direction: We start with the proof of the implication of the inequality
m < é The proof of the inequality m < k is done afterwards. We are considering the
claim

l
{o@’s»ot,oi)ot_‘_l}Z{O&Ot,omo“l}émﬁ5
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instead of the original assertion. We are allowed to do this because if we have infinitely
many entangled qubits at our disposal it is easier to find a protocol to proof the inequality.
Thus, putting away entangled qubits certainly doesn’t facilitate our task of finding the
protocol which proofs the inequality. Assume that [ and m are integers such that the first
of the following resource inequalities holds:

o ’
{o s 04,0 —l> o1} > {o s 04,0 %3 o1} > {o s ot,ol i)mof} > {o l—) o5}

The validity of the second inequality is ensured by the ”<”-direction of the next theorem.
The validity of the third inequality is obvious. The application of the lemma 7.3.2 (thus,
1 >1') yields

[ >2m,

which concludes the first part of the proof of the ”="-direction.
Next we are considering the claim
k l m
[{o«wsot,o—>ot+1} Z{owoi}émgk}

We proceed as follows: we define the so called “squashed entanglement measure” Eg (A :
B),,5, observe some of its properties and apply the so gained knowledge to prove the
claim. The squashed entanglement Eq (A : B) is defined by

PAB

Es(A: B) inf I(A: B|E)

1
2 Pappitreppp=ran

= /
PAB * PABE’

To prove the claim it suffices to prove
k l m
[{oewsot,o—>ot+1}Z{owof}imgk}

because
{o N o} > {o BN o}

(one simply generates locally at Alice’s side m entangled qubit pairs and uses the quantum
channel to transmit a qubit of each qubit pair to Bob). For that purpose we are first going
to prove three assertions:

1. The preresource {o «~ o} increases Euq(A : B),,, by m/2.
2. Local operations can only decrease Egq(A : B),,,-

3. Classical communication can only decrease Esq(A: B),, -
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Proof of (1). Let |¢){(2| denote the (pure) state of the system after the distribution of
m entangled qubits. Then,

L.
Esq(A: Bliyyw) = 5 nfI(A: BIE)y)yiepn
L,
= 5 inf H(A)y)y — HABE)y)wizos + H(BE)y)wioos

1
= ginfI(A: By

1
S 1(A: Byl
m
2’

where we have used that the entropy of a pure state vanishes.

Proof of (2). Let pap denote the state of the total system before the application of a
local operation. Without loss of generality we assume that the local operation acts only
on Alice’s system:

Pap = (E®Ip)(pan),

where £ is a CPM on Alice’s side. According to the Stinespring dilation there exists a
Hilbert space Hg and an isometry U € Hom(H 4, Ha ® Hpg) such that

(E®Ip)(pap) = ([trroady] ®@Zp)(pan)
= (trp®Ip)o(ady ® Ip)(pas).
The application of (ady ® Zg)(-) to pap doesn’t change Ey (A : B),,, because U is an

isometry:
ESQ(AR : B)(adU®IB)(pAB) = ESCI(A : B)PAB'

Written out explicitly, the LHS reads

inf I(AR: B|E)

1
Euq(AR 2 B)adyoz)(0an) = 5 |
ARBE

/ .
PARBE

Assume that the infimum is achieved (thus we treat the infimum as a minimum for sim-
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plicity) by the state parpr which we don’t know explicitly. We observe

2Eq(AR : B)(adyes)(pan) = H(BIE)
H(B|E)ﬁARBE
= I(A : B|E)5ARBE
I(A : B|E)(trR®IB)(ﬁARBE)

inf I(A: B|E)
Papp EP pp=trEc(trR®TR)(PARBE)

inf I(A: BIE)
Papeitreppp=(trr@TIp)otre(PaArRBE)

inf I(A: B|E)

PapetTEP g r=(trrR®ZIE)o(adu®IE)(PaB)
- inf I(A: BIE),,

P
PapettEP i pp=(E®LB)(paB) ABE

= 2E(A:B)

— H(B|ARE)
— H(B|AE)

PARBE PARBE

Y

ﬁARBE

Y

1
PABE

1
PABE

"
PABE

Pap?
where we have used the strong subadditivity in the first inequality. Hence, we have deduced

that
Esq(A: B)pas = Esq(A: B)

which concludes the proof of (2).

