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Introduction

This thesis accompanies a paper [B] I co-wrote with my professors, Angel Chévez
and Stephan Ramon Garcia. In the paper, we introduce a new family of norms
to measure matrices. The paper is technical and cannot be understood without
first understanding some advanced linear algebra [I] and probability theory [3]
Even then, its dense proofs require a fluency not common to undergraduates.

The central theorem of the paper, Theorem [100] proves that taking the mo-
ments of random variables multiplied by the eigenvalues of a Hermitian matrix
produces norms on the set of Hermitian matrices. The paper then goes through
several common distributions and makes norms using them before applying
those norms to different kinds of matrices.

In Chapter [1} T provide the linear algebra necessary to understand the crux
of the paper. I start by defining Hermitian matrices and prove that they have
certain properties which will be important later. Then, I describe what it means
for a matrix to be positive definite, so that I can later introduce “positive
definite” random vectors. Third, I introduce the concept of a norm of a matrix,
and I explain the requirements for a function to be a norm.

In Chapter [2| T prove that for any symmetric norm on R™ we can define a
second norm on the set of Hermitian matrices by applying the first norm to the
eigenvalues. As far as I or my advisor can tell, this is a novel result, and the
class of norms it defines is larger than class of the random vector norms we are
concerned with in the rest of the thesis.

In [I] and [5], Professor Chévez wrote a more abstract proof using algebraic
objects called normal decomposition systems as described in [9]. His proof
applied only to the norms described in Chapter |5l In earlier iterations of this
thesis, T attempted to distill [9]’s somewhat dry proofs about general convex
spaces into more concrete statements about Hermitian matrices comprehensible
to a student of linear algebra. In doing so, I found that some of the steps could
be proven directly using relatively accessible results from linear algebra without
resorting to [9)’s formalisms, and that the proof was generally applicable to any
norm on R™. Professors Garcia, Chavez, and I are considering including my
new proof in another paper clarifying and expanding upon [3].

In Chapter [3} I cover the random part of random vector norms. I introduce
probability distributions and two kinds of functions to describe them (prob-
ability distribution functions and cumulative distribution functions). Then I
introduce moments and moment-generating functions, which will eventually be
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used to translate our norms into polynomials of a matrix’s eigenvalues. While
using the linear algebra concepts I described in Chapter [1} T define random
vectors, and I prove that the second moment matrix of a random vector of
independent, identically distributed random variables is positive definite. In
defining all these concepts, I give examples of common distributions that show
up in the paper, and I give special attention to the Pareto distribution, which
is the subject of my own contribution to the paper.

In Chapter [4] I provide an introduction to measure theory and how it relates
to the probability theory that I just described in Chapter [3] I redefine random
variables and their moments in measure-theoretical terms that allow us to prove
the triangle inequality of our norms using the Minkowski’s Inequality on LP
norms.

Chapter || finally rigorously defines the class of norms induced by random
vectors. It then goes on to clearly explain some of the interesting corollaries
and applications that are quickly proven in the paper. These applications are
intended to illustrate the main theorem. I provide examples and illustrations,
and I discuss the norms for which the exponent p is odd or non-integer. Following
[, T also introduce Hunter’s Theorem and show how we can use our norms to
prove it.

In Chapter [6] I introduce the Pareto distribution, which was the subject of
much of my contribution to [5]. Unfortunately, a tangential section on fractals
and Pareto distributions, a chapter examining moment problems (given a list of
real numbers, can we make a distribution with those moments?), and a potential
application to economics, which I mentioned in my thesis presentation, all had
to be cut for the sake of turning in a complete and bounded thesis in polynomial
time.

0.1 Sources

Since this thesis follows the paper [5], my sources for the later chapters are
also cited in the paper. While writing the linear algebra background chapter,
I revisited the Advanced Linear Algebra textbook [7] from Professor Garcia’s
class, which I took here at Pomona. To define eigenvalue norms, I used [4], [8],
and [I4], but I knew what to look for from [9]. I then found a concise summary
of all these results in [2]. For the probability chapter, I used my notes as well as
the textbook [6] from Professor Radunskaya’s Math 151 class. A more thorough
grounding of probability theory in measure theory can be found in [3].



Chapter 1

Linear Algebra

This thesis defines a class of norms on the set of Hermitian matrices. Before we
can do that, we need to understand what makes a function a norm and what
makes a matrix Hermitian.

1.1 Norms

Definition 1. A wvector space V is a set endowed with the operations addition
and scalar multiplication.

Example 2. The set of n x n Hermitian matrices H,, is a vector space. For
A,B € H,,, and ¢ € R, the matrices A + B (addition) and cA (scalar multipli-
cation) are both Hermitian matrices.

Definition 3. An inner product (-,-) on a vector space V is a function from a
couple X,Y in V to a field of scalars (in this thesis, either the real numbers or
the complex numbers) that is symmetric, homogeneous, and distributive, and
for which (A, A) is positive definite. That is, for A, B,C € V

L (4, 4) = (4, 4),
2. (A,B+C)=(A,B)+(A,C),
3. (cA,B) = ¢(A, B) for c € R, and
4. (A, A) > 0 with equality only at A = 0.

Example 4. In C", we define the inner product such that for complex vectors
x = (x1,29,...,2,) and y = (y1,Y2,- -+, Yn),

(X,¥) = 21 + T2+ + Tl = Y Tilli,



Proposition 5. The Cauchy-Schwarz inequality states that for any inner prod-
uct {-,-) on an inner product space V,

(X, Y)P < (X, X)(V,Y)
For a proof, see 5.4 in [7].

Definition 6. A norm is a function from a vector space to the non-negative
real numbers that is positive definite, homogeneous, and satisfies the triangle
inequality.

In other words, to prove that a function | - || from a vector space V to the
real numbers is a norm, one must prove that for all for all A and B in V,

1. ||A]| equals zero when A = 0 and is otherwise positive.
2. ||cA|| = |c|||A]| for any scalar ¢ € R, and
3. |4+ Bl < Al + |IBII

1.1.1 The Euclidean Norm in R?

The Euclidean norm on 2 x 1 vectors well illustrates these basic properties of
norms. The Euclidean norm of a vector is the familiar notion of magnitude or
length.

Definition 7. The Euclidean norm || -||2 in R™ is the square root of sum of the
squares of the components. If x € R?,

Icllz = /2% + 3. (L1)

Proposition 8. The function || - ||2 is a norm.
Proof. Let x € R2,

1. |Ix||2 equals zero when x = 0 and is otherwise positive.
Proof. ||x||2 = /2% + 22 is positive unless 27 = 3 = 0.
2. For any scalar ¢, ||cx|l2 = || [|x]]2.
Proof. Let ¢ be a real number.

lexla = \/(c21)” + (c2)® = Ve /ot + 23 = |e] |x].

Thus, || - || is homogeneous.



3. Let x and y € R% Then |x +y|l2 < [|x[]2 + [ly]|2-

Proof. In R?, the triangle inequality states that in the triangle formed
by the sides x, y, and x + y, the length of the side x + y is less than or
equal to the sum of the lengths of the other two sides. Just drawing a
triangle shows that this has to be true, but we can prove it using the Law
of Cosines. Let 6 be the angle between x and y. The Law of Cosines gives
that

%+ v = lIxI* + llylI* = 2lx[[[ly]| cos 6.
Since for any x and y, the cosine of  is always between -1 and 1,
I + v = Ix[” + lly[I* = 2[lx/[[[y ] cos & < [Ix[|* + [ly[* + 2(1x][ly]]
Taking the square root of both sides leaves the triangle inequality.
Ix+yll < lIx[ + Iyl

Since it satisfies the three conditions, || - ||2 is a norm. O

Example 9. Let x = (4,2) and let y = (—1,2). We calculate the norms of x
and y using the formula in Equation

Ixlle = V22 + 22 = 20
Iyl = V(=12 + 22 = V5.

Now let ¢ = 3. Then cx = (2,1).

V20
lexl = V27412 = V5 = Y2 = el x>

This demonstrates homogeneity.
As we can see from the graph, x and y satisfy the triangle inequality.

[x+yl = V32442 =5 < ||x]| + Iyl = V20 + V5 ~ 6.708.

1.1.2 Unit Balls

A norm || - || on a vector space V is uniquely defined by its unit ball, the set of
u € V such that |lu|| = 1. This is true because every non-zero element x in V
has a corresponding unit vector u such that x = cu for a positive scalar ¢, and
2]l = cllull = c.

