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Abstract

We give an exposition of the theory leading up to, and including, the subject of wavelet analysis.
Wavelets provide an elegant and practical way to decompose functions in a fashion similar to that
of decomposing vectors in IR", the key difference being that the bases for most function spaces are
not finite. The main goal for this thesis is to first develop the necessary theory for what essentially
amounts to “doing linear algebra” in an infinite-dimensional context, and then apply that frame-
work to the study of Wavelet analysis. To start off, we develop a more flexible notion of integration
called the Lebesgue integral, and use it to construct normed spaces of functions, such as L?(R), the
inner product space of square-integrable functions. To build towards Wavelet analysis, we define
the Fourier transform, a powerful tool in functional analysis that lets us describe functions in terms
of complex exponentials. Finally, we introduce the theory of multiresolution analyses, a central
object in the study of Wavelets, as they let us construct wavelet bases of L?(R) by decomposing the
space into nested subspaces corresponding to different levels of “detail”. This provides a frame-
work for analyzing how the components of a function are distributed across these levels. Using
this theory, we construct the famous Haar and Shannon wavelets and their corresponding bases.

Sammanfattning

Vi presenterar i detta arbete teorin som leder upp till, samt utgodr analysen om Wavelets. Det som
gOr wavelets intressanta ar att de erbjuder ett elegant, samt praktiskt sétt att bryta ner funktioner
pé sdtt som liknar hur man bryter ner vektorer i R”, med stora skillnaden att vi inte langre talar om
det i kontextet av dndligt dimensionella rum. Vi uppnér detta mal genom att forst utveckla teorin
som tillater oss att anvdnda maskineriet vi kdnner till fran linjdr algebra i ett odndligtdimensionellt
kontext. Till att borja med, utvecklar vi en mer flexibel teori om integration som heter Lebesguein-
tegralen, och sedan anviander vi den for att konstruera ett flertal normerade funktionsrum sasom
L?)R), inre produktrummet av funktioner vars kvadrat &r integrerbart. For att motivera, samt
komma nérmare till Waveletteori, behandlar vi ett mycket anvdandbart medel inom funktionella
analysen, nimligen Fourier transformen, som later en att beskriva funktioner i termer av komplexa
exponentialfunktioner. Slutligen introducerar vi teorin om multiresolutionsanalyser, ett centralt
objekt inom studiet av Wavelets, eftersom de later oss konstruera waveletbaser for L2(R) genom
att dekomponera rummet i ndstlade delrum som motsvarar olika nivaer av ”detalj”. Detta ger ett
ramverk for att analysera hur komponenterna i en funktion &r férdelade 6ver dessa nivaer. Med
hjélp av denna teori konstruerar vi dven de vilkdnda Haar och Shannon-waveletsen och deras
motsvarande baser.
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1 Introduction

Finding elementary functions that make up other kinds of functions on an interval is something
mathematicians have had an interest in since the days of Leibniz and Newton. A good example of
this, is the case of smooth functions, where polynomials are amazing at approximating them, and
given analycity, taking a limit on this approximation yields us a power series representing the entire
function! However, this is approach suffers one clear restriction: almost no function encountered in
the real world is smooth! A way around this restriction is treated in the study of Fourier analysis.
Joseph Fourier had a few brilliant ideas, and one of them was to think of periodic functions as a
series of trigonometric polynomials of the form Cne", where n € Z, and C, € C. A more modern
interpretationn of this, is to think of it as the set of trigonometric polynomials being dense in the
vector space of periodic functions. However, a few questions might arise: Is this even actually
possible? What other conditions do we need to put beyond periodicity on these functions? What
about non-periodic functions? In the case we can do this, how do we decide which coefficient to
choose? And finally, how are the coefficients determined? The theory has come a long way since
Fourier, and the subtleties have thus increased, along with the theory’s expressive power. Often,
when working with bases, an inner product is desirable, as that allows us to project onto basis
elements. Since our vectors in this case are functions, a natural inner product to consider is the
integral.

In section 2 we develop the Lebesgue integral which will allow us to integrate functions under
more relaxed conditions than the Riemann integral, as well as pass limits under the integral sign.

In section 3 we make use of the Lebesgue integral to define a whole class of function spaces
called LP-spaces. Out of these spaces, L? is of special interest because it allows us to project func-
tions similar to as if they were vectors in R". The theory of this is expanded upon in section 3.2.

In section 4 we present the Fourier transform for L'(R) as well as L?(IR) as a formal tool to
mainly help us prove certain theorems that will be useful in the upcoming chapters. The Fourier
transform is an operator that describes functions in terms of complex polynomials. A helpful way
to think about it is as a sort of generalized projection, giving us information about a function over
a continuum of values, not just discrete ones.

Finally section 4 also serves as a foundation for section 5 about wavelets in the sense that
wavelets are motivated by and solve some of the problems of the Fourier transform. Most im-
portantly, we can (and will) construct orthonormal bases of L?(IR) using wavelets. Circling back to
the original idea of Fourier, but for non-periodic functions.

The theory leading up to this result of the thesis is based on the lecture notes of Bengt Ove
Turesson [TUR15], which constructs wavelets out of an object called a multiresolution analysis.
In the end we will have a method for constructing wavelet bases of L?(R) from a single function
satisfying just a handful of properties. To help us in this section, several examples are presented
with the help of the Haar wavelet.



2 Integrals, integrals, integrals

2.1 Problems with the Riemann integral

We will go over two main pathologies of the Riemann integral, the first being that if a function
is unbounded, the Riemann integral is essentially useless. The second one is that we often want
to interchange limits and integrals. Suppose we have a sequence of Riemann integrable functions
fn @ [a,b] — R, where nlglgo fu(x) = f(x) for some function f, at each point x € [a,b]. Then we

can’t know for sure whether or not f is also Riemann integrable. As we will see in the following
example.

Example 1. Let f : [0,1] — R be defined as

Flx) = 1 if x is rational,
)0 if x isirrational.

We can show that f is not Riemann integrable by the following argument. For any subinterval I of
[0,1], since both the irrationals and rationals are dense in R, we get that

sup f =1, and irllff =0.
I

Therefore the upper and lower integrals of f can never coincide, and so f cannot be Riemann
integrable. Now let (7,,) be a bijection from the natural numbers to Q N [0, 1], and define

1 ifxe{r,...,r},
fk:{ {1 k}

0 otherwise.

Then fi(x) — f(x) as k — oo, and it is easy to see that each f} is Riemann integrable with

1 k v}

/ /

/ fi = Z// fi =0, wherer;_; <.
0 i=1""i1

What we have witnessed here is the fact that the function defined as the pointwise limit of a se-
quence of Riemann-integrable functions is not necessarily Riemann-integrable.

The following section will resolve the problems posed by the Riemann integrals.



2.2 o-Algebras and Measurability

Definition 2. Suppose X is a set and S is a set of subsets of X, thatis, S C P(X). Then S is
called a o-algebra on X if

1. eS§;
2. if E€ S,then X\ E € S;
3. if Eq, Ey, ... is a sequence of elements of S, then y—1 Ex € S.

We call each element in S a measureable set, and the pair (X, S) a measurable space.

Example 3 (Examples of o-algebras).
1. Clearly {®, X} is a o-algebra on X for any set X.
2. The powerset of a set X, P(X) is a o-algebra on X.

3. Theset S = {U,ex(n,n+1] : K C Z} is a v-algebra on R. If K = @, then @ € S. Suppose
now that Eq, Ey, ..... is a sequence of elements of S, where to each Ey, we can associate a
Ky C Z, such that

E, = U (7’1,1’1+1].
neky

Then K = Uy Ky C Z, and it is not so hard to see that Uy Ex = U,ex(n,n+1] € S. Now
suppose E € S, and E = U,,cx(n,n + 1].

R\E=(VR\(n,n+1] =R\ |Jmn+1]=|J nn+1]\ J (n,n+1].

nek nek nez nek

This is still of the form Uicx: (k, k + 1], where K’ = Z \ K, and so R\ E € S, and we are done.

Definition 4. Let B C P(X). Then we call the smallest o-algebra containing B the o-algebra
generated by B. More formally, The smallest o-algebra containing B can be written as

ns.

SDB

Example 5. Suppose X is a set and A = {{x} : x € X}. Then the c-algebra generated by A is the
set of all subsets E C X, such that either E is countable, or X \ E is countable.

Proof. Let S = {E C X : Eor X\ Eiscountable.}. It is well-known that a countable union of
countable sets is countable, so for any sequence contained in S of countable elements, their union
is also in S. Therefore, suppose the sequence Ej, Ep, ... contained in S contains some E; that is
uncountable, then clearly the union Uy Ey is uncountable, but

X\ (UEk> = () (X \ Ex)
! k

will be countable, since X \ E; will be. Now clearly, A is contained in S. From this it follows that
S is a o-algebra that contains A. Now to show S is the smallest such c-algebra, we wish for every



E € S to be in every o-algebra that contains A. Let F be any c-algebra containing A. Then F by
definition contains every countable subset of X, and so we may assume E C X is uncountable and
in S, but then X \ E is countable, and therefore is in F. So E must also be in F and we are done. ©

Definition 6. Let X = IR, and let B the collection of open intervals of R, then the elements of
the o-algebra generated by B are called Borel sets, and we use B to denote this o-algebra.

2.3 Measurable functions

Definition 7. Suppose S is a o-algebra on X. We call a function f : X — [—o0, 00| measurable,
if foranya € R,
fH((a,0]) € 8.

In other words, if for every a, the inverse image of f under (4, %) is a measurable set, then f is
called measurable.

Example 8. Let E C X. We denote the characteristic function of E by

(o= {1 frEE
AT V0 ifx ¢ E

In the case that X = R, xr is a measurable function if and only if E is measurable. Note that for
anya € R,
E if0<ax<l,
)(El((a,oo]) =< X ifa<0,
@ ifl1<a.

So if E is not measurable, Xgl ((%, oo]) cannot be measurable, and if E is measurable, then the above

shows that )(El ((a, c0]) is always measurable.

Lemma 1. Let S be a o-algebra on a set X, and { f, },eN a sequence of measurable functions
from X to [—o0, 0], then the functions defined pointwise at each x € X as

g(x) =1inf{fu(x) : n € N} and h(x) = sup{fu(x) : n € N}

are both measurable functions.

Proof. Leta € R. If h(x) € (a, 00|, for some x € R, then by how h(x) is defined, for some n € NN,
a < fu(x) < h(x),and so f,(x) € (a,00]. For any n € N, there exists an x such that f,,(x) € (a, 0],
so h(x) > fu(x) > a implies h(x) € (a,00]. This shows that h=1((a,0]) = Uen fi ' ((a,c0]).
Since each f, is measurable, and a countable union of measurable sets is measurable, 1 must be
measurable. For g, remember the relation

inf{f,(x) :n € N} = —sup{—fu(x) : n € N}

from real analysis, and so the result for ¢ automatically follows from that. @)



24 The Lebesgue measure

Now we will define the concept of a measure on a c-algebra. We note here that the mathematical
theory of measures is a lot more vast than how it is presented here.

Definition 9. Let S be a c-algebra on a set X. A function y : S — [0, 0] is called a measure on
S if u(®) = 0, and for any sequence of disjoint measurable sets sets {S, },>1,

iz (G 571) = ilu(sn)-
n=1 n=

This last property is called countable additivity.

Remark 1. Notice that it follows from p being countably additive thatif A C B, then p(A) < u(B).