’
Pap’

Proof of (3). We have to show that classical communication from Alice to Bob can never
increase the squashed entanglement between Alice and Bob. It thus suffices to show that
the squashed entanglement never increases in the following - slightly different - process:
Alice sends classical information to Bob but keeps a copy of the classical information sent
to Bob. We thus start with a state pacp (the part “C” contains the classical information)
and end up with a state pacpc. We have to prove the claim

Es(AC : B)pop = Esq(AC : BC)

PACBC*

Assume that there exists a state pacpp that realizes the infimum in the definition of
Es(AC : B)p,cp, L€,

1
PACBE = §I(AC : BlE)PABCE'

We observe

I(AC : B|E)PABCE = _H(BIACE)PABOE +H(B|E)/7ABCE
> _H(BlACE)PABC’E +H(B|EC)PABCE
= —H(BC|ACE)p,pcr + H(BCIEC) ) 5
I(AC : BC|CE)
2 2ESQ(AC : BC)PACBC7

where we have used the strong subadditivity and the fact that the doubling of classical
information doesn’t change the entropy. Hence, we have shown that

ESQ(AC : B)PACB > Esq(AC : BC)PACBC’7
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which concludes the proof of (3).

According to the assumed resource inequality there exists a protocol II such that

Ey(A: B) =E4(A: B)

m

{owwoz}’

H({o«v’faot7o—l>ot+1 1)

According to what we have proved so far,

ESq(A : B)n({o«v’%o,,o—lel}) = g
and
Esq(A : B){OJAHAO{} =m
Consequently,

O

Theorem 7.3.4 (Dense Coding). Let the times t be arbitrary and let t € {t,t+1}. Then,

{o & 04,0 4 o411} > {o N oz}
iff m <2l andm < k+1.
Proof. ”<": We have to prove the resource inequality

{0 X 04,0~ 0p4} > {0 2 o7}

for every triplet (k,l,m) € Q:=J,, %m C Z3, where
m
Qo= {(k D) €22 (12 | T]) A (k+12m) .

Fix m = mg. Observe that
Qm = Qspline + Qrectanglea
where

Qpectangte = { (k1) € 225 (k= | S ) n (12 | 52 -

If the inequality holds for k = [mo/2]| and [ = [mo/2] then the inequality obviously holds
for all (k,1) € Qrectangle because we simply strengthen the resource on the LHS. Thus to
prove the inequality for all (k,1) € Qyectangle for all mg it suffices to prove the inequality

(&L, 8RB > o ™ o)

for all mg € {1,2,...}.
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The left boundary 0€es, of Qpline is the set
aneft = {(k,l) S Zi_ k41 = mo}.

Note that every (k,l) € Qey can be written in the form

(kvl) = (];J) + (0’.7)

with (k,1) € Qe and j € {0,1,2,...}. Hence, to prove the inequality for general
(k,1) € Qgpline it suffices to prove the inequality for general (k,1) € O e

Assume that we travel along 0Qeg starting from the vertex (|mo/2] , [mo/2]). Passing
1
from one lattice site to the next means that we trade a preresource {o «w o} for a pre-

1 - . . .
resource {o ~» o}. We conclude that the validity of the resource inequality with respect

to mo mo

0 = (5] [5))
implies the validity the validity of the resource inequality for all (k,1) € OQs because

1 1
{o em 0o} < {o ~~ o}.

We conclude that to prove

k l m

{o e~ 04,0~ 0411} > {o —>o£}

for every triplet (k,l,m) € Q it suffices to prove the resource inequality

(&L, 8RB > o ™ o)

for all mg € {0,1,2,...}. As in the proof of the last theorem it thus suffices to show that
1 1 2
{0 e 04,0~ 0441} > {o — o5}

Likewise as before we are going o define a protocol II for which

M({o ~ 0,0~ o})(p) = {o = o}(p) (73)

for all p € S(C?)®? and thus,
ITI({o = 0,0 = 0}) = {o = o7}l = 0,

which proves the inequality. Alice’s input state is an arbitrary two-qubit state p(® e
S(C?)®2 which can be expanded in terms of a Bell basis {91, ..., 14}

4
P =3 pijlai) (151

4,5=1
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Now let us define the implementation I = {Wt(a), 77153)17 Wt(?p wg?z} and prove that equation

(7.3) holds for all pi») € S(C?)®2.

Description of Wt(a). In the first part ﬂt(a) of the protocol Alice uses locally a two-qubit
channel to transmit the input state p(™ into her memory. This gives the total state

p® = p ©10)(0] © 0)(0] © |0) (0]

(the different tensor factors correspond to states in Alice’s memory (the space (C?)®?),
Alice’s system (the space C?), Bob’s memory (the space C?), Bob’s system (the space C?)).

Description of {o s ot }. Next we apply the first preresource which describes the dis-
tribution of the Bell pair
1
|th1) = NG

to Alice and Bob. The system’s state becomes

(100) + [11))

1 in
poo =5 30 4 @ ] © [0)(0] & m) (.
m,ne{0,1}

Description of Wii)l. The application of the second part 7Tt(-b+)1 of the protocol leads again
(see the proof of the last theorem) to some sort of local (with respect to Alice) “Pauli

rotation”:

4
b
T () = > adiyy) (wiloN el el (),

k=1
where

Nl = Hc27 N2 = 0g, N3 =04, N4 = io-y.

