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Chapter 1

Introduction

MA271, Mathematical Analysis 3 is a self-contained module. Only material lectured in class will be
examined. Non-examinable will be clearly marked.

The course covers the following topics:

= Pointwise and uniform convergence (sequences and series of functions).

» Differentiation.

= Complex valued functions.

The module does not follow any specific source. There references at the end of the notes cover most

of the topics in the module. | would be happy to supply a list of references that can be used to expand
any of the Chapters in the notes.

The course relies heavily on material covered in first-year analysis. We recall several of the main notions
that we will use.

= The triangle inequality

= Sequences and convergence

= Subsequences and The Bolzano-Weierstrass Theorem

= Cauchy sequences

= Summation

= Basic properties of power series

= The continuity of power series

s The derivative

= The diferentiability of power series

= The radius of convergence formula.

= The Riemann integral, construction and basic properties

= Uniform continuity.

Below is a brief summary of the main results.



CHAPTER 1. INTRODUCTION

1.1 Review limits of sequences

In first-year analysis you have studied the convergence of sequences of real numbers (Chapter 2). Here is
a quick recap.

Definition 1.1. A sequence (a,) converges to a limit | € R if for every ¢ > 0 there exists N € N such
that

la, — 1| < e for every n > N.

In this case we write a,, — [ as n — o00o.

The following results were covered in first-year analysis.

» Uniqueness of limits: A sequence can have at most one limit.

= The shift rule: For any fixed £ € N,a,, — | as n — oo if and only if a,1x — [ as n — oo. (This
effectively means that for the question of convergence, we can disregard the first k terms of the
sequence (for any fixed k we like).

= Convergent sequences are bounded: Any convergent sequence is bounded.
» If a, — a then |a,| — |al.
= The basic algebra of limits: Suppose a,, — a and b, — b. Then

(i) an+b, > a+b;
(ii) anb, — ab;
(iii) if b # 0 then a, /b, — a/b.

= Limits and inequalities: If a,, < b, for all n, a,, — a and b, — b then a < b.

= Sandwich rule: a, <b, < ¢, with a,, — [ and ¢, — [ implies that b,, — [.

1.2 Review of continuity and differentiability

We review the notion of continuity (Chapter 5 in MA141) and uniform continuity (covered in Chapter 10
in MA141, and page 71 in MA139). Let Q C R.

Definition 1.2. Given f : Q0 — R, we say that f is continuous at x € () if for every € > O there exists
d = d0(x,e) > 0 such that

yeQand|z—y|l<d=|fly) — f(z)| <e. (1.1)

The key point to note from the definition above is that given a function f, € > 0 and a point x there
exists 0, but d can depend on ¢ and = (and of course f).

Definition 1.3. Given f : Q — R, we say that f is uniformly continuous if for every € > 0 there exists
d = d(e) > 0 such that
r,y€Qand|r—yl <d=|f(y) — f(z)] <e. (1.2)

The key point here is that J can be chosen independently of x.
In the case in which € = [a, b] we have the following result.

Theorem 1.4. Let f : [a,b] — R be a continuous function. Then it is uniformly continuous.
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CHAPTER 1. INTRODUCTION

Before we prove the result let's consider a couple of examples in which the closed, bounded interval
[a, b] is replaced by an unbounded or an open domain.

Consider f(x) = e”, defined in R. Clearly this is a continuous function, but not uniformly continuous.
Indeed, since f grows faster and faster for larger x it is possible to find arbitrarily small intervals in which
f changes by at least £. This example shows that the result in Theorem is not necessarily true for
unbounded domains.

We can also consider g(z) = 1 on (0,1). Just as in the previous example, near zero, the function g
grows to infinity faster and faster as we approach the origin, making it impossible to find ¢ independent of
x that satisfies (1.2]).

This result, in much more generality, not just for closed intervals on R will be proven in MA260 Norms,
Metrics and Topologies. The key point is that the domain of f is a compact set (which in this case is
equivalent to closed and bounded).

Proof of Theorem[L.4. We will argue by contradiction. That would mean that there exist ¢ > 0 and z,,, y,,
such that |2, — yn| < L but [f(z,) — f(yn)| > €.

The sequences {x,,} and {y, } are bounded, as they are in [a, b], and therefore we can apply the Bolzano—
Weierstrass theorem to obtain convergent subsequences {z,, }7°; to = and {y,, }3>; to y. Notice that

1
‘x_yn’“‘ = ’x_mnk‘+ ‘xnk _ynk| < ‘x_xnk|+n7k — 0,

which implies that z = y. However we know that |f(zyn,) — f(yn,)| > € for all k. Since f is continuous,
taking limits as k goes to infinity we obtain 0 = |f(z) — f(z)| > €, which is a contradiction. O

For completeness we reproduce the definition of derivative.
Definition 1.5. Suppose f : I — R is defined on an open interval I and ¢ € I. We say that f is
differentiable at c if
fle+h) —f(c)
h

lim
h—0

exists. If so we call the limit f'(c).
Also from that module

Lemma 1.6. Suppose I is an open interval, f : I — R and ¢ € I. Then f is differentiable at c if and only
if there exists a number A and a function £ with the properties that for all =

f(@) = fe) = Alx — ¢) +e(2) (2 — o),

e(c) = 0 and ¢ is continuous at c: (s(x) — 0 as x — ¢). If that happens A = f'(c).

1.3 Review of integration

To construct the integral on an interval [a, b] we consider partitions of the interval.
In practice, a partition of the interval [a, b] is determined by a collection of points {z;}",, for some n
such that

a=x0< 21 <...<xp_1 <y =0>0,

which yields the collection of intervals I; = [z;_1,2;], for j = 1,...,n. Given a partition of P =
{I1,...,I,} of I = [a,b] we denote

M =supf m = inf f My, = supf my = inf f.
I I I Iy,
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CHAPTER 1. INTRODUCTION

Definition 1.7. Given f : [a,b] — R and a partition P = {I1,...,1I,} of [a,b] we define the upper
Riemann sum of f with respect to P as

n
U(f, P) =Y My|Ii,
k=1
and the lower Riemann sum of f with respect to P as
n
L(f,P) =Y my|Il.
k=1

Figure[1.1] shows the intuitive idea for calculating an integral, displaying the Lower and Upper Riemann
sums, for a uniform partition with 10 intervals (for f(x) = 22).

/ /
/ 77

04t

021

0. x 0 x
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

Figure 1.1: Lower (left) and Upper (right) Riemann sum of f

We will denote by & the set of all partitions of [a, b].
Definition 1.8. Given f : [a,b] — R, bounded, we define the upper Riemann integral of f by

U(f) = int U(f, P).

We define the lower Riemann integral of f by

L(f) := sup L(f, P).
Pe>

Definition 1.9. Given f : [a,b] — R bounded we say that it is Riemann integrable if and only if L(f) =
U(f), and define its Riemann integral, denoted by fff(w)da: or fab f, by

b
/ f(@)de == L(f) = U(f).

The following result will also prove useful in showing that a function is integrable.

Theorem 1.10. Let f : [a,b] — R be a bounded function. Then f is integrable if and only if for every
e > 0 there exists a partition P of [a,b] such that

U(f7P)_L(f7P) <e
Theorem 1.11. Let f : [a,b] — R be a continuous function. Then it is Riemann integrable.

Theorem 1.12. Left f,g : [a,b] — R be Riemann integrable functions, and ¢ € R. Then f + g and cf
are Riemann integrable and we have

/abcfzc/abf, /ab<f+g>=/abf+/abg.
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CHAPTER 1. INTRODUCTION

Theorem 1.13. Let f, g : [a,b] — R be Riemann integrable functions such that f < g. Then

/abf</abg-

Theorem 1.14. Let f : [a,b] — R be an integrable function. Then |f| is integrable and we have

/abf g/abm.

The Fundamental Theorem of Calculus explores the relationship between integration and differentiation,
and how under sufficient conditions they can be understood as inverse operations. The first result we
consider is when the integral of a derivative is the original function.

Theorem 1.15. Let F' : [a,b] — R be a continuous function that is differentiable on (a,b) with F' = f.
Assume that f : [a,b] — R is an integrable function. Then

b
/ f(x)dz = F(b) — F(a).
Theorem 1.16. Let f : [a,b] — R be an integrable function and define the function F : [a,b] — R by
T
F(x) ::/ f(t)de.

Then F is continuous of [a,b]. Additionally if f is continuous at ¢ € [a,b] then F'(c) = f(c), with the
derivatives at a and b understood as one-sided derivatives.
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Chapter 2

Sequences and Series of Functions

In this Chapter we will consider sequences and series of functions and aspects relating to pointwise and
uniform convergence and its interactions with continuity, integrability and differentiability questions.

2.1 Pointwise convergence

We will consider sequences of functions f, : & — R from a fixed domain ). Here we do not make any
assumptions about €2, i.e. being open or closed, bounded or unbounded for example. While most examples
will be in one dimension, unless otherwise noted they apply to higher dimensions. We start by defining
pointwise convergence.

Definition 2.1. Let (f,)?2, be a sequence of functions, with f, : Q@ — R. We say that (f,) or fn
converges pointwise to f : ) — R if and only if for every x € Q we have lim,,_,« fn(x) = f(z). We will
denote pointwise convergence by f, — f.

Example 2.2. Consider the sequence (f,) given by f, : [0,1] = R, f,(z) = z'/™.

fag

Figure 2.1: The sequence f, for n =1,2,3,4 and 20.

1/n

Notice that f,(0) = 0 for every n, but that for every x € (0,1] we have lim,,_,oc /™ = 1. As a result

the limit of the sequence (fy) is
0 z =0,
-

1 ze(0,1].

Remark 2.3. Notice that the above example shows that the pointwise limit of a sequence of continuous
functions need not be continuous. It also produces a counterexample for the commutativity of the limits.
We have

lim lim f,(z) # lim lim f,(x),

n—00 x—0+ r—0t+ n—o0

as the left-hand side equals zero, while the right-hand side equals one.

7



CHAPTER 2. SEQUENCES AND SERIES OF FUNCTIONS

Pointwise convergence clearly does not preserve continuity. It can also be very non-uniform, in the sense
that while f,,(z) — 0 for every x we may have sup,, | fn(x) — f(z)| = C > 0 or even sup,, | fn(z) — f(z)| —
00 as n goes to infinity, as shown in the next examples.

Example 2.4. Consider the sequences

2nx z€[0,5) 2n’x z€[0,5)
gn(x) =< =2n(z— 1) z€[xg, 1) ho(z) = —2n%(x — 1) 2 €[5, 1)
0 ze[iq] 0 z e[t 1]

It is easy to see that g, and h,, are continuous and converge to the function f = 0. However, for every n
we have g,(1/(2n)) = 1 (with that being the maximum of g,,) and therefore

sup |gn(z) — 0] =1.
z€[0,1]

The situation is worse for the sequence (hy), known as the Witch's hat. Indeed h,(1/(2n)) = n, which
shows that while h,, — 0 we have
sup |hn(x) — 0] — oo.
z€[0,1]
Pointwise convergence and integrability do not interact as one would hope. Indeed, even if we assume
that the pointwise limit is integrable we may not have lim [ f, = [lim f,.

Example 2.5. Consider f,(z) = X{nnt1)(%), where X1 is the indicator of the set I, i.e., takes value 1 if
x € I and zero otherwise. Clearly f,, converges pointwise to f = 0. However,

1= [t [1=0

We can think of this, as “the mass scaping to infinity” (along the x axis). In the latter calculation, we are
. . . . . +00
considering the improper Riemann integral f_oo on all of R.

Another example of this phenomena, can be found by considering g, (x) = nx(o,1/n)(z) we also have
that g, converges to 0, while having [ g, = 1 for every n. We can think of this as “pointwise convergence
allowing the mass to go to infinity” (along the y axis this time). The Witch’s hat above also provides a
similar example, in this case with continuous functions.

Example 2.6. Another sequence that will play a role in several modules this year is f,(x) = sin(nx). This
sequence is connected to Fourier series and will be heavily studied in MA250 PDE for example. Notice
that for x = km with k € Z the limit exists and equals 0. If x = p/qm with p/q ¢ 7 then there is no limit.
Indeed sin(nqx) = 0 while sin((2nq + 1)x) = sin(z) # 0. If z is an irrational multiple of 7, then the rest
of the division of nx by 2w is dense in [0, 27| and there is no limit.
Despite the fact that sin(nz) does not have a limit for most x, you will see in MA250 that for every
integrable function f -
f(z)sin(nz)de — 0 asn — o0o.
—Tr
This result, known as the Riemann—Lebesgue Lemma, suggests that sin(nx) goes to zero in some sense
(known as the weak sense, which will be covered in Measure Theory, Functional Analysis and Fourier
Analysis). We can also consider the sequence g () = %nm’) As cosine is a bounded function it is easy
to see that g, converges pointwise to 0. Since g, are smooth we can also consider g, (x) = — sin(nx).
This tells us that even for smooth functions, having g, converge pointwise to g does not imply that g,
converges to g’ even if g is smooth.

