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Abstract

The purpose of this thesis is to study convergence and divergence phe-
nomena for Fourier series. In particular, we seek sufficient criteria for
functions to guarantee that their Fourier series converge. We present sev-
eral positive results as we discover conditions that ensure different types
of convergence. On the other hand, we construct a continuous function
whose Fourier series diverges at one point, establishing that continuity in
a function does not in fact guarantee the convergence of its Fourier series.
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1 OVERVIEW 4

1 Overview

The purpose of this thesis is to study the convergence behavior of Fourier series.
We seek to find sufficient criteria for functions to guarantee the convergence of
their Fourier series. We assume that the reader is familiar with basic principles
of analysis and concepts such as convergence, completeness and compactness.

Firstly, we introduce some basic definitions and examples and study some
fundamental results concerning the properties of Fourier series. We then move
on to seeking explicit criteria which ensure the convergence of Fourier series. We
study several different types of convergence, and we will find that the necessary
conditions on a given function f differ considerably depending on whether we
require mean-square, pointwise or uniform convergence of its Fourier series.

Lastly, we will illuminate the intricate nature of this topic by constructing
a continuous function whose Fourier series diverges at one point. We will see
that the question of convergence is a very delicate one, and gain some insight
into why it has occupied mathematicians for so long.

2 Introduction

In this particular section, we will define the notions of Fourier coefficients and
Fourier series, and study some simple examples. We will then move on to
investigating the uniqueness of Fourier series, and ask ourselves what can be
said about two functions if they have the same Fourier coefficients. Moreover,
we will study certain families of functions, kernels, which turn out to be very
useful in the context of Fourier series.

Finally, we will take a look at what can be said about the convergence of
Fourier series when we apply a different summation method than the one we
are used to, so called Cesaro summability. We will see that in this case, we
can prove a rather strong result; namely that if a function f is continuous, its
Fourier series will be uniformly Cesaro summable to f.

2.1 Basic definitions and examples

Definition 2.1. Let f : [a,b] — C be a Riemann integrable function. We define
the nt" Fourier coefficient of f by

1

fm) =

b
/ f(m)e—%rinx/(b—a) dI,

for n € Z. The Fourier series associated with the function f is defined as

Z f(’l’L) eQ‘rrinz/(b—a) ’

n=—oo

with partial sums Sn(f)(z) = Ziy:_zv f(n)e%i"fﬂ/(b—a),
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We use the following notation
f(x) ~ Z f(n)e%rinz/(b—a)

for a function f and its corresponding Fourier series. Note that we have not yet
said anything about the convergence of Fourier series - this issue will be studied
in detail in the next section.

Remark 2.1. For two functions f and g, the Fourier coefficients of their sum
are (f + g)(n) = f(n) + §(n), and for a € C, we have («f)(n) = af(n). This
follows immediately from the definition. O

Let us calculate the Fourier series for some simple functions.

Example 2.1. Let f(z) = ¢ for € [0,1]. The Fourier coefficients of this
function are given by

1
f(n) — / 6‘@672“”36 dx
0
1
:/ 61(172772'71) dx
0
ez(l—Qﬂ'in) !
| 1= 2min
0
616727'rin —1
1 —2min

Recall Euler’s identity, /™ = —1. With this in mind, we finally arrive at

2 e—1
F0) =5
The Fourier series of f is given by
f(.Z') ~ i e—1 eQﬂ'inw.
W= 1 —2min

Example 2.2. Let f(z) =z, for z € [—m,7|. For n =0,

. 1 [
fO) =5 | f)ddr
1 T
=5 _deac

= 0.
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For n # 0, we use integration by parts;

1 s

:E -

Ky
L ( [ - .xei"m] + i /7r e~ e d:c)
2 n m J_,
1 1\
4 T
_ —inT _ _
2 [6 ( in + n2>] ’

Using Euler’s identity, we get

Ui 2,1 ’

e _ il

2m mn  n2

—T
1 7T 1 s 1
S Y T (T

27r( ) ( in+n2 (in+n2>>

(1" (=2n)

f(n)

ze " dx

Hence

Recall Euler’s formulas;

eine 4 g—ine
2 b
einT _ o—inx

2

cos(nz) =
sin(nz) =

Since (—1)" = (—1)~", we can combine the n‘" and (—n)" terms to

(-1 ( n ) _ gsin(na) . U

m —1in n

We conclude that

f(z) ~2 Z % sin(nx).
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When f is 27-periodic, the Fourier coefficients are reduced to

. 1 2 .
fn =5 | faenda
L[t

From here on, our primary focus will lie with Riemann integrable, 27w-periodic
functions.

Example 2.3. Let f be an (Riemann) integrable, 2m-periodic function with
Fourier coefficients ¢, = f(n) and Fourier series > o €™, Recall that
Euler’s formulas can be expressed as

e = cos(nx) + isin(nx),

e~ = cos(nx) — isin(nz).
Thus,
1 2w i 2m
Cp = f(x) cos(nz) de —— f(x)sin(nz) dz,
27 2m Jo

and with the following notation

2
G, = 1 f(z) cos(nz) dz,
™
1 2w
b, = — f(z)sin(nz) dz,
T Jo

the partial sums Sy (f)(x) can be expressed as

N .
an — tby
Sn(f)(z) = Z %eznx
n=—N
= ?0 Z_ "~ (cos(nz) + isin(nzx))

N .
Z " (cos(nx) + isin(nzx)).

Note that a_,, = a,, and b_,, = —b,,. For this reason, we can rewrite the sums

above as
N
?0 Z + ib " (cos(nx) — isin(nx))
N

+ Z @(cos(nx) + isin(nz)).

n=1
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Expansion of the summands finally yields this alternate way of expressing the
partial sums:

N
Sn(f)(z) = EO Z an, cos(nx) + by sin(nx)).

2.2 Uniqueness

Under the assumption that the Fourier series of a function f actually converges
to f, the function would be uniquely determined by its Fourier coefficients. In
that case, two functions f and g would be equal if all their Fourier coefficients
were identical. By defining h = f — g, we can rephrase this as the following: if
ﬁ(n) = 0 for all n € Z, then h is the zero function. Unfortunately, this does not
hold generally, but we have the following theorem.

Theorem 2.1. Let f be a Riemann integrable, 2w -periodic function with f(n) =
0 for alln € Z. Then f(xg) = 0 whenever f is continuous at xg.

Before we prove this result, we must give one definition:

Definition 2.2. A function of the form

N N
P(x) =ao + Z an cos(nx) + i Z by, sin(nx)
n=1 n=1
N
— Z cneinm7
n=—N

where an,b, € C, x € R and N > 0 is an integer, is called a trigonometric
polynomaial of degree N.

The proof below closely follows the one given in section 2 in chapter 2 of [5].

Proof. (Of Theorem 2.1.) We begin with the case where f is real-valued. With-
out loss of generality, suppose o = 0 and f(0) > 0. (Otherwise, study f(z— o)
or — f(z) respectively.)

The plan is to construct a family of trigonometric polynomials {py} which
“peak” at 0 and satisfy

™

f(@)pr(x) dz — oo

—T

for & — oo. However, the Fourier coefficients of f are all equal to zero (by
assumption), which implies that these integrals should equal zero too. In this
way, we will arrive at a contradiction.
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The continuity of f enables us to choose a ¢ € (0, 5] such that f(z) > @
whenever |z| < §. Define
p(z) = € + cos(x)

and
pr(e) = (p(2))",

with & > 0 chosen such that |[p(z)| < 1 — § whenever § < |z| < 7. Moreover,
choose an 7 such that 0 <7 < 4, and p(x) > 1 + § whenever |z| <.
Since f is Riemann integrable, it is bounded, and we can find some B € R

such that | f(z)| < B always holds. We can now estimate

/<;<x<ﬂ— f@)pr(z) dz| < /6<Iz<ﬁ|f(l‘)pk(x)dm

5 k
g/ B(l — 7) d
5<z|<n 2

k
< 27TB<1 _ 5) .
2

We conclude that f5<|r\<7r f(@)pr(z)dz — 0 as k — oo.
Moreover, o

| t@p@ds=o,
n<le|<s

since f(x) > %0) > 0 and p(z) > 0 on this interval.

