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Chapter 1

Periodic Functions, Series and Fourier
Series

“It’s Showtime!”
—DBen Richards

1.1 Preliminaries

The prerequisites for this course is basically single variable analysis, multivariate analysis and
linear algebra. Some complex analysis is helpful but I'll make the course self-contained with
respect to that.

1.1.1 Complex-valued Functions

We will immediately start working with complex valued functions of a real variable (at this
point, we’ll consider complex valued functions of a complex variable later on). If you've taken
a course in complex analysis, everything will be familiar. If not, we do not need too much
complex analysis (although complex numbers will be everywhere). Let’s make a couple of
general definitions for the things that we will need.

Definition. We write that lim f(z) = A for some A € C if for every ¢ > 0 there exists

Z—20
a 0 > 0 such that

|z =2 <d = [f(2) = f(20)] <e

We call f continuous at zp if lim f(z) = f(20).
Z—r20

So the definition is almost identical with the real case, it’s just that | - | is now the complex
absolute value (meaning that |z| = \/(Re 2)2 + (Im 2)2). Similarly to the real case, continuity
can equivalently be phrased in terms of sequences (Heine’s definition): for any sequence z, — 2o
we have f(z,) = f(20). This description is sometimes easier to deal with than Cauchy’s d-¢-
definition.

At this point, we will mainly consider functions u: R — C. For functions of this type, we can
always write u(x) = a(x) + i8(z), where a, f: R — R are real-valued functions (the real and
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1.2. Periodic Functions Chapter 1. Periodic Functions, Series and Fourier Series

imaginary part of u(z)). Operations like differentiation and integration works like expected.
We treat the real and imaginary part separately and then sum the results, i.e.,

u'(z) = o (z) +if'(z) and /abu(x) dr = /aba(x) dr +1i /abﬁ(m) de.

This simplifies matters. In the case when we need to consider functions of a complex variable,
things get a bit trickier, but that can wait until the second half of the course. This decomposition
into real- and imaginary parts of the function wu(z) is sufficient for what we need right now.

1.2 Periodic Functions

A function u: R — C is called periodic if there is some constant T" > 0 such that
u(z +T) = u(x) for every z € R.
Note that if uw is T-periodic, then w is also 27-periodic since
wrz+2T)=ulz+T+T)=ulx+T) =u(zx) for every = € R.

And similarly, u is nT periodic for n = 1,2,3,.... We usually refer to the smallest possible
period T" when referring to a function’s period. A constant function does not have a smallest
period (but is obviously periodic).

L

Example
(i) The functions sint and cost are 2m-periodic functions.

: 2
(ii) The functions ™ are —W—periodic functions.

These functions are usually known as harmonic oscillations.

In this course, we will mainly be considering 27-periodic functions. How would we handle a
function that is not periodic? Consider a function u: [—m, 7] — C. This means that u is
undefined outside the interval [—m, 7]. For example, the graph (for a real example) could look
something like below.

(Y
u undefined; u undefined;
here be dragons! here be dragons!
_ x
—6mr —b5m —4m —37 27 -7 ™ 2 3m 4w  bdwm 6w

From a function u: [a,b] — C defined on an interval [a,b] (say [—m,7]), we can consider the
periodic extension of u that is defined for all z € R such that u(x + T) = u(z) for every z,
where T" = b — a. For the function above, the periodic extension would look like the graph
below.



Chapter 1. Periodic Functions, Series and Fourier Series 1.3. Function Spaces

Y
4
. A‘é X
—om —4m =37 =27 —7 ™ 2 3w 4w Om
Vo Integrating periodic functions
T a+T
If u is an integrable periodic function with period T, note that u(z)dx = u(z) dx

0
for any a € R. Therefore we can choose any integration domain of length T and to make

the notation more compact, we often write / u(z) dx to indicate that we integrate over one
T

period of the function.

1.3 Function Spaces

Let’s start with defining two rather general spaces.

v L'(a,b)

Definition. We define the space L'(a,b) to consist of those functions u: ]a, b[— C for which

/ab lu(z)| dr < co.

In other words, we collect those functions that are absolutely integrable on [a, b].

v L?(a,b)

Definition. We define the space L?(a,b) to consist of those functions u: ]a, b[— C for which

b
/ lu(z)|? dz < oo.

These definitions might look fairly innocuous, but there’s some stuff buried here. First and
foremost, we really should be using a different type of integral than the Riemann integral we’re
used to (the Lebesgue counterpart). But in the case where the function is Riemann integrable,
these two integrals coincide so we can live with this problem in this course. There’s more issues
hiding around the corner, and we’ll get to some of these next lecture. The way we will handle
this in this course is to restrict our attention to a subset of L?*(a,b) where these problems are
nonexistent.




1.3. Function Spaces Chapter 1. Periodic Functions, Series and Fourier Series

W Piecewise continuous function

Definition.  We call a function u on an interval [a,b] piecewise continuous if there are
a finite number of points such that u is continuous everywhere on [a, b] except for at these
points. Moreover, if ¢ €]a, b] is one of these points, the limits

lim u(x) and lim u(x)
T—c™ z—ct

exist. We denote the space of all piecewise continuous functions on an interval [a, b] by Fla, b],
or just E if the interval is clear from the context.

We will denote the left- and righthand limits at a point ¢ by

u(c™) = xlir?_ u(r) and wu(ct) = lim u(x),

x—ct
respectively.
As an example, we could consider the function
Y
T, —2<x <1,
flz) =
44—z, 1<2<3
x
-2 -1 1 2 3

We might consider something more dramatic as well. The function below is in E[—2,4] (it is
in fact even piecewise constant).

L) | ad =0 =0 =0
=0 - . o ®° 0
L)
=0 =0
-0 oo
) o0
P =0
=0 =0
=0 =0
=0 L)
=0 =0 T
-0
)
—2 —1 P P 1 2 3 4
=0 =0
=0 =0
=0 =0
=0 =0
) o0
0
=0 oo -
= =0 oo P
) ) o o -0 -0 -e

So you probably get the point. We can cover quite a large amount of function types by only
considering piecewise continuous functions. However, this thinking might be a bit disingenuous.
It should be noted that this class of functions is still extremely small compared to, say, L*(2,4).

10



Chapter 1. Periodic Functions, Series and Fourier Series 1.4. Series

1.3.1 Left- and Righthand Derivatives

For u € E, we define the left- and righthand derivatives at a point = €|a, b[ by

— ol — ulrt
D™ u(z) = lim u(z +h) = u(z”) and Dtu(x) = lim uz+h) — (@)
h—0 h h—0+ h

if the limit exist. For the endpoints, we only define DT u(a) and D~ u(b).

,ﬁf The space E’[a, b]
Definition. The linear space E'[a, b] consists of those u € E|a, b] such that D~ u(x) exists
for a < 2 < b and that DT u(z) exists for a < z < b.

Note the following.

Properties
(i) If w is continuous, then u € E.

(i) If u is differentiable, then u € E'.

(iii) On a compact interval, ' C E C L? C L' (that L? C L' follows from Cauchy-Schwarz).

1.4 Series

As we remember from TATA42, we define a numerical series S of a sequence ag, ay,as, ... by
oo n
S = g ap = lim 5 a
n—oo
k=0 k=0

whenever this limit exists (this is the definition of a convergent series). We have also studied
certain types of functional series:

for those o where the limit exists. In particular, we've seen power series where uy(z) = cpa®

and ¢y, are real (or complex) constants. The sums
Sule) =Y un(e), neN,
k=0

are called the partial sums of the series S. Whenever S, (z) has a limit as n — oo, this is the
value of S(x). We call the limit S(z) the pointwise limit of S,,(z) as n — co. In other words,
the partial sums S, (z) converges pointwise to S(z). There are other types of convergence as
we shall see later on.

11



1.5. Fourier Series Chapter 1. Periodic Functions, Series and Fourier Series

1.5 Fourier Series

Let uw € L'(—n,m) and define

1 [ 1 [
ap = —/ u(z)coskrdr and by = —/ u(z) sin kz dz.

™J)_x -

The series .
a :
S(z) = 50 + ,;_1 ay, cos kx + by, sin kx

is called the real Fourier series of the function u. The real constants a; and by (if u is real)
are called the Fourier coefficients of u.
We will write that

u(z) ~ % + Z (ag cos kx + by sinkx) .
k=1

Why not equality? Well, there’s a couple of problems here.

7

(i) For a given = € [—m, 7], does S(x) exists? That is, does the series converge?

)
(i) If S(z) does exists, is it true that S(z) = u(z)?
(iii) If we consider u € L'(—m, ), what does even u(r) mean?
)

(iv) Suppose that S(z) does exist and that S(z) = u(x), in what way do we expect the
partial sums to converge?

So when we write that u(z) ~ S(z) we mean that S(z) is the expression that we obtain from u
when calculating the Fourier series. We will show that most of the questions above will have
an answer with this meaning.

L

Q Example
Suppose that u(x) = sgn(z) for x € [—m, 7], where sgn(z) = —1 when = < 0, sgn(0) = 0
and sgn(z) = 1 when z > 0. Find the Fourier series of w.

Solution. We consider the periodic extension of u. The Fourier coefficients can be calculated
as follows:

aozl/Wu(x)cos(o-x)da::l(—l—kl):O,

™ ™

—T

and for k > 1,

S
B
|

1 0 ™
u(z) coskx dx = — (/ —coskxdr + / cos kx dx)
- 0

m T

_sink:x 0 N sinkx]”
k -7 k 0

— sin(—km) N sinkm\  2sinkw
k k -k

:O’

Nl 3= 3=

N TN

12



Chapter 1. Periodic Functions, Series and Fourier Series 1.5. Fourier Series

and finally for £ > 1

s 1 0 s
by = / u(z)sinke dr = — (/ —sin kz dx + / sin kz d:v)
™ ™ -7 0

N |~

cos k:x —coskx]”
s k 0
1 (1 coskm N —coskm N 1\  2—2coskmr 2(1—(-1)F)
o \k k k k) km B ke ‘
Hence .
21— (=1F |
~ — ———— -sinkx.
u(z) - ; ’ sin kx
Now, a reasonable question is: “does this series converge?” Since, if k is odd,
1—(=1)k 2
‘% sin kx| = E| sin kx|,

it is not absolutely convergent. The series passes the divergence test, but that only means we
cannot conclude that it is divergent. It might be tempting to think of Leibniz, but this series
is not alternating (we might find some values for z but not in general). So we don’t know if
the series converges or diverges for just about any value of x. Don’t worry, we’ll get to this.
In fact, this series is actually convergent to u(x) for every x, but we have no idea why at this
point. Summing the first n terms, we find the graphs below. This indicates that the sum indeed
converges to the desired function, but there’s some “squiggly” stuff going on around the jump
points. We'll get back to that as well.

)
n =
— 1 o
n =
x — n =10
1 2 3
— n =100
1 — n =200

1.5.1 Complex Fourier series

So when examining the example in the previous section, we see that the same type of calculations
are repeated for cos and sin. Considering that we’ve seen this phenomenon previously in analysis
courses, might we consider a complex form instead and obtain both results at once? The answer

is yes.
Similarly to above, let u € L'(—n, 7) and define
1 " ( ) ikx d
Cp = — u(z T
T or o

The series -

u(z) ~ S(x) = Z cpet”

k=—o00
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is called the complex Fourier series of u and ¢, are the complex Fourier coefficients
n

of u. In this case, we define the partial sums S, (z) = Z ug(x) so that we sum symmetrically

k=—n
around n = 0. Note that this gives a different type of convergence than if we were to have two

different limits.
So how does this connect to the real Fourier series? Well, if we recall Euler’s formulas, we have

e™*® = cos kx + isin kz.

Thus we see that

1 .
— (ak + Zbk) ,

Cip = —/ u(z)(cos(tkz) — isin(tkz)) dv = 5

and therefore, for & > 0,
. . 1 1
cre® 4 c_pem T = 5 (ay, — ibg) (cos kx + isinkx) + 3 (ay, + ibg) (cos kx — isin kx)
1
=3 (2ay, cos kx + 2by sin kx) = ay, cos kx + by sin kz.

Hence the two types of partial sums (the real and the complex) are equal, so converges to the
same thing if convergent (which they are at the same time). The condition that v € L*(—m, )
is natural in the sense that this will ensure that the Fourier coefficients exist as absolutely
convergent integrals:

1 ™
lex| = %‘/ u(z)e” " dx ‘ / )| [e”™**| do = —/ z)| d.

When dealing with the complex Fourier coefficients, there are several different notations that
are quite common. We might use these at certain points:

ck:ﬁk:ﬂ[k}, keZ.

So which representation is the best? That depends on the situation. The real series is clearly
real valued (if u is real valued), which might be nice to see when working with real functions.
However, the complex series is more compact and you can do more calculations at the same
time. So the choice is basically yours, but be aware that you need to be able to handle both
variants to pass the course. There’s also some slight differences in function spaces used, so be
careful which series you work with. In these notes, most things will be carried out using the
complex form, whereas the book does most things with the real form. So there. You can choose
yourself.

1.6 Frequency Domain?

Another thing that’s straightforward with the complex notation is that we can plot some graphs
that describe the “frequency content” of a periodic function. Consider the function

u(z) =14 3cosx — 2cos 2z + 6 cosdx + 4 cos T.

Using Euler’s formulas, we can rewrite this as

3. 3 . . . . , . .
u(l’) — 1—|—56”4—ée_w—612&7—6_121+3€Z4$+36_Z4x+2617$—|—26_17$.

14



Chapter 1. Periodic Functions, Series and Fourier Series 1.6. Frequency Domain?

This is the Fourier series for u(x), although this is not exactly clear at the moment since we
haven’t shown any results regarding the uniqueness. As an exercise, try to use this representa-
tion to calculate the Fourier coefficients. You'll find that

3
Co = 1, Cy1 = 5, Cyo = —1, Cyy = 3, and Cy7 = 2.
All other ¢, = 0. What we usually do is draw the magnitude |cx| of the coefficients ¢ (remember
that they might be complex as well as negative). For this example, this would look like the

graph below.

Abs

-12-11-10-9 -8 -7 -6 -5-4-3-2-10 1 2 3 4 5 6 7 8 9 10 11 12

From this graph we see what frequencies are needed to represent a periodic function. This
type of plot will become more interesting when we consider the Fourier transform instead. If
we have used a real Fourier series, the magnitude is given by v/a? 4+ b? and we only plot for
nonnegative k (why?).

For something a little messier, let’s consider the following.

@ Example

z
Let u(z) = cos (5), —7m < x <, and find the Fourier series of u. Draw a magnitude plot.

Solution. We need the Fourier coefficients, so

1 [" x 2
o= — COS(—) dr = —
2 J_. 2 m

and for k # 0,

1 " ke T 1 " —ikzdiz/2 —ikz—iz/2
Ck:%/e cos<§)dx:E _ﬂ(e 24e /) dx

—T

1 e~ tkz+iz/2 e~ tkz—iz/2 T (_1)k 1 1
T 4w L’(—k +1/2) * i(—k — 1/2)]_7r - 2r (—k +1/2 —k-— 1/2)
_ (= 1 _ A=)
27 (=k+1/2)(—=k—1/2))  2m(4k2 —1)
4(—1)k+ — AEDM
We note that ¢, = m for all k € Z, so u(zx) ~ kz_oo m e

15



1.7. Even/Odd Functions Chapter 1. Periodic Functions, Series and Fourier Series

Abs

-12-1+10-9-8-7-6-5-4-3-2-10 1 2 3 4 5 6 7 8 9 1011 12

We note that ¢ # 0 for every k € Z (they do tend to zero quite fast however), unlike the
previous example where only certain values of k£ where nonzero. If only a finite number of ¢
are nonzero, this means that the function is a trigonometric polynomial that is periodic with
period 27. While cos(x/2) is periodic, it is not periodic with period 27. This is an important
distinction.

1.7 Even/Odd Functions

Recall that a function u is even if u(—z) = u(z) and odd if u(—xz) = —u(z). The most common
examples being that u(z) = cosx is even and u(z) = sinx is odd. For functions that espouse
these additional symmetries, we can make some simplifications to the Fourier calculations.

B

Theorem.

(i) If w is even, then by =0 for k =1,2,3,....

(i) If u is odd, then a =0 for k =1,2,3, .. ..

Proof. If u is even, then the product u(x)sinkx is odd for k = 1,2,3,.... Hence
/ u(z)sinkz dx = 0,

so by = 0. Similarly, if u is odd, then u(x)coskz is odd for & = 1,2,3,... which implies
that a; = 0.

L

@ Example

Find the Fourier series for u(z) = 22, x € [—7, 7].

Solution. First alternative: the real form. Since u is even, we know that b, = 0. This means
that we’ll obtain a pure cosine-series. With this in mind, we calculate
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and L g o rm
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Alternative two: the complex form. Ignoring for a moment that we know that u is even, we

could just do the calculation for the complex Fourier coefficients without using any additional
information. Indeed,
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and for k # 0:
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Due to the symmetry c_; = ¢, we obtain the same pure cosine series as before.
So we have shown that

—Tr

2 o 4(—1)*
u(:v)w%—i-z (kQ) cos k.
k=1

We note that the series is actually absolutely convergent, so we do know that it converges. Is it
equal to 22 for x € [—m, 7]? At this point, we do not know. Obviously there’s still some theory
that we're missing. Drawing the graphs for the partial sums, we find that the Fourier series
seems to converge to x? (periodically extended). Note that there seems to be nothing of that
squiggly behavior we saw when drawing the partial sums for sgn(z). Why not?

Y
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n=3
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1.7.1 Even/Odd Extensions

Suppose that we have a function u: [0, 7] — C. We define the even extension u, of u by

(2) u(z), 0<z<m,
ue €Tr) =
u(—z), —w<z<0,
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and the odd extension u, of u by

u(z), 0<z<m,
UO<.T) - 07 r = 07
—u(—x), —7m<z<0,

So note that we only have a function defined on half the interval [—m, 7] and that we extend
this to the other half. Since we now obtain an odd or even function (depending on choice), we
find that the Fourier series will contain only sine or cosine terms. We call this the sine series
or cosine series for a function u € L*(0, 7).

1.8 What if T # 277

As stated earlier, it’s not a problem to use functions with a different period than 27. For this
purpose, if u is a T-periodic function, we define

Q=—.
T

The real Fourier series of u is then given by

u(z) ~ % + Z ay, cos kQx + by sin kQx,

k=1

where
o [T/2 5 [T/
ar = —/ u(x) coskQxdr and by = —/ u(x) sin kQx dx.
T —T/2 T —T/2

The complex series is given by

> ) 1 T/2 '
u(l') ~ Z Ck@Zka’:7 where C = T/ u(x>6—zkﬂx dz.

k=—o00 —T/2

L

@ Example

Find the Fourier series of u(x) = |z|, =1 <z < 1.

Solution. We consider the periodic extension of v with the period "= 2. Then Q =27/2 ==
and for k # 0,

1 ! —ikmx 1 0 —ikmx 1 ! —ikmx
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Chapter 1. Periodic Functions, Series and Fourier Series 1.8. What if T' # 2«7

For k =0,
1! ! 1
:—/ ]x\dx:/ rdr = -
2/, 0 2
Hence .
1 = (_1> —1 zk7r:c 1 =
u(z) ~ 3 + k;m ¢ =5 kz:; ST cos((Zk + 1)mzx),
k#0

where the last expression follows from Euler’s formulas and the fact that c_; = ¢, and o, = 0
for k € Z with k # 0.
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Chapter 2

Linear Algebra, Infinite Dimensional
Spaces and Functional Analysis

“You have no respect for logic. I have no respect for those who have no respect for logic.”
—Julius Benedict

2.1 Remember Linear algebra? Finite Dimensional Spaces

Let V be a linear space (sometimes we say vector space) over the complex (sometimes real)
numbers. We recall some definitions from linear algebra. Elements of a linear space can be
added and multiplied by constants and still belong to the linear space:

wveV = au+pveV, «pfeCorR).

The operations addition and multiplication by constant behaves like we expect (associative,
distributive and commutative). Multiplication of vectors is not defined in general, but as we
shall see we can define different useful products in many cases.

Linear combination
Definition. Let uq,us,...,u, € V. We call

n
U= E QU = QU + QU + « -+ + QpUy

k=1
a linear combination. If
Zakuk:() S ap=ay=---=a,=0,
k=1
we say that uy, us, ..., u, are linearly independent. The linear span span{u,us, ..., u,}
of the vectors uq,us,...,u, is defined as the set of all linear combinations of these vectors

(which is a linear space).

You've seen plenty of linear spaces before. One such example is the euclidian space R™ consisting
of elements (x1,9,...,z,), where x; € R. Recall also that you've seen linear spaces that
consisted of polynomials. The fact that our definitions is general enough to cover many cases
will prove to be very fruitful.
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2.2. Normed Linear Spaces Chapter 2. Linear Algebra

W Basis

Definition. A subset {vy,vy,...,v,} C V of linearly independent vectors is called a base
for V if V' = span{vy, vs, ..., v,} (meaning that every vector v € V' can be expressed uniquely
as a linear combination of the elements vy, vs,...,v,). The non-negative integer n is called

the dimension of V: dim(V') = n.

In general, we do not wish to restrict ourselves to finite dimensions or vectors of complex
numbers.

2.1.1 Sequences

We denote a sequence uy, ug, us, ... (Or uy, usg, ..., u, if it is a finite sequence) of elements of a
linear space V' by (ug)7>; ((ug)i_;). If there’s no risk of misunderstanding, we might just say
“the sequence u,,.”

1
As an example, consider the sequence u,, = x + — in R. That means that u; = x + 1,

n
us = x+1/2, u3 = x+1/3, and so on. We see that as n — oo, clearly u,, — z. In other words,
the sequence u,, converges to x. This feels natural in this setting, but we will generalize this to
have meaning for other linear spaces than R.

2.2 Normed Linear Spaces

To measure distances between elements in a linear space (or “lengths” of elements), we define
the abstract notion of a norm on a linear space (in the cases where this is allowed).

Norm

Definition. A normed linear space is a linear space V' endowed with a norm || - || that
assigns a non-negative number to each element in V' in a way such that

(i) |lu|| = 0 for every u € V,

(ii) [|au|| = |a|||u| for uw € V and every constant «,

(iil) ||u+v|| < ||u|| + ||v|| for every u,v € V.

We note that in linear algebra, we typically used the norm | - | on the euclidean space R™
(or C™). We will use different types of norms in this course since we will be dealing with more
complex spaces.

An element e in V' with length 1, that is, ||e|| = 1, is called a unit vector.

N

Some examples of normed spaces

(i) The space R™ with the norm ||(x1, za, ..., %,)| = /23 + 23 + -+ - + 22.

(ii) The space R™ with the norm ||z|| = max{|z1|, |2, ..., |z.|}
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Chapter 2. Linear Algebra 2.3. Convergence in Normed Spaces

The first example is obviously already something you're familiar with. It is also an example of
something we will call an inner product space below. The second example is a bit different. In
some sense equivalent, but the norms yield different values for the same vector. Try to prove
that the second one satisfies all the requirements for a norm.

N

@ The space of continuous functions with sup-norm

The space Cla, b] consisting of continuous functions on the closed interval [a, b] endowed with
the norm

I/ llcas = max |f(@)], f € Cla,b].

a<t<b

L

572 Sequence spaces

The space [ consisting of all sequences (1, T2, T3, . ..) such that the norm

(o0}
|zl = Z |z | < o00.
k=1

We might also consider the space [P for 1 < p < oo with the norm

5o 1/p
|zl = (Z |a:kyp> < 0.
k=1

@ The space of absolutely integrable functions
The space L'(R) of all integrable (on R) functions with the norm

Il m) =/ |f ()| d.

o0

In other words, all functions that are absolutely integrable on R. Note here that there’s an
army of dogs buried here. Indeed, the integral is not in the sense we’re used to but rather in
the form of the Lebesgue integral. We will not get stuck at this point, but it might be good
to know.

Exercise: Prove that the spaces above are normed linear spaces. Do you see any useful ways
to consider some “multiplication” of vectors?

We see that an underlying linear space (like R™) might be endowed with different norms. This is
true in general, and changing norms usually changes the results (at least for infinite dimensional
spaces).

2.3 Convergence in Normed Spaces
Let uq,us,... be a sequence in a normed space V. We say that u,, — u for some u € V
if ||, — u|| — 0 as n — oo. This is called strong convergence or convergence in norm.

Note that we assumed above that the element u belonged to V. This may not be the case for
every convergent sequence.
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W Cauchy sequence

Definition. We call a sequence (ug)72, in V' a Cauchy sequence if for every ¢ > 0 there
exists an integer NV so that

|t — um|| < e forn,m > N.

Complete space

Definition. If every Cauchy sequence u,, in V' converges to an element in V', say u,, = u € V/,
we call V' complete.

Closed space
Definition. If every convergent sequence u, in V' converges to an element u € V', that is

U, >u = ueV,

we call V' (sequentially) closed.

Note that a complete space is closed but that the reverse is not necessarily true for general
spaces (some metric spaces for example).

For this course, we will mainly study the space E which consists of piecewise continuous func-
tions. This will ensure that some things are easy, but unfortunately the space £ with the norms
and inner products we are interested in will not be complete nor closed. This will not be a big
problem for us, but it’s worth mentioning if we wish to do Fourier analysis in a more generalized
setting.

Analogously with real analysis, we can define continuous mappings on normed spaces.

Continuity in normed spaces

Definition. Let V and W be normed spaces. A function u: V' — W is said to be continuous
if for every € > 0, there exists a 6 > 0 such that

vy eV, e —yly <o = Julz)—uly)llw <e

2.3.1 Series in Normed Spaces

Let uy, us,us, ... be a sequence in V. How do we interpret an expression of the form

k=1

that is, what does an infinite sum of elements in V mean? We define the partial sums by

Sn:iuk, n=12,3,...

k=1
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Chapter 2. Linear Algebra 2.4. Inner Product Spaces

If S,, converges to some S € V in norm, that is,

lim =0,
n—oo

S — iuk
k=1

then we write that (2.1) is convergent. Notice that this does not mean that

o0
> luxll < oo.
k=1

If this second series of real numbers is convergent, we call (2.1) absolutely convergent (com-
pare with what we did in TATA42). Note also that an absolutely convergent series is convergent
in the sense above (why?).

2.4 Inner Product Spaces

A norm is not enough to define a suitable geometry for our purposes, so we will usually work
with inner product spaces instead.

Inner product

Definition. An inner product (-, -) on a vector space V is a complex valued (sometimes
real) function on V' x V such that

Note that (i) and (ii) implies that (u, v+ w) = (u, v) + (u, w) and that (i) and (iii) implies
that (u, av) =@ (u, v).

In an inner product space, we use ||u|| = v/(u, u) as the norm. Why is this a norm? We’ll get
to that.

A\

Notice that if we’re given a linear space of functions, there’s an infinite number of different
inner products on this space that provides the same geometry. Suppose that (u, v) is an inner
product. Then a (u, v) is also an inner product for any a > 0.
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2.4. Inner Product Spaces Chapter 2. Linear Algebra

f The inner product space C"

Definition. The space C" consisting of n-tuples (21, 2, . . ., 2,,) with

n
(z, w) = szfw_k, z,w e C,

k=1

is an inner product space.

f The inner product space 12

Definition. The space [? consisting of all sequences (1, 2,3, ...) of complex numbers

such that the norm
o 1/2
|||z = (Z |xk|2> < 0.
k=1

This is an inner product space if

00
(l’, y> = kay_ka T,y € l2'
k=1
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Chapter 2. Linear Algebra 2.4. Inner Product Spaces

W The inner product space L?(a,b)

Definition. The space L*(a,b) consists of all “square integrable” functions with the inner
product

(f, 9) =/ F(t)g(t) dt.

Note that a = —oo and/or b = oo is allowed.

Why not the same examples as for the normed spaces? The simple answer is that most of those
examples are not inner product spaces. The last two examples above are very important and the
fact that it’s the number 2 is not random and this is actually the only choice for when L”(a,b),
which consists of functions for which

b 1/p
I fllze(ap) = (/ !f(t)\pdt) < 00

are inner product spaces. Again, we also note that the integrals above are more general than
what we’ve seen earlier but if the function f is nice enough the value will coincide with the
(generalized) Riemann integral.

Orthogonality

Definition. If u,v € V and V is an inner product space, we say that u and v are orthogonal
if (u, v) = 0. We denote this by u L v.

A sequence u,, is called pairwise orthogonal if (u;, u;) = 0 for every i # j. For sequences of
this type, we have the generalized Pythagorean theorem.

&
Theorem. If uy,us,...,u, are pairwise orthogonal, then
lur +us + - ] =l + Juoll® + - + [lua”
@ The Cauchy-Schwarz inequality
Theorem. If u,v € V and V is an inner product space, then | (u, v)| < |lu|/||v||.

Proof. Assume that v # 0 (the inequality is trivial if v = 0) and define A = (u, v) /||v||*>. Then

lu = Xol|* = u = Ao, w— M) = [Jull* = Mu, v) = A (v, w) + [AP[lo]]*
= [[ull* = Xu, v) = Mu, v) + [AP[lv])”

_ HUHQ _ ’<u> U> ’2 _ | <u7 U> |2 Hu? U> ’2 — Hu”2 _ | <u7 U> |2
[[o]]? [v]? [[o]]? il
SO
| (u, v)|?
0 < flu—v|* = [lull* - e © | (u, ) [ < [l [lo]|?,
which implies the inequality. O
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2.5. Orthogonal Projection Chapter 2. Linear Algebra

2.5 Orthogonal Projection

Let e € V with |le|| = 1. For u € V, we define the orthogonal projection v of u on e
by v = (u, e)e. This is reasonable since u — v L e:

(u—wv, e) = (u, e) — (v, e) = (u, e) — (u, e) (e, e) =0.

Note that
u 2 2
u—v [ull® = flu — v+
= flu—vl* + [Jv]?
1. = flu— o[>+ (u, e) [*.
v e
ON system

Definition. Let V be an inner product space. We call
(1) {61,62,...,€n} C V,
(11) or {61,62,...} cV,

an ON system in V' if e; L e; for ¢ # j and ||e;|| = 1 for all 7.

We do not assume that V' is finite dimensional and that n is the dimension, and we do not
assume that the ON system consists of finitely many elements.

If the ON system is finite, consider W = span{ey,es,...,e,} C V. We define the orthogonal
projection Pv of a vector v € V' onto the linear space W by

n

Pv = Z (v, eg) eg.

k=1

If v € W, then clearly Pv =v. If v ¢ W, then Puv is the vector that minimizes ||v — Pv||. Note
that this happens if v — Pv L W (meaning perpendicular to every vector in W). We also note
that

ol = llo = Pol® + > | (v, ex) [
k=1

These facts are well-known from linear algebra.
If the ON system is infinite, let

n

PnU:Z<U, eryer, veEV, n=123 ...

k=1

Each P,v is the projection on a specific n-dimensional subspace of V' (the order of the elements
in the ON system is fixed). Let us state the famous Bessel’s inequality.

28



Chapter 2. Linear Algebra 2.5. Orthogonal Projection

@ Bessel’s inequality

Theorem. Let V' be an inner product space, let v € V and let {ey, es, ...} be an ON system
in V. Then -
> 1w, e P <lvll>
k=

1

Since [|v]| < oo for every v € V, this inequality proves that the series in the left-hand side
converges. A direct consequence of this is the Riemann-Lebesgue lemma.

@ The Riemann-Lebesgue Lemma
Theorem. Let V be an inner product space, let v € V and let {eq, es, ...} be an ON system
in V. Then

7}1_{20 (v, e,) =0.

