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—
Chapter 10

Fourier Series with Riemann
Integration

In the middle of the 18th century, mathematicians and physicists started to study
the motion of a vibrating string (think of the strings of a violin or a guitar). If you
pull the string out and then let it go, how will it vibrate? To make a mathematical
model, assume that at rest the string is stretched along the z-axis from 0 to 1 and
fastened at both ends.
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The figure above shows some possibilities. If we start with a simple sine curve
fi(x) = Cysin(mx), the string will oscillate up an down between the two curves
shown in the top line of the picture (we are neglecting air resistance and other
frictional forces). The frequency of the oscillation is called the fundamental har-
monic of the string. If we start from a position where the string is pinched at the
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2 10. Fourier Series with Riemann Integration

midpoint as on the second line of the figure (i.e. we use a starting position of the
form fo(z) = Cysin(27x)), the string will oscillate with a node in the middle. The
frequency will be twice the fundamental harmonic. This is the first overtone of the
string. Pinching the string at more and more points, i.e. using starting positions of
the form f,(z) = C, sin(nmzx) for larger and larger integers n, we introduce more
and more nodes and more and more overtones (the frequency of f, will be n times
the fundamental harmonic). If the string is vibrating in air, the frequencies — the
fundamental harmonic and its overtones — can be heard as tones of different pitches.

Imagine now that we start with a mixture
(10.0.1) flx) = Cysin(nmz)
n=1

of the starting positions above. The motion of the string will then be a superposition
of the motions created by each individual function f,(z) = Cysin(nwz). The
sound produced will be a mixture of the fundamental harmonic and the different
overtones, and the size of the constant C,, will determine how much overtone number
n contributes to the sound.

This is a nice description, but the problem is that a function is usually not of
the form (10.0.1). Or — perhaps it is? Perhaps any reasonable starting position
for the string can be written in the form (10.0.1)? But if so, how do we prove
it, and how do we find the coefficients C,? There was a heated discussion on
these questions around 1750, but nobody at the time was able to come up with a
satisfactory solution.

The solution came with a memoir published by Joseph Fourier in 1807. To
understand Fourier’s solution, we need to generalize the situation a little. Since
the string is fastened at both ends of the interval, a starting position for the string
must always satisfy f(0) = f(1) = 0. Fourier realized that if he were to include
general functions that did not satisfy these boundary conditions in his theory, he
needed to allow constant terms and cosine functions in his series. Hence he looked
for representations of the form

o0
(10.0.2) flz)=A+ Z (Cy sin(nmz) + D, cos(nrz))

n=1
with A,C,,D,, € R. The big breakthrough was that Fourier managed to find
simple formulas to compute the coefficients A, C,,, D,, of this series. This turned
trigonometric series into a useful tool in applications (Fourier himself was mainly
interested in heat propagation).

When we now begin to develop the theory, we shall change the setting slightly.
We shall replace the interval [0,1] by [—m, 7] (it is easy to go from one interval to
another by scaling the functions, and [—7, 7] has certain notational advantages),
and we shall replace sin(nmz) and cos(nmz) by complex exponentials ™. Not
only does this reduce the types of functions we have to work with from two to
one, but it also makes many of our arguments easier and more transparent. We
begin by taking a closer look at the relationship between complex exponentials and
trigonometric functions.
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10.1. Fourier coefficients and Fourier series

You may remember the name Fourier from Section 5.3 on inner product spaces, and
we shall now see how the abstract Fourier analysis presented there can be turned
into concrete Fourier analysis of functions on the real line. Before we do so, it will
be convenient to take a brief look at the functions that will serve as elements of our
orthonormal basis. Recall that for a complex number z = = + iy, the exponential
e* is defined by
e =e®(cosy + isiny).

We shall mainly be interested in purely imaginary exponents:
(10.1.1) e = cosy + isiny.
Since we also have

e™W = cos(—y) + isin(—y) = cosy — isiny,

we may add and subtract to get

Yy —iy

(10.1.2) cosy = %

e — e~ W

10.1.3 iny = ————
( ) siny 5

Formulas (10.1.1)-(10.1.3) give us important connections between complex expo-
nentials and trigonometric functions that we shall exploit later in the section.

We need some information about functions f: R — C of the form
f(z) = el@F0T = 9% o5 by + €27 sin ba: where a € R.
If we differentiate f by differentiating the real and complex parts separately, we get
I (x) = ae® cosbx — be® sinbx + iae®” sinbx + ibe®” cosbr =
= ae® (cos bz + isinbx) + ibe®™ (cosbx + isinbz) = (a + ib)el T,
and hence we have the formula

) / ,
(10.1.4) (e(a+lb)$) — (a+ib)e(a+zb)m

that we would expect from the real case. Anti-differentiating, we see that
) 6(a+ib)z
(10.1.5) /e<a+“’>$ dr = —— + C,
a+1b
where C' = C + iC} is an arbitrary, complex constant.
We shall be particularly interested in the functions
en(r) = €™ = cosnz +isinnr where n € Z.
Observe first that these functions are 2m-periodic in the sense that
€n(l‘ + 27‘(‘) — ez’n(m+2ﬂ-) _ einzeQnm — einx 1= en(x)

This means in particular that e,(—7) = e, (7) (they are both equal to (—1)" as is
easily checked). Integrating, we see that for n # 0, we have

/7r en(z) dz = [GWIW _ ™ —enlzm) _

mn mn

—T



4 10. Fourier Series with Riemann Integration

while we for n = 0 have

/eo(a:)dxz/ ldx = 27.

This leads to the following orthogonality relation.

Proposition 10.1.1. For all n,m € Z we have (the bar denotes complex conjuga-
tion)

™ 0 ifn#m
/ en(x)em(z) de =
- 2t ifn=m
Proof. Since
en(m)m — einxe—inbw _ ei(n—m)w _ en,m(m),
the lemma follows from the formulas above. U

The proposition shows that the family {e,}necz is almost orthonormal with
respect to the inner product

(f.9)= _Tr f(x)g(x) du.

The only problem is that (e,,e,) is 2 and not 1. We could fix this by replacing

€n

en by NG but instead we shall choose to change the inner product to

o)== [ fa)g@) de.

T o -

Abusing terminology slightly, we shall refer to this at the L2-inner product on
[, 7]. The norm it induces will be called the L?-norm | - ||o. It is defined by

e =trnf= (5 [ If(:v)IQdaff .

The Fourier coefficients of a function f with respect to {e, }nez are defined by

1 i - 1 ™ 4
Qp = <fa en> = % /;ﬂ. f(.%')@n(l') dr = % . (x)e—znz dz.
From Section 5.3 we know that f = Z?:—oo nén (where the series converges in

L2-norm) provided f belongs to a space where {e, }ncz is a basis. We shall study
this question in detail in the next sections. For the time being, we look at some
examples of how to compute the Fourier coefficients «, and the Fourier series

S anen(T).

Example 1: We shall compute the Fourier coefficients o, of the function f(z) = .
By definition

1 g )
an = {(f,en) = —/ xe” " dg.

2 J_,
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It is easy to check that ag = f:r xdx = 0. For n # 0, we use integration by parts

(see Exercise 9) with u = 2 and v/ = e="*. We get v/ =1 and v = <——, and:

1 e—inz a 1 ™ e—inm J
ay, = —— |T— — - T =
2 mo | 2w J_p in
(71)n+1 1 |:6in:c:|7T (71)n+1
=t || =
mn 2 n - n

The Fourier series becomes

00 —1 00
E : 2 : (_1)n+1 inT E (_1)n+1 ine
Ann = mn et n c =

n=—oo n=-—oo n=1
oo 5 5 oo
2(_1)n+1 eine _ g—inw 2(_1)n+1 )
— Z ; . T = Z — sin(nx),
n=1 n=1
=™ We would like to conclude

where we in the last step have use that sinu =
_ n+1 .
that x = > °° % sin(nx) for x € (—m, ), but we don’t have the theory to

n=1

take that step yet. &

A remark on real Fourier series. Note that in the example above, we started
with a real-valued function f and ended up with a series expansion with only real-
valued terms. This is a general phenomenon: If the function f is real, we can
rewrite its Fourier series as a real series where the functions e!™® are replaced by
cosnx and sinnz. The resulting series is called the real Fourier series of f. Let us
take a look at the details.