Proposition 10. Letx € V. Then x = ||z||u for some u € V such that ||u|| = 1.



X+y |y

DX

Figure 1.1: Illustration of the triangle inequality for x = (4,2) and y = (—1,2)

Proof. It x = 0, = ||z|ju = Ou for any unit vector u. Let x be a nonzero
element of V. Since || - || is a norm, ||z|| # 0 by positive-definiteness. Let
u = po7- Then lul|l = H;—HH:EH =1, and z = ||z||u. O

Example 11. Let x € R™ with x = (21,22,...,2,) The p-norm on R” is

defined
n 1/p
x|, = (Zléﬂ”) :
i=1

In R2, this is

N1 |P + |zofP.

The unit circles of the norms ||x||, for p = 1, 2, 3, and oo are shown in Figure
1.2

1.1.3 Convexity

Definition 12. A function f:V — R is convez if and only if for all ¢ such that
0<t<1land A,B€V,

f@A+ (1 =1)B) <tf(A)+ (1 —-1)f(B).



Figure 1.2: Unit circles of p-norms in R%2. From the inside diamond to the
outside square, || - [[1, [ [ 1.5, [ [l25 [+ Il I ll6s I [loo-



Proposition 13. Let f : V — R be homogeneous. Then f is convex if and only
if [ satisfies the triangle inequality.

Proof. ( = ) Let f be homogeneous and convex. The case where t = 1/2
guarantees the triangle inequality, since

24 2B, _f(24)  J2B) _

S+ < R 2 4 ),

f(A+B) = f( 2

(<) Let f be homogeneous and satisfy the triangle inequality. Then
f@A+ (1 —1)B) < f(tA) + f(1 —1)B) = tf(A) + (1 — 1) f(B).

Hence f is convex. O

1.2 Hermitian Matrices

1.2.1 Conjugate Transpose

Definition 14. Let A € M,,,x,, be a complex matrix with entries a;; = Re (a;;)+
iIm (a;;). The conjugate transpose of A, denoted A*, is the n X m matrix with
entries @;; = Re (aj;) — iIm (a;;).

1.2.2 Defining Hermitian Matrices

Definition 15. A square matrix A is Hermitian if A = A*.

Example 16. The following matrix is Hermitian.

2 5+1 —3i
5—1 =8 0
3i 0 4
The reason we focus on Hermitian matrices in this thesis is that though
Hermitian matrices can be complex, the eigenvalues of Hermitian matrices are
always real. This result will allow us to create norms on the set of Hermitian

matrices (which are functions from the set of Hermitian matrices to the real
numbers) using polynomials of the eigenvalues of Hermitian matrices.

Theorem 17. The eigenvalues of a Hermitian matriz are real.

Proof. Let A be the eigenvalue of a Hermitian matrix A associated with an
eigenvector x. Then

Ax = Ax.
Multiplying both sides from the right by the conjugate transpose of x, we obtain

x*Ax = x*\x = \|x|]?.



Taking the conjugate transpose of both sides gives us
x*A*x = \|x||%.

Since A = A*, we can replace the A* with A. We conclude that A = X, so \ is
real. O

1.2.3 Spectral Theorem
See [7] Theorem 14.2.2.

Definition 18. A matrix U is unitary if UU* = I. In other words, the columns
x; of U form an orthonormal basis in C,,, since

1 ifi=j,

0 ifij.

Lemma 19. Let A be Hermitian and let Ax = \i1x and Ay = A2y with A1 # As.
Then (x,y) = 0.

(UU)ij = (xi,x5) = {

Proof. Since A = A*, the conjugate transpose of Ay = Aoy is y*4A = y*)\o.
Multiplying on the right by x,

VIAX =y hox = Ao (X, y). (1.2)
Since Ax = \1X,
Yy Ax =y ax = Mi(x,y). (1.3)
Subtracting [1.3] from
(A2 = A1) (x,y) =0.
Since A1 # A2, (x,y) must be 0. O

Definition 20. Define the eigenvalue vector A(-) : H,, — R™ such that for
A € H,,, A(A) is the vector of the eigenvalues of A in non-increasing order. In
other words, A(A4) = (A1, A2, ..., Ay) where Ay > Ao > -+ > A,

Proposition 21. Let A be a Hermitian matriz, and let

A1
A2
A =diag (A) =
An

Then A is unitarily diagonalizable. Specifically, there is a unitary U € M,, such
that

A=UAU".



Proof. Let the eigenspace Ej, refer to the null space of A — A\pI. A vector x
is in E), if and only if x is either the zero vector or an eigenvector associated
with A\g, since if (A — AgI)x, then Ax = A\px.

By Lemma[I9] any two nonzero vectors in the eigenspaces corresponding to
distinct eigenvalues are orthogonal, so the eigenspaces are orthogonal.

Since the dimension of an eigenspace E), is the multiplicity of Ag in A, we
can choose dim E, orthogonal vectors u; in E,. If we thus choose dim F),
orthonormal eigenvectors for each \;, we end up with n orthonormal u;. Like
any set of n independent vectors, the u; form an orthonormal basis of C™.

We can now define U as the matrix with columns u;. Since u; are eigenvec-
tors associated with \;,

Aui = )\iui = u,-)\i.

So AU = UA, since UA multiplies the ith column of U by A;. Multiplying on
the right by U™,
AUU* = UAU™.

Since U is unitary, UU* = I, so AUU* = A = UAU™. O

1.3 Positive Definiteness

To make our norms, we will need functions that take vectors of the eigenvalues
of a matrix to non-negative real numbers. We do this by using positive definite
random matrices. Before we get into random matrices, it is worth recalling what
is meant by a positive definite matrix in the first place.

Definition 22. A Hermitian matrix A € H,, (C) is positive definite if (Ax,x) >
0 for all nonzero vectors x in C".

An equivalent definition is that a positive definite matrix is a Hermitian
matrix with positive eigenvalues [7] (15.1.3).

Proposition 23. A Hermitian matriz A is positive definite if and only if all
its eigenvalues are positive.

Proof. ( =) Let A be positive definite and let A be an eigenvalue of A. For
some non-zero x, Ax = Ax. Multiplying each side by x*,

(Ax,x) = x"Ax = x"Ax = A(x,X).
Since (x,x) and (Ax,X) are positive, A = % is positive.

( <) Let A be a Hermitian matrix with positive eigenvalues A1, Aa, ..., A\,.
By Proposition [21] A has the decomposition A = UAU™*, where

A =diag (A, Mg, ..., ).



Then

x*Ax = x*UAU*x = (U*x)*"A(U*x) = Z (Ux);(U*x); ;.

i=1

Since the A; are positive and (U*x);(U*x); is positive, x*Ax is positive. O

Definition 24. A Hermitian matrix A € H, (C) is positive semi-definite if
x*Ax > 0 for all nonzero vectors x in C".

Remark 25. By a similar proof to we can prove that all the eigenvalues of
a positive semi-definite matrix are real and non-negative.

Proposition 26. The sum of a positive definite and a positive semi-definite
matriz is positive definite.

Proof. Let A be positive definite and B positive semi-definite. Let x #% 0. Then
x"(A+ B)x =x"Ax +x"Bx > x"Ax + 0 > 0.

So A + B is positive definite. O

1.4 Matrix Norms

Since the set of n x n complex-valued matrices is closed under addition and
scalar multiplication, it is a vector space, so we can also define norms on it.

1.4.1 Norms on Hermitian Matrices

This thesis concerns a class of norms defined on the set of Hermitian matrices,
which is a subspace of the vector space of complex-valued matrices. Certain
properties of Hermitian matrices make it easier to define norms on them than
on the larger set of square matrices. The first useful property will be helpful
with establishing the positive-definiteness of our norms.

Proposition 27. If the eigenvalues of a Hermitian matrix are zero, that matrix
equals zero.

Proof. Let A € H,,, and let all the eigenvalues of A be zero. Since A is Hermitian,
for some unitary U € M,,, A = UAU*, where A = diag(0,0,...,0) = 0. Thus,
A=U0U0U* =0. O
1.4.2 Singular Values

Definition 28. Let A € M,,. The singular values of A are the square roots of
the eigenvalues of the matrix A*A.

Proposition 29. Singular values exist and are real and non-negative.



Proof. Let A € M,,. Since the eigenvalues of positive semi-definite matrices are
non-negative, it suffices to show that A*A is positive semi-definite. Let x be a
vector in C™.

(A*Ax,x) = (A" (Ax) ,x) = (A%, Ax).

