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Introduction

The material I present here covers the "Analytical part" of the Course Analytical and Stochastic Methods
for Engineering. The scope is to give a solid base on the most relevant advanced analytical tools used
in disparate contexts. To give an idea of this versatility, few remarkable applications are presented here
touching problems from Engineering, Physics and Finance.

Most of the advanced analytical tools rely on the powerful Lebesgue’s integration Theory. This is the
reason why we start by presenting the Lebesgue measure and integral in the first Chapter and we extend
this Theory to abstract integration in Chapter 2. This environment is fundamental also for Probability
and Stochastic Analysis. Spaces of integrable functions are very important examples of Banach spaces, a
concept introduced in general in Chapter 3 with some of its main features. In Chapter 4 we particularize
to those Banach spaces where the norm is induced by a scalar product, the so called Hilbert spaces. The
final part of the course introduces to Fourier Analysis: Fourier series and transform.

Few words are required as "disclaimer" about the focus of this course. The Theory is developed the strict
needed to give a reasonable comprehension and tools to the student in such a way he/she can dispose of a
solid base on advanced Mathematics. As consequence, proofs are given under simplified assumptions, the
most technical ones are simply omitted. In my opinion this should not compromise the comprehension.

There’s a certain number of problems at the end of each Chapter. Students are warmly invited to
try to solve these. There’re not "standard problems" in which you have to apply recipes. Even in the
computational problems, students must have a good knowledge of the general theory: definitions and
main properties. To solve the more abstract problems, two main ingredients are needed: first, a good
understanding of main definitions (it is just a way to learn these); second, to be able to imitate and adapt
proofs. The scope is not to produce a "mathematician". Rather, to give tools to be able to "swim" in deep
water when doing mathematical modeling, which is one of the expected outcomes for a Mathematical
Engineer.

Finally, this Lecture Notes is not free of errors of various nature (from misprints to more serious
conceptual mistakes). The reader is warmly asked to point out these to me.
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CHAPTER 1

Lebesgue Measure and Integral

The aim of this Chapter is to introduce to the Lebesgue Measure and Integral on R¢. The measure of
a set E is an extension of the concept of length (d = 1), area (d = 2) and volume (d = 3) to any dimension
d with the aim to assign a quantitative "size" to the largest possible class of sets. Denoting by 1,4(E) the
measure of E, we expect that a certain number of properties be fulfilled by A4:

e geometric coherence, that is,
Aa ([a1,b1] X -+ X [ag, ba]) = (by —a1) - - (ba — aq);
e countable additivity, that is, if the E; are disjoint,

A4 (O EJ-) = i A4(E)).
j=1 j=1

e translation invariance, thatis A4(E+x) = A4(E) forany x € RY (here E+x = {e+x : e € E});
e homothety invariance, that is A4(cE) = lc|924(E) for any ¢ € R (here cE = {ce : e € E}).

The main problem is, of course, how can be defined A4(E) for a generic set E ¢ R?? We will see that
this is a delicate problem. A major application of a measure is to the definition of an infegral of a function
f:DcRY— R. Il f >0, anatural definition is

f f 1= Age1 (Trap(f)), where Trap(f) = {(x,y) e R¥! : xe DcRY 0<y < f(x)).
D

Ficure 1. Trap(f) colored in red.

Because most of the proofs are long, technical and not really interesting on the applied side, we will omit
them (a good reference is Wheeden R.L., Zygmund A., MEASURE AND INTEGRAL, Dekker, 1977).
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1.1. Outer Measure

Let’s start by

DeriNiTION 1.1.1. A set of type I = [a1, b1] X -+ X [aq, bg] C R? is called multi-interval (or interval
for shortness). Its measure is, by definition

g := (b1 —ay1) -+ (bag — aq).

By covering a set E c R< through intervals we can easily define an estimation by excess of the measure
of any set:
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DEFINITION 1.1.2 (OUTER MEASURE).

A5 (E) = inf Z lljla : EC UI]-, I; intervals C RYY WE c R4,
J J
By definition we set A7,(0) = 0.

Notice that A7, is defined for any subset of R4, Moreover, the intervals covering E are not necessarily
disjoints. Let’s see some properties of 1.

Prorosition 1.1.3. /l*d fulfills the following properties:
i) coherence, that is 14(1) = |I|4 for every I interval;
ii) monotone, that is 1,(E) < A,(F) if E C F;
iii) translation invariant, rhat is 1%,(E +v) = A%(E), VE C R?, Vv € RY;
iv) homogeneous, that is 1’,(cE) = ||}, (E), YE C RY, Yc € R;
v) sub-additive, that is

b (U Ej) <Y X(E), V(Ep); € PRY.
i 7

Proor. i) is less trivial of how it could appear but natural (exercise), ii), iii), iv) are easy and left as
exercise (do it!). Let’s prove the v). The conclusion is trivially true if }’; /IZ(E]-) = +o00. Let’s assume
that 3}; A7, (Ej) < +oo. In particular (but not equivalently!) A% (E;) < +co for all j. Therefore, by
definition,

Ve >0 : A Ejc | 1, and Y 1Hla < A(E) +e.
k k



We choose as € = 3 (where ¢ in the r.h.s. is arbitrary positive) in such a way that
IAVI J * €
(1.1.1) A Zk: 1fla < A3(Ep + 5.
Now: (I,]; )j.k is clearly a covering of [ J; E;. Therefore, again by the definition of outer measure,
% J J (1.1.1) * & * 1
U(UiE) <Zjllla=2;Zullla <2 (AED + ) = 5 A4(E) +e %5 5

=2 4(E)) +e.

Finally, being ¢ arbitrary we obtain the conclusion. ]

A fundamental property we might expect by A7, is the countable additivity: this means that if E can
be decomposed as disjoint union of a countable number of parts then its measure is just the sum of the
measures of the parts. Let’s introduce a useful notation:

I_IEj = UE_,', ifEiﬂEj=®, Vi #j.
J J

Countable additivity means then that

a (|_| Ej) = > A(Ep.
J J
Unfortunately this is false!

Tueorem 1.1.4 (ViTaLl). A7) is not countably additive.

Proor. The proof is based on the construction of a set S C [—1, 119 with weird properties: for a
suitable countable set of x,,, S+ x; NS + x; = 0, [-1, 119 € U, (S + x,) € [-2,2]%. In this way,

29 < Ay (|_|(S + xn)) <44,
n

Howeyver, if /lz were countaly additive,

DIAUS +x0) = ) AU(S +x0) = DAL,

and this sum can be only 0 (if 17,(S) = 0) or +oo (if 27,(S) > 0), which is in contradiction with the
previous bounds. The construction of such § is non trivial and not intuitive, we omit it. O

1.2. Lebesgue measure

We will now introduce a suitable class of subsets wide enough to contain interesting sets (as intervals,
open and closed sets) but not leading to contradictions.
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DEeriNiTION 1.2.1 (LEBESGUE CLASS).
Mg :={ECR? : 30, open : A;(Er0) =0}.
Here EAO := (E\O) U (O\E) is the symmetric difference of E and O.

Let’s see some easy consequences of this definition:

e open sets are Lebesgue measurable: their symmetric difference from themselves is empty;

o intervals are Lebesgue measurable: just take O = Int([); in this case /AO = 91 is the hedge of
the interval that, how it is easy to check, has outer measure 0;

o measure 0 sets are Lebesgue measurable: indeed, if A7,(E) = 0 then just take O = ( (by def is
open); then A7 (EAOQ) = A7, (E) = 0;

e any sets that differs by a measurable set by a measure 0 set is measurable: indeed let F = EUN
with % (N) = 0 and E € .#; according to the definition there exists an open set O such that
Aq(EAQO) = 0; then, because F\O = (EUN)\OUO\(EUN) c E\OUN\OUO\E Cc EAOUN
and O\F = O\(EUN) c O\E Cc EAO we have FAO Cc EAO U N therefore

A, (FAO) < L,(EAO) + A;(N)=0. O
With some technical work it is possible to prove the

THEOREM 1.2.2. The class .# fulfills the following properties:
i) if E € M, then E€ € My,
il) if (Ej) C Mqthen\J; E; € Mg.

The outer measure A’ restricted on sets of Mg is also countably additive, that is

y (|_| Ej) = > Vy(E)p), Ej € M.
J J
The class #y is called Lebesgue class and its elements are called Lebesgue measurable sets. The

outer measure A’ restricted on M is called Lebesgue measure and it is denoted just by 4.

By ii) it follows that .#,; contains also all the closed (hence all the compact) sets. Moreover because

Vo] -0

easily one sees that . is closed also respect to countable intersections. This class is really huge that
it is basically impossible, in practice, to write down a subset of R¢ which is not in .#;. It is for this
reason that in practical applications the Lebesgue measurability of a given set is almost never checked.
Nonetheless, a Vitali’s theorem says, .#Z; # 2(R%).

It is convenient to have an equivalent reformulation of the countable additivity. Indeed sometimes we
may approximate a certain set £ by an increasing sequence of sets E,,. We will say that

E, /'E, & E,CEp VYj, andE = UE"
n

A similar concept is used to say that E,, \| E.



PRroPOSITION 1.2.3 (CONTINUITY OF THE LEBESGUE MEASURE). Let (E,,) C .#,. Then

i) (continuity from below) If E, /" E then A14(E) = lim, 14(E,);
ii) (continuity from above) If E,, \, E and 14(E) < +oo then 14(E) = lim, 14(E,).

Proor. i) First E = | J,, E, € .#4 by properties of the Lebesgue class. Notice that the union is not
discoint (unless all E,, are empty), but we can rewrite it as

E=|JE, =EuB\EYUE\E)U... = | |(B)\E; ),
n
if we set for convenience Ey = (. Therefore
n
a(E) = ) Aa(E\Ej1) = Tim Zl Aa(ENEj-1) = lim Aa(Ep).
J Jj=
ii) We reduce to i) by setting F,, := E1\E,. Clearly F,, ./ E1\ (), E» therefore, by i)
oy (El\ ﬂ En) =1lim A4(F,) = lim A4(E|\E,).
n n n

Now, because A,4(E|) < +oo, all 14(E,) < +o0 hence
Aa(Ey) = Ag(EN\Ep) + A4(Ep), & Aq(EI\E,) = Aa(E1) — Aa(Ep).

(notice that if these quantities would be infinite this algebra wouldn’t make sense reducing to +co — (+00)).

Similarly
A (El\ M E) = Aa(E1) - a (ﬂ E)
hence ' '
Aa(E) = A4 (ﬂ E) = lim (A4(E1) = Aa(Ep))
and by this the conclusion follows. " O

ReEMARK 1.2.4. Notice that the upper continuity it might be not true if 14(E1) = +oo. For example take
d=1,E, =[n+oo[. Clearly 1;(E,) = +co — +o0. But (,, E,, = @ hence 1; (N,, Ex) = 0. m|

The Lebesgue measure has some other remarkable properties. Among these we will quote here a couple
of them that are interesting and will be used later. The first is the

ProposITiON 1.2.5. Let T € L (R?) (set of linear transformations on R?) be invertible. Then
Aq(T(E)) = |detT|A4(E), VE € M.
In particular: because in case of rotations | detT| = 1 it turns out that A4 is invariant by rotations.

The proof is long and it consists to reduce 7 to the composition of particular linear bijections of R¢ on
each of these the formula is easy to prove. Notice that a particular case of this Proposition is the case
A4(cE) = |c|?A4(E): here T = L.
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The second property worth to be mentioned is actually a natural generalization of the germinal principle
on which A, is based. We recall indeed that if / is an interval

I =la, b1l X - X[aq, bgl = [a1,b1] X - - - X [ak, bi] X [ar+1, brs1] X -+ X [an, by]
J H

then
Aa(D) =g = Uk - |Hln-k = A(J) An-k (H).
By this, with a not really difficult but long work, it is possible to prove the
THeOREM 1.2.6 (FacTORIZATION). If E = A X B with A € #). and B.M# ;. Then E € #4 and
Aa(E) = A(A)Aa-k (B).
We will denote this property quickly as g = Ax ® Aq-k.
1.3. Lebesgue measurable functions

The first step toward the definition of the integral is to introduce the class of functions that we will
consider. To avoid caveats, we will consider extended valued functions:

DerNiTION 1.3.1. Let f : RY — [—0c0,+00]. We say that f is Lebesgue measurable (notation
feL®RY)if
(f>a)={xeR?: f(x)>a}€.Ma YacR,

The class of measurable functions is huge. To start we have
ProposiTiON 1.3.2. yr € L(RY) iff E € .4,.
Proor. Notice that yg € {0, 1}. Therefore

RY, ifa <O,
{(xe>a}=4 E, if0O<a<l,
0, ifa>1.
By this is evident that { yg > a} € .#, iff E € .4, (because 0, R? are trivially in .#y). O

Let’s introduce a very important class of functions: those who takes a finite number a values.

DEerintTION 1.3.3. A simple function is a function of the form

n

s(x) = chXEk (x), E;NE; =0, VYi#j.
k=1

On can easily check directly that a simple function is measurable iff E, € .#; forany k = 1,...,n. In
alternative this follows as by product of the following

ProrosiTion 1.3.4. Any linear combination, product and ratio (if the denominator is always # 0) of
measurable functions is a measurable function.

Another class of common functions that are measurable is

ProposITION 1.3.5. Any continuous function f € € (R?) is Lebesgue measurable.



Proor. Being f continuous, {f > a} = f(]a, +o0[) is open, whence it belongs to .Z,. O
A measurable function might be modified on a null set without loosing the measurability:

ProposITION 1.3.6. Suppose that f = g on RA\N where 14(N) = 0. Then f € L(R?) iffg € L(RY). In
particular: if f = g € €R?) on RA\N with 14(N) = 0 then f € L(R?).

Proor. Notice that

{g>a}:{x€Rd : g(x)>a}:{x€Rd\N s gx)>alU{xeN :g(x)>al

N

Now: N C N and because N has measure 0 also N has measure 0 and, as we know, measure O sets are
in .#,. About the first we have

{(x e RI\N g(x) > a} ={x e RN : f(x)>a}=({x€Rd : f(x)>a})\({x€N : f(x) > a))

={f >a)\N
where, again, N c N has measure 0 hence it is measurable. Therefore {f > a}\ﬁ € M, (difference of
measurable sets) whence, finally, {g > a} € .#_,. O

Let’s introduce a very useful terminology: we say that a certain property p(x) holds for almost every x if
AN : A4(N) =0, : p(x) is true Yx € R4\N.
For instance, the previous Proposition could be restated in the following more suggestive form:

e if f = g a.e. then f is measurable iff g it is;
e if f itis a.e. equal to a continuous function then it is measurable.

DEerintTION 1.3.7. Let (f,) C L(RY). We say that

fn & f, = fa(x) — f(x), asn — +o0, a.e. x € RY.
We have the
Tueorem 1.3.8. Let (f,) € L(RY) be such that f, =5 f. Then f € L(RY).

1.4. Lebesgue integral

We’re now ready to define the integral for a measurable function f. We will start by assuming f > 0.
In this case the natural definition would be

fRde fRd F(x) dx = Aga ({(x,y) eR¥™ L 0<y< f(x)}).

To give properly this definition we need to know that the set delimited by the graph of f and R be
measurable. This follows by the measurability of f of course:

LemMa 1.4.1. Let f € L(R?), f > 0. Then
Trap(f) := {(x.) e R 1 0<y < f(x)} € M.



Proor. We prove that Trap(f) is the limit of an increasing sequence of measurable sets. The idea is
simple: divide the co-domain [0, +oo[ into intervals [2%, %[. Clearly

k k+1 k
En;:LkJ{z—n<f< : }x[0,27[u{f=+00}><[0,+°<>[CTrap(f)

and, being f measurable, by factorization E,, € .#441.

k+2

on
k+1 /\ k+1
) d -

i i

i

X

Easily E,+1 D E,, so E, /* E C Trap(f). Now, pick (x,y) € Trap(f). If f(x) = +co immediately
(x,y) € {f = +o0} X [0, +co[C E, for every n. Assume f(x) < +co. Because y < f(x), we can find n*
such that

% < f(x)-y.

Now, pick £* in such a way that 2’;1 < f(x) < kgﬂ. In particular, y < f(x) — 2},* < kzn—“ - 2,11* = 2’;’1.
By this,
k* k*+1 k*
(x,y)E{Zn*<f<7}X|:O,F CEn*CLnJEn. m}

DErINITION 1.4.2. Let f € L(R?), f > 0. We set

f f= f f(x) dx := Aa+1(Trap(f)).
Rd Rd

Some remarks on this definition:
o if £ € .#, then

Aa+1=Ag®A

(1.4.1) »fw XE = Aa+1(Trap(xg)) = da+1 (E X [0, 1]) A4(E).

o the definition consider also the case on which fRd f could be +co.
e this definition fulfills some elementary properties. One which is evident is the monotonicity: if
f = g = 0 are measurables, then clearly Trap(f) D Trap(g) hence

j}:{d J = Aa+1(Trap(f)) > Aa+1(Trap(g)) = Ld g.
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Let’s now extend this definition to a generic f (not necessarily positive). The idea is just to consider the
area with sign, positive when f is positive and negative when f is negative. To this aim let’s introduce
some useful notation:

f+ = max{f, 0} (positive part of ) f_ := max{-f, 0} (negative part of f).
Be careful: f. > 0. It is immediate by the definition to check that
f=r—r- Ifl=f+f-
Moreover
f+ =@(f), where ¢(u) := max{u,0}, f- = (f), where ¢ (1) = max{—u, 0},
being evidently ¢, € €(R), f. € L(R?) if f € L(R%). A natural position would be then

fRdf:fRdﬁ—fRdf_.

To avoid the problem that this formula reduces to (+o00) — (+00) we will require that both fRd fi < +o0.
Being | f| = f+ + f- by monotonicity this condition is equivalent to fRd | f] < +o0.

DErINITION 1.4.3. Let f € L(R?). We say that f is Lebesgue integrable (notation: f € L'(RY)) if

[ 1<
[r= L -], s

The next step is to extend the definition of integral by considering the integral over a subset of R%. Let
E cR%and f : E — R. We will write

In this case we pose

f, onkE,

fxe:RY—>R fyp=
0, onRY\E.

Notice that f yg € L(RY)iff E € .4, and {f > a} € A, for all a € R (see exercises). We will say that
f € L(E) in this case. It is therefore natural to pose

DEFINITION 1.4.4. Let f € L(E). We say that f € L'(E) iﬁ”fRd | f YE| < +00 and we pose

[r=] ree

To finish we introduce a last extension to the case of complex valued functions f : E ¢ RY — C. This
case is relevant in view of the Fourier Transform that we will discuss later.
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DErINITION 1.4.5. Let f : E ¢ R4 — C. We say that f € L(E) iff Re f,Im f € L(E). Moreover we
say that f € L'(E) iff| f| € L'(E) ‘P and we pose

Lf:LRef+iLImf.

This definition fulfills the natural properties we may expect by an integral:
ProrosiTion 1.4.6. The Lebesgue integral fulfills the following properties:
e linearity: if f,g € L'(E) then af + Bg € L'(E) for every a, B € C and fE(af + Bg) =

@ fE f+B fE 8-
e isotonicity: if f,g € L' (E) are real valued and such that f > g a.e. then fE f = fE g.

e triangular inequality: if f € L'(E) then UE f| < fE Lf].

e decomposition: if f € L'(E) and E = AUB with A,B € Mythen [ f= [, f+ [, .

e restriction: if f € L'(E) and .#4 > F C E, then f € L'"(F) and [, f = [, fxF.

e null sets invariance: if f,g € L'(E) and f “=" g then fE f= fE g. In particular: if f “= 0
then [ f = 0.

1.4.1. Lebesgue and Riemann integrals. In dimension d = 1 we have two possible concepts of
integral: the Riemann integral and the Lebesgue integral. Of course there’re connections between the
two coinciding the first with the second when the first is defined. Precisely

TueoreMm 1.4.7. If f € %([a, b]) (Riemann integrable) then f € L'([a, b)) and

b
(Riemann) f f(x)dx = f (Lebesgue).

la,b]
Moreover, f € Z([a, b)) iff it is a.e. equal to a continuous function on [a, b).

In practice, to compute the Lebesgue integral we may use in some case methods seen in the first Analysis
course as, for instance, the Calculus of primitives together with the fundamental theorem of Calculus.
That is: if f € €' ([a, b)) has a primitive F then

b
f[b]fsf f(x)dx = F(b) — F(a).

For this reason we will use the symbol fab f(x) dx for the Lebesgue integral. However the Lebesgue
integral is more general.

ExampLE 1.4.8. The Dirichlet function x[o,11nqc “Z" 1 on [0,1] is not Riemann integrable but it is
Lebesgue integrable. Indeed, [0, 11\Q° is measurable and

j[;) 1] X[0,11nQe = /ll([o, 1] N Qc) = /11([0, 1]) =1. O

Notice that by the monotonicity it follows that

fIRefléfIf|<+oo, = Re feLY(E),
E E

and similarly Im f € LY(E).



An extension of Riemann’s integral is given by the concept of generalized integral. For instance

+00 b
f f(x) dx := _lirrl; f f(x) dx,

if the limit exists. Of course we need a minimum requirement on f in such a way that definite integrals
fab f(x) dx would make sense. We say that f € Zj,.(R) iff f € Z([a, b]) for every [a, b] C R.

TueoreM 1.4.9. Let f € Zjoc(R). Then
+00
fel'R), = f |f(x)| dx < +oo.

In this case f_t: f(x)dx = fR f.

REMARK 1.4.10. The requirement on absolute integrability is really needed. For instance, the function

f(x) := 81X js integrable in generalized sense but it is not L' because f “lsnx| gy = 400, O
X —00 X

1.5. Reduction formula

Intuitively, we could compute the volume of a potato by slicing it and summing up the volume of the
slices, computed as area X thickness. As the thickness goes to 0, the sum becomes an integral. To see
precisely this property, which is a continuum version of the factorization, let’s start by the

DeriniTION 1.5.1. Given E C RY we set

E, = {y e R4 . (x,y) € E} (x—section), E” := {x eRk : (x,y) € E}, (y—section).

Notice that E,, E¥ may be empty for some values of x, y.

ExampLE 1.5.2. If E = A X B we have
0, x¢A, 0, yé¢B,
Ec={yeR"™ : (x,y) e AxB} = E'={xeR' : (ny)eAxB}=

B, x€eA, A, y€eB.

We have the

THEOREM 1.5.3 (SLICING). Let E € .# . Then

i) Ex € My ae xcR¥and E¥ € My a.e. y € R7*;
ii) x — Ay (Ex) € LR*) and y — Ax(EY) € L(R47);



iii) the slicing formula holds
(1.5.1) Aq(E) = f Aa-k(Ey) dx = f Ak (EY) dy.
Rk RA-k

The (1.5.1) can be rewritten as follows:

Jom LA ) ae= [ (L ) o

This is the first brick of the general integration formula for functions f > 0 of (x, y) € RK x R9* = R¥:

THeOREM 1.5.4 (FuBINI-ToNELLI). Let f € L(E), f > 0. Then

i) y — f(x,y) € L(Ey) a.e. x € R¥ and x — f(x,y) e L(EY) ae. ye€ R4k,

i) x — fE f(x,y) dy € LR¥) and y — ny f(x,y) dx € L(RF);
ii) the reduction formula holds

(1.5.2) ff=f (f f(x,y) dy) dxzf ( f(x,y) dx) dy.
E Rk \JE, Rk \JEY

The (1.5.2) is called reduction formula. Its aim is evident: we can reduce the dimension of the integration
variables by iterating integrals. It is of course natural to ask if the formula could work for an L' function

and this seems evident by reducing to positive and negative parts:

CoroLLARY 1.5.5. If f € L'(E), E C R then the reduction formula (1.5.2) holds.

The reduction formula can be used also to check if f € L'(E). Indeed: this means f £
f € L(E) then |f| € L(E) hence we can apply the Fubini thm to | f|. This says that the (1.5.2) holds for

| f1. In particular we obtain the

CoroLLARY 1.5.6. Let f € L(E). If one among

fR k ( fE Ufe) dy) dx, fR ( fE R dx) dy

is finite, then f € LY(E) (and the reduction formula (1.5.2) holds).
ExampLE 1.5.7. Let

__*=) o 2
flxy) = Gy (x,y) € Q:=[0,1]".

Then fR (fo f dy) dx + fR (ny f dx) dy (hence, in particular, f ¢ L' ([0, 1]%)).

SoL. — Notice first that

0, x ¢ [0, 1],

Oy={yeR: (x,y)e[0,1]2}={
[0,11 xe[0,1]

and similarly for Q7. Therefore
Os

nyf(x,y)dx= Loy Lxdy—2y 1 1
S e | B e S dx -2y < d
0o (x+y) o (x+y) o (x+y) o (x+y)

1

?<

| fl < +oo. But if

y ¢[0,1],

y e [0,1].



Except for y = 0 (therefore for a measure O set) both integrals are finite and their value is

(x+y)! ]le s
-1 x=0

(x+y)2]x_1 L, ( 1 1) 1
y|— = — — y _ ==
-2 | ¥y y+1 (y+1D2 2 (y+1)?

Hence

= 1 ! _ =t 1 1
f%( ny(x,)’)dx) dy_j(; (_(y-l-—])z) dy—[(y+l) ]y=0_§_1__§‘

Exchanging x with y we obtain the same result except for the sign: fR ( f 0 f(x, y)dy) dx = % O

1.6. Change of variables
Let T : RY — R¢ a transformation. If T is a linear bijection we know that
Ag(T(E)) = |detT|A4(E).

What happens if T is a general bijection? If T is regular (differentiable) then 7'(x) = T (xo) + T’ (x0) (x —
x0)+o(x—x0) = T(x0)+T’(x0)(x—x0). The sense of ~ is that T'(x) can be replaced by T (xo)+7"'(x¢) (x—
Xp) in a neighborhood of x( and the approximation is more precise smaller is this neighborhood. Imagine
then that we decompose E as union of neighborhoods of its points:

E=| Uy = ATE)~ ) 1a(TUy)).

Now if we replace T by the affine transformation 7'(x¢) + 7’ (x¢)(x — x¢) we see that

Aa(T(Uyy)) = Aq(T(x0) +T'(x0)(Ux, — x0)) = Aa(T"(x0)(Ux, — x0)) = |det T’ (x0)|Aq(Ux, — x0)

= |detT"(x0)|Aaq(Ux,).
Hence

Aa(T(E)) = Z | det 7" (x0)|da(Ux,) = fE | detT"(&)] d¢.

Of course this is not a proof but it suggests a correct conclusion:

TueoreM 1.6.1. Let T : E ¢ RY — T(E) be a diffeomorphism (that is T, T™' € €') on E open set.
Then

/ld(T(E))=L|detT'(-§)Id§-

Because null sets are irrelevant for measure and integral, the conclusion remains true if we change E and
T(E) by a measure O set.
Transferring from measure to integrals the previous can be rewritten in the form

[ ar= [1aar@rae S [ a= [ jaeoye) e
T(E) E F O(F)

which is an identity involving the function 1(x) = 1. For a generic function f we have the
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THEOREM 1.6.2 (CHANGE OF VARIABLES FORMULA). Let @ : F —s ®(F) be a diffeomorphism, F c R¢
open. Then

(1.6.1) f f(x) dx = F@71(€)] det(@71)(£)] dé.
F O(F)

Some remarks on the (1.6.1):

o the identity (1.6.1) means that the Lh.s. is finite (hence f € L'(F)) iff the r.h.s. is finite: this
explains why the formula can be used to check the integrability of a given function;

o the (1.6.1) expresses the change of variables in the canonical form where one introduces a new
variable ¢ = ®(x); sometimes the change of vars is defined in the form x = W(&): in this case
® = ¥~! hence | det(®~1)’| = | det ¥’|.

e the (1.6.1) remains valid if we modify F' and ©(F) by null sets; this is particularly important
with remarkable change of variables.

