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Fourier Analysis Supplementary notes for MA398 Evan Randles

These are the supplementary course notes for Fourier Analysis (Math 398). The preliminary aim of these notes is
to fill in some necessary background in mathematical analysis that is assumed by our textbook. As we go forward
in the course, I plan to build these notes out and tailor them to suit our needs. For this reason, please check these
frequently as I will often make corrections and changes without explicit warning. Also, if you find or suspect an
error typo — no matter how trivial — please email me to let me know!

1 Sups, Infs and all that

In this short section we discuss the essential properties of real numbers that will we need in our study of (Fourier)
analysis. Though most of our studies will involve complex-valued things (numbers, functions, etc.), it is essential that
we understand some basic objects of mathematical analysis on the real line — these objects provide the foundation
upon which the notions of distance and convergence is built.

Definition 1.1 (Bounded Sets). Let A be a subset of real numbers.
1. We say that the set A is bounded above if there exists a real number M for which
< M for all e A
In this case, M is said to be an upper bound for the set A. We also say that A is bounded above by M.
2. We say that the set A is bounded below if there exists a real number N for which
N <z for all T € A.
In this case N is said to be a lower bound for the set A. We also say that A is bounded below by N.
3. We say that the set A is bounded if it is bounded above and below.

In light of the following definition, we observe that a bounded set A can be contained inside a “closed” interval,
i.e., if A is bounded then there are constants N and M for which A C [N, M]. This is an important topological
notion that extends well beyond the real line. The following exercise expands on this.

Exercise 1

Given a real number a and a positive real number r, we define the (open) ball centered at a with radius r as
the set
B.(a)={zeR:|z—a|<r}=(a—r,a+7).

Let A be a set of real numbers. Prove that the following are equivalent.
1. A is bounded.
2. There exists r > 0 for which A C B,.(0).
3. There exists a € R and r > 0 for which A C B, (a).

Hint: Prove the implication (1) — (2) — (3) — (1).

Perhaps the most important notion for (bounded) sets of real numbers is captured by the following definition.

Definition 1.2 (Supremum). Let A be a set of real numbers which is bounded above. Suppose that there exists a
number S with the following two properties:

i. S is an upper bound of A.
1. For any upper bound M of A, s < M.
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Then S is called the supremum (or least upper bound) of the set A and we write S = sup A.

The careful reader should note that I've used the definite article (“the”) in the above definition. This language
seems to imply that, given a set A which is bounded above, that there can be at most one number called the
supremum (of A). Let’s justify this.

Lemma 1.3. Let A be a set of real numbers which is bounded above and suppose that Sy and Sy are numbers which
both satisfy Conditions (i) and (i7) of the preceding definition. Then S; = Ss.

Proof. In view of our hypothesis, S7 and Sy are both upper bounds for A. Thus, given that condition (i7) is satisfied
for Sp, we have S; < Sy (because Ss is an upper bound for A). Similarly, given that (i7) is satisfied for Sy, So < Sj.
Thus, S; < S5 and Sy < Sy whence S7 = S5. O

In light of the above result, to each A C R which is bounded above, there is at most one supremum for A. The
natural thing to ask is the following. Must such a set A have a supremum at all? Though we will not worry about
it in this course, the answer to this question is deeply rooted in the construction of the real numbers. We will
therefore take the following for granted.

Theorem 1.4 (The completeness axiom, Theorem 1.11 of [5]). Suppose A is a non-empty subset of R which is
bounded above. Then
S =supA

exists.

In the case that a non-empty set A is not bounded above, we assume the common convention and write
sup A = oo.

Here (and being consistent with Theorem 1.4), sup A is only understood to exists in an extended sense (as an
extended real number). Here we will always assume a clear distinction between real numbers and oco. It is still
however instructive to have sup A be able to take the “value” of oo when A is unbounded.

It will be useful for us to have a characterization of the supremum of a bounded set A. This condition, which we
will make use of often, is the subject of the following proposition.

Proposition 1.5. Let A be a non-empty subset of real numbers which is bounded above and let S be an upper bound
of A. Then S is the supremum of A if and only if the following condition is satisfied.

For each € > 0, there is an element x € A for which x > S — €.

This condition is illustrated in Figure 1.

Proof. Suppose that S = sup A and let € > 0. We observe that S —e < S. Since S is the supremum (the least
upper bound) of A, any number strictly less than S cannot be an upper bound of A and so S — e cannot be an
upper bound of A. Since A is non-empty, we must therefore have some x € A for which S — e < x. This proves our
desired property.

Conversely, assume that S is an upper bound of A satisfying the property that, for all € > 0 there is an
element z € A for which x > S —e. Let M be another upper bound of A. In the case that M < S, we set
€ =S5 — M > 0 and observe that, by the supposition, there is an z € A for which S — e < x. We note however that
S—e=5—(5S—M)= M and thus there is an x € A for which > M showing that M cannot be an upper bound
for A, a contradiction. Hence S < M and so S = sup A. O

To see the utility of the proposition above, let us apply the proposition in the case where A is a subinterval of the
real line. As you expect, the least upper bound of the interval should be its larger end point. Though these seems
obvious, the claim requires some checking which we do in the following example.
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Figure 1: An illustration of the characterizing condition in Proposition 1.5

Example 1

Let a < b be real numbers and let I be an interval of the form [a,b], (a,b], [a,b) or (a,b). Then
supl = b.

To prove the statement above, let € > 0 and observe that b — e < b. Let

b—a €
= he — ~ ph— —
T max{ , 2}

and observe that, by definition,
h—
a:b—(b—a)gb—Tagx<b

and .
bfe§b75§x<b.

Thus x is a member of the interval I and is such that b — ¢ < . Thus, to each ¢ > 0 we have produced an
x € I for which b — € < z. By virtue of Proposition 1.5, we conclude that b = sup I.
Of course, we have notion parallel to the supremum for sets which are bounded below.

Definition 1.6. Let A be a set of real numbers which is bounded below. Suppose that there exists a number I with
the following two properties:

i. I is a lower bound of A.
i1. For any lower bound N of A, N < I.
Then I is called the infimum (or greatest lower bound) of the set A and we write I = inf A.

As with the definition of supremum, a set which is bounded below has at most one infimum and the justification
of this parallels (almost exactly) the proof of Lemma 1.3. The question of existence is dealt with by the following
corollary to Theorem 1.4 and whose proof I'll leave as an exercise.



Fourier Analysis Supplementary notes for MA398 Evan Randles

Corollary 1.7. Suppose A is a non-empty subset of R which is bounded below. Then
I=infA

exists.

Exercise 2

Prove Corollary 1.7 by completing the following steps.

1. Given a non-empty subset A which is bounded below, define the set
(wA)={ze€eR:2z=—a forsome ac A}.
Prove that — A is bounded above.

2. By making an appeal to Theorem 1.4, let S = sup(—A). Prove that —S = inf A and so the infimum of
A exists as the corollary asserts.

As we did for sets which were unbounded from above, if a non-empty set A is not bounded below, we will assume
the standard convention and write
inf A= —occ.

Analogous to Proposition 1.5, we have the following proposition for infima.

Proposition 1.8. Let A be a non-empty set of real numbers which is bounded below and let I be a lower bound for
A. Then I =inf A if and only if the following condition is satisfied. For each € > 0, there exists x € A for which
z<I+e

Exercise 3

Prove the proposition above. You may prove it directly (as I did for Proposition 1.5) or you may prove it using
the idea used the prove Corollary 1.7, i.e., by considering the set —A.

We shall now discuss how suprema and infima are used to gain information about real-valued functions. To this
end, let I be a non-empty set (often I will be a subset of the real line) and let f : I — R, i.e., f is a function
mapping the set I into the set R. We will say that f is bounded above if the set of real numbers

) :={f(z) :x eI}

is bounded above. Any upper bound for f(I) will also be called an upper bound of the function f. In this case, we
will write

sup f(z) = sup f(I),

zel

called the supremum of f on the interval I. We say that f is bounded below if the set f(I) is bounded below. Any
lower bound for f(I) will also be called a lower bound of the function f. Here we write

inf (z) = inf /(1)

which is called the infimum of f on the interval I. Finally, we say that f is bounded if f(I) is a bounded set.

Remark 1.9. In the special case that I is the interval [a,b], we will write

sup f(z) =sup f(z) and inf bf(at) = inf f(z).
a<z<b zel a<z< zel

We will assume a similar notion when I = (a, ], [a,b) or (a,b).
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Exercise 4

Let f: I — R. Prove that f is bounded if an only if the absolute value of f, 2 — |f(x)| is bounded above and
further, in the case that either of these equivalent conditions are satisfied, prove that

sup | f(z)| = max{M,, M;}

zel
where
Mg = |sup f(x) and M; = |inf f(x)|.
zel zel

In light of the above definition, a function f on I is bounded if and only if sup,; |f(z)| exits as a real number. In
this case, we write

[flloc = sup [f(z)]
xel

which is called the sup-norm of f. We will denote by B(I) the set of bounded real-valued functions on the interval
I. In the above notation, we can write

B(I) ={f:T—=R:|fllc <o0}.

2 The Riemann-Darboux integral

In this short section, we cover the basic properties of the Riemann integral! needed for our study of Fourier analysis
(at a level suited for the course textbook). As stated in lecture, it turns out that even the Riemann integral —the
integral you've known and studied since your first brush with calculus — is insufficient for a comprehensive theory
of Fourier analysis. To treat the comprehensive theory, in earnest, one needs the Lebesgue theory of integration.
Though we will try to explore the necessity of Lebesgue integration later (while illustrating the shortcomings of the
Riemann integral), we first need to lay the groundwork for the Riemann integral. This is the subject to which we
now turn.

Consider an interval T = [a,b] of R. A partition P of I is a finite subset P = {x¢, z1,22,...,2n} of I such that

a=x9<x1 <A< ---<xTNy_1<TN =D

Though a partition P is simply a finite subset of I which is enumerated and includes the endpoints a and b, you
should picture P as dividing up the interval I into the subintervals [x,_1,z,] for n =1,2,..., N. Given a bounded
function f : I — R and a partition P of I, define

my, = inf  f(z) and M,= sup f(z)

Tn—1<z<Tp Tn_1<T<Th

for each n = 1,2,..., N. With these, we define the upper and lower (Darboux) sums of f with respect to the
partition P respectively by

N N
U(f,P)= Z M, (z, —xn—1) and  L(f,P)= Zmn(xn — Tp_1)-
n=1 n=1

Of course, both U(f, P) and L(f, P) exist because f is a bounded function by virtue of the preceding exercise. The
numbers U(f, P) and L(f, P) are respectively overestimates and underestimates for the area under the graph of f
on the interval I, when this area is a sensible notion. These estimates are produced by forming rectangles above

1Technically, the integral we study is called the Riemann-Darboux integral, a name which also gives credit to the French mathemati-
cian Jean Gaston Darboux.
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and below the graph of f where the width of the rectangles are determined by the subdivisions of I produced by
the partition P. By properties of the supremum and infimum, observe that

L(f,P) <U(f,P) (1)

and this holds for every partition P and every bounded function f : 1 — R.

Given partitions P and @ of I, @Q is said to be a refinement of P if P C (). As the partition P divides the
interval I by subintervals, you should think of the refinement @) as producing finer subdivisions — hence the name
“refinement”. With the aim of comparing upper and lower sums, we need the following lemma. The lemma says
essentially that finer divisions of I yields “better” estimates for the area under the graph of f.

Lemma 2.1. Let P and Q be partitions of I and suppose that Q is a refinement of P. For any f € B(I),
L(f,P) < L(f,Q) and U(f,Q) <U(f,P).

For brevity, I have omitted the proof of the preceding lemma. The idea for the proof is to start with a partition
P and first consider a refinement (); which contains exactly one more point than P. In this case, it is easy to
establish the estimates of the lemma for () = Q1. Once this is shown, it’s just a matter of inductively adding points
to @1 and “chaining” the resulting estimates together until the desired estimate is reached. The reader is referred
to Theorem 6.4 of [5] for the proof.

Thinking back to our picture of the area under the graph, which we will soon interpret as the integral, we expect
the lower sums to be underestimates for this area and the upper sums to be overestimates. Equivalently, we can
start to think of the integral as a number which sits below all of the upper sums and above all of the lower sums.
To think about how to approximate this number, we need to invoke the notion of supremum and infimum. To this
end, we’ll need another lemma which will help us to make sure the infimum and supremum exist.

Lemma 2.2. Let f € B(I) and let P and Q be partitions of I. Then

(1 70)) 6 - 0) < 20.P) < U(1.0) < (sup 7)) 0- @

zel xel

Proof. We first note that the trivial partition T = {a, b} = {zo,x1} has

L(fi)—éw(xnxno—mlmm)—( e f@) (@1 - 20) = (inf 1)) - )

ro<z<mT

and
U, T) = gmnm ) =) = (sw 1) (01— 20) = (sw ) (0~ 0

Thus, for any partitions P and @), Lemma 2.1 guarantees that

(inf f(x)) (b—a)=L(f,T) < L(f,P)

xzel

and
U(1.@) < (sw f@)) (0= 0)
xzel
because P and ) are necessarily refinements of T'. It remains to establish the inner inequality.
To this end, observe that the union R = P U @ is also a partition of I for it is necessarily a finite subset of
which contains a and b. Further, R is a refinement of both partitions P and ). Thus, by another appeal to Lemma
2.1 and in view of (1), we have

L(f,P) < L(f,R) <U(f,R) <U(f,Q)
which guarantees that L(f, P) < U(f, Q) as was asserted. O
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Let’s isolate some conclusions of the preceding lemma. First, it says that, for any partition P of I,

L(f, P) < (supf(m)) (b-a).

xel

Hence, the set
{L(f,P) : P is a partition of I'}

is bounded above and, in view of Theorem 1.4, its supremum exists. Thus, we define
[ f@ydo = L0 =sup L(7,P)
JI

where this supremum is taken over all partitions P of I. This is called the lower Darboux sum of f on I. Analogously,
Lemma 2.2 guarantees that the infimum of all upper sums exists and so we define the upper Darboux sum of f on
I as

[ @)de=vth) = v (s p)

As we’ve established quite a few inequalities involving upper and lower sums pertaining to the same and different
partitions of I, it’s helpful to have some sense of how U(f) and L(f) compare for a given bounded function f : I — R.
To this end, lets fix a partition @ of I and note that, in view of Lemma 2.2,

L(f,P) <U(f,Q)

for all partitions P of I. Thus, U(f, Q) is an upper bound of the set of real numbers {L(f, P) : P is a parition of I}.
By the defining property of the supremum, we have

L(f) = sup L(f,P)<U(f,Q).

Noting however that @ was arbitrary, we see that L(f) is a lower bound for U(f, Q) for all partitions @ of I. By
the defining property of the infimum, we have

L(f) < infU(£.Q) = U(f).

Let’s summarize this information.

Proposition 2.3. Let f: I — R be a bounded function, i.e., f € B(I). Then the upper and lower Darbouz sums,

[#@do=v(n) = intU(s.P)
I

and

exist. Furthermore,

Exercise 5

This exercise will give you an idea of what’s going on in the above construction. In what follows, we will focus
on the interval T = [0,1]. For each N =1,2,...,, we shall consider the (regular) partition

PN:{x0<x1<~-~<a:N=1}={xn:%:nzo,l,Q,...,N}

of the interval I.
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1. For the function f(z) =1 for 0 < <1, compute U(f, Py) and L(f, Py).