The inner product of a vector x with itself is always real and non-negative, and
equal to zero only if x = 0. So A*A is positive semi-definite. Thus, the square
roots of its eigenvalues, which are the singular values of A, exist and are real
and non-negative. O

Because they are so well-behaved, many of the most well-known matrix
norms can be defined using symmetric functions of singular values.

Proposition 30. The singular values of a matriz A are zero if and only if A
s the zero matriz.

Proof. Let A € M,,.
(= )If A=0, A*A = 0, so the singular values of A, which are the eigenvalues
of A*A, are also zero.
(<) Let the singular values of A be zero. Then the eigenvalues of A*A are
zero. Since A*A is positive definite, it is Hermitian. By Proposition [27] since
its eigenvalues are zero, A*A = 0.

Let x be an arbitrary vector in C". Since A*A = 0,

(x, A" Ax) = (Ax, Ax) = 0.
So Ax = 0. Since x is arbitrary, A = 0, xn- O
Proposition 31. Singular values are homogeneous.

Proof. Let A € M,,xn, and let ¢ be a non-negative real number. If the eigenval-
ues of A*A are 0},03,...,02, where o; are singular values of A, (cA)*(cA) =

no

c? A* A has eigenvalues c?07, %03, ..., c%02.

So cA has singular values co?,co3,...,co2. O

Since the singular values are already positive definite and homogeneous, it
is relatively straightforward to define norm functions using them.
The nuclear norm ||Al|; simply sums the singular values.

[Ali =01 +02+ 40y

The spectral norm || - ||, returns the largest singular value.

Perhaps most familiar to newer students of linear algebra is the Frobenius
norm || - ||z, which is equivalent to the Euclidean norm in R™ on the vector of
singular values. .
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Chapter 2

Eigenvalue Norms

Our norms use neither the singular values nor the entries of Hermitian matrices.
Instead, they are functions of the eigenvalues. Since the eigenvalues of Hermitian
matrices are not necessarily already positive, our norms will have to be positive
definite functions.

Norms on the set of Hermitian matrices that are, like ours, defined using
eigenvalues, correspond to norms on R™.

Definition 32. A function f on R™ is symmetric if f(x) = Pz for all x € R"
and n X n permutation matrices P.

Example 33. If n =3, f is symmetric if
f(x17x271'3) = f(xlax:)’axQ) = f(x2,$1,$3)
= f(w2,23,21) = f(x3,21,72) = f(23,72,71).

Theorem 34. Let ||-||g be a norm on the Hermitian matrices such that |- ||lg =
IXC|| for some symmetric function ||-|| : R™ — R. Then ||-|| is a norm on R™.

Remark 35. See 20| for the definition of the function A(-) : H,, — R™.
Proof. Let a € R™ with a = ay,as,...,a,. Define the matrix diaga € H,
ai

a2
diaga =
27

The eigenvalues of a diagonal matrix are its diagonal entries, so A(diaga) = Pa
for some permutation matrix P. Since || - || is symmetric,

lall = [[Pall = | A(diaga)[| = || diag al|s.

Since || - ||ir is @ norm on the Hermitian matrices, and since addition and scalar
multiplication work the same for vectors and diagonal matrices, || - || inherits all
the properties of a norm in R™:

11



l.a=0 <= diaga = Opxn. Since || - |lg is positive definite, |ja| =
|| diag a||y; is positive definite.

2. ||cal| = [|diag ca||y = [|cdiaga| x = ||| diagal|x = [c[[all
3. lla+ bl = [|diag(a + b)|u < || diag(a)|[u + || diag(b)|x = [la] + [[b[. O

We now proceed to prove the reverse: not only does every norm on the set
H,, defined using eigenvalues induce a norm on R"™, but also, every norm on R™
induces a norm on H,,.

Theorem 36. Let ||-|| be a symmetric norm on R™, and define X(-) : H,, — R"
such that A(A) = (M (A), -, A (A)) is the vector of the eigenvalues of A in
non-increasing order. Then || - ||g = [|A(-)|| is a norm on the set of Hermitian

matrices H,,.

Positive Definiteness

Proof. By A =0 < X(4) =0. Thus, if || - | is positive definite, so is
[ Ml = IAG)I- O

Homogeneity
Proof. All matrices satisfy A(cA) = cA(A), so if || - || is homogeneous,
leAlln = [A(cA)| = l[eACA)] = [el[AA)] = lel[ Al
Thus, || - ||z is homogeneous. O

Triangle Inequality

As is often the case, the triangle inequality is hardest to prove. I wrote this
whole section before finding it, but Chapter II of [2] includes everything until
Theorem [47

2.1 Majorization

Definition 37. Let x and y be vectors in R™ with non-increasing elements.
Then x majorizes y if

forall 1 <k <n, and

When x majorizes y, we write x > y.

12



Example 38. The vector x = (5,2, —1) majorizes y = (3,3,0).

Definition 39. A matrix D is doubly stochastic if the sum of each row equals
1, the sum of each column equals 1, and all entries are non-negative.

The following two lemmas are due to Hardy, Littlewood, and Pdlya (1929) [8]
and Birkhoff (1946) [], respectively. An elegant constructive proof of Lemma
can be found in [I5].

Lemma 40. Let x,y € R™ and let x majorize y. Then there exists a doubly
stochastic matriz D such that y = Dx.

Lemma 41. Let D be an n x n doubly stochastic matrix. Then there exist

2
permutation matrices P; and non-negative coefficients ¢; such thaty ;.  ¢; =1
and

=1

Proof. We can construct our ¢; and P; by repeatedly subtracting off permutation
matrices scaled to the smallest non-zero entries. Since these non-zero entries
are less than or equal to the sum of each row and column, and permutation
matrices have rows and columns that sum to 1, subtracting off each ¢; P; leaves
a matrix that still has non-zero entries whose rows and columns all have the
same sum. We then repeat this process at most n? times, since each time we
subtract a ¢; P;, we eliminate at least one non-zero element, and there are at
most n? non-zero elements in an n x n matrix to begin with. The following
example is helpful. O

Example 42. Consider the doubly stochastic matrix

06 04 O
D=103 02 05
0.1 04 0.5

We start Birkhoft’s algorithm by subtracting off the lowest non-zero entry ¢; =
0.1 times a permutation matrix whose 1s correspond to non-zero elements.

0 1 0 06 03 O
D—-—cPA=D-01]0 0 1{ =03 02 04
1 00 0 04 05

Here, all entries are still non-negative and all the rows and columns sum to
1—0.1 = 0.9. The new smallest nonzero element is 0.2. Subtracting off c; = 0.2
times another permutation matrix that includes the 0.2, we get

1 0 0 04 03 O
D—c¢PhA—-02]0 1 0f=1]03 0 04
0 0 1 0 04 03

13



All rows and columns now sum to 1 — 0.1 — 0.2 = 0.7. We repeat the process
twice more, with ¢3 = 0.3 and ¢4 = 0.4, until we conclude that D — (¢; P; +
o Py + c3P3 + C4P4) =0.

Definition 43. Let A € H,,. Let V be an m-dimensional subspace of C". The
partial trace, denoted tr A |y, is the sum

m
tI‘A|V :Z’U:A’Uia (21)
i=1
where v1,vs, ..., v, is any orthonormal basis of V.

The following Lemma follows Terence Tao’s blog post [14].

Lemma 44. Let A € H,, and let A(A) be the vector of eigenvalues of A in
non-increasing order. Then for 1 < k <n, and subspaces V of C",

D N(A) =M(A) + -+ M(A) = sup trAly.
=1 dim(V)=k

Corollary 45. For all A,B € H, and 1 < k < n, the extreme partial trace
satisfies the triangle inequality.

