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Preface:

These are the first edition of these lecture notes for MATH 3001 (Real
Analysis IT). Consequently, there may be several typographical errors,
missing exposition on necessary background, and more advance topics for
which there will not be time in class to cover. Future iterations of these
notes will hopefully be fairly self-contained provided one has the necessary
background. If you come across any typos, errors, omissions, or unclear
explanations, please feel free to contact me so that I may continually
improve these notes.
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Motivation for this Course

Analysis is the mathematics of approximation. The most simple object in
analysis, the limit, says roughly that a sequence (ay)n>1 converges to L
provided if you go out far enough (i.e. n > N), then a,, is approximately L
(i.e. |ap — L| < € for a fixed threshold € > 0). The idea of using e-N and €-9
to approximate objects as seen in previous courses may at first seem abstract,
but are simple once one gets used to them and can be used to understand a
plethora of analytical results.

Analysis is in stark contrast with other subjects, such as algebra. In
algebra, one can only perform an operation a finite number of times. For
example, one can only add a finite number of vectors in a vector space.
However, with analysis, one can ‘add’ an infinite number of vectors by taking
a limit of all of the finite sums. This leads to the concept of series that
extends beyond real numbers to all vectors in vector spaces and thus, most
importantly, continuous functions.

Series are incredibly useful not only for their abilities to add an infinite
number of elements, but for their ability to approximate solutions. For
example, to understand the behaviour of a vibrating string, the diffusion
of heat, or quantum physics, one must understand the solutions to various
differential equations. For quantum physics, the basic differential equation
governing the behaviour of subatomic particles is the famous Schrédiner’s
equation. To understand the solutions to these differential equations, one
must understand the basic solutions and then one can approximate all
solutions via (potentially infinite) sums of these base solutions.

As an understanding of series of functions is vital for solving a vast
number of problems in mathematics, physics, and beyond, this course will
delve into an in-depth and rigorous study of series of functions. It is essential
that the results stated in this course are precise and the proofs are complete
as some of the biggest plunders in the history of mathematics came from
mathematicians claiming a series of functions converged in a certain sense
only for others to realizes decades or centuries later that this was not the
case. Consequently, this course will focus on the various ways a series of
functions can converge along with the pathological bad behaviours when
series of functions converge in the incorrect way. Time permitting, we will
look at some of the numerous applications of convergent series of functions.
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Chapter 1

Series of Complex Numbers

Before we can delve into the study of series of functions and various ways
these series can converge, it is important to first understand the behaviours
and various ways series of scalars can converge. After all, a series of functions
is a function of series of scalars. Thus thus chapter will thus focus on the
various ways a series of scalars can converge, what can go right and wrong
when one tries to rearrange the terms of a series, and how one can develop
the exponential function.

As it is important for later chapters, we will not only deal with series of
real numbers, but series of complex numbers. In particular, a reader that is
unfamiliar or uncomfortable with complex numbers should refer to Appendix
[A] for the basic and necessary facts.

1.1 Sequences of Complex Numbers

As a series will be a limit of finite sums, it is first useful to formally recall
the definition of a limit. Since we will be dealing with complex numbers
throughout the course, we will quickly generalize the basic properties of
limits of sequences of real numbers seen in a previous course to the complex
setting.

Definition 1.1.1. A sequence (z,)n>1 of complex numbers is said to converge
to a compler number L if for all € > 0 there exists an N € N such that
|zn, — L| < € for all n > N. The complex number L is called a limit of (zn)n>1
and is denoted by lim,, o0 2n-

The sequence (zp)n>1 is said to diverge if (z;,),>1 does not converge to
any complex number.

Similarly to the definition for convergent sequences of real numbers, the
‘less than €” in Definition [I.1.] can be replaced by “less than or equal to €”.
As a reminder on how this works, consider the following.

3



4 CHAPTER 1. SERIES OF COMPLEX NUMBERS

Lemma 1.1.2. Let (2p)n>1 be a sequence of complex numbers and let L € C.
Then (zn)n>1 converges to L if and only if for all e > 0 there exists an N € N
such that |z, — L| < € for alln > N.

Proof. Suppose (zp)n>1 converges to L. To see the statement in the lemma
is true, let € > 0 be arbitrary. Since (z,)n,>1 converges to L, Definition
implies there exists an N € N such that |z, — L| < € for all n > N. As this
implies |z, — L| < ¢ for all n > N and as € > 0 was arbitrary, one direction
of the proof is complete.

For the other direction, assume for all € > 0 there exists an N € N such
that |z, — L| < e for all n > N. To see that (z,),>1 converges to L, let € > 0
be arbitrary. Let ¢ = 5. Since €y > 0, the assumptions of this direction
imply that there exists an N € N such that |z, — L| < ¢ for all n > N.
Hence |z, — L| < ey < e for all n > N. As € > 0 was arbitrary, (zp)n>1
converges to L by Definition [I.1.1 m

Remark 1.1.3. As the proof of Lemma shows, when discussing con-
vergence of sequences, one may always replace € with any positive constant
multiple of €. Indeed the assumption “for all € > 0” is the same as “for all €
such that ke > 0” provided k > 0.

The convergence of a sequence of complex numbers is very similar to the
convergence of a sequence of real numbers. In particular, the following shows
that a sequence of complex numbers converges if and only if two sequences
of real numbers converge!

Lemma 1.1.4. Let (z,)n>1 be a sequence of complex numbers and let L € C.
Then (zn)n>1 converges to L if and only if (Re(zp))n>1 and (Im(zp))n>1
converge to Re(L) and Im(L) respectively.

Proof. Suppose (zn)n>1 converges to L. To prove that (Re(z,))n>1 and
(Im(zp))n>1 converge to Re(L) and Im(L) respectively, let € > 0 be arbitrary.
Since (2zp)n>1 converges to L there exists an N € N such that |z, — L] <€
for all n > N. Hence for all n > N we have that

|Re(zn) —Re(L)| < |zn — L| <€

and
Im(z,) — Im(L)| < |z, — L| < e.

Therefore, as € > 0 was arbitrary, (Re(zy,))n>1 and (Im(zy,))n>1 converge to
Re(L) and Im(L) respectively.

Conversely, suppose (Re(zy,))n>1 and (Im(zy,))n>1 converge to Re(L) and
Im(L) respectively. To see that (zy)n,>1 converges to L, let € > 0 be arbitrary.
Since (Re(zp))n>1 converges to Re(L), there exists an N; € N such that

1

[Re(zn) — Re(L)| < 5

(©For use through and only available at pskoufra.info.yorku.ca.



1.1. SEQUENCES OF COMPLEX NUMBERS 5

for all n > Nj. Similarly, since (Im(z,))n>1 converges to Im(L), there exists

an Ny € N such that .

IIm(zy,) — Im(L)| < ﬁe
for all n > Ny. Let N = max{Nj, Na}. Hence for all n > N, the above
implies that

|20 — L] = /(Re(z) — Re(L))? + (Im(z,) — Im(L))?

)+ ()
— %624_%62

V.

Therefore, as € > 0 was arbitrary, (z,)n>1 converges to L. n

Lemma allows one to quickly translate many results from convergent
sequences of real numbers to the complex setting with ease.

Corollary 1.1.5. Let L, K € C and let (zp)n>1 be a sequence of complex
numbers. If L and K are limits of (zn)n>1, then L = K.

Proof. One quick way to prove this corollary is Lemma [I.1.4] Indeed if L
and K are limits of (z;),>1, then Lemma implies Re(L) and Re(K)
are limits of (Re(zy))n>1 and Im(L) and Im(K) are limits of (Im(zy,))n>1-
Hence the corresponding result for sequences of real numbers implies that
Re(L) = Re(K) and Im(L) = Im(K), so L = K as desired.

Alternatively, it is not difficult to adapt the proof of the corresponding
result for real sequences to complex sequences. Indeed the modified proof is
below.

Suppose that L # K. Therefore, if

_|L-K]|
€= 5

then € > 0. Since L is a limit of (2y,)n>1, Definition implies that there
exists an Ny € N such that |z, — L| < € for all n > Nj. Similarly, since K is
a limit of (2y,)n>1, Definition implies that there exists an Ny € N such
that |z, — K| < € for all n > Na.

Let N = max{Ny, Na}. Therefore, the above implies |2y — L| < € and
|2y — K| < € s0

|IL—-K|<|L—zp|+|2n—K|<e+e=2¢=|L—-K|.
Since this is clearly a contradiction, it must be the case that L = K. [ |

(©For use through and only available at pskoufra.info.yorku.ca.



6 CHAPTER 1. SERIES OF COMPLEX NUMBERS

Corollary 1.1.6. If (zp)n>1 is a convergent sequence of complexr numbers,
then (zn)n>1 is bounded; that is,

sup({|zn| | n € N}) < o0.

Proof. One quick way to prove this corollary is Lemma Indeed if (2, )n>1
converges to L, then Lemma implies (Re(zp))n>1 and (Im(zy))n>1
converge to Re(L) and Im(L) respectively. Since convergent sequences of
real numbers are bounded, there exists M; > 0 and My > 0 such that
|[Re(z,)| < My and |Im(z,)| < Ms for all n € N. Hence for all n € N.

[2nl =/ (Re(z0))? + (Im(20))2 < /M2 + M3.

Consequently, (zp)n>1 is bounded.

Alternatively, it is not difficult to adapt the proof of the corresponding
result for real sequences to complex sequences. Indeed the modified proof is
below.

Suppose (z,)n>1 converges to L. Let ¢ = 1. By Definition , there
exists an N € N such that |z, — L| < e =1 for all n > N. Hence the reverse
triangle inequality implies for all n > N that

|zl = ILI| < |20 = LI <1

and thus |z,| < |L|+ 1 for all n > N.
Let
M = max({|z1],|22],- .., |z2n=1], L + 1}).

Clearly M € Rand M > 0. Moreover |z,| < M for all n < N by construction.
Furthermore, the above implies that |z,| < |L|+1 < M for all n > N. Hence
|zn| < M for all n € N. Therefore (2,,)n>1 is bounded. N

It is also possible to use Lemma [I.1.4] and the corresponding results
for convergent sequences of real numbers to prove the following. However,
proving the following result directly is both simpler and more instructive in
e-N arguments. Thus we only prove the following directly

Corollary 1.1.7. Let L, K € C and let (zp)n>1 and (wy)n>1 be sequences of
complex numbers that converge to L and K respectively. Then the following
are true:

a) (zn + wp)p>1 converges to L + K.
b) (znwn)n>1 converges to LK.
c) (azp)n>1 converges to oL.

d) If L#0 and z, # 0 for alln € N, (%) ., converges to %

(©For use through and only available at pskoufra.info.yorku.ca.



1.1. SEQUENCES OF COMPLEX NUMBERS 7

e) (Zn)n>1 converges to L.
f) (|zn])n>1 converges to |L|.

Proof. To see that part a) is true, let e > 0 be arbitrary. Since (zp)n>1
converges to L, there exists an N1 € N such that |z, — L| < § for all n > Ny.
Similarly, since (wy)n>1 converges to K, there exists an Ny € N such that
lwp, — K| < § for all n > Na. Let N = max{Ny, No}. Thus for all n > N we
have that

€ €
’(Znern)*(L?LK”§|Zn*L|+|wn*K|<§+§:€-

Therefore, since € > 0 was arbitrary, (2, + wy)n>1 converges to L + K.

To see that part b) is true, let € > 0 be arbitrary. By Corollary
there exists an M > 0 such that |z,| < M for all n € N. Since (z,)n>1
converges to L, there exists an N; € N such that

€
2n — L] < ————
[#n | 2(|K|+1)

for all n > Nj. Similarly, since (wy),>1 converges to K, there exists an

Ny € N such that
€

K| e &
e = Kl < S

for all n > Ny. Let N = max{Ny, No}. Thus for all n > N we have that
|znwn, — LK| = |zpwy, — 2n K + 2, K — LK|
< |lznwy — 2n K| + |z2n K — LK|
= |zn||wp — K| + [z, — L|| K|

TES e

€
<M +
- 2M+1) 2
< — — =
23~ ¢
Therefore, since € > 0 was arbitrary, (2w )n>1 converges to LK.
Next, note part c) follows directly from part b) using the constant
sequence (a),>1 in place of (wp)n>1.
To see that part d) is true, first note since (2, )n>1 converges to L and since
L # 0 and thus |L| # 0 that there exists an N; € N such that |z, — L| < %
for all n > Ni. Hence the reverse triangle inequality implies for all n > Ny
that

L
L~ Jzal < 12
and thus % < |zp| for all n > Nj. Therefore \71n| < % for all n > Nj.

To see that (i> ., converges to %, let ¢ > 0 be arbitrary. Since
n

Zn

|L| # 0 and since (2,),>1 converges to L, there exists an Ny € N such that,

(©For use through and only available at pskoufra.info.yorku.ca.



8 CHAPTER 1. SERIES OF COMPLEX NUMBERS

|zn — L| < ge for all n > Na. Let N = max{Ny, No}. Hence for all n > N

we have that

1 1’_‘L—zn

2 L 2L

11
|2n] | L]

()@

Therefore, as € > 0 was arbitrary, (%) converges to %
n/n>1

To see that part e) is true, note by Lemma that if (2),)n>1 converges
to L, then (Re(z,))n>1 and (Im(z,))n>1 converge to Re(L) and Im(L) re-
spectively. Hence part ¢) implies that (—Im(zy,)),>1 converge to —Im(L).
Hence, by the definition of the complex conjugate, Lemma implies
(Zn)n>1 converges to L as desired.

Finally, to see that part f) is true, let € > 0 be arbitrary. Since (zp)n>1
converges to L, there exists an N € N such that |z, — L| < e for all n > N.
Therefore for all n > N we have by the reverse triangle inequality that

= |L — z]

20l = [LI| < 20 — L] < €.
Therefore, as € > 0 was arbitrary, (|z,|)n,>1 converges to |L. n

One difficulty in verifying that a sequence of complex numbers converges
is that one must first guess the limit and then prove the limit is indeed the
limit. As with sequences of real numbers, there is an alternative property of
a sequence that is easier to check and is equivalent to convergence.

Definition 1.1.8. A sequence (zp)n>1 of complex numbers is said to be
Cauchy if for all € > 0 there exists an N € N such that |z, — z,,| < € for all
n,m > N.

Of course, by the same arguments as used in Lemma [T.1.2] one can easily
replace the “less than €” with “less than or equal to €” in Definition [1.1.8
As with the real numbers, the complex numbers are complete:

Theorem 1.1.9. A sequence of complex numbers converges if and only if it
is Cauchy.

Proof. Let (zp)n>1 be a sequence of complex numbers. Suppose (zp)n>1
converges to a complex number L. To see that (zy),>1 is Cauchy, let € > 0
be arbitrary. Since (2p)n>1 converges to L, there exists an N € N such that
|z, — L| < § for all n > N. Therefore, for all n,m > N we have that

€ €
\zn—zm|:|zn—L+L—zm|S\zn—L|+|L—zm|<§+§:e.

(©For use through and only available at pskoufra.info.yorku.ca.



1.2. CONVERGENCE OF SERIES 9

Therefore, as € > 0 was arbitrary, (z,),>1 is Cauchy.

Conversely, suppose (z,)n>1 is Cauchy. To see that (zy)n>1 converges,
we first claim that (Re(zp))n>1 and (Im(zy,)),>1 are Cauchy sequences of
real numbers. To see this, let € > 0 be arbitrary. Since (zy)n>1 is Cauchy,
there exists an NV € N such that |z, — 2| < € for all n,m > N. Thus for all
n,m > N, we have that

|[Re(zn) — Re(zm)| = |[Re(zn — 2m)| < |2n — 2m| < €

and
Tm(2y,) — Im(z,)| = Im(z, — 2mm)| < |20 — 2m| < €.

Therefore, as € > 0 was arbitrary, (Re(2y))n>1 and (Im(zy,))n>1 are Cauchy
sequences of real numbers.

Since every Cauchy sequence of real numbers converges, there exists a,b €
R such that (Re(zy))n>1 and (Im(z,))n>1 converge to a and b respectively.
Hence (zy,)n>1 converges to a + bi by Lemma m n

1.2 Convergence of Series

With our understanding of convergent sequences of complex numbers, we can
turn our attention to convergent series of complex numbers. In particular, a
convergent series of complex numbers is just a particular form of convergent
sequence of complex numbers.

Definition 1.2.1. Let (z,),>1 be a sequence of complex numbers and for
each N € N let Sy = Z{le zi. The series Y 02 2z, is said to converge to
L € C, denoted Y 02 2z, = L, if the sequence (Sn)n>1 converges to L. The
term Sy is called the N partial sum of the series.

The series Y > zy, is said to diverge if the sequence (Sn)n>1 diverges.

Remark 1.2.2. When trying to determine whether or not a series converges,
the size of the “first few” terms of the series do not matter. To be specific,

o 1 zn converges if and only if > ;- 2, converges for some K > 1 in which
case » o2 zp = 715;11 Zn + >onl i Zn. To see this, note the partial sums
of the first series are partial sums for the second series plus 252—11 zp, and
adding a constant to a sequence does not affect whether or not the sequence
converges. We call >°>° 1 2, a tail of the series so, when using this fact in

the future, we will state “only the tail of the series matters”.

It is useful to begin our study of convergent series of complex numbers
with a very important exampled. Throughout these notes, the convention
20 =1 for all z € C will be used.

Example 1.2.3. Let z € C be such that |z| < 1. We claim that
1

o)
n _
Y=

(©For use through and only available at pskoufra.info.yorku.ca.



10 CHAPTER 1. SERIES OF COMPLEX NUMBERS

To see this, let N € N be arbitrary. Notice that the N*® partial sum is

N
SN = Z Zk
k=0
S0
N+1
zSNy = Z 2k
k=1
Hence zSy — Sy = 2NVt — 1 s0
g AR |
N = —-——————
z—1
since z # 1. Therefore, since ‘ZN—H’ = |2|N*! is easily seen to converge to 0

as N tends to infinity as |z| < 1, we see that limy_,o 2V ! =0 so

lim S i A1 0-1 1
1m = 1m = = .
N—co N Nooo 2z-—1 z—1 1—2z2

Thus > ;22" = i This series is called a geometric series.

Unsurprisingly, convergent series of complex numbers behave well in

regards to addition and scalar multiplication as convergent sequences behave
well due to Lemma

Lemma 1.2.4. Let Y 02, z, and Y oo, wy, be convergent series of complex
numbers. Then Y »2 | zp + wy converges and

o0 oo o0
YREETED S
n=1 n=1 n=1

Moreover, for all a € C, the series Y .2, oz, converges and

oo oo
Z AzZp — E Zn.
n=1 n=1

Proof. For all N € N, consider the N*! partial sums

N N
Sy =Yz, Tn =) wy,
k=1 k=1
N N
RN:ZZk-i-wk, and UN:ZOsz.
k=1 k=1

Since Y o2 2z, and Y o2 wy, converge, we know that (Sy)n>1 and (Tn)n>1
converge and

o0 o0
lim Sy = zn and lim T, = Wy,
N—oo gga " N—oo " gg; "

(©For use through and only available at pskoufra.info.yorku.ca.



1.2. CONVERGENCE OF SERIES 11

Since Ry = Sy + Tn and U, = aSy, Lemma m implies (Ry)n>1 and
(Un)n>1 converge and

li = 1li lim T;
NgnooRN NgnooSN_‘_Ngnoo N and

lim Uy =« lim Sy.
N—oo N—oo
Hence 3 07 zp, + wy, and Y .2 | az, converge and

(o, ¢] o o0
Zzn—i—wn: Zzn—i—an and
n=1 n=1 n=1

oo o0
S am=a) s
n=1 n=1
as desired. ]

Like with convergent sequences of complex numbers, one can test whether
a series of complex numbers converges via an alternate criterion that bypasses
the need for determining and verifying a specific limit.

Theorem 1.2.5 (Cauchy Criterion). A series Y o> z, converges if and
only if for all € > 0 there exists an N € N such that |3 2| < € for all
m > N.

Proof. For each N € N, let Sy = S0, 2.

Suppose > o2 z, converges. To see the desired statement holds, let
€ > 0 be arbitrary. Since Y 2, 2, converges, (Sy)n>1 converges and thus
is Cauchy by Theorem [1.1.9] Hence there exists an Ny € N such that
|Sm — Sk| < € for all m,k > Ny. Therefore, if N = Ny + 1, we see for all
m > N > Ny that

m N-1
Sa-Y
k=1

k=1

= ‘Sm — SN_1| < €.

m
> 2
k=N

Therefore, since € > 0 was arbitrary, the desired statement from the theorem
holds.

Conversely, suppose for all ¢ > 0 there exists an N € N such that
> ren 2k < € for all m > N. We claim that (Sy)n>1 is Cauchy. To see
that (Sy)n>1 is Cauchy, let € > 0 be arbitrary. By the assumption of this
direction of the proof, there exists an N € N such that [37;2 v 2| < § for all

(©For use through and only available at pskoufra.info.yorku.ca.



12 CHAPTER 1. SERIES OF COMPLEX NUMBERS

m > N. Hence, for all n > m > N, we see that

|Sn_Sm’: sz_zzk‘

k=1 k=1
n m
= Z 2p — Z 2k cancel the first (N — 1) terms
k=N k=N
n m
< Z Zk| + Z 2k
k=N k=N
P
— 4+ -=ce
2 2

Therefore, as € > 0 was arbitrary, (Sy)n>1 is Cauchy.
Since (Sn)n>1 is Cauchy, (Sy)n>1 converges by Theorem m Hence
Y00 | zn converges by definition. ]

Immediately the Cauchy Criterion (Theorem [1.2.5)) can be used to show
a required property for series to converge.

Corollary 1.2.6. If a series Y oo zn of complex numbers converge, then
limg, oo 2, = 0.

Proof. Let € > 0 be arbitrary. By the Cauchy Criterion (Theorem [1.2.5])
there exists an N € N such that

<

m
>a
k=N

for all m > N. Therefore, for all n > N + 1 we have n,n — 1 > N so that

N o

n

n n—1 n—1
€ €
‘Zn’:ZZk—szSZZk-Fsz <§+§:6.
k=N k=N k=N k=N
Therefore, as € > 0 was arbitrary, lim,_ .o 2z, = 0. ]

Remark 1.2.7. It is important to point out that the converse of Corollary
is false; that is, there exist sequences (zy),>1 of complex numbers such
that limy,_00 2, = 0 but Y o2 ; 2, does not converge. Some examples of this
will be pointed out shortly (see Corollary .

Using Corollary we can complete Example

Example 1.2.8. Let z € C be such that |z| > 1. We claim that the geometric
series >_>° 4 2™ does not converge. To see this, note that |2 — 0] = |z|™ for
all n € N so either lim,_,~ |2 — 0| diverges to infinity or is equal to 1. In
either case, (2"),>1 does not converge to 0 as n tends to infinity, so Corollary

implies > 72 ;2" cannot converge.

(©For use through and only available at pskoufra.info.yorku.ca.



1.2. CONVERGENCE OF SERIES 13

Although the Cauchy Criterion (Theorem helps us with a theoretical
tool for determining when a series of complex numbers converges, it is still
quite difficult to use. To aid us in our ability to determine whether or not a
series converges, let us deal with the specific case of series of non-negative
real numbers.

Theorem 1.2.9. Let (an)n>1 be a sequence of real numbers with a, > 0 for
alln € N. The series Y o2 an converges if and only if there exists an M € R
such that Z{C\le ar, < M for all N € N. Moreover, if 25:1 ap < M for all
N e N, then > 72 a, < M.

Finally, if Y721 an, converges, then for all € > 0 there exists a No € N
such that > 72 5 ar < € for all N > Nj.

Proof. For every N € N, let Sy = Eivzl ay. Since ayy1 > 0 for all N € N,
we see that

N+1 N
SNt1 = Z ar = any1 + Zak =ant+1+ Sy > Sn.
k=1 k=1

Hence (Sn)n>1 is a non-decreasing sequence of real numbers. Therefore, the
Monotone Convergence Theorem implies (Sn)n>1 converges if and only if
(Sn)n>1 is bounded. Moreover, as any upper bound of (Sy)y>1 must be
greater than or equal to limy_,o Sy, the first part of the statement is true.

To see the second part of the statement is true, let € > 0 be arbitrary.
By the Cauchy Criterion (Theorem , there exists an Ny € N such that

m m
Zak: Zak < €.

k=No k=Np

Hence, by taking the limit as m tends to infinity, we obtain that > 222 . ar < e.
Since > 72y aj converges as only the tail matters, and since clearly the partial
sums of Y772 \r aj are bounded above by the partial sums of Y 22 v ay for
all N > Np, the result follows. |

Using the idea that it should be easier to determine when series of non-
negative real numbers converge, we consider the following idea of converting
a series of complex numbers into a series of non-negative real numbers.

Definition 1.2.10. A series ) 2, z, of complex numbers is said to converge
absolutely if >~>° | |zp| converges.

Clearly a series of non-negative real numbers converges if and only if the
series converges absolutely by definition. Fortunately, we are in luck as the
important direction holds for series of complex numbers thereby allowing us
an alternate way to verify certain series of complex numbers converge.

(©For use through and only available at pskoufra.info.yorku.ca.



14 CHAPTER 1. SERIES OF COMPLEX NUMBERS

Theorem 1.2.11. If >">°, z, is an absolutely convergent series of complex
numbers, then > o2 z, converges. Moreover

oo o0
Zzn < Z |2
n=1 n=1

Proof. To see that > 2 z, converges, let € > 0 be arbitrary. Since o2, 2,
converges absolutely, we know that Y oo ; |z,| converges. Hence the Cauchy
Criterion (Theorem [1.2.5)) implies there exists an N € N such that

m
e
k=N

for all m > N. Hence for all m > N we have that

<€

m m m
Dl < D el =] ) lal| <€
k=N k=N k=N

Therefore, as € > 0 was arbitrary, the Cauchy Criterion (Theorem [1.2.5)
implies Y o2 ; z, converges.

Moreover, by Corollary part (f)), we see that

2 oo = i |2 2| < linf > larl = O Jan
n=1 k=1 k=1 =1
as desired. "

Remark 1.2.12. It is important to point out that the converse of Theorem
is false; that is, there exist series Y .- ; 2z, of complex numbers such
that >>° z, converges but » 2 ; z, does not converge absolutely. Some
examples of this will be pointed out shortly (see Example [1.2.23)).

Since absolutely convergent series converge, it is useful to develop a
collection of ‘tests’ that will aid us in determining whether a series of non-
negative real numbers converges (thereby aiding in determining whether a
series of complex numbers converges absolutely).

Theorem 1.2.13 (Comparison Test). Let (an)p>1 and (bn)n>1 be se-
quences of real numbers such that 0 < a, < b, for alln € N. Then

a) If 307 | by converges, then > >° | a, converges.
b) If >0, ay, diverges, then > o2 b, diverges.

Proof. As these two statements are contrapositives of each other, it suffices
to prove the first statement. To see that the first statement is true, suppose
Yoo by, converges. Hence Theorem implies that there exists an M € R

(©For use through and only available at pskoufra.info.yorku.ca.



1.2. CONVERGENCE OF SERIES 15

such that Z]kV:1 b, < M for all N € N. Since 0 < a, <b, for all n € N, we
obtain for all N € N that

N N
dar <> bk <M
k=1 k=1
Hence Theorem implies Y o2 ; a, converges. []

Theorem 1.2.14 (Integral Test). If f : [1,00) — [0,00) be a non-
increasing function and a, = f(n) for alln € N, then > 72 | a, converges if
and only if [7° f(z)dx converges.

Proof. Using the definition of Riemann sums, it is not difficult to see for all
N € N that

N N N
Zakg/ f(:c)deZak.
k=2 1 k=1

Therefore, since f is non-increasing and non-negative and thus a,, > 0 for all
n € N, we see that

(s

N eN}
k=1

b
{/1 f(x)dz| b> 1}

is bounded. Hence the result follows from Theorem [T.2.9 and the analogous
result for improper integrals of non-increasing non-negative functions. ]

is bounded if and only if

The Integral Test (Theorem [1.2.14)) is quite useful when determining
whether series related to nice functions converge.

Corollary 1.2.15. The series >.°°; L converges if and only if p > 1.

npP

Proof. First, consider the case p < 0. In this case the sequence <i> . does

P Jn>
not converge to zero and thus > o2 ; n—lp does not converge by Corollary
Otherwise p > 0. Notice that the function f : [1,00) — (0, 00) defined by
f(z) = - is well-defined. Moreover, since f'(z) = —Pr < 0 forall z € [1,00),
we obtain that f is non-decreasing. Furthermore, notice for all b > 1 that

b In(b) ifp=1
1 =1~ oo HPF
Hence we easily see that

lim /ff(x) dz

b—o0

exists if and only if p > 1 as desired. [
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16 CHAPTER 1. SERIES OF COMPLEX NUMBERS

Remark 1.2.16. Note Corollary |1 immediately implies that 77 -
diverges. Therefore, since hmn_>OO o= O we have an example to show that
the converse of Corollary is false.

Of course, with the convergence of these series, one fundamental question
would be:

Question 1.2.17. What are the values of Y ;> nip forallp>1°¢

Of course, the proof of the Integral Test (Theorem [1.2.14)) can be used
to show that

SRR I % 1
[ pas gyt
SO
1 > 1 1
— <Yy o<1y —— =
p—1 np p—1 »p—1

but this is rather wide interval.
Using our knowledge of convergent series, we can also construct the
following test to aid us in determine when some series converge.

Theorem 1.2.18 (Ratio Test). Let (an)n>1 be a sequence of real numbers
such that a, > 0 for all n € N. Suppose r = lim,, o0 GZZI exists. Then:

a) Yool ap converges if r < 1.
b) >0 an diverges if r > 1.

Proof. First suppose r < 1. Our goal for this direction is to show that the
tail of the series is bounded above by a convergent geometric series.
Let ¢ = % > 0. Since r = lim,,_, ag—:l, there exists an K € N such

that
Q41

—r <e€
Qg
for all £ > K. Therefore
1-— 1
ak+1<r+6:r+ - rr
ag 2 2
for all k > K so
1+r
g1 < 5 ak

for all k > K. A simple induction argument then implies
1 k—K
ap < ( ;—T) aK
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1.2. CONVERGENCE OF SERIES 17
for all £ > K. Notice since % < % = 1 that the geometric series

> (5

n=1

converges by Example Thus

X 14\ K
Z( 2) "

n=K

converges so > 2 - ap, converges by the Comparison Test (Theorem .
Hence 3 7° ;| a, converges as only the tail of the series matters.

Now suppose r > 1. Our goal for this direction is to show that the tail of
the series is bounded below by a divergent geometric series.

Let € = % > 0. Since r = lim,, ag—:l, there exists an K € N such
that

Bl <
ay
for all k > K. Therefore
-1 1
ak+1>r7€:1ﬂir :7"—1—
ag 2 2
for all K > K so
1+7r
Af41 > 5 ag

for all k£ > K. A simple induction argument then implies
1 k—K
ag > ( ;—T) aK

for all k > K. Notice since % > % = 1 that the geometric series

2 (5

diverges by Example Thus

© /14 r\FK
Z( 2) "

n=K

diverges (since ax # 0) so Y o2 j a, diverges by the Comparison Test
(Theorem [1.2.13). Hence Y o2 a, diverges as only the tail of the series
matters. ]
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18 CHAPTER 1. SERIES OF COMPLEX NUMBERS

Remark 1.2.19. In the context of the Ratio Test (Theorem , when
r = 1 we obtain no information since we cannot bound the ratio away from
1 in either direction to obtain a comparison. In fact, when r = 1, the series
could converge or diverge. In particular, by Corollary we know that

the series
1 1
Z ; and Z E
n=1
converge and diverge respectively, but both have r = 1.

Using the Ratio Test (Theorem [1.2.18), we can prove a vital series
converges.

Example 1.2.20. We claim that the series > 2 ,z converges absolutely
for all z € C. To see this, fix z € C and for all n G N let
1 n
an = ‘z" = ﬁ
n! n!
Note for all n € N that
ane1| | 2 nt | e
an (n4+ D z["t ] n+1’
Since
lim |22 — 4 _ ,
n—oo | ap, n—oon + 1

we obtain that Y meq an, converges by the Ratio Test (Theorem [1.2.18) and
thus >0 n,z converges absolutely for all z € C.

A sometimes useful alternative to the Ratio Test (Theorem [1.2.18) is the
following, which is proved in a similar manner.

Theorem 1.2.21 (Root Test). Let (ap)n>1 be a sequence of real numbers
such that ay, > 0 for all n € N. Suppose r = lim,, oo Va, exists. Then:

a) Y02 an converges if r < 1.
b) Yoo an diverges if r > 1.

Proof. First suppose r < 1. Our goal for this direction is to show that the
tail of the series is bounded above by a convergent geometric series.

Let € = % > 0. Since r = lim,,_,o /a,, there exists an K € N such
that

| {a —r| < e
for all k > K. Therefore

1-— 1
Yap, <r+e=r+ 2r: —;—r
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1.2. CONVERGENCE OF SERIES 19

for all k > K so

1+7\*
ap < 5

for all £ > K. Notice since % < % = 1 that the geometric series

2 (5

n=K

converges by Example S0 D02 i ap, converges by the Comparison Test
(Theorem . Hence 72 | a,, converges as only the tail of the series
matters.

Now suppose r > 1. Our goal for this direction is to show that the tail of
the series is bounded below by a divergent geometric series.

Let € = % > 0. Since r = lim,_oo {/an, there exists an K € N such
that

o 1] < e
for all £ > K. Therefore

-1 1
m>r—e:r—T2 :r—g

14+7\*
ap > 5

for all £ > K. Notice since % > % = 1 that the geometric series

> (5

n=1

for all k > K so

diverges by Example 80 >0 i Gy, diverges by the Comparison Test
(Theorem [1.2.13]). Hence Y72, a,, diverges as only the tail of the series
matters. ]

Of course, there are other ways to ensure that a series converges. One
method for obtaining a convergent series is the following.

Theorem 1.2.22 (Alternating Series Test (Leibniz’s Theorem)). Let
(an)n>1 be a non-increasing sequence of non-negative real numbers such that
limy, o0 an = 0. Then 302, (—=1)"a, converges.

Proof. For each N € N, let Sy = Y | (—1)¥*1a. First, we claim for all
N € N that

Son < Sont2 < Son43 < Son4a.
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20 CHAPTER 1. SERIES OF COMPLEX NUMBERS

To see the first inequality, notice since (a,)n>1 is a non-increasing sequence
of non-negative real numbers that asny1 — aays2 > 0 for all N € N so

Son < (agn41 — aan42) + Son
N
= ()N Mgy + ()P g o + Y a
k=1

2N+2
= Y (-D"ay = Sonse.
n=1

Similarly, since (an)n>1 i a non-increasing sequence of non-negative real
numbers that asni3 — asyte < 0 for all N € N so

2N+3
Sonyz = Y (—1)
n=1
2N+1
_ (_1)(2N+3)+1a2N+3+(_1)(2N+2)+1G2N+2+ Z a,
k=1

= (aan+3 — aan+2) + Sav+1 < Son1-
Finally, since aan43 > 0, we obtain that

2N+2 2N+2 2N+3
Sont2= D ap<amn4s+ D ap= P ap=SHni3
k=1 k=1 k=1

as desired.
Notice the inequality proved in the above claim shows that (Son)n>1 is
a non-decreasing sequence and (Sa2ny+1)n>1 is non-increasing sequence both
of which are bounded below by Ss and bounded above by S;. Hence the
Monotone Converge Theorem implies (San)n>1 and (Son41)n>1 converge.
Let

L= A}gnoo Son and K= A}gnoo SoNi1-
Notice that
2IN+1 2N
K—-L= A}gnoo Son41 — Son = A}gnoo 1; ay — ];ak = ]\}iinooazzvﬂ =0.

Hence L = K. Therefore, since (San)n>1 and (San4+1)n>1 both converge
to L, (Sn)n>1 converges to L. Therefore > 0%, (—1)"*a, converges by
definition. [

The Alternating Series Test (Theorem [1.2.22)) is a quick way to construct
series that converge but do not converge absolutely.
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1.2. CONVERGENCE OF SERIES 21

Example 1.2.23. We claim that the series > 2, % converges but

does not converge absolutely. To see that this series converges, note that
lim,, o0 % = 0. Hence the Alternating Series Test (Theorem [1.2.22)) implies

71)n+1

that 300, ¢

. However, since

(_1)n+1

00 © 1
> =2,
n=1 n=1

diverges by Corollary [1.2.15[ >, (_17):“ does not converge absolutely.

It is useful to have a name for such series.

Definition 1.2.24. A series ), > z;, of complex numbers is said to converge
conditionally if >"7° | 2z, converges but does not converge absolutely.

Of course, one natural question we can ask is:

(=nn*t 2
n

Question 1.2.25. What are the values of Y oo

In an attempt to solve this question, consider the following: Let

oo _1n+1
g_ o (1)
n=1 n
Notice that
o1 1+1 1+1 1+1 1
- 2 3 4 5 6 7 8
_(1 1 1+(1 1) 1+<1 1) 1+
N 2 4 3 6 8 5 10 12
1 1 1 1 1 1
= — -4+ - — = — —
2 4 6 8 10 12
_1(1 1+1 1+1 1+1 1+ )
2 2 3 4 5 6 7 8
1
=_8.
2

Therefore S = 0. However, notice that
1 1 1 1 1 1 1
s=(1-5) (5 1)+ (5g)r (Gg) e

How is this possible? Did we just break mathematics?
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22 CHAPTER 1. SERIES OF COMPLEX NUMBERS

1.3 Rearrangements of Series

The issue with the above computation is that when we were trying to evaluate
S, we rearranged the order of the terms in the series. This may seem valid
in the sense that if we are adding up a only finite number of scalars, then
we know we can rearrange the order of the terms in the sum due to the
associative and commutative properties of addition. However, in Definition
[[.273] the partial sums are formed by adding up the terms of the series
in a very specific order and then taking the limit of the partial sums. By
rearranging the terms in an infinite series, we are in a sense transforming
the series as we are changing the partial sums and thereby modifying the
value the partial sums converges to. In fact, when dealing with a conditional
convergent series, we can reorder the series to make the value of the series
anything we want!

Theorem 1.3.1. Let > 2 a, be a conditionally convergent series of real
numbers. For any L € R there exists a bijection 0 : N — N such that

> el Ag(n) = L.
Proof. For each n € N, let

" a, ifa, >0 _ 0 ifa,>0
n = . and a, = ] .
0 ifa,<O a, ifa, <0
Hence for all n € N
a, =a +a, and lan| = ab —a,.

If both >0 a)f and 3>°0° ;| a,, converged, then Y 5%, |a,| would converge
since

N N N
Do lanl =D ol =3 a
k=1 k=1 k=1

for all N > 1. However, since > o2, |a,| does not converge, it must be
the case that least one of Y.°° ; a;} and >.°° ; a;; diverges. Moreover, since
Y02 ap converges and

N N N

Z ap = Z a;r + Z ay,

k=1 k=1 k=1
for all N € N, if one of Y 7% ; a;f and Y>>0°; a,, converged then both would
need to converge thereby contradicting what was just demonstrated. Hence
both >°°°, af and 0%, a,, diverge.

Let (pn)n>1 denote sequence of all non-negative terms from (a,),>1 listed

in the same order they appear, and let (¢, ),>1 denote sequence of all negative
terms from (ay)p>1 listed in the same order they appear. Since

[e.e] o
>.pn and ) gn
n=1 n=1
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1.3. REARRANGEMENTS OF SERIES 23

diverge by what was demonstrated above, Theorem [1.2.9] implies that

sup({f;pk NeN}>:oo and mf<{iqk NeN}):_m.

k=1 k=1

Fix L € R. To find a bijection o : N — N so that >/ a(,) = L, our
goal is to add pgs up to the point where we obtain a number just larger than
L, then add (thereby decreasing the value) gxs up to the point where we
obtain a number just smaller than L, then add pgs up to the point where we
obtain a number just larger than L, then add (thereby decreasing the value)
qxs up to the point where we obtain a number just smaller than L, and so
on. This procedure will create a rearrangement of the series so that partial
sums will be within a,, of L for some increasingly large n. Therefore since
Y one i ap converges so limy, o an, = 0 by Corollary this rearrangement
will converge to L. Hopefully that is clear as the formal write-up as seen
below is rather technical and possibly not illuminating.

First note since the above supremum is infinity that there exists an NV € N
such that

N
Zpk > L.
k=1

Choose N; € N to be the smallest N € N such that S5, pr > L. Therefore,
since pi > 0 for all k € N, this implies that

N1 N
S oe>L>D
k=1 k=1
for all N < Nj. Let
Ny
Ty =Y pr
k=1
and note 0 < T} — L.