(a) Is it true that L(f, Py) < U(f, Pn)?
(b) Show that limy 00 (U(f, Pn) — L(f, Pn)) = 0.

2. For the function f(z) =z for 0 < z < 1, compute U(f, Py) and L(f, Px).

(a) Is it true that L(f, Py) < U(f, Pn)?
(b) Show that limy oo (U(f, Pn) — L(f, Pn)) = 0.

3. For the Dirichlet function f defined by

)1 z€Q
f(x)—{o o

for 0 <z <1, compute U(f, Py) and L(f, Pn).

(a) Is it true that L(f, Py) < U(f, Pn)?
(b) Does hIl'lN_>oo(Uv(f7 PN) — L(f, PN)) =07
4. For the first two examples above, you've seen a sequence (an enumerated collection) of partitions {P,}

for which

N—oc0

In view of Proposition 2.3 and the above fact, does it suffice to conclude that

/If(x) do = /If(x) da?

Prove your assertion (or find a counter example).

5. Is it true that if there is a sequence of partitions {Py} for which
N —o00

then

[1@ s # [ ) ds

Prove your assertion (or find a counter example).

Finding motivation in the preceding example and returning again to our intuition of areas, we would hope that a
sensible notion of area under the graph could be gotten by approximating the area from above by upper sums and
from below by lower sums. Thus, if such an area does exist, we would hope that the supremum of all the lower sums
coincides with the supremum of all the lower sums and so the inequality of the preceding proposition is actually an
equality. This is exactly the right idea and we give this situation a name.

Definition 2.4. Let f € B(I) and let

U = [f@yde L) = [ fle)ds

be its upper and lower Darboux sums. We say that f is Riemann integrable on I and write f € R(I) if U(f) = L(f).
In this case, the Riemann integral of f is defined to be the number

/I (@) dz = U(f) = L(f).
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By virtue of Proposition 1.5 and its analogue for infima, we have the following characterization for integrability.

Proposition 2.5. Let f € B(I). Then f € R(I) (that is, Riemann integrable) if and only if the following conditions
1s satisfied:

For each € > 0, there is a partition P. of I for which U(f, P.) — L(f, P.) < e.

Proof. We first suppose that f is Riemann integrable. By Proposition 1.5, let 1 be a partition for which L(f) —
L(f,Q1) < €/2. Similarly, by the characterization for infimum, let Q2 be a partition of I for which U(f, Q2)—U(f) <
€/2. With these partitions in mind, we set P.psilon = @1 U Q2 and observe that P, is a refinement of both ¢; and
Q2. By Lemma 2.1, we have L(f, P.) > L(f,Q1) and U(f, P.) < U(f,Q2) and thus

U(f, Pe) = L(f, Pe) SU(f,Q2) = L(f, Q1) <U(f) + e = (L(f) —€¢/2) =U(f) = L(f) + &

Of course, because f € R(I), U(f) = L(f) and so the above inequality shows that U(f, P.) — L(f, P.) < e.
Conversely, let’s assume that the desired property holds. Let € > 0, and using the property select a partition P
for which U(f, P)— L(f, P) <e. As U(f) and L(f) are constructed from infima and suprema respectively, we have

In view of Proposition 2.3, we also have U(f) — L(f) > 0. Hence, to each € > 0, we have
0<U(f) - L(f) <e

We may therefor conclude that U(f) = L(f) for the only number “lodged” between zero and every positive number
is the number zero itself. O

Let’s now introduce the notions of integration and integrability for complex-valued functions.

Definition 2.6. Let I = [a,b] and consider a complez-valued function f : I — C. In this case f is necessarily of
the form

f(@) = u(z) +iv(z)
for x € I where u,v : I — R. We saw that f is Riemann integrable on I if u and v are Riemann integrable on I
and we define the integral of f on I to be the complex number

/If(a:)dx: (/Iu(x)d:n> +i </Iv(x)dx>.

With a slight abuse of notation, we write f € R(I) and so R(I) is then taken to be the set of Riemann-integrable
complez-valued functions on I. We will also use the notations

[1=['1= [ sy

Let’s make a few notes concerning the above definition. First, the functions u and v are called the real and imaginary
parts of f respectively. We'll often write f = Re(f) + ¢Im(f) where Re(f) = u and Im(f) = v. In the (special)
case in which f is a real-valued function from I to R, we can write f = Re(f) 4+ ¢Im(f) = Re(f) + 0 = f + 40 and

o here [1= [retny+i [o= [Retn@ar+io = [Re(r)a) e

because the integral of the zero function is just 0. In this way we observe that the definition of the Riemann integral
for complex-valued functions is an extension of the Riemann integral for real-valued functions (as it recaptures the
real-valued version of the Riemann integral).

to denote the integral of f.

Now that we know what integrability means, it’s high time to give some properties of the integral.
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Proposition 2.7. Let I = [a,b] C R.

1. For any complex numbers o and B and any f,g € R(I) , the linear combination af + Bg € R(I) and

Jar+si=afs+s [0

This says that R(I) is a vector space over C and the integral (viewed as a function f — [, f) is linear map
from R(I) to C.

2. If f,g € R(I), then the product fg € R(I).

3. Constant functions are Riemann-integrable and for any constant function x — « where o € C,

la:a@—w

4. The set of continuous functions C(I) are Riemann integrable. That is, C(I) C R(I).

Proof. As the first statement was partially covered in Homework 1 (see also the exercise below), I’ll omit the proof
and refer the reader to [5] for details. See [5] for the proof of Item 2, as well. I will prove ITtems 3 and 4 here.

3. Let’s first consider the constant function 1. This function is obviously bounded and, as it is real-valued, let’s
show that it is integrable by computing its upper and lower sums. For any partition P = {a = 20 < 21 <
g < -+ < xy = b}, we have

M, = sup 1=1= inf 1=m,

Tn-1<T<Th Tn—1ST<Tn

for each n = 1,2,...,n and therefore

™=

N
U(l,P)= ZMk(xn—xn_l) = W(zp —2p_1)=b—a
n=1

n=1

and

N N
L(1,P) = Zmn(aﬁn — Tpo1) = Z W(xp —xp_1)=b—a.

n=1

Since the above is true for any partition P, we have

U() = i%fU(l,P) = irlgf(b— a)=b—a=sup(b—a)=supL(1,P) = L(f)
P P

from which we conclude that the constant function 1 is Riemann-integrable and

/lzbfa.
I

Now, given any complex number a, a« = « - 1 and so, by Item 1 and the fact that 1 € R(I), « € R(I) and

za:zalzazlzaﬁ—w

as desired.

10



Fourier Analysis Supplementary notes for MA398 Evan Randles

4. We will begin by proving the result for continuous real-valued functions. To this end, let g : I — R be
continuous on the interval I = [a,b]. Our proof makes use of two essential results from analysis, both of
which rely on the interval I being closed and bounded (compact). First, in view of Theorem 4.15 of [5], g
is necessarily a bounded function. Second, by virtue of Theorem 4.19 of [5], g is uniformly continuous on I.
That is, to each positive number € > 0, there is 6 > 0 for which

lg(x) —g(y)| < e whenever |z —y| < 6.

With these facts in mind, let’s show that g is Riemann-integrable by meeting the equivalent condition of
Proposition 2.5. To this end, we note that g is bounded and we fix € > 0. In view of the uniform continuity
of g, let § > 0 be such that

€
lg(z) — g(y)| < 0-a) whenever |z —y| < 0.

With this ¢, let’s consider the “regular” partition
P={a=zp<x1<--<zny=b}= {aJr%(bfa):n:O,l,...,N}

where N € Nis chosen so that N > (b—a)/d and so (b—a)/N < . By this choice, let’s make some observations.
First, for any n =1,2,..., N, if

n—1

N

Z,Y € [Tp_1,2n] = |a+ (b—a),a—i—;(b—a)}, then |x—y|<u<5.

N

and so |g(z) — g(y)| < €/2(b — a) in view of the uniform continuity of g. So, for each n = 1,2,..., N and
Y € [Tn_1,2n],

<g(z) <

g(y) — =— ] +9(y)

€
2(b—a) 2(b—a
and so €/2(b — a) + g(y) is an upper bound for {g(z) : € [x,,—1,x,]}. Consequently,

M,= sup g(z)< 2(% +9(y)

Tp_15zc<Ty — Cl)
in view of the definition of the supremum. Because y € [x,,_1,x,] was arbitrary, the above inequality shows
that M,, — €/2(b — a) is a lower bound for the set {g(y) : y € [xn—1, 2]} and so

€

M, —

< inf = .
b—a — mnqlgyﬁwn 9(y) = mn

In this way we have established that
€

Mn_ n a1\
"S5 —a)

for each n =1,2,..., N. Correspondingly,

N
U(gvp)iL(gaP) = Mk(xn*xn—l)*zmn(xn*xn—l)

n=1

WE

3
Il
_

I
M=

(Mn - mn)(xn - xn—l)

N
< 1m($n—$n_1):mZ(fEn—xn_l): 5 < €.

n n=1

In view of Proposition 2.5, we can therefore conclude that g € R(I).

11
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Finally, let f € C(I) be a arbitrary complex-valued continuous function on I. An appeal to your result
from Homework 1 shows that the real and imaginary parts of f, Re(f) and Im(f) are necessarily continuous
real-valued functions on I. Thus, by virtue of our result in the previous paragraph, Re(f) and Im(f) are both
Riemann-integrable. By definition (of integrability for complex-valued functions), we conclude that f € R(I).

O

Exercise 6

In this exercise, you prove the real-valued analogue of the scalar multiplication portion of Item 1 of the
proposition above. Throughout this exercise, ¢ is a real number.

1. First, given a non-empty bounded set A of R, we denote by cA the set of numbers of the form ¢-a where
a € A. Thatis, cA={z € R: 2z =cafor a € A}. If ¢ > 0, prove that

supcA =csup A and inf cA = cinf A.

2. If ¢ < 0, formulate and prove an analogous statement for sup cA and inf cA.

3. For the remainder of this exercise, g : I — R will be an arbitrary bounded function. We will assume now
that ¢ > 0 and denote by cg the real-valued function on I defined by (cg)(x) = cg(x) for = € I. Use your
result from Item 1 to prove that

U(cg,P) =cU(g,P) and L(cg, P)=cL(g,P).
for any partition P of I.
4. Continuing under the assumption that ¢ > 0, prove that U(cg) = ¢- U(g) and L(cg) = ¢ L(g).

5. Use the item above to prove that, if ¢ > 0, g € R(I) if and only if ¢g € R(I) and

c/gz/cg.
I I

6. Comment on how the previous steps change if we allow ¢ to be non-positive. In particular, is it still true
that cg € R(I) if and only if g € R(I)?

Another important property of the integral is captured by the following proposition.
Proposition 2.8. Let f € R(I), then the function |f|: I — R defined by

f1(@) = /()] = v/ (Re(f(2))? + Im(f (2))? forzel

‘/If’s/IIfI-

As it is somewhat involved, we will not show that f € R(I) guarantees that |f| € R(I). For this, we refer the reader
to Theorem 6.13 of [5]. We will however prove the inequality. We first need a lemma.

is Riemann integrable and

Lemma 2.9. Let hy, ho € R(I) be real-valued functions such that hy(x) < ha(z) for all x € I. Then

[ms< [
I I

12
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Exercise 7

Prove the lemma above. Hint: Start by showing that non-negative functions have non-negative integrals. Then
use Item 1 of Proposition 2.7.

Proof. Let f be an arbitrary complex-valued Riemann-integrable function on I and, in accordance with the remark
preceding Lemma 2.9 we will take for granted that |f| € R(I). In view of Exercise 2 (below), there is 6 € (—, 7]

for which
JA= )

In view of Item 1 of Proposition 2.7, this guarantees that

/ f\ = [ = [ 5@) o= [Re(e @) dati [T pw) do

As the left hand side of the above equation is purely real, this ensures that the purely imaginary part of the right

hand side is zero and therefore
[ )= [rete s as
I I

Re(e " f(x)) < \/(Re(e"ef(ﬂﬁ)))2 + (Im(e= f(2)))? = e~ f(2)| = | f(2)]

where we have used the fact that |zw| = |z||w| for complex numbers z, w. Thus, by Lemma 2.9, we have

f‘ [ et s < [I@ias= [ 11

as desired. O

Now, for each x € I,

Exercise 8

Prove that, for each complex number z = a + ib € C, there exists § € (—m, 7] for which
e Wz =|z2| = Va2 + b2,
In this way, every complex-number z can be written as
z = |z|e®

for some 0 € (—m, 7] called the phase® of z.

“When z # 0, 6 can be shown to be unique in this range.

Our next proposition is often called the “change of variables formula”. Because the proof is somewhat technical
(and is actually best done in the context of the Riemann-Steiltjes integral), I have decided to omit it.

Proposition 2.10 (Change of variables formula, Theorem 6.19 of [5]). Let A < B and a < b be real numbers
and suppose that h : [A, B] — [a,b] is a strictly increasing function mapping [A, B] onto [a,b] with derivative
R € R([A, B]). Also, let f € R([a,b]). Then the function x — (foh)(x)lW (z) = f(h(z))h' (z) is integrable on [A, B]

and
[rwae= [ 3= [, goma= [ e

13
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It should be noted that the proposition above has a very beautiful generalization to integration in R? in which the
derivative h’ is replaced by the Jacobean determinant of h’s d-dimensional analogous. This generalization is an
essential tool used in the theory of integration on manifolds.

We end this section by treating a nice result which says that each Riemann-integrable function is “close” in a certain
sense to a continuous function.

Proposition 2.11. Suppose that f € R(I) and f is bounded by B, i.e., |f(x)| < B for all x € I. Then there exists
a sequence of continuous functions {fi} C C(I) such that

sup | f(z)| < B
xzel

forall k € I and

k—o0

lim /I|f(x)—fk(x)|dac:O.

Proof. See Lemma 1.5 of Stein-Shakarchi appendix O

3 The essence of convergence

In introductory calculus (Math 121/161 and 122/162), you learned about the notion of convergence for sequences of
real numbers. This notion was captured by saying, given a sequence of real numbers {a, } and another real number
a, the sequence {a,} converges to a if the terms of the sequence a,, can be made arbitrarily close to a by taking
n sufficiently large. This idea is essentially unchanged when we talk about convergence of sequences of complex
numbers. This is captured in the following definition.

Definition 3.1. Let {w,} be a sequence of complex numbers (written {w,} C C) and let w be another complex
number. We say that the sequence {w,} converges to w if the following condition is satisfied. For all € > 0, there
exists a natural number N (written N € N) for which

|w, —w| <€ whenever n> N.

The essential difference between the definitions of convergence for real and complex numbers is the way that distance
(and closeness) is measured. In the above definition, the symbol | - | means the complex modulus and is defined by

zl =+va? + b2,
Ed

for a complex number z = a 4 ib where this symbol is taken to mean the absolute value when applied to real num-
bers. As you have already explored this in Homework 1, I won’t expound upon convergence of real and complex
numbers further here. Let’s instead move into a discussion concerning convergence of functions, which is the main
notion of interest for the discussion of Fourier series.

Just as we think of a sequence of complex numbers converging to another complex number, in studying convergence
of functions, we are interested in the study of a sequence of complex-valued functions {f,} defined on some set
I getting “close” to another function f. A moment’s thought about this invokes many questions, primarily the
question of what it means to be “close”. To that end, we will examine several inequivalent notions of closeness and
convergence for functions. The first of which (and one of the weakest) is captured by the following definition.