MA+B)+- 4+ XMA+B) < MA) + -+ X(A) + M(B) + - + \(B).
Proof. By Lemma [44]

k

Z XMi(A+B)= sup tr(A+B)|v
i—1 dim(V)=k

Using 2.1 we can distribute.

tr(A+ B) |y =Y vf(A+B)vi =Y _ (0] Av; + v Bv;) =tr A|y + tr Bly.

i=1 i=1
The supremum function is convex, so

sup (trA|y +trBly)< sup trA|y+ sup trBly
dim (V) =k dim(V)=k dim(V)=k

Using [2.1] again, we get

k k
sup trd|ly+ sup trBly =) NA)+ D> MN(DB)
dim(V)=k dim(V)=k zzzl 1:21
Thus, the function Zle Ai(+) satisfies the triangle inequality on H,,. O

Theorem 46. Let A(A) denote the vector eigenvalues of a Hermitian matriz
A ordered from largest to smallest. Then X(A) + X(B) majorizes X\(A + B) for
all A,B € H,,.
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Proof. The inequality when k < n follows directly from Corollary For all
1<k<n,

k k
S XA+ B) <N
=1 i=1

At n, we have equality, since the sum of the eigenvalues of a matrix is its trace:

zn:/\i(A +B)=tr(A+B)=trA+trB = zn:/\i(A) + \i(B).

i=1 i=1
Therefore, A(A) + A(B) majorizes A(A + B). O

Theorem 47. We can write A(A+ B) as the sum of non-negative constants c;
times permutation matrices P; times A(A) + A(B), where the sum of the ¢; is 1:

AMA+B) = Zcz 2 A(B)).

Proof. Since A(A) + A(B) majorizes A(A + B), Lemma [0 ensures that we can
produce a stochastic matrix D such that

A(A + B) = D(A(A) + A(B)).

From Lemma[fI] we can express D as a sum of permutations times non-negative
constants adding to 1. O

Triangle Inequality
Proof. Let A, B € H,,. By Lemma [47]

IA+ Bllu = [A(A+ B)|| = IIZcz g A(B))I-

Since || - || satisfies the triangle inequality,

| ZCiH(/\(A) +A(B))] < Z [lei Pi(A(A) + A(B))|

Since || - || is homogeneous,
S e POAA) + AB) | = 3 el PAAA) + AB))]|
Since || - || is symmetric, it is invariant under permutations, so
Z cil | Pi(A(A) + A(B)) || = Z cill(A(A) + A(B)) |-

15



Since the ¢; sum to 1,

D cillAA) + AB))I| = I(AA) +A(B))-

Finally, since || - || satisfies the triangle inequality,
IACA) + AB)[ < IAA) + IAB)] = |Alla + 1Bln

Thus, || - || satisfies the triangle inequality.

16



Chapter 3

Probability Theory

The matrix norms in [5], which we introduce in Chapter [5| are constructed
using properties of random vectors. In Chapter [6] we will introduce the Pareto
distribution and examine the matrix norms it can induce. This chapter aims
to provide enough background in probability theory to define our norms and to
understand the Pareto distribution.

3.1 Random Variables

Definition 48. A real random variable X is a variable that takes on a range
of values on the real line according to a probability distribution. For a more
rigorous definition of a random variable using measure theory, see Section [4.3

Some well-known probability distributions are the Bernoulli distribution, the
normal distribution, and the exponential distribution.

Definition 49. A discrete real random variable is one in which the number of
values that X can take on is finite or at most countably infinite.

Example 50. A Bernoulli random variable X is one that takes on the value 1
with probability p and 0 with probability 1 — p. Since X can take on only two
possible values, X is discrete.

Definition 51. A continuous real random variable X is one which can take on
any value in one or more intervals of the real line, but for which the probability
that X has any specific value in R is zero.

Definition 52. The probability distribution function or PDF of a continuous
real random variable X represents X'’s density of likelihood for every point in R.
The probability that X falls within an interval [a,b] is the integral from a to b
of the PDF. No point can have negative probability, and since total probability
must add up to 1,

/OO PDF(z)dx = 1.

— 00
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Figure 3.1: Normal PDFs

Example 53. The normal distribution is known as the ‘bell curve’ because
its Probability Distribution Function resembles a bell. In a normal curve with
mean p and standard deviation o, the PDF is

PDF(z) = f(z) = -3(%5)

The PDF's of normal distributions with varying parameters u and o are shown
in Figure 3.1}

Definition 54. The support of a continuous random variable is the closure of
the set of points « € R for which PDFx(x) > 0. A random variable X cannot
take on any value that is not in its support.

Example 55. The exponential distribution is used to estimate the time between
spontaneous events whose occurrence is independent of other such events. Its
positive real parameter A\ determines the steepness of the curve; that is, as A
grows, so grows the probability that X is near zero. If X is an exponential
random variable with parameter A, its PDF is

Ae ™ if 2 >0,

PDF(z) = {0 itz <0

18
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Figure 3.2: Exponential PDFs
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Since Ae™** is always greater than zero for positive ), if X is exponential,

the support of X in R is [0, 00).

Definition 56. The cumulative distribution function or CDF of a continuous
random variable gives for each = in R the probability that X takes on a value less
than or equal to . If X is discrete, the CDF of x is the sum of the probabilities
of all values less than or equal to z. If X is continuous, it is the integral from
negative infinity to x of the PDF of X. Since the probabilities and probability
densities are always positive, and the integral over all R is 1,

lim CDF(x) =0,

Tr—r— 00
and

lim CDF(z) = 1.

T—r 00

Example 57. The CDFs of normal and exponential distributions are shown in

Figure [3.3]

3.1.1 Moments

Definition 58. The expected value, or mean, of a random variable X, denoted
E [X], is the average of the values of X weighted by probability or probability
density.

For a discrete random variable, let p(x) be the probability of z in X. The
expected value of X is calculated by taking the sum over all the values x that
X can take on of zp(x).

z:p(z)>0

For continuous random variables, the integral takes the place of the sum, and
the probability density takes the place of discrete probabilities.

E[X] = /_00 zPDF(z) dx.

Remark 59. The existence of an expected value is not guaranteed. For example,
in Chapter [6] we examine the Pareto Distribution, which does not have a mean
when its parameter « is less than 1.

Definition 60. The nth moment of a random variable X, denoted u,(X), is
the expected value of X™.

Definition 61. The variance 0? of a random variable X is o — u?, where u;
is the ith moment of X:

0 = po — pf = B[X?] = 2E[Xpu] + )* = E [(X — m1)?] .
A random variable X is constant almost everywhere if and only if its variance

02 =E[(X — pu1)?] is zero.

20
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Example 62. For the Bernoulli distribution with probability p(1) = p, the nth
moments are

1
pn =B[X" =Y i"p(i) = 0" (1—p) + 1"p = p.
i=0
Example 63. If X has exponential distribution with parameter A\, the moments
are

un =E[X"] = / " Ne M da. (3.1
0

We can integrate by parts until we get rid of the exponent. Using u(z) = e~ **

and v'(z) = 2™,

o0
)\/ 2"e M dy = )\x
0

ne—kx

-

00 o0 nmn—le—kx
- A ——dx.
0 0 -

Since we are evaluating from 0 to infinity, every term wv on the left is zero,
since for each natural number k& > 0, 05¢=*% = 0 and lim,_, o z¥¢=** = 0. The
negative from integration by parts and from the —\ in the denominator cancel,

so this becomes
s —n! n!
= O —_ —_— = — = n-
0 ( A ) A M

© plale=Ae Anle=A®

/\/ — dr = v
0 _

If moments exist for all n, it is sometimes useful to construct functions whose

Taylor series coefficients are related to the moments of a distribution.

3.1.2 Moment Generating Functions

Definition 64. Let X be a real random variable with that whose moments
iy, exist for all n € N. The moment generating function, or MGF, of X is the
function

MGF(t):1+u1t+%t2+%t3+m.
By the definition of p,,, this is
EX, EX, X2, X0,
1+ E[X]t+ o1 t° + 30 t°+---=E 1+Xt+jt —l—?t +-- 0,
which is the Taylor expansion of
E[etX]

in a neighborhood around ¢ = 0.
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Example 65. The use of the Taylor series identity makes finding the moments
of our same exponential variable X from much easier than the somewhat
tedious process of integration by parts of Let X be exponential with pa-
rameter A\. The MGF of X is

> Aelt=Ne 0o ) 1
E tX :/ tx )\fo dr = _ —
[«] Oe(e Jde==—3"1, =i 1-1
The Taylor series of 1j£ is
A
t 2t B2 | M3 .3
=1+ -4+ 4 4+...=1 t+ —=t —t
AN A LR TA
Soun:;’—i.

Proposition 66. Let independent random wvariables X and Y have moment
generating function Mx and My respectively. Then the moment generating
function of Z = X +Y is the product MxMy .

Proof. Let Z =X +Y. Then
My(t) = E [e%] = E [et(X+Y)} —E[e¥etY].
Since X and Y are independent, so are ¥ and e'¥, so the expected value of
their product is the product of their expected values. Hence
Mz (t) = E [eXe™ ] = E [¢"*] E [¢"] = Mx ()My (2).