We would like to have a measure on the collection of Borel sets. However, it turns out that showing
a function is a measure on a 0-algebra is hard, so instead we assume that the function ¢ : B — [0, o]
defined by

b—a ifbaeR
+o0 ifa=—-oc0orb =+

(((a,b)) = {

can be extended to an measure y : B — [0, 0] on B via

[0 9)

u(E) = inf{z /(I,):EC G In},
n=1

n=1

where each I, is an open interval of R. We will not show that u actually satisfies countable addi-
tivity. Furthermore, we note that for any set A C Rand f € R,

u{a+t:aec A}) = A.

This property just says that y is invariant under translations. One might ask themselves why a
measure couldn’t just be defined in a similar fashion, but on all the subsets of R instead. After
all, P(R) is itself a o-algebra. It turns out that things cannot be so simple (we are dealing with
the real numbers after all). One can actually show that there exists no non-negative real valued
function, defined on the subsets of R, that is both a measure on this P(IR), and satisfies translation
invariance. The reader is referred to [AXL20, p. 25] for a proof of this.

Definition 10. The measure i defined above is called the Lebesgue measure.




2.5 Sets of measure 0 and on the notion of “Almost Everywhere”

One important class of Borel sets are the sets A C B such that u(A) = 0. There are many such
sets, and most commonly, they are the countable (including finite) subsets of IR. Note that these
are always Borel sets, since any singleton {x} is a closed set, and hence its complement is a union
of open intervals, another Borel set. Since {x} is the complement of a Borel set, it's a Borel set.
Since any countable set is a countable union of singletons, any countable set is a Borel set. To show
that they all have measure 0, we again start with the singletons. Define for x € IR, the sequence
{Ii}ns0 = (x—,x+ 1) Thenforalln > 0, u(I,) = 2, and

n({x}) < %, by countable additivity,

meaning that ({x}) = 0. By extension, if A is a countable set y(A) = 0.

Remark 2. There are also uncountable Borel sets which have Lebesgue measure 0, like the Cantor
set. But we shall leave this here for now. If the reader would like to know more, see [AXL20, p. 57].

Let f : X — [—o0,00] be a measurable function. We say a property P of f holds almost
everywhere (abbreviated to a.e.), if the subset A C X for which the P of f does not hold has
u(A) = 0. If g is also a measurable function, then define the relation ~, via f ~ g if and only if for
N ={x e X: f(x) # g(x)} itholds that u(N) = 0. We can show that ~ is an equivalence relation.
Symmetry and reflexivity are fairly obvious. For transitivity, suppose f ~ g, and g ~ h, and define
Z={x¢e€X:f#h} Thenforany x € Z, f(x) # g(x), or g(x) # h(x), since otherwise they
would both have to be equal, meaning that f(x) = h(x), a contradiction. From this it follows that
Z is contained in the union of two sets that have measure 0, and so Z must have measure 0 (by the
additivity of measures).

Something peculiar is that you can have a function f that is almost everywhere equal to a con-
tinuous function g, but such that f itself is not continuous everywhere. An example of this is the
characteristic function on the rationals, xg(x).



2.6 Integration of measurable functions

Now we are ready to define the a notion of integrability for measurable functions. First we want to
define the integral for simple functions, and after that, make use of that simpler definition to define
the integral for more complicated functions.

Definition 11. Let (X, S) be a measurable space. A function e : X — R is called a simple
function, if it can be written as

(x) = i“i)(si (x),

where 51, Sy, ..., S, are measurable disjoint sets, and a7, . . ., a; are real numbers.

An immediate question arises: how can we make sure that simple functions are even enough
to define integrals of any measurable function? The following theorem tells us that the simple
functions are good point-wise approximations of measurable functions, and further, that this ap-
proximation is monotone.

Theorem 2. Let (X, S) be a measurable space. Then for any non-negative measurable function
f : X — [0,00], there exists an increasing sequence of positive simple functions e, : X —
[—o0, 0], such that for each x € X,

lim e, (x) = f(x).

n—oo

Proof. Define e, as follows:

27k if 27k < f(x) < 27 (k+ 1),
en(x) = wherek =0,1,...,22" —1,
M 27 < f(x).

It’s easy to verify that e, is indeed a simple function, the important part being that e, can at most
take on 22" different (positive) values. Further, the sequence is increasing, since if 2”1 < f(x), then
clearly e, < e,1. On the other hand, if for some 1, 2" < f(x) < 2", then choosing k = 22"+1

gives us that
22n+1
n _

€n :2 == W :en+] Sf(x)

The last case is when f(x) < 2". Thene, = 2 "k, and ¢, 11 = 2-"1k, where ky, ky are both chosen
so thatky € {0,1,...,22" —1},and k € {0,1,...,22"*2 — 1} If 515 (2k; +1) < f(x), then we set
ky = 2kj + 1, otherwise we let ky = 2k;. This guarantees that e, ; < f(x), however, in the former,
en < ey4+1, while in the latter e, = e,11. Now to show pointwise convergence. If f(x) < oo, then
we have

en =27k < f(x) < 27"(k+1) (1)
= 0< f(x)—e, <27 ()

Since the right hand side can be made arbitrarily small, we have convergence. Now if f(x) = +oo,
then e, (x) = 2" for all n, giving us that e, — +o0 as well, concluding the proof. ©



Corollary 2.1. For any measurable function f, it is the pointwise limit of a sequence of simple
functions. Further, if f is bounded, the convergence is uniform.

Proof. For a function f that is both negative and positive, we define f1 (x) = f(x) whenever f(x) >
0 and 0 otherwise, similarly, we define f_(x) = —f(x) whenever f(x) < 0 and 0 otherwise. It
is then easy to see that f(x) = f4 — f—, and that both f, and f_ are measurable. For a > 0,
fi((a,00]) = f~((a,0]), a measurable set, and for a < 0, f7!((a,c0]) = {0} U f~1((a,00]), also a
measurable set. Since a difference of step functions is itself a step function, we can approximate f
and f_ separately, and thus also yield an approximation of f. For the last statement, let ¢ > 0. Then
for some integer 1y > 1, and for all x we have that f(x) < 2"0. Further, for all n > ng, e, = 27"k
for some k like above. Now for any such k, we have

27"k < f(x) <27%(k+1)
= 27"(k-1) < f(x) <27"(k+1)
= |f(x) —ea(x)| <277,
which gives us that the convergence is uniform. ©)

The nice thing about this theorem is that not only does it give us a positive statement about
approximating measurable functions, it also gives us a way to compute these sequences. The way
to visualize these constructed functions is to treat them as approximations of f up from below. In
other words, e, < e,41 < f forall n.

Step functions are pretty well-behaved, so if we can define integrals for them in a way that
behaves nicely with limits we will essentially have made integrals for measurable functions well-
behaved as well.

Definition 12. Assume that (X, S, ) is a measure space, and e(x) = Y/ ;xs,(x) a non-
negative simple function on X. Then we define the integral of e on X with respect to the
measure J, as

n
/ edu =Y aiu(S;).
X i=1

We say that e is integrable if [, edy is finite.

If E C X is a measurable set, we define the integral of e on E as

n
/edy:/exgdyzza,-y(EﬂSi).
E X i=1

One immediate consequence of this definition is that the integral on simple functions is a linear
operation. Wanting to use this definition for defining a notion of integrability on measurable func-
tions, we have the following.

Definition 13. Let (X, S, i) be a measure space and let f : X — [0, o] be a non-negative
measurable function. The integral of f with respect to y is defined as

dy — /d:<,'1.
/Xfy sup{ Xeye_fesnnpe}




We call f integrable if [, fdu < oo Further, if E C X is a measurable set, we define the

integral of f over E as
dy = / dy.
/Ef i XfXE i

If f is both positive and negative, we define the integrable of f as

[ fran—[ f-an,

and we say f is integrable if and only if both f, and f_ are finite. If instead, f is complex valued,
then we say f = g + ih is integrable if and only if ¢ and & are integrable.

2.7 Elementary properties

For this section, whenever we mention a measurable function, it is implied it is part of a measure
space (X, S,u). " The following theorem tells us that Lebesgue integrals are order-preserving.

Theorem 3. Let (X, S, i) be a measure space, f, g be measurable functions from X to [0, co],
and E, F measurable sets. Then the following holds.

1. 0 < f < gimplies [, fdu < [; gdu.
2. IfE C F, then [, fdu < [, fdp.
3. UENF =@, then [p  fdu= [pfdu+ [ fdu.

Proof. 1. By the definition of the supremum, sup(A) < sup(B) for all A C B. For any simple
function e < f, it also holds that e < g, and so the set of simple functions bounded above by
f are a subset of the set of simple functions bounded above by g. Therefore,

sup{/xedyzogegf}Ssup{/%edyzogegg}.

It follows by definition of the integral for non-negative functions that

/deﬂ < /ngﬂ-

2. From the previous proof, note that fxr < fxg.

3. For simple functions e = Y}, cxx a,, we have that

n n
c d :/ c du.
'/EUF]<:Z1 kXA, GH szzl kXA XEUF A}

Now it is an easy calculation to show that x 4, Xeur = XA,nEXA,F (since F and E are disjoint).
In particular, this means that

n n n
/ chxAkdy: chy(AkﬂE)—i—chy(AkﬂF):/edy+/edy.
EUF k=1 k=1 k=1 E F



So the statement is true for simple functions. Now remember from Real Analysis that for
A,B C [0,00],
sup{a+b:a€ Abec B} =sup(A)+sup(B),

and apply the result for

EUFfdy—sup{/EUFedy:OSegf}
:sup{/Eed‘u—i-/Fedy:OSegf}:/Efdy—b—/Ffd‘u..

And we are done.
®

Another property we would want out of the Lebesgue integral is linearity. It appears that for
measurable functions, this is quite tricky to prove without the use of heavier machinery. The next
theorem will help us out, and is called the Monotone Convergence Theorem. The proof of this can
be found in [AXL20, p. 78]. After having shown linearity, our previous results will also hold for
non-negative functions, by taking f = f, — f_.

Theorem 4 (Monotone Convergence). Suppose that there is an increasing sequence f,; of mea-
surable functions on X with values in [0, c0]. Then the function f defined by the pointwise
limit of f,, is nonnegative and measurable. Further, for all measurable sets E, we have

lim [ fudu= [ fan.

Now we are ready to show that the Lebesgue integral is linear for non-negative functions.

Theorem 5. Suppose f, g are non-negative and measurable functions, a is any real number,

and E any measurable set. Then
afdy =a / d
/E fay E fay

/Ef+gdﬂ=/Efdﬂ+/Egdu-

Proof. By definition, the Lebesgue integral is already linear for simple functions. Construct

and

{e,gf ) }en and {e,(qg ) }nen as in the proof for Theorem 2. Then they are both increasing sequences of
measurable functions, and their sum converging pointwise to f + g. By the Monotone Convergence
theorem, we have that

ap = lim [ e +el¥ dy = tim [ aus [ au= [ fap+ [ gan.
/Ef+gu Mim [ e +eidp = lim [ ey dpt [ erdp= | fdut | gdp

Similarly argued, we also get that fora > 0

— 1 () g, — 1 /(f) — /
du =1 i dp =1 Ay = dy.
/Eafy Jim [ aei"dp = lima | ey dp aEfy

n—oo

10



If a < 0, f becomes non-positive, and so

/E—afd;t:—/;(ﬂf)—dﬂ:_/E_“fd”:a/Efdy

since —a > 0. ©]

Now linearity for arbitrary measurable functions follows by using the identity f = fi — f_
and the linearity of non-negative functions. We also have that the triangle inequality holds for the
Lebesgue integral.

Theorem 6. Let E be a measureable set, and f an integrable function, then

s < [1s1 dn

Proof. The name hints at what to do:

|- ] < | = o - e

®

Another consequence of the Monotone Convergence theorem, (that is usually used to show it) is
called Fatou’s Lemma. Reminder for the reader that

liminfx;, = sup{inf{x; : j > k} : k > 1},
k—o0

where inf{x; : j > k} is an increasing sequence in k, and that the above is equivalent to

11}£I_1>glka = nh_r)r;o (inf{x : k > n}).