Next, since the above infimum is negative infinity, there exists N € N
such that

N
> g < L—-Ti.
k=1

Choose M7 € N to be the smallest N € N such that Zé\;l q < L —1T1.
Therefore, since ¢ < 0 for all k£ € N, this implies that

M, N
Dk <L-Ti <Y ar
k=1 k=1

for all N < Mj. Let
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Note the above inequalities imply that

Mi—1 M,
0<L-Ti—-Ri=(L-T)-Ri <> G- a=—aqum-
k=1 k=1

Next, since the above supremum is infinity that there exists an N € N
such that

N
Z pk>L—T1—R1.
k=N1+1

Choose N3 € N to be the smallest NV € Nsuch that N > N and Z{CV:NlJrl Dr >
L — Ty — Ry. Therefore, since p; > 0 for all k£ € N, this implies that

No N
> m>L-Ti—Ri> > p
k=N1+1 k=N1+1

forall N € {Ny+1,..., Ny — 1}. Let

N2
To= > pk
k=N1+1

Notice that the above inequalities and the fact that p, > 0 for all £k € N
imply that

N
0<L-Ty—R;— Z kaL—TI_ng_QMl
k=N1+1

forall N € {N;+1,...,No — 1} and

No No—1
0<To—(L-Tt—R)< > pr— Y. Pk=0nn,
k=N1+1 k=N1+1

Once more for clarity, since T1 + R; + 15 — L > 0 and the above infimum
is negative infinity, there exists an N € N such that

N
Z g < L—-Ty — Ry —T5.
k=M1+1

Choose M; € N to be the smallest N € N such that N > M; and
SN w1 @ < L —Ti — Ry — Ty. Therefore, since q; < 0 for all k € N,
this implies that

Mo N
Y a<L-Ti—Ri-Ta< Y
k=M:+1 k=M;+1
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forall N e {M;+1,...,My—1}. Let

Mo
>

k=Mi+1

Notice that the above inequalities and the fact that ¢ < 0 for all £ € N
imply that

N
0>L-T1—Ri—To— Y q.>L—Ti—Ri—Ty>—pn,
k=M1+1

for all N € {M; +1,..., My — 1} and

Mo—1
<(L-Ty—Ri—-Tp)—Ro< > qp— Z Qe = —qMs-
k=M+1 k=M 1+1

By repeating this procedure, there exist strictly increasing sequences
(Nj)j>1 and (Mj);>1 so that if

N; M;
Ti= > px and  Ri= Y g,
kZNj71+1 kZMj,1+1

then for all £ > 1 we have that

N
0<L-— ZT+R > P <
j=1 k=N,+1

forall N € {N;+1,..., Npyq — 1},

Y4
0<—L+To1+ Y (T;+R;j) < pnpass

j=1
and
l N
0>L—Tp1— Y (T +R)— > a>—pn,.,
j=1 k=M;+1

foral N e {My;+1,..., My — 1}, and

/+1
0<L-— Z(TJ + Rj) S =My

Since (Nj);>1 and (M;);>1 are strictly increasing sequences, we see that

P1y.--3yPNysq1ly -+ - 5q9My s PN1i+15-+ - s PNos M +1y - - - y QMo
PNo+15++ -3y PN3s GMo+15 -+ -y M35 - - -
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26 CHAPTER 1. SERIES OF COMPLEX NUMBERS

is a rearrangement of > o ; a,. Moreover, by construction, the partial sums
of this rearrangement are within either py, or —qa, of L for progressively
large ¢ at ever step of the construction. Since > o2 ; a, converges, Corollary
implies that lim,_oc a, = 0. Therefore lim, oo pn = lim, o0 g = 0,
so the partial sums of this rearrangement converge to L as desired. ]

The main appeal of absolutely convergent series over conditionally con-
vergent series is the dichotomy between the following and Theorem [1.3.1]

Theorem 1.3.2. Let Y 02 z, be an absolutely convergent series of complex
numbers. For all bijections o : N — N, the series )77 25(,) converges
absolutely and >°0° 1 Z5(n) = D opey Zn-

Proof. Let L =377 z, and fix a bijection ¢ : N — N. For all N € N, let

N N
Sy = Z 2k and Ty = Z Zo(k)-
k=1 k=1

To see that (Ty)n>1 converges to L, let € > 0 be arbitrary. Since
L =372 zy, there exists an Ny € N such that

€

for all N > Nj. Moreover, since Y .2 ; z, converges absolutely, Theorem
implies there exists an No € N such that

s €
> el < 2
k=N 2

for all N > Ns.
Let Ny = max{Ny, Na}. Since 0 : N — N is a bijection, there exists an
My € N such that

{1,2,....No} S {o(j) | j € {L,..., M}}.
Therefore, for all M > My we see that

M No
Tar = Sl = D2 200y = D_ 2
k=1 k=1

i.e. we made M so large
= Z Zk to contain the first Ny

terms of the initial series
keo({1,...,.M})

and k¢{1,...,.No}

> |2 ]

keo({1,...,M})
and k¢{1,...,.No}

o

Sl < %

k=Nop+1

IN

IN
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Hence, for all M > My we see that

€ €
’TM—L| < |TM—SN0’+’SNO—L| < §+§=6
Therefore, since € > 0 was arbitrary, 7% | 2,(,) converges to L.
To see that Y o> Zo(n) converges absolutely, note since Yoo | Zn converges
absolutely that 3707 |2, converges and thus Y772 [2,(,)| converges by the
first part of the proof. Hence 3777 2,(,,) converges absolutely. ]

1.4 Double Indexed Series

Given that rearranging series may or may not change the value of the series
based on the type of convergence, perhaps it is useful to ponder other similar
situations that may arise. One such situation is when dealing with a sum
over two indices. To be specific, given 2, ,, € C for all n,m € N, is

oo oo 00 00
Z Z Zn,m = Z Zzn,m?

n=1m=1 m=1n=1

For those that have taken multivariate calculus, this is very reminiscent of
Fubini’s Theorem that lets one exchange the order of a double integral for
continuous functions.

To understand our question for sums, note that

Z szm— lim Z Zznm

n=1m=1 n=1m=1
N
= lim lim z
N—o0 M—)oo Z m

whereas
oo 00 M oo
D m = lm YN zm
m=1n=1 HOom:ln:l
M N
= lim lim Zz
M—o00 N—)oon_1 m

Thus is it always possible to interchange the limits? No!
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Example 1.4.1. For all n,m € N, let

1 ifn=m

0 otherwise

Notice that 72 ; 2, m = 0 for all m € N since the sequence (2, m)n>1 always
contains a single —1 followed by a single 1 and all other terms are 0. However

notice that
0 ifn>2

oo
Z =
mzzl o {1 ifn=1

since the sequence (21, )m>1 is the sequence (1,0,0,...) whereas for n > 2
the sequence (2pm)m>1 always contains a single —1 followed by a single 1
and all other terms are 0. Hence

o o0
St =

n=1m=1
whereas
0o o0
> D Fmm =0
m=1n=1
SO
0o o0 0o o0
DD tam# DD
n=1m=1 m=1n=1

As we will see via the following two results, this example is only possible
since z, ., takes both positive and negative values and

(eSS )
DD lmml =32
m=1n=1 m=1

does not converge.

For certain series, we do not run into the same pathological behaviour as
Example In particular, like with Section for series of non-negative
real numbers, things work out as beautifully as possible.

Theorem 1.4.2 (Tonelli’s Theorem for Sums). For all n,m € N, let
an,m > 0. The following are equivalent:

i) Y opi Qnm converges for allm € N and Y 001 300 ap, m converges.

i) Y p_1 Anm converges for alln € N and Y021 >0 an.m converges.
i1i) S = sup ({Zgzl SM_apm | N,M € N}) < 00.
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Moreover, in the case that one and thus all of the above are true, we have

Z Zan,mzz Zan,m:S‘

m=1n=1 n=1m=1

Proof. Only the equivalence of (ii) and (iii) will be demonstrated as the
equivalence of (i) and (iii) is nearly identical.
Suppose that (ii) holds and let

for all N € N, then (Sy)n>1 is a non-decreasing sequence of partial sums
that converge to L so

N oo
Zzan,méL

=1 m=

n 1
for all N € N. Similarly, since ay ,, > 0 for all n,m € N we see that

M o9
Z Onm < Z Gn,m

m=1 m=1

for all M,n € N so

N M N oo
Zzan,mgzzan,mgL

n=1m=1 n=1m=1

for all N, M € N. Hence S < L < oo so (iii) holds.
Conversely, suppose that (iii) holds. Since

M
Z Gn,.m <SS
m=1

for all n, M € N, Theorem implies that Y > ap m converges for all
n € N. To see that > 02| > 7| anm converges, fix N € N and consider the
partial sum

N oo
Sy = Z Z An,m-

n=1m=1

Notice for all M € N that
N M
Z Z Gn,m <&S.
n=1m=1
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30 CHAPTER 1. SERIES OF COMPLEX NUMBERS

Hence
N M
Sy = lim a
> m > anm
n=1 m=1

N M
= lim a since the sum over n is finite
M—o0 7; 7;1 mm )

<S.

Therefore, since 327 anm > 0 for all n € N, Theorem implies that
o0 1300 | n,m converges and

o0 o0
L= Z Z apm < S.
n=1m=1

Hence, as we have shown that S < L and L < .S when (ii) and (iii) are true,
the result follows. [

Returning to series of complex numbers, again the key to being able to
‘rearrange’ doubly indexed series is absolute convergence.

Theorem 1.4.3 (Fubini’s Theorem for Sums). For all n,m € N, let
Zn,m € C. Suppose that either

® > 1 |#nml| converges for all m € N, and
® > m=12n=1 |Znm| converges
or
o > 1 |znm| converges for alln € N, and
o > > |Znm| converges.
Then
a) dooli Zngk and Y00 Zkm converge absolutely for all k € N,
b) S (Cnzi zZnm) and D021 (Dopi—1 Zn,m) converge absolutely, and
¢) Dom=1 2met Zn,m = ne1 D me=1 Zn,m-

Proof. Note that if either conditions hold, then Tonelli’s Theorem (Theorem

1.4.2]) implies that

® > | |2nm| converges for all m € N,

o > > | |znm| converges for all n € N, and
® > m=1 2onet 2| = 201 Yom=1 [2nm| < o0
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Hence a) is clearly true. Moreover, Theorem [1.2.11] then implies that

o0 o0
Z Z |2n,m| < 00

m=1n=1

>

m=1

00
> Znm
n=1

and

>

n=1

Zznm <ZZ]znm\<oo

n=1m=1

so Theorem implies b) is true.
To see that c) is true, note by part b) that

o0 o0 (e.) o0
= Z Z Znm and Lo = Z Z Znm

m=1n=1 n=1m=1

exist. To see that L1 = Lo, let € > 0 be arbitrary. Since

[e.¢] (o]
Z Z |2n,m| < 00,
m=1n=1

Theorem [I.2.9) implies that there exists an My € N such that

oo

2 lenml<*

m=My+1n=1

Similarly, since

Theorem [1.2.9] implies that there exists an Ny € N such that

> ZIanI<*

n=Ng+1m=1
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Now notice that

Moy  No
Li= 32> #nm
m=1n=1
00 00 0 oo Mo No
_ value of series is value of
= Z Z Znom | T+ Zn,m T Z Z Zn,m tail plus first few terms
m=Moy+1n=1 m=1n=1 m=1n=1
0o S My oo Mo Ny
< Z Z Zpym| + Z Z Znm — Z Z Zn,m triangle inequality
m=Moy+1n=1 m=1n=1 m=1n=1
o) %) My 00 No
= Z Z Zpym| + Z Z Znm — Z Zn,m finite sum
m=My+1n=1 m=1 \n=1 n=1
0o 0o My 0o
_ + value of series is value of
- Zn,m Zn,m tail plus first few terms
m=Moy+1 n=1 m=1 n=No+1
00 0o My 0o
< Z Z Zn,m + Z Z Zn,m Theorem [[.2.9] and finite sum
m=My+1 In=1 m=1 [n=Np+1

00 0o My 00
< Z Z |Zn,m‘ + Z Z |Zn,m‘ finite sum and Theorem [[.2.9]
m=Moy+1n=1 m=1n=Nyp+1

[e'e] 0 fe') My
= Z Z |Zn,m| + Z Z |Zn,m‘ finite sum
m=My+1n=1 n=No+1m=1
0 o) oo o9
< Z Z |Zn,m‘ + Z Z |Zn,m‘ Theorem [[.2.9]
m=My+1n=1 n=Ng+1m=1
e e«
4 4 2

A similar argument reversing the roles of n and m show that

My Ny No My

LQ_ZZZn,m:IQ_ZZZn,m <§-
m=1n=1 n=1m=1
Hence
Mo No Moy No ¢ c
|L1_L2‘§L1_Zzzn,m+ Zzzn,m—LQ <§+§:€.
m=1n=1 m=1n=1

Therefore, as € > 0 was arbitrary, |L; — La| = 0. Thus L1 = L9 as desired. =

1.5 The Complex Exponential

Using our knowledge of absolutely convergent series and doubly indexed
series, we can derive the complex exponential function along with many of its
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well-known properties. Said function will be of vital importance in Chapter
Bl In particular, it should be pointed out that the results of this section also
apply to the real exponential function and provide one of the most rigorous
methods for constructing it and deriving its properties. Finally, it is possible
to generalize this definition to object other than complex numbers, such as
matrices. However, to do so requires technology from MATH 4011.

Definition 1.5.1. For z € C, the complex exponential of z, denoted e?, is
ez _ i lzn
N n!”

n=0

Recall from Example [1.2.20|that > 02, L 2" converges absolutely and so

n!

e® is well-defined for all z € C. Also note that if @ € R then e® € R and that

if a > 0, then
o0 1
_ n
e’ = E —n!a > 0.
n=0

Finally, it is elementary to see that

Using just Definition [I.5.1] along with our knowledge of series, we can
demonstrate that the complex exponential function does behave like an
exponential function.

Theorem 1.5.2. For all z,w € C,

1 1 n—m.,,m ;
B {m! = ? w™ ifn>m
Znm =

0 otherwise

Notice for all m € N that

_ - - q.n—m m
2 bl = 2 Gy
11
= ﬁg|21k’w|m
k=0 m: R
1 <1,
= ﬁ\ ’mz E’Z’
k=0
= —|w|me < o0
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and

1
m=0n=0 m=0 m:

FR!
el S Ly
mzzom!

= ellell < oo,

SIS [e'e)
Z Z |Zn,m| — Z j’w|me|z‘

Therefore, we can apply Fubini’s Theorem (Theorem [1.4.3)) to obtain that

—

o
I
+
g
Il
(78
3|
~
+
&
3

i
o

I
M2
M:

S|~
VO
3 3
N———
N
3
3
g
3

3
I
o
3
I
o

[l
hE
M:
S|~
3
HE
3
\—/N
3
3
S
3

3
Il
=)
3
Il
<)

|
M
\E

i

3
g
3
<H:

"TMyw™ by Fubini’s Theorem

3
<H3
3
Il
3

I I
e L[]8
M2 1
2= 3=
=)

N??‘

3

S N—

—N

3
I
o
il
o

I
i
2|~
S
3
CDN

|
)

I83
)

g

as desired. [

Using Theorem [I.5.2 and some ingenuity, other essential properties of
the complex exponential function can be demonstrated.

Corollary 1.5.3. For all z € C, e # 0. Moreover e™? = e% for all z € C.
Finally €® > 0 for all x € R.

Proof. Let z € C be arbitrary. By Theorem [I.5.2) we see that

1=e% = e*t(02) = e2e2,

Hence e* # 0 and e™* = e% as desired.
Now let « € R be arbitrary. If x = 0, then e =1 > 0. Next, z > 0, then
clearly

o0 1

r __ n

e —E —n!x >0
n=0
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being the sum of positive terms. Finally, if x < 0, then e* = 611 > 0 as

desired. m

Proposition 1.5.4. For all z € C, €% = €7.

Proof. Let z € C be arbitrary. By Corollary we obtain that

N o1
ez = lim — 2k
k=0
N1
= lim Z—zk
|
N—)ookzo k!
Noq
= lim Z—Z’“
|
N%ook:0 k!
=e¢
as desired. m

Our next result should not be a surprise to those that have studied
complex numbers and Euler’s formula.

Corollary 1.5.5. For all § € R, |¢| = 1.

Proof. Let 6 € C be arbitrary. Then

02 _ 00
— ¢ by Proposition
= 0+(=0) by Theorem |1.5.2

= =1.

le

Hence |¢?| = 1 as desired. n

In fact, the best way to obtain Euler’s Formula is to define it to be true
and derive from the definition all of the desired properties of the resulting
functions.

Definition 1.5.6. For all § € R, the cosine and sine of 6, denoted cos(6)
and sin (@) respectively, are

i0 | ,—if 0 _ —if
cos(f) = Re (ew) = % and sin(f) = Im (e’e) =

Note cos(6),sin(f) € R for all 6 € R.

Using the above definition, we obtain many of the base results of the
cosine and sine functions, along with Euler’s Formula.
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Corollary 1.5.7. The following are true:
a) (Euler’s Formula) € = cos(#) + isin(6) for all 6 € R.

b) cos?(0) +sin%(0) =1 for all 6 € R.

c) cos(z) = Y 00 &1)) 2 for all x € R with the series converging abso-
lutely.

d) sin(xz) = >0, %xznﬂ for all x € R with the series converging
absolutely.

e) cos(0) =1 and sin(0) = 0.

f) cos(—0) = cos(8) and sin(—0) = —sin(6) for all 6 € R.

g) cos(8 + @) = cos(0) cos(y) — sin(0) sin(y) for all 0, € R.
h) sin(0 + @) = sin(0) cos(p) + cos(8) sin(p) for all 8, ¢ € R.

Proof. Since cos(6) = Re(e??) and sin(#) = Im(e?), a) trivially follows.
To see that b) is true, note by Corollary that for all € R

2

1= e =|cos(8) +isin(h)|* = cos?(8) + sin?(8)

as desired.
To see that ¢) and d) are true, fix x € R. We will first show the series
converge absolutely. For all n € N, let

(=1)" o (=" onp1
= d by, = — gL
= o) ” an " 2n+ 1t
Since
2n+2 | 2
lim |20 = gy S 2L - =0
n—co | a, n—oo (2n + 2)! 220 n—oo (2n+2)(2n+ 1)
and
2n+3 | 2
lim b1 — lim — (2n+1)! = lim a: =0,
n—co | by, n—oo (2n + 3)!  x2ntl n—oo (2n + 3)(2n + 2)

the Ratio Test (Theorem [1.2.18)) implies that both series converge absolutely.
To see the series converge to cos(x) and sin(x) respectively, notice since

1 if k=0 mod4
k { ifk=1 mod4
-1 k=2 mod4
—i k=3 mod4
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that

cos(z) + isin(x) = e

2N—-1 2N—-1
SR S e Vg

= lim x
N—oo £ (2k)! = (2k + 1)!
o~ (D" op o~ (=D o
e
= (2n)! o (2n +1)!

Therefore, by equating the real and imaginary parts, ¢) and d) follow.
Note e) clearly follows from c) and d). To see that f) holds, notice that

n n

cos(—0) = Z ((;713' (—6)*" = Z ((;713' 6> = cos(h)

n=0 n=0

and

, U G nil N (D" gonsr _
sin(—0) = ,;)m(_e)Q o= nz::o(—l)me2 = _sin(9)

as desired.
To see that g) and h) hold, let 0, ¢ € R be arbitrary. Then

cos( + ¢) +isin(0 + ¢)
_ ei(0+<p)

=% by Theorem [1.5.2

= (cos(f) + isin(f))(cos(p) + isin(p))

= (cos(#) cos(p) — sin(0) sin(yp)) + i(cos(#) sin(p) + sin(6) cos(y)).

Therefore, by equating the real and imaginary parts, g) and h) follow. m

Using the above, we obtain most of the essential elementary facts about
cosine and sine. However, how do we obtain the traditional ‘special angle’
values of cosine and sine? Of course, if we could obtain cos(w) = —1 and
sin(m) = 0, or cos(3) = 0 and sin(5) = 1, we could use Corollary parts
b), f), g), and h) to obtain all of the special angles. However, how do we
obtain the above values? Moreover, can we obtain the usual facts about the
continuity and derivatives of the exponential and trigonometric functions?
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Chapter 2

Series of Functions

As seen in Chapter 1} for every x € R the numbers e”, cos(z), and sin(z)
can all be defined via absolutely convergent series. In particular,

x - 1 n
e = Z ﬁﬁ y
n=0 """

o (=D 5
cos(z) = Z ", and
= (2n)!

. — (D" onp1
sin(z) = Z T,
= (2n+1)!

Viewing each of e®, cos(x), and sin(x) as a function of x yields each function
as an infinite series of functions (namely polynomials) in z. In this chapter,
we will focus on some of the fundamental problems surrounding series of
functions.

To begin, we know (but should show based on the above definitions) that
cosine, sine, and the exponential functions are all continuous, differentiable
functions. However, is it true that a series of continuous functions is continu-
ous? Is it true that a series of differentiable functions is differentiable? If so,
is the derivative of the series the infinite sum of the derivatives? Moreover,
if we want to integrate a series of functions, can we integrate them term-by-
term? Finally can we approximate every continuous function with a series
or sequence of ‘nicer’ functions? If so, how can we find these approximating
functions?

Understanding these behaviours and what can and cannot be done is
essential to applying these results to various real-world applications. Thus
we will delve into a precise, in-depth discussion of these questions in this
chapter. In particular, we will show what results are true and give several
examples illustrating the irredeemable behaviour if assumptions are dropped.

39
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2.1 Continuity of Complex-Valued Functions

In order to discuss series of continuous functions, it is useful to recall the
notion of a continuous function. We do so in the situation of functions on
the complex numbers for use later in the course.

Definition 2.1.1. Let Q C C. A function f :  — C is said to be continuous
at a point w € Q) if for all € > 0 there exists a § > 0 such that if z € Q and
|z —w| < ¢ then |f(2) — f(w)] <e.

Moreover, f is said to be continuous on € if f is continuous at every
point in €.

Remark 2.1.2. Again, just as Lemma shows that the ‘< ¢’ in the
definition of a limit of a sequence can be replaced with ‘< €’, one can replace
one or both of ‘< §” and ‘< € with ‘< ¢’ and ‘< € respectively in Definition
[2.1.7] without modifying the notion of continuity.

Unsurprisingly, the notion of continuity for continuous functions on the
complex numbers can also be characterized via limits of convergent sequences.

Lemma 2.1.3. Let Q C C, let w € Q, and let f : Q — C. Then f is
continuous at w if and only if whenever (zp)n>1 s a sequence in §) that
converge to w, we have limy,_ o f(z,) = f(w).

Proof. First suppose f is continuous at w. To see the desired result is
true, let (z,)n>1 be a sequence in 2 that converge to w. To see that
limy, 00 f(2n) = f(w), let € > 0 be arbitrary. Since f is continuous at w,
there exists a § > 0 such that if z € Q and |z —w| < 0 then |f(2) — f(w)| < e.
Since (zy,)n>1 converges to w, there exists an N € N such that |z, —w| < ¢ for
allm > N. Hence for all n > N we have that |z, —w| < d so | f(zn)—f(w)] < €.
Therefore, since € > 0 was arbitrary, lim,, . f(z,) = f(w).

Conversely, suppose that f is not continuous at w. Therefore there exists
an g > 0 such that for all 6 > 0 there exists an z € Q such that |z —w| < ¢
but |f(z) — f(w)| > ey. Hence for all n € N there exists a z, €  such
that |2, —w| < L but |f(2,) — f(w)| > €. Thus (z,)n>1 is a sequence in O
that converges to w such that (f(z,))n>1 does not converge to f(w) since
|f(zn) — f(w)| > € for all n € N so Definition fails for € = €. N

Consequently, a composition of continuous functions is continuous.

Proposition 2.1.4. Let Q) C C, let z9 € Q, let f : Q@ — C, and let g :
Range(f) — C. If f is continuous at zy and g is continuous at f(zg), then
go f is continuous at zy.

Proof. Let (zp)n>1 be an arbitrary sequence in 2 that converges to zg. Since f
is continuous at zg and (2zp,)p>1 converges to zo, (fn(20))n>1 converges to f(zo)
by Lemma Similarly, since g is continuous at f(zo) and (fn(20))n>1
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converges to f(z0), (9(f(zn)))n>1 converges to g(f(z0)) by Lemma [2.1.3
Therefore, since (z,)n>1 was arbitrary, Lemma implies that g o f is
continuous at zg. (]

In addition, the following shows that the set of continuous functions
on the complex numbers is a vector subspace of the vector space of all
complex-valued functions.

Lemma 2.1.5. Let Q C C and let f: Q2 — C and g : Q — C be continuous
functions. Then the following are true:

a) The function f+ g:Q — C defined by

(f+9)(z) = f(z) + 9(2)
for all z € Q) is continuous.

b) The function fg:Q — C defined by

(f9)(2) = f(2)g(2)

for all z € Q is continuous.

¢) For all a € C, the function af : Q — C defined by

(af)(z) = af(2)
for all z € Q is continuous.

d) If f(z) # 0 for all z € ), the function % : Q= C defined by
1 1
(7)@=76

e) The function f: Q — C defined by

for all z € Q is continuous.

for all z € Q is continuous.

f) The function |f|: Q2 — C defined by

[£1(2) = 17 ()]

for all z € Q is continuous.

Proof. This immediately follows from Lemma by using Corollary
[ |
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As with complex numbers, the ability to take the real and imaginary part
of complex-valued functions is important.

Definition 2.1.6. Let 2 C C and let f : Q@ — C. The real and imaginary
parts of f are the functions Re(f),Im(f) : 2 — R respectively where

(Rﬂ(f»($)==IhXj(x))::jxx)ig(x) and
(Im(f))(z) = Im(f(z)) = f(m);if(ﬂf)

for all z € Q.
Notice if f: Q — C, then f = Re(f) 4+ ¢Im(f). Moreover

T f—r
2 2

Thus Lemma [2.1.5] implies the following.

Re(f) and Im(f)=

Lemma 2.1.7. Let Q C C and let f: Q) — C. Then f is continuous if and
only if Re(f) and Im(f) are continuous real-valued functions.

Proof. If Re(f) and Im(f) are continuous, then = Re(f) + iIm(f) is contin-

uous by Lemma parts a) and c).
Similarly, if f is continuous, then

Re(f):M and Im(f)= fﬁ,f
2 27
are continuous by Lemma [2.1.5] parts a), ¢), and e). [

2.2 Continuity of Series of Functions

With our reminders of continuous functions out of the way, let us examine
the question of whether a series of continuous functions is continuous. To
answer this question we note since a series is a limit of its partial sums that
a series of functions is a limit of a sequences of functions. Consequently, it is
necessary to discuss limits of sequences of functions and whether a limit of
continuous functions is continuous. We begin with the most obvious way to
define the limit of a function and its corresponding restriction to a series of
functions.

Definition 2.2.1. Let & C C. A sequence (fy)n>1 of complex-valued
functions on €2 is said to converge pointwise on 2 to f: Q — C if

f(z) = lim f,(z)

n—oo

for all z € Q.
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Definition 2.2.2. Let ) C C and for each n € N, let f, : @ — C. The
series Y o2 fn is said to converge pointwise on Q if 3 .°° fn(z) converges
for each z € Q2. Moreover the function f : ) — C defined by

fz2) = ful)
n=1

for all z € C is called the (pointwise) sum of (fn)n>1 and is denoted by
Zﬁoﬂ fn

Unfortunately, pointwise limits are not the limits we are looking for as a
pointwise limit of continuous functions is not continuous. Thus a pointwise
convergent series of continuous functions need not be continuous.

Example 2.2.3. For each n € N, define f,, : [0,1] — [0,1] by fi(x) = x and,
for n > 2,

fn(l') — " l,n—l

for all z € [0,1]. Clearly (fn)n>1 is a sequence of continuous functions on
[0,1].

We claim the series Y oo ; f,, converges pointwise on [0, 1] to the function
f:]0,1] — [0, 1] defined by

0 ifzelo1
f(x):{l ifii[l, .

As f is clearly not continuous at x = 1, this provides an example of a
series of continuous functions that converges pointwise to a function that is
discontinuous at a point.

To see the above, for each N € N let Sy = ngvzl fr. Notice that
Sp(z) =z for all N € N. Note if # = 1 then

. _ . N _
N S ) = i 1 =1

whereas if z € [0,1) then

. T N _
N, O] = jim e =0,

Hence the example is complete. Note this also show that there exists a
sequence (namely (z"),>1) of continuous functions that converge pointwise
to a function that is discontinuous at a point.

In order to rectify this situation, we simply need to require a stronger
form of limit of functions.
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Definition 2.2.4. Let 2 C C. A sequence (f,)n>1 of complex-valued
functions on € is said to converge uniformly on Q to f : Q — C if for all
€ > 0 there exists an N € N such that if n > N then |f,(z) — f(2)| < € for
all z € Q; that is,

sup({[fn(2) — f(2)] | 2 € Q}) <
for all n > N.

Again, using arguments similar to those used in Lemma the ‘< ¢
in the Definition [2.2.4] can be replaced with ‘< €’

Remark 2.2.5. The notion of uniform convergence of sequences of functions
can be rephrased in an analogous way to how the convergence of sequences of
complex numbers was defined. Indeed instead of using the absolute value as
a notion of distance, if F(£2) denotes the set of all bounded complex-valued
functions on a set 2 C C, one can define a distance function (or metric)
d: F(Q) x F(2) — [0,00) by

d(f,9) = sup({|f(2) —g(2)| | z € Q})

for all f,g € F(2). Then a sequence (fy)n>1 in F(£2) converges uniformly
to f € F(Q) if for all € > 0 there exists an N € N such that d(f,, f) < € for
all n > N. This notion of a distance function and convergence of sequences
with respect to a distance function can be further generalized. But that is a
topic for a future course (i.e. MATH 4011 - Analysis IIIA: Metric Spaces).

Remark 2.2.6. It is important to point out the difference between pointwise
convergence and uniform convergence. The main difference is, given an € > 0,
pointwise convergence simply lets us find for each z € 2 an Nz € N that
depends on z such that |f,(z) — f(2)| < € for all n > Nz whereas uniform
convergence lets us find an N € N that works for every z € €Q; that is,
|fn(z) — f(2)| < efor alln > N and z € Q. More elegantly said uniform
convergence lets us find one N to rule all V,; that is

N =sup({N; | z € Q}) < 0.

Note this clearly implies if a sequence of functions converges uniformly to
f, then they converge pointwise to f. However, if a sequence of functions
converges pointwise, it need not converge uniformly as the following example
shows.

Example 2.2.7. Recall from Example that if f, : [0,1] — [0,1] is
defined by f,(xz) = 2" for all z € [0,1] and n € N, the sequence (fy)n>1
converges pointwise to f : [0,1] — [0, 1] defined by

_J0 ifxze0,1)
f(m)_{l fr=1
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We claim that (fy,)n,>1 does not converge uniformly to f on [0, 1]. To see
this, let € = 1 > 0. Suppose there exists an N € N such that | f,(z) — f(z)| <
% for all n > N and x € [0, 1]. Since fy is continuous at 1, there exists a
6 > 0 such that if 2 € [0,1] and |z — 1| < §, then |fnx(z) — fn(1)| < . Hence,

for any xg € (1 — g, 1) we have that

1
20" — 1] = [fn (@) — fn(1)] < 5
whereas the above implies that
1
28] =l — Flwo)l < -

N

Since the first implies ) € (1 3 1

279 » 92 )
we have a contradiction. Hence (fy,)n>1 does not converge uniformly to f on
[0, 1].

) whereas the second implies x{} € (—%

However, the only pathology in the above example surrounds the value
of the functions at = = 1.

Example 2.2.8. Fix b € [0, 1) and consider the functions f, : [0,b] — [0, b]
is defined by fy,(z) = 2" for all x € [0,b] and n € N. We claim that (fy,)n>1
converge uniformly to 0 (the zero function) on [0, b]. To see this, let € > 0 be
arbitrary. Since lim,, oo 0" = 0, there exists an N € N such that |b"| < € for
all n > N. Hence for all z € [0,b] and n > N we see that

|fn(z) =0 =2" < D" <e.
Therefore, as € > 0 was arbitrary, (fy,)n>1 converge uniformly to 0 on [0, b].

As promised, the following result shows continuity behaves properly when
uniform limits are used. It is also useful to point out that the proof of the
following result is a very common and incredibly useful argument in analysis
known as a three-¢ argument.

Theorem 2.2.9. Let Q C C, let w € Q, and let (fn)n>1 be a sequence of
complex-valued functions on € that converge uniformly on Q2 to f:Q — C.
If each f, is continuous at w, then f is continuous at w.

Consequently, a uniform limit of continuous functions is continuous!

Proof. To see that f is continuous at w, let € > 0 be arbitrary. Since (fy,)n>1
converges to f uniformly on €2, there exists an N € N such that

Fa(2) = F)] <

for all n > N and z € Q2. Since fy is continuous at w, there exists a d > 0
such that if z € Q and |z — w| < §, then

TNOES MO
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Hence, for all z € €2 such that |z — w| < §, we have

[f(2) = fw)| < [f(2) = In()] + v (2) = fn(w)] + [fn(w) = fw)]
<gHstg=c

(where the first and last terms are less than £ by uniform convergence and
the middle term is less than § by continuity of fy). Therefore, as € > 0 was
arbitrary, f is continuous at w. |

To further emphasize the benefits of uniformly convergent continuous
functions, we desire an analogue of ‘every convergent sequence is bounded’.
To do so, we define the following notion of boundedness for a sequence of
functions.

Definition 2.2.10. Let 2 C C and let (f)n>1 be a sequence of complex-
valued functions on Q. It is said that (f,)n>1 is uniformly bounded on 2 if
there exists an M € R such that

[fn(2)] < M
for all z € Q and n € N.

Proposition 2.2.11. Let I be a bounded closed interval in R and let (fr)n>1
be a sequence of complex-valued continuous functions on I that converge
uniformly on I to f: 1 — C. Then (fn)n>1 is uniformly bounded.

Proof. Since I is a closed interval, the Extreme Value Theorem implies there
exists an M,, € N such that

| fu()] < My

for all x € I. Moreover, since (fy)n>1 converge uniformly to f on I, Theorem
implies that f is continuous on I. Hence the Extreme Value Theorem
implies there exists an My € R such that |f(z)| < My for all z € 1.

Since (fn)n>1 converges uniformly to f on I, there exists an /N such that

[fulz) = f(@)] <1
for all n > N and x € I and thus
|[fn(@)] < Mo +1
for all n > N and x € I. Therefore, if
M = max{My+ 1, My, Mo, ..., My},

then
|fo(@)] < M

for all z € I and n € N. Hence (fy,)n>1 is uniformly bounded. [
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Moreover, uniform convergence behaves well with respect to the operations
of addition and scalar multiplication. The proofs of these facts are similar to
the proof of Corollary once combined with Proposition [2.2.11

Proposition 2.2.12. Let I be a bounded closed interval in R and let (fn)n>1
and (gn)n>1 be sequences of complez-valued continuous functions on I that
converge uniformly on I to f: I — C and g : I — C respectively. Then the
following are true:

a) (fn + gn)n>1 converges uniformly to f +g on I.
b) (fngn)n>1 converges uniformly to fg on I.

¢) If (an)n>1 is a sequence of complex numbers that converges to a € C,
then (o fn)n>1 converges uniformly to aof on I.

d) (f?) ., converges uniformly to f on I.
nz
Proof. Exercise. [

As Theorem shows that uniform convergence is the limit we are
looking for in order to preserve continuity of functions, we now discuss
uniform convergence in the context of series.

Definition 2.2.13. Let 2 C C and let (fy,)n,>1 be a sequence of complex-
valued functions on 2. For each N € N, define Sy : Q@ — C by

N
Sn(z) = fu(2).
k=1

The series > -2 fr is said to converge uniformly on §2 to a function f : Q@ — C
if (Sy)n>1 converges uniformly to f on Q.

Corollary 2.2.14. Let Q C C and let (fn)n>1 be a sequence of continuous
complez-valued functions on Q. If the series Y oo fn converges uniformly
on  to a function f:Q — C, then f is continuous.

Proof. Since f, is continuous for all n € N, the partial sums of >.7°, f,, are
continuous by Lemma [2.1.5] Hence f is continuous by Theorem being
the uniform limit of continuous functions. [

The simplest way to verify many series of functions converges uniformly is
the following ‘test’, which should remind the reader of absolutely convergence
of series of scalars. In particular, the following result shows that if a series of
functions ‘uniformly converges pointwise absolutely’, then the series converges
uniformly.
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Theorem 2.2.15 (Weierstrass M-Test). Let Q C C and let (fn)n>1 be a
sequence of complex-valued functions on ). For each n € N suppose

0 < M, =sup({|fn(2)] | z € Q}) < .

Furthermore, suppose > o2 M, converges. Then Y > fn(z) converges ab-
solutely for all z € Q and if f:Q — C is defined by

n=1

for all z € Q, then Y72 fn converges uniformly to f.

Proof. To see that Y o2, fn(2z) converges absolutely for all z € Q, note for
all z € Q that

[fn(2)] < M.

Since Y o2 M,, converges, > o>, fn(z) converges absolutely for all z € Q by

the Comparison Test (Theorem |1.2.13]).
To see that Y o2, f, converges uniformly to f, let € > 0 be arbitrary.

Since > o2 ; M,, converges, Theorem implies there exists an Ny € N

such that
o0
Z M, <e.
n=DNp

Hence for all N > Ny and z € (), we see that

> fwlz)
k=N+1

< Z | fr(2)] Theorem [[.2.11]

k=N+1

N 0
Do fe(z) = (=)
=1 k=1

[e.e]
Z My assumptions
k=N+1

[e.e]
Z M. < e.
k=No

IN

IN

Therefore, since € > 0 was arbitrary, > .~ f, converges uniformly to f. m

To demonstrate the power of the Weierstrass M-Test (Theorem [2.2.15)),
we demonstrate the following series of functions from Chapter [1f converge
uniformly and thus define continuous functions.

Example 2.2.16. For each n € NU {0}, let f,, : C — C be defined by

1
fu(z) = az

n
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for all z € C. Clearly each f, is a continuous function such that > o2 fn(2) =
e? for all z € C.
For each M € N, let Q) ={2z € C | |2] < M}. Since

1
Ful2)] < M

for all z € Q, and since ;2 %M” < oo by Example [1.2.20] the Weier-
strass M-Test (Theorem [2.2.15)) implies that

e’ = Z fn(2)
n=0

is continuous on ;7. Since M € N was arbitrary, e* is a continuous function
on Upz—1 Qm =C.

Example 2.2.17. Consider the function f : R — C defined by
fla)=e”

for all z € R. Since f is the restriction to R of a continuous function on C
by Example [2.2.16] we obtain that f is continuous on R. Since

(Re(f))(x) = cos(z)  and  (Im(f))(x) = sin(z)

for all x € R, we obtain that cos and sin are continuous functions by Lemma

217

2.3 Continuous, Nowhere Differentiable Functions

Now that we know a pointwise series of continuous functions need not be
continuous and a uniform series of continuous functions is continuous, we turn
our attention to differentiability of series of differentiable functions. Since a
differentiable function is automatically continuous, we know a pointwise limit
of differentiable functions need not be differentiable. However, is a uniform
convergent series of differentiable functions differentiable?

It turns out that the answer to this question is no. In particular, in
this section we will give a family of examples of uniformly convergent series
of differentiable functions that are continuous but not differentiable at any
point in R! Such function are said to be nowhere differentiable.

Before we get to the example of a uniformly convergent series of dif-
ferentiable functions that is nowhere differentiable, we will use simply the
Weierstrass M-Test (Theorem [2.2.15)) to construct a continuous but nowhere
differentiable function thereby motivating the procedure we will use for the
primary examples of this section. To construct this example, we require the
following.
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Definition 2.3.1. A function f : R — R is said to be periodic with period
c>0if f(z+c¢) = f(z) for all z € R.

Remark 2.3.2. Fix a,b € R with a < b. Note for each x € R there exists a
unique y, € [a,b) and n, € Z such that

x=1yy + (b—a)n,.

Therefore, if f : [a,b) — R, and we define g : R — R by g(z) = f(y,) for
all x € R where y, is as above, then g is periodic with period b — a and
g(z) = f(x) for all z € [a,b]. We call g the periodic extension of f.

Let us now construct our first continuous but nowhere differentiable
function.

Example 2.3.3. Let h : [-1,1] — [0,1] be defined by h(z) = |z| for all
x € [-1,1]. Since h(—1) = h(1), we can define the periodic extension
g: R —[0,1] of h and ¢ is a continuous function with period 2. A portion of
the graph of g can be seen in the following figure.

1

0.8

For any n € Z, it is not difficult to see that g is a line on [n,n + 1] with
either slope 1 or —1. In addition, we claim for all z,y € R that

lg(z) — g(y)| < [z —yl.

To see this, first note if |z — y| > 2 then

lg(z) —g(y)| < lg(x)| +[g(y)| <T+1=2< |z -y

Otherwise, if |z — y| < 2, since g is 2-periodic, we can assume that x,y €
[—1,1]. Therefore

l9(x) —g9(y)| = [|lz] — [yl| < |z —y]
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by the reverse triangle inequality. Hence the claim has been demonstrated.

