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ABSTRACT

In this thesis, two topics are studied: mathematical inequalities and non-linear quantum
entanglement witnesses.

First, various inequalities, like the Cauchy-Schwarz inequality (on finite dimensional vector
spaces) and Jensen’s inequality, along with their extensions and generalisations, are proved
and discussed. The intimate relationship between these inequalities is studied. Because
this thesis was restricted to finite dimensional vector spaces, the consequences of general-
ising the results to infinite dimensional vector spaces are finally determined.

Secondly, the topic of entanglement detection is discussed - specifically, non-linear en-
tanglement witnesses are considered. A bipartite and multipartite entanglement criterion
based on the previously discussed inequalities are introduced and assessed extensively by
considering their optimality, how they relate to other criteria as well as their limitations.
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INTRODUCTION

The rich but peculiar structure of the realm of quantum phenomena is exemplified by
quantum entanglement, which Albert Einstein famously described as spukhafte Fernwirkung:
spooky action at a distance. In spite of - or rather due to - its very strange nature, entan-
glement has been the topic of a plethora of research since it was first described by Einstein,
Podolsky and Rosen in 1935 (Einstein et al. (1935)).

Entanglement is not just interesting from a theoretical point of view, however: within the
field of quantum information theory, entanglement is of great importance for applications
like quantum teleportation (Bennett et al. (1993)), quantum cryptography and quantum
communication; more specifically, entanglement is essential for superdense coding (Mat-
tleetal. (1995)). In order to make use of entanglement as a resource, one needs to be certain
that the states at hand are indeed entangled or indeed not entangled (i.e. separable). Up
until today, however, no all-encompassing entanglement detection method of any practi-
cal use has been found. On top of that, it has even been proved that solving the problem
of determining whether a state is separable or not is NP-hard (loannou (2007)). For prac-
tical purposes, however, this problem is often addressed using so-called entanglement cri-
teria, which are often given in the form of an inequality. One of the most frequently-used
inequality-based entanglement detection methods is based on so-called entanglement wit-
nesses (Githne and Toth (2008)).

Inequalities, however, are not merely a mathematical tool for exploring the foundation
of theoretical physics, but are also very essential for all branches of mathematics - in statis-
tics, one encounters the famous Cramer-Rao bound (Rice (2007)), in probability theory, the
Chebychev inequality (Grimmitt and Welsh (2014)), and so on. Furthermore, inequalities
are key tools for investigating deeper mathematical structure, and as such, have proved
their worth time and time again.

In this thesis, both the topic of entanglement as well as inequalities will be covered ex-
tensively. As such, this thesis will be split up into two parts. First, in Part I, an elaborate
study of several well-known mathematical inequalities will be conducted, including, but
not limited to, the Cauchy-Schwarz inequality, Jensen’s inequality and the AM-GM inequal-
ity. They will be studied on two levels: on the one hand, they will be studied individually
by delving into some of their generalisations, extensions and applications. On the other
hand, they will be studied as a collective, by enquiring into the connection between these
inequalities.

After this mathematical exploration, entanglement will be studied in Part II. First, the
underlying mathematical structure of quantum mechanics will be described, after which
the topic of entanglement detection will be delved into.

Lastly, these two fields of study will be brought together by extensively studying several
entanglement criteria introduced by Wolk et al. (2014), which are based on the inequalities
that will pass by in the mathematical part.
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MATHEMATICAL INTRODUCTION:
DEFINING THE SETTING

In this chapter, we introduce some preliminary definitions and concepts that will be rele-
vant throughout the mathematical explorations that lie before us, as well as set the concrete
setting in which we will be working, and explain this choice.

The rest of the mathematical part of this thesis is structured as follows.

In Chapter 2, we will start off by studying the Cauchy-Schwarz Inequality.

In Chapter 3, we will continue by studying the AM-GM inequality and will consider how it
relates to the results derived in Chapter 2.

Then, we will study convexity and Jensen’s inequality in Chapter 4.

In Chapter 5, we will introduce a generalisation of the AM-GM inequality.

In Chapter 6, we will study Holder’s inequality and the inequality of Minkowski, and show
how these relate to all the inequalities derived up to that point.

In Chapter 7, we will finish off by studying p-spaces, and we will consider what happens
when we extend the framework to the infinite dimensional case.

Note that Steele (2004) is used as the primary source for the mathematical journey that
lies ahead of us.

1.1. PRELIMINARY DEFINITIONS AND CONCEPTS
In this section, we recall some definitions. These are mostly based on Vermeer (2017) and
Carothers (2000)). These definitions will be used and addressed throughout this thesis.

Before talking about inequalities, we need to introduce some preliminary concepts that
allow for the description of these inequalities. As inequalities like that of Cauchy and Schwarz
are fundamentally geometrical, we start off by introducing the concept of a vector space.

Definition 1.1. V is called a vector space over the field L if it is a non-empty set on which
two operations are defined:

1. Addition suchthatv+weV Vv,weV
2. Scalar multiplication such that Vce LAVve V:cve V

The operations with which we equip vector spaces should satisfy eight axioms.
Forallv,w,u€ V and for all ¢,d € L, we have:
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l. viw=w+vVv commutativity
2. (v+w)+u=v+Ww+u) associativity
3. 0eV:v+0=v neutral element for addition

4, VveV:3veV:v+v=0

5. lv=v

6. c(dv) = (cd)v

7. (c+d)v=cv+dv distributivity I
8. c(V+W)=cv+cw distributivity II

The structure provided by just a vector space is, however, not enough. We also want
to be able to introduce additional structure in the form of - for example - distance, length
and orthogonality. We will allow for this structure by presenting the concepts of an inner
product, a norm and a metric.

Definition 1.2. Let V be a vector space. {:,-): VxV — L' is called an inner product if it
satisfies the following properties:

1. (v,zv) =0 VveV
2. (vy,v) =0 <= v=0
3. {av,v) =a{v,v) VaelAVv,weV
4. (u+v,w) =u,w)+{v,w)Vv,w,ueV
5. (v,w) :W‘v’v,we \%4
We say that (V,(:,-)) is an inner product space.

Definition 1.3. Let V be a vector space over the field L. Then |-|| : V — R is called a norm if
it satisfies the following properties:

e

.0<|vl<oco VVeEV

2. lvl=0 <= v=0

w

. Jlav] =|alllvl VaelLAVveV

o~

Cv+w| = v+ lw]] Vv,weV triangle Inequality
We say that (V, ||-]1) is a normed vector space.

In this thesis, we will restrict ourselves to the real numbers (with an occasional extension
to the complex field), and as such we will either set L = R or L = C. Note that in the real case,
property 5. of Definition 1.2 yields symmetry of the inner product.

Remark. Any inner product space can be extended to a normed inner product space by

setting ||-| : V — R* such that:
vl = v/ (v, v)

INote that here L =R orL = C.
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Note that the norm of a vector represents the length of this vector. We also want to be
able to measure distances. For this, we introduce the concept of a metric.

Definition 1.4. Given a set X, we call d : X x X — R a metric if it satisfies the following
properties:

1. d(x,y)=20Vx,ye X
2. d(x,)=0 <= x=y
3. d(x,y)=d(y,x)
4. d(x,2)+d(y,2) <=d(x,y)Vx,y,z€ X triangle Inequality
We call the pair (X, d) a metric space.
Remark. Any normed vector space can be extended to a metric space by setting:
dx,y)=lx-yll

Note that this last remark is very important, since the notion of a metric is essential for
performing analysis on normed vector spaces.

We will also be considering sequences and their convergence in this thesis. For this, it is
necessary to introduce the concept of completeness.

Definition 1.5. Let (V,d) be a metric space, then it is called complete if every Cauchy se-
quence converges, that is, for every sequence (x,) € V thatis Cauchy, i.e.

Ve>0:ANeN:Vu,m=N:|x,—xull <€
For the description of quantum mechanics, we need to combine all the concepts we
have introduced up until now. This structure is called a Hilbert space.

Definition 1.6. H is called a Hilbert Space if it is both an inner product space and a com-
plete metric space with respect to the metric induced by its inner product. We call H a real
(or complex) Hilbert space if it is a real (or complex) inner product space.

Later on, we will discuss relation between inequalities on various vector fields. For this,
we need to introduce the concepts of compactness and open sets.

Definition 1.7. Let (X, d) be a metric space. Then this metric space is called compact if it is
complete and totally bounded, that is, if next to completeness, the following holds:

n
VYe>0:IneN:3{xy,...,xp € X}: X < | Be(xy)
i=1
We now introduce the concept of topologies.
Definition 1.8. Let X be a set and let 7 denote a subset of X. Then 7 is called a topology if:
1. Xetand et

2. Given some index set .# of sets U; for i € .#, then:

UU,'E‘L'

ied
3. Forany n e N:
n
m Uiet
i=1

We call the elements of 7 the open sets of X. Furthermore, (X, 1) is called a topological
space.
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1.2, ESTABLISHING THE SETTING

In this thesis, we will mostly be concerned with studying inequalities on finite vector spaces
- that is, on vector spaces with a basis of finite cardinality. This decision is justified, because
restricting ourselves to finite fields allows for optimally exploring the topic of inequality, as
the finitude of the vector spaces ensures preservation of many nice properties. This can be
seen from the following theorem, which we state without proof.

Theorem 1.1. let V be a finite dimensional vector space over the field L of dimension n.
Then:
v=l"

This theorem ensures that we can restrict ourselves to studying R” (or in the case of
complex extensions: C") without loss of generality.
Lastly, it is also very relevant that our results are consistent in the sense that they remain
true irrespective of our choice of basis. This will be established by a theorem and its corol-
lary ,whose proof can be found in Appendix A.

Theorem 1.2. Let V be a finite dimensional inner product space over the field L and let B =
by,...,by be a basis of V. Then Vv,w € V, we have that:

v, w) = [v]}, G [Wlp

where Gp is the Gramian matrix of B, so (Gg);j = {bj,b;) and [v]p the coordinates of v ex-
pressed in terms of the new basis B, so if v = ZZZI ciby, then [Vlp i = c.

Corollary 1.2.1. Given a finite dimensional inner product space V with orthonormal basis
B ={by,...,bn}. Then:
(v,w) ={([vlp, [w]p)

We will generously make use of these two facts throughout this thesis, and we will ad-
dress the infinite dimensional case at the very end of our enquiry when discussing the so-
called p-spaces.



THE STARTING POINT: CAUCHY AND
SCHWARZ

In this chapter, we set off on our study of mathematical inequalities by introducing a very
famous inequality, with many applications in various domains of mathematics and in the-
oretical physics: the Cauchy-Schwarz inequality. We will present several proofs of this in-
equality, first in a general real vector space and then specifically on R", after which we study
various generalisations, extensions and applications of this inequality.

2.1. CAUCHY-SCHWARZ ON GENERAL REAL INNER PRODUCT SPACES

We start off by presenting two forms of the Cauchy-Schwarz inequality along with their
proofs, and we will show that these two forms are interchangeable on an arbitrary, real
vector space. Let us start with the first of these two forms, and let us prove this statement
using elementary properties of quadratic functions.

Theorem 2.1. (Cauchy-Schwarz Inequality). Let (V,(-,-)) be a real inner product space and
letv,we V. Then
(v, w)| < [lv]| - [lwll,

Proof. Let t € R and consider v+ tw. Now:
<V+Iw,v+iw>=0

But also: <v+ tw, v+ twW>=<V,v>+2f <V,W> +12 <W,wW>

But this is a parabola of ¢ and is larger than or equal to zero, and can thus intersect the
x-axis at most once, and thus has a discriminant of less than or equal to zero! So:

2 <v,w>)2 —4<v,v><w,w>=<0
< 4<V,W >2<4 <V,V><W,W>= 4||v||2||w||2

Dividing both sides of the inequality by four and taking the square root of both sides yields
the expected result. 0

We can also express the Cauchy-Schwarz inequality by not taking the absolute value over
the inner product and prove this statement separately.

Theorem 2.2. (Cauchy-Schwarz Inequality). Let (V,(-,-)) be a real inner product space and
letv,we V. Then
v,w) < [v] - lwl],

9
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Proof. 1I. We now consider the case for t = -1, and let ¥ and W denote normalised vectors,
. & _ V. A w .
Le V= and w Twl* Then: o

<V-—-wW,v—w>=>0

Expanding the inner product yields:

. r . I
<VW><-—-<V,V>+—<w,w>=1
2 2
This yields:
w
— — ><
vl [lwli
1 1
—  ———<v,w><1
vl llwll

= <v,w>s<|v][w]
O

Remark. Note that the case of equality can very easily be derived from this proof. We find
equality if and only if < V- W,V —W >= 0, which is equivalent to saying v = Aw for some
LER.

While one’s mathematical intuition might lead us to think that the first version of this
inequality is stronger, it can be proved that these two variants are fully equivalent. Let us
now proceed to proving this statement.

Theorem 2.3. On any real vector space V, the following statements are equivalent:
L (v,w) < |lv||-[w]| Vv,weV
2. kvw = |v|-llwl VYv,we V

Proof. 2= 1. Since Vx € R:|x| = x, the implication follows trivially.
1= 2. Note that |x| = max{x, —x}. Thus |{v,w)| = max {{v,w), — (v,w)}. note however that:

—(v,w) = (=v,w) < [|=v| - [[wl]| = [=1[lIv]l - lwl = [v]l - [[w]|
Thus surely |[(v,w)| < [|[v]| - [|w] 0

As such, we can restrict ourselves to either one of these inequalities without loss of gen-
erality.

We now turn to the Cauchy-Schwarz inequality on R”. Recall that this restriction can be
implemented without loss of generality.

2.2. CAUCHY-SCHWARZ ON R”

In this section, we will study the inequality of Cauchy and Schwarz on the spaces of real
vectors of finite dimension. We first present the theorem and give two proofs for it: the first
proof uses the very simple fact that (a — b)? = 0, a fact that we will encounter again in the
upcoming few chapters.

Theorem 2.4. Cauchy-Schwarz on R”. Let (ay) Z:l , (bk)Z:1 be sequences such that ay, by €
R Vk=1,...,n. Then:

n n n
> akbe=y[) ai| ) b

k=1 k=1 k=1
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Proof. First note that (a - b)?> =0Va,b € R. Therefore surely ab < 5 a + 1b2 Thus:

n
Zakbk_z Zak+ kzlbi

Now set (ay), (b;) to normalised sequences. Then:

i <1
k=1 \/Zk 14 \/Zk 1 D%

RN Zakka,/Zai‘/Zbi
k=1 k=1 k=1

We now present an alternative proof for the Cauchy-Schwarz Inequality. In this proof,
we make use of the fact the inner product of two vectors as well as the norm of every vector
are conserved under a change of bases.

O

Proof. Given two vectors x,y € R"”. We first use the Gram-Schmidt process (see: Vermeer
(2017)) to find an orthogonal basis:

X
W) = —
Il

w2 =y— <Y,Wj >Wj, etc.
Now x,y can be expressed in terms of the new basis {wy,wy,...,wy} in the following manner:

= m
0 Y2

xlw= 1|91 and [yl = 0

But then:

< X, [y >= 2 =322 + 2 = 1wl y] |

Note, however, that since W is an orthogonal basis for R”, Corollary 1.2.1 yields that this
statement is valid irrespective of the basis of choice. O

Now that we have introduced and proved the Cauchy-Schwarz inequality, let us consider
whether we can generalise this inequality.

2.2.1. GENERALISATIONS OF THE CAUCHY-SCHWARZ INEQUALITY ON R”

As a first step towards a generalisation, let us consider whether or not we can extend the
Cauchy-Schwarz inequality to three sequences. A logical first step to take is to just apply the
inequality twice. The following theorem shows us that this yields a different upper bound.

Theorem 2.5. Let (ax));_, (b)) iy and (cx))}_, besequencessuchthatVk=1,...,n: ay, by, cy €
R. Then:

(Zakbm) (z) S b3 el
k=1 k=1 k=1

k=1
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Proof. Note that (dk)),’zz1 with dj = bi.ci denotes a sequence. We can thus apply Theorem
2.4 on the sequences ay and dj to obtain:

n 4 n 2 n 2
k=1 k=1 k=1
Substituting dy = by.cx and applying Theorem 2.4 to d,, yields:

n 4 n 2(n 2 n 2 n n
( akbkck) =< (Z (li) ( (bkck)z) = (Z ai) Z bi Z Ci

=1 = k:1 k:1

O

This is, however, not a form-preserving generalisation of the inequality at hand. Such
a form-preserving generalisation is nevertheless still valid. Let us try to derive this result,
first by tediously applying the principle of induction.

Theorem 2.6. Lez‘(ak))Z:1 , (bk))Zz1 and(ck))’]z:1 be sequences such thatVk=1,...,n: a, by, cx €
R. Then:

n 2 n , n 5
akbkck = Z ay Z bk
k k=1 k=1 k

2
Cr
=1 1

Proof. We will first prove this theorem using induction.
n = 1. We obtain equality.
n = 2. We have to prove that:

(a1bic + azbzco)? < (af + a;) (b + b3) (¢ + c5)
Writing out this statement yields:
(ar1b1c1)* +2(ar1b1¢1) (a2b22) + (@2 b202)° < (arbr 1) + (a1 b1 ) + (@1 bac1)? + (@1 baco)? +
(azb1c1)* + (azb1c2)° + (@rbrc1)” + (a2 bc2)
Working this out proves the basis step:
2(arbic1) (azbrcp) < (a1brc2)* + (a1bac1)* + (a1 baco)?
+ (agbc1)? + (azbrc2)? + (azbac1)?
0= (a1b2c1)* + (a1b202)* + (a2 by c1)* + (az by c)°
+(@1b162)* =2 (arbi¢z) (azbrc1) + (azbrc1)’
As such, we find:

(a1b201)* + (@1 b2¢2)* + (azby €1)* + (a2by €2)* + (a1 b1 ¢2)? — 2 (a1 br ¢2) (azbacy) + (azbacy)?
> (a1b1¢2)* —2 (a1 b1¢2) (azbac1) + (azba 1)
= ((a1b162) — (a2bc1))* 2 0
which finishes the proof for the case n = 2.

n = n+ 1. Let us now assume that the induction hypothesis is valid for a certain n € N.
We then find:

n+l 2 n 2 n n n
Y agbrcr| =) akbick+ aniibpiicair| <1/ X a5 Y b2 Y 2+ aniibpiicnn

k':l k:1

2
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n 2 _ n 2
k=1 byandy = \V &k=1%

< (a® + apy) (B2 + it (Y + 1)
due to the induction hypothesis for the case of n = 2, proving the hypothesis for n + 1.

2.2. CAUCHY-SCHWARZ ON R"

due to the induction hypothesis for n. Setting a =
we find:

i1 @ b=

(OC,BY + an+1bps1 Cn+1)
O

This proof was not very elegant. There is a much more elegant (and surprisingly simple!)
proof, however, which only makes use of the Cauchy-Schwarz inequality for two sequences

and the triangle inequality.

Proof. We will now prove this using Theorem 2.4. We find, using the Triangle Inequality:

n
Y akbyck
k=1

; 2
Y lakl bl lckl
k=1

n n 2

> lakl bl Z lcxl?

k=1

= >_ lakl bl ZC dapy by ¢
- k=1 k=1 k=1 k=1

where we use that Vi : [¢;| = V/Icil* < /X 7_, ekl

From this, we see that a generalisation of the statement to three sequences holds. This
naturally leads to the generalisation of Theorem 2.4 for m € N\{1} sequences. We now state
this generalisation and proof it in two ways: first by generalising the induction proof, which
ends up being reasonably straight-forward.

2 n 2
< (Z Iakbkckl)

k=1

2
n
Z akbkck) =

k=1

IA

O

Theorem 2.7. Let m € N\{1} and let (x}), (x3),..., (
Vk= 1,...,n:xlr€J eR. Then:

x}") be sequences such thatVp =1,...,m:

(£ i) <10

Proof. Again, we first prove the inequality using induction. For m = 2, we retrieve Theorem
2.4, and for m = 3, we retrieve Theorem 2.6. We thus set m € N\{1, 2, 3}.