Theorem 7. Let (X, S, i) be a measure space and { fi }x>1 is a sequence of non-negative mea-
surable functions on X. Then the function f : X — [0, o] defined by f(x) = liminfy ., fx(x)
is measurable, and

< limi dp.
/deﬂ_h]{gglf/xfk Z

Proof. We begin by noting that for each n > 1, g,,(x) = inf{ f¢(x) : k > n} is a measurable function
by Theorem 1, and so by the same theorem, f(x) = sup{gx(x) : n > 1} is as well. By the definition
of lim inf, this means that f(x) = liminf, e fx(x). Further, we have that

8n(x) < fr(x), fork >n,

meaning there exists a non-decreasing subsequence {fx, },>1 of fi such that for each x € X and
n>1,
&n(¥) < fi, (%),

/Xgndxg/xfkndx.

11

also implying that



Since g, is increasing, we can apply the Monotone Convergence theorem to yield that

/dexznh_r)r(}o/xgndxﬁr}g{}o/xfkndx-

But { [y fk, dx},>1 is increasing as well! And so the limit in the right-hand side can be substituted
with its limin f, concluding the proof. ©)

Theorem 8. Let (X, S, i) be a measure space, and suppose f : X — [—co, 0] is measurable,
then f is integrable if and only if |f] is integrable.

Proof. By linearity of the integral, |f| = f+ + f- is integrable if and only if both f; and f_ are
integrable, which is equivalent to saying that f is integrable. ©)

For Riemann integrals, the above is not true in both directions. A good example is the function
f(x) = Xpo,nQ(*¥) — X, (%)-

Then |f| = 1 on [0,1], and is therefore Riemann integrable, however, f clearly isn’t as previous
examples have shown.

Theorem 9. Let (X, S, jt) be a measure space, and suppose f : X — [0, o] is nonnegative and
measurable, then

/ fdp = 0if and only if f = 0 almost everywhere.
X

What Theorem 9 is saying is that the Lebesgue integral does not discriminate between non-negative
functions that only differ on a set of measure zero. From within it, any such functions are indistin-
guishable.

12



Now comes another very important result for the theory of the Lebesgue integral. It is used
extensively throughout this text, and is called the Dominated Convergence Theorem.

Theorem 10. Let f, be a sequence of measureable functions defined on X that converges al-
most everywhere to a function f. Suppose there exists an integrable function g such that for
eachn € N, |fu(x)| < g(x) a.e. on X. Then f is integrable, and further

nlglgo/Efn dy = /15de for all measurable sets E C X.

Proof. [AXL20, p. 90] ©®

The Dominated convergence theorem gives us a more lenient condition for when we are able to
pass a point-wise limit of a function inside an integral. Recall that for the Riemann integral, one
often requires the limit to be uniform. When we integrate a function that is defined on a domain
like R x X, where X is any measure space, we are essentially getting a new function of the form

I(t):/xf(t,x)dx,te]R.

As we will see later this type of object comes up a lot when we start dealing with the Fourier
transform on integrable functions, so we would like to know what kind of operations are permitted
on these objects, and whether they have nice properties or not.

Theorem 11. Suppose that for almost all x € X, t — f(t, x) is continuous at a point ¢, and if
there exists a an integrable function g such that for all ¢ in a neighborhood U of tg

If(t,x)| < g(x) ae,

then I(t) = [ f(t, x) dx is continuous at .

Proof. Lett, — to be a sequence in U, the sequence f,(x) = f(t,,x) converges to f(tp, x) a.e. in
X (since h(t) = f(t,x) is continuous at ty). Further, |f,(x)| < g(x) a.e., and so by Theorem 10, we
have that

lim 1(t,) = lim [ fu(x)dn = [ lim fu(x)dpe = 1(to).

n—oo

The next theorem tells us when we can differentiate I(t) under the integral sign.

13



Theorem 12. Suppose that U is a neighborhood of ¢y € IR such that

(1) %—J: exists almost everywhere on x, and is continuous on U.

(if) There exists an integrable function g such that for all t € U,

S

< g(x) ae.

Then [ is differentiable at ty, and I'(tg) = [ % du.

Proof. [GW99, p. 122] ©

We end this section by stating Fubini’s Theorem, because we would like to be able to interchange
the order of integration sometimes.

Theorem 13. Let f : R x R — [—00, %] be a measurable function. And E x F be a measurable
setin R x IR.

1. If f is integrable on E x F, then for almost every xo € E, f(xo,y) is integrable on F, for
almost every yg € F, f(x,1p) is integrable on E, and the following holds

/I;,pr(x,y)dxdyé/}; (./F:f(x,y)dy> dx:/[;</Ef(x,y)dx> dy.

2. f is integrable if and only if the integrals

/F</E|f(X,y)|dx> dy or /E</F|f(x,y)|dy) dx

are finite.

Proof. [GW99, p. 124] ©)

There is still much to say on the Lebesgue integral, especially on how it relates to the Riemann
integral, and things relating to principal values. We will leave this topic aside for the rest of this
text and just trust that mathematicians did a good job at making sure that the whenever a function
is Riemann-integrable, it is also Lebesgue integrable, and further, the integrals coincide. After all,
what is the point of a new theory of integration if it doesn’t at least encompass the older one?

14



3 Vinyls and Hats

3.1 LP-spaces

Definition 14. Let (X, S) be a measure space, and suppose E C X is a measurable set. For
1 < p < oo, we define LP(E) to be the class of measurable functions f : E — C such that |f|”
is integrable, in other words, so that

/E|f|P dy < .

Further, we define L*(E) as the class of measurable functions f with the property that for
a constant C > 0 (dependent on f), |f(x)| < C a.e. on E, the elements of L*(E) are called
essentially bounded.

The LP(E) spaces are vector spaces for all 1 < p < oco. The only non-obvious property is to
check they are closed under addition and scalar multiplication, but this follows from the linearity
of the Lebesgue integral that we proved in the previous section. For L* (E), again recall that the
union of two sets of measure 0 also has measure 0, and so by the triangle inequality

If +¢l <|fl+|¢g] <C+Dae. onkE,

where f,¢ € L®(E), and C and D are appropriate real numbers.
Defining a norm on L (E) for 1 < p < oo is done by letting

it = (s an) "

However, one should note that this is not actually a norm, since there are non-zero elements of
L? (E) for which ||f||, = 0 (like the indicator function on the rationals we encountered earlier).
However, we also know from Theorems 9 and 8, that if || f|, = 0, then that means that f = 0
almost everywhere on E. Therefore, we can take a quotient with the subspace of all such functions,
essentially identifying them with the zero function and end up with another vector space for which
the above norm is well-defined. There are slight technicalities that have been ignored with this
approach, but we march on. For L® (E), we define

|fllo =inf{C > 0: |f(x)| < Ca.e. onE}.

Theorem 14. Let (X, S) be a measure space, and U C X be a meaurable set such that y(U) <
co. Then L2(U) C LY(U)

Proof. For any function f in L2(U) define the set S = {x € U : |f| > 1}, thenon S, |f| < |f]? and
onU\S, |f| < xuso

J s 9P dut [ 1)
<UFIB+p(U) < o

Hence, f € L! (U), and we are done. ®

15



Definition 15. For some a € R, let L}, (0,4) denote the space of a-periodic functions f such
that | f|? is integrable on (0, a),

Definition 16. Let Lﬁ) . (R) denote the space of all measurable functions f : R — R such that

b
/ |f (x)]P dx < +ooforalla < b.
a

It is clear (and the reader should confirm this), that for all p € [1,00), L (R) C LI (R).

Definition 17. Let f : X — C be a continuous function. The support of f, denoted by supp(f),
is defined to be the closure of the set on which f is non-zero. In other words,

supp(f) = {x € X: f(x) # O}.

Remark 3. 1. If f is defined on a subset of R, and supp( f) is a bounded set, then it also compact.
We will often use this terminology in future sections.

2. Suppose f is a function with compact support, whose support is contained in some interval
(a,a+b). Then we can take the restriction of f on (a,a + b), and extend the function g(x) =
f(x+a) into a b-periodic function, making it an element of L3 (0, b) forany n € {0,1,2,...,00}

Definition 18. Let I be a subset of R, and p € {0,1,2,...,00}. Define Cf(l) as the set of
functions that are differentiable up to order p with bounded support.

Example 19. The characteristic function on any bounded interval has compact support. More in-
teresting examples are compactly supported smooth functions, also called bump functions. One

such function is
1
Flx) = el f x| <1
0 if |x] >1

This function is infinitely differentiable on (1,1).

Theorem 15. Let I be an open subset of R. Then the spaces C?(I) are both dense in L' (I)

Proof. [GW99, p. 138] ©)
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3.2 Hilbert Spaces

Definition 20. Let V be a vector space over a field F(almost always R or C). An operation
(-,-) 1 V x V — Kis called an inner product if it satisfies that for any f,g,h € Vandc € F

L {f,f) € [0,00),
2. (f,f) =0ifand only if f =0,
3. {cf+&h) =c(f,h)+(gh)
4. (f.8) = (8. f)-

A vector together with an inner product is called an inner product space.

Inner products are a good way to characterize the idea of projecting a vector onto another. From
this, the idea of orthogonal vectors in an inner product space should also come to mind to the
reader who has taken a course in linear algebra. We will almost exclusively work with the field C
of complex numbers, so unless stated otherwise, F is always assumed to be C.

Remark 4. Any inner product induces a norm by considering || f|| = /(f, f). This means that any
inner product space is also a normed space (and by extension, also a metric space).

The next two theorems are so important they get their own names. The first is called the Cauchy-
Scwhartz inequality and gives a very useful bound on pairs of vectors in an inner product space.
The second is called the Parallelogram identity.

Theorem 16. Let H be an inner product space. For any f, g € H, we have that

L [(f.&) < lfIlligll-
2.+l +1If = sl> =201 £17 + lIg?)-

Example 21. Let ¢2(I) be the space of sequences with values in C, indexed by some countable set I
such that

Y lai® < 4oo.
il
To see that this is indeed a vector space, note that for {a;};cr, b = {b;}ic; € ¢*(I), we have
2 2 2
Yo lai+bif” < Y- (laif + [6i])* <2} |aif” + |bi]* < oo,
icl icl icl
and so it is closed under addition. All the other properties are fairly obvious, and thus are omitted.
What is not obvious, is that ¢2(I) is also an inner product space (and thus also a normed space).

Define —
(a, b>£z = Zaibi. (3)
i€l
We start by noting that (-, -) » satisfies properties (1.-4.) pretty straightforwardly. However, it is
not clear that the series in 3 even converges. For each finite subset K of I, we have that

Y lead = ¥ < [T I (X el

kek kek kek kek
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by the Cauchy-Scwhartz inequality in C/KI. Taking limits as K — I, the right-hand side is bounded,
and so the series in 3 is absolutely convergent. For completion then, (¢*(I),(-,-);2) is an inner
product space (and thus also a normed space).

Example 22. Let [ be any interval of R, then define for f,g € L2(I), the product

(f.80 = [ f3()ax

Then it is not hard to show that this is indeed an inner product on L?(I). The fact that the standard
norm on L%(I) is already induced by this should give us a hint. We start off by noting that if
|fg| € L1(I), we are done. We have that

2 2
1731 = Il < LEEI8E

Since the right hand side is in L', we have that fg also is. That (f, f) =0 <= f = 0in L?(I) has
already been addressed earlier, and linearity and symmetry are fairly obvious.

If it is clear from the context, the symbol (-,-) to denote the inner product of a given inner
product space.