For all n € N and = € R, notice that
3\" 3\"
- ") < (=) .
‘(4) g (4] = (4)
Therefore, since g is a continuous function and the geometric series
> (3
n=0 4

converges, the Weierstrass M-Test (Theorem [2.2.15|) implies that the function
f :R — R defined by

=3 () ot

for all € R exists, is continuous, and this sum converges uniformly.

To get an idea of what the graph of f looks like, the following is a portion
of the graph of g(z) + 3¢ (4)

and the following is a portion of the graph of g(x) + %g (4z) + %9(16:17).
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0.5 1

To see that f is nowhere differentiable, fix g € R. To show that f is not
differentiable at xg, we will show that

lim f(zo+h) — f(x0)
h—o0 h

does not exist by constructing a sequence (R, )m>1 of non-zero numbers such
that lim,,— o0 Am = 0 yet

lim

m— 00

’f(fﬂo + hm) — f(0)
P

For all m € N, notice that [4’"37 - %, 4Mxo + %} has length 1. Therefore,
only one of (4mx — %, 4mx0) and (4mx0, 4Mxo + %) can contain an integer.
Let
T %4im if 4m$0,4m$0 =+ % NZ = @

T = i (4mag - L 4mag ) NZ =0
f(zo+hﬁn)—f(xo)

m

To obtain a lower bound on , for all n,m € N let

g (4" (xo + hm)) — g (4"20)
hm, ’

Dn,m = ‘

Let us compute some estimates on the value of D, ,, depending on the
relative sizes of m and n.
Case 1: n > m. In this case, notice that

1
4" (w0 + hin) = 420 & 4"
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Since n > m, %4"_"1 is an integer multiple of 2. Therefore, since g has period
2, we see that

g9 (4" (zo + hin)) = g (4"20)

and thus D, ,, = 0 in this case.
Case 2: n = m. In this case, we see that

1

4”(1‘0 =+ hm) = 4n$0 + 5

Therefore, since h,, was chosen so that there are no integers strictly between

4"xo and 4™(zg + hy,), we obtain that g is a line with slope 1 or —1 between
4"y and 4™ (xg + hy,). Hence

_ 4" (@o + hin) — 40| _ 3

=4".
|| 4-n

Dn,m =

‘9 (4" (w0 + hm)) — g (4"x0)
hm

1
2

Case 3: n < m. In this case, since [g(x)| <1 for all x € R, we see that

g9 (4" (20 + him)) — g (4"20)
hm,

_ 47 (@o + hi) —dmao| 54T

= = 4"
B || %4_7”

Dn,m = ‘

Using the above three cases, we see for all m € N that

f(@o + hm) — f(0)

5 (3) 9 (4" (20 + hm)) — g (4"20)

i = \4 .
S (¢ " g (4" (2o + hin)) — g (4"0)
o 4 hom,
3 m m—1 3 n
> n Dmm_ - n,m
> (1) Dan= 2 (5) 2
n=0
3 m m—1 3 n
> _ m _ n
> (5) -2 (1)
n=0
m—1
—3m _ Z 3n
n=0
o3m—1
=9 3—1
34
2
Therefore h
o[£ Bn) = fla) |
m—00 hom,

so f cannot be differentiable at xg. Therefore, since zg was arbitrary, f is
continuous but nowhere differentiable.
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With the above example of a continuous but nowhere differentiable
function, we return to our primary example of the section of a family
of uniformly convergent series of differentiable functions that are nowhere
differentiable. These famous examples were first demonstrated by Weierstrass
in 1872.

The only tools we need to construct this family of functions is the
Weierstrass M-Test (Theorem , the elementary properties of cosine
and sine from Corollary and knowledge about the derivatives of cosine
and sine. The last of these three requirements will be shown in Example [2.6.6]
Thus, for logical consistency, perhaps this examples should be discussed after
Example However, for educational purposes, it is best to introduce
this example now in order to motivate the subsequent sections and enhance
the previous section (and it is expected the reader is already familiar with
the derivatives of the basic trigonometric functions and thus will excuse this
minor logical gap).

Example 2.3.4 (Weierstrass, 1872). Fix a,b € R such that a is a positive
odd integer, 0 < b < 1, and ab > 1+ %ﬂ (e.g. a =13 and b = %) For all
n € N and z € R, notice that

[b" cos(max)| < b".

Therefore, since x +— b" cos(wa™z) is a continuous function and the geometric
series Y02 b" converges since 0 < b < 1, the Weierstrass M-Test (Theorem
2.2.15|) implies that the function W : R — R defined by

W(z) = Z b" cos(ma"x)

n=0

for all x € R exists, is continuous, and this sum converges uniformly. The
function W is known as a Weierstrass function.

To get an idea of what the graph of W looks like, the following is a

portion of the graph of 31 _, 8" cos(ra”z) when a = 13 and b = 3
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A
-h|ﬁ
L=t
|3
=
[=

0.5

and the following is a portion of the graphs of ,110:0 b™ cos(ma"x) when
a=13and b = %

EI I
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-0.54

We claim that although W is continuous and a uniform limit of (infinitely)
differentiable functions, W is not differentiable at any point in R. This then
completes the claim that there are uniformly convergent series of differentiable
functions that are nowhere differentiable.

To see that W is nowhere differentiable, fix g € R. To show that W is
not differentiable at zg, we will show that

W(z) — W (o)

r — X0

lim
T—T0

does not exist by constructing a sequence (z,)m>1 of real numbers such that
Tm 7 xo for all m, lim,, o0 Tm = 2o, and

‘W(ﬂcm) — Wi(xo)

lim
m—00

m — 20

For all m € N, notice that the interval {amxo + %, amxy + %) has length
exactly 1 and therefore there exists a unique integer

1 3
by € ZN {amxo + §,amx0 + 2> .

Notice this implies

1 3
5 <lp—amzg < 7
Since 0 <b<1land ab>1+ %w, we know that a > 1. Hence if x,, = ﬁ—% we

have that

.

2a™ 2a™
and thus z,, > xg. Moreover, since lim,, .o 26%,,1 =0 = lim,—oo 2%,1, the
above inequality and the Squeeze Theorem imply that lim,, o 2, = xo.
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Next notice for all m € N that

W(%m) — W(Io)

Tm — X0
1 = 1 s
= — Z b" cos(ma"xy,) — ——— Z b" cos(ma"xp)
Tm =0 , 2 Im =0 , 5
1 m—1 oo
Rl— <Z b" cos(ma" ) + Z b" cos(wa”xm)>
n=0 n=m
1 m—1 00
- - <Z b cos(ﬂa”xg) + Z pn cOS(ﬂ'anlL‘o)> only the tails matter
Tm — X0 — —
n=0 n=m
1 m—1
=— Z b" (cos(ma"xy,) — cos(ma"xyp))
Im =0 5
+ 1 i pr (COS( n ) _ ( n )) adding finite and
To — Ta Tm cos\ma " To convergent series*
m 0 n=m
For each m € N, let
1 m—1
P,=— Z b" (cos(ma"xy,) — cos(ma™xy))
Tm — X0 n—0
1 o
Sp=—— Z b" (cos(ma"xy,) — cos(maxg)) ,

Tm — X ne—m

which are (uniformly) convergent series since W (x,,) and W (zg) converge
uniformly such that

W(xm) — W(xo)

Im — T0o

=Py + Sn.

We desire bounds on |P,,| and |S,,|.

Bound for | P,,|: Since the derivative of cosine is negative sine, the Mean
Value Theorem implies for all n € {0,1,...,m — 1} there exists a ¢
between ma"x,, and wa™xy such that

cos(ma"xy,) — cos(ma"xg)
Tat Ty, — matxg

= |fsin(cn7m)| = |Sin(cn,m)‘ .
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Therefore, since |sin(z)| < 1 for all z € R, we obtain that

1P| < m-l 5 cos(ma™xy,) — cos(ma"xp)
el I cos(ma™xy,) — cos(ma"xg)
= Ta
oy matx,, — waxg
m—1

IN
]
=
)
IS
3

n=0
_ (ab)™ =1 (ab)™
T -1 < Tab—1

Bound for |S,,|: We will consider (—1)%"S,,. For a fixed n > m, notice
that

Ta" Ty = ma" " "y,

However, since a is an odd integer, we see that wa™ ™/, is an odd integer
multiple of © when £, is odd and wa~""¢,, is an even integer multiple of
when /¢, is even. Hence

(=1) cos(ma"zy,) = 1.
Moreover, since

sin(ra"xy,) = sin(wa™ "y,) =

’I’L—mf

as wa m is an integer multiple of 7, we see that

cos(ma"xg — ma" ) = cos(wa"xg) cos(wa"xy,) + sin(wa"zp) sin(wa" )
os(ma"xo)(—1) 4 sin(ma"x0)(0)

= (=1)% cos(ma"xp).

Therefore, since the above holds for all n > m, we obtain that

— io: pr <_1)£m COS(Wanxm) - (_1)6m COS(TI’(],”:L’())
Tm — X0

_ i b 1 — cos(ma"xg — wa"xy,)
Tm — X0

B i b 1 — cos(ma ™ (a™wxg — £p,))

Im — X0
Notice since % <ty —amxg < % that
cos(ma™ ™ (a™xg — b)) < 0.
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Moreover, we know that
1 —cos(ma" "™ (a™xo — €m)) >0

for all n > m. Finally, since x,,, > zg for all m € N, all terms in the above
series expression for (—1)"S,,(z) are non-negative. Hence (—1)"S,,(z) is
at least the first term in the series so

(—1)fns,, > bml — cos(m(a™zy — £y,))

Tm — X0
1
> pm
Tm — 20
m 1 : 3
> b 3 since 5y >Tm —To
2a™
2
> —agmp™m
3

Hence |S,,(x)| > %ambm.
Using the above two bounds, we obtain for all m € N that

W(xm) — W(x
Tm — X0
> |Sm| — |Pm| by the reverse triangle inequality
2 (ab)™
> Zgmpm g
=3¢ Tab—1

(3 a5)

However, since ab > 1 + %7?, we see that % — =7 > 0 and thus

lim inf Wam) — W(xo)

2
> liminf(ab)™ ( — > = 00.

m—00 3 ab-—1

Hence W cannot be differentiable at xg. Therefore, since xg was arbitrary,
W is continuous but nowhere differentiable.

2.4 Integration of Series of Functions

The existence of the Weierstrass functions puts the idea that series of dif-
ferentiable functions can be differentiable into great jeopardy. To rectify
this situation, we ignore this question and turn to integration. This may
seem odd to the reader in that the natural progression of calculus is to first
introduce derivatives and then more onto integration since differentiation
is easier computationally than integration. It turns out that integration
actually behaves better than integration and we will be able to get at the
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desired differentiation results via integration and the Fundamental Theorem
of Calculus. In addition, integration behaves far better in regards to limits of
continuous functions than differentiation does. Well, except for the following
examples that is (but of course these examples are with respect to pointwise
convergence, which we know is not the right type of convergence to look at).

Example 2.4.1. We claim that there exists a sequence (fy,)n>1 of real-
valued continuous functions on [0, 1] that converge pointwise to a continuous
function f : [0,1] — R such that

1 1
| t@ydn# tim [ fo(a)do.
0 0

To see this, for each n € N| let f,, : [0,1] — R be defined by

2n’x ifOSxS%
fo(x) =< 2n — 202z ifﬁng%.
0 ifL<z<i

In particular, the graph of f, creates an isosceles triangle with base {O, H
with height n, and otherwise is 0. Thus f,, continuous and

/01 fn(:c)da;:%

for all n € N.
We claim that (f,)n>1 converges pointwise to 0 on [0,1]. This will
complete the example since

1 1
/0 Odr =0 # % = nli_)ngo/o fn(x) dx.
To see (fn)n>1 converges pointwise to 0, let z € [0, 1] be arbitrary. If
x = 0, then since f,(0) = 0 for all n € N we clearly see that (fy(x))n>1
converges to 0. Otherwise, assume x > 0. Since lim,, % = 0, there exists
an N € N such that % < z for all n > N. Thus the definition of f,, implies
that f,(x) =0 for all n > N and thus (f,(z)),>1 converges to 0.

Example 2.4.2. We claim that there exists a sequence (fy,),>1 of real-valued
Riemann integrable functions on [0, 1] that converge pointwise to a function
f:]0,1] — R that is bounded but not Riemann integrable. To see this, recall
that Q is a countable set. Hence we can write QN [0,1] = {r, | n € N}
Define f, : [0,1] — [0,1] by

0 otherwise

foa) = {1 if x € {ri,re,...,rn}

(©For use through and only available at pskoufra.info.yorku.ca.



2.4. INTEGRATION OF SERIES OF FUNCTIONS 61
for all € [0,1] and define f : [0,1] — [0, 1] by

fa) = {1 if z€Qn0,1]

0 otherwise

We claim that (f,)n>1 converges pointwise to f. To see this, we note
that fr(z) = 0= f(z) for all z € [0,1] \ Q. Otherwise, if x € Q N[0, 1], then
xz =ry for some N € N and f,(z) =1 = f(x) for all n > N. Hence (fn)n>1
converges pointwise to f.

Next, we claim that f,, is Riemann integrable for all n € N. To see this,
fix n € N and let € > 0 be arbitrary. Let P, be the partition of [0, 1] formed
by taking the end points of the open intervals of length £ centred at each
r for kK < n. For any interval in P that does not contain an ry for k < n,
the maximal and minimal values of f,, on this interval are both 0. Moreover,
the interval of P containing an rp with k& <n is of length at most = and the
difference between the maximal and minimal values of f, on this interval is
at most 1. Therefore, as there are n possible r; for k < n, we obtain that

U(far Pe) = L(far Pe) < n(1—0)= = e,
Therefore, as € > 0 was arbitrary, f, is Riemann integrable for all n € N.
However, notice for any partition of [0, 1] that

U(f,P)=1 and  L(f,P)=0.
Hence f is not integrable. Therefore, the example is complete.

Remark 2.4.3. Example is pathological for any conceivable notion of
integral one would want to work with that models the area under a curve.
However, Example is more a pathology of the Riemann integral in that
the function that is 1 on the rationals and 0 on the irrationals is not Riemann
integral even through the rational numbers are quite ‘meagre’ with respect to
the irrational numbers. In particular, there are ways to extend the Riemann
integral to a better notion that will remove this pathology. However, that is
a topic for MATH 4012.

Of course the real problem with the above two examples is that pointwise
convergence generally yields no analytical information about the limit func-
tion. As we have seen with continuity, it is uniform convergence we should
consider in analysis. The following results further emphasizes this point.

Theorem 2.4.4. Let (f,)n>1 be a sequence of real-valued, Riemann inte-
grable functions on a closed interval [a,b]. If (fn)n>1 converges uniformly on
[a,b] to f:[a,b] = R, then f is Riemann integrable and

/abf(ac) dx = lim /ab fn(z)de.

n—oo
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Proof. To see that f is Riemann integrable, let € > 0 be arbitrary. Since
(fn)n>1 converges to f uniformly, there exists an N € N such that

[fn(z) = f2)] <

for all = € [a,b]. Therefore

€ €

0—a) < flz) < fn(z) +

In(z) —

for all z € [a, b].
Since fy is Riemann integrable, there exists a partition P of [a, b] such

that
€

U(fN,'P) — L(fN,P) < 5
Write P = {tk}izo where a = tg < t; < --- <ty =b. Then, if

My =sup {fn(z) | = € [tg—1t]}) and
my, = inf ({fn(z) | z € [te-1tr]}),

we know by the definition of the upper and lower Riemann sums that

L 4

U(fN,P) = ZMk(tk — tk—l) and L fN, Z tk — tk 1

k=1 P
Notice for all = € [tx_1, 1] that

€

mk_ﬁ < fN(x)—m < f(z) < fN($)+4(b ) < Mk+4(b_ o)’
Therefore
¢
U(f,P) < k;l Mk + 4(b— a)> (tk —tkfl)
¢
=3 Milte —tie) + Y e (0= ti1)
k=1 k=1
=U(fn,P) + —
and
d €
L(f,P)> kz:l (mk — 4(b—a)> (te — te—1)
[
= ka ty — th—1) ];4(136 a)<tk_tk71)
= L(fN7 ) - E

1
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Hence

€

00 P) - 1P < (Ut P+ §) - (L, P) = )

= (U P) = LN, P)) + 5
€ 6_
<§+§—6.

Therefore, since € > 0 was arbitrary, f is Riemann integrable.
To see that

/abf(x) dr = lim /ab fn(x) dx,

n—oo

let € > 0 be arbitrary. Since (fy,),>1 converges to f uniformly, there exists

an N € N such that .

@) = F@)] < 7

for all n > N and x € [a, b]. Therefore, for all n > N we have

[ sutwyae— [ st

b

fn(x) — f(x) dx

a

€ since | fn(2)—f(2)|<5
S . b—a dx for all z€[a,b]
=e.
Therefore, since € > 0 was arbitrary, the result is complete. [ |

Theorem [2.4.4] immediately allows us to integrate uniformly convergent
series of Riemann integrable functions term-by-term!

Corollary 2.4.5. Let (fn)n>1 be a sequence of real-valued Riemann integrable
functions on [a,b]. If >0 fn converges uniformly to f : [a,b] — R, then f
is Riemann integrable and

b o b
/ f(z)dx = Z/ fn(x)de.
a ne1’a
Proof. For each N € N, let define Sy : [a,b] — R by
N
Sn(z) =) fu(@)
k=1

for all x € [a,b]. Since f, is Riemann integrable for all n, Sy is Riemann
integrable. Moreover, since (Sn),>1 converges uniformly to f by assumption,
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Theorem implies that f is Riemann integrable and

/abf(:c dx = hm/SN

as desired. m

Remark 2.4.6. Using Corollary we can obtain some new series of
functions and potentially find the values of some of the series of real numbers
from Chapter [I] Indeed, for any 0 < b < 1, since

|2 < b"

for all x € [—b,b] and all n € N, and since > 2 ; b™ converges, the Weierstrass
M-Test (Theorem [2.2.15)) implies that

00
—
n=0

with the convergence being uniform on [—b, b]. Hence Corollary implies
that

—In(1 —2)

/x

n

S
2>

n+
1,
n
for all € [—b,b]. As this holds for all b € (0,1), we have that
—In(1l —z) i lx
n=1 n
for all z € (—1,1).
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Of course, this does not let us evaluate
oo
1
> -y
n=1

(after all, this series only converges conditionally and can be rearranged to
obtain any value). However, one may be tempted to try a similar idea to
compute > 7 #w" for any x € (—1,1) and then take a limit as = tends to

1 to obtain the value of
> 1

D

—5.
n=1 n

Indeed, we note the above series implies that
Inl-z) 1,4
D) s L,
n=1

x
In addition, we can again use the Weierstrass M-Test (Theorem [2.2.15|) to
show that this series converges uniformly on any closed subinterval of (0, 1)
and thus obtain by Corollary 2.4.5] that

- 1 n n - bl n—1 b ln(l_'x)
nz::lﬁ(b —a)—nZ:l/a T dx:/a ————dx

X

for all 0 < a < b < 1. This clearly poses some problems in that :
1. What is the value of this integral?

2. Can we actually take the limit as a tends to 0 and b tends to 17 After
all, we have seen exchanging limits is problematic.

3. We have yet to actually define the natural logarithm.

Of course, the last question is the easiest to solve once we obtain some
information about differentiation of series.

2.5 Differentiation of Series of Functions

Of course, as Example shows, there exist uniformly convergent series of
(infinitely) differentiable functions that are nowhere differentiable. However,
some simple additional requirements can be added to resolve this problem.
To be specific, provided the partial sums of the derivatives are Riemann
integrable and converge uniformly, the series will be differentiable and the
derivative can be obtained by summing the derivatives of the individual
terms in the series. To obtain this result, we simply prove the following
result pertaining to limits of differentiable functions.

Throughout these notes, given a closed interval [a,b] and a function
f :[a,b] = R, we say that f is differentiable on [a,b] if f is continuous on
[a, b] and differentiable on (a,b).
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Theorem 2.5.1. Let (fn)n>1 be a sequence of real-valued differentiable
functions on a closed interval [a,b] that converge pointwise to a function
fila, b = R If

e f! is Riemann integrable (e.g. continuous) for alln € N, and

e (fl)n>1 converges uniformly on [a,b] to a continuous function g :
[a,b] — R,

then f is differentiable on [a,b] and f' = g; that is, (f})n>1 converges
uniformly to f’ on [a,b].

Proof. Notice for all x € [a, b] that

f(x) = lim fn(x) since (fn)n>1 converges pointwise to f
n—oo -
T
= lim / f,r/L(T) dr by the Fundamental Theorem of Calculus
n—o0 /.,
T
_ since Theorem [2.4.4] and since
= / g(?“) dr (fn)n>1 converges uniformly to g-
a

Therefore, by the Fundamental Theorem of Calculus, f is differentiable on
[a,b] and f" = g. Hence (f},)>1 converges uniformly to f’ on [a,b]. N

Of course, we immediately obtain the analogue for series.

Corollary 2.5.2. Let (f,)n>1 be a sequence of real-valued differentiable
functions on [a,b]. If

o > . fn(z) converges for all x € [a,b],
e f! is Riemann integrable (e.g. continuous) for alln € N, and

o >, fI converges uniformly on [a,b] to a continuous function g :
[a,b] — R,

then the function f : [a,b] — R defined by
f@) =" fulx)
n=1
for all x € [a,b] is differentiable and
S
n=1
converges uniformly to f’ on [a,b].
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Proof. For all N € N, define Sy : [a,b] — R by
Sn(z) = ful2)
k=1

for all x € [a,b]. By the first assumption, (Sy)n,>1 converges pointwise to f.
Moreover, by the second assumption

N
Sy=2_Fi
k=1

is Riemann integrable on [a, b] for all N € N and, by the third assumption,
(S )N>1 converges uniformly to a continuous function on [a, b], Theorem
implies that f is differentiable and

o0
> I
n=1
converges uniformly to f’ on [a, b]. n

Of course the challenge in using Corollary is the requirement that
the series of derivatives converges uniformly, but again we can often bypass
this issue by using the Weierstrass M-Test (Theorem .

Before moving on to using and examples of Corollary [2.5.2] it is useful to
note the following two things.

Remark 2.5.3. Corollary is not in contradiction with the Weierstrass
functions being nowhere differentiable in Example Indeed, recall if
a,b € R with a a positive odd integer, 0 < b <1 and ab > 1+ %ﬂ', then if we
define W : R — R by

W(z) = Z b" cos(ma"x)
n=0

for all z € R, then the above series converges uniformly so W is continuous,
but W is nowhere differentiable. The reason Corollary [2.5.2] does not apply
here is that if f,,(z) = 0" cos(ma"z) for all x € R and n € N, then

fl(x) = —m(ab)" sin(ma"x)

is Riemann integrable, but

fr (1) = —m(ab)" sin (7r;n> — (_1)“31 (ab)™

for all n € N so
[o¢]
> 5 (3)
n=0 2
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diverges since ab > 1. In fact, Corollary can be used to show that

o0

Z —m(ab)" sin(ra"x)

n=0
does not converge uniformly on any closed interval of R with positive length.

Remark 2.5.4. Another natural question in regards to Theorem (and
thus Corollary is that, if we knew the uniform limit f of the sequence
of functions happened to be differentiable, does the limit of the sequence of
derivatives converge to f'? Unfortunately, we obtain a quick answer of no
based on the following example.

We claim that there exists a sequence (fy,)n>1 of real-valued continuously
differentiable functions on a closed interval [a, b] that converge uniformly to
a continuously differentiable function f : [a,b] — R, but

f'(z) # lim f(x)

n—o0

for some z € [a,b].
To see this, for each n € N let f,, : [-7, 7] — R be defined by

fulx) = %sin(nm)

for all z € [—m, 7]. Since

S

|fn(z)] < %\ sin(na)| <

for all z € [—m, 7] and n € N, and since lim,,_, % = 0, we see that (fn)n>1
converges uniformly to 0. However f = 0 is a continuously differentiable
function with derivative 0 and

fi(x) = cos(nz)

for all z € [—m, 7] and n € N, so

lim f/(0) = lim cos(0) = 1 # f'(0).

n—o0

Hence the example is complete.
Of course the above example requires knowledge of the derivatives of
cosine and sine, which we have yet to demonstrate with the definitions

provided in Chapter [I] It is about time we rectify this delay.
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2.6 Power Series

Using Corollary 2.5.2) we can now finally complete our construction of the
exponential, cosine, and sine functions by describing their derivatives. As
all three of these functions have a very specific form, it is useful for other
applications to describe a larger collection of functions and derive their
properties.

Definition 2.6.1. Given ¢ € R, a power series centred at ¢ is any series of
the form

o0

Z an(z —c)"

n=0

where z is a real variable and (ay)n>0 is a sequence of real numbers.

Often we take ¢ = 0 when discussing power series as any results that can
be done at ¢ = 0 can be translated to an arbitrary c¢. However, we will prove
the following at an arbitrary ¢ without the need to translate.

Theorem 2.6.2. Let (an)n>0 be a sequence of real numbers and let c € R.
Suppose xg € R\ {c} is such that

[e.9]

3= aulan =

converges. Then for any r € R with 0 < r < |xog — ¢|, the series of functions
nx

Z an(z —c)" and Z nan(z — )"t
n=0 n=1

converge uniformly and absolutely on [c — r,c+ r].
Moreover, if f :[c—r,c+ 1] = R is defined by

e}

Z IE*C

forall x € [c—r,c+ 7], then f is differentiable on [c — r,c+ r] with

o0
= Z nan(z — )"t
n=1

forallz € (c—r,c+r).
Proof. For each n € NU {0}, let f,, : R — R and g, : R — R be defined by

fn(x) = an<x - C)n and gn(x) = nan(m - C)nil
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for all z € R. Our goal is to use the Weierstrass M-Test (Theorem [2.2.15) to
show that > 07 fn and > 72 gn converge absolutely, uniformly, and define
continuous functions.

To begin, notice since
oo

Z an(zg — )"

n=0

converges, Corollary [I.2.6] implies that
: o
Jim an(xo —c)" =0.
Hence, by Corollary implies there exists an M > 0 such that
|an(xo — )" < M.

Therefore, we have for all n € NU {0} and = € [¢c —r,c+ r] that

_M( " y.
lzo — ¢l

Therefore, since 0 < r < |zg — ¢|, we know that the geometric series

)

n=0 ’1‘0 o C‘

(z—o)"

(x — co)™

|an(z = )" = lan(zo — €)"|

converges. Hence, since f,, is continuous for all n € NU {0}, the Weierstrass

M-Test (Theorem implies that > o2 f, converges uniformly and

absolutely to f on [c —r,c+ 7] and f is continuous on [c — 7, ¢+ 7.
To obtain a similar result for > 72 gy, first we claim that if rg =

then
x
Z Mnrg_l
n=0

converges. To see this, if b, = Mnrg for all n € N, then

_r
lzo—cl

bn+1 _M(n+1)]ro\”_n+1|r ’
bn | Mnlro|»t o
Hence b
. n+1|
A [T, | = ol

Therefore, since |rg| < 1 since 0 < r < |z — ¢|, we obtain that >->° Mnrj
converges by the Ratio Test (Theorem [1.2.18]).
Now notice for all n € N and = € [¢ — r,c + 7] that

n—1
§nM< " ) .
|zo — ¢
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Since

00 n—1

Z Mn ( ! >

n=1 ‘.TO o C|
converges and since g, is continuous for all n € NU {0}, the Weierstrass
M-Test (Theorem implies that > .2, g, converges uniformly and
absolutely to a continuous function g on [¢ — 7, ¢+ 7].

Finally, since Y7 f,, converges pointwise to f, since f), = g, is continu-
ous (and thus Riemann integrable) for all n € NU {0}, and since Y 7> f/, =
Yo% | gn converges uniformly to a continuous function on [c — r, ¢ + |, Theo-
rem [2.5.1) implies that f is differentiable on [¢ — r, ¢+ 7] and

(@) =3 f@) =3 gule) = Y- nag(w — o)~
n=0 n=1 n=1

for all x € (¢ —r,c+r) as desired. ]

Remark 2.6.3. Given ¢ € C and a sequence (ay)n>0 of complex numbers is
not difficult to verify that the first part of the proof of Theorem [2.6.2] works
for the complex power series

Z an(z — )" and Z ann(z —c)" 1
n=0 n=1

where the interval [c¢ — r, ¢ + r] is replaced with a closed disk of radius r
centred at c. The second part of Theorem [2.6.2] concerning the second power
series is the derivative of the first power series is true, but more complicated
to prove since we would need to discuss the derivatives of functions on the
complex plane and since we cannot use Theorem in its present form
as the proof relies heavily on the Fundamental Theorem of Calculus. The

details of these results are best left for a complex analysis course (see MATH
3410).

With Theorem in hand, we can immediately obtain some new
convergent series.

Example 2.6.4. Recall for all z € (—1,1), the geometric series > ooy a"
converges to the function

1
Fla) =
Hence Theorem implies that f/(z) = 3%, na"~!. Hence
= T
Z na" =zxf'(z) = ——3.
n=1 (1 - iL‘)

Therefore
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Of course, Theorem [2.6.2] finally allows us to completely prove the re-
maining properties of the exponential, cosine, and sine functions that we
desired.

Corollary 2.6.5. Consider the function f: R — (0,00) defined by

fz) = e

for all x € R. Then f is differentiable on its domain and f'(x) = f(x) for
all x € R. Moreover, f is strictly increasing, bijective function.

The inverse of f is the function In : (0,00) — R and is called the
natural logarithm. The natural logarithm is differentiable on its domain with

In'(z) = 1 for all z € R.

Proof. Since
=1

flx)y=7" ml‘n

n=0

for all x € R, Theorem [2.6.2] implies that f is differentiable on any closed
interval centred at 0 (and thus differentiable on R) with

D
f’(l‘) _ nixn—l — xn—l — %
DA SIS
as desired.
Notice that
fl(x)y=¢">0

for all z € R by Corollary Therefore, by Corollary and a result
from MATH 2001, f is a strictly increasing continuous function from R to
(0,00) and thus has a differentiable inverse In : (0, 00) — R. Moreover, by
another result from MATH 2001, if 2 € (0,00) and In(x) = y, then x = e¥
and

1
1 ! = = — = —
(2) :
as desired. [

Example 2.6.6. Since Corollary proved that

(2n)! (2n+1)!

for all x € R, Theorem [2.6.2] implies that cos and sin are differentiable with

cos(x) = Z_‘; (;le;n zn and sin(z) = Z ﬂ:1:2”“

n=0

’ - -1)" n = (=" n
sin’(x) = nX::O(Zn + 1)(2(n+)1)!$2 = nz:% ((Qn;! 2" = cos(z)
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and

= (2n)!
. = (_1)n n—
- n; (2n — 1)'962 1

just as we knew to be true!

Remark 2.6.7. Using Example together with Corollary one can
derive the known properties of cos and sin. In particular, since for z € (0,1)

we know
1 dn+1 1 pin+3
(4n +1)! (4n + 3)!

for all n > 2, we obtain that

>0

sin(z) = i ﬂx%ﬂ > — 1$3 > 0.
= (2n +1)! - 6

Hence cos’(z) < 0 for all € (0,1), so cosine is a decreasing function on
(0,1). Moreover, since sin’(x) = cos(z), which must be positive on some
interval around 0, sine must be increasing on (0, ¢) for some ¢ > 0. Thus,
the coupling cos’(x) = —sin(x) and sin’(z) = cos(z) imply that cosine must
have a first root larger than 0, which is what we call 5. From there, we can
derive all the special angles for cosine and sine via Corollary show
the function e draws out a circle in the complex plane as # moves from 0
to 27, and that the area of the circle is 7 via integrals and trigonometric
substitution. That is, our most basic understanding of trigonometry is a
bi-product of series of functions!

When discussing power series, it is useful to keep track of the largest
interval that Theorem applies on in order to know where we can take the
derivatives term-wise. We can encapsulate this information in the following.

Definition 2.6.8. Let (ay)n>0 be a sequence of real numbers and let ¢ € R.
The radius of convergence of the power series Y oo an(x — )™ is

(o)
R = sup {|a:0 —c| | zo €R, Z an(zo — )" converges} .

n=0
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Remark 2.6.9. Let R be the radius of convergence of

oo

Z an(z —c)".

n=0
Clearly R € [0, 00| by definition. Moreover, by Theorem we know that
>0 o an(zo — €)™ converges, then so too must > o2 an(x —¢)™ for all z such
that |x —c| < |xg — ¢|. Therefore, if x € (¢ — R,c+ R), then Y 77 g an(x—c)"
converges by Theorem[2.6.2 Moreover if z ¢ [c— R, ¢+ R], then |z —c| > R so
Y oo an(z — ¢)™ must diverge by the definition of the radius of convergences.
However when x = ¢ — R or x = ¢+ R, we do not have any information on
whether >°>° o an(z — ¢)™ converges as the following example shows.

Example 2.6.10. For z € R, consider the series
oo
1
Z —x™.
n=1 n

Since lim,,— oo %m” exists and is zero if and only if € [—1,1], the above
series can converge only if z € [—1, 1] by Corollary Moreover, since

o0
1
(1)
> (1)
converges by Example [[.2:23] the radius of convergence of this power series
around 0 is 1. Moreover this series converges when @ = —1 whereas, when
=1,

[e.e] o0
1, 1
Slooyt
n=1 n n=1 n
does not converge by Corollary Thus a power series may or may not
converge at the boundary points of its radius of convergence.

2.7 Taylor’s Theorem

By Theorem [2.6.2] we know that a power series is differentiable inside its
radius of convergence. The following theorem extends this and informs us of
the derivatives at specific points!

Theorem 2.7.1 (Taylor’s Theorem). Let (ay)n>0 be a sequence of real
numbers and let ¢ € R. Suppose the power series

f@) =) an(z —o)"

n=0
has radius of convergence R > 0. Then f is infinitely differentiable on
(¢c—R,c+ R) and

for all n € N.
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Proof. We claim that for each m € NU {0} that f is m-times differentiable
on (¢ — R,c+ R) with

[e o]

f(m)(g;) = Z (niﬁm)!an(x — C)”*m

n=m

for all x € (¢ — R,c¢+ R). To prove this claim, we will proceed by induction.
Clearly the case m = 0 follows by the assumptions of the theorem. For the
inductive step, if

(e 9]

F@) = 3 (e = o

n=m

for all z € (c— R, c+ R), then since this power series has radius of convergence
R, by considering every closed interval centred at ¢ of radius less than R,
Theorem implies that f(™) is differentiable on (¢ — R, ¢+ R) with

n!

an(m _ C)n—m—l

AT ) = 3 (= m),

n—.m)!
- ¥

n=m+1

n! n—m—1

(n—m— 1)!an($ )

for all z € (¢ — R, ¢+ R). Hence the claim is complete.

Since ¢ € (¢ — R,c+ R), the above implies that

m!

f(e) =

mam = (m!am

for all m € N thereby completing the proof. [ |

Taylor’s Theorem (Theorem [2.7.1)) also enables us to show that any
function that has a power series expansion at a point has a unique power
series expansion!

Corollary 2.7.2. Let (an)n>0 and (by)n>0 be sequences of real numbers and
let c € R. If there exists an R > 0 such that

Z an(z —c)" and Z bp(z — )"
n=0 n=0

converge and are equal on (¢ — R,c+ R), then a, = b, for alln € NU{0}.

Proof. Define f,g: (c— R,c+ R) — R by

(@)= am@—or  and gl = 3 balo— "
n=0 n=0
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for all z € (¢ — R,c+ R). Hence Taylor’s Theorem (Theorem [2.7.1)) implies
that f and g are infinitely differentiable with

™ (c)
n!

for all n € NU{0}. Therefore, since f = g on (¢ — R, c+ R), this implies that

9" (c)

and b, =
n!

Qp =

for all n € NU {0} as desired. n

With the above results, we can finally turn our attention to attempting
to approximate continuous functions with ‘nicer’ functions. Power series
are one such approximation as if we can attempt to write any continuous
function as an infinite series of polynomials and this can be quite useful in
various situations and applications. Of course Taylor’s Theorem (Theorem
tells us that only infinitely differentiable functions have power series.
However, for infinitely differentiable functions, Taylor’s Theorem (Theorem
tells us exactly what power series can approximate a function and
Corollary [2.7.2] shows there is at most one power series that approximates
a function. However, we still have yet to answer the question: “Given an
infinitely differentiable function f and a point ¢ € R, does the power series of

n=0

always have a non-zero radius of convergence?”
Unfortunately, no:

Example 2.7.3. Consider the function f : R — R defined by

) = 0 ifx=20
"= e 2 ifx#0

for all x € R. Since

. T
=lim —5 =0
r—00 ¥

by a few applications of L’Hopital’s rule, it can be verified that f is infinitely
differentiable at 0 with f(®(0) = 0 for all n € N. Since f(x) # 0 for all

x € R\ {0} by Corollary we see that
> fm( .
=y 0,
= !
only at z = 0.
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2.8 Weierstrass Approximation Theorem

As the previous section shows, we appear to be out of luck in approximating
continuous functions with their power series since it can only possibly work
for infinitely differentiable functions and Example shows that there are
infinitely differentiable functions for which the power series only converges
at a single point. However, given an infinitely differentiable function f, the
power series of f at a point is only one specific possible approximation of f.
Are there other approximations of continuous functions using polynomials
and, if so, how can we compute them?

The main goal of this section is to show that every continuous function on
a closed interval can be ‘uniformly’ approximated by polynomials. Hence, de-
pending on the proof of this result, there may be hope of explicitly describing
a polynomial approximations of any continuous function! The main theorem
of this section, the Weierstrass Approximation Theorem (Theorem ,
can be demonstrated using some interesting ideas. The first requirement
to prove the Weierstrass Approximation Theorem is the following stronger
notion of continuity.

Definition 2.8.1. Let I C R be an interval. A function f : I — C is said to
be uniformly continuous on I if for all € > 0 there exists a § > 0 such that if
z,y € I and |z —y| < d then |f(z) — f(y)| <.

Remark 2.8.2. Note the difference between Definitions 2.1.1] and 2.8.1] is
that for a fixed €, 6 > 0 need only work for a given point in Definition 2.1.T]
whereas, for uniformly continuous functions, Definition enforces that
the same § works for all points in the interval. That is, for uniform continuity,
there is one ¢ to rule them all!

The above is more desirable than simple continuity in that having a §
that works for the whole interval seems far more powerful than at a single
point. Unfortunately, not every continuous function is uniformly continuous
as the following example shows.

Example 2.8.3. We claim that if f : R — R is defined by f(z) = 2 for
all z € R, then Definition fails for € = 2 and thus f is not uniformly
continuous. To see this, let § > 0 be arbitrary. Choose n € N such that
%<6andlet xn:nandyn:n—i—%. Then |z, — yn| < % < § yet

1 2
n2—<n+>
n

Hence f is not uniformly continuous on R.

£ (@n) = Flyn)| = _9y ni > 9.

The above shows that 22 is not uniformly continuous on all of R since z?

grows too quickly as x tends to infinity. Consequently, one may ask, “Are
things much nicer if we restrict to finite intervals?” For closed intervals, yes!
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Theorem 2.8.4. Let a,b € R be such that a < b. If f : [a,b] — C is
continuous, then f is uniformly continuous.

Proof. Let f : [a,b] — C be continuous. Suppose to the contrary that f
is not uniformly continuous. Hence there exists an € > 0 such that for all
0 > 0 there exists =,y € [a,b] such that |z —y| < 0 and |f(z) — f(y)| > e
Therefore, for each n € N there exist @y, yn € [a,b] with |z, — y,| < 1 and

F(@n) — F(ya)] > e

Since [a,b] is closed and bounded, the Bolzano-Weierstrass Theorem
implies there exists a subsequence (z,)n>1 of (z)n>1 that converges to
some number L € [a,b]. Since f is continuous, there exists an N; € N such
that |f(xx,) — f(L)] < § for all n > Ny.

Consider the subsequence (yg, )n>1 0f (yn)n>1. Notice for all n € N that

1 1
n

Therefore, since lim,, o |2k, — L] = 0 and lim,,_, % = 0, we obtain that

limy, 00 Yk, = L. Since f is continuous this implies that there exists an
Ny € N such that |f(yx,) — f(L)| < § for all n > No.
Notice if N = max{Nj, N2}, then the above implies that

|F(@rn) = FWrn)| < 1f@ry) — FD)]+[F(L) = Flyry)| < % n % —

thereby contradicting the fact that |f(xg,) — f(yky)| > €. Hence f is
uniformly continuous on [a, b]. N

The only other ingredient required before the proof of the Weierstrass
Approximation Theorem (Theorem [2.8.6)) is the following technical lemma.

Lemma 2.8.5. If x € [-1,1] and n € N, then
(1—2%)">1—na’.
Proof. Clearly it suffices to consider z € [0,1] as (1 — (—2)?)" = (1 — 2?)"
and 1 —n(—x)? =1 —na? for all x € [-1,1].
Consider the functions f, g : [0,1] — R defined by
flz)=(@1—zH" and g(x) =1 —na?

for all x € [0,1]. Clearly f(0) = 1 = ¢(0). Furthermore, f and g are
differentiable with

f'(z) = n(l — 2*)" Y (—2x) and g (z) = —2nx.