Lastly,
k
/ f@p(yde =2t D (14 2]
|z <n 2 2

which tends to infinity as k — oo.
We conclude that

) dr
= / f(@)pr(x) dsc+/ f(@)pi(z) dx
o< |z|<m n<|z|<d

+ /|$|<n f(@)pk(z) de — o

as k — oo, giving us the desired contradiction and proving the theorem for
real-valued functions f.
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When f is complex-valued, it can be written as f(z) = u(z) + iv(x) for
real-valued functions u, v where

o) = L€ TET
oy = DT

By assumption, f(n) =0 for all n € Z. It is easily checked that the n'"

Fourier coefficient of f(x) is given by f (—n), which must then be zero as well.
Therefore,

i) = - [ (@) + Tl do = - (Fn) + F=) =0,

—inx _ 1 ¢ R _
- / (F(2) = T dw = 2 (Fn) ~ F(m) = 0.

By the argument for real-valued functions, both v and v must be zero at
points of continuity, and so f must be too. O

Remark 2.2. It is worth pointing out that the issue of uniqueness is rather
more complex than implied here. The theory of Fourier analysis can be extended
to cover Lebesgue integrable functions, in which case two functions may differ
and be discontinuous at some points (to be exact, on sets of so called measure
zero) but still have identical Fourier coefficients. In this context, we work with
equivalence classes of functions that are equal almost everywhere, meaning that
they are equal for all z ¢ F where E is some set of measure zero. O

2.3 Kernels and convolutions

We will now define a family of functions which will be central in the context of
Fourier series.

Definition 2.3. Define the trigonometric polynomial

Dy(z) = Z et x € [—m, 7).

n=—N
This is called the N** Dirichlet kernel.

Remark 2.3. There is a closed form formula for Dy (z). For z # 0, we use the
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formula for geometric sums and obtain

-1 N
Dy(x) = Z T 4 Z eine
n=—N n=0
(eim)—N -1 1— (eiz)N+1
T 1—eim 1— et
(eix)fN _ (eix)N+1
- 1—e
(ezm)foé _ (eim)N+%
T (e (e
B sin((N + %)x)
sin(5)

For z = 0, we have Dy(0) = Zivz_N 1 = 2N + 1, which coincides with the
sin(af(l(\f-;%))

limit of as x — 0. O

/\/\I\‘/\

o \_//l} {5\\/ o NN V?VA\//\ VAL AT
\VAREAV/ UV

Figure 1: The Dirichlet kernel for N = 10 and N = 30.

To see the relevance of the Dirichlet kernel in Fourier analysis, we must first
introduce another concept.

Definition 2.4. Let f and g be two Riemann integrable, 2w-periodic functions
on R. We define their convolution f * g by

(fxg)(x)= % _ﬂ f@g(r —y)dy.

The connection between the Fourier series of a Riemann integrable, 27-
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periodic function f and the Dirichlet kernel is given by the following relation;

N ~ .
Svif@) = 3 fmyes
Yoo » e
_ Z ( f(y)e znydy>emz

n=—N 27T -

1 [ N

LT £ )
- n=—N

= (f* Dn)(x).

Thus we can gain insight in to the behavior of Sx(f) by studying f* Dy. First,
let us establish some basic properties to better understand convolutions.

Proposition 2.2. Let f,g and h be Riemann integrable, 2mw-periodic functions.
Then

(i) fx(g+h)=(f*g)+ (f=h).

(i) (cf)*g=c(f*g)=fx(cg), ceC.
(iti) f*g=gxh.

(v) (fxg)*h=fx(g*h).

(v) f*g is continuous.

(vi) (f*g)(n) = f(n)j(n).

The proof is quite straight-forward when we assume f and g are continuous;
extending it to the case where the functions are merely integrable requires a bit

more work. We omit the details here, and refer the curious reader to section 3
in chapter 2 of [5].

Let us now introduce another concept relating to kernels:
Definition 2.5. We call {K,(z)},-, a family of good kernels if
(a) For alln > 1,

1 [T

o K,(x)dz = 1.

(b) There exists a constant M > 0 such that

| i@ < ar

—T

for alln > 1.
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(¢) For every d € (0, ],

/ | Ky (x)| dz — 0 as n — co.
§<|z|<m

Good kernels happen to be very useful in the context of convolutions, as is
shown by the following result.

Theorem 2.3. Let {K,(z)},—, be a family of good kernels, and f a Riemann
integrable, 2m-periodic function. Then

lim (f * K,)(z) = f(z)

n—o0

whenever f is continuous at x. If f is continuous everywhere, the limit is
uniform.

In other words, by calculating the convolution of a given a function and a
good kernel and then taking the limit of the resulting integral, we can get our
function back. The proof we give of this theorem can be found in section 4 in
chapter 2 of [5].

Proof. The function f being continuous at x means that given any ¢ > 0, we
can choose a é > 0 such that

[f(x—y) = flz)] <e

whenever |y| < 0. By property (a) of good kernels,

(f * Kn)@) — f(0) = = [ Kn(y)f(x—y) dy—1(z)

2 J_,
= [ K- - 1) dy.

Note that since f is Riemann integrable, it is bounded by some B > 0 for
all z. We estimate the absolute value of (f x K,,)(z) — f(x);

™

(7)) - £ = |5 [

" K- - S
1

a_ K’n - - d
<5 \y\<6| WI(f(z—y) — f(z))|dy

1
o [ KIS = ) = Sl

e [T 2B
S% - |Kn(y)\dy+g 5<lyl<n | K (y)| dy

eM 2B/
2 2m 6§|y|§w‘ W)



2 INTRODUCTION 14

where we have used property (b) of good kernels in the last step. For all n large
enough,
2B

— K,(y)|dy < e,
2 6s\y\5w| Wl

by property (c¢). Hence we conclude that

|(f * Kn)(2) — f(2)] < Ce

for some constant C' > 0 and all large n. Since € is arbitrarily small, this proves
that

i (f  K)(2) = £(2)
whenever f is continuous at x.

Now suppose f is continuous everywhere. Then f is continuous on any closed
bounded interval, and thus uniformly continuous on any closed bounded interval
(since these are compact sets in R). In particular, f is uniformly continuous on
any closed bounded interval of length 27. Since f is 2m-periodic, this implies that
f is uniformly continuous on all of R; then 6 > 0 can be chosen independently
of z. In this case, f *x K, converges to f uniformly. ]

The question begs to be raised; is Dy (x) a good kernel? If so, we could use
the relation Sy (f)(z) = (f * Dy )(z) and happily declare that the Fourier series
of a function f converges to f at all points of continuity.

Sadly, this is not the case. (We will actually construct a continuous function
whose Fourier series diverges at a point in a later section.)

Proposition 2.4. The Dirichlet kernel satisfies

1 (7 4
= > = .
5 |Dn(z)| dx > = In(2(N + 1))

—T

To prove this, we follow the technique used in chapter 18 of [4].