ExAMPLE 1.6.3 (POLAR COORDINATES IN R?).

(x,y) =¥(p,0) = (pcos b, psin).

If we define, as usual, ¥ : [0, +co[x[0, 27r] — R2 we don’t have a bijection because for instance (0, 8) = (0,0)
for every 6 € [0,2nx]. If we restrict ¥ :]0, +co[X[0, 27[— R2\0, we have now a bijection but, how is possible to
check, ¥~! is not continuous! (hence in particular ® = ¥~! cannot be a diffeomorphism). This is because

Yl(x,y) = (\/x2 +y2 arg(x,y>),

where arg(x, y) € [0,2x[ denotes by definition the angle included between the vector (x, y) and the positive real
axis. The problem is that if (x,y) — (1,0) along a unit circumference, then Iy, y) — (1,0) or (1,2r7)
according where (x, y) is moving (in the upper half plan or in the lower half plane). In other words

A lim Y l'(xy).

(x,y)—(1,0) ()

To make ¥, ¥~! = @ a true diffeomorphism we have to eliminate problematic points of the positive real axis. This
means that we have to restrict ¥ :]0, +00[x]0, 27[— R2\{(x,0) : x > 0} =: R:\R,. Now ¥ is a diffeomorphism
between this two open sets (on one side the strip ]0, +oo[x]0, 27[; on the other side RZ\R,. Moreover

| det¥'(p, 0)| = = |p(cos’ 6 + sin® 0)| = p.
2 P P

cosf —psinf
det

sinf pcos6

Now being [0, +0o[X[0, 2x[ different by ]0, +oco[x]0, 27[ for a measure zero set and being R? different by RZ\R, for
a measure zero set we can apply the change of variables formula to conclude that
(1.6.2)

+00 2
f f(x,y) dxdy = f f(pcos8, psin6)p dpdf Fsz p( f(pcosB, psinf) dH) dp. O
R? [0, +00[x[0,27] 0 0

ExaMPLE 1.6.4 (GAUSSIAN INTEGRAL). A very beautiful (and relevant) application of the (1.6.2) is the
formula

x2
f e 2 dx =V2nm.
R



SoL. — Let’s start by the integral

2492 2442
f T dxdy = f (f e T dx) dy = f e
R2 R \JR R

On the other hand, by (1.6.2)

x24y2 +00 2n 2 too o 2 p=+0c0
f e "2 dxdy= f (f e zTp d9) dp=27rf e 2pdp=2n |:6‘_2:| =2m,
R2 0 0 0 p=0

and by this the conclusion follows. O

mh\)
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1.7. Limit theorems

A very common problem, with lots of variations, consists in studying
1imf fn where (fu)new C L'(E).
m JE
The question is: under which conditions can be said that

limffn;flimfn.

The aim of this section is to present the two main results on this problems, in the next section we will
discuss some remarkable applications.

1.7.1. Monotone convergence. The monotone convergence theorem concerns an apparently very
particular and never happening case. It turns out, however, that this is actually the base of all other results:

TueoreMm 1.7.1 (Beppo Levi). Let (f,) C L(E) such that 0 < f, < fn+1 a.e. for every n € N (we write

fn /" ae.). Then
limffn:flimfn.

Proor. We first consider the particular case when E = R?, and a.e. means everywhere, that is for
every x € RY. The proof is quite easy and it is nothing but the continuity of the measure. Indeed, by
definition

fd Jn = Aas1(Trap(fp)).
R
Easily Trap(f,,) / Trap(f) hence, by the continuity of the measure,

fRd f = Agr1 (Trap(f)) — Aas1 (Trap(f)) = fR f

The general case is easily reduced to the particular one: let N,, the null set where f,, < fj,+1 doesn’t hold
and set N := (J, Nn. Then 24(N) = 0 and f, < fur1 on E\N hence fuxe\n < fu+1 YE\N On RY for
every n. According to the particular case,

limf fn)(E\N:f limanE\sz (limfn)XE\N



But

ngE\N:f g=fg,
R4 E\N E

and by this the conclusion follows. O

As well as upper continuity for measures, inverting the monotonicity doesn’t work in general.

ExampLE 1.7.2. Take f, = x[n.+oo[- Then f,, N\, 0 but

ffndX=+oo7’—>f0dx=0. m]
R R

However we have monotone convergence for decreasing sequences if we add one requirement:

ProposITION 1.7.3. Let f, > fns1 = 0 a.e. on E for every n with f) € L'(E). Then

limffnzflimfn.

Proor. It is a straightforward application of monotone convergence to the sequence g, := f1 — fn-
Being f,, \, we’ll have g,, /. Hence

limfgnzflimgn, = limf(fl—fn)zf(fl—limfn).

Now, the point is that being f; € L' and 0 < f,, < f, every f,, € L'. Therefore

[=so= [ frau= [ g [ (ri-tmr)= [ - [ tims,

and by this the conclusion follows by simple steps. O

An immediate application of monotone convergence is to sum of constant sign series:

CoroLLARY 1.7.4. Let (f,) C L(E) f,, 2 0. Then

L;&=;Lh.

Proor. Just consider the sequence of partial sums S, := 3/’ fx. Being fx > O for all k we have
Sy /S =2, fn hence

limen:flimSn,<=> limf f=f fr
" JE E " n EZk Ezk:k

k=0

and because by linearity f £ Yo Jk = 2ro f  Jk we have easily the conclusion. O
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1.7.2. Dominated convergence. Monotone convergence is a too restrictive. A more general setting
(but actually it follows by monotone convergence) is given by the

TueoREM 1.7.5 (LEBESGUE). Let (f,) € L'(E) such that

D) fuZS fonE;
ii) dg € L'(E) (called integrable dominant) such that | f,,| < g a.e. on E for every n € N.

Then f € L'(E) and
limffnzflimfn.
n E E n

Proor. Being point-wise limit of measurable functions f := lim, f, is measurable. Now,
Ll e
|f ()] = hmlfn(X)I gx), = f VAR f g <+, = felLY(E).
E E
Now let’s check that f g fn— f £ J- We estimate the modulus of the difference:

fEfn—fEf= L(fn— <L|fn—f|<ngg|fk—f|=:Lsn

where, of course, &,(x) := sup;., |fx(x) — f(x)|. Now if we prove that g, N\, 0 and & € L'(E) by
applying the monotone convergence for decreasing sequence the conclusion follows.

Clearly €, is positive. We accept the measurability (see exercises). Easily

en+1(x) = sup |fr(x) = f()] < sup|fe(x) — f(O)] = en(x), Vx € E.

k>n+1 k>n

Moreover, by i), €,(x) — 0 a.e. x € E. Indeed: except for a null set of x f,,(x) — f(x). Therefore
Ve >0, AN(e), : |fn(x)— f(x)| <& Vn=N(e), = 0<¢g,(x)<¢g Yn>=N(e)

To finish we apply the dominated convergence in the decreasing version. We need just to check that
1 € LI(E):

e1 = supfi = f1 < sup(Ifel +1f1) < 26 € LYE), = & €LY (E). O
ExampLE 1.7.6. Compute
+00
lim 2 (1 —Cos E) e ¥ gy
n—+oo 0 n

SoL. — Let f,(x) := n? (1 — Cos ﬁ) e X, Clearly f, € LY([0, +o0[) for any n. Moreover

2 x2 n X2
X X -Xx
n ~n 00 by = — —_— . .
Fn(X) ~nosreo 02 > se” X = e — e Vx>0
Now,
2
x/n
(ol < w2 C0 i = 2o, a0
1
Now m " 1, therefore - - +1 > 5 asn > 1. Hence

|fn(X)] < x%e¢™2 := g(x), Yn > 1, ¥x € [0, +oo].
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Clearly g € L!soitis an integrable dominant. By dominated convergence then
+00 +00 x2 xz +oo +00 +00
lim fn(x) dx = f —eFdx = [——ex] +f xe ™ dx = [-xe™ ]y~ +f e¥dyr=1. O
n—+eo Jo o 2 2 0 0 0

There’s of course a version of dominated convergence for series that we’ll state in the following form:

CoroLrLary 1.7.7. Let (f,) C L' (E) be such that

[ 1< e

Then the series Y., fn converges a.e. to an L'(E) function and the series can be integrated term-wise,

that is
L;n=;Ln

Proor. Exercise. O

1.8. Continuous and differentiable dependance by parameters

In some applications it arises the problem to study the regularity of an integral with respect to some
parameter 4 € A. This means that we want to discuss how the integral

1) ::ff(x,/l) dx,
E

depends by A. Here A can be whatever, but for simplicity we’ll consider just to be a real parameter (this
is enough for lots of applications and, in particular, to those that we’ll see in this course). Two particular
type of regularity are important: continuity and differentiability. In both cases dominated convergence
reveals its fundamental role. Let’s start by the continuity.

THeoreM 1.8.1. Let f : EX A — R, where A C R. Assume that

i) f(,A) € LI(E)for every A € A;
ii) f(x,:) € €(A) a.e. x € E;
iii) there exists g € L'(E) such that | f(x, )] < g(x) forevery A € A, a.e. x € E.

Then I(A) := [, f(x, ) dx € € (A).
Proor. To prove the continuity we have to check that
Y(1,) CA A, — A, = 1(1,) — I(1,).
Now

I(A,) = f f(x,4,) dx = f Fu(x) dx, where f(x) := f(x, 1,).
E E

The idea is just to apply dominated convergence now to (f,,). We have:

o fn(x)=f(x,1,) — f(x, 1) ae. x € E because of assumption i);
o |fn(X)|=1f(x,2y)| < g(x),ae. x € E.



The assumptions of Lebesgue thm are therefore fulfilled and we deduce that

liml(/ln):limffnzflimfn:flimf(x,/ln)dx:ff(x,/l*)dx:I(/l*). ]

A similar argument works for the derivative with respect to the parameter 4 € A

THeEOREM 1.8.2. Let f : E XA — R, where A C R. Assume that

i) f(-,A) € LIY(E) for every A € A;
ii) Ao f(x, ) forall A € A and a.e. x € E;
iii) there exists g € LY(E) such that |[01f(x, )| < g(x) forevery A € A, a.e. x € E.

Then
A01(A) = f O f(x, ) dx, YA € A.
E

Proor. Let (h,) c R\{0}, h,, — 0 and notice that

R
hy, E hn E

Now: by ii) it follows that
Sfn(x) = Jlod+ h;;) — ) — O f(x,A), ae.x € E.
n
The difficult part is to find an integrable dominant for f;,. To this aim first notice that by Lagrange thm
oAt = SN s (oaflihal € gl a0, v B = 121 < 89, go. x < £

Therefore, by dominated convergence
I(A+ hy) —1(Q
I ZID o dx— [ o dx
hy E E

Being (h,,) € R\{0} arbitrary the conclusion follows. O

Let’s see a beautiful application of this result that will be important for the future:

ExAMPLE 1.8.3 (FOURIER TRANSFORM OF THE GAUSSIAN). Let

2
- —% —i2néx
1(5)._fRez e dx, £ €R.

f(x.8)
Show that I’ (¢) is well defined for any ¢ € R. Deduce a differential equation for I, solve it and that
(1.8.1) 1(¢) = V2ro2e ™€ VA eR.

SorL. — The integral is well defined because

J

x2

e 207 e—i2n§x

x2
dx = f e 207 dx = \2r0? < 4oo.
R
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In other words, f(-, &) € L' for any & € R. To compute I’ let’s apply the derivation under the integral thm. If we
can do this,

x2 . i
I'¢) = f O¢ (e_’Z”fxe_erz) dx = f (—i2nx)e P e T2 dx.
R R
Og f(x,8)
Of course 0 f (x, £) exists. So we need only an integrable bound for d¢ f (x, £) independent by &:
. X2 X2
(=i2nx)e rm=enéx o737 | = 2x|xle 202 =: g(x) € L.

10z f(x, £)] =

Therefore the derivation thm applies and

. x2 . X2
I'eé = —i2ﬂf e imEx (xe 202 ) dx = 2o fe_lz’“fxé‘x (6_20'2) dx =
R R

X=+00

2 2
= i2no? ([ TI2REX g5 ] - f Oy (e—iZn.fx) e 207 dx)
X=—00 R

.. X2 .. X2
= i27r0'2f 2nge ¥ e T2 dx = —2ﬂ0’2§f e 2MEX e T207 dx = 20t EI(E).
R R

Therefore .
I'(&) = 2n0E1(), = 1(&) = e ™ ¢ 1(0).
x2
And because 1(0) = [, ¢"307 dx = V212 we have finally /(¢) = V2ro2e 77 ¢, O

1.9. Exercises

ExERrcIsE 1.9.1 (CANTOR SET). Define
Co:=10,1],

C] = [O, %] U [%, 1] = CO\]%a %[9

3k+1 3k+2

n

=10, U2 o U. . U5 1] = Gy U , neN.

Let now C := ;50 Cn. Then C € A1 and 1,(C) = 0.

FIGURE 2. Cantor set (left), Sierpinski carpet (right).
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ExERrcISE 1.9.2 (SIERPINSKI CARPET). The Sierpinki carpet is a bidimensional set of Cantor type. Let Ty :=
[0, 1] X [0, 1] and define recursively T,, according to the following rule

3i+1 3l+2
nzznl\U] s

i,j=0

3j+1 3j+2
3n 7 3n

, n €N,

Define finally T := (\,;0 Tn- Show that T is measureble and determine its measure.

ExERCISE 1.9.3 (%). Show that if 1{(N) = 0 then A{(N?) = 0 where N*> = {x*> : x € N}.

EXERCISE 1.9.4. Let S C R? be the set of points (x,y) € R? such that x and y are rationally dependent, that is
dm,neN : mx+ny=0.

Prove that 1,(S) = 0.

ExERrcISE 1.9.5. Let f € L(RY): show that in particular { f = +oo} and { f = —oco} are measurable.

EXERCISE 1.9.6. Let f : R¢ —s R. Prove that if f € L(R?) then {f = a} € .#  for all a € R. Does the vice versa
hold true? Prove or find a counterexample.

Exercise 1.9.7. Show that f is measurable iff

i) {f > a} e Myforalla e R
ii) {f €I} € M, forall I C R interval.

ExERCISE 1.9.8. Show that f € L(RY) iff { f > a} € .#y for every a € Q.
ExErcise 1.9.9. Any monotone function f : R — R belongs to L(R).

ExERCISE 1.9.10. Let g € €(RY) be such that g = 0 a.e.. Deduce that, necessarily, g = 0 that is g(x) = 0 for every
x € R4,

ExXERcCISE 1.9.11 (x). We want to prove that f + g is measurable. Work out the details by following this trick:
(frg>al={f>a-gl=| Jif>qinig>a—ql.
q<Q
EXERCISE 1.9.12. Adapt the idea used in the previous exercise to discuss the measurability of f - g if f,g € L(R%).

EXERCISE 1.9.13. Show that if ¢ € €(R) and f € L(R?) then ¢ o f € L(R?). In particular: if f € L(R?) then
|fIP € L(R?). Is it true that if | f] € L(R?) then f € L(R?)? And if f> € L(R?)?

ExERCISE 1.9.14. Let f : E c R — R. Show that f yg € L(RY) iff E € Mqand {f > a} € My foreverya € R.
ExErciskt 1.9.15 (x). Show that if (f,) C L(R?) then M (x) := sup,, f(x) and m(x) := inf,, f,(x) are measurable.

Exercise 1.9.16. In this problem we assume that the value of the integral I := fR e dt is not known, and
we compute it. By using in a suitable way the Tonelli thm, prove that the function f : R* — R given by
flx,y) = ye_(l+x2)y2 is in LY(R?) and by using Fubini compute its integral on [0, +oo[>. Deduce the value of I.
Justify everything with care.

Exercise 1.9.17. Justifying carefully all the steps, compute

+00 2r y
f (f Ze ¥ ginx dx) dy.
0 o X

Exercise 1.9.18. Discuss if f(x,y) = e LY([0,11%) as a > 0.

Ty Xy)”
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Exerciske 1.9.19 (x). Let E, 4 := {(x,y) € R2 : |x|P + |y|? < 1}, where p,q > 0. Show that

1 1 1
f ———dxdy < +00 = —+-—>1.
E

g |1 XIP + Y19 P q

Hint: use polar coordinates.

Exercise 1.9.20 (x). Let BY := {(x1,...,xq) € R4 : x% + .-+ xz < 1} be the unit ball ofRd. The goal is to

compute the d dimensional measure of B9, that is 14(BY).
i) By suitable use of the reduction formula, show that

2
Aa(BY) = 714_2(153"‘2).

ii) Use ii) to determine A4(B%) in function of d.
iii) What is 1q(BY) where BY := {(x1,...,xq) €R? : x4 +x%<r?),r>07

Exerciske 1.9.21. Compute

+0o _—n(x—n) +00 -n +00
i) lim ¢ dx. i) lim n(l + f) sin X dx. iii) lim " gnZan
n—-+oo J 1+ x2 n—+oo Jo n n n—+oo Jo x(1+x2)
Exercise 1.9.22. For which n € N we have f,(x) := (}:;’f)zn € L'([0, +oo[)? Compute
+o00
lim fn(x) dx.
n—+co Jo

(hint: fn < f2...).
ExERrcISE 1.9.23. Let oo .
I(x) = f e*ym dy.
0 y

Show that I is well defined for any x € R, compute 1’ and determine 1.

EXERCISE 1.9.24. Let
+00 efxt _ eft
I(x) := f — dt.
0 t
Show that I(x) is well defined for any x > 0, is derivable and compute I’, hence deduce I.

Exercise 1.9.25. Define
Pxt-1
1) := f dx.
o logx

Show that I is well defined for any A > 0. By applying the derivation under the integral sign, show that A0,1. Use
this to find out 1.

ExERcIsSE 1.9.26. Define

/2 arctan(A t
1) = f arctan(A tan x) dx
0 tan x

Show that I is well defined for any A > 0. By applying the derivation under the integral sign, show that 10,1. Use
this to find out 1. In particular
/2
f xcotxdx = ...
0



CHAPTER 2

Abstract Measure and Integral

The basic idea behind Lebesgue measure and integral can be extended to more general settings. A
measure |1 is a set function assigning a positive u(E) number to a set E C X according to certain rules.
While certain properties of the Lebesgue measure depends by the underlying space R¢ (as translation
invariance or the measure of intervals), others can be reference properties for more general settings. In

particular countable additivity
u(|_[ E) = D u(Ey),

and p(0®) = 0. This abstract setting allows to many application and, remarkably, it leads to a general
framework for Probability Theory.

The scope of this Chapter is to introduce to the general concept of measure and integral. Because
some of the proofs are extended straight from that one for the Lebesgue measure while others demand a
quite different and more general approach, we will omit almost all the proofs in this Chapter.

2.1. Concept of Measure

As for the Lebesgue measure, an abstract measure (or simply a measure) is defined on a family of
sets:
DeriNtTION 2.1.1. Let X be a set. A family % c P (X) is called o-algebra if
i) 0, X € %;
ii) if E € ¥ then E€ € .F;
iii) if (E,) € F then\J, E, € Z.
Of course the Lebesgue class is a o-—algebra.

ExampLE 2.1.2. % = {0, X} and . := P (X) are both o-—algebras (trivial). O

ExampLE 2.1.3. If X = R% and .7 := {O c R? : O open} is not a o—algebra. In fact, is O is open in
general O€ is not open (this happens only for O = 0, R? by the way). O

In fact, if you think about a little, apart for very particular examples, it is in general difficult to construct
non trivial examples of o-—algebras. We will return below on this problem.

DerINTTION 2.1.4. Let X be endowed with a o—algebra % c P (X). A function pu . F — [0, +0] is
called measure on (X, %) if

i) u®) =0;

i) u (L, En) = Xn u(Ey), forevery (E,) € #, E;NE; =0asi # j.

23
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The triplet (X, %, ) is called measure space. A measure is said to be finite if u(X) < +co. In particular,
if w(X) =1, uis called probability measure, in this case (X, 7, u) is called probability space.

Of course (RY, .#,4, A4) is a measure space. Let’s see some other interesting example.

ExampLE 2.1.5. Let X = {x,, : n € N} be a countable set, & = P (N) and u : F —> [0, +o0] defined

as
p(E) = Y1,
xeE
We take u(0) := 0 by def also. Then u is a measure called counting measure. The details are left as
exercise. =

ExAMPLE 2.1.6. Let X = R4, .7 = My If f € L(RY) is s.t. f > O then setting

u(E) :=fEf

w is a measure on (R, .# ;) denoted by the writing du = f(x) dx.
SoL. — We have to check the countable additivity. If E = | |,, E,, then

u<E>=fEf:fRdeE.

Now notice that being the E,, disjoints we can write Yg = ., xE,. For any x this sum just reduces to a sum o
infinitely many zeroes and just (eventually) one 1 (if x € E,, for some n). Therefore

R DN TR I WA W BN WA

Every measure fulfills certain basic properties that we summarize in the next Proposition whose proof is
left to the reader as exercise:

ProrosriTiON 2.1.7. Let y be a measure on (X, .%). Then

i) uis additive: u(EU F) = u(E) + uw(F),YE,F € #, ENF = 0.

ii) u is countably sub-additive: u(lJ, E,) < X, u(Ey), Y(E,) C Z.

iii) uis monotone: if E C F, E, F € %, then u(E) < u(F).

iv) u is continuous from below: if E,, / E (that is E, C E,, for every n, E = | J,, E,,) then
M(E) = limy, p(Ey).

V) if u is also finite, u is continuous from above: if E, \, E (that is E,, D E,.1, for every n,
E ="\, Ey) then p(E) = limy, p(Ey).

vi) if u is also finite, u is subtractive, that is if F C E, E, F € %, then u(E\F) = u(E) — u(F).

Proor. Exercise. ]

Actually, continuity from below (as well as continuity from above for finite measures) is equivalent to
countable additivity:

ProposITION 2.1.8. Let p be additive on (X, F). Then the following are equivalent:

i) u is countably additive;
ii) u is continuous from below;
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iii) if u is finite, u is continuous from above at 0, that is if E, \, 0 then u(E,) — O.

Proor. Let’s check just iii) = i). Take | |,, A, =: E and set E,, := |_|;‘:1 A;j /" E. Therefore
E\E, \, 0, hence by assumption u(E\E, ) — 0. But u is additive, therefore u(E) = u(E\E,) + u(E,),
that is u(E,) — u(E) and, always because u is additive, u(E,) = Z;‘zl u(Ej). By this the conclusion

follows. ]

2.2. How to define a measure

The elegant definitions of o-—algebra and measure given in the previous section hide the complexity
behind them. In fact, normally a measure is assigned, according to certain criterium, on some class of
sets which is not, in general, a o—algebra. Think to the case of the Lebesgue measure: this was first
assigned on intervals, but the family of intervals is not a o-—algebra. Two questions arise then: first,
how is possible to construct a o—algebra of sets "taylored" on a given family of sets .7 second, how is
possible to extend a measure assigned on . to a larger o-—algebra .7 ?

To respond to the first question we notice that of course there’re, in principle, many o —algebras
containing a given family . of subsets of X (for sure at least #(X) is a o-—algebra containing .%).
However, as the case of the Lebesgue measure teaches, bigger is the o-—algebra, harder will be the task
to coherently define a measure on it. This suggests to look for the "smallest" o-—algebra containing .7

DeriniTION 2.2.1. Given a family ¥ ¢ &2(X) we call o—algebra generated by .7 the family

() = ﬂ F.
F2, F o-alg

It is evident that o-(.’) is non empty (every .# contains @ and X). With some straightforward work one
can prove that

ProrosITION 2.2.2. (%) is a o—algebra and it is the smallest containing F.

Proor. Exercise. ]

ExAMPLE 2.2.3 (BOREL 0"—ALGEBRA). A very important example is Z(R?) := o (tpa) Where Tga is the set of
all open sets of R?. This is called the Borel c—algebra and its elements are called Borel-sets or borelians. Notice
that the Lebesgue o-—algebra ./ contains open sets by definition, hence .Z; > Z(R?). A subtle question is: are
they the same? The answer is no, but it is not easy to prove this. O

Now, let’s imagine that u : . — [0, +c0] be a set function on .. We wonder under which conditions
4 can be extended to o (.¥) as a measure. Extended means that we can define

o o() — [0,+c0], : pmeasure and u(E) = u(E), VE € .¥.

Of course, this will force u to some minimum requirement. For instance:

e if ) € .7, then u(0) = 0;
o if | |, E, € ¥ with E,, € . for every n, then

u(\_} E) = Z H(Ey).
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Notice that this second property doesn’t mean at all that u is already a measure! In fact, ./ won’t be
in general closed under countable unions. Thinking to the Lebesgue measure we’re just saying that if a
rectangle is disjoint (eventually countable) union of rectangles then the total area is the sum of all the
areas of the components. We say that u is a pre-measure.

Similarly to the case of the Lebesgue measure, we can define the u—outer measure by setting

WH(E) = inf{z wEy) : EC UE,, E, € y}, VE C X.

In general, as for the outer Lebesgue measure, we cannot expect that u* will be a measure. It is not
difficult to prove that

ProposITION 2.2.4. Let y be a pre-measure on .. The outer measure u* coincides with y on ., it is
sub—additive and monotone.

Proor. Exercise, mime the proof of Prop. 1.1.3. O

To make y* a true countably additive measure we need, in general, to restrict the class of measurable
sets. In the case of the Lebesgue measure we used, as criterium, the fact that we want open sets to
be measurable sets. This is because, in the context of the Lebesgue measure, these are important and
common sets. In the present setting, however, X is just a generic set, therefore we should look for a
different criterium. The right general condition was found by Carathéodory, a greek mathematician lived
across the XIX and the XXth century. The idea is not difficult: if y* were additive, then

W(E)=u (ENF)+ u (ENF°), YE,F.

The class of sets F' cutting (in the sense of u*) every other set E in two perfect parts is called the
Carathéorody class. 1t is formally defined by

F={FcX : W"(E)y=pw"(ENnF)+ u (ENF°), YE C X}.
For instance, it is possible to prove (a bit technical) that

ProposiTiON 2.2.5. Let u be a pre-measure on .. Then, the Carathéodory class coincides with the
Lebesgue class in the case . =family of all the rectangles and u the area of rectangles.

It turns out that

THEOREM 2.2.6 (CARATHEODORY). The Carathéodory class is a o-—algebra of sets containing .. The
outer measure |* restricted to % is a measure extending yu on .

Because .# is a o—algebra containing ., it contains also o (.¥’). Therefore, the Carathéodory extension
w of u is, in particular a measure on o (.%’). In general o(S) C .7 (this is a subtle point: for example, if
. =rectangles, o (S) basically coincides with the Borel o—algebra Z(R%) which is, as we noted some
remark above, strictly smaller than the Lebesgue class).
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2.2.1. A non trivial example: the Sequence Space. We want to show how the general ideas
presented in this Section are applied to a non trivial setting. The example is borrowed from Probability
Theory, that offers "non geometric" settings in which Measure Theory offers a solid framework to define
precisely complex quantities. This approach has remarkable applications for instance also in Quantum
Physics, Information Theory, etc.

Let S be a finite set, representing the possible outcomes of a certain "experiment". For instance: for
tossing a coin, S := {H, T} (H stands for head, T for tail); for rolling a die, S := {1,2,3,4,5, 6}, and so on.
We assume that to every state s € S is assigned a probability ps €]0, 1[ in such a way that > (s ps = 1.