Thus, the MGF of a sum of independent random variables is the product of
their MGFs. O

3.2 Random Vectors

Definition 67. A real random vector X is a column vector [Xi, X, ..., X,|"
where each X; is a real random variable.

Definition 68. When all X; in a random vector X have the same distribu-
tion and are independent of each other, the random variables are called i.i.d.
(independent and identically distributed).

3.2.1 Second Moment Matrix

Definition 69. For a random vector X of dimension n, the second moment
matriz £(X) is the n x n matrix of the expected values of X;X;.

E[X]] E[X1Xy] - E[X1X,]
EXoXi]  E[XI] - E[XpX,)]
»(X) = E[XXT] = . : . :
E[X;Xl] E[X;:,Xz] E[X%]
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Definition 70. We call a random vector positive definite when its second mo-
ment matrix is positive definite.

Theorem 71. Let X be a random vector of dimension n composed of n i.i.d.
random variables X; with at least two moments py and ps. If the X; are non-
constant, the second moment matriz X(X) is positive definite.

Proof. Since the X, are independent, the non-diagonal entries 3(X);; where
i # j are
2(X)ij = E[X;X;] = E[X/]E[X;] = 4]
The diagonal entries are
E(X)ii = E[Xﬂ = H2.

So the second moment matrix X(X) equals

pe p3ooee 3 11 --- 1 1 0 0
piope s 11 -1 01 0
. . .| =T + (2 — p1)

/J% H% e g 1 1 --- 1 o0 --- 1

This is p2J + 021, where J is the all-ones matrix, o2 is the variance (see [61)),
and I is the identity matrix diag(1,1,...,1). Since all its columns are the same,
their span has dimension of 1, and the null space has dimension n — 1. So J has
just one nonzero eigenvalue.

11 1] (1 n
11 11 |1 n
11 1] |1 n

Since J is Hermitian and its only non-zero eigenvalue, n, is positive, the all-ones
matrix is positive semi-definite. The identity matrix is positive definite. If the
X, are non-constant, the variance o2 > 0.

Since the sum of a positive definite and a positive semi-definite matrix is pos-
itive definite (See Proposition [26)), the second moment matrix X(X) is positive
definite. U
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Chapter 4

Measure Theory

The treatment in Section [3.1] of random variables and their moments is intuitive
and adequate for understanding how our norms are constructed and what they
look like. However, for a more rigorous definition of a random variable, and in
order to prove the triangle inequality for our norms (see Subsection , we
need measure theory.

4.1 Measure Spaces

Definition 72. Let Q be a non-empty set, and let P(Q2) denote the power set
of Q, the set of all subsets of Q. The set F C P(Q) is a o-algebra on 2 if it is
non-empty and closed under complement, countable intersection, and countable
intersection. That is, if for all sets A, B € F,

1. A° e F,
2. AUB € F, and
3. AnNBeF.

Definition 73. Let () be a non-empty set, and let F be a o-algebra on 2. The
double (92, F) is called a measurable space.

Definition 74. Let € be a set, and let F be a o-algebra on S. A measure p is
a set function from F to [0, 00] that is positive semi-definite, takes @) to 0, and
is finitely additive:

1. u(A) >0 for all A € F,
2. u(@) =0, and
3. u(A) + u(B) = n(AU B) if A and B are disjoint sets in F.

Definition 75. A measure space (2, F, ) is a triplet composed of a set S, a
o-algebra F on (2, and a measure p on F.
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Remark 76. Unfortunately, it is not possible to define a measure on the power
set of R with all three characteristics. Instead, by using a smaller o-algebra
called the Borel o-algebra, we will be able to define probability measures.

Definition 77. The Borel o-algebra of R, denoted B, is the o-algebra generated
by the open sets of R. That is, a set B C R is an element of B if it is the result
of a countably many intersection, union, and complement operations on open
sets of R.

Definition 78. Let (4, F1, 1) be a measure space and let ({22, F2) be a mea-
surable space. A function f : Q1 — s is a measurable function if for every
subset Ay € Fy, the preimage of Ay under f, denoted f~1(Ajy), is a subset in
Fi and is thus measurable by pu.

Definition 79. Let (£, F1, ¢t) be a measure space and let (22, F2) be a measur-
able space. The pushforward measure uy of a measurable function f : Q; — {1y
is the measure which satisfies p(As) = u(f~1(As)) for all Ay € Fo.

4.2 Lebesgue Integration

Definition 80. Let (Q, F, 1) be a measure space and, considering the measur-
able space (R, B), define a measurable function f: Q — R.

Define the function f* : [1,00) — R such that f*(¢) is the p-measure of
subset E; € F such that w € E; whenever f(w) > t.

1) =p({we]flw)>1}).

In other words, f*(¢) returns the measure of the preimage f~!((t,00)). Since
any set (t,00) is an element of B, and f is a measurable function, every E; =
f71(t,0) is a u measurable set, so f* is well defined.

Definition 81. The Lebesgue integral of f over §2, denoted

/Efdﬂ,

/0 Tt

Remark 82. Our choice of % in f* is intended to inspire notions of the transpose.
Instead of calculating the area under f by using f-tall and progressively narrower
rectangles, as in normal Reimann integration, we use f*-wide and progressively
shorter rectangles stacked on top of each other.

Intuitively, Lebesgue integrals find the area under a curve by summing up dt-
thick layers, one layer at a time, much like a 3D printer. If Riemann integration

is the Riemann integral
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is like building a picket fence whose parapets are the shape of f, with many
progressively thinner vertical slats (of width dz) placed next to each other,
Lebesgue integration is like building a masonry wall of the same size and with
the same f-shaped parapets with progressively shorter bricks (of height dt).

The advantage of Lebesgue integration is that if the z-axis has an irregu-
lar measure, that can be accounted for every time you add a layer. For in-
stance, many measurable functions from spaces with probability measures are
not amenable to Riemann integration for this reason.

Proposition 83. Let (2, F,u) be a measure space, equip R with the Borel
o-algebra in the measurable space (R,B), and let f be a measurable function
that induces the pushforward measure py on (R,B), and let g be a measurable
function from R to R. If they exist, the Lebesgue integrals

/ngfdu and /Rgd(ﬂf)

are equal.

Proof. Integrating the Lebesgue integral on the left, we would construct a func-
tion (g o f)* such that (go f)*(t) = {w € Q| g(f(w)) > t} and integrate it from
t = 0 to infinity.

Evaluating the integral on the right, we construct g* such that ¢g*(¢) is the p
measure of the set B; € B that contains those points z in R such that g(z) > t.
Formally,

9" (t) = ps(By) = py({x € Rfg(z) > t}).
The preimage of B; under f is the set
F7H(By) = {w € Q| f(w) € B}

The real number f(w) is in By if and only if it satisfy the condition g(f(w)) > t.
Thus,

F7H(By) = {w € Qlg(f(w)) > t}.

Hence the g* we construct when integrating the integral on the left equals the
(go f)* we construct when integrating the integral on the right, and

/QQOfdu=/Ooo(90f)*(t)dt=/Ooog*(t)dt=/Rgduf-

So the two integrals are equal. O

Remark 84. The use of pushforward measures allows us to construct new ran-
dom variables as measurable functions of existing random variables, knowing
that the integrals of functions on these new random variables using their push-
forward measures will be just as well-behaved as the originals.
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4.3 Probability Spaces

Definition 85. A probability space is a measure space (€, F,P) such that
P(Q2) = 1. The measure P on a probability space is called a probability measure.

Definition 86. Let (2, F, P) be a probability space (i.e., P(2) = 1), and
consider the measurable space (R, B). A real random variable X is a measur-
able function from ) to R. It induces the pushforward measure Py, which by

Definition [79| satisfies Px (R) = P(Q2) = 1.

Lemma 87. Let (2, F, P) be a probability space. Then we can take the integral
of f*(t)dt from 0 to 1, rather than from 0 to infinity, since for any event in F,
0<P(F)<1.

Theorem 88. For a probability space (Q, F, P), Lebesgue integration satisfies

/QldP—/Oll*(t)dt—u(Q)—l.

Let f: Q — R such that f(z) = 1 for all x € Q. Then we construct
f* R — R such that f*(t) is the probability that f(x) > t, or in measure
theoretic terms, the P-measure of the set such that f(x) =1 > t. This holds for
allz € Q whent < 1. So

cn P ifo<t<1,
f(t)_{P(Q)) if1<t.

The area under f* is a unit square.

We can also calculate the Lebesgue integral on other important functions.