The final example we consider is one of a sequence (f,,) such that [(f, — f)dz converges to zero, but
where f,, does not converge pointwise to f.
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CHAPTER 2. SEQUENCES AND SERIES OF FUNCTIONS

Example 2.7. We will consider functions defined on [0,1]. Let
f()(.%') = X[O,l](x)a

f1(x) = xp0,1/2 (@), f2(2) = xp 2,9 (@),
f3(2) = X[0,1/4) (%), fa(x) = X[ /4,172 (%), f5(z) = xp1/2,3/4) (%), fo(z) = xq3/4,1()-

Notice that each function is an indicator of an interval, and that in each group above the intervals sweep
[0,1]. When we move to the next block the length of the corresponding intervals gets divided by 2 and
therefore we consider twice as many functions for each group. While the process is clear from the list
writing a formula for f, is annoying to say the least. You can check that the following works. For an index

k—1 k
nel) 2,3 2, k=1,2,...
=0 =0

we set f,, as the indicator of the interval

n—Yrg2t n-Yr 241
ok ’ ok

Since the length of the intervals tends to zero it is clear that [ f,, — 0, but since the intervals keep sweeping
the entire interval [0, 1] the sequence f,, does not converge to zero (or any other function for that matter).
This is contrary to the intuition that if the area between f and f, is going to zero the functions f, must
be approaching, and therefore converging to f.

2.2 Uniform convergence

We now consider the notion of uniform convergence.

Definition 2.8. Let f,, : Q@ — R be a sequence of functions. We say that (f,) converges uniformly to
f:Q — R if and only if for every € > O there exists N (e) such that |f,(x) — f(x)| < € for every x €
and for all n > N(e).

The key different with pointwise convergence is that N depends only on € and not on z. For pointwise
convergence we first froze = and consider the convergence of f,(z) to f(x). We will denote uniform
convergence by f, = f.

As before we are not making any assumption on £2. In order to simplify the presentation we introduce
the notation

1flloc = sup|f(z)].
e

With this notation we have
fan=f < Ve>0,3N(e) such that ||f,, — fllcc <€ Vn > N(e).

Remark 2.9. Clearly uniform convergence implies pointwise convergence. The converse is of course false,
as can be seen by considering the sequence from Remark[2.3 Namely, we note that f,(1/2") = 1/2 and
50 || fn — flloo = 1/2. Alternatively, one can argue by contradiction and apply Theorem below.

Definition 2.10. A sequence (f,) of functions in S is called uniformly Cauchy if and only if for every e > 0
there exists N () such that || fr, — fm||co < € for alln,m > N(e) (or alternatively sup,cq | fn(x)— fm(z)| <
e for all n,m > N(g)).

Theorem 2.11. A sequence (f,) is uniformly convergent if and only if it is uniformly Cauchy.
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CHAPTER 2. SEQUENCES AND SERIES OF FUNCTIONS

Proof. Assume that (f,,) is uniformly convergent to f, i.e. for every ¢ there exists N such that || f,— f|co <
g/2 for all n > N. Then, for m,n > N

[fn = fimlloo < 1fn = f +f = fmlloo < fn = flloo + [1fm — flloc <€/2+2/2 =€

For the converse, assume (f,) is uniformly Cauchy. That means that for every z, f,(z) is a Cauchy
sequence in R and therefore convergent. That means there exists f(z) such that f,(x) converges to f(z)
at least pointwise. Now, we know that given £ > 0 there exists N(g) > 0 such that |f,(z) — fi(z)] < &
for every x and all n,m > N(g). That is

fm(x) —e < fn(x) < fm(z) + € forall z, and all n,m > N(e).
As the left-hand side holds for all m > N(e) we can take limits as m goes to infinity. We find
f(x) —e < fulx) < f(x) e forall z, and all n > N(e).
from which it follows that
|f(x) — fu(x)| < 2¢ for all z, and all n > N(e),
which proves the result. ]

Remark 2.12. While this topic will be discussed in more depth in Norms, Metrics and Topologies it is
worth noting that || - ||oc is @ norm in the space of bounded functions in ) ( we make no assumptions about
it being open, closed, bounded or unbounded). || - ||« is referred to as the supremum norm or uniform
norm. Recall that by norm we mean that it satisfies

1 |[flleoc = 0, with || f|lec = 0 if and only if f =0,
2. IMlso = Al flloo, for all X € R, and

37+ 9lloo < 1 lloo + [lglloo-

Theorem 2.13. Let (f,,) be a sequence of continuous functions in Q) that converges uniformly to f :  — R.
Then f is continuous.

Proof. First notice that the uniform convergence implies that given any € > 0 there exists N > 0 such
that || f, — fllooc < €/3 for all n > N. In order to show that f is continuous at zp € {2 we need to show
that given e there exists 6 = d(¢) such that for all z € (xg — 0,20 + §) N Q we have |f(z) — f(zo)] < e.
With N as above, we choose n > N, fixed from now own. Since f,, is continuous at xy we know that
there exists 0 = d(¢) such that for all z € (zg — d,z0 + J) N Q we have | f(x) — fn(z0)| < £/3.

We estimate |f(x) — f(zo)| using the triangle inequality

7(@) = F@o)| = 1£(@) = Fala) + fule) = fulwo) + fuleo) = £(w0)]
< 1F(@) = Fal@)] + | al@) = ulwo)| + | fuliz0) = F(z0)
< 1 = Flloo + 1fa(#) = faleo) +1fa = fllo < 5+ 5 + 5,
forn > N and x € (xg — 0,20 + 0) N, with N and 0 chosen as above. This completes the proof. O

We will denote the space of bounded, continuous functions with the uniform norm by (Cy; || - ||c0)-

Theorem 2.14. (Cy; || - |loo) is @ complete space, i.e. every Cauchy sequence converges to a continuous
bounded function.
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CHAPTER 2. SEQUENCES AND SERIES OF FUNCTIONS

Proof. We need to show that if (f,,) is Cauchy in the space, then there is a limit, and that the limit is
bounded and continuous. First notice that a Cauchy sequence in (Cy; || - ||o) is, by definition, a uniformly
Cauchy sequence. Theorem [2.11] implies that the sequence is convergent and since all the functions are
continuous Theorem [2.13] implies the limit is continuous.

To see that it is bounded, notice that for every x € )

[f(@)| < |f(2) = fu(x)] + [ fu(2)]

for every n. Since f, converges uniformly to f there exists n large enough |f,(z) — f(z)| < 1. For that
n, since f, is bounded we have |f,,| < M. These two inequalities lead to |f(x)| < M + 1 for every x € ,
proving the boundedness of f. O

Remark 2.15. We could consider the interaction of uniform convergence and differentiation or integration.

Consider for example f,(x) = %"%) The sequence (fy,) converges to f = 0 uniformly. Indeed
. 2 1
sin(n®z) _ol<? Vi,
n n

Clearly all the functions f, are smooth. The derivatives are given by f! (x) = ncos(n’z). It is easy to see
that the sequence (f],) does not converge uniformly (or pointwise). This example shows that while f,, = f
we may not have f] = f' oreven f| — f'.

To explore integrability, we consider g, () = % X[-n,n]- Recallthat strictly speaking we have not defined
Riemann integration in R, but rather improper integration, via a limiting procedure. It is clear however
that [ g, =1 for every n. The sequence g, converges uniformly to g = 0 as we have |g,, — 0| < 1/(2n),
and solim [ g, =1 # 0= [ g. We reiterate that strictly speaking g,, are not Riemann integrable and we
will prove that in fact, on a bounded interval f, =% f does imply [ fn, — [ f.

Theorem 2.16. Lef (fy,), fn : [a,b] — R be a sequence of Riemann integrable functions that converges
uniformly to f : [a,b] — R. Then f is Riemann integrable and [ f, — [ f.

Proof. First we need to show that f is Riemann integrable, that is show that for every € > 0 there exists
a partition P of [a, b] such that

U(f,P)—L(f,P) <e.
Now, since f, =% f we know that for any £ > 0 there exists N such that || f,, — f|lec < €/(4(b — a)) for
n > N. For a fixed n > N since f,, is integrable we know that given € > 0 there exists a partition P of
[a, b] such that

U(me) —L(me) <

| ™

Now, for that P
U(f,P)—L(f,P) = Z[S}lpf —inf fl1] = Z[S}lp(f = fut fa) = E(f = fo+ fo)llTk|

< Z Hf_anoo"‘SlIlpfn'f‘ 1f = frlloo _i&ffn | 1|
= 22 Hf - anoo|Ik| + Z[S}lpfn - lﬁffn”[k‘

<2|lf = falloo(b — @) + U(fn, P) — L(fn, P)
<2

4(b—a)(b_a)+§:€'

To see that [ f, — [ f, notice that

/abfn—/abf‘Z/ab(fn—f)

Clearly the right hand side goes to zero as n goes to infinity by the uniform convergence of (f,,) to f. O

b b
g/ Ifn—flﬁ/ 17 = Falloo = Ifn — Flloa(b — a).
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CHAPTER 2. SEQUENCES AND SERIES OF FUNCTIONS

In many circumstances it is necessary to consider functions of two variables (or more) from which we
construct new functions by integrating out some of the variables. We want to study several results in this
direction; we start by reviewing the notions of continuity and uniform continuity in two dimensions. The
definitions are analogous to Definitions [1.2 and [I.3]

Definition 2.17. Given f :  C R? — R, we say that f is continuous at x if for every € > 0 there exists
d = d(z,e) > 0 such that

yeQand|r—y|<d=|f(z)— fly)| <e. (2.1)

Note that | - | has been used both to denote Euclidean distance in the plane, as in |z — y|, as well as for
absolute value of a real number, in |f(y) — f(x)|.

Definition 2.18. Given f : Q C R? — R, we say that it is uniformly continuous if for every € > 0 there
exists § = 0(g) > 0 such that

r,yeQand|r—y| <d=|f(z)— fly)| <e. (2.2)

The key point here is that § can be chosen independently of x. Similarly to Theorem we have the
following result.

Theorem 2.19. Let f : Q C R2 — R be a continuous function. Assume that Q) is closed and bounded.
Then it is uniformly continuous.

Proof. We will argue by contradiction. That would mean that there exists ¢ > 0 and x,,y, such that

20— yul < L but |f(z) — Flya)| > <.

The sequences {x,,} and {y,,} are bounded, as they are in €2, which is closed and bounded, and therefore
we can apply Bolzano—Weierstrass to each component to obtain convergent subsequences {z, }?°, to
and {yn, }72 to y. Notice that

1
‘x_ynk‘ < "r—xnk‘ + ‘xnk _ynk| < |x_xnk| +—— >0,
Nk k—ro0

which implies that z = y. However we know that |f(zyn,) — f(yn,)| > € for all k. Since f is continuous,
taking limits as k goes to infinity we obtain 0 = |f(z) — f(z)| > €, which is a contradiction. O

Theorem 2.20. Let f : [a,b] X [c,d] — R be a continuous function. Define

b
1(t) ::/ f(z,t)dz

Then I is a continuous function on [c,d].

Proof. We need to show that for every € > 0 there exists § such that |t —tg| < d, and ¢,ty € [c, d] implies
1(t) — I(to)]| < <.
Now I(t) — I(to) = [[f(z,t) — f(z,t0)]dz and therefore

b
() — I(to)] < / £ 1) — f(, o) |da. (2.3)

Since f is continuous on [a, b] X [¢, d] it is uniformly continuous, and therefore given ¢ > 0 there exists J such
that (x1,t1), (z2,t2) € [a,b] X [c, d] with \/(z1 — 22)% + (t1 — t2)2 < & implies that | f(z1,t1)— f(x2, t2)] <
e/(b—a). Therefore if |t —to| < J we have |f(z,t) — f(x,to)| <e/(b—a). As a result (2.3) becomes

b b
10~ 100)] < [ 1fwt) =~ flatollde < [ =do =,

—a

and we obtain the desired result. O
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CHAPTER 2. SEQUENCES AND SERIES OF FUNCTIONS

We can also consider differentiating I with respect to ¢ under sufficient regularity results for f.

Theorem 2.21. Lef f, %{ be continuous functions on [a,b] x [¢,d]. Then, fort € (c,d)

d [ b9
dt/a f(:p,t)da::/a a—{(x,t)dx

Proof. Set F(t f f(z,t)dz, and G(t) := ff 9 (z,t)dz. We want to show that F' = G. Note that
Fis d|fferent|able by Theorem [1.16] We consider the difference between the incremental quotient that is
used to define a derivative of F' and the function we expect to be derivative, namely G. Let tg € (¢, d) be

given. Consider h € \ such that ¢y + h € [c,d]. We write

/f:cto—i-h — flz,to) Of

— ——(x,%)dx

‘F(toJrh)— F(to) ‘
ot

h

which by the Mean Value Theorem, becomes, for some 7 between ty and ¢y + h

b1of of

oY o )~ Y1)

. ot ( 7T) - E(‘T}7t0)d <

dz.

Now, since % is continuous on [a, b] X [c, d] it is uniformly continuous, and therefore for every € > 0 there
exists d such that for |h| < ¢ and 7 as above we have

af af €
— 2L (x,t
a7 g @) <5
This is implies that for |h| < §
F(to+h) — F(t b
h o b—a
Taking limits as h goes to zero we have
[F'(to) — G(to)| <,
and since ¢ is arbitrary we are done. O

We now explore a version of Fubini's Theorem for continuous functions.

Theorem 2.22. Let f : [a,b] X [¢,d] — R be a continuous function. Then

/ab (/Cdf(af,y)dy> dx:/Cd ([f(a:,y)dx) dy

Proof. Since f is continuous on [a,b] X [c,d] Theorem implies that fcd f(x,y)dy and ff f(z,y)dx
are continuous on their respective domains, and therefore Riemann integrable. Consider

Fo= [ </cdf(w,y)dy> dx—/cd (/:f(x,y)dx> dy.

By the FTC (Theorem [1.16)), we know that F' is continuous, with F'(a) = 0. Also the first integral is

differentiable with
d t d d
e (/ f(a?,y)dy> dw—/ f(t,y)dy.