2.5.1 The Infinite Dimensional Case

If dim(V') = n and our ON system has n elements, then we know that we can always repre-

sent v € V as v = Z (v, ex)er (standard linear algebra). What happens if dim(V) = oo?

k=1
When can we expect that an ON systems allows for something similar?

yf Closed ON systems

Definition. Let V' be an inner product space with dim(V) = oco. We call an orthonor-
mal system {ej,es,...} C V closed if for every v € V and every ¢ > 0, there exists a
sequence ¢y, Ca, . . ., ¢, of constants such that

n

v — E CLCL

k=1

< e. (2.2)

How do we typically find numbers ¢, that work (they’re not unique)? One answer comes in the
form of orthogonal projections.

Fourier coefficients

Definition. For a given ON system, the complex numbers (v, ex), k = 1,2, ..., are called
the generalized Fourier coefficients of v.

We define the operator P, that projects a vector onto the linear space spanned by {ej, es, ..., e,}
by

n

Pv= Z(v, ex)ex, vEV.

k=1
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2.5. Orthogonal Projection Chapter 2. Linear Algebra

We now note that the choice ¢, = (v, eg) is the choice that minimizes the left-hand side in (2.2).

Indeed, suppose that u = Z crer for some constants c¢,. Then
k=1

v —ull’ =|jv—Pw+Po—ul|*=/ (v—Pw) L (Pyv—u) /= |v—Pu|*+| Py —ul

n 2
= llo = Puol* + || D> ((v, ex) — cx)ex
k=1
= lv = P[>+ D [ (v, ex) — il
k=1

so obviously ¢, = (v, eg) is the unique choice that minimizes ||v — u||. In other words, u = P,v
is the only element that minimizes ||[v — u]|.

Because of this, one can reformulate (equivalently) the definition of a closed ON system as
follows.

Definition. Let V' be an inner product space with dim(V) = co. We call an orthonormal
system {ej, ey, ...} CV closed if for every v € V

n

v — Z<U, er) ek

k=1

lim =0.
n—oo

We note that in the case where the ON system is closed, we can strengthen Bessel’s inequality
(by replacing the inequality with equality) obtaining what is known as Parseval’s identity (or
Parseval’s formula). As it turns out, the fact that Parseval’s identity holds for an ON-system
is equivalent to the fact that the ON-system is closed.

©
Theorem. Suppose that W = {ey, ey,...} is an ON system for the inner product space V.
Then W is closed if and only if Parseval’s identity holds:

D1, ) P = loll?

00
k=1

for every v € V.

Proof. Let v € V. Then
[0l> = [lv = Pyol* + || Povl?

since v — P,v L P,v. Hence

n

v — Z(v, ek) €k

k=1

2 n
= o> = > (v, e)
k=1

and letting n — oo in this equality, we see that closedness is equivalent with Parseval’s identity
holding.
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Chapter 2. Linear Algebra 2.6. Fourier Series?

Definition. An ON-system {ej, es,...} in V is called complete if, for every v € V|

(v, e)=0forallk=1,2,3,... < v=0.

We realize that completeness is something we want if we wish to use an ON-system as a basis
for V' since this is needed to make representations in terms of linear combinations of basis
vectors needs to be unique to avoid problems.

P
<>

g Generalized Parseval’s identity

Theorem. Suppose that {ey,eq,€3,. ..} is a closed infinite ON-system in V and let u,v € V.
If ar, = (u, ex) and by = (v, eg), then

<U, ’U> = Z aka-
k=1

Proof. Since V' is a complex inner product space, the following equality (usually known as the
polarization identity) holds:

(Hu + )| = lu — v||* +ilJu 4 || —i||lu — z’sz) )

]

(u, v) =

Since we have a closed ON-system, Parseval’s formula holds, so it is clear that
lu+ ol = lax + bl
k=1

since (u + v, eg) = (u, ex) + (v, ex) = ax + by. Similarly, we obtain that

o0 o0 oo
lu—ol> = lax = be*, Mutiv]* = lar+ibel’,  fu—ivl> = |ax — iby|.
k=1 k=1 k=1

Note also that (verify this directly)

(|ak + bk|2 — |ak — bk|2 -+ @|ak + Zbk|2 — Z|6Lk — Zbk|2) s

| =

agby =

so the identity in the theorem must hold.

2.6 Fourier Series?

So that brings us back to one of the main subjects of this course: Fourier series. Let’s look at
a particular inner product space.
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2.7. The Space E as an Inner Product Space Chapter 2. Linear Algebra

2.6.1 The ON Systems

We consider the space L?(—m, ) consisting of square integrable functions u: [—m, 7| — C:

/7r lu(z) > dz < oo.

—Tr

We define the inner product on this space by

(u, v) = = /ﬂ w(z)o(@) dz.

:% B

Note that this infers that we have the norm

1 1/2
loll = (55 [ oPas)

which by definition is finite for u € L?*(—n, 7). Let’s consider two special orthonormal systems
in this space.

The set of functions e**, k € Z, is a closed orthonormal system in E with the inner product
defined above. We consider E as a subspace of L?(—m, ). Clearly we have

, 1 [ . , 2
||ezkx||2 — _/ ezkxe—zkx dr = _7T - 1.
2m 2m

—Tr

Similarly, if k,1 € Z and k # [, we have

) ; 1 T ) 1 T
<€ka, ezla:> _ %/ ezkxelex dr = %/ ez(kfl)x dr =0

since e'*=07 is 27-periodic. So this is an ON-system in E. The fact that it is closed is a more
difficult argument so we’ll get back to this on lecture 5. Note though, that £ is a not closed in
the more general space L?(—m, ), and not complete either. This is a disadvantage, but nothing
that will cause too much problems for us.

The Real System

1
The set of functions Wik coskx, k=1,1,2,..., sinkx, k =1,2,3,...,is a closed orthonormal

system in £ with the inner product

(u, v) = ~ / " w(2)o(@) da.

—T

Note that the normalization constant is different compared to the complex case (why do you
think that is?). We should observe that these two systems are equivalent due to Euler’s formulas.

2.7 The Space FE as an Inner Product Space

So the question right now is what do we really need?
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Chapter 2. Linear Algebra 2.7. The Space E as an Inner Product Space

Most of the results we're going to see have a more general and complete (he he..) version, but
we would need considerably more time to develop the necessary tools to attack these problems.
So what we’re going to do instead is to consider the space E with the inner product

(u, v) ! /7r u(z)v(x)dr, wu,veE. (2.3)

:% B

This space has some serious drawbacks (the space F is not complete nor closed for example),
but these problems are not crucial to what we're going to do.

First, let’s verify that things work as expected. When we write £/, we now mean the combination
of the set E of piecewise continuous functions combined with the inner product defined by (2.3).

(i) E is a linear space. Obviously, if u € E and « is a constant, then au has the same
exception points as u (unless a = 0) and the right- and lefthand limits will exist for au(z).
Let u,v € F and let aq,ao,...,a, be the exceptions points of u and by, bs,...,b,, be the
exception points of v. Then u + v has (at most) m + n exception points. Indeed, if we
sort the exception points as ¢; < ¢co < --+ < Cpam, then v + v will be continuous on
each |¢;, ¢;i1] and the right- and lefthand limits at the exception points will exist since
either it is an exception point for u or v (potentially both), or it is a point of continuity
for u or v. Therefore the limit of the sum exist.

(ii) Equation (2.3) defines an inner product on E. Most of the properties follow from the
linearity of the integral. The fact that (u, u) = 0 implies that u = 0 is clear since

(u, uy = %/W lu(z)[*dx =0

—T

so u = 0 is the only possible piecewise continuous function (if u(zg) # 0 at some point
then there is an interval |zg — §, o + 6] where |u(x)| > 0 and so the Riemann integral will
be strictly greater than zero).

2.7.1 Fourier Coefficients and the Riemann Lebesgue Lemma

So in general, we know that (u, ex) — 0 as k — oo if {ej, eq,...} is an ON system with respect
to the inner product at hand (in our case (2.3)). This was a consequence of Bessel’s inequality.
In particular, this means that for u € E, we have

s

lim u(z)e™ dx = 0.
n—oo f_
Note that this implies that
lim u(z)sin(nz)der =0 and lim u(x) cos(nz) dr = 0.
n—oo J n—oo [ __

™ ™

So apparently these limits hold for all piecewise continuous functions. However, these identities
are also true for u € L'(—m, m) (this needs to be proved).
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2.7.2 Bessel’s Inequality Turned Parseval’s Identity

Taking for granted that this ON system is closed (which is not clear at all at this point but
we’ll get back to that), we conclude by noting that Parsevals’s identity looks like this:

1 [ >
o 7W|u($)l2dw= Z E

k=—0oc0
where L g
k=5 B u(z)e * dv, k€ Z.
The general form is given by
L[ ep@ e = Y ol
— u(x)v(x)de = c
27'(' . . kU,

where
1 i

Cr — —
2 ).

. 1 i .
u(r)e *dr and dj, = 2—/ v(z)e ™ dr, ke Z.
T™J—r

2.8 Why is \/(u, u) a Norm?

Let’s define ||u|| = y/(u, u) for uw € V. Then clearly ||u|| > 0 and ||u|| = 0 if and only if u =0

(since this holds for the inner product). Furthermore, if & € C we have

lowl] = V/ou, au) = /aa (u, u) = |alv/(u, u) = |o||ul.

To prove that ||u + v|| < |Jul| + |Jv||, we note that

lu+ol* = {u+v, utv) = [ull® +[Jo]* + (u, v) + (v, u) = [[u]* + [v]|* + 2Re (u, v).
Since Rez < |z] for any z € C (why?), the Cauchy-Schwarz inequality implies that
2Re (u, v) < 2[(u, v) [ < 2[ull|[v]].

Thus
[ul|* + J|v]1* + 2Re (u, v) < [Jull®+ [[ol|* + 2ull|v]] = (ull + l|v])?,

SO
lu+ll* < (Jlull + [lvl)?,

which proves that the triangle inequality holds.
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Chapter 3

Function Series and Convergence

“Here, stick around!”
—John Matrix

3.1 Pointwise Convergence

Let uy, us,us, ... be a sequence of functions uy : I — C, where [ is some set of real numbers.
We’ve seen pointwise convergence earlier, but let’s formulate it more rigorously.

Pointwise convergence
Definition. We say that u; — u pointwise on [ as k — oo if

for every x € I. We often refer to u as the limiting function.

Why would this not suffice? Let’s consider an example.

L

Q Example

Let ug(z) = 28 if 0 <2 <1, k=1,2,3,.... Then ug(x) — 0 for 0 <z < 1 and ug(z) — 1
when = = 1. Clearly wy is continuous on [0, 1] for every k, but the limiting function is
discontinuous at x = 1.
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This is slightly troubling. The fact that certain properties hold for all elements in a sequence but
not for the limiting element has caused more than one engineer to assume something dangerous.
So can we require something more to ensure that, e.g., continuity is inherited? As we shall see,
if the convergence is uniform this will be true.

3.2 Uniform Convergence

Supremum and infimum
Definition. Let A C R be a set of real numbers. Let o be the greatest real number so
that © > « for every x € A. We call a the infimum of A. Let § be the smallest real number
so that © < 8 for every x € A. We call § the supremum of A.

Sometimes the infimum and supremum are called the greatest lower bound and least upper
bound instead. Note also that these numbers always exist; see the end of the analysis book
(the supremum axiom).

/8\ Observe the difference between max/min and sup/inf.
Why is minimum and maximum not enough? Well, consider for example the set A = [0, 1].
We see that min(A) = 0 and that this is obviously also the infimum of A. However, there is

no maximum element in A. The supremum is equal to the value we would need the maximum
to attain, that is sup(A) = 1.

Note though, that if there is a maximum element in A, this will also be the supremum. Similarly,
if there is a smallest element in A, this will be the infimum.

So with this in mind, consider the linear space of all functions f : [a,0] — C. We define a
normed space L*[a,b] consisting of those functions which has a finite supremum-norm:

[fllec = sup |f(z)] < oo.

z€a,b]
Note that the expression in the left-hand side always exist. Note also that |f(x)| < ||f]lc
for every x € [a,b]. If we were to restrict our attention to continuous functions on [a, b], we

could exchange the supremum for maximum since we know that the maximum for a continuous
function on a closed interval is attained (see TATA41).

Uniform convergence
Definition. We say that u;, — u uniformly on [a, b] as k — oo if

lim ||ur — vl = 0.
k—o0

Notice that if uy — w uniformly on [a,b], then uy — u pointwise on [a,b]. The converse,
however, does not hold. Let’s look at the previous example where u, = z¥ for 0 < 2z < 1.
Clearly ug(z) — u(x) as k — oo, where u(x) = 0if 0 < z < 1 and u(1) = 1. However, the
convergence is not uniform:

lup —ulle = sup 2" =1, k=1,2,3,...,
0<z<1
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so it is not the case that ||up — ul| tends to zero. Therefore the convergence is not uniform.
There is another way to see this as well, we’ll get to that in the next section when discussing
continuity.
By definition, if uy — w uniformly on [a,b], this means that for every e > 0, there is some
integer N such that

E>N = Jug — u|leo = sup |ug(z) —u(x)| <e.

z€la,b]

This means that for every k > N, the difference between uy(z) and u(x) is less than € for
every x € [a,b).

@ Example
Let ug(x) =0if 1/k <2 <1 and let u, =1 if 0 < = < 1/k. Show that u; — u pointwise but
not uniformly, where u(z) =0 if z > 0 and u(0) = 1.

Solution. We see that the graph of u; looks like the figure below.
Y

1
k
For any x €]0, 1], it is clear that ugx(x) = 0if & > 1/x. So ux(z) — 0 for any x €]0, 1]. For x =0

however, there’s no k > 0 such that u;(0) = 0. The limiting function is u(z) = 0 for z > 0
and u(0) = 1. Hence the convergence cannot be uniform, similar to the previous example.
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o

Example

1
Show that uy(z) =z + ExQ converges uniformly on [0, 2].

Solution. Clearly ui(z) — x as k — oo for = € [0,2] (for z € R really). Hence the pointwise
limit is given by u(x) = x. Now, observe that

|ur() — u(z)| =

SO

1 4
Jug — ul| o) < 2% = — =0,
Tk k

as k — oo. Hence the convergence is indeed uniform on [0, 2].

L

Example
Let ug(z) = sin(x + 1/k) for —7 < x < m and k > 0. Does uy converge uniformly?

Solution. Since sin is continuous, we have uy(x) — sinz for z € R.

Since sin is differentiable, the mean value theorem implies that
sin(x + 1/k) —sinz = (x + 1/k — x) cos§,
for some £ between x and = + 1/k. Hence
|sin(z + 1/k) — sina| < o+ 1/k — 2| = %
since | cosé| < 1. From this it follows that

1
sup | sin(x + 1/k) —sinz| < T 0,

so the convergence is uniform.
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3.3 Continuity and Differentiability

Knowing that a sequence u; converges pointwise to some function u is not enough to infer that
properties like continuity and differentiability are inherited. However, uniform convergence
implies that certain properties are inherited by the limiting function.

<>

e

Theorem. If uy,uy,us, ... is a sequence of continuous functions wy, : [a,b] — C and u, — u
uniformly on [a, b], then u is continuous on |a, b].

Proof. To prove that the limiting function u is continuous, we’ll need the -¢ stuff. Let z and zq
belong to [a,b] and let € > 0. We will show that there exists a § > 0 so that |u(z) — u(zg)| < €
whenever |z — x| < §, which proves that u is continuous at xzy. Since x is arbitrary, this proves
that u is continuous on [a, b].

Now let’s do some triangle inequality magic:

[u(x) — u(zo)| = [u(z) — up(r) + ug(z) — up(wo) + ur(wo) — u(wo)|
< Ju(z) — up(z)| + lup(x) — ug(zo)| + [ur(z0) — ulzo)|

<l = urlloo + [un(@) = un(zo)| + [lur — ulloo = 2lju — uplloo + fur(2) — wk(xo)],

since |f(x)] < ||f|lw for any f : [a,b] — C. Since ux — wu uniformly on [a,b], we know
that ||ur — ul|oc — 0, so there exists N € N so that ||uy — ul| < €/3 for & > N. Furthermore,
since uy, is continuous, there exists a 6 > 0 so that |uy(z) —ug(xo)| < €/3 whenever |x — x| < 4.
Thus we obtain that

|u(e) — uwo)| <2-

+5=c¢€

Wl ™

whenever |x — zo| < 6. O

Use discontinuity to prove that convergence is not uniform
We can exploit the negation of this theorem to prove that a sequence is not uniformly con-
vergent. Suppose that

(i) w1, us,us, ... is a sequence of continuous functions.
(i) ug(z) — u(x) pointwise on [a, b].

(iii) There is some zg € [a, b] where the limiting function u is not continuous.

Then the convergence of the sequence can not be uniform!

Let’s consider the example from the first section again.

5 Example
Let ug(z) = 28 if 0 <2 <1, k= 1,2,3,.... Then ug(x) — 0 for 0 <z < 1 and ug(z) — 1
when z = 1. Clearly wu; is continuous on [0, 1] for every k, but the limiting function is

discontinuous at x = 1. Hence the convergence cannot be uniform!

It’s not just the continuity that’s easier to infer, we can also work with integrals like they were
sums and exchange the order of integration and taking limits.
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@
Theorem. Suppose that g, us, us, ... is a sequence of continuous functions wy : [a,b] — C
and that uy — u uniformly on [a,b]. Then

b b b
lim [ ug(z)de = / klim ug(x) de = / u(z) dz.
a e a

k—o0 @

Proof. Assume that b > a. Since the integral is monotonous (we get a bigger value when
moving the modulus inside), we see that

/ab uy(z) dr — /abU(I) dx /ab(uk(x) —u(z)) dz| < /ab‘uk(:p) — u(z)| da

b b
< [ Mo =l o =ux =], [ do
a a

:“Uk — uHOO(b —a) =0, as k — o0,

since ||uy — u||o is independent of .

Remark. There are other results of this type with much weaker assumptions. Continuity is not
necessary (it is enough the it is a sequence of integrable functions) and the uniform convergence
can be exchanged for weaker types of convergence as well (dominated convergence).

L

@ Example

1
1
Find the value of lim ;m—-i_ dz.
n—oo o NT*+ T+ N

1
Solution. Let u,(z) = %, n=123,...and 0 <z <1. Then
nr:+x+n
nr+1 x+1/n x

= o
nz?+x+n  22+1+z/n 2241
as n — oo. Moreover,
(nz +1)(z* + 1) — z(na? + z + n)
(22 4+ 1)(nz®2 +x +n)
1 1
(22 + D)(na2+x+n)| n

nr+ 1 T
n:l+x+n x22+1

1
(2 4+ 1)(x®2+z/n+1)

1
< =
n

since 1 + 2 > 1 and 22 + z/n + 1 > 1. Clearly this means that

sup
0<a<1

nr + 1 T 1
ne:l+x+n x2+1

as n — 00. The convergence is therefore uniform and

1 1 1
nr+1 nr +1 x
lim 2—+dx:/ 1im—+d$:/ dz
n—oo [y nx?+1r+n 0 nonr? +T+n 0o 2+1

= B In (14 x2)}

1_1112

0 2 '
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Integrals and uniform limits
Notice the steps in the previous example:

(i) Find the pointwise limit u(z) of uy(x).

(ii) Find a wniform bound for |uy(xz) — u(x)| that tends to zero as k — oo (independently
of x).

(iii) Deduce that u; — u uniformly.

(iv) Move the limit inside the integral, effectively replacing lim u; by w, and calculate the
resulting integral.

There are no short-cuts. Without a clear motivation about the fact that we have uniform
convergence and what this means, the result will be zero points (even with the “right answer”).

So what about taking derivatives? That’s slightly more difficult.

<>

e

Theorem. Let wuy,us,ug,... be a sequence of differentiable functions wy : [a,0] — C.
If u, — u pointwise on [a, b] and wj, — v uniformly on [a, b], where v is continuous, then u is
differentiable on [a, b] and u' = v.

Proof. Since w; is differentiable, it is clear that

u(z) — ug(a) = /I u(t)dt, x € a,b].

By assumption, u) — v uniformly on |[a, b, so the previous theorem implies that

/am uy,(t) dt — /az v(t) dt

Since uy — u pointwise on [a, b], we must have that u(z) — u(a) = / v(t) dt. We know that v

a
is continuous, so the fundamental theorem of calculus proves that v = v on [a, b]. O

3.4 Series

Let wug, uy,us, us, ... be a sequence of functions ug : I — C, where [ is some set. As stated
earlier, we define the series S(z Zuk ) for those z where the limit exist. This is the
pointwise limit of the partial sums S, ( Z ug(x). When does the sequence Sy, S, Ss, . ..

converge uniformly? And why would we be mterested in this? Well, a rather typical question
is if the series converge to something continuous, or differentiable. And whether we can take
the derivative of a series — or an integral — termwise. In other words, when does a series
behave like we are used to when working with a power series? Uniform convergence is a tool to
obtain many of these properties and one way of proving uniform convergence is the Weierstrass
M-test.
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>

g Weierstrass M-test
Theorem. Let I C R. Suppose that there exists positive constants My, k = 1,2, ..., such
(0.0 (0.0

that |ug(z)| < My for z € . If Z M), < o0, then Zuk(x) converges uniformly on I.
k=1 k=1

o0
Proof. Since |ug(x)| < M and Z M, is convergent, it is clear that

k=1
[o¢]
=2 (@)
k=1
exists for every z € I. Now
n oo n oo
- Zuk(x) = Zuk(x) — ) w(x)|| = Z ug(x)
k=1 0 k=1 k=1 00 k=n-+1 o
oo (o ¢]
< 3 u@)l, < S Moo,
k=n-+1 k=n-+1
as k — 0o. By definition, this implies that the series is uniformly convergent. O]
By Considering the sequence of partial sums S,,(x), n = 0,1,2,..., of a uniformly convergent
series Zuk , we can express some of the results from the preceding sections in a more
Convenlent form for working with function series.
/‘ Series and uniform convergence
Suppose that u(z Zuk is uniformly convergent for x € [a,b]. If ug,uq,us,... are

continuous functions on [a b], then the following holds.
(i) The series u is a continuous function on [a, b].

(ii) We can exchange the order of summation and integration:

d ©  d
/ u(z) dx—/ <Zuk )dmzZ/ ug(z)dx, fora<c<d<hb.
C C k=0 (6]

(iii) If in addition Zuk ) converges uniformly on [a, b], then
k=0

:%(Z ) Zdi ):Zu%(m), z € [a,b].

k=
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o0

Note that all of the above also holds for series of the form Z ug(x) when using symmetric

k=—00
partial sums S, (z) = Z ug(z).
k=—n
-\@’- Example
Let 0 < a < 1 and ab > 1. Show that u(z) = Y a"sin(b"7x) is continuous.
k=1

Solution. We see that
|ak sin(bkmc)} <d, k=123,...,
o
since |sin(b*rz)| < 1. Since Z a” is a geometric series with quotient a and |a| < 1, we know

k=1
that this series is convergent. Thus, by Weierstrass’ M-test, it follows that the original series is

convergent (absolutely) and that u is continuous.

Note that we didn’t calculate the exact || - || norm (well we actually did but we never claimed
that the bound was the actual maximum). We just estimated with something that is an upper
bound. This is typical (and usually enough). This series is especially interesting since it is
an example of a function that is continuous, but nowhere differentiable (it is usually referred
to as Weierstrass’ function). The fact that it is not differentiable is not obvious, but it shows
that uniform convergence isn’t enough to ensure that the limit of something differentiable is
differentiable.

In fact, the Weierstrass function does not even have one-sided derivatives (finitely) at any point.
So this is an example of a continuous function that definitely does not belong to E’.

3.5 The Dirichlet Kernel

Consider the complex Fourier series of u. Let us write out and exchange the order of summation
and integration according to

Sn(x) = Z Ckeikw — Z <%/Tu(t)e—ikt dt) eikw — % Tu(t) (Z e—ikteikx> dt

k=—n k=—
1 L

= — t k(z=1) ) gt
om CFU() (;E;;e

The sum in the parentheses is usually referred to as the Dirichlet kernel.

The Dirichlet kernel
Definition. We define the Dirichlet kernel by

D, (z) = Z ek* reR, n=1,23,...

k=—n
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| : |

—n=1
— n=2
—n=>5

T
o™ . sl 9
This means that we can write
Sau() = 5 [ w®D(o =)t =5 [ uls+0)Du(=s)ds = - [ uls )0, ()
) =— [ u (T — =— [ u(s+x)D,(—s)ds = — [ u(s+ x)D,(s)ds,
2 Jr 2 Jr 2 Jr

so the partial sums of the Fourier series is given by a convolution of u with the Dirichlet kernel
(we will get back to convolutions later on). In the first equality, we changed variables (t —z = s)
and used the fact that v and D,, are periodic so that we can use the same domain of integration
and also that D, is an even function. The reason for this representation of the partial sums
will become clear below.

Let us collect some properties of the Dirichlet kernel.

B

Theorem.
(i) Dp(2km) =2n+1, k € Z.

. _sin((2n + 1)z/2)
(i) Dn(z) = sin(x/2)

, x #£2km, k€ Z.

(iii) /TDn(a:) dx = 2.
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Proof.

(i) Since e?™ =1 for k € Z, it is clear that D, (2km) = 2n + 1 since there are 2n + 1 terms
in the sum D, (x).

(i) For # # 2km, we observe that D,(x) is a geometric sum with quotient e # 1, first

—inx

term e and 2n + 1 terms, so
i(2n+1)x i(2n+1)x i(n+1/2)x —i(n+1/2)x
D(x):e_i"””-e( )_1:6—i(n+1/2)$'6( )_126( [2)x _ o—i(n+1/2)
n elr _ 1 eir/2 _ p—iz/2 elr/2 _ p—iz/2
_sin((n +1/2)x)
- sin(z/2)

which is the same expression as given in the statement above.

(iii) We see that

m D, (x)dx = /7r <Z eikx) d — /” (1 N (eikx—l—e_ikm)) dx
- - o k=1

k=—n
=27 + 22/ cos kx dx = 2m,
k=1 -

since all the integrals in the sum are equal to zero. O]

3.6 Pointwise Convergence

We now have the tools to prove that for a function in the space E’ (so left- and righthand
derivatives exist), the Fourier series actually converges to something that involves the function.

@ Pointwise convergence (Dirichlet’s theorem)

Theorem. Letuw € E'. Then

Sn(x) = z”: cre™® — u(z®) 42_ u(x_)’ x € [—m, 7.

k=—n

u(z™) +u(z”)

In other words, the Fourier series of v converges pointwise to for z € [—m, 7).

In particular, if u also is continuous at x, then lim S, (z) = u(z).
n—oo

Notice the following.

(i) It is sufficient for v € E (not E’) to have left- and righthand derivatives at a specific
point x for
+ —
lim S, (x) u(z®) +u(z™)

n—o0 2

to hold at the point . The condition that u € E’ ensures that this is true for all x.
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(ii) The number (u(r™)+u(7w~))/2 is defined since u is 27-periodic so that u(7t) = u((—m)")
(the righthand limit at 7 must be equal to the righthand limit at —m) and similarly
for u((—m)7).

Proof. Let x € [—7, 7| be fixed (meaning that we won’t change the value). We will prove that

u(x*)
2

lim i/ﬂu(az—i—t)Dn(t) dt — (3.1)

n—oo 27

A completely analogous argument would show that

n—oo 27T 2

1 /0 u(xr~
lim —/ w(w + ) Dy(t) dt = L)
and these two limits taken together proves the statement in the theorem.
First we note that

1 [7 u(zt) 1

u(x +t)D,(t) dt — 5 =3 /Oﬂ(u(x + 1) — u(zh))Dy(t) dt

27 Jo
(see the theorem about the Dirichlet

in((2 1)z/2
kernel above). The same theorem also provides the identity D, (z) = sin(( ‘n (+ /2))w/ ), SO
sin(x

1 ™
since D, (t) is an even function so Py / D, (t)dt =
T Jo

N | —

sin((2n + 1)t/2)
sin(t/2)

(uw(z+1t) —u(@™))D,(t) = (u(z +t) — u(z™))

~u(z4t) —u(zh) t .
- . ' Sn(t2) -sin (nt +t/2) .

Since u € E’, we know that the righthand derivative of u at x exists, so

u(x +t) —u(z™) t

; : Sn(t/2) — 2D " u(x). (3.2)

This means that the expression in the left-hand side of (3.2) is bounded on [0, 7] (since it is
quite nice outside of the origin). Hence it also belongs to L?(0,7) and E since u is piecewise
continuous. Letting

ul+t) —u(z) I
v(t) = t sin(¢/2)” T
0, —mT<t<O,

it is clear that v € E C L*(—n, 7). By the Riemann-Lebesgue lemma, it now follows that

1 T 1 T
grolo%/o (u(z + 1) — uleh)) Da(t) dt :g&%/o o(t)sin ((n + 1/2)¢) dt =0,
which proves that (3.1) holds. O
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o

Example
Find the Fourier series for the sign-function sgn(z) = —1if 2 < 0, sgn(0) = 0 and sgn(z) =1
if x > 0. Prove when and to what it converges to.

Solution. The Fourier coefficients can be calculated as follows:

1 ™
0= 5 B sgn(z)dr =0

since sgn is odd, and for k # 0,

1 0 . LA
sgn( e M dy = (/ —e kT g 4 / e ike dx)
-7 27 - 0
( |: —zk:v |: —zk:ac:| 7r>
1

ok

A §|H ;>|H §|H

Hence

T) ~ Z zTek.

k=—oc0

k#0

For —m < x <0 and 0 < x < 7, u is continuously differentiable so the Fourier series converges
to u(x). For x = 0, both right- and lefthand derivative exists (both are zero) so the Fourier
series converges to (u(07) + u(0%))/2 = (=14 1)/2 = 0. This happens to be equal to sgn(0),
but this is more of a coincidence. Indeed, we could redefine sgn(0) = A for any number A we
would like and the Fourier series would still converge to 0. For the endpoints, the right- and
lefthand derivatives exist (respectively) so the Fourier series converges to (u(—m)+u(m))/2 = 0.
Note the analogous situation as that which occurs at x = 0.

We can now draw the Fourier series since we have analyzed in detail what the series converges
to at every point.

Yy
“— 1¢ O
® ® ® x
O -1 O—
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~@- Example
: 2 m — 2(=1)F 4, :
Recall that if u(z) = z* for —7 < z < 7, then u(z) ~ — + Z e, Use this to
3 = s
k£0

e G Ol

evaluate the series Z 2
k=1

Solution. Since z? is continuously differentiable on | — 7, 7[, continuous on [—7, 7] with right-

and lefthand derivatives at the endpoints (respectively), and (—7)? = 72, it is clear that the

Fourier series of u(x) converges to u(z) for any « € [—m, w]. Especially this holds for z = 0.
Therefore

m? 20D o —2-DF o o~ (D
0=u(0)=5+ > Toe*0=F 12y =5 )
k=1

N

0 (_1)k B 7T2
SO Z k‘2 = —E
k=1

1
Could you use the stuff from the previous example to calculate E p?
k=1

',
™

Example

1
Let u(z) = §—|—COS$ for 0 <z <7, u(0) =0, and u(x) = 1 —cosz for —7 < z < 0. Show that

the Fourier series for the periodic extension of u converges and find the limit of the Fourier
series. Where is it equal to u? What’s the value of the Fourier series at 77 At 27?7 Can the
convergence be uniform?