Example 89. Let f be the indicator function for some measurable set B € B.
That is, let

0 otherwise.

fa) = {1 if v € B, and

Then f*(¢) is the measure of the set such that f(x) > ¢. This holds for all z € B
when t < 1, but holds for no  when ¢t > 1. So

con_ JP(B) if0<t<1
f(t)_{P((Z)) if1<t

When we take the Lebesgue integral

/ rap— [ pa
Q 0

the area under f* is a rectangle of width 1 and height P(B).
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We use Lebesgue integrals to calculate the moments of a random variable.

Definition 90. Let (2, 7, P) be a probability space X : Q@ — R be a real-valued
measurable function that induces the pushforward measure Px on the measure
space (R, B, Px). Then we can define the pth moment of X as

/XdeX.
R

Example 91. If X is a continuous random variable, then the Lebesgue integral
fR X™dPx can be computed using Riemann integration. Since the measurable
function X is continuous, we can write dPx = PDFx (z) dx so the nth moment
of X satisfies

/X"dP:/X”dPX:/ 2" PDF(x)dx
Q R 00

4.3.1 L? Spaces

We can use Lebesgue integration to define LP spaces, which are spaces of func-
tions f such that the Lebesgue integral over Q of |f|? is less than infinity.

Definition 92. Recalling Chapter let (2, F, 1) be a measure space. Let f be
a measurable function from S to R. The L? norm is the function || - ||, defined

by
1/p
1l = (/X fl”du> |

Remark 93. Note that the L? norm of a random variable Y is pth root of the
pth moment of Y.

Definition 94. Let LP(£2, i) be the set of measurable functions f from  to R
equipped with the Borel g-algebra such that

1/p
||f||p(/X fl”du> < oo

Such sets LP are known as LP spaces, and they are important for functional
analysis. The property of greatest interest to us is that when p > 1, the L?
norms used to define them satisfy the triangle inequality.

4.3.2 Holder’s Inequality and Minkowski’s Inequality

Proving Holder’s and Minkowski’s Inequalities from scratch requires proving a
handful of non-trivial integral inequalities, all named after early-20th-century
mathematicians. One would start with Jensen’s inequality, then use that to
prove Young’s inequality, which one can use to prove Hélder’s inequality, after
which Minkowski’s Inequality is relatively tame.
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To prove that our norms satisfy positive definiteness, we will use Holder’s
inequality, and in proving that our norms satisfy the triangle inequality, we will
merely seek to satisfy the requirements of the Minkowski’s Inequality as stated.

Proposition 95. Let (Q, F, 1) be a measure space and let f and g be real-valued
measurable functions on Q). Then

gl < I fllgllgll:-

for all g,r € [0, 00] such that
1 1
R
q r

Corollary 96. For p > 2, let ¢ = p/2 and let r = p%. Let w = P be a

probability measure, and let f = |Y?| for some random variable Y and g = 1.

2/p 1/r
E[|Y?]] :/ [Y2[1dP < (/ |Y2P/2dp> (/ 17'dP)
Q Q Q
2/p 1/r
</‘DﬂP”2dP> <j/1TdP) =E[Y?)/?.
Q Q

Minkowski’s Inequality is the triangle inequality for LP norms.

Proposition 97. If (0, F, u) is a measure space, ||- ||, is the LP norm for some
l<p<oo, and f,g €S,

1f+9llp < 11+ llgllp-

‘We now proceed to define our norms without using the formalisms of measure
theory, but when it comes to proving the triangle inequality, we will again resort
to the rigorous measure-theoretic definitions of this section.
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Chapter 5

Random Vector Norms

In this chapter, we use all the linear algebra and probability theory from Chap-
ters [I] and [3] to construct our norms using random vectors and prove that they
are indeed norms. We then use a special case of our norms to prove Hunter’s
Theorem, a result about complete homogeneous symmetric polynomials. We
provide plenty of examples and plots of our norms in R? and R?. I then prove
another result that goes beyond [5], namely, that the norms are continuous with
respect to the exponent p.

5.1 Random Vector Norms

Definition 98. Let (-,-) be the inner product (or dot product) of two n x 1
vectors familiar from basic linear algebra such that for x = (21, x9,...,x,) and

y = (ylay27 ) yn)a
(X, y) =y"x=z1y1 + T2y2 + -+ + TnYn.
Note that for a random vector X, the dot product (X, A) is the sum

<X, )\> =X A1+ Xodo + -+ X A\,

where each )\; is a real number and each X; is a real random variable. This sum
(X, A) is another real random variable, and therefore, it has an expected value.
Since the product of random variables is also a random variable, |(X,A)[? is
also a random variable, and its absolute value means it is defined on [0, 00).

Definition 99. The Gamma Function I' is a complex extension of the factorial
function ! on the nonnegative integers. It has many interesting properties, but
in this thesis we are concerned only with its restriction to the interval [1, 00),
on which it is smooth, positive, and exactly what out might expect out of a
function satisfying the equation

I'(n) = (n—1)!
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forn =1,2,3,---. On half of the complex plane with positive real component,
I' is defined by

I‘(z):/ t*~le 7t dt.
0

5.2 Main Theorem

Theorem 100. Define the function || - ||xp : R, = R for an ii.d. random
vector X with X; and p > 1 by

_ (EIX NP\
IAlx,p = (1“(p+1)> :

Then || - |x,p s a norm.

Remark 101. In this thesis, we are primarily concerned with cases in which p is
an even integer, since norms defined using even p can be defined using moment
generating functions. Accordingly, we will replace I'(p + 1) with p! unless we
need to address cases involving non-integer p (see Section [5.5.1)):

E|(X, A7\ /P
Mmp=('<”) |

p!

Corollary 102. Define the function ul| - ||xp : Hp — R for a positive definite
random vector X with X; i.i.d., and p > 1 by

p 1/p
uldllx, = (AP

Since X is i.i.d., || - |x,p is symmetric, so by Theorem [36, ul| - |x,p is a norm.

Remark 103. This remark concerns errors in our paper [5]. In Remark 3.4 of
[5], we claimed that our proof did not require the X; to be independent, merely
that they be identically distributed (which we mistakenly wrote as “i.i.d”). Even
ignoring the typo, the claim is erroneous in its strong form. Suppose X; is a
random variable, and X, = X7 has the identical distribution, but is dependent.
Let Ay = —A2. Then E|\ X + A2 X5 = E[A; X7 — A1 X3 | = 0. This violates the
property of positive definiteness.

There may be some room for the X; to be neither totally independent nor
i.i.d., however. The function -+ : R® — R”, which sorts any vector into a non-
increasing vector with the same entries, such that A* = (\;,, Ai,, ..., A, ) with
Aiy 2> Aiy > -+ 2> N, is symmetric. If we define our norm as

C(EX AP
o= (Pron)
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then the X; can be any random vector such that the second moment matrix
is positive definite and the triangle inequality holds, because the composition
with -+ guarantees that the norm is symmetric. A characterization of the random
vectors X that satisfy the triangle inequality remains an open question.

In [5]’s proof of Theorem 1b, we also misleadingly claimed that for diagonal
A,B € H,,, A\(A+B) = A(A)+A(B). In fact, this is true only if the diagonals of
A and B have the same ordering. One can work around this by restricting to the
set of diagonal matrices with non-increasing diagonal entries, or by assuming
that the norm is symmetric and using Theorem [47]

Proving Theorem [100
To prove that | - ||x,p is & norm, we must show three things:
1. ||Allx,p equals zero when A = 0 and is otherwise positive.
2. || |x,p is homogeneous, so ||cA|x, = c||A||x,p for any positive scalar c.

3. || - ||x,p satisfies the triangle inequality.

5.2.1 Positive Definiteness

Lemma 104. Let XX be positive definite. The function | - ||x,p, is positive
definite.

Proof. We rely on the positive definiteness of X as we have defined positive
definiteness for random vectors in All we need to do is fit the expression
into a form that includes the positive definite matrix XXT". We manage this by
using Holder’s inequality as shown in Let Y = (X, A). Then

E[|Y*[*? > E[Y?[].
We first examine the left side.
2/p 1/p)? 2/ 2
B[V = (BI(X, A7) =T+ D7)\l
Since square roots and multiplication by positive scalars preserve sign,

(B [lv2))"
I(p+1)t/e -~
We now turn to Y2, Since the dot product is commutative,

V2= (X,A)?2 = (AX)(X,A) = ATXXTA,

[Allx.p >

Since E [XXT] is positive definite, the expected value
E[|Y?] =EAT (XXT) Al >0
if and only if X is the zero vector. Thus, ||Alx,, =0if and only if A=0. O

Corollary 105. If the X; are nonzero and i.i.d., then by [71, XXT is positive
definite, so || - |x p is positive definite.
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5.2.2 Homogeneity
The second property, homogeneity, is relatively straightforward.