We proceed in a similar fashion as we did for the case of m = 2 and m = 3 by proving this
theorem using the principle of induction.

n = 1. We, again, find equality.

n = 2. We want to prove that

( 2
k:lp:]_ p:]_k:l

(ﬁ @ Tat| = 11 (7 + (a27)

p=1 p=1

2 m m
xf) +2 [« T x5
p

:1 p:

—
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where @ ((xf)z ) (xf)z) is some polynomial sum of (x%)2 , (x%)z , (xf)z e (xé”)z (and is there-

fore surely non-negative). We can rewrite this as:

p=1 p=1 p=1 p=1
We find:
m_lnz m_lpz TP T P P\2 (P2
(xgl Hxl) +(xf"l_[xz) —2[]x Hx2+@’((x1) () )2
p=1 p=1 p=1 p=1
m—1 p 2 m—1 P 2 m P m P
(xg"l_[xl) +(xi"l_[xz) =2 [T [T
p=1 p=1 p=1 p=1

which proves the hypothesis for n = 2.
n — n + 1. We first assume that the induction hypothesis holds for n. Then:

k=1p=1 k=1p=1 p=1

. 2 . . .
Setting ap = \/ X7 _, (x,’c’ )° V¥p=1,...,m, we can use the induction hypothesis for the case
of n=2to find:

2 2

m n 2 m p m m p m ) P32 m n+l 2

[T/ 2 ()" + [T x| ={Tlap+ 10| =11 (“p"‘ (%541) ) =[] 2 (%)

p=1YV k=1 p=1 p=1 p=1 p=1 p=1k=1
which proves the induction hypothesis for n + 1. O

Even though the induction proof is relatively straight-forward, it would be substantially
easier to prove the generalisation at hand in some generalised form of the second proof of
the case of three sequences, which used the Triangle Inequality. Fortunately, this can be
done. Let us do so below.

Proof. First note that for any sequence (ay) we have:

n
k=1’

n
Vi:lajl=\/a?<1| ) ax (2.1)
k=1
We thus find:

(5 fi) =[5 e 13 00r) =(8 0] 15 0= £ 5 00

k=1p=1 k=1 p=3\ k=1
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An interesting question to consider is whether the upper bound found in Theorem 2.5
(by taking the square root on both sides) yields a tighter upper bound than the one found
in Theorem 2.6. We can prove that this is indeed the case. Before doing so, however, we first
need to introduce a lemma. We first consider a lemma. Note that this lemma is a corollary
of amore general theorem that will be covered in Chapter 7, and as such, we omit the proof.

Lemma 2.8. Let (xx)_, be a sequence of non-negative real numbers. Then surely:

Setting xj = bi and yy = ci and using Lemma 2.8 proves the above statement.
O

The question at hand of course is whether the generalisations that we have derived are
also independent of the basis at hand. Obviously, the right-hand side of Theorem 2.6 is
also independent of our choice of orthonormal basis, as this term only contains valid inner
products. The left-hand side, however, is only proved to be independent of our choice
of orthonormal basis for the case of two sequences - for higher dimensions, it ceases to
represent an inner product. Let us now tackle this question, specifically for the case of
three sequences. First, however, it would be convenient to introduce some more compact
notation.

Definition 2.1. Let (;,-,-) : R"” x R" x R" — R" such that (u,v,w) = ZZZI UiV Wg. Then ¢-,-,+)
satisfies the following three properties Yu,v,w € R’

1. (u,v,w) =<(v,u,w) = {u,w,Vv) symmetry
2. {au,v,w) = a {(u,v,w)
3. {(uy +uz,v,w) = (ug,v,w) +(uz,v,w)

Now if we let B = {by,...,byandu=%"  u;b;, v=3%"  v;bjandw=3}" | w;b;, we can
derive that

n n n
wv,w)=3 u; ) vj ) wi(by,bj,b;) (2.2)
i=1  j=1 k=1
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Furthermore, we can derive that

n

n n n
Wv,Wyg =Y ujviwi=y u;y vjy wibijk (2.3)
i=1  j=1 k=1

i=1

We thus see that these two can only be equal if we have (by, bj, b;) = 6; jk- This equation,
is in general, not satisfied' and therefore, we see that the generalisation of the Cauchy-
Schwarz inequality is, contrary to the original inequality, unfortunately not independent of
our choice of basis.

Let us now move on to consider various applications of the Cauchy-Schwarz Inequality.
We prove various theorems mentioned as exercises in Chapter 1 of Steele (2004).

2.3. APPLICATIONS OF THE CAUCHY-SCHWARZ INEQUALITY

We can apply the Cauchy-Schwarz inequality to derive some other results: we first derive
bounds on the sum of the elements of a vector and then consider the use of the inequality
when considering weighted sums.

We start off by deriving two bounds on the sum of the elements of a vector.

Theorem 2.10. Let (ak)Zzl be a sequence such thatby e R VYk=1,...,n. Then:

n n
Y ar<vn Zai
k=1 k=1

Proof. Let (ak)z=1 be as defined and let (bk)Z:1 suchthatay =1 Vk=1,...,n. Using The-
orem 2.1, we find:

n n n n n n
Zakbksﬁaiﬁbiﬁzlﬁzdi:ﬁ S a2
k=1 k=1 k=1 k=1 k=1 k=1

O

Note that this inequality, although very simple to derive, gives a stronger bound than the
bound that will be derived in a much more complicated manner in Chapter 7.
Let us now consider what upper bounds a sequence puts on the sum of its elements.

Theorem 2.11. Let (ak),’z:1 be a sequence such thatar € R Vk=1,...,n. Then:

n n P n 4
Yolagl <)X larl3y/ Y lakls
k=1 k=1 k=1

Proof. Note that 3.}, lagl =X} _, Iaklé Iaklg. Let by = Iaklé,clC = Iaklé Vk=1,...,n, then
using the Triangle Inequality and Theorem 2.1:

n n n n n 9 n 4
Yolagl=) brep<q| Y iy Y ci=1/D lalsy[ Y laxls
k=1 k=1 k=1 k=1 k=1 k=1

-1 5
-1 |_ -1 [_ i = i =
V= 7 [ 11] ,u 75 [ 14] as our basis. Then (u,v,w)g = 0, while (u,v,w) = 1.

1
1 Take for example, u = 2
3

L
\/ﬁ[
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This result can obviously be extended very easily to prove that VN >1and 1< k< N:

n n ok n
Yolagl =4/ X lael vy /)
k=1 k=1 k=1

Now let us consider what upper bounds we can derive when considering weighted sums of
sequences.

Theorem 2.12. Let (pi);_, be a sequence such that py 20 Yk=1,...,nAY}_ pp =1
Furthermore, let(ak)Z:1 and (bk)Z=1 suchthatar=0,br=0Aaibr,=1 Vk=1,...,n. Then

o)

k=1
Proof. We can define ¢y = \/aipy and dy = bkpk and use Theorem 2.1 to find:

Furthermore, we find that:

n n n
Y Varp bipe= ) prvVarbe= ) pr-1=1.
k=1 k=1 k=1

We thus find

n n % n n
(Z arpr Y bkpk) =1 = (Z dkl?k) (Z bkpk) =1
k=1 k=1

k=1 k=1
O
An interesting application of the Cauchy-Schwarz inequality is in the proof of the so-
called Harker-Kasper inequality, which has applications in crystallography (see Steele (2004)).

We prove this inequality in two ways. Let us start with the first proof. This proof requires
the following lemma:

Lemma 2.13. Let f(x) : D — R for some domain D and let p =20 Vk=1,...,n such that
ZZ:l Pk = 1. Furthermore, let x1,...,x, € D. Then:

n n 2
(Z prf (xk)z) - (Z pkf(xk)) >0
k=1 k=1

Proof. We rewrite the left side of the inequality:

n n 2 n
(Z pif (xi) )—1'2(2 Pkf(xk)) +1-(Z pkf(xk))
k=1

2

Il
[v]:

pie (f () - Z P Z(Z pkf(xk)) +klek(Z pkf(xk))2

k=1

=~
I

Il
M=

(f(xk) —2(2 Pkf(xk)) + (Z Pkf(xk)) )
k=1

T
0

1]
[vh

2
(f (xx) — Z pif (xk)) >0
=1

Since all p = 0. O

=~
Il

1
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Remark. Note that this proves that for the variance of a discrete random variable X we
have o2 (X) = 0. This can also be seen as a consequence of Jensen’s Inequality, which will
be covered extensively in Chapter 4.

Theorem 2.14. (Harker-Kasper) Let p. =0 Vk=1,...,n /\ZZ=1 prx=1. Then

k=1

( kzl picos (,ka))z < % (1 +Y prcos (Zﬁkx))

Proof. Note that:

n

ipkcos ,ka Z ( 1+cos(2/3kx) %(i Xn: Pk COS Z,ka))
k=1 =1 =

[\)I»—I

k=1

(1+ Y picos Zﬂkx))

It remains to be proved that

n 2 n
(Z Pk COS (,ka)) < ) prcos® (Bix)
k':l k:1

Setting f(x) = cos (Bx) in Lemma 2.13 yields the expected result. O

This proof was rather long and required quite a detour which was presented in the
form of a lemma. A second proof, however, becomes very easy, all thanks to Cauchy and
Schwarz.

Proof. Set ay = \/px and by = /Px cos(ﬁ xx). Then using the Cauchy-Schwarz inequality,
we find:

1+ cos(2fxx)
5

1 k=1

(Z prcos(fBxx) ) \/Z Pk Z P cos?(Bxx) = J ki i Pk
%( i Pk cos (Zﬁkx))

2.4. EXTENDING CAUCHY-SCHWARZ COMPLEX INNER PRODUCT SPACES
Lastly, we show that the Cauchy-Schwarz inequality is still valid on complex inner product
spaces. We generalise two of the proofs for the real case: one for the case of general complex
vector spaces, and one for C".

Theorem 2.15. Cauchy-Schwarz Letv,we C". Then:
v, w)| < [Vl [l wl

Proof. 1. Note that:
V—-w,v—-w)=0

But also:

V=W,V —w) = (V,0) — (U, W) —(W, V) (W, W) = [V]| =¥, W) =V, w) + [ w]| = [[V]| -2Re {V, W)} + [ w]|
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we thus find:
. R R 1 .1
[Vl —2Re {{V,w)} + [[w[| =0 <= Re{{V,w)} < EIIVII + EIIWII

Choosing v,w as normalised vectors yields:
Re {(v,w)} < [[V]|[lwl|

Since (v,w) € C, we can assume that 3p,0 € R: (V,w) = pexp (i0) without loss of generality.
Choose v =exp (—i6), then:

1. (v,w) =Re{{v,w)} = [{V,w)|
2. (W, ) =(v,v) = V[ =|v]
But then:
[(V,w)| = Re {{v,w)} < [[v[llw] = [IV]l[lw]|
O

Note that Theorem 1.2 is also valid when V = C", and that the Gram Schmidt process can
still be applied. It is thus trivial to prove this theorem in a completely analogous manner as
the second proof of Theorem 2.4:

Proof. Given two vectors X,y € C". We first use the Gram-Schmidt process to find an or-
thogonal basis:

X
x|

w2 =y— <Y,Wj >Wj, etc.

wi

Now x,y can be expressed in terms of the new basis {wy,wy,...,wy} as follows:

- -
0 V2
Xw=|0| and [y];, = | ©
0 0

But then:

<x,y>w= X, [yl =185l < /23 /¥2 + y2 = IxIP 1yl

Note however that since W is an orthogonal basis for C", Corollary 1.2.1 yields that this
statement is valid irrespective of the basis of choice. O






THE AM-GM INEQUALITY

In Chapter 3, the proof by induction of The Cauchy-Schwarz inequality on R” and its gen-
eralisations relied heavily on the trivial fact that for all x, y € R, we have (x — y)2 > 0. By
choosing x = v/a and y = Vb, we can rewrite this statement to vab < 42,

This hints to another family of inequalities that is closely related to the Cauchy-Schwarz
inequality: inequalities relating to averages. This chapter will deal with one well-known in-
equality of averages: the inequality of the arithmetic and the geometric average, shortened
to the AM-GM inequality.

3.1. THE AM-GM INEQUALITY
Let us first define the averages that will be at the core of this chapter.

Definition 3.1. The arithmetic mean a of numbers a;, a,..., a, is defined as

n
> ak
k=1

Qi
11l
S|~

Definition 3.2. The geometric mean a of numbers ay, ay, ..., a, is defined as

n
n Hak
szl

Having defined the AM and GM, we can introduce the AM-GM inequality. We will state
this inequality and show how this inequality can be proven due to the self-generalising
nature of /Xy < %

a

Theorem 3.1. AM-GM inequality. Let (ay);_, be a sequence of non-negative real numbers.

Then:
n 1 n
4 H ap = — Z ag
k=1 n =1
I
Proof. We have already seen that /a;a; < % We claim that Vn e N: H%zl a,i" < Zkzz}l Ly

We can prove this claim using induction. The first induction step has already been proved,
thus:

21
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=|"‘

n n
n = n+ 1. Assume szzl a; < Z%Zizl ay for some n € N. Then:

1 1
on+l 1 on on+l 2n 21 on+l 2n
LT I aZL” I a%n - oy ap +1iani
=1 ¢ icn ki © )T 2
1 on 1 2n+1 n+1
- gy Gkt on Liiny W 1 A
- 2 - 2n+1 Z ak

Where we used the basis step to obtain the first inequality and the induction hypothesis to
prove the second inequality. This thus proves the statement for all 2% with k € N.

Now let n € N. We use the construction presented above to prove the theorem for a general
value of n # 2KV k € Ny. Take the first k € N such that n < 2%, Denoting the arithmetic mean

asa= %Z?Zl a; anew sequence a; as follows:

a; i€{l,2,...n—-1,n}
a;=
"““la ie{n+1,n+2,..,25-1,28
Applying the AM-GM inequality on this new sequence yields:
1 1

1

k_ n pYd 2k 2k 2k noa+ (25~ n)a k-

28-n gzk‘"nai) _ Hal’) Sizaizzzzlal ( n)a:2 d:a
i=1 i i

n 2k
[lai| a= =
i=1

S|~

Which proves the theorem for all n € N. O

Remark. Note that because the AM-GM inequality strictly follows from the fact that (v/a —
vb)? = 0, we see that we only have equality in the case in which a; = a Vi, j. We will prove
this more rigidly for the generalised version.

We now immediately show how the AM-GM inequality can be generalised. The proof of
this statement, much to one’s surprise, also follows from the self-generalising nature of the
inequality we have proved above.

Theorem 3.2. Generalised AM-GM inequality. Let (ay);._, be a sequence of non-negative
real numbers and let (pk)Zzl be a non-negative sequence such thaty_;_, pr =1 Then:

n n
[Tak <3 prac
k=1 k=1

Proof. We want to prove this theorem for all p; € R. Note that we have already constructed
the proof for the cases when py = %Vk €{1,2,...,n}.
Now suppose py € QVk. We can then find an N € N such that each pj can be written as
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Pk = w1th cr € N. Now define a new sequence (a; ) , such that every aj occurs ¢ times.
Then

(Hai) SNZa,’@(Ha?) SNZ ja; <= = Hap’ (
i=1 i=1 i=1 i=1

T ’:[:
2|~

; o n
) ;N ;Pzaz

Which proves the theorem for all n € Q.

We thus have to prove the theorem for p; € R”. Note, however, that we can always define a
sequence of vectors (p1 (1), p2(1),..., pn(8), such that Vi e N: Vk € {1,2,...,n} : pr(1) € Q=o,
such that ¥7_, pr(f) =1 and lim;—o (p1(2), p2(0),..., pa(8)) = (p1, p2,--., pu). But since:

n

H al" <Y peagvreN

We can take limits to find that:

n n n n
[T a* = Jim T1 ¢ < lim Y penag= Y pra

k:]_ = k:1 k:1
O

While the self-generalising nature of the AM-GM inequality follows beautifully from the
induction proof, we can also prove this inequality in a different way: this proof was sug-
gested by the mathematician Pélya, who claimed to have realised this proof in one of his
dreams. (see: Steele (2004)) Before doing so, let us first prove the following lemma.

Lemma 3.3. Forall x € R, the following inequality holds:
l+x<e”

Proof. We consider the function f: R — R given by f(x) = e* — x — 1. We see that d% flx) =
e*—1. Thus f'(x) = 0 for x = 0. Now since f”(x) = e* > 0, we see that f(x) is a strictly
decreasing function on (—,0) and strictly increasing on (0, —), and thus attains a minimum
atx=0.But f(0)=0.SoVx#0: f(x)>0. O

Proof. Pélya. We note that through a shift of coordinates x — x -1, Lemma 3.3 yields:

x<e !
using this translated version of Lemma 3.3, for any sequence of non-negative numbers
(ar)j_,, we obtain:

n
ap < el — azk < ePk¥—Pk — H azk < eXk=1 Pk®k=X Pk — oLy Pk@k—1
k=1

Taking ay = so a normalised version of the sequence ay, we find:

)
YL piai’

n n n n

n —
H( [T seipal =01 = [[a”< Y pra
: k:l k':1 k:1

l 1 Pid; )
O
Remark. Note that we only have equality if we have aj = e**~!, which only holds if aj = 1,

soif ap =Y, p;a;. But this should hold for all k! So then we have equality if and only if
a;=a;Vvi,j.
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Lastly, we present a proof that at first instance looks different, but can nevertheless still
be interpreted as a variation on the proof by Polya.

Proof. Note that by taking the logarithm of both sides, Lemma 3.3 yields for x > 0:
x—1=<In(x)

Furthermore, note that:

n

n
H (Aap)Pe=A H aZ"

k':l k:1

n n

Y prAap) =) pra
k=1 k=1

Taking A = 0, it suffices to prove that

n

n
AT a = ) pe(Aagp)
k=1 k=1

Taking A = ﬁ, this reduces to:
M-y @

n

pr(Aag) =1
k=1

But now:

n n n n
Y prha-1=Y prlar-1 =Y prln(Aap) = Y In((Aagp)P*)
k=1 k=1 k=1 k=1

=In —— 1| |=hn —_
it \ITL, a?” =1\ ([T, a")™
- 1n(—HZ:1 aZk) =0

n pi | —
;. a;

3.2. PROPERTIES AND A REFINEMENT OF THE AM-GM INEQUALITY
In this section, we consider one interesting property of the geometric mean and then present
a different, more tight bound on the arithmetic mean.

3.2.1. THE QUASI-ADDITIVITY OF THE GEOMETRIC MEAN
We now prove an important property of the geometric mean - its quasi-additivity. We first
consider the case of two sequences.

Theorem 3.4. Let (ay)}_,, (by)}_, be sequences of non-negative real numbers, then:

n n n
(/Hak"'Q/kuan(ak"'bk)
k=1 k=1 k=1
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Proof. We first rewrite the theorem to:
(/HZ:l Ak + {/HZ=1 bi
<1
\n/ HZZI (ak + bk)

We can rewrite the left side of the equation:

n\/Hk 1Elk n\/nk lbk " n ak Lo Zzlbk
T @ b0 (/T (@t b T et T G0
n by

H (dk + bk) \/,!:[1 (ay + by)

We can now use the original AM-GM inequality (Theorem 3.1) on both summands to ob-

tain:
E ( k ) —
n

H =1 ak+bk

=t (5 )

(dk+bk) ni- aj + by

(dk + bk)

We thus see that this property of the geometric mean (much to one’s surprise) simply
follows from its relation to the arithmetic mean!
This is not just restricted to the case of two sequences - this property is still valid when
considering an arbitrary number of sequences. Let us proceed by proving this.