Consequently,

4
(b)
Piy1 = Zad\wk)wk\@Nk@HN@Hc? (Poerso)
k=1

> X Bwwle O melN,) 0100 m)m

J=1m,ne{0,1}

We now insert the definitions for the operators {N;}; and compute this expression explic-
itly to get some thing of the form (we don’t write out everything explicitly because the
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expression would get to cumbersome)

A = Bl e (Z [m)n| @ 10)(0] @ m><n|>

m,n

+ 22 4s) (s © ()

D33

+5 1) (e ® <|0><0| ® 10)(0[ @ [0){0[ — [0){1] ©[0){0] © [0) (1|

=10l @10){0] @ [1){0[ + [1)(1] @ [0) (0] & 1><1I>

+%|¢4><¢4| ® ()

We are describing the remainder of the process only for the special case p11 = pos = pgg =0
and p33 = 1 to keep the expressions simple. We put a tilde over the system’s state to
emphasize that we are only discussing a special case:

A = s sl® <|o><0| ® [0)(0] ©10){0] — [0)(1] @ 10){0]  [0)(1]
~[1)(0] © [0)(0] © [1){0] + [1)(1] @]0}0] & |1><1|>.

Description of ﬂt(i)l. In this part of the implementation we simply transmit the content

in Bob’s system to his memory. We thus get
A = %\wsﬂ%l ® <|0><0| ®10)(0] @[0)(0 = [0)(1] © [0)(1] & [0)(O]
—[1)(0] ® [1)(0] @ [0)(0] + [1)(1] @ [1)(1] & |0><0|>~

o 1 ..
Description of {o ~ o;}. The second preresource leads to the transmission of the one
qubit state in Alice’s system to Bob’s system. We thus get

Poso = p;g|¢3><¢3|®<|0><0|®0><0l®l0><0—|0><0|®|0><1I®|0><1|

—10){0[ @ [1){0] @ [1){0] + [0)(0] @ [1)(1] ® |1><1|>

= p3als) (Y3 @ [0)(0] @ [t3) (3]
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For arbitrary values for p11, ..., p44 one gets

4
Powso = 3 Dy} (1;] @ [0)(0] @ [¢h;) (x);].
j=1
Description of wg?z. We are using the last part 71'153)2 of the protocol to enlarge Bob’s one
qubit system to a two qubit system and to transmit the total state in Bob’s system and
memory to the enlarged system of Bob. Further, Alice and Bob trace out their memory.
We get the total state

4
e = 10401 © (pys1eh5) (W51),
j=1

which is exactly the state we get when we apply the classical two-bit channel {o — o} to
the arbitrary input state p(™ on Alice’s side. These results are independent of the input

1 1
state on Bob’s side. This implies that the two trace preserving CPMs {o «w 04,0 ~> 041}

2 .
and {o — o} have the same effect on any input state. We conclude that

1 1 2
[TI({o e~ of,0 v 041 }) —{o —> o5}flo =0
and consequently,
{o <~v1w 04,0 «1» Ot+1} > {o i) of}.
This concludes the proof of the ”<«<"-direction.

Proof of the "= 7-direction: We start with the derivation of the implication of the
inequality m < 2l but consider the claim

[{o«\o/s»oho«i»oprl}z {o«\of»ot,ogoﬂrl}:}mgﬂ}

instead of the original assertion. We are allowed to do so because if we have infinitely many
entangled qubits at our disposal it is easier to find a protocol to proof the inequality. Thus,
putting away entangled qubits certainly doesn’t facilitate our task of finding the protocol
which proofs the inequality. Assume that [ and m are integers such that the second of the
following resource inequalities holds:

{o s ot,ol/:—:2>lot+1} > {o s 04,0 «L Ot+1} > {o s 04,0 AN of} > {o N of},

The validity of the second inequality is ensured by the ”<="-direction of the previous
theorem. The validity of the third inequality is obvious. The application of the lemma
7.3.2 (thus, I’ > m) yields

20 > m.

Next we are considering the claim

{oe\]f/»ot,oleot+1}2{oi>ot~}:>m§k‘+l]
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The validity of this implication is implied by the validity of

("o} 2 {0 ™ o} = m < k+1] (7.4)

because . i
{0~ 0t} > {o e o4}
(simply define a protocol that produces k entangled qubit pairs on Alice’s side and use

the quantum channel to send one qubit from each entangled pair to Bob). The claim in
(7.4) holds because of theorem 7.3.1. This concludes the proof.

O
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