Proof. We apply the closed form formula,

/j;\DN(xﬂdx:/:T W‘dw
S
24/7r Ww‘d%
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where the second equality follows from the fact that the integrand is an even
function. In the last step, we have used that ‘§| > |sin (%) | in the interval [0, 7].
Moreover, by dividing up the integral over sub-intervals of [0, 7], we obtain

/:T|DN(33)|d:c 24/0Tr

2N (k17 /(2N+1) | gin((N + L
-y [sin((N + $)z)|
k

0 km/(2N+1) T

sin((N + 3)z)

dr

>4 dx

2N /<k+1)w/(2N+1> |sin((N + 3)z)|
kr/(2N+1) (k+1)m/(2N +1)

sin (N 43 )e)

k=0

2N IN + 1 /(k+1)7r/(2N+1)
k

:4kzzom de. (1)

7/(2N+1)

Note that, for all k =0,...,2N,

(k+1)m/(2N+1) 1 7/(2N+1) 1
/ sin((NJrf)x) dx:/ sin((Nij)x) dx
ke /(2N +1) 2 0 2
1 T
=N I ( — cos (5) + COS(O))
_ 1
N+ 3
_ 2
2N+ 1
Hence (1) yields
2N
i 8 1
D > — —_—
| @iz 23
k=0
Recall that
2(N-1) 1 2N k41 1 2(N+1) 1
— > / fdx:/ —dzr =In(2(N + 1)),
Pt k+1 =k T 1 x
and so
m 8N 1 _ 8
D de > — —— > —In(2(N +1)).
JALNC r2 Yy e )

We conclude that

1 4 4
— |Dn(2)| de > — In(2(N + 1)).
2w 2

—Tr
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It is clear from the proposition above that the Dirichlet kernel violates prop-
erty (b) of good kernels.

Remark 2.4. Note, however, that Dy (x) does satisfy property (a) of good

kernels:
— D dr = — § ne ) g
/ N (z) dz o) ( e ) T

n=—N

£ (7
/

2.4 A new way to sum

Although the Dirichlet kernel did not behave as well as we had hoped, we can
still use convolutions to establish some interesting facts about Fourier series.
While convergence of Fourier series in the usual sense is a tricky topic, it turns
out that we can prove some related results using other kinds of summation. Let
us define one such type:

Definition 2.6. Given a series Y o ck, ¢k € C, and partial sums S, =

Yo Crs we call
So+--+Snva

N
its N*" Cesaro sum. We say the series is Cesaro summable to o if

ON =

lim oy =o0.
N—o0
Example 2.4. The series >, ((—1)* does not converge; note that its partial
sums follow the pattern

g _ 1, for even n,
" 10, for odd n.

Then

—— So+--+Sva _ A5
N N
where [ 2] represents the unique mteger such that [MF]-1 <
We observe that oy converges to 3 as N — oo; hence the series Zk o(—1)
is Cesaro summable to f. Seeing that the partial sums alternate between 0
and 1, this lines up with basic intuition that the ”limit” of the series should lie
midway between these values. O

N+1 < [N+1‘|
k
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The example above shows us that there are divergent series that are Cesaro
summable. What about the converse?

Lemma 2.5. Let Ziio cr be a series with ¢, € C. If the partial sums S,
converge to a limit S as n — oo, then the Cesaro sums satisfy

lim ON — S.
N—o0

Our proof of this lemma will closely follow the one given in chapter 1 of [4].

Proof. Let € > 0 be given. Since S,, — S as n — oo, we can find an integer
m > 0 such that n > m imples |S, — S| < 5.
Now define

A=>"% -8,
k=0

and choose m’ > m such that

m'e

m’2%¢>A§ .
€ 2

Then, whenever N > m/, we have

N-1
1 NS
|0N_S|:|<stk> N
k=0
‘ b ’

5 (- 9)

Il
==
i
s =
%)
=
|
n
4
\oh
)
=
|
n
~__—

k=0 k=m+1
<i(arv-1-m)E
=N "y
< 1 [eN +5N
“ N\ 2 2
=e.
This proves that oy — S as N — oc. O

Let us take a look at the Cesaro sums of the Fourier series of an (Riemann)
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integrable, 2m-periodic function f. We get
So(f)(x) +--- + Snv-1(f)(@)

on(f)(x) = v
_ (f * Do)(x) + -+ (f * Dn—1)(2)
N
s (Do(x)+---+DN_1(x)>
_ N ,

by the properties of convolutions given in Proposition 2.2. The term
actually has its own name:

Dy (z)++Dn_1(x)
N

Definition 2.7. We define the N Fejér kernel Fy(z) by

Do(I) —+ -4 DN,1($) '

FN(I) = N

Using the definition above, we see that given a (Riemann integrable, 27-
periodic) function f, the N** Cesaro sum of its Fourier series is

on(f)(x) = (f = Fn)().
Let us now establish some facts about the Fejér kernel.
Lemma 2.6. (i) The Fejér kernel has a closed form formula given by
1 .sinQ(%)

N sin®(%)

FN(I) =

(i) The Fejér kernel is a good kernel.

Proof. (i) Recall from Remark 2.3 that the N** Dirichlet kernel can be written

as
N . .
i (eim)—N _ (ezx)N+1
Dy(z) = ;Ne = 1 — eim )
for x # 0, so
N-1
NFN(z) = Dy(x)
k=0
B N-1 (%) ~F — (eim)k+1
Pt 1 — elﬂ?
1 N—-1 ) N-1 )
(T T )
k=0 k=0

whenever = # 0.



2 INTRODUCTION 19

By applying the usual formula for geometric sums, we get

NFN(z) = ﬁ ( i(eiz)—k . Z(em)kH)
k=0

k=0

B eim (eim)—N -1 1— (eix)N
_1_eim 1_eiw - 1_61'9:

o E) N 2 (o)
(1 — eiv)2
B (eix)fN -2+ (eix)N
(e=i#/2)2(1 — ¢iz)?
((eim)fN/2 _ (eiaz)N/Z)z
((eiz)—l/Q _ (eix)1/2)2
_sin (Nx)

B sin®(%)

=e

We conclude that
1 sin®(&2)

N sin®(%)
for z # 0. As was the case with the Dirichlet kernel, the limit of the closed

sin%%)
Nsin2(%)

FN(.%') =

form as ¢ — 0 coincides with the value of Fy(0).

(ii) (a) For each N > 1,

1 (7 1™ SN D)
— F S £ek=0 TR\
o | v (z) dx 5 /7T N dz
N-1
1 /ﬂ
== a;)dz)
N (
- iN711
N
k=0

—_

7

following from the fact that the Dirichlet kernel has property (a) of
good kernels.

(b) Fn(x) is positive, and thus

/:; |Fn(z)|de = /:T Fn(z)dx

= 2m,

by (a).
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(c¢) Given € € (0,1], there exists a ¢ > 0 such that 6 < |z| < 7 implies
sin?(£) > e. Then

2/ Nzx
sin“(52) 1
F = 27 < —
n (@) NsinQ(%) ~ Ne
Therefore
/ |y (2)] d = / Fy(2)dz — 0
5<|z|<n 0<]z| <
as N — oo.

-1.0 . 0.5 10 -1.0 -0.5

Figure 2: The Fejér kernel for N = 10 and N = 30.

The lemma above leads us to an interesting result concerning Fourier series,
due to Fejér.

Theorem 2.7. (Fejér) Let f be a Riemann integrable, 2m-periodic function.
Then the Fourier series of f is Cesaro summable to f at every point of continuity
of f. Moreover, if f is continuous everywhere, its Fourier series is uniformly
Cesaro summable to f.

Proof. Apply Theorem 2.3 to on(f) = (f * Fn)(z). O

The following corollary can be seen as the trigonometric equivalent of Weier-
strass polynomial approximation theorem, and will be used in the next section.

Corollary 2.7.1. Functions that are continuous on [—m, 7] with f(—m) = f(m)
can be uniformly approzimated by trigonometric polynomials; i.e., given € > 0
there exists a trigonometric polynomial P such that

[f(x) = P(z)] <e
for x € [—m, 7.

Proof. Since the partial sums Sy (f) are trigonometric polynomials, so are the
Cesaro sums, which uniformly sum up to f as N — oo by Theorem 2.7. O
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It turns out that the uniqueness property of Fourier series (Theorem 2.1)
can be seen as a direct corollary of the theorem above. The proof is simple; if
f(n) =0 for all n € Z, then on(f) = 0, and by Theorem 2.7, f = 0 at its points
of continuity.