Let’s imagine now that the experiment is repeated indefinitely. A sequence (s,) C S of outcomes
tells that s is the outcome at r = 0, s that one at # = 1 and so on. The space of all the possible stories is
therefore the set

X :={(s,) c S} = SV,

It is clear that S™ has infinity many elements, precisely as many as R (Cantor theorem). This to say
that X is a non trivial stuff. A single story, as a single real number, is not particularly significative.
Imagine the experiment is the coin tossing. A single story is an infinite sequence of H and T, let’s say
H,HT HT,T,T,HT,T,... Assuming that there’s no "memory" in the outcomes, the probability of
a single story should be % . % . % -+ = 0. Simple stories, the element of the sample space X, are also
called elementary events in Probability. More complex events can be described in the following way: fix
N times ny < ... < ny, and consider all the possible stories x such that at time 7; the outcome belongs

into a certain "range" §; C S. Formally,
Cny,....,AN;Snps .- Sy) = {x e X ¢ Xn; € Si, j=1,...,N}L

A set of this type is called cylinder (the origin of this name is due to the fact that, if we call x, the
"coordinates" of x = (x,), then a certain number is constrained while the remaining are free). Notice
that we can write any cylinder in the form

Cc(,2,...,M;81,85,...,5m).
Let’s show this on some easy example:
C2:8) ={(xn) : 2€ R} ={(xp) 1 X1 €S, x2€ 5} =C(1,25,5).

In particular, any cylinder can be represented in infinitely many ways. A reasonable definition of
probability of a cylinder coherent with the elementary probability (ps) and the "absence of memory"
could be then

2.2.1) P(C(l,...,M;S1,...,Sm)) = > Ps\Ps, " * Psay

(S1y-eus S ) ESIX - XSt

We used here the letter P instead u, as commonly used in Probabilistic literature. Notice that, in principle,
there could be a problem with the previous definition. In fact, the same set of stories can be represented
as cylinder in basically infinitely many ways. This could potentially lead to a bad definition of P if the
corresponding probabilities wouldn’t be the same. Let’s show how it works on an easy example. Of
course

C(:81) = C(1,2;5.,9).
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Following the previous definition
PC(L2SL,SN = > PaPo= ), Py ), Ps= ), P =BCU:S)).
(s1,52)€S1XS s1€S] sHES s1€S8]

Therefore, there’s no problem with the (2.2.1).
Now, let . be the family of all the cylinders. It is evident that .# is closed under finite unions. To
show the principle, let’s consider

C(L;SHUC2;8)=C(1L,2; 51 xSHUC,2;5%x8) =C(1,2;51 XxSUSXS).

However, . is not closed under countable (infinite) unions: | J,, C(n; §) is not a cylinder unless S = 0,S.
It is however possible to prove that

THEOREM 2.2.7. P is a pre-measure over the class of cylinders. Therefore, according to the Carathéodory
theorem, P has an extension to the o—algebra generated by the cylinders.

Proor. Being P finite, invoking the Prop. 2.1.8, let C,, N\, 0 be a sequence of cylinders. We have to
prove that P(C,) — 0. The conclusion is evident if some of the C, is empty because, in this case, the
sequence C, would be definitively equal to () whence P(C,,) = 0 definitively. So let’s assume the C,, # 0
for all n. We can always represent C;, in the form

Cu=C(L..., My S}, Sy ).

We set also SJ’? = § for every j > M,. Because C,,+; C C, we have S}”l - S}‘ asj=1,...,M,. Now,

fix j and look at SJ’.‘: it’s a decreasing sequence, let’s call :S'VJ =n SJ’.‘. Therefore
ﬂCn:{XEX : xjegj,jeN}.
n

Now, this is empty iff at least one between §J is empty. However, because S is finite, 3'] = Q iff SJ’.’ is

definitively (in n) empty, and this means C,, = 0 definitively, that contradict the assumption. But then,

N, Cn # 0, contradicting C,, N\ 0. O
2.3. Integral

Let (X, .#, u) be a measure space. We want to define the integral

ff@ffﬂﬂ@m-
X X

We first introduce the class of measurable functions:
DerINITION 2.3.1. Let f : X — [—00, +00]. We say that f € L(X) if {f > a} € .F for every a € R.

The main properties of measurable functions extends easily. Hence sum, difference, product and ratio
(if the denominator is # 0) of measurable functions is a measurable function. Again measurability is
not affected by a changement on a measure O set and a.e. point wise limits of measurable functions are
measurable functions. Particularly important are simple functions:

DEerINITION 2.3.2. A function of type s = Z;‘zl ¢jXE; where E; 0 E; = 0 is called simple.
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To define the integral, however, we need to take a different road w.r.t. the Lebesgue measure case. Indeed,
in the previous Chapter we defined

23.1) fR f dda = A (Trap( ).

This natural definition is suggested by the geometry but it seems too specific of the R case hence is not
affordable in the general context. However there’s a simple alternative way to define the integral.

DErINITION 2.3.3. Let s € L(X) be a simple positive function, s = },; c; x ;. We pose

fx sdu:= ) ¢ju(Ep),

J
with the agreement that O - (+c0) = (.

It is not difficult to check that such a definition fulfills certain properties as linearity and monotonicity.

DEeriNITION 2.3.4. Let f € L(X) be positive. We pose

f fdu:= sup f s du.
X s<f, s simple JX

With some work one can prove that also this definition fulfills linearity and monotonicity. For general
variable sign or even complex valued function we have the

DErINITION 2.3.5. Let f € L(X). We say that f € L' (X) if

flf|d/1<+oo.
X

[ ran= [ rau- [ s an
X b'e b'e
and if f is complex valued then

Lfdy:zLRefdy+iLImfdp.

With some work not particularly difficult one obtains easily the properties as linearity, monotonicity,
triangular inequality, decomposition, restriction and null sets invariance. An important inequality is the

If f is real valued we pose

ProposiTiON 2.3.6 (CEBISHEV). Let (X,.%, i) be a measure space and f € L(X) be such that f > 0.
Then

1
,u(f>a)<—ffa’,u,Va>O.
aJx

1
,u(f>a):f d,u<f idﬂ<—ffd,u. O
fza fza @ aJx

In particular it follows that

CoroLLARY 2.3.7. If f € L(X) and f > 0 is such that fx fdu=0then f =0a.e..

Proor. Indeed



30

Proor. Just notice that

{f>0}=U{f>%}C2b'anfdy=0. o

n
2.4. Limit theorems

Monotone convergence and dominated convergence extend to the general setting of an abstract
measure space.

THEOREM 2.4.1 (MONOTONE CONVERGENCE). Let (X, 7%, i) be a measure space, (f,) C L(X) be such
that 0 < f,, < fn41 a.e. for everyn € N. Then

lirnffn dy:flirnfn du.

The proof of the Lebesgue dominated convergence thm remains unchanged depending by the monotone
convergence thm:

THEOREM 2.4.2 (LEBESGUE). Let (X, ., 1) be a measure space, (f,) € L' (X) be such that

i) (fn(x)) converges u-a.e.;
ii) g € L1(X) such that | f,,| < g a.e. for every n € N.

Then lim,, f,, € L'(X) and
limf fndu = f lim £, dpu.
n X X n

Applying the Lebesgue thm to series we have the
COROLLARY 2.4.3. Let (X,.F, 1) be a measure space and (f,) € L'(X) be such that

3 [ 16l <,

Then the series Y., fn converges a.e. to an L' (X) function and the series can be integrated term-wise,

that is
L;nw=;an

Because they are direct consequence of the dominated convergence, results concerning continuity and
derivability of integrals depending by parameters follows straightforwardly.

THEOREM 2.4.4. Let (X, %, 1) be a measure space E € % and f : E X A — R, where A C R. Assume
that
i) f(-,A) € LY(E) for every A € A;

ii) f(x,") € €(A)a.e x€E;

iii) there exists g € L'(E) such that | f(x, )| < g(x) for every A € A, a.e. x € E.
Then I1(A) := fE f(x, ) du(x) is continuous. If furthermore

iv) A0, f(x, ) forall A € A and a.e. x € E;

V) there exists G € L'(E) such that [Orf(x, )| < G(x) forevery A € A, a.e. x € E.
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Then
0,1(A) = f orf(x, ) du(x), YA € A.
E

2.5. Exercises

Exercisk 2.5.1. Let f(x) := ]:7
a probability measure on (R, 4).

x € X :=R, ¢ > 0. Determine the value of c in such a way that du := f dx be

EXERcISE 2.5.2. Let X be a generic set, # c P (X) be a o—algebra, xo € X and
0, E 3 xo,
Ox, (E) :=

1, E > xop.
Show that 6, is a measure called Dirac delta centered at xo. Let X = RY, F = M. Does it exists f € L'(R?)
suchthat 6x, = f dx?

ExERCISE 2.5.3 (%). Let X =[0,1], E C X and define
1 1 1,(k
u(E) := lim —#§(AN-N) = lim -4 {— €A ke N},
n—+oo n n n—+oco p n

if the limit exists.
i) Show that if E = [a, b] C [0, 1] then u(E) = b — a.
ii) Show that u is additive, that is if AN B = 0, then u(AU B) = u(A) U u(B).
iii) Tuke as A the set of dyadic numbers A := {5 : m € N, k =0,1,...,2™}. Find (AN iN). What can
you conclude on u(A)? Use the answer to respond to the question: is y a measure?

ExEercise 2.5.4. Let X = {1,2,3,4}, F be the o—algebra generated by . := {{1},{1,2}}. i) List the elements of
Z. ii) Characterize F measurable functions and exhibit a non measurable one. iii) Let u be defined on % as
u({1}) = 3 and u({1,2}) = 8. We denote by u the Caratheodory extension of u to F. If it makes sense, compute

[ =3)(x = 4) du(x).
ExERcISE 2.5.5 (x). Let (X, %, u) be a measure space, (E,)nen C F. Suppose that

Z U(Ep) < +o0.

Show that almost every x € X belongs only to a finite number of sets E,,.

ExERrcisk 2.5.6. Let (X, %, u) be a finite measure space (that is a u(X) < +o0) and let E € .%. Show that

min f (XE() =) dpu(x)
yeR X
exists and find it.

ExERrciske 2.5.7. Let u be a measure on (X, %). Let T : X — Y a function and define 9 .= {G C Y : T-YG) e
F.
i) Show that 94 is a o —algebra and v(G) := (T~ (G)), G € ¥ defines a measure on (Y,9).
ii) Showthatg : Y — Ris9Y—measurableiff f := goT (thatis f(x) := g(T(x)), x € X)is F—measurable.
iii) Show that g is v—integrable iff f := g o T is u—integrable and, in such case,

fg(y) dV(y)=ff(T(X)) du(x).
Y X
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EXERCISE 2.5.8. Let (X,.%, ) and let f € L' be such that

[ raul= [ 1710w

for some E € F. Prove that f has constant sign on E u—a.e.

EXERCISE 2.5.9 (%). Let (X, %, u) be a finite measure space. Show that
fel, = Zn,u(n< Ifl <n+1) < +oo.
n

What happens if p is not finite?
EXERCISE 2.5.10 (%). Let f € L'(X). Show that

Ve >0, 36=6(e) >0 : flfld,usa, VE € Z, u(E) < 6.
E



CHAPTER 3

Basic Banach spaces

In many applied problems are modeled through equations involving a function as unknown: differ-
ential equations, integral equations, functional equations, . ... Other problems consists in optimizing a
function whose variable is a function itself, as in Calculus of Variations. It is therefore natural to consider
spaces of functions as natural frameworks. A natural way to look at these spaces is a normed spaces, that
is vector spaces endowed with a norm, measuring the length of each vector. In this way, we can consider
sequences and their limits, which is the base of Analysis.

3.1. Normed spaces
Let’s start by the

DeriniTION 3.1.1. Let V be a vector space (over R or C). A function || - || : V — [0, +oo[ is called norm
onV if

i) (vanishing) || fIl = 0 if f = 0;
ii) (homogeneity) ||af|| = |a||| fl| for every a € C, f € V;
iii) (triangular inequality) || f + gll < || f1l + llgll, for every f,g € V.

Of course V = R4 with the euclidean norm

l(x1, .. xa)l =

d
2
2%

k=1
is an example of normed space (over R) and similarly V = C¢ with the norm

d

Gz za)ll = 4 D Tz

k=1
is an example of normed space (over R as well as C) with usual definitions of sum and product by a scalar.

In the next subsections we will introduce some important spaces that are frequently used as working
framework.

3.1.1. The space B(X). Let X be a set and let

xeX

B(X) := {f:X—>C S flleo :=sup | f(x)] < +oo},

the set of all the bounded functions endowed with the usual sum of functions and product of a function
by a scalar.

33
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ProrosiTion 3.1.2. (B(X), || - |le) is a normed space.
Proor. Exercise. O

Let X c RY. An important subset of B(X) is that of continuous functions on X:
Cr(X):={feBX) : fe?€X)}.

By definition %% (X) is a subspace of B(X). If X is in particular compact, thanks to the Wierstrass thm
6»(X) = €(X) (every continuous function is bounded because it has global min/max on X).

3.1.2. The space L”(X) (1 < p < +). Let (X,.Z, 1) be a measure space. The set L!(X) is
naturally a vector space with usual operations of sum and product by a scalar. Indeed, if f,g € L'(X)
then f + g € L'(X) because

f|f+g|dl1<f(|f|+|g|)dll=f|f|d,u+f|g|du<+oo,
X X X X

and similarly a f € L'(X) for every @ € C. Modulo an agreement, it turns out that f « |f| du defines a
norm:

ProrosiTiON 3.1.3. Let
£l :=f fldu feL'X).
X

Then the function || - ||| is a norm on LY(X) with the vanishing modified in the following form: || f|l1 =0
iff f =0a.e.

Proor. The unique interesting fact is just the vanishing (homogeneity and triangular inequality
are straightforward). It is evident that if f = 0 a.e. then, by well known properties of the integral,
£l = fX |f] du = 0. Vice versa: if ||f|l; = fX | f| du = 0 then, as consequence of the Cebishev
inequality | f| = 0 a.e. O

REMARK 3.1.4. There’s a formal way to make L' (X) a normed space and it consists in introducing an equivalence
relation between functions saying that f ~ g if they differ at most on a null set. Easily one shows that this is an
equivalence relation. By this we may identify all equivalent functions by taking the quotient L'/ ~. Elements of
this spaces are equivalence classes { f} and if we put ||{ f}||; := || f]l; one may see that this definition is well posed
(it doesn’t depend by the specific f in the equivalence class) and now ||{f}|l; = 0 iff { f} is the class of functions
0 a.e.. This class turns out to be the unique zero of the quotient L'/ ~ and by working out the details one can
construct a structure of normed space on L'. The universal agreement is to consider L' normed by || - |l; with the
unique care to the vanishing. O

An extension of the previous case is the following: define

LP(X) := {fEL(X) : flflpd,u<+oo}, (1 <p<+00).
be

It is more difficult to see that L” (X) is a vector space. There’s no problem to prove that if f € LP(X)
then af € LP(X) for every @ € C. More difficult is to prove that if f,g € LP(X) then f + g € LP(X).
Basically we need an elementary inequality as

(w+v)! <Cp,W +v?), Yu,v > 0, for some C,, > 0.
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Notice that if for instance u > v > 0 (v = 0 is trivial) the previous can be rewritten as
p
P (1 ¥ -) <CyP +VP), &= (1+1)P < Cp(1+17), Vi > 1
v

In other words it is enough to check that the auxiliary function y(¢) := (}:2, be bounded as ¢ € [1, +o0].

But this follows by a soft argument: clearly y € € ([1, +oo[) and y(+o0) = 1: easily it follows that vy is
bounded. Applying this we have

f|f+g|p d#<f(|f|+|g|)p dﬂ<Cpf(|f|p+lg|p)d#<+oo,
X X X
if f,g € LP(X): hence L?(X) is a vector space. Much less easy is to prove the
THEOREM 3.1.5. Let
I/p
11y = ( NG du) L ferr).
X

Then the function || - ||, is a norm on LP (X) with the vanishing modified in the following form: || f|l, = 0
iff f=0a.e.

ProOF. Vanishing works as in the L! case and homogeneity is straightforward. The main difficulty
is the triangular inequality which is based on the following fundamental inequality for integrals:

LeEmMmA 3.1.6 (HOLDER INEQUALITY). Let f,g € L(X) f,g = 0. Then

1/p 1/q 1 1
(3.1.1) ffgd,LtS(f fP du) (f g? d,u) , where — + — = 1.
X X X P 4

p and q are called conjugate exponents.

1
Proor. Call || fll, = ([, £7 du) P and similarly || gll,. If one of the two is 0 the inequality is trivial
(because f or g or both would be 0 a.e.). Therefore we can assume that both are positive. In the case one
of the two is +oo the inequality is again trivial. So let’s assume that both are positive and finite. Then the

conclusion is equivalent to say
f s
——du<1
fx 1 1lp 11gllg

The key of the proof relies on a remarkable numerical inequality called Young inequality:

1 1
(3.1.2) ab < —aP + —b%, Ya,b > 0.
p q

This inequality is deduced easily by the concavity of the function log by which it follows that (recall that
p,q>0and%+$= 1)

1 1 1 1
log (—a” + —bq) > —logd? + —logb? =loga + log b = log(ab).
p q p q

Therefore, by the Young inequality

1 1 o4 1 1 1
I R e e
1 gy = e vt i pnfn,, i ||q »a
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Let’s return to the triangular inequality for || - ||,,. Notice that

||f+g||§3=f|f+g|" du=f|f+gllf+gl”‘1 du<f|f|lf+gl”‘1 du+f|g||f+g|f"1 dy.
X X X X

Applying the Holder inequality

1/p 1/q
r=1g4 < P ) ( (r=-Dq 4 ) ,
fX|f||f+g| ,U<(L|f| y fX|f+g| y

and similarly for the other integral. Now, notice that because 117 + 611 = 1 then é =1-
q= pL_l. Therefore (p — 1)g = (p — 1)1% = p. Returning to the inequality we get

1/p 1/p l/q
||f+g||§3<((fx|f|f’du) +(fxlg|”dﬂ) )(fx|f+g|f’du) = (£l + Nl ) 1 + g2,

plq

We want to divide by || f + gl|,"”. If this is O the triangular inequality is trivial. If it is # O then we obtain

ILf+ 8159 < N fllp + gl = 1f +gllp < Ifllp +lgllp. O

The triangular inequality is called also Minkowski inequality.

3.1.3. The space L (X). On the set L(X) we could introduce the sup norm (that is choosing by
B(X) those functions which are also measurable) and we would obtain another interesting subspace of
B(X) (as well as 65 (X) if X has some topological structure). However this set doesn’t seem particularly
appropriate considering that if we change a measurable function on a measure O set nothing changes with
respect to its measurability properties. Imagine that X = R with the Lebesgue measure: by changing a
given function in just one point we would have functions identical from the point of view of measure but
with different sup norm. So it is natural to look to some extension of the concept of sup in such a way
that this quantity doesn’t depend on negligible changes w.r.t. p. Basically the idea is simple: we don’t
care to values of | f| above a certain threshold if these values are taken on a measure O set.

DEeriNtTION 3.1.7. Let f € L(X). We say that f is essentially bounded if
AM >0 : u(lfl > M) =0, (or, |fl <M a.e.).
We will write f € L™ (X).

We leave as exercise to prove that L™ (X) is a vector space. The essential sup is then the smallest of these
bounds:

ProrosiTiON 3.1.8. Let
I fllo :=inf{M : u(lf| > M) =0}, feL”(X).

Then the function || - || is a norm on L™ (X) with the vanishing modified in the following form: || fllcc =0

iff f=0a.e.
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Proor. Again vanishing and homogeneity are left as exercise (do it!). About the triangular inequality:
the main remark is that, of course

1< N flloos 18] < N80, ace. = [f + gl < IfI+ 18] < I flleo + 118 leo, a-e.
This says that || f + g||, Which is the best (the smallest) upper bound, || f + gllcc < || fllco + 1€]lco-

O

3.1.4. Spaces {P. These spaces are actually just particular cases of LP (X) spaces. Precisely
¢P := LP(N), with respect to u defined as the counting measure.

In these cases we identify a function f : N — C with a sequence (f,) (that is f,, := f(n)). The
corresponding LP norm is

1/p I/p
ICf)ller = (fN Lf(m)|P dﬂ) = (Z Ifnl”) :

About p = +oo because with respect to the counting measure the unique null set is just the empty set we
deduce that

1 (fw)lle= = sup | fal.

The ¢ spaces are interesting simplified models of their older brothers L”. In many circumstances they
can be used as "toy" models to get first answers to many problems posed in the more general setting of
LP spaces.

3.2. Limit of a sequence
The norm plays the same role of the modulus for the real line. In particular we have the

DerinttioN 3.2.1. Let (V, || - ||) be a normed space. Given (f,) C V we say that

-1
fn—f, = lfu—-fll —0.
It has to be clear that a sequence converge respect to a certain norm. This is relevant because usually on
a same functional spaces are defined several norms: it may happens that a certain sequence is convergent
respect to a norm but not respect to another.

ExampLE 3.2.2. OnV = €([0, 1]) let’s consider the following two norms: the "natural” norm || - || (uniform
norm); the L' norm £l = fol | f(x)| dx. Take

n-nx, 0<x<ﬁ,
fa(x) =
0 L<x<l

-1 . . .
Then f, =0 but (fn) is not convergent in the uniform norm.

SoL. — The first is easy to check:

1 1/n? n
=0l = [ 1faldr= [ @-rnar= 5 —o.
0 0 n
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Il lleo

About the second: notice first that if f,, — f € %([0, 1]) then
1fn = flleo = Sl[lopl] [fn(x) = f(O)] 2 [fa(0) = f(O)] = |n— f(0)] — +oo,
x€[0,
no matter what is f(0). In particular || f;, — fllc 7— O. O

On the most relevant spaces (as B(X), ¢ (X), L”(X) and others) there’s always a standard reference
norm (the norms introduced above). It is, however, interesting to consider the case when several different
norms are defined on the same space. A particularly important property is the following:

DEeriNtTION 3.2.3. Let V be a vector space on which two norms || - || and || - ||« are defined. We say that
[| - ||« is stronger than || - || if
AC>0,: IflIl < Cllflls, YfeV.

We say that two norms are equivalent if each one is stronger than the other.

ExampLE 3.2.4. On'V = €([0, 1]) let’s consider || - |l and || - |l1. The uniform norm is stronger than the
L' norm.

SoL. — Just notice that because | f(x)| < || f|l for every x € [0, 1], we have

1 1
£l =f |f (ol dx <f Il flleo dx = 1 flloo-
0 0
Notice that the two norms are not equivalent. In fact, if this were true, there would exists C > 0 such that
I fllo < Cllflh, Vf € €([0,1]).
By considering the f;, of the previous example, however, we have || f;,||1 = ﬁ hence if the previous were true
1
n<C—, & 2% < C, VYn,
2n
which is clearly impossible. O

An important fact is the

ProposiTiON 3.2.5. If || - ||« is stronger than || - ||, then any sequence converging under || - ||. converges
under || - ||
Proor. Evident, exercise. O

DEeriNiTION 3.2.6. Let (V, || - ||) be a normed space. A subset S C V is said to be closed if it contains the
limits of all the convergent sequences of S. In symbols:

Sclosed — VY(f,) CS : an)f, then f € S.

Notice that every space V is closed by definition. An interesting example is the following:
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THEOREM 3.2.7. Let X € RY. Then €, (X) is a closed linear subspace of B(X).

Proor. Assume that (f,,) C %»(X) be such that £, wf f € B(X). We wantto prove that f € %}, (X),

hence in particular that f be continuous. Fix xg € X and consider

Lf () = Fxo)| < 1F () = fnQOl+ 1 fn(x) = fu(xo) [+ [ fa(x0) = fF(x0)| < 2l fn = Flleo + 1fn(x0) = f (x0)].

Because f, Il f we have by definition that || f,, — fllc < € for every n > N(g). Taking in particular
n = N(¢&) hence

|/ (x) = f(xo)| < 2& + [ fn(x0) — f(x0)l.
But f,, € 6»(X) hence | f,,(x) — f(x0)| < € as x € B(xg, 6] for some ¢: therefore

| f(x) = f(x0)] < 3¢e, Vx € B(xg,8], = f continuous in xg.
Being x( any point of X the conclusion follows. O

ExampLE 3.2.8. How you might expect, closeness depends by the norm used. For instance: 65 ([0, 1]) C
L' ([0, 1]) is not closed with respect to the L' norm.

SoL. — Of course %5 ([0, 1]) c L' ([0, 1]) because, as we know, continuous functions are Riemann integrable and
these ones are Lebesgue integrable too. It suffices to find a counterexample, that is a sequence (f,,) € 6, ([0, 1])

such that f, w f ¢ 6»([0,1]). For instance we can approximate f = xpi/2.11 € 6»([0, 1]) (because of the

discontinuity) through continuous functions. This can be easily done with a piece wise linear function

0, O<x<§ %,
=1 2(x-3)+3 1-L<x<i+d,
1, J+i<xx<l
1.1
Clearly (f,) € €,([0, 1) and || fy — flh =2- 22 = 1L —0 O

DEFINITION 3.2.9. Let V be a normed space and S C V. The closure of S, denoted by S, is the set
5= {fev : a(f,l)chan}.

We say that S is dense in V if S = V.

Easily it follows that S is closed iff S = §

Usually, sequences are used to approximate solutions of complex problems when the solutions themselves
are not explicitly available. As we will see, a natural way to build sequences of functions (as for numbers,
by the way) is through series. This is the reason we introduce the following natural
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DEerintTION 3.2.10. Let V be a normed space, (f,) C V. We say that the series )., fn converges in'V if

N —+o00

N
3 lim an ev.
n=0

The finite sum sy = Z,I:[:o fn is called partial sum of the series.

As for numerical series, to check if a series of vectors (or, more specifically, functions) converges can
be a difficult task. This because it is not easy, and eventually impossible, in general to get simple forms
to finite sums. Therefore, the algorithm first compute sy := ZQ’ZO fn, hence take limy s is unfeasible.
For this reason, for series the next section is particularly relevant.

3.3. Completeness

To check the convergence of course one needs to have a candidate as possible limit. But not always it is
possible to determine a candidate. It would be therefore desirable to have an intrinsic property to test if
a certain sequence converges or less. The most important is consequence of the

Proprosition 3.3.1. If (f,,) converges in V then it must fulfills the Cauchy property:
Ve >0, AN(e) e N : |Ifn — full <& Yn,m > N(g).
We say also that (fy,) is a Cauchy sequence.

Proor. It’s almost immediate: if f, L f then, being || f,, — f|| — 0 we have
Ve >0, AN(e) eN : ||fu —fll <& Vn = N(e).
But then, if n,m > N(¢g),
W fn = fmll <Wfu = FII+Nf = fmll <2e. O

RemMARK 3.3.2. In general a Cauchy sequence is not necessarily convergent. Just go back to Example 3.2.8.
There we built a sequence (f,) C € ([0, 1]) converging in the L' norm to a function, = xupa € €(0,1]).
Because (f;,) is convergent respect to the L! norm, it is a Cauchy sequence respect to this norm. Now: we say that

1
it cannot converge to any g € €([0, 1]). This seems obvious since we proved that f, L> X11/2,17- However a little
1
argument is needed. Indeed: if f, i> g then |lg = x1/2,11ll = 0 by uniqueness of the limit, that is g = x[1/2,1]
a.e.. Now the question is: can g be continuous? This seems to be impossible. To see formally, notice that because
8 = X[1/2.1] &€,
A1({fx €[0,1] : g(x)#0,1}) =0.

But g, as continuous function, must take all the values between 0 and 1, so if ¢ €]0, 1[ there exists x. € [0, 1]
such that g(x) = c¢. Not only, by continuity, for any J. := [c — &, ¢ + €] there exists a neighborhood of x.,
I :=[x¢—0,xc+ 6] suchthat g(I,.) C J.. Now, by choosing & small enough in such a way that J. C]O0, 1[ we
would have that

{xe[0,1] : gx)#0,1} DL, = A4 ({xe[0,1] : gx) #0,1}) > 26 > 0,

which is a contradiction. O

DEerintTION 3.3.3. A normed space V such that every Cauchy sequence is convergent is said to be
complete or a Banach space.



41

Completeness is a very important property of a normed space. The remaining part of this section is
dedicated to discuss some example.