Definition 3.2. Let I be an interval of the real line and let {f,} be a sequence of complex-valued functions on I,
i€, fn: I —C foreachn=1,2,.... Let f : I — C be another function. We say that the sequence {f,} converges
to f pointwise on I if, for each x € I,

lim_ f, () = f(x).

n—oo

14
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The important thing to note about the above definition is that the x is chosen before the limit is taken. Stated
with €’s and N’s, the above definition is as follows:

The sequence of functions f,, converges to f pointwise on I if, for each € > 0 and x € I, there is an N € N
(depending on both € and z) for which

|fu(z) — f(z)| <€ whenever n > N.
Example 1

In this example, we consider a sequence of real-valued functions converging pointwise on the interval I = [0, 1].
For each natural number n, define f, : I - R CC

fnlz) =2
for x € I and n € N. We observe that, for 0 < x < 1,

lim f,(z) = lim 2" =0

and, for z =1,
lim f,(z)= lim 1" =1.

n—oo n—oo

Thus, our sequence of functions converges uniformly to the function f: I — R defined by

f(af)={(1) et

for z € I. The graphs of f,, are illustrated for n = 1,2,...,20 in Figure 2.

0.9F

0.7 4

0.6 i

0.5 i

0.4 h

01} 1

Figure 2: A famous picture: The graphs of f,,(z) = 2" forn=1,2,...,20.

15
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It is important to note that each function f,, is continuous on I, however, the limit function f is not continuous
on I. This illustrates that nice properties like continuity can be “broken” under taking pointwise limits.

A much stronger notion of convergence is captures by the following definition.

Definition 3.3. Let {f,} be a sequence of complex-valued functions on I. Let f : I — C be another complez-valued
function on I. We say that the sequence { f,} converges uniformly to f on I if, for all € > 0 there exists N € N for
which

|[fn(z) — f(z)| <€ whenever x €l and n> N.

In contrast to the definition of pointwise convergence, the definition of convergence requires that the integer N
depend only on e¢ and be independent of x € I. This notion is illustrated in Figure 3. In the figure, we see
the graph of a real-valued function f (in black) in the center of a “band” of radius e (in red). For a sequence
of functions {f,} to converge uniformly to f (on an interval) means that, for sufficiently large n, the graph of f,
is completely contained in the band of radius € surrounding f; the blue line is an example of the graph of one such f,,.

Figure 3: An illustration of uniform convergence

We further illustrate this definition with some examples.

Example 2

Consider the sequence {f,} of functions defined on the interval I = [—m, 7] by

fn(x) = cos(x/n) —1/2

for z € I and n € N. The graphs of f,, are illustrated for n = 1,2,...10 in Figure 4.

16
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Figure 4: The graphs of f,(z) = cos(x/n) —1/2 for n =1,2,...,10.

The figure suggests that the sequence {f,} converges to the constant function f(z) = 1/2 as n — co. Let’s
prove that, not only does it converge to f(x) = 1/2, it does so uniformly.
Let € > 0 and select N € N such that N > 7/4/e Recalling the inequality for cosine,

| cos(0) — 1] < 162 for alld € R

which can be gotten from the mean value theorem or the racetrack principle, we observe that, for any n > N
and z € [ = [—7,7),

.172 ™

|fa(z) = f(2)] = |cos(z/n) = 1/2 = 1/2| = [cos(z/n) 1| < —5 < 5 <e

[~}

because n? > N2 > 7%/e. The careful reader should note that the above estimate holds for all z € I and
for all n > N (and not for a particular ). We have shown that the sequence {f,} converges uniformly to

Flz) =1/2.

Exercise 9

Given an interval I, we recall the supremum norm defined, for f: I — C by
1fllee = sup |f(2)].
xzel

I this exercise, you will prove that || - ||« is @ bona fide norm on the space of bounded complex-valued functions
on I.

1. Prove that, for any pair of bounded functions function f and g,
1+ 9lloe < [[flloc + 19l

2. Prove that, for each complex number a and bounded function f: I — C,

laeflloo = ladlll flloo

where || is the complex modulus of a.

17
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3. Prove that, for a bounded function f, || f|jcc = 0 if and only if f(z) =0 for all x € I.

4. Given a sequence {f,} of bounded complex-valued functions on I and f : I — C, prove that the sequence
{fn} converges uniformly to f if and only if

lim || fr, = flloe = 0.
n—00

As the notion of “Cauchy sequence” is essential for the convergence for complex-numbers and, in fact, provides a
characterization for convergence as you proved in Homework 1, we have a similar Cauchy property for functions
which characterizes uniform convergence. This characterization is outlined in the following theorem.

Theorem 3.4. Let {f,} be a sequence of compler-valued functions on an interval I C R. The sequence {fn}
converges uniformly (to some function f) on I if and only if it satisfies the following property:

(UC) For all € > 0, there exists a natural number N such that

|[fu(z) = fm(x)] <€  whenever x €I and n,m > N.

The equivalent property (UC) is called the Uniform Cauchy condition. Any sequence of functions {f,} satisfying
the condition is said to be uniformly Cauchy on I.

Proof. Let us first assume that {f,} converges uniformly to a function f on I. Let € > 0 and by our supposition
let N be a natural number for which

[fn(2) = f(@)] < €/2

for all n > N and x € I. Then, for any n,m > N, we have
[fu(@) = fm(@)] = |fu(@) = f(2) + f(2) = fm(2)] < [ful2) = f(@)[+ (@) = fn(@)] <
for all € I. Thus the sequence {f,} is uniformly Cauchy on I.

Conversely, let’s assume that the sequence f,(z) is uniformly Cauchy on I. This implies, in particular, that
{fn(z)} is a Cauchy sequence of complex numbers for each x € I. Because all Cauchy sequences of complex numbers
converge, for each = € I, the limit lim,, o f,(2) exists and we will denote its value by f(x), which is just a complex
number. In this way, we produce a function f : I — C simply by identifying each x with the value of the limit
lim,, oo fn(2x), i.e., defining

f(z) = lim f,(z)

n—oo

for each z € I. So now we have a candidate (f) for the uniform limit. It remains to show that our sequence, in
fact, converges uniformly to this f. To see this, we let ¢ > 0 and choose a natural number N for which

fu(@) = fn(@)] < =

2

for all n,m > N and = € I. Now, let € I and n > N be arbitrary (but fixed). The convergence of the numerical
sequence {f,(z)} guarantees that there is some natural number N, > N for which
€
) = @) < &
whenever m > N,. In particular, this works when m = N, > N and so

€ €

|fa(@) = f(@)] = |fu(2) = frv. (@) + fn, (2) = f(@)] < |fulz) = fr. (@) + [fn.(2) = f@) < 5+ 5 =€
Thus, to each € > 0, we have found a natural number N for which
[fulz) = f(@)] <€
whenever x € I and n > N. Therefore, {f,} converges uniformly on I (to f). O
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The above theorem is extremely useful when one has a sequence of nice functions (which is uniformly Cauchy) but
has no obvious candidate for the uniform limit. Here, of course, infinite series comes to mind.

Definition 3.5. Let {f,} be a sequence of complex-valued functions on I. The (formal) sum ) fn is called a
series of functions. To investigate the convergence of > fn, we define, for each N =1,2,...,

N
SN(x)zz:fn(m) forzel.
n=1

The functions Si,Sa,..., form a sequence of complex-valued functions on I, {Sn}, called the sequence of partial
sums for the series Y fn. If, for each x € I, the limit

lim Sn(z)

N—o00

exists, we say that the series ) f, converges on I. In this case, the limit is a function S : I — R defined by

N
Ste) = Jim Sv(e) = fin 3 1o (s)
and we write -
> falw) = S(x)
n=1

to denote this function, called the sum of the series. We say that the series ), fn converges uniformly on I if its
sequence of partial sums {Sn} converges uniformly on I to the sum of the series.

As with numerical series, one can often learn that a series converges without ever knowing its sum. For instance,
the integral test from calculus shows that the series of numbers

=1
2w

converges (this is p-series for p = 3). Though it can be approximated to any degree of accuracy, its sum it unknown.
With this in mind, it is important to have various test for series (uniform) convergence without knowing the limit.
The following corollary of Theorem 4.9 gives us exactly this.

Corollary 3.6 (Uniform Cauchy Criterion). Let {f,} be a sequence of complex-valued functions on I and consider
the series Y, fn. The series Y, fn converges uniformly on I if and only if the following property is satisfied.

For all € > 0 there is a natural number N for which

k=m

> fila)
k=n

for allz € I and m >n > N. This property is called the Uniform Cauchy Criterion for the series Y fn.

<€

Exercise 10

In this exercise, you will prove Corollary 3.6 and then use the corollary to establish sufficient conditions for
the absolute convergence of power series — things you will remember from calculus (M122).

1. Using Theorem 4.9, prove Corollary 3.6.

2. If a series ), f, of functions {f,,} converges uniformly on I, prove that {f,} converges uniformly to
the zero function on I.
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3. For the remainder of this exercise, we fix a positive constant M and define I = [-M, M] C R. Given a
sequence of complex-numbers {¢, }, consider the sequence of complex-valued functions {f,} on I defined
by

fulz) = En "

Tl
for € I. If the sequence {c,} is bounded, i.e., sup,cy|cn| < 00, use Corollary 3.6 (and no other
convergence test) to prove that the series
o0
>
— nl

converges uniformly on 1.

4. Let f: I — C be infinitely differentiable and assume that sup,,_¢ ;. |f™(0)| < oo; here f(™(0) is the
nP_derivative of f at 0. Use the previous item to prove that the series

£ (o

Z f '( )xn

= ol
converges uniformly on I . This series is called the Maclaurin series for f. (Your proof here should be
approximately one sentence).

5. Looking back at Item 3, find a condition on the sequence {ci} which is less restrictive than boundedness

and which still guarantees that the series
o0

Z CT; !
n.
n=1

converges uniformly on I. Hint: You should take a look at Stirling’s formula (which you can take for
granted as long as you interpret the formula/approximation correctly). If you’re interested, a nice proof
of Stirling’s formula can be found in Exercise 5 of Homework 2 for my Math 122 class.

3.1 Properties of Uniform Convergence

In this short subsection, we discuss some properties preserved under uniform convergence. Specifically, we focus on
continuity and integration. Let’s consider a couple of examples.

Example 3

Given 0 < 6 <1, let Is = [-14 4,1 — 0] and consider the series
> "
n=0

To see this, we first observe that the partial sums {Sy} satisfy the formula

1— INJrl

N
Sn(z) = Zx” =—
n=0

1—x
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for x € Is5. The validity of this formula can be seen by multiplying both sides by 1 — x and simplifying.
To see that this series converges uniformly, let ¢ > 0 and choose M to be a natural number for which
M > In(ed)/In(1 — 0). For any = € Is and N > M, observe that

1 1—$N+1 _ ‘xlN—&-l (1_6)N+1

F@) = Sv@) = |f= ~ 1o | = i S5 <€

where we have used the fact that N +1 > M > In(ed)/In(1 — ¢). Therefore, we have proved that this series
converges uniformly to f. I encourage you to show that this series converges uniformly using only Corollary
3.6 (and not making reference to f).

An important thing to note about the above example is that, each Sy(x) is continuous and the limit function
f(z) = 1/(1 — x) is also continuous on the interval Iy, a fact that was also true in the preceding example. This
stands in contrast to the Example 3 in which the limit function failed to be continuous. As it turns out, this is a
key difference between pointwise convergence and uniform convergence. This is detailed in the following theorem,
whose proof can be found in [5] (see Theorem 7.12 therein).

Theorem 3.7. Let {f,} be a sequence of complez-valued functions on I and suppose that {f,} converges uniformly
to a function f: I — C. If each function f, is continuous, i.e., {fn} C C(I), then f is necessarily a continuous
function.

Let’s explore some other important properties of uniform convergence. Our next result shows that uniform conver-
gence plays nicely with the Riemann-Darboux integral.

Theorem 3.8. Let {f,} be a sequence of complex-valued functions which converges uniformly to a function f : I —
C; here, I = [a,b]. If each function f, is Riemann-integrable, i.e., {f,} C R(I), then f is Riemann-integrable and

lim /\fn—f\ =0.
n—oo I
Further
lim [ f, = / I
n—oo I
Proof. We first show that the limit f is Riemann-integrable by showing its real and imaginary parts, v and v are
Riemann-integrable. For each n, denote by w,, and v,, the real and imaginary parts of f, respectively. We will show
that v and v are Riemann integrable by appealing to the ¢ — P characterization, Proposition 2.5. Let’s first focus

on the real parts {u,} and u. Let e > 0 and, by the uniformly convergence of {f,}, let N be a natural number for
which

[un(@) = u(@)] < V/(un(@) = u(@)? + (va(2) — 0(2))? = |falz) — f(2)] < €/4(b —a)

for all x € I and n > N. In particular, upon setting vy = up, this yields the inequality

uo(@) — m < u(z) < ugl(z) + m (3)

for all € I. This inequality implies that u is bounded on the interval I in view of our hypothesis that ug = uy €
R(I). By virtue of Proposition 2.5, let P be a partition of I for which U(ug, P) — L(uo, P) < €/2. For this partition,
the inequality (3) guarantees that

U(u,P) = Z < sup u(x)) Y&n — Tp—1)

n Tn—1<z<TH

R I
< U(up, P)+ Z m(xn — ZTp_1)
<

€
P -.
U(Uo, )+ 4
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Similarly, the inequality (3) guarantees the analogous lower estimate
L(uo, P) = § < L(u, P)
Together, these estimates guarantees that

U(u, P) — L(u, P) < Uug, P) — L(ug, P) + g < g + % —e

and from this we can conclude that v € R(I). A completely analogous argument shows that v € R(I) and so, by
the definition of Riemann-integrability for complex-valued functions, the limit function f € R(I).

Let us now prove the statements concerning the limit lim, . f I |frn = f|. In view of the definition of the
L*°-norm, we have

|fu(@) = f(@)] < | fo = flloo

for all x € I and n € N. In view of Lemma 2.9, we have
0< [ <o) = f@ldo < [ 10 = Flo s = 0= =

I I
Thus, by virtue of Exercise 9 and the squeeze theorem, the preceding inequality shows that

lim /|fn—f|:0

because || fn — flloo — 0 as n — co.
Finally, by virtue of Propositions 2.7 and 2.8, we have

lﬁﬁﬂ’[%dglmﬂ

for all n. Another appeal to the squeeze theorem (and the preceding limit) guarantees that

lim fn:/f.

O

Corollary 3.9. Let {f,} be a sequence of complez-valued functions on I = [a,b] and suppose that the series > - o fn
converges uniformly on I. If each f,, is Riemann-integrable, then the sum of the series is Riemann-integrable and

Proof. The hypothesis that Y- f, converges uniformly means that the sequence of partial sums {Sx} defined by

N
Sn(@) =) falz)
n=0

for x € I converges uniformly on I. Also, the supposition that each f, is Riemann-integrable guarantees that each
partial sum is Riemann-integrable in view of Proposition 2.7. By the (finite) linearity of the integral, we have

/ISN,é/Ifn
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for each natural number N. Thus, an appeal to the preceding theorem guarantees that the limit ZZ‘;O fn =
limy oo Sy is Riemann-integrable and

3o tn= [ g s = i [ = i 3 [ 1
n=0 =0

in particular, the limit on the right exists. Of course, this is what it means for the series of the numbers [ 1 Jn to

converge and so we have
0o N 0o
[ = gm Y [ 1= [
n=0 n=0 n=0

3.2 The Weierstrass M-test

We’ve been developing the theory of uniform convergence for sequences of functions. Along the way, we’ve proved
some results about the uniform convergence of series of functions, the most important of which is Corollary 3.6.
This corollary showed that a series is uniformly convergent if and only if it satisfies the Uniform Cauchy Criterion.
As you saw in Exercise 10, while this criterion/condition is very useful, it is not terribly easy to apply. Our main
result of this section, the M-test of Weierstrass, gives an relatively straightforward condition guaranteeing that a
given series converges uniformly. We will then amass some facts following from this result which will be used in our
study of Fourier series.