Assume that f: [-m, 7] — R is a real-valued function with Fourier series
ZOO ape,. Note that since f is real

n=-—oo
a_, = i /77 f(x)e*i(*"‘”) dx = i /Tr f(z)ein= dx
2w ) C2m ),

1 (7 .
= %/W f@)e iz doe =@, .

and hence we can combine the positive and negative terms of the Fourier series in
the following way

o) 0o
E aneznw =g + E (aneznm _'_ainefznx)
n=1

n=—oo

o0 o0
=g+ Z (ane””” + anemw> =ay+ Z 2Re(anei”),
n=1 n=1
where Re(z) denotes the real part of the complex number z. If we put «,, = ¢, +id,,
we get
Re(ane™) = Re((cy + idy,) (cos nz + isinnz)) = ¢, cosnz — d,, sinnaz,

and hence

o0 oo
g one™ = ag + g (2¢y, cosnz — 2d, sinnx).
n=1

n=—oo
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Let us take a closer look at what ¢,, and d,, are. We have

1 i .
Cn Fidy, = ay, = o f(@)e " dx

1 [ 1 .
= %lﬂ f(x) cosnzx dx —ig- f(x)sinnzx dz,

—1Tr
and since f is real, this implies that ¢, = %fjﬂ #(z)cosnzdz and that d, =
—% ffﬂ f(x)sinnz dz. If we introduce

1 s

(10.1.6) an = 2¢, = — f(z) cosnax dx
T™J-n
1 ™

(10.1.7) b, = —2d, = — f(z)sinnzdz
™

—T

we see that we can rewrite the Fourier series of f as
a o0
0 .
3 + E (an cos nz + by, sinnc).

n=1

As already mentioned, this is called the real Fourier series of f.

Example 2: Let us compute the real Fourier series of the function

-1 ifz<0
flx) =
1 ifz>0
From the symmetry of f, we get
1 us
apg = — f($)d$:O,
™

—Tr
and by a similar symmetry argument, we see that

an = — f(x)cosnzdr =0
m —T

for all n € N (f(z)cosnx is an odd function, and hence the contribution to the
integral from the interval [—m, 0] cancels the contribution from the interval [0, 7] —
see Exercise 10 for more information). Turning to the b,’s, we get

1 0

™ 1 4 1
b, = — f(x)sinnxdac:f/ sinnxdxff/ sinnw dx
T ) . T Jo ™

—T

7l {7cosnxri{7c0sn:r]0
o n lo n -

1 (_ cosna 20050 B cos(—mr))

s n n n

9 -4 when n is odd
= —(1—cos(nm)) =
nm 0 when n is even
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Hence the real Fourier series of f is

o0

4 .
2 e sin ((2k — 1)z).

Exercises for Section 10.1.

1. Show that (f,g) = 5= [ f(z)g(z)dz is an inner product on C([—m, ], C).

2. Deduce the formulas for sin(z + y) and cos(z + y) from the rule e!®+¥) = ¢i@ei,

3. In this problem we shall use complex exponentials to prove some trigonometric
identities.
a) Use the complex expressions for sin and cos to show that

sin(u) sin(v) = % cos(u —v) — % cos(u + v).

b) Integrate [ sindzsinzdz.

¢) Find a similar expression for cosucosv and use it to compute the integral
J cos 3z cos 2z du.

d) Find an expression for sinucosv and use it to integrate [ sinz cos4z dz.

4. a) Show that if we multiply by the conjugate a — i¢b in the numerator and the
denominator on the right hand side of formula (10.1.5), we get

(a+ib)x _ e - . .
/e da:—m(acosbx—l—bbmbm—&—z(asmbm—bcosbx)).

b) Use the formula in a) to show that
eaz
a? + b2

/ e cosbx dxr = (acos bz + bsin bz)

and

wr . 6az .
/e sinbx dx = m(asmbx — bcosbx).

In calculus, these formulas are usually proved by two times integration by parts,
but in our complex setting they follow more or less immediately from the basic
integration formula (10.1.5).
5. Find the Fourier series of f(z) = e”.
6. Find the Fourier series of f(z) = 2.
7. Find the Fourier series of f(z) =sin §.
8. a) Let s, = ao+aor+ aor®+---+aor” be a geometric series of complex numbers.
Show that if r # 1, then
_ antl
6 — ap(l—r )
1—r
(Hint: Subtract rs, from sy.)
b) Explain that > }_, " = %
; ‘ne sin(Pdlg
c¢) Show that 37, e =¢''s Sgné) )
2
d) Use the result in ¢) to find formulas for Y, _, cos(kz) and >}_, sin(kx).

when x is not a multiple of 27.

when «x is not a multiple of 27.
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9. Show that the integration by parts formula

/ (@) () de = f(x)g(z) / f (@)g(x) dx

holds for complex-valued functions f,g.

10. A real-valued function f: [—7, 7] — R is called even if f(—z) = f(x) for all z €
[—7, 7] and it is called odd if f(—z) = —f(x) for all € [—m,7]. Let a, and b, be
the real Fourier coefficients of f.

a) Show that if f is even, b, = 0 for alln = 1,2, 3, ..., and that if f is odd, a, =0
for n =10,1,2,.... In the first case, we get a cosine series

oo
ao
5 + E an cos(nz)
n=0
and in the second case a sine series

Z bn, sin(nx).
n=0

b) Show that the real Fourier series of |z] is

T 4(
— — — | cosx+
s

cos3xr  cosbx )
5 + ... .

32—’—52

¢) Show that the real Fourier series of |sin x| is

2 4 i cos(2nx)
T omA dn? — 1

(Hint: Show first that sin[(n + 1)z] — sin[(n — 1)z] = 2sinx cosnz.)

Let f: [-m, @] — R be a real-valued function function with real Fourier series

ao = .
) + nz:% (an cos(nz) + by sin(nz)).

d) Show that f.(z) = W is an even function with real Fourier series
Q5 i an cos(nx).
2 n=0

and that fo(z) = W is an odd function with real Fourier series

Z by, sin(nx).
n=0
11. a) Show that if b # n, then

/ T L eI gy — (1) Sznﬁbz).

-

b) Use a) to find the Fourier series of cos(az) when a € R isn’t an integer. What
is the Fourier series when a is an integer?

12. In this exercise, we shall see how the problem of the vibrating string can be treated
by the theory we have started to develop. For simplicity, we assume that the string
has length 7 rather than one, and that the initial condition is given by a continuous
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function g: [0,7] — R with ¢g(0) = g(w) = 0. Let g: [-7,7] — R be the odd
extension of g, i.e. the function defined by

g(x) if z € [0, 7]

—g(—z) ifze[-m0)

a) Explain that the real Fourier series of § is a sine series Y>>, by sin(na).
b) Show that b, = 2 [7 g(z) sin(nz) dx.
¢) Show that if the sine series converges pointwise to g, then

g(z) = Z by, sin(nx) for all z € [0, 7].
n=1

Explain the connection to the vibrating string.

10.2. Convergence in mean square

Recall from the previous section that the functions
en(x) =€ neZ
form an orthonormal set with respect to the L2-inner product

1 (" —
=— dx.
(o) =52 [ I@ids
The Fourier coefficients of a continuous function f: [—m, 7] — C with respect to
this set are given by

an = (f,en) = % _ﬂ f(@)en(x) dz.

From Parseval’s theorem 5.3.10, we know that if {e,, } is a basis (for whatever space
we are working with), then

(o]
f(x) = Z anen (),
n=—oo
where the series converges in the L?-norm, i.e.
N
lim |f — Z apepl2 = 0.
N —oc0
n=—N

Convergence in L?-norm is also referred to as convergence in mean square.