Solution. Note that the we do not need to find the Fourier series to answer this question. The
function is piecewise continuous and has right- and left-hand derivatives at all points. Hence,
by Dirichlet’s theorem above, we know that the Fourier series converges to (u(z™) 4+ u(z™))/2
at all points. So the Fourier series exists (since u € E) and is convergent. As to what the
limit S(x) of the Fourier series actually is, let’s first draw a graph of the function u (being very
careful at the exception points).
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+ _
So, again, we know that S(z) = u(z™) +u(z”)

at every z € R since u € F has right- and

lefthand derivatives at every point (is this clear?). For points of continuity of u, that means
that S(x) = u(x). For the “jump” points, we take the mean value. This produces the graph
below.

[ ] [ ] [ ] [ ]
t t t t i
—27 \—OW \\7j 2 \3@%

What you shouldn’t miss here is the fact that it’s completely irrelevant what value the function u
takes at a single point. It’s only the limits of the function that has any effect on the limit of
the Fourier series.
From this graph we immediately find that

u(r™) +u(nt)  —1/242 3

S(m) = 2 T 4

and that - ot 043/2 3
S(om) = MET)EUCrT) 04572 3

Note in particular that we get the same value, but for two completely different reasons. This
is a coincidence (well.. the reason is the symmetry of the function u).

The convergence of the partial sums S,(x) can not be uniform on any set that includes a
point & = km for some integer k. The reason for this is that S(x) is discontinuous at such points,
whereas the partial sums S, (z) (being trigonometric polynomials) are continuous functions
on R. Having the limiting function S(z) being discontinuous would violate the convergence
being uniform.
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Chapter 4
Stronger Types of Convergence

A

“I did nothing! The pavement was his enemy.’
—Julius Benedict

4.1 Absolute Convergence

So we have obtained sufficient conditions for the Fourier series to converge to the mean value
of the left- and righthand limits of the function. Note though that we have said nothing about
necessary conditions (and this is not really something we will be able to cover in this course).
So let’s look in the other direction instead: when can we obtain a stronger type of convergence?

Suppose that {cx}rez € ['(Z), meaning that the series Z |ck| < oo, which implies that the

k=—00
00

Fourier series E ce™™ converges absolutely. This implies that we have uniform convergence.

k=—oc0
Let’s formulate a theorem.

<>

e

Theorem. Suppose that Z lck| < 0o. Then Z cre'™® converges uniformly.

k=—o00 k=—00
Proof. Note that -
S(z) = Z cpe®®
k=—oc0

converges for every € R since

S(z) = Sul@)| = | Y e <> Jal =0,

k|>n |k|>n

as n — 0o. Note also that the last series is independent of x, which implies uniform convergence:

sup [S(x) — Sp(x)| < D lex| =0,

|k|>n

as n — 00. O
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4.2 A Case Study: u(x) ==«

Consider the case when u(z) = z for —7 < & < 7 (and periodically extended to R). You've
seen this before, but let’s find the Fourier coefficients. Clearly cq = 0 (the function is odd) and
for k # 0, integration by parts yields

I 1 ([ze*=]" 1 (™ 1 [2m(=1)*
- ? :cd _ _ 7 xd — [ Z=\ ~/ 0
CTor )T T oy ([ ik }_ﬁzk/_ﬂe x) 27r( ik

(_1)k+1
ik

Since u is continuously differentiable for —7m < x < 7, we know from the previous lecture that

o0
E e =2, —m<z<m.

k=—o00

We also know that the Fourier series converges to 0 at x = £m. Since the limit function is
discontinuous at £, the convergence can not be uniform on [—m, 7|, but there’s a possibility
that the convergence is uniform for a < z < b with —7 <a < b < 7.

Y

n=
x n =10
—— n =150
— n =100

Let’s show the following fact.

<>

e

Theorem. For 0 < b < 7, the Fourier series for u(z) = z, —7 < 2 < 7, converges uniformly
on [—b,b].
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Proof. Suppose that m,n € N and that m > n. Let
!
= o™, 1=1,2,3,..,
k=—1
be the partial sums for the Fourier series of u(z) =z, —7 < x < 7. We will show that

sup |Sm(2) — Su(x)[ = 0,

z€[—b,b]

as m,n — oo. This is sufficient for obtaining uniform convergence (and is known as Cauchy’s
criterion for uniform convergence). First we note that

—(n+1)
S () — Sp(x) = Z cpe™ Z cpe™ Z cpe'” Z cpe™
k=—m k=—n k=—m k=n+1
- <_1)k+1 ik (_1)7k+1 —ikx - (_1)k+1 ikx —ikx
- (T ) e,

k=n+1 k=n-+1

We need to exploit the fact that the terms are both positive and negative to show that this is
small. For this purpose, we observe that § = cos(b/2) > cos(7/2) = 0. If we were to multiply
a term in the series by cos(x/2), we would obtain

L (_1)k+1 ik —ikx (_1)k+1 iz/2 —iz /2 ik —ika
cos(§> T (e —e ):—i% (e 12 4 e /)(e e )
(_1)k+1 ) ‘ ‘ ‘
— Q—k (ez(k+1/2):c + eilh=1/2)z _ —i(k=1/2)z _ e—z(k;-i,—l/Q)x)
1

S (e D) (- 1) ).

Examining the sum of these terms more closely, we find that
m k+1 1 1
Z (Sin <k+§)x+sin (k_i) x)

( 1)n+1(sin(n+%)x+sin(n+%)m sin(n+2)z+sin(n+3)x

is equal to

n+1 n+2
sin<n+%)x+sin(n+g)x_sin(n+g)$+sin<n+%>x
i n+3 nt4
+---ism(m_%)x+8in(m_%)x:FSin(er%)x—l—sin(m—%)m).
m—1 m

We can rearrange the terms in the parenthesis as

(ot D S LY ()
=] Z ] sin k:+2 x4+ (—1) -
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Using the fact that |sin¢| <1 for ¢t € R, we now obtain that
m—1

1 1 1 1
_ < 51 - —

1 9 1
< 62 —
<n+1 Zkk;ﬂ ) 0 <n+zk2>_>0’

k=n-+1

as n — oo since the series of 1/k? is convergent and 2/n — 0. [l

So that was awesome (or absolutely positively horrifying). We’ll need the Fourier expansion
of = later on in this lecture.

4.3 Uniform Convergence

So as seen from the previous case study, proving uniform convergence directly can be rather
cumbersome. And obviously, demanding that we have absolute convergence is rather restrictive.
We would prefer less draconian requirements that are easier to verify. Too much to ask for?
Not really!

<>

e

Theorem. Suppose that u is continuous on [—7, 7], that u(—n) = u(w) and that v’ € FE.
Then the Fourier series of u converges uniformly to u on [—7, 7.

Proof. Since v’ € E, we know that u’ has a Fourier series

u’(x) ~ Z dkezkr7
k=—00
where Ly
di = o- g u' (e M dt, ke Z.

Furthermore, the fact that u(—n) = u(7) implies that dy = 0:

d():%/::u’(t)dt:wzo.

27

Now, since v’ € E, it is clear that v € E’, which implies that u has a convergent Fourier series

u(x) = Z cre®
k=—0o0
where the equality follows from the fact that « is continuous and
1 [ 4
Cp = — u(t)e *dt, keZ.
2 ).

How are ¢;, and dj related? Assuming that k& # 0, we have

1 [T . 1 - ™ .
dy=— [ W (t)e™dt=/1BP. /= — ([u(t)e‘”ﬂ_ + ik / u(t)e *t dt)
2 J . 2m ™ o
= chk

o4
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since u(m)e”*™ = u(—7)e*™ for k € Z. Now, Bessel’s inequality shows that

00
Y ldil? < 32 nmy < 00,

k=—o0

and since dj = ikcy, this implies that

00
> Flal® < fFanm < oo

k=—o00

Note that we could have used Parseval’s identity in the place of Bessel’s inequality, but we
haven’t shown why this holds yet. Now, by the Cauchy-Schwarz inequality,

00 0o 0o 1/2 00 1/2

1 1
Z|Ck| — Z . ken| < (Z ﬁ) <Z k?\ckﬁ) < 00,
k=1 k=1 k=1 k=1

and similarly for £ < 0. By Weierstrass’ M-test, it now follows that

(e 9]

is uniformly convergent since |cye™**| < |cx| due to the fact that |e?**| = 1.

Smoothness and convergence
The proof of the previous theorem exploits the fact that u is quite smooth (meaning that '
exists) to obtain that the Fourier coefficients of u tend to zero faster than if « was not smooth.
This is something important when it comes to Fourier analysis: a smoother function provides
better convergence. What could we do if u is twice differentiable?

We can also “localize” the previous theorem to show that we actually have uniform convergence
on any interval [a, b] C [—m, 7] such that u is continuous with a piecewise continuous derivative.

<>

e

Theorem. Suppose that u is continuous on [a,b] C [—m, 7] and that u, v € E[—m,w]. Then
the Fourier series of u converges uniformly to u on [a, b].

Proof. We will use that fact that the Fourier series for v(x) = x converges uniformly on every
interval [—c, ¢] C] — 7, 7| to modify u(x) so that we can apply the previous (global) uniform
convergence result. To this end, let v(z) = = for —7 < z < 7 and v(£m) = 0. Moreover, let

—n<d <dy <---<d,<m,

where dj, are the points of discontinuity of u (where the function “jumps”). We can also rede-
fine u(+£7) so that these values are equal (and thereby possible adding a new point dy). This
will not affect the result since [a,b] C] — 7, 7[. Furthermore, define

O = u(dy) —u(dy), k=1,2,...,n

To obtain a function continuous on [—, 7], we consider the following construction:

n

w(z) = u(r) + Z 5—;@@ +7m—dg), x€l[-mml.
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Yy
- flx) = 2—v(x+7r—dk)
_ u(z) + f(x)

Since v(z) has a jump at x = £7 + 27k of the size 27 (jumps from 7 to —n), it is clear that

w(dy,) —w(d,,) = 0y + om (df +7—dp) — g—mv(dm + 7 —dyp)
m

27TU
dt —d,) —v(d; —d, - —
g (14 Wt ) Zldy T dn) ) ) T
2T 2T
form = 1,2,...,n. If © # dy for every k = 1,2,...,n, then w is continuous since both u

and z — v(x + 7 + dj,) are continuous at z. After possible redefinition at the points {dj}, we
have shown that w is continuous on [—7, 7| and that w(7r) = w(—m).

The previous theorem then proves that the Fourier series of w converges uniformly on [—, 7].
Moreover, we know that v(z) = x has a Fourier series that converges uniformly on [—c, ] for

0
any 0 < ¢ < w. This implies that the Fourier series of iv(m + 7 — d},) converges uniformly on

any interval [a, b] C]—m, [ that does not contain dj. By assumption, u is continuous on [a, b] so
n
4
there are no jump points in [a, b]. Since the Fourier series of both w(x) and E 2—kv(a: +7 —dy,)
7r
k=1

converges uniformly on [a, b], this must also hold for the Fourier series of u(;) on [a,b]. O

4.4 Periodic Solutions to Differential Equations

Remember the most fun part in TATA42? Yeah, me too! Suppose that we wish to find a
periodic solution to a differential equation, could we make an ansatz and find a solution as its
Fourier series? Hypothetically yes, but the theory is a bit more difficult and subtle than the
corresponding case with a power series approach. Let’s consider an example.

Notice first that if y is differentiable and periodic, then 3/ is also periodic with the same period.
Indeed,

Y@+ T) =l LI TN Zy@H D) _ o, pla h;)L —0) ).

h—0 h h—0
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o

Example

Find all 27-periodic solutions to y”(z) — 2y(z + m) = cos z.

Solution. So, the plan is to assume that y(z) = Z ce™™ and plug this into the equation

and identify the coefficients ¢;, (just as in TATA42). Note though, that we expressed that y(z)
was equal to its Fourier series above. This is not clear without motivation, so here goes.
Reformulating the equation, we see that y” = cosz + 2y(x + 7). Since we're seeking a function
that’s at least differentiable, this means that y must be continuous. Hence y” is also continuous.
Why? Well,

y' =2y(x+7)+ cosx (4.1)

so since both y and cos x are continuous, this must mean that 3" is also continuous. This means
that y € C%(R). Therefore, the right-hand side of (4.1) is obviously twice differentiable and

so 3" must be continuous. Hence y € C3*(R). This is sufficient for letting

y(x): Z Ckezk:p7
k=—00

y'(x) = Z ikcpe'®,
k=—0o0

y//(x) _ Z _k2ckeikx’
k=—0c0

something that is clear from Dirichlet’s theorem (if f € E’ is continuous then the Fourier series
converges to f). Furthermore,

y<x + 7T) _ Z ckeik(z-i-ﬂ') — Z Ckeilmreilm — Z Ck(—]_)keikm.
k=—00 k=—00 k=—00
Therefore, we must have
y'(x) = 2y(x +7) = cosz & Z (—k* = 2(=1)")cre™™ = cosx = lem + 1e_””.
et 2 2

By uniqueness (we're looking for continuous functions), it then follows that
cr(—k* = 2(=1D)F) =1/2, k=41,
cr(—k* —2(=1)F) =0, k#=+lL
So ¢ = 1/2 and 3¢y = 1/2, s0 ¢y = ¢4 = 1/2. For k # +£1, we must have ¢, = 0
or —k? —2(—1)* = 0. Clearly
k=21 =0 & kK=2-1F!

has no solutions in Z since either k* = —2 (nothing real) or k? = 2 (nothing integer valued or
even rational). We have now obtained that

o0

) 1 . 1 .
y(x) = Z cpe* = 56_”& + 56”” = CoS .

o7
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4.5 Rules for Calculating Fourier Coefficients

<>

g Linearity
Theorem. Suppose that u,v € E. Then au + b (k] = aulk] + bvlk].

Proof. This follows from the linearity of the integral and the fact that everything is convergent
for functions in E. O
We’ve already seen the following result in the previous sections.

@ Differentiation
Theorem. Suppose that v’ € E and w is continuous with w(—m) = u(n). If u ~ Z cre™,
k=—0c0
then u'(x) ~ Z ikere™™. That is, o'[k] = ikal[k].
k=—00
-‘@’- Example

Let u(x) = |z| for —m < x < 7. Use the fact that v'(x) = sgn(z) for 0 < |z| < 7 to find the
Fourier series of sgn(z).

Solution. Recall that

k?
k=—0oc0
k£0
and that we have equality since u € E’ and w is continuous. The Fourier coefficients are ¢y = /2
1)k 1
and ¢, = % for & # 0. Noting that v/(z) = —1if —7 < 2 < 0 and v/ (z) = 1

T
if 0 < & < m, we see that u/(z) = sgn(x) when 0 < |z| < m. Hence sgn(x) has the Fourier
coefficients dy = 0 and

(-1)F—1  (-DF-1

dk:Zka:’l/{ T2 =1 s s k;«éO,

and thus the Fourier series

This is true since v’ € E, u(—7) = u(m) and u is continuous. Observe also that it doesn’t matter
that u/(x) # sgn(z) at some points. In fact, as long as the set of points where u/(z) # sgn(x)
is small enough that it doesn’t affect the integration, we’ll obtain the same Fourier series. This
is true for any Fourier series calculation. However, what the Fourier series converges to might
not be the function at these exception points.

o8
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>

e Mirroring

Theorem. Suppose that v € E. Then u(—x)[k] = u(z)[—k] for k € Z.

Proof:

/ u(t)e ™ dt = /s = —t) = —/ u(s)e™® ds = / u(s)e” R dt = 21y,
- . .
g Conjugation

—

Theorem. Suppose that v € E. Then u(x)[k| = u[—k] for k € Z.

Proof:
/ u(t)e *t dt :/ u(t)etkt dt :/ u(t)e =Rt dt = 2re .
@ Translation

—

Theorem. Suppose that v € E. Then u(x — y)[k] = e~ *va[k] for k € Z.

Proof:

i . Yy ) ) ] '
/ uz—y)e™Mde=/t=x—-y /= / u(t)e * ) gy = elky/ u(t)e ™ dt
o Ty —T—y

= / w is 27-periodic / = eiky/ u(t)e * dt = e *2ney.

—T

N

Q Example

Let u(z) = |z| for —7 < 2 < 7 and periodically extend u. Find the Fourier coefficients
for u(x — 1). To what does the Fourier series converge? What is the Fourier series for the
function w(z) = |z — 1|, -7 < x < 7?7

Solution. This is a good example since it shows the dangers of not remembering that we’re
working with periodic extensions outside the domain [—7, 7].

Recall that

k?
k=—00
k0
Drawing the function looks like this.
)
s
x
—3m —27 - ™ 2m 3m

99



4.6. Gibbs’ Phenomenon Chapter 4. Stronger Types of Convergence

It is a periodic function. Now, finding the Fourier coefficients for u(z — 1) is rather easy if we
use the “rule” above:

i —ik~ i )F—1
u(z — 1)[k] = e *ulk] = e k!l 7r)k2 . k#0,
and u(?—\l)[()] = _i'og = 2 This means that
o ™ S —zlc( 1) -1 ik
u(x—l)—§+k; € 7Tk’2 )
P

again with equality since u(z — 1) is a continuous function in E’. Note now though what the
graph looks like.

T
—3r —2m —T ™ 27 3

It is a shifted copy of the graph of u(x), which was something that we periodically extended.
If we actually want to find the Fourier series for w(z) = |z — 1|, =7 < x < 7, we have to do a
new calculation and this would look different. Furthermore, the Fourier series will not converge
to |x — 1] at odd multiples of m. Drawing what w(z) actually looks like (and periodically
extend w) makes this clear.

—3r —2m —T ™ 21 3

Doing the calculation, you would find that

T+72 1 = (=D)*(1 —ik) — e
27 — k2 '

w(z)

When is w(x) equal to it’s Fourier series?

4.6 Gibbs’ Phenomenon

As we saw in the first example of this lecture, the Fourier series of v(z) = x behaves rather
odd at the points x = 7. We've seen this squiggly behavior previously as well. For example
when looking at the Fourier series for sgn(z) we saw that this happened at the origin. However,

60



Chapter 4. Stronger Types of Convergence 4.6. Gibbs’ Phenomenon

the function z + z? did not exhibit the oscillatory stuff. Why? The reason is the continuity.
We’ve seen in this lecture that we have uniform convergence on closed intervals under rather
generous conditions that include continuity of the function, and what is common with all the
squiggly sums is that the functions has a jump around which the Fourier partial sums oscillate.
Let’s take a zoomed in look at the partial sums for v(x) = z, that is

m 2(—1)k+1
Ton(z) = Z % sin kz.

k=1
Y
3__
2__
—_—n =10
14 —_—n =25
— n =50
T n = 100

2.5 3
— n =500

What is very interesting in this picture is that the height of the oscillations (at the extremes)
seems to be the same no matter how many terms we use in the partial sum. What changes
is that the oscillations gets more squeezed together around the jump point. Now this is just
a specific example, but it turns out that this holds for all functions with jump discontinuities.
The height of the wobbliness is about 9% of the size of the jump. This is known as Gibbs’
phenomenon.

To see why this holds in this case (which we will use to show the general case below), consider
the sequence {x,,} defined by z,, = (1 — m™"). Then

o) =35 20 G (ke (1 1))
>

2(—1)k+t
L (sin km cos <£> — cos k7 sin <k—ﬂ>)
k m m
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sinx
Next we observe that this is a Riemann sum for the function z —

on the interval [0, 7],
x
so since this function is Riemann integrable, letting m — oo yields that

lim T, (zy,) = 2/ ST g > 1.18m7.
0

m—o0 X

Furthermore, certainly v(z,,) — 7 increasingly as m — oo and v(7") — v(7~) = —2m, so the
size of the jump is 2. Therefore,

lim Ton(m) — v(xpm) - 1187 — 7
m—00 21 2T

= 0.09,
so for m large enough, we have

To(2m) — v(Tm)
2m

> 0.089.

This means that there’s a sequence {z,,} for which the difference between T,,(z,,) and v(z,,)
is about 9% of the the size of the jump!

To summarize, we have a sequence {x,,} such that z,, < = and z,, — 7~ increasingly and for
which
T () — V()
21

for m large enough. Completely analogously, there exists a sequence {z,,} such that z,, > =
and z,, — 7" decreasingly and for which

> 0.089,

To(2m) — v(Tm)
2

< —0.089

for m large enough.

What’s even more impressive is that this fact holds for all jumps when dealing with functions
from E. The size of the oscillations are always about 9% of the size of the jump. So large
jumps (like at the endpoints) cause a lot of “overshooting” where a signal will look weird (and

the amplitude will overshoot the “expected” signal). To formalize this, we have the following
theorem.

B

Theorem. Suppose that v € E is continuous on the interval [d — ,d + 0] except at x = d
and suppose that v’ € E. Let 64 = u(d") — u(d™). Then there exists a sequence x,, — d*

such that g
Frin ol i) — B85

m—r0o0 5d

> (0.089,

where S,,(x) are the partial Fourier sums of w.

Proof. Using the same idea that was used when proving uniform convergence on sub-intervals,
let us define the function w by
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where v(z) = z for —7 < < m and v(£7) = 0. Then w is continuous on I = [d — §, d + J] and
since w,w’ € F, the Fourier series of w converges uniformly on I. Thus, for any ¢ > 0, we may
assume that ¢ > 0 is small enough such that

[Win(2) —w(z)| <[ddle

for m > N (some N € Z) and all « € I, where W,,(z) is the partial Fourier series of w(x).

Since 5
W(z) = Sp(z) + iTm(x +r—d), m=1,2.3,...,

it follows that

Sm(x) —u(x) Wp(z) — g—erm(:v +7—d)— (w(z) — g—jrv(x +7—d))

(Sd 6d
Win(z) —w(@) Ty(z+7—d) —v($—{—7r—d)'

6d 2

By the argument above, there is a sequence x,, > d such that

Thnx4+m—d)—v(x+7—d)

< —0.089,

from which it is clear that

since € was arbitrary. O
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Chapter 5

Uniqueness, Convergence in Mean,
Completeness

)

“See you at the party, Richter.’
—Douglas Quaid (Hauser)

5.1 Uniqueness

So we have seen conditions when the Fourier series of a function u converges (and to what).
Another important question is in what sense we can expect the Fourier coefficients to represent
a given function.

Question. Suppose that u,v € E has the Fourier series’

u(z) ~ Z cre®™ and  v(x) ~ Z dpe™™.

k=—o0 k=—o00

If ¢, = dj. for every k € Z, what can we say about v and v?

We know from before that if u,v € E’ are continuous, then the Fourier series’ converge to u
and v respectively, so if the Fourier coefficients are the same then the functions are equal. This
is not true in general, but we will show that equality holds at points where both v and v are
continuous. To approach this, we need some summation results.

5.1.1 Cesaro Summation

n

Suppose that ay,as,as,... is a sequence of numbers and let S,, = Zak denote the partial
k=1
sums. We define

_ 1 <
Sp==> 8, n=123..,
n
=1

to be the mean value of the first n partial sums of the sequence. So yeah, this is a sum of sums.

It

lim S, =A
n—o0
exists (in the usual convergent sense), then we say that the sequence aq, as, as, ... is Cesaro-

oo
summable. Note in particular that if Z ap = S is convergent, then A = S, so we obtain the
k=1
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same answer when doing Cesaro summation. One can see this by considering the following.
Let S, — S be convergent and let € > 0. Then there exists N € Z such that |S,, — S| < ¢
if m > N and

- 1 < 1 1 < 1 &
S, — S| = EZ(Sk— EZ — 5|+~ > |Sk—S|§EZ|Sk—S|+6—>e,
k=1 k=1 k=m-+1 k=1

asn — co. Thus S,, — S as n — oo.
So why introduce this type of summing? Well, it makes it possible to assign values to series
that are classically divergent.

L

@ Example

Is the sequence 1,—1,1,—1,1,—1,... Cesaro summable?

Solution. The sequence is obviously not summable in the classical sense (why?). However, the
answer to the question is yes. Consider the partial sums S,,. If n is even, then .S, = 0, and if n
is odd, then S,, = 1. Since
— 1
=25
n
=1

we obtain that

and so on. Thus So, = 1/2 and Sopy1 — 1/2 asn — 00, s0 S = 1/2.
Note: this special series is usually referred to as Grandi’s series.

5.1.2 The Fejér Kernel

Let us look at what happens if we try to perform Cesaro summation for a Fourier series.
Working with the complex Fourier series, we define

= +Sl '+Sn$
Sn( _n—l—lzsl . (n)+1 =

Y

where

l
= o™, 1=0,1,2,..,

k=-1

and ¢, are the complex Fourier coefficients. The expression for S, () is basically the Cesaro
mean for the symmetric partial sums. Let us proceed like we did when identifying the Dirichlet
kernel

n l n

1

l
1 " —kt
- ikt gy
DS ZQW(/ )

=0 k=

n l
1 7r
o ( Z ezkzx t)) dt.

=0 k=
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Isolating the inner parenthesis, we notice that

n

n l N .
" Jlf 1 2 2. = n —1|— 1 2 MY 1=, %eik@—m

1=0 k=—1 k=—n I=|k| k=—n

-y (1 Y e
n+1 ’

k=—n

where we changed the order of summation. To see why this looks the way it does, consider
the figure below (it’s the same type of thinking like we did with multiple integrals). Instead of
summing over the red rectangles we switch and sum over the blue ones instead.

k
7 [
6 [ ] [ ]
5 [ ] o o
4 [ ] [ ] [ ] [ ]
3 [ J [ ] [ ] [ ] [ ]
2 [ ] [ J [ ] [ ] [ ] [ ]
1 [ J [ ] [ J [ ] [ ] [ ] [ ]
R ERSE IR kI kIR
—1 [ ] [ ] [ ] [ ] [ ] [ ] [ ]
-2 o [ ] o o [ ] [ ]
-3 [ ] [ ] [ ] [ ] [ ]
—4 [ ] [ ] [ ] [ ]
-5 [ J [ J [ J
6 o o
-7 )
W The Fejér kernel

Definition. We define the Fejér kernel F),(z) as

n l n
Fn<x>=nilZZe"’”= > (1—n|f;|1) e n=0,1,2,...

=0 k=—1 k=—n
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y
20 “

—

— = 2

—_—
\ 10 A — =10
—_—n =20

i

9 -8 -7 -6 -5 -4 -3 —2 —1 1 2 3 4 5 6 7 8 9

Obviously F,(x) is an even 27m-periodic function (similar to the Dirichlet kernel) and we can
write

5. (x) = %/W W Pz — 1) dt = = [ u(t + )P, (1) dt.

:% B

Notice also that F,,(z) is a sum of Dirichlet kernels D,(z), giving rise to the representation

n

F () = 1 Z sin((20 + 1)95/2)’ v 4%n ke

n+1 sin(x/2)
@ Properties of the Fejér kernel
Theorem.

(i) Fo(2km) =n+1, k€ Z

(i) Fo(z) = nil (Sm(izl(z/l;f/ 2>> x4 %m, kel

(iii) /T F,(z) dx = 2r.

(iv) If 0 < 7 < 7, then F,, — 0 uniformly on the set [—7, —7] U [7, 7| as n — oo.

Proof. We obtain the first point by direct verification from the definition of F;,. To prove the
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second identity, observe that

I, | . , .
(n + 1) Sll’l(l‘/2>2Fn(l‘) — _Z Z (ez.r/Q o 6—1$/2) (ez(2l+1)$/2 - 6—1(2l+1)$/2)
=0

— _i i (ei(l—l-l)x . e—ilm . eilw + e—i(l—l—l)x)
=0

1 n
~1 Z (2cos(l 4+ 1)x — 2coslx) = / telescoping sum /
1=0

1 —cos(n+ 1)z
2

= 2 (cos(n + 1)z — cos0) =
sin® ((n + 1)z/2).

Furthermore, we see that

/ F,(z)dx = Z <1 - %) / e* dy = 2,

-T k=—n -T

since e** is 27-periodic when k € Z and k # 0.

The last point is a little more subtle. Looking at the graphs above, we see that the mass seems
to be centering more and more around the origin, so we might expect something if we avoid
the origin. Indeed, we can see that

<sm((n+ 1):1:/2))2 _ 1 1 1 1

<
sin(z/2) =+ 1 r<esn sin?(2/2) — 1+ 1sin’(7/2)

1
| Fullcrm = —— max — 0,

n -+ 1 r<z<nr

so F,, — 0 uniformly on [r,7]. This also implies uniform convergence for [—m, —7| since F, is
an even function.

@

Theorem. Suppose that w € E. Then

for z € [—7, 7.

Proof. This mirrors the proof of the corresponding theorem for u € E’ when we used the

Dirichlet kernel. We need to show that
1 ™
2 J,

(u(z +t) —u(z™))E,(t) dt + % /_ (u(z +t) —u(z™))FL(t) dt — 0,

as n — oo. This implies that
u(z™) + u(z”)

M= T
since o
1 1 [7 1
— F.(t)dt = — F.(t)dt = -.
2 | . 2m J, 2
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Let € > 0. Since u has a right-hand limit at z, there is a § > 0 such that
0<t<d = Julz+t)—ulz")| <e
We exploit this and the uniform convergence of F,, to obtain that

i/Ow(u(ert) —u(x™))F,(t) dt’ < %/05 t)dt + —/ u(z + 1) — u(a™)|Fu(t) dt

2m
fl/ﬂ dt+—/ u(z + 1) — u(z™)| Fo(t) dt
27 Jo
€

IN

1
o |

as n — oo since F, converges uniformly to zero on [§,7]. The second integral is handled
analogously. O]

The following corollary is clear since if S, () converges, then S, () converges to the same value.

&

Corollary. Suppose that u € E. If the Fourier series is convergent at « € [—m, 7], then

So basically we could say that ”if it converges, it converges correctly” (where it refers to the
Fourier series of something in E).

&

Corollary. Suppose that u,v € E. If
x) ~ Z cre™ and  v(x) ~ Z dye™®
k=—00 k=—o00

and ¢ = di, for every k € Z, then u(z) = v(z) at every point « € [—m, 7] where both u and v
| are continuous.

If u is continuous on [—, 7], then we can use the uniform continuity of u in the proof above to
show that S, (z) converges uniformly (for a fixed e we can use the same 0 for every z).

- .
g Uniform convergence

Corollary. If u € E is continuous and u(—m) = u(r), then S, (x) converges uniformly to u.
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5.2 FE, E'’ and All That Stuff

So we’ve seen results now that requires different things of the function u to obtain convergence
in different senses. To summarize, some of the things we know are the following.

(i) If u € E, then u has a Fourier series (convergence of which is unknown).

u(z™) +u(z7)
5 :

(ii) If u € E, then S, (z) —

(iii) If u,v € E and u[k] = v[k], k € Z, then u(z) = v(xz) whenever u and v are continuous
at x.
uw(xt) +u(z7)
2

(iv) If u € E and D*u(z) exists, then S,(z) —

all z.

. If uw € E’, this limit holds for

(v) If v € E, u is continuous and u(—m) = u(w), then S, (z) converges uniformly to u(x).

(vi) If ' € F and u is continuous on [a, b] C] — 7, 7[, then S, (z) converges uniformly on [a, b].

It is therefore reasonable to question as to whether there are differences between these classes
of functions. First, let’s take a look at the one-sided derivatives.

<>

e

Theorem. If ' € E, then DFu(z) = lim,_,,+ u/(y).