There are other summation methods of relevance in the context of Fourier
series. We can define the notion of a series being Abel summable to a limit, and
prove a similar result to Theorem 2.7 using Abel summability instead of Cesaro
summability. The interested reader is referred to section 5.3 in chapter 2 of [5]
for further exploration of this topic.

3 Criteria for convergence

In this section, we will systematically present and prove some notable results
concerning the convergence of Fourier series. Given a function f, our goal is to
find criteria which will ensure different types of convergence of its corresponding
Fourier series.

Firstly, we will study so called mean-square convergence by using concepts
the reader might recognize from linear algebra. From this, we will be able to
derive a result which can be ingeniously applied to finding the limits of infinite
series.

We will then move on to the familiar notion of uniform convergence, and
see how it ties in with the absolute convergence of Fourier series. We will find
that f being continuously differentiable is enough to ensure uniform conver-
gence of its Fourier series, and then discover that uniform convergence can be
guaranteed even when we place weaker conditions - certain kinds of so called
Holder conditions - on f.

Finally, we will investigate what needs to be required of f to guarantee
pointwise convergence of its associated Fourier series. We will see that in this
case, it is sufficient for f to simply be differentiable.

3.1 Mean-square convergence

Let us first state the theorem which will be the main focus of this particular
section.

Theorem 3.1. (Mean-square convergence) Let [ be a 2mw-periodic, Rie-
mann integrable function. Then

1 ™
2r J_,

|[f(x) = Sn(f)(@)[* dz — 0

as N — oc.

To prove this, we will use the concept of orthogonality. Our setting must
thus be a vector space with an inner product. If the reader wishes to refresh
their memory on the topic of vector spaces and inner products, we refer them
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to section 1.1 in chapter 3 of [5]. In this text, we will use the properties of such
objects freely.

We mainly restrict ourselves to complex-valued, 27-periodic, Riemann inte-
grable functions, and define the inner product of two such functions f and g
as

(fi9) = % _ﬂ f(x)g(z)dz.

This yields norm || f|| such that
12 = (£, f) = o= /F |f ()] da
’ 21 ’

—T

Hence we can rephrase the statement of Theorem 3.1 as ||f — Sy (f)|| — 0 as
N — oo.

To simplify notation, let e, (z) = e’ for every n € Z. Note that {en}nez
is an orthonormal family with respect to the inner product we just defined;

1 for n = m,
(ensem) =
0 for n # m.

Another important observation is

(fren) = o [ J@e™ do= fin).

We see that

Sn(f) = Z f(n)e, = Z Aneén,

[n|<N In|<N
if we let a, = f(n) denote the Fourier coefficients of f. Moreover, note that
(ff Z anen) i Z bnen (2)
In|<N [n|<N
for any b,, € C, since

((f— Z anen)7 Z bnen) = (f, Z bnen) —( Z Qn€n, Z bnen)

In|<N In|<N In|<N In|<N In|<N

= Z ana_ Z ana

|n|<N In|<N

by the orthonormality of {e,}necz and the relation (f,e,) = ay,.
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Since b,, are arbitrary complex numbers, we can set b, = a, and conclude
that

(f— Z anen) 1 Z An e,

In|<N In|<N

By applying the Pythagorean theorem (see [5]) to

f:f_ Z Qnén + Z Un€n,

Inl<N In|<N

we get

2 2
||f||2 = Hf - Z anenH + H Z anenH
[n|<N

[n|<N
— Hf— Z An€n 2+ Z |an|27 (3)

In|<N In|<N

where we have again used the orthonormality of {e, }nez in the last step. This
leads us to the following lemma:

Lemma 3.2. (Best approxzimation) If f is a Riemann integrable, 27 -periodic
function with Fourier coefficients a,, = f(n), then

1f = SxI [ f = 3 cnn

Inl<N

for any ¢, € C. Moreover, the equality holds precisely when ¢, = a, for all
n| < N.

Proof. Let b, = a,, — ¢,. Then

f_ Z Cnen:f_SN(f)+ Z bnen-

[n|<N In|<N

Since (f — Sn(f)) L EIn\SN bnen by (2), we can apply the Pythagorean theo-
rem:

2

Hf - E Cp€n
In|<N

sl ] 5 e
[n|<N

Note that || - || is always non-negative. Thus

1 =S < 7= D2 enca|

[n|<N

with equality only when ¢, = a, (i.e. b, =0) for all |n| < N. O



3 CRITERIA FOR CONVERGENCE 24

We can interpret this lemma as saying that the trigonometric polynomial of
degree M < N that is “closest” to f in our norm is precisely Sy (f). For this
reason, the lemma is often called the best approximation lemma.

Before we move on to proving Theorem 3.1, we must first establish the
following result:

Lemma 3.3. Suppose f is a 2m-periodic, Riemann integrable function bounded
by B > 0. Then there exists a sequence {fr}3>, of continuous, 2m-periodic
functions such that

sup | fr(x)] < B

z€[—m,7]
for each k, and
[ 1@ - @l -0
as k tends to infinity.

Our proof uses the same argument as the one given in section 1 in the
appendix of [5].

Proof. We restrict ourselves to the case where f is real-valued. (When consid-
ering complex-valued functions f = u + iv, apply the same kind of argument to
the real-valued u and v.)

Let € > 0 be given, and choose a partition, say P,

M =0<T1 < <IN=T

of [—m, 7] such that the upper and lower Riemann sums of f satisfy

M(P7f)_£(Paf)<

N ™

(This is possible since f is assumed to be Riemann integrable.)
Consider the step function defined by

f(z)= sup fly) ifzelrj_q,z;) forl1<j<N.
zj_1<y<w;

Note that this yields |f*| < B, and

[ 1@ = s@lde <upg) - £

—T

<

| M

This function f* approximates f, but it is not continuous. However, we can
use f* to construct a new continuous function f. For small § > 0, let f(z) =
f*(z) when the distance from z to any of the points x; of the partition is greater
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or equal to 6. When z is in the §-neighborhood of a point z;, j =1,...,N —1,
let f(z) be the linear function for which f(z; +3) = f*(z; +J). Near 29 = —,
let f be linear with f(—m) =0 and f(—7 + ) = f*(—7 + ). Near 2y = 7, let
f be linear with f(r — &) = f*(x — d) and f(r) = 0.

Visually, we have modified the step function f* by shortening the ends of
each step by d and connecting these updated ends with linear segments, as
shown in Figure 3. Since we have constructed f such that f(—7) = f(x), we
may also extend it to be 27-periodic on R. By our construction, this extension
will still be bounded by B.

Figure 3: Construction of f. The orange graph is shifted slightly below the step
function for the sake of clarification.

Note that f differs from f* only in the N intervals of length 26 around points
Zg,...,ZN. We observe that

/ |f*(x) — f(x)|dz < 2BN - 26 = 4BN§.
Choosing ¢ sufficiently small yields

| 1@ - e < 5.

Using our previously established result along with the triangle inequality finally
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yields

[ @ - iwlas < [ 15 - @)

-/ @) - f@)de

<e.

By denoting f by fi for ¢ = %, we obtain our desired sequence of continuous
functions { f}. O

The main idea for the proof above is fairly simple, especially when we visual-
ize our constructed function f; we created a step function using the supremum
of our original function on different intervals, and then proceeded to connect the
steps with linear segments. However, as we saw, formalizing this idea required
some attention to detail. The good news is that we now have all the machinery
we need to prove Theorem 3.1.

Proof. (Of Mean-square convergence.) Firstly, recall that
1 ™
) .

|f (@) = Sn () (@)]* da = || f(z) = Sn () (@)

Hence we aim to prove that || f — Sy(f)|| = 0 as N — oo.

We begin with the case where f is continuous. Let € > 0 be given. By
Corollary 2.7.1, there exists some trigonometric polynomial P - say of degree
M - such that

[f(z) = P(x)| <e

for all z. In particular,

5@ - P = 5 [ " i) - P(a)P de

Com ),

Y
<%/_F6 dx
(r = (=m) 5

:527

<

and so

1f(z) = P(a)]| <e.