At this stage, life becomes complicated in two ways. First, we don’t know
yet that {e,}nez is a basis for C([—m,n],C), and second, we don’t really know
what L2-convergence means. It turns out that L?-convergence is quite weak, and
that a sequence may converge in L%-norm without actually converging at a single
point! This means that we would also like to investigate other forms for convergence
(pointwise, uniform etc.).

Let us begin by observing that since e,,(—m) = e, (7) for all n € Z, any function
that is the pointwise limit of a series Y - __ e, must also satisfy this periodicity

assumption. Hence it is natural to introduce the following class of functions:
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Definition 10.2.1. Let Cp be the set of all continuous functions f: [—m, 7] = C
such that f(—m) = f(xw). A function in Cp is called a trigonometric polynomial if
it is of the form Z'r]j:fN ane, where N € N and each o, € C.

To distinguish it from the L2-norm, we shall denote the supremum norm on
C([-m,7],C) by | - |, i-€-

[floe = sup{[f(2)] : = € [-m, 7]}

Note that the metric generated by |- |« is the metric p that we studied in Chapter
4. Hence convergence with respect to | - | is the same as uniform convergence.

Theorem 10.2.2. The trigonometric polynomials are dense in Cp in the | + |oo-
norm. Hence for any f € Cp there is a sequence {p,} of trigonometric polynomials
that converges uniformly to f.

If you have read Section 4.11 on the Stone-Weierstrass Theorem, you may
recognize this as Corollary 4.11.13. If you haven’t read Section 4.11, don’t despair:
In the next section, we shall get a more informative proof from ideas we have to
develop anyhow, and we postpone the proof till then. In the meantime we look at
some consequences.

Corollary 10.2.3. For all f € Cp, the Fourier series > - (f, en)en converges

n=—oo

to f in L?>-norm, i.e. imyn_ o0 | f — Zngzv(f’ enYenl2 = 0.

Proof. As usual, we let oy, = (f,en) = 5= |7 f(x)e™™* dx be the Fourier coef-
ficients of f. Given an € > 0, we must show that there is an Ny € N such that
If = Zngzv apepl2 < € for all N > Ny. By the previous result, we know that
there is a trigonometric polynomial p such that |f — ple < €. But then we also
have |f —pla < € as

1=l = (5 [ 0 -poPar) < (5 [ @ar) e

Let Ny be the degree of p and assume that N > N,. By Proposition 5.3.8,
ij:_N apey, is the element in Sp(eny,e_ni1,...,en_1,en) closest to f in L2-
norm. As Sp(en,€—N+41,.-.,eN—1,€n) consists of the trigonometric polynomials
of degree N, this means that Zng N Qn€y is the trigonometric polynomial of de-
gree N closest to f in L?-norm. Since p is trigonometric polynomial of degree N,

we get
N

"f - Z anenHQ < ”f —p||2 <€
n=—N
|

The corollary above is rather unsatisfactory. It is particularly inconvenient that
it only applies to periodic functions such that f(—m) = f(7) (although we can not
have pointwise convergence to functions violating this condition, we may well have
L?-convergence as we soon shall see). To get a better result, we introduce a bigger
space D of piecewise continuous functions.
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Definition 10.2.4. A function f: [—m,7] = C is said to be piecewise continuous
with one sided limits if there exists a finite set of points

—T=a<a<a<...<ap-1<a, =T
such that:

(i) f is continuous on each interval (a;,a;y1).

(ii) f has one-sided limits at each point a;, i.e. f(a; ) = limgta, f(2) and f(a]) =
limg q, f(x) both exist, but need not be equal (at the endpoints ag = —m and
an, = m we do, of course, only require limits from the appropriate side).

(iil) The value of f at each jump point a; is the average of the one-sided limits, i.e.
fla;) = 3(f(a;j) + f(a])). At the endpoints, this is interpreted as f(ao) =

flan) = 5(f(ay) + f(ag))-
The collection of all such functions will be denoted by D.

Remark: Part (iii) is only included for technical reasons (we must specify the
values at the jump points to make D an inner product space), but it reflects how
Fourier series behave — at jump points they always choose the average value. The
treatment of the end points may seem particularly strange; why should we enforce
the average rule even here? The reason is that since the trigonometric polynomials
are 2m-periodic, they regard 0 and 27 as the “same” point, and hence it is natural
to compare the right limit at 0 to the left limit at 2.

Note that the functions in D are bounded and integrable, that the sum of two
functions in D is also in D, and that D is an inner product space over C with the
LZ%-inner product. The next lemma will help us extend Corollary 10.2.3 to D.

Lemma 10.2.5. Cp is dense in D in the L?-norm, i.e. for each f € D and each
€ >0, there is a g € Cp such that |f — g|2 <e.

Proof. I only sketch the main idea of the proof, leaving the details to the reader.
Assume that f € D and € > 0 are given. To construct g, choose a very small § > 0
(it is your task to figure out how small) and construct g as follows: Outside the
(non-overlapping) intervals (a; — 0, a; +0), we let g agree with f, but in each of these
intervals, g follows the straight line connecting the points (a; — 4, f(a; — 0)) and
(a;+9, f(a;+0)) on f’s graph. Check that if we choose 6 small enough, | f—g|2 < €
(In making your choice, you have to take M = sup{|f(z)| : = € [—m, 7]} into
account, and you also have to figure out what to do at the endpoints —m, 7w of the
interval). O

We can now extend Corollary 10.2.3 above from Cp to D.
Theorem 10.2.6. For all f € D, the Fourier series Y .- (f,en)en converges

to f in L*-norm, i.e. imyn_yo0 | f — Ziv:_NU, en)enl2 = 0.

Proof. Assume that f € D and € > 0 are given. By the lemma, we know that there
is a g € Cp such that | f —g[2 < §, and by Corollary 10.2.3 there is a trigonometric
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polynomial p = ZngN @ney, such that |g —pl2 < §. The triangle inequality now
tells us that

€ €
[F=pla<1f=gla+lg—pla <5+ 5 =¢

Invoking Proposition 5.3.8 again, we see that for M > N, we have
M

”f_ Z <fa en>en”2 < ”f _pHQ <¢,

n=—M

and the theorem is proved. ([l

The theorem above is satisfactory in the sense that we know that the Fourier
series of f converges to f in L2-norm for a wide class of functions f. However, we
still have things to attend to: We haven’t really proved Theorem 10.2.2 yet, and we
would really like to prove that Fourier series converge pointwise (or even uniformly)
for a reasonable class of functions. We shall take a closer look at these questions in
the next sections.

Exercises for Section 10.2.

1. Show that Cp is a closed subset of C([—m,n],C).
2. In this problem we shall prove some properties of the space D.
a) Show that if f,g € D, then f +g € D.
b) Show also that if f € D and g € Cp, then fg € D. Explain that there are
functions f,g € D such that fg ¢ D.
¢) Show that D is a vector space.
d) Show that all functions in D are bounded.
) Show that all functions in D are integrable on [—m, ].
f) Show that (f,g) = 5= [™_ f(z)g(x) dz is an inner product on D.

3. Complete the proof of Lemma 10.2.5.

10.3. The Dirichlet kernel

Our arguments so far have been entirely abstract — we have not really used any
properties of the functions e,(z) = €™ except that they are orthonormal and
dense in D. To get better results, we need to take a closer look at these functions.
In some of our arguments, we shall need to change variables in integrals, and such
changes may take us outside our basic interval [—m, 7], and hence outside the region
where our functions are defined. To avoid these problems, we extend our functions
f € D periodically outside the basic interval such that f(z 4 27) = f(x) for all
x € R. Figure 10.3.1 shows the extension graphically; in part a) we have the original
function, and in part b) (a part of) the periodic extension. As there is no danger
of confusion, we shall denote the original function and the extension by the same
symbol f.

To see the point of this extension more clearly, assume that we have a function
f:[=m,7] = R. Consider the integral [*_f(z)dz, and assume that we for some
reason want to change variable from x to u = = 4+ a. We get

s mT+a
f(m)dxz/ f(u—a)du.