Since —2nz < 0and 0 < 1—22 < 1 forall z € [0, 1], we see that f'(z) > ¢'(x)
for all = € [0, 1]. Hence it follows that f(z) > g(z) for all z € [0, 1]. ]
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Onto the main attraction!

Theorem 2.8.6 (Weierstrass Approximation Theorem). Let a,b € R
be such that a < b. If f : [a,b] — R is continuous, then there exists a sequence
(Pn)n>1 of polynomials that converge uniformly to f on [a,b]; that is, for all
€ > 0 there exists a polynomial p such that

p(z) — fz)] <e
for all x € [a, b].

Proof. To begin, for simplicity in the more complicated arguments, we desire
to reduce to the case that a = 0 and b = 1. Indeed suppose we have proved
the result when a = 0 and b = 1. Let f : [a,b] — R be an arbitrary continuous
function and let € > 0 be arbitrary. Define the function g : [0,1] — R by

9(x) = fla+ (b—a)r)

for all z € [0, 1]. Clearly g is continuous. Thus, by our assumptions, there
exists a polynomial g such that

lq(x) —g(z)| <€
for all z € [0, 1]. If we define

r—a
p(z) =q <b — a)
for all x € R, then p is also a polynomial. We claim that [p(z) — f(z)| <€

for all x € [a, b]. To see this, notice if zg € [a,b], then yo = 72=* € [0,1] and
zo=a+ (b—a)yg so

rg—a

plan) — fao)] = |a (=) = fla+ (- aw)

= [q(yo) — 9(vo)| < €.

Therefore, since x € [a, b] and € > 0 were arbitrary, the argument is complete.
Hence it suffices to prove the theorem in the case a =0 and b = 1.

Next, for simplicity in the more complicated arguments, we desire to
further reduce to the case that f(0) = f(1) = 0. Indeed suppose we have
proved the result for all continuous functions that vanish at 0 and at 1. Let
f:]0,1] = R be an arbitrary continuous function and let ¢ > 0 be arbitrary.
Define the function g : [0,1] — R by

g9(x) = f(z) = (f(0) + (S (1) = f(0))x)

for all z € [0,1]. Clearly g is continuous since f is continuous. Moreover,
it is elementary to verify that g(0) = g(1) = 0. Thus, by our assumptions,
there exists a polynomial ¢ such that

lg(z) —g(x)] <€
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for all z € [0, 1]. If we define

for all x € R, then p is also a polynomial. Notice that

p(z) = ()] = lg(z) + (F(0) + (F (1) = f(0))z) = f(2)| = lg(z) — g(z)] < e

for all x € [0,1]. Therefore, as € > 0 was arbitrary, the argument is complete.
Hence it suffices to prove the theorem in the case a = 0, b = 1, and
f0)=r@1)=0.

To obtain the desired result in the case that a =0, b =1, and f(0) =
f(1) =0, let us first discuss some motivation for the proof. What we will
do is construct a sequence of non-negative polynomials with integrals 1 on
[—1,1] that will have ‘most of their weight’ at 0. We will then average
or ‘convolve’ f against these polynomials at various points to obtain new
polynomials that will approximate the value of f at each point uniformly
over [—1,1].

To begin the proof, let € > 0 be arbitrary. First note since f is continuous
on [0,1] and f(0) = f(1) = 0 that we can extend f to a continuous function
on R by defining f(z) = 0 for all z € (—00,0) U (1,00). Since f is then
continuous on [—2,2], f is uniformly continuous on [—2,2] by Theorem [2.8.4]
Therefore, by decreasing the ¢ in the definition of uniform continuity if
needed, exists a 0 < § < 1 such that if z € [-1,1] and |t| < 0 then

1

Fla+0) = f@)] < 5e.

With the above set-up, we embark on constructing the polynomials
approximates of f. First, we need some specific polynomials that will aid in
constructing the appropriate polynomials to approximate f. Notice for each
n € N that

1
/ (1—2*)"dx >0

-1

as (1 —2?)" > 0 for all z € (—1,1). Hence for each n € N there exists a
¢p, > 0 such that

1
cn/ (1—a2®)"dx =1.

-1
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Therefore, by Lemma [2.8.5

and thus 0 < ¢, < /n for all n € N.
For each n € N define ¢, : R — R by

by the definition of ¢,. Moreover, notice by the definition of ¢, that if
x € [—1,—0] U [0, 1], then

4(@) = ea(1 = 22)" < ca1 — 82" < /(1 — 82"

since g, is decreasing on [0, 1] and increasing on [—1, —d].

To add in the visual understanding of what an arbitrary ¢, looks like,
below is the graph of ¢s:
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and the graph of ¢qq0.

Using the sequence of polynomials (gy,)n>1, we can now finally construct
the polynomial approximates of f. For each n € N, define the “convolution
of ¢, and f” to be the function ¢, * f : [0,1] — R defined by

1

(0 @) = [ aalO)f@— 1)t

for all x € [0,1]. Clearly ¢, * f is a well-defined function since g, is a
polynomials, any translate of f is continuous, and the product of Riemann
integrable functions is Riemann integrable. Moreover, since most of the
weight of ¢, is at ¢t = 0, the value of (g, * f)(x) should be close to the value
of f(z). We will make this formal in a moment.
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For now, we first claim ¢, * f are all polynomials. To see this, note

(4 @) = [ a0~ 1) d
_ /x () f (& — 1) dt fis 0 on [0,1]°
. / Dn(z —u)f(u)du  substitute u = z — ¢
_/0 gn (2 — 0) f(u) du

However, note that ¢,(x — u) is a polynomial in x with coefficients being
continuous functions in u and thus ¢,(x — u) f(u) is a polynomial in x with
coefficients being continuous functions in u. Hence integrating ¢, (x — u) f(u)
with respect to w can be performed by integrating the coefficients of the
polynomial in z with respect to w thereby resulting in a polynomial in z.
Hence ¢, * f is a polynomial on [0, 1].

Finally, we claim that if n is large enough then |(g, * f)(z) — f(z)| < € for
all z € [0,1]. To see this, first note since f is continuous on [—2, 2] that the
Extreme Value Theorem implies there exists an M > 0 such that |f(x)| < M
for all z € [—2,2]. Therefore, if z € [0,1], we see that

@0+ HE) = f()
1
= [ af@=1ndi - f@)

= [ wse a5 |

=| [ (Fta =0 = seanter

-1

1

1
an () dt‘ as / gn(x) dz =1
-1

< [ 1@~ @l as ga() 2 00n [-1,1]
~1
= [f(z—1t) = f(z)lan(t dt+/ (z —t) — f(x)|gn(t) dt

[-1,-46]u[s,1]
< /[_1’_5]U[5’1] oM /n(1 — 62)" dt + / € gt
< 4y/nM(1 — 82" (1 - §) + 2/71 (1) dt
= 4ynM(1 - §%)™(1 - 8) + g
Therefore, as 0 < 1 — 62 < 1 so

: 2\n _
nh_}rgo4\/ﬁM(l—5) (1-10)=0,
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we see that for sufficiently large n that |[(gn * f) — f||, < €. Hence, as e >0
was arbitrary, the result follows. n

The Weierstrass Approximation Theorem (Theorem is great in that
if one can prove a result/property for polynomials that passes through uniform
limits, one can extend the result to all continuous functions. Moreover, a
careful analysis of the proof of the Weierstrass Approximation Theorem
yields an explicit description of polynomial approximates to any continuous
function f; namely f * ¢, (modulo the simplifications done at the start of
the proof).

Unfortunately, the polynomials f g, are not necessarily easy to compute.
Indeed the first challenge is finding explicit descriptions of ¢, for all n € N.
Of course, we know that

1 1
— / (1—2*)"dx
-1

Cn

and we can easily integrate any polynomial, but the formula for the precise
"

value of ¢, may not be nice (actually, it turns out that ¢, = % where

n!! is take the product of every other natural number starting at n and going

down until 1 or 2). Then one needs to compute

Fra@ = [ 1@ a0

which means integrating f against a complicated polynomial. Generally to
compute the values of

/1 " f(x — 1) dt,
-1

one would want to apply integration by parts several times (if f was n-times
differentiable), which can be lengthy and potentially messy, and then one
would need to take a linear combination of these polynomial integrands based
on an expansion of ¢, to get f * qy.

So, although in theory when given a continuous function f on a closed
interval we have explicit descriptions of polynomials that uniformly approxi-
mate f, the descriptions of these polynomials are nasty and the ability to
compute these polynomials is not a simple task. Wouldn’t it be far nicer if we
could do such approximations with simple to compute and easily described
polynomials?
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Chapter 3

Series of Trigonometric
Polynomials

It turns out that there is an approximation of continuous functions we
can do that is simple to compute and easy to describe. The one caveat is
that this approximation requires us to replace polynomials with series of
‘trigonometric polynomials’, known as Fourier series (pronounced fuor-ree-
ay). The trigonometric polynomials are loosely the linear combinations of
cosine and sine functions of integer frequencies. On the surface trigonometric
functions may appear more difficult to work with, but there are numerous
applications where working with trigonometric functions makes sense.

In fact, the original idea for approximating with trigonometric polynomials
stems from physics and the solutions to specific differential equations. The
simplest occurrence from physics in this direction is the idea of simple
harmonic motion. In this system, a mass m is placed on a horizontal
frictionless surface and is attached to a horizontal ideal spring which is fixed
to a wall and the mass is set to oscillate. If x(¢) denotes the position of the
mass at time ¢, then simple mechanics imply that

ma” (t) = —ka(t)

where k is Hooke’s spring constant. It is not difficult to verify that cos(wt)
and sin(wt) are solutions to this equation provided we choose

k
w=4/—.
m
In fact, elementary dimension theory implies that every solution to this
differential equation is a linear combination of cos(wt) and sin(wt). It is not
difficult to verify that every such solution has the form cos(wt + tg) and thus
has a graph in a wave shape.
Much later in physics, it was the idea that particles have wave-like
properties that led to wave-particle duality and the notion of the wave

85
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equation in Quantum Mechanics. In 1925, Schrédinger use these and other
ideas from physics to derive the wave equation of a particle, work for which
he was later awarded the Noble Prize in Physics in 1933. In its simplest
one-spacial dimensional form, the wave function ¥(x,t) assigns a complex
number to each point x at time ¢ and satisfies the differential equation

_fi 0% (x,t)
2m  Ox2

O (z, 1)

+ V(z)U(x,t) 5

ih

where h is Planck’s reduced constant (Planck’s constant divided by 2m), m
the mass, and V(x) a potential function at the point x. As noted above,
both ¥ and this differential equations involved complex numbers, which was
highly questionable in physics as one expects all observable values to be real
numbers. Indeed, even Schrédinger stated, “What is unpleasant here, and
indeed directly to be objected to, is the use of complex numbers.”

However, due to Euler’s formula, complex exponentials immediately allow
us to combine cosine and sine functions of the same frequencies thereby
allowing a unified approach to waves. Indeed, in the case that V(x) = 0, we
claim that

\If(.r,t) _ Aeikx—iwt

is a solution to Schrodinger’s equation where A is a (complex) constant.
Indeed, (provided we can differentiate complex exponentials like real expo-
nentials), we see that

n? 9V (x,t) R o ikaiwt _ R ke
Tom o Ga? g AT =g e
oY (x,t o G
ih é‘j? ) — iﬁ(—iw)Aeka_ZWt _ ﬁCUACka_ZWt,
so, provided
e
- 2m’

we indeed have a solution to Schrédinger’s equation. Moreover, dimension
theory says these are the only solutions.

As solutions to more advanced versions of Schrodinger’s equation can
be obtained by approximating with linear combinations of these basic so-
lutions, and as Schrodinger’s equation is our basis for understanding much
of chemistry and physics, the use of complex numbers in both the equation
and solutions means nature works with complex numbers, not real ones! For
us, the use of complex numbers is desirable in that mathematics, both pure
and applied, becomes more elegant with their use. Thus we will use complex
numbers throughout this chapter to obtain the desired approximations by
trigonometric polynomials.

The motivation for why such approximations are expected in mathematics
follows from linear algebra and orthogonal projections. Once the basic
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facts of these approximations are obtained, we will turn to the idea of
convolution and the properties of g, used in the proof of the Weierstrass
Approximation Theorem (Theorem . If we can construct functions
with similar properties to ¢, using trigonometric functions and develop an
analogue of the ‘convolution’ used in the Weierstrass Approximation Theorem,
then hopefully we have convergences of these approximations. However, we
need to pay particular attention to the form of convergence as lack of rigour
in these arguments lead to some of the biggest plunders in mathematics!

3.1 Motivation for Fourier Series

To begin our study of Fourier series, we turn to the basic structures and
underlying linear algebra to motivate our constructions. A reader that has
yet to study abstract linear algebra should have the ability to comprehend
this section without more complicated linear algebra, whereas the reader
familiar with linear algebra can process the more difficult results near the
end of the section with ease. We begin with some basic definitions that will
be used throughout this chapter.

There are many different types and ways to view Fourier series. The
version we will be working with (which is probably the simplest) involves
the following set.

Definition 3.1.1. The unit circle (or 1-torus) is the set
T={z€C| 2| =1} ={c” | 0 € (-m,7]}.

Remark 3.1.2. The reason we want to consider T is that the functions we
will want to be working with, namely cos(nz) and sin(nx) for n € N, are
2m-periodic (i.e. f(x 4+ 2mm) = f(x) for all x € R and m € Z). Since given
any 2m-periodic function f we know for any x € R that f is constant on

{z+2mm | m e Z},

we can view f as a function g on T by defining
g(e") = f()

for all z € R. This identification creates a bijection between the 27-periodic
functions and the functions on T. There are many benefits of working with
T such as T is a closed and bounded (and thus compact) subset of C.

It should be pointed out that we will often identify (—m, 7] with T via the
map z — €®. Note when we do this, there are some particular behaviours
with respect to convergence. Notice that although (—7T + %)n>1 is a sequence

in (—m, 7] which converges to —7 ¢ (—m, ], working in T we see that

lim ei(fﬂJr%) — —im LT
n—00
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and 7 € (—m, w]. Thus, when using (—, 7| for T, we are actually equating —m
and 7 in terms of all possible convergences. Furthermore, given = € (—m, 7]
and ¢t € R, it is possible that = + ¢ ¢ (—m, w]. However, we can think of = +¢
as e(**1) which will then reduce to an element of (—m, 7], namely x+t+2wm
where m is the unique integer such that « +t +27mm € (—m, 7|. Thus we can
think of T as (—m, 7| with these particular topological behaviours.
Furthermore, we could repeat these same ideas using [0, 27) in place of
(—m,m]. If we do this, then we would be working with the real numbers
modulo 27. The important part of R is this continuous loop of angles.

As we will be working with functions on T, it is useful to introduce some
notation about various sets of functions. As we will be working with integrals
of complex-valued functions, we point the interested reader to Appendix [B
where such integrals are defined by taking the appropriate linear combination
of their real and imaginary parts (and, by doing so, all main results for
Riemann integrals extended to this setting). In particular, the most general
functions we will be working with in this chapter are the following.

Notation 3.1.3. The Riemann integrable functions on T is the set
RZ(T) ={f : (—m,n] = C | fis bounded and Riemann integrable}.

Remark 3.1.4. Although the above definition defines elements of RZ(T) as
functions on (—m, 7], by the ideas of Remark we can also view elements
of RZ(T) as functions on T, or as 2m-periodic functions on R. Thus, given
f € RZ(T), we can make sense of f(z) for all z € T and f(z) for all z € R.
Typically we will use the latter.

Of course, 2m-periodic continuous functions our are main focus, which
we can view via the following.

Notation 3.1.5. The complez-valued continuous functions on T are denoted
by C(T).

Remark 3.1.6. Again, as per Remark elements of C(T) can be viewed
as 2m-periodic functions on R in which case C(T) becomes the set of all
continuous 27-periodic functions on R. If we want to view T = (—, 7], then
by the idea of identifying —7 and 7 in Remark we see that

C(T) = {f : (—m,m] = C | f continuous and zlim f(z) = f(n) } :

Note clearly C(T) C RZ(T).

It is now time that we describe the functions we hope to approximate
elements of C(T) (or possibly RZ(T)) by.
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Definition 3.1.7. The set of trigonometric polynomials on T is the set

T(T) = { z”: cpe®

n € N, ¢, € C for all k}

viewed as a subset of C(T).

If n € N, the set of trigonometric polynomials on T of degree at most n
is the set

k=—n

%(T)_{ i Ckeikz

¢ € C for all k}

(i.e. a polynomial of degree at most n is a linear combination of powers of
(€)% and (e7™)* for k € {0,1,...,n}).

A reader at this point may be confused as our initial motivation was to
approximate elements of C(T) by linear combinations of cos(nz) and sin(nz)
for n € N. The following shows that the trigonometric polynomials are
indeed the functions we are looking for. In particular, note the complex
number description of the trigonometric polynomials is more elegant than
the following description.

Lemma 3.1.8. For alln € N

Tn(T) = { i ay cos(kx) + by, sin(kx)

k=0

ag, by € C for all kz}

as subsets of functions in C(T).

Proof. Let

T, = { Z ay, cos(kx) + by, sin(kx)
k=0

ag, by, € C for all k:} )

To see that 7, (T) C T, notice for all (¢x)}__,, € C that

n .
Z Cr ezkx
k=—n
n

= > cx (cos(kx) + isin(kx))

k=—n

=co+ En: cx (cos(kz) +isin(kz)) + c_i (cos(—kz) + isin(—kzx))
k=1

= ¢o cos(0x) + Z(ck + c_i) cos(kz) +i(cp — c—g) sin(kx) € T),.
k=1
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Hence T,(T) C T,,.
For the reverse inclusion, notice for all (ay)i_, (bi)r—o € C that

Z ay, cos(kx) + by sin(kz)
k=0

zk:r: —ikx ikx —ikx
+e et —e
_a0—|—2ak< >—|—bk<2 )

' b — by
= a0 BTk ik Db Dk ke ¢ (),
k=1

Hence T,, C T,(T) thereby completing the proof. N

If we are going to approximate a function f € C(T) using trigonomet-
ric polynomials, one idea for finding such approximations is to find the
trigonometric polynomial that is ‘closest’ to f. Of course 7(T) is an infinite
dimensional vector space and thus it might be better to find the elements
of T (T) that are ‘closest’ to f for each n € N. To do so, we need to define
what we mean by ‘closest’. This of course means we need some notion of
distance. This is thus where our course intersects linear algebra in that we
can import some notions of distance and, more important, orthogonality into
this context. These notions will revolve around the following object.

Definition 3.1.9. The inner product on RZ(T) is the function (-,-) :
RI(T) x RZ(T) — C defined by

1.9 27r/ J(

for all f,g € RZ(T).

Remark 3.1.10. As the complex conjugate and products of elements of
RZ(T) remain elements of RZ(T), the inner product on RZ(T) is well-defined.
Moreover, the reason we added a % in front of the integral is so that if 1
represents the constant function that takes the value 1 at each point in T,

then
1 ™
(1,1) :7/ lde = 1.
21 J_r

Thus the i in front of the integral acts as a normalization. This will be
explored further shortly.

However, the above inner product on RZ(T) is not an inner product on
RZ(T) in the sense of linear algebra since if f : T — C is defined by

1 ifz=1
f(x):{o if 2 £ 1
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for all x € T, then f # 0 but (f, f) = 0. Thus the reason we call this an
inner product is that it shares all but this property with inner products and
is indeed an inner product if we reduce to C(T). (Moreover, if one ‘corrects’
RZ(T), then this will be indeed an inner product. However, that is a topic
for MATH 4012).

Proposition 3.1.11. The inner product on RZ(T) has the following prop-
erties:

a) (0,0) = 0.
b) (f,f) >0 forall f € RZ(T).
c) If f € C(T) and (f, f) =0, then f =0.

d) (a1fi + azf2,9) = a1(f1,9) + az(f2,g) for all f1, f2,9 € RI(T) and
aq, o € C.

6) <gva1f1 + Oé2f2> — O[71<gafl> +@<g’f2> fOT all flaf?)g € RI(T) and
aq, a9 € C.

f) {f.9) =g, f) for all f,g € RL(T).
Proof. Clearly a) is true. To see that b) is true, note for all f € RZ(T) that

<f,f>=217r/7;f(1:)|2dm20

since |f(z)]? > 0 for all x € T.
To see that c) is true, let f € C(T) be such that (f, f) = 0. Then

1

o | @z =o.

Since f is continuous and thus |f|? is continuous, this implies by MATH
2001 that |f(x)|?> =0 for all z € T and thus f = 0 as desired.

To see that d) is true, let f1, fa,9 € RZ(T) and a1, ay € C be arbitrary.
Then

(i +asfang) =5 [ (@A) + asfola))glo) do

! | @@ + asfo(wgla) da

:g .

=qq (2171 /_7; fl(x)g(x)dx) + o (217T /_7; fg(x)g(a:)da;>
= a1(f1,9) + a2(f2, 9)

where the third equality comes from the fact that the integral is linear. Hence
d) holds.
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To see that e) is true, one can construct a proof using the same ideas as
the proof of part d) or notice for all f1, fa,g € RZ(T) and ay, as € C that
parts d) and f) imply that

(arfi +azf2,g) by f)
= a1(f1,9) + a2(f2,9) by d)

(f1,9) +@(f2,9) by complex conjugates
(g, f1) +aa(g, f2)  byf).

(9,00 f1 + azfa)

I
| 2

I
Q

Thus it suffices to prove f).
To see that f) is true, notice for all f,g € RZ(T) that

79 =5 [ @)
=217T/:f<x)g(:c>dx
o | o) ds
= (9, f)

g(z) dz

S

as desired. n

As remarked earlier, Proposition [3.1.11] shows that the inner product on
RZ(T) is indeed an inner product on C(T). Using the same idea from linear
algebra, we obtain a notion of a length.

Definition 3.1.12. The length of an element f € RZ(T), denoted || f||,, is
defined to be

Il =7 = (2 [ 1R as) >0

It is elementary to see that || f|], is well-defined and non-negative for all
f € RZ(T). To show that this notion of a length has the properties one
would expect of a length function (i.e. properties similar to the absolute
value of complex numbers), we first need to prove the following.

Theorem 3.1.13 (Cauchy-Schwarz Inequality). For all f,g € RZ(T),

(£ < fll2 gl -

Proof 1 (Linear Algebra Techniques with a Complication). In this first proof,
we will present the classical proof of the Cauchy-Schwarz Inequality from
linear algebra. However, there is a slight complication in that we are not
quite working with an inner product on RZ(T).
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First, we claim that if || f||, = 0, then (f, g) = 0 and thus the inequality
hold. The best way to see this uses technology from MATH 4012. In
particular, if

2 1 /7 9,
1£llz = o _W!f(iﬂ)! dzx =0,

then it must be true that f(z) = 0 for “almost every = € T” so f(z)g(z) =0
“almost every x € T” and thus
1 ™
=|— [ od
‘ 27T /—7'(' v

s
(o)l = |z [ st da
T J—7
Of course, the above is easily seen to be true when f € C(T). Moreover, if
f € RZ(T), then f is “almost continuous” (see Lemma [3.3.8)).

To prove this directly without further technology requires us to delve deep
into Riemann sum computations that we outline here. Indeed if | f||, = 0,
then for any € > 0 there exists a partition P of [—, 7] such that U(|f|?, P) <
€. This means for each interval in P that either the length of the interval ‘is
small’ or |f(x)|? is ‘small’ on the interval. This can be used to show that
U(|f]|,P) < C(e+ /¢€) for some constant C' depending only on f (i.e. for the
intervals of ‘small’ length we use the fact that f is bounded to keep the upper
Riemann sum ‘small’; and on the other intervals knowing |f(z)|? is ‘small’
on the interval implies |f(z)| is ‘small’ on the interval). Therefore, since
g € RZ(T), g is bounded so U(|fg|, P) < CM (e + /€) for some constant M
depending on g. Therefore, since

[ s ds

=0<Ifll2llgll5-

< [" If@)g@)ldw < U(1fgl, P) < CM (e + Vo)

—T

we obtain that (f,g) = 0. The details are left as an exercise.

Therefore, if || f||, = 0, then (f,g) = 0 and thus the inequality hold.
By using similar arguments or Proposition part f), if ||g||, = 0, then
(f,9) = 0 and thus the inequality hold. Therefore, to complete the proof, we
may assume that || ||, # 0 and |[|g||, # 0.

Choose z € C with |z| = 1 such that

(zf,9) = 2(f,9) = |{f,9)]

(that is, if (f,g) = re? for r > 0 and 6 € [0, 27), then take z = e~*?). Notice
by Proposition [3.1.11] that for all t € R

0<(zf+tg,zf +tg)
= 22(f, f) + t2(g, f) + tz(f.9) + t*(g,9)
= (f.f) +2t|(f,9)| + t*(g,9).

By substituting
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which is well-defined as (g, g) = ||g||3 # 0, we obtain that

(f:9)1> | [{f,9) (f,9)?
5 (9,9) (9,9) izl (9. 9)
By rearranging, we obtain that
(£, 9) P < (f, )9, 9),
which then implies the desired inequality by taking square roots. [ ]

Proof 2 (Direct Proof). We will provide a direct proof of the Cauchy-Schwarz
Inequality that is specific to RZ(T).
First notice for all z,w € C and r € R with r > 0 that

0 < (rfz] = r~Hw])? < 722 = 20z||w] + r~?|w]?

SO
2] = [el ] = el = |2 < 5 (PP +r~2hf).
Therefore, for all f,g € RZ(T) and for all » € R with r > 0, we have that
1 7 -
(1,91 = |3z | Saga)da
<

1 7 —

o | 1@ do

<o [ SrH@P + 5 lgta) P da
1

=5 (P15 + 772 lgl3) -

To see that the above yields the desired inequality, we will consider a few
cases. First, if ||g||, = 0, then by sending r to 0 from above we obtain that

[(f )l =0<Ifllzllgll,

as desired. Similarly, if || f||, = 0, then by sending r to infinity we obtain
that

(£l =0<fll5llgll,
as desired. Finally, if || f||, # 0 and ||g||, # 0, then by setting

[Tl
"=\, € @9

/1l
191l

we obtain that

} lgllo 2
IU4H§2QWEWH+

as desired. [

MW)Z\ﬂbM%
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Using the Cauchy-Scwarz Inequality (Theorem [3.1.13)), we can demon-
strate this length function has the desired properties.

Proposition 3.1.14. The length function on RZ(T) has the following prop-
erties:

a) [flly =0 for all f € RI(T).

b) If f € C(T) and ||f]|, =0, then f = 0.

&) lafly = ol /] for oll f € RI(T) and a € C.

4) (Triangle Incquality) || + glly < |I£ll, + lglly for all f,g € RI(T).

Proof. Clearly a) and b) follow from Proposition [3.1.11| parts b) and c). To
see that c) is true, notice for all f € RZ(T) and « € C that

laflly =/ {af,af) definition
= \/m by Proposition parts d) and e)
= \/Iel*(f, )
= [l 171
as desired.

To see that d) is true, notice for all f,g € RZ(T) that

If + gl

=(f+g,f+9)

=(f./)+{f.9)+ (9. f) + {(g.9) by Proposition 3.1.11 parts d) and ¢)
= |I£I3+ (f.9) + (f.9) + llgll3 by Proposition [3.1.11] part )

= || £13 + 2Re((f, 9)) + llg3

< [I115 +21(f, 9)| + llgll3

< |If13+211£13 Igll3 + llgl3 by Cauchy-Schwarz (Theoremm [B.1.13)
= (IIflly + llglly)*-

Therefore, by taking the square roots of both sides, the Triangle Inequality
has been demonstrated. |

Now that we have a length function on RZ(T), we can ask the following
question, “Given f € RZ(T) and n € N, how can we find the element
p € Tn(T) such that || f —pl|l, is as small as possible?” Linear algebra
dictates that this element p can be computed by taking the ‘orthogonal
projection’ of f onto 7, (T). Thus we review this technology.
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Definition 3.1.15. A non-empty set S C RZ(T) is said to be an orthonormal
set if for all f,g € S we have

_Jo it f#g

Luckily, there are natural orthonormal sets that span the trigonometric
polynomials. Indeed consider the following.

Notation 3.1.16. For each n € Z, let e, : T — C denote the function
defined by

en(xz)=c¢

for all x € T.

Theorem 3.1.17. Let
B={e, | neZ} CT(T).
Then B is an orthonormal set in RZ(T).

Proof. First, notice for all n € Z that

1 T .
<€n7 en) — / emxemw dl‘

PL

1 /T . ,
/ eZTLCCe—ZTLCC dx

= % .
— i /7r einmfin:p dax
27 J_x
1 T
= —/ eVdx
T

o )
1 T

= — ldx =1.
27r/_7r v
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Moreover, for all n,m € Z with n # m, we see that

1 T —
<€na em> = 7 / T ima
™ J—m

1 [T . .
/ e’L’I’LCCe—’LmI dx

:% .

1T
/ ez(nfm)m dr

:g_ﬂ

= —_— .76
2 \i(n —m)

11
T 2mi(n—m) <6
11
" 2mi(n—m)
1 1
~ 2mi(n—m)

™

T=—T

i(n—m)m _ 6i(n—m)(—7r))
(cos((n —m)m) + isin((n —m)m))
(cos(—(n —m)7m) + isin(—(n — m)m))

— 7¥ (cos((n — m)m) + 0i — cos((n —m)m) — 07)

Hence B is an orthonormal set in RZ(T). ]

Once one has an orthogonal spanning set for a finite dimensional subspace,
one can easily construct the orthogonal projection onto said subspace. In
our context, this reduces to the following.

Theorem 3.1.18. For each n € N define P, : RZ(T) — T,(T) by

n

Pa(f)= D (fexder

k=—n

for all f € RZ(T). Then the following hold:

a) Py(anfi + asfa) = a1 Py(f1) + aaPp(f2) for all fi,fo € RZ(T) and
aq, a9 € C.

b) P.(f) = f for all f € Tp(T).
¢) (f = Pa(f),p) =0 for all f € RZ(T) and p € Tp(T).
d) For all f € RI(T),
If = Pa(f)lly < mf{[If = plly| p € Tu(T)}.
Moreover, if p € To(T) and || f —plly = |[f = Pu(f)ll2; then p = Pa(f).
That is, P, is the orthogonal projection of RI(T) onto T (T).
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Proof. To see that a) is true, notice by Proposition [3.1.11] parts d) and e)
that for all f1, fo € RZ(T) and a;,a € C

n

Po(arfi+asfo) = Y (a1fi + azfo,er) en

k=—n
n

= Z a1<f176k>€k+a2<f27ek>ek

k=—n
= alpn(fl) + a2Pn(f2)

as desired.

To see that b) is true, let f € T,(T) be arbitrary. Thus there exists
(¢;)?—_,, € C such that

j=-n

f= Z cje;.

j=—n

Therefore

Pn(f) = i <i Cj6j,€k> €L

k=—n \j=-n
n n
= Z Z cj(ej, ex) ek by Propositon part d)
k=—nj=—n
n
= Z ck (e, er) ek by Theorem
k=—n
n
= Z CLEL by Theorem |3.1.17
k=—n

= f

as desired.

To see that c) is true, fix f € RZ(T) and let p € T,(T) be arbitrary.
Thus there exists (¢;)?__,, € C such that

j=-n

n
p= Z cje;.

j=—n
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Therefore, by similar arguments to those used in part b), we see that
(f = Pu(f),p) = (f.p) = (Pu(f), P)
= <f, > Cj€j> —< S (foewder, Y Cj€j>

j=-n k=—n j=—n
n
= ZCJ f’ej Z Z f:ek C] €k7€j>
j=—n j=—mnk=—n
n n
Jj=-n j=—n
=0

as desired.
Finally, to see that d) is true, let p € 7,(T) be arbitrary. Then

1 = pll5 = I(f = Pulf)) + (Pa(f) = D)3

= ((f = Palf)) + (Ba(f) = D), (f = Pu(f)) + (Pulf) —
= ((f = Pa(): (f = Pu(£))) + ((f = Pul)): (Pu(f) — D))
(Palf) = ). (f = Pu(£))) + ((Pa(f) = p), (Pulf) — D))
f>||2+0+0+H n( )—p||2
ALk

where the fourth equality comes from part ¢) and the fact that P,(f) —
p € To(T). Hence the desired inequality holds. Moreover, if ||f —p||, =
| f — Pn(f)lly, the above computation implies that || P,(f) — p||, = 0 and thus

P,(f) = p by Proposition part b) since P,(f),p € To(T) CC(T). n

(
> |f — Pu(

3.2 Basics of Fourier Series

Section [3.1| shows that given an f € RZ(T) and n € N, the element of 7, (T)
that is closest to f is P,(f). Thus, if we desire to approximate f using
trigonometric polynomials, it is natural to consider the sequence (P, (f))n>1
for our approximations. The questions that remain are, “In what way do we
desire to approximate f with (P,(f))n>1 and will this work?”

In order to proceed with these questions, it is useful to analyze the specific
form of P,(f) and note that the sequence (P,(f))n>1 can be expressed in a
nice way.

Definition 3.2.1. Let f € RZ(T) and let n € Z. The n'h Fourier coefficient
of f, denoted f(n), is

F(n) = (f.en) = % [ Fz)e=n® da
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Definition 3.2.2. Let f € RZ(T) and let n € N. The n'® partial Fourier
series of f, is the orthogonal projection of f onto 7, (T) from Theorem [3.1.18
that is,

n n

Pu(f)= Y (frener= > f(k)er= i Fk)e™=.

k=—n k=—n k=—n

As the above expressions show, (P, (f))n>1 is quite a nice sequence being
the sequence of partial sums of a series of functions. For terminology, we
define the following.

Definition 3.2.3. Let f € RZ(T). The Fourier series of f, denoted F(f),
is the series of functions

FH=3 Fkyete,

k=—0c0

Remark 3.2.4. With the above out of the way, we can turn our attention to
our main question of this chapter, “Given an f € RZ(T), does F(f) converge
to f and in which sense does it converge?”

It is useful to point our that if f,g € RZ(T) are such that f and g differ
at exactly one point, then the above definitions shows

J?(n) = % /: f(x)e—infﬁ dr = % /7; g(x)e—inz dz = §(n)

for all n € bZ. Hence F(f) = F(g). Therefore, we cannot hope that
F(f)(x) = f(z) for every x € T since changing the value of f at a single
point does not change F(f).

Luckily, if f € C(T) we need not worry about the above example as we
cannot change the value of f at a single point at remain in C(T). Moreover,
since P,(f) € Tno(T) C C(T), we can indeed ask that F(f) is equal to f
since F(f) will be a series of continuous functions and thus could equal f.
However, as Example [2.2.3]shows, a pointwise convergent series of continuous
functions need not be continuous. So we are left with the following questions:

Question 3.2.5. If f € C(T), does F(f) converge uniformly and, if so, does
it converge uniformly to f ¢

Question 3.2.6. If f € C(T), is F(f)(z) = f(z) for allz € T?

Of course, a positive answer to Question implies a positive answer
to Question [3:2:6] In order to try and answer these questions, it is useful
to develop the basic properties and look at some examples of Fourier series.
We begin with the following.
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Example 3.2.7. For m € N and (c;)j-_,, € C, consider the trigonometric
polynomial

m
plx)= Y c;e”

j=—m

for all x € T. Notice for all n € N that

. i i cn if ln|<m
p(n) = <Z Cj€j76n> = Y cilejen) = {0 :

ie—m j=—m otherwise

Hence for all n > m we have that P,(p) = p (this can also be seen by
Theorem [3.1.18| part b)) and thus F(p) = p.

Example 3.2.8. For m € N, let f,g: T — R by defined by
f(x) = cos(mzx) and g(z) = sin(mx)

for all z € T. Therefore, since f = (e + e_n) and g = 3 (em — e_p,) are
trigonometric polynomials, Example [3.2.7] implies that

% ifn=m 2% ifn=m
fn)=4qL1 ifn=-m and  g(n) =4 -2 ifn=-m.
0 otherwise 0 otherwise

Hence, for all n > m, we see that

1 1 1 1

Po(f) = gem+5e-m=F and  Pulg) = o

Hence F(f) = f and F(g) = g.

Example has wider reaching implications in that if f: T — R, we
would hope that we could express F(f) as a series of real functions instead
of complex exponentials. This would be of particular interest to several
applications in physics and applied mathematics. In order to do so, we desire
some further properties of the Fourier coefficients. In particular, we desired
to know how the Fourier coefficients behave under certain operations. In
addition to the standard operations, the following will also be of use to us.

Definition 3.2.9. For each f € RZ(T), the complex conjugate of f is the
function f : T — C defined by f(z) = f(z) for all z € T.

Definition 3.2.10. For each f € RZ(T) and y € R, the translation of f
by y is the function f, : T — C defined by f,(z) = f(z —y) for all z € T
(where, by z —y we mean x —y mod 2m).

Definition 3.2.11. For each f € RZ(T), the inversion of f is the function
f:T — C defined by f(x) = f(—=x) for all x € T.
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Proposition 3.2.12. For all f,g € RZ(T), the following hold:

— ~

a) (f+9)(n) = f(n)+g(n) for alln € Z. Hence F(f +g) = F(f) + F(g)-

— —~

b) (af)(n) =af(n) for alla« € C and n € Z. Hence F(af) = aF(f).

c) ?(n) = f(—n) for alln € Z.

d) fy(n) = e~ f(n) for ally € R and n € Z.

~

e) }V(n) = f(—n) for alln € Z.

P IFm) < & [™|f(@)|dzx for alln € Z.

Proof. Clearly a) and b) follow trivially by the linearity of the integral.
To see that c) is true, notice for all f € RZ(T) that

gl

| R ,
(n) = o /_Tr flx)e ™ dx
R
=5 Lﬂ f(x)em dx

1/ .
=5 /_7r f(x)emn dz

—TL)

A>

as desired.
To see that d) is true, notice for all f € RZ(T) and y € R that

E(n) = % /_7; fy(w)e_mx dx
Sy pr—

1 T—Y .
=5 f(#)em ) g substitute t = 2 — y
7L —
1 /7 )
= 2*/ F(t)e W+ gt 2m-periodic
™ J—m

1 /7 , .
=5 /_Wf(t)e_mye_mt dt
1 . 7 ,
— %e*my /_ ) f(t)e ™ dt
= )
as desired.
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To see that e) is true, notice for all f € RZ(T) that

fn) = 5o [ Faye e da

_ 1 /7r f(—x)e ™ dy

2 Jx

as desired.
Finally, to see that f) is true, notice that

< L[l

— 2 J_x

Fool =5 [ f@eme ds

1 T
: dr = o [ 1) da

27 J_x

as desired. ]

Remark 3.2.13. Note that nothing has been said about the Fourier coeffi-
cients of a product of two elements in RZ(T). In particular, “if f,g € RZ(T),
is it true that

— ~

(fg)(n) = f(n)g(n)

for all n € Z?” It turns out this answer is no! After all, integrals often do
not behave well with respect to products. For example, if f(z) = x for all
x € (—m, 7], then

whereas

-3 [0 ()

First, using Proposition [3.2.12] we immediately obtain the real-valued
version of Fourier series often used in physics and applied mathematics.

™ 2 .

# (f(0))*.

™
T=—T 3

Theorem 3.2.14. Let f € RZ(T) be real-valued. For each n € NU {0}, let

a, = 71r/_7; f(z) cos(nz) dx and by, = jr/:rf(a:) sin(nz) dz.

Then the following hold:

a) an,by € R for alln e NU{0} and by =0,

(©For use through and only available at pskoufra.info.yorku.ca.
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b) Po(f)(z) = a0+ SN ag cos(kx) + by sin(kz) for alln € N and z € T,

~

¢) an = 2Re(f(n)) for alln € NU{0}, and

~

d) b, = —2Im(f(n)) for alln € N.
In particular,

F(f) = 1Cto + i ay cos(kx) + by sin(kx).

2 k=1

Proof. Tt is elementary to see that ag, by € R for all k € NU {0} and that
br, = 0 (since sin(0z) = 0 for all x € T. To see the desired formula for P,(f),
note by part ¢) of Proposition [3.2.12| and the fact that f is real-valued (so

f=f) that

=

(k) = (= F)

/\>
D

k) =

o~

for all k € Z. Hence f(0) = f(0), so f(0) € R. Moreover, notice for all n € N
and x € T that

Po(f)(x) = > fk)e™

k=—n
= F(0)e’ + an Flk)e™® + f(k)e =
k=1
= FO) + 3" Re(f(k)) (€% + ¢ ) + ilm(F(k)) (¢ — eik)
k=1
= Re (F(0)) 1+ > 2Re(f(k)) cos(kx) — 2Im(f(k)) sin(kz).

k=1

However, since f is real-valued, we have for all £ € NU {0} that

21
= S /_7r Re (f(m)efum) dx
/: f(z)Re (e_ikm) dx
=5 /_T; f(z) cos(kx) dx = %

Re(F(k)) = Re ( ! /_ 7; Fa)eike da;)
2T
_ 1
2w
1
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and

Hence

2

P.(f)(x) = 1ao + ) ag cos(kx) + by, sin(kx)
k=1

for all n € N and x € T as desired. Moreover, the above computations show
the formulae for a,, and b, hold. n

Remark 3.2.15. Recall from Example[2.3.4that if a,b € R with a a positive
integer, 0 < b < 1, and 4ab > 1+ %7[', then the Weierstrass function

W(z) = Z b" cos(ma"x)

n=0

converged uniformly, was continuous, but was nowhere differentiable. As
the series definition for W is exactly the Fourier series of W by Theorem
3.2.14] (well, with 7z instead of z — a simple change of variables rectifies
this), Fourier series can uniformly approximate even awful functions!