Theorem 3.10 (The Weierstrass M-test). Let I = [a,b] be an interval and consider a sequence of bounded complex-
valued functions {fn} on I. For each n € N, set

My = || falloo = sup [fn(z)].
zel

If the series Zflozl M, converges, then the series ZZO:1 fn converges uniformly on I.

Before giving the proof, observe that the series Zf:’:l M, is a series of non-negative numbers and determining the
convergence of this series is the subject matter of introductory calculus. This is usually an easier condition to verify
that the Cauchy criterion.

Proof. We will verify that the Cauchy criterion (Corollary 3.6) is satisfied for the series ) fn. To this end, let
e > 0. Given that ) M, converges, its partial sums are necessarily a Cauchy sequence and so there must be some
natural number N for which

ZMkS Z Mk:ZMk_ZMk:
k=n k=1 k=1

k=n—1

<e€

S-S
k=1 k=1

whenever m > n > N. Here, we have used the fact that My > 0 for all k. Observe now that, for any z € I and
m > n > N, the triangle inequality guarantees that

Y@ <@ Mfilloo =Y Mi <,
k=n k=n k=n k=n

as desired. 0

Following directly from Theorems 3.10 and 3.7 and Corollary 3.9, we obtain the following corollary.
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Corollary 3.11. Let I be an interval and let { fr.} be a sequence of complex-valued functions on I, i.e., {fr} C C(I).
For each n € N, set
My = || falloc = sup | fn(z)].
zel

If the series Y .~ | M, converges, then > - | fn converges uniformly on I and its sum

f@) =3 ful)

n=1

is a continuous function on I, i.e., f € C(I). Further,

fo=f 3z

Proof. The statement regarding uniform convergence follows directly from Theorem 3.10. Because f,, is continuous
for each n, the partial sums {S,,} are necessarily continuous functions on I. The uniform convergence of the series
is the statement that the partial sums converge uniformly to the sum of the series and so, by virtue of Theorem 3.7,
the sum f is necessarily continuous on I. Finally, upon noting that {f,} C C(I) C R(I), an appeal to Corollary
3.9 gives the final statement immediately. O

> [

n=1

Exercise 11

The Weierstrass M-test says that the “M condition”, i.e., the condition that Zle M, converges, is a sufficient
condition for the uniform convergence of the series Y f,,. This is in contrast to Corollary 3.6 which gives a
condition both necessary and sufficient for uniform convergence. Show that that “M condition” (of the
Weierstrass M-test) is not necessary for convergence. That is, find a sequence of functions { f,,} on an interval
I for which > 7, f, converges uniformly yet Y ° M, = oo for M,, = ||fn|lcc. Hint: A nice example can
be produced which is an alternating series. Feel free to use results from introductory calculus (such as the
alternating series test).

3.3 Defining Convergence with the Integral: A glimpse at Lebesgue norms

As the supremum norm || - || allows us to measure the “size” of a function bounded function (and with it you
were able to characterize uniform convergence), the integral also allows us to measure the “size” of a function by
integrating its absolute value. Measuring the size of functions with the integral turns out to be a very fruitful
activity. To formalize things, I will take this opportunity to introduce a class of “norms” on functions, called the
Lebesgue norms or the LP norms, of which the supremum norm is an important example. To this end, we fix an
interval I and, for each 1 < p < 0o, we define the LP(I) norm of a function f € R(I) by

= (/ f(x)lpdx>1/p.

1fllp = 1 flloc = sup |f(z)]
xzel

For p = oo, we have as before

for f € R(I). For each 1 < p < 00, each LP norm gives us a different way to measure the “size” of a function. Let’s
accumulate some facts about these norms.

Proposition 3.12. Given an interval I and 1 <p < oo, let || - ||, denote the LP(I) norm defined above. Then, for
any f,g € R(I) and a € C, we have

24



Fourier Analysis Supplementary notes for MA398 Evan Randles

1.
IFllp =0
2.
lecfllp = lalll £l
3.
1+ gllp < [1F1lp + llglls
Truthfully, the above proposition only guarantees that || - ||, is a so-called semi-norm on R(I) because there are

non-zero functions f € R(I) for which | f||, = 0.

Proof. As you have already shown that these properties hold when p = oo (Exercise 9), we shall assume that
1 < p < oo. Now, because the integral of a non-negative function is non-negative, the validity of Item 1 is clear.
Also, for f € R(I) and «a € C,

lafl2 = (laf],)? = / o f (@) di = / P f(@)[P d = |af? / F@)P de

from which we immediately obtain Item 2. It remains to prove Item 3, also called Minkowski’s inequality. This
inequality is most easily obtained using the machinery of measure theory, though our proof here only relies on the
convexity of the function C 3 z — |z|?, a fact which can be established using only elementary calculus.

To this end, we first assume show that, if hq, he € R(I) are such that ||h||p, ||h2|l, < 1, then, for any 0 <¢ <1,
llth1 + (1 — t)ha||, < 1. This is equivalently the statement that the unit ball

By ={h e R(I): ], <1}

is a convex set. Let us fix 0 < ¢ < 1 and hq, he € B, and observe that the convexity of the map z — |z|? guarantees
that
[thi(x) + (1 = )ha(2)[" < t|ha(@)[P + (1 = t)|ha(z)|”

for all x € I. T'll make note that the convexity used here for complex numbers is also called the supporting
hyperplane property and can be understood geometrically as the graph of the function |z|P always living below its
secant lines/planes. In view of this inequality, the monotonicity of the integral guarantees that

/|th1 ]. 7t)h2( )‘p dx < t/ |h1 |pd.’£+ (]. *t)|h2( )|p dx
or equivalently
[thy + (1 = D)ha|[} < tllhally + (1 —1)[|h2][}-
Recalling that ||h1]|, <1 and |lhs|, < 1, we conclude that
[thi + (1 =t)ha|p <t-14+(1—1t)-1=1

and so [[thy 4+ (1 — t)ha||, < 1, as was asserted.
We now get to the task at hand. Let f,g € R(I) and we shall assume that || f||, and ||g||, are non-zero (treating
these trivial cases is much more simple). We write

fvg Wl f P T SN
Tl ~ 17T + 19l 1T 1T + Tl Tl — T T ™ T,

where t = || fllp/(Ifllp+1lgllp) is @ number between 0 and 1. By virtue of Item 2, both hy = f/| fll, and he = g/ 9]l
have LP norm 1. In view of the property proved in the preceding paragraph, we conclude that

[+g

= ||thy + (1 = t)ha|, < 1.
Hllf|p+llg||p = lltha (1 = D],

p
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Therefore, a final appeal to Item 2 gives the inequality

1
T I gl <1
1£1lp + llgll» 3

from which the desired result follows without trouble. O

With these norms and this way of measuring functions, we can define new notions of convergence. To this end,
given a sequence of functions {f,} C R(I) and f € R(I), we say that {f,} converges to f in LP(I) or with respect
to the LP norm if

Jim {|fn = fllp = 0.

There are three LP norms that will be of particular interest for us, p = 1, 2 and co. In the case that p = 2, there is
an additional structure with which you are already familiar from linear algebra, the inner product (a generalization
of the dot product). For integrable functions f and g, we define the L? inner product of f and g to be the number

(f.g) = /1 (@)@ da.

As it is easy to verify using properties of the integral, the L?(I) inner product satisfies the following properties:

1.
(fr9)={9,f) for f,g€ R(I)
2.
(af + Bh,g) = a(f,g) + B{h,g) for f,g,h€ R(I) and «,f € C.
3.

(g,af + Bh)y =alg, )+ Blg,h) for f,g,h € R(I) and o, f € C.

We also notice, that the L? inner product recaptures the L? norm:

i1 = ( | |f<x>|2dx)1/2 -(/ f(w)J‘(ﬂc)d:c)l/Q — VT

for f € R(I). An extremely important property of the L? inner product is captured by the following theorem.
Theorem 3.13 (The Cauchy-Schwarz Inequality). For any f,g € R(I),

[(Fal < 1 l2lgll2
Proof. Let’s first assume that hi, hy € R(I) have [|h;||2 = ||h2]|2 = 1. We observe that, for any x € I,
0 < (|ha(2)] = lha(@)))? = (Jha(@)* + [he(2)* = 2|k (2)]|h2(2)]) -

Therefore
(@) lha(@)]”
2 2
for all x € I. By virtue of Proposition 2.8, the preceding inequality shows that

|ha(z)[[he(z)] <

[(h1, ho)| = /h1(x)h2(x)dx
1
< /|h1(m)\|h2(x)|d:ﬂ
I
1 9 1 )
< = | |m@)Fde+ = | |ha(2)]? dzx
2/, 2/,
1 1
< §||h1||§+§||h2||§:1-
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Thus [(h1, he)| < 1 whenever hy, hy € R(I) have unit L2-norm. Now, given any f,g € R(I) with non-zero L? norms,
we observe that hy = f/||f||2 and ha = g/||g|l2 have ||h1|l2 = ||h2|l2 = 1 and so by the properties of the L? inner
product outlined above

(i )] = 1 elalelhn, o)l < U7l

Il = 11fl=2llgll2 17T Tgllz

as desired.

Finally, let us assume that ||f|l2 = 0 or ||g|]]2 = 0. In this final case, our job is to show that (f,g) = 0 because
the right-hand side of the Cauchy-Schwarz inequality is zero. Without loss of generality we assume that |/g|2 = 0
and observe that, for all ¢t € R,

If +tgll3 (f +tg, [ +tg) = (f, f) + (f,tg) + (tg, [) + (tg,tg)
I£1I5 + (f. tg) + (f. tg) + t*[|gll3
= |IflI5 + 2Re((f, tg)) + 0

= |If15 + 2t Re((f, 9))

where we have used the fact that ¢ is real and z + Z = 2Rez for any complex number z (this is something you
should check). In view of the equation above, we have

0 < [I£I3 + 2t Re({f, 9))

for all t € R. I claim that this inequality implies that Re((f,g)) = 0. If Re({f,g)) # 0, then setting ¢t =
—(IIfI3 + 1)/ Re({f, g)) in the above inequality yields

If1I3 +1 ) 2 2 2
0< f2+2<— Re((f,9)) = IIfllz =2lfllz—2=—(fll5+2
113+ 2~y ) Re(tf) = 171 = 20713 = 2= =715 +2)
which is impossible because || f]|3 4+ 2 > 2 > 0. From this we conclude that Re((f, g)) = 0. An analogous argument
(done by expanding || f + itg||3) shows that Im({f, g)) = 0. All together, we conclude that (f,g) = 0. O

There are many generalizations of the Cauchy-Schwarz inequality that turn out to be useful for Fourier analysis.
The following one, which we give without proof, is called Holder’s inequality [4] . The theorem essentially says that
the integral of a product of functions f and ¢ is bounded above in absolute value by the L? norm of f and the L9

norm of g where 1 < p, ¢ < 0o are such that
1 1
-+-=1
p q
Such a pair p and ¢ are said to be conjugate exponents and here we assume the convention that 1/0c0 = 0. So, for

example p = 2 and ¢ = 2 are conjugate exponents. Also p =1 and ¢ = oo are conjugate exponents.

Theorem 3.14 (Holder’s inequality). Let 1 < p,q < oo be conjugate exponents. Then, for any f,g € R(I), the
product fg is integrable and

’/zf(x)g(m) dz| < [ fllpllgllq-

Exercise 12

Though we’ve already proven the triangle inequality for the L? norm (also called the Minkowski inequality),
please show that the triangle inequality

1+ gllp < [1£1l> + llgll

is a consequence of Holder’s inequality (and thus the latter is more “fundamental”). Hint: First observe that
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|f(x)+g(@)P <|f(z)+g(z)|P~1(|f(z)]| + |g(x)|) for all z. Then apply Hélder’s inequality to the terms on the
right-hand side.

As an application of Holder’s inequality, we have the following theorem which gives a relationship to convergence
between LP norms.

Theorem 3.15. Let I = [a,b] be a bounded interval and let { f,} be a sequence in R(I). Also, let f € R(I). Given
any 1 <r <s < oo, if
nlggonfn_st:O then nlgrolollfn—fﬂr:()-

If you take a course in measure theory, you will learn that this result depends critically on the fact that I = [a, b
is a bounded interval . Before giving the proof (taking Holder’s inequality for granted), we note that it implies the
following statement (as a special case).

If lim ||fn — flloo=0 then lim |f, — f|1 = lim /|fn(33) — f(z)|dz =0.

This statement should be familiar as it recaptures Theorem 3.8 in view of the correspondence between uniform
convergence and convergence in the L* norm. Now let’s prove the theorem.

Proof. Fixing 1 < r < s, set p = s/r and observe that p > 1. In the case that r = s = co, the assertion is obvious.
We therefore assume that r < co and, in view of Holder’s inequality, we obtain

IIfnffII?:/Ilfn(:c)* Irdx—/lfn —f@)[" - Tde < [[(fn = £)"Ipl[[[1]]q (4)

where ¢ is the conjugate exponent to p and 1 is the constant function. If p = oo, necessarily s = oo, ¢ = 1 and we
have

[(fn = )" Mlp = sup [fu(@) = f(2)]" = lfn — fll%- (5)
x
In this case, combining the two preceding inequalities guarantee that

1fn = FI < fn = FIEMU = [1fn = FIIS 10 = al

or, equivalently,

1 fn = Fllr < (0= a)" " fn = flloo-

(o =) Mlp = (/ (Ifnl2) = f(2)[)P dx)
(fo-srs)”

= (Ifa—fI3 )l/” 1 = SIS = 1 = FII%

where we have used the fact that pr = s and s/p = r. Combining this with (4) yields

[ = Fllm < = FIEIG = 1 fn = FIEN

If p < 00, we note that

and therefore
= Flle < I = FUSII"
Finally, noting that

A\ _ )1 /a 00 L
nuu={§ﬂ1) bmat gz

q =00
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(as long as we interpret 1/00 = 0, we have

1 fo = Flle < U fn = Fllo(b = @)1 = (b= a) (5~ 7)

|fn_st (6)

where we have used the fact that 1 = % + %q =14 %q. Combining both cases (4) and (6) (and using the conventions
that 1/0 = 0o and 1/00 = 0, we obtain

fo = fllr < (0 —a)(52)

|fn = fls
whenever 1 < r < s. Finally, if the sequence {f,} has lim, o ||fn — f|ls = 0, the preceding inequality guarantees
that lim, e || fn — fll» = 0. O

Example 4

To illustrate the preceding theorem, let’s construct a sequence of functions which converge to the zero function
with respect to the L® norm for “small” s but diverge in the L® norm for “large” s. To this end, set I = [—1,1]
and fix 0 < a < oo. For each n € N, define

fulz) = nteenll for 1<z <1

We are assuming the convention that n'/% = n® = 1 when a = co. Figure 5 illustrates fo and fi in the case
that a = 1.