-7 —7m+a
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Y

Figure 10.3.1. The periodic extension of a function

This is fine, except that we are now longer over our preferred interval [—m, 7). If f
has been extended periodically, we see that

/:-i-a flu—a)du= /_:H-a f(u—a)du.

Hence
™ T+a ™ T+a
dr = —a)du = —a)d —a)d
[ t@ae= [ pe-wde= [ pu-adis [ o
T —7+a 7r
:/ f(u—a)du—l—/ flu—a)du= f(u— a)du,
—n+a - -7

and we have changed variable without leaving the interval [—m, 7]. Variable changes
of this sort will be made without further comment in what follows.

Remark: Here is a way of thinking that is often useful: Assume that we take our
interval [—m, 7] and bend it into a circle such that the points —m and 7 become
the same. If we think of our trigonometric polynomials p as being defined on the
circle instead of on the interval [—m, 7], it becomes quite logical that p(—m) = p(m).
When we are extending functions f € D the way we did above, we can imagine
that we are wrapping the entire real line up around the circle such that the the
points x and x + 27 on the real line always become the same point on the circle.
Mathematicians often say they are “doing Fourier analysis on the unit circle”.

Let us begin by looking at the partial sums

N
SN(x) = Z <fa en>en(x)
n=—N
of the Fourier series. Since

1 " —in
Qp = <f7 en> = g f(t)e k dt7
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we have
R m 1 (7 N
_ —int inr in(x—t) .
sn (@) = o > ( B f(b)e dt>e =5 [ﬂ OB dt =
n=—N n=—N
1
2— f (x —u) Z e du,
T

where we in the last step have substituted u = x —t and used the periodicity of the
functions to remain in the interval [—7, 7]. If we introduce the Dirichlet kernel

N
— E einu
n=—N

we may write this as

1 T

sy(x) = 2 | f(z —u)Dy(u) du.

Note that the sum Y0 einv = SN ey in the Dirichlet kernel is a geo-

n=
metric series. For u = 0, all the terms are 1 and the sum is 2N 4 1. For u # 0, we
use the summation formula for a finite geometric series to get:
e tNu _ Gi(N+1)u et N+5)u _ Gi(N+3)u sin((N + %)u)
DN(U) = - = w = p 9

1—ew e7iT —¢ls sm%

where we have used the identity sinx = em’f_im twice in the last step. This formula

gives us a nice, compact expression for Dy (u). If we substitute it into the formula

above, we get
N +
/ flz —u) sin( )>du

sin 5

If we want to prove that the partial sums sy(x) converge to f(x) (i.e. that the
Fourier series converges pointwise to f), the obvious strategy is to prove that the
integral above converges to f. In 1829, Dirichlet used this approach to prove:

Theorem 10.3.1 (Dirichlet’s Theorem). If f € D has only a finite number of local
minima and maxima, then the Fourier series of [ converges pointwise to f.

Dirichlet’s result must have come as something of a surprise; it probably seemed
unlikely that a theorem should hold for functions with jumps, but not for contin-
uous functions with an infinite number of extreme points. Through the years that
followed, a number of mathematicians tried — and failed — to prove that the Fourier
series of a periodic, continuous function always converges pointwise to the function.
In 1873, the German mathematician Paul Du Bois-Reymond explained why they
failed by constructing a periodic, continuous function whose Fourier series diverges
at a dense set of points.

It turns out that the theory for pointwise convergence of Fourier series is quite
complicated, and we shall not prove Dirichlet’s theorem here. Instead we shall
prove a result known as Dini’s test which allows us to show convergence for many
of the functions that appear in practice. But before we do that, we shall take a
look at a different notion of convergence which is easier to handle, and which will
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also give us some tools that are useful in the proof of Dini’s test. This alternative
notion of convergence is called Cesaro convergence or convergence in Cesaro mean.
However, first of all we shall collect some properties of the Dirichlet kernels that
will be useful later.

Let us first see what they look like. Figure 10.3.2 shows Dirichlet’s kernel D,
for n = 5,10,15,20. Note the changing scale on the y-axis; as we have already
observed, the maximum value of D,, is 2n + 1. As n grows, the graph becomes
more and more dominated by a sharp peak at the origin. The smaller peaks and
valleys shrink in size relative to the big peak, but the problem with the Dirichlet
kernel is that they do not shrink in absolute terms — as n goes to infinity, the area
between the curve and the z-axis (measured in absolute value) goes to infinity. This
makes the Dirichlet kernel quite difficult to work with. When we turn to Cesaro
convergence in the next section, we get another set of kernels — the Fejér kernels —
and they turn out not to have this problem. This is the main reason why Cesaro
convergence works much better than ordinary convergence for Fourier series.

12 25
10 0

8
6 15
4 10
2 5

0
_2 0
4 -5

-4 2 0 2 4 -4 2 0 2 4

40 50
20 40
30

20
20

10
10
0 0
-10 10

-4 2 0 2 4 4 2 0 2 4

Figure 10.3.2. Dirichlet kernels

The following lemma sums up some of the most important properties of the
Dirichlet kernel. Recall that a function g is even if g(t) = g(—t) for all ¢ in the
domain:
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Lemma 10.3.2. The Dirichlet kernel D, (t) is an even, real-valued function such
that | Dy (t)] < D, (0) =2n+1 for allt. For all n,

but

1 ™
= [ Dutydt =1,

2 J_,

T

lim | D, (t)| dt = oo.

n—oo [

Proof. That D, is real-valued and even, follows immediately from the formula
. 1
D,(t) = sin(lnt2)D) prove that |D, ()] < D,,(0) = 2n+ 1, we just observe that

in £
sin 5

n n
Du(t) =] D ™ < D [¢™] =20+ 1= Dy (0).

k=—n k=—n

Similarly for the integral

1 [" "1 [T
— D, (t)dt = — ke =1
2 J_ . ®) k;ﬂ 2m /_ﬂe

as all integrals except the one for k = 0 are zero. To prove the last part of the
lemma, we observe that since |sinu| < |u| for all u, we have

Dty] = L+ )] 2Asin((n+ 3)0)]

| sin %| - [t]

Using the symmetry and the substitution z = (n + %)t7 we see that

/W |Dn(t)|dt:/ow2|Dn(t)|dt2/0W4|Sin((n+%)t)|dt:

—n 2|

(n+3)m 4| sin 2| "M 4sin g 8 = 1
= 7d> dzf - .
[ ey [ a0y

k—1)m k=1

The expression on the right goes to infinity since the series diverges. O

Exercises for Section 10.3.

Let f: [-m,m] — C be the function f(z) = x. Draw the periodic extension of f. Do

the same with the function g(z) = 22

sin((n+1)0)

int
sin 5

Check that D,(0) = 2n + 1 by computing lim; ¢

Work out the details of the substitution © = x — ¢ in the derivation of the formula
b N inu

sn(z) =5 [ fl@—u)X e du

Explain the details in the last part of the proof of Lemma 10.3.2 (the part that

proves that lim, e [7 [ Dy (t)] dt = 00).
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10.4. The Fejér kernel

Before studying the Fejér kernel, we shall take a look at a generalized notion of
convergence for sequences. Certain sequences such as
0,1,0,1,0,1,0,1,...

do not converge in the ordinary sense, but they do converge “in average” in the
sense that the average of the first n elements approaches a limit as n goes to infinity.
In this sense, the sequence above obviously converges to % Let us make this notion
precise:

Definition 10.4.1. Let {a;}72, be a sequence of complex numbers, and let S,, =
%ZZ;& a. We say that the sequence converges to a € C in Cesaro mean if

a= lim S, = lim a0+a1+~~~+an_1.

n— 00 n— 00 n

We shall write a = C-limy,_ o Gy, .

The sequence at the beginning of the section converges to % in Cesaro mean,
but diverges in the ordinary sense. Let us prove that the opposite can not happen:

Lemma 10.4.2. Iflim, .. a, = a, then C-lim,_ . a, = a.