Proof. If v € FE, then v’ is piecewise continuous. If x is a point of continuity for ',
then D¥u(x) = o/(z) immediately. If z is a “jump”-point for u/, we need to be a bit more
careful. Let h > 0 and recall the mean value theorem: if u is continuous on [z,z + h| and
differentiable on |z, z + h[, then there exists a number £ such that

u(x + h) — u(z)
h

=/(§), wherex <& <+ h.

Letting h — 07, we find that

D*u(x) = lim uz+h) —ulx) = lim «/(§) = u'(2™),

h—0+ h—0+

since u' € E and £ — 7. The left-hand derivative D~ u(z) is handled analogously. O

A\

The previous theorem does not hold if we only know that u € E’. If we don’t know that the
derivative is continuous on |x — 6, [ or |z, z + |, then we have to use the definition of D~ u(z)
and DT u(zx) directly.
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[\ The difference between v’ € F and u € E’

So what does v/ € E mean? We intend for this to mean that the derivative is a piecewise
continuous function. What this entails for u is that the two-sided derivative might not exist
at some points, but we still write v/ € E. The reason for this is that we don’t care what
actually happens at individual points, but rather the limiting behavior of the function when
we approach the point.

If u € E', then we only know that the function has one-sided derivatives at every point. This
is not sufficient for v’ to be piecewise continuous. In fact u’ might be very discontinuous.

5.2.1 Some Examples

Let’s consider some examples that show the differences between the conditions. The black
graphs depict the function and the red graphs the derivative.

o

¢ Example

Let u(z) = |z| for —m < 2 < 7 and extend periodically. Then u € E is continuous and u € E'.
Moreover, v’ € E.

Clearly v/(z) = —1if z < 0 and v/ (z) = 1 if 2 > 0. At z = 0, ¥/(0) does not exist.
However, D¥u(0) = 1.

N

Q" Example

Let u(z) = /|z| for —m < 2 < 7 and extend periodically. Then u € E is continuous
but u ¢ E'.

For —m < x < 0, we find that v/(x) = —|2|7'/2/2 and D~u(0) doesn’t exist (would be —o0).
However, D*u(—7) = —|r|'/?/2. Analogously, for 0 < 2 < 7, we find that u'(z) = |z|7"/2/2
and D*u(0) doesn’t exist (would be co). However, D~u(r) = |x|'/2/2.
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N

Q" Example

Let u(z) = zsin— for —m < z < 7 and extend periodically. Then u € E is continuous

x
but u ¢ E'. In fact, D*u(0) does not even exist if 400 is allowed (this is worse than /|x|).

For —m <z < 7 and x # 0, it is clear that u'(z) = sin — — — cos —, but D*u(0) does not exist
x

r T
(not even if we allow o0 as possibilities). In the graph below, the scale of the function is ten
times the size of the derivative.

—T

L

Example

1
Let u(z) = 2°sin— for —7 < 2 < 0and 0 < 2 < 7. Put u(0) = 0 and extend u periodi-

i
cally. Then u’ exists everywhere in | — 7, 7[ and D*u(—n) and D*u(r) exists. However, the
derivative v’ is discontinuous at x = 0. Moreover, u' ¢ E.

1
For —m < & < 7 and = # 0, it is clear that «'(z) = 2z sin — — cos —. For 2 = 0, we find that
x x
oy — i W) —w@©) 1, L L
u(O)—}llli% ; _flzlgcl)hh smh—O—}lg%hsmh—O,

so u/(0) exists. Clearly it is not true that «/(z) — 0 as x — 0%, so by the theorem we proved
earlier it is impossible that v’ € E. More directly, consider the limit of u/(x) as z — 0%. Neither
limit exists, so u' ¢ E.
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Y
s

@ Example
The Weierstrass function W (z) (look back at the section with the M-test in lecture 3) is a

continuous function, so W € E. However, this function is nowhere differentiable going so far
that |DEW (z)| = oo at every point. Clearly W ¢ E'.

5.2.2 How Discontinuous Can a Derivative Be?

So the previous examples had problems at a single point (and maybe at the endpoints). Obvi-
ously we can construct something that has problems at any each point of any finite set (which
would make the function look quite horrible), but from a mathematical perspective that’s usu-
ally not that bad. Could we have problems at an infinite set of points?

Let’s recall a famous theorem by Darboux, claiming that the derivative of a differentiable
function has the intermediate value property.

<>

%@ Darboux’s theorem

Theorem. Suppose that u is differentiable on [a, b] and that u/(a) < «/(b). If A is a number
such that u/(a) < A < ¢/(b), then there exists a point ¢ €]a, b[ such that u/(c) = A.

Proof. We want to prove that there exists some ¢ €]a,b[ such that v/(c) — A = 0. Let’s
define U(z) = u(z) — Az so that U'(c) = u/(¢) — A. Then U’(a) = u/(a) — A < 0. Hence there’s
some point xy > a such that U(xy) < U(a). Similarly, since U’(b) = u/(b) — A > 0, there’s some
point x; < b such that U(z1) < U(b).

What this means, is that the minimum of U on [a, b] is not attained at the endpoints. With U
being a continuous function and [a, b] being compact, we do however know that the minimum
is attained. This ensures the existence of a point ¢ €]a, b] such that U(c) is an extreme value
and since U is differentiable, this proves that U’(c) = 0. O

So what’s the use of this result? For one thing, we can show that certain functions can’t be
the derivative of something else. Indeed, as an example consider the function u(z) = 1 if z is
irrational and w(z) = 0 if z is rational. This is a severely discontinuous function. Assuming
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that u is the derivative of some function U, it would follow from Darboux’s theorem that u has
the intermediate value property. This is obviously false since we can choose any number A €]0, 1]
where we can’t find any ¢ such that u(c) = A.

So in other words, if a function is differentiable, then the derivative can’t be as bad as this.
However, there are differentiable functions where the set of of discontinuities of the derivative
is uncountable so it’s still pretty bad. In fact, there are functions whose derivative is so bad
that you can’t integrate the derivative with the Riemann integral.

5.3 The ON-system {e***},cz is closed in E

We will now prove that the ON-system {e™**},cz is closed in E, meaning that we need to show
that for every u € F, there is a sequence of constants ¢, € C, k= 0,1,2,... such that

1/2
1 (7 2
= lim (—/ dm) = 0. (5.1)
n—oo \ 2 J__

Note that this result will imply that the Fourier series of u € E will converge to u in the sense
of the norm we use on E (the L?norm). This is sometimes called convergence in mean.

To obtain this result, we need a sequence of approximation results rather typical for (hard)
analysis. Recalling from the previous section that we can approximate any continuous function
on [—m, 7| uniformly by the trigonometric polynomial that is its Fourier series, we need to first
approximate v € E with something continuous.

The procedure will be as follows. We fix some u € E. Next we choose a piecewise constant
function A such that

n

(x) _ Z Ckeikx

k=—n

n
u(zx) — Z ek

k=—n

lim
n—oo

2

¢
3

Next we approximate this piecewise constant function h by a piecewise linear! continuous
function f (satisfying f(—m) = f(m)) such that

[l = hll2 <

€

Ih = Flla < £

Now, since f is continuous and f’ € E, we know that the Fourier series of f converges to f
uniformly for every x € [—m, w|. This means that we can choose N so that

Hf(x) _ Z Ckeik:x

k=—n

< forn > N,

€
57
2

if ¢, are the Fourier coefficients of f. Finally, by the triangle inequality we have now obtained
that

n

u(z) — Z ek

k=—n

n

@) - 3 e

k=—n

€
<-4-+-=¢

<|lu—"h h —
< = hlla + 15— £l + .

2

when n > N, which is precisely what (5.1) means.

1 Piecewise linear means that the function is of the form y = kx + m on each "piece.”
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5.3.1 Approximations...

Let’s take a closer look at these approximations.
First, since u € E it is Riemann integrable (see TATA41) and the following must hold. For
every € > 0, there is a partition of [—m, 7],

Tp=-—"T< 1< T < - <Ty, =T,
and numbers &; € [z;, x;11],7=0,1,...,n — 1, such that
1 T 2
5r | @) - h(z)|? dz < GZ

where we define the function h(z) to be equal to dj, = u(&) if xp < & < z441. Note that h is a
piecewise constant function that approximates u. See the blue graph below.

We make sure to include the points where w is discontinuous (of which there are a finite number)
in the set {xo,z1,...,2,}, so that u is continuous on each interval [z;,z;.1] after possible
redefinition at the endpoints (remember that the right- and lefthand limits of u exists if u € E).

Y

To see why this is possible, note that the restriction of u to intervals [a;, a;11] (after possible
redefinition at a finite number of points ;) is uniformly continuous on each [a;, a;41]. Thus, for
any € > 0, there is a d; > 0 such that

€

3

Let § = min{d;}. Clearly 6 > 0, so it is possible to choose a partition {z;}?, of [—m, 7] such
that |x;11 —x;] < d,1=0,1,2,...,n—1, and each point a; can be found in the set {z;},. By
the uniform continuity on each [z;, z;41], it is clear that

z,y € la, 041 |z —y| <8 = |ulz)—u(y)| <

62

u(a) = h(a)|* = fu(e) - duf* < .

Ty < T < Tig,
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since dj, = u(&) for some & such that zp < & < xx41. The inequality might not hold at the
end-points, but this does not matter for the integral. This implies that

Tit1 h 2d 62 .
- > i+1 — i, =Y L., =1,
/ lu(z) ()" dx < §|x 1 — x|, 1=0,1,2 n—1

SO

—T

n—1
1 €2 €2
<5 (Z gl ‘I‘i'> =5

Ju bl = o= [ Jule) = b do = - (Z

Next step is to approximate h by a continuous function f such that f(—m) = f(x). To this
2

end, choose a 6 > 0 such that § < e (yeah.. we'll get to that), where M is some number

such that |h(x)| < M for all x. Define f such that f(x) = dy when 2+ < x < 21 — 0
and between these intervals, a straight line that connects the y-values dy with dj ;. At the
endpoints, we connect dy and d,, with the y-value that is the mean value of u(—=) and wu(w).
See the red graph below.

The function f is continuous on [—m, 7| and f(—n) = f(7). We extend f periodically to R.
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Since f = h on large chunks of [—, 7], we now note that

I£ = bl = 5= [ 17(e) = b ds

—T

—7+0 Jfk+6 T
=%</ 7(z) - |2dx+2/ )I2dx+/7r6|f(9:)—h(ﬂf)l2d:c)

1 9 _ 4M*no
%(4M (6+(n—1)-26+06)) = -

2

€

< )

-9
where we used the rough estimate | f(z) —h(x)| < 2M which holds if | f(z)| < M (which implies
that |h(z)| < M as well). Note that f' € E.

5.4 Parseval’s Formula

Recall from Lecture 2 that Parsevals’s identity holds for closed ON systems (and we just proved

this for E):
()] dx = Z [
k=—00
where Ly
=5 u(z)e * dv, k€ Z.

Furthermore, this could be generalized as

L[ wwi@de = Y o

— u(x)v(z)de = c

27T . . kWEk
where | g | g

k= — u(z)e * dr and dp = — v(x)e " dx, ke Z.
2 J_. 2 J_ .

-\@’- Example

Sl
Calculate Z =k

k=1

Solution. Note that u(z) = x, —m < z < =, has the Fourier coefficients ¢, = i(—1)/k
for k # 0 and ¢y = 0 (show this). Hence

Z Jex]* = 22 L2

k=—o00
and by Parseval’s identity this series is equal to
1 [" 1 [" 273 2
— |u(x)|2dx:—/ xde:l:W—,

2 J_. 27

—T
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SO
—2——.
k::lk 6

This is one way of proving this famous formula.
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Chapter 6

The Fourier Transform

“Crom! Grant me revenge. And if you’re not listening, to hell with you!”
—Conan

6.1 The Fourier Transform

Formally, we can consider the Fourier transform of a function u: R — C given by

Fu(w) = / u(z)e ™" dr, wE€R,

—00

when this integral exists. When is this the case? Well, if u € L'(R) then this integral will be
absolutely integrable since |u(x)e™™?| < |u(x)| (for w real) so

| Fu(w)] < /OO lu(z)| dz < oo.

—00

Note that this bound is uniform in w, so we have actually proved that
| Fulloo < llullzrwy,

meaning that the Fourier transform maps functions from L'(R) into L>(R). This space will
be to hard for us to handle properly though, so let’s consider piecewise continuous functions
similarly with how we handled Fourier series. In some cases you’'ll see that w = 27 f is used.
This is to obtain results in terms of frequency (not angular frequency) with the unit Hertz.
This won’t happen very often in this course, but is quite common in signal processing.

The space G(R)

Definition. We define the space G(R) (or just G if the domain is clear from the context)
to consist of all piecewise continuous functions u: R — C that are absolutely integrable. A
function is called piecewise continuous on R if there is a finite number of exception points in
each finite interval [a, b] (meaning that u € Ela, b]).
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Note that this means that a function in G might have an infinite number of discontinuity points
(but still countably many). The simplest example is probably the integer function u(x) = [z]
that maps a real value x to its integer part.

When dealing with Fourier transforms, there’s some slight variations in the notation. The most
common ways to denote the Fourier transform of u: R — C are

Ulw) =u(w) = Fu(w).

Choose which one you prefer and try to stay consistent (I probably won’t..). Note that there
are certain instances where a certain notation makes things easier to read, so some variation is
alright.

When using F u(w), observe that this means that the function F u has the argument w. If we
wish to be very careful, we sometimes write F(u(z))(w) to indicate that u is a function of «
and the Fourier transform of u is a function of w, even if this notation is slightly incorrect (u
is the function and wu(z) is the functions value at z). We might even write (F(u(x)))(w) if it
helps make something clear, but clumsier notation is most often not the best idea.

/8 Normalizing constants
There are several, different competing “versions” of the Fourier transform that differs by a
constant. In the book the Fourier transform is given by

1 00 '
—wwr d
e u(zx)e x

and in other material you might find that the Fourier transform is defined by

1 ee -
— u(z)e “*dux.
V 27 /—\oo ( )

The theory will look the same, but obviously the Fourier transforms of specific functions will
have different constants attached. Be wvery careful when reading tables! This problem will
| also return next lecture when we discuss the inverse Fourier transform.

6.2 Time/Space and Frequency; The Spectrum

We often think of the function u: R — C as a function of time or space, meaning that we
have values at certain times or at certain points. Taking the Fourier transform of v produces a
function U: R — C, and we consider U(w) as a function of angular frequency w. If we plot the
magnitude of U (that is we plot the absolute value), we typically obtain something like this.
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Abs

f

318 637 955 1273 1592 1910 2228 2546 2865

Why this example? Why these numbers? Why does the graph look symmetric around the y-
axis? So many questions. The connection between the angular frequency and regular frequency
is given by
w=27f,

where f is the regular frequency (measured in Hertz). For an audio signal, we typically consider
frequencies below 22 kHz so that’s the reason for those numbers. Furthermore, A real-valued
function always has a symmetric spectrum. So that’s the reason for the symmetry. We’ll prove
that later on (it’s not that difficult). For this reason we usually only plot half of the magnitude
spectrum in the case when the signal is real.

6.3 Examples

A lot of calculations to derive the Fourier transforms of given functions are rather difficult in
that they involve techniques that aren’t available to us (like residue calculus from complex
analysis). Other problems arrive from our choice of domain for the Fourier transform, that
is, the space G(R). Not only are we requiring functions to be piecewise continuous, but also
absolutely integrable. For example, could we assign a Fourier transform to a non-zero constant?
We could, but that basically requires distribution theory (and the answer is basically the Dirac
“function”). So what this means is that we're going to see tables where Fourier transforms are
listed that might not be completely in line with what we're able to prove, but we will use these
anyway if needed. Be aware though that we have not covered the necessary theory in that case.
So let’s consider some examples we actually can derive without any issues.

N

Q" Example
2
1+w?

Show that the Fourier transform of u(z) = e 1*l, z € R, is given by U(w) =

Solution. We note that u € G(R) and

00 ' 0 ' oo _ a(1—iw) 10 —z(1+iw) 7
/ e—\x|€—zwx dr = / ex(l—zw) dr + / e—:c(l—i—zw) dr — € - I _6 '
oo oo 0 I —iw | I+iw |,

1 1 14w+ (1—iw) 2

1w Tt (4iw)(—iw) T1t+?
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We also note the following partial result from the previous calculation.

@ Example
1
14 iw

The Fourier transform of u(z) = e™*, > 0, is given by U(w) =

We see that situations where functions are defined from a certain point onward, the following
function can be helpful in writing down such expressions.

The Heaviside Function

Definition. The Heaviside function H is defined by H(z) = 0 if z < 0 and H(z) = 1
if z > 0.

The sinc function
Definition. We define the sinc-function by

sin &

and sinc(0) = 1 (why?).

The sinc-function is a sinusoid that decays as 1/x. As we shall see, it is also an important
function when dealing with Fourier transforms.

Yy
I8 16 —14 -0 -8 WA -2 2 N 8 10—12 14 16 18

N

@ Example

Show that the Fourier transform of u(z) = 1, x € [—1,1], and u(z) = 0 elsewhere, is given
by U(w) = 2sincw.
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Solution. We note that u € G(R) and that

0 ) 1 ) e—iw:c 1 eiw o e—iw
/ u(x)e " dr = / e "“dr = [ ] = ——— =2sincw, w #0.
_ - -1

. 1 —iw w

For w = 0, we find that Fu(0) = 2. This is 2sinc(0) so the Fourier transform of the “box” is
continuous also at the origin. We will show that the continuity of the Fourier transform is true
for any u € G(R).

Note also the contrast between the graphs of the function and its Fourier transform. Indeed,
the Fourier transform (while decaying) is oscillating around the w-axis all the way to infinity,
whereas the function u is extremely limited with respect to x (it’s equal to zero outside [—1, 1]).
This is an intrinsic property of the Fourier transform. We can’t have something that’s both
limited in = and w at the same time. You're going to see this phenomenon in a lot of applied
settings ranging from quantum mechanics (hello Heisenberg) to telecommunication.

6.4 Properties of the Fourier Transform

In the previous examples, we saw that a real valued function might give both real and complex
valued Fourier transforms, but in the case when the function was symmetric we obtained a
real valued transform. Is this true in general? Or was there something else that happened in
these examples that produced the result? Or was it just coincidence? These types of symmetry
questions and general properties of the Fourier transform are important and also what enables
us to develop useful concise tables that work together with certain rules. So let’s take a look
at the properties and rules of the Fourier transform.

<>

e

Theorem. For u € GG, the Fourier transform F u is uniformly continuous on R.

Proof. So... there’s an easy way of doing this by means of the Lebesgue dominated convergence
theorem. However, this is slightly outside the course, so let’s try something else. Let U(w) be
the Fourier transform of v € G and let h be a small real number. Then

[U(w+h)—U(w)| = ‘/00 u(x) (6—i(w+h)x — ) dy

< /OO |U(I)| ‘e—i(w-l—h)x . e—iwx‘ dr.

—00

Now, we need to do something with the difference of complex exponentials. A rough estimate
is given by
|6—i(w+h):c o e—iw:c| < |6—i(w+h)a:| + ‘e—iwm’ -9

so at least it is bounded. However, clearly the difference also goes to zero as h — 0, so we can
do better. Indeed, let o, 8 € R. Then

e

e — eiﬂf = |cos a +isina — cos f — isin 5> = (cosa — cos 3)? + (sina — sin f)?

= cos® a + sin® a 4 cos? 3 + sin® B — 2 (cos a cos B + sin asin )
2
=2(1 — cos(a — B3)) = 4sin” (#) <4 (O‘;5> = (a — pB)?,

since |sinz| < |z| for x € R. This implies that

‘e,i(erh);p B efiw:r‘ < ’ o (w —I—h)LC—FWQ?‘ = ’h“l’|
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Let € > 0. We will prove that there exists 6 > 0 such that
|h| <6 = |Uw+h)—U(w)| <eforevery w € R. (6.1)

Since u is absolutely integrable, there exists some number R > 0 such that

/ u(z)|de < <.
2|>R 4

Then
/ \u(a:)\ ‘efi(oﬂrh)x o efiwx‘ dr = / | ’ ‘671 (wt+h)z efiwx‘ dr
—o0 |z|>R
R . .
+/ lu(z)| |e*’(“’+h)“ — e*’“’x| dx
-R
R
<2 ju)ldet [ futa)hlle]do
|z|>R -R
€ R € oo
<254 R [ julo)lde < 5+ IR [ Juto)] e
4 n 2 .
hoose § = — o obtain (6.1) 0
SO We can cnoose = ——— 10 OoDbtaln ).
QRHUHLl
@ The Riemann-Lebesgue “Lemma”

Theorem. For u € G we have Fu(w) — 0 as |w| — oo.

Proof. Let ¢ > 0. We prove that there exists N > 0 such that
wl| >N = |Uw)|<e (6.2)

Since u is absolutely integrable, there exists M > 0 such that

/|>M u(e)|dr < & (6.3)

Since u is Riemann integrable on [—M, M|, there exists a step function h such that

/_ lu(z) — h(z)| dr < g (6.4)

M

(we could take the lower sum for instance so that |u(z) — h(x)| = (ZL‘) — h(z)). Let the step
function be equal to the constant ¢, when z;, < x < xp1, k=0,1,...,m — 1, where

—M=zg<r1<29< - <T)p=M

is a suitable partition of [—M, M]. Observe now that for w # 0,

Th41 ) Th41 ) e*iwx T=Tk+1
/ h(z)e ™" dx / cke " dx Ck [ , }
—iw
T,

Tk T=x)
< 2lail

jwl -

< M |6—iwzk+1 _ e—ika
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Hence
M _ m—1 Tt ' 9 m—1
‘/ h(z)e™™* dx| < Z / h(z)e " dx| < — Z ek
-M k=0 17 Tk ol k=0
m—1

Let N > 6e* Z |ck|. Then, if |w| > N, we have

k=0
M .
‘/ h(x)e " dx
-M

By equations (6.3), (6.4) and (6.5), we obtain

< % (6.5)

U(w)] = \ |t a

j§/&>MhAdex+‘/i;u@ﬁ—ldx»ém”dx-+L/Miﬂxk_wzdv

-M

<f+/ u(z) — h(z)|dz + = < e,
37 )y 3

which is (6.2). O

This result also implies the following useful result.

B

Corollary. If u € Fla,b] (piecewise continuous on [a, b] and integrable), then

b b
lim u(z)sin(Mz) =0 and  lim u(z) cos(Mz) = 0.

M—=+oo - M—=+oo -

6.5 Rules for the Fourier Transform

Suppose throughout that u,v € G(R). Additional assumptions will be stated in the theorems.

@ Linearity
Theorem. If a,b are constants, then F(au + bv) = a Fu + b F v.

Proof. This follows from the linearity of the integral defining the Fourier transform.

@ Scaling
Theorem. If a # 0, then F(u(ax))(w) = ﬁ]—'(u(m)) (%)
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Proof. First, assume that a > 0. Observing that

Flutar)(e) = [ utarye = dz =/ y=az /= [ ugeen?
st

If a < 0, then we need to note that when doing the substitution, the limits will exchange places
(so the integral goes from +o0co to —o0). Changing this back changes the sign of the integral,
so we obtain that

Flu(az))(w) = -+ Fu (4) = L ru ().

a a/  |a a
Note the corollary we obtain when a = —1.
@ Sign change

Corollary. F(u(—z))(w) = F(u(z))(—w).

However, note also the following property.

<>

g Real symmetry

Theorem. If u is real-valued, then F u(—w) = F u(w).

Proof. Since u(z) € R, we have

Fu(—w) = /_00 u(x)e W dy = /OO u(z)e™ dr = /_OO u(z)e=we dx

o —00

— /_OO u(x)e ™ dr = F u(w).

o

Note that this implies that if u is real valued and U(w) = F u(w), then
|U(—w)| = |U(w)|, ReU(—w) = Re(w), and ImU(—w)=—ImU(w).

This means that there’s symmetry around the imaginary axis for the spectrum of wu.

<>

g Translation
Theorem. Suppose that a € R is constant. Then F(u(z — a))(w) = e~ “*(F(u(x)))(w).

Proof. A simple substitution shows that

fwu—ﬂ»ww=[%mx—@amez/y:x_a/:/fu@kﬁmﬂwy

e}

= e‘iwa/ u(y)e ™ dy = e F u(w).

o0
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@ Phase shift
Theorem. Suppose that a € R is constant. Then F(e"“u(x))(w) = (F(u(r)))(w — a).

Proof. We note that

F(e“u(x))(w) = /OO u(z)e e " do = /Oo u(z)e” T dr = Fu(w — a),

—0o0 —00

which completes the proof.

Abs

M

a

Euler’s formulas implies the following variation (that’s useful in telecommunication).

@ Modulation
Theorem. Suppose that ¢ € R is constant. Then

F(u(x))(w —¢) + F(u(z))(w+ c)

F(u(z) cos cx) (w) =

2
and
F(u(z)sincz) (w) = Fluz))w=c) 2_z F(u(@))(w + C)‘
Abs
A2

Notice that this means that we might get an overlap which might cause distortion in applications
if the shift ¢ is too small (if we just want a “copy” of the spectrum shifted to a higher frequency).

89



6.5. Rules for the Fourier Transform Chapter 6. The Fourier Transform

>

g Complex conjugation

Theorem.

Proof. Clearly

F(u(z))(w) = /_OO u(z)e ™ do = /OO u(x)e= i)z dg = /oo u(x)e=i-) dp = Fu(—w).

[e.e] —00 — 00

6.5.1 Differentiation

So let’s move on to a very useful property of the Fourier transform: derivatives in one domain
corresponds to multiplication by w (or z) in the other domain. Formally, the proof is simple
enough, but we need to exchange to order of integration and differentiation which is a bit prob-
lematic. So we need some preliminary results for how to handle expressions of the form z"u(z).
But first, let’s investigate what the Fourier transform of v’ is.

>

e

Theorem. Let u € G(R) be differentiable and let v’ € G(R). Then F(u')(w) = iw F u(w).

Proof. First, since u is continuous, we have

Since v’ € G(R), we know that u’ is absolutely integrable, and therefore the limit

lim u(z) = u(0) + /000 u'(t) dt

T—00

exists. Furthermore, since u is also absolutely integrable and continuous, the limit above must
be zero (if not then u, being continuous and having a limit at oo, can’t be absolutely integrable).
Similarly we must have u(x) — 0 as z — —oo. Using integration by parts, we see that

M M
/ W(@)e ™ de = [ LBP. [ = u(M)e M —u(=M)e" + iw / u(z)e " da
— z'w/ u(x)e—iwx dr = iw Fu(w), as M — oo,
since u(z) — 0 as x — to0. 0

<>

e

Theorem. Let u € G(R) be such that zu(z) € G(R). Then F(zu(z))(w) = i— F(u(x))(w).
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“Proof.” Formally, the proof is rather simple. Indeed, just observing that

V) = o [ et = [ u@ e rdo = [ isulze s

—0o0 o0 w o0

= —i F(zu(z))(w),

seems to indicate that the statement is true. However, the operation of moving the differential
operator inside the integral is far from trivial; see the last section of this lecture.

N

@ Example

Find the Fourier transform of the gaussian e

Solution. One way of approaching this is by observing that both e=*° and ze™* belong
to G(R), so if u(x) = e=** and U(w) = F u(w), then
U'(w) = —i Fze ™) (w) = —i/ A
. 1 —z2 —jwzx * . * —iw —z2 —jwx - w

_/I.B.P./——Z[—ée e }_OO z/oo 5 € e dx = 2U(cu).
So U must satisfy

/ W d w? /4 —w?/4

Uw) +5Uw) =0 d—(e U(@) —0 & Uw) =Ce*/
w

However, we can only have one Fourier transform so we need to find a value for C. It is clear

that -
U(0) :/ e da.

o0

This is a standard integral and one can for example find its value through the following calcu-

lation:
ee 2 2 ee 2 oo 2 2 2
(/ e’ dx) = (/ e d:r;) (/ eV dy) = // e~ @) da dy
— 0 —00 —00 R?2
il 1]
= / / re”" dfdr =2m {—— e /2] = T.
o Jo 2 0

Therefore C' = U(0) = /7 and we have shown that

F (6_12> (W) = Ve /4,

L

v

Find a solution to

Example

e, 1z <0,
e ®, x2>0.

u"(x) + 3u'(z) + 2u(z) = {
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Solution. First, note that if a > 0, then

0 ) e(afiw)a: 0 1
F(e™H(—z))(w) :/ eTe T dr = [ ] =

oo a— 1w a—iw

Similarly, if @ > 0, then

O A

Since we can express the right-hand side as e** H(—x) + e *H(z), where H is the Heaviside
function, we obtain (assuming that u« € G(R) and noting that the right-hand side is also
in G(R)),

—(a+iw)z :| 0 1
0

a+iw a+iw’

1 N 1
2 —dw 14w

1 1

(iw)?U (w)+3iwl (w)+2U (w) & ((iw)?+3iw+2)U(w) = i T

The right-hand side is
1 1 3

P —iw 4w —iw)(l+iw)
and letting s = iw, we see (from the lefthand side) that s* +3s+2 = (s + 1)(s + 2), so we're
looking for whatever has the transform
3
(1 +iw)?(2 + iw)(2 — iw
From a table (or the calculation above) we know that
1

a+iw’

—-2/3 1 3/4 1/12
/ /a1

U(w) = .
() Fio I+ 24w 2—iw

] = / partial fractions / =

F(e " H(X)) =

so the first and third term yields

2 3
—ge_mH(m) + Ze_Z”H(m).

Similarly, the last term yields

L,
—e“"H(—x).
¢ H(-12)

To attack the remaining term, observe that

d 1 , 1
- - = —)—
dw \ 1+ iw (1+iw)?’
so since F(zu(z))(w) = iU’ (w) (assuming that u is nice enough),
1 1

Flae " H@)w) =~ s = T e

So we see that ) 5 |
(x — —> e "H(r)+ Ze_QzH(x) + —e*H(—2)

3 12
has the Fourier transform U(w). So we suggest that
1
—e?, x <0,
_ )12
u(x) N 3 —2z 2 —x >0
Ze +{z— 3 e ”*, x>0,

is a solution to the differential equation. Directly verifying this proves the statement (something
that should be done at this point). If we knew some uniqueness results, we could argue why
this is the solution.
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6.6 Principal Values and Integration

Definition. The principal value of an integral / u(z) dx is defined as

—0o0

o0

0o R
P.V./ u(z)dr = lim u(x) dz

- R—oc0 R

| whenever this limit exists.

If u is absolutely integrable, then

P.V. /OO u(z) do = /Oo u(w) dz.

o0 o0

In other words,
R M

lim uw(z)dxr = lim u(z) dx

R—o0 _R m,M— o0 —m

is finite if absolutely convergent (this was the definition in TATA42). This is clear since

e || e [

<[ h@lde+ [ ut@lds o,

R

as R — oo since u is absolutely integrable, which implies that both integrals in the righthand
side tend to zero (independently of each other).

Note that in the case that the integrals are absolutely integrable, the principal value integral
will be equal to the integral with separate limits towards the infinities. So for us, they will
produce the same value.

Now, let f: R? — C be a function of two real variables.

@7/4 Uniform convergence of a principal value integral

Definition. We say that F(x) = / f(z,y) dy converges uniformly on I if the integral

exists for every x and

sup — 0, as R — oo.

el

/_ f(a)dy = F@

Another useful concept (that’s true in a setting a lot more general than ours) is that of dom-
inated convergence. In a sense this is a uniform convergence, and as the following theorem
shows we can use this to obtain uniform convergence as defined above.
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@ Dominated convergence
Theorem. Suppose that f: R?> — C and that F(x / f(x,y) dy exists for all z.