-1.0 o5 00 05 1.0
Figure 5: The graphs of fs and f19 when a = 1.

A study of this particular sequence of functions provides a nice way to understand which factors contribute to
the L*® norm of a function. For this sequence f,,, for a value of a < 0o, we see that the peaks at f,(x) (which
happen at z = 0) grow unboundedly while the graphs become more and more narrow as n — oo. In terms of
area under the graph, which is the essential contributor to the L® norms, this can be seen as a competition
between growing height and shrinking width. Let’s nail things down precisely.

As suggested by the figure, it is easily verified that, for each n, f, is continuous on the interval I, i.e.,
{fn} C C(I), and therefore {f,} is a sequence of Riemann integrable functions. Let’s compute the L°(I)
norms of this sequence: For s = oo, we have

[ fulls = I fnllo = Slél})|fn($)‘ =n'/",
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for each n € N. For 1 < s < oo, we have

1/s
Il = ([ it a)
1 1/s
_ (/ ns/aefsnkz:\ dl‘)
-1
1 1/s
— nl/a <2/ e—sn dl‘)
0
—snx 1/s
—  pllagl/s e |$:1
—sn =0

1/s
_ nl/a <2> (1 o e—sn)l/s

sn

1/s 1/s
— p(/a=1/s) (2) (1_ 1 )
S es’n

for each n € N. We therefore have the following behavior: if s < a, then 1/a — 1/s < 0 (where we can’t have
s = 00) and so

: _ — 1 — 1 1/a—1/s 1/s/1 _ sn\l/s _ . 1/s 1 —
Tim [ =0l = lim [[full = lim nl/o=1/5(2/5)1/(1 = 1/e™) V" 0. (2/5)1/* -1 = 0,

Consequently, if s < a, {f,} converges to the zero function with respect to the L*(I) norm. If s > a, then, for
s = 00,

lim | f, —0]s = lim n*/* =00
n—r oo n—oQ
and, for s < oo 1/a—1/s >0,
<s
lim ||f, — 0|[s = lim n/e=Y9)(2/5)1/5(1 — 1/e5)V/* = o @ .
Tim £, — 0]l = lim Y R A

In other words, the sequence {f,,} converges to 0 for all s < a (all small s) and does not converge to 0 for all
s > a (all large s). In particular, upon fixing s < a, if r < s, then {f,} converges to zero in both L® and L"
norms. If r > s, then it is possible to {f,} to not converge to zero in the L" norm (namely, when r > a) while
still converging to zero in the L® norm. As it must be, this is consistent with the preceding theorem.

4 Life on the circle

Our analysis thus far has focused on complex-valued functions defined on intervals of the form I = [a,b]. In our
study of Fourier series, we will study complex-valued functions on the “circle” or on the torus. As we see below, this
is just a fancy way of talking about complex-valued and 27-periodic functions — such objects have several equivalent
descriptions. As a first introduction, consider the unit circle

st :{z:a—i—ibE(C: |z] = \/a2+b2:1}
in the complex plane C. As a direct consequence of what you proved in Exercise 2, S! is given by
St ={e?: 0 cR}.

In fact, the exercise states that

St ={e"?:0 ¢ (—m, 7]}
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and this description is one to one in the sense that the function 6 + e bijectively maps (—m, 7] onto the unit circle
S1. The following proposition gives an equivalence between 27-periodic functions, functions on the interval (—m, 7]
and functions on the circle.

Proposition 4.1. There is a one-to-one-to-one correspondence between the complex-valued functions on S*, the
complez-valued functions on (—m, 7] and the complex-valued and 2m-periodic functions on R. This correspondence
18 given by ~

f(0) = F(e”) = F(2) = F(e') = f(2)

where z = €' = ' for function F : S* — C, f: (—m,m] = C and f : R — C, the latter of which is 2m-periodic.

As the proof of the proposition is not terribly illuminating, I’ll omit it. Figure 6 illustrates this correspondence and
the main idea of the proposition. In view of proposition, we will focus our attention on complex-valued and 27-
periodic functions which we will usually denote by f. These functions will often be said to be functions on the torus
T, however, this is a slight abuse of language and notation, both of which are justified by the proposition. Precisely,
the torus T = R/(27Z) which can be recognized as the quotient of the additive groups R and 27Z. In fact, one can
also recognize T by the interval (—m, w]. This association is given by the fact that there is a one-to-one correspon-
dence between the interval (—m, 7] and R/(27Z). You won’t however need to worry about this construction nor what
a quotient group is. You can think of this reference as merely cultural (where I mean the culture of harmonic anal-
ysis in the lens of topological group theory). The essential thing you’ll need to understand, and to work with, is the
notion of 2m-periodic functions. Just know that there is a lot of important group theory going on in the background.

4.1 Integration on T and some important spaces of functions on T

Okay, now let’s talk about integration on T, that is, the integration of 27w periodic functions.

Definition 4.2. Given a function f : R — C, we say that f is Riemann-integrable on the torus T (or integrable on
the circle) if f is 2w periodic and Riemann-integrable on the interval [—m,w]. In this case we write f € R(T) and

define
[r=] s

this is called the integral of f over T. We will also write

/Tf(x)dx:/qrf.

As the integral of f on T is defined in terms of the Riemann integral on the interval [—m, 7], it’s easy to see that all
of our preceding results on the Riemann-Darboux integral (and all related tests, theorems, etc) apply to this integral
too, with only minor (and obvious) changes in notation. Instead of restating every result in this new notation, we
will simply refer to the original results and ask the reader to make appropriate changes to notation and context.

Remark 4.3 (A word of caution). It is common for authors to define the integral of a function f over T instead by

the number .

[—m,m]
This convention (which we do not use) has some advantages in Fourier analysis as one doesn’t have to carry around
27 everywhere and so formulas/statements become simpler. Though I do like this convention, it is slightly less
transparent and so I've decided to avoid it. In any case, in your readings of other texts/notes, you should watch
out as it is often not clear which convention is being used.

One result that is special for the integral of a function f over T, is that it can be computed by integrating f over
any interval of length 27, not just the interval [—m,7]. This fact, captured by the following proposition, relies
essentially on our requirement that f is 27-periodic.
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4 t-3-271 -7 ' T 275 35 47

Figure 6: An illustration of the correspondence between functions on the circle, functions on (—, 7] and 27r-periodic
functions

Proposition 4.4. Let f : R — C be 2n-periodic. Then f € R(T) if and only if, f € R(I) for some interval I of
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length 2w, i.e., I = [a,a + 27| for some a € R. For any such f, we have

/Tf(x)da::/lf(x)dx.

In other words, integrating f over any interval of length 2w gives the same number.

Exercise 13

Suppose that f: R — C is 27-periodic. With Proposition 2.10 in mind, do the following.

1. Prove the following statement. If f € R([a,b]) then, for any n € Z, f € R([a 4+ 27n,b+ 27n]) and
b b+2mn
5= L
a a+2mn
2. Prove the following statement. If f € R([—m,7]), then, for any z¢ € R, the function z — f(z + x¢) is
Riemann integrable on [—7, 7] and

U

i flx)de = fz + xo) de.

—Tr —T
3. Prove Proposition 4.4.

In view of Definition 4.2, R(T) is the set of Riemann integrable functions on T. Structurally, this set can be
recognized a vector space (over C) of complex-valued functions under the usual notion of function addition. Also,
f— fT f is an important linear map from this vector space into the complex plane. Let’s introduce some other
important spaces of functions, all of which turn out to be subspaces of R(T).

Definition 4.5. Let f : R — C be 27 periodic.
1. We say that f is continuous on T if f is continuous on R. Here we write that f € C(T) or f € C°(T).

2. We say that f is once continuously differentiable on T if f is differentiable on R with continuous derivative
1€ CUT). In this case we write f € C(T).

3. More generally, we say that f is n-times continuously differentiable on T if f € C* 1(T) and the (n — 1)th
derivative of f, f=1, is differentiable and its derivative f = (f=DY € C(T). In this case, we write
fecm(T).

4. We say that f is smooth on T if f € C™(T) for all n. In this case we write f € C(T).
Exercise 14

To clarify the preceding definition, this exercise asks you to work out some details. First, let’s fix something
that the definition sweeps under the carpet, so to speak.

1. Given a 2m-periodic function f, it makes sense to ask its derivative f’ exists and is continuous which
is what we usually mean by continuously differentiable. The definition above requires, however, that
f' € C°T) and so it requires the additional condition that f’ is also a 27 periodic function. To clear
this up, prove the following statement:

If f:R — C is 27-periodic and differentiable with derivative f’: R — C. Then f’ is also 2r-periodic.
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Given a 2m-periodic function f : R — C, for f € C*(T) the definition above requires that f is differentiable
on all of the real line R and, moreover, that f’ is continuous. For the next item, you will prove that this
requirement is unnecessarily strong.

2. Prove that f € C(T) if an only if f is continuously differentiable (meaning it is differentiable and has
continuous derivative) on some interval I = (a,b) where b — a > 2.

3. Show that the equivalent condition of the above statement cannot be relaxed. That is, find a function
f : R — C which is 27-periodic and for which f is continuous differntiable on some interval I = (a,b) for
which b — a = 27, yet f ¢ C1(T).

As continuous functions are integrable and differentiable functions are continuous (and so on and so forth), we
obtain
C(T) -~ S C™(T) € --- € CY(T) € C*(T)  R(T)

where each of these containments is proper. All of the above sets are, in fact, vector spaces over C under the usual
notion of function addition as we previously discussed and, further, all of above relations remain true when one
replaces “C” with “<” where V < W means V is a subspace of .

4.2 Pointwise and Uniform convergence of functions on T

Throughout the next several subsections, we explore several notions of convergence of Fourier series for functions
on T. To this end, this subsection is dedicated to stating (and restating) several notions and results pertaining to
the convergence of functions and series of functions on T. The functions (and sequences of functions) we study will
be taken to be, at worst, Riemann-integrable on T.

Consider a sequence of functions {f,}22; C R(T) and another function f € R(T). Given a set E C R, we
say that {f,} converges to f on E if, for each € E, the sequence of complex numbers {f,(x)} converges to
f(x), ie, lim, oo frn(z) = f(z). As all functions in sight are 27-periodic, lim, o fn(x) = f(z) if and only if
lim,, oo frn(x + 27k) = f(x + 27k) for each k € Z. In other words, {f,} converges to f on E if and only if {f,}
converges on the set

U (E+27k)={zr € R:z=y+ 2rk for some y € E and k € Z}.
kEZ

In the special case that {f,} converges to f on R or, equivalently, on any interval of length at least 27, we say that
{fn} converges pointwise to f on T. In other words, {f,} converges pointwise to f on T if, for each z € R and
€ > 0, there exists a natural number N for which

|fu(z) — fz)] <€
whenever n > N. Just as we did on an interval I,

Definition 4.6. Let {f,} be a sequence of functions in R(T) and let f € R(T). We say that {f,} converges
uniformly to f on T if, for each € > 0, there exists a natural number N for which

[fu() = f(z)] <€
for alln > N and z € R.

Of course, the above notion of uniform convergence was the same as it was for uniform convergence of functions on
R. The difference here is that the functions of interest are 27 periodic. In fact, it’s easy to see that {f,,} converges
uniformly to f on T if and only if {f,} converges uniformly to f on any interval I of length at least 27. As we saw
before, uniform convergence on T is also captured by the sup norm. Let’s define it in this context.

34



Fourier Analysis Supplementary notes for MA398 Evan Randles

Definition 4.7. Given any f € R(T) (which is necessarily bounded), define
[flloe = sup |/ ()]

where supy | f(x)] := sup{|f(x)| : © € I} given any interval I C R of length at least 2.
In this language and by virtue of our previous results, we have the following proposition.

Proposition 4.8. Let {f,} € R(T) and let f € R(T). Then {f,} converges uniformly to f on T if and only if
dim || f = flleo = 0.
n—oo

If either of the equivalent conditions of the above proposition is met, {f,} is also said to converge to f with respect
to the L*°(T) norm — a notion we will discuss more fully in the next subsection. In the context of the torus T, we
restate Theorem 4.9:

Theorem 4.9. Let {f,} be a sequence of functions in R(T). Then {fn} converges uniformly on T if and only if
the following condition is satisfied:
(UC) For all € > 0, there exists a natural number N such that

|fn(x) — fm(x)] <€  whenever x €R and n,m > N.
Let’s also recapture Theorems 3.7 and 3.8 in the context of the torus T.

Theorem 4.10. Let {f,} be a sequence of functions in R(T) and suppose that {f,} converges uniformly on R to
a function f: R — C. Then the following properties hold:

1. The limit f is Riemann integrable on T, i.e., f € R(T), and the sequence {f,} converges uniformly to f on
T.

2. If {fn} CC(T), then f € C(T).
3. We have
Jim [ 1, = /T lim f, = /T .

Let’s now talk about series on T. Given a sequence {f,} € R(T), we investigate the corresponding series )" fy.
For each natural number N, we define the Nth partial sum Sy of the series ) f,, by

N

for € R. It is clear that {Sn} is a sequence of Riemann-integrable functions on T and we can ask whether or not
it has a limit. If, for z € R,

lim Sy(z) = lim an

N—o0 N—o00

exists, we say that the series ) f, converges at = and define the sum of the series to be the number

2 Jula) = Jim Swla) = J&f;ton

If the sequence of partial sums Sy converges at each x € R, we say that the series > -, f,, converges pointwise on
T and write

N —oc0

an(x) = lim Sy(z)
n=1

for each « € R. Further, we say that the series Y~ | f,, converges uniformly on T if the sequence {Sy} of partial
sums converges uniformly on T. Rephrasing our work from the previous section, we can state the Weierstrass M-test
in the context of T.
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Theorem 4.11. Let {f,} be a sequence of functions in R(T) and, for each n € N, let M,, = ||fnlloo- If the
numerical series Y ., M, converges, then the following statements hold:

1. The series Y ., fn converges uniformly on T.

2. We have - -
/Tnz_:lfn(x) dx = T;/Tfn(x) dz.

3. If, additionally, {f,} C C(T), the sum of the series

[e's) N
D fal@) = Jim > fu(a)
n=1 n=1

is also a member of C(T).

4.3 The Lebesgue norms on T and the L*(T) inner product

We begin this section by introducing the Lebesgue norms on the torus T. These norms, denoted by || - ||, for
1 < p < 0, give a notion of “size” to each function in R(T) and, in fact, we’ve already seen some beautiful prop-
erties of the || - ||oo norm studied in the preceding section. As we did on subintervals of the real line, we will pay
special attention to the p = 2 case as it is captured by the rich structure of the so-called L? inner product.

Warning: The notation in this subsection will parallel that of Subsection 3.3; however, the definitions will all differ
by a factor of (27)'/P. These changes are only to simplify notation and won’t affect anything essentially. In any
case, watch out for the 27!

Definition 4.12. 1. For 1 < p < oo, we define the LP = LP(T) norm of a function f € R(T) by

o= (2 [uera)

2. If p= oo, we define the LP = L™ = L*>°(T) of f € R(T) by
HfHa)::S%plf(xﬂ

where supy | f ()] := sup{|f(z)| : © € I} given any subinterval I C R of length at least 27, a notion which
makes sense precisely because f is 2mw-periodic.