/fxy f(t,y).
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CHAPTER 2. SEQUENCES AND SERIES OF FUNCTIONS

We would now like to differentiate the second integral in F', namely

—/j(/atf(m,y)dx)dy

by differentiating inside the first integral. For that Theorem [2.21] requires that

(/atf(x,y) dw)

be continuous in [a,b] X [¢,d] as a function of ¢t and y. Theorem proves that it is continuous as a
function of y and we actually know that it is differentiable as a function of ¢. However, continuity in each
of the variables separately does not ensure that the function is continuous on [a, ] X [c,d]. However, one
can modify the proof of Theorem [2.20] to show continuity in [a,b] x [c,d]. (This is left as an exercise.)
Then we are allowed to differentiate inside the integral and we obtain

af (/atf(:c,y)dx> dy:/f;(/jﬂx,wdx) w=["san .

d d
F’(t)—/ f(t,y)dy—/ f(t,y)dy =0,

Since F' is continuous on [a,b], F(a) = 0 and F'(t) = 0 we find F'(b) = 0. This implies the result. O

Therefore

Remark 2.23. The continuity requirement is necessary in the previous Theorem. The following is a
counterexamples to Fubini’s theorem when continuity fails at just a point. Let

2,2
==Yy
T,Y) = —5— 5.
f( y) (.1)2 +y2)2
Notice that f is not continuous at the origin. We have
=1
/1 22 — o2 P Y 1
o (@2 +y2)2 Y= ,2 0_ 1122
y:

and 1 1 2 2 1
Tl —y 1 s
/0 (/0 (22 +y?)? y) ! /0 1+ 71

In the opposite direction we get - by symmetry. The key here is that the function is not in L, ie |f]

is not integrable.
1 x 2 2 1
==Yy Y
dy | dz > ——5=dy | dx = —-—
y) ‘”—/0 (/o (22 + )2 y) ’ /ox2+y2

v

Differentiation revisited.

Y=z 1 1
= —dz = oo.

22 — o2
(22 + y2)2

We will use the notation C*(a,b) to denote functions that are k times continuously differentiable on
(a,b), and C*(a,b) for functions that are infinitely differentiable on (a,b).

We have seen examples of sequences (f,) that are differentiable, with (f,) converging uniformly to f
but for which f! does not converge to f'. In fact it is easy to construct examples of C'' functions that
converge uniformly for which f’ does not exist. Consider

fu(z) = <x2 + l/n)l/2 :
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CHAPTER 2. SEQUENCES AND SERIES OF FUNCTIONS

They are clearly C' as the 2% + 1/n never vanishes for fixed n. (f,) converges uniformly to f(z) = |z
which is not smooth at the origin. To see this notice that if

1

A= (:1:2 + 1/71)1/2 — |z|

then
1/2

1
2 —_— —_—
A< (@+1/vn?) " ~lal < NG
and the uniform convergence follows.
The following result will prove rather useful.

Theorem 2.24. Let (f,) be a sequence of C' functions on [a,b] (understood as a one-sided derivative).
Assume f, — f in the pointwise sense and that f! converges uniformly to g. Then f is C' and g = f' or

fo— 1
Proof. Since f] = g, Theorem yields
. . / T /
/a 9(y)dy = /a Jim f,(y)dy = lim /a fu(y)dy,

which by the FTC yields

[ sty = i [1alo) = fal@)] = £(0) - f(@)

Notice that since g is continuous this means that f is continuous. While the Theorem does not assume
that ¢ is continuous, that is a consequence of the uniform convergence of f/ to g, since f, are C'. Now,
the FTC implies that ffg is differentiable with derivative g. Since

/:g — f(x) - f(a)

we obtain that f is differentiable and g = f. O

2.3 Series of functions

In this section we consider series of functions, i.e., we study

o
Z fk(x)a
k=1
with f, : © — R. We begin by establishing the notion of pointwise convergence and uniform convergence

for a series.

Definition 2.25. Let (fi) be a sequence of functions fi, : Q@ — R. Let (S,) be the sequence of partial
sums, with S, :  — R defined by

Sp(x) = Z fr(z).
k=1

Then the series -
> filx)
k=1

converges pointwise to S :  — R in Q if S, — S pointwise on 2 and it converges uniformly to S in Q if
Sn = S uniformly in .
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CHAPTER 2. SEQUENCES AND SERIES OF FUNCTIONS

Theorem 2.26. Let (fy), with fi : [a,b] — R, be a sequence of integrable functions. Assume that
> rey fr converges uniformly. Then Y72, fi is Riemann integrable and

/liszkil/fk-

Proof. S,, is a finite sum of integrable functions and therefore integrable (by additivity). Since S,, converges
uniformly Theorem [2.16] implies that .S is integrable and moreover

lim S = / lim S,,.
n—oo n—oo
Since [ S, =Y 7_1 [ fr and lim,, 0 Sp, = 72 fi we obtain the result. O

Theorem 2.27. Let (fi.), with f : [a,b] — R, be a sequence of C* functions such that > 72 ; fi converges
pointwise. Assume that Y 7, f; converges uniformly. Then

o0 ! 59
(Z fk(ﬂ?)) = filz),
k=1 k=1
that is, the series is differentiable and can be differentiated term-by-term.

Proof. The proof is a simple consequence of Theorem [2.24] This results says (changing the notation) that
if S, isCl, S, — S, S, = gthen SeCland ' =g (or S/, = 5'). If we define S,, = 37, fx then, it
is C1, since each fj, is C'; it converges pointwise to S = %2, fi and finally S’ converges uniformly, to g
say. Then Sis C! and S/, = S’. This means

i 5, =8 = (3 )
k=1

but since SI, = (X7_1 fx) = SF_1 fi. we obtain the result, namely

S fie) = (i fk<:c>> |
k=1 k=1

0

Theorem 2.28 (The Weierstrass M-test). Let (fx) be a sequence of functions fi : 2 — R, and assume
that for every k there exists My, > 0 such that |fi(z)| < My, for every x € Q and > 72| M}, < oo. Then

o0
> fw
k=1

converges uniformly on ).

Proof. Notice that it suffices to show that S, := >"}_; fx is uniformly Cauchy (recall Theorem 2.11]). Now
since Y po; My, < oo, given € > 0 there exists N such that

n
Z My <ce for all m,n > N.
k=m-+1

Now

n

k=m+1 k=m+1

= Y fulx)

k=m-+1

|Sn(@) = S(@)] = | filx) = D ful2)
k=1 k=1

for every . Therefore S, is uniformly Cauchy and the proof is complete. O
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2.4 A continuous, nowhere differentiable function (THE PROOFS IN
THIS SECTION ARE NOT EXAMINABLE)

In 1872 Weierstrass showed that there exist continuous functions that are nowhere differentiable. Standard
examples are constructed using Fourier Series. For example

o0
x) = Z a® cos(2mb¥x)
k=0
forany 0 < a <1 < b with ab > 1.
We will construct an example based on the sawtooth function. Consider

_ Jz— =] v <o) +3
¢<x)_{1x+[xj :C>ij+;

The function ¢ is equal to the distance function from x to Z.
We define, forn =0,1,...

1
Fala) = Jo(4").
We will show that f(z) = > 72 fn is continuous but nowhere differentiable. Notice that

11

and that by the Weierstrass M-test we have the uniform convergence of the series. Since each f,, is
continuous, and the convergence is uniform we have that f is CY.

Given x € R we will choose the sign of h,, = j:4n+1 in such a way that the points 4"« and 4"(x + hy,)

[k k+1]

both belong to the same interval of length 1/2, for some k € Z. We make this choice of sign for

[k k+1]

h,, because on each of these intervals the function ¢ has constant slope +1 or —1.

Consider the incremental quotient
fn(x + hn) — fn(w) _ ¢(4n$ + 4nhn) — ¢(4nx) = 41
hn 4" h, ’
Moreover, if m < n the graph of f,;, also has slope 1 on the interval to which x and = + h,, belong. Let
us justify this last step in more detail. We argue by contradiction. Consider the case h,, = 471% (the case
when h,, = —4,1% is treated analogously). Namely, we suppose that there exists ¢ € Z such that

l
4My < 3 <4z +4™mh, .
Multiplying the above inequalities by 4”7, we get

Y4 1
4 < 4" — < 4" —
x 5 x+4

Since 4™ g, this is a contradiction to our choice of h,,. Therefore,

L fm(w + hn) B fm(x) _ ¢(4mx + 4mhn) B ¢(4m$) —
e hn N 4mh, -

However for m > n + 1 we have (since 4™x + 4™h,, — 4™z = +4™h,, = 4™ "1 € 7)

fm(x + hn) - fn(x) =

4% (6472 + 47hy) — H(4™2) = 0.

Therefore

hn hn
Therefore A,, is an even integer if n is odd and an odd integer if n is even. Hence there is no limit as n
goes to infinity. Since h,, goes to zero that proves that f is not differentiable.
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Chapter 3

Basic results about R"

3.1 Notation in R"

The main vector spaces that we shall consider in this module are R", n € N. Thus, by a vector x € R"
we mean the n-tuple (z1,...,2,), z; € R, 1 <i < n.

For ease of writing, a vector z € R"™ will be written as a row vector x = (z1,...,2y,), ; € R, 1 <i < n.
However, in calculations vectors will be written as column vectors

I

T
This is so that, if A: R” — R* is a linear map represented by the matrix

ai] ... Qin
A=

Akl ... QAgn

with respect to the standard bases of R™ and R¥, then the vector y := Az is obtained by multiplying the
column vector = by the matrix A on the left. In index notation, if y = (y1,...,yx), then

n
yizz:aijxj, iE{l,...,k}.
j=1

A vector-valued function f (with values in R¥) of the variables 1, ..., x, is denoted by f: U — R* where
U C R" is domain of the function f, i.e., the subset in which the independent variables = = (z1,...,zy)
lie[] Thus
f(z) is shorthand for (fi(x1,...,2pn),. .., fu(1,...,2pn))

and,

fl(ﬂj‘l, ey Jin)

for calculations, f(x) = :
fk(l'la cee ,(L‘n)

We normally use a,b and c at the start of the latin alphabet to denote real numbers (i.e. scalars) and
we shall use letters like x,y,p,q,u,v and w in the second half of the latin alphabet to denote vectors.

Thus we shall write ax for the vector (axy,...,azxy,) without always spelling out that a € R and = € R".
In two and three dimensions, we will often be written f(z,y) and f(x,y,z). Finally, 0 will denote both
the zero vector (though we shall occasionally write it as (0, ...,0) and the zero scalar!

A real valued function f: U — R will be referred to as a scalar function.
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CHAPTER 3. BASIC RESULTS ABOUT RY

3.2 The Euclidean norm and inner product

The Euclidean norm, or length, or magnitude of © = (x1,...,x,) € R™ is denoted by ||x| and is defined
by

n 1/2
||| == <Z$z2> ) (3.1)
i=1

The notation is convenient given that for n = 1, ||z|| means |z|.
The direction of a nonzero vector x is defined to be the unit vector II%H The obvious relation

x #0,

is the mathematical statement of the informal definition of a (nonzero) vector as a quantity that has both
magnitude and direction?}

The Euclidean distance between = and y in R™ is defined as ||z — y]|.

The Euclidean inner product x -y, also called the dot product and scalar product, of xz,y € R"™ is

defined as .
i=1

Other notations for x - y include (z,y) and (x,y). Evidently, ||z| = /z - z.
The Cauchy-Schwarz inequality states that

-yl < llzll[y]l-

It follows from )
0< |[lylPz = (@ vy | = lyl*l=]? = (@ vyl

Definition 3.1 (Angle between two nonzero vectors). The Cauchy-Schwarz inequality implies that, if x
and y are both nonzero, then there exists unique 6 € [0, 7| such that

-y = [z yll cos 6;
0 is then defined to be the angle between x and y.
Proposition 3.2 (The triangle inequality). Vz,y € R",

lz +yll < llzll + llyll- (32)
Proof.

lz +yl* = (2 +y) - (@ +y) = |2l + 22 -y + lyl* < ll=[* + 2l ly] + lyl* = Dl + lly])*

Replacing x by z — z and y by z — y we get:
lz =yl <z =zl + 1z = yll, (33)

which corresponds to the familiar fact that the distance from x to y is less than or equal to the sum of the
distances from x to z and z to y. Regarding x, y and z as the vertices of a triangle, says that the
length of the edge joining = and vy is less than or equal to the sum of the lengths of the edges joining z to
z and z to y; this is the usual triangle inequality.

2Note that the zero vector does not have a direction.
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Exercise 3.1. Prove that, for all x,y € R",
|21l = Iyl || < e = w. (34)
Proposition 3.3.
(i) llax| = la| ||z]| Va € R, x € R™.

(i) ||z]] 20Vax € R" and ||z]| =0 < = =0.

Warning 3.4. It is true that y = x if, and only if, |z — y|| = 0. However, ||z|| = ||y|| does not imply that
y = tx. (Think of points on the unit circle.)
Remark 3.5 (|| - || satisfies the definition of a norm). A norm is a non-negative valued function

|-l : X — R™ on a real vector space X which satisfies
(i) ||lz]| >0Vx € X and ||z|| =0 < x=0.
(ii) For every a € R and x € X we have |ax| = |a| ||z

(iii) The triangle inequality (3.2)): for every x,y € X we have ||z + y|| < ||z|| + |ly]|-

3.3 Convergence in R”
Definition 3.6. A sequence () of vectors in R™ converges to x € R" if
Ve >0, 3 N €N such that, j > N = |z; —z| <e.

Proposition 3.7 (Uniqueness of limits). Let (z;) be a sequence in R™. If it converges to both x and Z,
then r = Z.