By the best approximation lemma, whenever N > M, we have

If = Sn(Hll <e.
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Since € can be chosen arbitrarily small, this proves that ||f — Sy (f)]| = 0as N
tends to infinity for continuous functions f.

Now suppose f is merely (Riemann) integrable. Using Lemma 3.3, we choose
a continuous, 27-periodic function g satisfying

sup |g(x)] < sup |f(z)|=B

x€[—m,m] z€[—m,m]

and

/ " /(@) — g(a)| dx < 2.

—T

In this case,

15 =9l = o= [ V7o) = gta)Pas
= o [ 17@) ~ g@If @) — gl
<28 [ 15w - @)l
< Ce?

for a constant C' > 0. Since g is continuous, we can apply Corollary 2.7.1 and
approximate g with some trigonometric polynomial P of degree M < N such
that ||g — P|| < e. By the triangle inequality,

If =Pl <If —gll+llg— Pl
<e+Ce
< ("¢

for constants C’,C"” > 0. Applying the best approximation lemma yields

If = Sn(f)l <C"e
for all N > M. This concludes our proof. O

We can use mean-square convergence to establish the following result, usually
called Parseval’s identity.

Theorem 3.4. (Parseval’s identity) Let f be a Riemann integrable, 2m-
periodic function. With notation a, = f(n), we have

o0

>l =11 = 5= [ 1@ o,

n=—oo
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Proof. Recall from (3) that
AP = 11F = Sn(HIP+ D lanl*.
In|<N
By Theorem 3.1, we have
> lanl? = I£IP
In|<N

as N — oo. ]

Example 3.1. Let us take a small detour and see a clever application of Parse-
val’s identity, found in section 11 in chapter 7 of [1]. Recall that while we have
mainly restricted ourselves to 27-periodic functions, all theory presented here
can be extended to any Riemann integrable function f : [a,b] — C (see Defi-
nition 2.1). Parseval’s identity still holds if we decide to work with the vector
space of such functions instead, and define the inner product of f, ¢ : [a,b] — C
by

b
(f.9) = ﬁ/ f(x)g(z)dz.

Having established this, consider f(z) = x for # € [-1,1]. The Fourier
coefficients of f are given by

1
foy =35 [ f@e e da
1 1

—— 7i7rnmd .
2/_1$€ T

1
f(O)z%/_lxdx:O.

For n = 0, we have

For n # 0, we can use integration by parts to obtain

. 1
—1TNT (1 + Zﬂ"l’bT)
m2n2 )

s lle
f(n) = ) [
1 —imn . i .
zm(e (1+idmn) — ™™ (1 —imwn)),
and using Euler’s identity ¢/™ = —1 yields
A 1
fn) =553
1
T 2m2p?2

(=) 4+ imn(=1)" = (=)™ 4+ i7n(-1)")

(2imn(—1)")
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The Fourier series of f is given by

Note that

1t 1
2 2
71 72/11“ dx72

By Parseval’s identity,

W =
Il
=
3
S~—
S

1
22)%
2 1
=23

n=1
We finally arrive at a familiar result;

SO
2 = —_—.
=n 6
Finding the limit of this series has historically been called the Basel problem.
It was first solved by Leonhard Euler in the early 1700s. O

We conclude this section with the following lemma:

Lemma 3.5. (Riemann-Lebesgue) Suppose f is Riemann integrable and 27-
periodic. Then f(n) — 0 as |n| — oco.

Proof. By Parseval’s identity, >.°° ___|f(n)|? converges. Thus |f(n)]2 = 0 as
In| — oo, and so f(n) — 0 as |n| tends to infinity. O

Let us not forget that while this looks like a simple enough result, it did take
quite a bit of work to get here. Recall that convergence of a series Y . a,, implies
that a,, — 0 as n — oo, although the converse implication does not hold. If it
did, we could have concluded that > >° f(n) converged as well, but this in
turn would not guarantee a convergent Fourier series. We have no choice but to
continue our search for necessary criteria to ensure the convergence of Fourier

series.
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3.2 Uniform convergence

We now prove our first theorem concerning the uniform convergence of Fourier
series, using the uniqueness property. We apply the technique used in section 2
in chapter 2 of [5].

Theorem 3.6. Suppose f is a continuous, 2w-periodic function. If

o0

S i) < o,

n=-—oo
then Sy (f) converges uniformly to f as N — oo.

Proof. Define the function

gy = 3 fmen.

Note that
o ~ . N ~ .
9(x) = S (@) =] Y fn)e™ = > fn)e™
=13 fmen
[n|>N
< 3 i
[n|>N

The last sum can be made arbitrarily small, by our assumption of absolute
convergence. Therefore, the partial sums Sy (f) converge uniformly to g. Since
{Sn(f)}is a sequence of continuous, 27-periodic functions converging uniformly,
their limit ¢ must be continuous and 27-periodic as well.
Let us take a look at the Fourier coefficients of g:
R [ —i
i) =5 [ gtare s

:% .

:% :( i f(m)eimx)e_mwdx

1 & . T
_ 27 Z f(m)/ 611('m—n) de,
i -7

where the sum and integral can be interchanged thanks to the uniform conver-
gence of the series. Note that

/ e (m=n) gy =0
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for m # n. Therefore,

i(n) = % S fm) / T etmen) g0

By applying Theorem 2.1 to f — g, we finally conclude that f = g. O

With this theorem, we have found conditions that will ensure the convergence
of a Fourier series to its corresponding function - namely, continuity of the
function and absolute convergence of the Fourier series. The question is now,
when is the Fourier series associated with a function f absolutely convergent?
What must be required of f for >>>° | f(n)| < oo to hold? The purpose of
this section is to find some conditions which will guarantee absolute convergence
of a given function’s Fourier series.

Before we move on to such matters, we must establish the following lemma:

Lemma 3.7. Suppose f is a 2mw-periodic, differentiable function with a contin-
uwous derivative f'. Then

fi(n) = inf(n).
Proof. For n =0, we have inf(n) = 0, and
FO =5 [ fad
1

T om

(@)

since f is 2w-periodic. It is clear that the formula holds for n = 0.
For n # 0, we use integration by parts;

onf(n) = ! f(z)e ™ dg

—T

— [ f(:z:)emx] + i " fl(x)e” ™ dx .

m m ) _,

The first term is zero, since f is 2m-periodic. We conclude that

1
in - 2T

f(n) =

| s = o).
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With the help of this lemma, we can prove the following result.

Theorem 3.8. Let f be a 2m-periodic, differentiable function with a continuous
derivative. Then the Fourier series of f converges absolutely and uniformly to

f-
Proof. Applying the formula f'(n) = inf(n) as well as Parseval’s identity, we
obtain

[e.°] oo

Yo Rl fmP = Y 1Pl =117 (4)

n=—oo n=—oo

Since f is continuous, we know || f’||? to be finite.
Note that we can write

S 1)l = 7))+ Y 1)
n=-—00 n#0
= 1O+ Y nlfm)] -
n#0

To prove the convergence of the last sum, we apply the Cauchy-Schwarz
inequality;

(Zn~ f(n)]- i) <> %Zﬁlf(n)l?

n#0 n#0

( n-|f(n)|-;> sZ%Znﬂf(n)lz
n#0

n#0 n#0
2
T 2
=7
by (4). The quantity on the right-hand side is finite, so

n%jﬂlf(nn < 7

We finally arrive at

o]

Yo @l =10+ 1f(n)] < .

n=-—oo n#0

By Theorem 3.6, the Fourier series converges uniformly to f. O
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The theorem above states that it is enough for f to be continuously differ-
entiable to guarantee that its Fourier series is absolutely convergent (and thus
converges uniformly to f). We will conclude this section with an even stronger
result, but we must first define a new concept.

Definition 3.1. We say that a function f satisfies a Hélder condition of
order a if there exists some 0 < a < 1 and some constant C > 0 such that

|f(z) = fy) < Clo —y|*
holds for all x and all y.