Theorem 3.5. Let (x})_,,(x2);_, ... (x})_, be sequences of non-negative real numbers.
Then:

We consider the left-hand side of this inequality:

n n p
=1 IT;.- lxk i i =1k

\/Hk 1 p-1 k) ZPZI M-y (Z;’nzlxllz)

Using Theorem 3.1, we find an upper bound for each of the summands:

1 i(Zgzle)_ 1z
T n vm P74

n=1
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3.2.2. A REFINEMENT OF THE INEQUALITY

Note that we can find a better lower bound for the arithmetic than the one found in Theo-
rem 3.1. Before introducing this refinement, we first consider the following lemma, which
will prove to be helpful in proving our refinement:

Lemma3.6. Let x =0 and ne€N,>>. Then:
x(n-x"""<n-1

Proof. We will prove the theorem by induction.

Consider the functions f;, : R>¢9 — R such that f,,(x) = x (n - x”‘l) —n+ 1. We thus have to
prove that f}, is non-positive for all n.

n =2. We obtain f,(x) = —x?+2x—1. The discriminant is D = 22—4-(~1)-(~1) = 0, such that
the extremum of this parabola coincides with its only zero. From elementary mathematics,
we know that this extremum is also its maximum. This thus proves the induction step.

n = n+ 1. Assume the induction hypothesis is valid for some n, so f,, = x(n—x""!) +1—
n < 0. Then we can multiply both sides by x:

nx’>—x"l'yx—nx<o0
—nx’+nx—-x"1"+x-2nx<0
2 n+1
—nx“+nx—x +x-2nx+n-n<0
—x(n+1-x"-n+nkx-1%<0

= frr1(@)=x(n+1-x")-n<0
I

Theorem 3.7. Akerberg’s Refinement. Let (ar)}_, be a sequence of non-negative real num-

bers and let n = 2. Then:
1 nzl n-1 1 2 n
a,| —— a <|— a
n n—1 Z k n}; k

k=1
Proof. We first note that

n n—-1
ap = Z ay — Z ay =
k=1 k=1

Thus the inequality reduces to:

I

k=1

n o k=1 k=1 n-1 k=1
lz 1 n n
ay =2 Ak
n— 1Zk 1“’6 7 2o Ok
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1
Setting x = (%) this reduces to the simple inequality
n—1 &k=1“k
x(n-x"1<n-1, x20,neNx
which was proved in Lemma 3.6. O

The proof that this bound is more tight can be established very easily through inductive
reasoning - we can use the same inequality to prove that:

n

n 1 2 1 n-2 n-2 1 n-1 n-1 12
Haksnak(a(ag+a1)) S-S anap-r |- ax <a, Y ay SzZak

k=1 k=3 = n-1,5

which yields our AM-GM inequality.

3.3. A COMPLEX EXTENSION
We can now extend the AM-GM to the complex numbers with some slight adaptions.

Theorem 3.8. Given complex numbers zi,z,...z, and an angle ¥ < % such that VO =
Arg(zy) : 10| < w. Furthermore, assume |z,| < oo Vn. Then:

cos(y)I[] zkI% Z
k=1 =1

:IH

Proof. Note that since y € (0,%), we have that cos(y) > 0 and thus:

1

n 1 n n 1 x n 1
cos (W) [ ] zel™ =[] zxcos” (y)I7 < H zrcos (@) = H Re{zi}|»

where the inequality follows from the fact that the cos is an even function and decreasing on
[0,Z], and equality * follows from the fact that Re {z;} = Re {|z|e?%} = Re{|z¢| (cos (i0) + i sin (cos (i6;)))} =
| zi| cos (i0y). We thus find:

n 1 1 n 1 n
I[] Refzi}l" == > Refzx}=—Res D zk
k=1 n =1 n k=1

We now find:
—Red Y zrp<=—y|Red Y zp =—y|Red ) zkp +ImS Y zkp =—1) 2l
n k=1 n k=1 n k=1 k=1 n =o

3.4. AM-GM IN RELATION TO CAUCHY-SCHWARZ

Note that since both the Cauchy-Schwarz inequality as well as the AM-GM inequality follow
from the simple fact that (a— b)? = 0, these inequalities are obviously very much related. In
the first proof of the Cauchy-Schwarz inequality, the step:

1;1ak EZak+ —b;
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follows simply from the AM-GM inequality. Note that this inequality is true if it holds for all
components, so if:

1 1
aiby < Edi-l‘ Ebi

holds for all k, which is equal to the requirement that:

2 2
as+b

21,2 k k
\/akbks—z

which is just the AM-GM inequality. So we see by merely assuming the AM-GM inequality,
we can derive the Cauchy-Schwarz inequality.

Alternatively, We can also derive the AM-GM inequality from the Cauchy Schwarz in-

\\;—g] andy=

Vb . Applying
va

equality. Let us consider the following two vectors in R?: x =

the Cauchy-Schwarz inequality yields:

2
<x,y>:m+mzz¢a—s( mm/zz) —ath

which yields the AM-GM inequality for two sequences, and can be generalised to the full
inequality using the self-generalising property of the AM-GM inequality.

We thus see that the AM-GM inequality and the Cauchy-Schwarz inequality can be de-
rived from the other inequality.



CONVEXITY AND JENSEN’S INEQUALITY

We now switch to a seemingly different topic which is also an important tool in proving
inequalities and deriving upper bounds: convexity. Inseparable from convexity is another
famous inequality, namely Jensen’s inequality. In this chapter, we will prove this inequality,
delve deeper into some interesting properties of convexity and then see how this seemingly
unrelated topic can be connected to the Cauchy-Schwarz and AM-GM inequality.

4.1. INTRODUCING CONVEXITY AND JENSEN’S INEQUALITY
We start off by defining convexity.

Definition 4.1. A function f: [a, b] — R is called convex if it satisfies:
fpx+Q-py)spfO)+1A-p)f(y) VYx,yelabl,Vpel0,1]

Let us now consider Jensen’s inequality and show how this inequality follows utmost
elegantly from the definition of convexity.

Theorem 4.1. Jensen’s Inequality. Let f : [a, b] — R be convex and let (pl) _1 Such that Vi :
pi =0 andy.? | p;=1. ThenVx; € [a, b], f satisfies:

f(; Pixi) < ;pif(xi)

Proof.

(Xn:plxl)_f( nXn+ (- pn)z Pi x')

1 1=pn

Pl rx =Y pif (xi)
~ Pn i=1

< pufxn)+ (1 —pp) Z
i=1

O

One may wonder what the conditions are for equality. We will prove that these condi-
tions are relatively strict: one only has equality if all x; are equal.

Theorem 4.2. Theorem 4.1 only yields equality if and only if all variables are the same, i.e.:
n n
f(z Pixi) = Zpif(xi) S X]=Xp=...=Xp
i=1 i=1

29
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Proof.
=. We prove this implication by contradiction. Assume we have equality forsome xy,...,x,

.....

{1,2,...,n}. Now deﬁne

p=) pi

zeS

szxz

lES

szxz

z€S
Now since we have strict convexity, we find:
fpx+A-py)<pfxX)+A-p)fy)

Now we can substitute x and y:

pfO)+(1-p)f(y) = pf(Z;xl)m p)f( - ) Zp,f(xl)+2p,f(xl)—Zpkf(xk)
igS

ieS ieS igS

Note that f(px+(1-p)y) = f (X}, Pexr)- But then:

n n
f (Z kak) < Y pef(xp) 4.1)
k=1 k=1
But we assumed equality. = <.
<. Furthermore, note that if x; = x» +... = x;, = x, then:

f(i kak) =f(xi Pk) =f(x) = i pif (x) = i prf (xi)
k=1 k=1 k=1 k=1

4.2. CONNECTION TO THE AM-GM AND CAUCHY-SCHWARZ INEQUALITY
The concept of convexity will prove to be exceptionally useful in proving various inequali-
ties. One such inequality is the AM-GM inequality (Theorem 3.2). We can easily proof this
Theorem using the convexity of exponential functions.

Proof. First note that f: x — e* is convex on R. Thus:

n
elk=1 Pk < Z pre't
k=1

Setting xj = e** yields:

n n
[Tx7" <) prxx
k=1 k=1
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We see that the AM-GM gracefully follows from Jensen’s inequality, which again is a di-
rect implication of the definition of convexity! In retrospect, however, this should not be
very surprising, since the most simple form of the AM-GM inequality, namely VXY < i
isjust a simple consequence of the convexity of x — x?! Taking f(x) = 4x? and x; = V/X, xg =
vyand py=ps= Z' we see that:

1
f(g(xﬁ'xz)) =(VX+ PP <2x+2y= E(f(x1)+f(x2))

working out the squares on the left hand side and rearranging the terms yields the AM-GM
inequality.

Evidently, since the AM-GM inequality and the Cauchy-Schwarz inequality are so in-
timately related via exactly the relation which holds because of convexity, the Cauchy-
Schwarz inequality can also be derived via Jensen’s inequality by the exact argument we've
presented above!

4.3. THE STRENGTH OF CONVEXITY

The beautiful structure that convexity brings is not just restricted to the main topic of this
exploration - rather, it can be shown that convexity is a fairly strong property, in the sense
that convexity implies quite some smoothness of a given function. We will prove this first
by showing that convex functions are necessarily continuous, and then by showing that
convex functions are even more smooth, in the sense that they even possess left and right
derivatives. Before doing so, however, we will have to introduce a very important lemma
first.

Lemma4.3. Let f: [a, b] — R be convex. Furthermore, consider x € (a, b). Then:
fA)-fl@ _fb)-fl@ _fb)-fx)
x-a ~  b-a = b-x
Proof. Note thatdp: x = pb+ (1 — p)a. Then since f(x) is convex:
f(x) :f(pb+(1—p)a) spfb)+1-p)fla)
It can be checked that p = 7= satisfies the first equality. Then:

flx < ( )f(b) +(1- (m))f(a)

= f@-f@= (=] (/b - f(a)
_ fW-f@ _fb)-f@

x-a b-a
Thus proving the first inequality.

Similarly, taking p = 7=, we find:

f(x) =f(pa+(1-p)b)<pf(a)+1-p)fb)
after substitution, this yields:

ﬂm—ﬂmsUM)fwnf 2

— f(b)—f(a)sf(b)—f(x)
b—a b—x
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proving the second inequality. O
We can use this lemma to prove that a convex function is always continuous on (a, b).
Theorem 4.4. Let f: (a,b) — R be convex. Then f(x) is continuous.

Proof. We will prove that f(x) is locally Lipschitz continuous in any point c € (a, b). Let
[a1, b1] € (a, b) and choose ay, b, such that a < a» < a;,b; < b, < b. Now let x,y € [ay, b1].
Then, using Lemma 4.3, we find:

f-fy - fb2) = f(y) - f(by) - f(b2)
x—y - bz—y - bl—bz

Similarly, using Lemma 4.3 once again, we find:

fla2) = f(a1) - f - f(ay) - fx) -1

a — a; y—a xX-y
Setting M = max{ ﬂ“;;:gl(al) , f(bblf:iz(b” }, we see that:
‘f(x)—f(y) ) - f(b2)
xX—y ~ b1—b
Thus | f(x) - f(y)| = Mlx—yl. O

We can prove that convex function possess an even stronger property: near-differentiability.

Theorem 4.5. Let f : [a, b] — R be convex. Then the left and right-hand derivative of f exist
on(a,b).

Proof. Let x € (a, b) fixed. We first use Lemma 4.3 to find that:

fx+h)—-f(x) - fx+h+e) - f(x)
h N h+e
tf(x+h)—f(x)
h

with € > 0. Thus, we find tha
fixed value y € (a, x) Lemma 4.3 yields:

fx -1 - fx+h)-fx)
x-y h

is a decreasing function of h. Furthermore, for any

for all 2 > 0. Note that the left-hand side of the inequality is definitely bounded. Thus, we

see that F(h) = w is a monotone, decreasing function that is also bounded. The
Monotone Convergence Theorem now ensures us that the limit for 4 | 0 exists, i.e.

limf(x+ h)— f(x)
R0 h

exists and is finite.

In a similar manner, we can prove that:

fa-h-e-f&) _f&x-m-fx) _[f-f&x
h+e - h T y-x

(4.2)



4.3. THE STRENGTH OF CONVEXITY 33

with y € (x, b). This yields a monotone, increasing and bounded sequence, and thus, once
again using the Monotone Convergence Theorem, we see that:

lim fx—h)-f(x)
K10 h

exists and is finite. O

We thus see that convexity (through Jensen’s inequality) allows for the emergence of a
lot of rich structure, both in terms of smoothness of functions and in terms of the inequal-
ities that can be derived by these functions. We now proceed to study three more famous
inequalities, of which the inequalities studied heretofore are just a special case, and we will
show how these inequalities are nevertheless closely related to those we have derived up
until now.






THE LADDER OF POWER MEANS

Hitherto, we have seen two means: the arithmetic and the geometric mean. These means,
however, belong to a more general class of means, for which numerous important proper-
ties can be proved. This class is called the class of the power means. power means. In this
chapter, we first define these power means and then prove an inequality on this class which
can be considered a generalisation of the AM-GM inequality.

5.1. THE POWER MEANS
We start off by defining power means.

Definition 5.1. M; with ¢ € R for (pk)Zzl such that py 20and X}'_, px = 1 and a sequence
of non-negative numbers (xk)Z:1 is defined as follows:

n i
M= ( 5" pkx,z)
k=1

We call M; a power mean of power t. Note that for ¢ = 0, the definition of M; is unclear.
Furthermore, the definition can be extended to include the cases for t — +oo. The defini-
tion for these cases follows from the natural requirement that the mapping t — M; should
be continuous. Let us first consider the case for ¢ = 0.

Theorem 5.1. For t — 0 M; reduces to the geometric mean, i.e.
hm M, = H xp k

Proof. Taking the logarithm of M, yields:

1
n Y n 1 n

log (M;) = log(z kali) = ;10g(2 pkxltc) _ ;10g(z pketlog(xk))
k=1 k=1

k=1
The exponential function can be expanded using a Taylor polynomial:

1 n
log (M) = ;log(z pkeﬂog(xk)) log(z pi (1+ tlog(xx) + O (¢ ))) = —10g(1 +t Z prlog(xi) + O (1)
k=1 k=1 k=1

Now, using a Taylor expansion for the logarithm (i.e. log(1 + x)), we find:

n
=) prlogx)+0 (1)

1 n
log(M;) = ;log(l +t Z pilog(xi) +0O(1%)
k=1

k=1

1 n
= ;(IZ prlog(xy) + G (%)
k=1

35
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Taking the limit as £ — 0 on both sides and inverting the logarithm yields the expected
result. O

This brings us to the most important inequality of this section: the Power Mean Inequal-
ity.
Theorem 5.2. Power Mean Inequality. Consider a sequence pk)Z:l with px 20 andy.}_, px =
1 and a sequence (xk)Z=1 of non-negative numbers. ThenVs,teR: —co<s< t <oo:

1 1
n N n t
M; = (Z kafc) < (Z ka,i) = M;

k=1 k=1

Proof. We will split this problem up into three cases: the case for 0 < s < t, the case for
s<t<Oandthecasefors<0=<t.

Case I: 0 < s < t. Consider the function f: x — x5. Note that since ¢ > s, f is a convex
function. Thus, Jensen’s inequality (Theorem 4.1) yields:

n n
f(z Pkfck) <Y pif &)
k=1 k=1

N

Setting &x = x},

now yields:

t

n s n ¢ n
(Z ka;i) =) pe(w) = 2 pelx)
k:1 k:1 k:l
Raising both sides to the power of % yields the expected result.

Case II: s < t < 0. Note that the result from case 1 yields that:

~|—

-1 .

n
S (2: pkjiﬁ) i
k=1

1 nooo
1= Zpkxk
k=1

(X pkfcl;t);

since 0 < — < —s. By taking the reciprocal, we obtain:

1
s

(ZZzlpka?)

n 5 (n i
(zz:l?kx;s) S (E: pkji?)
k=1 k=1

Setting Xy = ka yields the expected result.
Case III: s < 0 < t. This problem can be split up into two parts: proving that My < M; for
t>0and M; < M,.

First note that case I yields that: M 1 < M for all n € N. Thus. Note, however, that for
on+ on

every te[R>0:EIN€|\|:2lN5 t. Thus:
MZLNSMI

Taking the limit for N — oo yields the expected result.
The second case is covered by considering —s:

n s 1 n »
=S _ Pk

Zpkxk - ank

k:1 k:l

(ZZ:1 pkfcl;s)

P
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Taking reciprocals yields:

> ekt = TIx™
k:l k=1
Setting Xy = xik finishes the proof. O

Note how this inequality between power means is also a simple consequence of Jensen’s
inequality! We can therefore easily see that we only find a case of equality if we have that
X1 = X2 =...X, as this is the only possibility for us to have equality in the first case, and
every other case follows from that.

Note, however, that an analytical extension of the concept of a power mean for ¢ — +oo
is possible. This reduces to an unexpectedly simple result, which we will prove here.

Theorem 5.3. If pi >0, the following holds:

Mis= lim M;=+max{+x}
t—+00 k

Proof. We first note that:

n n t t
pkx,tc = Z pkx,’; = Z Pk (max{xk}) = (max{xk})
k=1 k=1 k k

We can take the ¢ root on all sides of the inequality. Now since limits preserve non-
strict inequalities, we can take ¢ — oo:

1
lim p]é X < liminf M; < limsup M; < max{xy}
t—o00 t—o0 f—00 k
Where we obtain aliminfand a lim sup since it is uncertain whether lim,_. o, M; exists. Now,
. . 1 .
since py > 0, we know that lim;_., p7 = 1. We thus obtain:

Xi < liminf M; < limsup M; < max {x}
[—o0 t—o0 k

Now the first inequality holds for any xj, thus it also holds for maxy xx:

max{xi} < liminf M; < limsup M; < max{xy}
k t—00 =00 k
But then lim;_.oo M; = maxy x.
Furthermore, using the following expression (which was used very often in the previous
proof): M_;(xy,...,Xx,) = Mr_l (xil, ceey x—ln), we find that lim;_. o, M; = miny {xy}. O

5.2. LOOSENING THE CONDITIONS

One might, of course, consider whether the condition of }.}'_, px = 1 is truly necessary.
Let us attempt to prove the necessity of this requirement for the power mean inequality,
by looking at the so-called p-norms (which we will study extensively in Chapter 7), so by
taking py = 1 Vk. Before doing so, however, we first prove a useful lemma.

Lemma 5.4. Given the following function f :R* — R defined as f (x) = x\/x. Then:

fx+y=f@+fy
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Proof.
fx+y)=@x+PV/x+y=x/x+y+y/x+y<xvVx+y/y

where the inequality follows from the fact that /- is an increasing function and x, y = 0. O

Theorem 5.5. Let (a);_, be a sequence of non-negative numbers. Then:

(£ <[

Proof. We will prove the following equivalent statement:

k=1 k=1
Note that: ,
noo1\2 onon\: ond
Y a| = Y (az) =) a;
k:1 k:l k:l
where the first equality follows from Lemma 5.4. O

We thus see that dropping the requirement flips the power mean inequality.

5.3. AN APPLICATION OF POWER MEANS
Lastly, we now turn to an interesting theorem that connects the mean value of sequences
to their limit sequence and can be proved based on the theory of generalised means.

Theorem 5.6. Niven-Zuckerman Lemma. Given a sequence of non-negative n-dimensional

a1
vectors (a);_,, such thatay = | : | . Now let u€Rxg be a constant such that:
Ain
n
lim Z ayxi = ny
T®i=1
Furthermore, let p € (1,00) such that:
ThenVie{l,..., n}:
lim ay; =
k—o0

Proof. Note that the two statements can be rewritten as:

n

lim Zl-aki:u

k=ocoiny
and
noq p p
lim ) —-a,.=
k—»ool-zzl n ki H
Setting py = %, this comes down to:
lim My =p
k—o0

lim M? = u” lim M, =
fim, My =7 = Jlim My =
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But then limy_.o, M = limg_.o, M. In Theorem 5.2, we have proved that equality between
means implies equality of the variables. We thus claim that:

lim ap; = lim apy =...= lim agy,
k—oo k—o0 k—o0

But then limy_. ay; = uVie{l,...,n}.