Proof. Given an ¢ > 0, we must find an NV such that
|Sy, —al <e

when n > N. Since {a,} converges to a, there is a K € N such that |a, —a| < §
when n > K. If we let M = max{|ay—a| : k=0,1,2,...}, we have for any n > K:

1S — af = (ap—a)+ (a1 —a)+ -+ (axk-1—a)+ (ax —a) + -+ (an-1 —a) <
n
< (ao—a)+ (a1 —a)+ -+ (axk-1 — a) n (ag —a)+ - (an—1 —a) < MK+E.
n n n 2
Choosing n large enough, we get % < g, and the lemma follows. ([

The idea behind the Fejér kernel is to show that the partial sums s, () converge
to f(x) in Cesaro mean; i.e. that the sums

S () = so(x) +s1(x)+ -+ sp—1(x)

n
converge to f(z). Since

1 ™
sp(z) = o » f(x —u)Dg(u) du,
where Dy, is the Dirichlet kernel, we get

s

Sue) = o [ fa—u) (;im(u)) du=o [ W) du,
- k=0

where F,(u) = L 37070 Dy (u) is the Fejér kernel.
We can find a closed expression for the Fejér kernel as we did for the Dirichlet
kernel, but the arguments are a little longer:
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Lemma 10.4.3. The Fejér kernel is given by
2/ nu
sin” (%)
Fn(u) = ) 2u
nsin®(%)
foru #0, and F,(0) = n.

Proof. Since

n—1 —
1
= — D = ((k
n ’;J k(w) = n sin % Z sin + Jw),

we have to find

Zsm k—|— <Ze (k+3)u Ze‘l(k"' )“>.

The series are geometrlc and can easily be summed:

inu

n—1 n—1 ina
a1 - . o, 1 — et 1—e
ez(k+2)u = 612 elku = 612 - = — T
Z ZO 1 — etu —i% ig

e "2 —e
and
n—1 n—1 .
. 1 u . _ i 1 . efznu 1 _ efznu
E e z(k+2)u:6 iy E e ihu _ i - — = .
— € e’z —e "2
k=0 k=0
Hence
n—1 1 1 1— einu +1— e—inu 1 einu -2+ e—inu
E sin((k+ -)u) = — — = =S5\l ———=— | =
= 2 21 e 2 —e'2 27 e'z —e 2
inu _nu
PN _nu\9 e'’2 —e ) 2(nu
_ 1 (62_62):( 2 ):sm 5)
21 el — e iy e’ —e 7 sin% ’
2
and thus
L 2/nu
sin®( &%)
F,(u) = E sin( k;—i— Ju) = ——=
nsin( nsin® §

To prove that F,,(0) = n, we Just have to sum an arithmetic series

_ %ka(O) - %Z(Qlﬁ—l) =n
k=0

k=0
(]

Figure 10.4.1 shows the Fejér kernels F,, for n = 5,10,15,20. At first glance
they look very much like the Dirichlet kernels in the previous section. The peak in
the middle is growing slower than before in absolute terms (the maximum value is
n compared to 2n+ 1 for the Dirichlet kernel), but relative to the smaller peaks and
valleys, it is much more dominant. The functions are now positive, and the area
between their graphs and the z-axis is always equal to one. As n gets big, almost
all this area belongs to the dominant peak in the middle. The positivity and the
concentration of all the area in the center peak make the Fejér kernels much easier
to handle than their Dirichlet counterparts.
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Figure 10.4.1. Fejér kernels

Let us now prove some basic properties of the Fejér kernels.

Proposition 10.4.4. For all n, the Fejér kernel F, is an even, positive function
such that

) F.(z)de =1
For all nonzero x € [—m, 7]
2
0< Fy(r) < 2

Proof. That F, is even and positive follows directly from the formula in the lemma.
By Proposition 10.3.2, we have

1n71 1n711 T 1n71
— Dy dr = — — Dy dx = — 1=1
LY Dede = [ Dede= S
k=0 k=0 k=0

™

1 [ 1
— F.(z)de = —
2 J_, 27

—T

For the last formula, observe that for u € [~%, Z], we have 2|u| < |sinu| (make a
drawing). Thus
a2 nx 2
sin (%) 1 ™
Fo(z) = ~22w P EIVIE et
nsin®§ T n(z3) nx
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We shall now show that if f € D, then S,(x) converges to f(x), i.e. that the
Fourier series converges to f in Cesaro mean. We have already observed that

Sn(z) = % /_Tr flz —u)F,(u) du.

If we introduce a new variable t = —u and use that F), is even, we get
1 —Tr
Sn(2) = o— [+ ) Fa(=t) (—dt) =
27 ),
1 T

) [z +t)F,(t)dt = 2177/: flx 4+ u)F,(u) du.

If we take the average of the two expressions we now have for S, (z), we get

Su(r) = / (e +w) + fx— u)) Fu(u) du.

= E -
Since 5 ["_F,(u)du = 1, we also have

f(x) 1 7rf(x)Fn(u)du.

2 J_
Hence

Su@) = 1) = 1= [ T (et u) 4 fa— ) — 20 () Fa () du

CArn ),
To prove that S, (x) converges to f(x), we only need to prove that the integral goes
to 0 as n goes to infinity. The intuitive reason for this is that for large n, the kernel
F, (u) is extremely small except when u is close to 0, but when u is close to 0, the
other factor in the integral, f(x+u)+ f(x —u) —2f(x), is very small (see the proof
below for details).

Theorem 10.4.5 (Fejér’s Theorem). If f € D, then S,, converges to f on [—m, 7],
i.e. the Fourier series converges in Cesaro mean. The convergence is uniform on
each subinterval [a,b] C [—m, 7| where f is continuous.

Proof. Given € > 0, we must find an N € N such that |S,(z) — f(z)| < € when
n > N. Since f isin D, there is a § > 0 such that
e+ u)+ flo—u) — 20(@)] < e

when |u| < § (keep in mind that since f € D, f(z) = & limypo[f (z +u) — f(z —u)]).
We have

Su(a) = @) < 3= [ 1@ )+ Flo — ) = 27(0)] Falu) du =
6
=10 [ e+ @ =) = 24(@) Fu(wydut
-
b [ U+ fo = ) — 2| ) duct

+% /; If(z +u) + f(z —u) — 2f(2)]| Fy(u) du.
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For the first integral we have
1 /9

e 76|f(x+u)+f($—u)—Qf(x)an(u)dUS

<1/6F()d <1/WF()d _ <
= dr _56 n\U U_4ﬂ_ _TFE nlU 'U/—Q

For the second integral we get (using the second part of Proposition 10.4.4)

1 _6

o [f (@ +u) + f(o—u) = 2f(2)| Fu(u) du <
< L (71 = T
T drm J_, a2 T g2

Exactly the same estimate holds for the third integral, and by choosing N >

2
%, we get the sum of the last two integrals less than 5. But then |S,(z) —

f(z)| < € and the convergence is proved.

So what about the uniform convergence? We need to check that we can choose
the same N for all « € [a,b]. Note that N only depends on x through the choice of
0, and hence it suffices to show that we can use the same § for all x € [a, b].

Since f € D, it has to be continuous on an interval [a — n,b + 7] slightly
larger than [a,b], and since [a — 1, b + 7] is compact, f is uniformly continuous on
[a —n,b+n]. Hence there is a §, 0 < § <, such that if |u| < 4, then

If(@+u)+ floz—u) = 2f(2)] < [f(z+u) = f@)| +|fz—u) - flz)| <e

for all z € [a,b]. This proves that we can choose the same § for all « € [a,b], and
as already observed the uniform convergence follows. (|

We have now finally proved Theorem 10.2.2 which we restate here:

Corollary 10.4.6. The trigonometric polynomials are dense in Cp in |- |co-norm,
i.e. for any f € Cp there is a sequence of trigonometric polynomials converging
uniformly to f.