Using Proposition [3.2.12] it is about time we compute some Fourier series
of some functions that are not trigonometric polynomials. We start with the
simplest function.

Example 3.2.16. Define f : T — C by f(z) = «x for all € (—m, 7]. Notice
that

N 1 /7

f(0) = —/ xdx =0.
21 J_x

Moreover, if n € Z \ {0}, then since

/ e M dg = (1,e,) = 0,

—T
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we obtain by using integration by parts that

27 f(n) :/ ze” " dx

™ o 1 .
_ / _tie—mz dx
T=—T - m

™

+0

e . .
- (6 nm eznw)
m

- %(2 cos(n))
_ 2

(-1

since n € Z. Hence f(n) = £(—1)"i for all n € Z\ {0}. Thus

n

However, since f is real-valued, by using Theorem we see if

~ ~

an = Re(f(n)) =0 and by = —20m(F(n)) = %(_1)n+1

for all n € Z, then

SN

(=1)" sin(nz).

FD@ =3

n=1

Example 3.2.17. Define f : T — C by f(z) = 3(z — m)? for all = € [0, 27);
that is, as a function on [—m, 7], f is the following:
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I
ST

Thus f € C(T).
Notice that

Moreover, if n € Z \ {0}, then, by using integration by parts, we obtain that

~ 2mq .
2w f(n) = Z(l‘ —m)%e " dy
0
1 IR ] 1,
= <(x - 71')2,6””6> - / —(rv—m)—e "dx
4 —in =0 0o 2 —in

1 1 1 1 2m 1 <
= (772 - (—7r)21> —l—/ —(z—m)e " dx
0

4 —in 4 —in 2ns
1 L e\ P™ 2L D
=0+ ((:L’ - Tr),e_mx> — / ——e ""dx
2ns —in 2=0 0 2n1—in

1 . 2m 1 2
= (W(x — W)elnx> - —5 / eiznx dx
0
1

_ 2n2
=0

1
= (2™ g +0
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Hence f(n) = 2n2 for all n € Z \ {0}. Thus
Fw) =T+ PR
n;ﬁO

However, since f is real-valued, by using Theorem we see if

-~ ~

an = 2Re(f(n)) = o and b, = —2Im(f(n)) =

for all n € Z, then

Remark 3.2.18. For a moment, suppose if f was as in Example then
f(0) = F(f)(0). Thus we would have that

1 , o1
Z(O—ﬂ') —ﬁ—i-nzﬁcos(nO).

So )
T > 1
P

Therefore, if the answer to Question [3.2.6]is yes, we have an answer to one

case of Question [I.2.17}

To conclude this section, we note we can construct functions that have
pre-described Fourier series provided the desired Fourier coefficients are ‘nice’
enough. To do this, we first need the following.

Remark 3.2.19. It is necessary for us to discuss infinite series summed over
the integers. Note that this discussion was avoided in the above discussion
of Fourier series since we were always taking the limits of the projections
onto 7, (T) and thus pairing —n with n for all n € N. In the case of absolute
convergences, this causes absolutely no issues.

To begin this discussion, suppose (a,)nez is a sequence of non-negative
real numbers. To define -

Z Qn,

n=—oo

consider the bijection og : N — Z defined by

0 ifn=1
oo(n) =4 —% if n is even
n

Tl if nis odd and n # 1
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We then define -
L = Zl ago(n)

provided the series converges. However, since this series converges absolutely,
Theorem [.3.2] implies that we could replace o with any bijection o : N — Z
and the resulting series would still converge to L. Hence we have a well-
defined notice of a convergent series of non-negative real numbers summed
over the integers. Moreover, it is also useful to note that

2N+1 N
L= lim a = lim a
N—oo Z oo(n) N—oo Z "
n=1 n=—N

and Theorem implies that > % a, converges if and only if

(e :

neFr

FCZ ﬁnite}) < 0.

Therefore, if Q C C and (f,)nez are continuous functions on 2 such that
if
0 < My = sup({[fn(z)] | z € Q}) < o0
for all n € Z then > ;2 M, < oo, then the Weierstrass M-Test (Theorem

n=-—oo
2.2.15)) together with (using the real and imaginary parts and) the above
definitions imply that f : Q — C defined by

2N+1

f(éU): lim Z fao(n)(l‘)

N—oo o

for all z € Q is a well-defined continuous function on 2. Moreover, the
Weierstrass M-Test implies the series converges uniformly on 2. Finally,
the above argument also shows that we could replace oy with any bijection

o : N — 7Z and that
2N+1 N
f(xz) = lim Z foomy(z) = lim fn(x)
n=1 -N

N—o0 N—oo
n—=

for all z € Q.

Proposition 3.2.20. Let (z,)nez be complex numbers such that

e}

Z |zn| < oo.

n=—0oo

Then the function f: T — C defined by

f(x): Z Znemx

n=—oo
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for all x € T is a well-defined element of C(T) such that

~

f(n) =2
for all n € Z. Moreover, the series description of f converges uniformly.

Proof. Since
sup({|zne™™*| | z € Q}) = [2n|

for all n € Z and since >, _  |zn| < 00, Remark [3.2.19 implies that if we
define

f((L'): Z Zneinx

for all x € T, then f is a well-defined element of C(T). Moreover, since the
above series converges uniformly by Remark [3.2.19] we obtain for all k € Z
that

o~

1 /= ;
Fb) = 5= [ @e e da
1 m ) )
— 7/ Z Zneznwefzk:v dx
27 J_x

n=—oo0
e 1 rm . )
— Z Zn < / eintemike dm) by Corollary
s 27 J_x
=z, by Theorem 3.1.17 m

3.3 Convolutions

In the hopes of answering Questions [3.2.5] and [3.2.0] it is useful to revisit the
proof of the Weierstrass Approximation Theorem (Theorem [2.8.6)). There, a
convolution (i.e. complicated multiplication) against certain fixed polyno-
mials was introduced in order to approximate our given function. The goal
of this section is to introduce the same idea in the context of Fourier series.
In fact, we will see that this convolution is the correct multiplication to use
so that the Fourier coefficients of a ‘product’ is the product of the Fourier
coeflicients.
The convolution we will use throughout the chapter is the following.

Definition 3.3.1. Given f,g € RZ(T), the convolution of f and g is the
function f x g : T — C defined by

(f*g)(x) = % /_:f(y)g(x —y)dy
for all x € T.
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It is important to note that f x g is well-defined since the translation and
product of elements of RZ(T) are elements of RZ(T). The most elementary
and useful example to see that this is the convolution we should be considering
is the following.

Example 3.3.2. Let f € RZ(T) and n € Z be arbitrary. Then for all x € T
we see that

1 ™
2 Jx

1 T i —in

on | ey

™ J—m

ein:z:l/7r f( )e—inyd
o ) Y Y

~ Fme=

(f xen)(z) = Fly)e™ ) dy

Hence f % e, = f(n)en.

Thus, in order to realize the partial Fourier series via convolutions,
it remains only to show that convolutions are linear in the second entry.
Consequently, let us examine the elementary properties of convolutions. In
order to facilitate the proofs of e) and f) in the following, we require Fubini’s
Theorem (Theorem . At this time we can only prove Fubini’s Theorem
for continuous functions. Those that take MATH 4012 can upgrade parts e)
and f) later in their academic careers.

Proposition 3.3.3. For all f,g,h € RZ(T), the following properties hold:
a) fxg=gxf.

b) fx(g+h)=(f*g)+(f*h)

c) (g+h)*f=(gxf)+(hxf)

d) (cf)*g=c(f*g)=fx*(cg) for all c € C.

e) (fxg)«h=fx(gx*h) provided f,g,h € C(T).

— o~

f) (£ xg)(n) = f(n)g(n) provided f,g € C(T).
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Proof. To see that a) is true, notice for all f,g € RZ(T) and = € T that

1

(0@ =5 [ fwate—v)dy
— % /:r: flz—1t)g(t)(—1)dt substitute t =z — y
1 T+
= f(f'f —t)g(t)dt
=5 / flz—1t)g 2m-perodicity
= (g f)(x).

Therefore, since © € T was arbitrary, f*xg =g * f.

To see that b) and c) are true, notice that ¢) will follow from b) due to
a). To see that b) is true, notice for all f,g,h € RZ(T) and = € T that

(Frlg+ W) = o= [ Fw)lg+ W~ v)dy
— o | 1w)ale =) + =) dy
=2W/ FW)g(a = y) + S y)h(e = y) dy

—27T/_7rf(y)g( g+ 5 [ 0
= (F*g)(@) +(f * H)(@)

Therefore, since € T was arbitrary, f* (g+h) = (f xg) + (f xh).

To see that d) is true, notice by a) that it suffices to prove (cf)xg = ¢(f*g).
To see this, notice for all f,g € RZ(T), ¢ € C, and = € T that

1

() +9)@) = 5= [ (eNWla ~v)dy

— o [ et g -y dy

e [ st

= c((f * 9)(2)).

Therefore, since x € T was arbitrary, (cf) * g = c(f * g).
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To see that e) is true, notice for all f,g,h € C(T) and x € T that

((F #9) (@)
1 / (F *9))hle ) dy

:%
<27T/ f@gly —q dq> h(z —y)dy

1
- / [ @ty = b~ y)dady

1 s s
= e /_ _ /_ @9ty — 9hlw —y) dy dq by Fubini’s Theorem
= ﬁ /_7; /_:qq F@gt)h(z — (t+q)) dt dg substitute t =y — ¢
- L2 /jr j f(@g®)h((x —q) —t))dtdgq 2m-perodicity

Therefore, since x € T was arbitrary, (f*g)xh = f* (g*h).
Finally, to see that f) is true, notice for all f,g € C(T) and n € Z that

— 1

(Fra)n) = %/ (f * ) (@)e™ " d

— o [ (5 [t -y e o
- ﬁ I / " f@)gla — y)e ™ dyda

=12 / fly —y)e” " dx dy by Fubini’s Theorem
1 7r -
= 72/ / fy)g(t)e” n(t+y) gy dy substitute t =z — y
dre Jn Jon—y
1 v iy . .
T Ar2 / / fy)e ™g(t)e ™ dt dy 2m-perodicity
T J—mJ—7

L [ e ()

o [ s gy ay
~ fmgn)

as desired. ]
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Proposition [3.3.3] easily enables us to describe the convolution of any
element of RZ(T) against a trigonometric polynomial.

Example 3.3.4. Let f € RZ(T) and let p € Trig(T). Thus there exists an
n € N and (c;)p__,, € C such that

n
p(l‘): Z ckeilm

k=—n

for all € T. Therefore, by Example [3.3.2) and Proposition [3.3.3] we have
that

n

(fxp)(@) = > exflk)e™

k=—n

for all z € T.

Clearly in order to get the n'" partial Fourier series, we need to consider
the following trigonometric polynomials.

Definition 3.3.5. For n € N, the n'' Dirichlet kernel (pronounced duh-ri-
klet), denote D, is the trigonometric polynomial defined by

k=—n
for all z € T.
Corollary 3.3.6. For all f € RZ(T) and n € N, f* D,, = P,(f).

Proof. This immediately follows from Example along with the defini-
tions of D,, and P, (f). N

Now that we have the Dirichlet kernels, it would be useful to better
understand these trigonometric polynomials. In particular, the following
lemma easily enables us to graph these functions.

Lemma 3.3.7. For alln € N

as a continuous function on T (i.e. the formula for D,(0) should be inter-
preted as the limit as x tends to 0).
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Proof. Notice for all z € T that

2n

Dn(.%') _ e—inz Z eikx
k=0
— e inw Z(ez:c)k
k=0
. ei(2n+1)aﬁ -1
N e —1
_ efin:v 6i(2n-i—1)ac 1
622:1:(62‘%:1: e zgx)
i(2n+1)x
= C_Z(n—’—%) e'l 11
el _ Tig®
ei(n—s—%)r _ e—i(n—l—%)x

as desired. []

Using Lemma [3:3.7], it is easy to graph D, for all n € N. In particular,
the graph of Djs is as follows:

AN REAW

The graph of Dyg is as follows:
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Finally the graph of Ds is as follows:

100 4
804
60

40

20

-20H

As these graphs do not look too different than those of the functions used
in the proof of the Weierstrass Approximation Theorem (Theorem ,
perhaps there is hope in solving Questions and in the same way!

Before we head in that direction, it is useful to obtain one more piece
of information about convolutions. In particular, we desire to prove that
f * g is actually continuous for all f,g € RZ(T). This can be useful for us
when we want to consider the convolution of functions that do not include
the Dirichlet kernel. In order to obtain this fact, we need to be able to
‘approximate’ elements of RZ(T) with elements from C(T) via the following.
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Lemma 3.3.8. Let f € RZ(T) and let M > 0 be such that |f(z)] < M for
all z € T. There exists a sequence (gn)n>1 of elements of C(T) such that

sup({|gn(z)| | = € T}) <2M

for alln € N and
A S
tim o [ 1 () = gul@)] do = 0.

Proof. To begin, we first claim that if f € RZ(T) is real-valued, then for any
€ > 0 there exists a g € C(T) such that

sup({lg(x)] | z € T}) <M

and

o | 1@~ gl ds < e

This will be done by first approximating f with a step function, and then
correcting the step function to a continuous function by using very step line
segments.

To see the above claim is true, let € > 0 be arbitrary. Since f € RZ(T)
is real-valued, there exists a partition P of T such that

U(f,P)— L(f,P) < en.
Since P is a partition of T, we can write P = {t;}}_, where
—m =t <t < - <th_1 <1lp=m.
Therefore, if
My = sup({f(2) | @ € tertil})) and g = inf({f(2) | = € [tx_1t]}),

then .

U(f,P Z My, — my) (tr, — th—1)-

Define the step function h : T — R by

My ifx € [tg_1,t;) and k #n
h(z) =
Mn ifx e [tn_ltn]

for all z € T. Then
sup({|h(x)| | z € T}) =sup({My | ke {l,...,n}}) <M
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by construction. Moreover

1~ 1 &L e
e [ M@ = blds =505 [ 170) ~ hw)ldo
1 &a [t
:%; tk_le_f(x)dx
1 Ja e
< o M. — my dx
T p=17th1
= ;T];(Mk_mk)(tk_tkl)
1
1
< %(Gﬂ') = %

It remains only to correct h using steep line segments to obtain a continuous
function.
Let

0 =min <{4(z\;€+ 0 } U { e

Notice by our choice of ¢ that no two intervals of the form (tx — J,t; + 9)
overlap. Equating t, = m with {g = —7 modulo 27, define g : T — R by

ke{l,...,n}}) > 0.

h(x) if z € [tg_1 +0,tx — O]
g(z) =

(htut O Ml (te=0) 4 fy(ty — §) if 3 € (ty — 6, tg + 0)

for all z € T. By construction g € C(T) and

sup({lg(x)| | @ € T}) <sup({[n(z)| | = € T}) < M.

Moreover
1 T 1 2 tp+0
on | @)~ gla)lde = 5= 30 [ ih@) - g@)] do
2 27 = s

1 n tp+0
< — Z/ 2M dx
t

2T oy Jte—o

1
= —46M
2
1 TE €
—4 | — | M < -
<27T (4(M—|—1)) <2
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Therefore
— [ 1@ —g@lde < o= [T 1@ — )|+ hw) - (@) do
2 J_x g —2m J_x g
< % + % =€

thereby completing the proof of the claim.

To prove the statement in the lemma, let f € RZ(T) be arbitrary. By
letting f1 = Re(f) € RZ(T) and fo = Im(f) € RZ(T), the above claim
implies that for every n € N there exists gy 1, gn,2 € C(T) such that

~ 2

sup({lgnj()| | = € T}) <sup({[fj(2)| | € T}) <M

for all n € N and j € {1,2}, and

1@ - gl e < o

21 Jon
for n € N and j € {1,2}. Therefore, if for each n € N we define
In = Gn1 +i9n2,
then g, € C(T) for all n € N,
sup({[gn(z)[ | = € T}) < sup({lgn.1(z)| + |gn2(z)| | = € T}) < 2M

for all n € N, and

oo [ 1@ = 0@l < o [ 1) = g0 @) +152(w) — gna(e) de

27 J_x 2 J_»

_1,1 1
2n  2n  n
SO L g
Jim o= [ 17(@) = gu(w)|dz = 0
as desired. m

Theorem 3.3.9. For all f,g € RZ(T), f+g € C(T).

Proof. To prove this result, we will first deal with the case that g € C(T)
and then use Lemma to improve the result to an arbitrary g € RZ(T).

To begin, suppose f € RZ(T) and g € C(T). To see that f * g is
continuous, we will show that f % ¢ is uniformly continuous on T. Thus let
€ > 0 be arbitrary. Since f € RZ(T),

[y <o,

zg .
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Since g € C(T), g is uniformly continuous on T by Theorem m Hence
there exists a § > 0 such that if t1,¢o € T and |t; —t2| < ¢ (view this distance
as modulo 2), then [g(t1) — g(t1)| < 3757 Therefore, if 21,29 € T and
|z1 — 23] < § (modulo 27), then for all y € T we have |(z1 —y) — (z2—y)| < 0
S0

I(f % g)(x1) — (f * g)(z2)|

= ;ﬂ/_if(y)g(xl —y)dy—;r/_if(y)g(xz—y)dy’
= 2171'/—7; fW)(g(z1 —y) — g(2 —y))dy‘

< % _7; FWllg(z1 —y) — g(za —y)| dy

<o [ Ul

S rese LI

- M: M <.

Therefore, as € > 0 was arbitrary, f * g is uniformly continuous on T in the
case that g € C(T).

To prove the arbitrary case, let f,g € RZ(T) be arbitrary. To see that
f *g is continuous on T, we will show that f * g is uniformly a uniformly limit
of continuous functions on T. To construct this sequence, note by Lemma
that exists a sequence (g )n>1 of elements of C(T) such that

lim 1/” 19(2) — gn(2)| dz = 0.

Since g, € C(T), by the first case of this proof we know that (f * g, )n>1 is a
sequence of continuous functions on T. Hence it suffices by Theorem [2:2.9] to
prove that (f * gp)n>1 converges uniformly to f % g on T.

To see that (f % gn)n>1 converges uniformly to f* g on T, let € > 0 be
arbitrary. Since f € RZ(T), there exists an M € R such that |f(x)| < M for
all x € T. Moreover, since

ti, o [ lg() — gue)lde = 0

n—oo 21 J_r

there exists an NV € N such that

1 /7 €
lim — — n
A o [ﬂ 9(x) = gn(z)| dz < Vol
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for all n > N. Hence for all n > N and = € T, we have that

|(f + g)(@) = (f * gn) ()|
1

= 27T/_T;f(y)g( dy—*/ —y)dy‘
= ;ﬂ/_if(y)(g(x—y)—gn(w—y))dy’
<o 15 W)lgta =) = gala —vl) dy

1 T

| /\

M|9"3_ — gn(z —y)ldy Ify) <M

=5 /_7r l9(x —y) — gn(z —y)|dy
M Tr—T
N % T+

M [r+T
- — t) — gn(t)| dt
o | o) = a0

M ™
== / lg(t) — gn(t)| dt 27-periodic

|g(t) = gn(t)|(=1) dt substitute t = = — y

27

M
Mi1 €

Therefore, as € > 0 was arbitrary, (f * g, )n>1 converges uniformly to f x g
on T thereby completing the proof. ]

Remark 3.3.10. Using the same ideas as in Theorem [3.3.9] it is possible
to extend parts e) and f) of Proposition Indeed, the proof of Theorem
3.3.9| shows that we can replace any element of RZ(T) in a convolution with
an element of C(T) from Lemma and be uniformly close to the original
convolution based on a bound for the other function (which always exist
since we are dealing with RZ(T)). Thus part e) of Proposition can be
shown (with some technical details) to hold when RZ(T) is replaced with
C(T) and part f) of Proposition will also extend once we prove the
following. We will not provide a proof of these extensions of parts e) and f)
of Proposition as we are focusing on C(T) and as we will not be using
them later in the course.

Lemma 3.3.11. Let f € RZ(T) and let (fn)n>1 be a sequence of elements
of RZ(T) such that

lim 1/7r F(2) = fule)| dz = 0.

Then .
lim sup ‘f(k) - fn(k)‘ =0.
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Proof. Notice for all n, k € N that

|Fk) = Fak)| =

% /_7; f(a:)e_ik‘” dx — % /_7; fn(m)e_ikx dz
[ @)~ e s

o /s
<o [ 1@ = fu@lle | do
5 [ 1@~ @)l da:

Hence for all n € N,

0 < sup |~ Fulh)] < 5 [ 1@~ fulo)]

kEZ

Therefore, since

the result follows. ]

3.4 Summability Kernels

Now that we have a convolution description of the partial Fourier series
using the Dirichlet kernels, we turn our attention back to the Weierstrass
Approximation Theorem (Theorem . The proof of the Weierstrass Ap-
proximation Theorem showed that the convolutions of a continuous function
f against specific polynomials converged uniformly to f. Thus, if we desire
the same thing in the context of Fourier series, it should be enlightening to
see what properties these polynomials had.

Example 3.4.1. Recall the construction used in the Weierstrass Approx-
imation Theorem (Theorem where for each n € N we defined ¢, :
[—1,1] = R by

gn(z) = cp(1 — 22"

for all z € [—1, 1] where

1 1
— / (1 —2)"dux.
-1

Cn

By looking at the final computation in the proof of the Weierstrass Ap-
proximation Theorem, the key properties of ¢, needed to show that ¢, * f
converged uniformly to f were

(1) 1y an(t)dt =1,
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m ! qn(t)| dt was bounded (in this case by 1 as ¢,(t) > 0), and
1
(II1) limp—oo fi_1,_gsjujs,1) |9 (8)| dt = 0 for all § > 0.

Note that (III) was accomplished since for any § we could make |g,(t)]
arbitrary small on [—1, —d] U [, 1] by letting n be sufficiently large.

Thus, if we are to repeat the proof of the Weierstrass Approximation
Theorem (Theorem in this context, we desire similar properties for
functions on T. To describe such collections of functions, we define the
following.

Definition 3.4.2. A summability kernel is a sequence (ky,),>1 of elements
of C(T) such that

(1) &= [T kn(y)dy =1 for all n € N,

(IT) there exists an M > 0 such that 5= [™|kn(y)|dy < M for all n € N,
and

(IL) Lm0 95 fs<|y<n [kn(y)] dy = 0 for all § € (0, 7).

Repeating part of the proof of Weierstrass Approximation Theorem
(Theorem , we have the following.

Theorem 3.4.3. Let f € RI(T) and let (kn)n>1 be a summability kernel.
If x € T is a point of continuity of f, then
lim (f % ky)(2) = f(x).

n—o0

Moreover, if I is a closed interval in T (e.g. I =T) and f is continuous at
each point in I, then (f * ky)n>1 converges uniformly to f on I.

Proof. To begin, fix f € RZ(T). Since f € RZ(T), there exists a K > 0 such
that
[f(@)] < K

for all x € T. Moreover, since (ky)p>1 is a summability kernel, property (II)
of a summability kernel implies there exists an M > 0 such that

1 ™
/ V()| dze < M

2 Jx

for all n € N.
To prove the first part of the theorem, suppose x € T is a point of
continuity of f. To see that

lim (f * kp)(x) = f(z),

n—o0

(©For use through and only available at pskoufra.info.yorku.ca.



124 CHAPTER 3. SERIES OF TRIGONOMETRIC POLYNOMIALS

let € > 0 be arbitrary. Since f is continuous at x, there exists a § > 0 such
that if y € (=9, +9), then

F@) = fo -yl < 557

Moreover, since (kp)p>1 is a summability kernel, property (III) of a summa-
bility kernel implies there exists an N € N such that if n > N then

1 €
— kn, dy < —.
» /Mgﬂr W dy < 1

Hence, for all n > N, we have that

= |(kn * f)(z) — f(z)] by Proposition [3.3.3]
= |5z [ B =)y - 1)
1 ™ 1 ™
~ |3z | B =y f@- [ ks by @
~ |3 [ b7tz =) - f@) ]
1

= [ @Iy~ )y

or [ WIS )~ )] dy
<o [t o [ IR d
< gyiae | e Wldy+ K)o [kl dy
< ﬁM + (2K)& =

Therefore, as € > 0 was arbitrary, the proof of the first part of the theorem
is complete.

To see the second part of the theorem is true, we simply need to adapt
the above proof to show that given an € > 0, the same N works for all z € I.
Thus suppose f is continuous at each point of a closed interval I and fix
an € > 0. Note Theorem [2.8.4] implies that f is uniformly continuous on I.
Therefore, if I = T then the § chosen above for a single  can be chosen to
work for all z € T and the same computation show that |(fxk,)(x)—f(z)| < €
for all n > N and x € T thereby completing the proof. If I # T, there is a
slight technicality we need to deal with.
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Since f is uniformly continuous on I, there a §y > 0 such that if y €
(—50,50) AND z —y € I, then

F@) = f - )l < 1o

Let x1,22 € I be two endpoints of I. Since f is continuous at z1 and zs,

there exists 1,2 > 0 such that for j € {1,2} if y € (=0}, ;), then

F ) = fla; =) < 17

Let 6 = min({do, d1,02}) > 0. Therefore, if z € I and y € (-9, ), then either
x—yelso

€

)~ fle )| < 1o

or x —y ¢ I so x —y must be with 0 of z; for some j € {1,2} so x is within
0 of the same z; so

€

7@) = f@ = )| S 1) = F@))| + £ (@) = @ =y < 17 + 1o = 5

Hence the same computation used above shows that |(f * k,)(x) — f(z)] <€
for all n > N and x € T thereby completing the proof. [

With Theorem complete, the only thing that remains in order to
confirm a positive answer to Question is to show that the Dirichlet
kernel is a summability kernel. Right?

Proposition 3.4.4. For alln € N,

1 ™
%/_WDn(sc) dx = 1.

However

1 ™
lim —/ | Dy, ()| dz = 0o

n—oo 2

Proof. To see the first claim, notice by Theorem [3.1.17] that

ikx
27r/ D 277/ Ze d
—MN
U .
——Z/ e dy = 1.
Trszn -
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To see the second claim, notice for all n € N that

1 ™
or | IDu@)ldo
1 2T
=5 ) | Dy, ()| dx 2m-periodicity
1 g2« sin((n—i— %) ﬂv)
= —/ dx by Lemma [3.3.7]
21 Jo ;

> Lo o ((n—l— %) m) dz as |sin(z)| < |z|

— 21 Jo %a:

1 2n+)7 | o 1 1
= 1sml(y) ( 1)aly lety:<n—|—>x
_ 1 /(2n+1)7r sin(y)‘ J

T Jo Y
L /ﬂ<k+l> [sin(y)]

71' =0’ Tk Yy Y

2n r(k41) ;
L LS T LG,
T = Sk m(k+1)
1 % 2 2 % 1
N T m(k+1) o2 k1
Therefore, since > 72, % diverges, the result follows. ]

As Proposition [3.4.4] shows the Dirichlet kernel is not a summability
kernel, we are out of luck when it comes to applying Theorem to show
that the Fourier series converges uniformly for any continuous function. Of
course, this does not show that Question has a negative answer; just
that our approach does not work.

3.5 Fejér’s Kernel

Although we are out of luck in showing a positive answer to Question
[3:2.5] using summability kernels, we can use summability kernels to obtain
important information about Fourier series. The idea on how we can proceed
is the following result that says it is much easier for the averages of a sequence
to converge than it is for the original sequence to converge.
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Lemma 3.5.1. Let (2,)n>0 be a sequence of complex numbers that converges
to L € C. For eachn € N, let

otz + 2t 42y
n+1 ’

Op —

Then (op)n>1 converges to L.

Proof. To see that (oy)n>1 converges to L, let € > 0 be arbitrary. Since
(2n)n>0 converges to L, (z,)n>0 is bounded. Therefore there exists an M € R
such that |z,| < M for all n € N. Moreover, since (zy),>0 converges to L,
there exists an N1 € N such that

€

for all n > Nj. Since
. (| L]+ M)N,

n—00 n-4+1
there exists an N > N7 such that

L+ M)N
(LI+ MM _ e

n—+1 2
for all n > N. Hence for all n > N we have that

1 n
|L—(7n’:’L— sz
n—i—lk:O
1 n
= L—z
n+1l§) k
1 n
S Z’L—Zk‘
n+1k:0
1 n 1 Ni—1
=—— > |[L—zl+—— ) |L -z
n+1k:N1 n—l—lk:O
1 n 1 Ni—1

€
< - LI+ M
S sy S
=N1 k=0

<n—N15 (IL] 4+ M)N;

“ n+1 2 n+1
=5 2—6.

Therefore, since € > 0 was arbitrary, (o, )n>1 converges to L as desired. n

Remark 3.5.2. In light of Lemma let us examine taking pointwise
averages of Fourier series in the hopes of obtaining more information about
convergence.
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To begin, let f € RZ(T) be arbitrary. If (P,(f))n>1 is going to converge
pointwise to f, then by Lemma [3.5.1] we must have that f is the pointwise
limit of

n—l—lmzz:opm(f):n—i-lngof*l)m:f* <n+1mz:0Dm>'

Notice for all x € T that

n+1m—0 " n+1m—0k*
= =0k=—m
— 1 zn: Zn: eikx
nt+l o T
1 i .
= Z (n — |k| + 1)etk®
n+1
k=—n
= zn: (1 _ W) etkz
i n+1

Thus we make the following definitions.

Definition 3.5.3. For n € N, the n'" Fejér kernel (pronounced fay-yer),
denote F,,, is the trigonometric polynomial defined by

Fu(x) = n—lir : ;Dk(m) =Y (1 _ n|_]‘;’1) ok

=0 k=—n

for all x € T.

Definition 3.5.4. Let f € RZ(T) and let n € N. The n'" Cesdro sum of f
(pronounced suh-zaa-row), denoted o, (f), is

1 & 1 &
on(f):n_i_l];)Pk(f):f* (”“;;)Dk) — f«xF),.

Thus for all z € T,

ru0@ = 3 (1= ) Fuger

Pt n+1
As illustrated via Lemma [3.5.T} the reason to examine the Cesaro sums
is their relation to pointwise convergence of the Fourier series. In fact, we

have the following.
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Lemma 3.5.5. Let f € RI(T). If xog € T and lim, o Pp(f)(x0) exists,
then limy, o0 o (f) (o) exists and

lim o, (f)(z0) = nli_{rgoPn(f)(xO).

n—o0

Moreover, if I is a closed interval of T (e.g. I =T), g is a continuous
function on I, and (P, (f))n>1 converges uniformly to g on I, then (o (f))n>1
converges uniformly to g on I.

Proof. Note the first part of the lemma follows immediately from the second
part of the lemma by letting I = {z¢}. Thus we will prove the second part
of the lemma. The proof will be achieved by modifying the proof of Lemma
B.5.01

To see the second part of the lemma, suppose (P,(f))n>1 converges
uniformly to g € C(T) on a closed interval I C T. Thus Proposition [2.2.11
implies there exists an M € R such that

| Pu(f) ()] < M

forall z € I and n € N.

Since (P, (f))n>1 converges uniformly to g on I, there exists an Ny € N
such that

€
[Pa(f)(2) = g(x)] < 5
for all n > N; and = € I. Since

lim Mo+ MN_
n—00 n4+1

there exists an N > INj such that

(M0+M)N1 €
—<7
n+1 2
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for all n > N. Hence for all n > N and x € I we have that

l9(x) — on(f)(2)]

1 n

~|oo) - 57 X A

1 n
=51 2 9@ - B

1 n
< 1 2 190~ Bl

1 n 1 Ml
=T 2 90 =A@+ g Y lale) — AN )

1 n € 1 Ni—1

n+1kz;vl2 n+1 kz:%(Mo—i-J\ﬁ

<n—N16 (Mo + M)N,
“n+12 n+1
S 54‘5 = €.

Therefore, since € > 0 was arbitrary, (o,(f))n>1 converges uniformly to g on
I as desired. ]

Due to Lemma [3.5.5] perhaps we have a method for obtaining a negative
answer to Questions [3.2.5] and [3.2.6] Indeed if we can show that the Cesaro
sum do not converge in the appropriate sense, then the Fourier series do not
converge in the corresponding sense. This will not be the case as the Fejér
kernels are actually a summability kernel. To see this, we can repeat the
idea of Lemma to obtain a formula for the Fejér kernels.

Lemma 3.5.6. For alln € N

- n 2
Fola) = 1 (sm ("ZHm))

n+1 sin (§)

as a continuous function on'T (i.e. the formula for F,(0) should be interpreted
as the limit as x tends to 0).

Proof. To being, first notice for all z € T that
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Therefore

S 1—
(2 1“0 T kg; n+1)°
1

(-1 20) 36 )

1
_i( _ :1)ei(n+1)x_i(l_ :7’_1>€—i(n+1)x
n n
1 n 1 n—1 .
- 1_ _ 1_ max
+<2( n+1> 4( n ))e
1 n 1 n—1 .
- 1_ _ 1_ —inx
+<2( n+1> 4( n ))6
S (G -5) - () -5 (- )
bt 2 n-+1 4 n-+1 4 n-+1
b 2 n-+1 4 n-+1 4 n-+1
_ 1 1 1 i(n+1)z 1 —i(n+1)z >
_n+1<2 1° 1€ +0+0
1 2(n+1>
= sin T
+1 2
as desired. m

Using Lemma [3.5.6] it is easy to graph F), for all n € N. In particular,
the graph of Fj is as follows:

SN

1
n n in T
4 2

4

- 3n

ERLT—
4 2
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The graph of Fg is as follows:

40 +

30H

201

e R . G B BB )
ag Gz M 1 7 4
Finally, the graph of Fjq is as follows:
200 1
150 4
100
50
J"““ 1
w3z oz oz 0 % oz 3t =x
4 2 1 4 2 4

In particular, these graphs look far more like the graphs of the functions
used in the proof of the Weierstrass Approximation Theorem (Theorem
2.8.6|). This is due to the fact we can prove the following.

Theorem 3.5.7. The Fejer’s kernel has the following properties:
a) Fp(x) >0 for allz € T.

b) F(—x) = F,(z) for allz € T.

¢) o |7 Fo(z)dr=1.
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d) For all 6 € (0,7), limy oo sup ({|Fn(z)| | d < |z| <7})=0.
Hence the Fejér’s kernel is a summability kernel.
Proof. Clearly a) follows from Lemma Moreover, by Lemma [3.5.6]
2 2
1 sin (%(—x)) 1 —sin ("T‘H:U>
Fo(—z) = Z = G = Iy (z)
n+1 sin((;)) n+1 —sin (3)

for all z € T so b) follows.
To see that c) is true, notice since for all k& € Z we know that

il etk _
2m J ¢ 0 otherwise

that

17 1 & |K| ik

— F,(x)der = — 1— —— | e d

27 /_W (x) v 27 /_W kz_n< n—i—l) € v
1 n

k| >/7r ik
= — 1— —— W dy = 1.
27I'kZ ( n+1 frre v

=—n

To see that d) is true, let § € (0,7) be arbitrary. By Lemma we

know that
1 1

. 2
nF Lsin ()

for all z € T\ {0}. Therefore, since x — sin(§) is increasing on (4, 7), if
z € T and § < |z| <7, then

0< Fy(x) <

1 1
n+ L (g)
Hence
og/ Fn(fc)dxé/ . . zdwé%_é) 1 h
s<lal<n s<fal<m M+ 1 gy (g) n+tl gy (g)
Therefore, since
2(r—=9) 1

as ¢ is fixed, d) holds.
Finally, to see that (F},),>1 is a summability kernel, note that property

(I) of Definition follows from part c), property (II) of Definition
follows from parts a) and c), and property (iii) of Definition follows

from part d). Hence (F},),>1 is a summability kernel. []
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Our knowledge of summability kernels immediately gives us some positive
results towards answering Questions and in the affirmative.

Theorem 3.5.8 (Fejér’s Theorem). Let f € RZ(T). If x € T is a point
of continuity of f, then
lim o,(f)(z) = f(x).

n—oo

Moreover, if I is a closed interval in T (e.g. I =T) and f is continuous on
I, then (on(f))n>1 converges uniformly to f on I.

Proof. The result immediately follows from Theorem [3.4.3] and Theorem
3.5.7 N

Of course Fejér’s Theorem (Theorem does not answer Questions
[3:2.5] and [3.2.6] as we do not have the appropriate direction in Lemma [3.5.5
However, Fejér’s Theorem can be used to obtain some additional knowledge
about Fourier coefficients.

Corollary 3.5.9. Let f € RZ(T). The following are true:

~

a) If x € T is a point of continuity of f and f(n) =0 for alln € Z, then
f(@) =o.

b) If f € C(T) and f(n) =0 for alln € Z, then f = 0.

c) If f,g € C(T) and f(n) = g(n) for alln € Z, then f =g.

Proof. To see that a) is true, let € T be a point of continuity of f and
suppose f(n) =0 for all n € Z. Then o,(f) = 0 for all n € N by definition.
Therefore, since z is a point of continuity of f, Fejér’s Theorem (Theorem

implies that
f(z) = lim on(f)(x) =0

n—oo

as desired.

Next, note that b) follows immediately from part a). Finally, to see that
¢) is true, let f, g € C(T) be such that f(n) = g(n) for all n € Z. Therefore,
h=f—geC(T) is such that

h(n) = (f = 9)(n) = f(n) —G(n) = 0
for all n € Z. Hence part b) implies that h = 0 so f = g as desired. ]

In addition, Fejér’s Theorem (Theorem allows us to prove that we
can get an affirmative answer to Question [3.2.5]if we replace the partial Fourier
series of a function with a different sequence of trigonometric polynomials.

Theorem 3.5.10. Every element of C(T) can be uniformly approzimated by
trigonometric polynomials.
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Proof. Let f € C(T) be arbitrary. Then (o,,(f))n>1 is a sequence of trigono-
metric polynomials that converge uniformly to f by Fejér’s Theorem (Theo-
rem |3.5.8)). Hence the result follows. ]

Theorem [3.5.10] also lets us prove a fact that we would expect if we were
to have the convergence of the Fourier series of functions.

Theorem 3.5.11 (The Riemann-Lebesgue Lemma). If f € RZ(T),
then

o~ ~

lim f(n)=0 and lim f(n)=0.

n—00 n——oo

Proof. To see that the result is true, fix f € RZ(T) and let € > 0 be arbitrary.
By Lemma there exists a g € C(T) such that

1 /7 €
o | @) = gla)lda < 5.

Therefore Proposition [3.2.12] implies that

Fn) = 30 = |F= )] < o [ 1#@) — gl dw < §

for all n € Z.
By Theorem [3.5.10| there exists a p € 7(T) such that

l9(x) = p(a)| < 3

for all x € T. Therefore, again by Proposition [3.2.12] implies that

900 = 5| = 1= Pl = o [ lote) —pla)lde < - [ Sdo<

€
—2m )z —2m )z 2

for all n € Z. However, p € Tn(T) for some N € Nso p(n) =0 foralln € Z
such that [n| > N by Example Hence for all n € Z with |n| > N, we
have that

o~

|F(n)] < |f(n) — G(n)| + [G(n) — B(n)| + [B(n)| < g n g f0—e

Therefore, since € > 0 was arbitrary,

o~ ~

lim f(n)=0 and lim f(n)=0

n—o0 n——oo

as desired. m
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3.6 The Poisson Kernel

While we are on the topic of summability kernels, there is another kernel that
is quite important in complex analysis and certain applications in applied
mathematics.

Definition 3.6.1. For r € [0,1), the "' Poisson kernel (pronounced pwan-
ssawn), denoted P, is the series of trigonometric polynomials defined by

oo
P.(z) = Z il gine
n=—00

for all z € T.

Remark 3.6.2. Note for all r € [0,1) that since

o0

Z ri"l < 0o

n=—oo

by Example Remark [3.2.19 implies that P, is a well-defined element of
C(T) with the above series converging uniformly and absolutely on T and

P.(n) =rl"
for all n € Z.

Like with Fejér kernel, there is an alternative formula for the Poisson
kernel.

Lemma 3.6.3. For allr € [0,1)

1—r2

Pox) =
() 1 —2rcos(x) + r?

>0

as a continuous function on T.

Proof. Fix r € [0,1) and let x € T be arbitrary. Note when r = 0 the result
is trivial. Otherwise when r # 0 notice that

1—2r cos(a) +72 = 1—r(® + &) 412 = (1 re®)(1—re™™) = |1 —re®].