If there exists an absolutely integrable function g: R — R such that |f(z,y)| < g(y) for
all z,y € R, then / f(z,y) dy converges uniformly on R.

Proof. Let Fg(x / f(z,y)dy, R > 0. Since F(z) exists for every z, it is clear that

!F@%J%@Nzwlmf@wﬁw+%;f@wﬂ4 < [t il

00 R
Observe now that | f(z,y)| < g(y) implies that

/TRUKLyﬂdySi/_Rﬂyﬁw—+0

(e 9] —00

as R — oo independently of x (since we know that g is absolutely integrable). Obviously the

[e.e]

analogous result holds for / |f(z,y)| dy. This proves that
R

—R [e's)
ggwm—mwm/“mmwfég@@+a

as R — oo, which is uniform convergence. O]

[

Theorem. Suppose that f: R? — C is continuous on [c,d] X [a, R]. Then

(i) Fr(x / f(z,y) dy is continuous on [c, d]

(ii) and if in addition f is continuous on [c, d] X [a, 00| and F'(x / f(z,y) dy converges

uniformly (on [c, d]), then F' is continuous.

Proof. This result is dependent on the uniform continuity of f on the closed set [c, d] X [a, R]
(a continuous function on a compact set is always uniformly continuous), meaning that for

every € > 0 there is a 6 > 0 such that
(2, y) = (xo,90)| <6 = [f(z,y) — [(zo,90)| <€

Note that ¢ is independent of the points x,y, xo, yo (this is the uniformity).
€

R —

(i) So, let € > 0 be fixed and choose 6 > 0 such that |f(z + h,y) — f(z,y)| <
when |h| < §. Then

|Fr(z + h) — Fr(z)| =

é?ﬂx+hw—f@w»@‘

R € R
< [ Ut = sy < 7 [T dn=e

which proves that Fz is continuous.
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(ii) Since Fpg is continuous and Fr — F uniformly on the interval [c,d], it follows that F' is
continuous on [¢, dJ.

[]

Exchanging the order of integration (Fubini’s Theorem)

Theorem. Suppose that f: R?> — C is a continuous function on [c, d]

/ f(z,y) dy converges uniformly (on [c,d]). Then

/Cd(/(zoof(:v,y)d?J)dx:/aoo (/jf(x,y)dz)dy. (6.6)

Proof. From standard multivariate analysis, we know that

/cd (/aRf(x,y)dy) dxsz (/cdﬂw,y)da:) dy

for any constant R > 0. Now, by the uniform convergence, it is clear that

| (/Cdf(x,y)dw) dyzgggo/f (/Cdf(fc,y)dx) dyzgggo/cd (/aRf(af,y)dy) d

d d d
= lim Fr(z)dx :/ lim Fg(x)dz :/ F(z)dx,
R—oo [, ¢ B—oo ¢
which implies that (6.6) holds.

X [a, 00 and
that F(x

]

Note that we can let @ = —oo in the previous theorems by exchanging [a, R| by [—R, R| and
consider the principal values.

@ Leibniz rule

Theorem.

Let f: R* — C be continuous and let f(z,y) exist and also be continuous.

Suppose that / f(x,y)dy is convergent for every z and suppose that / fi(z,y)dy is

== / ’ (33, ) d = / ’ 1,:(.27, ) d

fi(z,y)dy. Since this integral is assumed to be uniformly convergent

a
and f! is continuous, it is clear that also G is continuous. Hence, for any b € R

/ t)dt = // Fi(t,y) dydt = //fftydtdy

_ / (f(z,y) — (b,y)) dy = F(z) — F(b).

The fact that G is continuous proves that

o0

Proof. Let G(z) =

d X
I |, Gt =G,
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SO

d o
Fo) = - (Fa) = F) = Go) = [ fitw.v)dy,
which is precisely want we wanted to show. O]

6.7 Proof that F (zu(x))(w) = i(F u(w))’

The assumption was that v € G(R) and that zu(x) is absolutely integrable (well.. we assumed
that this product also belonged to G(R) but given that v € G(R) this is equivalent). First, let us
assume that u is continuous. Since |¢“?| = 1 for w € R, it follows that the integral F(zu(x))(w)
converges uniformly. By Leibniz’ theorem, we can thus move the differentiation inside the
integral obtaining that

d Fu)(w) = /OO u(w)%e‘im dr = —i /00 ru(z)e” ™ dr = —i F(zu(z))(w),

dw -

which proves the claim in the case when u is continuous. If u has points of discontinuity,
say {ay }nez in increasing order, then the series

Flau@)w) =Y / " u(@)e e d
nez v on
will converge uniformly, so by the argument above,
d d [+ . dntl ,
@}—(u)(w) = nezz 0 /an u(x)e ™ dr = —inezz /an zu(x)e” " dx = —i F(zu(z))(w).

Note that xu(z) will have at most the same discontinuity points as u.
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Chapter 7

Inversion, Plancherel and Convolution

“You should not drink and bake”
—Mark Kaminski

7.1 Inversion of the Fourier Transform

So suppose that we have u € G(R) and have calculated the Fourier transform F u(w). Can
we from F u(w) recover the function we started with? Considering that the Fourier transform
is constructed by the multiplication with e=®?* and then integration, what would happen if we
multiplied with e®? and integrate again? Formally,

oo R 00 R 00
/ Fu(w)e™® dw = lim / / u(t)e ™ e™* dt dw = lim / / u(t)e” @ dt dw
oo R—oo | _pJ_ R—oo | _pJ_

R
= lim u(t) </ emwl@=t) dw) dt,
R—o0 oo _R

where we changed the order of integration (this can be motivated) but we’re left with something
kind of weird in the inner parenthesis and we would probably like to move the limit inside the
outer integral. First, let’s look at the expression in the inner parenthesis:

R —iw(z—t) 18 —iR(x—t iR(x—t ;
[Femeog [£ET gt
_ —i(r —t)] ,_ g ilx—t) i(z—1t) x—t

R

The Dirichlet kernel (on the real line)
Definition. We define the Dirichlet kernel for the Fourier transform by
_ sin(Rz)

DR(J:)_ . 1;7é07 R>07

and Dg(0) = R/.

Note that we changed the normalization of the function. There’s a reason for this and we’ll get
to that soon. For now, observe that

1 e.¢] . o0 [e.e]
. / Fu(w)e™ dw = lim u(t)Dr(x —t)dt = lim u(t + x)Dg(t) dt.
T J -0

R—o0 S R—o0 S
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You probably recall the sinc-function, and the Dirichlet kernel on the real line is such a function
and for a couple of values of R you can see the graphs below.

Y

— R =

—9 -8 —7 —6 —5 —4 —3 —2

> . . .
%ﬂ The Fourier inversion formula

Theorem. If u € G(R) has right- and lefthand derivatives at z, then

Proof. First, we write

—0o0

% /_Z]:u(w)eiwz dw = /0 u(t + x)Dp(t) dt + /OOO u(t + z)Dg(t) dt

and claim that

/_0 u(t + z)Dg(t) dt — @ and /000 u(t 4+ x)Dg(t) dt — u(g*)’

o

as R — oo. We prove the second identity (the first is proved analogously). To this end, we
split the integral in two parts:

/oo u(t + 2)D(t) dt — /Wu(t ) Da(t)dt + /Oo w(t + ) Di(t) dt.

The reason for this is that we need to exploit different properties of u to prove the desired result.
First, let « be fixed. Then the function ¢ — wu(t 4+ z) is in G(R), so the Riemann Lebesgue
lemma implies that

o 1 [ ult
lim [ u(t+2)Dg(t)dt = lim — / Msm(m) dt = 0.

R—o00 . R—oo T
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Turning our attention to the first integral, we write
/ u(t + x)Dg(t) dt = / (u(t+z) — u(z"))Dg(t) dt + / uw(x")Dg(t) dt
0 0 0
_ / (u(t + 2) — ule*)) Da(t) dt + u(:ﬁ)/ Dr(t) dt.
0 0

Since DT u(z) exists (by assumption), it is clear that the difference quotient
u(t 4+ x) — u(z™)
t

is bounded and that this expression belongs to E([0,7]). Therefore, the Riemann Lebesgue
lemma (again!) implies that

im [ (u(t+2) - u(e®))Da(t) dt = lim - / Tulte) Zu@) Ry = o,

R—oo [ R—o0 T t

Finally, we observe that

Rm Rm _:
smx 1 sin x 1 = 1
Dg(t)dt = =Rt /= - d .-z R
/ (t /x / WR/ x/R 7T/0 x x—>7r 9 90 ® = %%
due to the following result.
g
Theorem. / sin 2 dx = g

We defer the proof of this until at the end of the lecture.

' .

g Uniqueness

Corollary. If u,v € G(R) and Fu(w) = Fv(w) for every w € R, then u(z) = v(z) for
all z € R where u and v are continuous and D*u(z) and D¥v(z) exists.

L

@ An Airy equation

Find a (formal) expression for a nonzero solution to v”(z) — zu(z) = 0.

Solution. Assuming that u € G(R) is twice differentiable with «', u” € G(R), we can take the
Fourier transform and obtain that
(iw)*U(w) —iU'(w) =0 & U'(w)—iw’U(w)=0
d , A
Rl (e_’ws/gU(w)> —0 & Uw)=Ce«"3,
w
where C' is an arbitrary constant (and we used an integrating factor to solve the differential

equation). Therefore,
/ C62w3/3 wx dw = D/ (w3 /34w) dw
" or

where D is some constant, might be an expression for a solution. Now the question is of course
if this integral is convergent. Certainly it is not absolutely integrable (why?) and we can’t
claim that the expression solves the equation by previous results. This is an instance where we
would like to extend the Fourier transform to a larger class of functions.
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7.2 The Fourier Transform of the Fourier Transform

So looking at the inverse Fourier transform, it’s almost the same as the Fourier transform.
Indeed, the only difference is the sign in the exponent of the exponential and the factor before
the integral. This means that the inverse transform has pretty much the same properties as
the Fourier transform. This also means the following useful result.

B

Theorem. If v, U € G(R) and U(w) = F(u)(w), then

FHU)(z) = % J’:((fu)(—w))(x) and F(Fu(w))(z) = 2nu(—2),

for every & where u is continuous and DFu(x) exist.

This follows immediately from the definitions of the transforms and the result above. The
assumption that D¥u(z) exist is superfluous but we do not know that at this point (we’ll show
that next lecture). If u is discontinuous, but still in G(R), then the equalities still hold if we
view the results as elements from L'(R), meaning that the difference has L!'-norm zero.

L

@ Example
Find the Fourier transform of 1 .
1+ 22
: L ool ~fal 1
Solution. Let u = 3¢ We know from before that F(u) = F(e™*'/2)(w) = T2 and
w

since both v and = — belong to G(R) and are continuous with right- and lefthand

1+ 22
derivatives at every point, we find that

%.;Jwu;ﬂfuw»@y:f<——i——)@g:f( ! )@y

1+ (—w)? 14 w?

f(ljﬁ>ﬁﬂzwew.

In other words,

7.3 Convolution

A useful type of “product” of two functions is the convolution (sv. faltning), defined as follows.

Convolution

Definition. The convolution u * v: R — C of two functions u: R — C and v: R — C is
defined by

o0

(uxv)(z) = /_ u(t)v(z —t)dt, =z €R,

o0

whenever this integral exists.

So when does this integral exist?
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>

e

Theorem. If u,v € G(R), then uxv € G(R).

Proof. We first prove that u x v is absolutely integrable:

/ luxv(x)|de = ‘/ v(x —1t) dt’dm

< / monotonicity / < / / o(x — 1)) dt do
— / Fubini / — /OO /OO u(t)o(z — t)) da dt

_ /Z |u(t)|/z (e — t)| de dt.

/_oo|(x—t)|dx_/s_x—t/ / 5)| ds,
/ ]/ v(x —t)|dedt = (/_:M(t)]dt) (/_Z\v(s)\ds) < 00

A more compact way of stating this result is that

Note now that

SO

|u* vl r) < lullowllvlcw)

The right-hand side is finite by assumption. O]

Note. This result holds for any integrable functions (we do not need the piecewise continuity
to prove convergence).

7.3.1 So What s the Convolution?

The convolution is a type of moving average, where we shape one function by another. There
are many (seriously.. there are a lot of them) applications where convolutions appear. Linear
systems, (partial) differential equations, probability theory, integration theory, etc.

L

@ Example
Let u(x) =5H(z +2) — 5H(z — 2) and v(x) = 4H(z + 1) — 4H (z — 2), that is,

5, —2<x<2, 4, —1<x<2,
u(z) = and v(x) =
0, elsewhere 0, elsewhere.

Find the convolution u x v(x).
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Solution. Since both functions are defined by cases, a reasonable procedure is as follows.

(i) First, identify where the functions have jumps (or where the support! is if it is compact).
We also express both functions in terms of a variable ¢ that’s going to disappear when we
integrate.

t
-4 -3-2-10 1 2 3 4 -4 -3-2-10 1 2 3 4

(i) Now we mirror v, so lets draw y = v(—t). Since we will consider v(x — t), this graph
corresponds to z = (0. We need to keep track of where z is.

-4 -3 -2 -1 1 2 3 4

(iii) Draw both u(t) and v(z — t) in the same diagram, identifying when things change.

First, we see that for x < —3, we have no overlap.

Obviously, u x v(z) = 0 for z < —3.

For —3 < x <0, we have some overlap:

!The support of a function u: R — C is the smallest closed set E such that {z € R : u(z) # 0} C E.

102



Chapter 7. Inversion, Plancherel and Convolution 7.3. Convolution

f x
-6 -5 —4 -3 -2 —-1:0 1 2 3 4 5 6
x
z+1 z+1
u*v(:p):/ u(t)v(x—t)dt:/ 5-4dt =20(z +3).
-2 -2
For 0 < 2 <1, we have complete overlap:
Y
-6 -5 -4 -3 -2 -1 0O :1 2 3 4 5 6
x
z+1 z+1
u*v(m):/ u(t)v(m—t)dt:/ 5:-4dt =20z +1—2+2)=20-3.
r—2 r—2
For 1 < x <4, we have some overlap:
Y
x

6 -5 -4 -3 -2 -1 0 1 2:3 4 5 6

uxv(zr) = /:u(t)v(x—t) dt = /:5-4dt =20(4 — x).

For x > 4, there is no overlap so u * v(z) = 0.
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6 -5 -4 -3 -2 -1 0 1 2 3 4:i5 6

We have now covered all possibilities for x, so the answer is

/

0, T < —3,
20(z+3), —-3<z<0,
uxov(z) = < 60, 0<z<l,
2004 —x), 1<uz<A4,
0, T >4,
\
and the graph looks like this.
Y
60

-6 -5 -4 -3 -2 -1 0 1 2 3 4 5 6

7.3.2 The Fourier Transform

So now to one of the most important properties of the Fourier transform: the Fourier transform
of the convolution of u and v is the product of the Fourier transforms of u and v (separately).

>

g Convolution
Theorem. Suppose that u,v € G(R). Then F(u * v)(w) = F u(w) F v(w).

Proof. Let Fu(w) =U(w) and Fv(w) = V(w). Then

Flu s v)(w) = /_ " (w0 ()e e dy = / h ( / T ultyols — 1) dt) e~ o

o0 —0o0 —00
oo

= / Fubini / = /_Z u(t) /_Z v(r —t)e " do dt = / u(t)V (w)e™“'dt

—00

~ V(W) /_ T ul)e it = V(W)U (w).

o0
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o

@ Example
Find a solution to the integral equation

[ wttute e =

[e.e]

Solution. The left-hand side is the convolution of w with itself. Assume that u € G(R). Then
taking the Fourier transform of both sides in the equality yields

2

U(@)U(w) = Fle™)(w) = e/
so assuming that U is real-valued (is this obvious?),
Uw)| = Vet = e™f%,

SO
1 2 1 W
Ulw) =+ ® = £y2. —e @V = 1\ /2. —F (—) ,
) vz v\
where we rewrote the right-hand side in term of F(w) = F(e™*")(w). Hence

u(z) = £v2e @D = /3 ?,

by a scaling argument. Is this a solution? Yes, by uniqueness (obviously u is continuously
differentiable).

7.3.3 The Fourier Transform of a Product

So is there a way of finding the Fourier transform of a product? As it turns out, there is. At
least if we are willing to calculate a convolution in the frequency domain (assuming things are
defined).

@ Fourier Transform of a product

Theorem. Suppose that u,v € G(R) such that uwv, Fu, Fv € G(R). Then

Flun) () = 5= Fw) * F(o) (). (7.1)

Proof. We observe that

F (G F0) ) ) (1) = 5 FUF0la) FF)le) = g -2m( a2 =)

T
= 2m(uv)(—z) = F(F(uv)(w))(z),
so the Fourier transform of the left-hand and right-hand sides are equal. Assuming that all

integrands belong to G(R), the equality in (7.1) follows from a uniqueness result we show next
lecture (at least except for a countable set of points). O

Note that there are a lot of things that need to align correctly for the previous result to hold.
Functions and their respective transforms need to belong to G(R), even if that assumption looks
unnecessary from the final formula. Let’s look at an example where this problem becomes clear.
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o

@ Example

: 2
Formally find the Fourier transform of u(z) = sinc(z)* = (smx) .
i

Solution. Recall that the Fourier transform of v(z) = 1 when —1 < 2 < 1 and v(z) = 0
elsewhere, was Fov(w) = 2sinc(w). This would indicate that F(2sinc(w))(xz) = 2mv(—x),
which would mean that F(sinc(z))(w) = mv(—w) = mv(w). Thus F(sinc)(w) = 7 when |w| < 1
and F(sinc)(w) = 0 when |w| > 1. This is a formal result since sinc(x) does not belong to G(R),
so our definition of the Fourier transform does not hold. However, the function sinc?(z) does
belong to G(R), so there exists a Fourier transform of u(x). Proceeding formally, we find that

F(sinc®)(w) = %]‘—(Sinc) « F(sinc)(w) = {05(2 — wl), :z: i z,

Why? Well, the procedure is analogous to the example we saw earlier. We need to calculate
the convolution of two identical boxes, so symmetry should almost be enough to assume that
it’s a triangle but let’s do the calculation. Let F(w) = F(sinc)(w).

Y

So if —2 < w < 0, then
FoF(w) = /w+1 F(E)F(w — &) de = /WH 72 dE = 72w + 2),
-1 —1

and if 0 < w < 2, then

F*F(w):/_IF(ﬁ)F(w—f)dfz/_172(15:71'2(2—w).

For |w| > 2 we have F x F'(w) = 0.

So is this really the Fourier transform of sinc?(z)? One way of proving this is to actually use the
inversion formula we derived above, which basically means that we take the Fourier transform
of the function V(w) = m(2 — |wl|)/2 for |w| < 2 (and zero elsewhere):

F 1V (w)

1 [r 12—e_i2$—ei2””_11—(3082:r;
4 2 2 2

=5 2(2 —|w))e“ dw = -+ = = = sinc?(z).
-2

This operation is allowed since it is clear that V' € G(R) so the Fourier transform is defined as
before. So we now know that u € G(R) is continuous and differentiable, and thus

F 1 Fu(r) = u(z).
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Moreover, we just showed that
(FHV(W)(2) = ul(z),
F 1 Fu(z) = (F V(W) ().

Does this mean that Fu(w) = V(w)? It actually does since F u and V' are continuous, but we
need the uniqueness result that we will prove next lecture. Why can’t we use the one we derived
in this lecture? Well, it’s not clear that D* Fu exists, we only know that F u is uniformly
continuous.

7.3.4 Properties of the Convolution Product

The convolution operation (on L'(R)) behaves like we expect of a product in that it has the
following properties.

&

Theorem. Suppose that u,v,w € G(R). Then the convolution has the following properties.
(i) Associative: (u*v)*w(x) =ux* (v*w)(zx).

(i) Distributive: (u 4+ v) x w(z) = u* w(zx) + v * w(x).

(iii) Commutative: u * v(x) = v * u(x).

Proof. Since the convolution of functions from G(R) are mapped to the product of their
respective Fourier transforms, all of these properties follow from the fact that they hold for the
regular product. After showing the corresponding identities for the Fourier transform, we take
the inverse transform to obtain the desired result, at least at all points where the factors are
continuous. We need to use a fact that we will show on the next lecture here, where we show
that if u € G(R) is continuous, then we obtain that F ' Fu = u. O

Note that these properties are only guaranteed when the elements belong to G(R). It is also
quite possible to directly prove that these properties hold from the definition of the convolution.
An interesting question is if there is a unit for the convolution? That is, is there some element 0
such that u*d = u for all u? It turns out that this is not possible with § € L'(R), but moving
over to distributions, we can consider the Dirac impulse “function.”

7.4 Plancherel’s Formula

Recall that the space L?(R) consists of those functions u: R — C such that

/oo lu(z) ]2 dz < oo.

[e.e]

It is true that if u € G(R) N L*(R), then Fu € L*(R). This fact is far from trivial, but the
following result holds.
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>

e Plancherel’s theorem
Theorem. Suppose that « € G(R) N L*(R). Then

o0 1 (o)
/ lu(z)? dz = o / | F u(w)|? dw.

Analogously with the case for Fourier series (using the polarization identity), we can obtain the
following generalization.

@ Plancherel’s (generalized) formula

Theorem. Suppose that u,v € G(R) N L*(R). Then

/_Z u(z) v(z) de = %/_qu(w)fv—(w)dw.

The proof of Plancherel’s identity follows from Parseval’s using the same polarization identity
that was used for the corresponding proof for Fourier series. So we focus on proving Parseval’s
identity.

Proof. The first question is that it is not clear a priori that the integrals involved are defined.
Remember that the Fourier transform F(u) is uniformly bounded by the L!'-norm of u, but
what about the L*-norm of F(u)?

To attack this problem, we first assume that u,v € L'(R) N L*(R) are twice continuously
differentiable (meaning of class C?(R)) and have compact support (meaning basically that
the functions are zero outside of a compact set, say [—M, M| in our case). Then it is clear

that F(u")(w) = —w? Fu(w), so

C

— ‘w‘2’

F(u") (W)

w?

| Fu(w) =\ w £,

where C' > 0 exists due to the fact that we have the uniform bound
| F(u") ()] < [v"llrm) < o0

and u” is continuous and u”(z) = 0 for |x| > M for some constant M. Since also F(u) is
continuous, this implies that F(u) € L*(R) (and obviously also L?*(R)). Analogously, it follows
that Fv € L'(R) N L?(R). Moreover, F ' Fv = v (recall that v is also continuous). Then

/_: w(z)v(x)dx = /_Z u@)WdI
- / Zu@)i [ e duds

/ ]: e~ dw dx

= / Fubini / = /OO (/OO u(x)e T dx) F(v)(w) dw

/ F(u)(w) F(v)(w) dw,
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which implies Parseval’s formula (for functions in C*(R) N L'(R) N L*(R)).
So the next question becomes if we can somehow approximate — in some useful sense — a
general function u by something in C2. And the answer is yes, although we defer the proof
until the end of the lecture. For any € > 0, there exists a function v € C*(R) N LY(R) N L3*(R)
such that

| —v||1m) <€ and | —v||2m) <€

This means that we can choose a sequence vy, vs,vs, ... such that v, — w in both L'(R)
and L?*(R) (norm convergence). To simplify (without loss of generality as it turns out), we
will only prove Parseval’s identity (Plancherel’s formula follows as stated previously). So let u
belong to G(R) N L*(R). First we prove that Fu € L?*(R). To this end, let Qr = [~ R, R] and
observe that

| Fullr2p) < | Fu—Forlrzar + 1| Forllzzn < I Fu—Foelrzqq + K, (7.2)

where if A is a reasonable set (like a union of intervals),

1/2
loll gy = ( / rw<x>|2da:) ,

and K > 0 is some constant such that

K2227T/ |vk(m)|2dx:/ | Fup(w)]? dw > ||]:vk||%2(QR), forall k =1,2,3,....

oo o0

This is possible since ||vg||r2m) — ||/l 2m) by continuity, so the sequence of norms must be
bounded. Indeed, the continuity of the norm is true in general: for any normed linear space X,
the function || - ||: X — [0, 00| is continuous due to the (reverse) triangle inequality:

Nl = lolll < fu = o),

so for any € > 0, if [[u—v|| < § = ¢, then |||u]| —||v||| < e. Obviously, this implies that also || - ||
is continuous on X for any a > 0.

Note also that K in (7.2) is independent of R. Now, since

sup | Fu—ve)(W)] < flu— vkl w),
we

we obtain that

R 1/2 R 1/2
17 u-Fuloay = ([ 1Fe-w@Paw) < ([ 170-wlkaw)
g » (7.3)
< ||U — UkHLl(R)VQR — 0,

as k — oo for any R > 0. Letting k — oo also completes the proof that Fu € L?(R) since
the bound is independent of R so we can let R — oo after letting & — oo (the order here is
important).

We can now consider the following expression, where the integrals are convergent by the argu-
ment above. So, by the triangle inequality,

zw/_oo |u(m)|2dx—/_oo|.7:u(w)\2dw < 27r/_oo Z(I)|2dx—27r/_zz|vk(x)|2dx -
+ 27r/oo|vk(x)|2dx—/OO|.7:u(w)|2dw .
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Note that

2#/ |u(x)\2dx - 27?/ |vk(x)\2da; =27 (Hqu - Hka%) — 0, as k — oo, (7.5)

(e 9] —00

since ||vg|l2 = |lull2. Moreover, since v, € C?* N G(R) N L*(R), it is true that

27?/ |vk(x)|2d:r:/ | F v (w)]? dw,

—o0 o0
SO

n [P de— [ | Ful) do= | Foul} - Ful

o

We want to show that || F vg||a — || F ul|2, and by the (reverse) triangle inequality we have

[e.o]

1/2
WfWMQ—HFUM!Swaw—beIHfﬁ%—umaz(/i\f@w—w@WP@O :

—0o0
Recalling that the Fourier transform maps G(R)-functions into uniformly bounded functions,
it is true that

o0

| Flon — u)(w)| < / jop — ] d,

where the right-hand side tends to zero (uniformly in w). To exploit this, we need to split the
integral into two parts before letting £ — oco. Note that || Fuglle = V27||vklla = v27||u||2
implies that there exists a number N such that

Hf%—fMM<; k,n> N.

Let n > N be fixed and choose R > 0 such that

2 2
/ | Foa(w)?dw < S and / | Fu(w)]? dw < <. (7.6)
w|>R 9 w[>R 9

This is possible since F vy, Fu € L*(R). Now,
I F (o — u)llewy < 11 F ok — u)ll2ep) + I Floe — w)llz2og),
and for any R > 0, || F(vr — u)||r2(x) — 0 due to (7.3). Furthermore,
| Fox —u)l|r2g) < | Fok = va)llz2g) + | F(on — w12
€
< IF e = va)llzzwy + 1 F(vn = Wiz < 5+ 1 F (v = w)llzag,)

and 5
€
| F(on —u)llr20s) < | Fonllzes) + | Fullzas) < 3
because of (7.6). Hence
|| .F(Uk — u)HLz(R) < QRHUk — u||L1(R) + €.

Letting k& — oo we find that || F(vx — u)|l2 < € and since € > 0 was arbitrary, this proves
that || Fuglla — || Full2 as & — oco. This also completes the proof that the right-hand side
of (7.4) can be made arbitrarily small. O
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o

Example

o 1
Calculate the integral /_ . m dw.

Solution. We observe that U(w) = 5 is the Fourier transform of u(x) = %e'xl. Since it

is clear that v € G(R) N L*(R), Plancherel’s formula implies that

© ALY (1w e
—————dw =27 —e dr = 4m —e de=m e “"dx
—oo(1+w) —0o0 2 0 2 0

-7l -
= T —_ = —.
2 |, 2

o0

0y
7.5 Proof That / sinc (x) dx = 5
0

First we prove that

/ S (7.7)
0

X

is convergent. The idea is that if we know this, we can choose a particular way for the upper
limit to approach infinity (and be sure that this is the correct value).
Note that since sin(z)/z is bounded and continuous (the limit when  — 0 is 1), it is clear that

.
sin z
dx
0 T

is convergent. Now, using integration by parts we obtain

b
/ r lsinzdr = [—x_l CoS er
T

o
|
—

o
8
me
S
QL
=

The integral in the right-hand side is absolutely convergent since

b
/ Cosx‘dx</—dx—[—l} :l—l—>l
- T b

as b — oo (the exact number is not important and similarly the number 7 is arbitrary). So the
conclusion is that (7.7) is convergent.
Since (7.7) is convergent, we can find it’s value by the following calculation:

dr = lim dx

x Z>m—00 0 x

— ="/ im sin(t(m +1/2)) dt
m+1/2 Z9m—>oo 0 t
= lim 1/ MDm(t)dt
0

Z5m—oo 2 t

/Oo sin « (m+1/27 in ¢
0
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where D,,(t) is the Dirichlet kernel on [—7, 7], that is

“ ke sin(t(2m +1)/2
Dn(t)= 3, e = (im(t/Q))/ .

k=—m
see Lecture 3. Moreover, the convergence result from Lecture 3 shows that if u € E'[—m, 7],

then
lim i/ w(t + 2)Don(t) dt = L) T U@

m—oo LT 2

2sin(t/2)

—T

So letting u(t) = for 0 <t <mandu =0 for —m < ¢t < 0 (and extended periodically),

we observe that obviously u € E and we see that
u(h) — u(0) 2sin(h/2)/h —1

1
+ o . . .
DT u(0) = hh_%l+ — = hh_gﬁ . hh_gl+ o (2sin(h/2) — h)

= lim. % (2(h/2+0(h%)) = h) = lim O(h) =

Obviously D~u(0) = 0. Since u(0%) =1 and u(0~) = 0, we therefore obtain that

1 [T 2si 2 1 [T 1
lim —/ MDm(t) dt =7 lim — w(t)Dp(t) dt =7 0 _ g
0 -7

Z>m—oo 2 t Z>m—soco 27 2

7.5.1 ...but it is not absolutely convergent

Note though, that (7.7) is not absolutely convergent. We can see this by rewriting as a series
of partial integrals:

> | sin | (k1) ]smx! (k1) 21
/7r ] dx = ; i dx >Z |smx|dat—;zz—oo,

v

since / |sinz| dz = 2 (this is the same for every interval [k, (k 4 1)7]).
0
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Chapter 7. Inversion, Plancherel and Convolution 7.6. An Approximation Result

7.6 An Approximation Result

So this is going to be fairly similar to what we did in lecture 5, but instead of waving our hands,
let’s go through the details.

&

Theorem. Suppose that u € G(R) N L*(R) and let € > 0. Then there exists a function v
in C?(R) such that the following holds.

(i) There exists an interval [—M, M] such that v(z) = 0 for |z| > M.

(ii) /_OO lu(z) — v(z)?do < €.

o

o

(iii) /_OO lu(z) —v(x)| dz < e

Proof. To produce such a function v, we will use the fact that v and |u|* are absolutely
integrable (in the Riemann sense) to find a partition where any Riemann sum is close enough
to the integral. Before doing this, lets fix so we have compact support. We do this by observing
that since u and |u|? are absolutely integrable on R, there exists a number L > 0 such that

max{/_;f\u(w)]dac—i—/;o\u(:c)]dx, /_: \u(m)\zdﬁ/:o !u(x)\de} <mm{§ ig}

Now, on [—L, L], we choose a partition
ro=-L<zi<axy<---<x,=1L
such that u is continuous on each |y, xx11[ and

€
<73,

L n—1
/ u(x) dr — E ck(Try1 — Tk)
—L k=0

w

where ¢ = u(&) for some & € [xg, xri1]. Let ((x) = ¢x when z, < x < 2441, K =0,1,2,...
and zero elsewhere.