Proof. According to the theorem, the sums Sy(z) = & ZnNz_Ol sn(x) converge
uniformly to f. Since each s, is a trigonometric polynomial, so are the Sy’s. O

Exercises to Section 10.4.

1. Let {an} be the sequence 1,0,1,0,1,0,1,0,.... Prove that C-limp— o an = %

2. Assume that {a»} and {b,} converge in Cesaro mean. Show that

C-lim (an + bn) = C-lim an + C-lim b,
n— oo n—oo n—oo

s 2rnu

sin® (75*)

F T
nsin® 5

3. Check that F,,(0) = n by computing lim,—o

4. Show that Sy(z) = Zf:r:il(]\_l) an (1l — %)en(x), where o, = (f, en) is the Fourier
coefficient.

5. Assume that f € Cp. Work through the details of the proof of Theorem 10.4.5 and
check that S, converges uniformly to f.
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6. Assume that for each n € N, K,,: [—m, 7] — R is a continuous function. We say that
{K,} is a sequence of good kernels if the following conditions are satisfied:
(i) Foralln €N, o= [T K, (z)dz = 1.
(ii) There is an M such that ffﬁ |Kn(z)|dx < M for all n € N.
(iii) For every ¢ > 0, we have limy o f:: |Kn(2)| dz = limp, o0 [ |Kn(z)|dz = 0.
)

a) Show that the Fejér kernels {F,} form a sequence of good kernels while the

Dirichlet kernels {D,} do not.
b) Assume that {K,} is a sequence of good kernels. For f € Cp, let
1 ™

sn(z) = o fz —u) K, (u) du.

Show that {s,} converges uniformly to f.

10.5. The Riemann-Lebesgue lemma

The Riemann-Lebesgue lemma is a seemingly simple observation about the size of
the Fourier coefficients, but it turns out to be a very efficient tool in the study of
pointwise convergence.

Theorem 10.5.1 (Riemann-Lebesgue Lemma). If f € D and

1 T .
—/ f@)e ™™ dx, ne€Z,
™ —Tr

are the Fourier coefficients of f, then limy,| oo an — 0.

Proof. According to Bessel’s inequality 5.3.9, Y07 |an|* < [f|3 < oo, and
hence a,, — 0 as |n| — oo. O

Remark: We are cheating a little here as we only prove the Riemann-Lebesgue
lemma for function which are in D and hence square integrable. The lemma holds
for integrable functions in general, but even in that case the proof is quite easy.

The Riemann-Lebesgue lemma is rather deceptive. It seems to be a result about
the coefficients of certain series, and it is proved by very general and abstract
methods, but it is really a theorem about oscillating integrals as the following
corollary makes clear.

Corollary 10.5.2. If f € D and [a,b] C [—7, 7], then

|n]—o0

b
lim / f(z)e ™ dx = 0.
Also

lim /f cos(nz)dr = lim /f sin(nz) dx = 0.
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Proof. Let g be the function (this looks more horrible than it is!)
0 if z ¢ [a,b]

f(z) if x € (a,b)

Llimg, f(z) ifz=a

%limﬂb flz) ifxz=0

Then ¢ is in D, and

b T
/ f(x)e "™ dx = / g(x)e™ "™ dx = 21a,,

where «,, is the Fourier coefficient of g. By the Riemann-Lebesgue lemma, «, —
0. The last two parts follows from what we have just proved and the identities

Sin(nm) _ inT _ ‘—inz |:|

e inx +67'an
21

and cos(nz) = %5

Let us pause for a moment to discuss why these results hold. The reason
is simply that for large values of n, the functions sinnx, cosnx, and e® (if we
consider the real and imaginary parts separately) oscillate between positive and
negative values. If the function f is relatively smooth, the positive and negative
contributions cancel more and more as n increases, and in the limit there is nothing
left. This argument also indicates why rapidly oscillating, continuous functions are
a bigger challenge for Fourier analysis than jump discontinuities — functions with
jumps average out on each side of the jump, while for wildly oscillating functions
“the averaging” procedure may not work.

Since the Dirichlet kernel contains the factor sin((n+ 3)z), the following result
will be useful in the next section:

Corollary 10.5.3. If f € D and [a,b] C [—7, 7|, then

b
lim / f(z)sin ((n + 1)x) dx = 0.

Proof. Follows from the corollary above and the identity

1
sin ((n + i)x) = sin(nz) cos g + cos(nz) sin g

Exercises to Section 10.5.

1. Work out the details of the sin(nz)- and cos(nz)-part of Corollary 10.5.2.

2. Work out the details of the proof of Corollary 10.5.3.

3. a) Show that if p is a trigonometric polynomial, then the Fourier coefficients 8, =
(p, en) are zero when |n| is sufficiently large.

b) Let f be an integrable function, and assume that for each e > 0 there is
a trigonometric polynomial such that 5= [™_|f(t) — p(t)|dt < e. Show that if

O = i f:r f(t)e™™* dt are the Fourier coefficients of f, then lim| |00 an = 0.
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4. If f,g: R — R are two continuous, 2m-periodic functions (i.e. f(z + 27) = f(z) and
g(z + 2m) = g(x) for all x € R), we define the convolution f * g to be the function

™

(Fro)w) =5 [ flu-ag)ds

a) Show that fxg=gx f.
b) Show that if
_ 1 i —inx _ 1 T —iny
an = 5 f(x)e dr and b, = Y g(y)e dy

- -

are the Fourier coefficients of f and g, and

1 T —inu
=5 | (Frowe

is the Fourier coefficient of f * g, then ¢, = anby,.
¢) Show that there is no continuous, 27w-periodic function k: R — R such that
kx f = f for all continuous f.

Cn

5. We shall prove the following statement:

Assume that f € D has Fourier coefficients o, = % ffﬁ f(x)e™ ™ dzx. If there are
positive constants ¢,y € Ry such that

|f(2) = fy)l < clz —y|”
for all z,y € [—m, 7], then
c [T\
< — (=
la"' -2 (n)

for alln € Z.

Explain the following calculations and show that they prove the statement:

1 [ i 1 [
"= — —'L’)’de —_
a 5 /_7r f(x)e v=o-

n

Ft+ Dyem ) gt
n

= —% » ft+ %)eﬂ"t dt = —% » flz+ %)67”11 dz.
Hence
1 (7 ina 1 (" T, —ina
ol =I5 | f@eda - [ @+ e da

<i . |f($)*f(m+%)|dl'<i . c(%)v dx:g(z)w.

—Ar J_ . — A J_ n
Remark: This result connects the “smoothness” of f (the larger « is, the smoother
f is) to the decay of the Fourier coefficients: Roughly speaking, the smoother the
function is, the faster the Fourier coefficients decay (recall that by the Riemann-
Lebesgue Lemma, || — 0). This is an important theme in Fourier analysis.

10.6. Dini’s Test

We shall finally take a serious look at pointwise convergence of Fourier series. As
already indicated, this is a rather tricky business, and there is no ultimate theorem,
just a collection of scattered results useful in different settings. We shall concentrate
on a criterion called Dini’s test which is relatively easy to prove and sufficiently
general to cover a lot of different situations.
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Recall from Section 10.3 that if

N
sn(z) = Z (fren)en()
n=—N
is the partial sum of a Fourier series, then
1 s
sy(x) = Py f(z —u)Dy(u) du.

If we change variable in the integral and use the symmetry of Dy, we see that we
also have
1 s
sy(x) = Py f(z+ u)Dy(u) du.

Taking the average of these two expressions, we get

sn(z) ! /Tf (f(z+u) + f(z —u)) Dy (u) du.

:E -

—T

Since 5= [7 Dy(u)du = 1, we also have

f@) = 5= [ @Dx ) dn
and hence

sw(@)— @) = 1= | (et u) + fla— ) — 2/()) Dy (u) du

:E .

(note that the we are now doing exactly the same to the Dirichlet kernel as we
did to the Fejér kernel in Section 10.4). To prove that the Fourier series converges
pointwise to f, we just have to prove that the integral converges to 0.