3.3.1. Completeness of B(X).
ProrosiTion 3.3.4. B(X) is a Banach space.

Proor. Let (f,) € B(X) be a Cauchy sequence in the uniform norm: rewriting the Cauchy property

Ve >0, AN(e) : sup|fn(x) — fn(x)| < &, Yn,m > N(g).

xeX

In particular (f,,(x)) € Ris a Cauchy sequence w.r.t. the euclidean metric. As well known R is complete
w.r.t. the euclidean metric: therefore

df(x) :=1lim f,,(x), Vx € X.

This defines a function. We prove that f € B(X) and f, wf f. About the first notice just that

lfOI < |fX) = NI+ NI < e+ [Nl VX EX, = [[fllo < &+l fN]loos
that is f € B(X). To finish notice that being

1fu(X) = fmn(@) <& Ymm > N(e), Vx € X, "= |fu(x) = F(X)| < & Yn > N(&), Vx € X
that is, taking the sup,
I lleo

lfn = fllo = sup | fu(x) = f(X)| <& Vn>N(e), = f,— f. 0O

xeX

If X c R then the subspace %5 (X) C B(X) makes sense. If (f;,) C %»(X) is a Cauchy sequence (w.r.t.
the uniform norm) then it is of course a Cauchy sequence in B(X): by the previous result it converges to
some f € B(X). To say if actually %}, (X) is complete we just need to know if f € %} (X). This is true
(the proof is not difficult but we’ll accept here):

TueoreM 3.3.5. If (fn) C 6p(X) is such that f, w; f then f € 6,(X). In particular: €p(X) is
complete.

3.3.2. Completeness of L” (X).

THEOREM 3.3.6. LP(X) is a Banach space for every 1 < p < +oco. Moreover,

e if p < 400, an LP convergent (f,) admits a subsequence ( f,,) convergent a.e.;
e if p =400, an L™ convergent (f,) converges also a.e..

Proor. Case p = +co. By the Cauchy property,
Ve >0dN(E) : |Ifa— fmllo <& Yr,m = N(g)
According to the definition of || - ||, we have

[fu(x) = frn(x)] < &g, ae.x e X, VYn,m > N(¢g).
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This means that there exists E,, ,, such that u(E, ,,) = 0 such that the previous holds forevery x € X\E,, ;.
Let E := Uy, m En,m- By sub additivity, u(E) = 0 and the previous holds on X\ E for every n,m > N (&),
that is

(3.3.1) 1£2(X) = fn(2)] < & Vx € X\E, Yn,m > N(&).

In particular: (f,(x)) C R is a Cauchy sequence for every x € X\E, hence 4f(x) := lim,, f,(x). Being
pointwise limit of measurable functions, f itself is measurable. Moreover, by passing to the limit in the
(3.3.1) we have

(3.3.2) [ fu(x) = f(x)] <& Vx e X\E, Yn > N(¢g).
This says first that (f,) converges a.e. and moreover that ||f,, — flle < & for all n > N(g), that is
I

Case p < +co. For technical simplicity we assume p = 1 (p > 1 is left as Exercise). To attack the
problem let (f,,) C L'(X)bea Cauchy sequence: we want to show that there exists f € L'(X) such that

1
fn L, f. The first problem is to understand what it should be such f. Now the trick is the following:
we can find a subsequence (f,, ) C (fn) such that

1
”fnk+1 - fnk ”l < 2_k
Indeed: by the Cauchy property there exists Nj such that
1
1 fn = fmlll < 2_k’ Yn,m > Ni.

Take n; > Nj, hence ny > ny such that n, > N, (of course this is possible because there’s infinitely many
n after n; and N,). What happens is that ny, ny > Nj, therefore

1
||fn2 _fm”l < 5

Now repeat by choosing n3 > ny, N3. We’ll have ny, n3 > N, hence

1
1fny = frallt < 75

And so on. Now, we claim that (fy, (x)) is a.e. convergent. Indeed:

k-1
P 0 = D" (Fnyr (0) = Fony (0)) + fn, (),
j=1

SO fn, (x) will be convergent (as k — oo with x fixed) iff the series converges. But

m.c. 1
fx Z]] | faor = fuy| " Ejj fx | fnyor = oy | e = zj: o = Fglh < 55 < +oo.

J
As well known this says that

Z |f,lj+l - fnj| < 400, u—a.e.,
J
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hence the series is absolutely convergent, therefore is convergent. Let be now f(x) := limg f,, (x). Being
point-wise limit of measurable functions f is measurable. Moreover

f_fl’lk :i(fnjﬂ _fnj)
=k
I - fnklh—flf Fo dit < me,H fol dp ™ van,“ Fol it < 22] .
Jj=k j=k

This shows actually that f — f,, € L', and being S € L' we deduce f € L'; moreover it says that

1
fri N f. We’re almost done: we proved that (f,,) admits an L' convergent subsequence ( fn). The

conclusion now follows by a general property of Cauchy sequences:

ProrosriTion 3.3.7. Let (f,) be a Cauchy sequence in a normed space V. Then

U >, = fa—> [
Proor. Indeed: by assumption
Ve >0, AK(e) : |Ifu, — fll <& Yk > K(e).
Moreover the Cauchy property says that
Ve >0, AN(e) : |fn— full <& Yn,m > N(g).

Now, for n > N(¢g) and choose k > K (&) such that ny > N(¢) (of course there’re infinitely many of such
k). We have

1fn = FI < U fn = frll + 11 fn = fIl S€+€=28 Vn>N(e). O

In general it may happens that an LP convergent sequence is not point wise convergent as the following
example shows:

ExampLE 3.3.8. On X = [0, 1] with the ordinary Lebesgue measure let f| = 1, hence

2= xwo120 3= xn21
fa = x0,1/40 f5 = x1/42/40 fo = X12/43/40 1= X13/41]

Jae = Xpoapkp Joknt = XL 2o oo = Mgty

Ll
Then f,, — 0 but (f,(x)) is never convergent.

SoL. — The first is evident: if 28 < n < 2K*! we have
2 2
Il frlll = Zk =W<;

— 0.

j g+l
2k 2k
for all 2 < n < 2K*1 except for just one possible value of n and for that value f,(x) = 1. In other words the

But of course, whatever is x, for k fixed x € [ [ for just one possible value of j: this means that f,,(x) =0
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sequence (f,,(x)) contains O and 1 infinitely many times, so it cannot be convergent. Notice that here if we take the
subsequence fox = x[q,1/2¢[ We have
I, x=0,
fo(x) — {
0 xe€]01],
and this confirms what the proof shows. O

3.3.3. Normal convergence. A very important fact concerning numerical series is the following
well known result:

THEOREM 3.3.9. Any absolutely convergent series, that is ), |a,| convergent, is convergent, that is ), a,
converges.

=b"

n
convergent (Leibniz test) but non absolutely convergent because ', | > % is divergent. Basically,

replacing the modulus with the norm, in a Banach space the previous theorem holds:

It is also well known that absolute convergence is stronger than convergence. For example, ), is

THeorREM 3.3.10. Let V be a Banach space. Any normally convergent series, that is Y., || fu || converges,
is convergent, that is Y., fn convergesinV.

Proor. Let Sy := ZnN:O fn be the N—th partial sum. Let’s check that (Sy) is a Cauchy sequence. If,
for instance, N > M,

N N
ISw = Sull =|| D7 fall < D0 Ufall = 5w = s,
n=M+1 n=M+1

where sy = ZnN:o || fnll. Now, because by hypothesis >, || f»|l converges, the sequence (sp) converges
(in R), therefore it is a Cauchy sequence. Hence,
Ye>0,dN(e) : 0<sy—sy <& YN =M > N(e).

But then, ||Sy — Smll < eforall N > M > N(e), that is (Sy) is Cauchy in V. Now the conclusion
follows by the completeness. O

An example of declination of the previous general result is the
CoroLLARY 3.3.11 (WEIERSTRASS’ TEST). Let (f,) C B(X). Then

[ (o)
Z || frlleo converges — Z [fn converges uniformly.
n=0 n=0

Proor. Evident. a

3.4. Linear Operators

The most natural functions operating between vector spaces are linear operators. We recall that this
means that
A:V—W, A(af+ Bg) =aA(f)+ BA(g) = aAf + BAg, Vf,g €V, Ya, B € R (C).
Here we introduced also the usual notation Af to denote A(f), used for linear operators. If V, W are
normed spaces we can consider another important property: the continuity. In general
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DeriNtTION 3.4.1. Let (V, || - |lv) and (W, || - |lw) be normed space and T : V. — W a function. We say
that T is continuous at f € V if
Il ltw II-llv

T(fn) = T Y — f.
If T is continuous at every f € V we write T € € (V,W).

If V,W are finite dimensional (actually just V) then it is possible to prove that a linear operator A is
continuous, no matter what are the norms on V and W. Therefore: if V has finite dimension, any A linear
is also continuous. This may be false if V is not finite dimensional. Here’s a classical

ExaMpLE 3.4.2. Let V = €1([0, 1]) with | fllv := Il flle (it is easy to check that this is a norm on V) and
W = € ([0, 1]) with usual uniform norm. Let

AV =F"([0,1]) — W =6([0,1]), Af:=[".
Clearly A is linear but it is not continuous in this setting.

SoL. — Take f,(x) := L sin(n’x). Clearly (f,) < ([0, 1]) and because

]

<1—>O
n

1
— sin(nzx)
n

1fullv =l fullo = sup [fn(x)| = sup
x€[0,1] x€[0,1]

hence f, W) 0. But

1
Afu=fr= ;nz cos(n’x) = ncos(n’x), = |Afullw = 1 flleo = suop |n cos(n’x)| = n — +oo,
xe0,1]

hence it cannot be that A f,, IM A0 =0. O
Operators like the derivative are not exoteric but very common and relevant in applications. Just think
that a PDE can be seen as an equation of the form Af = 0 where A is an operator involving derivatives.
This is the case for instance of

e Laplace equation Af = 0, here A = Oy + dy;

o heat equation 8, f = 0>0xx f, thatis Af = 0 where A = 8, — 0%0xx;
o wave equation Oy f = ?0xx fr A = Oy — C*Oxx;

o Schrodinger equation iho, f = —%(’)xxf, A =iho; + %axx.

The class of linear and continuous operators is very important:

DEeriNITION 3.4.3. The set of linear and continuous operators from (V, || - |lv) to (W, || - llw) normed
spaces is denoted by Z(V,W). If (W, || - llw) = (V, || - lv) we write L(V,V) = Z (V).

A first interesting remark is the following

ProrosiTION 3.4.4.
[I-llw [I-1lv

Ae Z(V,W), < Af, — 0, ¥Vf, — 0.

. . . . -1 .
Proor. = evident. Vice versa: assume that A is continuous at 0. If f, = f then easily

II-lv II-llw IR13%

fn — f — O hence, by assumption, A(f,, — f) = Af, —Af — Othatis Af, — Af. O
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The set £ (V, W) has the natural structure of vector space with obvious refs
(xA+ BB)f:=aAf + BBf, feV, Va,B € R (C).
What is less evident is that £ (V, W) has also a very important and natural norm

THEOREM 3.4.5.

Ae Z(V,W) < lAllgwy,w):= sup [Afllw < +oo,
Ifilv <t

The quantity || - | v,w) is a norm on £ (V, W) called operator norm.

Proor. = Suppose that ||A|| = +oo: there exists (f;,) with || f,|ly < 1 suchthat ||Af,|lw = n. Let’s
notice that

1 1
L < —lAfullw = ”_Afn
n n

b,
n

1 fn

Moreover ||J%||V = %ll Sfullv < 5 — 0, it follows —> 0. But this leads to a contradiction because,
I 1lw

being A continuous Af" > 1.

0 and this is impossible being ”Af"

II-lv

= Let f, — 0. Notice that if f,, # O we have

f Sn
NAfnllw = HA(IIfnllv . = |l fullv ||A < lAlLzov,wyll fallv-
Il fullv 1fallv [y
because of course H AT H =1 < 1. If f;; = 0 the previous estimates remains valid trivially. Therefore

II-llw

IAfallw < Allzov.w)ll fully — 0, = Af, — 0.

Let’s check now that || - ||.#v.w) is a norm on .Z(V,W). By the previous discussion it follows that
the operator norm is well defined on .Z(V, W) and it is clearly > 0. It remains to prove vanishing,
homogeneity and triangular inequality. We have

o ||Allzwv,wy = 0iff [J[Af|lw = O for every f € V such that || f|ly < 1. In particular Af 0 fur
such f. If f € V is generic (but not 0) we can write Af = A (||f||v ||f||v) ||f||vA v = =0

being || v ”v =1 < 1. Of course A0 = 0 by linearity hence A = 0.

o llaAllzwv.w) = SUp| iy <1 leAfllw = SUup| £y <1 l|l|Afllw = | SUp| £y <1 IAfllw = lalllAllzwv,w)-
* [[A+ Bllgw,w) = supyry, <1 l1Af + Bfllw = supy¢, <1 HIASllw + I1Bfllw) < llAllzv,w) +
IBll.zv,w)- O

By the way notice that we have another very useful characterization of continuity:

COROLLARY 3.4.6.

Ae L(V,W) & AL >0 : |[Afllw < LIfllv, Yf € V.
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Proor. < Is immediate (exercise).
= If A e Z(V,W) then,if f #0,

Afllw = [Ifllv AIIJ‘%H < Allgwv,wyllfllv. O
ReEMARK 3.4.7. Notice that, by the previous proof,
(3.4.1) IAfllw < Az wllfllv, VfeV.

In particular

IABFI < [IAINIBfI < [IANIBINAN, = NABI < llAlllIBll. ©

ExampLE 3.4.8. Let V = €1([0, 1]) with || fllv := [ flleo + || £ llec and W = € ([0, 1]) with |Igllw = 18 ]lco-
Then A : V — W defined as Af = f’ is linear and continuous.

Sor. — Trivial: [[Afllw = ILf'llw = 1/ lle < I flleo + 11/ llo = I/ 1lv- o

The previous examples shows that is doesn’t make sense to say A is continuous or not without a specific
reference to which norms this should be true: the same operator (the derivative), between the same spaces
but with different norms on V turns out to be discontinuous and continuous according to which of the
norms on V we define.

It’s now time to shorten notations: we’ll write || A|| for the operator norm (usually upper case letters are
referred to spaces and operators), || f|| and ||Af]| for norms in the domain and co-domain. The setting
should make clear enough to what norms are we referring. We will discuss now some property of the
space .Z (V) = £ (V,V). A very important is the completeness:

TueoreM 3.4.9. IfV is a Banach space then £ (V) is a Banach space too.
Proor. Let (4,) c Z(V) be a Cauchy sequence, that is
Ve >0, AN(e) : ||An — Anll <& VYn,m > N(g).

Now because ||A, f — A fll < [|1An — Anllllfll < gllf]] it follows that (A, f) C V is a Cauchy sequence:
being V complete it converges. Let’s call Af its limit:

Af :=limA,f, VfeV.
n

[l ||££(V)

This defines amap A : V — V. The goal is to show that A € £ (V) and A, A. We have
Alaf + Bg) =limA,(af + Bg) = lim (@A f + fAng) = aAf + fAg.
Moreover, if || f|| < 1
lAfI = 1IAf = Anfll + A fll S €+ [[Aull < +00, = A€ Z(V).
Finally, if m > N(e) and || f|| <
IAf = Amfll < hm”Anf Anfll <& = [[A-Anll <& Ym > N(s),

. I ll2 vy
and this means A4,, — . m|
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Let’s show an abstract application of this fact. Consider the equation

f-Af=g.

Here A € Z (V). Of course we can see the previous equation as

I-Af=g & [f=01-A)7g

So the question is: under which hypotheses is I — A invertible? Let’s see how an informal argument
suggests the answer. Let’s write

I[ (o)
-1 _ _ n
I-A) =1-a —nE:OA

reminding the geometric sum ;> , ¢" = ﬁ. This numerical series converges if |g| < 1. It turns out
that

TueoreM 3.4.10 (NEUMANN SERIES). Let V be a Banach space, A € £ (V) be such that ||A|| < 1. Then
JI- A = Z A"
n=0

in the sense that the series converges in the operator norm of £ (V) and it is the inverse of 1 — A.

Proor. According to the previous theorem, .Z'(V) is a Banach space. Let’s first check that Sy :=
2111\’:0 A" is a Cauchy sequence in .Z(V): if N > M for instance,

& Ny Anisiialr .
ISy =Swll=|| D> anl< > nan < A
n=M+1 n=M+1 n=M+1

and because ||A|| < 1 this can be made smaller than any € > 0 for N, M big enough. Therefore ), A"
converges in .Z (V). Call § its sum. Let’s check that § = (I — A)~'. We have

S(I—A)=S—SA= ZA"—ZA"“ =1
n=0 n=0
Similarly (I - A)S =L m|

3.5. Exercises

EXERCISE 3.5.1. Define, on R?,

G W1 = WIxl+VIyD?

Is || - |l« a norm?

EXERCISE 3.5.2. On'V = €'([0, 1]) let’s consider

1
DFl = 1 f oo+ 1 Noow i) N f s = 1Lf oo 780) I f lless = 1S ONH+NF Moow i0) 1 f Nl = If(1)|+f0 |f'(x)] dx.

Which among these are norms (|| - || Stands for the uniform norm)? For those who are norms consider then the
sequence f,(x) 1= % sin(n®x). Discuss if this sequence converges in each of the norms. Discuss relations among
the norms (which is stronger?).
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ExEeRrcIsk 3.5.3. In X = €1([0, 1]) consider three norms as follows: a) the sup-norm || - ||, b) the total variation
norm

1
£l = 1 f oo + 11F Ml = 11 f Nleo +f0 |f'(0)ldx,

and the €' norm || f1l« := | flleo + II.f" lloo-
i) Show that there exist c, C > 0 such that

I flleo < cllflly < ClIfls
ii) By using sequences like fi(x) := c sin(knx) or gr(x) = cxxk with ¢ > 0 show that do not exists

constants m, M > 0 such that

£ < mllflloos  I1f Il < MILFIL
EXERCISE 3.5.4. Let D ¢ R? open and let || - || the L™ (D) norm respect to the Lebesgue measure. Show that if g
is bounded and continuous,
liglleo = sup lg ().

Is the conclusion still true if D is not open?

ExErcise 3.5.5. Let u(X) < +oo. Show that LP(X) C L9(X) if +c0 > p > q > 1 and, actually, the LP norm is
stronger than the LY norm. Discuss what happens if u(X) = +oo.

ExERCISE 3.5.6. Prove the following extension of the Holder inequality: if f,g,h € L(X) with f,g,h > 0 and

D g, 7 > laresuchthatl%+%+%:lthen

owane( [ (ool ()"

ExEercise 3.5.7. Let f,(x) =1 x[-1,00(x) + VI = nx x10,1/n(x). Discuss if (f,) is convergent in L2([-1,1]).

Exercise 3.5.8. Let f,(x) := x € [0, 1]. Discuss convergence of (fy) in LP ([0, 1]) norm as p € [1, +oo].

n
1+n9x3’
ExErcist 3.5.9. Let (f,) C L*([0, 1]) be such that | fulla < 1 forall n € N. For each of the following statements
say if it is true (and provide a proof) or false (and provide a counter example):
i) (fn) is bounded in the L2([0, 1]) norm.

ii) (fn) is bounded in the L°([0, 1]) norm.

iii) there exists (fn,) C (fn) converging almost everywhere.
Exercise 3.5.10. Let f € L*(R) (the measure is the Lebesgue measure).

i) Prove or disprove with a counterexample: f € L'(R)? f € L'([-R, R]) for every R > 0?
ii) Show that if also x f (x) € L*>(R) then f € L'(R), by proving also the bound

£l < V2Afll + £l -

274
ExEercise 3.5.11 (x). Let (f,,) c L(R%) be such that f” L—L> 0. Prove or disprove providing a counterexample the

following statements: i) f, L, 0. i) fu L, 0. iii) fn L, 0.

L'(x
ExERrcisE 3.5.12 (x). Suppose that (E,) C .F (with (X, .F, ) measure space) be such that xg, —(>) f. Show
that f = xg a.e. for some E € F

EXERCISE 3.5.13 (x). Show directly that €' is a Banach space.
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ExERrcise 3.5.14. Let

X = {fe%([o,l]) Sl = sup LD <+oo}.

te10,1] I
i) Check that || - || is a well defined norm on X.
ii) Let f, be defined as
nt, 0<t< #,
fn(t) =
Vi, L<r<l.
Is (fn) € X2 Ifyes, is (fn) convergent to some f € X in the || - ||« norm?
iii) On X is also defined the || - ||co norm. Show that || - || is stronger than || - ||. Are the two also equivalent?
(prove or disprove)
iv) Discuss if X is a Banach space under || - ||..

EXERCISE 3.5.15. On X = R? consider the norms

G = el + 1yl G Dl = (x? + 1919725 11 y) lleo := max(]cl, []).
Let A : R? — R defined as A(x,y) := 2x + y.
i) Show directly that A is continuous as operator from R? to R with respect to each of the norms || - ||1, || -
2, 1 - lloo-
ii) Find the operator norms ||A|| of A with respect to each of the norms || - |l1, || - ll2, || - lloo-

EXERCISE 3.5.16. Let V = R with euclidean norm, A = diag(Ay, ..., dq). Determine ||All.
ExERCISE 3.5.17 (%). Let X = R? endowed with the euclidean norm, M = [mi;j] a2 X 2 matrix and
A:R> —R% Ax=M-x, x eR?,

where M - x stands for the classical product matrix times vector. Suppose that M is diagonal, M = diag(11, 1»).
Express ||A|| in terms of 41, A».

Exercisk 3.5.18. Let X = €([0, 1]) be normed with the sup-norm || - ||. Consider
(Af)@) =1f(1), t € [0, 1].

i) Show that A € £ (X).
ii) Show that A is injective (hint: recall that A is linear. . . ).
iii) Is also A surjective? If yes, what is A~'? In any case, what is the image of A?

Exercisk 3.5.19. Let X = €([0, 1]) be normed with the sup-norm || - ||. Consider
t
ANw = 5w+ [ s ds e,
0

i) Show that A € £ (X).
ii) Show that A is injective (hint: recall that A is linear. . . ).
iii) Is also A surjective? If yes, what is A~'? In any case, what is the image of A?

EXERCISE 3.5.20. On L>(R) consider the operator f —s Af, where Af is defined as
2
(AH)(x) 3=f (x—y)e™ dy.
RS

Prove that A € £(L*(R)).



CHAPTER 4

Basic Hilbert spaces

Hilbert spaces are particular Banach spaces in which the norm is induced by a scalar product. Scalar
product add to the structure an "euclidean insight" through the concept of orthogonal vectors. For this
reason, among the Banach spaces Hilbert spaces are particularly rich structures on which concepts are
those of orthonormal base becomes a natural extension of the canonical base for R?. Scope of this
Chapter is to introduce to this order of ideas that will play a very important role in the next Chapters as
well as, more in general, in all modern Mathematics.

4.1. Definition and first properties
Let’s start by the

DeriNiTION 4.1.1. Let V be a vector space over the scalar field C. A function (-,-) : VXV — C s called
hermitian product if
i) (positivity) (f, f) = 0 for every f € V;
ii) (vanishing) (f, fY=01iff f =0;
iii) (linearity) {af + Bg, h) = a(f, h) + B{g, h), Vf,g,h € VandVa, § € C;
iv) (anti-symmetry) < f,g) = <& f);

Combining linearity and anti-symmetry we see that

(frg+h) =g+ f)=(&f)+<h f)=(f.8)+{f. )

and

<f’ag> = <C¥g,f> :a<g’f> :a<f’g>

An hermitian product induces naturally a structure of normed space through the position
ProrosiTion 4.1.2. Let (-, -) be an hermitian product. Then || f|| := +/{f, f) defines is anormon V.

Proor. Notice first that by positivity || f]| is well defined and positive. The vanishing for the norm
follows immediately by the vanishing for the inner product. Next,

lafll = viaf, af).

Now combining linearity and antisymmetry we have (o f,af) = a(f,af) = alaf, f) = aalf, f) =
l|?|| f1|*> and by this ||@ f]|| = ||| f||. Finally the triangular inequality: first notice that

If+gl>=(f+g f+e =(ff)+{gg +{frg)+{& )= IfI*+lgl* +2Re (f, g)
The conclusion now follows by the

51
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LeEmMMmA 4.1.3 (CAUCHY-SCHWARZ INEQUALITY).

(4.1.1) KAl < IFNgH, Vg eV.
The = holds iff f and g are linearly dependent.

ProoF. The proof is purely algebraic: notice that |1 f + g||> > 0 for every A € R. Being
IAf +gl? = ISP +llgl® + 24Re (. 8).

As a second degree polynomial in A € R this is always > 0, therefore A < 0 where

A =4Re (f,g)* —4lfI*lgl* <0, & Re(f.g)* <IfI”lgl® = [Re(f, ) <IIfllgl.

Notice that the = holds iff A = 0, thatis iff |4 f + g|| can be = O, thatis iff A/ + g = 0, or f, g are linearly
dependent.

To replace Re (f, g) with (f,g), let’s write (f,g) = pe'®. Then, (¢7°f,g) = p, in particular
(e7" f, g) is real. Therefore

KF ) = 1e7 o)l = Ke " £, ) < lle”™ Fllllgll = 11 £IllIgll.
Finally, the = holds iff ¢e=’? f and g are linearly dependent, that is iff f and g are linearly dependent. O

Returning to the main proof we have
2 2 2 C5 a2 2 2
ILf+gll™ < IFI7 +11gll” + 21Kf, 01 < A7+ 11gll” + 21 A gl = LA+ gl
which is the conclusion. ]
One of the important byproducts of the Cauchy—Schwarz inequality is that

Prorposition 4.1.4. The inner product is continuous w.r.t. each factors, that is

Fa b f = (fug) — (f.g) Vg € H.

Proor. Just notice that

IKfn &) =) = Kfn = [ <l fn = fllllgll — 0. O
DEeFintTION 4.1.5. We say that f and g are orthogonal (notation f L g) if (f,g) = 0.

In this case we have the Pythagorean theorem

If+gll* =117+ lgll’ VfigeV, f Lg.
More generally, if f; L f; foralli # j then

n 2 n
DUl =D
j=1 j=1
Another remarkable identity is the so-called parallelogram identity
ILf + 812 +11f = 81> = 21717 + 1Igl*), Vf.g € V.

Indeed
I£+gIP+1f=gll* = (ILFI7 + gl + 2Re (£, g)) + (ILFI* + 1l - glI* + 2Re (£, —g)) = 2 (IIF1I* + lIgIl?).
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being (f,—g) = —(/. &)
DEerINITION 4.1.6. An complete inner product space H is called Hilbert space.

ExamprLE 4.1.7. The space L2(X ,F, ) is an Hilbert space endowed with the inner product
(f,8)»2:= f fgdu= f f(x)g(x) du(x).
X X

In particular, if j1 is the counting measure on (N, 2 (N)), the space L? is denoted by

£2(N) = {(xn) cC: Z 1x,|% < +oo}.