Proof. If we assume, by contradiction that z # &, then ¢ := |z — Z|| > 0. Since z; converges to z,
J N1 € N such that

J= N = |z; —z] <e. (3.5)
Similarly, since x; also converges to #, 3 Ny € N such that
J=2 Ny = |lzj — 2| <e. (3.6)
Then, for j > max{Ny, No} we have:
% = ||o — 2| < lle — @] + llo; — ] < 2.
This is of course a contradiction and therefore 2 = P O

The notation when we consider each of the coordinates of one of the elements z; in the sequence can
get a bit awkward. We will donte the i-th coordinate of z; € R" by z; ;.

Proposition 3.8 (Componentwise Convergence). A sequence (xj) of vectors in R™ converges to xg € R™ if,
and only if, foreachi € {1,...,n}, lim z;; = xo;, where x; = (xj1,...,%j,) and xo = (o1, - ,Zon)-
J—00

®Note how the triangle inequality is crucial for proving the uniqueness of the limit of a sequence.
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Proof that convergence implies componentwise convergence. Note that

n

1/5
Vie{l,...n}, |zo; — 24| < [lzo — x| = [Z(wo,k - fl?j,k)zl :
k=1

Now by definition of convergence, given € > 0, 3 N € N such that
jZ2N= |zo—ajl <e
and therefore

J=N= |zg; —xji| <eVie {1,...n},
i.e., imj_ o0 2 = 20, for every i € {1,...n}.

Proof that componentwise convergence implies convergence. Given ¢ > 0 and i € {1,...,n}, 3 N; € N
such that j > N; = |x0; — 24| < e/y/n. Set N := max{Ni,...,N,}. Then
n 1/2
iZN = |xo—xzl = (Z(wo,k - fffj,k)2> <e,
k=1

i.e., limji)oo Tj = T0- ]

Remark 3.9. Proposition allows us to reduce questions of convergence of a vector-valued sequence to
the corresponding (more familiar) questions of convergence of a sequence of real numbers.

The norm || - || that we defined in ([3.1]) corresponds to the standard notion of distance we are used to.
However we could have defined other alternative norms.

Definition 3.10 (Max-norm || - ||oc). The max-norm, which is denoted by || - ||, is defined by
|z||oo := max{|z1|,...,|znl}, x=(T1,...,%n). (3.7)
The following definition provides yet another norm on R™.

Definition 3.11 (The ‘Manhattan or taxi cab norm’ || - ||1).
||33'H1 = ’$1‘++|$n|, x:($17--'7xN)' (38)

In fact there is a full family of norms ||z||, for 1 < p < co given by

n 1/p
]| := (Z \xi|p> :
i=1

The Euclidean norm ([3.1)) corresponds to p =2, and || - || corresponds to taking the limit as p — oo.

Exercise 3.2 (Comparison of the Euclidean norm with || - || and || - |[1). Prove that
1zllo0 < llzll < V[l (3.9)
and that
)l < flzlly < vl (3.10)
Furthermore, verify that | - ||oc and || - ||1 satisfy the triangle inequality and the relations stated in
Remark 3.5 for a norm; indeed, || - |1 and || - ||o are actually norms.
This exercise shows that in Definition we could have equivalently used || - ||; or || - ||oc instead of

|| - || to define the limit of a sequence.
Since Proposition reduces convergence to componentwise convergence the we have the following
result.
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Proposition 3.12 (Sequence sum rule). If x; converges to x, y; converges toy and a,b € R then

lim (ax; 4 by;) = ax + by.
j—o0

Exercise 3.3 (Sequence product rules). Let (a;) be a sequence of real numbers that converges to a and
let (z;) and (y;) be sequences of vectors in R™ that converge to x and y respectively. Prove that

(i) the sequence of vectors (a;xj) converges to ax and
(i) the sequence of real numbers (not vectors!) x; - y; converges to x - y.

Definition 3.13 (Boundedness of a sequence). A sequence (x;) is bounded if there 3 M > 0 such that
|lz;|| < M for every j € N.

Proposition 3.14 (Boundedness of a convergent sequence). If (x;) converges to x, then (x;) is bounded.

It is possible to prove this proposition by using componentwise convergence and the boundedness of
real sequences. A more direct proof is based on the following lemma.

Lemma 3.15. /f (z;) converges to = then the sequence of real numbers ||z ;|| converges to ||z||.

Proof. Given € > 0, 3 N € Nsuch that j > N = |jz; — z|| < . It follows from the reverse triangle
inequality that
for j = N, lajll = ll2ll | < llj — 2l <e.

O]

Proof of boundedness of a convergent sequence. By the lemma, the convergence of (x;) implies the con-
vergence of ||z;||. The boundedness of a convergent sequence of real numbers then implies that ||z;]| is
bounded and therefore, by definition, (z;) is bounded. O

Remark 3.16. Note that the converse of Lemma ([3.15)) does not hold, not even when n = 1. (Use a
mathematical software package to plot the sequence (cosn,sinn) in the plane for a demonstration of how
badly the converse of Lemma ([3.15)) can fail.)

Proposition 3.17 (Completeness of R™). Let (x;) be a Cauchy sequence in R", that is, Ve >0, 3 N € N
such that j,k > N = ||x; —xy|| <e. Then (z;) converges to some x € R".

Sketch proof. Show that each component z;;, 1 <4 < n, is a Cauchy sequence of real numbers. Then
use the completeness of R and componentwise convergence of x;. O

3.4 Subsequences and the Bolzano-Weierstrass theorem

The Bolzano-Weierstrass theorem is one of the most important theorems about sequences of real numbers.
It states that every bounded sequence of real numbers has a convergent subsequence. It generalises
immediately to sequences in R".

Theorem 3.18 (Bolzano-Weierstrass for a bounded sequence of vectors). A bounded sequence (z;) in R"
has a convergent subsequence (x;,).

Sketch of the proof. The proof of the Bolzano-Weierstrass in Chapter 3 in MA141 is done in R. The
argument below is a complete proof in two dimensions, and with Let z; = (xj1,...,2;,) be a bounded
sequence in R™. Then z; 1 is a bounded sequence in R and therefore, by the Bolzano-Weierstrass Theorem
it has a convergent subsequence x;, 1 which converges to x7 € R. Since we are only interested in finding
a subsequence, we can consider the following sequence, indexed by k, (xj, 1,...,2j,n). So far we have
constructed a subsequence of the original for which the first coordinate is a convergent sequence.
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Consider now the sequence z;, 2. The sequence is of course bounded and therefore, by Bolzano-
Weierstrass, it has a subsequence Ty, .2 which converges to 25 € R. Notice that since z;, 1 is convergent,
50 is xj, ,1. Therefore, if we consider the sequence indexed by [, (wjk,,b cees xjkl,n), we now have convergent
sequences in the first two components.

It is hopefully clear that, aside from running out letters (and having to resort to cleverer notation), we
can repeat this procedure n times, iteratively constructing subsequences to ensure that every component
is convergent.

O

3.5 Continuity

3.5.1 Definitions of continuity and continuous limit

We define continuity following the results in year 1 (see Definition . The only changes are in the
dimension of the domain and the target of the function. We consider U C R”, p € U and a function
f:U — Rk

Definition 3.19 (-6 Definition of Continuity). Given f: U C R™ — R¥ we say that f is continuous at p
if,
Ve >0, 38> 0 such that, forz,p e U, |z—p|l <d = | f(z)— f(p)| <e.

Notice that the two norms || - || in the definition above corresponds to norms in different spaces, namely
R"™ and R*, but we dot make a distinction in the notation.

Definition 3.20 (Sequential Definition of Continuity). f: U C R™ — R is continuous at p if, for every
sequence (x;) in U which converge to p, (f(z;)) converges to f(p).

Exercise 3.4. Check that these two definitions are equivalent

Hint: The argument is the same as that given in First Year Analysis. That the -0 definition implies
the sequential definition is straightforward. The converse proceeds by proving the contrapositive, i.e., one
assumes the failure of the £-9 definition and then one constructs a sequence z; in U which converges to p
but for which f(z;) does not converge to f(p).

We say that f is continuous, without specifying a particular point, if it is continuous at all points of its
domain. If we wish to emphasize the domain U on which f is continuous, then we say that f is continuous
on U.

Notation 3.21. The space of functions continuous on U with values in R* is denoted by C(U,R¥) or
co(u, ]Rk) When k = 1, we simply write C(U) or C°(U).

Definition 3.22 (Continuous limit). f: U — R* has a (continuous) limit at p € U if there exists ¢ € R¥
such that

Ve >0, 35> 0suchthat, zeU and0 < ||z —p|| <6 = ||f(z)—q| <e.
We then write lim,_,, f(z) = q.
Just as for limits of sequences, continuous limits are unique. It is also clear that f is continuous at p if,

and only if, lim,_,, f(z) = f(p). Notice that the definition of continuous limit tacitly assumes that there
exist points in U, different from x, which are arbitrarily close to x.

*The superscript will later denote the number of derivatives.
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3.56.2 Separate continuity

In this subsubsection, we shall restrict ourselves to the case n = 2 and to functions defined on all of
R2. The generalisation to higher dimensions is straightforward but the presentation is much easier in two
dimensions using = and y as variables.
Given a real valued function f(z,y), we consider two families of functions {g¥: R — R},cr and
{h*: R — R},cr defined by
g'(@) = flz,y) = h*(y). (3.11)

Thus g° is the restriction of f to the horizontal line y = s and h' is the restriction of f to the vertical line
r =1.

Definition 3.23 (Separate continuity). A function f: R? — R is separately continuous at (zo,yo) if g¥°
is continuous at xq as a function of x and h™° is continuous at yy as a function of y.

Two natural questions arise:
(i) Does continuity imply separate continuity?
(i) Does separate continuity imply continuity?
Exercise 3.5. Prove that continuity implies separate continuity.
As for question (ii), the example below shows that separate continuity does not imply continuity.

Example 3.24. Define f: R? — R by

f(z,y) =1, ifzy #0, f(z,y) =0, ifzy=0.

g°(z) = 0 for every x € R and h%(y) = 0 for every y € R. In particular, both g and h° are continuous
at 0 and therefore, f is separately continuous at (0,0).

However, f is not continuous at (0,0) because lim, ,)_(,0) f(,y) does not exist. We can estab-
lish this by finding two sequences (a;,b;) and (¢, 5;) both of which converge to (0,0) but for which
lim; o0 f(aj,b;) # limj_o f(aj, B5); we also require (aj,b;) # (0,0) and (o, 5;) # (0,0) Vj € N.
So take, for example, a; = o; = 3; = 1/j and b; = 0. Then f(a;,b;) = 0 and f(a;,3;) =1 Vj and
therefore lim; o f(aj,b;) = 0 # 1 = lim; . f(ay, B;). By uniqueness of limits, if lim, ) .(0,0) f(7, )
were to exist, lim;_,~ f(aj,b;) and lim;_, f(cy, B;) would have to have the same value. Since they do
not, we conclude that lim, ,y_,(0,0) f(7,y) does not exist.

The following are easy to verify (left as exercises):
» f is continuous at all points (x,y) such that xy # 0,

= f is not separately continuous at points (x,0) such that  # 0 (because h” is then not continuous
at 0) and similarly,

= f is not separately continuous at points (0, y) such that y # 0.

3.5.3 Basic properties of continuous functions

Throughout this subsubsection, U C R™, p € U and a,b € R.
The following results are basic properties of continuous functions with effectively the same proof as in
one dimension.

Proposition 3.25 (The sum of continuous functions is continuous). If f,g: U — R* are both continuous
at p then, af + bg is continuous at p.

The proof of this is just an application of the sum rule for limits of sequences of vectors.

ANALYSIS Il 24



CHAPTER 3. BASIC RESULTS ABOUT RY

Proposition 3.26 (The product of a continuous scalar (real) valued function with a continuous vector-val-
ued function is continuous). If f: U — R and g: U — R¥ are both continuous at p then, fg is continuous

at p where (fg)(x) := (f(2))(g9(=)).

The proof of this is just an application of the product rule for a convergent sequence of real numbers
and a convergent sequence of vectors.

Exercise 3.6. Suppose that f: U — RF is continuous at p. Prove that if f(p) # 0 then there exists § > 0
such that || f(z)|| > || f(p)|| V& € U for which ||z — p|| < .

Exercise 3.7. Suppose that f: U — R is continuous at p € U and f(x) #0Vx € U. Prove that 1/f is
continuous at p.

Corollary 3.27. Suppose that f: U — R and g: U — RF are both continuous at p and that f(x) #
O0YaxeU. Then g/f is continuous at p.

Proposition 3.28 (The composition of continuous functions is continuous). IfU Cc R*, V Cc R¥, f: U —
R* is continuous at p € U, f(U) C 'V, g: V — R™ is continuous at f(p) € V, then go f: U — R™ is
continuous at p.

The proof of this is just an application of the sequential definition of continuity.

Proposition 3.29 (Componentwise continuity). Recall that f: U — R¥ can be written as

(1, yxn) =2 f(z) = (filzr, ... zn)y - oy fe(z, .o 2n)), z€U.
f is continuous at p if, and only if, Vi € {1,...,k}, fi: U — R is continuous at p.

Remark 3.30. The proposition above says that f is continuous if, and only if, all of its component functions
are continuous. The proof is a straightforward application of the sequential definition of continuity and the
equivalence of convergence and componentwise convergence for sequences in R"™.

This proposition suggests that most (but not alﬂ) of the features related to the continuity (and, as we
shall see, differentiability) of functions f: R™ — R* that are different from those of functions f: R — R
arise when n. > 1; whether k is greater than 1 is less significant.