Definition 23. An inner product space that is also a complete metric space with regards to its
norm induced by the inner product is called a Hilbert space.

Theorem 17. The spaces L? (E) and ¢?(IN) are both Hilbert spaces.

Proof. ©)

Definition 24. Let H be an inner product space, and x,y € H.
1. We call x and y orthogonal, denoted by x L y, if (x,y) = 0.

2. For any two subsets U, W of a hilbert space H, they are called orthogonal, denoted by
U L W, if every element in U is orthogonal to all elements of W.

3. For asubset U C H, we define the orthogonal complement of S as

St ={yeH:(x,y)=0forallx € S}.

The following identity is called Pythagoras’ identity for inner product spaces.

Theorem 18. Let H be an inner product space, and x1,x3,...,x, € H. If x; 1 Xj fori # j, then

2, .
=) llxll®.
k=1

n
) %%
k=1

18



Proof. We cover the case for n = 2, and then let xo 4. . . + x;, be a single vector and be done. Starting
with the left hand side, we have that

Ix+yl>=(x,x+y)+ (y,x+y)

=x|I* + (x,y) + (x,v) |ylI?
=||x|1* + [ly||*

®©

The next theorem let’s us characterize the element for a given vector x that minimizes the dis-
tance between them. This also captures our well-known intuition that such an element should be
orthogonal to x.
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Theorem 19. Let H be a Hilbert space x € H, and M a closed subspace of H, then there exists
a unique non-zero element y € M such that

lx—yll = g [|x — pl|-

Further, y is the unique (non-zero) element of M such that {x —y} L M.

Proof. [GW99, p. 143] ©

The next theorem is something statisticians will recognize all too well.

Theorem 20. Suppose H is a hilbert space, V is a a subspace of H, and f € H. Then an element
f* € V satisfies

ILf = £ :mi‘r/1||ffv|| ifandonlyif (f— f*,w)=0forallw € V.
ve

Proof. [GW99, p. 144] ©)

We call ¢, (f) = (f, @n) /|| @u|/? the Fourier coefficient of f relative to ¢y,.

We would like to have a criteria for when a series of vectors (viewed as the limit of a sequence
in a Hilbert space), actually converges to a vector. We have a Cauchy criterion, (since any Hilbert
space is complete), but here is a nice result one can make use of as long as the vectors in the series
are orthonormal.

20



Lemma 21. Let H be a Hilbert space, {¢, };_; a sequence of pairwise-orthonormal vectors in

H,and {a,}%_; € CN. Then any series of the form

[ee]
Z nPn
n=1

converges in H if and only if

(0]
Y. || < co.
n=1

Proof. It follows from the completeness of Hilbert spaces that for sufficiently large I/, k with [ > k,
our sequence converges if and only if

2
approaches 0.

1
2 anPn
n=k

By Pythagoras’ (Theorem 18), since ¢, are all pairwise orthonormal, we get

2

1 1
Z an@u|| = Z \an|2.
n=k n=k

It follows then that the moment the right hand side approaches zero, so must the left hand side, so
our statement is proven. ©

Theorem 22 (Bessel’s Inequality). Suppose H is Hilbert space and that for a sequence { ¢, } neN
of pairwise-orthogonal elements in H then for all f € H,

il|cn<f>|2 loall? < I1£1P,

where ¢, (f) are all Fourier coefficients.

Proof. Let f, = icn (f)@n- Note that since all elements in ® = {¢y,..., ¢, } are pairwise orthogo-
nal, they are also linearly independent, and so they form a basis. Further, it follows by linearity in
the first argument that (f — f,, f,) = 0, and so by Theorem 20, we have that f), is the projection of
f onto the linear span of . Expanding | f — f, ||, we get

(f = for f = o) =IfIP = (fo fp)
4
:||fH2 - <fr ;Cn(f)§0n>

p

=[P = 32 enlf) {f, pu) -

n=1
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Notice that (f, @) = cu(f) - ||@n||?, so we finally get that

p
0<If = fll> = lI£1* - ; len(F)* llgnl

Letting p — oo, we get our result, concluding our proof. ©)

What Bessel’s inequality is telling us, is that for any f € H, if our coefficients ¢, in Lemma
21 are of the form (f, ¢,,), where ¢, denotes an element of an indexed set of pairwise-orthogonal
elements, then we know for sure that our series converges. We still haven’t established what they
converge to, but we might have a hunch. ..

Definition 25. We call a sequence {¢;}; ; of pairwise-orthonormal elements of a Hilbert
space H an orthonormal basis if for every f € H, the following holds

f= icn(f)ﬁon-

Next theorem is called Parseval’s identity and will be used in the upcoming sections.

Theorem 23 (Parseval’s identity). Let {¢;, };° ; be an orthonormal basis and H a Hilbert space,
then for every f € H,

1P = il ()P

Proof. For any integer p, let f, denote the projection of f onto the subspace spanned by
{¢1,..., ¢p} as before. Then we already know that f — f, is orthogonal to f,, and so

A2 = 11f = fp + foll? = IIf = foll + 1 fpl1%:

Moving a term, and using Pythagoras again, we get

4 2
IF1% = ; lenl® = 1If = foll®

Letting p — oo, the right hand side goes to 0, and we get our desired result. ©)

[ee]

What about the other way around? If we have an orthonormal sequence of vectors ® = {¢,}7 ;,

and for every f € H, ||f||> = ¥ |ea(f)|? is it true that
n=1

if” (Fgn=F inL2(R)? @

It turns out that the answer is yes! First we note that only the zero vector can have the property
that (f, ¢,) = 0 for all ¢, € ®. Therefore, let ¢ be an arbitrary element of ®, then

<f— ilcn(f)fpmfpw> — (Fon) = X ealf) {pm on) = (o) — en ().

‘e

In this case, cn(f) is just (f, ¢n), since ||¢n|| = 1. The equality given in (4) follows.
In the upcoming sections, we will see multiple examples of orthonormal bases of Hilbert spaces.
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4 Enough Fourier analysis to get by

We can use the information we have developed about Hilbert spaces in the previous sections to
discuss the convergence of sequences of functions that make up an orthonormal basis for L‘?; (0,2m),
the space of all square-integrable complex-valued functions with period 27t, with the inner product
defined by

G = [ fgd,

0
as well as the norm induced by it:

1fl2 = /(f f) = ( /02” F®P dt)m,

after identifying all functions that are identically 0 a.e. with the zero functions (as otherwise the
above would not be a norm). Then we have from earlier that L% (0,2m) is a Hilbert space, and a nice

orthogonal basis is the set of functions {¢},cz, as we shall now see.

Theorem 24. The set of trigonometric polynomials {¢/} ;< is an orthogonal basis for
L%(0,2m).
p 7

Proof. [GW99, p. 150] ©)
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4.1 The Fourier Transform on L! (R).

Definition 26. Let f € L' (R), then we define the continuous linear transformations
Z(N=F@) = [ e, ©
ch,x
£@) = 5= [ €5 f(x)dx ©)

A

We call (5) the Fourier Transform of f and (6) the Conjugate Fourier transform (note that el =
e~ ).

Example 27. The Fourier transform of x|, ) is given by

b
T (X{ap) :/a e dx
pial _ p—ibl
ig

_itetb)e2 ol(b=1)5/2 _ —i(b—a)g/2
ig

_—icegesin(G(b —a)/2)

¢/2

, for ¢ € R\ {0},

or if one prefers, the more compact form,

(b— a)e_ié# sinc(

N[

(b —a)). )

Theorem 25 (Riemann-Lebesgue theorem). If f € L! (R), then f(fj ) satisfies that

(i) .7 is a contintuous linear operator from L!(R) to L*(R), and

1 lleo < lIfll2-

(ii) hm ‘ f(é ’

Proof. (i) partly follows from Theorem 11, saying that the lebesgue integral is a continuous opera-
tion. That, together with the map ¢ + e~%¢* f(x) also being continuous, and

o = | [ e < [T 15 ax =l < 4o

means that f € L®(R). To show (i), first we note from earlier, that the simple functions are
dense in L' (IR), (Theorem 2), and for each such function, it is clear by our previous example, that
lim g, €(&) = O, for any simple function e(x). Therefore, for f € LY(R), let e, be a sequence of
simple functions such that nlgrolo Ilf —exl|l1 = 0. From our proof in (i), we have that

F-a

<|If = enlh
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o~

for each ¢, meaning that as |{| — oo, and for large enough 1, we can make |f({)| as small as we
desire, which concludes the proof. ©)

An important result that will be used to discuss the Inverse of the Fourier Transform is the follow-
ing.

Theorem 26. Let f and g be in L! (R). Then fg and fg are both in L! (R). Further we have

that )
[rogyat= [ fazax

Proof. As we saw in Theorem 25, g is bounded, and so fg will be integrable, and the same applies
to fg. The equality follows from a simple application of Fubini’s theorem (Theorem 13). ©)

It is not hard to see that of the properties discussed for .#, the same hold for .7

4.2 Rules for computing with the Fourier transform

For the Fourier transform, derivatives play somewhat nicely, as showcased in the following theo-
rem.

Theorem 27.

(i) If x*f(x) are in L! (R), for k = 0,1,2,...,n, then f is n times differentiable, and its
derivatives are decided by

fO = & ((—ix)* f(x))

(i) If f € C*" (R)N L' (R),and f®) € L (R) forallk = 1,2,...,n, then

— -~

FO(&) = (i) F(&) fork=1,2,...,n.

(iii) If f € L! (R) N C(R), then f € C*(R),

The last point tells us that the Fourier transform of an integrable function with bounded sup-
port is actually analytic.)

Proof. [GW99, p. 157] ©
Example 28. Let f € L! (R) and a € R, then the following holds:

L Z(f(x—a))(§) = e 7T (f(x))(E)-

2. Z(f(x))(G —a) = F (" f(x))(5)-

3. Ifa #0.7(f(ax))(8) = 7 (f(x))(E/a)

Proof. For all three it is just a matter of change of variables

— =

F(fe-a)@ [ e fx—aydx = [ e fy)dy = e (£ (1)) @)
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Similarly,

FHENE-a) = [ ™0 fydx= [ e (6 () dx = 7 (7 ().

Now suppose a # 0, then we have

PR @ = [~ e faxyar= [T i) Y= L (5w) /).

. . ol " Ta

If the reader is asking why the author seems undecided between using .#(f) and ]?, it is an-

swered by what looks more readable at a given moment, for the most part we will stick to using f
from now.

4.3 Inverse Fourier Transform

Theorem 28. If both f and ]?are integrable (that is, in L! (IR), then at each point where f is
continuous,

fx) =F () ().

Proof. [GW99, p. 163] ©)

4.4 The Schwartz Class of functions

Here we develop some of the theory behind an interesting class of functions that lies in LP(R),
for all p € [1,00], namely the Schwartz class. These are functions that lie in C*(IR), and that are
particularly well behaved with regards to integration, as we shall see. This space is also dense in
all LP(R), p € [1,00) (see [GW99, p. 189]) making it a good bridge for extending operators like the
Fourier transform on other spaces other than L'(IR). Let us therefore define what it means for a
function to decay rapidly.

Definition 29. If a function f : R — C has the property that

lim |[x"f(x)|=0foralln=0,1,2,...,

[x| =00

we say that f decays rapidly.

From our earlier discussion on the Fourier transform, and how it interacts with derivatives, we can
say a few things about functions that are rapidly decaying.

Lemma 29. If |f| is locally integrable and rapidly decaying, then x"f(x) is in L! (R) for all
n € IN.
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Proof. Let M be such that |x"*2f(x)| < 1 whenever |x| > M. Then we have that

frenars [ 1) [ =

1
<M"/ d —d .
< l<m |f(x)| dx + om 22 x < 400

x"+2f(x)’ dx

Theorem 30. Suppose f is integrable and decays rapidly, then ]?is infinitely differentiable.