Hence, since r € (0,1) so

lre| =r < 1,
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we see that |1 — re®|2 > (1 —r)2 > 0 for all x € T. Moreover, by Remark

we have that
(1 — 2rcos(z) + r?) P.(x)

N
= i _ i iz 2 In| inx
Nl—I>noo(1 r(e” +e”) +1r°) Z ri™le
n=—N
— lim <(1 + TQ) 2 r2> o0 _ pNAL(N+Dz _  N+1 ,—i(N+1)z
N—oo

+ ((1 r2)rN — TTN_1> eNe 4 ((1 + 72N — rrN_1> e T

_l’_
+ ((1 + 7’2)r” — r(r"H) — r(r"fl)) en®
(

as r € (0,1). Hence

_ 1—7r?

~ 1 —2rcos(z) +r2

for all x € T. Moreover, as the both the numerator and denominator are
positive, P.(z) > 0 for all x € T as desired. n

Pr(z)

Using Lemma m it is easy to graph P, for all » € [0,1). In particular,
the graph of Py 5 is as follows:

3z n
4

7 T
-t _3m; 0

il i L
4 4 2

SR L
2 4

X

The graph of Pyg is as follows:

(©For use through and only available at pskoufra.info.yorku.ca.



138 CHAPTER 3. SERIES OF TRIGONOMETRIC POLYNOMIALS

L
a7
=2

-

3z m om0 x  x 3x
4 2 1 4 2 1
X
Finally, the graph of Py g9 is as follows:
180 4
160 4
140 4
120 4
100 -
20 1
60 4
40
")
M PR W iR N W O e m
4 2 F1 4 2 4
X

It turns out that the Poisson kernel is a summability kernel in the sense
that if in the definition of a summability kernel (Definition [3.4.2)) we replace
n € N with n — oo with [0,1) and r — 1, the same properties hold!

Lemma 3.6.4. The Poisson kernel is a summability kernel.

Proof. To see that property (I) of Deﬁnitionholds, note since the Poisson
kernel converges uniformly by Remark that its real and imaginary parts
converge uniformly. Hence Corollary (together with considering the
real and imaginary parts) implies for all r € [0,1) that

<1 7 ) <1 T
P.(z)dz = _Z: glﬂ rinle™® o = Z %rw Lﬂ e dyx = 1.
n=—oo oo

n=—

1 ™

2 Jr
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Hence property (I) of Definition holds. Moreover, since P,(x) > 0 for

z € T and r € [0,1), property (II) of Definition immediately holds.
To see that property (III) of Definition holds, let § € (0,7) be

arbitrary. Since z — cos(z) is decreasing on (d, 7], we obtain from Lemma

B.6.3] that

1 — 72 1 — 72

< Po(x) = <
0s Brl2) 1—2rcos(x)+7r2 = 1—2rcos(d) +r?

for all § < |z| <7 and r € [0,1). Hence

1 1 1—r?
0 P.(x)|dx < —/ dx
27 5§|x\gn| (@) de < 21 Js<|z|<x 1 — 27 cos(8) + 72

_ 2(m—0) 1—r?
27 1—2rcos(d)+r2 )"

However, since

lim 1 — 27 cos(8) + 1% =2 — 2cos(5) > 0

r, 1
and lim;, - 1 — r? = 0, we obtain that

1

lim — Po(2)| dz = 0.
7"1/‘11i 2m /6<|a:<71'| (l‘)| v=0

Therefore, as ¢ € (0, 7) was arbitrary, the Poisson kernel is a summability
kernel as desired. [

In order to apply the fact that the Poisson kernel is a summability kernel
to obtain convergent series, we simply need to define the following.

Definition 3.6.5. Let f € RZ(T) and let » € [0,1). The r*™® Abel sum of f,
denoted A, (f), is

A.(f)=f*P.

A description of the Abel sums without the need for convolution is easy
to obtain.

Lemma 3.6.6. Let f € RZ(T) and let r € [0,1). Then for allx € T,

o0

A (@)= > rMfn)em
Moreover - R
Ac(f)(n) =" f(n)
foralln € Z.
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Proof. Recall the Poisson kernel converges uniformly by Remark There-

fore
o

Z I f () e (@=y)

n=—oo

converges uniformly over y € T for any x € T since f € R(T) is bounded.
Hence Corollary (together with considering the real and imaginary
parts) implies for all » € [0,1) and x € T that

Ar(f)(x) = (f = Pr)(x)

— o [ P -y dy

1 & :
= %/7 Z Pl f (y)e™= =) gy

n=—oo
o0

- S ([ s )

n=—oo
o

= Z rI" f(n)e™® by Example 3.3.2]

n=—0oo

thereby completing the first statement of the lemma.

To see that the second statement of the lemma is true, recall from the
Riemann-Lebesgue Lemma (Theorem [3.5.11)) that

~

lim f(n)=0 and lim f(n)=0.

n—oo n——oo

~

Therefore, (f(n))nez is bounded so there exists an M € R such that
Fm)| < M

for all n € Z. Hence for all r € [0, 1)

converges by Example Therefore Proposition [3.2.20] implies that

o — ~

A (f)(n) =" f(n)

for all n € Z as desired. ]

Of course, because the Poisson kernel is a summability kernel, we have
the following.
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Theorem 3.6.7. Let f € RZ(T). If x € T is a point of continuity of f,
then

lim Af()(x) = f(a).

Moreover, if I is a closed interval in T (e.g. I =T) and f is continuous on
I, then (Ar(f))rejo,1) converges uniformly to f on I asr tends to 1.

Proof. The result immediately follows from Theorem [3.4.3] and Lemma
B.6.4 ]

3.7 Failure of Fourier Series Convergence

With the above discussions complete, we arrive at the following which shows
our attempts to show a positive answer to Questions [3.2.5| and |3.2.6| were
folly. In fact, one of the biggest in mathematics was a mistaken proof that

answers to Questions and was yes!

Theorem 3.7.1. There exists a f € C(T) such that F(f) diverges at a point.
Hence the Fourier series of f does not converge pointwise nor uniformly to

fonT.

Proof. To construct the desired function f, we will first look at a specific
element g of RZ(T) whose Fourier series is not absolutely summable. We
will then use a series of translated partial Fourier of g to obtain f. This will
be done so that when we take a certain sequence of partial Fourier series
of f, each breaks into a bounded term plus a term involving the negative
integer terms of a partial Fourier of g which will be unbounded. This idea of
having only the negative integer terms of a partial Fourier series was derived
to breaking the inherit symmetry of having both n and —n in the definition
of partial Fourier series.
Consider the function g : T — C defined by

ifr—z) f0<z<nm
glz) =1 . .
i(—m—z) if —1<2<0

for all x € T (often g is called the sawtooth function due to its graph on R).
Notice if h: T — C is defined by h(xz) = x for all z € (—m, 7], then

g(x) = —ih(zx — )

for all z € T. Hence Example [3.2.16] together with Proposition [3.2.12] implies
that

§(n) = —ie" ™ h(n) = —i(—1)" ((_1)"2') .
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for all n € Z and g(0) = 0. Thus

Flgg= > —e™

nezN {0} "

which clearly is not absolutely summable since Y o2 ; % diverges.
For each N € N, consider the N partial Fourier series of ¢,

1<|n|<N
One piece of information we will need for later use is the following.

Lemma 3.7.2. There exists a constant M € R such that
|Pn(g)(@)] < M
for all N € N and x € T (that is, (Pn(g))n>1 s uniformly bounded).

Proof. We will use the Abel sums of g to obtain a bound for Py(g). For all
N €N, let ry =1— % €(0,1). Then, for all z € T, we have that

[P (9) () = Ary (9)()]

— Z leinz _ i lr\nlemx
- N
1<jnl<n " n=—oo "’
n#0
LoomlY Ll
< - - nx - inx
1<|n|<N [n|>N+1
N 1 00 1
<2 — (1 -1} 2 —r
>~ Z n ( TN) + ; nTN
n=1 n=N-+1
N 00 1
<2y (1-rR)+2 ) NN
n=1 n=N-+1
N 2 0o
<2 (-rv)+5 > TR
n=1 n=N-+1
2 ’I"N+1
=2N (1 - —_N
( TN) + N1-— N
2 1
< 2N (1-— —
B ( TN) + N1-— rnN
=2N

(- (-2 ¥y
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However, since |g(z)| < 7 for all z € T, we see for all z € T and N € N that

1 ™
|Ary (9) ()| = ;/ 9W) Py (z —y) dy
™ J—m
1 s
<o [ l9WIPy@-y)dy  as Py(o—y) >0
T J—7
1 ™
S% 77T7TPTN(‘,E_y)dy
1 /7 i
<o [ 7P w)dy mmaton e
_ by summability
=7 kernel properties*
Hence
[Pn(g)(@)| <4+
for all z € T and N € N as desired. n

For technical purposes in order to compute the partial sums of our desired
function f, for each N € N let gy € T,(T) be defined by

—1 1

gn(z)= Y —em™
n=—N n

for all x € T.
One piece of information we will need for later use is the following.

Lemma 3.7.3. For all N € N,
lgn(0)] = In(N).

Proof. Notice for all N € N that

lgn(0)] = Z

as desired. m

To obtain construct f, we first need some translate of the functions we
have constructed above. For all N € N, define Ay : T — C and hy : T — C
by

hy(x) = ei(QN)xPN(g)(x) and ?LN({L') = ei(QN)xﬁN(x)
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for all x € T. In particular, we see that

)= 3

761‘(2N+n)z e EN(T)
1<|n|<N

-1

~ 1 .
hN(Q:) _ Z E61(2N—|—n)r e 7ﬂ2N71(T)-

n=—N

Note if k¥ € N then e ** does not appear in the descriptions of hy and
hn. Moreover, by analyzing these formulae for hy and h N, we immediately
obtain the following piece of information we will need for later use.

Lemma 3.7.4. For all N € N, if K € N then

0 if K <N
Pr(hn) = EN if K=2N .
hy if K> 3N

For our final construction before defining f, for each k € N let
N, = 32",

Thus
Nk+1 > 3Nk

for all £ € N.
Define f: T — C by

=1
=3 gt

for all x € T. Since hy is a trigonometric polynomial for all N € N and thus
an element of C(T), since

1 1 7 T 1 % T 1
i (0)| = |5 TPy, (g)(@)| < 45 N7 [P, (9) ()] < 5 M
for all k € N and x € T, and since
M

2

converges, the Weierstrass M-Test (Theorem [2.2.15)) (applied to the real and
imaginary parts) implies that f is well-define, the series defining f converges
uniformly and absolutely, and f € C(T). Therefore, since

Z% Dy(z —y)
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converges uniformly over y € T for any x € T since D,, is continuous and
thus bounded, by Corollary (applied to the real and imaginary parts)
for all n € N we see that

Pu(f)() =

)(x)

< —hn, (Y )Dn(x—y)dy
| (@) Dao — ) dy
P,

P (@)

* D)
1
12T

1

Il
||M8||M8 S’\H ~

for all x € T. However, since Ngy1 > 3Ny, for all k£ € N| notice for all m € N
that

1Pon,,, (£)0)] =D ]jQPQNm(hNk)(O)’
k=1

=3 ,;Pzwm(m’
k=1

1~ R |
= |—5hn,. (0) + > thNk(O)’
k=1
1 |
>, O = Y 51, 0)]
k=1
1 |
k=1
>0 1
k=1
In(3)2m X1
— —M
- m? kgl k2
Therefore, since
=1
> M
2
ok
converges and
In(3)2™

m—00 m2

we obtain that (Py(f)(0))n>1 is not bounded and thus cannot possibly
converge to f(0). ]
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3.8 Instances of Uniform Convergence

As we have obtained negative answers to Questions and the best
we can hope for is to show specific but very general cases where the Fourier
series do converge uniformly or pointwise. In this section, we will look at
some subsets of C(T) on which the Fourier series converge uniformly. The
first such result follows from Proposition [3.2.20

Corollary 3.8.1. If f € C(T) is such that

[e.e]

> 1f(n)] < oo,

n=—oo

then (Py(f))n>1 converges uniformly to f on T. Hence

f@) = FH@ = 3 Flnyem

n=—oo

forallxz € T.
Proof. Note by Proposition [3.2.20] that if we define g : T — C by
0 o~ .
> Fme
n=—oo

for all x € T, then g is a well-defined element of C(T) such that

for all n € Z. Hence the uniqueness of the Fourier coefficients (Corollary

3.5.9) implies that g = f. Moreover, since Proposition [3.2.20| implies the

series description of g converges uniformly to g on T, (P,(f))n>1 converges
uniformly to f on T as desired. |

Using the above, we have an answer to specific case of Question

Corollary 3.8.2. > 2 # = %2.

Proof. Recall by Example that if we define f : T — C by f(x) =
1(z —m)? for all z € [0,27), then

F(f)(x 3 Z 9,2¢ —54—;?008(111‘).
Since f € C(T) and since

[e.e]

> ()] < oo,

n=—oo
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Corollary implies that

m X1 X1
f(0) = Tl Z: ﬁcos(n(O)) =35t Z 3
n=1 n=1

Therefore, since f(0) = %2, we obtain that

i r 72 2 _ 72

—n? 4 12 6

n=1
as desired. [

Our other main way to obtain continuous functions whose Fourier series
converges uniformly on T is to consider the Cesaro sums. Indeed the following
theorem implies that given a function with sufficiently nice Fourier coefficients,
the Fourier series converges uniformly on T if and only if the Cesaro sum
converge uniformly on T. Since we know Cesaro sums converges uniformly
on T for any element of C(T) by Fejér’s Theorem (Theorem [3.5.8)), we obtain
the uniform convergence of Fourier series in some settings.

Theorem 3.8.3 (Hardy’s Theorem). Let f € RZ(T) be such that
sup{’nf(n)‘ | ne Z} < 0.

If xg € T, then lim,, o0 Pp(f)(xo) exists if and only if lim,_ oo on(f)(x0), in
which case

lim Py(f)(0) = lim_ 0, (f) (o).

Furthermore, if I is a closed interval of T and g is a continuous function
on I, then (P(f))n>1 converges uniformly to g on I if and only if (op(f))n>1
converges uniformly to g on I.

Proof. As before, note the first part of the lemma follows immediately from
the second part of the lemma by letting I = {z¢}. To see the second part
of the statement is true, note by Lemma that if (P,(f))n>1 converges
uniformly to g on I then (o,(f))n>1 converges uniformly to g on I.

For the converse statement, suppose (o, (f))n>1 converges uniformly to
g on I. To see that (P,(f))n>1 converges uniformly to g on I, let € > 0 be
arbitrary. Our goal will be to decompose P,(f) into three terms, two which
involve o,/ (f) for some n’ € N, and one which can be made arbitrarily small
using the assumptions of the theorem. We begin with the required estimates
to manage this arbitrarily small term.

Since

sup{’nf(n)‘ | ne Z} < 00,

there exists an M7 € R such that

‘nf(n)‘ < M,
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for all n € Z. For each z € R, let | x| denoting the greatest integer less than
or equal to z (i.e. the floor of z). Moreover, let

1
6M; +1°
Then for all n € N we have that that

> w2 Y

n<|k|<|an] n<k<|an]

a=1+ > 1.

<2%(Lanj—n)

M
<21 (a—1)n

n
—oMy(a—1) < <.

3

Moreover, since o > 1, there exists an Ny € N such that [an| —n > 0 for
all n > NQ.
To return to the proof at hand, notice for all n > Ny and « € I that

Pa(f)(x)
= > Jk)e™
0<[k|<n

= Y (lan] - n) fR)e

lan] —n \ 4,
]

= e = 2 ((Lond 41— k)~ (n 1= kD) ke
0<|k|<n

- o+ LMY

- LO&TLJ _n0<\k\§n (1 |_0mJ +1)

LI (1_n\_ﬁ|1>ﬂk)em

0<|k|<
_ lan] +1 A k) etk n+1 o T
- |lan] —n o<IRI<n (1 lan] + 1> S (k) lan] —n (£)(z)
_lom) 41 KLY e
~|an| —n ngzg:mnj (1 lan| + 1) 1 (k)

lon] +1 B L B N R e o
lan] —n n<lil=lon] (1 lan]| + 1) (k) lan] —n

— WULWLJ (F)(2) lan] +1 Z <1 _ L|k‘> f(k,)eikx

lan| — lan| —n ne<lil<]on] an] +1

on(f)(x)

ol @)

lan| —n
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Since o > 1 and

« r 1
a-1 a-1 7
we have for all n > Ny and x € I that
960) = PuN@)] = | 290~ 242 ()0
on) +1 LY fpeie
lan] —n n<lil<lon] (1 lan| + 1) (k)e
e - @)

We will now show that each of these three terms can be made uniformly
small on I provided n is sufficiently large. Notice by our choice of « that for
all n > Ny

on +1 s (WY e

mmmﬁm lan| +1
lan| +1 k| R
< lan]=n, 2= (1= oy 1) 1)
§ Land + 1= ) 74
n<|k|<|an] ( lan| —n ) ‘ ‘
< X i)
n<|b|<|an]
<<
-3

To see the other two terms can be made uniformly small on I, note since

lim M =,
n—oo n

that

. |lan]+1 « ) n+1 1
lim = and lim = .
n=oo lan] —n a-—1 n—co lan| —n a—1

Therefore, since (0,,(f))n>1 converges uniformly to g on I,

(B () ad ()

lan| —n n>1 lan| —n n>1
converge uniformly to

1
a g and

9

a—1 a—1
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respectively on I by Proposition [2.2.12] Thus there exists an N € N such
that

’afilg(x)"tZijjiahmu(fﬂw) < g and
) - ()| < 5

for alln > N and x € I. Hence for all n > N and x € I, we have that

wm%JMﬂ@M<§+§+§:e

Therefore, since € > 0 was arbitrary, (P, (f))n,>1 converges uniformly to g on
I as desired. [

One important example that can be obtained from Hardy’s Theorem
(Theorem [3.8.3)) is the following.

Corollary 3.8.4. Let f € C(T) be continuously differentiable on T. Then
(Po(f))n>1 converges uniformly to f on T. Hence

f@) = F(@) = 3 Fmyem

n=—oo

forallz € T.

Proof. Let f € C(T) be continuously differentiable on T. Since (o, (f))n>1
converges uniformly to f on T by Fejér’s Theorem (Theorem [3.5.8)), it suffices
by Hardy’s Theorem (Theorem [3.8.3)) to show that

sup{‘nf(n)’ | ne Z} < 0.

Notice that f’ € C(T) (i.e. the derivatives of 2m-periodic functions are
2m-periodic). Since f’ is continuous on T, the Extreme Value Theorem
implies there exists an M € R such that

[f(@)| <M

for all z € T. Therefore, if n € N\ {0} then, by using integration by parts,
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we see that
[2xf(m)|
= / f(z)e " dx

~|(f@ e ™)

—/ f’(m)#e‘ml’ dx

- —in

1 [ ,
=|— f(x)e™" dx 27-periodic
inJ_x
1 /7 ,
< [ 1r@e e
nJ—r
1 ™
<1 / M da
nJ—r
1
= —27M.
n
Hence 1
f(n)| < M=
HOIESe
for all n € N\ {0} thereby completing the proof. ]

3.9 Instances of Pointwise Convergence

By Theorem we know there exists continuous functions for which
the Fourier series does not converge uniformly. Often for applications it is
sufficient that the Fourier series converges pointwise. Thus in this section, we
will analyze when the Fourier series converges pointwise. Instead of starting
with Fourier series, we will look at the Cesaro sums. This is due to the fact
that Hardy’s Theorem (Theorem implies if the Cesaro sums converge
pointwise and the Fourier coefficients are sufficiently nice, then the Fourier
series converges pointwise.

The following is a very general result that shows the Cesaro sums converge
at a point provided a specific condition is met, which we will see happens in
a lot of cases.

Theorem 3.9.1 (Lebesgue’s Theorem). Let f € RZ(T), let xy € T, and
let L € C. Suppose

1 h
lim —
hlg%h/g

Then limy, o0 0 (f)(x0) = L.

— Ll dx =0.

f(wo + x) + f(xo — l‘)
2

Proof. To prove this result, we will analyze |0, (f)(z¢) — L| using integrals
and the Fejér kernels, and divide the integral into three parts each of which
we can show is small.
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To begin, we will introduce some notation. Define ¢ : T — R by
p(z) = f(wo+ ) + f(zo —x) — 2L

for all z € T, and define ® : [0, 7] — [0, 00) by

h
a(h) = [ lo(@)|do

for all h € [0,7]. Note ¢ € RZ(T) so ® is well-defined. Moreover, by the
Fundamental Theorem of Calculus, ® is differentiable on (0, 7) with

O'(h) = | (h)]

for all h € (0, 7).

To proceed with the proof, let ¢ > 0 be arbitrary. Note that instead of
inputting the correct multiple of € at each step in the proof, we will end
with a constant multiple of € in our final bound on |0y, (f)(zo) — L|, which is
sufficient.

By the assumptions of the theorem, we know that

o1

Moreover, by Lemma [3.5.6] we see for all n € N and € T that

Fo(z) = — (Sin ((n;l) x)>2

Therefore, since

X
. 3 _
Mm@ !

by the Fundamental Trigonometric Limit, there exists a § > 0 such that

1
E(I)(h) <e for all h € (0,0] and
F.(z) <2(n+1) for all z € (—0,9) and n € N.

By Theorem m there exists an N € N such that if n > N then % <90
and
0< Fy(z) <e
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for all § < |z| < 7. Hence, by using properties from Theorem for all
n > N we have that

|on(f)(20) — L]
= |(Fn * f)(z0) — L]

_ 27r/ Fu mo—y)dy—L‘
_| L F( ) f (o — )dy—{——/ Fo f(xo—y)dy—L‘

_ 2W/ B~ )y + o [ B0 + 01t 1
_ 27T/ Foly) f (20 — dy+—/ Fu x0+t)dt—L’

~ | [[Fw )(f(xo—y>+f<xo+y>>dy—L\

_ %/ Fo xo—y)—i—f(:vo—i—y))dy—L(;W/_ﬂ

- ﬁ/o Fu(y)(f(xo — y) + f(xo +y)) dy — 2L (2171' /OWF”@)dy)’

= ;T/()WFn(y)(f(xo —y) + flzo +y) — 2L) dy'

~ |z [ e ]
<o [ Bwlewlay

1 [x
=%/0 Fn(y)lw(y)!der /F ey \dy+ /F Ne(y)| dy.

™

Fu(y) dy) ‘

To complete the proof it suffices to show that each of these three terms
are small for all n > N. For the first term, notice since = < 6 forallm > N
that

1 n n
3 Fo(y)le)dy < — [ 2(n+1)]e(y)| dy
1 1
_ n+ o )
T n
<24 (1)
T n
e
T\ = n
n
2
>~ —€,
v
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which is just a constant multiple of €. For the third term, notice that

o | Fwle)ldy < o= ["detwldy

/ﬂ lp(y)| dy
0
— (7

- 27 )
which is just a constant multiple of € since ® depends only on f and L which
are fixed. Finally, for the second term, since

in (x) > 2
i 2) " m
for all z € (0,7) by elementary calculus, Lemma implies that

1 L 2
~ (n+1)2?

€
<
— 27
€

< F,(z) <
0< Fu(w) < n + 1 sin? (%)

for all z € (0,7) so

1

4
%/ Fo(y)le(y)| dy

1
1 4 2
< — — d
<o / TPl
g T
= — _d'(y)d
™

6 ) T
- ()| - L e

|
—

[}

|

IN
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Therefore, combining these three estimates, we obtain that

lon(f)(zo) — L| < ge + e + %q)( )

= (2 +7T+%CI>( ))

Therefore, since 2 4+ 7 + 5-®() is a constant that does not depend on € and
€ > 0 was arbitrary,

lim o (f)(z0) = L

n—oo

as desired. m

To see a case where Lebesgue’s Theorem (Theorem [3.9.1)) can be utilized,
we prove the following which allows us to handle jump discontinuities.

Corollary 3.9.2 (Fejér’s Theorem by Zygmund). Let f € RZ(T). If
xo € T, and

1., 1
we(zo) = 5}111{%]“(3604-}@) + iilzli%f(xo —h)

erists, then
lim o, (f)(x0) = ws(xo).

n—oo

Proof. To see that this result is true, we claim that

lim f(zo+ ) +f($0*95)

— (,Uf(xo) dxr = 0.

Once this is established, the result then follows from Lebesgue’s Theorem

(Theorem [3.9.1) with L = wy(zo).

To see that the above claim is true, let € > 0. Since
(20) = 5 im f(zg+h) + 2 lim f(zo — )
orlen) = gy Fleo-+ 1)+ 3 fu floo

there exists an hg € (0, 00) such that if 0 < h < hg, then

‘f($0+h)+f(33o—h)
2

—wyr(xg)| < e

Thus for all 0 < h < hg we have that

f(xo + ) +f( 0— )

d <1/h dz = L (he) =
x_hoex—h €) =

— wy(zo)
Therefore, as € > 0 was arbitrary, the claim and thus proof are complete. m

(©For use through and only available at pskoufra.info.yorku.ca.



156 CHAPTER 3. SERIES OF TRIGONOMETRIC POLYNOMIALS

In order to use Lebesgue’s Theorem (Theorem [3.9.1]) to show that the
Cesaro sums of f converge to f(zg) at various points xg, we want xg to
satisfy the following condition.

Definition 3.9.3. Let f € RZ(T). A point xg € T is said to be a Lebesgue
point of f if

1
%%5/0

It turns out that given f € RZ(T) ‘most’ points are Lebesgue points.

f(zo+ )+ f(zo — )
2

— f(zo)| de = 0.

Theorem 3.9.4. If f € RZ(T), then “almost every point” in T is a Lebesgue
point of f. Consequently, Lebesque’s Theorem (Theoremm implies that

lim o,(f)(z0) = f(z0)

n—oo

for “almost every” xg € T.

Proof. The proof of this theorem requires material from MATH 4012. It
may or may not be covered based on who is teaching MATH 4012. ]

Now let us return and see what we can prove about the pointwise con-
vergence of Fourier series without the need of Cesaro sums and Hardy’s
Theorem (Theorem [3.8.3). We start with the following.

Lemma 3.9.5. If f € RZ(T) is such that

dx < 00,

f(=)

then lim,,_,o P,,(f)(0) = 0.

Proof. Let f € RZ(T) be arbitrary. Using Lemma notice for all n € N
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that

Pa(£)(0) = (f * Dn)(0)

= 217r/_7; f(y)D
- [ B,
sin (G
5 Lo
g ™ G
_ L[ ) <>n+(2)<ny> sin(4)
:;r/_’;f@ﬁm(;@;};;;“d o [ s cos(uy) dy

(where the integral can be split since both integrands are the product of a
Riemann integrable function against a continuous function and thus Riemann
integrable). We will show that

JLH;O%/ f(y)cos(ny) dy =0 and (3.1)
.1y sin(ny)cos (§)
i o /_7r f(y)T%)Q dy =0 (3.2)

thereby completing the proof.

To see that (3.1)) is true, let fi = Re(f) and fo = Im(f). Therefore, for
all n € N, we see that

% / i f(y) cos (ny) dy
1

=5 (fl( )+ ifa(y)) cos (ny) dy
= % - f1(y) cos (ny) dy + i /7; fa(y) cos (ny) dy

= 2Re (E(n)) + 2iRe (E(n))

by Theorem since f1 and fy are real-valued. Therefore, since the
Riemann-Lebesgue Lemma (Theorem [3.5.11)) implies that

lim fl( )=0 and nh_}rgo?;(n) =0,

n—o0
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it follows that (3.1)) is true.
To see that (3.2)) is true, define g, 91,92 : T — C by

0 = B -

fa(x) cos (%)

o= s (5)

for all z € T. Clearly g1 = Re(g), g2 = Im(g), and

1 [ sin(ny) cos (%)
o ) ,)P(Z/)T%)2 dy
1 ™

:% .

— [ (010) +iga(0)) s ()

:% .

9(y) sin(ny) dy

= % /7; 91(y) sin (ny) dy + % /7; 92(y) sin (ny) dy
= —2Im (g1(n)) — 2iIlm (g2(n))

by Theorem since g1 and g9 are real-valued. Therefore, since the
Riemann-Lebesgue Lemma (Theorem [3.5.11)) implies that

Jim Gi(m) =0 and  lim Go(n) =0,

it follows that (3.2)) is true... modulo one caveat... g ¢ RZ(T) since g may
not be bounded at zero! So does the above actually work?
To see the above is valid, first note since

an(3)] =
an | — T

5) =
for all z € (—m, ) that

/ﬂ |9(y)|dy=/7r |f(yy)|dy§ /7r 21/ dy < oo (3.3)

—r —r |tan (5 _r |y

by the assumptions of the theorem. It is this fact that we can use to correct
the proof.

First, due to , it follows that the conclusions of Proposition
hold whenever we use a function that is a linear combination of g and elements
of RZ(T). Therefore Theorem is still valid as the proof of Theorem
[3:2.14] relies only on Proposition [3.2.12] Furthermore, since Proposition
holds whenever we use a function that is a linear combination of g and
elements of RZ(T), to prove the Riemann-Lebesgue Lemma (Theorem
for g it remains only to show that for all € > 0 there exists an h € C(T) so

that
1 e

or ) 19W) —hly)ldy <e
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The proof of this fact can be obtained by looking at the proof of Lemma
3.3.8l Indeed ignoring the upper bounds on elements of C(T), it suffices to
prove there is a step function hg on T such that

1 /m €
— —h d —.
o [ o) = ho(w)ldy < §

By (3.3)), it follows that there exists a 6 > 0 such that

€

0
[ lowldy < 5

so by constructing a step function that is 0 on [—4, ] and constructed on
T \ [-9, ] via the same ideas as the proof of Lemma the desired hg
will be constructed.

(The reason we did not work with such functions throughout is that we
only needed these facts in this one result and doing so would make other
results more difficult to prove.)

(Alternatively, one can revisit this after taking MATH 4012. Indeed, in
pretty much every result in this chapter, RZ(T) can be replaced with the
Lebesgue integrable functions L;(T) and shows g € Ly(T).) ]

Theorem 3.9.6 (Dirichlet-Dini’s Test). Let f € RZ(T) and let o € T.
Suppose L € C is such that

™1
I

Then limy, o0 Pp(f)(zo) = L.

fxo+2) + flzo — )
2

— L| dx < 0.

Proof. Fix f € RZ(T), g € T, and L € C satisfying the assumptions of the
theorem. Define g : T — C by

o(z) = f($0+$);rf(9«“o—ﬂ?) I

for all z € T. Then g € RZ(T) and, since g(—z) = g(z) for all x € T,

[ |2 2 [

—|dxr < oo,
by assumption. Hence Lemma [3.9.5] implies that

lim P,(g)(0) = 0.

n—oo
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However, notice by Proposition and Proposition we have for all
n € N that

Pn(9)(0)
= (g * Dn)(0)

=27r/g y) dy

_ /7r <f(900+y)‘2|rf( Y)

) puCan
/_ (o +y)D dy+f/ f(zo —y)Dn(—y) dy
QL/WLD( y) dy

/ﬂ 20 — 1) Dn(r) dr+—/ f(@o — y)Duly)dy — L

/ zo —y)Dn(y)dy — L

* f)(zo) — L
= (f * Dy)(wo) — L
= Pu(f)(x0) — L.

Thus the result follows. []

1
47r
1
2
= (Dn

One example where Dirichlet-Dini’s Test (Theorem [3.9.6) applies is the
following.

Corollary 3.9.7. Let f € RZ(T) and suppose f is differentiable at a point
xg € T. Then

Flao) = lim_Pu(f)(ao).
Proof. Let f € RZ(T) be such that f is differentiable at a point xg € T.
Therefore

g LAt DETE D)y = (o)
" po Lot 2 feo=a) g

is a bounded function on (0, 7]. Thus

/”1 flzo+ ) + f(zo — 2)
0T 2

so the Dirichlet-Dini’s Test (Theorem [3.9.6)) implies that
f(wo) = lim_ P, (f) (o)

as desired. m

—f(a:o)’ dr < 0o
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3.10 Mean-Square Convergence

To conclude this chapter, we return to our motivation for constructing Fourier
series, namely orthogonal projections. Using this linear algebra concepts,
we can describe another form of convergence and obtain more information
about the Fourier coefficients. In particular, part a) of the following looks
like convergence where length has replaced the absolute value. This idea will
be further explored in MATH 4011.

Theorem 3.10.1 (Mean-Square Convergence). For all f € RZ(T),

a) limp o0 [[Ba(f) — fll = 0.

b) 1flly = /302 [F () 2.

Proof. To see that a) is true, we will use the fact that elements of RZ(T)
can be approximated with elements of C(T) ‘sufficiently well’ and elements
of C(T) can be approximated with elements of T (T) ‘sufficiently well’

Fix f € RZ(T) and let € > 0 be arbitrary. Since f € RZ(T), there exists
an M € R such that |f(x)] < M for all x € T. By Lemma there exists
an g € C(T) such that

lg(z)| < 2M

for all x € T and

2

1 €
43M +1)°

5 | 15(@) — gla)lda <

Moreover, by Theorem [3.5.10} there exists p € T(T) such that

€
l9(e) — po)| < §
for all x € T. Hence

1f =plo < If —glly + llg = pll;

= (1/_7T |f(x) — gz )|2d:v);+ (217r/_7; |g(x)—p(x)|2dx>

VAN

<(z [
g( g )\(3M)dm)2+;
%

l\.')\m
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Since p € T(T), there exists an N € N such that p € Ty (T). Therefore,
if n > N then p € 7,(T) and thus part [d) of Theorem [3.1.1§ implies that

1F = Pu(Hlls < If = plly <€

Therefore since € > 0 was arbitrary, the proof of a) is complete.

To see that b) is true, notice for all n € N that

1 lle = I(F = PulF)) + Bl D)2 < 1 = PalHllg + 12 (H)]l2

SO

112 = NP2 (Hlle < 1F = PalF)l2 -

Similarly
[1Pn()lly = 1(Pu(f) = f) + flly

< |Pu(f) = Flla + 111l

== 1If = Pa(Hlly + [ £1l

= lf =Pl Ol + 1£1l5
SO

1B ()Ml = F Ml < [1f = Bu( )2 -

Hence

A1l = 1B (H)llo) < WS = BalF)l2 -

Therefore, part a) implies that

Jim [[[flly = 1P ()llof = 0
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SO
1= lim 20D,
= lim < S Fk)er, > J?(j)ej>
k=—n Jj=-n
= lim | > > f(R)FG) (ensep)
k=—nj=-n
=y 2 Fk)T(R) (e, ex) W
= lim_ kz F(k) (k) (erex)=1
= lim | > [f(k)]
k=—n
= > k)P R et
k=—o00
as desired. [ |

One immediate corollary of the Mean-Square Convergence (Theorem
3.10.1)) is that we can compute the value of the following sum.

Corollary 3.10.2. 0%, - = T

Proof. Recall from Example [3.2.17| that if f : T — C is defined by f(z) =
1(z —m)% for all z € [0,2n), then

fn) =

T 22

~

for all n € Z with n # 0 and f(0) = 7{—; Therefore

N s 1 ™ 1& 1
> |Fm) :m+n;m\2n212:m+§z;ﬁ'
n#0

n=—oo
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Thus the Mean-Square Convergence (Theorem [3.10.1)) implies that
[e.9]
1
[ 9

n=1
7.[.4 1 [2r 9
——5+;/ f@)? da

md 11 5
=t (ms“"”) )

=Tt (e - ()

as desired. n

Another immediate corollary of the Mean-Square Convergence (Theorem
3.10.1)) is the ability to compute the integral of a product of functions via a
series of Fourier coefficients.

Corollary 3.10.3 (Parseval’s Identity). For all f,g € RZ(T),

27T/f :i

Proof. 1t is elementary to verify for any z,w € C that
2W = % (\z +w — |z —w|® + iz + iw|? —ilz — iw|2) .
Hence the Mean-Square Convergence (Theorem implies that
L / fla
= (|f< )+ 9@ = [£(2) — g(@)2 + il f(@) + ig(2) 2 — il f(2) — ig(x)[*) da
:1Ov+mF—W—gW+HU+mW—NU—mW)

= i < _2: 1F(n) +G(n)|> = |f(n) — G())? +i|f(n) +ig(n)|? — i|f(n) — ig(n)|2>
Y Fwg)
as desired. m
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Our final mentioned (at this time) corollary of the Mean-Square Conver-
gence (Theorem [3.10.1)) is that if “P,(f)(x) stayed away from f(z) at too
many points”, then the integral

1 ™

2 Jr

|f(x) = Pu(f)I? da

would stay large thereby yielding a contradiction. This is formally seen as
follows.

Corollary 3.10.4. If f € RZ(T), then lim, oo Pn(f)(x) = f(x) for ‘almost
every’x € T.

Proof. The proof of this result is beyond the ability of this course as it
requires technology from MATH 4012. ]

One can actually improve upon the Mean-Square Convergence (Theorem

3.10.1):
Theorem 3.10.5. If f € RZ(T) and p € (1,00), then

Jim 1/” F(2) — Palf) (@) dz = 0.

n—oo 21 J_ .

Proof. The proof of this result is beyond the ability of this course as it
requires technology from MATH 4011. [
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Chapter 4

Applications of Series of
Functions

In this final chapter, we will look at some applications of the theory developed
throughout the course, mainly the results in Chapter[3] This will demonstrate
the power of series, and more specifically Fourier series, in analysis.

Of course the applications studied in this chapter are just a sampling
of what can be done. One example we wish we had time for would be a
complete proof of the Central Limit Theorem in probability. Said proof can
be accomplished by taking a suitable transformation of the distributions of
averages of random variables, taking a limit of the transformations, realizing
the limit is the transform of a Gaussian distribution, and showing this
implies the average of random variables tends to the Gaussian distribution
in a certain sense. This is very reminiscent of Fourier series, but requires a
fair bit of technology that would take all the time we have for applications.
Consequently, we will focus on these multiple applications instead.

4.1 Isoperimetric Inequality

For our first application of Fourier series, we will look at the question in
geometry of maximizing the area contained in a region of R? by a closed
string of a fixed length. Of course our intuition says the optimal shape
should be a circle. However, we have seen weird things in this course such
as a function that is continuous but nowhere differentiable, so perhaps our
intuition is incorrect. Modulo some assumptions (which are made in the
following definition), it turns out Fourier series can be used to show our
intuition is correct.

Definition 4.1.1. A parametrized curve in R? is a set I' C R? such that
there exists a continuous function v : [a,b] — R? such that I' = Range(y).
The function ~ is called a parametrization of I'.

167
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It is said that I is closed if v(a) = v(b).

It is said that I is simple if I' does not intersect itself except possibly at
the endpoints; that is if ¢1,t2 € [a, b] are such that t; # to, then vy(t1) # v(t2)
provided {z1,z2} # {a,b}.

Finally, it is said that a simple closed curve I' is smooth if v is continu-
ously differentiable on [a, b] (with the one-sided derivatives at the endpoints
agreeing) and +/(t) # 0 for all ¢ € [a,b].

Remark 4.1.2. It should be pointed out that a curve being ‘smooth’ can
mean different things in different contexts by various authors. For us, we
will just need the above definition in our main result and thus opt for this
definition of ‘smooth’ in order to simplify discussions.

Remark 4.1.3. It is not difficult to see that if v : [a,b] — R? is the
parametrization of a simple closed curve, then the z- and y-terms of + are
continuous periodic functions with period b — a. We will make use of this
fact in order to apply Fourier series provided we can reduce to T. Indeed
this can often be done via the following.

Definition 4.1.4. Let v : [a,b] — R? be the parametrization of a simple,
closed, smooth curve I'. A re-parametrization of v : [a,b] — R? is a function
¢ : [c,d] — R? such that there exists a continuously differentiable bijective
function 9 : [¢,d] — [a,b] with non-vanishing derivative such that

for all s € [c,d].

Note a re-parametrization yields the same subset of R? and we can
always re-parametrized so that we are working on T. Of course, the hope in
differential geometry is that the parametrization does not affect the quantities
one desires to study. The first quantity we desire to study is the following.

Definition 4.1.5. Given a simple, closed, smooth curve I' parametrized by
v : la,b] = R? where v(t) = (z(t),y(t)) for z,y : [a,b] — R, the length of T
is defined to be

b b
()= [l at= [ iewP+ P a

Remark 4.1.6. It is not difficult to see that the above is the correct formula
for length based on elementary calculus arguments (i.e. distance travelled is
the integral of speed).