3.5.4 Constructing continuous functions of several variables from continuous real valued
functions of a single real variable.

A function like f(z,y) = 5 looks continuous on R?\ {(0,0)}, but how do we prove it without

Ty
2+y
resorting to the e-§ definition or the sequential definition of continuity? We know g(x) = z and h(z) = 22
are continuous as functions of the single real variable z. However, what we need to know is that the

functions v: R? — R and 1: R? — R defined by

V(x,y) =z,  nz,y) = 2>

are continuous as functions of two variables. That is precisely the content of the next proposition, which
follows from the following easy lemma.

Lemma 3.31. Write R" as R™ @ RY, that is
R = {(z,y) : z € R, y € R*}.
Denote by w1 and w5 the two projections of R"** onto R™ and R’ respectively:
mi(x,y) ==z, mo(x,y) == v, z eR™, ye R

Then m and mo are continuous.

5See, for instance, Corollarym
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Proof. Fix (xg,0) € R™* and, given € > 0, choose § = £. Then

1(@,y) = (0, yo)|| <6 = |Im(z,y) — m1(20,y0)[| = ||z — 2ol < [[(z,y) — (o, o) || <e,
that is, 71 is continuous. The continuity of 7o is proved similarly. O

Proposition 3.32. Consider E C R, a € E and a function g: E — R. Fori € {1,...,n}, define
mi: R® = R by

m(ml,...,xi,...,xn) =x;
and let U; := 7; Y(E) := {(x1,...,2,) € R" : x; € E}. Define f: U; — R by f(x1,...,2,) := g(x;),
that is, f(z) = g(mi(z)) = gom;i(x). Suppose that g is continuous at a. Then f is continuous at all points
of m; Ha} = {(x1,...,2,) € R : 2; = a}.

Proof. By Lemmal[3.31] 7 is continuous on R™ and therefore, by the continuity of composition of continuous
functions, f = g o m; is continuous on 7; '{a}. O

We can use Proposition [3.32|and the results in section [3.5.3|to prove the continuity of f(x,y) = %
Z Yy

on R%\ {(0,0)} as follows. Consider the four functions, each defined on R? by

Vey) =2, ay) =% olry) =y T(y) =y

Proposition tells us that the continuity of these four functions follows from the continuity (proved in
First Year Analysis) of g(t) =t and h(t) = t? as functions of the single real variable ¢. Now

(v(2,9)) (o (2, y))
(n(z,y)) + (7(2,9))

f(z,y) =

and therefore, the continuity of f on R?\ {(0,0)} follows from the continuity of the product, sum and
quotient of continuous functions at points where the denominator does not vanish.

A similar approach can be followed for most functions given by explicit formulas. However, the continuity
of a function at points where the function is given special values (not by a formula) has to be investigated
by separate arguments.

The following two examples are intended to clarify what is meant by ‘natural domain of definition’ of
a function defined by an expression involving familiar continuous functions. The natural domain of

22 sin(y)

Flay) = e* — coshy

is R? \ {(log(cosh(y)),y) : ¥y € R} and F is continuous on this set. Similarly,

lo
f(z,y,2) = (M, arccos(y)\/1 + (cos(xez))Q)
sin z
is continuous on {(z,y,2) ER3: 2 +y >0, -1 <y <1, z#nmncZ}.
Proposition is, in a sense, ‘obvious’ and you need not quote it explicitly when appealing to the
continuity of functions given by expressions similar to the ones above.

3.5.5 Caution with taking limits in dimension > 2

If a € R then a can be approached from only two directions, namely left and right. So, lim,_,, f(z) exists
if the right-hand limit limy;_,+ f(z) and the left-hand limit lim,_,,— f(x) both exist and are equal.

The situation is much more complicated in higher dimensions. It suffices to illustrate the issue by
considering some of the many different ways of approaching (0,0) in R2. We may, for instance, approach
(0,0) along any line ax+by = 0. We can also follow more complicated paths from a point in R?\ {(0,0)} to
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(0,0). For example, we can proceed along (x, %), i.e. along the parabola y = 22. Indeed, we can approach
(0,0) along the graph of any continuous function (x) for which (0) = 0. This still does not exhaust all
possibilities because, for instance, we may approach (0,0) along a spiral like (tcos(1/t),tsin(1/t), t > 0.
So, by Proposition , if /: R? — R is continuous at (0,0) then lim; o f(¢(t), % (t)) would have to
exist for any pair of functions ¢, : R — R that are continuous at 0 and equal to O there. This should
make it clear that continuity is much more restrictive than separate continuity and indeed, more restrictive
than continuity along lines, which we shall now define.

Definition 3.33 (continuity along lines, also called linear continuity). A function f: R™ — R is continuous
along lines (also referred to as linearly continuous) at xq if the restriction f% of f to the line L passing
through xq is continuous for every such line L.

The line L through xg in the direction of v € R™ is parameterised by 7,(t) := z¢ 4 tv. Therefore f is
continuous along lines at xq if f or, is continuous at t = 0 for every choice of v € R™. In particular,

lim f(wo +tv) = f(zo) Vv € R",

that is, lim;_,o f(x0+tv) is independent of v. We have seen above that continuity implies continuity along
lines.

In the next example we will exhibit a function which is separately continuous at all points of R?
but which is not continuous along lines through (0,0).

Example 3.34. Define f: R> — R by

f(xjy):xf—f%, if (z,9) # (0,0),  £(0,0) := 0.

For y # 0, g¥ (defined by (3.11))) is a continuous function of x and ¢°(z) = 0 Yz € R. Therefore,
gY¥ is continuous for any choice of y € R. By similar reasoning, h* is continuous for any choice of z € R.
This shows that f is separately continuous at all points of R2. However, note that

1
2
=25 VteR\ {0}

Therefore, lim(, ), (0,0) f(2,y) depends on the line in R? along which we approach (0,0). In particular, it
is not possible to assign any value to f at (0,0) that would make it continuous along lines through (0,0).

Remark 3.35. (This is not examinable) One may be tempted to think that a separately continuous
function fails to be continuous only at isolated points. This is not the case. For a fixed (a,b) € R?
define fiop): R? = R by fiap(2,y) == f(z —a,y —b) where f is as in Example|(3.34. Let (ay,b,) be
an enumeration of Q x Q, i.e., of all points in R2 both of whose coordinates are rational. Then define
F:R? =R by

F(x,y) ==Y 27" flan bm) (T 1)
n=0

It can be shown that F is separately continuous, but discontinuous precisely on Q x Q. Conceptually, the
sum in the definition of F disperses the discontinuity of f to all the rational points in R?.

The next example exhibits a function f: R> — R which is continuous along lines through (0,0)
but which is not continuous at (0,0).

Example 3.36. Define f: R? — R by f(z,y) =1if0 <y < 22 and f(x,y) = 0 otherwise. Show that
lim;_,o f(tv) = 0 = £(0,0) Vv € R%. However, show also that f is discontinuous at (0,0).
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Figure 3.1: Diagram of the function

In the diagram below, the grey shaded region E is the set on which f =0, i.e.,

E:={(z,y): f(x,y) =0} = {(x,y) :y <O ory > 2*}.

Given v € R?2, 37 > O such that, [t| <7 = tv € E. (If v = (a,b), take 7 = b/a® if ab # 0
and 7 = +oo if ab = 0.) In other words, f(tv) = 0Vt € (—7,7). It follows that lim; o f(tv) = 0 =
£(0,0) Vv € R?, as claimed.

Finally, lim,_,o f(z, 32%) = 1 # 0 = £(0,0) which shows that f is discontinuous at (0,0).

In the next example, we consider the following question: Suppose we demand that f: R?> — R be
continuous along any line in R? and not just the ones that pass through a chosen point. Would f then
have to be continuous? Remarkably, this is still not the case, as demonstrated by the following example.

Example 3.37. Define f: R? — R by

2y )
f(xvy):mv If(xay)#(()vo% f(an) = 0.
For each k € R, define g*: R — R to be the restriction of f to the line y = kz through the origin in
R? ie,

kx
k . —

Also define g®: R — R to be the restriction of f to the y-axis, i.e.,

¢ (z) := f(0,9) =0Vy € R.

We see that, for any choice of k € R U oo, ¢* is continuous.
We now consider the restriction of f to the parabola iy = x2. This is given by ¢: R — R where

2.2

- sy AL e0)=f0.0)=0

p(z) = f(z,2?)
Thus ¢ is not continuous. It follows from Propositon that, since g(x) := (x,2?) is continuous, f
cannot be continuous at (0,0) because, if it were, then ¢ = f o g would also have to be continuous, which
it is not. Indeed, we have also shown that lim, ) .(0,0) f(,y) does not exist. In particular, the function
f is continuous away from (0,0) (we will not show this). It is also continuous along lines at (0,0), but it
is not continuous at (0, 0).
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Rudiments of topology of R" and
Continuity

4.1 Closed and open subsets of R"

Definition 4.1 (Closed set). X C R" is defined to be closed if, whenever (x;) is a sequence of points in
X which converges to x € R™ then the limit x also belongs to X.

Definition 4.2 (Open set). U C R" is defined to be open if, Vo € U, 3 ¢ > 0 such that y € R" and
ly—z||<e = yeU.

By convention, the empty set is defined to be both open and closed.
Proposition 4.3. A set is open if, and only if, its complement is closed.

Proof. Suppose that U C R™ is open and that U€ is not empty (if U° is empty, then it is closed by
definition). In order to show that U is closed, we consider a sequence (z;) in U® which converges to
x € R™. We have to show that x lies in U€. If it does not, then, since U is open, 3 € > 0 such that
|ly—z|| <e = yeU. Butlimj_,o x; = = and therefore, 3 N € N such that

j=2N = |z;—z||<e = z;€U

which contradicts the assumption that z; ¢ U Vj € N.

For the converse, let X be a closed subset of R whose complement X¢ is nonempty. To prove that
X¢ (which we assume to be nonempty) is open, we have to show that, given y € X¢ 3 ¢ > 0 such that
|t —y|| =2 e Vo e X. (¢ is allowed to depend on y but not on = € X). If this were not the case, then,
we could find y € X¢ and a sequence (z;) in X such that |z; —y|| < 1/j. But then y = lim;_, z; and,
since X is closed, y must belong to X, contrary to the assumption that y ¢ X. O

Remark 4.4. Most textbooks first define an open set and then define a closed set to be the complement
of an open set. Of course, these textbooks then have to prove that a closed set satisfies Definition [4.1]

The definition of open set motivates the following definition.

Definition 4.5 (Open (Euclidean) ball). The open ball of radius r > 0 centred at a € R"™ is denoted by
B(a,r) or B,(a) and is defined by

B,(a) =B(a,r) :={x e R": ||z —a| < r}.
We abbreviate B,.(0) to B, and B; to just B.

The definition of an open set can now be rephrased as

U C R"is open if, Vo € U, 3¢ > 0 such that B.(z) C U.
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This is the definition of an open set that is given in most textbooks. The following proposition justifies the
use of the adjective ‘open’ in the definition of an open ball.

Proposition 4.6. An open ball is open, i.e., it satisfies the definition of an open set.

Proof. For each y € B(a,r) we need to find p, > 0 so that the open ball B(y, p,) C B(a,r).
To this end, set p, = — ||y — al|. (This value of p, is suggested by a picture which you should draw.)
Then, since ||y — a|| < r, we have p, > 0 and, for x € B(y, py),

Iz —all < lle =yl + ly —all < py + ly —al =,

i.e., the open ball B(y,r — ||y — al|) C B(a,r) as required. O

Definition 4.7 (Closed ball). The closed ball of radius r > 0 centred at a € R" is denoted by B(a,r) or
B, (a) and is defined by

B,(a) =B(a,r) :={x e R": ||z —a| < r}.
We abbreviate B,.(0) to B, and B to just B.
The following proposition justifies the use of the adjective ‘closed’ in the definition of a closed ball.
Proposition 4.8. A closed ball is closed, i.e., it satisfies the definition of a closed set.

Sketch proof. This proposition can be proved in at least two ways. One way is to prove that the complement
of a closed ball is open. Another way is to prove that, if z; is a sequence in B(a, ) which converges to z,
then ||z —al| < r, ie., z € B(a,r). O

Proposition 4.9 (An arbitrary union of open sets is open). If Uy is open for all A € A, where A is an
indexing set (which could be uncountable), then | Jycp U is open.

Proof. If p € [Uyep Ux then 3 X* € A such that p € Uy«. But Uy« is open and therefore, 3 ¢ > 0 such
that B(p,e) C Ux«. In particular, B(p,e) C Uxen Un, i-e., Uxep U is open. O

Definition 4.10 (e-neighbourhood). Let E be any subset of R™. Given ¢ > 0, the e-neighbourhood
N (E,¢) of E is defined by
N (E,¢):= U B(z,¢).
z€E
By the previous proposition, A (E,¢) is open.
Example 4.11. Let E :=QnN[0,1] C R. Enumerate the rational numbers in E by a sequence x1,x2, .. ..
Given € > 0, let

O :=|])(x;—27e, z; +27¢).

s

1

J

Then O is open. The sum of the lengths of the intervals that make up O is € }.32, 2!~/ = 2e. Therefore,

ife < %, O cannot contain all the irrationals between zero and 1. This example shows how complicated
open sets can be.

Proposition 4.12 (The finite intersection of open sets is open).
IfUy,Us, ..., U, are all open, then ﬂ;”zl U; is also open.

Proof. If p € (;; U; then

3 &1 > 0 such that B(p,e1) C Uy,

A

3 & > 0 such that B(p,e,,) C Up,.