Proof. Since f is integrable, it is also locally integrable, and so x" f, for n € N is also in L! (R) by

our previous lemma. It follows then from Theorem 27, that f € C®(R) (since the Fourier transform
is also continuous). ©

Corollary 30.1. If f € C®(R), then f decays rapidly.

Proof. This follows from the Riemann-Lebesgue theorem, and knowing that
FR)(Z) = (278)* f(£). In particular, we get that if f is both in C*°(R) and decays rapidly, then the

A~

same holds for f. ®)

If only there was a space for which the above property would turn the Fourier transform into a
bijection. ...

Definition 30. Let . denote the vector space of functions f : R — C in C*(R) with rapidly
decaying derivatives (as well as f itself being rapidly decaying). We will also call .7 the
Schwartz class of functions.

Theorem 31. The space .” is
(i) closed under differentiation,
(if) closed under multiplication by a polynomial,

(iii) contained in L! (R).

(iv) closed under Fourier transformations, thatis, f € .%¥9 — fe e

Proof. For (i), we notice that the derivative of a function f € .7 is also rapidly decaying, as well as

n
infinitely differentiable, so f' € .. For p(x) = Y. a;x¥,
k=0

PP < B a0

Showing (ii), it is well-known that taking a limit is a linear operation, so letting |x| — oo we get
that p(x)f(x) € .. The proof of (iii) follows from the fact that any differentiable function is
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automatically locally integrable and then using Theorem 29. Lastly, suppose f € .7, then we have
shown that f € C* (Theorem 30). Since f ®) js in .77 by (i), for all k € IN, we get from Corollary 30.1
that f decays rapidly. What we need now is to show that all derivatives of f also decay rapidly,

that is, |§1|im ‘@’pf(”) (€) ‘ = 0. We have by Theorem 27 that
—00

RE) =" ((-in)" £(2) (). ®)
By the same theorem know that the right hand side of (8) equals

77 (0 £ ™),

and by Theorem 25 this all goes to 0, which is precisely what we wanted to show. ©)
Remark 5. If a function is infinitely differenitable and has compact support, then it is in .. If a
function f has compact support, so will its derivatives, as well as any new function arising via
multiplication of f by a polynomial.

4.5 Inverse Fourier Transform on ./

Thanks to Theorem 28 we know that for all functions f in ., and for all x € R, f = .7 (Z f). But
then .7 (.7 f) = f as well, and so we see that the Fourier transform is a bijection on ..

4.6 The Fourier Transform on L2 (R)

It is a well-known fact (if not, then read [AXL20, p. 169]) that an operator T between two normed
spaces X and Y is continuous, if and only if for all x € X,

ITx|ly < k|x|x, for somek € R.

We begin with a fun theorem about operators of complete normed spaces.

Theorem 32. Let X be a complete, normed space, and T : S — X a linear operator, where S
is a dense subspace of X, satisfying for all x € S that ||Tx|| < k| x|| for some constant k > 0.
Then there exists a linear operator T : X — X such that the restriction of T to S equals T, and
such that for all x € X, || Tx|| < k||x|.

Proof. Define Tx = Tx for x € S, and let {x,},cn be a sequence in S converging to x. Then
Txy is Cauchy by the following argument: Let ¢ > 0, and choose 7 such that for all n,m > ny,
lxn — xml| < §. Then || Txy, — Txy|| = [|[T(xy — xm)|| < & by the continuity of T. So {Txy},
converges in X, so call this limit Tx. To show that this limit is independent of the chosen sequence,
let x, — x be as before, and now consider another sequence in S, y, — x, and let Ty = nlgro\o Tyy.

Then Ty = Tx. Again, let e > 0, and now choose 1 such that for all n > 19, we have
£
3k’

€

~ €
lyn — x| < l|xn — x|| < W and || Tx, — Tx|| < 3
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Then
I Tyn — Tx|| <||Tyw — Txa|| + || Txy — Tx|
S
<k[|yn — xull + 3

€
<k (llyn = x[[ + llx = xul]) + 3 <.

Now we want to show that || Tx|| < k| x||. Again, let e > 0, and choose g so that || Tx — Tx,|| < e.
Then we have

ITx|| < ITx = Tx|| + | Tou | < &+ Kllxu]]-

Letting n — co yields us our inequality. Finally, linearity just follows from the fact that taking limits
is a linear operation, concluding the proof. ©)

Corollary 32.1. The Fourier Transform can be extended to any function of L? (R).

This follows by applying Theorem 32 with § = .% and X = L? (R). From now on, .7 (f) and f will
always refer to the extended Fourier transform on L?(R). This extension inherits with it a lot of the
properties discussed in the last section on ..

Theorem 33. The Fourier transform extended to L?(RR) satisfies the following properties for
all f and g in L? (R).

1. FFf=FFf=fae
2. Jpfgdx = [g F(f)F(g)dE.
3. [Ifll2 = 2 1.7 fll2-

4. Z(f-g),f - F(g) € L' (R), and

| F¢-gax=[ f F(g)dx

R

The third statement is called Plancherel’s theorem, and will be used extensively throughout
the upcoming section.

Proof. [GW99, p. 194] ©)

5 Wavelets, or, we are just getting started!

5.1 Introduction to Wavelets

Let ¢ € L? (R). Throughout this section, we will be talking about doubly indexed sequences of the
kind
jx(x) =229 (ij 3 k) i ke
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Here we are capturing the idea of shifting ¢ around by changing k, and dilating it by changing ;.
The reason we want to multiply by a factor of 2//2 is to preserve the L>-norm with the original
function. That is, we get that

@ikl = ll@l2

Derived from a combination of identities of the Fourier transform, we will be using the follow-
ing identity a lot during this section for ¢ € L?(R)

i (€) = 2717272k G(2ig) 9)

This equality is not too difficult to derive, we first assume ¢; ;(x) € .. Following the symbols, we
get

(ﬁj,k(é) :/IRe*ig"Zj/z(p (ij — k) dx
= [ e 2 g ) ay
271122 8k 0T,

Therefore the result holds in .. Now suppose ¢ € L2(IR), and { f, },>1 a sequence in.# converging
to ¢ in L?(RR). Then for each j,k € Z, {(fn)x}nu>1 converges to ¢ in L*(R) as well. Note also
that by Plancherel’s Theorem (Theorem 33.3), the Fourier transform of {(fx);x}n>0 also converges
to @ in L%(R). Therefore, let N be large enough so that for n > N,

21
1 fn —oll2 < S

Then for the same n > N, we have

1(fu)je = 2777262 Gl =277l (fu — ) 12
=27l fu — gl <e.

Definition 31. Let ¢ € L?(R), if the sequence {¢;};kcz is an orthonormal basis for L?(R),
we call ¢ a wavelet, and the sequence {@;};kez a wavelet basis.

Before giving an example of a wavelet, a motivation for Wavelets is that L?(IR) does not have many
nicely behaved bases. For periodic, square-integrable functions, the elements {¢*}, .7 suffice to
have an ON-basis. However, this idea cannot be extended to the non-periodic case. As a matter of
fact, e is not even in L?(R)!

From what we have developed about Hilbert spaces, and in particular, L?(R), we can treat
Wavelets as more sophisticated versions of our well-known, trigonometric polynomials. That is, we
can project a given function f in L?(R) in a way that actually makes sense. Further, we will also be
able to talk about projecting functions onto subspaces of L?(IR), spanned by subsets of our Wavelet
basis, another thing that doesn’t make sense when making use of trigonometric polynomials, as
again, e~*¢ is not in L?(R).
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Example 32 (Haar wavelet). Consider the function

{1 if x € [0,

-1 ifxe[-

]

$(x) = "

7

NI N|—=

This compactly supported step function is called the Haar function, and has the property that
/ 1 (x) dx = 0 for all n, k € Z.
Further, for any fixed j, and k, k' € Z, ¢; and y; » never overlap in support, meaning that
0 ifk#K
(e i) = {1 ifk =K

We will see by the end of this section that this orthonormal sequence actually forms a basis of
L?(R). To get there, we will first discuss how to divide L?(R) into different approximation spaces
with some desirable properties.

Definition 33 (Multiresolution analysis). Suppose {V;};cz is a sequence of closed subspaces
of L2(R), such that

(i) Every V;is contained in Vj 4, forall j € Z;
(ii) the countable union {J;cz V; is dense in L*(R);
(ili) Njez V; = {0}
(iv) given a function f in V;, ¢ = f(27/) is in V and vice-versa;
(v) if f € Vp, then fy, € Vp forallk € Z;

(vi) there exists a function ¢ € Vj such that the sequence { ¢k }xcz is an orthonormal basis
for V.

Then the sequence {V;};cz is called a Multiresolution analysis, and we call each element V; an
approximation space.

A way to view a Multiresolution analysis is, as the definition suggests, by considering each V;
in the sequence as a finer and finer approximation of a function in L?(IR) the larger j gets (and of
course, coarser the smaller j gets). Viewed through this lens, axiom (i) tells us coarser resolution
should be contained in finer ones. Axiom (ii) tells us that together, these resolutions make up the
whole space, or at least a dense subset of it, Axiom (iii) gives us a condition on the resolutions losing
the ability to distinguish from the trivial function the coarser you get. Axioms (iv) and (vi) gives
us a way to jump between resolutions via scaling, as it forces each V; to contain a scaled version of
each function in Vp, for which we have a basis. Note that this means that for each j, {¢;x}rez is
an orthonormal basis for V;. Orthonormality is given by a simple change of variables, let k, k' € Z,
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then

(9]

90] ks qv,,k/ zfqo (2x —k)p(2x —K') dx

= ¢ oy —K)dy

_ y_fo kK
TAPORPOK) TN k= k', by Equation 5.1

Now suppose f(x) € Vj, then f(27/x) € Vp, and so

f27x) =Y cp(x—k
kez

in L2(R), and for some sequence {c; }xcz € ¢*(Z). But rescaling this, we just get that

x) =Y a2 2pk(x),

keZ

again, in L?(IR). Finally, axiom (V) just tells us that these resolution spaces are closed under integer
translations of functions.
The next example will come up quite often as we go along this section.

Example 34. Let V; be the class of functions f € L?(R) that are constant on every interval of the

form [27/n,277(n +1)),n € Z. We will now show that {Vj}jez is a Multiresolution analysis. For
any f € V;, we have that

F() =Y anXinni1)(2%)

nez

in L2(R). Computing the norm we get

=& [ dr =27 F <o

nez nez

This tells us there is a bijection T from V; into £2(Z), such that to each f(x) = ¥,c7 An X [nn41) (2x),
T acts on f via

T(f) = {an}tnez,
and further,
ITA e =272IIf 1o (10)
Now suppose {f; }xen is a Cauchy sequence in Vj, then {T(fi) }xen is also Cauchy in 72 by the
equality in 10, giving us a limit {a, },cz € ¢?, meaning that
T_l({“n}nez) = ngi “nX[zfjn,sz(n+1))(x) = kh_glofk(x) S

by the continuity of T. Axiom (i),(vi) and (v) follow immediately from the definition of Vj, and

since step functions are dense in L?(R), (ii) does as well (remember that any half-open interval is
measurable). To prove (iii), we note that on for a function f to be in V; for every j € Z, means
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in particular that f is constant on [0,27/) and [-27/,0), for every j, but if f € Njez Vj, then it is
also constant on all of R, meaning it must be thee zero function, as non-zero constant functions
aren’t square-integrable. Finally, showing (vi), a natural choice of our scaling function is ¢ = x| 1)-
Translating this function by integer values gives us a sequence of disjointly supported functions,
meaning {¢g }xez is orthonormal. For f € Vj then, f is again a simple function on each unit
interval of the form [n, n + 1), meaning it can be represented at each point x as

flx) =} f)op(x — k).

kez
Computing the Fourier coefficients for f we get for every k € Z
k+1

() = (foxom) = [ F@xon(x—0dx= [ fx)dx = K.