Note that by the uniform continuity of w on each [z;,z;41] (after possible redefinition at the
end points), it is true that for any € > 0, there is a §; > 0 such that

i)

T,y € [xnxi] i le—yl <& = |u(z) —uly )|<m1n{

We therefore choose § = min{d;} and since clearly 6 > 0, it is possible to refine the parti-
tion {z;}, of [-L, L] such that |z;41 —x;| <0,i=0,1,2,...,n— 1.
Graphically, we could have something like this.

113



7.6. An Approximation Result Chapter 7. Inversion, Plancherel and Convolution

Ty < T < Tiq,

i Vit

since ¢ = u(&) for some & such that z; < & < xgyi. The inequality might not hold at the
end-points, but this does not matter for the integral. This implies that

Ti+1
/ u(e) (@) de < fren — . i=0,12, . n 1

i

wmw—amw—muﬂ—%w<mm{

and P
Tit1
Li|w@ (@) dr < sl — o, =012, 01,
SO o
w—mam=/|wwﬂme
$k+1 o0
:/ |2dx+Z/ )|2d:c+/ ()| da
_ L
2 62 2
— + Z 36L‘xl+1 x’L| -
k=0
and

—L n—1 Thtl [e's)
:/ |u(x)|da:+2/ lu(z) — C( )|da:+/ u(z)| da
—oo k=0 Y Tk L
n—1
€ € €
< G + 6L |Tig1 — 23] =
k=0



Chapter 7. Inversion, Plancherel and Convolution 7.6. An Approximation Result

So how do we turn this into something that’s twice differentiable? We will proceed similar
to what we did in lecture 5, but a straight line will not do. Suppose we have two constant
segments, one defined as 0 on [—1, 0] and one defined as 1 on [1,2]. Can we join these segments
smoothly? Sure we can, in a lot of different ways. For our purpose, we need something of
class C?, so twice continuously differentiable. The most straight forward idea is probably to
match a polynomial at the end points while making certain that also the derivatives match.
Let n(z) be such a polynomial. We want the following to hold:

n(0)=0, n(1)=1, 7'(0)=0, 7'(1)=0, 7n"(0)=0, n"(1)=0.
So six restrictions. Using a fifth degree polynomial as ansatz, we find that
n(r) = 2° — 152* 4 1023,

Some basic analysis shows that there are no extreme values on ]0,1[ so the maximum and
minimum are attained at the end points, which is nice since that means that 0 < n(z) < 1
on [0, 1]. Let’s make the following definition:

07 I<O,
n(z)=<6x°—152* +1023, 0<z<1,
1 x> 1.

Y

What we now have accomplished can be seen in the figure below.

Y
1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

0.1 0.20.30.40.50.6 07080910

We can use this function in the following way, scaling and translating as needed. Choose a § > 0
such that (yeah yeah..)

€ 62
S
< mm { 12K(n + 1) 72K%(n + 1)} ’

where K is some number such that |((z)| < K for all x € [—L, L]. Define v such that v(z) = ¢
when 2, + 0 <z < w1 — 0 and for z;, — 0 < x <z, + 9, we use the function

Ch + (Crs1 — ) (%{’;_5)) .

The result can be seen in the graph below.

115
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Note that v(x) = {(z) for most of R, so

lo = C2am = / o) - C@)Pdr =3 / jo(z) — ¢(@)[ dz

k=0 7 Tk—0

[\

<8+ DKW < 5

where we used the rough estimate |v(z) — ((z)| < 2K on [—L, L], which holds if |u(z)] < K
(which implies that |((x)| < K as well).
Similarly, we obtain that

[eS) n TE+0
o=l = [ @) = c@ldr=>" [ jota) = )l do

) k=0 Y Tk—0

<4(n+1)Ks < g
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Chapter 8

Uniqueness

“Consider that a divorce!”
—Douglas Quaid

8.1 Uniqueness

Similar to where we were in Lecture 5 for Fourier series, we know find ourselves in a similar spot
with regards to the Fourier transform. Indeed, we have seen conditions for when the Fourier
transform exists and we have seen conditions for when we can find the inverse (analogously to
when the Fourier series converges “correctly”).

Question. Suppose that u,v € G(R) has the Fourier transforms F u and F v, respectively.
If Fu = F v, what can we say about the functions v and v? Are they equal? In what sense?

We will show that if u,v € G(R) and F u = F v, then u(z) = v(x) wherever both u and v are
continuous.

8.2 Cesaro Summation for Integrals

For our purposes, recall that we consider the principal value for the Fourier transform and its
inverse, that is, integrals of the form

/_Z flo)dr= Jim, /_if@) dz, (8.1)

and that this might change for which functions f the integral is convergent. Now, we can obtain
even better convergence by considering the mean value integral of the partial integrals, that is,

1 M T
]\}iinooM/O /_T f(x) dxdr. (8.2)

This is analogous to the mean value of the partial sums for the Cesaro summation for series.
Similarly to that case, if the limit in (8.1) exists, then the limit in (8.2) exists as well and
converges to the same value.

Indeed, let I, = / u(z)dx — I be convergent and let € > 0. Then there exists N > 0 such

that|]r—I|§eif;ZNand
1 M 1 M 1N 1 M
— L.dr—1|=|— I, —1dr| < — I, —1I|d — I, — I|dr.
[ =il =[5 [ o s g [ nare 5 [ s
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8.3. The Fejér Kernel for the Fourier Transform Chapter 8. Uniqueness

Observing that

N N T N
/ |IT—I\dr§/ / |u(x)|da:dr+NI§N/ u(z)| de + NT < oo,
0 0 —r -N

we find that
1 N

1/M 1 M M—N
— ]]r—]|d7"§—/ edr < € < €,
My My M

M

) 1
A}EPOOM/O I.dr =1.

8.3 The Fejér Kernel for the Fourier Transform

Since also

it must be true that

We wish to investigate the limit

1 [ :
lim —/ Fu(w)e™™ dw
-R

R—o0 270

and see if it exists, and if so, what the limit is (hoping for something similar to u(x)). To this
end, let’s consider the Cesaro means:

1 M 1 r ) 1 M M .
M/o (%/_T}"u(w)e dw) dr = 27TM/_M y Fu(w)e™™ dr dw

1
2 M

1 M .
— %/M}"u(w) (1 — %) e dw,

where we changed the order of integration in the first equality. Now, writing out the definition
of Fu(w), we find that

1 (M |w] , 1 (M o0 .
J— 11— — wad - t—ztw dt
[ 5o (=5 g [ ([ o)

/_M}"u(w) (M — |w|) e“* dw

where we used Fubini’s theorem and where

1 M |CU| iwt

is the Fejér kernel on the real line.
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B

Theorem. For x # 0, we have

1—cosMz M [sin(Mz/2)\>
F _ S 8.3
m(@) wMax? 27 ( Mzx/2 ) (8:3)
Proof. Using integration by parts, we obtain that for x # 0,
M w=M M
wl\ 1 [wl 1 / ~
1 — =L wr g, — I et} W _ wz g
/M ( A )€ dw=— )€ iy + N sgn(w)e™” dw
1 iwz]0 iwz] M 1 —iMwz iMx
:M(Z’x)Q (—[e ot e LJ):sz (1-e — e+ 1)
_ 2—2cosMx
B Maz?
» 11— cosM
—cos Mz
F = . A4
@) = T, w£0 (3.4)
Since 2sin®t = 1 — cos 2t, t € R, the second formula above follows from (8.4). [
Y
2 1
I o
— M =3
— M =5
— M =10
— M =15
x
-5 —4 -3 -2 -1 1 2 3 4 5
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>

g Properties of the Fejér kernel on the real line

Theorem.

(i) Fp(x) > 0 and F) is an even function.

(id) /_OO Fy(z)de = 1.

o

(iii) If 7 > 0, then Nllim Fy(xz) = 0 uniformly for |z| > 7.
—00

(iv) / Fy(z) de — 0 for any 7 > 0.
|lz|>T

Proof.

(i) These properties are obvious from the definition.

(ii) To prove this identity, observe that if ¢(z) = 1 — |z| for |z| < 1 and ¢(z) = 0 for |z| > 1,
then (according to (8.3) above with M = 1 and w replaced by —w)

1
- 2—-2
Fo(w) :/ (1 Jaf)e s dp = 2= 258
-1 w
Now, since ¢ is continuous (at zero) and D*¢(0) exists, we know that

1 2 —2cosw

e dw = ¢(0) =

21 ) w?
Hence
o0 * 1 1—cosMzx
F dr = d
/OO v () dz _n > x
1 1—cost dt 1 [ 1—cost
=/t=M — = "t
/ x/ / Mr t/M 7T/OO 12
1 22
Costd 1

T or 12

(iii) Observing that

[P ()] = o (M)2§%<i)2:ii (8.5)

o\ Muz/2 Mz Mn 2%’
we see that
|Fy(z)] < 2 1 2 -0
su T —sup — = ———
\x|2pr M — Mm |m|2pT 2 Mnrr? ’

as M — oo. Hence we have uniform convergence for |z| > 7 for any 7 > 0.

(iv) Furthermore, inequality (8.5) also implies that

/T w(@)de < / M7T7‘ ’

as M — oo. The integral from —oo to —7 is handled analogously. O
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B

Theorem. Suppose that u € G(R) (so u has right- and lefthand limits at € R). Then

lim — /_Z]:u(w) (1 - M) e gy = W) Fula”)

R—o00 277 R 2

Proof. Since
i/MF (w) 1—M G/ —/OO (t 4+ x)Fyr(t) dt
o] u(w A )¢ dw= _Oou x)Fy :
we start by proving that
o0 0
/ (u(@ + ) — u(z)) Far(?) dt+/ (u(z + ) — u(z)) Far(t) dt — 0,
0

—00

as M — oo. This implies that the Fejér mean converges:

_ oo ou(rt) +u(eT)
]Vlllinoo 7oou(t)FM(w—t) dt = 5
since
0 o) 1
/ Fuy(t)dt = / Fuy(t)dt = 5
—00 0

Let € > 0. Since u has a right-hand limit at x, there is a 9 > 0 such that
0<t<d = Julx+t)—ulz")| <e

We exploit this and the uniform convergence of F); to obtain that

/Ooo<u(x+t>—u<x+))FM(t)dt‘ g/o eFM(t)dH/;O\u(Ht)—u(:c+)|FM(t)dt

< e/oo Fur(t) dt+/oo u(z + 1) — u(a) | Far(t) dt

€
2

as M — oo since F); converges uniformly to zero on [4, 0o[, so

[ ) - e < (s Fu) [t sl ) [ R

t>6

< (supFM(t)> /OO u(z)| dz + |u(x+)|/600 Fu(t)dt — 0,

t>6 00

as M — oo. The second integral is handled analogously. O]

An immediate consequence of this theorem is the following uniqueness result.
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>

g Uniqueness

Corollary. Suppose that v € G(R) and v € G(R). If Fu(w) = Fo(w) for every w € R,
then u(x) = v(x) for every x € R where both w and v are continuous.

Furthermore, the following corollary is clear since if an integral converges in the usual sense,
then the Cesaro-means converge to the same value. This shows that the assumption that the
onesided derivatives exist, which we used in the previous lecture, is not necessary. The inversion
works anyway for functions in G(R), provided that the limit exists.

B

Corollary. Suppose that u € G(R). Then

R ‘ L —
lim i/ Fu(w)e™ dw = wz?) —;u(:v ),
-R

R—o0 270

Lwhenever the limit exists.

This means that if the limit exists and u has right- and lefthand limits, then the inversion gives
the expected result.
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Chapter 9

The Unilateral Laplace Transform

“Here’s Sub-Zero. Now... Plain Zero!”
—Ben Richards

9.1 The One Sided Laplace Transform

For reasonable functions, we make the following definition.

The Laplace transform
Definition. The Laplace transform of u: [0, c0[— C is given by

L us) = /0 T u(t)et dt,

for those s € C where this integral is convergent.

Note that in this definition, we start integrating at ¢ = 0. This means that whatever u does
for t < 0, it is not in any way connected with £u(s). We say that £u(s) is the one-sided or
unilateral Laplace transform.
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9.1. The One Sided Laplace Transform Chapter 9. The Unilateral Laplace Transform

Black, blue, green... doesn’t matter, the Laplace transform will be the same. Therefore we
often assume that u(t) =0 for ¢ < 0.

Why this restriction? Well, it does make the transform easier to handle. Secondly, there are a
lot of applications where we consider the variable t to be time, so negative values are not very
interesting. Indeed, we assume that something starts at ¢ = 0. In other words, we consider
causal systems. There is a two-sided version of the Laplace transform as well, which is useful
in many instances, but in this course we will only use the version above.

@ Example

Suppose that u(t) = e, where a € C is a constant. Show that Lu(s) = , Res > Rea.

S —a

Solution. We find that

00 00 —(s—a)t 7
Lou(s) = / et dt = / e~ gt = [ e ] _ ! , if Re(s—a)>0.
0 0 —(s—a)], s—a
As we can see in the example above, the Laplace transform exists if Re s > Rea. For a function
that doesn’t grow faster than e, the Laplace transform will exist at least for Res > Rea
(provided that the integral exists). For our purposes, piecewise continuous functions will suffice.
Let’s make the following definition.

Exponential order (exponential growth)

Definition. We say that the piecewise continuous function u: [0, 0ol is of exponential order
(of order a) if there exists constants a > 0 and K > 0 such that |u(t)| < Ke™ for t > 0. The
set of all such functions will be denoted by X,.

p
<>

%@ Existence

Theorem. If u € X, for some a > 0, then the Laplace transform £ u(s) exists (at least)

for Re s > a. Furthermore,
L

lim u(t) e "t dt = Lu(s)

L—oo 0

uniformly and £ u(s) is continuous.

Proof. Obviously

}u(t)e—stl < Keat|€—st| _ Keate—tRes _ Ke—t(Res—a)’

/ u(t)e " dt
0

converges absolutely. The fact that the convergence is uniform follows from the inequality
above. Indeed, suppose that Res > b > a. Then

) L 00
/ u(t) e dt —/ u(t)e ™ dt‘ < sup / ‘u(t)e_St‘ dt
0 0 L

Res>b

so if Res > a then

sup
Re s>b

00 K —L(b—a)
< K sup / e tRes—a) gy — 2C¢ 0,
Res>bJ L
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as L — oo. Since the limit is uniform, we also obtain that £ u(s) is continuous. O]

So the region of convergence for the one-sided Laplace transform of functions from X, typically
looks like this.

Im

Lu(s) converges here

> Re

9.2 Connection to the Fourier Transform?

The Fourier transform is basically a slice of the Laplace transform — where we let s = iw —
when we restrict the argument function to non-negative values. In other words, we only let s
move along the imaginary axis and consider the function f(t)H (t) where H(t) is the Heaviside
function. So if u is piecewise continuous and L u(s) exists and s = o + iw, then

Lu(s) =F(e " u(t)H(t))(w).

This means that several things we did for the Fourier transform also holds for the Laplace
transform, at least when it comes to the calculation of the transforms. The convergence results
are different since we now allow exponential growth, but we can “move” the part corresponding
to Re s to the argument function like above and use the corresponding result for the Fourier
transform. We’ll get back to this.

Qualitatively, one can say that the Fourier transform investigates frequency content in a function
by decomposing the function into sinusoids while the Laplace transforms also investigates the
amount of exponential growth/decay a function has.

9.3 Complex Differentiability and Analyticity

Since we're heading into a domain where s € C, we need to make sure everything is in order.
So to this end, let’s collect some facts we need. A complex valued function u: C — C is called
differentiable if o )
ulz +n)—ulz
/ — 1
=l

exists. The definition is basically the same as for the real case, but going back to the definition of
a limit of a complex expression, it is clear that this two dimensional limit is more restrictive than
that of the single variable case. Indeed, suppose that u(z) = a(x,y)+i8(z,y), where z = z+1iy.
Then the claim that u, and u;, exist is weaker than claiming that u'(2) defined as above exists. In
fact, if u is differentiable then the components o and 3 satisfy the Cauchy-Riemann equations:

o, =, and a, = —p,.
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9.3. Complex Differentiability and Analyticity Chapter 9. The Unilateral Laplace Transform

Equivalently, these equations can be phrased as

.0 .0 .

za—xu(a: +iy) = a—yu(:c + iy).

There are results in the other direction as well. If u is continuous and has partial derivatives
that satisfy Cauchy-Riemann’s equations, then u is holomorphic (see below).

This topic is not something we need to dig that much deeper into. With the definition above,
one can show that this complex derivative satisfies the same “rules” as in the real one-variable
case, meaning that the product rule, chain rule, and so on works like expected.

We call a function holomorphic at a point zy if there is a neighborhood B(z ; d) of zg (meaning
some open disc with zg as the center) such that f is differentiable for all points in this neigh-
borhood. If one can choose all of C as the neighborhood, the function is usually referred to
as entire. Something rather interesting happens here. Remember that the complex derivative
requires more to exist than the partial derivatives, so what happens is that if u is holomorphic
at zo then u is infinitely differentiable at zy. Moreover, it turns out that the function is analytic
at zp, meaning that it’s complex Taylor series converges to u(z) for z in some neighborhood
of zp. So we have

: — u®)(20) k
u(z) holomorphic at zy < u(z) = Z o (z — 2p)
k=0 '

in some neighborhood of zy. Holomorphic functions have several other very nice properties such
as

(i) Cauchy’s integral theorem: 515 u(z) dz = 0 for any closed nice enough curve 7;
v

1
(ii) Cauchy’s integral formula: u(z) = T?ﬁ?—odg for 2 € D and v = 9D, when u
i J, ¢ — 2

is holomorphic on the closed disc D. This means that the values of u inside D are
completely described by the values on the boundary.

(iii) Holomorphic functions are conformal if locally invertible (preserving angles).

We could go on and discuss meromorphic functions (holomorphic except for some exception
points where we have poles) and residue calculus, but that’s way off course. We will not use
these types of properties, even if some arguments could be made a lot more elegant that way.
The power series stuff and complex derivatives are enough.

9.3.1 The Laplace Transform is Analytic

If u € X,, the Laplace transform L u(s) is analytic for Res > a. We can prove this in several
ways, and perhaps the most clear one is the following.
Assume first that v is continuous. Let s = 0 4 iw and suppose that a < o9 < Res = . Then

Lu(s) :/ e~ Ty (1) dt
0
exists. Put G(o,w,t) = e~ @ty (t), 0 > 09, t > 0 and w € R. Noting that
G (o,w,t) = —tG(o,w,t) and G, (o,w,t)=—itG(o,w,t),
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we see that both

/ G (o,w, t)dt = —/ te *'u(t)dt and / G (o,w,t)dt = —2'/ te *u(t) dt
0 0 0 0

converge uniformly since [te™%| < Ce?°" and the Laplace transform is uniformly convergent
for Res > a. Moreover, if u is continuous then G, G/, and G/, are all continuous. By Leibniz’
rule, this implies that the partial derivatives

0 Lu(s) =—L(tu(t))(s) and 0 Lu(s) = —i L(tu(t))(s)

oo B ow B

exist and are continuous, which is nice in of itself. However this also shows that the Cauchy-
Riemann equations hold for L u(s):

z2 Lu(s) = % Lu(s),

which proves that £ u(s) is analytic at the point s, so Lu(s) is analytic for Res > a (since the
partial derivatives as well as £ u(s) were continuous). If u is only piecewise continuous, one can
proceed as in the proof of i F(zu(x)) = U'(w) from lecture 6.

So while we won’t use the analyticity of the Laplace transform directly in this course, the
following result will prove useful.

@ Time multiplication
Theorem. Let u € X,. Then L(tu(t))(s) = —% L(u(t))(s), Res > a.

Proof. Similarly to the case with the Fourier transform, observe (formally) that

d d [~ o d
— Lu(s) = —/ u(t)e " dt = / Lebiniz’s rule / :/ u(t)%e_“ dt
0 0

ds ds
_ / —tu(t)e ™" dt = — L{tu(t))(s),

where Leibniz’s rule is applicable due to the argument above.

9.4 Rules for the Laplace Transform

The fact that the Laplace transform is an integral immediately proves that it is a linear operator.

>

g Linearity

Theorem. If a,b € C are constants, then L(au(t) + bv(t)) = a Lu + bLv, whenever Lu
and Lv exists.

L

@ Example
Find the Laplace transforms of sint, cost and t cost.
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Solution. By Euler’s equations, we obtain that

c<sint><s>=£(eit;—f_“):i.(aeit)—,c(e“))%( —— ) L2

S—i s4i :2_2'52+1
1

s2 417

for Res > 0. Similarly, it follows that

S

L(cost)(s) = L

for Res > 0. To find the Laplace transform of ¢ cost, we note that

d d s 52 +1— 242 $2 -1
Llbcost)(s) = =70 Lleost)ls) =~ 31 =~ (s2+1) (212
@ Translation (time shift)

Theorem. If t; > 0 and U(s) = Lu(s), then L(u(t — to)H(t —t9))(s) = e *°U(s).

The term H(t — t() is important since we are working with the unilateral Laplace transform.

Y
y = u(t)
y = u(t —to)H(t —to)

o,
., ;

to \></ \ .

Notice the difference with the expression u(t)H (t — ty) (how would this look?).
Proof. A simple substitution shows that

L(u(t — to)H(t — t))(s) :/Oo ult — to)e™ dt:/y:t_to/:/owu(y)es(ym) dy

to

= e /000 u(y)e ™ dy = e L(u(t))(s).

<>

g Scaling
Wieemam, e > 0, o Ale)w) = %E(u(t)) (2).
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Notice that we only do this for a > 0 (why?).
Proof. We see that

L(u(at))(s) = /000 u(at)e™dt =/ y=at | = /000 u(y)e v/

_ 1 /000 u(y)e /DY dy = lﬁu <§> :

a a a

dy
a

@ s-shift
Theorem. Suppose that a € C is constant. Then L(e™u(t))(s) = (L(u(t)))(s — a).

Proof. We note that
L(e™u(t))(s) = / u(t)e™e " dt = / u(t)e "V dt = (Lu)(s — a),
0 0

which completes the proof.

N

@ Example
Find the Laplace transform of u(t) = e*tH(3 — t).

Solution. This is some type of exponential function that’s cut off at t = 3.

Y

3

We could plug this into the formula and just do the integration, but we can also apply the rules
we now know. So, first observe that

v(t)=tH(3 —t)=t(H(t)— H(t—3))=t(H(t) — H(t —3)H(t — 3)),

L(H(E = 1)) = 5 (L)) - > LHO)) =~ (5 (1-*))
. é (1—e) 36833
Then
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9.4.1 Differentiation

One of the major uses for the Laplace transform is how it handles derivatives.

<>

%@ Differentiation

Theorem. Let u € X, be continuous such that v’ is piecewise continuous. Then

L(u'(t))(s) = sL(u(t))(s) —u(0), Res>a.

Proof. Let L > 0 and let
o=0<r<ra<a3<...<2,=0L

be the points of discontinuity for «’ on [0, L]. For k =0,1,2,...,n — 1, we have

Tk+1 = Tk+1
/ u'(t)e " dt = [u(t)e™™] t:xiﬂ + s/ u(t)e " dt

Tk Tk

Th41
= u(xpyq)e " — u(xy)e " + 8/ u(t)e " dt,

Tk
S0
L n—1 n—1 Tt
/ u'(t)e ™ dt = Z(u(xk—‘y-l)e_Skarl — u(zp)e ™*) + 5 Z/ u(t)e ™ dt
0 k=0 k=0 Tk
n—1 Thoyl
= / telescoping sum / = u(L)e** — u(0) + s Z/ u(t)e ™ dt
k=0 Tk

= u(L)e " —u(0) + 5/0 u(t)e " dt — s Lu(s) — u(0),

since u(L)e™*F — 0 as L — oo. The last part is clear due to the fact that
‘1L(];)6——5L‘ < }{18aL€{—[JReS - 07

as L — oo (Res > a).

N

v

Example

Use the Laplace transform to find a solution to y/(t) + 3y(t) = 0, t > 0, such that y(0) = 2.

Solution. Taking the Laplace transform, we find that

2

sY(s)—y(0)+3Y(s) =0 < Y(s)(s+3)=2 <& Y(S):3+3’

if Res > —3. We know that £(e%*) = 1/(s + 3), so y(t) = 2¢* is a possible solution. Direct

verification shows that this solves the equation in question.

If the function u € X, has higher order derivatives (that belong to X,), one can repeatedly
apply the previous theorem to transform higher order derivatives. Indeed, if u(™ is piecewise
continuous, then this will hold for all derivatives u*) as well for k = 0,1,2,...,n. Thus we

obtain the following result.
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@ Higher order derivatives

Corollary. Let u € X, be a continuous function such that «(™ is piecewise continuous
and ', u”, ..., u"V € X,. Then

L(u™)(s) = s" Lu(s) — z_: s" =k () (0)

= 5" Lu(s) — s" Tu(0) — s" 2/ (0) — - - - — su™2(0) —u""V(0), Res>a.

o

@ Example
Find a solution to y”(t) — 4y(t) = 4e*, t > 0, with y(0) = 1 and y/(0) = 0.

Solution. Taking the Laplace transform of both sides in the equality, we find that

s?Y (s) — sy(0) — ¢/ (0) — 4Y (s) = & Y(s)(s*—4)=s+

s—2

Using partial fractions, we find that this expression is equal to

R S S W VE O 1/4
2\s—2 s+2 s—2 (s—2)2 s+2
We see that ] .
2t — d —2t — )
L(e”) p— an L(e™™) )

Next we note that

i ()

and by the time multiplication theorem,

Lite) = —% (S ! 2) |

Hence

SO

for t > 0. Is this the solution?

N

@ Example
1

and L(sinh(t)) = 21

Note that L£(cosh(t)) =

s2—1

131



9.4. Rules for the Laplace Transform Chapter 9. The Unilateral Laplace Transform

132



Chapter 10

Convolution and Inversion

“Don’t disturb my Friend. He’s dead tired.”
—John Matrix

10.1 Convolution

In the case when we have two functions u, v: [0, co[— C, the convolution gets slightly easier to
handle.

gf Convolution

Definition. The convolution u*v: [0,00[— C of u: [0,00[— C and v: [0, c0[— C is defined
by

(u*v)(t) = /Otu(y)v(t —y)dy, 0<t< oo,

whenever this integral exists.

&
Theorem. If u,v: [0,00[— C belong to X, then u v € X, for every b > a and
lu*v(t)] < Kte”, ¢>0.

Furthermore,

Proof. By definition, |u(t)| < Kie® and |v(t)| < Kee™, so

juxo(t)] =

/Otu(T)v(t _r)dr

¢
< / monotonicity / < / lu(T)||v(t — T)|dT
0
¢
S / KeaTea(tf-r) dr = KlKQte“t,
0

and since limy o, te % = 0 for any & > 0, it follows that |u * v(t)] < Ke® for every b > a.
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10.1. Convolution Chapter 10. Convolution and Inversion

So the convolution of v and v is defined and belongs to X;,. Taking the Laplace transform, we
observe that

L(uxv) / / v(t —7)drdt = /0 T gmstree) /0 tu(T)U(t—T) dr dt
— / Fubini / = / / h v(t — 1)e ¢ dtdr
—Jtmytr)= / / v(y)e™ dy dr
zﬁv(s)/o u(r)e™*Tdr = Lu(s) Luls).

o

@ Example
Let u(t) = e~ for t > 0 and v(t) = e % for t > 0. Find u* v and L(u *v)(s).

Solution. Method 1: direct calculation. First, let’s draw the graphs and then mirror the one
for v.

y=o(t—r)

-6 -5 —4 -3 -2 -1 0 1 2:i3 4 5 6

Since both u and v are assumed to be zero for negative arguments, the situation is a bit easier
than the general convolution we saw when dealing with the Fourier transform. It’s only for
arguments between zero and ¢ that we obtain something non-zero. Therefore,

¢ ¢ ¢ t
/ w(t)v(t —7)dr = / e Te 2T dr = / e T dr = e_zt/ e’ dr
0 0 0 0

— 6—2t [er]g _ B—Qt(et . 1) — et 6—2157
SO

Cluw)(s) = £ =) = L) = L) = g = 5 = 1_><(§: 21>)

(s+1)(s+2)

Method 2: Use the convolution theorem. We find that £ u(s) = and Lv(s) = ——, so

s+ 1 s+ 2

1

L(uxv)(s) = Lu(s)Lo(s) = GIDGTY
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10.2 Periodic Functions

Suppose that there exists some 7" > 0 such that u(t + T) = u(t) for every ¢t > 0. Formally
taking the Laplace transform of u, we find that

o % (k+1)T
Lu(s) = /0 u(t)e ™ dt = Z /kT u(t)e " dt
k=0

o T
=/T=t—kT /= Z/ w(t + kT)e s+ gr
k=070

oo T oo T
= Z e sk / u(r)e T dr = Z e sk / u(r)e T dr
k=0 0 0
T

k=0
1
- - =T |
T /0 u(r)e T,

where we used the fact that u is periodic and calculated the resulting geometric series.

N

@ Example
Let u(t) =t, 0 <t <1,and u(t +1) = u(t) for t > 0. Find Lu(s).

Solution. Since u is periodic with T" = 1, we find that

:@’.

Using the periodicity, find the Laplace transform of u(t) = e

Example
it

Solution. Since u has period 27, we find that

1 2r 1 e(ifs)T 2 1 627r(ifs) -1
E - - 1T ,—ST d — — .
uls) 1—6—2”5/0 “c (g {i—s]o 1 —e2ms i—s
1 el
S l—e? -5 s—i

which is presicely what the transform of e* was derived to be (with a = 7).
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10.3 Inversion of the Laplace Transform

Similar to the case with the Fourier transform, there’s a formula for the inversion of the Laplace
transform as well (which implies certain uniqueness results). We will not use this integral
explicitly, but rather use tables to find the correct inverse. However, the fact that we have an
inversion result means that we know certain uniqueness properties of the Laplace transform.
This is an important fact also when using tables.

' . .

g Laplace inversion formula

Theorem. If u € X, has right- and lefthand limits at a point ¢ > 0, then
)+ u(t™)

o 1 g g t iwt U(
lim — Lu(o + iw)e” e™ dw = ,
L—oo 27T L 2

where the vertical line Re z = o is contained in the region of convergence of Lu(s) (¢ > a is
sufficient).

ot

Proof. Since e " is continuous, it is clear that v(t) = H(t)u(t)e " has left- and righthand
limits at all ¢ > 0 and belongs to G(R). The fact that Lu(o + iw) = F(e "u(t)H(t))(w)
enables us to use Fourier inversion, obtaining that

L—oo 27

1 [L . 1 [E ,
lim — / Lu(o +iw)elT) dy = ¢ lim —/ (Fo)(w)e™" dw
-L

-L
V) o) e Tu(tt) + e Ttu(tT)
= e —_— = e
2 2
Cu(tT) Fu(tT)
= 5 ,
which is precisely what was stated in the theorem. O]

Similarly with the Fourier transform, a consequence of this result is the following uniqueness
theorem.

>

g Uniqueness

Corollary.  Suppose that Lu(s) and Lov(s) are convergent for Res > a, where a > 0,
meaning that u,v € X,. If Lu(s) = Lv(s) on some vertical line Res = o, then u(t) = v(t)
for all ¢ where v and v are continuous.