Remark 4.1.7. It is necessary to show that the length of a simple, closed,
smooth curve I' does not depend on the parametrization. Indeed suppose I
is parametrized by 7 : [a,b] — R2, ¢ : [c,d] — R?, and ¢ : [¢,d] — [a,b] is a
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continuously differentiable bijective function with non-vanishing derivative
such that

p(s) = v(¥(s))

for all s € [c,d]. Notice this implies

¢'(s) =" (¥(s))d'(s)

for all s € [¢,d]. Moreover either ¢’'(s) > 0 for all s € (¢,d) or ¢¥/(s) <0
for all s € (¢,d). The former is the case that v and ¢ draw I' in the same
orientation whereas the latter is the case that v and ¢ draw I' in different
orientations. Therefore we obtain that

d d
L@l ds= [ e, 1 (5) s
= [l a

via a change of variables. (Well, there is actually a lot to prove here. First, if
Y(c) = a and ¥(d) = b, then 1)'(s) > 0 and the above holds via by the Change
Rule. If ¢(¢) = b and 9(d) = a, then ¥'(s) < 0 so we would introduce a
negative sign when implementing the Change Rule, which would be corrected
as we would need to change the order of the bounds of the integral. Finally,
if we re-parametrized I' with a different parametrization where we do not
start and end at y(a) = 7(b), the same proof works by using periodicity.)
Hence the length of I' is well-defined.

Remark 4.1.8. Given a simple, closed, smooth curve I', we can always
re-parametrize I' to ensure I' is parametrized via a continuously differentiable
map 7 : [0, 27r] — R? with non-vanishing derivative. Moreover, it is possible
to assume that « has constant speed; that is, there exists a ¢ € R such that
|7/ (t)] = ¢ for all t € [0,27] (specifically, we would expect ¢ = %) Indeed,
consider the map f : [0,27] — [0, 27| by

1) = 385 b /@

for all s € [0,27]. By the definition of the length of I" and since + does not
vanish, f is a continuously differentiable bijective function with

Fi(s) = ;IT) I(s)], #0

for all s € [0,27]. By elementary calculus, 1 = f~1 : [0,27] — [0,27] is a
continuously differentiable bijective function with non-vanishing derivative

such that 1 1
YO = PR T B IO

(©For use through and only available at pskoufra.info.yorku.ca.



170 CHAPTER 4. APPLICATIONS OF SERIES OF FUNCTIONS
for all s € [0,27]. Therefore if ¢ : [0,27] — R? is defined by

for all s € [0, 27], then

1 ()
@)y 27

1" (s)ly = 17" (W ()Y (8) |y = [/ (¥ () ly I
7y 117

for all s € [0,27] as desired.

By our Fourier series arguments, we can now assume that I is continuously
differentiable map v : [~m, 7] — R? with constant speed. Thus we are in
Fourier series territory now to study ~.

Of course, the other geometric quantity we require is the following.

Definition 4.1.9. Given a simple closed curve I" parametrized by ~ : [a, b] —
R? where v(t) = (x(t),y(t)) where z,y : [a,b] — R, the area enclosed by I is

AT) =1

b
2 /a z(t)y'(t) —y(t)a'(t) dt|.

Remark 4.1.10. Green’s Theorem from multivariate calculus implies the
above is the correct formula for the area enclosed by a simple, closed, smooth
curve. As Green’s Theorem is the stable of any multivariate calculus course,
we omit the proof.

Remark 4.1.11. Again It is necessary to show that the area enclosed by
a simple, closed, smooth curve I' does not depend on the parametrization.
Indeed suppose I' is parametrized by v : [a,b] — R? ¢ : [c,d] — R?, and
Y @ [e,d] — [a,b] is a continuously differentiable bijective function with
non-vanishing derivative such that

for all s € [c,d]. Notice this implies
¢'(5) =7 (¥(s))¥'(5)
for all s € [c,d]. Thus, if z,y : [a,b] = R and z¢, yo : [¢,d] — R are such that
V() = (x(t),y(t)) and  @(s) = (zo(s), yo(s))

for all t € [a,b] and s € [c,d], then

(¢ (x)) yo(s) =
"(1h(5))(s) and Yo(s) =

zo(s)

x
zo(s) =
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for all s € [¢,d]. Thus, by the same technical arguments as in Remark
we have that

1 /Cd 20(8)yh(s) — yo(s)ah(s) ds

2

1

2
1

[ D )~y ) ()

b
5| 2w/ - o' @) ar

Hence the area enclosed by a simple, closed, smooth curve is well-defined.

With the above technicalities out of the way, we can discuss our main
result.

Theorem 4.1.12 (Isoperimetric Inequality). If I' is a simple, closed,
smooth curve in R?, then
(r)?
A
Moreover, this inequality is an equality if and only if I' is a circle.

A) <

Proof. Note if I is a circle of radius r, then we know that ¢(I"') = 277 and
A(T) = 7r? so equality easily holds. To proceed with the remainder of the
proof, we will first show that the inequality is true, and then shows based on
the proof that the inequality holds exactly when I" is a circle.

To see that the inequality holds, let vy : [, 7] — R? be a parametrization
of T' of constant speed. Thus if z,y : [-7, 7] — R? are such that y(t) =
(x(t),y(t)) for all t € [—m, ], then there exists a ¢ € R such that ¢ > 0 and

') + Iy (&) = ¢
for all t € [—m, w]. Therefore

/\/I I+ [y'( )Izdtz/_ cdt = 2mc

(T)
27
By assumptions, 2,y € C(T). Moreover, notice for all n € Z that

~ 1 /7 .
x'(n) = o /_ a:’(t)e*mt dt

Thus

1 T 1 .
_ <27Tx(t)e_mt> = [ atimet
=0+ ﬁ/ z(t)e ™ dt
21 J_r
= inZ(n)
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and similarly 3;’ (n) = iny(n). Therefore, the Mean Square Convergence

(Theorem [3.10.1)), we obtain that

3w (@) + geF)

= 3 [ + ]

:217T/_Tr| |2dx+—/ (t)|? da

5 [ OP 0P

= % /_: dt

_e2 (4.1)

Furthermore, Parseval’s Identity (Corollary implies that
= 5| [ st ® -«

_ ; Z(n)y'(n) — ' (n)g(n)
=7 :Z_: Z(n)ing(n) — inZ(n)y(n)
= ; —in(Z(n)y(n) —f(n)ﬂ(n))‘
<m _Z n|z(n)y(n) — z(n)y(n)| (4.2)
<m _Z 2n|z(n)[y(n)] (4.3)
<m Y n(Zm)P+gn)f) (44)
<7 Y Az +gn)P) n*>n (4.5)
_n

()2
- < om )
_ Uy
T An

as desired.
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To prove that if A(T) = % then I' is a circle, note that equality in the

Isoperimetric Inequality implies that (4.2)), , , and are equalities
by the above proof. Note equality in (4.5)) implies that |Z(n)|? + |5(n)]?> =0
for all n such that |n| > 2. Thus a, = b, = 0 for all n € Z with |n| > 2.
Thus = and y must be trigonometric polynomials of degree at most 1 so we
may write

z(t) = are +ag+a_1e” and y(t) = bre® + by +b_1e” ¥

for some a1, ag,a_1,b1,b9,b_1 € C.
Since z and y are real-valued, this implies ag,bp € R, a_; = a7, and

b_1 = by (see Theorem [3.2.14). Moreover, equality in (4.4) implies
2|a1[[b1| = Jar]? + [b1 |

and thus |ai| = |b1|. Furthermore, notice equation (4.1)) implies that

1
= > n*(lanl” + [bnf?) = 2(|a1* + [b1]*) = 4] |

n=-—1

Therefore
c
jax] = Joa] =
SO we can write

c . c .
a; = - and b = e
2 2

for some 6,, 0, € [—7, 7.
By examining the inequalities from (4.2)) to (4.3]) to (4.4]), equality implies
that

1
2arby —arbi| = Y nlF(n)y(n) — Z(n)j(n)]

n=-—1
1
= Z n2(|an|? + |bn]?) = .
n=-—1

Thus, subbing in the expressions for a; and by, we obtain that

() )~ 6) )
2 2 2 2

i(0a—05) _ p—i(0a—00)

=2

2
2
= 2| sin(f, — 0p)|.

(&
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Hence |sin(0, — 0p)| =1 s0 0, — 6, = %’T for some k € Z. Therefore
x(t) = are +ag +a_je

= a1’ + ag + aje

— ag + g (ei(t—ea) i e—z‘(t—ea))

=ap+ gcos(t —6,)
and

y(t) = bleit + by + b_le_it
=bre' +ag + bre "
c . .
_ - ’L(t—eb) —’L(t—eb)
= bo+ (e te )
=bo + g cos(t — 0p)

c km
:bo+2cos<t—9a+2>

:boigsin(t—ﬂa)

(where + is used when *71 is even and — is used when %31 is odd). Thus
~v(t) = (z(t),y(t)) is the parametrization of a circle, so I' is a circle as

desired. n

4.2 Weyl’s Equidistribution Theorem

Our next application of Fourier series is rooted in ergodic theory; the branch
of mathematics that studies properties of dynamical systems. To understand
the basic concepts of ergodic theory, consider the interval [0,1) where we
work modulo 1 and a bijective function f : [0,1) — [0,1). The hope is to
understand the behaviour of f™ on points of [0,1) as n varies. For example,
for a fixed number v € (0, 1), consider f defined by f(z) = x +~. For a fixed
zo € [0,1), what can be said about (f™(z0))n>17 In particular, if we were to
plot these points, what does their distribution look like? Does it clump up
or spread out? In particular, does it have the following property?

Definition 4.2.1. A sequence (z,,),>1 in [0,1) is said to be equidistributed
if for all (a,b) C [0,1),

1<n<N|a,c¢
RS AN

=} —
N—o0 N @

where, given X C N, | X| denotes the number of elements in X.
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Remark 4.2.2. Equidistributed clearly means ‘equally distributed’; that
is, if a sequence (z,,)n>1 is equidistributed, then the probability a term in
(zn)n>1 lies in an open interval of [0, 1) is approximately the length of the
interval as we add more and more points. This means that asymptotically
(Tn)n>1 is distributed with respect to the uniform distribution. Thus (2 )n>1
will be as ‘spread out as possible’ in [0, 1). Moreover (z,),>1 must intersect
every interval; a property in topology known as being dense. Thus being
able to show sequences are equidistributed is desirable.

It is not difficult to show that certain sequences are not equidistributed.

Example 4.2.3. For all n € N, let z,, = 2% Then (zy,)n>1 is not equidis-

tributed since )
H1§n§NL%e(WQ}’:O#

N | =

for all n € N.

Example 4.2.4. Consider the sequence

011131113151711

It is not difficult to see that this sequence intersects every interval, but is
not equidistributed since any interval (a,b) around 3 will yield

|{1§n§N\xn€(a,b)}|>1 1

N -2 N’

1

2

and there are intervals of length less than = centred at %

For more examples, we note one useful way to construct sequences in [0, 1)
is to construct a sequence in R and use the following ‘modulo 1’ function.

Definition 4.2.5. Given = € R, also called the integer part of x (the floor
of x), denoted |x] is the greatest integer less than or equal to x.
Given x € R, the fractional part of x, denoted [z], is defined to be

[z] =2z — |z] €]0,1).

By working ‘modulo 1’, we note if z,y € [0,1), then [z + y] € [0,1).
Similarly other operations behave well with respect to taking the fractional
part.

Example 4.2.6. For another example of a non-equidistributed sequences, fix
q € QN[0,1) and consider the sequence ([ng]),,~,. If ¢ = § with ged(a,b) =1

then L 9 b1
0,=,=,...,——
ma) € {0,550 "5 |
for all n € N. Thus clearly ([ng]),, is not equidistributed as it does not
intersect (O, %)
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However, if we take an irrational number, then the exact opposite occurs:

Theorem 4.2.7 (Weyl’s Equidistributed Theorem). If v € R is irra-
tional, then the sequence ([nv]),>, is equidistributed in [0,1).

The way we will demonstrate the Weyl’s Equidistributed Theorem (The-
orem [4.2.7)) is by demonstrating the following criterion for a sequence to be
equidistributed.

Theorem 4.2.8 (Weyl’s Criterion). A4 sequence (zp)n>1 in [0, 1) is equidis-
tributed in [0,1) if and only if

1 & .
lim — e2mheni — ()
N—=oo N nZ:l

for all k € Z\ {0}.

Indeed, Weyl’s Equidistributed Theorem (Theorem [4.2.7) can be proved
using Weyl’s Criterion (Theorem [4.2.8]) as follows.

Proof of Weyl’s Equidistributed Theorem via Weyl’s Criterion. Let v € R
be irrational. To see that ([n7]),,; is equidistributed in [0, 1), it suffices by
Weyl’s Criterion (Theorem [4.2.8) to show that

1N -
: 2mk[nA)i _
NN nzzl ‘ 0
for all k € Z\ {0}.

Fix k € Z\ {0} and notice that

™Y = cos(2mky) + isin(2mky) # 1

as +y is irrational. Therefore, for all N € N

1 N ) 1 N .
2 Z e2mklnali _ — Z e2mknyi 2m-periodicity
N n=1 N n=1
1 a 2kyi n
=N Zl (e )
n=

— leQWk’yi (BQFkWi)NJrl —1

N e2mkyi _

geometric series.

Since for all N € N

1 2

< N |e2mkyi — 1]

1 N
N Z e27rk[n’y]i
n=1
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we obtain that
N

1 .
li e 2rk[nyli _
Nl—I>noo Z © 0
n=1
Thus, as k € Z\ {0} was arbitrary, Weyl’s Criterion (Theorem |4.2.8)) implies
that ([n7]),,>; is equidistributed in [0, 1). []

Remark 4.2.9. To be able to prove Weyl’s Criterion (Theorem , we
desire to connect the definition of equidistribution in [0,1) to notions of
functions and integrals we have seen in this course. To do this, let (z,,)n>1
be a sequence in [0,1), let A C [0,1), and define the characteristic function
of A to be the function x4 : [0,1) — R defined by

1 ifze A

XA(:B):{O itrd A

Notice for any (a,b) C [0,1) that

1 X [{1<n <N | a,e€(ad)}

n=1

and )
/0 X(ap)(T) dz = b —a.

Therefore, by the definition of equidistributed, (z,),>1 is equidistributed in
[0,1) if and only if

' 1 N 1

for all (a,b) C [0,1). Consequently, it is easy to see how the following result
may be of use in the proof of Weyl’s Criterion (Theorem |4.2.8)).

Lemma 4.2.10. Let (x,)n>1 be a sequence in [0,1). Then

1 Y .
lim — Y e*™hni = 0
N—oco N nZ:I

for all k € Z\ {0} if and only if

for all continuous periodic functions f : R — R with period 1.
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Proof. To begin, suppose

for all continuous periodic functions f : R — R with period 1. By using the
linearity of the integral, the above limit holds for all continuous periodic
functions f : R — C with period 1.

Fix k € Z\ {0} and let f : R — C be defined by

f(.l‘) — eQﬂ’kmi

for all z € R. Thus f is a continuous periodic function with period 1 so the
above implies that

1 )
0 :/ e?ﬂ'km dx
0
1

N
= lim Z e?ﬂ'kxnz
=1

as desired.
For the converse direction, suppose

1 N
. 2rkxni
lim — EZle Tnt = ()

N—oo

for all k € Z \ {0}. The idea of the proof is that this assumption implies the
conclusions for trigonometric polynomials (using e?™*#7 instead of €***) and
thus will hold since we can uniformly approximate periodic functions with
trigonometric polynomials.

Let € > 0 be arbitrary. Consider the function g : R — R defined by

9@ =1 (52

for all z € R. Since f is continuous and periodic with period 1, g € C(T).
Therefore, Theorem [3.5.10] implies there exists a p € T (T) such that

Ll m

lg(z) —p(x)] < 3
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for all z € [0, 27). Since p € T(T), there exists an m € N and {ax}}-_, € C

such that
m
Z ax ik
k=—m

for all € [0,27). Therefore, if ¢ : R — R is defined by

q(z) = p(2mx) Z are?™kei

k=—m

for all z € R, then for all € [0,1) we have that
€
|f(2) = q(2)] = lg(2mz) — p(272)| < 3.

Notice that

1
/ d.’I} _/ Z ag 627rkm dr = Z ak/ 2rkxi dr = ao
0

and thus
1 Y 1
- - d
y 2 dlen) = [ alw)da
1 N
= |77 Z q(wn) —ap
N n=1
1 N m
— 72 Z akeQﬂkInz ao
N n=1k=—m
1 m N N 1 0
2mkxn :
= | — n —N =
Nk:z_:mn;lake since N ape aop
k#0
m 1 N )
< Z ’ak’ Nze%rkznz )
k=—m n=1

k0
Therefore, since

1 Y .
lim — Z e?rkant — ()

N—oo

for all k € Z\ {0}, there exists an Ny € N such that

i:: () —/Ol (z)dz
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for all N > Nj.
Thus, for all N > Ny we have that

1 Y 1 X 1 X 1
SN Tn) =N Tn)| + |77 x —/ z) dz
N;Jc( n) N;Q( n) N;Q( n) 0 Q()
1 1
+ q(x)dr — | f(z)dx
0 0
1 N 1
N (Z |f(an) — Q(a:n)|> +5+ | la(w) = flo)|de
n=1
1 (X e € 1
SN 2]+t 3 ~d
_N<HZ::13>+3+ ) 3 T
€ n € N €
=-+_-+-=c¢
3 3 3
Therefore, as € > 0 was arbitrary, the result is complete. m

With that lemma out of the way, it is now possible to prove our desired
result.

Proof of Weyl’s Criterion (Theorem[{.2.8). Let (zn)n>1 be a sequence in
[0,1). Suppose that

1 Y :
lim — Y e?™hmi = 0
N—oco N nZ:I

for all k € Z\ {0}. To see that (z,,)n>1 is equidistributed in [0, 1), by Remark
we simply need to upgrade Lemma to include characteristic
functions of intervals.

Let (a,b) C [0,1] be such that a < b and let € > 0 be arbitrary. Consider
the 1-periodic functions f : R — R and f_ : R — R defined by

if z € [a, b]
(x—a+e€) ifxela—ealla,b
(b+e—z) ifxebb+elab]

otherwise

Kﬁ
+
2
Il
O al—al—=

ifrxelateb—¢

1

Lz — if x € [a,a+ €]
f(x) =141 .

“(b—=x) ifxelb—eb

0 otherwise
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Thus f; and f_ are continuous functions such that

/f Ydx = (b—a) — 2e, /f+ Ydx < (b—a)+ 2

and
f~(@) < X(ap) (@) < fr(x)
for all z € [0, 1].
Recall Lemma [£.2.10] implies that

Jim. szu ) / filo

Ly Ly Ly
~ f-(zn) < — X(a,b)(wn) << f(zn),
N n=1 N n=1 N n=1
we obtain that
1
(b—a)—2e= _(z)dz
0
< .
I D orats
N

<hrn1nf—ZXab (zn)
=1

<hmsup—ZXab n)

N—o0

< (b—a)+ 2e.

Thus, as € > 0 was arbitrary, we obtain that

N N

1 1
b—a<hm1nf—ZXab xn)<hmsupNZXab (xn) <b—a.

n=1 —0o0 n=1

Hence

1
lim 7ZXab Tn —b—a—/ X(ap) (7) d.

N—oco N
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Therefore, since (a,b) C [0,1) was arbitrary, (zn)n>1 is equidistributed in

[0,1) by Remark

Conversely, suppose that (z,),>1 is equidistributed in [0,1). To see that

1 N
lim — e?rkani — )
N

N—oo

for all k € Z\ {0}, it suffices by Lemma [4.2.10[ to show that

1
A}l_I}noo—Zf Tn) /0 f(x)dx

for all continuous periodic functions f : R — R with period 1. The idea is to
use the fact (z,,)n>1 is equidistributed in [0, 1) implies the desired limit holds
for characteristic functions of intervals and extend this to linear combinations
of characteristic functions of intervals and then to all continuous functions
via Riemann sums.

First we generalize Remark to more intervals. Since (zp)n>1 is
equidistributed in [0, 1), Remark implies that

lim —Zxab () =b—a.

N—oo N
Thus
li — =1.
Ngnoo Z X(0,1) (zn)
SO

lim — =0.
Ngnoo ;Xoo l“n)

Since for any b < 1 we have that

X[, (®) =1 = X1 ()

for all z € [0,1) we obtain that

A}gnOONZX[Ob] (z) = lim *Zl—X(bl)(mn)—l—(l—b)—b

Similarly, for any 0 < a < b < 1, we have that
X[ab)(T) =1 = X[0,0(%) = X(0,0) (%) — X(b,1) (@)

for all z € [0,1) so

lim 72X[ab (zp)=1-0—a—(1-0b)=b—a.

N—oco N
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Returning to the desired direction, fix an arbitrary continuous periodic
function f : R — R with period 1 and let € > 0 be arbitrary. Since f is
Riemann integrable, there exists a partition P = {t;}{_, of [0, 1] where

O=to<ti <~ <tp=1
such that if
My, =sup({f(z) | = € [tg—1,tk]}) and
my = inf({f(z) | z € [tp—1,tk]})
for all k € {1,2,...,n} and

M~

U(f, P) = Mk(tk — tk—l) and

B
Il
—

M~

L(f,P)=> my(tr —tp—1),

>
Il
—_

then )
L(f.P) < /O f(@)dz < U(f,P) < L(f,P) + .
Define f_, f+ : [0,1] = R by

l

f+(@) =" Mixp, ,4(x) and
=1

L
f(@) = Dm0 (@)
k=1
for all z € [0,1]. Thus

for all z € [0,1] so

1 Y 1 Y 1 g
for all N € N. Since
1 N 1 N ¢
]\}13100 N nz::l fr(zp) = A}lgloo N 712::1 kz::l MiX [t ) (Tn)

)4 1 N
- ; Mk <1\};1_I>Iloo N nz X[tkfl,tk} (xn)>

=1

¢
=3 Mi(ty — ti-1)
k=1
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and similarly

1 N ¢
A}EHOON Z f-(@n) = hm N Z kax(tk—htk)(xn)

L
- ‘ (A}I_EHOONZX% 17tk x”)

we obtain that

/Olf(w)d:v—eSL(f,P)
o1

< hmsup— Zf Tn)

N—o0
<U(f,P)
§L<fap)+€

g/olf(a;)da:+6.

Therefore, since € > 0 was arbitrary, we obtain that

1 . N . 1 Y 1
/0 ) do < Ngnint 37 flan) < Hansup - 3 f ) < /0 f(z) da

SO
N 1
Jim o 3 ) = [ ) de
Hence, since f was arbitrary, the proof is complete. ]

4.3 Solution to the Heat Equation

Fourier series can also be used to solve problems in physics and many other
areas. One example of this is the so-called heat equation. Here we have a
fixed position object and are looking at its temperature u(x,y,t) at point
(z,y) at time t. Using physics, it is possible to show that u satisfies the

differential equation
oou 0*u O*u

ot 022 o
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where o constant called specific heat of the material and x conductivity of
the material.

The goal of this section is to solve the steady-state heat equation; that
is, when %—1‘ = 0. This represents determining the temperature distribution
u(z,y) of an object at equilibrium. In particular, our solution will focus on

the case of a circle (or narrow disk). Since every point in the open disk
D={(z,y) € B | 2* + 4 < 1}

can be though of in polar coordinates with radius at most 1, we can represent
D as [0,1) x T. The solutions to the steady-state heat equation then follow
from considering the Poisson kernel.

Theorem 4.3.1. Let f € RZ(T) and define u: [0,1) x T — C by

u(r,0) = (f = Pr)(0)
for allr € (0,1) and 8 € T. Then the following are true:
a) If 0 € T is a point of continuity of f, then

lim u(r.6) = f(0).

Moreover, if f € C(T), then the limit is uniform over 6 € T.
b) u is twice continuously derivatives in the open unit disc and

Pu, o,
022 oyr

c) If f € C(T), then u is the unique solution to the steady-state heat equation
in the open unit disc with boundary values f; that is, u is the unique
twice continuously differentiable function on the open unit disc such that
Au=0 and

li 0)= f(0
lig u(r.6) = £(6)

uniformly over all 6 € T.

Proof. Clearly part a) follows immediately from Theorem To see that
part b) is true, we will be working with polar coordinates.
First recall from the Riemann-Lebesgue Lemma (Theorem [3.5.11)) that

lim f(n)=0 and lim f(n)=0.

n—o0 n——0oo

~

Therefore, (f(n))nez is bounded so there exists an M € R such that
HOIESY
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for all n € Z. Note for all r € [0,1) that

n=—oo n=—oo

converges by a simple application of the Ratio Test (Theorem [1.2.18]). There-
fore, by using the Weierstrass M-Test (Theorem [2.2.15)) and the real and
imaginary parts of u, we may to conclude that

o0

Z nr|n|fl.]’c\<n>ein9

n=—oo

converges uniformly over r € [0,1), and by using Corollary we obtain
that u is differentiable with respect to r and

Ou . n|—1 7, in
Py = 32 Il Fme.

n=—oo

(note this technically only gives us w is differentiable with respect to r on
(0,1), but this can be extended to r = 0 by some simple computations.)

Similarly arguments show that v is twice (actually infinitely) continuously
differentiable with

gz(r, 0) = Z inr'"lf(n)em@

2 0 . )
SO = Iollinl D" F)e™  and
2 0 . )

ZOZ(T, 0) = Z —n%‘”‘f(n)eme.

Recall by Appendix that in polar coordinates

YSor T ror TR

Therefore, we obtain that

n=—oo
[e.e]

= 3 ((nP = Inhrl=> 4 [l — p2i=2) Fn)e™?

n=-—o0o
=0

as desired.
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To see that ¢) is true, suppose v : [0,1) x T — C is twice continuously
differentiable function on the open unit disc such that Av = 0 and

limy (7, ) = /(0)

uniformly over § € T. For all r € (0,1) and n € Z, let

1 = .
an(r) / v(r,0)e"™ dg

S

(i.e. the n'® Fourier coefficient of 6 — v(r,0)). Our goal is to show that
an(r) = " Fn)

for all n € Z and r € (0,1). Indeed since for all r € (0,1) we know that

rM fn) = 1 /7r u(r, 0)e” " dp

21 J_r

by Lemma the uniqueness of the Fourier coefficients for continuous
functions from Corollary [3.5.9] implies that

v(r,0) = u(r,0)

for all @ € T and r € (0,1), which implies v = u by continuity thereby
completing the proof.

To prove the desired formula for a,(r), we will construct and solve second
order differential equations using Av = 0. Note by the Leibniz Integration
Rule (Theorem that a, is twice continuously differentiable on (0, 1).
Moreover, since for all n € Z, r € (0,1), and 6 € T we know that

2 2
0=e"™Av(r,0) = e ™ ((9 v, 10  10v > (r,0),

o Tror r2oe

by integrating with respect to # and applying the Leibniz Integration Rule
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(Theorem we obtain that
1 e (0% 10v 1 0P
0= 5/ ¢ (arzharﬂwa (r,0)d

2 T ' - |
= 887,2 <21 / /U(?", 0)677‘77/9 da) =+ iaar (21 / U(T’, 0)6*277,9 de)
T J—7 T )r

1 /7 1 Ov? -
= LYy 0 —inf 0
T /,ﬂ Zagz e d

= ap(r) + %ail(r) + # _7; g;i(r, 0)e" do

= ap(r) + %a;(r) + ZT:TQ (0 - _7; gZ(r, 0)(—in)e " d0>
= an(r) + %a;(r) - # ( 7; %(r, 0)(—in)e " de)
=an(r)+ %a;(r) - 27rlr2 (0 - /7; v(r, 8)(—n?)e~"? de)

2 r ,
=ap(r)+ Lo (r) — — / v(r,0)e~ ™ df

r 2mr? J_ .

To solve this second-order differential equation for a,(r), fix n € Z and
an ()

let by, (r) = =52 for all r € (0,1). Thus b, is twice continuously differentiable

rn

on (0,1) with

al,(r) = nr" b, (r) + r"0/,(r) and

a’(r) = n(n — 1)r"2b,(r) + 20710 (1) + 70 ().
Therefore, we obtain that

0= (n(n — )" b, (1) 4 20", (r) + r”b%(r))

n2

1 -1 /

- b, "h — —=7r"b,
+ " (nr (r)+r n('r)) by (1)
=" (r) + (2n + )7, (r).

Thus
0=rbl(r)+ (2n + 1), (r) = (rb),(r) + 2nb,(r))’.

Therefore, there must exists a constant ¢, € C such that
b, (1) + 2nb,(r) = cp

for all » € (0,1). To solve this differential equation for b, (r), by breaking
the discussion via the real and imaginary parts of b,, we may assume that
by, is real-valued in the following computations.
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In the case n = 0, we see that 7b,(r) = co so

r) = bo(r /b’ dr—/ dr = doy + coIn(r)

for some constant dy. Otherwise, when n # 0, let

Cn
b (1) = by (r) o
Therefore
rhl,(r) + 2nh,(r) =0
SO
ho(r) _  2n
ho(r) 7
and thus

/ n(7) dt /—dt —2n1n(r) + In(d,) = In(d,r~2")

7«

for some constant d,,. Therefore

b (1) = dpr ™"

SO
_ c
bn(r) = anTr n + i
and thus
_ c
an(r) =dpr " + ﬁr".

Since v is continuous on the open unit disk, v must be bounded near zero.
Therefore, since

an(r) = % /_ v(r,0)e~" de,

we must have that a,(r) is bounded as r tends to 0 from above. Therefore,
by examining our formulae for a,(r), we must have that ¢ = 0 and d,, = 0
for all n € Z \ {0} so that ao(r) = sp and

an(r) = spri™!
for all n € Z \ {0} where s,, are constants. However, since

lim v(r,0) = f(0)

r,1
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uniformly over 6 € T, we obtain for all n € Z that
Sp = ll}q Spr!™
— 1
Tl/(H?i an(r)

. 1 T —inf
= ll/‘ni (27r /_ﬂv(r, 0)e d@)

= % 7; <h/rq v(r, 9)) e "% df by Theorem
- % _7; £(6)e=0 4
= f(n).
Hence
an(r) =" f(n)
for all n € Z thereby completing the proof by the above discussions. -

To conclude this section, we point out that Theorem [.3.1] also is of
importance in complex analysis. Indeed u represents the unique harmonic
function on the closed unit disk with boundary values f, and the study of
harmonic functions is vital to complex analysis.

4.4 The Riemann Zeta Function

To conclude our applications chapter, we look at one instance of series that
is not related to Fourier series, but one of the most important series in not
only number theory, but pure mathematics:

Definition 4.4.1. The Riemann zeta function (on (1,00)) is the function
¢ : (1,00) — R defined by
=1
((s) = Z s

n=1

for all s € (1,00).

Remark 4.4.2. Tt is elementary to see that ((s) is well-defined for all s €
(1,00) as the p-test (Corollary implies the series Y o2 ; n% converges
absolutely for all s € (1, 00).

In fact, ¢ can be extended to a large portion of the complex plane. Indeed
it is not difficult to extend ¢ to all s € C with Re(s) > 1 via the same series
definition. To see this, note for all s = a + bi with a,b € R and a > 1 that
L b L ey _ L —ibin(n)

ns nanbi no no
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(modulo understanding complex logarithms), so
SIS
n=1

a
n:ln

1
ns

converges absolutely and thus ((s) = >_o° L converges for all s € C with

n=1 ns
Re(s) > 1.
For our next extension, notice for all s € C with Re(s) > 1 that

1270 =Y L -

I
hE
A

|
hE
™

S

I
T~
M8
©
3
=
+
NgE
¥~
<
|
hE
.

n=1 n=1 n=1
Y o Yo
= (2n —1)s et (2n)s
= (-1t
"L

(since all series involved converge absolutely by the same arguments as above).
Therefore . - Ly
C(8):1_21—52( )
n=1
for all s € C with Re(s) > 1. It is not difficult to see that this definition of ¢
extends to all s € R with 0 < s < 1 by the Alternating Series Test (Theorem
1.2.22)).

It is more complicated to extend ¢ to all s € C with 0 < Re(s) < 1 as the
above series will not be ‘alternating’ As this requires knowledge of analytic
extensions from complex analysis, we will not pursue this. However, with
some knowledge of Fourier series on R (another topic we do not have time
for), it is possible to show Riemann’s functional equation

nS

¢(s) = 2°7° Lsin (”;) T(1— s)C(1—s)

where I is the Gamma function defined by

(In fact, I'(n) = (n — 1)!). Modulo complex analysis, this lets one extend ¢
to all s € C with Re(s) < 0.

(©For use through and only available at pskoufra.info.yorku.ca.



192 CHAPTER 4. APPLICATIONS OF SERIES OF FUNCTIONS

Of course, our focus on the Riemann zeta function will not lie in these
complex analysis results, but the connection between the Riemann zeta
function and prime numbers. Unfortunately, we will not go so far as to study
the Riemann Hypothesis (that is, the question of whether or not all zeros
of ¢ in the region 0 < Re(s) < 1 occur on the line Re(s) = 3, which has
implications for quantum computing and factorization of primes), but to
establish some elementary facts. To do this, we must first discuss infinite

products.

Definition 4.4.3. Let (ay)n>1 be a sequence of positive real numbers and
for each NV € N let

N
Py =aias---any = Hak.
k=1

The infinite product [[5~ ay, is said to converge to L if (Py)n>1 converges
to L.

The most basic connection between the Riemann zeta function and prime
numbers can be seen via the following result.

Theorem 4.4.4 (Euler’s Product Formula). For all s € (1,00),

1

¢(s) = H 1

p a prime ps

Proof. Fix s € (1,00). Recall by the Fundamental Theorem of Arithmetic
that every n € N has a unique factorization into a product of powers of prime
numbers. Therefore for all N, M € N, we have that

n(£6))<5e

p a prime n=1
P<N

Since 0 < z% < 1 for all primes p, we have via geometric series that

1—11 :i<1’f>

ps k=0 p

and every term in the series is positive. Therefore

1 =1
Il —x=>.
p a prime ps n=1
p<N
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for all N € N. However, notice that if n € N and n < N, then n is a product
of powers of primes that are all at most N. Therefore

N 1 00 1\%
Yo T3 ()
n=1 p a prime k=0
p<N
1 =01
= 1 ox=2
pa;ﬂp%me P n=1

Therefore, by taking the limit as N tends to infinity, we obtain that

1
H 1 1

p a prime ps

converges and is equal to ((s) as desired. n

To finish off the course, we note the following series diverges, which
implies there are a lot of primes.

Corollary 4.4.5. The series

2.

p a prime

1
p
diverges.

Proof. We will show for any N € N that

1 1
> = >In(In(N)) - 5
p a prime
p<N

from which the result clearly follows.
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To begin, notice that

In H [T Z —ln<1—1)

p a prime p p a prime
p<N p<N

1 k
— by Remark
p

p a prime
p<N

p a prime
P<N

p a prime
p<N

1 1
o 2R3 R TP ey
p a prime paprimepp
p<N p<N

<| 2

p a prime
p<N

1

1
b 2n(n—1)

5 1 1ZN
= — —'——

paprimep 2n=2n_1 n
p<N

| el
paprimep 2 N
p<N

1 1
<[ > -|+=
‘D 2
p a prime
p<N

Moreover, by the same ideas as used in the proof of Theorem [£.4.4] we have
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that
1 > /1\*F
= — geometric series
- 1L 2()
p a prime p p a prime k=0
p<N p<N
N1
> Z % Fundamental Theorem of Arithmetic
k=1
N k+1 1
> Z —dz
k T
k=1
N+1 1
= / —dz
1 x
N1
> / —dz
1 T
= In(N).

Combining these two, we have due to the fact that the natural logarithm is
increasing on (0, 00) that

1 1
Z — > In(In(N)) — =
‘ 2
p a prime
p<N
as desired. ]
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Appendix A

Complex Numbers

In this appendix chapter, we will quickly review the basics of complex
numbers.

Definition A.0.1. The complex numbers, denoted C, are the set
C={a+10bi| abeR}

where ¢ denotes a fixed symbol.

Given a complex number z = a + bi where a,b € R, the number a is
called real part of z and is denoted byRe(z), and the number b is called the
imaginary part of z and is denoted by Im(z).

The symbol ¢ in a complex number is meant to denote "v/—1". To be
specific, we will equip C with binary operations of addition and multiplication
so that (0417)(0+417) = —1 so that indeed i is a complex solution to 2% = —1.

Definition A.0.2. The binary operations + : CxC — Cand - : CxC — C
defined by

(a+bi)+(c+di) = (a+c)+(b+d)i and  (a+bi)(c+di) = (ac—bd)+(ad+be)i

for all a,b,c,d € R are called complex addition and complex multiplication
respectively.

Example A.0.3. It is not difficult to see that
(142i)+ (3+4i) =4+6i and (1+2¢)(3 4 4i) = =5+ 10i.

Moreover, since
i2 = (0 + 13)(0 + 14) = —1 + 0i,

we do indeed have that 4 is a complex solution to 2> = —1. In addition, it is
not difficult to see that —i is also a complex solution to z? = —1.

197
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In order for C to be as nice to work with as R, we require complex
addition and multiplication to have specific properties. To be specific, we
want the following.

Theorem A.0.4. The set of complex numbers C together with complex
addition and multiplication is o field; that is,

(i) (Commutativity of Addition) z +w = w + z for all z,w € C.
(ii) (Associativity of Addition) z+ (w+u) = (z+w) +u for all z,w,u € C.

(iii) (Additive Unit) There ezists a 0 € C such that z+0 =z for all z € C
(i.e. 0=0+0i).

(iv) (Additive Inverses) For all z € C there ezists a —z € C such that
2+ (=2)=0 (i.e. —(a+bi)=(—a)+ (=b)i).
(v) (Commutativity of Multiplication) zw = wz for all z,w € C.
(vi) (Associativity of Multiplication) z(wu) = (zw)u for all z,w,u € C.
(vii) (Multiplicative Unit) There exists a 1 € C such that 1z = z for all
z€C (ie. 1=140i).

(viii) (Multiplicative Inverses) For all z € C\ {0} there exists a 2~ € C
such that 2=z = 1.

(iz) (Distributivity) z(w + u) = (zw) + (zu) for all z,w,u € C.

Proof. Let z,w,u € C be arbitrary. Hence there exists a, b, ¢, d, x,y € R such
that
z=a+bi, w=c+di, and u=z+ yi.

We will now examine each of the above nine properties for these arbitrary
elements of C and demonstrate the property holds using the analogous
property for real numbers.

(i) Commutativity of Addition: Notice that

z4w=(a+c)+(b+d)i=(c+a)+(d+bi=w+=z

due to the commutativity of addition of real numbers. Thus commutativity
of addition of complex numbers has been demonstrated.
(ii) Associativity of Addition: Notice that

24 (W) = (a+bi) + ((c+a) + (d+y

+(et+a)+(b+(d+y)

( i)
= (a
((a+c)+z)+ ((b+d) +y)i
(
= (

)
)i

7

(a+c)+ (b+d)) (z + yi)
z+w) +
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where the third equality holds due to the associativity of addition of real
numbers. Thus associativity of addition of complex numbers has been
demonstrated.

(iii) Additive Unit: Notice with 0 = 0 + 0¢ that

z240=(a+0)+ (b+0)i=a+bi==z2

due to the property of the zero element of R. Thus the complex numbers
have an additive unit.

(tv) Additive Inverses: Let —z = (—a) + (—b)i where —a and —b are the
additive inverses of @ and b in R. then

z24+(—2)=(a+(—a))+(b+(-b)i=0+0i=0

as desired. Thus the complex numbers have additive inverses.
(v) Commutativity of Multiplication: Notice that

2w = (ac — bd) + (ad + be)i = (ca — db) + (cb + da)i = wz

due to the commutativity of addition and multiplication of real numbers.
Thus commutativity of multiplication of complex numbers has been demon-
strated.

(vi) Associativity of Multiplication: Notice that

2(wu) =

(a+ bi)((c+ di)(z + yi))

= (a+ bi)((cx — dy) + (cy + dx)i)

= (a(cx — dy) — b(cy + dz)) + (a(cy + dx) + b(cx — dy))1
= (acx — ady — bcy — bdx) + (acy + adzx + bex — bdy)i

= (acx — bdx — ady — bey) + (acy — bdy + adc + bex)i
(
(
(
= (

(ac — bd)x — (ad + be)y) + ((ac — bd)y + (ad + be)x)i
(ac — bd) + (ad + be)i)(x + yi)
(a+ bi)(c+ di))(z + yi)

Zw)u

where commutativity and associativity of addition (fifth equality) and dis-

tributivity of real numbers (fourth and sixth equalities) have been used. Thus

associativity of multiplication of complex numbers has been demonstrated.
(vit) Multiplicative Unit: Notice with 1 = 1 4 07 that

1z = (la —0b) + (1b+ 0a)i = a + bi = =z

due to the property of the one element of R. Thus the complex numbers
have a multiplicative unit.
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(viii) Multiplicative Inverses: Assume z # 0. Thus a # 0 or b # 0 so
a? +b? > 0. Define

I a -b

_a2+b2+a2+b2z’

which makes sense since azaﬂ, ﬁ € R since non-zero real numbers have

multiplicative inverses. Notice that
1 a —b a —b _
° T ((a2+62> “” <a2+b2> b) * ((a2+b2) bt (a2 +b2> a’) '

- a? 4+ b2 +<ab—ba>,
“ a2t Z+v2)"

=14+0=1

due to the commutative of multiplication and properties of addition of real
numbers. Hence 27! is indeed the multiplicative inverses of z. Thus the
existence of multiplicative inverses for non-zero complex numbers has been
demonstrated.