In particular, we have that

CUEF =X [ F0P dx = 13 < o

kez keZ

and so by the converse of Parseval’s identity (Equation (4)) , we have shown that {¢g}icz is
indeed an orthonormal basis of V.

There is also a weaker notion of a system being orthonormal in a Hilbert space, namely that of
a Riesz System. Call a sequence {x; }xez € (?(Z) in a vector space finitely non-zero if x,, # 0 only for
a finite number of terms.

Definition 35. Suppose H is a Hilbert space. A sequence of vectors { ¢, }ncz is called a Riesz
system if there exists two constants D > C > 0, such that for all finitely non-zero sequences
{an}nez € *(Z), we have

CY lanl> < Y anpul? <D Y |auf*.

nez nez nez

Example 36. Let
¢(x) = 1+ |x[)xj-1(¥)x € R.

We call this compactly supported function the tent function. We will show that { ¢  }rcz makes up
a Riesz system. We start off by noting that on each interval [n,n + 1], ¢g,, and ¢ ,+1 are the only
elements in the sequence with overlapping support. Therefore, let {a, }xc7z be finitely non-zero. We
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have that

2
dx

2 ﬂk(POk

keZ

Z Aok (x)

/oo
- keZ

= Z/ |an<p0n( )+ﬂn+1(P0n+l( )| dx

nez
—Z/ lan(n+1—x) + ay1(x — n)[* dx
nez
- Z/ lan(1 = t) + apyt]? dt
nez
- 2/ (a2 (1 — £)2 + a1 [* £ + 2Re(antiniy) (t — £2) dt
nez
=2 T (laal? + faua P + Re(ann)).
nez
. — 2 20 _ 2 2
Since 2|Re(anfn11)| < | |an|” + |@g1|” | = |an|” + |an+1]°, we get that

zawk_fz > (1an + laa) < X Jaal?,

keZ keZ kez
as well as
1
Y apok Z A |a* + |aps | = Z >
kez kez keZ

Now it is not too hard to see that with C = % and D =1, {@q x }kez fulfills the Riesz condition.

Corollary 33.1. Any orthonormal sequence is a Riesz system with C = D = 1. This follows
directly from Parseval’s identity.

With the help of the Fourier transform, we can put a sufficient condition on when a function’s
integer translates creates a Riesz system.

Theorem 34. Suppose ¢ € L2(R). Then the sequence {@g }tcz is a Riesz system if and only
if
C< Y |§(&+2km)|> < Dforae. ¢ € R. (11)
kez

The series above is called a periodization, and it is not hard to show that it is 27r—periodic, and
that it lives in L3 (0, 277).

Proof. Let {ay }xez be finitely non-zero, and define

=) mp(x—k)

keZ
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Then from identities we have developed for the Fourier transform, we have that

=Y ae *5(¢).

keZ

~

Note that since aj is finitely non-zero, we have that m(§) = Y. ae % is a trigonometric poly-
kezZ

nomial. In particular, m({) is 27r—periodic. From Plancherel’s formula in Theorem 33.3, we have
that

2 &) 112 2~ i2 gx 2Ant 1) 2 Apa 2
2r[| @z =2 (@)l —/le(é‘)l 9(2)] dé—n;Z/M m (&7 |9(8)]” dg
2n
=¥ | m@)P 19 +20m) dg = / |2<Z|¢<c+2m>|2> dz.
nez nez

Rewritten neatly, we get

1 27T
|

Now assume that ¢ satisfies (11). Since

2
Z A Pok|| =
2

keZ

2 (2 |¢<¢+2nn>|2> dc.

nez

1 2 5 27 ikE 12 2
—/ im(g)|"dz =) |a|? / le*¢|2dg = Y |ax|* by Parseval’s Theorem,
27 Jo kez 2 kez
we get that
c< ), |§(& +2nm)|* < D almost everywhere
nez
becomes

CY lal <e(x)|5<D Y |af
kez kez

which means that { gk }ccz is a Riesz system. To show the other direction, suppose ¢ satisfies the
Riesz condition, then the right-hand side of (5.1) satisfies

c[Mm@p s [T im@P (Z |¢<c+znn>2> i <D [ ) de

nez

for every trigonometric polynomial m. Via a very slick trick that involves approximating the char-
acteristic function over an interval [§p — ¢, §o + €| C (0,27) in a way that let’s us pass a limit we get
that
Gote R 5
C< —/ Y 19(¢ +2nm)|* dg < D.
2e S0—¢ pez

Then we can be slick once more, and pretend we can let ¢ — 0, and apply our differentiation
theorem we forgot to write down, and we get our desired inequality. I don’t know how to justify
all steps in this proof! ©)
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A corollary of this, is that integer translations of ¢ € L?(IR) generating an orthonormal sequence
in L2(R) is equivalent to saying that

Y |9 +2kn)|? = 1forae. & € R. (12)
keZ

Example 37. We know already that the Scaling function in Example 34 for the Haar system in
Example 34 generates an orthonormal sequence in L?(R), meaning that

o 2 . o
Z ‘)([0,1)(5 + anc)’ =1= 2 e~%/25inc?(&/2 4 2n7) for every & € R\ 27Z,
nez nez
where the right-hand side was computed back in Example 7.

Example 38. On a completely unrelated note, take x(_ ;). Then, as we have seen just now, the
Fourier transform is

X(—r,m)(§) = 27e =6 (T=)/2 gine(n¢) = 2w sine(ng), & € R\ 0.
Via the inversion formula, we have that
?()/(\(,n/ﬂ)) = X(=m,m) forae. ¢ € R.

Setting ¢ = sinc(7t¢), observe that

). (& +2km)|? = Y x(&+2km) =1forae ¢ €R,
kez kez

since each summand is disjoint support from the others. This tells us that the sequence {¢@g }kez
is orthonormal in L?(R). Later we will see a Multiresolution analysis coupled with ¢ as its scaling
function, and the sequence { @« }xcz called the Shannon system.

It appears to be the case that we can omit our sequences to be finitely generated in our definition
of a Riesz system, and nothing changes! We just need ay to live in £2(Z). The proof of this can be
found in [TUR15, p. 10]. The next lemma just tells us that the closed linear span of a Riesz system
yields us the same functions that an orthonormal basis would.

Lemma 35. Let ® = {@g }xcz be a Riesz system in L?>(R). Then for any f € L?*(R), we have
that f is in the closed linear span of ® if and only if

f(x) =) argox(x) (13)

kez

in L?(R) for some sequence {a; }cz € (*(Z).

Proof. To prove sufficiency, suppose f yielded the representation given in (13) in L?(R). Then
taking the partial sums of the series representation yields us a sequence f; in the

span (®) converging to f in L?(R). Now consider when f u=is is in the closed linear span of
{®0 }kez- Then there is a sequence { f } ,cz completely contained in the span of  converging to
fin L?(R). In particular,

fax) = ¥ a" por(x),x € R,
keZ
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and {ﬂ,(cn)}kez is finitely non-zero for n = 1,2,3,.... For each n, set a, = {af} }xcz. Then a, — ay, is
the associated sequence to the function f,; — f, that is also in the linear span of ® Therefore, there
exists some C > 0 such that

C||€l —m —anHﬁz < Hfm _an%Zr

meaning that {a, },cz is Cauchy, and so by the completeness of ¢?(Z), convergences to some se-
quence a = {a} }ycz in (*(Z). Let

Sk(x) =Y aor(x), x e R, K=0,1,....
K=K

Then if ||f — Sk||;2 can be made as small as possible, the representation in (13) makes sense in
L?(R). Therefore, let ¢ > 0, choose 19 large enough so that

|f — full;2 < eand |la — a,|| 2 < e whenever n > n.

Further, choose K large enough so that {a; } x| <k, = a. By the triangle inequality, we have that
1f = Skllz <I1f = full iz + [ fn = Skllr2

<e+| ), (a,(f” — a) ok
‘k‘SK LZ

<e+VD|ay —a| 2 < (14 VD).

Since ¢ was chosen arbitrarily, we have that the representation of f in (13) is true in L?(R). ©)

Remark 6. If {@g;}rcz is a Riesz system in L?>(R). Then, {@jk tkez is also a Riesz system for any
j € Z, since

2 2
Zakgoj,k :/]R Zaij/2q)(2fx—k) dx
kez 2 keZ
= [ L moly k)‘ dy,y = 2x
Rrez
2
= Zﬂk%,k
keZ 2

for any finitely non-zero sequence {4y }rcz. Therefore, any closed linear span of a Riesz system
{@k}kez generates the subspace of all functions f in L?(IR) such that

fx) =) agj(x)

kez
in L2(R), for some sequence {a }rcz in (*(Z).

The next theorem tells us, given a Riesz system, we can always construct an orthonormal basis with
the same (closed) span as the original Riesz system.
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Theorem 36. Suppose {@g }rez is a Riesz system in L2(R). Then there exists a sequence
{ax}rez € F?(Z) and a function ® € L?(R) with

D(x) = Y arpor(x),

keZ

such that {® }1cz is an orthonormal system in L2(IR), and

span({®@gx}) = span({@ox})-

Proof. To get our sequence {ay }rcz, we exploit that the Fourier transform does seem to give us a
sequence when considering a Riesz system. Therefore, put

C/IS(C) — (/p(g) - -
(Tnez 19(2 +2nm)P)

S, CER

Denote the denominator in the equation above by m(¢), then ®(&) = (m~! - §)(&). By Theorem 34,
we have that m(¢) is bounded below by some C > 0, and also bounded above by some constant D
for almost every & € IR, and so ® is an element of L2(IR). Therefore, ®(x) = .7 (®) a.e. on R. Now
to prove {®  }kcz is an orthonormal sequence, we just need to check that

Y |®(¢ +2kn)|* = 1forae. ¢ € R.
kez

And this is true! Since m~!(¢) is 2r-—periodic. Further, m~1(¢) is in LIZU(O, 27) (remember that m(Q)
is bounded strictly above and below), there exists some sequence {a }rcz in £2(Z) such that

mN(E) = Y ae .

keZ

The inverse Fourier transform on ®(¢) is then

o) = [ m @9 dx = T e [ 9@ P dx = T aigox(x).

kez keZ

To show the closed linear span of {® x }xez and { @ } ez coincide, we want to consider whether
or not
Y bkpox = Y kP (14)
keZ kez

always has a solution if {b; }rcz € ¢*(Z) is unknown or {c; }rez € ¢*(Z) is unknown. If we take
Fourier transforms on both sides, our equation becomes

—

B(2)§(8) = C(©)@(2) = C(&)m ' (§)9(E), ¢ € R,

where

B) =) he ™ and C(5) =} e ™

kez kez
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Note that B(&)/m(&) and C(&)m({) are both in L%(O,Zn) by a similar argument as before. There-
fore, assume {by }xcz is known, then we can solve Equation (14) by taking C(¢) to be the Fourier

B(¢)
_ /B i
Ck - <mle >/

series of @) meaning we choose

which shows that the closed linear span of {® }xcz is contained in that of { g }rez. To get the
reverse inclusion, suppose each by is unknown, then we repeat the same argument but this time for
B(g) = m(¢) - C(¢). ©
5.2 Scaling Equation and the structure constants

As we saw earlier, ¢ € L?(R) being the scaling fucntion for a multiresolution analysis {V;}cz,
means that each set {¢; s }rez is an orthonormal basis for V;. In particular, any function f in V7 can

be written as
f(x) =Y argy(x)

kez
where
w= (fo1e) =272 [ flx)p(2x—F)dx. (15)
Since V] C V]-+1, even the scaling function itself is of the form
p(x) = Y crpri(x) (16)
kez

in L2(IR). We will see that this representation plays an important role for when we want to generate
a Wavelet basis out of our Multiresolution analysis, and so we will call Equation (16) the scaling
equation, and the numbers c; the structure constants.