Note that a function f satisfying a Holder condition implies that f is uni-
formly continuous; given € > 0, choose a d such that § < (&)'/. It follows that
|z —y| < ¢ implies |f(z) — f(y)| <e.

Moreover, if f is continuously differentiable on an interval [a, b], it satisfies
a Holder condition for aw = 1 (a so called Lipschitz condition) on that interval.
By the Mean Value Theorem, f(z) — f(y) = f'(§)(xz — y) for some & € (y,x) C
[a,b]. Since f’ is assumed to be continuous, it must be bounded on [a, b] (recall
that closed and bounded intervals are compact in R). Hence there exists some
constant C' > 0 such that |f(z) — f(y)| < C|z — y| holds.

The following example shows that the converse does not hold; f satisfying a
Lipschitz condition does not ensure differentiability.

Example 3.2. The function f(x) = |z| satisifes a Lipschitz condition on all of
R; by the reverse triangle inequality, we have that

|f (@) = FW)l = llx] = Jyl| < |z =yl
for all z,y € R. O

Now that we have introduced Holder conditions, we can state the theorem
we intend to prove:

Theorem 3.9. (Bernstein) Suppose f is a continuous, 2mw-periodic function
that satisfies a Holder condition of order a > 1/2, i.e. there exists some C' > 0
and some @ > 1/2 such that

|f(x) = f(y)] < Cle —y|*

holds for all x,y. Then the Fourier series of f converges absolutely and uni-
formly to f.

To prove this, we first need to establish a couple of lemmas. (We follow the
proof outlined in the exercises in chapter 3 of [5].)

Lemma 3.10. Let f be a Riemann integrable, 2m-periodic function for which
there exists some C > 0 and some o > 1/2 such that

|f(z) = f(y)] < Cle —y[*
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holds for all z,y. Define

gn(x) = f(z+h) = f(z = h)
for h>0. Then
(@) o5 J7 gn(@)|? de = Y200 4] sin(nh)[?| f(n) ]2,

() > |sin(nh)|?|f(n)|? < c h4‘2 o

Proof. (a) Let us take a look at the Fourier coefficients of gj:

G(n) = - / (Fx+ ) — fla — B)e~ ™ da

= g -
— i /‘“’ f( + h) 7inzd _ " f( _ h) 7inzd
=9 - x e x - x e x |.

We perform a change of variables y = x + h and z = x — h. Note that the
bounds of integration do not need to be changed, since f is 2w-periodic and
we are still integrating over intervals of length 2.

1 ™ ) . 4 . )
g/;l(n) _ f(y)efinyemh dy o f(z)efznzefwzh dz
27(- —T —T
— f(n)(emh _ e—inh)
= 2isin(nh) f(n),
where we have used the fact that sin(nh) = % We can now apply
Parseval’s identity;

o | m@Pde= 3 pisin(ab) ()P
= Z 4| sin(nh)?|f(n)|.

This concludes our proof of the first part of the lemma.
(b) Since we supposed |f(z) — f(y)| < Clz — y|*, we have
lgn(x)| = 1f(z + h) — f(z — h)| < C(2R)".
Then

1 (7 1 ("
*/ lgn (x)[* dz < */ |C(2h)*[* dx
2m J_ . 2 J_.

— C2 22a h2a .
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By (a),
oo R 02 2ah2a
S Jsingu)PIfm)P? < S

n—=—oo

This concludes our proof of the lemma.
O

We need one more lemma before we arrive at the much anticipated proof of
Bernstein’s theorem:

Lemma 3.11. Suppose f is a Riemann integrable, 2m-periodic function for
which there exists some C > 0 and some o > 1/2 such that

|f(z) = fy) < Clo—y|*
holds for all x,y. Let p be a positive integer. Then
R CQﬂ.ZQ
Z |f(n)]* < S2apti
2r—1<|n|<2pP
Proof. To prove this, we will apply part (b) of Lemma 3.10 with & = 5. Then
027T2a

S fsin () 1 < S

2r—1<|n|<2P

Note that we are only summing over 2P~1 < |n| < 2P, where

< 2P T ™
‘ - 2ortl < 4 < 2r+1

m2p—1 ™
2rt+l < 2rt+l

m
<%
-2

This implies

Hence

LD SR DR (s | T

2r—1<|n|<2p 2p—l<n|<2P
C27T2a
— 922ap+2 .

We conclude that

. 027r2a
Z |f(n)|2 < S2aptl”

2r—1<|n|<2P
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We now have all the machinery needed to prove Bernstein’s theorem.

Proof. (Of Bernstein.) We apply the Cauchy-Schwarz inequality and obtain
2
(X o)< ¥ jwr ¥ u
2p—1<n|<2p 2p—1<n|<2P 2p—1<n|<2p
By Lemma 3.11, we have

R 027T2a
Z ‘f(n)P Z 1< 92ap+1 -2°

2r—1l<|n|<2P 2r—1l<|n|<2P

0271_204
= 9pZa—1)+1°

Combined, this yields

- Cr®
fn)) < —<
2P1<Z|n|<21’ | ( )| ‘/2p(2a—1)+1

Note that we can write

oo

Yo @I = 1O+ IFOI+IFED+Y > 1f)

n=—oo p=12r-1<|n|<2P
R 5 R o 1
<fO)+[fD)]+[f(=1)]+Cm ;W- (5)

We simplify the sum to

e 1 Cr 1
cn ; St 2 ; op(a—1/2)
Crn® & 1 P
VG ;(201/2) '

Moreover, by the formula for geometric sums, we have

> 1 \» > 1 \» 1
> (5o) =1+ 2 (5om) =M Ty
S

p=1 p=0

whenever |ﬁ| < 1, i.e. whenever a > % Applying this to (5), we arrive at

n=—oo

- » ¢ A A Cr® 1
> @ < IFO)+ [FO)]+ [f(=1)] + < 1+ )
V2 1— (7%_11/2)

for a > % In this case, the Fourier series of f converges uniformly to f by
Theorem 3.6. O
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Remark 3.1. Our purpose in this section has been to give a brief overview
of some conditions which ensure absolute convergence of the Fourier series as-
sociated with a given function. The space of continuous functions on the unit
circle (i.e. 2m-periodic) with absolutely convergent Fourier series is called the
Wiener algebra. Tt is denoted by A(T) (where T denotes the unit circle). By
letting C*(T) denote the space of continuously differentiable functions on the
unit circle, Theorem 3.8 can be rephrased as C*(T) C A(T).

The Wiener algebra has many interesting properties; it is a so called Banach
algebra, an algebra that forms a complete normed vector space (a Banach space)
while its norm also satisfies ||zy|| < ||z||||y|| for all its elements x,y. For more
information about A(T) and its structure, we refer the reader to section 6 in
chapter 1, as well as chapter 8, of [3]. O

3.3 Pointwise convergence

It turns out that when we settle for pointwise convergence instead of uniform
convergence, we can put even fewer restrictions on a function f to ensure con-
vergence of its associated Fourier series. We will prove the following:

Theorem 3.12. Let f be a Riemann integrable, 2w-periodic function which is
differentiable at a point xo. Then Sy (f)(zo) = f(zo) as N — <.

Here, as opposed to in Theorem 3.8, we do not need f to be continuously dif-
ferentiable - differentiability in itself is enough. However, we can only guarantee
pointwise convergence of the partial sums, not uniform convergence.

To prove this result, we will apply the same technique as the one used in
section 2.1 in chapter 3 of [5]. Firstly, we must establish a result concerning
Riemann integrability in general.

Proposition 3.13. Suppose f is a bounded function on the (closed, bounded)
interval [a,b], and let ¢ € (a,b). If f is Riemann integrable on [a,c — 0] and
[c+ 6,0] for all small § > 0, then f is integrable on [a,b].