The next lemma simplifies the problem by telling us that we can concentrate
on what happens close to the origin:

Lemma 10.6.1. Assume that f € D. Let x € [—m,«|, and assume that there is a
n > 0 such that

lim —/n (f(+u) + f(z —u) —2f(z)) Dy (u) du = 0.

Then the Fourier series converges to the function f at the point z, i.e. sy(x) —

f(z)

Proof. Note that since sm% is a bounded function on [n, 7], Corollary 10.5.3 tells
2
us that

Jm o= [ " (e 4w + flo — ) — 2f(2)) Doy () du =
:JVILIHOOL;T/W" [(f(x+u)+f(x—u) —2f(ar)) Slig]sin((N—&—;)u) du = 0.

The same obviously holds for the integral from —7 to —7, and hence

(@)~ @) = o= | " (e u) + fla—u) — 2/(2)) D) du =

:E -
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L/ )+ £z — u) — 2f(2)) Doy (u) dut

47
i/n (Fl@ +u) + f(z - u) — 2/(2)) Dy (u) dut

n
—i—%/ (x4+u)+ flz—u)—2f(x )) N(u)du
—-0+04+0=0.
O

Theorem 10.6.2 (Dini’s Test). Assume that f € D. Let x € [—m, 7|, and assume
that there is a 6 > 0 such that

/5 fl@+u)+ flx—u) —2f(z)
-

u
Then the Fourier series converges to the function f at the point x, i.e. sy(x) —
f(x).
Proof. According to the lemma, it suffices to prove that
1 /9
lim / (F(z+u) + (@ — u) — 2£(2)) D (u) du = 0.
N—oo 471 -5
Given an € > 0, we have to show that if V € N is large enough, then
1 6
), (f(x+uw) + flz —u) —2f(z)) Dy (u) du < e

Since the integral in the theorem converges, there is an 7 > 0 such that

du < oo.

JLEETCET RGP
“n u
Since | sinv| > y forv € [-7, 5] (make a drawing), we have | Dy (u)| = |m((:\:17tM| <

ray for w € [—m, 7]. Hence

|£/j’ (f(z+u)+ flz —u) — 2f(z)) Dy (u) du| <

1 7 T €
< — | e+u)+fl@—u)—2f(x)]—~du<
dr J_, |yl
Using Corollary 10.5.3 the same way as in the previous proof, we see that we can
get
1

)
= / (f(z +u) + f(z —u) — 2f(2)) Dy (u) du

as small as we want by choosing N large enough, and similarly for the integral from
—6 to —n. In particular, we can get
1 6
), (f(z+u)+ flz —u) —2f(2)) Dy (u) du =
1 -n

=0 (f(z+u)+ flz —u) = 2f(z)) Dy (u) du+
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+% /j] (f(z+u) + f(z —u) = 2f (x)) Dy (u) dut
1

4
less than ¢, and hence the theorem is proved. O

0
+—/ (f(z +u) + f(z —u) — 2f(2x)) Dy (u) du

Dini’s test has some immediate consequences that we leave to the reader to
prove.

Corollary 10.6.3. If f € D is differentiable at a point x, then the Fourier series
converges to f(x) at this point.

We may even extend this result to one-sided derivatives:
Corollary 10.6.4. Assume f € D and that the limits

St w - f)
ul.0 u

and
) - £
uT0 u
exist at a point x. Then the Fourier series sy(x) converges to f(x) at this point.

Exercises to Section 10.6.
1. Show that the Fourier series >~ | w sin(nz) in Example 10.1.1 converges to
f(z) =z for x € (—m,m). What happens at the endpoints?
2. In Example 2 in Section 10.1 we showed that the real Fourier series of the function
-1 ifz<0

f(x) =
1 ifz>0

is Y, ﬁ sin ((2k — 1)z). Describe the limit of the series for all z € R.
3. Prove Corollary 10.6.3
4. Prove Corollary 10.6.4
5. Show that if a € R, a # 0, then
- edT™ _ gmam 1 el (_1)n .
e = <2a +;n2 (acosnw—nsmn@)

2
a
=1

for all x € (—m, 7).
6. Show that for = € (0, 27),

. sin2x  sin3z
r=m—2|sinz+ + +..).
2 3
(Warning: Note that the interval is not the usual [—7, 7]. This has to be taken into
account. )

7. Let the function f be defined on [—m, 7] by
SInE - for @ # 0

f(z) =
1 forz =0

and extend f periodically to all of R.
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a) Show that
f(ZE) — Z Cneinz

where

1 (D7 gin g

oo (n-1)x T

(Hint: Write sinx = % and use the changes of variable z = (n+ 1)z and
z=(n—-1)z.)
b) Use this to compute the integral

o .
sinx
/ dx.
e T

8. Let 0 < r < 1 and consider the series
o0
In| inz
E rtet™,
—oo

a) Show that the series converges uniformly on R, and that the sum equals

1—7?
Pla)=—
() 1—2rcosx + 12

This expression is known as the Poisson kernel.

b) Show that P.(z) > 0 for all z € R.

¢) Show that for every § € (0,7), P-(z) converges uniformly to 0 on the intervals
[-7,—d] and [, 7] as r T 1.

d) Show that [* P.(x)dz = 2.

e) Let f be a continuous function with period 2w. Show that

™

f) Assume that f has Fourier series Y. cne"™*. Show that
1 [" — ;
o | Se= 0P @y =3 e
- —~

and that the series converges absolutely and uniformly. (Hint: Show that the
function on the left is differentiable at x.)

g) Show that

lim Z enr!™e™® = f(x).

rT1

n=-—oo

10.7. Pointwise divergence of Fourier series

In this section, we shall explain why it is so hard to prove pointwise convergence
of Fourier series by showing that in one sense the “normal behavior” of a Fourier
series (even for a periodic, continuous function) is to diverge! The main tool will
be Theorem 5.6.7 from the section on Baire’s Category Theory. If you haven’t read
that section, you should skip this one (unless, of course, you want to go back and
read it now).
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As our normed space, we shall be using Cp with the supremum norm | - |oo. If

n

Sn(f)(x) = Z <f7 6k>6k(l')

k=—n

denotes the partial sums of the Fourier series of f, we know from Section 10.3 that

D)) = o / f(& — w)Dy (u) du.

If we fix an « € [—7, 7], we can think of f — s,(f)(z) as a linear functional from
Cp to C. Let us denote this functional by A,,; hence

Alf) = 55 [ Ha = wDaw) dw).

Note that A,, is bounded since

4,01 = 571 [ £ = wDau)dul < o [ 15 = wl|Da(u)] du < Kol
where
1
K, = %/|Dn(u)\du.

We need to know that the operator norms | A, | increase to infinity, and an easy
way to show this, is to prove that |A,| = K, (we know from Lemma 10.3.2 that
K, — ).

Lemma 10.7.1. |A,| = K, = 3= [ |Dy(u)| du.

Proof. From the calculations above, we know that |A,| < K,. To prove the
opposite inequality, define a 2m-periodic function g by
1 if Dy(u) >0
g(x —u) =
—1 if Dy(u) <0
and note that
1 1
- [ ote = wDatwdu= - [IDu(w]du =K,

Obviously, g is not in Cp, but since D,, has only finitely many zeroes, it is clearly
possible to find a sequence {g;} of functions in Cp with norm 1 that converges
pointwise to g in such a way that

|An(gr)| = % /gk(x —u)D,, (u) du

1
— by /g(x —u)Dyp(u) du = K, = Ky |9k | 0o -

This implies that |A4,| > K, and combining our observations, we get |A4,| =
K,. 0

We are now ready to prove the main result.
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Theorem 10.7.2. Assume that © € [—m,w]. The set
{f € Cp : the Fourier series of [ diverges at x}

is comeager in Cp.