(iz) Distributivity: Notice that

a+bi)((c+di)+ (z+yi))

a+bi)((c+z)+ (d+y)i)

alc+z) —b(d+y)) + (a(d +y) + b(c+ z))i

ac+ ax — bd — dy) + (ad + ay + bc + bx)i

(ac —bd) + (ax — dy)) + ((ad + bc) + (ay + bx))i
(ac —bd) + (ad + bc)i) + ((ax — dy) + (ay + bx)i)
(a4 bi)(c+di)) + ((a + bi)(x + yi))

zw) + (zu)

2(w+u) =

o~~~ o~ o~ o~ o~ o~

where commutativity and associativity of addition (fourth equality) and
distributivity of real numbers (third equality) have been used. Thus distribu-
tivity of complex numbers has been demonstrated.

As all nine properties have now been demonstrated for arbitrary complex
numbers, the set of complex numbers together with addition and multiplica-
tion are a field. |

Remark A.0.5. Embedded in the proof of Theorem is the formula
for the inverse of a non-zero complex number. Indeed if z = a + bi where
a,b € R is such that z # 0, then

-1 _ a —b .
fTErR T
For example,
3 4
34+4i) =2 — —
B4 =55~ 55
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Note we can also write

4 a—bi

a4 b2

When dealing with complex numbers, both the numerator and denominator
are important common quantities that are worthy of developing further.

Definition A.0.6. Given a complex number z = a + bi where a,b € R, the
absolute value (or length or modulus) of z, denoted |z|, is the quantity

z| = Va2 + b2.
|2

Definition A.0.7. Given a complex number z = a + bi where a,b € R, the
complex conjugate of z, denoted Z, is the quantity

zZ=a+ (—b)i.

Using our knowledge of the inverse of a non-zero complex number, we
have the following.

Corollary A.0.8. If z € C\ {0}, then 27! = 1,z

2]

There are many other properties of the absolute value and complex
conjugates that are worthy of recording.

Proposition A.0.9. For all z,w € C, the following are true:

a) Re(z) = 2=,

b) Im(z) = %2,

c) z+w=z+w.

d) zw =ZzZw.

e) 2] = V7.

7) IRe(2)] < |2

g) ltm(2)] < |2

B) [2 = J2].

i) |w] = J2llwl.

i) If 2z #0, then |27t = |2|7L.
k) |2+ w] < |z] + [w].

Dzl = wl] < ]z = w].
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Proof. Let z,w € C be arbitrary. Thus there exists a, b, c,d € R such that
z=a+b and w = c+ ds.
To see that a) is true, notice

z+zZ (a+bi)+ (a—0bi) 2a

2 = 2 = ? = q = Re(z)
as desired.
To see that b) is true, notice
z—'E _ (a+bz)—.(a—bz) _ 27bz b= Tm(2)
2% 29 24
as desired.
To see that c) is true, notice
z+w=(a+c)+ (b+d)i
=(a+c)+ (—(b+4d))
= (a+ (=0)i) + (¢ + (=d)i)
=Z+w
as desired.
To see that d) is true, notice that
= (ac — bd) + (ad + be)i
= (ac — bd) 4+ (—(ad + bc))i
= (ac = (=b)(=d)) + (a(=d) + (=b)e)i
= (a+ (=b)i)(c+ (=d)i)

=ZzZWw

as desired.
To see that e) is true, notice that

ﬁ—\/a+ i)(a+ bi)
= \/a2— —b)b) + (ab + a(—0))i
=¢m:|z|

as desired.
To see that f) and g) are true, note that

a’® < a?®+bv? and b2 §a2+b2,

SO

IRe(z)| = |a| = Va2 < Va2 + b2 = |z
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and
[Im(z)| = [b] = V2 < Va2 + b2 = |2|

as desired.
To see that h) is true, note that

Z| = |a+ (=b)i| = y/a® + (=b)2 = Va2 + 1% = |z|

as desired.
To see that i) is true, notice that

zw = (ac — bd) + (ad + bc)i

so that

|zw| = \/(ac —bd)? + (ad + bc)?
= \/(a2c2 — 2abed + b2d?) + (a?d? 4 2abed + b%c?)
= Va2 + b2d? + a2d? + b2?
= /(@ +82)(2 + &)
= /(@ + ) /(2 + &2)

= |z[[w]

as desired.
To see that j) is true, notice by i) that

27 el = 127 el = 1] = 1,

so |27t = |z|7! as desired.
To see that k) is true, notice that

|z +w* = ZFw) (2 +w) by e)
=Z+w)(z4+w) by c¢)
=Zz+2zZw+wz +ww
= |z)? + Zw + Zw + |w|? by d) and e)
= |2 4 2Re(zw) + |wl|? by a)
< |2f? + 2[zw] + wl? by f)
= |22 + 2zl + o by i)
= |2 + 2|z [w] + [w]? by h)
= (2] + Jw]).

Therefore, by taking the square root of both sides of the inequality, the
desired result is obtained.
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Finally, to see that 1) is true, first notice by k) that
2] = [(z —w) + w| < |z —w| + |w].
Therefore
2| = Jw| < [z — wl.
Similarly, notice by k) and i) that
lw] = [(w —2) + 2|
< w =z + 2]
= |(=1)(z —w)| + 2|
= =1z —w[+|z[ = [z = w[ +[z].
Hence
w] = 2] <[z — wl.

Therefore, by combining |z| — |w| < |z —w| and |w| —|z| < |z — w|, we obtain
that
2] = Jw]] < [z = w]

as desired. m
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Appendix B

Differentiation and
Integration in C

In this section, we will extend the notions of derivatives and integrals of real-
valued functions on closed intervals to complex-valued functions. In particular,
it will be demonstrated that every elementary notion for derivative and
integrals seen in previous courses extend to these complex-valued functions
with ease.

B.1 Complex Differentiation

As is natural with calculus, we begin with differentiation. To simplify
notation, we introduce the following.

Notation B.1.1. For a,b € R with a < b, the vector space of all complex-
valued functions on [a, b] is denoted by F([a, ], C). Recall if f € F([a,b],C),
then the real and imaginary parts of f are the functions Re(f),Im(f) :
[a,b] — R defined by

Re(f)(z) = Re(f(x))  and  Im(f)(z) = Im(f(z))
for all z € [a, b].

Definition B.1.2. Let f € F([a,b],C) and let xg € (a,b). It is said that f
is differentiable at xq if

lim f(zo+h)— f(zo)
h—0 h

exists in C. When f is differentiable at xg, the derivative of f at xg, denoted

f,(mO)a is
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Finally, it is said that f is differentiable on [a,b] if f is differentiable at
each point in (a,b) and f is continuous on [a, b]. The derivative of f on (a,b)
is the function f’: (a,b) — C whose value at zg € (a,b) is f'(x¢) as defined
above.

Of course, it is possible to develop the properties of derivatives of complex-
valued functions on intervals by mirroring the corresponding real-valued
results. However, as limits of complex numbers converge if and only if their
real and imaginary parts converge, the theory of derivatives of complex-
valued functions on intervals reduces down to the theory of derivatives of
real-valued functions on intervals.

Theorem B.1.3. Let f € F([a,b],C), let fi = Re(f), let fo =Im(f), and
let zg € (a,b). Then f is differentiable at xy if and only if fi and fo are
differentiable at xo. When f is differentiable at xg,

f'(w0) = fi(wo) + i fa(xo).

Finally, f is differentiable on [a,b] if and only if fi and fo are differentiable
on [a,b], in which case f' = f] +if5.

Proof. Since for all zg € (a,b) and h € R with zo + h € [a, b] we have that

f(zo+h) — flzo)  filzo+h) — fi(zo) JrZ.f2(iﬂo+h) — fa(zo)
h h h ’

it follows that

lim f(zo+h) — f(zo0)
h—0 h

exists if and only if

i J1(Z0 + 1) — fi(2o) and lim fa(zo + h) — fa(20)
h—0 h h—0 h

exist. Moreover, this implies that

f(zo) = fi(zo) + ifa(z0).

Finally, since f is continuous if and only if f; and fo are continuous, the
result follows. ]

It is worthwhile to see that one specific function behaves incredibly well
with respect to this definition of differentiation thereby further supporting
why this definition of differentiation for complex-valued functions on intervals
is desirable.
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Example B.1.4. Let a,b € R, let « = a+ bi € C, and define f : R — C by
f(@) = e = 00T — 0% cog(bg) + i sin(ba)
for all x € R. Then f is differentiable at each point in R with

f'(x) = (e cos(bx))" + i (e** sin(bx))’

= (
= (ae cos(bx) — be"* sin(bx)) + i (ae® sin(bx) + be™” cos(bx))
= (a + bi)e® cos(bx) + (—b + ia)e sin(bx)

= (a + bi)e® cos(bx) + i(a + bi)e” sin(bx)

= (a + bi) (e"* cos(bx) + i€ sin(bx))

= af(x).

Hence
(eax)/ — aeaaz

for all o € C.

Of course, some results, such as the following, immediately import from
the theory of derivatives of real-valued functions.

Corollary B.1.5. Let f € F([a,b],C) and let zo € (a,b). If f is differen-
tiable at xg, then [ is continuous at xg.

Proof. Since f is differentiable at z, Re(f) and Im(f) are differentiable at
xo. Therefore Re(f) and Im(f) are continuous at 29 so f = Re(f) + iIm(f)
is continuous at xg. (]

Again using the results for derivatives of real-valued functions, certain
operations behave well with respect to differentiation.

Corollary B.1.6. Let f,g € F([a,b],C) and let zy € (a,b). If f and g are
differentiable at xqo, then f + g is differentiable at x¢ with

(f +9) (x0) = f'(x0) + ¢'(20)-
Proof. Let fi =Re(f), fo =1Im(f), g1 = Re(g), and g2 = Im(g). Since

fH+g=(f1+ife)+ (g1 +ig2) = (f1 +91) +i(f2 + g2)

we have that

Re(f+g)=fi+gr and  Im(f+g) = fo+ g

Therefore, since f and g are differential at xg, we know that fi, fo, g1, and go
are differentiable at zp and thus Re(f + ¢) and Im(f + ¢) are differentiable
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at xg by results from the real case with

(f +9) (x0) = (fr + 1) (w0) + i(f2 + g2)' (20)

(f1(x0) + g1(x0)) + i(f3(x0) + ga(x0))
1(xo) +if3(x0)) + (g1(x0) + igs(zo0))

"(zo) + ¢ (o)

= (
=f
as desired. n

To see that scalar multiplication behaves well with respect to differentia-
tion, it is easier to generalize the product rule first.

Theorem B.1.7 (Product Rule). Let f, g € F([a,b],C) and let xy € (a,b).
If f and g are differentiable at xq, then fg is differentiable at xo with

(£9)' (o) = f'(z0)g(x0) + f(z0)g' (20)-
Proof. Let fi = Re(f), fo =Im(f), g1 = Re(g), and g2 = Im(g). Since

fa=(fi+if2)(g1 +ig2) = (frg1 — fag2) +i(f192 + f201)

we have that

Re(fg) = fig1 — fag2 and  Im(fg) = fig2 + fag1.

Therefore, since f and g are differential at xg, we know that f1, fo, g1, and
g2 are differentiable at zp and thus Re(fg) and Im(fg) are differentiable at
xo by the real-valued product rule with

(f9) (z0) = (frgr — fag2)'(wo) + i(fig2 + f291) (o)
= ((f191)(x0) — (f2g2)'(x0)) + i ((f192)'(20) + (f291)' (20))
= ((fi(z0)g1 (o) + fi(z0)gi(z0)) — (fa(20)g2(20) + fo(w0)gs(x0))
+ i ((fi(zo)g2(z0) + fi(x0)ga(z0)) + (f3(z0)g1(20) + f2(0)g1(w0))
= fi(z0) (g1(20) + ig2(0)) + f2(x0) (—g2(0) + ig1(wo))
+ (fi(zo) +if2(20)) g1 (x0) + (= f2(20) + i fi(w0)) ga(o)
fi(z0)g(x0) + i f3(x0)g(x0) + f(x0)gi(x0) +if(x0)gs(xo)
(fi(zo) + i fa(w0))g(w0) + f(x0)(g1(x0) + ig5(w0))
f(x0)g(zo) + f(z0)g (o)

as desired. n

Corollary B.1.8. Let f € F([a,b],C) and let zo € (a,b). If f is differen-
tiable at xo and o € C, then af is differentiable at x¢ with

(af) (zo) = af' (o).
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Proof. Define g € F([a,b],C) by g(z) = a for all x € [a,b]. It is elementary
to see based on the definition of the derivative that g is differentiable with
g (x) = 0 for all z € (a,b). Hence the Product Rule implies fg = af is
differentiable at xg with

(af)(x0)(fg) (z0) = f'(z0)g(w0) + f(x0g (x0) = af'(x0) + 0 = af'(w0)
as desired. [ |
Of course, the quotient rule also generalizes.

Theorem B.1.9 (Quotient Rule). Let f,g € F([a,b],C) and let xy €
(a,b). If g is differentiable at zo and g(xo) # 0, then % is differentiable at xq

with
<1>,(33 )= — g'(z0)
g) T (g(xo))?

Therefore, if in addition f is differentiable at xq, then g 1s differentiable at
T with

(f>/ (z0) = f'(@0)g(z0) — f(20)g'(x0)
g) " (9(x0))? '

Proof. Instead of appealing to the real and imaginary parts, it is much easier
to return to the definition of the derivative. Suppose g is differentiable at
xo and g(zg) # 0. Since g is differentiable at zp, ¢g is continuous at xg
and therefore, since g(zg) # 0, there exists a § > 0 such that if x € R
and |x — xg| < J, then = € (a,b) and g(z) # 0. Thus for all h € R with
0 < |h| < & we have that

1 L glxo)—g(zoth)
GG ) ~ o) e@oaerhy _ 9(xo) — g(zo + h)

h h 9(x0)g(wo + h)h

Since g is continuous at zy, we know that

1 1

lim .
h—=0 g(zo +h)  g(zo)

Moreover, since g is differentiable at xg, we know that

_g(z0) — g(zo + h) /
| = —¢'(x0).
I h g (@)
Hence
1 _ 1 /
iy 2@0TH) ~ g@o) _ __9'(%0)
h—=0 h (9(w0))*

Thus é is differentiable at ¢ with

<1>/ (w0) = — g (wo)

9 (9(x0))*
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Finally, if in addition f is differentiable at xg, then g =f % is differentiable
at xg by the product rule with

<£>’ (z0) = f(20) Loy (o) (;)/ (o)

9(o) (9(z0))?
_ ['(@o)g(xo) — f(0)g' (x0)
(9(20))?
as desired. ]

Finally, we have a version of the chain rule for the composition of a
real-valued function with a complex-valued function.

Theorem B.1.10 (Chain Rule). Let I and J be open intervals, let g :
I - C, and let f : J — R be such that f(J) C I. Suppose that a € J, f
is differentiable at a, and g is differentiable at f(a). Then go f : I — C is
differentiable at a and

(g0 f)(a) =g (f(a))f'(a).
Proof. Let g1 = Re(g) and g = Im(g). Then
(90 f)(x) =g1(f(2)) +ig2(f()) = (g1 0 f)(z) + i(g2 0 f) ()

for all z € J. Therefore, by the chain rule for real-valued functions, g o f is
differentiable at a with

as desired. m

B.2 Complex Integration

With the basics of differentiation of a complex-valued function on an interval
complete, we turn our attention to integration. As differentiation can be
done via the real and imaginary parts, the following definition should be no
surprise.

Definition B.2.1. Given f € F([a,b],C), it is said that f is Riemann
integrable if Re(f) and Im(f) are Riemann integrable. When f is Riemann
integrable, the complez-valued Riemann integral of f on [a,b] is defined to
be the complex number

/:f(x) de = /:Re(f)(x) da:—i—i/ablm(f)(x) da.
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Using the above definition and by exploiting results in the real-valued
setting, we automatically generalize the Fundamental Theorems of Calculus.

Theorem B.2.2 (Fundamental Theorem of Calculus, Part I). Let
f i [a,b] = C be continuous and define F' : [a,b] — C by

Fz) = / ") dt

for all x € [a,b]. Then F is continuous on |a,b], differentiable on (a,b), and
F'(z) = f(z) for all z € (a,b).

Proof. Let fi = Re(f), fo = Im(f), F1 = Re(F), and F; = Im(F'). By the
definition of the complex-valued Riemann integral, we have that

Fl(:c):/jfl(t)dt and Fg(z:):/afo(t)dt

for all x € [a,b]. Since f is continuous, fi; and fs are continuous. Therefore,
by the real-valued version of the Fundamental Theorem of Calculus, we
obtain that F; and F5 are continuous on [a, b], differentiable on (a,b), and
F{(z) = fi(z) and Fj(z) = fo(z) for all € (a,b). Thus it follows from
Theorem that F' is continuous on [a,b], differentiable on (a,b), and
F'(x) = f(z) for all z € (a,b). [

Theorem B.2.3 (Fundamental Theorem of Calculus, II). Let f, F :
[a,b] — C be such that f is Riemann integrable on [a,b], F is continuous on

la,b], F is differentiable on (a,b), and F'(x) = f(x) for all x € (a,b). Then

/a " Ft)dt = F(b) — Fla).

Proof. Let fi = Re(f), fo =Im(f), Fi = Re(F'), and F» = Im(F'). Therefore
f1 and fo are Riemann integrable on [a, b], F} and F; are continuous on [a, b],
Fy and Fy are differentiable on (a,b), and F{(x) = fi(x) and Fj(z) = fa(z)
for all = € (a,b) by Theorem Therefore, by the real-valued version of
the Fundamental Theorem of Calculus, we obtain that

b b
[ it =Fio) - Fi@ and [0 dt = B0) - F(a).
Thus
b b b
[ twae= [ nwar+i [ paar

= (F1(b) — Fi(a)) + i(F2(b) — Fa(a))
= (F1(b) + 1F3(b)) — (Fi(a) + iF2(a)) = F(b) — F(a)

as desired. m

(©For use through and only available at pskoufra.info.yorku.ca.



212 APPENDIX B. DIFFERENTIATION AND INTEGRATION IN C

As with real-valued functions, the Fundamental Theorems of Calculus
immediately enables us to integrate any function we know the anti-derivative
of. In particular, the exponentials in Example [B.I.4] are particularly easy yet
useful in this course.

Example B.2.4. Let a,b € R, let a = a+bi € C\ {0}, and define f : R — C
by
fx) = e = (0T — 0% cog(bg) + i sin(ba)

for all x € R. Since
/'(z) = ae*

(1) =

for all x € R. Thus the Fundamental Theorem of Calculus implies for all
c,d € R with ¢ < d that

d 1 1
/ T dy = —e®? — g0,
c « a

for all x € R, we see that

To conclude this discussion, it is particularly useful to know what opera-
tions on Riemann integrable functions produce Riemann integrable functions
and how the values of the integrals relate. We begin with the following.

Proposition B.2.5. Let f,g € F([a,b],C) be Riemann integrable. Then the
following are true:

a) f+ g is Riemann integrable.
b) f is Riemann integrable.
c) fg is Riemann integrable.

d) |f| is Riemann integrable.

Proof. Let f1 = Re(f), f2 = Im(f), g1 = Re(g), and go = Im(g). Since
f and g are Riemann integrable, fi, f2, g1, and g2 are Riemann integrable.
Therefore, since

Re(f +g) = fi+ g1,
Im(f +g) = fa+ g2,
Re(f) = fi,
Im(f) = —fo,
Re(fg) = fig91 — f2g2,
Im(fg) = fig2 + fag1, and

[fl =11+ f3,
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we see that all of these functions are Riemann integrable and thus f + g, f,
fg, and | f| are Riemann integrable. ]

Of course, it is unsurprising that the complex integral is linear.

Proposition B.2.6. Let f,g € F([a,b],C) be Riemann integrable. Then

/abf(x)+g(x)dx:/lef(a:)d$+/‘lbg(x)d$

Moreover, if a € C, then

/abozf(x)d:c:a/abf(x)d$

Proof. Let fi = Re(f), fo =1Im(f), g1 = Re(g), and go = Im(g). Since

Re(f+g)=fi+g1 and Im(f+g) = fo+ g2,

we obtain by the definition of the complex integral that

[ 1)+ gty e

(Farers){ i)
_ (/ fl(q:)dx—k/a gl(x)d:c> +z</ fg(x)dﬁ/ang(x)dx)
_ (/abfl(x)dﬁi/abﬁ(x)dx) + (ngl(x)dx+ing2(x)dx>
:/abf(x)dx+/abg(x)dx

as desired.

For the second part of the proof, write a« = ¢ + di where ¢,d € R. Since

Re(af) =cfi —dfs and Im(af)=cfe+ dfi,
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we obtain by the definition of the complex integral that

b
/aozfdz:
b b
_ (/ cfl(x)—de(:v)d:L‘>+i</a cfg(:c)+df1(1:)da:>

— <cLbf1(x)dx—d[Lbf2(x)dx> v <C/CLbf2(x)dx+dLbf1(x)dx>
_ (c+dz’)/abf1(x)d:c+(—d—l—ic)/abe(:U)dm
:a/abfl(x)dm—i—ozi/abfg(m)d:v

:a</abf1(:n)d:n+i/abf2(ac)dm> :oz/abf(:n)dx

as desired. m

In addition, integrating a complex conjugation is almost trivial.

Proposition B.2.7. Let f € F([a,b],C) be Riemann integrable. Then

bmd:p = bf(a:) dx.
[, =

Proof. Let fi = Re(f) and fo = Im(f). Since

Re(f) = f1 and Im(f) = —fo,
we obtain by the definition of the complex integral that

/abf(x)dx
:/abfl(x)dx+z'/ab—fz(x)dﬂf
:/abfl(x)d:ci/abfz(ﬂf)dﬂf

— /abfl(x)dzn—I—i/abfz(fU)df’?

as desired. m

We recall from integrating real-valued functions that integrals of products
need not be the product of the integrals. However, integration by parts still
works.
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Theorem B.2.8 (Integration by Parts). Let hi,hy € F([a,b],C) be
continuously differentiable functions. Then

b b
/a W (2)ha(z) dx = (ha (D)ha(b) — b (a)ha(a)) — / I ()l () dac
Proof. Let f : [a,b] — C be defined by

f(@) = ha(x)ha(x)

for all « € [a,b]. Since hy and hg are continuous on [a, b], we obtain that f
is continuous on [a, b]. Moreover, since h; and ho are differentiable on (a, b),
the product rule implies that

fi(@) = My(x)ha(x) + ha(z)h ()

for all x € (a,b). Furthermore, since h; and hg are continuously differentiable,
we see that f' = hlha + hihf is Riemann integrable on [a, b]. Therefore, the
Fundamental Theorem of Calculus II implies that

h1(b)ha(b) — hi(a)he(a) = ) f(a)

—/H (2)ha() + b () () da

_/h' Yho(z d:v+/h1 Yh (z

Thus, by rearranging this equation, the result follows. ]

Finally, the following relates the integrals of a function and its absolute
value. However, as the proof does not follow from the real-valued results, we
need to be slightly clever.

Theorem B.2.9. Let f € F([a,b],C) be Riemann integrable. Then

[ s@as| < [(1r@)an

/abf(x)dxe(C,

there exists a z € C such that |z| =1 and

z/abf(a:)d:c:
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(i.e. if fff(:c) dx = re' for some r > 0 and 0 € [0,27), then take z = ™).
Therefore we have that

b b
= / Re(zf(x))dx + z/ Im(zf(x))dz.
However, the above inequality implies it must be true that
b
/ Im(zf(x))dz =0

as the only way a real number and a complex number are equal is if the
imaginary part of the complex number is zero. Therefore we have that

/abf(x) dzx| = /abRe(zf(;v)) dx

b

g/a |zf(z)| dx as Re(zf(x)) < |2f(z)]
b

- / 1211 £ ()] dx
b

- / £ (2)] dz

as desired. n
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Appendix C

Multivariate Calculus
Theorems

In this appendix chapter, we will provide proofs to the multivariate calculus
results that are used in this course.

C.1 Fubini’s Theorem

We begin with the fundamental result of changing the order of integral signs.

Theorem C.1.1 (Fubini’s Theorem). If f : [a,b] X [c,d] — R is continu-
ous, then

b d
v [ Sayde and o [ ra)dy

are continuous on [c,d] and [a,b] respectively, and

//[a,b}x[c,d] f(:L‘,y)dA:/ab/cdf(x,y)dyda::/cd/abf(a:,y)d:r:dy.

Before we get to the proof of Fubini’s Theorem (Theorem , we first
desire to present a proof that if f : [a,b] X [¢,d] — R is continuous, then f is
Riemann integrable over [a,b] X [¢,d]. To do this, we re-imagine the notion
of uniform continuity presented in Definition [2.8.1]

Definition C.1.2. A function f : [a,b] X [¢,d] — R is said to be uni-
formly continuous on I if for all € > 0 there exists a § > 0 such that
if (x1,y1), (z2,y2) € [a,b] X [e,d], |x1 — 22| < §, and |y; — y2| < §, then
|flz1,01) = f(z2,52) <e

Unsurprisingly, we can generalize the proof of Theorem to the
following.

Theorem C.1.3. If f : [a,b] X [¢,d] — R is continuous, then f is uniformly
continuous.

217
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Proof. Let f : [a,b] X [¢,d] — R be continuous. Suppose to the contrary that
f is not uniformly continuous. Hence there exists an ¢ > 0 such that for
all § > 0 there exists (x1,y1), (z2,y2) € [a,b] X [c,d] such that |1 — z2| < 4,
ly1 —yo| < 6, and |f(x1,y1) — f(x2,y2)| > €. Therefore, for each n € N there
exist (2n, yn), (), y}) € [a,b] x [¢,d] with |z, —z},| < L, |y, — y},| <6, and
|f(Zn, Yn) — f(x;m y;z)| > €.

Since [a,b] is closed and bounded, the Bolzano-Weierstrass Theorem
implies there exists a subsequence (zy, )n>1 of (zn)n>1 that converges to
some number L € [a, b]. Subsequently, since [c,d] is closed and bounded, the
Bolzano-Weierstrass Theorem implies there exists a subsequence (ymkn Jn>1
of (Yk, )n>1 that converges to some number K € [c,d]. Note (7, )n>1 still
converges to L since (z, )p>1 does.

Since f is continuous on [a, b] X [c, d], there exists an N; € N such that
|f (@, » Ymy, ) — F(L, K)| < § for all n > Ni.

Consider the subsequence (2, )n>1 of (2},)n>1. Notice for all n € N
that
@y, = LI < |, = Ty, |+ |2y, — LI

1
< 7+‘xmkn _L‘
m

n

1
< =+ |zm,, — LI
n

Therefore, since lim,, o \:cmkn — L| =0 and lim,_,~ % = 0, we obtain that
lim,— oo azénkn = L. Similarly, lim, e y;nkn = K. Since f is continuous this
implies that there exists an Ny € N such that |f(zy,, ¥y, ) — f(L, K)| < 5
for all n > Ns.

Notice if N = max{Ny, N2}, then the above implies that

’f(':vmkn ’ ymkn) - f(x;nknvy;nkn”
< |f@my, Ym,) = D+ (L) = f @, Yy,
< g + % =€

thereby contradicting the fact that |f(zm, ,Ym.,) = f(@, Um, )| > €
Hence f is uniformly continuous on [a, b] X [c, d]. N

It is the property of uniform continuity that implies continuous functions
are Riemann integrable. The following demonstrates the 2-variable version,
whereas the 1-variable version (which should have been proved in MATH
2001) follows by similar arguments.

Corollary C.1.4. If f : [a,b] X [c,d] — R is continuous, then f is Riemann
integrable on [a,b] X [c,d].
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Proof. Let € > 0. Since f is continuous on [a, b] X [¢, d], f is uniformly contin-
uous on [a, b] X [¢,d]. Thus there exists a § > 0 such that if (z1,y1), (z2,y2) €
[a,b] x [c,d] are such that |21 — z2| < § and |y; — y2| < J, then

|f($1,y1) - f(xz,y2)| < m.

Let P be any partition of [a, ] X [¢, d] with interval lengths at most ¢ (which
can always be constructed). Write P = {{(xi,y;)}i o} Lo where

a=xpg <1< - <xTp ==
c=yo <y < <ym=d.

For all (i,7) € {1,...,n} x {1,...,m}, let

M; j =sup({f(z,y) | (z,y) € [wi—1,2:] X [yj-1,9;]}
m;j = inf({f(z,y) | (x,y) € [wi—1, 2] X [yj-1,95]}

Then
U(f,P)= f:lf:le‘,j(ﬂfi = zi-1)(Y; — Yj-1)
P
BUP) = 35 mlo = )0 =31
=
Hence

U(f,P) = L(f,P) = Z > (M5 —mij) (@i — 1) (y; — yj-1)

i=1j=1
n m €
< T (@ = zi1) (Y — Y1)
;;(b—a)(d—c) ! ! b
=e.
Therefore, as € > 0 was arbitrary, f is Riemann integrable. ]

Proof of Fubini’s Theorem (Theorem . First, it is necessary to demon-
strate that all of the integrals in the statement of the theorem are well-defined.
Since f is Riemann integrable,

I[ . f@yda
[a,b] x[c,d]

is well-defined. Moreover, since
z— f(r,y0) and  y— f(xo,y)
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are continuous on [a, b] and [, d] respectively for all z¢ € [a,b] and yo € [c, d],
we obtain that

b d
Lf@w@M7mﬂ Lf@m@@

are well-defined for all 2y € [a,b] and yo € [c,d]. Thus, to see that

/Cd/abf(x,y)dxdy and /ab/cdf(x,y)dydx

are well-defined, it suffices to show that

b d
yH/af(w,y)dw and wH/C f(z,y)dy

are continuous on [c, d] and [a, b] respectively.

To see that the first is continuous, let ¢ > 0. Since f is uniformly
continuous on [a, b] X [c, d], there exists a 6 > 0 such that if (z1,y1), (22, y2) €
[a,b] X [c,d] are such that |z1 — z2] < § and |y; — y2| < J, then

[f @) = flw2,30)] < 5—.

Therefore, for all yq,y2 € [c,d] with |y1 — y2| < § we have that

/abf(x,yl)dx—/abf(x,yz)dx /abf(%m)—f(x,yg)dx

b
SL\ﬂ%w)—ﬂ%mﬂM
S/bbjadx

Thus y — [ f f(z,y) dz is uniformly continuous on [c,d]. Similarly z

/. Cd f(z,y) dy is uniformly continuous on [a, b].
To see that

//[avb]x[qd] f(z,y)dA = /Cd/abf(x,y)dmdy,

let € > 0 be arbitrary. Since f is Riemann integrable on [a, b] X [c,d], there
exists a partition P of [a, ] X [¢,d] such that if P = {{(x,y;)}]¢} 2o where

a=xpg<x1<--<xTR=">b

C:y0<yl<"‘<ym:d
and for all (i,7) € {1,...,n} x {1,...,m}, we let
M =sup({f(z,y) | (z,y) € [wi—1, 2] ¥ [yj-1,9;]}
mij = inf({f(x7y) ’ (z,y) € [xi_l,xi] x [yj—l,yj]},
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then with

U(f,P)=>_> M (wi —xi1)(y; — yj-1)

1j=

L(f,P) = Z > mig(wi — i) (y; — yj-1)

—

<.
Il

s
I
—
.
I
—

we have that
Py < [[  f@y)dA<U(SP) < LUfP) +e
[a,b] X [c,d]
Since for all (i,7) € {1,...,n} x {1,...,m} we have

m;j < f(z,y) < M

for all (x,y) € [zi—1,2:] X [yj—1,y;], we obtain that

T

mj(z; — xi-1) < / flz,y)de < M; j(x; — xi—1)

Ti—1

for all y € [y;—1,y;] and (4,7) € {1,...,n} x {1,...,m}. Therefore, for any
fix j € {1,...,m} and y € [yj—1,y;], we obtain by summing over ¢ that

n
Zmu( — Ti-1 <Z fo y)d
i=1

lezl

Thus, by integrating all three expressions over y € [y;_1,y;] for all j €
{1,...,m}, we obtain that

me( = zi—1)(Y; — Yj—1 S/ / f(z,y)dzdy

=1 Yj—

> M (i — xic1)(yj — yj—1)-
=1

IN
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Thus, by summing over all j € {1,...,m}, we obtain that

M

L(f,P) mi (i — 1) (Y5 — Yj-1)

1

n
1=

<
Il
—

Yji

b
/a f(@,y) dz dy

A
> 13
S~

T

<

Il
<

|
—

f(x,y) dr dy

I
o

M j(2; — 1) (Y5 — yj-1)

IN

<
I
—
o
I
—

[
=
~
3

Therefore, since both

d rb
// f(z,y)dA and //f(x,y)dxdy
[a,b] X [c,d] c Ja

are in the interval
[L(f,P), U(f,P)]

and

U(f77)) _L(f77)) <¢,

we obtain that

’//[a7b}><[c,d] fz,y)dA - /Cd/abf(:v,y)d:vdy

Therefore, as € > 0 was arbitrary, we obtain that

//[a,b}x[qd] f(z,y)dA = /Cd/abf(x,y)da:dy.

The proof that

//[a,b]x[c,d] flz,y)dA = /ab /Cd f(z,y)dydz

is similar. n

< €.

C.2 Leibniz Integral Rule

Another useful result from multi-variate calculus is the ability to differentiate
under the integral sign.
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Theorem C.2.1 (Leibniz Integral Rule). Let f : [a,b] X [¢,d] — R be
such that %5 is continuous on [a,b] X [c,d]. Then

b b
jy(/a f(w,y)dw> =/ g‘g(ﬂf?y)dﬂf

n (c,d).
Proof. Since % is continuous on [a, b] X [¢,d], f is continuous on [a, b] X [c, d]

and thus both integrals in the statement of the theorem are well-defined.
To see the desired result, fix yo € (¢, d). Consider the function F': [c,d] —

R defined b
Y t baf
Z/C/aay(x,y)dwdy

for all t € [c,d]. Note F' is well-defined since % is continuous and

by
Y af( ,y) dx

is continuous by Fubini’s Theorem (Theorem |C.1.1). Moreover, by the

Fundamental Theorem of Calculus, we know that

baf

Fa= [ 5

—(z,t)dx
for all t € (¢,d). Thus, it suffices to show that

(CZ/ ( / ' fa.y) d:c>) (w0) = F (o).

Notice if A > 0 is such that yg + h € [c,d], then by Fubini’s Theorem
(Theorem [C.1.1)) and the Fundamental Theorem of Calculus, we have that

F(yo + h) — F(yo) _1</y°+h 9 (2, y) dwdy /yo f(l‘ y)dwdy>

h
yo+h
/ (z,y) dx dy
Yo

1 yo+haf
g//

f(z,y0 +h) — f(x,y0) dx

(/abf(:c,yo—|—h)dx—/abf(a;,y0)da;> :
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Thus
}111{(]%}11 (/abf(a:,yo +h)dx — /abf(x,yo)dg;> = }111{‘]% F(yo +h}z— F(yo) = F'(yo).
Since similar arguments show
1 b b
fi (/a f(@,y0 +h) de — /a f(x,yo)d-%'> F'(yo),
the result follows. n

C.3 Laplace’s Equation in Polar Coordinates

One result necessary for applications to the steady-state heat equation is the
following version of the Laplacian in polar coordinates.

Theorem C.3.1. If f is a continuous function on the closed unit disk centred
at the origin that is twice continuously differentiable on the open unit centred
at the origin, then, using polar coordinates,

0%f 10f 1 0f?

Af=— + =L 4

/ or2  ror 1?2062

Proof. Recall if (z,y) is a point in the closed unit disk and
x =rcos(f) and y=rsin(f)

are the polar coordinates, then

o = cos(0),
2 sin ),
g;c = —rsin(f), and
239/ = rcos(0)

To show the desired formula holds, let us compute

of of g 98
a2 ar M Be2
using the Chain Rule. Indeed
of _0for ofoy _ . 0f | of
ar ~osor T ogar O Wg tsinlg,
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Therefore,

0* 0 0 0
a—r‘g =35 (COS(Q)ﬁi + sin(ﬁ)]yc)

|
0

in
_ of
= cos(# E ((%;) o +

dy
+sin(9) ( e (Zi) ar a2 (%) (%D
= cos(0) <COS(9)gZ + Sin(e)aiZ:)

2 2
+ sin(0) (cos(G) 8aazéfy + sin(@)ay‘é>

0% f ok % f
_ 29 . .
= cos + 2 cos(0) sin(6) 920y

92
Similarly

of _ofox 0fdy o 0Of of
89_6x89+6y80_ 7 sin(0) m—i—rcos(@) .

Therefore

0? d 0 0

8705 ) (-7" Sin(Q)afi + rcos(@)ajyc>

_ of . o (0f . Of o [0f
=—r cos(ﬁ)% - rsm(@)@ ((%) — rsm(@)a— + rcos(6 )% (83/)

- —rcOS(Q)% — rsin(f) a% (gi) gﬁ ( > )
s oo (5 (). 5 (82
% — rsin(0) (—7“ sin(6 gif +rcos(f 8y8x>

vt o i)

0xdy

= —rcos(h)
)8

)
— rsin(@) == + r cos —rsin(0)

+ 7’(:05(9)8—y2

_ of .
=—r cos(@)% - rsm(@)a—y
% f o0 f
2 ;02 _ ~ 2. .2
+ r°sin (9>8:1:2 2r cos(0) sin(0) 920y + 7 cos*(0) 9y
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Therefore
*f 10f 10
or2  ror 12002
2 2 2
(cos2 g‘]; + 2 cos(0) sin(6) 0°J + sin2(c9)af>
x

0x0y 0y?

1 0 0
+ - (cos(@)(,))‘;C + sin(@)a‘?};)

1 d 0
+ 2 (—r cos(H)a—i — rsin(@)éyj)

o <r2 s (6) 4~ 2rcos(0) o) aa;éfy +riees(0) 2‘2&2)
— (cos(8) +sin(9)) (gf gy'f)
=Af

as desired.
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1-torus, [87]

Abel sum,

absolute value, [201]

absolutely convergent series,
Alternating Series Test,
area enclosed by a curve, [I70]

Cauchy Criterion, convergent series,
Cauchy sequence, [§|
Cauchy-Schwarz Inequality,
Cesaro sum, [12§]

characteristic function,

closed curve, (168

Comparison Test, [14]

complex conjugate, 201

complex exponential, [33]

complex numbers,
conditionally convergent series, [21]
conjugate, complex number, m
continuous at a point, [40]
continuous function, [A0]
continuous, uniformly, [77] 217]
converge, sequence, [3]

convergent series, [J]

convolution,

cosine, [35]

derivative, complex, 205]
differentiable function, complex, [205]
Dini’s Test, [I59]

Dirichlet kernel,

Dirichlet-Dini Test, [T59]

diverge, sequence,

divergent series, [9]
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equidistributed, sequence,
Euler’s Formula, [36]
Euler’s Product Formula,

Fejér kernel,

Fejér’s Theorem, [134]

Fejér’s Theorem, Zygmund,
field, [19§]

floor, real number,

Fourier coefficient,

Fourier series, [I00]

Fourier series, partial,
fractional part, real number, [I75]
Fubini’s Theorem, continuous functions,
Fubini’s Theorem, sums, [30]

Gamma function,

geometric series, [I0]

Hardy’s Theorem, |147

imaginary part, [197]
imaginary part, function,
inner product, 00]

integer part, real number,
Integral Test, [I5]
Isoperimetric Inequality, [I71]

Lebesgue point,
Lebesgue’s Theorem,
Leibniz Integral Rule,
Leibniz’s Theorem,
length of a curve, [I6G§]
length, RZ(T),

length, complex number, 201]
limit, sequence,

Mean-Square Convergence, [161
modulus, complex number,

natural logarithm, [72]
nowhere differentiable, [19]

orthonormal set, [96]

parametrization of a curve, [I67]

INDEX
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parametrized curve,
Parseval’s dentity, [164]

partial Fourier series, [L00
partial sum, [9]

periodic extension, function,
periodic function,

pointwise convergence, [42]
pointwise convergence, series of functions,
pointwise sum of functions, [43|
Poisson kernel,

power series, [69]

product, infinite, converges, @

radius of convergence,

Ratio Test,

re-parametrization of a curve, [L68
real part,

real part, function, [42]

Riemann integrable on T,
Riemann’s functional equation,
Riemann-Lebesgue Lemma, [135
Root Test,

sequence converges, [3]
sequence diverges,
sequence, Cauchy, [§]
series, converge, [J]
series, diverges, [9]
simple curve, [16|

sin, [35]

smooth curve, [I6§]
summability kernel,

tail, series, [9]

Taylor’s Theorem, [74]
Tonelli’s Theorem, sums,
trigonometric polynomials, [89]

uniform convergence, [44]
uniform convergence, series, [7]
uniformly bounded, [46]

unit circle,

Weierstrass function,
Weierstrass M-Test, [A§]
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Werierstrass Approximation Theorem, [79]
Weyl’s Criterion, [176
Weyl’s Equidistributed Theorem, [I76]
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