Proof. Suppose |f| < M, and let € > 0 be given. Choose § > 0 small enough to
satisfy

€
46M < -.
-3

Since f is integrable on [a, ¢ — §] and [c + 6, b], we can find partitions Py, P»
of each of these intervals such that

UPLD) = L(PL D) < 5

for i = 1,2. We define the common refinement P = P; U P», a partition of the
entire interval [a,b]. Now observe that

U(P, f) = £(P, f) = U(Py, f) = £(Py, f)
+( s f@)- b @) ((e+8) = (e 8)

c—0<z<c+d c—0<z<c+d

+ (U(Py, f) = L(Pa, £))-
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By the triangle inequality,
UP, f) = L(P, f) < U, f) = L(Py, )

+20 sup  f(z)— _inf  f(x)

c—6<z<c+d c—0<z<c+d
+(U(P27.f) _['(P27f))
€ €
<-4+2§-2M + -
=3 + + 3
<e.
This proves that f is integrable over [a, b]. 0

We now have the machinery we need to prove Theorem 3.12.

Proof. (Of Theorem 3.12.) We begin by defining

Flt) = w, for t #0 and |t| <,
| =F(20), for t =0.

Note that F is differentiable at ¢ = 0, and thus bounded around this point.
Moreover, for every small § > 0, F is integrable on [—m, —d] U [4, 7], since f is
integrable there and |t| > § on these intervals. By Proposition 3.13, F' must be
integrable on [—, 7).

Recall now that

Sn(f)(x) = (f * Dn)(),

where Dy (z) is the N*" Dirichlet kernel. Moreover, we know that

1 I
% . DN(.Z') dr =1.

Hence

Sn(f)(wo) = f(x0) = (f * Dn)(z0) — f(70)

- % _ﬂ f(xo —t)Dy(t) dt — f(xo)
- % j (f(zo —t) — f(w0))Dn(t) dt

1 T
=5 | FOtDy@dt.

—T

By the closed form formula of Dy,

tDyn(t) = ﬁsin ((N+ %)t)

2
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where ﬁ is continuous on [—7, 7| and
. 1 t
sin ((N + §)t) = sin(N't) cos (2) + cos(Nt) sin (2)
Applying this yields

Sn(f)(@o) — fzo) = zi/7r F(t)tDy(t)dt

il / % <sin(Nt) cos (%) + cos(NNt) sin (%)) dt

= — F t)tsin(Nt dt
r | PO
+ 72171— F(t)tcos(Nt)dt.

—T

Applying the terminology of Example 2.3, We observe that the first integral
above is the Fourier coefficient by of %(F(t) sm(t/Z) cos(t/2)), and the second

integral is the Fourier coeflicient ay of %F (t)t. These functions are Riemann
integrable, and so by the Riemann-Lebesgue lemma, their Fourier coefficients
tend to 0 as N — co. We conclude that

Sn(f)(@o) = f(xo) = 0
as N tends to infinity. O

At this point, it is easy to get lulled into a false sense of security, and imagine
that the differentiability condition in Theorem 3.12 can be replaced with a plain
and simple condition of continuity. Many distinguished mathematicians thought
so for a long time. We are, however, rapidly approaching one of the highlights
of this thesis; the construction of a continuous function whose Fourier series
diverges at one point. Before taking on this noble task, we establish one last
result.

Theorem 3.14. (Riemann localization principle) Suppose f and g are two
Riemann integrable, 2mw-periodic functions, and for some xq there exists an open
interval I containing xo such that

f(x)=g(z) forallxzel.
Then Sn(f)(zo) — Sn(g)(x0) = 0 as N — oo.

Proof. Note that for all x € I, we have that f(z) — g(x) = 0. This implies that
f — g is differentiable at 9. By Theorem 3.12, Sy (f)(xzo) — Sn(g)(z0) — 0 as
N — o0. O

From this theorem, we conclude - with some surprise - that the convergence
of Sy (f)(zo) depends solely on f’s behavior near zg, despite the fact that we
need to integrate f over an interval of length 27 to obtain its Fourier coefficients.
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4 A special function

At last we arrive at the much anticipated construction of a continuous function f
whose Fourier series diverges at one point (which we, without loss of generality,
choose to be the origin). The first construction of such a function was produced
by the German mathematician Paul Du Bois-Reymond in 1876. At this time,
many prominent mathematicians - including Riemann, Dirichlet and Weierstrass
- believed that the Fourier series of every continuous function must converge
(as told in chapter 18 of [4]). In this context, it is easy to see why Du Bois-
Reymond’s counter example came as such a surprise.

Since the first construction of a continuous function with a diverging Fourier
series, several other examples have been produced. We will follow the technique
used in chapter 18 of [4]. For alternative constructions, the reader is referred to
section 10.3 in chapter 10 of [2] and section 2.2 in chapter 3 of [5].

Theorem 4.1. (Du Bois-Reymond) There exists a 2m-periodic, continuous
function f: R — C such that imsupy_,. |Sn(f)(0)] = .

Remark 4.1. If one would rather that the Fourier series of f diverges at an
arbitrary point zp, one may study f(x — xg). O

The question is, where to begin? To make things easier for ourselves, we will
break our construction into steps by setting some sub-goals. Firstly, we aim
to find a reasonably well-behaved, but not necessarily continuous, 27-periodic
function A for which sup, |h(z)]| is small but supy |Sn (h)(0)| is very large. Our
next goal is to use our function h to find a continuous, 27-periodic function g
for which sup, |g(x)| is small but supy |Sy(g)(0)] is very large. Finally, we will
try to modify g and construct our desired function f of Theorem 4.1.

Recall from our discussion about kernels and convolutions that the Dirichlet
kernel Dy (z) = ZngN e satisfies

Sn(h)(z) = (h* Dy)(z),

and so

s

1
Sn(h)(0) = ﬂ/ h(z)Dy(—z)dx.
By Proposition 2.4,

1 ™

4
— > — .
o | |Dn(x)| dz > — In(2(NV + 1))

These results will be useful to us as we prove the following;

Lemma 4.2. Let hy(z) = sgn(Dy(—x)). Then
(a) hy is constant on intervals (52= UQH)") fork eN,

2N+1° 2N+1
(b) |hn(z)] <1 for all x,
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(¢) Sx(hx)(0) = 2 In(2(N +1)).
Proof. By definition,

1 for Dy (—z) > 0,
hy(z) =<0 for Dy(—z) =0,
—1 for Dy(—z) <O0.

This, along with the closed form formula Dy (z) = W (z #0), proves
" 2

properties (a) and (b) (meaning hy is reasonably well-behaved). Moreover,

S (hn)(0) = — [ " oy (2) Dy (—) da

27
1 s
= L [ () e
7T —Tr
L " Dy d
= — T X
27 J_, N

4
> ) In(2(N +1)).
This concludes our proof. O

With that, we have found our desired function h = hy. Before we move
on, let us establish some results that will be needed in our next step of the
construction.

Lemma 4.3. If g,h : R — C are 2w-periodic, Riemann integrable functions,
then

(a) |§(n) — h(n)| < 2= |7 lg(z) — h(z)| dz for alln,

(b) 1Sn(9)(0) = Sn(R)(0)] < HL [* |g(x) — h(x)|dz for alln > 0.

Proof. (a) Simply observe that

() — h(n)|

’21 / e*inx dx
1 7_T

< % ))e—inxldx

- Qi/ l9(2) — h(z)] da



4 A SPECIAL FUNCTION 42

(b) We use (a) to obtain

N
Sx(9)(x) = Sn(h)(@)| = | D (§(n) — h(n))e™
n=—N
N ~ .
< > @) = h(n))e™|
= Y lg(n) = h(n)

QN“/?T l9(z) — h(z)|dz.

2m -

We now find our desired function g;

Lemma 4.4. For each N > 0 there exists a continuous, 2w-periodic function
gn : R — R such that

(a) |gn ()] <1 for all z,
(b) |Sn(gn)(0)| = 2 In(N +1).