Lemma 106. The function || - ||x,p is homogeneous. In other words, for any
scalar c,

leAllx,p = [elIAllx p-

Proof. Inner products and expected values preserve constants, and the absolute
value brackets preserve magnitude, so

E[(X, cA)| = E[e(X, A)| = [¢[E[(X, A)].

All that remains for the poor constant is to pass through the exponents p and
1/p before arriving safely at the far left of the expression. Since |c| is positive,
the fractional exponent poses no challenge. Thus,

E|(X, \) [P\ /P
Jeatbe, = el (FE2E) T < lla, O

5.2.3 Triangle Inequality
Our Norms As L? Norms

Let X be an i.i.d. real random vector on the probability space (Q, F, P), and
let Y = (X, A). Since Y is the sum of constants times random variables X;, ¥
is a random variable. Our norm || - ||x,, is defined by

YT+ D Axp = (E[X, NP = (ElY ) /7.

Using the Lebesgue definition of a moment,

(E[Y )P = (/Q|Y|” dP)l/p.

This is the LP norm of Y, so it satisfies Minkowski’s inequality. Replacing Y

with (X, A)|, we obtain
1/p
</|<X,)\>|de> |

Lemma 107. Let Ay, Ao € R™. Then

A1+ A2llxp < [ Aillxp + [[A2llxp-
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Proof. We take the norm of A1 + Ay

1/p
T+ DA+ Al = ( [ixn +A2>|PdP) |

We distribute the inner product,

(/|<X,A1 +A2>>|pdp)1/p _ (/I(X,A1>+ <X7/\2>|de>1/p.

Applying Minkowski’s Inequality, the previous expression is

< </|<X,)\1>de>1/p+ </|<X,A2>|Pdp>1/p.
Thus,

YT+ DA+ Xelxp < Y/Tlp+ DiAlxp + ST+ Dl Azlx p-
Cancelling the constant {/I'(p + 1), we conclude that

A1+ Allx p < [ Asllxp + [[A2llx,p

for all )\1, Ao € R™, ]
Proof of Theorem

Since the function || - ||xp, : R™ — R satisfies the conditions of positive defi-
niteness (Lemma [104)), homogeneity (Lemma [106)), and the triangle inequality
(Theorem . |l I|x,p is @ norm on R". |

5.3 Moments

Theorem 108. Let X = (X1, Xo,...,X,,) be the random vector in R™ such
that the X; are i.i.d. random wvariables with moments u; for i € N. Let M be
the moment generating function of all the X;. Then

E[(X, A)[”

A, = =520 = (1M (),

where

n

My () = H M (\it),

i=1

and [tP] My (t) refers to the coefficient of the pth term in the Taylor expansion
Of MA .
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Proof. The moment generating function of X;\; is
MXMi (t) =E [etxi/\i] = M)Q()\J)

By Proposition [66} the moment generating function of the sum of independent
random random variables X is the product of each moment generating function.
Let Y = X1A1 + XQ)\Q + e+ Xn>\n Then

O
Theorem 109. Let X be i.i.d. and let py, be the kth moment of the X;. Then
p - T
M= 3 (7) [Tne 6.)
|m|=p i=1
Proof. We first examine the expression whose expected value is the pth moment.
(X,A)P = (X9 + Xodo + -+ X \)P
We can represent this pth power of a polynomial using multiindices.
p ™
> (7)o
|7|=p
where m = 7y, m2,..., T, with non-negative integer ;, () gives multinomial
coefficients, defined as

") = b o
m ML, T2y 0 Ty mlml . om,

(XA)T = (X1A1)™ (XaXa)™ -+ (X)) ™ .

and

Because the X; are independent, the expected value operator can be distributed
to each power of X;.

B> (i) (XN = <i>E(X1A1)”1|E(XQAQ)”2|...E|(Xn)\n)”"

|7|=p |7|=p

Since \; are constant and E|XF| = u, the above expression equals

> () I
=1

|7|=p

which is our desired expression. O
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5.4 Hunter’s Theorem

Definition 110. Let x = (21, 22,...,2,) € R™. The complete homogeneous
symmetric (CHS) polynomial of degree k for n variables is the sum of all possible
monomials of degree k with coeflicient 1. In other words,

k
hi(x) = Z H Ty,

1<i1<ip<. i <n J=1

Example 111. Let x = (21,22, 23) € R3. The polynomial h; in three variables
is defined by

hi(x) = 21 + z2 + 3.
The polynomial hs in three variables gives
ha(x) = xf + x1x0 + 2123 + 9:3 + xox3 + :z:%
The polynomial hg in three variables gives
ha(x) = 23 + 2220 + 2223 + 1125 + 210073 + 2125 + T + 2523 + ToxD + 25,

Theorem 112. Complete homogeneous symmetric polynomials are positive def-
imite.

Proof. Let A € R™ and A = diag(A). Let X = (X1, X2,...,X,) such that the
X; are i.i.d. exponential random variables with parameter 1 (see Example ,
and let M be the moment generating function for all the X;. From Example [65]
M generates the moments

n!
My = T =nl.

By Theorem A%, is the pth term in the MGF My (t) = [[;; M (\it).
From the pth term in M) is the sum

n ' n
> (i) Hlum;” => %Hmu? =p! 3" AT =plh,(N). (5.2)

|m|=p |7|=p [m|=p

Our norm ||Al|x,p is the pth root of the pth moment of [(X, A)| divided by p!.
By B2

1
X = (i (X))
Since [|A[|x p is a norm, it is positive definite. Thus, [|A[l% , = hy(A) is positive

definite. O
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5.5 Examples

Since a norm is uniquely defined by its unit ball (Proposition , we can get a
good picture of our norms by plotting the unit balls in two and three dimensions.

Example 113. For any even p, norms on R" induced by normal distributions
with mean 0 and variance o2 (Figures reproduce multiples of the Euclidean
norm. When the mean is non-zero, the result is elliptical, but changing p does
not affect the shape. This remarkable good behavior can be explained by the
fact that the sum of normally distributed random variables centered at zero
Z = (X, A) is normally distributed and centered at zero with variance 0% =
S, Aio?. For even p, the pth moment of Z, which is A% s 18 o (p — DY,
where k!! is the product of all natural numbers less than or equal to k with the
same parity as k (See Section 5-4 in [I1]). Our norm is thus

1/2

n /2 1/p n
P! (0 Nio?)” S VA 230 - allA|
! 7 =2 M CURC

Example 114. The exponential distribution with parameter A = 1 (Figure
5.3) produces norms whose unit circles have interesting shapes. The l-norm
on R? resembles a racetrack. When A; and A2 have the same sign, [|[Al|x1 =
[A1] + |A2] = A1 + A2, which is linear, but when they have different signs, the
unit circle is semicircular. The unit circles of ||A|x , for p = 2,3, 4 are football-
shaped, and as p increases, they come to resemble the square that is the unit

circle of | - | (See Figure[L.2)).

5.5.1 0Odd and non-integer p

The proof that our norms satisfy the triangle inequality relies on Minkowski’s
inequality, which does not require p to be an even integer. Because we take the
expected value of the absolute value of (X, A)?, our norms are well-defined for
all p > 1, not just even integers. In fact, we can do better.

Theorem 115. Let X have at least m moments. The function f :[1,m] = R
defined by f(p) = ||Al|x,p is continuous for all | A|| € R™.