Of course, one has to take great care when extending results to limit cases. Thus, to
ensure that the step towards equality of variables is valid, we consider what happens when
the limits of the variables are not equal. Without loss of generality, we restrict ourselves to
the case of two unequal limits.

Let us assume that limy_..o ax1 = g+ € for some € € (0,)" and that limy_.o ag; = pVi €
{2,...,n—1}. Now in order to satisfy the first condition, we must surely have:

n—1
lim ag, =np- )Y lim ag;=p—¢
k—o0 i1 k—o0

In order to satisfy the second condition, we must have that:

p p_
(1+e)” + (u—c)” =2p”
Rewriting this statement, however, we obtain:

p

(+) +(u=6))? =20 = (u+e)' + (u—e)’

But the left hand side of this equation is the generalised power mean for power p, while the
right hand side is the generalised mean for p = 1. Thus, we know that we only have equality
ifu+e=pu—e. =><. O

INote that taking € = y makes it impossible to satisfy both conditions, and thus, this case can be excluded.






HOLDER’S AND MINKOWSKI’S
INEQUALITIES

The theory derived in the previous chapters can be used to prove another well-known in-
equality: Holder’s inequality. From Holder’s inequality, we can derive yet another famous
inequality: Minkowsi’s inequality. In this chapter, these inequalities, their generalisations
and some of their applications will be studied. Furthermore, we will show how these in-
equalities relate to all the inequalities discussed up until now.

6.1. HOLDER’S INEQUALITY

Before considering Holder’s Inequality, we first prove a lemma, which comes down to the
direct application of the AM-GM inequality. The inequality introduced through this lemma
carries its own name: Young’s inequality.

Lemma 6.1. Young’s Inequality Let «, 3, x and y be positive. Then:

a ,B<L a+ﬁ+ :6 a+p
Y a—i—ﬁx a+ﬁy

Proof. First, we denote p; = a%ﬁ and p; = aLiﬁ and note that p; + p, = 1. Now, if we consider

two positive numbers X and y, we can apply the AM-GM inequality (Theorem 3.2) in order
to find:

)Acplflpz < plfC‘l‘PzJA/

Setting X = x*'P! and j = yP/P2 yields the expected result. O

Theorem 6.2. Hélder’s Inequality Let p,q > 1 be numbers such that % + % =1, and let
(ar)i_,» (br){_, be sequences of non-negative real numbers. Then:

Y
- bz)

k=1

n no \7
Z aiby < (Z a,’:)
k=1

k=1

Proof. Let us consider one index, say k = i, first. Now let us consider the result of Lemma
6.1:
xayﬁ < a xa+ﬁ + :6 yoc+/3
a+p a+p

41
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Setting x = ¢/a; and y = {/b;, we find:

a; bl' < _a(.a+/3)/(x + —'B b(.CH’B)/ﬁ
arpli arp’
Setting o = % and 8= %, we find:

1 1
a;b; < —LZZP + —b?
p q
We now continue in a similar manner as was done in the proof of the Cauchy-Schwarz
inequality. First, note that we thus find:

n 1 n n
Zakbks—z aZ+—ZbZ
k=1 P =1 q =1

We now apply the normalisation trick: note that this equation also holds for the sequences

A aj T _ bk . . . . . .
ap = —=— and b, = ——=—. Substituting these into the right-hand side of the inequal-
% / ?_1 al‘? q Zn bq g g q

ityyields:_
n A 1 1
Z arbrs—+—=1
k=1 P 4
Thus: 1
Y —== - fl‘:’Zaka( af)—(zbf)
YT A (2 5) S

O

Now note how Holder’s inequality simply follows from the AM-GM inequality. But since
the Cauchy-Schwarz inequality is just Holder’s inequality for p = %, we can also easily de-
rive the AM-GM inequality from Holder’s inequality!

Let us now derive the conditions for equality. From Lemma 6.1, we see that we only have

equality when (a;)” = (b;) for all i. But this is satisfied only if a; = Ab/ .

6.2. GENERALISATIONS, HISTORICAL FORMS AND A CONVERSE STATEMENT

In this section, we consider generalising Holder’s Inequality. After that, we study various
historical forms of the inequality and show how they are equivalent to the form presented
above. Lastly, we show how to find a bound on one of the terms on the right hand side.

Let us commence by generalising the inequality to NV sequences. Before doing so, how-
ever, we introduce an important lemma, which can also be considered to be a generalisa-
tion of Holder’s inequality.

Lemma 6.3. Let p, q,r be positive numbers such that % +1= % and let (ak)Z:1 , (bk)Z=1 be

q
sequences of non-negative real numbers. Then:
1

[Ear) <[] (£

k=1

q



6.2. GENERALISATIONS, HISTORICAL FORMS AND A CONVERSE STATEMENT 43

Proof. Consider t = g, s= %. Then % + % = 1. We can now use 6.2 on the sequences a,, b, to
find: . . , ;

n n tfn s n p[ n q
Z|akbk|r5(2|a;€|[) (Zlb,’cls) :(Z a,’f) (Z bZ) 6.1)
k=1 k=1 k=1 k=1 k=1

Taking the rth root on both sides finishes the proof. O

Using this lemma, we first consider the case of N = 3 sequences.

Theorem 6.4. Let p, q, r be positive numbers such that % +1

c+7=1andlet(ap)i_;, (b}, ()},
be sequences of non-negative real numbers. Then:

> arbic < (Z “;’:) (Z bZ) (Z CZ)
k=1 k=1 k=1 k=1

Proof. Let us consider the sequence dy = byciVk. Then, given ¢ such that % +1=1, we
find:

i M:

n % n % n % n %
=Lt (i) (£ [
k=1 k=1 k=1 k=1
1.1_

Now since gt T

= %, we can use Lemma 6.3 to find the desired result. O

We can now proceed to generalise this statement to an arbitrary number of sequences.

Theorem 6.5. Let p,, for m = 1,...,N be a sequence of non-negative numbers such that
N 1p = 1. Furthermore, let( ) wp Jor m=1,...,N be sequences of non-negative real

numbers. Then: X

S [ (See]

Proof. without loss of generality we assume that N > 3. Suppose N is even. We then obtain
the desired result in a recursive manner as follows. Define g, r in such a manner that % =

y NIz pl and1=Y0N . p . Then, using Theorem 6.2 we find:

n N n NJ/2 N v
2 ] xi'= le_lxkl" ZI [T
k=1m=1 =1 m=1 =1 m=N/2+1
We now have two possibilities. Either N/2 is even (and the products on the right hand side

have an even number of terms). We then perform the same sequence of operations until
we reach an odd number of terms.

If we obtain one term, we are done. So let us assume that the odd number of terms is
larger than or equal to three. We then proceed in a similar fashion as we did in the proof
of Theorem 6.4: We use Lemma 6.3 in order to split the expression up into a part over one
sequence and a part over an even number of sequences. We then consider the part over the
even number of sequences, and continue as we did above.

If we start off with an odd number of sequences, we use Lemma 6.3 and then proceed in
a similar manner as presented above.
Note that this algorithm will always yield a result in at most N steps. O
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Furthermore, one can show that Holders inequality still holds when we include weights
in both the inner product and the norms!

Theorem 6.6. Let p, q be positive numbers such that % +% =landlet(ay);_;, (br) iy, (Wi,
be sequences of non-negative real numbers. Then:

n n n
Z wragby < K/Z wka,’fi’/z wi| bl
k=1 k=1

k=1
1,1 11 1
Proof. Note that wy = w ? = w, w/!. Applying Theorem 6.2 on the sequences w; a; and
1
w,Z by yields the expected result. O

Much to anyone’s surprise, the original inequality that Holder proved was actually a spe-
cific case of this weighted inequality! His original inequality follows by taking a; = 1Vk.

Theorem 6.7. Let p, g be positive numbers such that % + % =1 and let (ay)}_,, (wr)}_, be
sequences of non-negative real numbers. Then:

n n n
Y wibi < (/Z wki’/z Wil bl
k=1 k=1 k=1

We will prove this version of the inequality later in this chapter by making use of one of
the inequalities we have derived in a previous chapter. Note that this statement is equiva-
lent to Theorem 6.2 for two sequences cy, di: seting wy = c,’: and by = dkp yields the mod-
C

k
ern version of Holder’s Inequality. The other implication follows from the proof of Theorem
6.6.

Interestingly enough, we use a statement that looks partially like Hélder’s inequality in
order to say something about the remaining aspects of the equality - we present this result,
which can be considered to be a "converse" statement.

Theorem 6.8. Let p € (1,00) and let (ak)Z:1 be a sequence of real numbers. Suppose 3C € R

such thatVx,k=1,...,n:
n n
Y laexil < CV > lxil?
k=1 k=1
n
i lagli<c
k=1

q
Proof. Consider' x; = sgn(ay)|ag|?. Then surely:

n q+1 n
Y laglP™ = CPl Y lagl
k:1 k:l

INote that in Steele (2004) one finds an incorrect expression. The author of this thesis has corrected this and has implemented the
correct result.

Then for q = %:
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Note that g = %, such that % = —L-. Thus the power of the left hand side yields % +1=

=L
i % = q. Therefore, we find:

p-1" p-1
n n
Y lalT=C{l )Y lagl
k=1 k=1

Dividing both sides by the right hand side yields the desired result, since:
n n 1_% o lagl?
\q/ ZlakW:(Zlaqu) = _<cC
k=1 k=1 (/Zzzlmkm

6.3. ONE LAST INEQUALITY: MINKOWSKI’S INEQUALITY

We now introduce another inequality, which is often considered to be a consequence of
Holder’s inequality, but can also be considered the generalisation of the Triangle inequality
on p-spaces, which we will discuss extensively in the next chapter. Without further ado, let
us prove Minkowski’s inequality.

Theorem 6.9. Minkowski’s Inequality. Let p > 1 and let (ax);_,, (b) ;- Then:

1
P

n 5[ 5o (o
(Z|akbk|p) < (Zlakl”) + (Zlbkl"’)
k=1 k=1 k=1
Proof. Note that:

n n n n
1 1 1
Y lag+bil” = Y lag + bellag + b~ < Y lagllag + bel”~" + Y |billak + bl
k=1 k=1 k=1 k=1

Now we can use Theorem 6.2 on both sums on the right hand side. We then find:

p-1

n p

n v n
-1
|allax + bi|P S(Z “Z) ( Iak+bk|p)
k=1 k=1 k=1

An analogous result can be derived for the second sum. Combining these results yields:

p-1
n p

n v (o ) AVE
lar+belP < || X ay| +|) by lag + by|P
k=1 k=1 k=1 k=1
We can divide out the last term to find the desired results:

1

n % n p n P
( |ak+bk|”) S(Z “5) +(Z bZ)
k k=1

=1 k=1
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6.4. CONNECTING THE DOTS: HOLDER IN RELATION TO THE PRIOR INEQUAL-
ITIES

We have already seen how Holder’s inequality follows from the AM-GM inequality. Fur-

thermore, Holder’s inequality is obviously a generalisation of the inequality of Cauchy and

Schwarz, and therefore, intuitively, Holder’s inequality appears to be a much stronger state-

ment. In this chapter, we will see how Hélder’s inequality can be derived from all the other

inequalities - much to one’s surprise!

6.4.1. DERIVING HOLDER FROM CAUCHY-SCHWARZ
We will now show that Hélder’s inequality can be derived from the Cauchy-Schwarz in-
equality (2.4). One will see that the Cauchy-Schwarz Inequality also possesses a self-generalising

property, and as such, the proof will be analogous to that of the AM-GM inequality to quite
n n

some extend. Let us first consider the case of 2V sequences, so (xk) PR (xiN_l) , (xiN) .We
k=1

k=1
can then use the Cauchy-Schwarz inequality to derive the following result:

2N
n 2N 2N n oN
m m
2 I x| =TI 21
k=1m=1 m=1 k=1
This can easily be seen by iterating as follows:
N N-1 N-1
n 2N 2C n 2N-1 2 n 2N 22 SZNn
m m

Y Il =X I 2 1T = [T 2
k=1m=1 k=1m=1 k=2N-141m=1 m=1k=1

This results also follows immediately from the generalisation of the Cauchy-Schwarz in-
equality (Theorem 2.7). Now from this, it easily follows that Holder’s inequality holds for

two non-negative real sequences (ax)_, , (br)} -, and for any number p € {ﬁ j=1,...,2N - 1}
and its reciprocal by choosing X, such that a; = H =1 x'and x;" equal forallm=1,..., j

and choosing the other x}"" equal such that by = H?n: j+1 x;', as we then obtain:

o] (5 () B ) o )] e

= m=j+1 1k=1 m=j+1k=1
n NY [ n LN 20T
Z al 7| | Y 1x 2N
: k':l

Taking the 2VNth root of both sides yields:

goons (] (o) (5] (£

Note that even though p can now only attain rational values, for any p € R>; \ Q we can
1

1

define a sequence p,, € Q such that p,, — p. Setting ¢, = (X}_, ak™)Pm (7, b{") ™, we

find that: ;
Zakkacm VneN
k=1
Thus, taking the limit m — oo yields Holder’s inequality for any real p.
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STARTING WITH JENSEN’S INEQUALITY

We can show that both Minkowski’s as well as Holder’s inequality can be derived from
Jensen’s Inequality.

First, note that Jensen’s Inequality can be rephrased as follows:

Theorem 6.10. Let w; be positive, real numbers and let ¢ be concave. Then:
Y wid(x) (ZQLI wixi)
<

n , n .
Zk=l wl Zk=l wl

1\P
Let us consider the concave function ¢(x) = (1 + xp) for x € [0,00). We then obtain:

p
n . P 1\ P
w1+ x: i
i=1 ’( l) Y wixi )P
<|l1+|——

o
L=y Wi

Which is equivalent to:
1 1 1
n 1\P\pr n P n P
(Z wi(1+xi”) ) S(Z wl-) +(Z w,-xi)
i=1 k=1 i=1

e \P . . . .
Substituting w; = af and x; = (Z—z) , we retrieve Minkowski’s inequality.

Let us now derive the historical Holder’s Inequality in the same manner as Holder did.
We consider the convex function ¢(x) = x9. We apply Jensen’s inequality to find:

(ZZZI wkbk)q ~ (ZZZI wkbk) _ Ypo widpbe) Xy, wy b
Z?:l wi Z?:l wi B Z?:l wi Z?:l wi
Which is equivalent to:

n ?_1 w; n q % ( ;?_1 Wi)%+$ n q 711 n % n q %
Z Wby < E— Z wkbk = Z wkbk = Z Wi Z wkbk
k=1 ( ?:1 wi)ﬁ k=1 ( ;1:1 w,—)ﬁ k=1 i=1 k=1
This is the historical inequality, from which the inequality in the form that we presented
initially follows.

DERIVING HOLDER’S INEQUALITY FROM MINKOWSKI’S INEQUALITY

Lastly, while we proved Minkowski’s inequality from Holder’s inequality, we can also prove
Holder’s Inequality from Minkowski’s inequality by taking a small detour via the results that
we obtained surrounding power means! We present these results in the form of a lemma.

Lemma6.11. Given0€[0,1] and a,b=0. Then:

lim (0a''? + (1 -0)b*'P)" = a®p'~?

p—o0

. - . p/s\" ql/s\"
We now apply Minkowski’s inequality to the sequences (6 a, )k_l , ((1 -0)b, )k_l us-

ing an s-norm:

n s 1/s n s 1/s n s 1/s n 1/s n 1/s
(Z (0} +a-0)p") ) < (Z (0a)") ) +(Z (1-005{") ) :9(2 aZ) +(1—9)(Z bZ)
k=1

k=1 k=1 k=1 k=1
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Raising both sides to the power of s, we find:

1/s S

n s n n 1/s
Y (0 +a-0)b]") s(e(z a,’j) +(1—9)(Z b,‘j) )
k=1 k=1 k=1

We can now consider the limit s — co and use Lemma 6.11 to find:

n 0. (1-0 n 01 n
> @b ”’S(Z a;’?) (Z bZ)
k=1 k=1

k=1

1-0

Setting 0 = % yields Holder’s inequality.

Note that since we can prove Holder’s inequality from Minkowski’s inequality, we can
also easily prove that the Cauchy-Schwarz inequality follows from Minkowski’s inequality -
from which we can show very easily that the AM-GM inequality follows from Minkowski’s
inequality as well: the starting point of our study of Holder’s inequality!



EXPLORING P-SPACES

All the results that we have derived up until now are restricted to finite sequences. In this
section, we study a very important class of normed vector spaces: R” equipped with the
so-called p-norm for p = 1 and the standard inner product. Note that these spaces are
complete under each norm and the metric induces by them. We will study some inter-
esting properties of these spaces, and will lastly show how this structure is lost when we
extend to infinite dimensional vector spaces. Note that we will be referring to many of the
definitions introduced in Chapter 1.

7.1. INTRODUCING P-SPACES
We first recall the definition of the p-norm.

Definition 7.1. Letx€ R"” and let p = 1. We then define the p-norm as:

n 1/p
Ixllp = (Z |xk|p)
k=1
Furthermore, for p = oo, we set:
Xlloo = ml_ax{lxil}
We denote the normed space (R”, |||l ) as R7.

One may wonder why the p-norm is only defined for p = 1. Let us consider what hap-
pens to Minkowski’s inequality (Theorem 6.9) if p < 1. As was mentioned briefly in Chapter
6, Minkowski’s inequality can be seen as a generalisation of the triangle inequality Note that
the triangle inequality follows from Minkowski’s inequality by settinga=x—-zandb=z-y:

dpx,y) = lIx—-yllp =lla+bl, < lal + bl = Ix-zl, +ly—zlp, = dp(x,2) + dy(z,y)

Let us refer back to the proof of Minkowkski’s inequality on the basis of Jensen’s inequality,

1\P
in which we made use of the concave mapping ¢(x) = (1 + xP) , from which we obtained

1\P
no p 1\P
i1 i (1 T ) 1+ (Z?:l Wixi)”

Loy Wk
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using Jensen’s inequality (Theorem 4.1). Note, however that this final step is only valid if

the mapping x — (1 + x%)p is convex. This is the case for p = 1 - for p < 1, however, this
mapping becomes concave, and we obtain the inverse of the triangle inequality, i.e. we find
that:

la+bly<1 = lall <1 + bl pe

which yields:
dy(x,y) 2 dy(x,2) + dy(z,y)
This, of course, conflicts with properties of metrics, and as such, the requirement that p > 1

is a necessary requirement for us to have a valid metric space.

7.2. PROPERTIES OF P-SPACES

In this section, we will prove inequalities on the class of p-norms. These inequalities will
reveal a cyclic relationship between two different p-norms. We will then show how this
cyclic relationship ensures that a lot of structure on the different R}, is essentially equal.

Theorem 7.1. Let1 < p, < p; <oo. Then Vxe R":
1Xlloo = Xl p, = 1%l p, = Ixll1 = 12lIXlloo

Proof. We start off by proving the leftmost inequality.

i=1

n 1/p1
1/
Ixll = max(lx;]) = (Ix;1P1) "7 < (le I”l) = [1xIl p,

Now consider the last two inequalities. We start with the first of these.

1/p2 n n n p2 n p2
| ;|
Xl p, = (Z|x1|p2) <) lxil=lxlh < ) x| < (leil) (Z SANEY ) <
i=1'"

i=1 i=1 i=1

which, evidently, is true.

n n
Ixh = ) 1xil < ) max(lx;[) = n-max(|x;]) = nlXleo
k=1 k=1 ! !

We now come to the last of these inequalities.

1/]_’)1 n 1/p2 n pg/pl n
%[l p, = (lellpl) = (Z|xi|p2) = xllp, = (leil”l) = (leil”z)
i=1 i=1 i=1

But this comes down to proving that:

1XP211 py 1p, < 1XP211

which, for t = p;/p, > 1, reduces to proving that |lyll; < |lyll; (where y; = |x;|P2). But this
has been done already, and as such, we are done.