Proof. We can construct a continuous function gn such that |gny(z)] < 1 for all
x and

3 | lov@) = (@)l de < o

As hy(z) is a step function, this can be done using the same kind of technique
as in the proof of Lemma 3.3 (see Figure 3).
Our previous results, Lemmas 4.2 and 4.3, finally yield

SN (gn)(0)] = [Sn (AN )(0)] = [Sn(9n)(0) — Sn (hn)(0)]
> %m(w\r 1)) — i

4 4 1
4
> S In(N +1),

O

For convenience’s sake, we replace gy with a trigonometric polynomial G,
which is still continuous and well-behaved with Sy (Gy)(0) large.
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Lemma 4.5. For each N > 0 there exists a trigonometric polynomial G such
that

(a) |Gx ()] <2 for all z,
(6) IS8 (GW)(O)] = 2 In(N +1) — 1.

Proof. Recall Corollary 2.7.1, by which we can find a trigonometric polynomial
Gy with

1
2N +1

G () —gn(2)] <

for all . Then

1 (" 1
= - < )
o | |Gn(z) — gn (@) do < N 1 (6)
By Lemma 4.4,
G ()] < |Gn(z) = gn(@)| + |gn (2)]
1

< 1

T~ 2N +1 +

<2

for all z. Using Lemma 4.3 and (6), we obtain

ISN(GN)(0)] = [Sn(gn)(0)] = [Sn(GN)(0) — Sn(gn)(0)]
% In(N +1) — 1.

v

\%

At last, we are ready to prove Theorem 4.1.

Proof. (Of Du Bois-Reymond.) By Lemma 4.5, we can find a sequence of
trigonometric polynomials Hy, k = 1,2, ..., and positive integers n such that

(a) |Hp(z)| <1 for all x,
(b) [Sn, (Hk)(0)] > 2%

Moreover, let g; be a sequence of integers such that g, > ny and g > qi—1 for
each k =1,2,... Then we can write

dk )
Hy(z) = Z oy e,
r=—qx

for some complex numbers oy, . Additionally, we define pj, = Z?Zl(Qq]— +1).
(The reasons behind these definitions will become clear further along the proof.)
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Now we can define, for positive integers m, the functions
m
fl@) =Y 27FePhe ) ().
k=1

Note that each f,, is the sum of continuous, 27-periodic functions, and thus

continuous and 2m-periodic itself.
We observe that, for m > m’ + 1,

‘fm(x) - fm’ (x)| = Z 2_keipk$Hk(,1‘)
k=m’'+1

Y ey (a)

k=m'+1

< ir’“

k=m/+1
= 2_’"/(2—1 +27%2 4. 4 2—(m—m'))

IN

< 2=m'

as m’ — oco. Then the sequence of functions f,, is a Cauchy sequence, and since
we are operating in a complete metric space, we may conclude that f,, — f for
some f. By the inequality above, the convergence is uniform. Since f is the
uniform limit of continuous, 27-periodic functions, f must be continuous and

2m-periodic as well.
Moreover,

T

= _ 1 T —inx 1 —inx _ 7
fm(n) = 5 /_Fe fm(x)dz — o | e f(z)dz = f(n)
as m — oo. For this reason, we must study the Fourier coefficients of f,,(x);

Fulm) = o= [ e (e de

1/ i ,
=5 e e E 2 keirrz (2 | da .
™
- k=1

By the uniform convergence of f,,, we can interchange integration and summa-

tion:

fm(n) _ % /:r e—inm(i2—keipk:ch(l,)> dz

k=1

m 27k T ,
=> 5 / e O Hy (a) da.
k=1 TS
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Let ¢ be a positive integer such that m > £. Then

m 9—k T ]
= i / e_lz(TL—Pk)Hk(x) dz
™ —T

9—1 m 9—k
_ 5 e ix(n— p!)Hg(x) d$+z / e ix(n— Pk)Hk( ) da
™ J_x -7
k#
m ook
=2'Hy(n—py +Z / e PR [y () da (7)
k;éﬁ

We now study the sum in (7). Note that, by using the definition of Hy(z),
we obtain

/ e tr(n— pk)Hk(x) dr

27" 2 (n—pi)
ﬁ/ (3 e )

Eakel
‘H\H
N

pnqs

(= e
_ ZQ Ctk r / —zx(n Pr—T) dr . (8)
l]z; f——llk

Recall that the last integral satisfies

i e—ia:(n—pk—r) do — 1 if n— P —T = 07 (9)
2m 0 ifn—pg—1r=#D0.

Now let u be an integer such that |u| < gy, and let n = py + u. For £ < k,
we have

nN—pg—T=p+u—pp—7T
k

¢
=u—r+2(2q]—+1)—2(2q]—+1)

j=1 j=1

k
=u—7r— Z (2g; +1).

j=0+1
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Since |r| < gx and |u| < gq,

k
N—pr—T=u—71— Z (2¢; +1)
j=t+1
k
Sq+a— Y (2g+1)
j=t+1

<0,

where we have used that all g; are positive integers and that ¢; > ¢;_; for all j
by definition. For ¢ > k,

)4
n—px—r=u—r+ Z (2¢; + 1)
Jj=k+1
¢
>—q—qet+ Y, (2¢;+1)
J=k+1
> 0.

We have established that n — py — 7 # 0 for n = py + u, and so

L e~ w(n=pr—") g 1 "
27

=0.

e~ (Petu—pr—") g,

—T

2 ),

Hence the sum in (8) equals zero for n = p; + u. By (7),

Fon(pe +u) = 27 Hy(pe +u — pe) +0
= Zieﬁg(u).

Since we have established that f,,(n) — f(n) as m — oo for fixed n, we conclude
that

Ffpe+u) =2"Hy(u) for all u| < g (10)

Similarly to above, we note that for n < 0,

k
n—pk—r:n—Z(qu—l—l)—r
j=1
k
<n+qe— Y (2¢,+1)
j=1

<0,
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by the way we defined ¢; and the fact that |r| < gi. Using (9), we see that

Fuln) = o [ e (e ds

—T

:Em:ZkZakT/ 7wcnpk ’I‘)dw
k=1

r=—qk

=0
for n < 0. Thus
f(n)y=0 foralln<O0.

Let us now take a look at the partial sums

Pr+nk Pr+nk

Spene (NO) = > flu)= > f(u)
u=—(pr+n) u=0
Pr—nr—1 pr—np—1

Spkfnkfl(f)(o) = Z Z f

u:—(pk—nk—l)

‘We observe that

Pr+nk ng
|Spk+nk (f)(O) - Spk*nkfl(f)(o) = Z f(u) = Z f(pk + u)

Note now that since we are summing over all integers u such that |u| < nj <
gr, we can use (10) and conclude that

> flor+u)

U=—ny

i 27K Hy(u)

U=—"ng
= 27"18,, (Hy)(0)]
>27R. 2% =9k o

|Spk+nk(f)( ) Pk ng— 1( )(0)|:

as k — oo. Hence
Jimn ([, 4, () O] 1Sy 1 (£)(O)]) = 00
From this, we may finally conclude that

limsup Sy (£)(0)] = oc.

N—00
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Remark 4.2. After Du Bois-Reymond presented his construction of a con-
tinuous function whose Fourier series diverges at one point, public opinion in
the mathematical community began to change - it was now suspected that the
Fourier series of a continuous function could possibly diverge at every point.
In 1926, Andrey Kolmogorov presented a Lebesgue integrable function whose
Fourier series diverges everywhere, strengthening the belief that there might
exist a continuous function with the same property. However, in 1964, Swedish
mathematician Lennart Carleson proved that the Fourier series of any continu-
ous function f converges to f almost everywhere, i.e. for all z ¢ E where E is
some set of measure zero. (All this history and more can be found in chapter
19 of [4].)

We restrict ourselves to simply mentioning these results here, as they are
quite advanced and require in-depth knowledge of measure theory and Lebesgue
integrability. The interested reader is referred to section 3 in chapter 2 of [3] as
well as section 10.4 in chapter 10 of [2]. O
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