Proof. According to the lemma, the sequence {A,} is not uniformly bounded
(since |An| — 00), and by Theorem 5.6.7 the set of f’s for which A, (f) diverges, is
comeager in Cp. As A, (f) = S,(f)(x) is the n-th partial sum of the Fourier-series
at x, the theorem follows. O

As we usually think of comeager sets as “big sets”, the theorem can be inter-
preted as saying that the normal behavior of a Fourier series is to diverge! I should
add, however, that there are other results pointing in the opposite direction, e.g.,
a famous theorem by the Swedish mathematician Lennart Carleson (1928-) saying
that the Fourier series of a square integrable function converges to the function
“almost everywhere” (in a technical sense), hence indicating that the normal be-
havior of a Fourier series is to converge! There is no contradiction between these
two statements as we are using two quite different measures of what is “normal”,
but they definitely show what a tricky question pointwise convergence of Fourier
series is.

Exercises for Section 10.7
1. Show that the sequence {g,} in the proof of Lemma 10.7.1 really exists.
2. Let F, be the Fejér kernel. Show that for each = € [—7, 7],

1
Ba((a) = 5 [ fle = w)Fu(w) du
defines a bounded, linear operator B, : Cp — C. Show that the sequence of norms
{| Bx|} is bounded.
3. a) Show that the intersection of a countable family of comeager sets is comeager.
b) Let T be a countable subset of [—m,7]. Show that the set
{f € Cp : the Fourier series of f diverges at all z € T'}

is comeager.

10.8. Termwise operations

In Section 4.3 we saw that power series can be integrated and differentiated term
by term, and we now want to take a quick look at the corresponding questions for
Fourier series. Let us begin by integration which is by far the easiest operation to
deal with.

The first thing we should observe, is that when we integrate a Fourier series
> ape™ term by term, we do not get a new Fourier series since the constant
term «q integrates to agx, which is not a term in a Fourier series when aqg # 0.
However, we may, of course, still integrate term by term to get the series

The question is if this series converges to the integral of f.
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Proposition 10.8.1. Let f € D, and define g(x fo t)dt. If sn is the partial
sums of the Fourier series of f, then the functzons tn fo sn(t) dt converge
uniformly to g on [—m,w|. Hence

/f )dt = apx + Z zan ”””71)

neZ,n#0

where the convergence of the series is uniform.

Proof. By Cauchy-Schwarz’s inequality we have

90) ~ )l = | [ (70 = su)a < [ 170 = sult)lar <

1
<on (5 [ 1760 sl 1ds) =20l 1~ sl 1) <
77
< 27| f = sal2lll2 = 27]f = snl-
By Theorem 10.2.6, we see that |f — s,[2 — 0, and hence ¢, converges uniformly
to g(x). O

If we move the term apx to the other side in the formula above, we get

o WOy
g(x) — apx = E - _ E —Reint,
n n
n€Z,n#0 n€Z,n#0

where the series on the right is the Fourier series of g(x) — gz (the first sum is just
the constant term of the series).

As always, termwise differentiation is a much trickier subject. In Example 1 of
Section 10.1, we showed that the Fourier series of x is

o0
2(—1)"+!
Z 2A=Dm sin(nx),
n

n=1
and by what we now know, it is clear that the series converges pointwise to x on
(—m, 7). However, if we differentiate term by term, we get the hopelessly divergent
series

Z 2(—1)""* cos(nz).

Fortunately, there is more hope when f € Cp, i.e. when f is continuous and
f(=m) = f(m):
Proposition 10.8.2. Assume that f € Cp and that the derivative [’ is continuous
on [—m,w]. If Y07 «ne™® is the Fourier series of f, then the differentiated
series ZZO:_OO ina,e™® is the Fourier series of f', and it converges pointwise to
' at any point x where f"(x) exists.

Proof. Let 3, be the Fourier coefficient of f’. By integration by parts

b= | FO b= oo (10 ™)~ o [ o -ine ) dr =

1 T .
=0+ in— He " dt = inay,
+m27r f(t)e ina

—T
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which shows that > 2 ina,e™® is the Fourier series of f’. The convergence
follows from Corollary 10.6.3. O

Final remark: In this chapter we have developed Fourier analysis over the interval
[—7,7]. If we want to study Fourier series over another interval [a — r,a + 7], all
we have to do is to move and rescale the functions: The basis now consists of the
functions

inm

en(x)=¢€r

(z—a)

the inner product is defined by

a+r
(f.9) 1/ f(2)g(x) da,

2r Jo_r

and the Fourier series becomes

o0
inT _
E e (@),

n=—oo
Note that when the length r of the interval increases, the frequencies ”LT” of the
basis functions e+~ (*~%) get closer and closer. In the limit, one might imagine that

in

the sum 37 aye”™ ®=% turns into an integral (think of the case a = 0):

/ a(t)e dt.

—0o0

This leads to the theory of Fourier integrals and Fourier transforms, but we shall
not look into these topics here.

Exercises for Section 10.8.

1. Use integration by parts to check that > ., nat0 “"T" — Y nez a0 i‘f}" e'"® is the

Fourier series of g(x) — aox (see the passage after the proof of Proposition 10.8.1).
2. Show that > _, cos((2k — 1)z) = Sn2ne,

2sinax

3. In this problem we shall study a feature of Fourier series known as Gibbs’s phenom-
enon. Let f: [—m, 7] = R be given by

-1 forz <O
flx)y=< 0 forxz=0
1 forz > 1

Figure 10.8.1 shows the partial sums s,(z) of order n = 5,11,17,23. We see that
although the approximation in general seems to get better and better, the maximal
distance between f and s, remains more or less constant — it seems that the partial
sums have “bumps” of more or less constant height near the jump in function values.
We shall take a closer look at this phenomenon. Along the way you will need the
solution of problem 2.

a) Show that the partial sums can be expressed as

4 I~ sin((2k — Dz
swnoalo) = 2 32 S

(we did this calculation in Example 2 of section 10.1).
b) Use problem 2 to find a short expression for sb,_;(z).



Notes and references to Chapter 10 33

15 1.5
1 1
05 05
0 0
0.5 -05
1 1
5 4 2 0 2 4 1'5—4 2 0 2 4
15 1.5
1 1
05 05
0 0
05 -05
1 1
oy 2 0 2 4 5y 2 0 2 4

Figure 10.8.1. The Gibbs phenomenon

¢) Show that the local minimum and maxima of s2,—1 closest to 0 are x_ = — 5
and T4 = 5.
d) Show that
n (2k—1)m
2n

T 4 sin
smoChg ) =200 T

e) Show that san—1(+7-) — :I:% foﬁ % dz by recognizing the sum above as a
Riemann sum.
f) Use a calculator or a computer or whatever you want to show that % foﬂ Si;“: dx =~
1.18.
These calculations show that the size of the “bumps” is 9% of the size of the jump
in the function value. Gibbs showed that this number holds in general for functions
in D.

Notes and references to Chapter 10

There is an excellent account of the discussion of the vibrating string in Katz’
book . It influenced not only the development of Fourier analysis, but also the
understanding of the function concept.

Jean Baptiste Joseph Fourier (1768-1830) published his first treatise on heat
propagation in 1807 and a second one in 1822. Although Fourier himself was mainly
interested in applications in physics, his theory was soon brought to bear on prob-
lems in pure mathematics, and in 1837 Johann Peter Gustav Lejeune Dirichlet
(1805-1859) used it to prove that any sequence {an + b},cn where a,b € N are
relatively prime, contains infinitely many primes. The Fejér kernel is named after
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the Hungarian mathematician Lipét Fejér (1880-1959) who proved the Cesaro con-
vergence of Fourier series at the age of 20. Dini’s Test was proved by Ulisse Dini
(1845-1918) in 1880.

Kérner’s book [22] contains a wealth of material on Fourier analysis and appli-
cations. The text by Stein and Shakarchi [37] is more geared toward applications in
other parts of mathematics — it it’s the first part of a four volume series (Princeton
Lectures in Analysis) that is highly recommended. Montgomery’s book [28] is a
little slower and more elementary, but contains lots of interesting examples and
applications, and the old book by Tolstov [41] is still eminently readable.
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