(), )Y 1= D X535 O

n

Here the inner product is

4.2. Orthogonal Projections

One of the most important result concerning Hilbert spaces is the existence of the orthogonal
projection:

THEOREM 4.2.1. Let H be an Hilbert space and U C H be an its closed linear subspace. It is well defined
the orthogonal projection on U, that is:

“4.2.1) VieU dllyfeU : (f-llyf.g)=0, geU.
The orthogonal projection Iy f of f on U is the best approximation of f with an element of U, that is
(4.2.2) lf = Hy fll = min || f - gll.

geU

Proor. Of course in principle it is not evident why the minimum in (4.2.2) should exists, hence we
will consider

inf || f — g||.
glrElUllf gll

Of course if f € U there’s nothing to prove: the minimum is achieved at g = f which is, of course,
the orthogonal projection of f on U. Therefore, we’ll assume f ¢ U and call @ > O the inf. Take a
minimizing sequence: for convenience we will write in the following form

1
4.2.3) d(gn) C U : <|f - gnII a? + —, ¥neN,

We affirm that (g,,) is actually a Cauchy sequence. To show this we have to estimate ||g, — gm || knowing
estimates of ||g, — f|| and ||g,,, — f||. This can be done through the parallelogram identity

lgn = gmll®> = 11(8n = ) = (@m = OI* =2 (Ign = FI* + llgm = FI7) = (gn = ) + (gm = NI

<2 ((a/2 . 1) + (az . l)) Nl(gn + g~ 2012
n m

2 2
= 4a? +—+——4'
n m

8n+ &m

-1
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Now, being U a linear space and g,, gm € U we have £2352 € U: therefore |

+
EnZlm —f“ > a hence

2 2 2 2
”gn_gm”2 <4+ +Z 407 =24+2 <82, Vn,m > N(g).
n m n m

This is the Cauchy property: being H complete (g,) converges. Let g, := lim,, g,: by letting n — +o0
in (4.2.3) we have immediately || f — g*ll2 = a?. This proves the existence of the element at minimum
distance.

Let’s prove that it is unique. If g, and g.. are two elements at minimum distance then, again by the
parallelogram identity,

8« + 8

2
5 —fH < 4o’ -4a* =0,

g = gell* = 2 (Il = FI7 + l1gew = £1I7) + llge + 8 =2 1> = 4a2—4\

that is g. = g... This authorizes to call this unique element Il f.
Finally let’s prove that (4.2.1) is a characterization of Il f. Let g € U and consider the scalar
function

A@) = |f = My f + 1)l

Because [y f +tg € U and I1y f is the element of U at minimum distance by f we have that
A =lf — Iy f +t)ll = IIf -y fll = 4(0), = t =0 is a minimum for A.
In particular: A’(0) = 0. Being
A@) = If =Ty fII” + 2llgl® + 2Re (f =Ty f.g), = A'(1) = 2¢|glI* + 2Re (f — Ty £, g),
hence 17(0) = (f — Iy f, g) = 0 which is the conclusion. O

This result has a remarkable application in Probability to define the conditional expectation of a random
variable respect to a o-—algebra of events.

DEerintTION 4.2.2. Given a subset V C H we define orthogonal of V
Vii={yeH : (y,¢)=0, Vo€ H).

It is easy to check that V* is always a close linear subspace of H (exercise). An important consequence
of the orthogonal projection theorem is that

ProrosiTion 4.2.3. IfU C H is a closed linear subspace of H then
YfeH ApeclU, yecUt : f=¢+y.
We write H =U & U~.

Proor. First, for every f we can write f = Iy f + (f — Iy f) where [Ty f € U and f — Ty f € U*.
This proves the existence of the decomposition. If now f = ¢ + 1 = ¢2 + ¢ then ¢ — ¢ = ¥y — Y.
But ¢ — ¢y € U™ therefore

0={(d1 — do 2 — 1) = llp1 -yl = ¢1 = ¢,

hence also ¢; = y». This proves the uniqueness. O
An important consequence is the following

COROLLARY 4.2.4 (DENSITY TEST). A set S is dense in H, iff S* = {0}.
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Proor. Necessity: assume S dense and take f € H such that (f, ) = 0, V¢ € S. Because S is dense,
there exists (¢,,) C S such that ¢,, — f. But then

IFIP = (f. f) = lim(f. ¢n) = 0. = f=0.

Sufficiency: assume S* = {0}. Define V := { szl ci¢; : c; € C, ¢; € §}. Vis a linear space but

in general is not closed, let V be its closure. The thesis consists then in proving that V = H. Assume
by contradiction that V C H. Therefore H =V & (V)l with (V)L 2 {0}. On the other hand, because
S c V,if f € (V)*, in particular (f, ¢) = 0 for all ¢ € S. By (??) it follows f = 0, whence (V) = {0}
contradicting the previous statement. O

4.3. Orthonormal bases

We want now to introduce the concept of orthonormal base for an inner product space. Being in
general infinite dimensional a base should be an infinite system of vectors (e;) C H such that

eiLei#j llefll=1LVfeH f= cey.
J

In principle the cardinality of the set (¢;);e  could be countable or uncountable according to _#. Here
we’re only interested to the first case

DEerintTiON 4.3.1. Let H be an Hilbert space. A countable set (en)nen C H is called orthonormal
system if
(ej,ej) =0;5, Yi,j €N.

An orthonormal system is said to be a orthonormal base for H if

VfeH : Acy) cC : f=anen.

ExaMmpLE 4.3.2. €2 has an orthonormal base.

SoL. — Just take e,, = (dkn)ren (the so called "canonical base"). It is straightforward to check that (e;,),en is an
orthonormal system. To check if it is complete take f = (fx) € £2. Then

/= kaek,
%

and the series converges because Y | fx|> < +oo being f € £2. O

If (e,) is an orthonormal base for H then

(f,ex) = <anen’ek> = an(enaek> = anénk = Jk-

In other words,

43.1) f=2 K fren)en Vf € H.
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This series is called abstract Fourier Series of f and (f,e,) are called abstract Fourier coefficients
(usually the specification "abstract” is omitted). Combining the Pythagorean thm to the (4.3.1) we obtain
the so called Parseval identity

(4.32) FIP = D" Kfenl.

Given an orthonormal system (e,) we set

Span(ey,), := {Z fnen : the series converges in H} = {Z fnen : Z |fn|2 < +oo}.
n n n

The second identity requires a justification. Indeed we have the

ProrosiTion 4.3.3. Let (e,), be an orthonormal system in H Hilbert space. Then

anen converges Z |f,,,|2 < 400,
n n

Proor. Because H is complete (being Hilbert space), we have to check the Cauchy property for the
sequence Sy := ZnN:O fnen of partial sums. If N > M,

N ? Pyth. th N N
2 ytn. thm 2 2 _.
ISv = Smll” = E fnen = E | frenll” = E | fnl™ =2 SN — Sm,
n=M+1 n=M+1 n=M+1

where of course sy := ZN:O |fn|2. Therefore: (Sy)n is Cauchy in H iff (sy)n is Cauchy in R, that is
S fnen converges in H iff 3, | f,|* converges in R. O

It is easy to check that Span(e,,), is a closed subspace of H. Said in other terms, (e, ) is an orthonormal
base iff Span(e, ), = H. In the case Span(e; ), & H the Parseval identity (4.3.2) holds in a weaker form:

ProposiTiON 4.3.4 (BESSEL INEQUALITY). Let (e,,); be an orthonormal system. Then

(4.3.3) D foenP <IIfIP Vf € H.

Proor. Let V := Span(e,),. Then, for every f € H, f = Illyf + (f — Ily f). By Pythagorean

theorem then
D enden
n

Two main questions arise when we consider orthonormal systems:

2
AP = Iy fIP + 11 = Ty £17 > 1Ty £11 = =Y Kfedl’. O

e When a given orthonormal system (e,,) is a base?
e More in general, how to know if a given Hilbert space has an orthonormal base and, in this case,
how to determine one?

The first question assumes we have a candidate orthonormal system to check. Sometimes, this can be
achieved directly, by proving that any f in the space coincides with its Fourier series respect to the given
system. This was, for instance, the case of the £% shown above. An intrinsic condition to check if an
orthonormal system (e,) is a base follows by the density test
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CoroLLARY 4.3.5. An orthonormal system (ey), is a base for an Hilbert space H iff the unique vector
f € H orthogonal to all the e,s is the null vector.

Proor. Necessity: evident, because if (f, e,,) = O for all n, being (e, ) a base, f = >,,(f, en)en = 0.
The sufficiency follows by the density test. Indeed: take U := Span(e,). It is easy to recognize that
if (e,)* = {0} then U+ = {0} as well. But then H = U. m|

4.3.1. Haar base. Let H := L%([0, 1]) and define the Haar functions

DEeFINITION 4.3.6.

n-1 _
27, El<x< 4,
— -1
ep(x) =1, ek/zn(x)= —2n2 s %<x<%’ k=1,...,2n—1,k0dd,l’l>1,
0, otherwise.

Prorosition 4.3.7. The Haar system is a base for L2([0, 1]).

Proor. The orthogonality can be easily checked as exercise. Assume that f L eq, ex/o» for all k, n.

Notice first that

k+1 k+1

0=tfepn=2"% [T fwar-2 [T i = [T rwar= [T rwa

2!
Therefore

1 % % %n
Oz(f,eo)zzf f(x)dx:2f f(x)dx=4f f(x) dxz...=2"f f(x) dx,
0 0 0 0

ﬂ
and again, by previous identity, f 2 f(x) dx =0forany (n,k) € .. By this it is easy to deduce that
b

b
f f(x) dx =0, Va,be{zﬁn cnel, ke{O,l,...,2”}} =D,

and because the set D, the set of dyadic numbers, is dense in [0, 1] we can conclude that the previous holds
for any a,b € [0, 1]. It is now a standard job to conclude that f g =0forevery E C [0, 1] Lebesgue
measurable, and by this the conclusion follows. O

In particular,

f=(Fre0)+ Y (frexmdensom, Y € LA([0, 1.
n,k

This is among the simplest wavelet reconstruction formula of a function f.
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4.4. Gram-Schmidt orthogonalization

Let’s now take the second question posed above, that is when a given Hilbert space H admits an
orthonormal base and how to determine one. A first remark is the following: if H has an orthonormal
base then, the set

S = {Zgnen t (gn) © Q+iQ},

is countable and S = H. This is intuitively clear, the proof is a bit "bureaucratic". If f = ¥, fne, with
(fn) € Cthen f is approximated as we like by Z,’:’:O fnen as N is big enough. Moreover, because of
density of Q in R, every f, € C is approximated by a g, € Q + iQ and we can refine the approximation
in such a way that qu\]:o gneén approximates well 2,]:[:0 fnen. Therefore Zﬁ:’zo gneén approximates f.

DEerintTION 4.4.1. We say that H is separable if there exists S C H countable and dense in H.
Hence, if H has an orthonormal base it is also separable. This condition turns out to be also sufficient:

THEOREM 4.4.2 (GRAM—ScHMIDT). An Hilbert space H admits an orthonormal base iff H is separable.
Moreover, if (v,;) C H is a countable dense set of linearly independent vectors, then by setting

n-1
Vo Vn — Z]‘:() Vs ej>ej
= s (n=1),

“4.4.1) 0= ¢n n-1
lIvoll ||vn — 20V, ej)e;

(ey) is an orthonormal base.

Proor. The necessity has been proved in the premises. Let (v,,) C H\ be a countable subset dense
in H. In particular, Span(v, ), = H. We can assume that the v, are linearly independent, in the sense that

Vn+l ¢ Span(VO, R Vn)s

otherwise we eliminate v,,+; without any change. In particular v, # O for every n. Now let’s define the

base: call H, := Span(vy, ..., v,), let I1g, be the orthogonal projection over H,, and pose
_ Vo o = Vn — HHn—lvn
vl " vy = g, wull’

It is evident that i) ||e,|| = 1 for every n; ii) e, L e,, if n # m. In fact it is enough to prove that e, L ¢;
as j < n. To this aim just notice that ey, . .., e,—1 € H,_1 while e, « v, —Ily, v, L H,_1 because of
the properties of the orthogonal projection. Because

Span(ey, . .., e,) = Span(vg, ..., v,) = Hy,

wehavelly,  f = Z;‘;& (f, ej)ej and by this the (4.4.1) follows. Finally, by the previous remark it follows
also that Span(e, ), = Span(v,,), = H. O
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4.4.1. Hermite polynomials. L?(R) is a very common framework in many applied settings. It can
be easily (but technical) proved that it is separable, hence it admits an orthonormal base. In this Section,
we will show a very particular one of these, very important for applications. To attack the problem, we
start by changing slightly the setting by considering

2

{f R—R: f|f(x)|2\;2_2 dx<+m}_L2(R,/(0 D),

x2

T2

that is the L? space respect to the probability measure A (0, 1)(dx) := ¢ NG dx called also standard
gaussian. It is possible, we accept here, to prove that H is an Hilbert space with scalar product and norm

dx, |fII* = f |f(x>|2

x2

_L X=
2 2

Van

(f> 8 —ff(x)g(x)

‘We notice that,
Lx,x ..., x" ... e L*(R,.N).
We will need the Fourier Transform to prove that

(4.4.2) Span (x* : neN) = LR, .4/).

Accepting this, let’s determine an orthonormal base for LE(R, .N) starting from (x™),. In general, the x”
x2

are not orthogonal because (x", x™) = fR xmm £ \/zi dx = 0iff n + m is odd. However, we can apply the

Gram-Schmidt algorithm to "orthogonalize" the x". Let

So, for instance

_ 1 2 _ _
eo—gl, a/O—leemdy—l,

x2
e; = a%(x—(x,eo)eo) = ;—](x—fRyem dy) = ailx, 0/% = foZe\/% dx =1.
Therefore eg(x) = 1, e;(x) = x. Again
1 1 1
e = — (¥ = (% eodeg — (% en)er) = — (&% = (% Deg — (5%, x)er ) = —(x* = 1),
a (0%) @z

2
The value of a» is

2 _ 2 d—f f _%d:3—2 1=2.
a; jl;(x \/_x \/ﬂ \/E ‘/ﬂx +

In conclusion e;(x) = —2(x —1). Itis clear that we can compute e3, e4, . . . in this way, but it looks to
be difficult to have a "quick" recipe to compute ¢, for every n. To do this, notice first that the H,, are
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polynomials called Hermite polynomials. Precisely, H,(x) = x" + p,_1(x), where p,_1 is an n — 1-th
degree polynomial. In particular, H, has degree = n and

Span(Hy, ..., H,) = Span(1, x, ..., x").
Furthermore, by construction H,, L H,,, n # m. In particular,

H, L Span(Ho, ..., H,_1) = Span(1,. .., x"1).

Let’s see how to determine more efficiently the H,,. The first step is the
ProrosiTioN 4.4.3.
(4.4.3) H =nH,_,.

Proor. First, by deriving H,,,
n-2
H, = nx"! +p,_=nH, | +quo=nH, | + Z cjH;.
j=0
Now, multiplying both sides by Hj in the scalar product, we obtain
(Hy, Hy) = n{Hu1, Hy) + il Hicll> = el Hell, Yk < n=2.

On the other side

x2

x2
(H', Hy) fH’H €2 gp e fH(H’ HOZ dx = (H, H — xH) =0
s k) = k X = - — Xk )—F— X = ) — Xg) =\,
" R 21 R K \2rn ok
because H]i —xH € Span(l,x,...,x"‘l) if Kk <n—2. The moralis ¢y = Oforevery k =0,...,n—2,
that is the conclusion. O

The (4.4.3) is not a good rule to compute H,, because even if we know H,,_; we should proceed with an
integration, which is not a problem being H,,_; a polynomial but it involves a free constant to be determined
by other conditions. Notice that, in proving the previous Proposition we proved the integration by parts
formula

(4.4.4) (r'sq) =<{p,(xq = q")), Vp, q polynomials.
Indeed,
2 2\’
W) = fo ' Dgwe T L = [ p) (gne T ) e

2
_ ’ -2 dx _ ’
=~ Jo p(0) (') = xq(x)) €77 X = (p.xq =~ q).
By this we obtain easily the
ProrosiTiON 4.4.4.

(4.4.5) Hyy1 = xH, — H),.
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Proor. Consider the polynomial xH, — H,: we already proved that xH, — H,, L Hj for every
k # n + 1. In particular, then, xH, — H;, L e for every k # n + 1 and because this is an orthonormal
base,
xXH, — H;; = Cpi1€n+1 = Cuyt Hpyr.
Now, because xH,, — H/, = x(x" + pp_1) = (X" + pp_1)" = X" + (xp_1 — nx""1 - po_) =X+ py,
we see immediately that ¢, = 1. O

n+l1 n+l

Following the (4.4.5) we have, for instance,
Hs = xH, — H} = x(x* = 1) = 2x = x* = 3x,
Hy = xH3 — Hj = x(x3=3x) - (3x2 -3) = x* - 6x% + 3,
Hs = xHy — H; = x(x* — 6x% + 3) — (4x7 = 12x) = x> = 10x? + 15x,

definitely much easier.
Let’s now compute the norm of H, to determine the scaling factor of e¢,,. We have

”Hn”2 =(H,, H,) ={(xHp_1— H’ H,)=(H,-1,xH,) - <H,;_17 H,)

n-1°

(4.4.4)
= <Hn—la XHn>_<Hn—la XHn —Hé)

CLD o H, 1, Hy oty = nll o |12
Therefore,
| Hpll> = nllHuor 12 = n(n = DI Huyoll? = ... = n!l|Holl* = n!
In conclusion

1
(—Hn (x)) is an orthonormal base for L2 (R; A4(0, 1)).
\/m neN

As a consequence,

x2
H, (x)e_4) is an orthonormal base for L? (R).

1
(V27rn! n

4.5. Exercises

Exercisg 4.5.1. LetV := {f e €'([0,1];R) : f) = 0}. On 'V define

I
(f, & ::jo‘ (g’ (x) dx.

i) Show that -, -) is a scalar product on'V.
ii) Discuss if V is an Hilbert space.

EXERCISE 4.5.2. Let f(x) := cos x € L*>([0,2n]). Determine the best possible second degree polynomial closest to
fin the L2([0,27]) norm.

ExERrcise 4.5.3. Solve

1
min |2 + ax? + bx + ¢|? dx.
a,b,ceR —1
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ExERcise 4.5.4. Solve

+00
min f le™ — (ae™> + be ) |? dx
a,beR 0

ExERciSE 4.5.5. Solve

1

max f f(x)e* dx.
FEL2q0.1]) ¢ [} f2 dx=1J0

EXERCISE 4.5.6 (%x). Let H be an Hilbert space, f € H and fi,..., fn € H linearly independent. Consider the

problem
n

min f—Zajfj .

ai,...,anp €ER" "
J=1

i) Show that the minimum exists.
ii) Show that the solution is a vector a = (ay, . . ., a,) such that Ma = bwhere M = ({f, f;?), b = ([, fi))-

ExErcise 4.5.7. [x] Let (e;) be an orthonormal system in H Hilbert space. We want to prove that

Span(e,) := {Z fnen - Z | fal < +oo}

is closed. Outline: let (gn) C U, gn = Xk f} ek, be such that g, — g. The goal is to prove g € U.
i) Use the Cauchy property of (gn) to deduce that (f;') C Cis convergent for every k € N fixed.

ii) Call fy :=1lim, f}'. Show that 3 | fi|? < +oo.
iii) Deduce g = Yi frekr and conclude

Exercise 4.5.8. Let Iy be the orthogonal projection on the closed subspace U of an Hilbert space H. Prove that
Iy is symmetric, that is Xy ¢, vy = (¢, Ty for every ¢, € H. (hint: recall that H =U & U~. . . ).

ExErcise 4.5.9. Let H be an Hilbert space, V C H a linear subspace. We define V- = {¢p € H : (¢,v) =0, Yv €
V3. i) Prove that V* is a closed linear subspace. ii) (V*)* C V. Prove that = holds if V is closed. iii) (%) Discuss
what happens if V is not closed.

ExEercise 4.5.10. Let ep,exn n €N, k =0,1,...,2" — 1 be the Haar base of L2([O, 11). Determine the Fourier
series of f(x) = x into this base. Discuss if the series is uniformly convergent, that is it converges in the L™ norm.
Suppose in particular that we consider the sum Sy of the FS of f truncated ton = N (N fixed). Give an estimate
of If = SNl and || f = SN lleo-

EXERCISE 4.5.11 (LEGENDRE POLYNOMIALS (). Let H := L?>([-1,1]) and let v, := x", n = 0,1,2,.... i) By
applying the Gram—Schmidt algorithm to (v,,),, compute e, ey, €3, €3. ii) Let po(x) = 1, pp(x) = 2+n, %(x2 -1
Show that {py, pm) = 0if n # m. iii) Compute ||p,|>.

ExERCISE 4.5.12 (%). Let X = €([0, 1]) and consider the uniform norm || f ||le := maxyeo,17 | f(x)|. Discuss if the
uniform norm can be or less the norm associated to some scalar product. Hint: think to the "euclidean geometry"
induced by the scalar product.



CHAPTER 5

Fourier Series

Historically, Fourier series arose a century before Hilbert spaces theory to respond to a natural
problem: is it possible to represent any periodic function f as sum of elementary periodic functions? To
present the problem, let’s consider a generic T—periodic function f : R — R (thatis f(x +T) = f(x)
for any x € R). Classical examples of such f are the fundamental harmonics

(2 2w
sin|—nx], cos|—nx]|, n € N.
T T

We ask if is it always possible to say that

= 2 2 = 2 2
f(x) 2 nz:;) (an cos (%nx) + b, sin (%nx)) =ay+ ; (a,, cos (?ﬂnx) + b, sin (%nx)) .

The type of series at the r.h.s. are called frigonometric series. These series are series of functions,
therefore they can be convergent in several different ways. For instance:

e pointwise, that is the convergence holds for some x € [0, T'] fixed, as numerical series;
¢ uniformly, that is the convergence is respect to the uniform norm || - || on [0, T'];

e in mean, that is the convergence is respect to L' ([0, 7]) norm || - [|;;

¢ in quadratic mean, that is the convergence is respect to L2([0,T]) norm || - ||5.

There’re relations between these convergences as we will see, but the L? convergence deserve a special
position as we will see. Fourier series is a topic of Fourier Analysis, a well developed Mathematical
Theory that we will touch in this and in the next Chapter. Our aim is just to give an introduction and to
show some first applications.

5.1. Preliminaries

To begin, we start by rewriting a trigonometric series in a more convenient form. Recalling the Eulero
identities
00 4 o-i0 0i0 _ o0
(5.1.1) cosf = — sinf = ———,

by some straightforward computation we can write

, _iby i2n by —i2%
ao + X5, (ancos (Fnx) + bysin (Enx)) =ao+ Xy, (5leel Frx 4 datibn =)

j 2
= DnezCne' T,

63
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Easily one check that if we know the (c,) we can go back to (a,) and (b,,):
(5.1.2) a, =2Re ¢, by, = -2Im ¢y,.
As in the introduction, there’re many possible ways to consider convergence. Let
Sy (x) = Z cneiz%"x.
[n|<N
DEerINITION 5.1.1. We say that the series }, <7 Cpel ThX

e converges pointwise at x € [0,7T] to S if limy Sy (x) = S(x) exists finite as N — +oo for x
fixed;
e converges uniformly on [0, 7] to if (Sy) converges in the || - ||lo norm to S, that is

ISn = Sllo = sup |Sn(x) = S(x)| — 0, as N — +oo.
xe[0,T]

It is clear that if (Sy) converges uniformly then it converges pointwise at every x € [0, T]. Infact:
ISn(x) =S| < ISy = Sllo — 0, Yx € [0, T].

Let’s introduce two other important convergences: the L' and L? convergence. These are nothing but
the convergence w.r.t. the L' and L? norms that, for convenience, will be slightly modified here by the

following positions
1 T 1 T 172
(WAL :=—f lfOldx, Ifll2:= —f IfPP dx| .
T Jo T Jo

Notice that, with these definitions, the L? norm is induced by the scalar product

| A—
=g [ F@RG dx
0
DErINITION 5.1.2. We say that the series ),z cneiz%""
e (Sy) converges in mean to S if || Sy — S|[i — O;
e (Sn) converges in quadratic-mean to S if ||Sy — S|, — O;
According to Holder inequality,
1/2

1 T 1 T 5 12/ A1 1 T ) 172
i =7 [ ireoras< 7 [Cireorax) ([ ax) = ( [Circoras) =i

In particular, if (Sy) converges in quadratic mean to S then (Sy) converges in mean to S too. In other
words: the L? convergence is stronger than L! convergence. Noticing also that

LT i 12 pr i 12
IIfII1<I|f||z=(f fo £l dx) <(; fo ||f||oodx) 1 flle

we deduce that if (Sy) converges uniformly to S, then (Sy) converges also in quadratic mean to S
(hence in mean too). We recall also that, in general, the L' convergence doesn’t implies the pointwise
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convergence but, by Theorem 3.3.6, the pointwise convergence holds on a suitable subsequence (Sy, ).
Summarizing:
L™ conv. — L?conv. = L'conv.

U

pointwise conv. on [0, T].
We will use also the following notation to say that >, <7 cneiz?””x converges, respectively, in L, L%, L!
norms to S:
Lo 12! o
S(x) = Z cp et T,
nez
5.2. Euler formulas
The advantage of the complex form is that we can easily find out a formula for the coefficients c;,.

THEOREM 5.2.1. Suppose that

L! 2
F) = Y e T,

nez
Then the Eulero formulas hold:

1 (7 2x
(5.2.1) Cn = = f F(x)e T dx, n e Z.
T Jo

REMARK 5.2.2. Because L = L> = L' it should be clear that Euler’s formulas hold also for f € L®
or f e L. O

Proor. Let’s multiply both sides of f = 3, che™ Fnx by eI FR and let’s integrate over one period,
for instance on the interval [0, 7]. We have

T T T
F2m 2 .
f f(x)e—szx dx = f Z CnelT(”_k)x dx = Z cn f P Fm=k)x gy
0 0 n n 0

This last passage is justified by the dominated convergence. Now

T
f 1dx=T, n==k,
T 0
f ez?(n—k)x dx =
0 [ P F (n-k)x }x:T

iZ(n-k) o

so we deduce the (5.2.1). O

=0 n#k,

Eulero formulas shows, in particular, that if f admits an L' convergent Fourier series, this is unique. Its
coefficients are called Fourier coefficients and we will use the notation

-~ 1 T P27
f(n) = ?f f(x)e T dx.
0

Some simple property is sometimes useful in calculating Fourier coefficients.
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ProposITION 5.2.3. Let f € L'([0,T]). Then
i) (invariance) f(n) = %faa” f(x)e‘izTn"x dx,Ya € R.
ii) (translation) ]TC—‘\T)(n) = eizT""Tf(n).
Proor. The proof are just a simple checks. Let’s see ii) leaving the remaining as exercise:

1 g j 2 y=x-T
T f fx—1)e'T™dx" =
0

—

f=1)n)

1 T-1
TJ.

F)eFon gy

([N
Q
)
N

) 1 T o o~
s [ ree e dy =i o
0

Let’s see some examples.

ExAMPLE 5.2.4 (SQUARE WAVE). Compute the Fourier series of
0, xe€][0,n][,
f(x) =

1, xe€[n2n],
extended by periodicity to all R.

SoL. — We have

2n
Lf dx = 1, n= 0,
= 1 2r ) 1 2r ) 2r P 2
f(n) = —f f(x)e™™ dx = —f e " dx =
2 Jo 21 Jn 1 [einx x=2n 1 1= e inm 1-(D"
ﬂ[—in]xzﬂ_ﬂ —in ' 2nn n#0.

Therefore the Fourier series for f is

1 A=D1 i iQk+x _ | N 2 .
1, A= CED e L ooy (K + D).
2 nE;\:{O} 2nm 2 é Qk+1Dm 2 ; Rk+1)m

It’s interesting to plot some graph of the partial sum of the series and to compare it with the graph of f. Here’s the
case of the partial sum of previous series of the first 5,20 and 100 terms respectively. The picture seems to indicate

A "
V* !

at least a pointwise convergence for x € [0, 2xr] except in the discontinuity points of f (thatis on x = m). At those
points notice that the value of the Fourier series are

1 2 1 < 2 1
Syt Gn(Qk+Dmp)==—-S — 2 0==.
2 ; 2k + D S(@k+ Dmp) = 3 ; 2k + D 2

Notice another interesting phenomena: at the discontinuity points for f the Fourier series seems to have some
"unstable" behavior (the peaks in the violet graphs) not changing in highness increasing the number of terms of the
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series. This is called Gibbs’ phenomenon and was discovered by Gibbs in a letter to Nature in the 1899 (you have
always to keep in mind that in 1899 computer didn’t exists. . . ). O

ExAaMPLE 5.2.5 (TRIANGULAR WAVE). Compute the Fourier series of

X, x € [0, n[,
f(x) =
2r —x, x € [m,2n],
extended by periodicity to all R.
SoL. — By definition,
~ I 127> n

f(0)=§ . f(x)dx=§7:5,

while, as n # 0, integrating by parts,

= 1 2 . 1 n . 2n ]
fn) =5 f(x)e "™ dx = — (f xe "™ dx + 2w — x)e™ " dx)
2r Jo 2 \Jo x
1 —inx ]X=7 o —inx —inx 1X=27 2n —inx
= — [xe. ] —f e. dx + (27r—x)e_ ] +f e. dx
2n —in |, o —in —in | _. . —in

n —inx 1X=7 _1\n —inx 1X=27
zi(i(—l)n_’_l[e ] . l)ﬂ_i[e ] )

2n n in| —in [, n in| —in | ..