Example 39. If we go back to our example of the Haar system, with its scaling function being
¢ = X[o,1), We note that
p(x) = ¢(2x) + ¢(2x —1),x € R,

and so the scaling equation for this system becomes
(1) = 5 901(0) + =113
q) - \/ﬁ G’)O,l \/E 991 al ’

with structure constants ¢y = ¢ = %, and ¢, =0fork #0,1.

The next theorem gives us an orthogonality condition that the structure constants satisfy.

Theorem 37. Let {c}rcz € ¢*(Z) be a sequence of structure constants for a multiresolution
analysis. Then

kC2m+k — q o
o 0 m#£0
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Proof. We know that ¢(x) = Y. cx¢1x(x), and that g, (x) = ¥ c,((m)gollk(x), where
kez kez

™ = (Po,—m, P1) :/]R P0,—m(x) - P1i(x) dx

1 . Y -
:ﬂ/ eMEH(E) - Pri(E) dE

1
:E/ lmggg 2—1/2,ikE /275 (6/2) g

:%/IR@(§> 2= 1/2 zg'f(m+k/2 (C/z) g

- / F(@) - Pramr(@)de

—/ “P12mrk(x) dx

= (9, (P1,2m+k> = Com+k-

The second step is just an application of Plancherel (Theorem 33.3), and in the third step, we make
use of our identity in (9). Now we also know that,

1 ifm=0, “m) 5
0 ifm 0} = (@, P0,—m) = kgckck o1kl = kgckCZm-i-k/

concluding the proof. ©)
The next theorem highlights the filter of a function, and an equality called the filter identity.

Theorem 38. Suppose that ¢ € L?(IR) is the scaling function for a multiresolution analysis
{Vi}jez- Then, for every f € V3, there exists a function m € L%, (0,27) such that

7@ = ms (g) 9 (g) forae. ¢ € R. (17)
The function m is given by
me(Z) = \2 ae % & e R. (18)
kezZ

where gy, is the Fourier coefficient of f in the basis { @1 x }kez-

Proof. Since {1k }rez is a basis for f € V1, we have

= Y arp1x(x) in L*(R).
keZ

Applying the Fourier transform and Equation (9), we get

o-E i s(6) = ()9(9)

Note that m¢(¢) is just a Fourier series in L%, (0,27) since {a; }rez lives in £2(Z) by construction. ©
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Remark 7. Note that any function ¢ € L?(R) for which {@g }tcz is an orthonormal sequence (and
so in particular, {1  }xez is orthonormal), it holds that if ¢ satisfies a filter identity given in (17), it
also satisfies a scaling equation. That is, the coefficients in

—1k
age ke,

1
me(§) = —=
\@ kez
are in ¢2(Z) since m, € L2(0,27), and so the sequence

2 hr¢1 x converges in L%-norm,
|k|<n

by Lemma 21. As we have seen earlier in the proof of Theorem 38, the Fourier transform of the
above is precisely the filter identity, and so

=Y o in L*(R),
keZ

meaning that the coefficients ki, are precisely the structure constants of ¢.

Example 40. Returning to our Haar system, with the scaling equation being

p(x) = \16%,1(90 + \2?1,1(96), x €R,

we have that '
$01(0) =27"29(5/2) and  g11(8) =272 /%5(¢/2),
so the filter identity is

—_

§() = mp(2/2)§(5/2), where my(g) = 5(1+e7),

foreach ¢ € R.

Example 41. For the Shannon system that we saw in Example 38, generated by the function
sinc(7tx), we have that

@(g) = X(frr,rr)(g)/ feR.
The filter identity becomes
X(fn,n)(ér) = mq)(g/z)X(fﬁ,n)(‘:/z) = m¢(€/2)7((72n,2n)(€)r for¢ € R.

mg therefore is X (_,/2,/2), and thankfully, we already know its Fourier coefficients, namely

inc(kr/2
n?(k):i/n/z o4 gz — % fork#o,
y 27 J=n/2 3 fork =0
and so the structure constants are
sinc(k7t/2) 1
p=—————2,k#0 and c¢g=—.
k 2 a 0=
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5.3 Generating a Multiresolution Analysis

We have seen some nice examples of Multiresolution analyses, but often, this is a cumbersome task.
The next theorem lets us construct one more easily, given we have a proper candidate for a scaling
function.

Theorem 39. Let ¢ € L2(RR) satisfy the following
1. {90 }kez is an orthonormal sequence in L?(RR);

2. @ satisfies a scaling equation, namely

p(x) = Y cxpri(x)

kez
in L2(R) for some sequence {c; }rez € (*(Z);
3. ¢ is continuous at 0 with |¢(0)| = 1.

Then the sequence {V;}cz — with each V; defined as the closed linear span of {@; }rcz —is a
multiresolution analysis of L?(IR).

Proof. We start off by noting that for each j € Z, {¢;  } ez are also orthonormal (Remark 6), and so
each V; only consists of functions of the form

f=Y mojr(x) inL*(R), where {a;}ez € (*(Z).
keZ
Further, let P;f denote the orthogonal projection of a function f € L*(R) on Vjforj € Z. Thatis,
Pif =}, <f/ (Pj,k> Pk
kez
We need to check that all the properties of Definition 33 are satisfied.
(i) Suppose that f € V;, thatis
fx) =Y apip(x) = Y (2 Parp(2x — k)
kez kez
in L2(R), and for some {a; }scz € ¢*(Z). By the scaling equation, we have that
p(2x—k) =Y g1 (2Px—k) =Y 222 x — 2k —1).
lez leZ
Inserting this into our previous identity, we get that
f(x) = ¥ (20D 2a,0)p(2*1x — 2k — ).
klez

Foreachn € Z,wecansetd, = ) ac;, and get the representation
2k+I=n

f(x) = Z dn(/)jJrl,n'

nez
This shows that f € V4.
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(ii) Here we will want to show that for f € L2(R), Pif — f in L?>(R) as j — co. This will imply
that the U;cz Vj is dense in L?(R). Let f € L?(R), and { f, },>1 be a sequence in . converging
to f in L?(R). Then we have that

1f = Piflla <I1f = fulla + lfn = Pifulla + 1P (fu = F)l2
<2If = fulla + Ifi = Piful
since the norm of a projection of a function can only be less or equal to the norm of said
function (recall that projections are linear, and thus continuous maps). What we can see from
the above inequality, is that if we make n large enough, we can get the first term as small as
we want. This means that as j increases, we only need to check that P;f — f in L*(R) for
f € . Or in other words, (because we will use this later), we want to show the statement

for g € C®, with supp(g) C [-R,R] for R > 0. By Theorem 30.1, we get g € .¥). From
Pythagoras’ identity, we know that

g — Pigli3 = llgli3 — lIPgll3.

therefore we only need to show that ||Pig|l2 — [|g]l2 as j — co. Suppose j is large enough
as to satisfy 27 /R < 7. Since {@jk}kez is an orthonormal system in V;, Parseval’s Theorem

applies, and so we have
2
1Pgl3 = X |(s 9)] -
kez

To each term, Plancherel’s Theorem applies and so we get

L (s (Pﬂk>’2 = B

kez

|GnG)

Now according to identity (9), and a change of variables 27 =w

R . , R P
[ BOwR@ e =27 [ g(@)e* 45t de

—R

_pi/2 2R _ i NEikw
= SR w)p(w)e™ dw

Here in the last step we can see that this is just a projection of h(w) = g(2w) - $(w) onto the
basis vector e~ in L% (—m, 7). From this we notice that & belongs to leg (—m, ). Therefore
we can use Parseval once again and yield that
/ lkw dw
2J

= \§<2f'w>!2 P(w)? dew
- [* wor|peof @

2w ) R

2

P8l =gz T

kez
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(iii)

(iv)

Since we assume that @ is continuous at 0, we note that ¢(27/¢&) converges uniformly to the
constant function 1 on [—R, R] as j — oo (just choose j such that |27/R| is small enough. Then
any |x| < R) This finally gives us that

1 R
18I} = 5 [ REP dz= [ lg(o)P dx

If we show that Pjf — 0in L?(R) as j — —oo, we will also have shown that Njez Vi = {0},
since if f € Njcz Vj, then for every j € Z, Pjf = f and so taking limits will give us that f
must be the zero function. Let f, = f- x[_,,. We start off by bounding ||P;f||2 by ||P;f[l2,
then if we can show that || P;f; |2 — 0 as j — —oo, we are done. By linearity, we have that

IPifll2 < 1P (f = f)ll2 + IPifrllz < IIf = frlla + 1 Pifrll2-

The first term can be made as small as possible by letting r get large enough. And so we get
that for some Ry > 0,
IPifll2 < e+ [[Pifrll2, for r > Ro.

Therefore, if we show what we want for functions with compact support (in particular,
suppf C [—R,R] for some R large enough), then we are done. We know from Parseval’s
identity that
2
dx) .

If3< T [ If@Pax [ 2]g@ix - ax

keZ”

IRl = T ()] < T ([ 11 lon

keZ
By the Cauchy-Schwartz inequality, we have that

A change of variables for the second integral gives us the right-hand side to equal

Y]

kez YRk

2/R—k )
lo(y)|” dy.

Here we can make use of the Dominated Convergence theorem (Theorem 10), to get that this
integral goes to zero, and so we end up with the fact that

lim [|Pf|3 =0,
]——00

and we are done! We have shown that for any f € L?(R), the projection of f onto Vj becomes
the zero function as j — —oo. This itself implies that

N V= {o}.

keZ

Suppose we have that f € V;, then

f@7x) = Y ag(272) = 3 (2%a) gox(x) € Vo
kez kez
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Conversely, if f(27/x) € Vp, then

f) =Y ap@x—k) = Y (2% )pj(x) €V,
keZ kezZ

and so we are done.

(v) is fairly straightforward, it just follows the same argument as in (iv). Note also, that in showing
(iv), we have also shown that {¢; + } is an orthonormal basis of V}, so that (vi) follows. ®

Example 42. We return to the Shannon system from Example 38, where ¢ = sinc(7¢). We have
already shown that { (i }xcz is orthonormal in L?(R). We also know by Remark 7 that ¢ satisfies a
scaling equation, and as a matter of fact, we have also computed the structure constants in Example
41. Lastly, the characteristic function on [—7t, 77] is obviously continuous at 0, giving us that we have
a multiresolution analysis of L?(R) generated by ¢!

5.4 Constructing a Wavelet out of a multiresolution analysis

Definition 43. Given a multiresolution analysis {V;};cz of L*(R), define W; as the subspace
solving the direct sum

V]‘+1 = VJGEW]

That is, W; is the orthogonal complement of V; in V; 1, for j € Z. We will call W; a detail space.

Theorem 40. Suppose {V;}cz is a multiresolution analysis of L*(R). Then for every j € Z,
f(x) € W;if and only if f(277x) € Wp.

Proof. Suppose f(x) is nonzero in W;. then f cannot be an element of Vj, and so f(27/x) ¢ V.

However, f(27771x) € Vj, and so f(27/x) € V4, from this it follows that f(27/x) € Wy. All the
steps also hold in reverse by the scaling property of V;. ©)

What Theorem 40 is saying is that {W;} ez inherits the same scaling properties as {V;}cz.