Note that we could employ the Fourier result from Lecture 6 as well if D¥u(t) exists, yielding
the same results.

So what use is this in practice? Well, a lot actually. Even if it mostly happens implicitly.
Consider the differential equations we’ve been working with. We solve the equation in the
Laplace domain, then find something that gives this Laplace transform and boom. We're done.
Or? Well, if we have a uniqueness result, that would be the case (provided that your solution
satisfies the required properties). Let’s take a look at an example.
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-‘@’- Example
Solve the equation
cost 0<t<z
() +y(t) = ’ -z
v +y) 1 —sint, t> 3,

if y(0) =17.

Solution. Assume that y € X,. This is important. We will only find solutions that are
bounded by some exponential function. Next we reformulate the right-hand side as

(1 - H <t— g)) cost + H (t— 5) (1 —sint) = cost+ H (t— g) (1 —sint — cost)

—cost+ H (t=2) (1=sin(t -2 +7) (t-2+7))
= Cos 5 sin 5135 cos 513
:COS?H—H(?S—%)(1—Cos<t—g>+sin<t—g>>,

The reason for this is that we can use the fact that £(u(t —to)H(t —tg)) = e Lu(s). Hence
the equation has the Laplace transform

S 1 5 1
Y(s) = 7+Y(s) = “me/2
sY (s) —7T+Y(s) 32+1+6 (S 52+1+32—|—1)’

so if Res > 0,

7 s I 1 n [
s + 1 (32 + 1) s(s+1)  (s+1)(s2+1)

(
L1 RS B s
= - e S — )
5+1 2 52—1—1 52—1—1 s+1 s s+1 s+1 s2+4+1

We now observe that

Y(s) =

Y(s) = ) Lle™) + % (L(cost) + L(sint)) + e 2 (L(H(t)) — L(cost))

13 1 1
= (?e_t+§c0st+§sint+H<t—g> (1—cos (t— g)))

so by uniqueness we claim that

13 1 1
y(t) = 2€_t+§cost+§sint+H<t—g> (1—005(1&—%))
13 1 1
=3¢ t+§cost+§sint+H<t—g) (1 —sint)
- 3 e t+1 Cost—l——smt 0<t<3,
13 _t—i—l—i- cost——smt t>z,

which is OK since y € X, with a > 0.
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Consider y' —2ty = 0, y(0) = 1. Using an integrating factor, we know that y(t) = e’ Wrongly
assuming that the solution belongs to X, for some a > 0, we would find that (ignoring any
issues with the complex variable),

SY(s)—142Y'(s) =0 < Y(s)=Ce /454

This is NOT the Laplace transform of ¢ (for any constant C'). Nope. Nein. Niet. Be very
careful when using the uniqueness result!

10.4 Limit Results

@ Final value theorem
Theorem. Suppose that u: [0, 00[— C is a bounded function and that u(t) — A as t — oo.
Then A= lim sLu(s).

R>s—0t

Proof. Let s > 0 (so real). We use the fact that u is bounded to obtain uniform convergence.
The Laplace transform of u exists and

s Lu(s) = /OOO sut)e™tdt = [y =st | = /Ooou (%) eV dy.

Since |u(y/s)le™ < Ce™ for some constant C' (remember that u is bounded), it is clear that

lim U <g> Ydy = / lim u (g> e Vdy = / AeVdy=A [—e’y}go = A.
0 0 0

s—0+ s—0t S

@ Initial value theorem
Theorem.  Suppose that u: [0,00[— C belongs to X, and that u(t) — a as t — 0F.
Then a = lim s Lu(s).

R>3s—00

Proof. Since u € X}, we know that there exists C' > 0 such that |u(t)| < Ce®. Therefore,
let v(t) = e %u(t). Let s > 0 (so real). Then v(0%) = u(0T) so we might be able to work with v
instead. Indeed, the Laplace transform of v exists and

sLou(s) = /Ooosv(t)e_Stdt: Jy=st/= /OOOU (g) e Vdy.

Since |v(y/s)|e™¥ < Ce™ for some constant C' (this time v(t) = u(t)e~® is bounded), it is clear
that

lim v (Q) e Vdy = / lim v (g> e Vdy = / ae Ydy=a [—e’y]go = a.
S$§—00 0 S 0 S§—00 S 0
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Note now that
sLu(s) =sL(eu(t))(s) =sLu(s —b) = (s —b) Lu(s —b) +bLu(s —Db),
so since Lu(s) — 0 as s — oo, we obtain that

lim s Lv(s) = lim (s 4+ b) Lu(s +b) = lim s Lu(s),
5—00

5—00 S§—00
which proves that lim s Lu(s) = a. O
5§—00
/8 We assume that the limits exist!

In the previous two theorems, we assume that the limits exists for the result to hold. It can
be the case that the limit in the Laplace domain exists (and seems reasonable) but that the
limit in the time domain does not exist. This can obviously lead to erroneous deductions.

10.5 More Examples

10.5.1 Convolution Equations

L

Q" Example
Solve the equations

/O cos(t — TYu(r) dr = f(t), >0,

where

(a) f(t) =tsint  (b) f(t) = 1.

Solution. The integral in question is a convolution of u(t) with cost. Assuming that u € X,
for some a > 0, we take the Laplace transform of both sides in the equality to find that

U(s) =L f(s).

s
s24+1

If f(t) = tsint, we obtain

d 1 2s
L) = ds (32 - 1> - (s2+1)%

2
Uls) = s2+1
Since L£(2sin(t))(s) = U(s), the uniqueness result proves that u(t) = 2sint is the only solution
in X,.
However, if f(t) = 1, we find that

SO

s 1 s2+1 1
——U(s)=- & U(s) = =14 —.
s2+1 (s) s (s) 52 * 52
Now L(t) = s, but what would have the Laplace transform 17 It turns out that there’s no
such function (recall that Lu(s) — 0 as |s| = oo if u € X,). We can’t find a solution in this

case. Plugging the equation into some algebra system might give you the answer u(t) = t+4(t),
whatever that might mean...
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10.5.2 Power Series

Since it is allowed to integrate a power series termwise (if we’re inside the radius of conver-
gence), we can sometimes find the Laplace transform for a function by using a power series
representation. It is straight forward to prove that

|
L(tT) = X Res> 0,

gm+1 )

by either using direct calculation and partial integration or by writing ¢™H (t) and using the
time multiplication theorem. So if we integrate termwise, we can take the Laplace transform
of t™ and then calculate the series.

@~ Example
. . sint
Find the Laplace transform of u(t) = sinc(t) = — t>0.
Solution. We have
1 i thk
- teR.
sine(t) = 3 s z_: 2% + 1

Hence

Lsine()) = 3 ELLENE) 5~ DR s (D

(2k + 1)! — 2R (2k + 1)! — s2k+H1(2k + 1)’
S . . 1 .
which is the Maclaurin series for arctan (—) Therefore we have just proved that
s

L(sinc(t)) = arctan <1> , Res>1
s

where we leave the difficulties of interpreting this for s € C to some other course.

10.5.3 Bessel Functions

A Bessel function of order v solves Bessel’s differential equation:
22y (x) + 2y (x) + (2* — vH)y(z) = 0.

These are usually denoted by J,(x).

@ Example
Find the Laplace transform of the solution Jy(x) for z > 0 such that Jy(1) = 1.
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Solution. Letting ¥ = 0 and assuming that = > 0, we find that

zy"(z) +y'(x) + wy(z) = 0.
Assuming that y,y" € X, for some a > 0, we can take the Laplace transform:

L) (5) + 5V ()~ y(0) —

ds
& (Y (5) — sp(0) — y (0)) + Y ()~ (0) ~ ¥'(5) = 0
& —25Y(s) — s?Y'(s) + y(0) + sY(s) —y(0) = Y'(s) =0
& 0=sY(s)+(s+1)Y'(s) & Y'(s)+ Y(s) =0.

Y(s)=0

s
s2+1

Now assume for a moment that s is real. Then we can multiply with the integrating factor

exp (% In(s? + 1)) =(1+ 82)1/2

so that

_C
(I+s2)172

S

Y/
() + s2+1

Y(s)=0 <« % (Y(S) (1+ 52)1/2> =0 < Y(s)=

To find the value of C', consider the limit theorem from above (assuming that y is continuous):

S

VO = i YO = I e = ¢
Hence )
L JO(S) = (1 + 82)1/27

leaving it to a different course how to define this for s € C.

10.5.4 Linear Systems of Differential Equations

Suppose that we want to solve, for ¢t > 0,

where z1(0) = 2/3 and 25(0) = —2. Taking the Laplace transform, we obtain that

sXi(s) — % =4X,(s) —2Xa(s) + ﬁ, (s —4)X1(s) +2X5(s) = ; + ; i T
=
$Xs(s) +2 = 3X(s) — 3Xa(s) + ~3X(s) + (5 +3)Xa(s) = 2+ - ! -

Let

=5, 2) xe=(30) = oe=(25T0000)
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so A(s)X(s) = b(s). Assuming that det A # 0, we have
X(s) = A~'b(s) = 1 (s+3 —2 ) (2/3+1/(3—1))

(s—4)(s+3)+6 3 s—4 —2+1/(s—1)
1 252 4+19s — 15
= | 3(s+2
oot | et

To find something that transforms to this vector, we use a partial fractions decomposition to

see that 173 . 5 5 .
X,(s) = — — d Xo(s) = — .
1(s) s—1+3+2+s—3 an 2(5) s—|—2+s—3

Noting that
1
L <—§et —e % 4 2e3t> =Xi(s) and L (=3e 4 2¢") = X,(s),
we claim that the unique solution in X, to the problem is given by

x1(t) —get —e 2 4 2e%,

To(t) = —3e 2 + 2¢*.

Plugging this into the differential equation also shows that this actually is a solution.
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Chapter 11

The Unilateral Z-transform

“Go ahead. Won't show on this shirt”
—Ben Richards

11.1 Complex Power Series

Let wug, u1, ug, . .. be a sequence of complex numbers. We will use the notation u[k] = uy. The
square brackets indicate that the function u: N — C is defined on the natural numbers N
(which includes zero in this setting). The power series corresponding to this sequence is
defined by

[o¢] n
Zu[k}zk = nh_}IIOlOZu[k]zk,
k=0 k=0
whenever this limit exists. So it is a sequence of complex numbers and convergence is defined
on C as expected (we’ve used this implicitly already throughout the course).

@ Existence

Theorem. A complex power series has a radius of convergence R such that Z ulk]2* is
k=0

absolutely convergent if |z| < R and divergent if |z| > R.

The behavior when |z| = R (meaning all points in C of the form Re®) is not known at this
point (and we will not delve deeper into this subject in this course).
As usual, we find the region of convergence by Cauchy’s root-test (or de’Alemberts ratio test).
The root-test states that if

lim sup |u[k]2*] 7" < 1, (11.1)

k—00

oo
then Z u[k]2* is absolutely convergent, and if the limit is > 1, then the series is divergent. In
k=0

the case when

lim |ulk]2"| HE
k—ro00

exists, this limit is equal to the left-hand side of (11.1) above. We actually find the region of
convergence by first calculating the limit and then solving for |z|. Why involve the weird limes
superior? Well, this expression always exist, so that’s basically what’s needed to ensure that
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we always have a region of convergence (even if the regular limit doesn’t exist like in the case
of a sum of geometric series’ with different quotient). If x,, is a sequence of real numbers, we
define lim sup z,, by

n—o0

limsup z,, = lim (sup xm) :

n—oo n—=00 \ m>n

Note that this expression always exist (although it might be +o00) since it is the limit of a
decreasing sequence. As an example, consider the two functions below. The dotted curve is the

sequence x,, and the blue curve is sup x,,, that is, the smallest upper bound to x,, for m > n.
m>n

n
@ Uniqueness
Theorem.  If Zu[k]zk S Zv[k’]zk for |z2|] < R, where R is some positive constant,
k=0 k=0
then u[k] = v[k] for k =0,1,2,...

Basically this means that if two power series converge to the same function in some open disc,
then all the coefficients must be equal. This is a very useful result.

11.1.1 Uniform Convergence

We’ve seen in courses previously that you may differentiate (and integrate) power series termwise.
The reason for this is basically that they converge uniformly. To see why the convergence
is uniform for |z| < r < R, note the following. Choose some 7y such that r < ry < R.

Since lim sup |u[k]2¥|"/* < 1, there exists some integer N > 0 such that
k—o0
k>N = Julk]f < L
To

So for k > N (and z # 0), we have

Wi < L o |u[k]zk|s(i)k.
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Since r < ry < R, letting p = r/rg we see that 0 < p < 1 and that

lu[k]2"| < p¥, k> N.

Thus
00 N-1 o)
> fulk)ZF] <> fulk]lrt+ > pF < oo,
k=0 k=0 k=N

so by Weierstrass’ M-test, the convergence is uniform. So does this mean we can differentiate
termwise? Not exactly. However, considering the series of the termwise derivative we see that
this also is a power series and that

Z kulk)2F~! = 271 Z kulk)2".
k=1 k=0

Note that

|ku[k’}zk|1/k _ k,l/k |u[k’]zk|1/k
and since kY* — 1 as k — oo it is clear that
lim sup |ku[k]2*|V/* = lim sup |u[k] 2%/,

k—o0 k—o00

so we will obtain the same radius of convergence. Obviously the series of the derivatives also
converge uniformly, so yes, we are allowed to differentiate termwise for a power series. Awesome!

11.2 The Unilateral Z transform

(jf The unilateral Z transform

Definition. For a sequence ulk], k =0,1,2,..., we define the Z transform of u by

Z(w)(z) =) ulk] =",

k=0

whenever the series is convergent.

We note immediately that this is a power series in the variable z~!. This means that the series
has a radius of convergence, but that the series is convergent outside a circle with this radius.
We have the following result.

> .
el Region of convergence
Theorem. For a sequence ulk], k = 0,1,2,..., the Z transform Zwu(z) has a region of

convergence defined by the radius of convergence R such that Z u(z) is absolutely (uniformly)
convergent for |z| > R and divergent for |z| < R. It is possible that R = 0.
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Proof. This result follows from the existence result for power series by letting w = z~! and
[e.e]
considering Z ulk]w”. O
k=0
Im
Zu(z) converges here
o" ~~,
l' *
4 ‘\
: “
] t Re
|‘ : R
A )
‘ .
A Y L4
‘> '0
592 Example

(o)
The geometric series Zz’k converges if [27'| < 1 and diverges if [z7 > 1. If |2] > 1, we
k=0

> 1 Z
h k= = .
D e

Impulse function and discrete Heaviside

Definition. We define the discrete impulse function d[n| by d[n] =1 if n = 0 and d[n] = 0
if n # 0. The discrete Heaviside function H[n] is defined by H[n| =1if n > 0 and H[n] = 0

kifn<0.

592 Example
Find the Z transform of u[n] = d[n].

Solution. Obviously Z(d[n])(z) = 1.

592 Example
Find the Z transform of u[k] =1, k =0,1,2,...
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Solution. We find that

e}

1 z
— = = , > 1,
R L

since this is a geometric series. Note that this is the Z transform of H[k].

L

@ Example
Find the Z transform of u[k] =k, k=0,1,2,...

Solution. We find that

 k d =1 d =z z
Z — —_— = = —Zz— — 1
u(2) %zk dzzzk Az -1 (2 —1)% 2> 1,

since this is the derivative of a geometric series (remember TATA427).

_@- 1
Find the Z transform for u[k] = o

Example

Solution. We identify the coefficients in the Z transform as those of the Maclaurin series for
the exponential function, so

o S N2 Ny
St =Y a(i) =
k=0 k=0

11.3 Rules for the Z Transform

<>

e Linearity
Theorem. Suppose that Zu(z) and Z v(z) exists for |z| > R. Then

Z(crulk] + covlk]) (2) = a1 Zu(z) + e Zv(z), |2| > R.

Proof. Let Zwu(z) and Zv(z) have the radius of convergence R, and R, respectively. By
defining R = max{R,, R,}, the linearity follows since the summation is linear when all the
sums are convergent. ]

<>

1) Geometric multiplier
Theorem. If a # 0, then Z(a"u[k])(2) = Z(u[k]) (f)

Proof. Taking the Z-transform, we find that

_ ij’;aku[k]zk S (2) = za(2).

k=0

under the condition that |z| > |a|R where R > 0 is the radius of convergence for Zu(z). [
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o

@ Example

Show that Z(a*) = L, |z| > |al.
z—a

Solution. Recall that Z(H) =

z
T so by the previous result we obtain that

2(a) = 2l HI) = 7 =2 B>l

N

Q Example ]

Find the Z-transforms for cos ka and sin ka.

Solution. Using Euler’s equations, we find that

=z et ety ] : L2 12z —eT) +2(2 —€)
2 S 2\z—eld z—eia) 2 (z —eiv)(z — e~i@)

1 ( 222 — z(e7 + ') ) _ 2*—zcosa
2

T2\ 22— z(efo Heio) 41 22 —2zcosa+1’

since Z(a*) = z/(z — a) for a € C (a # 0). Analogously,

=z eife —emibaN ] z 2 1 (2(z—e) —2(z —€7)
2i 2 \z—eld  z—eia) 2 (z — e)(z — e7i@)

1 z(e" — e7i) _ zsin
2 \22—z(el+e) 4 1) 22— 2zcosa+ 1

In both cases we have |z| > 1.

<>

g Conjugation

Theorem. Z(ulk])(z) = Z(ulk])(Z)

Proof. Clearly

for |z| > R. O

11.3.1 Time Shifts

One of the major uses for the Z-transform is its ability to handle delayed signals, meaning
expressions of the type u[k — 1] etc where we need the value at the previous time step. A
special case of this occurs when solving difference equations (we’ll see that below).
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@ Time shift
Theorem. For m > 0 an integer,
m—1
(1) Z(ulk +m])(2) = 2" Z(u[k])(z) — Y ull]",

o~
I

(i) Z(ulk —m])(z) = 27™ Z(ulk])(2) + i u[k]z=™ % (assuming that w is defined for

k=—m
these values) and

L (i) Z(ulk —m|H[n —m])(z) = 27™ Z(ulk])(2).

Proof. We obtain these results by reindexing the series’.

= 2" (gg ulk]z™F - 1::01 u[k]zk> = 2" Zu(z) — j:: ulk]z™
(1)
Z(ulk —m])(z) = g%u[k: —m]z k= 5: ulk]z™F ™ = 2 mk:f: ulk]z™*
=z <k§ ulk]z™" + gu[k]z ’f) =2 " Zu(z) + kz_z_lmu[k]zmk
(i)
Z(ull — mHJl - m])(z) = iu[k ol — ] — k_j’ijmu{k]mk]zkm

Difference Equations

One of the major uses for the (unilateral) Z-transform is solving linear difference equations.

N

@ Example
Find a solution to 2u[k + 1] —u[k] =1, k =0,1,2,..., u[0] = 2.
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Solution. Taking the Z-transform, we find that for |z| > 1,

zuUuy—wmp—Uu)zzil & (20— 1)U(z) =4z +

z—1

Using partial fractions, we obtain

4z 1 z 2z
U(z) = - - .
() 22—1+z(z—1 2,2—1)

Thus we expect that

ulk] =2-27% + Hlk — 1 (1 - (g)) 91 4 Hk— 1] (1— 28,

For k > 1 we have 2'7% + 1 — 217% = 1 and for k¥ = 0 we have u[0] = 2. Therefore we obtain
that ulk] =1 for k =1,2,3,... and u[0] = 2. Verify directly!

L

@ Example
Find a solution to ul[k + 2] + u[k + 1] — 2u[k] = 30[k], k =0,1,2,..., u[0] = 0 and u[1] = 3.

Solution. Taking the Z-transform, we find that

22U (2) — 22ul0] — zu[l] + 2U(2) — 2ul0] = 2U(2) =3 & (2 +2—-2)U(2) =3+ 32
343z

¢ U =a,—%

at least if |z| > 1. Why? Well, 22 + 2 —2 = (2 +2)(z — 1) so we have poles at —2 and 1 (zeroes
of the polynomial in the denominator). Decomposing by partial fractions and reformulating

slightly, we find that
1 2 1 =z 1 2z

U(z) = = — — .
<Z) z+2+z—1 zz+2+zz—1

Similar to the previous example, we obtain that

—2)F1 42 fork>1
ulk] = (=2 H (k= 1) + 2H[k — (H[k —1] = 4 2 T2 fork=1,
0, for kK = 0.
Verifying, we see that for k = 0:
u[0 + 2] + u[0 + 1] — 2u[0] = (—2)' +2+3—-2-0 =3,

for k = 1:
ull +2] +ull +1] —2u[l] = (-2)2 + 2+ (-2)' +2-2-3 =0,

and for k > 2:

ulk 4+ 2] + ulk + 1] — 2ulk] = (—2)’”1 + 924 <_2)k +2_9. ((_2)k—1 4 2)
= (=2 + (-2 + (-2)F = (-2)*(-2+2) =0
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11.3.2 Derivatives

<>

e

d
Theorem. Suppose that Z u(z) converges for |z| > R. Then Z(ku[k])(z) = —Z Z(ulk])(2)
z
for |z| > R.
Proof. We see that
Zu(z) = i ulklkz ™ = —2 i u[k]iz’k
dz
k=0 k=0
= / uniform convergence / = —zi iu[/{]zk = —zi Zu(z), |z|>R
dz dz ’

where some care is needed since this is a complex derivative. O]
-\@’- Example

For a € C, a # 0, show that for |z| > |a],

%7
k _Z k . az 9 k _az"+a‘z
Z(a®)(z) = P Z(ka")(z) = C_af and Z(k“a >(Z)_W
Solution. We find that
Z(a")(z) = iakzk = i <g>k = ! == |z| > |al.
2 l—az! z2—a
k=0 k=0
From this it follows that
d d =z az
Z(ka")(2) = —z2— Z(a")(2) = —2— =
(ka™)(2) = —z— 2(a")(2) = —2 - —— —ap

and that

Z(kQGk)(Z) _ —Z% Z(kak)(z) — _Zdiz (_Zdiz Z(ak)(z)) = _Zdiz G iza>2 = a(zzj_j)gz.

11.3.3 Binomial Coefficients

Remember that the binomial coefficients were defined by

k k!
- k—012....m=012. .k
m (k —m)!m!

For k < m, we let ( :1 ) = 0 (this might be new).
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>

e

T z(( K >ak> (z):(L m=0,1,2... |2 > la|

m - a)m-‘rl’

Proof. First, let’s consider the Z-transform of < TI:L > for some fixed m:

k=0 k=m
1 « _
:%Zk(k—l)(k—Q) (k—m+1)z7*
k=m
1 & m w4 &
_ _ k1 k_ W k
=fw=2" m!l;nw dw™ m! dwm™ &
= w™ dm L owm dm 1
—/Wg“’ _O/_de_m = e T w
w™ m! w™ z

>

e

k+n . am—nzn—l—l
Corollary.Z(< - )CL)(Z)Zm,m:1,2,3,...,n:O,l,...,m—l.

Proof. Since ( 77ll ) = 0 for [ < m, it follows that

S e (R E T (B

m m—n ,n+1
“n.n a 'z a z

=a = (z — a)m it - (z — a)mtt’

N

@ Example

Find a solution to 4ulk + 2] — 4ulk + 1]+ ulk] =4-27%, k=0,1,2,..., u[0] = 1 and u[l] = 1.
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Chapter 11. The Unilateral Z-transform

[N—zﬂﬂ)—4@U@%ﬂme+U@):Z%l

Solution. Taking the Z-transform of both sides of the equation, we find that for |z| > 1/2,

4(2°U(z) — 2*u

4
& (AP —42+1D)U(2) = zl + 422
z _— =
2
z 22 2722 22
& U= Nt 12:4 Tt 1)2
(-3 (¢-3) (:-3)" (2—3)
By the previous corollary, we know that
a’z k+1 k 22
wi 2 (7))o=

2((5)") 0=

so by linearity we expect that

mm_4<§>z*+(kT1

for k =2,3,4,..., solves the equation.

>24u_euk—1y+@+1»2*_(%@—k+n2*,

Verifying, we see that for £ = 0:
Auf0+2] —4ul0+ 1] +ul0] =7—4+1 =14,

for k =1:
ull +2]+ufl +1] —2u[l]=8-7T+1=2=4-2""

and for k > 2:
ulk 4+ 2] +ulk + 1] — 2ufk] = --- =427,
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Chapter 12

Inversion, Convolution and Bilateral
Transforms

)

“I let him go.’
—John Matrix
12.1 Inversion

We first note that the uniqueness of a power series representation (there’s only one Maclaurin
series) means that we have the following result.

<>

g Uniqueness of the Z-transform

Theorem. Suppose that u[k] and v[k] have the same Z-transform, that is, Z u(z) = Zv(2)
for all |z| > R for some R > 0. Then ulk] = v[k] for k =0,1,2,...

For a given Z-transform U(z), we typically find u[k] as we did for the Laplace transform, meaning
that we need to rewrite U(z) until we can find the components in a table. The uniqueness then
proves that the answer is the only possibility. There is an inversion formula as well, that looks

like this:
1

ulk] = — @ 2"U(2) dz,
= 3 V)
where 7 is a closed curve completely inside the region of converges that loops once around the
origin with positive orientation (counter clockwise). Choosing some r > R, where R is the
radius of convergence of U(z), and letting v be the closed circle with center at the origin and
radius r, i.e., z = re’ with 0 < # < 2w, parametrizing the integral above we obtain that

1 [? . . . 1 [ .
ulk] = —/ ph1eilh=1)0 U(re®)rie® do = —/ ke U (re®) df.
0 0

2w o

Why does this work? Since U(z) is a power series, we are allowed to integrate termwise:

1 21 ] ) 1 27 ] 0 ]
o rketk? U(rew) df = o / rketk? (Z u[m]r‘me_’m0> do
T T Jo

0 m=0
1 00
— %mz:

0

2 ) 1
rk_mu[m]/ e h=ml qg — —rOulk] - 27 = ulk],
0
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2m
since / e =m0 qp = 0 if k # m.
0

This result implies the following theorem. Note that we need a condition for the behavior of U
“at infinity.”

<>

e

Theorem. Suppose that U(z) is analytic for |z| > R, where R > 0 is some constant.
If lim|; 0o U(2) = A for some A € C, then there exists a unique function u: N — C such
that Zu(z) = U(z) for |z| > R.

L

@ Example
Suppose that U(z) = log(1+ z71'), |z| > 1. Is there some u[k] such that U(z) = Z u(z)?

Solution. So U(z) is a bit problematic if you haven’t studied complex analysis, but let’s ignore
that and just work with this formally. Remember that the Maclaurin series is given by

log(1+ 27" Z k _k, |z] > 1,
k=1

—1)*
so from this it is clear that ulk] = ( l{:) for k = 1,2,3,... By uniqueness, this is the only
possibility. Note that U(z) — 0 as |z| — oc.

12.2 Discrete Convolution

Definition. For u,v: Z — C, we define the convolution u * v by

o0

u*v[n] = Z ulk]v[n — k|,

k=—o00

whenever this series exists.

So an obvious question is when this limit exists.

<>

e

Theorem. If u,v € !, then uxv € [*.
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Proof. We first prove that u x v is absolutely integrable:

ST ol = Y0 | ulkloli— k) < S Y Julklfeln — ]
=30 el - Kl = D fdk]l Y feln K

Note now that

Y bln—k=/m=n—k/= Y |om]

n=—oo m=—00

S lelbll S Joln— Kl = (i |u[ku> ( 5 \U[m]\> o

k=—o00 n=-—00 k=—o00 m=—00

SO

A more compact way of stating this result is that

[w* o[z < lullinllv]ling-

The right-hand side is finite by assumption. O

Did the proof look familiar? It should, go back to lecture 7 and see how we proved the analogous
result for the continuous convolution of L!'-functions.

We will soon take a look at the Z-transform of a convolution, and since we’re only working with
the unilateral Z-transform, we can assume that ul[k] = v[k] = 0 for £ < 0. The convolution

reduces to
n

u * v[n] :Zu[k]v[n—k], n=012,...

In this case, we can relax the conditions a bit and still obtain convergence.

@ Unilateral convolution

Theorem. If u,v: N — C belong to X, (meaning that |ulk]| < Ka* for some K > 0
and a > 0), then u x v € X, for every b > a and

luxv[k]| < C(k+1)a*, k>0

Furthermore,
Zuxv)(2) = Zu(z) Zv(2), |z| > a.

Proof. By definition, |u[k]| < Cia* and |u[k]| < Cya®, so

ulk]v[n — K]

k=0
n

S Clak(]ga"_k = 0102(71 + 1)&”,
k=0

|ux v[n]| = < / monotonicity / < Z [ulk]||v[n — k]|

k=0

and since lim,,_,,, nd~" = 0 for any 6 > 0, it follows that |u * v[n]| < Cb™ for every b > a.

157



12.2. Discrete Convolution Chapter 12. Inversion, Convolution and Bilateral Transforms

So the convolution of u and v is defined and belongs to X,. Taking the Z-transform, we observe
that

n

Z(u*v)(z):Zz’_”Zu[l{} ZZZ ulk]z= "y — k]

n=0 k=0 n=0 k=0

:Zz ulk Zz (n=k)y, ]:/n:m—l-k:/:Zz_ku[k:] z7"u[m

=k

= Zv(z) Z 2Mulk] = Zu(2) Zu(z).

B
Il
o
3

k=0
0
20 Example
Show that Z ( u[k]) (2) = . i | Zu(z)
k=0

Solution. Note that

ulk] =) wulk]-1=") wulk]-H[n— k] =ux* H[n|

k=0 k=0 k=0

SO

z ( u[k]) Z(ux H) = (Zu)(z) - ——

k=0

%% Example

Solve the equation Z ulk]37*=6",1n=0,1,2,...
k=0

Solution. Note that we can reformulate the equation as

n

SulksF =6 e > wkprF=6T"-3"=27"
k=0

k=0

Taking the Z-transform, we obtain that

Zu(z) ZBHHE) (2) = —— & Uls)—— = ——
1
for |z| > 3 Hence
z—3 5/2 51 =z
U(z) = T =1- /1 1—5— T
Z—§ 2—5 22—5
Therefore it follows that
5 /1\"*
= —— | = Hlk—-1
k= -3 (3) -1,

so u[0] =1 and u[k] =5-27% for k > 1.
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12.3 Limit Results

@ Initial value theorem
Theorem. If there exists some R > 0 such that Z u(z) exists for |z| > R, then
lim Zwu(z) = u[0].

|z]—00

Proof. Let |z| > R and put w = 27!, Then |w| < R and if |z| — oo then w — 0. Since Z u(z)
converges uniformly for |z| > R, it follows that

o0

flw) = ulk]uw"

k=0

also converges uniformly, so f is a continuous function for |w| < R. Hence lir% f(w) = u[0] and
w—

obviously this limit is the same as ‘ l|im Zu(z). O
Z|—o0

12.4 The Bilateral Z-transform

Let ['(Z) be the space of functions u: Z — C such that

meaning that the sequence is absolutely summable. For functions from this class, we define the
bilateral Z-transform by

The theory is similar to the unilateral transform, but some things change. The region of
convergence is not only outside of a disc in this case, but also inside another disc (ideally one
that’s larger..). Hence the region of convergence looks something like this.
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Let ulk] = a* for k < 0 and u[k] = V* for k > 0. Find Zu(z). When does the transform
exist?