3. Let 1 < p < oco. Given a sequence of function {f,} C R(T) and another function f € R(T), we say that {f,}
converges to f with respect to the LP = LP(T) norm if

[ = fllp = 0.

lim

n—oo
Tracking carefully the appearance of 27 in the above definitions, an appeal to the results of Subsection 3.3 yields
the following results about the L? norm on T.

Proposition 4.13. For any f,g € R(T) and o € C, we have

1.
1£1l, >0
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leefllp = lalll £l

1f+gllp < 1Fllo + llglly

Proposition 4.14 (Holder’s inequality). Let 1 < p < g < oo be conjugate exponents, i.e.,

For any f,g € R(T),

1
o [ S@(e)do

< 1 £llpllglla-

Proposition 4.15. Given any 1 < r < s < oo, if a sequence {f,} C R(T) converges to f € R(T) with respect to
the L*(T) norm, then {fn,} converges to f with respect to the L"(T) norm. In particular, if {f,} converges to f
uniformly, i.e.,

T [[fo— fll = 0

then, for every 1 < p < oo, {fn} converges to [ with respect to the LP(T) norm, i.e.,
Jim {|fn = fllp = 0.
We now turn our focus to the case in which p = 2. Here, the norm || - ||2 is captured by the following inner product.

Definition 4.16. Given f,g € R(T), we defined the L? = L*(T) inner product of f and g to be the complex number
()= 5 [ F@i@de

Following directly from the defintion, we see that the L?(T) inner product characterizes the L?(T) norm. That is,

for each f € R(T),
1fll2 = /{f5 f5)-

Let’s summarize some properties of the L? inner product.

Proposition 4.17. Given any f,g,h € R(T) and o € C, we have:

1. -
(fr9) =19, f)
2.
(af,9) = a(f,g)
3.
(f,ag) =a(f,g)
/.
<f+gvh> = <fah> + <g’h’>
5.

(frg+h)=(f,9)+{f,h)
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Two functions f,g € R(T) are said to be orthogonal (with respect to the L? inner product) if (f,g) = 0. In this
case we write f 1 g. Using this language, we state three more crucial properties of the L?(T) inner product and
norm.

Proposition 4.18. Given f,g € R(T), we have the following statements:

1. If f L g, then
1f + gll3 = I1£13 + llgll3.

< [1fll2llgll2

3 | f@o@)da

1f +gll2 < [Ifll2 + [lgll2

Proof. We prove only the first property as the others follow from our results of Subsection 3.3. Fix f,¢g € R(T) and
suppose that f 1 g. Then, given the properties of the inner product summarized in the preceding proposition,

If+9l3 = (f+a.f+9)
= (fif+9+{gf+g
= (LLH)+{fr9)+{9, ) +{9,9)
= |IfII3+(f,9)+ (F.9) + llgll3
= |IfI3+0+0+]9gl3
17115+ [lgll3-

Example 1

For any n € Z, the function z — €® is C°°(T) and therefore Riemann integrable on T. We have, for each
n,m € 7,

, , 1 , ' 1 =
<elnm)ezmr> - Nt o= imT g0 n m
2 T 0 m 7é n

as you showed in Homework 1. For this reason, e® | e whenever n # m. Such a collection {e*}, ¢z
is said to be an orthonormal system. The word normal comes from the fact that that L?(T) norm of each
function €** is one.

4.4 Fourier coefficients and the uniform theory

We now (and finally) begin our study of Fourier series. Our main goal is to approximate a given function f € R(T)
by a sequence of trigonometric polynomials, called Fourier polynomials. A trigonometric polynomial of order N is,
by definition, a function of the form

N
Py (z) = Z Ccne'™®
n=—N

for © € R where {¢,,} are complex numbers. It is clear that each such polynomial Py is a member of C°°(T) and
hence a member of R(T). Our goal is then to find a sequence of polynomials Py which approximate f in some
sense (pointwise, uniform, with respect to L?, etc.). As we will see shortly, the following definition provides a good
start.
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Definition 4.19. Given f € R(T), define

f(n) — <f, einm) _ %/ﬂ‘f(x)efinm dx

for each n € Z. For each N € N, we define the Fourier polynomial of order N by

N
Sn(x) = Sn(f)@) = > f(n)e™
n=—N

for x € R.

The following theorem states that the Fourier coefficients determine a function at each point of continuity. This
was proved earlier in the course; for a proof see Theorem 2.1 of the course textbook. We will recapture the result
shortly. I don’t like that this is here. Perhaps instead we should do some examples here to show that the Fourier
polynomials tell us something about f7

Proposition 4.20. Suppose that, for f,g € R(T), f(n ) ( ) for alln € Z. If f and g are continuous at x € R,
then f(x) = g(z). If, additionally, f,g € C(T), then f =

With the above definition in mind, we are interested in whether or not the Fourier polynomials of f approximate
f in any sense. The natural thing to do is then to take N — oo and this leads us to the notion of Fourier series.

Definition 4.21. given a function f € R(T), its Fourier series is the formal expression

S fmen = 3 fen

neZ n=-—0o0

f Y fmye

ne”Z

is called the Fourier series of f. We write

To investigate the convergence of this series, we must investigate the convergence of the Fourier polynomials Sy
which are, by definition, partial sums of the Fourier series for f. That is, we say that the Fourier series for f
converges at x € R if limy_, o, Sy () exists. In this case,

R nxr __ li MLz
X e = 3 o
is the sum of the series. To refine our discussion above, our main goal is to ask: When and in what sense is
x) = Z f(n)eim?
ne”Z

In view of the Weierstrass M-test, we can give a sufficient condition for the uniform convergence of Fourier series
in terms of the summability of the numerical series {f(n)}.

Theorem 4.22. Let f € C(T) and let {f(n)}necz be the Fourier coefficients of f. If the series Y ez |f(n)]

converges, then the Fourier series of f, Y ., f(n)e”””, converges uniformly to f.

Proof. We observe that R , . 4 .
[f(n)e™ | = [f(n)lle™ | = [f(n)]

for all n € Z and = € R. In other words, the summands g, (z) = f(n)e™® satisfy |gn(z)] < M, = |f(n)| for all
n € Z and x € R. In view of our supposition that the series > |f(n)| = Y M,, converges, the Weierstrass M-test
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guarantees that the Fourier series converges uniformly to some complex-valued function g on R. Further, because
each summand f(n)e'™* is continuous, g is continuous. Also, observe that

g(x +2m) = hm Z f(n)e™=+2™ — Jim Z f(n)e™® = g(x)

N~>oo

for all z € R and so g is 2m-periodic. We therefore conclude that g € C(T). It remains to show that g = f. To this
end, we compute the Fourier coefficients of g. Observe that, for any m € Z,

g(x)efima:: —imz ngnoo Z f znw:]\}gnoo Z f znw 7’L’I’TLZE
n=—N

for all x € R. In fact, the Weierstrass M-text applied to the summands n f (n)e™®e~"m= shows that the partial
sums on the right hand side converge uniformly to g(x)e ™. Since each summand is Riemann integrable (it is
continuous) and the series converges uniformly, we may integrate term-by-term. For each m € Z, we have

g(m) _ <g’eimm> _ 2];.(/ ( e~ IMT o — Z 271_/ f eline g—ima dx _ Z-f eine zmw> f( )

nez neE”L

where we have used the fact that (e, e"™*) = 1 when n = m and 0 otherwise. Therefore f(n) = §(n) for alln € Z
and, in view of the preceding proposition f = g. In other words,

x) = f(n)e
nez
where the convergence is uniform for z € R. O
I've always found the result above somewhat unsatisfying, though it is powerful as we will shortly see. The reason
I find it unsatisfying is because its hypotheses are stated in terms of the Fourier coefficients of f and so, to apply
the theorem, one has to compute the Fourier coefficients of f and then ask if they are absolutely summable. One

would like to instead have hypotheses stated in terms of f itself. In any case, the theorem allows us to prove the
following result.

Corollary 4.23. If f € C?(T), then the Fourier series for f, Y onez f(n)em"”, converges uniformly to f on R.

Proof. Let f(z) = u(x) 4 iv(z) where u and v are real-valued 27 periodic functions which are, by hypothesis, twice
continuously differentiable on R. We have f/(z) = «/(z) + iv'(x) and f(z) = v”(z) + " (z) for x € R. I claim

that, for all non-zero n € Z,
n -1 —inx
f(n)= 52 /Tf”(m)e dz.

To see this, we apply the complex-version of integration by parts (which works in view of the FTC you proved
in Homework 1). This is the statement: If u and v are complex-valued functions differentiable on the interval [a, b]
with derivatives v’ and v/,

b

a

/[a,b] u(x)v'(z) de = u(z)v(z)| — /[a,b] u'(z)v(x) dz

where u(x)v(:c)|b := u(b)v(b) — u(a)v(a). So, upon taking u = f and v/'(z) = e~"*, we have

a

f(n) %/Tf(x)e—im dr — % Fl@)e™ ™ de

[_Trvﬂ—]
- i f(l.) e—inx |71— B / f/(x) e—inw e
- 2r —in 7 [—m,7] —in

We note, however, that because f and e~*"* are 27 periodic, O
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Exercise 15

This exercise concerns the absolute decay of Fourier coefficients. It allows you to investigate conditions under
which the Fourier series for a function f converges uniformly to f by Theorem 4.22. Do the following:

1. Use induction (on m) and integration by parts to prove the statement: If f € C™(T) for m € N, then,
for any non-zero n € 7Z,

. — (in

f(n) = (in)=" fm)(n) =

)7m m —inx
o /Tf( )(z)e dx

where f("™) means the mth-derivative of f. Conclude directly that the Fourier series for f converges
uniformly to f whenever f € C™(T) for m > 2.

Given a function f € R(T), we say that f is Holder continuous of order a > 0 if f € C™(T) for m = |« and
there exists C, > 0 for which

[f (@) = ™ (y)] < Clz —y[™
for all z,y € R.
2. Find a function f € R(T) which is Holder continuous of order a = 2.
3. Use the mean value theorem to prove that, for f € C*(T), f is Holder continuous of order o = 1.

4. Using your reasoning from the previous item, what can be said about the Holder continuity of f for
f € C¥T)?

5. Prove that, if f € R(T) is Holder continuous of order o > 0, then there is a constant C,, for which
~ C,

|f(n)] < —=

||

for nonzero n € Z. Hint: For n # 0, the 2w-periodicity of f guarantees that

~ 1 a . 1 a T .
f(n) = By - f(x)e " dx = o /_7T f (x + E) e~ @ tT/n) gop
Upon noting that e~ (ztm/n) — _e=inT you can average the above integrals to obtain a nice way to

write f as an integral over a difference f(x) — f(z + 7/n). Now use Holder continuity.

6. Use your result from the item above and Theorem 4.22 to prove that the Fourier series for f converges
uniformly to f whenever f is Holder continuous of order « for any o > 1. Hint: Appeal to the summability
of p series.

This concludes our investigation of the uniform convergence of Fourier series. We now move on to the theory of
pointwise convergence. In contrast to our study of uniform convergence, the main object in our study of pointwise
convergence of Fourier series revolves around a careful (analytical) study of the Dirichlet kernel, which we introduce
now.

Proposition 4.24. Let f € R(T) and let (f(n))nez be its Fourier coefficients. For each N, let Sy denote the Nth

Fourier polynomial of f, i.e.,
N

Sn(z) = Z f(n)ein=.

n=—N
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Then, for each N € N and x € R,
1
Swl@) = 5= [ Dle— )1y
™ Jr

where

siny/2

Dy (y) == 7 y 7 2mk ke Z = ZN: ey,
2N +1 y=2rk,k€Z '

this is called the Dirichlet kernel. For each N,

1
— | D dy=1
277./1r ~N(y)dy

and
1 1 1

D (y) dy Dy (y)dy = 3

% [_77’0] - E [077r]

Proof. By virtue of the linearity of the integral, it is evident that

Sn(x) = iN (;T/Tf(y)e‘i”y dy) ¢l

n=-—

N
1 .
— in(z—y)
o /T n;N f(y)e dy

for N € N and z € R. We now show that

N
Dy(y)= ) ™
n=—N

for N € N and z € R. First, it is clear that, if y = 27k for k € Z, Dy(y) = 2N +1 = 3N N1= SN iny,

n=-— n=—N e
Thus, we assume without loss of generality that y # 27k for k € Z and hence siny/2 # 0. Now,

sin((1+1/2)y)  sinycos(y/2) + sin(y/2) cosy

Di(y) =

sin(y/2) B sin(y/2)
_sin((1/241/2)y) cos(y/2) cost — 2sin(y/2) cos(y/2) cos(y/2) o
- sin(y/2) oy sin(y/2) ey

= 2cos?(y/2) + cosy =1+ 2cosy
1
— ei-O‘y + eiy + eiy — Z einy

n=-—1

where we have used the half-angle identity 2 cos?(A/2) = 1 + cos(A). Thus, the desired result is true for N = 1.
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Let’s induct on N. Let’s assume that the formula holds for N > 1, we will show it holds for NV + 1. We have

Dn11(y)

sin((N+1+1/2)y)
siny/2
siny cos((N + 1/2)y) + cosysin((N + 1/2)y
siny/2
2cos(y/2) cos((N +1/2)) + cosyDn (y)
2 cos(y/2)(cos Ny cos(y/2) — sin Nysin(y/2)) + cosyDn (y)
(1 +cosy)cos Ny —sin Nysiny + cosyDn (y)

cos Ny + (cosycos Ny — sin Nysiny) + cosyDn (y)

cos Ny + cos((N + 1)y) + cosyDn (y)
eiNy +677,'Ny 6i(N+1)y + efi(NJrl)y et +677Ly

D
5 B 5 ~N(Y)
eiNY | o=iNy  Gi(N+D)y 4 o—i(N+Dy iy 4 o—iy N _
iny
2 N 2 D DI
n=—N
1 N N
5 <€iNy+eiNy+ei(N+1)y+ei(N+1)y+ Z ei(n+1)y+ Z ei(nl)y)
n=—N n=—N
1 N+1 N-1
5 ezNy+e—zNy+ez(N+1)y+e—z(N+l)y+ Z ey 4 Z ety
n=—(N-1) n=—(N+1)
1 N+1 N+1
S e 32
n=—(N+1) n=—(N+1)
N+1
5 o
n=—(N+1)

where we have made use of the induction hypothesis and a tour de force of trigonometric identities.
Now, for any N € N, due to the periodicity of the functions z +— €** for n # 0 and their antiderivatives,

) 1 N 1 1
— | Dn(y)dy = — ny gy = — [ 0V iy = — ldy=1.
o /T ~(y)dy o /T n;Ne y 27r/Te Y= or /[—m] g

Finally, by a quick examination, it is clear the Dy (y) is an even function. Consequently

1 1
1=2|— Dn(y)dy | =2 7/ Dn(y)dy
2T [0171.] 2 [77‘.70]

from which the final result follows.

The Dirichlet kernels D5, D1g and Doy are illustrated in Figure 7.
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Figure 7: The graphs of D5, D1 and D-0.

4.5 Convolutions

Given two functions f,g € R(T), we define their convolution f x ¢g: R — C by

(0@ =5 [ fa=vatdn =5 [ 5=t dy

o -

for x € R. The convolution operation is a way to combine information about the functions f and g to produce a
new function (which will often be nicer) called f % g. Let’s consider an example.