Proof. Let Py be the pushforward measure of the random variable Y = (X, A).
Then

T'(p+ 1)(/(p)) = B(X, \)J? = / (X, )P dP = / jalP dPy

Forallz € Rand 1 <p <m, |z|? <|z|+ |z|™, so

/|x|dey < /|x|+|x\mdpy =/|x\dpy+/|x|mczpy.
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20
2
—1
4
Figure 5.1: Unit circles for |- [|x,1, || - [Ix,2, [| - [[x,4, and || - ||x 20, Where the X

are normal with y=0and o =1

39



Figure 5.2: Normal unit circles with p = 10 and mean —2,—1,0,1, and 6. The
curve is the same for y = —1 and p = 1.
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Figure 5.3: Unit circles for [ - [|x,1, | [Ix,2; [| - Ix,3: | - [Ix,4, and || [|x,20, where
the X, are exponential with parameter A =1
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These are the 1 and m norms, so
/|x\dey < /|w|dPy + / 2™ dPy = [Allx. + T(m + DIIAIE 0.
Thus, we can bound f(p). Because the interval of possible integral values

[IXx. 1, IMIx.1 + T (m+ DA ]

is compact, for any p € [1,m] and sequence p1,ps,... that converges to p, the
integrals [ |z|? dPy converge to [ |z|P dPy. So I'(p+ 1)fP is continuous. Since
I'(p+1) is a positive continuous function for positive p and p is bounded between
1 and m, f is continuous. O

This continuity is clear in Figure [5.3] where each p norm appears squeezed
between the p — 1 and p + 1 norms. Coming up with polynomials to describe
norms with odd p is difficult since the moment-generating function we use for
even p does not work. When p is not an integer, it quickly becomes necessary
to use a computer.

5.5.2 Three Dimensions

By using 3D modeling, we can plot the unit balls of our norms in three variables.

Example 116. Bernoulli random variables produce interesting norms (see Fig-

ures 1) 55 B8 and 7).
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) 20

Figure 5.4: Unit circles for || - |[x,2, || - llx,4, and || - ||x 20, where the X; are
Bernoulli with parameter 1/2. For parameter 1/2, Bernoulli random variables
produce norms in two variables whose unit circles, as the norm’s exponent p
increases, approach a hexagon resembling a multiple of || - ||; when A; and Xy
have the same sign, and | - ||ooc when they do not.
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0.9
~__—0.01
- ——0.99
=15 +F
Figure 5.5: Unit circles for || - ||x,2, where the X; are Bernoulli with varying

parameter. As the parameter increases, the unit circle grows narrower, since
the most likely outcome is that X; and X5 are both 1, in which case (X, A)| =
|A1 + A2|, which is not a norm: the equation |A\; + A2| = 1 produces two parallel
lines, not a closed curve.
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0.01

0.1

—0.9
0.99

0.5

Figure 5.6: Unit circles for || - ||x,10, where the X; are Bernoulli with varying
parameter. Since we are taking the norms with p = 10, we see roughly hexagonal
curves. Again, the top left and top right corners of Bernoulli unit circles with
parameter P come very close to those of parameter 1 — P.
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Figure 5.7: Squarish pillow-like unit balls produced using ||(z,y,2)|x2 = 1
(above) and ||(z,y, 2)||x,4 = 1 (below) with Bernoulli parameter 1/2.
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Chapter 6

Pareto Distribution

The Pareto distribution, named after the Italian economist Vilfredo Pareto, is
a power law distribution used in a variety of sciences to describe continuously
the inverse relationship between rank and frequency. Pareto initially used it
to describe the distribution of wealth in a society: as the amount of wealth
increases, the probability that a randomly selected citizen has that amount of
wealth decreases according to a roughly Pareto power law.

Pareto distributions, and the related, discrete Zipf distributions, which con-
verge to the inverses of Pareto distributions, have been used to describe the
distribution of sizes among grains of sand [13], population of settlements [12],
and the frequency of words in linguistic corpora [I6], as well as a host of other
phenomena.

Pareto distributions have two parameters, x,, and «. Their probability
density functions (PDFs) are given by

PDF (z) = z‘fﬁ

with support on [2;,, 00).

When doing statistics, the parameter x,, is used to scale the z-axis and to
mark the cutoff point for the object of study. For example, in examining the
frequency of settlements by population, we could put the cutoff point for what
we consider a settlement at z,, = 10,000 inhabitants. If the distribution is
Pareto, then there will be many small towns with population just above 10,000,
fewer towns with population of about 100,000, still fewer cities with population
of about one million, and only a handful of metropolises.

More interesting, perhaps, than the often arbitrary lower cutoff x,, is the
sharpness of the power law by which the frequency of cities with population =
decreases as x increases. For example, in historically fragmented regions such as
Europe, there are many small and medium-sized cities, with relatively few large
metropolises. In Pareto terms, « is high. In contrast, regions such as California,
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Figure 6.1: Pareto PDF's for varying a with z,, =1

where the population is highly concentrated in Los Angeles, the Bay Area, and
San Diego, the right tail is fatter, so a is lower.

The power laws of the Pareto distribution are also relevant to the study of
fractals. In [I0], the parameter é can be considered a measure of fractional
dimension for sets whose sizes using different metrics distribute according to
Pareto power laws.

6.1 Moments

The motivation for using the Pareto Distribution in relation to our random
matrix norms is that not all moments exist for each «.

Pareto random variables have only as many finite moments as there are
natural numbers n < a. Accordingly, Pareto distributions never admit analytic
moment generating functions, but the moments that do exist can be solved using
the PDF and the usual integral for moments:

o0 oo
a —a— « —a|o© «
,un:/ x"Tde:a/ m"aldxzix"("l:i
1 z 1 n

— a—n

6.2 Pareto Random Vector Norms
Fortunately, our norm ||A||x,, requires only the first p moments of the X;, but

does not require them to admit moment generating functions. As long as « > p,
then, our norm exists.
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Let X = (X3, Xo,...,X,,), in which the X; are independent Pareto random
variables with parameters o and x,, = 1. That is, let each X; have the CDF

1— L ife>a,,

CDFX (3?) = { %

0 ifx <z,
The pth moment of (X, A) is
E[(X, X)"] = p![[ Ak p-

Let p < a be even and let X; be Pareto with parameters o« and z,, = 1.
Since the pth moment of each X; exists, Theorem [100| ensures that pth moment
of (X, A) exists and Section [5.3|gives the formula in terms of the pth and smaller
moments of Xj:

p o p\ aA”
BIXA = 3 () ne (7). (6.1)
|w|=p || =p ‘

Example 117. For n = 2,

1 2@)\1 )\2 )\% )
5 .

)\2
A2 P 1
Ao = o (5205 + oottt 4 22

The norm where p = 4 is also an elegant polynomial.

Al = Lo (M daXBhg 6aAIN? dan A3 A
X479 \a—4  a?2—4a+3 (@—2)2 a2—-4a+3 a-—4

6.3 Limits

Sending « to its limits yields interesting results.

6.3.1 High o

As «a approaches infinity, the Pareto distribution bunches up toward a single
mass at 1. When the X; resemble a constant of 1, |(X, A)| resembles (1, A)| =
| >, Ail, where 1 is the all-ones vector. Interestingly, though we can approach
it with norms, the function | Y7 ; A;|, which corresponds to | > i, \;(4)| =
[tr A| in the Hermitian case, is not itself a norm because it is not positive
definite. For example, the matrix

1 0
= 4
has trace of 1 + (—1) = 0, but it is not the zero matrix.
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Figure 6.2: Unit circles of Pareto norms with p = 2 and varying a.
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Figure 6.3: Unit circles of Pareto norms with o = 5 and varying p.
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In Figures and we see that the unit circles produced by the norms
get longer and narrower as the difference between o and p grows. In R?, the
limit of the unit circle as alpha approaches infinity is the curve |\ + Ag| = 1,
which is represented by two parallel lines at y=1—z and y = —1 — z.

The presence in the examples of binomial coefficients gives a hint, and indeed,
the proof is straightforward.

Proposition 118. Let X, be i.i.d. and let the X; be Pareto random variables
with parameter a. Then

1 | frng .
Jim, VPN = 3

Proof. By

A\ 1/p
. . a\™i
i YA = i | 2 ()22
As a approaches infinity, all moments p, = —%; approach 1, leaving
. 1/p 1/p
. aA; " -
I (Y ()] = (X (@)

|7|=p |m|=p

By the multinomial theorem,

n 1/p n
= <|Z)\i|p> :|Z)\i|-
i=1 im1

Thus as a approaches p from above, the norm approaches the absolute value of
the sum of the \;, which is, again, not a norm. O

6.3.2 Low «

As « approaches p from above, the terms of
) o — Ty
|7|=p

in which one of the 7; is p, and the others are zero, approach infinity, while the
other terms remain small. The pth moment thus approaches

n n
P\ A, = px;
— \p)a-p Fa-p

K2
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As « approaches p for even p, ||A|x, ., approaches

Z?:l Sii; % | n_l )\P‘% _1
= 1= d = A P o — -1 ' Py
L reryraeR VA CER

=

where ||A||, is the p-norm as shown in

]
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