1 (1 1 -H*-1
=—|=({(-D'-1)-=10--D" | = ——.

o (s (=D = - ) = E

Therefore the Fourier series is

bis -D"-1 ;0 m 2 1 iQk+1)x

— 4+ B ——— = — - — _— .

2 Z an? © 2 Z Qk + 1)2e
n#0 keZ

3

For the real form we have ag = 2Re f(O) =7, a, = 2Re f(n) = 2% whereas b,, = 2Im f(n) = 0 for any
n > 1. Therefore the real form is

X 1

— —— = cos((2k + 1)x).

n kzzo k1) s %)

Also in this case let’s see some plots of partial sums. The next picture shows sums of 1,4,15 terms respectively.
Here we see clearly that the approximation seems point wise and even uniform to f. Not only: it seems also

T 4

2

much "better" with respect to the previous example. This indicate that regularity plays an important role in rate of
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convergence. Finally, if how it seems the sum of the series is f(x) for any x, taking x = O we get the remarkable
identity

7 4 1 72 1
O:——— —_— — —_— = -_—. (]
2 nkZ:O(Zk+l)2 8 kZ:()(2k+1)2

5.3. Properties of Fourier coefficients

The previous examples determine the Fourier series of a given f. However, we don’t know yet if this
series is convergent and to what. We can however try to guess something from the Examples. A first
remark is that regularity seems to play an important role. In fact, the square wave have discontinuities
while the triangular wave is continuous. Both are derivable except at certain points, the second is not
derivable at some points but, differently by the first one, at these points left and right derivatives exist.
The Fourier coefficients seems to be influenced by this, because in both cases they go to 0 as [n| — +oo
but for the triangular wave this happens faster.

The following Proposition shows that these remarks are not incidentals. For simplicity we assume a
relatively strong hypothesis on the regularity, the result has other versions with weaker assumptions.

TueoreM 5.3.1. If f € €%([0,T)), then

— k —
(5.3.1) f®(n) = (127”71) f(n), Vn € Z.
In particular
~ C
(5.3.2) lf(m] < —.
|n]

Proor. We consider only the case f € € (a similar proof could be obtained for f € ¢¥). Integrating
by parts,

! x= d 2

T
:%(f(T)e_ﬂ”"—f(O)+i27ﬂn fo Flayen dx) = i

because of the periodicity. This proves the (5.3.1). Moreover, as n # 0,

—_ C — C ’ C
|n| n| T n|
A quick way to denote the (5.3.2) is to write
(53.3) fe? (0.1, = fn)=0 (#) .
n

In particular we have the

COROLLARY 5.3.2. If f € €*([0,T)) then the FS of f converges uniformly.
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Proor. By (5.3.2) | f (n)| < % To prove that the FS converges in the uniform norm, we apply the

Weierstrass’ test 3.3.11: we have
- C
= < — .
) D IFm) Zn2<+oo o
nez

> [[Fmei

nez nez

This is not a particularly interesting result: it is very restrictive (it cannot be applied to none of the
previous Examples) and, above all, it does not say anything about the sum of the FS. We will improve
this result in the next Section.

A final remark concerns the interpretation of the FS in the L? setting: defining

en(x) = & 7% x € [0,7).
the Eulero’s formulas reads as
- 1 T Con
f(n) = ff F)e ' T dx = (f,en)2.
0

Notice also that

1 (T1g
= x =1 n=m
1 T iZnx —iZnx 1 r iz—"(n—m)x Tﬁ) ’ ’
(en, em)r2 = T T T dx = T e'r dx = . =T
0 0 1 elT(n_m')X
T m :O, n # m.
T 0

In particular: (e, ) is an orthonormal system. Therefore

f L Z f(n)en, = (en) is a base for L2([0,T]).

At this point, we don’t know if (e,,) is a base or, that is equivalent, if every f € L? is the sum of its
Fourier series. This will be proved in the next Section. In any case, being (e, ) an orthonormal system,
according to the Bessel inequality (4.3.3) we have

(5.34) DUF@P < If13 Vf € L2(10.T)).

This says a non trivial fact:
COROLLARY 5.3.3. If f € L*([0,T]) then the FS of f converges in L?.
Notice also that, by Bessel inequality (5.3.4),

f(n) — 0, |n|] — +oo.

In other words, Fourier coefficients for an L? function vanishes as |n| —> +co. This fact turns out
to be true also for [ € L'([0,T]) (which includes but it is not included into L?([0,T]), for instance
& € L\

LeEmMmA 5.3.4 (RIEMANN-LEBESGUE). Let f € L'([0,TY]). Then f (n) — 0.
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Proor. We already proved that if g € €' ([0, 1]) then |g(n)| < %. Now, let f € L'([0,71]): because
€1 ([0,T)) is dense in L', we have

Ve >0, g € €' (10,T]) : IIf —glh < &.

But then

-~ — - — - - C
o0l = [T = g0 + | < 1T =500 + 8] < 1f = gl + B00| < &+ 1 < 26, Val > Ne).

But this means f (n) — 0. O

5.4. Convergence of a Fourier series

In this Section we discuss some of the fundamental results concerning the convergence of the Fourier
series of a given function f. We start, in a sense, with one of the weakest convergence, that is the
pointwise one.

TueoreM 5.4.1. Let f € €([0,T]) such that exists f’'(x) at x € [0,T]. Then, the Fourier series of f
converges pointwise at x to f(x), that is

FO0 =" Fme e,

nez
- - 27
Proor. Let Sy (x) := X jn<n f(n)e' 7™ and let’s rework its definition: we have

j 28 T _i2r T 2 _
Sn(x) = ZInKN elrnx%fo fe ttnY dy = %ﬂ) f(y)2|n|<1\/ el T n(x-y) dy

T
=7 [y fO)Dn(x—y)dy,
where Dy is called Dirichlet kernel. By changing variable x — y = u, y = x — u we have

T/2

1 X
Sv (0 =1 f Somwpy@di=g [ f-0Dyw du

-T
because everything is 7T—periodic in the integral hence the integral doesn’t depend by a specific period.
The reason why we choose [-7'/2, T /2] as period is due to certain symmetry of the Dirichlet kernel. It is
indeed evident that

1 (T 1 LEC I
Dy (-u) = Dy (u), Yu, andffo Dy (u) du:; Z I eT™ dy=1.

Inj<N ¥ 172

In particular

T/2

1
(5.4.1) SN0 - () = 7 f =0 = () D) di

-T
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Notice also that Dy is only apparently complex because

2N 2N i2N+1)z iIN+D)z _ ~i(N+1)z
. » . . . ) -1 e 22— e 2
ez =, iNz E elkz —e iNz E (elz)k —e iNz : — _ _
elz — 1 el —el3
In|<N k=0 k=0

sin (N + %) Z
in 2
sin 3
Setting z = ZT”M,
sin (N + %) ZT"M
DyWu) = ———
sin Fu

Returning to (5.4.1) we have

Ficure 1. Plots of D3, Dg, D9, T = 2n.
T/2 f(x—u)—f .
Sn(x) = f(x) =+ _T/z% sin (N + %) 2y du

22 . -2 .
_ L (T2 fam)—f() TN T TN T
—TJ-T)2 sin Zou 2i

u

:%fT/z er f(x_u)_f(x)eiz%N“du

-T2 9j sin Zu

g(u)

—iZu _ _ .
L (T2 €T f(x—u) = f(x) i FENU g,

TJ-112 9 sin Zu

h(u)

= g(=N) = h(N).
Now, easily by our assumptions it follows that g, 2 € € ([0,T]) ¢ L'([0,T]). By Riemann—Lebesgue’s
Lemma it follows that g(=N), h(N) — 0 as N — +o0, and by this the conclusion follows. O

This explains, for instance, the Examples of the square wave (except for the jumps) and for the triangular
wave (at every point in this case). With actually a sightly modification of the previous proof we can treat
also the case when f has a discontinuity:
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THEOREM 5.4.2. Assume that [ € € ([0, T\{xo}) be such that
i) there exist f(xo—), f(xo+) (limits of f as x — xox);
ii) there exists left and right derivatives f’(xo), f.(xo).

; ; ; S (x0—)+f (xot)
Then the Fourier series of f converges at point xg to ————5———.

Proor. Omitted (not easy exercise: adapt the final step of previous proof). O

Pointwise convergence is really a weak type of convergence. The next Theorem shows that by adding
some regularity to f its Fourier series becomes uniformly convergent.

THEOREM 5.4.3. If f € €'([0,T]) be T—periodic. Then the Fourier series of f converges uniformly to f
and the following convergence rate estimate holds:

Cllf'll2
ik

Proor. We discuss first the uniform convergence of the Fourier series of f by applying the Weierstrass
test 3.3.11. To this aim, notice that

D IFme e = Y 1T = 1F O+ Y 170l

nez nez In|>1

Now, by (5.3.1) f'(n) = i%nf(n), whence for n # 0,

(5.4.2) ISh = flleo <

- C -~
lf(m] < —1f(m)].
In|
Therefore, by the Cauchy—Schwarz inequality

1/2 1/2
DIfmi< ), l%lf’(n)l < C(|Z #) (Z |f'<n)|2) :

n|>1 n|>1 n|>1 In|>1

According to Bessel inequality (5.3.4),
DUIF P <IfB

[n|>1

hence 3,51 | f (n)| < +o0. This says that the Fourier series of f converges uniformly. About the rate,

- —~ , 1 1/2
ISv = fllo = ||Zinsn Fen|, < Sinpsn 1P < CUF N2 (Spuisn 25)

+00 1/2 C\If
<SONI ([ & due) =<K o

Let’s discuss now the L? case. As expected, we have the

THEOREM 5.4.4. Every f € L*([0,T1) is sum of its Fourier series, convergent according the L* norm. In
particular: (eizT””x )nEZ is an orthonormal base for L*>([0,T)). Furthermore, the Parseval identity holds

1T -
(5.4.3) 7 | 1R dx= 3 17,

T nez
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Prook. It is possible to prove (intuitively is clear but it requires a non trivial proof) that every f € L?
can be approximated in the L*> norm by a €' function. Now, call g € € such that || f — g|l» < &. By the
previous Theorem

o O ~ Fh<l-le b O ~
§ = Zg(n)en, =" g = Zg(n)en.
n n
In particular, for N > N (&), llg = X jn1<n g(n)ell» < &, whence

| = Sinien Fmen||, < If =gl + g = Sinjen E0en||, + || Zn1<n @) = Fm)en|,

<26 + || S pnien @)~ Flmen]

Now, because the (e,) is orthonormal system, by Pythagorean theorem,

2

—~ —~ —_— essel
S @ - Faed| = S 1gm-Fml= S 1g=FmP < g - £ <

In|<N 2 In|<N In|<N

and by this we conclude that

f= D) Fme|| <36 YN > N(o).

In|<N 5

This proves that (e, ), is an orthonormal base for L?. About the Parseval identity it follows by its abstract
alter ego (4.3.2): just notice that in the present setting

2 1 d 2
|VM=;LIﬂMIM.D

5.5. Applications

In this section we show some applications of Fourier series. Among these, the most remarkable are
devoted to solve Partial Differential Equations (PDEs). The advantage of Fourier series is to provide
exact and explicit solutions to certain equations. The counterpart of this is that the equations solvable
through Fourier series must be of very particular nature, so the method is extremely limited and not
suitable for many practical problems. However, it gives the base to develop further methods based on
different approximations of the solutions through special functions (as the trigonometric polynomials).

The emphasis will be on the application and not on the formal justification of all the details.

5.5.1. Heat diffusion. Consider a rod, that we will model as a unidimensional segment [0, L]. At
each point x € [0, L], u(t, x) will denote the temperature at point x at time t. The evolution of the
temperature is driven by the heat equation, which is a PDE of type

2
du(t, x) = ”T(’C)axxu(t, X) + £t ).
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Here o > 0 is the conductivity and f represents an external heat source. Here we will assume f = 0 and
o(x) = o. A typical problem consists in determining the future temperature in the rod given the initial
temperature u(0, x), x € [0, L]. If we impose to the solution to be periodic, that is

u(t,0) = u(r, L),
we can solve the problem

du(t, x) = G dxutt, (1, x) € [0, +oo[x[0, L],
u(t,0) = u(t, L), t>0,
u(0, x) = p(x), x € [0, L],

via Fourier series. Let’s see how.

Because u(t, -) is an L—periodic function, we can write
21
u(t,x) = E cpet T,
n

Of course this identity should hold for every ¢ > 0, therefore it is natural to look for ¢, = ¢, (¢) to be determined.
The initial state ¢ is known and periodic, hence

e(x) = > Gnye T,

where, in this case, @(n) are known being ¢ known. Therefore
u(0,x) = p(x), & cn(0) =p(n), n€Z.

How can we determine ¢, (t) for r > 0? By imposing that « fulfill the heat equation. To do this we have to compute
O,u and O, u. Keeping aside the formal justification, we could write

) 2.
ou=20;, cn(D)el T = > c,’,(t)e‘Tn’”‘,

2 ox 2 iz 42 2
Duxtt = B Ty ca(NET™ = T cn(0) (i) €T = B, ~rn’en (D) T,

By these,
2 47202

g 7
Oyu = Tﬁxxu, = (1) = —Tnzcn(t), nez.

This last is an infinite system of differential equations that we can solve easily:
_27r20'2 2 _27r20'2 24
@) =e 2 e 0y = e G(n).

Conclusion: a formal candidate to solve the heat equation is

2.2
(5.5.1) u(tx) = Y& Gy T,
nez
The previous argument contains delicate passages. For example, we said that 9, Y, cp(t)e,(x) = 3, i (D) en(x).
Is this correct? If the sum were finite, there would be no problem. But the sum is infinite and we should be careful
with such kind of manoeuvres. In fact, we could now take the (5.5.1) and check directly that the series can be
derived term wise. We skip this.
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Let’s see what happens if f # 0. Of course we should expect that, to preserve the periodicity of the solution,
f must be x—periodic too, that is f(¢,0) = f(¢, L). Therefore we could write

F0) = D Fa®en(x), where Fu(t) = (f(t,), e,

Therefore, the heat equation assumes the form
2.2 2.2

M eent = Y (—Z”Lf nle(t) + E(f)) en(x). = cp(t) = —Z”L—fnzcnm + ().

n n

This is a first order non homogeneous linear equation. We dispose of its general solution

2.

27202 2, U an202 o0 o
2 "tso(n)+f e MUY () ds.
0

_2nto

27252 2 t 2.2 2.
cp(t)=¢€e L2 "t(f e 2 ") ds+cn(0)) =e
0

Therefore,

_on202 2. LI W P S PR oy
u(t,x)=2(€ " G(n) + f e T () ds) ST,
0

n

5.5.2. Modelling temperature in the Earth. This is a variation on the previous problem. We want
now to model the temperature in depth under the ground. Here u(¢, x) will be, as usual, the temperature
at time ¢ € [0,365] (here t = 0 means Jan. Ist, t = 365 Dec. 31st) and point x € [0, +oo[ (here x = 0
means the surface). However, we change perspective respect to the previous problem. We will assume:

i) the temperature on the surface u(¢, 0) is known and periodic in time (let’s say: ¢ = 0 correspond
to Jan 1st, r = 365 to Dec 31st);
ii) the temperature at depth x > O remains periodic u(0, x) = u(365, x).

The heat equation remains unchanged, so the problem we wish to discuss is

Oru(t, x) = ‘772 extts (£, x) € [0,365] X [0, +oof,
u(0,x) = u365,x), x =0,
u(t,0) = (1), t € [0,365],

Because the solution is now #—periodic, we will assume it will have the form
i 2Z nt
u(t, x) = Y cn(Xen(t) = ) cn(x)e! M.
n n

By computing derivatives as before,

2 .
oru = Z l%ncn(x)en, OxxlU = Z ¢, (x)en,
n

n

therefore the heat equation imposes

2 o2 . 4r
i—nc,(x) = —c,/ (x), = ¢, =

365 2 36502
This is a second order linear differential equation. In general, the solution of

¢’ (x) = de(x), & c(x) = aeVx ¢ ﬁe_ﬁx,
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where +\/§ are the two roots of the complex number A. In our case we have to proceed with some care because
A =iz=Z5nand n € Z, hence VA = AV Vni. Now,
365 V3650

n>0, vnVi= ]H, l+i
+
Vni = = |n|—l, where + = sgn(n).
n<0, V-nv-i= V2

Therefore,

27”‘"|ﬁx _ zilnlﬂx
n>0, ane‘““ a4 Bue V 365 CI
[27 i [27 [ 1=i
n<0, ape %65‘"0 +ﬂe o5 Inl 5
9

Asn =0, c(’)'(x) = 0, therefore co(x) = apx + Bo. The (@, Bn) can be determined by imposing the condition on
the surface. This means

cn(x) =

u(t,0) = p(1) = Y Fme B, = c,(0) = Fn).

For instance ¢¢(0) = Bo = @(0). This doesn’t determine @y however! The same happens for n # 0: by imposing
the previous condition we get

an + Bn = p(n), ne€Z.

We notice however that if @, # 0, ¢,(x) is unbounded in x and, without exterior source, this condition seems
incompatible with our setting. For this reason we will impose @, = 0. In this way B, = @(n) and finally,

u(t,x) =0)+ Y Fmye IS i e nle > Eme Il i e

n>0 n<0

12 2m (o [365 x
- E J(n)e_ %lnlﬁel%s"(t Zﬂ\n\o')

nez

(5.5.2)

— P2m
This formula shows an interesting phenomenon. Respect to the temperature on the surface ¢(t) = Y, p(n)e' 3™,
at depth x > 0 the temperature is

27 E
e damped exponentially by the factor e V36 Il

365 x
2n|n| o°

o shifted in time by

To fix ideas, let’s consider a particularly ideal situation with

pt)=A- Bcos( 2n € [0, 365].

365 )
Here A represents the mean temperature along the year, B the maximum oscillation from the mean. Hence,
¢(0) = A - B = ¢(365) while ¢(182,5) = A + B. This ¢ might represent a stylized seasonal temperature shape.
We can easily determine the Fourier coefficients here without any computation: just notice that

Ol 4 oSt B B

= AE() — —€é_1 — —e€].

t)=A-B
@(1) 5 5 >
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Therefore p(n) = 0 as |n| > 1, p(0) = A, p(x1) = —%. According to (5.5.2)

u(t,x) =A- g (e_ 3%ﬁei%(t_‘/gﬁ) + e_‘/g‘);e_i%%(t_‘/gg))
_ 2z x 2 2 x
- A_B \/;(r _t_ _ .
¢ COS<365 \ 365 0')
2_7rx_*_7r = x*—0\/365ﬂ
3650 B 2

_Jem xx 27 _ \/Z x* 2n
t,x*)=A-B ‘/;” ——t—-n|=A+Be V%< —t,
u(t,x”) e COS(365 77) e cos 365
In particular u(0, x*) = u(365, x*) = A+ Be™™ while u(182,5, x*) = A — Be™™, that is the cycle winter-summer-
winter is inverted at depth x* (and actually damped by a factor e™" =~ %).

At depth x* such that

we have

5.5.3. Wave equations. Let’s consider now a vibrating string. To simplify our model, we will
assume that the string vibrates in a fixed plane. We can describe the configuration of the string through
a function y(t, x) representing, at time ¢, the ordinate of the point (x, y) on the string. We will consider
here a finite string, that is x € [0, L]. It is possible to prove that the function y must fulfills a PDE called
wave equation of the form

B y(t, x) = Buxy (8, %) + (1, %)
where ¢ > 0 represents the wave propagation speed and f an external source. We will assume f = 0.
Moreover we will assume that the string is periodic, that is y(z,0) = y(#, L). The initial configuration
¥(0,x) =: ¢(x) and the initial impulse 9,y(0, x) =: ¥ (x) are assumed to be known. Therefore, the
problem to be solved is

O y(t, x) = 20y y(t,x), t>0, x €[0,L],
u(t,0) = u(t, L), t =0,

u(0, x) = (x), x € [0, L],
0:u(0, x) = ¥ (x), x € [0, L].

As before, we look for a solution in the form

¥(tx) = Y a0 T = Y culn)en ().
n n
Notice that

4 2
Oy(tx) = Y chDen(x), By x) = Y el (Den(x), duxy(tx) = Y ~——nlea(en().

n n
The wave equation becomes then
2.2
c
n*c (D),

” 4n? ” 4
DL enx) = Y~ en(x), &= ¢/ =~
n

n
while the initial conditions becomes
cn(0) = @(n), ¢, (0) = y(n).
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Putting all these together, we have to solve the infinite system of second order linear equations

N(I) — 471 c dnte” Cn(l)

cn(0) = sg(n)

cn(0) =y (n).
Forn =0, ¢ = 0, therefore co(t) = @t + Bo. We deduce that By = ¢o(0) = »(0) and ag = cy(0) = J(O), that is
co(t) = ¥ (0)t + $(0).

For n # 0, he general solution has the form
2re . 2me
cu(t) = a, cos Tlnlt + Bn sin Tlnlt.

By imposing the initial conditions we have

a, = @(n),

Z|n|Bp =Y (n), & Bu= ¥ (n).
Therefore

_ 2 L 2rc
en(t) = @) cos £|n|t mlp(n) sin T|n|z.

Notice that, forcing a bit the previous formula, we could include in it also the case n = 0 interpreting
z = 0. Therefore

San — 1 as

y(t,x) = ,;Z (@(n) cos 2%Inlt ﬁlﬁ(ﬂ) sin 2Tlnlt) e, (x).

Reworking this formula we can get a more intelligible one. First: notice that we can replace everywhere |n| with

n. This is evidentif n > 0. If n < 0, |n| = —n and because cos is even and sin is odd easily we get the conclusion.
Moreover, according to Euler formulas (5.1.1),
2re 1 27{( s2mc
cos ——nt = 3 (el "y e*’T"’)

and recalling the properties of Fourier coefficients (5.2.3)

¢EMG(n) = (- —c)(n), e LT E(n) = @+ D) ().

Therefore
N 2nc
Z ¢(n)cos | ——ntfen(x) = Z (- = ct)(men(x) + @ (- + ci) (m)en(x))
L )
nez nez
1
= 3 (p(x —ct) + (x + ct)) .
Similarly,
sin 2 f= 1 ( iz’;cnt —iz’;—“nt)
2 nt = T e e .
Let’s consider then .
20 27rncan)

Recalling the (6.2.1)
—~ 271 —~ L ~ -
P =iZ=Fm). = == Fm = fn)
i2nn
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we have L L . .
Zzﬂncfp\(n)eiz%cm = Z"I\’(n)eith”’ = Z‘Pm)(n), where ¥’ = y.
Similarly,
I L~ 0 ey, 1 o
— £ = P+ oh)(n).
2i 27rnc¢/(n)e 2c C+ct)(n)
Therefore,
> L soysin(ZS i) ene) =2 DT (FC+ enmenx) - FC = e (n)e,)
_ n = — . n — = n
— 2r|n|c L 2c —

1 P(x+ct)—P(x—ct)).
2¢

Now, as ¥ we can take

x+ct

Y(u) = fu yw)dv, = Yx+ct)-¥Y(x—-ct)= f Y (v) dv.
0 X

—ct

In conclusion, we obtain the D’Alembert formula

y(t, x) = 1 (p(x —ct) + o(x + ct)) + i fx ‘ () dv.
2 2¢ Jy-cr

This formula has a beautiful interpretation: the state of the wave function y at point x, time t depends:

e Dy the initial configuration at points x * ct;
o by the initial impulse between x — ct and x + ct.

5.5.4. Laplace equation. The Laplace equation describe the equilibrium configuration for an elastic
membrane subject to a traction and constrained to a certain configuration on its edge. We could formalize
mathematically the problem in the following way. Let Q ¢ R? a domain in such a way that the shape of
the membrane be described through a function u = u(x, y) : Q — R. We denote by f(x, y) the vertical
component of the force applied to the membrane. It is possible to show that u solves the following PDE

Au = Oy + Oyyu = f, (x,y) € Q.

About the constraint, we could model through a function ¢ : Q2 — R representing the configuration of
the membrane on its edge. In other words, # must be a solution of the following problem

Au(x,y) = f(x,y), (x,y) € Q,

u(x,y) = ¢(x,y),  (xy) € 0Q.

This problem is also called Dirichlet problem for the Laplace equation. Through Fourier series we can
find the solution in a particular case. Assume that Q = {(x,y) € R? @ x>2+y? < 1) (unitary disk).
Then 0Q = {(x,y) € R? : x*+y% =1} (unitary circle). Because of the particular form of Q, the
configuration u# can be described by using polar coordinates. In other words we will assume u = u(r, 6)
being x = rcos @, y = r sin 8. In this way, because (r, 6 +27) corresponds to (7, 8), u(r, 0 +2m) = u(r, 6),
that is u is naturally periodic in 8 of period 2xr. The configuration on the boundary can be easily described
by assigning ¢ = ¢(8), periodic for the same reason as for u.

Polar coordinates simplify the way to look at # and ¢. But there’s a problem: the Laplace equation is
given in cartesian coordinates. In fact, derivatives are computed respect to x and y and of course this is
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not the same as derivatives respect to  and 6. In other words, to use polar coordinates, we have to rewrite
the Laplace equation in polar coordinates. How this can be done? To do this, we will use an ambiguous
notation by writing u(r, 8) = u(r cos 6, r sin ). By some computation it can be proved that

1 1
Axyu = Oppu+ =0pu + —269914.
r r

Hence, the Dirichlet problem in polar coordinates assumes the form

Opru+ 10,u+ S dgou = f(r,0), 0<r<1,6¢[02rn],

u(l,60) = ¢(6), 6 € [0,2x].

As in the beginning we will assume f = 0. Therefore, if we represent the solution as Fourier series in 6,
u(r,0) = ) ca(r)e™,
n
the equation to be fulfilled by u leads to

1 1 1 n?
Z cylen + — Z chen + - Z(—nz)cnen =0, & ¢/ +-c,— —¢en =0,
r & r? & r r

n

with ¢, (1) = @(n). The good news is that the differential equation solved by ¢, is linear
r’c” +re—n*c=0.
To solve this equation, let’s first separate n = 0 by n # 0. In the first case

rc’”+c¢"=0, & (rc’) =0, = rc'=k, & ’'=-, & c=«logr+ k.