Set £ := min{e1, ..., &n} > 0. Then B(p,e) C ML, Uj, ie., NjL, Uj is open. O
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Corollary 4.13. An arbitrary intersection of closed sets is closed and the finite union of closed sets is
closed.

Sketch proof. Consider the complements of the relevant closed sets and apply the preceding propositions
together with de Morgan’s laws on complements, unions and intersections. O

Remark 4.14. Note that a subset of R™ may be neither open, nor closed. For example [0,1) in R or

{(z,y)|2* +y* <1} {(z,y) [y > 0}.
Note, too, that ) and R™ are both open and closed.

Terminology. The collection of open subsets of R" is called a topology of R".

4.2 Continuity and topology

4.2.1 Continuity in terms of open sets
The -6 definition of continuity at p for a function f: U — R*, p € U C R" can be phrased as
Ve > 03§ >0 such that f(B(p,d) NU) C B(f(p),e). (4.1)
Equivalently,
Ve > 036> 0such that B(p,8) NU C f~H(B(f(p),e)). (4.2)

Informally and pictorially, f is continuous at p if f(z) can be guaranteed to stay near f(p) (e-near) by
requiring z to stay sufficiently close (d-close) to p in U.

Theorem 4.15 (Continuity via open sets and closed sets). The following statements are equivalent.
(i) f: R® — R¥ is continuous at all points of R™.
(ii) for all open subsets V of R¥, f=1(V) is open.
(iii) for all closed subsets .7 of R¥, f~1(.F) is closed.

Proof. Suppose that f is continuous at all points of U and let V' C R¥ be open. Then, foreachp € f~1(V),
3 e > 0 such that B(f(p),e) C V. By continuity of f at p as stated in (4.2), 3 6(p) > 0 such that
B(p,d(p)) C f~1(B(f(p),e)) C f~1(V), which shows that f~1(V) is open. (We have assumed that
f~Y(V) is not empty; if it is, it would still be an open set.)

Conversely, given p € R™ and ¢ > 0, the ball B(f(p), ) is open and therefore, it follows (by assumption)
that f~1(B(f(p), <)) is open. In particular, 3§ > 0 such that B(p,d) C f~1(B(f(p), <)), which is precisely
the statement of the e-§ definition of continuity as expressed by .

Finally, the equivalence of (ii) and (iii) follows from f=1(V¢) = (f~(V))¢ and the fact that a set is
closed if, and only if, its complement is open. O

Remark 4.16. If f: R" — R js continuous, then the image of an open set need not be open. For instance,
consider the constant map f(x) =0Vaz € R™.

If f: R® — R is continuous, then the image of a closed set need not be closed. For instance, consider

2
V2 € R. Then f(R) =[0,1) which is neither a closed subset

the map f: R — R given by f(z) =

nor an open subset of R.

x
241

Example 4.17 (Open and closed sets via Theorem [4.15]). Show that

(i) the unit sphere S~ ! := {z € R" : ||z|| = 1} is a closed subset of R™.
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(i) The set E :={(z,y) € R?: zy(sin(1/z))(cos(1/y)) > —1} is an open subset of R?.

Solution.

(i) Define f € C(R") by f(x) = ||z[|. Then St = f~1({1}) which, by part (iii) of Theorem [4.15] is a
closed subset of R™ because {1} is a closed subset of R.

(i) Define f: R? — R by

f(z,y) = 2y(sin(1/2))(cos(1/y)) ifzy #0,  f(z,y) =0 if 2y =0.

Then f is continuous and E = f~!((—1,00)) which, by part (ii) of Theorem , is an open subset of
R? because (—1,00) is an open subset of R.

Remark 4.18. Close inspection of the proof of Theorem will reveal that if U C R™ is open then
f: U — RF is continuous at all points of R™ if, and only if, for all open subsets V' of R*, f~Y(V) is open.
However, it is no longer true that the preimage of a closed set is necessarily closed, that is, statement (iii)
of Theorem [4.15 no longer applies.

Similarly, if U C R™ is closed then f: U — RF is continuous at all points of R™ if, and only if, for all
closed subsets 7 of RF, f~1(.F) is closed. However, it is no longer true that the preimage of an open set
is necessarily open, that is, statement (ii) of Theorem no longer applies.

The extension of Theorem to functions f: U — R¥, where U is an arbitrary subset of R", requires
the notion of sets that are open/closed relative to U. We will not explore these notions in this module.

4.2.2 Continuity and sequential compactness

Definition 4.19 (Sequentially compact subset). K C R™ is sequentially compact if every sequence x; in
K has a convergent subsequence x;, whose limit is in K.

Definition 4.20. X C R" is bounded if 3 M > 0 such that ||z|| < M Vz € X.
Theorem 4.21. K C R" is sequentially compact if, and only if, K is closed and bounded.

Proof. Suppose that K is sequentially compact. To prove that K is closed, we consider a sequence z; in
K which converges to x € R™ and then we have to show that € K. By the sequential compactness of
K, z; has a subsequence z;, whose limit is in K. But z = lim; ;o ; = limy_,oc ;, € K. The proof
that K is closed is complete.

To prove that K is bounded, assume, for a contradiction, that it is unbounded. Then there exists a
sequence z; in K such that ||z;|| > j Vj € N. By the sequential compactness of K, z; has a subsequence
xj, whose limit is in K. In particular, x;, is bounded, i.e., 3 M > 0 such that ||z;,|| < M V¢ € N. But
by definition of subsequence, j; > ¢ and, by the way the sequence x; was chosen, ||xj,|| = j¢. Therefore,

M > ||z;,|| > je > € Ve EN.

This clearly cannot hold and we conclude that K must be bounded.

We now assume that K is closed and bounded and prove that it is sequentially compact. So consider
an arbitrary sequence x; in K. Since K is bounded, z; must be bounded and, by the Bolzano-Weierstrass
theorem, it has a convergent subsequence =, whose limit x must be in K, since K is closed. The proof
that K is sequentially compact is complete. O

Theorem is important because it enables us to determine easily whether a set is sequentially
compact. For instance, the theorem asserts that a closed ball B(a, ) is sequentially compact without
having to check whether all its sequences contain a convergent subsequence! Similarly, we can assert that
the sphere S" !(a,r) := {z € R" : ||x — a|| = r} is sequentially compact; it is clearly bounded and we
showed above (for a = 0 and 7 = 1, but the proof is virtually identical) that it is closed.
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Theorem 4.22 (Continuity preserves sequential compactness). If f: K — R¥ is continuous and K is
sequentially compact then f(K) is also sequentially compact.

Proof. Let (y;) be a sequence in f(K). Then, for each j € N, 3 ; € K such that f(x;) = y;. By the
sequential compactness of K, there exists a convergent subsequence (x;,) of (;) such that lim, o z;, =
x € K. By continuity of f at x, lim/ o yj, = limy,oo f(zj,) = f(z) € f(K), i.e., f(K) is sequentially
compact. ]

Theorem 4.23 (Extreme Value Theorem). Let K C R"™ be sequentially compact and let f: K — R be
continuous. Then 3 z*,z, € K such that

flzi) < flx) < f(2¥) Vo€ K.

This theorem asserts that a continuous real valued function on a sequentially compact space attains
its extreme values, i.e., max and min. This theorem was proved in First Year Analysis in the case that K is
a closed, bounded interval. It is one of the most important theorems of elementary mathematical analysis
because, for instance, it is used in the proof of Rolle’s Theorem which, in turn, is used in the proof of
Taylor's theorem.

Proof of Extreme Value Theorem. By the previous theorem and Theorem f(K) C R must be closed
and bounded. Therefore, M :=sup f(K) and m := inf f(K) are both finite because f(K) is bounded. By
definition of sup and inf, there exist sequences a;,b; € f(K) such that lim;_,o a; = m and lim;_,», b; =
M. But f(K) is closed and therefore, m, M € f(K), i.e., 3 z*,z, € K such that

flza)=m < f(x) <K M= f(a¥) Ve e K.
O

Remark 4.24. The notion of supremum cannot be extended from R to R*, k > 2. That is why we had
to restrict ourselves to scalar functions in the preceding theorem. The best we can do for vector-valued
functions is stated in the following corollary.

Corollary 4.25. Let K C R™ be sequentially compact and let f: K — R¥ be continuous. Then 3 z*,z, €
K such that

If (@)l < If @) <[ f@)]| Vo € K.

Proof. Let us note that the function g : K — R given by g(z) := || f(z)]| is continuous. In order to see
this, we use the triangle inequality to obtain that for all z,y € K, we have
l9(x) =g = [IlF @) = [1F I < 1£ (@) = FW)- (4.3)

More precisely, given x € K and € > 0, by continuity of f at z, it follows that there exists 6 > 0 such
that ||f(z) — f(y)|| < e for all y € K with |z —y[| < J. Substituting this into (4.3]), we obtain that
l9(z) — g(y)| < e for all such y. The result now follows from Theorem [4.23] O
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The space of linear maps and matrices

Notation 5.1.

(i) The space of linear maps, ie., {A : R* — R¥ | A s linear}, shall be denoted by . (R",R*) and
L(R™,R™) shall be abbreviated to L(R”)EI

(ii) The space of k x n matrices with real entries shall be denoted by ]Rk’"

To a matrix
ailp ... Qip

(aij) = : D | R
arr ... Qn

we associate (subconsciously?!) A € Z(R",R*) defined by

T ap ... Qin x1
R'sz=|:|—Az:=| : : | eRR (5.1)
Tn ar1 ... QAgp In
Let {v1,...,v,} and {wy,...,w;} be the standard bases of R™ and R respectively, i.e.,

vj:(o,...,o,%,o,...,o)eR”, wi:(O,...,O,%,O,...,O)ER’“.

jth position among n entries 4th position among k entries
Then,
axj k
AU]' = = E Qi W;, j € {1, A ,n}, (52)
=1
Ay

and therefore, (a;;) is the matrix representation of A with respect to the standard bases on R™ and R¥.
On a few occasions it shall be useful to express this association of (a;;) with A as defined above more
formally as a map u: Z(R", RF) — RF" e,

p(A) == (a;j), where A and (a;;) are related by (5.2)). (5.3)

It is easy to verify that pu is a linear isomorphism. Moreover, since we shall be using standard bases on R”
and R¥ throughout (unless otherwise eexampleicitly stated), we shall switch between the linear map A and
the associated matrix p(A) = (ai;) without warning.

1Other notations in use are Homg(R™, R¥) and End(R").
2Qther notations in use are R**™, M(k x n,R), Myxn(R) and My, (R). M(n,R) is sometimes used as an abbreviation
of M(n x n,R).
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It is easy to check that the identification

ai] ... Qin
< ((111,. ey Q10,021+, 20y« + + 5, Ak, - - .,a;m) (54)
a1 ... QAgn

between R¥™ and R™ is a linear isomorphism. It follows that
dim(g(R”,Rk)) = dim(R’“”) =nk.

5.1 Two norms on the space of linear maps and matrices

We shall be discussing the continuity of maps like
f:R® = L(R*RY), f:L(R") - R and f:L(R") — L(R").

As we have seen, this necessitates defining a notion of distance (norm) on .Z(R™, R¥), or equivalently, a
norm on R¥™ The first such notion that comes to mind is to use the identification (5.4]) and define the
so-called Frobenius norm || - || by

. 1/2
I(aij)llF = (Zza?j) : (5.5)

i=1j=1

This is fine, but we shall make more use of the operator norm (defined below) as it turns out to be more
convenient [

The operator norm arises from studying how large |Ax| can get relative to |x| as = ranges over R"™.
We can do this using and the Cauchy-Schwarz inequality:

=3 () <3 ((z) (z)) - (3304 lelF = el .

In particular, for x # 0 we have
| Az|”

serm\{o} [lZ[?

< l(aig) - (5.6)

This makes possible the following definition.
Definition 5.2. The operator norm || A|| of A € Z(R", R¥) is defined by
[Az||

Al = : (5.7)
zeR™\{0} |||
In practice, (5.7)) is often used in the form
[Az]| < [[A[l[||=]] V2 € R™. (5.8)
Also in practice, one may somehow establish that A € £ (R",R¥) satisfies
|Az|| < M ||z|| Vo € R"™ for some M > 0.
Then (5.7) implies that || Al| < M.
A 1 1
The expression HH 5|6||| can be equivalently written as WA:J; and, by the linearity of A, WA:J; =
x x x
HA<H:U‘> H Since (’aj‘) H = 1, we have the following equivalent definition of || Al||:
x x
I All :== sup |l Az]. (5.9)

llz[|=1

30bserve that ||u(A)||% = trace ((u(A))T(u(A))) = trace ((M(A))(M(A))T), where the superscript T' denotes transpose
and the trace of a matrix is the sum of its diagonal entries.
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Observe that the supremum in (5.9) is being taken over a sequentially compact set (namely, the unit
sphere S"~! in R™). We shall see in Proposition below that this can be an advantage of (55.9) over

).