Theorem 41. Suppose that {V;};cz is a multiresolution analysis of L?(R). Then

L*(R) = P W;.

jez

Proof. We show that

[ee] [ee]
L*(R) = Vo & @O W, and that Vo = P W_;.
j=0 j=1

Therefore, suppose f € L2(IR) and in the orthogonal complement of the right hand side. Then that
means that f L Vpand f L W; = V;1 © V] forallj > 0. Since U;>; V—; C Vo, from this it follows

that f L Ujez = L%(R). (It is not hard to show that an element orthogonal to a dense set is also
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orthogonal to the closure of it. It mostly follows from the continuity of inner products.) Now we
want to show that

8]
Vo=EPpw_;
j=1

Suppose f € Vp and is orthogonal to the right-hand side of the above. Then f is orthogonal to
every W_; for every j > 1. But then f must also be an element of every V_; 1, and so in particular
f €NjzoV-j = {0} and we are done. ©)

Now we come to the point where given a multiresolution analysis {V;};cz of L*(R) with ¢ as

its scaling function, and another function ¢ € L?(R) for which {ig s }xcz is an orthonormal basis of
the detail space Wy, then it is not too hard to see thanks to the previous two results that {¢; s };kcz
is a wavelet basis for L?(R). The fact that the sequence spans L?(R) just follows from Theorem
41, and the orthogonality follows from the following. Let j, 1, k, k" be integers such that j # I, then
Pk L . Since inner products are conjugate symmetric, we can safely assume j > [, and note
that ¢, € W; L V; 2V} 2 ¢ . Therefore, 9; ;. and 9 ,» must be orthogonal.

Now is the final stretch. We almost have everything we need to construct a Wavelet basis
{¥ik}tikez of L%(R), out of a multiresolution analysis. To aid with that, the following will be
referred to in the next theorem. Let ¢ € Vj be the scaling function for the multiresolution anal-
ysis of L2(R), {V;}jcz. For some some ¢ € W, we have by Equation (17), that the function

my(¢) € L%(O, 27) is the associated filter of i satisfying

P(&) = my(&/2)9(&/2) forae. ¢ € R. (19)
the matrix M defined via

_ ([ me(d) iy ($)
M(€)<m¢(g+n) m¢(§+n))' CER. (20)

It is worth reminding the reader that an n x n matrix U with complex entries (U);x € C is Unitary,
if
uu=uur=I,

where [ is the identity matrix, and U* is the conjugate transpose of U. That is, (U*);x = (U)y;-

Theorem 42. Suppose that {V;};cz is a multiresolution analysis of L?(IR) with scaling function
.
(@) If {tpox }kez is an orthonormal sequence in Wy, then M(¢) as defined in (20) is unitary
almost everywhere.

(b) On the other hand, if for some function my € L2 (0,27) satisfying Equation (19) and
so defining the function ¢ € L2(RR), the matrix M(¢) is a.e. unitary, then {os ez
isorthonormal in Wj.

Proof. We first note that

MM ( g (&) + [mg (& + )| m¢(€)m¢(€)ng(p(éﬂr)mlp(zé‘ﬂr)),
g (8)my(G) + My (& + m)my(E + 1) |my(5)|” + [my (& + )|

46



and that therefore, we only need to check that the diagonal entries are equal to 1, and that only one
of the others are equal to 0 (since they are equal up to conjugation). Therefore, let {1 } ez be an
orthonormal sequence in Wy. We know from Equation (12) that

Y 1§28 +2kn)[* =1, 1)
keZ

for almost every ¢ € R (since the equality does not depend on & except on a null set). Since m, is
2mt-periodic, and using the filter equation on ¢(2¢ + 2k7t), we get that

P(28 + 2k7t) =my(E + k) P(& + k)

_ Jme(©)e(¢ +2Im) ifk =21,
T\ mpE+ m)pE+ @I+ 1)) ifk=2+1"

Therefore, splitting the sum in (21), we get that

1= Y |me(@)]? |92 +217)
leZ

+ ¥ |me(@ + ) (& + (21 + 1))

leZz

= |my(&)[* + }m¢<c+n>|leZ;|¢<é+2n>\

2 2
=|my(8)|" + |me(Z+ m)|".
The last step is possible just by noticing that the periodization of an orthonormal system is invariant
under translations ( since again, the identity holds for a.e. ¢). Showing the same identity but with

my is exactly the same procedure, so we omit that part of the proof.
Now it remains to show that

My (&)my (&) +my(& + m)my (G + 1) = 0. (22)

From Plancherel, and the fact that i), € Wy, we have that for any [,k € Z, Yo L @q;

0= {px =R, ox—0) = 5 [ 7@ de.

Setting n = k — I, we can rewrite this as a projection in L%(O,Zr() onto the basis element e~"¢ we

get

2(k+1)m

L@@ tar =y [ @a@e g

ez ' 2km

=) / P(E + 2kmt) P(E + 2kmr)e ¢ dE

kez

_/ZH <2 (& +2km)p §+2kn)> e e g,

keZ
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But this means that as a 27t-periodic function, the function inside the parentheses of the last integral
is just identically 0 a.e., since it is orthogonal to the basis {¢**};cz. In particular, we have that

Y 9(2¢ + 2km)§(2¢ + 2km) = O fora.ed € R.
kez

Therefore, we can redo the steps as in the first part of this proof, and end up with the desired
identity. Going through the motions

Y 9(28 +2km) (28 + 2kmr) = Y mg(& + 207)my (€ + 217) |§(E + 217)
keZ lezZ

+ Y me(E+ Q@+ 1) m)my(E+ 21+ 1)m) [§(E+ 21+ 1))
leZ

= mgy(&)my(8) +my(E + ﬂ)m =0forae. ¢ € R.

This concludes proving (a), but actually, since all the steps are reversible, this actually means we
have also proved (b). That is, if for the matrix M(&) defined above, it holds almost everywhere that
M*M = I, then the sequence {{  }rcz is orthonormal in Wj. ®

A natural question is how one would go about constructing ¢ when all we have is a multiresolution
analysis. Further, we don’t just want {{g s } ez to just be orthonormal in W, we also want it to be
a basis, so that we actually end up with a Wavelet basis for all of L,(IR). A partial answer is given
by Theorem 42 (b). Note that by Equation (22), we have that

(19 Yo (10 ) frne e

as vectors in C2 over C, with the standard inner product. From linear algebra, we know that in
finite dimensions (at least), orthogonality implies linear indepenence. Further, we also know that

)+ (%)

Since we are in two dimensions, this means that the vector (m(& + 1), —my(¢))7 is parallel to
(my (&), my (& + 7))T. In other words, there exists some function -y (¢) for ¢ € R such that

my(§) \ _ me(§ + 7)
(mlp(ng n)) = (&) < i”m(p(g) ) fora.e. Z € R.

To get more out of this function y we can note that since both my and m,, are 27t-periodic, we also
have that

Y&+ 7m) = —7(8) (23)

almost everywhere, since

my(§) = v(§)me(§ + 7) = =y (& + m)my (8 + 7). (24)

Further, since both vectors have length 1 (this follows from the matrix M being unitary), we also
have that

(@) =1ae. (25)

48



So if we have a function satisfying (23) and (25), we automatically get a function ¢ € L?(R) for
which {ox }rez is orthonormal and lives in Wp. It is not hard to check that the function —e~¢
satisfies both equations for all { € R. So take my(¢) = —e 16 my(¢ + 7r) from Equality (24) and we
have

P P —
@) == 5 T e
€
1 4
- (*1)1(@6_1;(1_]().
e

Making use of the filter identity (Equation (17)), we know that our function ¢ satisfies
P(E) = my(E/2) - (E/2) < ¢(x) = F [my(E/2) - §(&/2)](x) forae. x € R.

Computing the right-hand side of the above gives us that
_1 [ e >
P =5 [ Fmy(E/2p(c/2)dg

R ME LRI

keZ \/i
:kz(_l)kﬂck\% (2171 /]Reig(zxﬂcl)@(g/z)dg)
ez

A change of variables ¢ = 257 and 1 — k = [ gives us that the last integral is just equal to ¢(2x — )
a.e., and so we finally get that

Ppx) =Y (—1)'e1571(x) forae. x € R.
lez

As stated earlier, the way we have constructed ¢ makes it so that sequence {¢x }xcz is orthonor-
mal, and is contained in W, and is. All that is left now is to show that this sequence also makes
up a basis of Wy. This next theorem is essentially the grand finale of this project. It has been a
long and arduous journey, but we can now create wavelet bases as we want, given that we have a
multiresolution analysis!

Theorem 43. Suppose {Vj}jcz is a multiresolution analysis of L?(IR) with ¢ as its scaling
function. If ¢ € L?(R) is defined by

p(x) = Y (D) errgie(x),

keZ

where ¢ are the structure constants in (16), then { ; } ke is an orthonormal basis of Wp.

Proof. We have already shown that {{ s }xcz is orthonormal in Wj, so all that remains to show is
that for any f € W), there exists a sequence {ay }rcz € ¢*(Z) such that

fx) =Y arpos(x). (26)

keZ
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Since f € Wy, f is orthogonal to Vp, and in particular, it is orthogonal to ¢(x), and so we can repeat
the argument made in Theorem 42 to yield that

mg (&) = v(&)my(E + 1), 27)

for some 7y € L%(O,ZTL’) satisfying v(§ + ) = —y(¢) a.e. on R.
Taking the Fourier transform of ¢, we have that

P = [ ( )» <—1>’<clk(p1,k<x>> x

keZ
=Y (-D'a ek
keZ
= Y (Ve 22 /2)
kg - 57
_‘P 5/2 Z — —lk (&/2+4m)
keZ
(@/2) efi(lfl)(§/2+r()
\[leZ

=p(e/2)e” /2 my (/24 7).
This last equality looks familiar to the one of ]?, and by making making use of (27), we get that
f(&) =mp(&/2)p(2/2)

= <§/2>m¢<é/z+nr<é/z>
=y (£/2)e! /2T (g).

Now let '
0(¢) = ¢!/t (£/2),2 € R.

If 6 lives in L%(O, 27) we are done. We have that

0(¢) = —e®/2p(&/2) = e E/2T2MB(E /2 + ) = O(E + 271).

27 2 B 27 _1 4 5 -
| e@ra= | =5 | o) dz <o,

and so we are done, we have shown that 6(¢) is in actuality a filter of f, since we can rewrite 6 as a
Fourier series with coefficients {ay }rcz € ¢(Z), and get that

&)=Y ae™g(e)

keZ

Further,

which is what we wanted. ©)
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Example 44. As promised at the beginning of this section, we are now ready to show that the Haar
wavelet introduced back in Example 32 generates a wavelet basis. Notice that

$5) 01723 = 20720 3) = 22 (100 (20) = o @ 1)

— s (910(1) = 912(0) = T (~Dfeiions (o),

keZ

and so 1 is just the wavelet generated by the Haar system, meaning the sequence {;};cz is an
orthonormal basis of L2(R)!

6 Further reading

There is a lot more to be said. The Measure theory covered in this thesis could be expanded to
handle things like principal values, a technicality of integration we have chosen to ignore for the
purposes of brevity. For a more involved exposition of measure theory, the reader is urged to read
[AXL20]. Along those lines, Fourier analysis could also have been explored further, as there are
a lot of things that have been left unsaid on the topic. Things like convolutions, the uncertainty
principle, and the windowed Fourier transform just to start with, are all deeply connected to the
material of this thesis, and helps put Wavelets into context even more. If the reader would like to
know more, [GW99] and [TUR18] are sources that I have found to be thoroughly enjoyable to read.
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e I Exempel 33 har jag definierat Haar Waveleten fel. Den ska vara 1 pa [0, %] och -1 pa [%, 1].