5 All things Fourier

5.1 The L? theory

In the last subsection, we showed that continuous 27-periodic functions can be approximated uniformly by trigono-
metric polynomials. In this subsection, we turn our focus to a larger class of functions, 27-periodic and Riemann
integrable functions, and a completely different mode of approximation, the L? approximation. It is my hope that
you will see that the L? theory, outlined in this subsection, is the cleanest and best-adapted for approximation
by trigonometric polynomials. In fact, convergence of Fourier series in L? will happen even when other forms of
convergence fail.
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Let f: R — C. We say that f is Riemann integrable on an interval [a, b] if its real and imaginary parts are Riemann
integrable on [a, b]. In this case, we define the Riemann integral of f (a complex-valued function) on [a, b] by

/[a,b] /= [a.b] flw)dw = /[a,b] Re(f)(z) dz +i/ Im(f)(x) dz.

[ab]

Using the properties of the Riemann integral established for real-valued functions, it is easy to check that the
Riemann integral, defined here for complex-valued functions, is also linear.

Now, given a 2m-periodic function f : R — C, we say that f is Riemann integrable on T if f is Riemann integrable

on [—m, 7| and in this case we write
[1=[f@d= [ f@a
T T [—m,7]

When the context is clear, we will simply say that f is Riemann integrable. The set of all such functions will
henceforth be denoted by R(T). It is clear that C(T) C R(T).

Given f,g € R(T), we define the L? = L*(T) inner product by

(r.9) = 5 [ g da.

You should verify that (-,-) satisfies all of the properties of an inner product except positive definiteness. In
particular, (f, f) > 0 for all f € R(T) and so it makes sense to define the corresponding L? norm by

Iz =TT = (5 | If(x)|2dx)1/2;

this is also called the root-mean-square norm. We will often use the shorthand || f||2 for || f| z2(r).

As a quick remark, I should point out that || - |2 isn’t a bona fide norm on the set R(T). It satisfies all of the
properties of a norm except positive definiteness. To see that positive definiteness fails, consider the function

Fa) = {1 if 2 € 217

0 otherwise.
It is clear that f € R(T). Further,
1
I9= 5 [ faPde=0
T [77‘-771—]

however f is not the zero function. As it turns out || - || does become a norm on the Lebesgue space L?(T) which
we do not discuss here. In fact, L?(T) is a complete (as a metric space) inner product space, such a space is called
a Hilbert space. This is standard material in a course on measure theory.

Let us now observe that, for each n,m € Z,

/ enTeime dy = / R / e nmmT g — / cos((n —m)x)dx + z/ sin((n — m)z) dz.
T T T [=m,7]

[_ﬂ'vﬂ']

Consequently,

ing imz 1 i —— 1 ifn=m
(e gimay — L[ inagz g, [T
27 Jy 0 ifn#m.
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In view of the preceding calculation, the collection of functions (e"*),cz is called an orthonormal system. Let’s
make a further observation, given P € P(T) of the form

N
P(x) = Z cne™?,
n=—N
for each —N < m < N,
N
<P eima:) — Z Cn<€m3c,ezmx> =cp,
n=—N

and (P, e"™®) = ( whenever |m| > N. In this way, we find a way to find the coefficients of a trigonometric polynomial
by simply integrating against the elements of the system (e*). This is analogous to the way that the coefficients
of an analytic function can be computed by taking derivatives. Taking our cues from the above computation, we
make a definition.

Definition 5.1. Let f € R(T). For each n € Z, define

_ 1 .
flo) = () = 5= [ e
The collection of complex numbers (f(n))nez are called the Fourier coefficients of f. Considered as a formal series,

the series
> ftnjet
ne”Z

1s called the Fourier series for f and we write

f@)~ " f(n)e™
ne”Z
to indicate that the right hand side is the Fourier series for f.

In view of the discussion preceding the definition, we see that computing the Fourier series corresponding to a
trigonometric polynomial P returns the polynomial P itself. Do you see an analogue with Taylor series here?
Throughout the rest of this section, we begin to analyze the ways in which the Fourier series for a function f
converges. As you will see, if the Fourier series is to converge, it will converge back to f. To this end, we will start
talking about partial sums.

Let f € R(T) and (f(n))nez be the Fourier coefficients of f. For each N € N, the Nth order trigonometric
polynomial

N ~ .
Sn(x)= Y f(n)em
n=—N

defined for z € R is called the Nth partial sum of the Fourier series > f (n)e™®. Our first main result of the
subsection says that, of all Nth order trigonometric polynomials, Sy is the best root-mean-square approximation

to f.

Theorem 5.2. Let f € R(T) and let (f(n))nez be its Fourier coefficients. Given N € N let Sy(x) be the Nth order
partial sum of the Fourier series for f and let Py € P(T) be another (possibly different) Nth order trigonometric
polynomial of the form

N
Pn(z) = Z e,
n=—N

Then
If = Snll2 < |If — Pwnll2

where equality holds if and only if ¢, = f(n) for all n.
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Proof. We first recall the basic linearity properties of the inner product: For u,v,w € R(T), and a € C,
(u+v,w) = (u,w) + (v,w), (u, v + wy = (u,v) + (u, w)

and
(au,v) = alu,v), (u, av) = alu,v).

By virtue of these properties, we can write

If =Pnl3 = (f—Pn,f—Pn~)={f.f)—(f,Pn) —<PN,f>+<PN,PN>
N N
— Hf”% _ Z @<f7 einz> _ Z Cn znz’f Z Z Cncm znr7 7.mac>
n=—N n=—N —Nm=—N
N R N _ N
= IfIB= > fem = 3 enfm)+ > cntm
n=—N n=—N n=—N

N ) N )
£ = D 1f P+ Y len—Ff(n)P
n=—N n=—N

where we have used the fact that (e, f) = (f,ei"*) = f(n). Obviously, making the above computation when

= f(n) yields
N
If =snlz =112 — > [f)P (7)
n=—N

and therefore

N
If = Pals = I1f = SN+ D len — F()?
n=—N

from which we observe that
1f = Snlla < |If — Pnll2

with equality if and only if ¢, = f(n) for all n. O

Theorem 5.3 (Bessel’s inequality). Let f € R(T) and let (f(n))nez be the Fourier coefficients of f. Then

S <113 = 57 [ 1) do.

nez
In particular, the series
N
d_Ifm)fF = Jim fm)l?
— 00
nez n=—N
converges.
Proof. In view of (7), we have
N
Do IFmP <113
n=—N

for all N € N. The desired result follows by taking the limit of the left hand side as N — oo and noting that the
partial sums, whose summands are all non-negative, form a non-decreasing sequence of non-negative numbers. [J
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Corollary 5.4 (The Riemann-Lebesgue lemma). Let f € R(T) and let (f(n))ne[z be the Fourier coefficients of f.
Then

lim f(n)= %/Tf(x)e_mm dex =0

n—roo
and )
. Fr —_ inx _
nh—>ngo f(=n) o /Tf(x)e dx = 0.
Proof. The convergence of the series Y 2 | f (n)|? implies that the summands for sufficiently large and largely
negative n converge to zero. O

Corollary 5.5 (A sharper form of the Riemann-Lebesgue lemma). Let [a,b] C [—m, 7| and suppose that f is
Riemann integrable on [a,b]. Then

1
1 e =
Jim o i f(z)cos(nx)dr =0
and )
lim — f(z)sin(nz)dxr =0

0 S [_71—77] \ [av b}

and extended periodically to R. Then, by the Riemann-Lebesgue lemma applied to g, we have

1 ; 1 .
lim —/ f(z)e™ " de = lim —/ g(x)e™"™*dxr = lim g(n) =0
[771—771—]

n—o0 27 [a,b] n—o0 277 n—o0
and 1 1
nl;ngo by /[a,b] fl@)e™ dx = nhﬁn;o o /[MT] g(x)e"" dx = nl;ngo g(—n) =0.
Consequently,
1 1 inx —inT
nlingo% - f(z)cos(nx)de = nh—>Holo27T\/[a7b] f(z) (e—|—2e) dx
_ 1 lim — f(z)e™ dx + lim L (z)e™ "™ da
2 n—oo 27'[' [a,b] n—oo 27'[' [a,b]
= 0.
The proof that lim,, . (27) ! Sy f (@) sin(nz) dz = 0 is similar. O

Our next result shows that the Fourier series for f converges to f with respect to the L?(T) norm. The result also
shows that Bessel’s inequality is, in fact, an equality. We first need the following simple lemma that you will prove
in your Homework 7.

Lemma 5.6. Let f € R(T). For any ¢ > 0, there exists g € C(T) such that

If—gl2<e
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Theorem 5.7 (Parseval’s Theorem). Let f € R(T) and let (f(n))nez the Fourier coefficients of f. For each natural
number N, denote by Sy the Nth partial sum of the Fourier series for f. Then

Jim If = Sl =0

this is the statement that the Fourier series ), ., f(n)emx converges to f with respect to the L?> norm. Further

1713 = [F ).

nez

Proof. Let € > 0 and by an appeal to the lemma choose h € C(T) for which ||f — hll2 < €/2. Now, in view of
Theorem ??, Let P € P(T) be a trigonometric polynomial of the form

for which
|h(z) — P(x)] < €/2

for all x € R. From this it follows immediately that

. 1/2
[f =Pl <|lf =hll2+[h—Pl2<e/2+ (27T/[ (6/2)2da:> =

—m,m]

Now, for any M > N, the Mth partial sum of the Fourier series for f, Sy, can be compared with the trigonometric
polynomial P (which can trivially be though of as of Mth degree by taking its coefficients to be zero for M < |n| > N.
Thus, in view of Theorem 5.2

If = Sumllz < If = P2 <e.

Hence, for every € > 0, there exists and N € N such that, for every M > N, ||f — Sa|l2 < € and therefore
Jim 7~ Swflo = 0.
With this, (7) gives

N
i ¢ 2 _ 2 B 2 _ 2
i ;N|f(n)| = Ifllz = Jim [If = Snlz=[Iflz =0

form which the desired result follows immediately. O
Example 1

Consider the so-called sawtooth function defined by
fl@)=x —nm<z<T

and extended 2m-periodically to R. The graph of f is illustrated in Figure 8 (the vertical lines are not part of
the graph; they are inserted automatically by Matlab).
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Figure 8: The graph of f for —37 <z < 3m.

Let’s compute the Fourier coefficients of f. For n = 0, we have

For n # 0,

1 —1-0-x _
:%/Tf(:r)e 0T gy = —

2 f(n)

rdr = i / zdr = 0.
T 2m [—m,7]

/ xe " g

/ x cos(—nzx) dx + z/ xsin(—nx) dx
[—m,7] [—m,7]

/ :ccosnxd:rfz/ zsinnx dx
[771—777-]

, ( 1 . -1
—1 7.130057’1.13’ _
n —Tr

=

cosnx da:)
[_ﬂ77T]
%(71' cosnm — (—mcos(—nm)) — 0

2mi 2mi

kg =2y
—— cosnm n( )

where we have integrated by parts and used (heavily) the periodicity and odd and even properties of sine/cosine.

Consequently,

Observe that

Also,
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and so, by an application of Parseval’s theorem, we obtain

2 9 YIRNT 1
5 =l = D IfmPE=2 —.
n=1

TEZ

It was long understood that the series Y > |1 /n? converged. The Basel problem, posed by Pietro Mengoli
around 1644, asks: What is the exact value of this series? In 1734, a mathematician named Leonhard Euler
showed that the value of the series is exactly 72/6. The solution made Euler instantly famous. By simply
dividing the previous equation by 2 we obtain Euler’s result (Theorem 5.8 below). We note that our approach
(via Parseval’s Theorem) is completely different than that of Euler. This should not be surprising as Fourier
series wasn’t discovered for nearly one hundred years after Euler presented his result.

Theorem 5.8 (Euler 1734).
2

=1
>E

As our attention will soon turn to the investigation of pointwise convergence of Fourier series, let’s continue
our Fourier series analysis of the Sawtooth function. As we will see, this example contains a surprising number
of the strange phenomena/pathologies found commonplace in the study of Fourier series, including the Gibb’s
phenomenon. For each N, the Nth Fourier polynomial for f is given by

N ~ . ~ N ~ . N A .
Sn(z) = fme™ = f0)+ ) fme™ + 3 f(=n)e™

n=—N n=1 n=1
N n —-n N n

— Z Z<_n1) einaﬁ + Z(_j’i e—in;c _ Z (_’i) i(einaﬁ e—inx)
n=1 n=1
N n N n

= Z (_:L) i(2isinnx) = Z 2 sin nx
n=1 n=1

for x € R. The Fourier polynomials of degrees 1,2,3,4,5 and 40 are illustrated in Figure 9 for —37 < = < 3.
The reader should note that the partial sums appear to be converging nicely except for the overshoot near the
points of discontinuity at x = £3x, £; this is the Gibb’s phenomenon.

4 T T T 4 T T -
—— The original function | ‘ The original function ‘

/ﬂ Fourier Polynomial of degree 1 | | 3l Fourier Polynomial of degree 40 | |
M Fourier Polynomial of degree 2 I [
s”/‘\‘\‘ ] Fourier Polynomial of degree 3

2F % \‘ /| —— Fourier Polynomial of degree 4 2r

f‘ — Fourier Polynomial of degree 5 ‘
T

3k

Figure 9: The graphs of f and P, for n =1,2,3,4,5,40.
5.2 The pointwise and uniform theory theory
As we saw in the last subsection, the Fourier series for a function f € R(T) converges to f with respect to the

L? norm. In this subsection, we investigate the same question from the perspective of pointwise (and uniform)

51



Fourier Analysis Supplementary notes for MA398 Evan Randles

convergence; as we have seen, both notions are stronger than L? convergence. When originally investigating Fourier
series in its connection to the theory of heat, Jean-Baptiste Fourier claimed that, given f € C(T), the Fourier series
> nen f(n)e converges to f(x) for all # € R. As it turns out, this isn’t true.

Theorem 5.9 (Du Bois-Reymond, 1873). There exits f € C(T) whose Fourier series )y, ., f(n)e™® diverges at a
point © € (—m,w|. This means specifically that, for some x € (—m, x|, the limit

N
li n inT
3 Joe
n=—N
does not exist.

Following the discovery of this result, a frantic search began in mathematics to find precise conditions on a function f
which would guarantee that its Fourier series converged. Throughout this search, it was discovered that the Riemann
integral was insufficient for the needed purposes of investigation and this helped lead to a complete revolution in
mathematics. Our of the revolution emerged the Lebesgue integral and Lebesgue’s theory of integration. Any
serious investigation of Fourier series (which ours is unfortunately not) requires one to understand the Lebesgue
integral. In 1926 a brilliant young mathematician named Andre Kolmogorov showed that things were much worse
than had been previously thought (and had been shown by Du Bois-Reymond).

Theorem 5.10 (Kolmogorov 1926). There exists a Lebesgque integrable function f (we say f € L'(T)) whose
Fourier series diverges at every point.

We now begin our investigation of the uniform convergence of Fourier series.

Lemma 5.11. Let f,g € C(T), if f(n) = §(n) for all n, then f =g, i.e., f(z) = g(x) for all x € R.

Proof. As you show in your homework, (f/—\g)(n) = f(n) —§(n) for all n € Z, i.e., the map f — f is linear. Thus,
(f —g)(n) =0 for all n € Z and so, by an appeal to Parseval’s theorem,

If =gl =Y 1(F— 9 =o.

neL
Consequently,
[ 1#6@) = g(a)? do = 21 ~ gl =
It now follows, by the result I prove in class during Week 6, that f(x) — g(z) = 0 for all x € [—m, 71]. Because f and
g are 2w periodic, we conclude that f(z) = g(z) for all z € R. O

With the properties of the Dirichlet kernel established in the preceding proposition, we have our first (truely)
pointwise result.