5.1.1 Comparison of the two norms

Recalling from (5.3)) that 11(A) = (a;;) we can rewrite ((5.6)) as

AN < (A (5.10)
From (5.2) we see that
n k n n
I ANF = NaiplE =D ai = > [Av* < A Y Jvs* = nf| Al (5.11)
j=li=1 j=1 j=1

Combining (5.11)) and (55.10)) gives the comparison
Talln()lle < A< (A |1F- (5.12)

5.1.2 Properties of the operator norm
The properties of ||-|| in the next proposition justify calling it a norm.
Proposition 5.3. In (i), (i) and (iii) below, A, B € Z(R™,R¥) and a € R.
(i) lAf=0 & A=0.
(ii) llaAll = lal || Al
(iii) Triangle inequality. ||A + B|| < || Al + [ B]ll-
Proof. The first two items are elementary and the proofs are left to the reader. For the third item,

(A + B)z|| = [[Az + Bzl < [[Az|| + || Bz[| < ([lAll + 1Bl ]|
and therefore

A+ Bl = sup LAFEBL Wiy By
serm\(0} |17l

O]

Proposition 5.4 (Composition bound). A € Z(R",R¥) and B € L(R¥,R™) = BA ¢ L(R",R™) and
IBA[| < || B[ |A]l-

Proof. ||(BA)(x)|| = ||B(Az)|| < [IBIl[|Az|| < [|B[[ [l All =] and therefore,

IBAI < 1B Al 0

Proposition 5.5. A ¢ .Z(R",R¥) is injective if, and only if, 3 o > 0 such that ||Az| > a|z| V2 € R".
(Note that k does not have to be equal to n.)

Proof. If Ax =0 and ||Az|| > al|z|| for some « > 0 then = =0, i.e., A is injective.

The converse is proved by establishing the contrapositive, i.e., suppose that there is a sequence x;
in R™ \ {0} such that ||Ax;||/||z;|| = 0 as j — oo. Set uj := z;/||z;||. Then |u;| =1Vj € N and
Auj — 0 as j — oo. Since S"~! is sequentially compact, there exists a subsequence wu;, which converges
tou € S"!. Let us note that the map z > ||Az|| is continuous. Namely, by the triangle inequality and
linearity, we have for all z,y € R™ that

[ Az|] = [[Ay[l| < |4z — Ay]| = Az = »)]| < [IAll | =yl

from where we deduce the continuity of x — |Ax||. Therefore, ||Au|| = lim;_, [|Au;|]| = 0, ie.,
u € ker(A). It follows that A is not injective. O
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Remark 5.6. Proposition can be regarded as a quantitative measure of injectivity. An injective
linear map has to keep a nonzero vector x away from zero. The larger the value of « in the inequality
||Az|| > al|z||, the more the linear map A pushes x away from zero.

A better way of saying this is to consider a perturbation of A by a matrix B to get the matrix A + B.
We then have the following

Proposition 5.7. Suppose that A, B ¢ Z(R",R¥) satisfy
|Az|| > o||z|| for some o > 0 (5.13)

and ||B|| < c. Then A+ B is still injective.

Proof.
[(A+ B)z|| > [[Az| — || Bz| = allz|| — |IBl|z] = ofl=||,

where 0 := o — || B|| > 0. Therefore (A+ B)x =0 = x = 0, which proves that A + B is injective. []

This proposition can be interpreted as saying that if holds then the open ball B(A,«a) C
Z(R™, Rk)lﬂ is contained in the set of injective linear transformations in . (R", R¥).

So, a larger value of o in indicates that A is able to withstand perturbations by ‘larger’ (as
measured by the operator norm) linear transformations while maintaining injectivity.

5.2 Convergence and continuity in .Z(R", R")

These are defined in exactly the same way as for sequences in R” and functions f: U — R*, U c R™.
For instance, a sequence (4;);cn of linear transformations in . (R", R¥) converges to A € Z(R",R¥) if,
Ve>0, 3N eNsuchthat j > N = ||4; — Al <e.

Similarly, for r > 0, B(A,r) := {B € Z(R",R¥): ||B - A|| < r}.

A moment's thought will reveal that, because of (5.12)), we could also use || || instead of the operator
norm to define these notions. Recall that || - | on R¥™ is the same as | - | on R™* via and (5.9).
Therefore, the completenes of R™ that was established in Proposition , immediately implies the
completeness of R¥™ with respect to || - ||z. The completeness of .Z(R™, R¥) with respect to || - || then
follows from (j5.12)).

Property (i) in Proposition and the triangle inequality are precisely the properties that are needed
to prove the usual properties of limits of sequences and continuous limits, such as uniqueness of limit, sum
rule, boundedness of convergent sequences, etc..

5.2.1 Continuity of functions involving matrices or linear maps

A function f: U — R*" is continuous at € U if Ve > 0, 3§ > 0 such that |y —z| < 0 =

I f(y) — f(@)|lr < e. As above, since || - || on R¥™ is the same as || - || on R via (5.4) and (5.5), we
can use Proposition to assert that

aip(z) ... ap(x)
e | LU RET
a1 () ... agn(x)
is continuous at z if, and only if, Vi e {1,...,k}, j € {1,...,n}, +— a;j(x) is continuous at z.

A function F: U — Z(R",R¥) is continuous at # € U if Ve > 0, 3§ > 0 such that ||y —z|| <6 =
I1E () — Fz)l <e.

“This ball is taken with respect to the operator norm on .,‘Z(R",Rk); see
°A space X is complete if every Cauchy sequence in X converges to an element of X.
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Remark 5.8. Because of (5.12), we see that F: U — £ (R",R¥) is continuous at = € U if, and only if,
p(F): U — R js continuous at z € U.

This remark is very useful because it provides a practical way of checking the continuity of
F: U — Z(R",RF). Namely, we simply have to check whether all the matrix entries of the
matrix representation u(F) (with respect to the standard bases on R” and R*) are continuous.

The continuity of f: R¥" — R and of F': R¥" — R®™ s defined similarly by identifying (R*" |- ||r)
with (R™ || - ||), as in the next proposition and the example below it.

Proposition 5.9 (Continuity of the determinant function). The map A: R™"™ — R defined by A(ai;) :=
det(a;;) is continuous with respect to the norm || - || on R™™.

Proof. The determinant is simply a polynomial of degree n in its n? variables
A1ly.-+5sAIln, 215+ .,A2ny -+ -y Anly. .., Ann. (514)

Therefore, its continuity follows from the identifications (5.4) and (5.5) of (R™™, | - ||r) with (IR{"27 I1-10)
and the usual continuity of ponnomiaIsEI on R". O

Example 5.10. Define F': R*? — R22 py F(A) = A2, If
_[a b o (a®>+bc ab+bd
A= (c d)’ then A™ = (ac—l—cd bc+d2>
and therefore, F' can be viewed as p: R* — R* defined by

@(a,b,c,d) == (a® + be, ab + bd, ac + cd, be + d?),

which is clearly continuous and therefore F' is continuous.

®See Proposition and use the algebraic properties of continuous functions. Each term of A(a;j) is, in fact, linear
in each of the n? variables (5.14) and this is what makes A an example of a multilinear map. The special case of the
determinant of a 2 X 2 matrix ! a Z) may help to clarify matters. This determinant is then just the function on R* defined by
A(a,b,c,d) := ad — be, which is easily seen to be continuous by Proposition and the algebraic properties of continuous
functions.
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The Derivative

From now on, the domain U C R” of a function f: U — R shall be an open subset of R”, unless
otherwise stated. In particular, this means that when p € U and a limit like lim,_,, is considered, x is
allowed to approach p from any direction.

6.1 Directional derivative

The rate of change of a function of two or more variables depends on the direction in which that change
is measured. For example, f(x,y) = = increases as we move to the right along a line parallel to the z-axis
but it does not change at all when we move vertically along a line parallel to the y-axis. So we introduce
the notion of directional derivative in order to take this dependence on direction into account.

Given v € R™ with v # 0, the line L, , passing through x € R™ in the direction of v is parameterised
by r(t) = x + tv, t € R. When v = 0, we have that r(¢t) = x for all ¢. Since U is open, 3 7 > 0 such that
x+tveUVte (—7,7). The restriction g, , of f to this segment of L, , is defined by

Gon(t) := flz +tv) €eR*|t| < 7.

Since g5 (t) = (g1(t), ..., gx(t)) is a function of a single real real variable, we can differentiate it component
by component in the usual wayE]

Definition 6.1. The directional derivative 0, f(x) is defined by

d

avf(x) = agx,v(t) —o
d
= af(x'ij}) - (61)
_ i L) = S(@), (6.2)
t—0 t

Example 6.2. Calculate 0,f(x,y) for the function f(z,y) := 2% — y* in the direction of v = (a,b).

Solution.  f((x,y) +t(a,b)) = (z + ta)? — (y + tb)? = 2% + 2tax + t2a? — y* — 2tby — t2b. Therefore

d
£f(a; + tv) = 2ax + 2ta® — 2by — 2tb%,

d
Opf(z,y) = af(x + tv) o = 2ax — 2by.

n the definition of linear continuity, g, was denoted by f.
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6.1.1 Directional derivative and continuity
A function of one variable that is differentiable must, in particular, be continuous. So it is reasonable to
ask the following question.
Suppose that 0, f (x) exists for all v € R", does it follow that f is continuous at x?
Somewhat surprisingly, the answer is no!

Example 6.3. As in Examp/e let f(x,y) =1if0 <y < x? and f(z,y) = 0 otherwise. Show that
0, £(0,0) exists for all v € R? even though f is not continuous at (0,0)!

Solution. As in Example [3.36] given v € R?, 3 7 > 0 such that f(tv) = 0Vt € (—7,7). It follows that
9,/ (0,0) = lim HISHOE — 0 v € B2,
—

So, we need a definition of derivative that is more restrictive than partial and directional derivatives
just as continuity is more restrictive than separate and linear continuity. The key idea, which we are about
to describe, is to regard the derivative as providing a ‘best’ affine linear approximation of a function. In this
process we move away from the ‘kinematic’ notion of derivative as rate of change and adopt, instead, a
‘mapping’ viewpoint of functions in which a nonlinear map is approximated by an affine linear one. Hence
the need to fully understand linear maps as in a module on Linear Algebra.

6.2 The (Fréchet) Derivative as an affine linear approximation

6.2.1 Affine linear approximation in the 1-variable case

Given x € (a,b) C R, the derivative at z, f'(z), of a function f: (a,b) — R is defined by

flz+h) - f(x)
- :

f'(z) = lim (6.3)
This definition cannot be readily extended to functions f: R® — R* because it is not possible to divide
vectors in R* by vectors in R™, even when n = k. We can get around this difficulty by rewriting (6.3)) as

o 1@+ 1) = @) = F@) bl _

h—0 Al

Then, rewriting f(x+h) — f(z) — f'(x) h as f(z+h) — (f(z) + f'(z) k), we can interpret as saying
that, for ‘small’ h, the (nonlinear) mapping h — f(z + h), = fixed, is optimally approximated by the
affine linear map h — f(x) + f’(x) h. Observe that this is a mapping viewpoint of the derivative, which
is conceptually different from the hitherto held kinematic viewpoint of rate of change. It is this mapping
viewpoint which we are able to generalise to the notion of derivative of functions of several variables.

0. (6.4)

6.2.2 The (Fréchet) Derivative
By analogy with (/6.4]), we make the following definition.
Definition 6.4. f: U — R js differentiable at x € U if 3 A € Z(R",R¥) such that

i W@+ R) = f(z) — AR|| _
h—0 | R|]

0, (6.5)

As above, rewriting f(x + h) — f(z) — Ah as f(z + h) — (f(z) + Ah), we can interpret this definition
as saying that, for ‘small’ h, the (nonlinear) map h — f(x 4 h) is optimally approximated by the affine
linear map h — f(z) + Ah.

Exercise 6.1. Show that the linear map A in (6.5)), if it exists, is unique. This justifies saying that the
Fréchet derivative provides the optimal linear approximation of f.
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Remark 6.5. A real number a can also be viewed as the linear map A: R — R defined by Ah = ah.
Indeed a is the 1 x 1 matrix representation of A with respect to the standard basis 1 of R. Similarly, the
real number f'(z) in (6.3) is the 1 x 1 matrix representation of the linear map h — f'(x) h in (6.4).

Notation 6.6. /f a linear map A that satisfies (|6.5)) exists, it is called the (Fréchet) derivative of f at x
and it is denoted by D f(z).

Thus can be rewritten as
@+ k)~ (f@) + D@ W)

h—0 |2l

=0. (6.6)

Exercisejustiﬁes calling the affine linear map h — f(x)+D f(x)h the best affine linear approximation
of the map h + f(x + h). The e-§ formulation of provides us with a way of quantifying how good
this approximation is. Namely, by definition of continuous limit we have that

1f(z+h) — (f(z) + Df(x) h)|

Ve>0,35>0sothat 0 < ||h]| <6 = A < e.

Multiplying both sides by ||kl and then allowing h = 0 we deduce that
Ve >0, 36 >0sothat |h|| <d = |f(z+h)— (f(z)+ Df(zx)h)|| <e|h|. (6.7)

We shall refer to (6.7]) and also as the definition of the derivative D f(z) of f at . Note that equality
has to be allowed in (6.7]) because we have allowed the possibility that ~ = 0, which can be convenient in
many situations.

Proposition 6.7 (Differentiability implies continuity). If f: U — RF is differentiable at 2 € U then f is
continuous at x.

Proof. By (|6.7)) we have that Ve > 0 3 6 > 0 such that

bl <6 = |[f(z+h) = (f(z) + Df (@) h)[| < el|A]
= [f(z+h) = f@)]] < |DF ()bl + ellh]
= f(x+h) = f@) < (IDf(@)]op + )Rl

(x

Set 0, := min{d,e/(||Df(z)|lop +€)}. Then |h| < . = ||| < ¢ and therefore we can use the above
chain of implications to conclude that

1ol < d0x = Nf(z+h) = f@)| < (IDf(@)llop +€)ds <e.

We have proved the claim that f is continuous at x. O

6.2.3 Differentiability of components of vector-valued functions

Exercise 6.2. Given f: U — R¥, f(x) = (fi(z),..., fx(z)), prove that f is differentiable at = € U Iif,
and only if, for each i € {1,...,k}, fi: U — R is differentiable at x.