Solution. We find that

_! > > 1 z 1 z

z _ ko —k bk — —k K _Z
u(2) Zaz +kz:; : Za Z+1—b/z al—z/a+z—b

k=—o00 k=1

it || < |2] < |al.

Inversion works analogously with the unilateral case, making sure that the integration contour
is between the two circles.

12.5 The Discrete Time Fourier Transform (DTFT)

By considering z = ¢, the bilateral Z-transform of u € I*(Z) takes the form

o0

Zu(e™) = Z ulk]e™ ™"

k=—o00

which is an absolutely convergent series since u € ['(Z). We define the discrete time Fourier
transform (DTFT) as this expression:

o0

Fu(w) = Z ulk]e™ .

k=—o00
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In a sense, this is the Fourier transform of a function u: Z — C. Clearly F u is continuous
on R, being the uniformly convergent sum of continuous functions, and it is also 2w-periodic:

Fu(w+ 2m) = Z ulk]eHwt2m) — Z ulkle™™ = Fu(w),

k=—00 k=—o00

since this is true for the exponentials in the sum. Moreover, for v € ['(Z), the analogous
argument with the inversion of the Z-transform shows that

1 27 )
ulk] = %/0 Fu(w)e**dw, ke Z.

Prove this!

12.5.1 Connection with Fourier Series

Notice that since F u(w) is 2m-periodic and continuous, a natural question would be what the
Fourier series looks like. Indeed, the Fourier series of F u is connected with « in the following
sense. Suppose that u € [*(Z) and let U(w) = F u(w). Then U has the Fourier series

o0

Uw) ~ Y u[=kle™,

k=—o00

and if v € E is continuous and 27-periodic with

oo

u(x) ~ Y Ukle™,

k=—00

then F U(w) = u(—w) assuming that U € [}(Z).

12.6 The Discrete Fourier Transform (DFT)

In the case when a function u: Z — C is periodic, meaning that there exists some integer K > 0
such that u[k + K| = u[k] for every k € Z, we can define a variation of the Fourier transform by
considering only one period and restricting ourselves to integer values. This variation is usually
referred to as the discrete Fourier transform (DFT):

K—1
Fuln] = Z ulkle 2 mk/K e 7

k=0

Clearly F u is periodic: F uln + K| = F u[n], since

K-1 K-1 K-1
]—"u[n + K] _ Z u[k]e—Qwi(n—&-K)k/K _ Z u[k’]e_%mk/Ke_QMk _ u[k,]e—Qm'nk/K
k=0 k=0 k=0
= Fuln].

Moreover, since both u and n +— e>™*/K (for fixed k) are K-periodic, it follows that

M4K-1
Fuln] = Z ulkle 2" mkK - € Z,

k=M
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for any integer M. Note also that the numbers wy = e 2"*/X are the unit roots, meaning that

for k=0,1,2,..., K — 1, these numbers are the solutions to the binomial equation 2% = 1.
The inversion of the discrete Fourier transform is easily carried out by

| K
Flon] = 7 v[k]e* K e 7. (12.1)
k=0
In the case when we have a function u: {0,1,2,..., K — 1} — C, we proceed like we did when

working with Fourier series by considering the periodic extension of u. In this was we can
consider the Fourier transform of functions defined on discrete sets. When working with the
Fourier transform in applications, this is usually the setting we end up in. Obviously there are
a lot of questions as to how the DFT is connected with both the DTFT and the regular Fourier
transform on R, but we will not get into these at this point. There are several extremely useful
results with regards to sampling of signals that you will see in a course in signal processing.

12.6.1 Circular Convolution

Recall that the previously studied transforms had the nice property that convolutions usually
ended up being the product of the transforms of the factors in the convolution. For the DFT,
we basically do this “backwards,” meaning that we define an operation x by

(uxv)[n) = F 1 (FuFv)[n].

This operation is usually referred to as circular convolution. Why circular? This is due to
the periodicity of the involved functions v and v when considered as defined on Z. Indeed,

(uxv)[n] = z_: ulk]v[(n — k) mod K]J.

k=0

—_

Here | mod K =1if 0 <! < K and [ mod K = [ — mK if there exists an integer m such
that 0 <! —mK < K.

12.6.2 Properties
Let U[n] = Fu[n] and V[n] = Fv[n]. Then the following properties hold.

(i) Reversal: U[K — n| = F(u[K — k])[n].
(ii) Conjugation: F(u)[n] = U[n].

(iii) Parseval’s identity:

T
0

UK VK] = > ulk] v[k].

e
Il
o
e
i

1
(iv) Multiplication: F(uv)[n] = ?(}" ux Fv)[n] (circular convolution).

(v) F? F(Fu)[n] = Kuln)].
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12.6.3 The Fast Fourier Transform (FFT)

The fast Fourier transform (FFT) is not yet another transform, but rather a particular
way of calculating the DFT. A naive implementation of the DF'T shows that for each value n,
calculating F u[n] costs performing a sum of K multiplications. Since there are K unique values
for n, the costs of finding the complete DFT would be of order O(K?) (where the constant does
not depend on K'). This would make finding the Fourier transform rather expensive if K is
large.

The revolutionary (it really was) idea of the FFT is to factor the problem into parts, solving
these recursively, and thereby obtaining a complexity of order O(K log K). This is a huge
gain. There are many different algorithms for calculating the DFT and those that has a time
complexity of order O(K log K') are referred to as FFT:s. Let’s take a look at one way of
handling the case when K = 2V is a power of 2. If the size is not a perfect power of 2, one can
use zero-padding, meaning that we extend u[k] by zero until we obtain K = 2" for some N.
How would that affect the DF'T?

An example when K = 2V

Since K = 2V, we can split u[k] in two parts: when k = 2l is even and when k = 2/ + 1 is odd.
Note now that

K/2-1 K/2—1

fu[n] — Z [2” —i27n(21) /K+ Z 2l+ ] —i2mrn(204+1)/K
=0 =0
K/2—-1 K/2—1

Z u[21]e 2/ (K/2) | omizmn/K Z (20 + 1]e=2mni/(K/2)
1=0

= F(ul2])[n] + e~ ™5 F(uf2l + 1]>[n],

where the last equality assumes that 0 < n < K/2—1. For n > K/2, let n = m + K/2
form=0,1,..., K/2 —1. We see that

K/2—-1 K/2—1
}"u[m—l—K/Q] _ Z [2” —i2m(m+K/2)(21) /KJr Z 2l+1] —i2r(m+K/2)(214+1)/ K
1=0 1=0
K/2—1 K/2-1
_ —i2mm Z 7127rml/ K/2) _|_efi27r(m+K/2)/K Z U[2l+ 1]€fi27rml/(K/2)

=0

= f(u[Ql])[m] — e /K F(y]21 4 1])[m)].

Hence we have reduced the problem of calculating a DF'T of size K to calculating two DFT:s
of size K/2. This type of recursion will yield a complexity of order O(K log K).

12.7 Exercises

1. Prove that
1 2m

wel(Z) = ulk]l=— Fu(w)e*dw, ke Z.

:27r

2. Prove that u[k] = a* € [*(Z) when |a| < 1 and find F u(w).
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3. Prove the inversion formula for the DFT: equation 12.1.

4. Prove the formulas in Section 12.6.2.
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Chapter 13

Table of Formulae

13.1 Notation and Definitions

e R is the set of all real numbers.

e Q is the set of all rational numbers.
e C is the set of all complex numbers.
e 7 is the set of all integers.

e N =1{0,1,2,...} is the set of all natural numbers.

For z=2z+4+1y € C, z,y € R,

Rez=2z, Imz=vy, |z|=+22+7y%

13.1.1 Continuity and Differentiability

e One-sided limits:

u(z®) = Jﬂ?i u(z).

e One-sided derivatives:

h) —
DFu(r) = lim u(z+h) = ul@)
h—0+ h
e C(I): The set of all continuous functions on a set /.

e C(I): The set of all continuously differentiable (up to order m) functions on a set I.

A function u: I — C on an interval [ is called piecewise continuous if...

e [ is finite and there are a finite number of points such that u is continuous everywhere
on I except for at these points. Moreover, if ¢ € I is a point where u is discontinuous,
the limits

lim wu(x) and  lim wu(x)
Isz—c™ Isz—ct

exist (only u(c¢™) or u(ct) if points on the boundary of ).

e [ is infinite and there a finite number of exception points (as in the finite case) in each
finite sub-interval of I.
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13.1.2 Function Spaces

A normed linear space is a linear space V' endowed with a norm || - ||: V' — [0, co[ such that
@) [l =0 (i) laul] = |afllul, e C (i) [Ju+ ol < [lul] + [Jvf|
An inner product (-, -):V xV — C on a vector space V satisfies
i) (u, v) = (v, ) (i) (u—+ov, w) = (u, w)+ (v, w) (iii) (ou, v) = a(u, v)
(iv) (u, u) >0 (v) (u, u) =0 < u=0.

In an inner product space, we use ||u|| = /{(u, u) as the norm.

Sequence Spaces

The sequence spaces [P, 1 < p < co consists of sequences (x1, 9, z3,...), x; € C, such that the

norm
0 1/p
Izl = (Z |$k|p) <o0,1 <p<oo,
k=1

or
|| z|[;e = sup |zx| < oco.
k>1

Sometimes [P(N). The spaces [P(Z) are defined analogously. Only [? is an inner product space
with

<$az» ::jija%gga x,y Glz'
k=1

Lebesgue Spaces (integrable functions)

We define the space L'(a,b) of absolutely integrable functions w: |a,b[— C with norm

b
£zt @p) = / |f(2)] dx < oo.

The space L*(a, b) consists of all “square integrable” functions with the norm

b 1/2
1 fllL2(ap) = (/ |f(a:)|2d:)s) < 00.

This space is an inner product space with

b
(f, 9) :/ f(z)g(z) dx.
The space L*(a,b) of bounded functions with norm
| fll(ap = sup |f(x)] < oc.
a<lz<b

Note that a = —oo and/or b = oo is allowed and we then write LP(R). Sometimes we write || f||,
instead of || f|r(ap)-
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Spaces of Piecewise Functions

e Ela,b] (or E): The linear space of all piecewise continuous functions on an interval [a, b].

e E'[a,b] (or E'): The linear space of those u € Fla, b] such that D~ u(z) exists fora <z <b
and that Dtu(z) exists for a <z < b.

e G(R) (or G): The linear space of all piecewise continuous functions on R that are abso-
lutely integrable on R.

13.1.3 Special Functions

e Heaviside function:
r <0,

0,
H(x):{l ©>0

e Signum function:

-1, =<0,
sgn(z) =40, x=0,
1, x> 0.

Discrete Functions

e Discrete Heaviside function:

0, <O
H[k:l — Y < )
1, k>0.

e Discrete impulse function:

0, k+£0,
5““]:{1’ kio.

e Binomial coeflicient functions:

n!
("): oo =012,
k 07 k>n

The convolution v x v: R — C of two functions u: R — C and v: R — C is defined by

Convolutions (on R)

(uxv)(r) = /OO u(t)v(xr —t)dt, z€R,

[e.e]

whenever this integral exists. If u,v € G(R), then uxv € G(R).
Suppose that u,v,w € G(R). Then the convolution has the following properties.

e Associative: (u*v)* w(x) =ux* (v*w)(x).
e Distributive: (u+ v) * w(z) = u* w(x) + v * w(zx).

e Commutative: u v(z) = v * u(z).
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Convolutions (on Z)
e For u,v: Z — C, the discrete convolution u * v is

u*v[n] = Z ulk]v[n — k|,

k=—0o0

whenever this series exists.

e For u,v: N — C, the unilateral (or one-sided) discrete convolution u * v is

u*vn] = Zu[k]v[n—k], n=0,1,2...

k=0
13.1.4 Inequalities
e The Cauchy-Schwarz inequality: If u,v € V and V is an inner product space, then

[ (u, ) | < lulflo]]-

e Bessel’s inequality: Let V' be an inner product space, let v € V and let {ey,es,...} be
an ON system in V. Then

Do, e P < Jofl®

o
k=1
This implies the Riemann-Lebesgue lemma for inner product spaces:

nll_>n010 (v, e,) =0.

e The triangle inequality: In a normed space V,

Hull = l[olll < flu + ol < flull + [lo]-

e Young’s inequality (r=p =g =1):

Ju* vl L) < [Jullorwyllvlliwy-

and

[uvllnz) < lullnelvloa-

13.1.5 Convergence of Sequences

Let uq,us,... be a sequence in a normed space V. We say that u, — u for some u € V
if ||u, — u|| = 0 as n — oo. This is called strong convergence or convergence in norm.
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Convergence of Functions

e Pointwise convergence: We say that u; — u pointwise on I as k — oo if
lim wy(x) = u(x)
k—o0

for every x € I. We often refer to u as the limiting function.

e Uniform convergence: We say that u;, — w uniformly on [a, ] as k — oo if

lim [|ur — u)|le = 0.
k—o0

Weierstrass’ M-test: If I C R and My, k = 1,2,..., are constants such that |ug(z)| < M
for x € I, then

Z M, <o = Z ux(z) converges uniformly on I.

If:

® ug, Uy, Us, ... are continuous functions on [a, b]

e and u(x Z uy(x) is uniformly convergent for = € [a, b],
then

e the series u is a continuous function on [a, bl

e we can exchange the order of summation and integration:

d
/ u(z dx—/ <Zuk )dx—Z/ ug(x)de, fora<c<d<hb,

e and if in addition Z uy.(z) converges uniformly on [a, b], then
k=0

— % (Zuk(x ) Z—uk T) = Zu%(m), z € [a,b].

13.1.6 Integration Theory
The principal value integral is defined by

0o R
P.V./ u(z)dr = lim u(x) de.

o R—o0 _R

o If F(x / f(z,y) dy exists for every x € I and

sup — 0, as R — oo,

xzel

/_Rf(fv,y)dy—F(x)

then we call F'(x) uniformly convergent on 1.
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e Dominated convergence:
If:

- fR2SC,
- F(x) = / f(z,y) dy exists for all x,

— there is a g € L*(R) such that |f(z,y)| < g(y) for all z,y € R,

then / f(z,y) dy converges uniformly on R.
e Continuity: If f: R* — C is continuous on [¢, d] x [a, R]. Then
R
— Fgr(z) = / f(z,y) dy is continuous on |c, d]
— and if in addition f is continuous on [¢,d] X [a,00[ and F(x) = / f(z,y)dy con-

verges uniformly (on [c, d]), then F' is continuous.

e Order of integration: If f: R? — C is continuous on ¢, d] X [a, oo[ and F(z) converges
uniformly (on [c, d]), then

[ ([ som)ac= [ ([ rena)an

e Note that we can let a = —oo in the previous theorems by exchanging [a, R] by [—R, R]
and consider the principal values.

e Leibniz’s rule: If

— f:R? - C and f.(x,y) exist and are continuous,

- F(x) = / f(z,y) dy is convergent for every z,
— and / fi(z,y) dy is uniformly convergent,

then P -
P =g [ fend= [ .
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13.2 Fourier Series

For uw € L'(—m,m):

1 [7 1 /7 . ﬂ |
ayp = —/ u(z)coskrdr and by = —/ u(z)sinkzdr or ¢, =— u(x)e—zkxdx

T ) . T ) . 2 J_.

are the Fourier coefficients (real or complex) for u. The series

oo

oo
Qo . ;
) + g ap cos kx + by sin kx = g cpeT
k=1 k=—o00

S(x) =

is called the Fourier series of the function u (real or complex). We write u(z) ~ S(z).
Note that:

e if u is even, then by =0 for £k =1,2,3,..;

e if u is odd, then ap =0 for k =1,2,3,....

If u is a T-periodic function, we define () = % The real Fourier series of u is then given by

u(zr) ~ % + Z ay, cos kQx + by sin kQx,
k=1

where

T/2 T/2
= —/ YcoskQrdx and by = —/ ) sin kQx dex.

T/2 T/2
The complex series is given by
(3] T/2

U(ZL‘) ~ Z Ck@ZkJQQC7 where Cr, = T/ u(x)e—zkﬂz dz.

k=—o00 ~T/2

13.2.1 Parseval’s identity

e Parsevals’s identity:

()] dx = Z lexl?,

k=—0oc0
where u(z) ~ i cpe®®,
k=—00
e Parseval’s generalized identity:
I N
o | u(z)v(x)de = k;oo Cpdg,

where u(z) ~ Z cre’™ and v(x Z die'®

k=—o00 k=—o00
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13.2.2 Convergence

Kernels
e The Dirichlet kernel: D, ( Z e reR, n=12,3,...
k=—n
e The Fejér kernel: F,( et — 11— ’— e*  n=0,1,2,...

13.2.3 Convergence Results

o If u € L'(—m,7), then u has a Fourier series.

o Let u € E'. Then

n

Sp(z) = Z cpe’™t — u(x*);—u(a:)j x € [—m, 7.

k=—n

e If u € F and D*u(x) exists, then

u(z™) + u(x_)

i, 5nle) = =
o If Z |ck| < oo, then Z cre™™ converges uniformly.
k=—0o0 k=—0o0
— + -
o If u € E, then S,(z) — uz?) —;—u(x )
o If u,v € E and ulk] = v[k], k € Z, then u(x) = v(z) whenever v and v are continuous

at x.
e If ' € E, u is continuous and u(—n) = u(7), then S, (x) converges uniformly to u(z).
e If v’ € F and u is continuous on [a,b] C|] — 7, [, then S, (x) converges uniformly on [a, b].

e If u € E is continuous and u(—m) = u(7), then S,(z) converges uniformly to u(z).

13.2.4 General Fourier Series

e For a given ON system, the complex numbers (v, ex), k =1,2,..., are called the gener-
alized Fourier coefficients of v.

o If W = {ey,€e9,...} is an ON system in V| then W is closed if and only if Parseval’s
identity holds:

o0
d v e =l veV,
k=1

or if ax = (u, e) and by = (v, eg), then

o0

(u, v) = Z apbp.

k=1
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13.2.5 Rules for Fourier Coefficients
Let u,v € E be periodic with period 7' > 0 and define Q = 27 /T.

Table 13.1: Rules for Fourier Coefficients

Function Fourier coeflicient Notes

au(z) +cv(r) Ukl + cVIE]

(uxv)(x) UKV [k]

u(z)v(z) (U *V)n]

ey (1) Ulk —m] meE Z
u(az) (per. T'/a) UIk]

u(—x) F[—K]

u(x) U[=H]

u'(z) ikQU k]

u™ () (iQk)"U k] n=12,...
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13.3 The Fourier Transform

The Fourier transform of a function u: R — C given by

Uw) =1u(w) = Fulw) = /OO u(z)e™™" du,

—00

when this integral exists.
o If u € L'(R) then F u(w) exists for all w € R and

I F ulloo < flullzrg)-

e For u € GG, the Fourier transform F u is uniformly continuous on R.

w e R,

e The Riemann-Lebesgue lemma: For u € G we have F u(w) — 0 as |w| — oc.

13.3.1 Convergence

Kernels

e The Dirichlet kernel (on R):

and Dg(0) = R/m7.
e The Fejér kernel (on R):

1 M lwl\ 1 —cosMz
Fir(t) = — 1 — = zwtd _ - e
w(t) QW/M( M)e “ M2

the last two equalities assumes that = # 0.

Inversion

e If u € G(R) and D*u(z) exists, then

M

27

(

R—o0 270

I :
lim —/ Fu(w)e™ dw =
-R

e If u € G(R), then

2

u(xt) + u(:c_)

sin(Mx/2

Mz /2

lim — /qu(w) (1 - M) e gy = U ;“(w).

R

R—o0 277

e If u € G(R), then

u(z™) +u(z™)

R—oo 27

I :
lim —/ Fu(w)e™® dw =
R

whenever the limit exists.

2

Y

))2’

e Uniqueness: If u,v € G(R) and Fu(w) = Fo(w), w € R, then u(z) =

every x € R where both u and v are continuous.
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13.3.2 Special Rules
o Ifu,U € G(R) and U(w) = F(u)(w), then

FHU)(z) = % ]:((Fu)(—w))(x) and F(Fu(w))(z) = 2nu(—2),

for every x where u is continuous and D*u(x) exist.

e If u,v € G(R) such that uv, Fu, Fv € G(R), then
Flun)(w) = o Flu) » F(o)(w)
13.3.3 Plancherel’s formula

o If u € G(R) N L2(R), then Fu € L2(R).
e Plancherel’s formula: If u,v € G(R) N L?(R), then

/_Oo w(w) o(@) dx = % /_:]—"u(w)}"v(w) .

o0

13.3.4 Rules for the Fourier Transform
Let U(w) = Fu(w) and V(w) = Fo(w).

Table 13.2: Rules for Fourier transform

Function Fourier transform Notes
au(z) + cv(z) aU(w)+ eV (w)
(uxv)(z) U(w)V(w)
") Uw—a) acR
u(z) cos ax Ulw+a) —5 Uiw=a) aceR
u(zx) sin ax Uwta) 2_ Uw=a) acR
i

u(z — xg) e~ (w) 0 €R

1 w
u(ax) WU(5> aceR,a#0
u(z) U(@)
u'(x) iwlU(w) uweCR), v eq
u™ () (iw)"U(w)
x™u(x) U™ (w) z™u(z) e G,m=1,2,3,...
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13.3.5 Fourier Transforms

Table 13.3: Fourier transforms

Function Fourier transform Notes
e~ \/EeWQ/M a>0
a

—alx 2a
e || m a>0
—2tw
—alz|
sgn(z)e o a>0
1
H(z)e , Rea >0
a + w
1
H(—x)e"™ , Rea >0
a—iw
1 T _alw
a2 T g(]2 56 lel a > O
94
H(x+a)— H(x —a) Sl aw a>0
w
2(1 —
sgn(z)(H(z + a) — H(z — a)) 201 = cosaw) o8 aw) a>0
w
2(1 — cos aw
(a—|z|)(H(z+a) — H(z — a)) % a>0
1 —cosat
v m(a—|w|)(Hw+a) — Hw—a)) a>0
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13.4 The (unilateral) Laplace Transform

The Laplace transform of u: [0, co[— C is given by

Lu(s) = /0 S et dr,

for those s = 0 4+ 1w € C, 0,w € R, where this integral is convergent.

e Exponential growth: A piecewise continuous u: [0,00[ is of exponential growth (of
order a) if there exists constants a > 0 and K > 0 such that |u(t)] < Ke* for t > 0. The
set of all such functions will be denoted by X,.

Existence of Lu(s): If u € X, for some a > 0, then the Laplace transform £ u(s) exists
(at least) for Res > a.

Lu(s) —0asR>s— 0.

L u(s) converges uniformly for Re s > a.

Lu(s) is analytic for Res > a.
Periodicity. If there exists 7' > 0 such that u(t + T') = u(t) for every ¢ > 0, then

Lu(s) = — /0 () dr,

1 —esT

13.4.1 Inversion

o If u € X, has right- and lefthand limits at a point ¢ > 0, then

w(t™) +u(t™)

1 [* .
lim —/ Lu(o +iw)e” e dw = 5 :
-L

L—oo 27

where the vertical line Re z = ¢ is contained in the region of convergence of £ u(s)

o If u,v € X, and Lu(s) = Lv(s) on some vertical line Re s = o, then u(t) = v(t) for all ¢
where u and v are continuous.

13.4.2 Limit Theorems

e Final value theorem:
If u: [0,00[— C is bounded and lim u(t) = A, then A = lim sLu(s).

t—o00 R>s—0t
e Initial value theorem:
If w: [0,00[— C belongs to X and lim u(t) = a, then a = lim s Lu(s).

t—0+ R3s—o00
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13.4.3 Rules for the Laplace Transform
Let U(s) = Lu(t), 0 > o, and V(s) = Lo(t), 0 > 0,.

Table 13.4: Rules for Laplace transforms

Function Unilateral Laplace transform Region of convergence
cru(t) + cou(t) aU(s) + eV (s) o > max{oy,o0,}
(u*v)(t) U(s)V(s) o > max{oy,o,}
e™u(t) U(s —a) o>o0,+ Rea
u(t —to)H(t —ty) e ™°U(s) g >0,
a>0
1 5
u(at) o U <a> o> aoy, a>0
u(t) U(3s) o> 0y,
u'(t) sU(s) —u(0) o> 0,
u™(t) s"U(s) — s Du(0) — - -
—su™2(0) — u™=(0) o > max{oy, 0y, ...,0,m-1}
t
/ u(T) dr Uls) o > max{o,,0}
0 8
t"u(t) (—1)mU™(s) g > oy
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13.4. The (unilateral) Laplace Transform

13.4.4 Laplace Transforms

Table 13.5: Laplace transforms

Function

Unilateral Laplace transform

Region of convergence

H(t) =1

tm

ta
at

tmeat

cos at

tcosat
sin at

tsin at

sin at
t

cosh at
sinh at

Jo(at)

52+ q?

s’ —a
(s + a?)?
52 + a?

2as
(s2 4+ a?)?

a
arctan | —
S
2 — g2
— a2

S

V1+ s2

>0

>0

>0

m=1,2,3,...

>0
a>0

o > Rea

o > Rea

m=1,23,...

o> |Imal
o > |Imal|
o> |Imal
o> |Imal
o> |Imal
o > |Read|
o > |Real|

o> |Imal
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13.5 The (unilateral) Z Transform

The Z transform of a sequence ulk|, k = 0,1,2,..., is defined by

o

Z(w)(z) =) ulk] =",

k=0

for those z = x4+ 1y € C, z,y € R, where this series is absolutely convergent.

Existence of Zu(z): For a sequence ulk], k =0,1,2,..., the Z transform Zu(z) has a
region of convergence R such that Zu(z) is absolutely (uniformly) convergent for |z| > R
and divergent for |z| < R. It is possible that R = 0 or R = oc.

Inversion: If U(z) = Zu(z), then

1
ulk] = — 95 FU(2)dz, k=0,1,2,...

21 ~

Uniqueness: If Zu(z) = Zwv(z) for all [z| > R for some R > 0, then ulk] = v[k]
for k=0,1,2,....

Initial value theorem: If there’s an R > 0 such that Zu(z) exists for |z| > R, then

lim Zu(z) = u[0].

|z]—o0
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13.5. The (unilateral) Z Transform

13.5.1 Rules for the Z Transform
Let U(z) = Z(ulk])(2), |z| > R, and V(z) = Z(v[k])(2), |2]| > R..

Table 13.6: Rules for Z transforms

Function

Unilateral Z transform transform

Region of convergence

crulk] + cov|k]
(u*v)[k]|

ulk — m]
ulk +m)|
ulk]

aU(z) + eV (z)
U(2)V(2)
7 (%)
27U (2)
27U (2) + 27" 1] + - -
< 2 u[—m + 1] 4 u[—m)]
2MU(z) — 2™ul0] + - - -
o= 2%ulm — 2] — zu[m — 1]

+

|z| > max{R,, R,}
|z| > max{R,, R,}

|z| > |a|Ry, a # 0

2| > Ru, m=1,2,3, ...
|z| > Ry, m=1,2,3,...

|z| > Ry, m=1,2,3,...

|z| > R,

|z| > max{R,,1}

|z| > R,
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13.5.2 Z Transforms

Table 13.7: Z transforms

Function Unilateral Z transform  Region of convergence
S[K] 1 z€C
Sk —m] z7™ |z2| >0, m=1,2,...
z
Hk > 1
0 = 4
z
k —_— > 1
(z —1)2 12
a* - 2> a
z—a
az
ka® — >
a e 21 > Ja
2, 2
k2 % 12| > |af
z—a)
3 4 2,2 3
Koot Gz riaE Tas 12| > [ql
(z—a)
2
z
k+1)d" — >
R et ] > fa
m+1
hotm a® z—ml |z| > |a|, m=2,3,...
m (z —a)m*
k i a™z
(m>a m |z|>|a|,m:2,3,...
m—n ,n+1
k+n a” a—zml |z| > |a|, m=2,3,...,
m (z —a)™*
n=1,....m—1
22 — zcosa
k > 1
cosra 22 —2zcosa+ 1 12
sin ka Zona |z| > 1

22 —2zcosa+1
b cos ke Zdcosa — 222 + zcosa o> 1
(22 —2zcosa + 1)?

23sina — zsina

K sin k > 1
SR (22 —2zcosa + 1)2 12

il a/z
1 e |z| >0
YHk—1 w2 2] > 1
— - n z
z—1
b n
(n>akb”_k M |z >0,n=1,2,3,...
k "
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Bessel’s inequality, 28

Cla,b], 22
Cauchy sequence, 23
Cauchy-Schwarz inequality, 26
Cesaro summation, 65
integrals, 117
circular convolution, 162
continuity
in normed spaces, 24
convolution, 100
circular, 162
discrete, 156
Fourier transform, 104
unilateral, 133
discrete, 157

D* 11
Darboux’s theorem, 74
derivative

complex variable, 125
one-sided, 11

DFT, see Discrete Fourier transform

difference equation, 149
Dirichlet kernel, 43, 97
Discrete Fourier transform, 161

discrete time Fourier transform, 160
DTFT, see discrete time Fourier transform

Ela,b], 10
E'la,b], 11
exponential order, 124

Fast Fourier Transform, 163
Fejér kernel, 67, 119
FFT, see Fast Fourier Transform
Fourier coefficient, 32
Fourier coefficients, 28
Fourier series, 12
absolutely convergent, 51
arbitrary period, 18
Cesaro summation, 69

complex, 13
Dirichlet’s theorem, 45
local uniform convergence, 55
pointwise convergence, 45, 70
real, 12
smoothness and convergence, 55
uniform convergence, 54
uniqueness, 70

Fourier transform, 81
Cesaro inversion, 121
differentiation, 89
gaussian, 90
inversion, 98
normalization, 82
pointwise inversion, 122
product, 105
uniformly continuous, 85
uniqueness, 122

frequency, 83

G(R), 81
Gibb’s phenomenon, 60
Grandi’s series, 66

Heaviside function, 84, 146

infimum, 36

inner product, 25

integration
dominated convergence, 93
Fubini, 94
Leibniz, 95
order of integration, 94
uniform convergence, 93

L(a,b), 9

IY(Z), 159

12,25

L?(a,b), 9, 26

Laplace transform, 123
analytic, 126
differentiation, 130
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Index

final value, 138
initial value, 138
inversion, 136
periodic function, 135
uniqueness, 136
limes superior, 143
limiting function, 35, 169
limsup, see limes superior
linear combination, 21
linear space, 21
basis, 22
dimension, 22
norm, 22
L>(a,b), 36
7,23
LP(a,b), 26
LP(R), 23

M-test, 42

normed space, 22

closed, 24

complete, 24

triangle inequality, 33
nowhere differentiable, 43

Q, 18
ON system, 27
closed, 28, 29
complete, 30
L*(—7,7), 31
orthogonal, 26
orthogonal projection, 27

Parseval’s identity, 29, 30, 78
period, 8
periodic extension, 8
periodic function
derivative, 56
integrating, 9
piecewise continuous, 10
E, 10
E' 11
Plancherel’s formula, 107
pointwise convergence, 35
power series, 143
uniform convergence, 144
uniqueness, 144
principal value, 92

radius of convergence, 143

region of convergence, 145
Riemann-Lebesgue lemma, 28, 86
ROC, see region of convergence

sequence, 11, 21
continuity, 39
derivative, 41
integral, 40
pairwise orthogonal, 26

series, 11, 24

sinc, 84

spectrum, 82

supremum, 36

uniform convergence, 36

Weierstrass function, 43
Weierstrass’ M-test, see M-test

7 transform
unilateral, 145
Z-transform
bilateral, 159
differentiation, 151
initial value, 159
inversion, 155
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