Corollary 7.1.1. Let n be fixed. Then allR} share the same convergent sequences, the same
open sets and the same compact sets.
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Proof. Consider a sequence of vectors (xk);":1 such that x; Pi x for some p1 € [1,00]. We
then have: c
Ve>0:ANeN:VEk= N:[[Xx—X¢llp, < —
n

Let us now consider p» € [1,00). Two cases can be distinguished.
Case I: py < pa.
We now simply have that for given € and N:

€
X=Xkl p, < IX=Xgllp, < " Vk=N
because of Theorem 7.1.
Case II: p1 > p».
In this case, we find that [x]| , < n[xlle < nlxIl,,. We thus find that Ve >0: AN eN:Vk = N:

X=Xkl p, = n-IX=Xgllp,<n-—=e€

S|o

So in either case, we have that x 2 x. We thus see that all p-spaces share the same conver-
gent sequences.

We know that open sets and convergent sets are related in the following way:
Xc IRZ is open <= V (xx)72, € IRZ \ X convergent: x; — X, forx € IRZ \ X
But since all p-metrics yield the same convergent sequences, they also share the same open

sets.

But then, all p-spaces share the same complete sets, since convergent Cauchy sequences
in one p-space must also converge under all other p metrics.
But then, since these p-spaces share the same open sets, they also share the same totally
bounded sets. But then, they also share the same compact sets. O

This proof shows that results on any R}, space regarding for example convergence of
sequences or openness of sets can be extended to all other p-metrics. But this is not all!
We can even prove that all such results hold for any arbitrary norm on R”, and as such are
completely completely independent under the choice of norm!

Theorem 7.2. Let n be fixed and let ||-| be any norm onR". Then for all |||l ,, we have that ||-|
and ||-|| , generate the same convergent sequences, the same open sets and the same compact
sets.

Proof. We first prove that 3C such that
Ix]l = ClIxlloo

Let us first write x in terms of the basis vectors:

n n n
IxIl =1 xieil = )_lxilllell < C(leil) = Clix[lx
i=1 i=1 i=1

with C = max; (||e;||). Using Theorem 7.1, we find: [|x|| < Cn| x|l co-
We now prove that x| = m|x|l«. Let us consider the following compact subset of R : K =
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{x e R"[|Ixlloc = 1} and the function f :x — |x||. We then use the inverse triangle inequality
to derive:
IfxX) = fWI=IIxl=lylll < Ix-yll = C-nlx-ylloo

And thus, f is Lipschitz continuous on K. Note, however, that since K is a compact set, we
can find a minimum and maximum of fon K, i.e. 3m, M € R5: m < f(k) < M. Thus, given
someXx € R:

X X
Xl = HXlloo——1I = IXlloo | —— I = MmI|X]lo
Xl oo Xl oo
which follows from the fact that ﬁ € K. As such, we find:

m|Xleo < Xl = n- Clixll0o

By continuing in the exact same manner as was done in the proof of the previous theorem,
we can thus show that we indeed obtain the same convergent sequences as well as the same
open, complete and compact sets under both norms. O

This theorem thus shows that studying the topology of the n dimensional real vector
space, which can be restricted to just studying to R", can simply be done by choosing one’s
favourite metric! Note that convergence (or, equivalently, openness) is a very strong prop-
erty, as other, more complex structures, like for example continuity of functions over the
vector field at hand, can completely by characterised by convergent sequences (or, equiva-
lently, open sets)!

7.3. EXTENSION TO R

Atlast, we have arrived at the point at which we can reflect on the finitude of the spaces that
we are considering - specifically, we are interested in seeing whether the strong structure
preserving properties of the spaces at hand are still present on infinite dimensional spaces.
In order to assess this, we limit ourselves to R*°, and consider whether or not the norm-
independent structure present in the finite dimensional case is still to our disposal. Let us
now introduce a linear subspace of R*, which we will study in this section, which we will
dub V:

V ={x = (x,)$2, with x, =0V n > ng for someny.}

Note that we can extend the aforementioned p-norms to this set: since for every sequence
there is some ny such that x, = 0V n = ny, so for that specific sequence, V acts as R under
the p-norms. Therefore, we still have:

[Xlloo < IXllp, = Xl p, = lIxlI1

for 1 < p» < p1 < oo and for every x € V. However, the topologies generated under each of
these norms are distinct! Let us prove this in the following theorem.

Theorem 7.3. Given the set'V as defined above. Let 1 < p, < p < oo, then:
Too STy, CTp, CT1

Proof. Let us first prove that:

We can restrict ourselves to the case for g; € (1,00) and ¢» € [1, ql) and prove that

T ETq
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without loss of generalisation. Suppose X € 74,. Then X is open under the g;-norm.

We prove that X is open under the g,-norm. Take x € X. Then Je such that B! (x) € X.
Now take y € B (x). Then since Ix—yllg, < IXx—Yllg, <€, we have thaty e BJ'(x). As such,
we have that B (x) € B (x). But then surely Vx € X : 3¢ : x € B (x). Thus, all open sets
under the g;-norm are open under the ¢,-norm.

We now prove that 7, is a sirict subser of 74,. We do this by showing that Bgz X) € Tgq,-

More specifically, we show that any g;-open set cannot be fully contained in sz under the
¢ -norm.
We first note that we can make use of the fact that Bgz x) =x+ Bgz (0), such that we can limit

ourselves to the case Bg’z (0) without loss of generality.

We prove that B (0) ¢ Bgz (0) under the g;-norm for all € > 0.
Let us consider the sequence x,, = ﬁ Then:

o0
Z x? diverges, while
n=1

o0
Y x! converges
n=1

1/q
Now let € > 0. Then: AN : ( o0 qu) ' < €. Furthermore, we also have that 3N :

n=Ny'n
)l/q

1
y M X2 > . But then, surely (ZnNi No xh < €. Thus, if we define a new sequence

n:NO
Y= (XNg» XNg+1 -+ -» XN, 0,0,...), then:

ye BI(0)
y¢ Bl (0)

Lastly, we want to prove that 7, < 7, for all p € [1,00). Suppose that for some p: 7o, = 7).
Thenlet g € (p,00). Then 74 =7,. = <. Thus Te, € 7). O

We see that, contrary to the finite dimensional case, the topologies on R* are not equiv-
alent.






CONCLUDING PART I

In the past chapters, we have given several proofs for the Cauchy-Schwarz Inequality, the
AM-GM inequality, Holder’s Inequality and Minkowski’s inequality, and discussed the in-
timate relationship between these inequalities by showing how each of them can be derived
from the others. We have also proved how the Cauchy-Schwarz inequality and the AM-GM
inequality follow from the simple and almost trivial fact that (a — b)? = 0.

We saw that this trivial fact hinted towards the study of convexity, which proved to be a sur-
prisingly strong property of which Jensen’s Inequality could be derived.

We also considered a generalised class of means, and proved a generalisation of the AM-
GM inequality from that: the Power Means Inequality.

In retrospect, all the other inequalities could be considered to be (often) simple conse-
quences of Jensen’s inequality - which in and of itself was a simple consequence of the
definition of convexity.

The connection between all the inequalities we studied is represented in the following dia-
gram.

Jensen

Power Means

Minkowski

\

Cauchy-Schwarz AM-GM

Figure 7.1: The connection between the main inequalities of this thesis is displayed in this diagram. The inequality at the end of an arrow
can be derived using the inequality at the base of the arrow.

Lastly, we studied inequalities relating to the p-norms which followed from Jensen’s in-
equality, and showed how the topologies under each of these norms (and under every other
norm!) were the same on finite dimensional real vector spaces, and as such, how a lot of
structure on real vector is preserved when switching between different norms. We ended
by showing that this rich structure is lost when extending to the infinite dimensional case.
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Part 11



INTRODUCTION TO PART 11

After having studied mathematical inequalities extensively in Part I, we can finally turn to
the physical part of this thesis, which concerns the detection of quantum entanglement,
and how it relates to the mathematical inequalities that we have studied so far.

We will first introduce some fundamental quantum mechanical concepts in Chapter 8.

Then, in Chapter 9, we will study the concept of quantum entanglement and delve into
various entanglement methods. This section will mostly be based on the results found in
Giihne and Toth (2008).

Then, finally, we will join our prior enquiries into mathematical inequalities from Part I
with quantum entanglement detection, and we will introduce entanglement criteria de-
rived in Wolk et al. (2014) in Chapter 10.

After having proved these criteria, we will assess them in Chapter 11 by considering which
states they can and cannot detect, as well as by comparing them to the criteria introduced
in Chapter 9.
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QUANTUM MECHANICAL FUNDAMENTALS

This chapter marks the beginning of the second part of this thesis, in which the applications
of the inequalities that have heretofore been studied to the field of quantum entanglement
detection will be studied. First, however, fundamental quantum mechanical concepts and
theorems will be introduced. These concepts will form the basis for the next few chapters,
in which these concepts will be supplemented by more in-depth discussion of quantum
entanglement and its detection. Note that this section will mostly be based on Nielsen and
Chuang (2012).

8.1. THE AXIOMATIC FOUNDATION OF QUANTUM MECHANICS
Four postulates form the basis of the mathematical description of the physical description
of quantum mechanical phenomena. These four postulates will be introduced below.

Postulate I: Any isolated physical system has an associated Hilbert space, called the state
space, in which the system can be completely described by a unit vector, the so called state
vector, henceforth denoted by |WV).

Postulate II: The evolution of a closed quantum system is described by a unitary transfor-
mation. The time evolution of the state of any closed quantum system is described by the
Schrodinger equation*:

d .
ih—|¥)=H|¥Y
e ['V) |'V)
where H = —%Vz + V denotes the Hamiltonian operator.

Postulate IT1I: Quantum measurements are described by a collection of measurement oper-
ators {M,,}, where the indices refer to the possible outcomes. For a state |'V'), the probability
of measuring outcome m is:

P(M =m) = (¥|M M, |¥)

After measurement, the state collapses to a new state |1/7>

. My, |w)
V)=
V] MM )
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There is also a special class of measurements, the so-called projective measurements. These
are described by an observable M, which is hermitian on the state space of the system and
has a spectral decomposition, i.e.:

M=) mPy,
m

where m denotes a possible outcome of the measurement and P,, is the projector onto the
corresponding eigenspace. The probability of measuring m is thus:

P(M =m) = (y|Pn|y)
This property leads to nice results for the expected value and the standard deviation:

(My=EMM) =) P(M=m)=(y|M|y)

o (M) = (M~ (M) = \/(w] M2 [w) — ((w| M [w))?

Postulate IV: The state phase of a composite physical system is described by the tensor
product of its constituting component systems.

We now proceed to studying the concepts introduced in these postulates more thor-
oughly.

8.2, EXTENDING THE AXIOMATIC FRAMEWORK

In this section, we extend upon the postulates of the field of quantum mechanics. First, we
delve deeper into the description of states, and then we define quantum operators on more
thoroughly.

8.2.1. DESCRIBING STATES
We extend on the concept of a state vector |¥) as introduced above. First, note that linear
operators can be represented using the so-called outer product representation.

Definition 8.1. Let V, W be Hilbert spaces and let v € V,w € W. Then the outer product
|w) (v| acting on V x W is defined as the operator which for every other vector ¥ € V: satis-
fies:

(w) v 10) =w) v|D) = (vID)) |w)

State vectors, however, only described pure states. As such, mixtures or statistical en-
sembles of different quantum states cannot be represented by state vectors. In order to
describe these, we make use of the outer product representation and introduce the con-
cept of a density matrix.

Definition 8.2. An ensemble of pure states |w,~ ), occurring with probabilities p;, a so-called
mixed state, can be represented by a density operator p, defined by:

p= lei lwi) (wil
i=

Density matrices possess very nice properties which makes the density operator formal-
ism very useful. Some of the relevant properties of this are given in the following theorem.

Theorem 8.1. Let p be a density operator. Then p satisfies the following properties:
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1. p is positive semi-definite.
. 0 has a trace of unity.

. The evolution of a system through the unitary operator U is given by UpU’

[ N CURE U

. For a measurement described by M,,, we find":
— — T
P(M = m) = Tr( M}, My p)
After measurement, the state collapses to:

MmPM;[n
Tr(M,*anp)

5. Tr(p?) < 1 with equality if and only if p represents a pure state.
6. Given an observable A:
(A)=Tr(pA)

7. if p represents the state of systems A and B, we can describe the state of system A with
the reduced density operator p 4.:

pa=Trg(p)

Where Trp denotes the partial trace. The partial trace is defined as follows:
Trg(lar) (az| ® |br) (b2l) = |ar) (az| Tr(1br1) (b2|)

Proof. We only prove property 6.

Tr(ﬁA)=;<k|pA|k> Zp,Z<k| lwi)(wil) Alk) = ZplZ<wl|A|k><k|w> ZplwllAlw,

where the last step follows from the completeness of {k}. O

8.2.2, DESCRIBING OPERATORS

In this section, we proceed to define quantum operators more rigorously by approaching
them axiomatically. But first, since these operators act on Hilbert spaces, we can define an
inner product between them as follows:

Definition 8.3. Given two operators A, B on a finite Hilbert space H. Then the mapping
(-,-) defined onH x H as:

(A, B)=Tr(A'B)
is called the Hilbert-Schmidt inner product

We now proceed with the axiomatic approach to quantum operators. Before introduc-
ing these axioms, some preliminary concepts need to be introduced first.

Definition 8.4. Let A be an operator acting on a Hilbert Space #. Then A is called positive
if Vv € /£, we have that (v|Av) = 0.

INote that Tr(A) = Y. Ann denotes the trace of A.
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Theorem 8.2. (Nielsen and Chuang (2012)) Let A be a positive operator. Then A is self-
adjoint, and therefore also Hermitian.

Definition 8.5. A mapping A : #y — F is called positive if Ya = 0, A(a) = 0. Further-
more, A is called a completely positive mapping if it still yields positive mappings under
composition with an arbitrary other system, i.e. if the mapping I® A: € ® Ay — D is still
positive, regardless of €.

Definition 8.6. Let A be an operator acting on /4 ® #g. Then A is called decomposable it
3P, P, are completely positive maps such that:

A=P1+P,T
where T denotes the transposition map.

Having introduces these preliminary concepts, every quantum operator A is described
by the following axioms:

Axiom I: Given an initial state p, Tr(A(p)) yields the probability that the process described
by A occurs.

Axiom II: The map A is a convex linear map on the set of density operators.
Axiom III: A is a completely positive map.
Note that this axiomatic approach is equivalent to the approach taken before. This can

be explicated in the following theorem.

Theorem 8.3. (Nielsen and Chuang (2012)) A satisfies the axioms given above if and only if
A(p) can be represented as:

Ap) =Y AipAl
i

where {A;} is a set of operators satisfying EjEi <I

Two important maps can be introduced, which will prove to be relevant for entangle-
ment detection later on.

Definition 8.7. The map p’2 = 1®0 : #,y ® Hg — g ® #5 where 0 : B— B! is called
the partial transpose map.

Remark. The transpose map is a positive, but not completely positive, map. Therefore, the
partial transpose is not necessarily a positive map.

Using this knowledge, we can classify states according to the positivity of their partial
transpose as follows:

Definition 8.8. Let p € A,y ® #5. If p'4 is a positive map, so if p has a Positive Partial
Transpose, we call p PPT. If p is not PPT, we call it NPT.

8.2.3. SCHMIDT DECOMPOSITIONS

Since quantum states and operators are represented using linear algebraic objects, these
can be decomposed in many ways. One decomposition that will prove to be of utmost
importance throughout our enquiry is given below, namely the Schmidt Decomposition.
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Theorem 8.4. Schmidt Decomposition. (Giiline and Toth (2008)) Given a pure state |1//) €
Sy ® A of a composite system AB. Then there exists an orthonormal basis |i4) for system
A and an orthonormal basis |ig) for system B such that, given d = min{dim /¢4, #p}:

d
lw)=3" Ailia)®lip)
i=1

where A; = 0Y1i are called the Schmidt Coefficients such that )} ; A; = 1. Furthermore, S =
#{A; |A; > 0} is called the Schmidt Rank of the wave function |1//>

Note that the concept of a Schmidt decomposition can be extended to density matrices
of bipartite systems as follows:

Theorem 8.5. Schmidt Decomposition. (Giihne and Toth (2008)) Given a density matrix
p € 4 ® Ap. Then a basis Gl‘;‘ of #, Gf of #p consisting of Local Orthogonal Observables

(LOO) exists, i.e. (G, G = (G, G]) = 6}, such that:
p=> MGLeGy
k
with A = 0.

8.3. THE QUANTUM CAUCHY-SCHWARZ INEQUALITY
In the language of quantum mechanics, we retrieve the following formulation for the Cauchy-
Schwarz Inequality:

Theorem 8.6. Cauchy-Schwarz Inequality. (Nielsen and Chuang (2012)) Given |y), |¢),
then:

(w|p)1? < (wlw) (p|¢)

Furthermore, the Cauchy-Schwarz inequality can be adapted to operators, as these sat-
isfy the Hilbert-Schmidt inner product.

Theorem 8.7. Cauchy-Schwarz for expectations. (Wilk et al. (2014)) Given a density ma-
trix p and two operators A, B, both acting on the same Hilbert space. Then:

ITr (ABp) P < Tr (A4"p) Tr (B Bp)

Proof. Note that (A, B) = Tr(A'B) is the Hilbert-Schmidt inner product. Setting A= \/ﬁAT, B=
B,/p, applying Cauchy-Schwarz’ inequality and applying the cyclic property of the Trace
operator yields the result. O

A famous application of the Cauchy-Schwarz inequality is in proving the well-known
uncertainty relation of Heisenberg, of which we present a proof below.

Theorem 8.8. Heisenberg’s uncertainty principle. Let A, B be Hermitian operators and let
|1//> denote a quantum state. Then:

(| (A B]|y)l

o(Ao(B) = >

Proof. First consider the operators A= A— < A>, B= B— < B>. Then:

(| [ 4, B] [w)I? + Ky |{A B} |[w)I* = 4w | AB|y)I?
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Since:

(y| AB+BA|y)I” = (y| AB|y) + (| BAly)P®
= (vw| AB|w) = (w|BA|y)) ((w| AB|w) = (w| BA|y))
= | AB|y)* + (w| AB ) (y| BA|w) = (| AB|y) (w| BA|y) + (y|BA|y)I®
= 2I(y| AB|w)I> + (w| AB|y) (w| BA|y) = (y| AB|y)(y|BA|y)

where the last step follows because the hermitian conjugation conserves lengths for scalars
(inner products) and because A, B are hermitian. But now:

(w|[A, B]|y)P?
4

(y| ABly)I =

Taking the square root of both sides and substituting A= A-(A),B = B - (B) finishes the
proof. O

Note that the other inequalities presented in the previous chapters can also be writ-
ten in terms of the quantum mechanical formalism. This will not be done here, since the
quantum mechanical representation of these inequalities is considered to be very evident.
Nevertheless, they will prove to be very important - the definition of the density matrix
as the convex sum of outer products hints at the use of Jensen’s Inequality or the AM-GM
inequality, for example. This will become more clear as we turn to the topic of quantum
entanglement, which will be introduced in the next chapter.



AN ENQUIRY INTO ENTANGLEMENT
DETECTION

In this chapter, an enquiry will be made into the various detection methods for quantum
entanglement. But, prior to that, the concept of entanglement will be introduced first. This
chapter will be divided into two sections - one on bipartite entanglement and one on mul-
tipartite entanglement - as this approach offers more insight in the topic of entanglement
detection.

9.1. BIPARTITE ENTANGLEMENT AND ITS DETECTION
We first introduce the definition of entanglement for two-particle states and then proceed
to discuss the detection of bipartite entanglement.

9.1.1. INTRODUCTION TO BIPARTITE ENTANGLEMENT
Let us first introduce the definition of separability and entanglement for bipartite systems.