S X

Because we look for a bounded solution, x = 0, whence ¢y = kg = co(1) = @(0). If n # 0, let’s look at ¢ as a power
series c(r) = Z,;”:O axrk. Then c is a solution iff

2 Z k(k — l)ozkrk’2 +r Z ka/kr’“l -n? Z akrk =0,
k>2 k>1 k>0
By imposing to be a solution we get, after straightforward calculations,

Z (k2 - n2) ozkrk =0.

k

By this, (k* — n?)ay = 0 for every k. This says a; = 0 for k # |n|, whence ¢, (r) = a,r""!. By imposing the
boundary condition ¢, (1) = @(n), we have finally

n|

en(r) = e(n)r

Notice that this formula works also for n = 0. Returning to the solution of the Laplace equation, we have finally

u(r,0) = Z P(nyrinlen?.

nez

Notice again that, because

1 27{ .
p(n) = — f p(®)e ™ dy
271' 0
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we can represent the solution in an integral form as

l X 2 . 1 2r .
_ In| in@ —ind _ |n| in(6—9)
(5.5.3) u(r,0) = 5 Zn: rinle fo p(@)e " di = o~ fo o(®) Zn: rinle do.
[ —
P(r,0—-9)
Now,
) +00 ) ) +00 ) )
P(r,w) = Zrlnle’"‘” =1+ Zr" (e”““ + ff”“") = Z r' (e””” + e_"““) -1
n n=1 n=0

and recalling the geometric sum 3>, ¢" = ﬁ (that holds for every |g| < 1) we have that, for » < 1, we can
compute in finite terms P:
1 1 1-7r2
P(r,w) = _ = 4 .
1-reiv 1-reiw 1+7r2-2rcosw
The function P is called Poisson kernel and the (5.5.3) is called Poisson formula.

5.6. Exercises

EXERCISE 5.6.1. Find the Fourier series of the function f € L*([0,2x]) defined as

-1, -m<x<0,
f(x)::{

+1, O<x<m.

What does the Fourier series converge to at x = kn, k € Z?

EXERCISE 5.6.2. Let f(x) = x* defined as x € [0, 1], extended by periodicity to R. Compute its Fourier series and
discuss the convergence (pointwise, L?).

EXERCISE 5.6.3. Let @ € R\Z and f,(x) := cos(ax) for x €] — «, n] extended by periodicity to R. Determine the

real form of the Fourier transform of f and discuss its sum. Use this to show the identity
SR
racot(ra) = 1+ 2a? —, Ya € R\Z.
(na) Z] = \

ExErcist 5.6.4. Compute the Fourier series of f(x) = x as x €] — «, ] extended by periodicity to R. What is the
sum of the series? Use the answer to show that

T o< (-DF

4~ Z k+1°

k=0

S}

EXERCISE 5.6.5. Let f(x) := xe % asx e [—n, ] extended by periodicity to all R. By discussing the regularity of

f find the maximum k such that
~ C
n)| < —-.
ol < o
Compute the Fourier series of f in complex form. Deduce by this the real form and confirm what deduced above.

EXERCISE 5.6.6. Let f € L' real a T—periodic. If f is odd the Fourier series of f contains only sines, if f is even
only cosines.

EXERCISE 5.6.7. Let f(x) := § — 5, x € [0, x]. How can f be expanded as a cosine series? Discuss carefully the
convergence of such series (pointwise, L?).
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EXERCISE 5.6.8. Show that if f € €%([0,T)) its Fourier series converges uniformly and

as N — +oo,

K
ISV = flloo < W’

EXERCISE 5.6.9. Determine the solution of the wave equation 0,;y = O0xxy with the following initial conditions:

ExERcISE 5.6.10. Determine the solution of the Laplace equation Au = 0 on the unit disk assuming u = ¢(6) on
the boundary of the disk in the following cases:

i) ¢(6) =02 —0).

i) () = x10.1(6).

iii) ¢(0) = 6.

iv) @(0) = 3| 5 sin(nf).

ExErcist 5.6.11. A column of soldiers march in unison over a bridge. We model the shape of the bridge as a
unidimensional line described through the graph of a function y(t, x) of real variable x € [0, L]. Initially the bridge
is assumed to be flat (y(0, x) = 0) and with no impulse (3;y(0, x) = 0). The march of the soldiers is modeled through
a force f(t, x) impressed by the soldiers to the bridge by their steps. We assume that T > 0 be the time-period for
the steps. How can we model f analytically? A simple possibility is to take f(t, x) = Fysin %
i) By assuming the shape of the bridge modeled through a wave equation with forcing term f, write the
solution y = y(t, x).
ii) What happens to the bridge (thatis to y) as T = % for some N € N? Describe the behavior as better
as you can.
iii) Assume now that the march is a bit "out of step”, in such a way that the front of the column exercises

inverted force respect to the rear. We model this by assuming
2t 2nx
t,x) = Fysin — sin —.

f(t,x) = Fosin — T

Determine the evolution of the shape of the bridge. What happens if T ~ % for some N € N?



CHAPTER 6

Fourier Transform

The main result of the previous Chapter is that for every f € L> T—periodic it holds

(6.0.1) fn £ > e i,
nez
Main applications of this fact are to signals (voice, music, etc) and this is the base of the digital signal
processing. Roughly, one replace the full signal by an its finite approximation by using a finite number
of Fourier coefficients. This makes possible, for instance, mobile phones, compact discs, and so on. The
main feature of sound waves is that they are periodic. Other type of signals, like images, are not, so the
question arises naturally: is there an analogous of (6.0.1) but for non periodic functions? The answer is
yes and it is not far from (6.0.1).
To catch the point, let’s rewrite the (6.0.1) by writing the Fourier coefficients as

_ /2

1 P2nn
fm == F(e™ T dy.
-T/2

Hence

-~ ‘2nn 1 T2 ‘2nn ‘2nn
HOEDWIOLEREDY (; F)e T dy) o1

nez nez -T2

Now, suppose that we consider a formal limit as 7 — +oo (this is to consider a non periodic function).

Something interesting happens if we look carefully to the previous sum: introduce the points &, = %

T
n € Z as a subdivision of R in such a way that d&,, = &,41 — &, = % we have

T/2
f<x>=Z( f(yyem2mény dy) e gy — fR ( fR f(yye2mey dy) e d.

nez -T/2

The integral

(6.0.2) f(é) = fR f(y)e 27V dy

is called Fourier transform of f and the previous formula suggests that

—_—
j—

(6.0.3) fx) = f(=x).

Basically in these few steps the main ideas concerning the Fourier transform are contained. Of course it
will take some non trivial work to show that these idea can be made rigorous.

83
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6.1. Definition and examples

We will introduce the definition of Fourier Transform (FT) for functions f = f(x), x € R?.

DErINITION 6.1.1. Let f € L'(R?). The function

6.1.1) f&) = » F(e 7Y dy, ¢ e RY

is called Fourier Transform (FT) of f

The definition is, of course, well posed. Indeed, the integral in (6.1.1) converges iff

f (e 27 dy = f FO)l dy < 400, V& € RE, &= f e L'(®RY).
R4 R4

In particular the previous says that

(6.1.2) IFOI< -
that is f is bounded by || ]I,

Let’s see some important examples.

ExaMPLE 6.1.2 (RECTANGLE). Callrect, 1= X[-a/2,a/2]- Then

sin(ra&)

(6.1.3) rect, (¢) = a———== =: a sinc (wa&), Y& € R.

naé

(with the agreement that sinc 0 =1 ).

Ficure 1. rect, at the left and rect, at the right

Sor. — Clearly rect, = x[-a2.a/2] € L'(R). We have

§:0’ :f—a/Z dy:a’

al2 .
rect, (&) = f 7Y gy =
—a/2

~i2né&y 1y=al2 i
& #0, —[e 2§y] _sm(nug):a

sin(ra&)

T L -i2ng ly=—qp T n€

ExAMPLE 6.1.3 (EXPONENTIAL).

(6.1.4) ealtl(¢) = £eR, (a>0).

a? + 4n2e?

ra&
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SoL. — Clearly e~ € L' (R) if a > 0. By definition

0 +00
calfi(g) = f ol gi2mEY gy f o e 2TEY gy 4 f = mI2EY gy
R —00 0

0 . b =0 oein oo
f (a-i2n&)y d f+ —(a+i2n&)y _ ela—i2n&)y e~(a+i2n&)y
¢ v+ e dy = | ———F + | ———
- 0 a—i2rné |, a+i2né |

00

1 1 2a
+ = )
a—-2n¢  a+i2né A +4n?é?

The next example is very important:

ExAMPLE 6.1.4 (GAUSSIAN).

S

2
(6.1.5) ¢ 307 (&) = V21027 (o > 0).
In particular:

(6.1.6) e (&) = eE

SoL. — We’ve already obtained this Fourier transform: looking to (1.8.1) by taking A = 27¢ we obtain

i T N
e 202 (£) = 2o 2e™ TYE = \Dpole 2O

ExXAMPLE 6.1.5 (MULTIVARIATE GAUSSIAN). Let C be a strictly positive definite symmetric matrix. Then

(6.1.7) e € (g) = \J2m) det CeTPTCEE,

Sor. — Notice first that being C strictly positive, C is invertible and of course being C symmetric the same holds
for C~!, which is therefore diagonalizable. This means that C 1 = T-IA-IT with T orthogonal matrix, that is
T~! = T* (transposed matrix), and A~! := diag(#, e ﬁ) a diagonal matrix. Therefore

1 d

C_ly -y = TtA_lTy -y = A_lTy -Ty.

Now, notice that

e - [

Rd
and because 7' = T~! easily | det7?| = 1. Therefore

- d 12 #2
- F-T T2 . T252 6.1.5 ono? 2
e HCTHE(g) T2 | |fRe i TN gy = | |e i (T8, = | | 2o e T
J=1 ' j

J

_ LAl i Tt x=Ty A=y g .
e ATy Tye 2rET'Ty dy = f e sA XX, lQ”T‘fxldetT’Idx,
R4
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To finish notice that
]—[ o? = detA = det(TC™'T7")™") = detC,
J
and

D oI} = (N'TE) - TE =T'AT¢ - £ = C§ - £
and by these identities the COl’lCllleiOI’I follows easily. O
Let’s finish this Section with few "algebraic" properties of the Fourier transform sometimes useful:
PROPOSITION 6.1.6. Let f € L'. Then
) f(—xg) = eT2mENf,
if) 27V £(8) = F(€ + ).
i) FODE) = 27 (%),
Proor. We will limit to prove the first one, the remaining are similar (exercise). We have

FE=30)(8) = fR FOx—x0)e 2mEX gy = g712mE 0 fR fx=xg)e 2000 g = T2MENF(g),
6.2. Behavior of Fourier transform

In this section we will study the behavior of the Fourier transform as a function, that is we will discuss
some property of the function

£— f(©).
We start by the

THEOREM 6.2.1 (RIEMANN-LEBESGUE). Let f € L'. Then fe € and f(f) — O as |€] — +oo.

Proor. The continuity follows by the dominated convergence. Indeed, if &, — &y we have clearly

F()e Y — f(y)e 20 ae, and |f(y)e Y| < | f()],

and because | f| € L' we have

f(&n) = fR F)e 2y gy — fR f(0)e 270 dy = f(&y).

We omit the proof of the second part of the statement, the proof follows a similar idea as for the RL

Lemma for FS. O
PROPOSITION 6.2.2. Let f € L' such that f € €' with 0if € L'. Then
6.2.1) ;&) = 2ng; f(£).
In particular:
-~ 19; f1h
(6.2.2) £ ()] < =L

2mlél
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Proor. We will limit to prove the statement for d = 1 (the general case is just a technical complication
but it follows the same ideas). We have

P& = [ 1o a " [rone o7 [ o, () .

We notice that in our case f(y) — 0 at co. Indeed, by the fundamental thm of integral calculus

+oo

FO) - 1) = fy f/(u) du — f'(u) du € R, because f’ € L'(R).
0

0
Therefore the limy . f(y) exists finite. But f is integrable: such a limit cannot be anything else than

. —i2n& : : 2y YT _
0. Now, being e Y bounded function, we obtain that [ f(y)e Y ] o= 0. Hence

Pier== [ 10, () ay =izme [ e dy = idmeie).

As for the bound,
I/ €12 £/l

1F (&)l = < :
2r|€| 2r|€|
ExAMPLE 6.2.3. Let
0, x< -—-a, x> a,
fa(x):=4 x+a, —-a<x<0(,
-x+a, 0<x<a.

Compute f] and deduce }Z

SoL. — Notice that £, is of course L' (R) and

0, x < -a, x>a,
fox):=31 -—a<x<0, = X[-a,01(X) = X[0,a1(X).
-1, O<x<a.

Clearly f. € L'(R) and

i€1a(€) = [2(6) = Ximan)(©) — X0.a(6).
Notice that

Xi-a,01(#) = X[-2 2 (ﬁ + %) = X[-a0](§) = recty (ﬁ + g)@) = "% gsinc (n¢).

and similarly

—_—

0,a =T ﬂ a I S' ng
JE— 0 .
/\/[ e ](f) eCtu ( — _2)(6) — 6_172»6 1][(—)

V2r €
SO 5
o) = (/88 - o4 1sin(%) _ 2i (sin(5)
o Var € N ¢
and finally

2
— _i sin(%)
o= 2 (2. o
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The (6.2.1) ind (6.2.2) are of course the analogous of (5.3.1) and (5.3.2) and connect the regularity of f

to how fast f goes to 0.
An important consequence of (6.2.1) is that the FT converts derivatives into polynomials. In fact,
more in general,

P

0110+ 94 f(§) = (2mé) " (272" - (i2mE) 4 F (£).

We could write this formula in a compact way: if k = (ky,...,kgq) € N9 (called multi-index) and
4 k
k ._ oki ok k k._ j
O = oh ke, =] ] xY
j=1

then, if 9K f € L',

(62.3) Ok f(&) = @218 &),

What is remarkable is that by switching derivatives with power the same holds:
ProposITION 6.2.4. Let f € L'(R?) such that x* f(x) € L'(R?). Then

(62.4) 304 7(©) = (-2 ()] (€) € TR,

ProoF. (d = 1and k = 1) It’s an application of the derivation under the integral sign. By definition

f(&) = fR f(x)e2mEx gy,

Deriving under the integral sign,

(@) = jﬂ;—iZMf(X)e_iz”fy dy = [-278 £ (§)] (£).

—-i2néx

To justify the derivation we need to dominate —i27x f(x)e uniformly in & with an L' function in

x. But this follows immediately by our assumptions being
|—i27rxf(x)e_i2”§x| L2mlxf(x) e L', ¥é¢eR. O
The properties stated in the Prop. 6.2.2 and 6.2.4 can be summarized in a unique elegant form as follows:

CoROLLARY 6.2.5 (DUALITY MULTIPLICATION-DERIVATION).

(6.2.5) (276 0% F (&) = [9" (—i2n)* F(1)](&).

6.3. Schwarz Class

The FT of f is a function. By Riemann—Lebesgue thm we know that if f € L' then f € € and,
moreover, f — 0 at co. To discuss the validity of (6.0.3) we would need to compute the FT of f. To
this aim, we would need to know if f € L' once f € L'. Unfortunately this is false in general.
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ExamrLE 6.3.1. Recall that, by (6.1.3),
rect, (€) = asinc (maéf).

However, sinc ¢ L' because, for instance taking a = 1,

f|sinc(n§)|d§=f M’ dg—‘:f
R r| 7& R

Apart for the specific example, the reason why rect, ¢ L' has to be found in the lack of regularity of
rect,. In fact, as we know, higher is the regularity of f, faster f goes to O at infinity, and this is what
doesn’t happen to rect, to make its integral convergent. It is for this reason that, if we want to have (6.0.3)
as a general rule we have to consider f regular enough.

On the other hand, in analogy with Fourier series from which it comes from, we expect the (6.0.3) be
true for f € L?. But this poses another problem: the FT of an L? is not always defined! This is simply
because L? ¢ L.

sinn
n

dn =+o0. O

REMARK 6.3.2. None of L' ¢ L? nor L> c L' is true. For instance

1 1
=—— e L'"®)\L*(R), whil = —— e L>*(R)\L'(R).
fx) \/m(1+|xl)€ (RO\L7(R), while f(x) 1+|x|€ RNL(R). O

This means that an L? definition of the FT is not evident and, in principle, it cannot be done through the
Fourier Integral (6.1.1).

To overcome these difficulties, we will now introduce a very important class of functions, the class
of regular functions rapidly decaying at infinity called also the Schwarz class in honor of its creator. This
is a class of regular functions behaving well at infinity that has some remarkable properties:

e it is contained in both L' (R?) and L%(RY);
e the FT maps Schwarz functions into Schwarz functions;
e even more: the FT is a bijection on the Schwarz class and the (6.0.3) holds.

As we will see in the next section, this will lead to define the FT on the space L?. This is a rich program,
let’s begin with the

DEFINITION 6.3.3 (SCHWARZ FUNCTIONS AND SPACE).

LR = {f e 2[R : sup (1 + [Ix[)N]0* F(x)| < +o0, YN, k € Nd} .
xeR4

Inwords: . (R9) is the space of €= (R?) rapidly decreasing at infinity, that is faster than any polynomial.

ExampLE 6.3.4. For instance

1
e S (R), el ¢ L (R) (not regular at 0), o ¢ 7 (R) (not fast enough to 0 at o).
X

As we said

PROPOSITION 6.3.5. The Schwarz class . (R?) is contained and dense in L' (R?) and L*(R9).
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Proor. (d = 1) If f € . then, for instance

2 C 1 2
A+ [xDlf0)I<C = [f(0)]< AN eL' NnL>.

The density demands a technical proof that we omit here. O
The second step is the
LEMMA 6.3.6. The FT applies .7 (R?) into itself, that is: if f € .7 (R?) then fe Z (R,

Proor. For simplicity, we will prove the theorem for d = 1. In this case
Z[R) = {f e €*[R) : sup(l +|xDN|f®x)| =0, YN, k € N} .
x€R

Let f € (R). To show that f € .7 (R) have to check two things:

i fec;

ii) % is rapidly decaying at co.
Let’s see how both are direct consequences of the duality multiplication-derivation. Indeed, because
f € .7 we have x*f € L'. By Prop. 6.2.4 it follows that 3 f(k) and, as consequence of the Riemann—
Lebesgue Thm, being this a FT it is a continuous function. Conclusion: f € ¢* for any k, that is
f € E6™.

Moreover, the multiplication-derivation duality (6.2.5)
1.2)

—~ — (6.1.
@276)"0" f(&)] = |[0" (=i2z)* FWI@] < 10" (=i2a)* FEIl =2 Chi
and Cp x < 400 because, being f € .7, o (x* f) e L' as it can be easily checked. Therefore

Zuﬁ(l +1ED" P &)] < +oo, Yh, k,
e

and this precisely means that f e Z(R). O
The FT is invertible on .7 (RY):

THEOREM 6.3.7. The inversion formula

(6.3.1) f(x) = ?(—x), Vx € RY,

holds for every f € .Z(R?). In particular, the FT is a bijection on . (R%).

Proor. (d = 1) The proof consists in make rigorous the informal argument of the introduction to this
Chapter. Suppose first that f € . be = 0 off [-R, R] for certain value of R > 0. Take T big enough in
such a way that [-R, R] ¢ [-T/2,T/2]. Because f € L2, it can be written as sum of its Fourier series

2 1 T2 2n 2nn
HOESY (— Fly)e dy) o1

na \T J-rp
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Notice that, to avoid confusion, we didn’t use the notation f (n) for the n—th Fourier coefficient of the
FS because we will reserve the notation f for the FT of f. In particular, because we assumed f = O off
[-R,R] C [-T/2,T/2],

T/2

g gy gy F(T
e dy= [ e ay = 7(3)

-T/2
SO

L2 ~(n\ jun, 1
= —|e' T . — VT >2R.
0 S

Call S7(x) the r.h.s.. Because f = Sy in L? in particular f = St a.e.. Moreover, because of the regularity
of f, by Thm 5.4.3, the FS converges to St also uniformly hence, in particular, point wise. Now, for
every x fixed, as T — +oo

S0 = ) F () e — fR F@ee dg = 7 (-,

nez

Therefore f sy — ?(—x), that is f(x) = 7(—x). Now, because f € ¥ (by assumption) and

7 € ¥ (by Riemann-Lebesgue) it follows that the previous identity must actually hold for every x € R.
Let’s see how to remove the restriction that f = 0 off [-R, R]. Take first a € function such that
p=1lon[-1/2,1/2]and ¢ = 0 off [-1,1], 0 < ¢ < 1. Hence set

X
fa() = f¢ (7).
It is clear that if f € ./ then fr € % and fgr = 0 off [-R, R]. By the previous part of the proof

fr(x) E fr(=x).

It is also evident that fr(x) = f(x)p (%) — f(x) as R — +oo for every x such that f makes sense,
that is a.e.. On the other side

(63.2) Tr(=x) = fR Fr(E)e dg.

By dominated convergence easily

fr(&) = fR RO dy — fR F)eT 7Y dy = f(£), VE.

We wish now to use this and dominated convergence to pass to the limit in the integral (6.3.2). To this

aim we need a control independent by R of |7;(§ )|. We do this by using the trick of the derivative: by
(6.2.3)

S VAT
el < =

and because f7 = f"¢ + Z%f’cp’(%) + %fgo”(%) we have

14 14 2 ’ ’ 1 144
7RI < Ml elleo + UM o + 25 1 e oo < Ky VR > 1.
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Therefore,
@) < —.
€12
This is a good bound at oo but a bad one in 0. However it is easy to fix this point because, If;(f)l
Rl < Ifll1, so f R is umformly bounded (thls is a good bound on any finite interval but is bad at co).

It is now easy to recognize that | fR(f < 7 Y flz for some constant C. We can now apply the dominated
convergence to (6.3.2) and conclude the proof of (6.3.1) for every f € .7 (R).

It remains to prove that the FT is a bijection. This is easy now: first, as operator, the FT is clearly linear.
Hence it is enough to check that if f = O then, necessarily, f = 0. According to the inversion formula

fx) = f( x) =0(-x) =
Because f € . it is continuous, hence f = 0 a.e. means necessarily f = 0 on R. O
6.4. The Fourier-Plancherel Transform

In the previous Section we have seen a setting, the Schwarz class, on which the FT works particularly
well. Unfortunately, this class is too restrictive. A natural wish would be to extend the FT to the class L2
but, as we pointed out above, because L2 ¢ L' we cannot use directly the Definition (6.1.1). However, a
remarkable property of the FT on the Schwarz space suggests naturally a possible way to define the FT
for L? functions. The key property is the

LeMMA 6.4.1 (puaLITY LEMMA). Let f,g € L'. Then

(6.4.1) fd fg= fd fs.

Proor. First notice that both members are well defined: f, g€ L'(R) imply f g € % and bounded
by Riemann—Lebesgue, so in particular f g are bounded hence f g, fg € L'. The (6.4.1) is just an easy
computation:

[rz= [ s [ e ayas ™2 [ oo [ et avay= [ of o
Rd R4 R4 R4 R4 R4

In particular, combining the inversion formula with the duality Lemma we obtain the analogous of the
Parseval identity (5.4.3) for the FT:

CoROLLARY 6.4.2 (PARSEVAL IDENTITY).

(6.4.2) £l = Ifll, Vf €.7(RY).

Proor. Just notice that

If12 = fR FT dx = fR FT () dx

Now,

g = fRd g(y)emi2méy dy = fRd (e dy = g(=¢).
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Therefore

T = T,

and returning to the initial calculation

(641)

IF15 = f 07 @) fR TOTF@de=1fI3 o

This open a new perspective on the FT. As linear operator on . (R%) c L?>(R?), the FT conserves the
L? norm. We could say that the FT is an isometry on L?. Actually, the FT is defined only on .#. Being
this dense in L2, however, the Parseval identity leads to a natural extension to L

THEOREM 6.4.3 (FOURIER-PLANCHEREL). The FT extends to L>(R?) as an isometric bijection. The
inversion formula holds in the sense that

(6.4.3) flx) = f (=x).

L? —
Proor. Let f € L?: by density, there exists (f,,) € .# such that f, — f. Consider (f,) ¢ ./ ¢ L.
Let’s check that this sequence is L? convergent. Being L? complete, let’s check that (f,) is a Cauchy
sequence: by Parseval identity,

1 fn = Fonllz = 1 = fonll2 1fn = fmll2-

Being (f,) L* convergent, it is a Cauchy sequence, hence the same holds for (E). We define

(642)

—

fi= lim?;.

L? - L=
We have to show that this definition is coherent, that is if another g, — f then lim,, g, = lim,, f,,. But,
again by Parseval identity,

(642)

10 = fullz = 118 = full2 lign = fallz — 0.

Now f is well defined for f € L?. It is clear that the Parseval identity holds for every f € L?. In
particular the FT is injective on L. By proving the inversion formula (6.4.3) we will prove also that the

2
FT is bijective. Let f € L? and let (f,,) C .# such that f,, i f. Then, by (6.3.1),

(6.4.4) Fulx) = Fu(—x), ¥x € RY.

As we know, eventually taking a subsequence, fn(x) — f(x) ae. x. What about the r.h.s.? Calling
= f,, I / (because f, € <), we have g, LN f hence, fn = gn L, f Eventually taking a

subsequence f,, — l a.e.. In conclusion, by extracting subsequences, the L.h.s. of (6.4.4) converges

a.e. to f, ther.h.s. to 7(—x), and because the limit is unique we conclude that the (6.4.3) holds. O

The Fourier—Plancherel risk to appear as a quite abstract result. A natural question, in fact, is: ok, but how
do I compute in practice the FT of an L? function? Is there a formula? Can I use the (1.5.2)? Starting
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with the last question, the answer is no in general, unless f € L?> N L' (as, in particular, for Schwarz
functions). However, the (1.5.2) holds also for f € L? in a slightly weaker sense, that is

(&) L lim F(x)e ™ 2EX gy,

Rt Jjixli<r
in which the limit is understood in the L? sense. Let’s see some example.

ExampLE 6.4.4 (CauchHY).

(6.4.5) (g)_ e 27alEl (g > 0).

a2 + ﬁz
SoL. — Easily, a++¢¢2 € L' n L?. We could therefore use the (1.5.2) to compute the FT. An alternative and much
easier way is the following. We recall that, according to (6.1.4)

2a
a? + 4n2¢?’

e-alfl(¢) = £€R, (a>0).

Je Xl e 12 and because

1= am\( )
al+x2 2a 2

Notice that both 21 3
ac+x

by applying the FT both sides we get

(@) = 5o (i)(ﬁf’lé”” 27 Zalfl 2y C4Y T mal-tng) _ T 2anlel
2 2a a

2+ﬁ2 a

ExampLE 6.4.5.

sinc (anh)(€) = érecta(f).

SoL. — In this case sinc (arff) ¢ L' because fR |sinc (amx)| dx = fR %| dx = +c0. However, sinc (anx) €
L? because
. 2 sin(amx) 2 1 sin y 2
|sinc (amx)|” dx = —| d — —=| dy.
R R anx amn Jr y

siny 2. . . e s siny 2 C
The function ( 5 ) is continuous in y = 0 and it is also bounded by . Therefore is it reasonably ( ) <17

which is integrable. To compute the FT we cannot in this case use the Ll formula. However, we know that
rect, (¢) = asinc (ané), & sinc (anx) = ér?ét\a (x).
By applying both sides the L? FT and recalling the inversion formula
sinc (aﬂﬁ)(f) —recta &) = —recta( Xx) = érecta (x). O

The previous example is interesting because it shows that, in general, the Riemann—Lebesgue Theorem
doesn’t hold for the L? FT. In particular, f is not necessarily continuous.
We conclude this Section proving (4.4.2):

ProposiTioN 6.4.6. Let H,, be the Hermite polinomials. Then Span(\%n»‘Hn :neN)=LXR, AN).
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Proor. We will prove that if (¢, x") = O for every n € N then ¢ = 0. By this the conclusion easily
follows. Notice that

VYn € N.

0= (¢, x"y = f (e s B

T

Therefore, multiplying the previous identity by ’f) and summing up all the identities, we have
(6.4.6)
lfx)" _x? (- lfx)" _x2 dx 22 _eoodx
0 f ¢( ) 2 f ¢(X) 2 = ¢(x)e 2 e lfx_ X
Z V2n Z V2n R V2n

The previous passage makes perfectly sense because }, (_ii,x)n converges in L*(R,.#") to ¥, for

every & € R fixed. It is sufficient to show that ), ” (_iif)n ”2 < 400. Now

[Ix"]13 = f I
R

n

—(2n—1)f 2m-2,-% 9% :...=(2n—1)!!

therefore

1§X)n Z |£1" \/m

and this series converges easily for every & € R. Returning to (6.4.6), we have that

_#
pe”7(5) =0,
hence, by inversion formula,

¢(X)e_x72 =0, & ¢=0. O

6.5. Convolution

A very important operation in FT context is the

DEeriNiTION 6.5.1. Given two functions f and g the function

(f*xg)(x) = fRd fx=y)gly)dy= fRd fMegx—y)dy, x eR?

is called convolution of f and g.
The first thing we need to check is that the convolution is actually well defined.