Theorem 5.12. Let f € R(T) and assume that the f = u+iv is piecewise differentiable, i.e., its real and imaginary
parts u and v are continuously differentiable on [—m, 7| except possibly at a finite number of points where u,v,u’
and v’ have (at worse) removable or jump discontinuities. For any xo € R, define

fzf)= lim  f(z) and flzg)=lim f(x).

T—T0;T>T0 T—x0:x<To

Then, at each xoy € R, the Fourier series for f converges and

f(xO +f 33'0 Zf zna:o _ hm Z f wqu.

ne”Z =
In particular, if f is continuous at xo (or has a removable discontinuity at xq),
0) =Y fln)e;
ne”Z
otherwise, the Fourier series for f converges to the average of the left and right limits of [ at xq.

Before proving the theorem, let’s illustrate its conclusion by revisiting the sawtooth function and its Fourier series.
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Example 2

We recall the sawtooth function defined by f(z) = x for —7 < 2 < 7 and extended periodically to R. We
previously studied this function in Example 5.1 and computed its Fourier series. We found

f(@) ~ Z i(_l)neim = i 72(_;)71-5-1 sin na
n=1

neZ\{0} "

Now, by a straightforward computation, f is differentiable on the open set R\ {(2k + 1)7 : k € Z} (consisting
of the entire real line except for the breakpoints +m, +3m, £57,...) and, on this set, f'(x) = 1. Consequently,
f is piecewise differentiable and so we may apply the theorem.

For —m < & < m, f is continuous and by virtue of the theorem we conclude that the Fourier series for f
converges to f(x) = z on the open set (—m, 7). At © = 7, f has a discontinuity. Here we have

fr_)y= lim f(z)= lim =z=n«

T <T T—Tx T
and
flry) = zﬁl}rr;rggw flx) = zﬁl}rr;g>w(z —2m)=m — 27 = —7.
Consequently,
p - 1
> fm)e™™ = lim Sy(r) = (7 + —7) = 0;
N—o00 2
ne”Z
in fact, this result holds at all the breakpoints 7,43, ...,. Appealing to the full scope of the theorem (or

simply noting that the above conclusion extends by periodicity), we have

Z f(n)e™® = lim Sy(z)=

nez

(x—2mk) k—-Dr<z<k+1l)mkeZ
0 r=2k+1)mkeZ '

In other words, the Fourier series for f converges to f pointwise on the open set R\ {(2k + 1)7 : k € Z} and
it converges to 0 elsewhere. We note that the series does not converge uniformly for, if this were the case, f
would be continuous. This convergence is illustrated in the following Figure 10.
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4 - - T
The original function
Fourier Polynomial of degree 40 | |

_4 1 1 1
-10 -5 0 5 10

Figure 10: f and Sy

We now prove the theorem.

Proof of Theorem 5.12. Our aim is to show that

M)+ 1600

i, (st - 224

N—o0

In view of Proposition 4.24, we have

xg Ty
(S0tan) = HELELEDY L [ oo gDty = (565 + 1))

= o [ Fwo-yDxG)dy+ 5 [ o —y)Dxl)dy

T [_7"701 ™ [077"]
1 .1
- (f(x&)% | P seng. [ o dy>

= o[ o) Fa DN dy o [ (Fo— )~ ) D (y)dy

™ [771"0] ™ [0’7‘-]

= I.(N)+I_(N).

54



Fourier Analysis Supplementary notes for MA398 Evan Randles

We consider the integrals Iy and I_. By virtue of Proposition 4.24,

Le(N) = % [W’O](f(xo—y)—f(xg))swdy
- (f(xo+y)—f(xg))wdy

o oo sin(y/2)

- L - ~ ) [ cos cos(y/2) sin(Ny)
= 5 [, (0w~ 1) (costvy) ¢ LB gy
= i X — l‘+ CcoS i f(-l?o + y) — f(xa_) M sin
o [07”}(f( 0 J ) eos Ny it 5y /[o,w] ( y ) (Q(y/Q)sin(y/Q)) (Ny) dy
= QL 9(y) cos(Ny) dy + QL h(y) sin(Ny) dy
T J[0,x] T J[0,7]
where
9(y) = flzo+y) — (=)
and

hio) = (Lt IER)) (5, 02,

It is clear that g € R(T) and thus, by Corollary 5.5,

Making the same conclusion concerning h isn’t so straightforward. First, given our hypotheses concerning f, it is
clear that h is piecewise continuous (continuous except at a finite number of points) on the interval (0, 7] and so it
is Riemann-integrable on every compact subinterval of (0, 7]. We must examine h near y = 0 for the only possible
impediment for Riemann integrability on [0, 7] is the behavior of h as y — 0. First,

. cos(y/2) . (y/2)
y—}%)l;lyl>02(y/2) sin(y/2) y—}(l)r;2>02008(y/2) sin(y/2) 2

Secondly, because f is piecewise differentiable on [—, 7],

o L@ EY @) oy g = pah.

y—0:y>0 y T y—=0:y>0

We remark that this is really a statement about exchanging limits and derivatives and its validity is far from obvious.
A rigorous proof of this limit (which you should attempt), can be seen as an application of Theorem ??. Putting
these two result together shows that

. _ / =+
p i h(y) = 2f(x5).

In particular, h is bounded (and well-behaved) at 0 and so it follows that h is Riemann integrable on [0, 7]. By an
application of Corollary 5.5, we conclude that

ngnoo by o h(y)sin(Ny) dy = 0.
Consequently,
W Tr(V) =0

By making completely analagous reasoning, it follows that

lim I_(N) =0

N —oc0
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and therefore N B
lim <SN(:1:0) - f(%”f(%)) = lim (I(N)+1I_(N))=0.

N—o00 2 N—o0

Exercise 16

We've seen three results so far about the convergence of Fourier series, Theorem 4.22 (and related Corollary
4.23), Theorem 5.7 and Theorem 5.12. Under certain hypotheses, each of these theorems gives an affirmative
(in a certain sense) to the question: Can a function be expended in terms of its Fourier series? In this exercise,
you are asked to analyze a handful of specific examples through the lens of these three theorems. Specifically,
for each of the functions f below, do the following:

a. Determine if the given function f is a member of R(T), C™(T) for any m > 0 and/or the set of piecewise
differentiable functions on T.

b. Compute the Fourier coefficients of f.
c. Compute and simplify the Fourier series for f.

d. In view of all of the results discussed above, make the strongest statement you can about the convergence of
the Fourier series of f. For instance, does it converge pointwise? If so, to what? Does it converge uniformly?
If so, to what? Does it converge with respect to the L? norm? Please give precise statements.

e. If you concluded that f € R(T) (the hypothesis of Theorem 5.7), you should expect that
1113 =D 1f ().
neZ

Compute both sides of this identity (Parseval’s identity). As our example of the sawtooth function gave us
the solution to Basel’s problem, Y 7, 1/n? = 72 /6, what does Parseval’s identity give you here?

The following is the list of functions to be analyzed. If the rule of the function f is only given on the interval
(—m, 7], the function should be assumed to be 27-periodic on R (and so the rule on (—7, 7] determines the
function completely).

; f(z) =z for x € (—m, ).
2. For a € R,
f(z) = cos(ax) for z € (—m, 7).
You should expect a discrepancy between the cases a« € Z and o € R\ Z.
3.
1 ze€ (0,7
J(@) = {0 e E—w,}o] '
4.

Theorem 5.12 is the strongest result about the convergence of Fourier series we will prove in this course. I hope that
you find the result satisfying, it encompasses most of the functions that you know about and can write down. The
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Nobel prize-winning physicist, Richard Feynman, was quite happy with this results (and ones like it) when made
the following statement: “The mathematicians have shown, for a wide class of functions, in fact for all that are of
interest to physicists, that if we can do the integrals we will get back f(¢).” He made this statement in the 1960’s
in his famous lecture series at Caltech, just before Lennart Carleson completely solved the problem and determined
the exact class of functions representable by their Fourier series [2,3]. Carleson’s result, now known as Carleson’s
theorem, was a long standing conjecture known as Luzin’s conjecture. For your cultural benefit, I will state it here;
T’ll first need to make a definition.

Definition 5.13. For any interval I = [a,b] C R, we define
{(DH=b—a

to be the length of I. Now, for any subset E of R, we say that E is a set of measure zero (or a null set) if, for
every € > 0, there is an infinite collection of intervals {I,} such that

ren
n=1

and

You should think of a set of measure zero as an extremely small set. For instance, any countable (and hence finite)
collection of points is of measure zero. There are, however, uncountable sets of measure zero, an important example
of which is the Cantor set.

Exercise 17

In this exercise, you verify the claim made in the penultimate sentence. Prove the following statement:

If E C R is countable, i.e., there exists a surjection (onto function) ¢ : N — E| then E has measure
Zero.

Hint: Surround each point x;, € E by an interval whose length is ¢/2F+1.

Using this notion of small sets we can state Carleson’s theorem in the context of Riemann integrable functions; the
general result is formulated using the Lebesgue integral [1]. Here it is:

Theorem 5.14 (Carleson 1966). For any f € R(T), there exists a set E of measure zero (which is possibly empty)
such that

f@) =3 fm)e™ = lim Sy(a)

N—oc0
ne”Z

forallz ¢ E.

5.3 The Gibb’s phenomenon

In this final subsection, we will study the Gibb’s phenomenon. The Gibb’s phenomenon, named after J. Willard
Gibb’s (yes, the free energy Gibbs), describes the pointwise convergence of Fourier series of a function with a jump
discontinuity. Instead of working in the general setting, we will study the Gibb’s phenomenon as it occurs when we
consider the Fourier series of the sawtooth function. Focusing on this specific case will allow us to very precisely
see what’s going on. If you are worried about the general case, I'll refer you to a very nice discussion by T. W.
Korner in which he describes how to extend the results pertaining to this example to the general class of piecewise
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differentiable functions in R(T) [3].

So let’s return to our favorite example, the sawtooth function f, defined by
flx) ==
for all —7 < x < 7 and extended periodically to R. We recall that
(_1 n+1

f(z) ~ Z (_;w e = Z + sin(nx) (8)

neZ\{0}

Let’s again consider the graph of the Fourier polynomial Sy¢; this is illustrated in Figure 11.

4 T T T
The original function
Fourier Polynomial of degree 40

Figure 11: f and Sy

As we discussed in the last subsection, Theorem 5.12 guarantees that

lim Sy(z) = f(x)
N—o0
for all x # mm where m € Z is odd. We also showed that, at any @ = mmx where m € Z is odd, Sy (z) — 0 as
N — oo. These two things should appear to be somewhat clear by looking at Figure 11. There is however one
thing that should bother you: near (but not at) the breakpoints, {...,—3m, —7, 7, 3m,...}, the graph of Syo seems
to “overshoot” (or “undershoot”) the graph of f. These are the spikes you see close to the discontinuity in f. This
behavior is called the Gibb’s phenomenon. Let’s study this behavior more closely at, say, z = m; Figure 12 shows
the graphs of Sy(z) for N = 25,26, ...,50.
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Figure 12: The graphs of S, (z) for n = 25,26, ...50 and f(z) for 97/10 <z < 7.

Upon studying Figure 12 closely, we see that the overshoot is moving right as NV increases. You might say: Theorem
5.12 guarantees that Sy(z) — f(x) = « for all —7 < x < 7 but, upon looking at the figure, Sy () isn’t converging
to f(x) for x very close to m. So where did we go wrong? The answer is that we haven’t gone wrong at all, the
apparent discrepancy can be understood by recognizing that pointwise convergence is weaker than convergence
in the graph—this is the difference between pointwise convergence and uniform convergence. Remember, that for
pointwise convergence, we first select  and e and find a natural number M = M (e, z) for which

|Sn(x) — flz)] <€

for all N > M. In the case at hand, we can understand this notion as follows: If I select an x < 7, but as close to 7
as I want, since the overshoot in the Fourier polynomials are moving to the right, I simply have to wait until they
have moved so far right that they’ve passed z—this will determine N. After this, the Fourier polynomials evaluated
at z will get much much closer to f(z). Okay, so now you understand how we still get pointwise convergence. Let’s
now try to understand the overshoot.

Using the same numbers I've used to make the graphs in Figure 12, I can quantify this overshoot. For each NV € N,
denote by
My = max Sy(z),
97 /10<z<m

the maximum of the function Sy (x) near m. We also denote by xzn the unique = near 7 for which

flzn) = My.

The following table shows My, My /7, xnx and m — 7 /N to four decimal places for n = 25, 30,...,50.

N My My/m  xn T —7/N
25 3.5822 1.1403 3.0204 3.0159
30 3.6020 1.1465 3.0404 3.0369
35 3.6172 1.1514 3.0544 3.0518
40 3.6321 1.1561 3.0654 3.0631
45 3.6433 1.1597 3.0734 3.0718
50 3.6516 1.1624 3.0804 3.0788
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Upon looking at the table, we see that, as N increases the xy’s are close to m — /N and the ratio My /7 grows
toward 1.17.... So, by following the = at which Sy (x) is maximized, the ratio My /7 approaches some number A
as N — oo (note that 7 is half the gap of the discontinuity of f at 7); this describes the overshoot. The following
theorem formalizes it:

Theorem 5.15. Let f, Sy be as above. Then

lim Sy(m—7n/N)=7A
N—oo

where
A =1.178979744447216727 . ..

Thus, the Sy (m—7m/N)/m converges to A (called the Gibb’s constant) times half of the gap of the jump discontinuity.

Proof. Using our trigonometric identities, we find that

Sn(r —1/N) = ZN: 200" i — /)
_ nzlj:l 2(‘13"“ (sin(n) cos(n /N) — sin(nr/N) cos(n)
_ i W(o _ sin(nr/N) cos(n)
3 2D e iy

3
Il
-

sinnm /N m
nt/N N’

I
[N
M=

1

You should recognize that
iv: sinnm/N T
nt/N N

n=

/ sin(x) d
0 €T

and because sinz/x is Riemann integrable on [0, 7], we immediately conclude that

is a (right) Riemann sum for the integral

N . :
) ) sinnm/N w T ginx
&%SN(“—”/N>—&%2Z_1WN—2/O g de=ma

where

It remains to compute A. Using the power series representation for sin x about 0, we have

sinz 1 < 3 b > ) x? 2t

T T 3! 5! 3! 5!

for x € R where we take the left hand side to be 1 when & = 0. Using the results of Exercise 3, it is easily verified
that the above series converges absolutely and uniformly on [0, 7]. By an application of Corollary 3.9, we conclude

60



Fourier Analysis Supplementary notes for MA398 Evan Randles

that
2 [ z?2 ozt 2/ (" T [m T [" 4
A = %/0 (1—3!—|—5!—|—-~-)dl’=7r</0 1dx—§ | wdac—&—a/o T dx)
2 73 n 7o n 9 22 n o2t
= Z(r- o)l =9_
T 3-3! 5-5! 3.3 5-5!
= 1.178979744447216727...]
as desired. O

6

Exercise 18

There is (at least) one function f in Exercise 16 that has a jump discontinuity in the interval [—m, 7]. For this
example, plot (in any computing program you want) some Fourier polynomials of f. Print out the results and
comment on the appearance (or lack thereof) of the Gibb’s phenomenon. If you’d like a source of the Matlab
file I used to analyze the sawtooth function, let me know and I'll email it to you.

The Fourier Transform
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