Definition 9.1. Given a pure bipartite state |¥) € /3 ® A,. |V) is called separable if it can
be written as the tensor product of pure states, i.e. if 3 |1p1> € A and |1//2> € 6, such that:
W) = |y1) @ |w2)

If |¥) is not separable, it is called entangled.

An example of a bipartite entangled state is for example the y_ Bell state, which is given
by:
[10) —101)

V2

This result can be generalised to mixed bipartite systems.

ly-)=

Definition 9.2. Let p € A4 ® /5, be a density operator. We then distinguish three classes of
density matrices.

1. If p = pA ® p?, then p is called a product state.

2. If p can be written as a convex sum of product states, i.e. p =) ; p,-pf ® pf, then p is
called separable. Note that any product state is also separable.

3. If p is not separable, p is called entangled.

65
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Given some mixture of quantum states - so, some density matrix - the question whether
this mixture is separable or entangled follows naturally, especially considering that this
knowledge is of great importance for many applications in for example quantum comput-
ing. This question results in the so-called separability problem, which has not been resolved
up to this date (Githne and Toth (2008)). Some criteria, however, have been derived - these
will be discussed below.

9.1.2. BIPARTITE ENTANGLEMENT DETECTION

There are various methods for the detection of entanglement. In this section, the most
important bipartite entanglement detection methods will be treated. We first discuss de-
tection methods which are dependent on performing direct action on the given mixture.

THE PPT, REDUCTION AND MAJORISATION CRITERIA
We first give three criteria and prove them, and then show how they relate to one another.
Let us first state and prove the so-called PPT criterion (Wolf (2003), Githne and Toth (2008))

Theorem 9.1. (PPT Criterion) Let p be a bipartite, separable state. Then p is PPT.

Proof. Let p be separable,i.e. p =Y , pi pf ® pf . We can take the partial transpose:
Ta_\ AT B
p't=) pi(pf) ®p;
i=1

Note that this again is a density matrix and as such a positive definite operator. Thus p is
PPT. O

If the converse of the implication were also true, the separability problem for bipartite
states could be reduced to the question whether these states are PPT. This is, unfortunately,
not always the case. There are some cases of great practical relevance - like two-qubit sys-
tems - for which this is the case, however:

Theorem 9.2. (Horodecki’s Theorem) (Horodecki et al. (1996)) Let p be a 2x2 or a 2x3 sys-
tem. If p is PPT, then p is separable.

Another criterion that is related to positive but not completely positive maps is based
on the so-called Reduction map.

Theorem 9.3. (Reduction criterion) Let AR (X) = Tr(X)1 — X. If p is separable, then I ®
AR(p) = 0.

One may wonder how this criterion relates to the PPT criterion in terms of its detection
strength. The following theorem shows that the Reduction criterion is actually weaker than
the PPT criterion:

Theorem 9.4. Let p be entangled and detectable by the Reduction criterion. Then p is de-
tectable by the PPT criterion.

Proof. First of all, note that AR is decomposable (see Horodecki and Horodecki (1999)),
i.e. 3P;, P, completely positive maps such that AR =P, + P,® T. But since P; and P, are
completely positive, p can only be detected if I/ ® T is not positive. O

Note that decomposability is not unique to this specific positive map - it can be gener-
alised even further.
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Theorem 9.5. (Woronowicz (1976)) Let A : /64 — A with dim /€, = 2 and dim /g < 3.
Then A is decomposable.

It can actually be shown that any positive but not completely positive map is completely
positive over the separable states. This yields an interesting theorem, of which the Reduc-
tion Criterion is just a corollary.

Theorem 9.6. (HHorodecki et al. (1996)) p is separable < Y A positive, we have that (I ®
AN)(p)=0 Vp.

Thus, the separability problem reduces to the identification of all positive maps. From
this, it easily follows that for low dimensions (at most 2 x 3), the PPT criterion is a necessary
and sufficient condition for entanglement, and as such, proves the Horodecki criterion.

Furthermore, there is another criterion that - at first sight - might appear to be com-
pletely unrelated, which we state here without proof.

Theorem 9.7. (Majorisation Criterion) (Hiroshima (2003)) Let p € /€4 ® A be a density
matrix and consider p” = Trg(p). Consider the eigenvalues of p arranged in decreasing order,
say P = (p1, p2...) and analogously those of p*, sayQ = (q1, gz ...). If p is separable, then V k:

k k
Ypisd ai
i=1 i=1

The question how the majorisation criterion relates to the reduction criterion arises nat-
urally. This question is addressed by the following theorem.

Theorem 9.8. (Hiroshima (2003)) Any entangled state that is detected by the majorisation
criterion can also be detected by the reduction criterion.

We thus see that the PPT criterion is the stronger one of these criteria. There are, how-
ever, criteria that can detect states which are left undetected by the PPT criterion. One of
such entangled PPT states is (de Vicente (2007)):

7 7
e T
p=—|-1 -1 -1 <1 8 -1 -1 -1 -1
S S T S (R A s

Some of these criteria are discussed next.

THE CCNR CRITERION, THE CMC CRITERION AND OTHERS
We start off by introducing a criterion which is based on the Schmidt decomposition in
operator space: the so-called Computable Cross Norm or Realignment Criterion.

Theorem 9.9. (CCNR Criterion) (Chen and Wu (2003)). Let p be a density matrix with the
following Schmidt decomposition: p = ) )LkGﬁ ® Gf , Where {Gf} forms an orthonormal
basis of /€4 and {Gf } forms an orthonormal basis of #6g. If p is separable, then:

Z/lkil
k
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A similar criterion is the so-called Covariance Matrix Criterion.

Theorem 9.10. (CMC Criterion) (Gittsovich et al. (2008)) Let G{‘, G? denote local orthog-
onal observables acting on €, and /g, respectively. Then by forming the block matrix y
by settingy;j = (GiAGf) —(GH (G}? ). Then if p € 4 ® # is separable, one can find states
w’k‘} € Sy and wﬁ € S such that:

re Yepry|wi 0
B 0 Tipry | wh)

We note that these criteria are intimately connected, as is shown in the following theo-
rem:

Theorem 9.11. (de Vicente (2007)) Any state p detected by the CNC criterion is also detected
by the CCNR criterion.

Note that the CCNR and the PPT criterion do not detect the same states. There is, how-
ever, a criterion, which relates these two criteria based on the idea of linear contractions
and permutations.

Theorem 9.12. (Horodecki et al. (2006)) Given a density matrix p expanded in a product
basis, s0 p = Y.ij k1 Pijki i) <]| ® |k) (l|. Then the following two separability criteria can be
derived:

lpijimll<1 and llpgkjnl <1
where (...) indicates a permutation of ijkl and the Hilbert-Schmidt norm is used.

Note that the first of the two separability requirements is just the PPT criterion, while
the second criterion comes down to the CCNR criterion.

BIPARTITE WITNESS DETECTION

The methods presented up until here all presuppose knowledge of the mixture of states
at hand. In this section, a class of methods that do not require such knowledge will be
presented: entanglement witness detection methods. We first define a witness.

Definition 9.3. Let W be an observable. W is called an entanglement witness if:

Vp, separable: Tr(Wp) = 0
dp. entangled : Tr(Wp,) < 0

In fact, all entangled states can be detected by some witness:

Theorem 9.13. (Horodecki et al. (1996)) Let p be an entangled state. Then there is an entan-
glement witness W which detects p.

We thus find another reformulation of the separability problem: if we know how to con-
struct a entanglement witness for any entangled state, we can always determine whether a
state is separable or not.

We can now discuss two examples of constructions of witnesses, namely for states that vi-
olate the PPT criterion and for states that violate the CCNR criterion.

Theorem 9.14. (Giihne and Toth (2008)) Let p be NPT with a negative eigenvalue A_ for
some eigenvector |17) of p™4. Then:

W = [n)(n|"™
is a witness detecting p.
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We can generalise this theorem to any positive map as follows:

Theorem 9.15. (Giihne and Toth (2008)) Let p be an entangled state detected by the positive
operator A. Then:

1. 1® A(p) has some eigenvalue A_ < 0 for some eigenvector |n>, and

2. W=1eA*(|n)(n|) is a witness which detects p.
We can also derive a witness based on the CCNR criterion.
Theorem 9.16. (Vi. and Liu (2005)) Let p violate the CCNR criterion. Then:

wW=I-Y GleG}
k

is a witness that detects p.

The question might rise whether there is a connection between entanglement detec-
tion via positive maps and entanglement detection using witnesses. This question can be
addressed by studying a specific isomorphism, which will be discussed in the next section.

CONNECTING POSITIVE MAPS AND WITNESSES

In the search of a connection between the maps between two spaces and the operators act-
ing on their tensor product, a logical step would be to try to find an isomorphism between
these two classes of objects. We introduce one such isomorphism below.

Definition 9.4. Consider the operators E acting on L(#4) ® L(#5) and consider the maps
€: L(A4) — L(Ap). Then the Choi-Jamiotkowski isomorphism is given by:

e(p) =Tra(Ep" @ 1p)

The relevance of the Choi-Jamiotkowski isomorphism will become clear from the next
theorem.

Theorem 9.17. (Choi (1975)) Let E be an operator acting on L(A/€4) ® L(A#p) and consider
the map e : L(A€y) — L(ACB). Suppose that e and E are mapped onto each other by the Choi-
Jamiotkowski isomorphism. Then the following properties hold:

1. € is CP < E is a positive semi-definite operator.
2. € is positive but not CP < E is an entanglement witness.

3. € is decomposable < E is a decomposable entanglement witness.

This theorem shows that the Choi-Jamiotkowski isomorphism relates positive but not
completely positive maps to entanglement witnesses, effectively linking the maps studied
in the previous sections like the partial transpose to the witnesses discussed later on. As
such, we see that the separability problem can also be interpreted to be the classification
of all entanglement witnesses.
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NON-LINEAR WITNESS DETECTION

Note that the inequalities that were derived up until now for witness detection methods
are all inequalities in the mean of the given witness. These inequalities can, however, be
extended to include non-linearities in the form of e.g. the variance of the observables at
hand. For example, all witnesses of the form presented in Theorem 9.14 can be given a
nonlinear extension (see: Giithne and Liitkenhaus (2005)). This extension offers signifi-
cant improvement over the linear entanglement criteria. We will discuss several of these
non-linear criteria in this chapter, and will derive some other non-linear criteria using the
inequalities studied in the previous chapters in the next chapter.

Two of these non-linear criteria were derived by Hillery and Zubairy.

Theorem 9.18. Let A, B be operators acting on /€, and #, respectively. Then for separable
states p we have:

KATeB)> <(ATA® B'B)
(AT @ B)I? < (AAT) (B'B)
Another bipartite entanglement criteria was derived by Shchukin and Vogel.

Theorem 9.19. () Let a, b denote the annihilation operators in /€4 and g, respectively.
Then:

Ka™a"a'Pa%e b b b* Y| < (@' a"aa™ @ b b*bT* by (a"aP a’P a? ® b BT B
Lastly, a criterion has been derived by Huber et al.

Theorem 9.20. Let I1 denote the permutation operator and let ® denote a product state of
an m-tupled system for some m € Nxy. Then:

VRe (@ (Ly ©T15) po (s @ 1) @) < /(@] p° )

It can be shown that the cases for m = 3 can be brought back to the case for m = 2 with
a different product state ®. We therefore restrict ourselves to the case for m = 2.

9.2. MULTIPARTITE ENTANGLEMENT AND ITS DETECTION

In this section we introduce entanglement and entanglement detection methods for multi-
partite systems. This will not be done in a completely analogous manner to the two-particle
case, as extra particles introduce more complex structures than the bipartite case, since
multiple degrees of entanglement become possible.

9.2.1. INTRODUCTION INTO MULTIPARTITE ENTANGLEMENT
We start off by introducing the concept of separability, and from there on delve into the
possible forms of entanglement.

Definition 9.5. Given a pure multipartite state |¥) € ®?: 176 W) is called fully separable
if it can be written as the tensor product of pure states, i.e. if 3 |wl> € A,..., |wn> € S,
such that:

=@y
i=1



9.2. MULTIPARTITE ENTANGLEMENT AND ITS DETECTION 71

Any state that is not fully separable, is somewhat entangled. We now introduce structure
into the degrees of entanglement possible. First, we introduce a weaker form of separabil-

1ty.

Definition 9.6. Let |¥) € ®;7:1 J¢;. |V) is called m-separable with 1 < m < n if there are m
parts P,..., Py, such that:

m
P) =),
i=1
We call |V) truly n-partite entangled if it is neither fully separable nor m-separable.

Let us now introduce some examples of important multipartite entangled states. We first
start off with a class of states that is very strongly entangled: the Greenberger—-Horne—Zeilinger
(GHZ) state.

Definition 9.7. The GHZ-state for n qubits is:

|0>®n 4 |1>®n
V2

Another class of entangled qubit states are called Dicke-states.

|\GHZ,) =

Definition 9.8. The (n,k) symmetric Dicke state on n qubits is defined as:
¥ Pi(ID%*@10)*" )
()

where P;() denotes a permutation over the order of the qubits.

|Dk,n>:

To make these definitions more tangible, let us consider their tripartite versions. For
three qubits, the GHZ-state is becomes:

1000y +]111)
V2

and one of the Dicke states, the (1,3)-Dicke state (which is also known as the W state), be-
comes:

|\GHZ3) =

1100 +1010) +001)
V3

9.2.2. MULTIPARTITE ENTANGLEMENT DETECTION METHODS

In this section, we will primarily focuss on multipartite witness detection, as this will prove
to be relevant for our enquiry. Nevertheless, we first introduce a multipartite entanglement
criterion which generalises the PPT and CCNR criteria by using permutations.

|W3) =

MULTIPARTITE ENTANGLEMENT PERMUTATION CRITERIA
Theorem 9.21. (Permutation Criteria) (Horodecki et al. (2006)) Given p describing an n-
dimensional system with an expansion in a product basis of the following form:

n
p= 2 Pijieinis @i (il
k=1

ilrjl;-~-in>jn

Then p is separable if for all permutations (denoted as o), we have:

1001, j1yin, jd I = 1
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MULTIPARTITE WITNESS DETECTION

We can also introduce the concept of entanglement witnesses for multipartite systems. It
should first be noted that several types of witnesses exist for different types of multipartite
entanglement. One of these witnesses are GHZ-witnesses.

Definition 9.9. Wy is called a GHZ-class witness if:

Yp not GHZ: Tr(Wgrzp) =0 9.1
3pg GHZ : Tr(Wgnzpg) <0 9.2)

This definition can be adapted to derive witnesses for other classes. These witnesses
can be easily constructed as follows. Let | psi) denote the state that we want the witness to
detect. Then

Wy = al - [y)(y|
Then W, is a witness detecting |1,I/> with a denoting the maximum overlap between |w>
and other inseparable states. Note that this allows for a degree of freedom, as said insepa-
rable states can be chosen to be e.g. biseparable or fully separable states. One can derive,
for example, a witness that detects genuine multipartite detection in specific Dike states,

namely ‘Dg'N> to be:
N
Wo =5yt~ [Paw) (P
Note that these linear witness criteria are very basic, and can be extended greatly, for ex-
ample by considering stabiliser witnesses. This is, however, beyond the scope of this thesis.

We now consider five cases of non-linear witnesses for multipartite systems.
We first start off by considering a criterion for tripartite systems that was derived by Giihne
and Seevinck.

Theorem 9.22. Consider the density matrix p, expressed in the standard basis (1000),1001),...,[111)).
Then for separable states and biseparable qubit states, we find that:

[0000,111] = v/P001,0010110,110 + v/L010,0100101,101 + /011,011 0100,100

Note that this Theorem also has practical uses, as it provides a both necessary and suf-

ficient condition for full separability of GHZ-states that are mixed with white noise (Giihne
and Seevinck (2018)). We will prove this theorem in a later chapter.
Furthermore, it is suggested in Wolk et al. (2014) that the condition by Giihne and Seevinck
can be extended using the AM-GM inequality (Theorem 3.1). Note, however, that this ex-
tension is of little use in our attempt to detect non-separable states, as this only loosens the
upper bound that has been derived, and as such, will fail to detect even more not com-
pletely separable states.

We now turn to more general multipartite systems. First of all, the criterion by Hillary
and Zubairy can be generalised to multipartite systems.

Theorem 9.23. Let Ay be operators acting on # fork=1,...,N. Then:
N ) j ) N
K@ A I” < (Q AL AR X AkA;r)
k=1 k=1 k=j+1

is satisfied by separable states as well as biseparable states with respect to the partition (1,2,..., j), (j+
I,...,N).
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In Hillery et al. (2010), Hillary et al. sought to derive stronger versions of this extension.
Note that these criteria can proved using the inequalities that we have studied. We present
two of them here.

Theorem 9.24. Consider operators Ay acting on # for k = 1,...,n. Then for separable
states, the following holds:

N N n 1
(& Al = [T (AfA) "y
k=1 k=1

Theorem 9.25. Consider operators Ay acting on ¢ for k = 1,...,n. Then for separable
states, the following holds:
2

)

|(®Ak>|" ={|= 2 A A
k=1 Nz

The criterion by Huber et al. can also be extended to the multipartite case. We specifi-
cally consider the generalisation for m = 2.

Theorem 9.26. For all biseparable states, we find that:

(@l p=2MT @) < Y \/<®|@}p®2@j |D)
i

whereTl acts on all subsystems simultaneously, while 2; only acts on the j th subsystem.

In the next chapter, we derive some non-linear witnesses based on the inequalities stud-
ied in previous chapters, and then assess these criteria by comparing them to the ones pre-
sented here.
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ENTANGLEMENT CRITERIA BASED ON
CAUCHY-SCHWARZ AND HOLDER

In this chapter, we will present entanglement criteria developed by Wolk, Huber and Giihne.
Just like in the previous chapter, we first start by presenting the two-particle case first. After-
wards, the results from these two-particle states will be extended to multipartite systems,
after which we will compare these results with some of the criteria discussed in the previous
chapter.

10.1. A BIPARTITE ENTANGLEMENT CRITERION

In this section, we present two upper bounds for quantum states: one that holds for all
states, and a second one which only holds for separable states. Throughout this section,
states ¥ € S, ® A5 as well as operators A, A, acting on 4 as well as operators By, By
acting on /5 will be considered.

We now present and prove an upper bound which holds for all states.

Theorem 10.1. For all operators Ay, Az, B, By, the following inequality holds:
|{A1 4> ® B1 Bo)|* < (A1 Al ® By B) (A} A> ® B] By)

Proof. Note that this result follows trivially from the Cauchy-Schwarz Inequality on the
Hilbert-Schmidt norm (Theorem 8.7) by taking A= A; ® B;,B= A>® By. O

We now present and prove a result which only holds for separable states.

Theorem 10.2. For separable states and for all operators Ay, A2, By, By, the following in-
equality holds:
|{A1 4> ® B1 Bo)|* < (A1 Al ® B By) (A} A> ® By B)

Proof. First assume |y) = |a) ® |b). Then:
[{a® bl A} A,®B1 Bz |a® b)|* = [{al A1 Az |a)|*[(b| By B, |b)I* < (al A1 Al |a) (al A} A, |a) (b| B, B} |b) (bl B} B, |b)

where the first step follows from the separability of |1//) and the inequality follows from
Theorem 8.7. The proof for pure states is finished by realising that:

(A1Al ® B B,) (A} A, ® By By = (al A1 Al |a) (b| B} B, 1b) (al A A1 a) (b B, B} |b)
= (al A1 Al |a) (al A] A |a) (b BB} |b) (b| B} B |b)

75
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Let us now consider mixed states. Set p =Y.}’ _, pxp, where py = |1//k> <1Vk| for pure states
|1//k>. Then each py represents a pure state, thus:

(A1A2® B1B) =Tr((A1A2® B1Bop)) = Tr

n n
(A1A2®B1By) ) Pkpk) =Y piTr((A1A2® B1By) pi)
k=1 k=1

One can now deduce that:

. pu (1420 3152 pr) < \/ Tr((41A] @ BIB2) i Tr (4542 @ By B] )

k=1

P
\/ o Tr AlAT®B*BZ)pk) \/kar((AgAzQaBlBj)pk)

n

(414} ® BB, Z ik
1

Tr Tr

n
(4549 B1B]) - pkpk)
k=1

\/Tr (4147 © B Bs) p) Tr (45 42 ® B1 B )

= /<A1 A @ B} By) (A} 4> © B, B])
where the two inequalities follow from the Cauchy-schwarz Inequality (Theorem 2.4). O

Any state that violates this criterion is thus entangled. Note that this criterion only works
if the upper bound found for separable states is smaller than the upper bound we have de-
rived for general states.