THEOREM 6.5.2. Let f € LP and g € L'. Then f g is well defined, it belongs to LP and the Young
inequality holds

(6.5.1) ILf = glly <Ifllpligllh-
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Proor. We skip the details concerning the measurability of f = g. We prove he Young’s inequality
in the simplest case p = 1. We have

ILf = gl :f ff(x—y)g(y)dy‘ dx<f f [f(x =gl dy dx
R4 R4 R4 JR4

F=Tf |g(y>|f |f<x—y)|dxdyzzi‘yf |g<y>|f FDldzdy = Iflillgh. o
R4 R4 R4 R4

The Fourier transform a convolution into the product of FTs.

THEOREM 6.5.3. Let f € L' or L?> and g € L'. Then
(6.5.2) frg=fg

Proor. We do the proof in the simpler case f, g € L'. By previous proposition f * g € L' so we can
compute the FT and

frs@ = fRd(f +g)(y)e 7Y dy = fRd (fRd fOy=x)g(x) dx) e PTEY dy

=f (f [y =x)gx)eme dX) dy
R4 R4

Fugini f g(x)e—ime-x (f fly - x)e—iZK-f'(y—x) dy) dx
R4 R4

= f©3). o
ExaMPLE 6.5.4. Solve the equation
W' —u=eX xeR.

SoL. — Assuming that « fulfills all the requirements we can apply the FT to both members of the equation and we

get that
2

1 +4n22

—_—

l/l” — ﬁ: e_‘m =

Now:
(6.2.1)

(&) V=T (1208)% = 4 EXu(é),
hence we obtain
2 —\2
(426 = i = T~ =5 () = ()
Now, by writing
(EWI)Z — oWl = o~Thl % oIt
by the inversion thm we obtain

1 1
u(e) = —ze i) = -2 fRe—u—yle—m dy
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Let’s compute the integral

0 +00
fe—lx—yle—lyl dy :f e ylpy dy +f e X Ylpmy dy.
R -0 0

If for instance x > O the previous integrals are

f_ooo e e dy + fOX e O™ dy + f;m e O™ dy = ¥ f_ooo e dy + e~ fox dy + e* fxm e dy

-X _ —2x _
=5 +xe ¥ +et 5 =e (1 +x),
while, as x < 0,
X (x— 0 ,_ +00 _ _ X 0 +oo  _
=f_ooe(XY)eydy+fxexyeydy+f0 e O x)eydyzexf_we2ydy+exfx dy+exf0 e dy
=‘37—xex+ex%=ex(l—x),

hence, in conclusion u(x) = —%e“)"(l + |x]).

ExAMPLE 6.5.5. Solve the equation
u(x) =1 f e P u(y) dy + eI,
R

Sor. — First notice that the equation can be rewritten as
w= e Wy 4 e W,
By applying to both members the FT we obtain
T= A Wi+ oW, e (1 - ae’—ﬁl) 7= e,

Now, recall that by (6.1.4)

() = —
e =—,
1 +4n2£2
therefore
&) 1 2 2 2
u = = = .
2 242 242 _ _ 242
1_,1m1+4n§ 1 +4n2é2 =22 (1 -22) +4n°¢
Let’s look carefully to this u. If for instance 1 — 24 = 0, thatis A = %,
~ 2 172
et

because of the singular behavior at & = 0. The same happens if 1 — 21 < 0: in this case we could write

(1=20) +412&% = )2 = 2A-1) = Qré =221 - 1) 2ré + V221 - 1),

hence
_ 2
T -l D@rE+NZIZT)
o=

Such iz ¢ L', L? because of the singularities at & = £-5"—.
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The conclusion of these remarks is that a solution # € L' or L? is possible only if 1 — 21 > 0, that is A < %
In this case

~ 2 (6.1.4) 1 2V1 -2 1
u= = = 6_\/@”’”
(1-22) +4n2¢? VI=22 (V1 =220)2 +4n2¢2  N1-22
that is .
_ —VI=24|x|
u(x) = ———e . O
V1-24

6.5.1. Approximate units. One of the most important applications of the convolution is to the
regularization of an irregular function. The idea is simple: let’s look at the convolution

frglx)= fRd fx=y)g(y) dy

as a "mean" of values of f around the point x, using g as weight. That is, imagine g > 0 such that
fRd g = 1. For example take

1

This g. > 0 and fRd 8e = @ f[_g,g]d dx = (231)01 (2€)4. Then

1 1
—y)dy = dy,
2e)d f[ e f(x—y)dy 20)d j; - f(y)dy

where C(x, ] :={y € R4 . lyj —xjl <& j=1,...,d}is a cube of side 2¢ centered in x. Therefore,
f * g¢ in this case represents the integral mean of f on the cube C(x,e]. The idea is that eventual
irregularities of f are mollified. At the same time, in some suitable sense, we expect that, as ¢ — 0+,
fe — f. We understand here why the convolution is important for signal processing because it is a way
to filter a noise on the signal.

It is convenient to consider the situation under a general setting. Let’s begin with the

Jfe(x) = fxge(x) =

DEFINITION 6.5.6. Let g € L' such that

g > 0a.e, f g=1
R4

The family of functions (g¢)e>0 defined as

1 X
ge(x) = —¢ (_) x eRY
£ £
is called approximate unit.

REMARK 6.5.7. Easily one checks that g, € L' and

1 X y=% 1
f 8e(x) dx = — g(—) dx = —df g(y)sddy=f g=1 0
R4 E R4 E E R4 R4

ExAMPLE 6.5.8 (GAUSSIAN APPROXIMATE UNIT). An important approximate unit is that defined by the

gaussian density

| 1 2
g(x) = e, = 8:(X)=——==e 2. O

\V(Q2m)d V(Q2re?)d
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As anticipated we have the

THEOREM 6.5.9. Let f € LP and (g.) be an approximate unit. Then
lim fxge = f,VfelLP.
-0+

Proor. We will limit to a special (but important!) case: p = 2 and g, the Gaussian approximate unit.

Notice that
Plancherel — (6.5.2)

If * ge — £l If ¥ ge—flb =" 1f(@e = Dlla-

Now,
Hf(gs - 1)”% = féd |f(§:)|2 (1 _e_g|§|2)2 dé_‘

Here || represents the RY norm of £. Noticed that 1 —e ¢ 5 Ofor every ¢ € R?and0 < 1 —eelsl <

1, so that | f (f)l2 e L! (R‘l ) is a summable dominant for the integrand, the conclusion follows now by
Lebesgue’s dominated convergence. O

6.6. Applications

In this final section we will illustrate some remarkable applications of the FT. We will start with some
classical applications to the solution of linear PDEs. Similarly to FS, the here aim is to show a method
that could be used in many situations. Other natural applications of FT are to signal processing. The
Shannon Sampling Thm concerns the problem of sampling a given signal and basically on it are based all
the modern digital devices (from the CDs to YouTube). The last application is to the X-rays tomography,
and it opens just a window on the important field of image analysis. All these applications show the
relevance of FT in everyday life.

6.6.1. Heat diffusion. The classical equation describing the heat diffusion on an infinite volume is
the PDE

w(1,x) = SNt x), 1 >0, x € R3,
(6.6.1)
u(0,x) = p(x), x € R,

Here u = u(t, x) represents the temperature at time ¢ > 0 on each point of an infinite rod with initial
temperature ¢.

Setting
v(t,€) = u(t, ) (&) = fR u(, x)e HEX dx, £ € RS,
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we have
ue (t,4)(€) = fR RAC y)e EY dy = 4, fR ut, Y)eTEY dy = du(t, B) (&) = vi (1, £).

Of course here we’re implicitly assuming that d; can be passed under integral. At this point we don’t know anything
on the solution u, so for the moment is a formal passage. Once we’ll have found the solution it should be checked
that this operation can be done.

According to properties of the FT

Au(t, §)(€) = Dt + Dyyu + Oz = [ (—i2mé))? + (—i2m)? + (—i2n&s)?| u(t, §)(€) = —4n*|EPv (1, £).
So, in term of v the heat equation becomes
vi(t, &) = 2120 |E1Pv (1, &), 120, £ eR.

Of course o
v(0,€) = u(0,§) (&) = p(é),

so we have to solve the Cauchy problem

ve(t, &) = 2n20 2 E12v(1, &), 120, £eR.
(6.6.2)
v(0,€) = (&), £eR.

Freezing &, the first is a simple ordinary differential equation and easily we get
v(1,€) = §(&)e TP 150, ¢ R

Now we proceed with the inversion. Recalling the Fourier transform of the gaussian

1412
_ 12 2 22 2 2112 e 4okt
e 207 (&) = V2no2e NN — pmImotIEN &),
2no2t

hence

112

1 _

w1
@90(6)6 é) o

u(t, $)(&) = v(t,§) =

that gives, finally,

(6.6.3) u(t,x) =

1 - s 1 _layl?
o2t = o2t 3
V2no2t (SO tes ) ) Varo2r Jrs @(y)e 2% dy, >0, x €R".

Some remarks on this solution. First: the formula doesn’t make sense for # = 0. However, by posing
1 8

- 0’2t =
Norr=ral A )

where g is a gaussian distribution, then
L
u(t,§) — @, t — O+, if ¢ € LP(R?).

This is the sense we may think the initial condition in (6.6.1) is fulfilled. Once u is defined it is actually a boring
but easy job to apply the differentiation under integral sign to check that u is differentiable in f and x as ¢ > 0 and
x € R. Actually one discover that no matter ¢ bad is, u € € (]0, +co[xR) (this is a typical phenomena of heat
diffusion, called regularizing effect). By computing explicitly u, and Au it is easy to check also that u fulfills the
heat equation.
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6.6.2. The Black—Sholes Equation. The Black—Sholes equation is a PDE describing the behavior
of the value of a financial derivative over a risky asset under certain assumptions. We do not enter in
the derivation of the equation, we will limit to a qualitative description of the model. The Black—Sholes
model describes a simple market model where two assets are available:

e a risk free asset, also called bank bond because we may think to it as a bank account with
instantaneous return rate r, this meaning that

dB(t) = rB(t) dt.
e arisky asset, usually called stock, characterized by a random return modeled as
dS(t) = AS(t) dt + gaussian mean 0 and variance o? dt.

The nature of the two quantities B and S is very different. B is deterministic, in the sense that B(¢) =
e"'B(0) if B(0) is the initial amount invested in B. S is stochastic, in the sense that S(¢) is a random
variable. The uncertainty in S is what makes uncertain the investment on it. It is therefore natural to look
to forms of protection against financial risks by considering some kind of "insurance" delivering at some
future time 7 > 0 a pre-determined function of S(T). A typical example of this type of protections is a
contract paying a minimum amount K if S(7') is below K and S(T') if S(T) is above. This quantity is
called also payoff. In other words

K, if S(T) < K,
payoff = = max{S(T), K}.
S(T), ifS(T) =K

As we see, the payoft is a function of the value of the stock at time 7', thatis F' = F(S(T)). In the previous
example F(x) = max{x, K}. Now one of the main question is: what is the price of such contract? That
is, how much should I pay today (time ¢ = 0) to receive such indemnity at maturity 77

What Black and Sholes discovered is a PDE whose solution leads to the solution of the previous
problem. Let V = V (¢, x) be the price of the contract valued at time ¢ if the price of the stock is S(¢) = x.
Notice that at time ¢t = T, the maturity, the contract pays F(S(T)), so F(x) if S(T) = x. In this case
the price at time T of the contract is just F(x). In fact: if V(T, x) < F(x) then an investor could buy
at time 7 the contract for V (7, x) obtaining immediately F(x), therefore realizing with certainty a profit
F(x) = V(T,x) > 0. On the other hand, if V(T, x) > F(x) it would be the issuer to realize a no risk
profit: the dealer would send the contract receiving V (T, x) and delivering to the customer F'(x), therefore
realizing a profit V(T, x) — F(x) > 0. In both cases, one of the two sides of the business would make
money without any risk. This is called arbitrage and we assume that this is impossible in a market. Of
course, we might discuss if this assumption is realistic or less, but this is another issue. In conclusion,

(6.6.4) V(T,x) =F(x), x >20.

Notice that the restriction x > 0 is because x represents a price, hence here a non negative quantity. By
similar arguments, Black and Sholes derived a condition on V(z, x) at any time ¢t < T. They proved that,
to prevent arbitrages, it must be

1
(6.6.5) A, V(t, x) + 5a%czamva, x) +rxd V(t, x) —rV(t,x) = 0.
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Putting together the (6.6.4) and (6.6.5) we get the problem

OV (t,x) + 302x20x V(t,x) + rxdx V(t,x) = rV(t,x) =0, 0<t<T, x>0,
(6.6.6)
V(T,x) = F(x), x> 0.

The problem (6.6.6) is apparently similar to the (6.6.1). However, it is not evident how to use the FT being
the spatial domain x asymmetric. There’s a simple trick to transform the (6.6.6) into a FT manageable
equation. Set y = log x, that is x = ¢” and
u(t,y) =V, e).
Then
alu(t’ Y) = 6ZV(Z> ey)a ayl't(l’a )’) = eyaxV(t, ey)’ 6yyu(t’ )’) = (ey)zaxxv(t, ey)'
Therefore, u solves

o:u(t,y) + %a'zayyu(t, y) +royu(t,y) —ru(t,y) =0, 0<t<T,yeR,
(6.6.7)
M(T’ )7) = F(ey)7 y € R.

We can now use the FT to solve this problem. Let
v(t, &) == u(t,-)(£).

Then

1

orv + 50'2(—1'271'5)2\/ +r(=i2né&)v —rv =0,

or

oy = <2n20'2§2 +i2nré + r) V.
This is an ordinary differential equation in v(z, £) (¢ fixed). The final condition on u(7, y) becomes

V(T, &) = u(T,-)(€) = F(e?)(é).
Therefore

(1, &) = e(27r20'2§2+i27rr§+r)(t—T)V(T’ &) = e—r(T—t)e—i27rr(T—t)§e—2712(rz(T—t)fzF(eﬁ)(é_-).

We can now return to y. First recall that

#2
T L SR v

\2mo2(T - t)

therefore

e_2n202(T—z).§2F(eﬁ) - ;e‘m * F(eh).

\2ro 2 (T —t)
Moreover, the multiplication by e~27"(T=)¢ in the FT means a translation in the variable of —r (7 —¢) in its original.
Putting together these facts,

172

1 ¢ T202(T-1)
u(t,y)=e T ¢ 22T x F(eﬂ)(y —r(T=1)=e"TD f F (ey_’(T_’)_") e dn.
\2ro2(T - t) R \2ro2(T - t)
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Returning to V we finally obtain
1]2
T2 X(T1)
V(t,x) =u(tlogx) =e T f F(elogxrd=n-m) dn
R

20T =
(6.6.8) o=

(S}

Z

e 2
(gim -y = e—r(T—t)fF(xe—r(T—t)+(0'\/T—t)z) dz
oNT— R V2n

This is the Black formula, currently used to price contracts. For instance, in the case of the example done at the
beginning, F'(x) = max{K, x} the price at = 0if S(0) = x is

2

e_%
V (0, x) =e"Tfmax {xe’rT”‘Tﬁ)z,K} dz
R V2r
L log K42 _2 0o _z
— e—rT fa-\ﬁ ng+0_\r 6 2 dZ+ * xe —rT+0'\/fze 2 dz
-0 V —10g7+ \NT V2r

O_\/_log———\/_+o-\/_))

where we denoted by

IS}

,L
w 3

\/_

the distribution function of the standard gaussian. This functlon cannot expressed elementary, however an extremely

good approximation is available through power series. Therefore, the previous offers a good numeric formula to
price the insurance.

d(w) :=

6.6.3. Shannon sampling theorem. One of the main applications of FT is to signals. A signal can

be represented as a function f = f(x), x € R, Its FT f f (¢) represents the "coeflicient" of the
harmonics ¢/2"¢"* in the inversion formula

S = fR T ag.

In Information Theory the variable £ is therefore also called frequency and the domain of frequencies is
called band. One of the interesting problems is the

sampling problem: how can be reconstructed a signal by a certain number of its samples? and how
eventually should be done the sampling?

Apparently, this seems a completely meaningless problem. Suppose that we take samples, for instance,
at discrete scaling, that is f(k) with k € Z. Of course it seems impossible to pretend that these values
determine a unique signal f because we may interpolate the known values f(k) in infinitely many ways.



104

However if we require something on the band of f things changes. Suppose for instance that we know
that the band of f is bounded, that is f = 0 off a certain interval [-A4, A].

THEOREM 6.6.1 (SHANNON SAMPLING ThM, SST). Let f € L'(R) be such that fE Ooff[—A4, A]. Then f
is completely determined by its values at points % Precisely the following reconstruction formula holds

Fo=>1F (%) sinc (24x — nr).
nez

Proor. Let’s construct first a periodic copy of f that is let’s reproduce f periodically with period
2a. Call g = g(¢) such signal. Then

8(6) = ) Bme PrEme
nez

where

i~ _ 1 1o iZty _ 27 3% _ 1 n
8(ﬂ)—ﬁf_lf(n)e Tdn = —ff(n)e "dn——f (u)‘ﬁf(_ﬁ)'

by the inversion formula (that here is valid because we assume f = 0 off [-A, 4], hence it is L!). In
particular,

f(§)=é$ ( 2’;) 25 g e [-4, Al

This shows that f (hence f by inversion) will be determined by a discrete set of values of f. Precisely

_ ) 7Ex gg = 1o i2réx ge 1 n ! —i2n 3hE Li2néx g
ro0 = [ Feereae= [ Jerneae= 3 g () [ e a
- Z o) ( 2ﬂ)fX[ wa(e I dg = Z 2! ( 2’;)“30“(%”)

= Z 2/1 ( 2/1)2/ls1nc (271/1 (ﬁ - x)) Z 2/1 (2/1)2/1s1nc 2Ax —n)

nez

which is the conclusion. a

The SST is very useful to understand how CDs works. Suppose f : R — R represents the amplitude
of a sound wave f = f(¢) as function of time. The FT f represents the frequency of the sound wave
f. Humans only hear sounds at frequencies less than about 20.000 Hertz. So, we may conservatively
assume that f = 0 off the interval [—22.000 22. 000] that is in the SST assumption A = 22.000. Then, if
we sample f at intervals of time length - 51 = 72000 000’ that is with a frequency of 44.000 times per second,
then we can recover f exactly. In particular, on the CD we can store the samples of the sound wave f at
these discrete times 55. The basic idea works also in the case of MP3 or JPEG format as well as on voice
signals transmitted by a cellular phone or video browsed on line on YouTube.
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6.6.4. Radon transform and application to X —rays tomography. X-rays tomography is an impor-
tant field of application in medical diagnosis. Roughly speaking, the aim of X—rays tomography is to use
X-rays absorbance rates to construct a picture of the interior of a solid body. Applications ranges from
CAT scanners to airport security checks passing by engineering applications, as for instance to control
weld joints in delicate construction where an extreme precision is demanded. How does it works then?

Tomography is the name of a simple geometrical idea: we can reconstruct a solid body by knowing
all its sections parallel to a certain plane. X—rays enter as a method to obtain the sections of a body. Let’s
consider therefore a 2-dim. section represented by a certain function f : Q ¢ R> — R where at any
point (x,y) € Q the value f(x, y) represent the absorption rate of an X—ray passing through (x, y). For
convenience we will consider Q = R? setting f = 0 off Q. An X-ray is represented by a straight line. If
at certain point (x, y) the intensity is /(x, y) then

dl
dl = -f(x,y)l dt, = T =—fd¢,

where d¢ represent a small length around the point (x, y). In particular, if 7;;, is the intensity of the X-ray
when it enters in the slice and 1,,,,; is the intensity when it comes out,

(6.6.9) Tour =€ fr flin

where r is the straight line representing the trajectory of the X-ray and fr f is the line integral of the
density f along r. Basically the problem is: given I;, and 1,,; on any r, is it possible to reconstruct f?

This is a typical inverse problem. Clearly, given f to compute I,,, given I;, is a calculus problem.
On the other side, given [;;,, and I,,; it seems a very different problem and it is not clear if there is a
solution, if it is unique and, in the case, how it depends by the data (this is a very important question
in application because normally one cannot give data exactly but with some approximation). We could
reformulate the problem in the following way: by (6.6.9) we have

IOM — out
e bl e g = m<(>) ff

so the problem becomes: given g = g(r), where r is any straight line, find f such that g(r) = fr f. The
Fourier transform given a quick and elegant way to solve this problem. Let’s see how.
To describe straight lines  into the plane we will use the cartesian form

r:ax+by=c, & (a,b)-(x,y)=c, (a,b) € Rz\{Oz}.

Of course there’re infinitely many a, b, ¢ for the same r. Conventionally we will assume ||(a, b)|| = 1
so that the multiple choice reduces to two because the triplets a, b, c and —a, —b, —c describe the same
straight line. So we will consider g as function

g:S'XR—R, g(ic)=g(—ii,—c), Y(u,c) € S' xR.
The advantage is that if ||(a, b)|| = 1,

fo f (t,—%t + %) dt, b#+0,
Lx+by:c f B

fRf(—§t+ %,t) dt, a#0.
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Let’s consider the Fourier transform of f with respect (x, y):
f(a’ b) — j%z f(x, y)e—i27r(a,b)'(X,y) dxdy — Lz f(x’ y)e—i27r||(a,b)||12.(x,)’) dxdy,

where ||iZ]| = 1. We may integrate in the plane R? along straight lines i - (x, y) = ¢, varying ¢ € R so

f(a,b) = f (f fe—i27r||(a,b)||ﬁ-(x,y) da-l) de = f (f fdo_l)e—i27r||(a,b)||c de
R u-(x,y)=c R u-(x,y)=c

(a, b)
l(a, D)II’

= fR g(u, )™ N@Dle g = o7 §) (Il(a, b)) =g( ﬁ) (l(a, b))

If we assume that f € L'(R?) the inversion formula gives

- , Y
f(xy) =f f(a, b)e' 2 @b)(xy) dadb:f g( (a,b)
R2 R2

ll(a, DI’

=f (fg(HEa, Ziu’c) o-i2nli@b)llc dc) o 27@b) (<) 4adb
R2 \UR a,

Integrating in polar coordinates on (a, b) € R? we get finally

+00
flx,y) = f (f (f g (i, ¢) e i2nre dc) gi2rru-(x.y) d0'2(u)) rdr.
0 ues! R
Notice that

. S 1 - P
Vf g (u,¢) €27 de = rg(u ) (r) = —5—(127r)g () (r) = — = deg (u, F)(r),
R i2r 2n

ﬁ) (ll(a, b)) €27 425 dadp

SO
i +00 - . o
Foy) =-5- fo fs Oeg(u #) () e ) dors (u) dr.

This is actually an inversion formula: given g we may reconstruct f uniquely. That is we have existence
and uniqueness of a solution under suitable hypotheses on g.
6.7. Exercises

ExErcise 6.7.1. Compute the Fourier transforms of the following functions:

1. x rect, (x). 2. (a — |x|)recta(x). 3. (cos x)rectyn(x). 4. e ¥lsgn(x). 5. ™ yjo.1oor(%)-
EXERCISE 6.7.2. Show that if f is real valued and even then f is real valued.
ExERcisg 6.7.3. Let R be an orthogonal matrix, RR' = R'R = 1. Express the FT of f(Rx) in terms off
EXERCISE 6.7.4. Compute [a,p) and X (g g1d-

EXERCISE 6.7.5. For each of the following functions say if they are L', L?, .7 :
1 ) sinx.

ViexZ X

1. 3.7 4 x2e 5 x)(e - 1.
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EXERCISE 6.7.6. Let
g(¢) =

@ra@+ny fF

with a,b > 0 and a # b. i) Show that g has a Fourier original in L? (that is, there exists f such that ]?: g)and

compute it. (hint: split the fraction and recall that e"”m(f) =...). ii) Show that $g(8) has a Fourier original in
L? and find it in term of the original f of g. Justify carefully your answer.
EXERCISE 6.7.7. Let

1 -€1

e
f(§)=rg4’§€R g(f);m’feR

i) Show that f and g admit an L* Fourier original, that is functions whose FTs are, resp., f and g. ii) Without
computing the originals, show that the Fourier original of g is € (R) function. Is it also a . (R) function?
iii) Determine the originals of f and g,

ExERcISE 6.7.8. Let f,g € .. Is fg € L'? In this case, what is E?

ExERcist 6.7.9. By a suitable use of FT compute xe ™ x e,

EXERcISE 6.7.10. The function f has Fourier transform f &) = Show that

&
1+&4°
f xf(x) dx, and f’(0),

R

are well defined and determine their values.

ExErcise 6.7.11. Solve the equation

f fx—y)e Pl dy =2e7 ¥ - 2I¥1,
R

1

ExEeRcCiSE 6.7.12. By using FT, compute the convolution fq * f}, of two Cauchy distributions where fq(x) = ——.

Use this to compute

VB
lim vn fi# fi---% f1 dx.
n \/IZaf N—— —————

n—times

ExERcISE 6.7.13. Prove the Young inequality (6.5.1) in the case p = 1.

EXERcISE 0.7.14. Take g(x) = rect;. Compute explicitly g, f * g=. Show that if f € € then f % g.(x) — f(x)
for any x € R.

ExERCISE 6.7.15 (%). Solve the equation

1 +oo
u’(x) - 3 f e Plu(x - y) dy = e Wlsgnx. (%)

o0

EXERCISE 6.7.16 (%). Solve the equation

fRf(y)f(x—y) dy + f(x) =

1+ x2

EXERCISE 6.7.17 (%). Suppose that f € L? be such that
f F()e™> XY dy = 0, V¢ € R.
R

Show that f = 0. (Hint: (y —&)*=...).
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EXERCISE 6.7.18 (%). Show that if f € L*>(R) then

2 R .
(6.7.1) F@© = lim f Fe P dy.
Ro+oo J_p

Use this to show that the function
g(&) :=2asinc 2raé), £ e R.

has an L? transform and determine it directly.

ExERCISE 6.7.19. Consider the Cauchy problem for the wave equation on an infinite interval

Opu(t, x) = 0xu(t,x), t 20, x €R,
u(0,x) = p(x), x €R,
ou(0,x) =y (x), x eR.

Introducing, v(t,&) = u(t,})(&), determine v(t, &) hence, by using properties of the FT, prove the D’Alembert
formula

l 1 X+t
u(t, x) = o (p(x+1) + @(x - 1)) + Ef Y(y) dy.
x—t

ExEercise 6.7.20. Find the solution of the following problem
{ 6xxu([v )C) = atxu(tv )C), xeR t>0,

u(0, x) = el x eR.

Exercise 6.7.21. Find the solution of the following problem

Ou(t,x) +tou(t,x) =0, xeR, t>0,

u(0, x) = f(x), x € R.
ExEercise 6.7.22. Find the solution of the following problem

Oiu(t, x) = e "O0xxu(t,x), x€R, t>0,

u(0, x) = eI, x €R.
Exercisk 6.7.23. Find the solution of the following problem

Opu(t, X) + Oxxxxtt(t,x) =0, xeR >0,

u(0, x) = rectl, x €R,

u:(0,x) =0, x € R.
ExEercise 6.7.24. The model of heat diffusion with convection is described by the Cauchy problem
{ Opptt = 20yt + kOyu, >0, x €R,

u(0, x) = f(x), x €R.

Find the evolution of the temperature in the case ¢ = 1, k = % and initial temperature f(x) = e,