10.2. DERIVING MULTIPARTITE ENTANGLEMENT CRITERIA

In this section, we will derive a generalisation of the criterion derived in the previous sec-
tion. Note that this derivation cannot be done completely analogously without loss of the
strength of the criterion - that is, the criterion will not only be sensitive to (genuine) mul-
tipartite entanglement. We will first show why this is the case, and will then proceed to
derive the criterion.

Let us first proceed by deriving a criterion in an analogous manner. Let us consider
operators A}CAi acting on Hilbert spaces .#% for k = 1,..., N. For product states, we can
then easily derive the following inequality - simply through substitution:

|<® WA H V(AL (4D)T A2)

We can then introduce any recombination of the operators on the right hand side, following
a similar argument as was done in the bipartite case. We introduce a new index based on
the permutation o over the current set of indices, to find:

N
|<§ ApAR| = \/<A1 (AR (4G ) A5 )
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Note, however, that these inequalities are not convex, and as such do not generally hold for
separable mixed states. As such, no criterion can be derived that guarantees to be valid for
separable states in this fashion.

We thus derive another set of multipartite entanglement criteria, which is an explicit
generalisation of our bipartite criterion, which is based on a development scheme pre-
sented in Wolk et al. (2014), in which we will use the Cauchy-Schwarz inequality (Theorem
2.4), Holder’s inequality (Theorem 6.5) and Jensen’s inequality (Theorem 4.1).

Theorem 10.3. Given operators AL, Ai acting on a Hilbert Space /¢ for k=1,...,N. Then
for any permutation o actingon{l,..., N} with ord(o) = n, the following inequality holds for

separable states:
2

S Al 42012 = T1 141 t 2|V
|<§Ak‘4k>| SIE(<(Ak(Ak) Az i) Acr(k)) >)

Proof. We first set p = ¥; p; |w:) (w;|, where |y;) are product states in %, 7. Because
we are considering a separable state, we find that:

N N N
KR ALADP =1 pi(Q ALAD P =Y pill Q) A LAY 1P
k=1 i k=1 i i k=1 i
Where the final step follows from the triangle inequality for absolute values. We can now

split the right hand side up in the same manner as was done in the bipartite case, as this
concerns product states. We thus proceed by applying the Cauchy-Schwarz inequality:

L o@D =3 p ]l (4, () 4D,
i k=1 i i k=1
We now introduce the permutation function o to regroup the expected values:
N N
2]l (AL(ADD (42)" A2y = Y]l (AL (A}) (A?,(k)) ey
We now combine two of the results that we have derived earlier: a generalisation of Hélder’s

inequality (6.5) as well as the weighted Holder’s inequality (6.6). Using these results, we
find:

N 1041\ N 1( 41 2 2 gé
Zpillgl<Ak(Ak)(a(k)) s, = [T X ity (4)) (2) A2 1

We now make use of Jensen’s inequality (4.1), which yields that for any positive operator P
and any x = 1, we have that (P)* < (P¥), such that:

N g, 2
IEZPH(A,IC(A,IC)T( U(k)) o), | N<Hzpl|<(A1( ' (420 Ai(k)) ) I¥

Note that the right hand side of the last inequality can be rewritten in terms of expected
values over the mixed state, so:

HZP:K(AI( K (Afr(k)) Ai(k))%>i|%: ﬁ(<(A1( A ! A"(k’)%)

k=1

=

Combining the first and the final result finishes this proof. O
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Note that this is just one of many possibilities, as the decision to group the k values with
just one of their permutations was made on an arbitrary basis - these can be grouped in
any other manner, and as such, this derivation allows for criteria of different forms than
the one presented above to be derived.

We present four of the many alternatives below which apply to tripartite systems. In the
next chapter, these specific cases will prove their worth when we consider a special tripar-
tite state and further assess our criteria.

Theorem 10.4. Let Ay, A2, By, B, and Cy, C, be operators acting on the Hilbert Spaces 4, #p
and ¢, respectively. Then the following condition holds for all separable states:

(A1 A2 ® B1B, ® C1Co)| < (<A1A{ ® B1B! ® C1C,) (A1 Al ® Bl B, ® C1 C)

I -

.. (4542 ® BiB] ® C1C]) (A} Ay & B} By & C} )

Proof. We proceed by following the scheme presented in the proof of the previous theorem
to find:

(A1 A2 ® B1B, ® C1Co)| < ZpM (A AD) (AT A (BiBTY (BIBy) (CiChy (ClCy,
i

Since each of the terms contains operators of the form X X' and is thus a positive operator,

1
we can safely set (XXxTy = ((XXU”) " Setting n = 2, we find:

(A1A2 8 B1B, 8 C1Co) <Y p; (<A1Ai>l. (A1AD) (A]A) (Al Az) (BiB)), (B B])
i

i

N

.wﬂmuﬂ&uqqudmﬁguﬁgw
We now combine these expected values in groups of three in order to find:

[{A1A2® BB, ® C1C)| < Y pi ((AIA{ ® BBl ® C]Cy), (A1 Al @ B B, C, C)),
i

-

1

(4342 ® BiB] ® C1C)), (AS A2 ® B} By ® C] Co),

We now proceed in the same manner as before and apply a combination of Theorem 6.5
and Theorem 6.6 in order to find:

(A1 4> ® B1 B, ® C1 Co)| < Y pi(A1Al®BlB,® C1C),
i

(Z pi{ALA]® B1B] ® C)Co),
12

N

(Z pi{AlA, @ BBl ® C1CI>,.) (Z pi{AlA,® BiB, ® cg(:z)i))

i i
Each of the sums on the right can be rewritten to the expected value with regards to the
density matrix at hand. This finishes the proof. O

Similarly, one can prove the following theorem:

Theorem 10.5. Let Ay, A2, By, B, and Cy, C, be operators acting on the Hilbert Spaces 7€ 4, #p
and ¢, respectively. Then the following condition holds for all separable states:

(A1 A2 ® B1 B, ® C1Co)| < ((AlA{ ® B1B! ® C;Cl) (A1 Al ® BB, ® Cl )

1
(A} Ay ® BBl © CICo) S Ar @ By By o i CD)
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The next two extensions can be found below. As these can be proved in a completely
analogous manner as the previous criteria, we omit their proof - one can follow the previous
proof and take n = 3 instead and regroup the operators differently.

Theorem 10.6. Let Ay, A2, By, B, and Cy, C, be operators acting on the Hilbert Spaces # s, #p
and F€¢, respectively. Then for separable states, we have that:

(A1 A2 ® B1B,® C1 Cy)| < ((AZAZ ® BiB, ® C1Cl) (Al A, ® B1Bl ® CCy) (A1 AT @ Bl B, ® €1 C)

D=

(A1 AT © BB, ® CCo) (A} Ap @ By B] © Ci C]) (41 4] @ By B © CJ C)

Theorem 10.7. Let Ay, A2, By, B, and Cy, C, be operators acting on the Hilbert Spaces 74, #p
and ¢, respectively. Then for separable states, we have that:

(A1 A2 ® B1 B, ® CCo)| < (<A§A2 ® BiB,® C1C1) (Al A, ® BiB] ® CI Cy) (A1 AT @ B] B, ® C] Cy)

=

. (41 A} ® BIB, ® CJCy) (A} Ar & B1B] & C1 C)) (1 A @ BB @ C1 C]))
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ASSESSMENT OF THE INEQUALITIES-BASED
ENTANGLEMENT CRITERIA

In this section, we assess the entanglement criteria that have been derived using the dif-
ferent inequalities by comparing them to some of the criteria mentioned in the Chapter 9.
Furthermore, we the optimality condition as well as the limitations of these criteria. This
section will again be split up into two parts: the bipartite case and the multipartite case.

11.1. ASSESSING THE BIPARTITE CRITERION

In this section, we will assess the criteria at hand in two ways. First, we will derive the
optimal choice of criteria for a given bipartite state, after which we will compare the criteria
at hand to various of the criteria that have been discussed in Chapter 9.

11.1.1. DETERMINING AN OPTIMAL CRITERION

Let us now study the optimal choice of operators. Note that the optimal choice corresponds
to the choice of operators which gives the tightest upper bound, as this ensures that we can
detect as many states as possible. This optimal choice will prove to be rather elegant.

Theorem 11.1. The optimal choice for operators in Theorem 10.2 are of the form:

Ar=lay (ol Az =) (y|
where a,y and ¢ are pure states. An analogous result holds for the operators acting on /p.

Proof. First, note that given an orthonormal basis {¢;} of #,, any operators A;, A, acting
on #4 can be written as follows:

Av=) ajla;){b;| A=} gj|b;)(vjl
J j
Note that Theorem 10.2 can now be written as:
K| 2 ajlas) (D28 |¢j><Yj|) ® B By)[* < <(Z ajla;)(o;| 3 a; |<Pj><“j|) ® B} By)-
J J J J

<(Z g lri el giles) <Yj|) ® B} By)

81
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which, using the orthonormality of {¢);} and the linearity of the expectation value operator,
can be rewritten as:

1> ajgi{|a;)(yjl®BiB)I* <Y lajl*(|a;){a;| @ B}B2) Y |gil*(|yi) (vi| ® B} B2)
J J i

This will be our starting point. We will prove that this upper bound has some slack - mean-
ing, that there exists a more tight upper bound, and that this slack is only zero under the
choice of optimal operators proposed in this theorem.

We start off by introducing more compact notation. Set:

xj = (a;)(a;|® B}By)
vi={|yi){yi|®B}By)

We can then rewrite the right-hand side of our criterion as follows:

MlaijlPx; Y lyilPyi =Y lajyilPxjyi+ Y. Y (laiyelxiye + lacyil*xiyi)

j i j i k>i
Let us now consider the left hand side. We will now derive a more tight upper bound on
the left hand side, and will then show that this upper bound is equivalent to the right hand
side of our criterion if and only if we choose the proposed optimal operators. We can apply
the triangle inequality on the right hand side, and then apply Theorem 10.2 on each of the
operators in the summand to find:

2
> a;jgj{|aj){yj|®BiB2)I* = (Zlamlx/x]'yj)
J

J

in which we have equality if we chose the operators as proposed. O

Note that under the optimal choice of operators, our criterion reduces to:
(a1 ® B1|p|az® Ba)* < (a1 ®pi|p|ai® f1)- (a2 ® Ba] p|azpz)

11.1.2. COMPARING THE BIPARTITE CRITERION

COMPARISON WITH THE CRITERION BY HILLERY AND ZUBAIRY

We start off by considering the entanglement criteria that have been derived by Hillery and
Zubairy (Theorem 9.18). Note that the first of these criteria is a direct consequence of our
bipartite inequality. This can easily be seen by setting:

A=A A =1y
Bi=Iz B,=B

As such, this criterion is a direct implication of the criterion we derived based on the Cauchy-
Schwarz inequality. Note that we can therefore consider our criterion to be a generalisation
of the criterion of Hillery and Zubairy!

Furthermore, note that the second of these criteria has the shape of Theorem 10.1, and as
such, a full comparison with our criterion is not possible.

Nevertheless, let us consider the example of a qubit system, and let us show that our
criterion can be employed to yield a more tight entanglement detection criterion than both
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of the criteria from Hillery and Zubairy. Consider, for example, the following operators:

A1 =11)<01 A2 =10)¢0|
By =10 B>=10)(0|

Let us first consider what we find for the first criterion of Theorem 9.18. Note that these
results were presented incorrectly in Wolk et al. (2014). We present the correct results below.
The first criterion reduces to:

KA1®B)I? < (A1 Al ® B B))
The left hand side yields:
(A1 ® B1)I* = KI1) €0l ® 1) (0| = KKI11) €001)I* = poo, 11
Similarly, the right hand side yields:
(A1Al ® BIB) = (I1)(010) (1] £ 10) (1|1 <0[) = (|10} (101} = p10,10

From which we finally find the following criterion:

1P00,111% < P10,10
In an exactly analogous manner, we find that our criterion becomes:

1000.111” < Po1,01£10,10

Furthermore, we find that the second criterion yields:

2 2
000,117 < (Poo,oo + 001,01) (Poo,oo + 1010,10) = 0£10,10001,01 * Pgp,00 T 200,00 (,001,01 + P10,10)

where we took A = A; instead, in order to find the same left hand side. Note that these
results were also presented incorrectly in Wolk et al. (2014).

However, since density operators are Hermitian, positive operators with a trace of unity, we
have that 0 < p;;;; < 1, and as such, we find that our criterion outperforms the criteria of
Hillary and Zubairy in almost every two-qubit case.

COMPARISON WITH THE CRITERION BY SHCHUKIN AND VOGEL
Note that by choosing the following operators:

A= (aT)ma” Ay = (aT)paq
By = (bT)S a’ By = (bT)k al

and substituting this in our criterion in Theorem 10.2, we find the criterion by Shchuckin
and Vogel (Theorem 9.19) - thus this criterion is merely a special case of our criterion!

COMPARISON WITH THE CRITERION BY HUBER ET AL.

We now compare our criterion with the criterion by Huber et al. (Theorem 9.20). Note that
if we take a product state |®) = |a,6y6 ), the right hand side yields:

Vi®lpepl®) = \/(ap|p|aB)(ro]p|ys)
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whereas the left hand side becomes:

\/Re ((apys|(Letpeplel)|apys)) = \/Re ({aBys (LeID)|pep|dlel)apys))
= \/Re((adyp|p® p|yBas))

= \/Re((ad]p|yB) p(yP|asd))
=adl|p|yo)l

We combine these to rewrite the criterion as:

adlp|ys)l < \/(ap|p|ap)(yo|py5)

which is just the optimal form of our bipartite criterion!

COMPARISON WITH THE PPT CRITERION
Note that, first of all, that this criterion is only limited to NPT states.

Theorem 11.2. The criterion in Theorem 10.2 does not detect PPT states.
Proof. Suppose p is PPT and violates the upper bound. First note that:
(A1 A2 ® By B)| = Tr ((A1 A2 ® B1 B2) p)| = ITr (((A1A2)" ® B1B2) p™*)| = [Tr ((A; A] ® BiBs) p™)]

Note that the the trace is conserved by the partial transpose operator.
Now, since p’4 is PPT and thus a valid density operator, the Cauchy-Schwarz inequality
(Theorem 8.7) can be used to find that:

ITr (AT AT ® By B,) p™)| < \/Tr((AzT (47)" ® BiB]) p™) T (((A])" AT ® B} B,) 074

Thus:
(A1 A2 ® By B)| < \/Tr((AZT (41)" @ B1B]) o2 Tr ((A])" AT ® B} By p"4)
= \/<A1A{ ® B1B) (Al A, ® B] By)
which yields the upper bound from Theorem 10.2. =<« O

Therefore, our criterion can only be used to determine entanglement in NPT states. One
bipartite PPT state that is entangled, and can therefore not be detected by our criterion, is
the following double qutrit state:

[(a 0 00 a0 0 0 a
0a0000 O 0 O
00a000 O 0 O
000a00 0 0 O
pg=—— a0 00a0 0 0 a 0<a<1)
8a+110 0 0 0 0 a 0 0 0
000000 4e o Y&
000000 0 a O
a 000 a0 Y5¢ o La
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Note, however, that the PPT criterion yields that NPT states are always entangled. As such,
our criterion is weaker than the PPT criterion in the most general case, as there are NPT
states that cannot be detected by our criterion. In the next section we will see, however,
that our criterion does perform sufficiently well in the case of the most important bipartite
state: two-qubit states.

11.1.3. USEFUL APPLICATIONS OF THE BIPARTITE CRITERION

Let us now consider the extent to which this criterion is useful. An important application
of this criterion lies in its ability to detect entanglement in two-qubit systems. Before we
can prove this, we prove a relevant lemma.

Lemma 11.3. Let p be a density matrix representing a bipartite state. Then p violates the
criterion given in Theorem 10.2 under a few conditions. First, p™A needs to have eigenstates

/1;r> corresponding to positive eigenvalues and eigenstates ’/l]_> corresponding to negative
eigenvalues and €, (respectively #€g) has states |ay) (1by)) with k = 1,2 such that:

1. <a2®b1 )L;T>:c+<a1®b2 /1;>
2. <a2®b1‘A]T>:c_<a1®b2‘/1]_.>
where c* are not dependent on j and c* ¢~ < 0. Then, for arbitrary a € 7 and 3 € #, set:

A =|af)al  Bi=Ib) (B (11.1)
Ar=la)(a;|  B2=|B)(bel (11.2)

Proof. We make use of the proof of Theorem 11.2 to show that:

ITr (AT AT © By B,) p™4)| = \/Tr((AzT (47)" @ BiB]) p™) T (((A])" AT ® B} B, ) 071

We consider both sides of the equation separately. We first fill in the left-hand sight of the
equation.

ITr((A; A} ® B1B2) p™4)|

Tr (((laz) @™ [) (|a* ) <arl)) @ ((1b1) (B]) (|8) ¢b21)) 0741
Tr (((la2) (@™ [a*)) <al)) @ ((1b1) (8] B)) (b)) p ™)
Tr (((Ia2) a1 ) ® ((1b1) (b2])) pT4)|
Tr((|az ® by) (a1 ® bal) p™4)|
(a1 ® byl p™ |ay ® by)|

We now introduce a spectral decomposition of pTA, i.e. pTA =) j Aji. A]i> </1]i )
we find:
1Tt ((A7 AT ©.B1B) o) = @ & b (D? ﬂf>) (A5]aze b))
J
=125 (@ o bal [22)) (2% @ 0 b))
J

- % a3 (e on1)

=13 Ic*IAY <a1 ® b, ;L]+.> +Y 167127 <a1 ®b2‘)LJ‘.>|
J J
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We now consider the right hand side of the equation. We work out the results of one of
the two sides of the product under the square root, since the derivation of the other goes
completely analogously.

Tr((A7 (AD)' @ B1B]) ™) = Tr (a2} (@ @) (aal) ® b1} (B|B) (B ) p ™)
Tr (((laz) {az)) ® |br) (b1 ) pT4)
Tr((|az ® br) (a2 ® by)p™)

(ay® b1 p'" |ay ® by)

We now use the spectral decomposition of p’ to find:

}L]i.>|2 - Zlcille;—fl<a1 ® bz‘aji.>|2
J

T ((al(aD e Bi1B]) p™) = L A% I{ar 0 by
J
Proceeding in a similar manner, we find that the right hand side equals:

\l(|c+zzﬂt]+.|<al®b2
7

This can be worked out to:

Jw”(Z(al@bZ

J

A;>|2+ Ic‘IZZA]‘.I<a1 ®b2jA]—.>|2) (le;f|<a1 ® by
J J

NN
J

2

A;>|2)2+|c—|2(;|<a1®bz\ﬂt;>|2) —(|c+|2+|c—|2);aj+.|<a1®bz

)T o 1)
J

Now, using the starting point of this thesis, namely: (I ctl=lc” I)2 > 0, we can show that the
right hand side is bound as follows:

<l 1L A (@@ bo| A )P = [eT I L IA 1 a1 © B[ 45 )P
J J

A/}->|2+ |C—|Z|)Lj||<d1 ®b2‘/1]_->|2
J

<ic YA @@ by
7

which shows that the right hand side is indeed smaller than the left hand side. O

Theorem 11.4. Any two-qubit state p can be detected using Theorem 10.2.

We proceed in a different manner than was done in Wolk et al. (2014) and first introduce
a lemma to show that an entangled 2-qubit state’s partial transpose has one negative and
three positive eigenvalues.

Lemma 11.5. The partial transpose of the density matrix of any entangled 2-qubit state has
one negative eigenvalue, say A~, and three positive eigenvalues.

Proof. Let |¥) represent any arbitrary entangled two-qubit state. Using the Schmidt de-
composition, we can then express |'¥) in terms of a two-dimensional, orthogonal basis, say

{|)(07(0>, |)(1)(1>}, such that:

IP) = xo |xoxo) + x1|x1x1), X0, X1 €Rso
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with X% + )(% =1. Then:

p=|‘P><‘I’|=x3|)(o)(o><)(0)(0|+)(0)(1|Xo)(o><)(1)(1|+X1X0|X1%1><X0X0|+X%|X1X1><X1X1|
X6 0 0 xona

~ 0 00 0
= 0 00 O
X1ixo 0 0 x4

We can then express p’4 as follows:

Ta _ 0 0 X()Xl 0

Which has the following eigenvectors (belonging to eigenvalue y3, x3, xox1 and —xox1, re-

spectively):
0 0 0
0 1 |1 1 1
of” V2|1’ v2|-1
1 0 0

This finishes the proof. O

(= eNen

We now prove that entangled two-qubit systems can always be detected by our criteria.

Proof. Using the lemma we just proved, we can express the negative eigenvalue in its own
Schmidt basis, say:

A7) =10 |[nono) +m1 [mim)
Since all positive eigenvectors need to be orthogonal to the negative eigenvector, they must
necessarily be of the form:

|/1;> =7YkNo |770770> — YN |771771> + ¢ |770771> +06k |171770>

for arbitrary yx, 6 and ¢y which cannot all be zero for the same value of k and with y; #0
for at least one k (since these eigenvalues need to be orthogonal as well). We can now use
11.3 by setting:

|ay ® by = |mim1)
laz ® b1) = |nomo)
with ¢ = -2 and ¢~ = 10, O
No m
11.1.4. LIMITATIONS TO THE BIPARTITE CRITERION
First of all, note that since our criterion cannot be used to detect entanglement in PPT
states, we are restricted to detecting entanglement in NPT states. The question arises, how-

ever, whether all entangled NPT states can be detected. Before tackling this question, let us
first introduce two definitions.

Definition 11.1. A state p is called distillable if for some N € N, p®V can be brought to a
maximally entangled state (e.g. |W_) = %) solely through the use of local operations

and classical communication (LOCC).
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LOCC

Remark. If a state p is distillable, and say p®”
p is called n-distillable.

Y _ for some smallest possible n, then

Definition 11.2. If p is entangled and distillable, p is called freely entangled. Otherwise, p
is called bound entangled.

Now that we have introduced these definitions, let us address the core issue in this sec-
tion. First of all, note the optimality condition we found that the criterion gives us four
independent vectors:

a1 Bi|p|az®Ba)l* <(a1® Bi|p|ari@pr1)-{(az®B2| p|azpa)

Note, however, that |@;) can be decomposed into a part in |a2) and |a2L>. As such, the
criterion yields an invariant result under projection in the qubit subspace 14 = |a) {(a;| +
|ai ) (@i |. An analogous argument holds for the subsystem #%. Thus, we see that detect-
ing entanglement using this criterion is equivalent to detecting entanglement a subsystem
isomorphic to C% ® C%. But from Horodecki et al. (1998) it therefore follows that detection
of entanglement in such systems necessarily implies 1-distillability. As such, any bound
entangled state or state that is freely entangled but not 1-distillable cannot be detected by
our criterion!

We now discuss two examples of such states. First of all, let us consider the Werner states
(Werner (1989)). Most generally, they are characterised by the parameter p € [0, 1] and the
dimension d, such that:

+

(p,d) = £+(l— ) —
pwip, _pN_ pN+

where N* = @ and P* = %, where F=3; ; = i) (]| ® |]> (i| is the so-called flip oper-
ator.

For p < %, these states are PPT. Furthermore, for p >

3(d-1)

2(2d-1)’
% <p< 23((2‘2__11)) , they are conjectured to be bound entangled - and surely not 1-distillable

(see Horodecki (2001)).
So, if we consider the case of a qutrit pair, we then find:

they are distillable. while for

0 0 0 0 0 0 O 0 O] 2000000 0 O]
01 0 -10 0 0 0 O 01 01000O0TO0

0 0 1 0 0 0 -1 0 0 001000T1UO00
p0—101000001_p010100000
pw=—=0 0 0 0 0 0 O O O/l]+—=[0 00020000
60 0 o o0 01 o -10] 2 fooo0oo001010
0 0 -1 0 0 0 1 0 O 00100O0T1GO00

0 0 0 0 0 -1 0 1 0 000001010

0o 0 0 0 00 0 0 O 0000O00O0O0 0 2
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A bound entangled variant can be found by taking % <sp< % Setting p = % yields:

2 0 0 0 0 0 O O O]

0 4 0 -20 0 0 0 0

0 0 4 0 0 0 -2 0 0
L1020 400 0 00
pw=—1]0 0 0 0 2 0 0 0 O
0o 0 0 0 0 4 0 -2 0

0 0 -2 0 0 0 4 0 O

0 0 0 0 0 -2 0 4 0

0 0 0 0 0 0 0 0 2

which is an NPT state that is undetectable using our criterion.

A second class of not 1-distillable states is based on the results derived in Watrous (2004).
There, the following Lemma is proved.

Lemma 11.6. (Watrous (2004)) For any integers d = 3 and n = 1, there is somee > 0 such that
the following state is not n-distillable:

d+1+e¢
— P—®2+ P+®2
pe=——"(P)*+(P")

Specifically for the case that n = 1, by following the proofs in Watrous (2004), one can

_2y2
2d0-5) p(€) is not 1-distillable. Working this out for d = 3, we find:

derive that for e < Hd-D-0-27’

6
E< —
71
and p. becomes:
0 0 0 0 0 0 0 0 0] [20000000 0]
01 0 -10 0 0 0 O 010100000
00 1 000 -1 0 0 001000T1G00
4icl0 -1 0 1 00 0 00 010100000
pe=——10 0 0 0 0 0O O O Of +=/0 00020000
2100 0 00 1 0 -10 0000O0T1GO0TO0
00 -1 00 0 1 0 0 001000T1G00
00 0 0 0-10 1 0 0000O0T1GO0TO0
00 0 000 0 0 0 00000000 2

which yields a 81 x 81 matrix that represents a undetectable 9 x 9 state for any € < 7—61.

11.2. ASSESSING THE MULTIPARTITE CRITERIA
11.2.1. APPLICATIONS OF ONE MULTIPARTITE CRITERION

Let us consider the criteria we obtained in Theorem 10.4 and Theorem 10.5 for one specific
case of Let us consider the following state, which was introduced by A. Kay (Giithne (2010))
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and which is separable under any bipartition, but not fully separable:

0

1
1

pabc = 1 1
2+a+b+c+o+5+5

S oo oo oo
OolmO © O O O O

O O O OO oOQ o
O O O OO O O
O OO © O O O
-0 O oo oo~

'm0 o000 oo~
cocoocaooco

for a,b,c > 0 and abc # 1. under the standard basis {|000),|001),...,]111)}. We now set:

Ay =By =C; =1[1)(0]
Az = By = Cy =10) (0|

We derive the result for Theorem 10.4 and posit the result for Theorem 10.5, as this is de-
rived in an exactly analogous manner.
Substituting the operators on the left hand side of equation gives:

(A1 A2 ® BBy ® C1C2)| = 1((11) (0D ®*)] = (111] p|000) = 1

Similarly, we can retrieve the right hand side:

1
(¢A14] @ B1B] © CJCo) (A1 AT 0 BBy © C1 C]) (A} A4z 0 B1 B] © 1 C]) A} 42 0 B By 9 CJ G|

(1) (1D®2 @10 (O (1) (1] ®10) (0l @ [1) (L1} <0} (Ol @ (1) (1)) *%) ([0} €ON**)) *

1
=(0110,1100101,101 £011,011£000,000) *

1 i -1
—(%) —(abc)

Such that all states with: )

abc
are detected by Theorem 10.4. Similarly, we find that all states with:

abc>1

are detected by Theorem 10.5. As such, all states of this form can be detected by the multi-
partite criteria we have derived. Furthermore, note that this can actually be done through
measurements - even though A;, By and C; are not Hermitian operators and thus not ob-
servables, we have that [1) (0| = o — i0}.

11.2.2. COMPARING THE MULTIPARTITE CRITERIA

COMPARISON WITH THE CRITERION BY GUHNE AND SEEVINCK

We now discuss the criterion by Giihne and Seevinck (Theorem 9.22) for tripartite states.
First, let us prove a lemma, from which this criterion immediately follows by taking a con-
vex sum.
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Lemma 11.7. Let p € /&y x S5 ® F£¢. Then the following criteria hold for separable states:

10000,111] = v/P001,001 110,110

l0000,1111 = v/Po10,0100101,101

10000,111] = v/Po11,0110100,100

Proof. We only prove one of the equations, as the others follow from a completely analo-
gous argument. Note that Theorem 10.2 still holds if we consider #y = #, ® #>%. As such,
we can apply our bipartite criterion to the following operators:

A; =100) (11| B;=10)¢0|
A =11)(11] B2 =10)(1|

Substituting these in Theorem 10.2, we find:

1/00) (11]11) (11| ®0) (0[0) (1[)| < 1/<|00) (11]11) (00 ® [1) (0|0 (1[[) - (|11) (11|11} (11| ® |0) (O[O} (O[)
/000 (111 < /(1001 (001[) (110} (110}

[0000,111] = v/P001,001 0110,110

O

Note that each subcriterion presented in this lemma is the result of a different partition
of the tripartite state. As such, the criterion given by Giihne and Seevinck, which sum these
criteria, therefore does not detect biseparable states, and, as such, only detects genuine tri-
partite entanglement. Note, however, that our criterion is aimed at detecting any form of
entanglement, and as such, performs better in for example the application considered in
the previous section, since the criterion by Giihne and Seenvinck cannot detect entangle-
ment in pgpc.

We could, of course, take a different approach than Giihne and Seevinck, and multiply
the inequalities found in Lemma 11.7, in order to find:

1
[0000,111] = (;0001,00110010,01010011,011)0100,100/0101,10110110,110)6

Evidently, this is a much stronger criterion than the one presented by them. Note, however,
that by turning back to one form of the multipartite criteria that we derived (Theorem 10.6)
and setting:

A1=B1=C=11)0|

Az =By =C,=10)(0|

we find that this criterion is the direct consequence of our more general multipartite crite-
rion!

Lastly, an extension that is proposed in Giithne and Seevinck (2018) is to apply substitu-
tions, for example by setting p2203,3 — p1,104,4- This would yield:

lPooo, 111 = \/0000,00010%11,011P100,1009101,1019110,110
Note, now that referring back to Theorem 10.7 and by setting:

Ay =B; =C; =11)(0
Ay = By = Cy =10) (0]
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we find this inequality! Note that more generally, we have that any substitution which pre-
serves the number of 0s and 1s for each index can be proved using a criterion of the form
of Theorem 10.6 and 10.7, which are merely specific forms of our more general multipartite
criteria!

Furthermore, it should be noted that this criterion can be considered to be a weighed geo-
metric mean of the following two equations:

[0000,111] = v/Po11,0110100,100

[0000,111] = v/0000,0000011,011£101,1010110,110

which are given in Lemma 11.7 and Theorem 10.4 when taking the operators used in the
example of p,p.. The weights, evidently, are % and %, respectively. As such, checking these
criteria separately yields a stronger entanglement detection scheme than using the substi-
tution trick. Note that this conclusion extends to all allowed substitutions, and as such,
these are not of any particular additional merit'.

COMPARISON WITH THE CRITERION BY HILLERY ET AL.

First note that the suggested extension of the criterion by Hillery and Zubairy is also not vi-
olated by biseparable states, and as such, does not detect this form of entanglement, while
our criterion does.

Now, let us turn to the criteria of Hillery et al. Let us start off by noting that the criterion
in Theorem 9.24 is a consequence of the multipartite criteria that we have derived! Taking
any o in Theorem 10.3 and setting:

Ay =1 A{=AgVkell,..,n}

we find the criterion by Hillery et al. Furthermore, we should note that this criterion is not
optimal. In detecting p .., for example, this criteria fails. Even worse, we can prove that
this criterion is insensitive to a more general class of biseparable states!

Theorem 11.8. (Wilketal. (2014)) Let p € Q}_, #x denote a density state that is biseparable
for every ki, ko over a bipartition Hy| H, such that ky € H, and k, € H,. Then p cannot be
detected by Theorem 9.24.

Concerning Theorem 9.25, no general comment can be made regarding its performance
for detecting entanglement in general states in comparison to our criterion (See: Hillery
et al. (2010)), however, it should be noted that this criterion sometimes fails to detect en-
tanglement, whereas the other of these criteria - which is a mere consequence of our cri-
terion development scheme - can. Let us consider for example the tensor product of two
generalised GHZ-states:

|w) = (cos (01)10) +sin (01) 1)) ® (cos (82) [0)®? +sin (62) [1)%?))
Let A =0) (1]. We then find, for Theorem 9.24 and 9.25, respectively:
1 1
| 5in201)sin(20,)| < (sin(01)?sin(62)*)*

Ii sin(20;) sin(265)| < (g) : cos?(6;) sin’(0,) + (%) : sin®(67) cos?(62) + sin’(6;) sin®(6)

Lat least, not from a theoretical point of view.
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If we assume that the first state is a regular GHZ-state, so sin(f;) = cos(0;) = %, we find:

|cos(02)] < |4sin(@2)|3
3 3 2 3 5
1)\2 2\2 2\2 1)\2
|sin(9)cos(9)|54((1+(§) )sin(ﬁg)—(g) cos(Hg)) +8(§) (1+(§) )Isin(ez)cos(92)|

Note that while the first criterion can be violated, the second cannot. As such, for this
specific state, the first criterion of Hillery et al. outperforms the second. As such, we can
conclude that there are at least states that are detectable with our criterion while being
undetectable by Theorem 9.25.

COMPARISON WITH THE CRITERION BY HUBER ET AL.

Note that the multipartite generalisation of the criterion by Huber et al. is actually valid for
all biseparable states (see Huber and Mintert (2010)). As such, this criterion is less strong
than our criterion, for example when detecting states like p ;5.
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CONCLUSION

In Part I of the thesis, the Cauchy-Schwarz inequality, Holder’s inequality, the AM-GM in-
equality, Jensen’s inequality, Minkowksi’s inequality and the ladder of power means as well
as their extensions and generalisations were proved and discussed on finite dimensional
vector spaces. It was shown that an intimate relationship exists between these inequalities:
first of all, all of the inequalities can be proved using just Jensen’s inequality, which is a sim-
ple consequence of convexity. Secondly, the AM-GM inequality and the Cauchy-Schwarz
inequality can be derived from one another. Lastly, even though Holder’s inequality is con-
sidered to be a generalisation of the Cauchy-Schwarz inequality and Minkowksi’s inequality
is considered to be a consequence of Holder’s inequality, it was shown that each these three
inequalities can be used to prove the others.

Since these explorations were restricted to finite dimensional vector spaces, the conse-
quences of extending the range of study to infinite dimensional vector spaces were con-
sidered. Specifically, it was shown that the rich structure that is present on R" equipped
with a p-norm (to which every finite dimensional normed vector space over the real num-
bers with dimension 7 is isomorphic) is lost in this extension, as the topologies under each
of these norms are distinct.

In Part II, entanglement detection - and specifically non-linear entanglement witnesses
derived in Wolk et al. (2014), which are based on the inequalities discussed extensively in
PartI - is studied. This was first done for the case of two particles, and was later generalised
to multipartite systems. Then, the bipartite criterion was derived and an implicit scheme
in aforementioned paper for developing a general class of multipartite entanglement wit-
nesses was explicated. These criteria were then assessed as follows: first, the optimality
condition for the bipartite criterion was derived. Then, the criteria were assessed by com-
paring them with other well-known entanglement criteria. It was shown that while the
inequality-based criterion is weaker than the Positive Partial Transpose criterion, it is more
general and often even stronger than many entanglement witnesses criteria currently used.
Lastly, it was shown that our criterion is nevertheless limited to some class of Negative Par-
tial Transpose states, namely those that are 1-distillable.
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SUPPLEMENT TO PART I OF THE THESIS

We first introduce the proof to Theorem 1.2.

Proof. Letv=%"  v;ibjandw=}"

(v,w) =()_ v;bj,w) =

i=1

= [Ul,..., Un]T

= [UI)---’ Vn]T

n
. v] by, w) =
i=1

’<bl!2?:1 wibi>‘

| <bn» Z?:] wibi> ]
(Y7, w;(by,by)]

ln:1 wi <bn; bi> ]

;. Then:

) Un]

= [Ul,...

= [Ul,...

(bl,W)

.’.

= [UI)---) Ul’l]—,-

(bay W)

vl

’ Vn]T

Y7, (b1, wiby)

;1:1 (bn; wibi>
Z?:l <b1)bi>

Z?:l <bn’ bi)

From this Theorem, the proof of Corollary 1.2.1 follows easily:

Proof. Note that for any orthonormal basis we have that (b;, b;) =
Theorem 1.2 yields the expected result.

w1

Wn

<bl)z;1:1 wibi>

<bn’ Z?:l wibi>

= V], Gg [wlg

6ij. Thus Gg = I. Now

n n n n n
(v, w) = (3 uibi, v, w) =) i by, v,w) =) i (v, by, w) = Z U <Z vjbj, bi, w)

i=1
n
n

—

~.
—
~.

Yy v

Z ul Z V] <b]}bl)w>

i=1






SUPPLEMENT TO PART II OF THE THESIS

B.1. ON THE DEFINITION OF PARTIAL TRACES

Given a measurement M* performed on some closed system, say p“. Let us now consider
the composite system AB. Let M be the measurement operator on AB which yields the
same result as M4,s0 M = YmmP,®Ip = M4 ® Iy, where P,, is the projector onto the
the eigenspace corresponding to the eigenvalue m. If these measurement operators corre-
spond to the same measurement, they should yield the same expectation value, so:

Tr(f (04%) M?) = Tr(p*P M) = Tr(p*? (M* ® I3))

where we suppose that f(p“4?) is a function on p“® which yields an appropriate density
matrix describing subsystem A.

Theorem B.1. [ (p"8) = Trp(0?) and is uniquely defined.
Proof. First, substitute f (p8) = Trg(p/8) and verify that still:
T (%) M) = (o™ (M & 1)
Note that p8 = p4® p8, and p2 =Y ; p; Im;) (m;| for some {p;}. Now:
Tr (Trg (0*%) M4) = Tr (Trg (0 ® p®) M?) = Tr (0 Tr (%) M)

=Tr (p" M*) Tr(p" I;)
(o e ) (M@ 1)
=Tr(p"? (M* ® I3))

Consider an orthonormal basis M; of the space of Hermitian operators with respect to the
Hilbert-Schmidt inner product. Then:

F(p™®) =X MiTe(M; f (pF)) = 3 M; Tr((M; ® 1) p”)

l :iM,—Tr(pA (M; ® Ip))
ST )

:Zi:MiTr(TI'B( By M)

Since the right-hand side is invariant under our choice of orthonormal basis, f(p
unique. By making use of a Schmidt decomposition, this result can be generalised even
further. ]

AB) is

101
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B.2. SUPPLEMENTARY LINEAR ALGEBRA
We first introduce two definitions:

Definition B.1. Let A, B be two operators. The commutator [A, B] of these operators is
given by
[A,B]=AB-BA (B.1)

Definition B.2. Let A, B be two operators. The anti-commutator {A, B} of these operators

is defined as
{A,B}=AB+ BA (B.2)
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