Remark 6.8. Compare Exercise[6.2 with Proposition on componentwise continuity.

6.2.4 Relation between the derivative and directional derivative

Proposition 6.9. If D f(x) exists then 0, f(x) exists for all v € R™ and 0, f(x) = D f(x)v. In particular,
if f is differentiable at x, then O, f(x) is linear in v, i.e.,

Oavtbwf(x) = a0y f(x) + b0y f(x) Va,b € R and Vv, w € R"™. (6.8)
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Proof. If v = 0 there is nothing to prove. So, we assume that v # 0. Then, replacing h in by tv and
removing || - || where that is allowed, we get

LS+ 1) — [(2) - D))

t—0 tv|
Multiply both sides of by ||v|| and use Df(x)(tv) = ¢tDf(x)v by the linearity of Df(z) so as to get

i f@+ 1) = (@)
t—0 t

Finally, by linearity of D f(x),
Oavtbw f(x) = Df(x)(av + bw) = aD f(z)v + bD f(x)w = a0y f(z) + b0y f(x).

= 0. (6.9)

= Df(x)v, ie,0uf(x)=Df(x)v.

Example [6.3| shows that the converse of Proposition does not hold.
Remark 6.10. We give another proof of Proposition [6.9 after we have proved the chain rule; see §6.6.3

6.3 Partial derivatives, gradient and Jacobian matrix

Let {v1,...,v,} be the standard basis of R”, i.e.,

v,»:(O,...,O,%,O,...,O)eR”.

4th position among n entries

Definition 6.11. For 1 <i < n, 0,,f(x) is called the i™h-partial derivative of f: U — RF atx € U. It is
more simply denoted by 0; f(x).

Since
L [t ty) — f()
Dif () = limg t
_ hm f($17 ey Li—1, T4 +t7$i+1, .. In) - f(xlv L) 7xi—171"i>$i+17 .. xn)
t—0 t

0;f(z) is calculated by differentiating f(z1,...,z,) with respect to the ith variable, treating all the other

variables as constant?| It is therefore also common to write (’%(m) or %f(xl, ..., Tp) instead of O;f(z).

Bearing in mind that f(z) = (f1(z),..., fx(z)) we have
Oif(x) = (0ifi(x),...,0ifr(x)), and so, O;f(x) is a vector in R

If f is a function of a few variables, say two, it is common to write f(z,y) instead of f(x1,z2), and
to write f, instead of % or 01 f. Similarly, f, is shorthand for g—?];. Similar shorthand applies to functions
of 3 or 4 variables. For 5 variables or more, it is usually more convenient to number the variables, rather
than choose distinct letters!

6.3.1 Algebraic rules for partial derivatives.

Since partial differentiation involves differentiating with respect to a single variable, the usual algebraic
rules of differentiation apply. For instance,

if f.9: U = R¥, then 9;(f +g) = if + Dig.

Similarly,
if f: U — Randg: U— RF then 9;(fg) = (9if)g + fdig.

2See Example further down.
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6.3.2 Gradient and Jacobian matrix

Definition 6.12. The Jacobian matrix at z, 0f(x), of f: U — R*, f(x) = (fi(x),..., fe(z)) but written
as a column vector, is defined by

Of(x) = : : = : . = :
Oifr(x) ... Onfi(x) ' 0 fr(x)
where 01 f(x),...,0nf(x) are the vector-valued partial derivatives of the vector-valued function f (the
values of f are vectors in Rk) and Ofi,...,0f are the Jacobian 1 x n matrices (row vectors) of the

scalar-valued functions f1,..., fi.

Definition 6.13. The gradient at x, Vf(z), of a scalar valued function f: U — R is defined to be the
column vector
o f(z)

Vf(z):= :
Onf(x)
Thus ¥V f(x) is the vector in R™ which is the transpose of the row vector Of(x), Vf(x) = (Of(x))T.

Remark 6.14. For a scalar valued function f: U — R, 0f(x) represents a linear functional on R™ defined

by
R" 30— (9f(2))(v) := (O1f(x))vr + -+ + (Onf(x))v, € R, v=(v1,...,0p).

Using the Euclidean inner product, this linear functional O f(x) is identified with the vector V f(z):
(0F(@)(v) = (VF(@)) - v.
However, be warned that the distinction between V f and Of is often suppressed, even in these notes!
Proposition 6.15. If f: U — R* is differentiable at x € U and h € R™ then
Df(z)h = 0f(x)h. (6.10)

Remark 6.16. It is important to appreciate the difference between the two sides of . On the left hand
side we have the linear map D f(x) acting on the vector h whereas on the right hand side we have the matrix
Of(x) multiplying the vector h. In other words, O f(x) is the matrix representation of D f(x) with respect
to the standard bases on R™ and R¥. More formally, 0f(z) = u(Df(z)) where u: £ (R", RF) — Rk js

defined by ((5.3]).
Proof of Proposition[6.15. h = hqvy + - -+ + hyv, and therefore, by linearity of D f(z),

Df(x)h = ihin(x)vi = ihz&f(x) = 0f(x)h,
i=1

i=1

where, in the second equality, we have used Proposition O
Example 6.17. Calculate the Jacobian matrix Of of f: R? — R? defined by

3 sinx
Ty, z) =TT, —— .
fe.y.2) ( W)

3 3
31,‘2636 +2y 2% +2y 0
af(x, Y, Z) = cosx yz*sinz 2y%23sinx | -

Solution.

\/m T (1+4y224)3/2 (144y224)3/2
All the entries of the Jacobian matrix df are continuous functions and we shall see in §6.7] that this implies
the existence of the derivative D f(z,y, z) € L(R3,R?), which is the linear map defined by

3x26$3+2y 2€m3+2y 0 r
Df(xaya Z)(’I“,S,t) = cos T _ yzising _ 2y?%23sing S| = af(x,y, Z) s
\/m (1+4224)3/2 (14y224)3/2 t t
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6.3.3 Why so many different notations for the same thing?!
We have seen in Propositions [6.9] and that,
when f is differentiable at x, D f(z)h = Opf(x) and Df(x)h = 0f(x)h.

So why bother with three different ways of writing the same thing?

The reason is that even when D f () does not exist, Oy, f(x) and O f(x)h may both still exist but
it may happen that they are not equal! (See Example below.) In other words, the existence
of the Jacobian matrix 0f(x) does not guarantee that the linear map it defines is the derivative
Df(x), unless D f(x) is known to exist.

The reader would be right to wonder at this stage how to go about calculating the derivative
Df if this cannot be simply done by computing the Jacobian matrix df. Fortunately, as has
already been pointed out in Example [6.17] it suffices to verify further that all the entries of 0 f
are continuous for then, by Theorem [6.30} Df exists and its matrix representation with respect
to the standard bases of R™ and R* is given by 0f.

However, there are situations where it may be necessary to to calculate D f directly from the definition
. This would be the case, for example, at points outside the natural domain of definition of f where it
is assigned a special value. There are also situations where it is more convenient, to calculate 9, f directly

from the definition (6.1)), as in §6.5.1]

Remark 6.18. The notions of partial derivative, directional derivative and (Fréchet) derivative are the
differentiable analogues of separate continuity, continuity along lines and continuity.

Example 6.19. Define f: R? — R by

3

f(xvy) if(xvy) G (070)7 f(0>0) =0.

RN
(i) Show that 0, f(0,0) exists for all v € R2. In particular, calculate Of(0,0).
(ii) Show that 0, f(0,0) # 9f(0,0) v and that 9, f(0,0) is not linear in v.

(iii) Calculate f,(x,y) and fy(x,y) for (x,y) # (0,0) and show that f, and f, are not continuous at
(0,0).

(iv) Explain why D f (0,0) does not exist.

Solution. We shall let v = (a,b) € R? throughout.

t 3
(i) As always, 99,0)f(0,0) = 0. If (a,b) # (0,0) we have f(ta,tb) = CLQL—FZ)Q Vt € R and therefore,
d d ta® ad
9,£(0,0) = — f(ta,th)| = ——-" | ="
f( ) dtf( a )t=0 dt a2 + b2 —o a2 + b2

So, 9yf (0,0) exists for all v € R? and, in particular,

the Jacobian matrix 9f (0,0) = (9(1,0)f (0,0), 9o,1)f (0,0)) = (1,0).

(i) 9f(0,0) (a,b) = a # Jqp)f(0,0), unless b = 0. J4)f(0,0) is not linear in (a,b) because
not a linear function of a and b.

3
a3
a2 452 1S
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22 (22 + 3y?) —2z3y

fo(z,y) = W’ fy(z,y) = m
We have seen that f,(0,0) = 91,0)f(0,0) = 1 but limy o f»(0,y) = 0. Therefore, f, is not
continuous at (0,0). Similarly £,(0,0) = 99,1)f(0,0) = 0 but lim; o fy(z,r) = —3. Therefore, f,
is also not continuous at (0,0).

(iv) 9, f(0,0) is not linear in v and therefore, by Proposition[6.9] D f (0,0) does not exist. The situation is
similar to that in Example [3.37| of a real valued function of two variables which fails to be continuous
even though its restriction to any line in R? is continuous. We shall see below that the lack of
differentiability of f at (0,0) can be understood geometrically as the failure of the graph of f (which
lies in R3) to have a tangent plane at (0,0,0).

6.4 Geometric approximation and approximation of functions (NOT COV-
ERED IN CLASS AND NOT EXAMINABLE)

6.4.1 Tangent to a curve

Let r: [a,b] = R*, r(t) = (z1(t),...,zx(t)), be a continuously differentiable parameterisation of a curve
C = r([a,b]) C R*. By this we mean that the functions %1 ... % are all continuous. Assume that
r'(t) = (dd%, cee d(%“) # 0 YVt € [a,b], i.e., the parameterisation 7 is regular. Using the rate of change

definition of derivative given by (6.3), we can then interpret /() as the vector tangent to C' at r(t)[f| The
line L, tangent to C at 7(t) is parameterised by

UR) = r(t) + ' (t)h.

But 7/(t) = Or(t) and therefore, the affine linear approximation of h +— r(t+h) by h — r(t)+0r(t)h = ¢(h)
is a parameterisation of the tangent line L, ;). In other words, the affine linear approximation of h ~ 7(t+h)
by h + r(t) + Or(t)h for small h corresponds to the geometric approximation of C' by L, near r(t).

In the special case that C'is itself a line, then L, ;) is the same as C'. This is the geometric manifestation
of the fact that, as discussed in Example [6.20} the best affine linear approximation of an affine linear map
is itself!

6.4.2 Tangent plane of a surface

Let U be an open subset of R? and let 7: U — R3 be a continuously differentiable parameterisation of a
surface S = r(U) C R3. By this we mean that if r(u,v) = (z(u,v),y(u,v), 2(u,v)) then all six partial
derivatives y, Yu, Zu, Tv, Yp and z, are continuous. Assume that Or is of rank 2, the maximal rank that
it can have, at all points of U, i.e., the parameterisation r is regular. Since

Ly Ty
Tu = (Tu, Yus 2u), To = (T, Yo, 2v) and Or = | Yy Yo
ZU ZU

we see that Or is of rank 2 if, and only if, r,, and r, are linearly independentE] As in the preceding discussion
for a curve C, the affine linear approximation of (h,k) — r(u+ h,v + k) by

(h, k) — r(u,v) + 0r(u,v)(h, k) = r(u,v) + hry(u, v) + kry(u, v)

3We can also view r(t) as the position of a particle at time ¢ and then 7’(t), also denoted #(t), is the velocity of the particle.
*For example,
r(u,v) := ((cosv)(sinu), (sinv)(sinu),cosu), 0<v<2m 0<u<m,
is a regular parameterisation of the unit sphere minus the prime meridian, i.e., the semicircle running from the North Pole
(0,0,1) to the South Pole (0,0, —1) via (1,0,0).
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is then a parameterisation of the plane T).(,.)S tangent to S at 7(u,v). Once again, the affine linear
approximation of (h,k) — r(u + h,v + k) for small h and k corresponds to the geometric approximation
of S by T;.(y,)S near r(u,v).

6.4.3 Graph of a scalar function of 2 variables

Given f: U — R, U C R?, the graph ¢ of f is the surface parameterised by

r(z,y) = (z,y, f(z,y))

For example, if f(x,y) = /1 —22 —y2, 22 +9? < 1, then r(z,y) = (x,y,/1 — 22 — y2) is another
parameterisation of the upper hemisphere.

Note that r, = (1,0, f;) and 7y, = (0, 1, f,) are linearly independent for any function f. A parameter-
isation of the plane tangent to G at (z,y, f(x,y)) is given by

(hyk) = r(z,y) + (Dr(z,y))(h, k) = (z,y, f(z,y)) + h(1,0, fz) + k(0, 1, f,)
=(x+hy+k f(z,y) +hfs+kfy)
= (¢ +hy+Fk flx,y)+ (hk)- (VF(z,y)).

Thus we see that f is not differentiable at (xg,y0) € U if, and only if, ¢ does not have a tangent plane at
(x0, Y0, f(z0,y0)). For example, (x,y) — |(z,y)] = Va2 + y? is not differentiable at (0,0) because none
of its partial derivatives exist at 0. We see this geometrically by noting that the graph of (z,y) — |(z,y)|
on R? is a circular cone about the z-axis with an apex at the origin where the cone does not have a tangent
plane.

6.4.4 Orders of approximation of a function

For arbitrary values of n and k, it is not possible to provide simple geometric interpretations of D f(x) €
Z(R™, Rk) similar to those presented above; consider, for example, n = 3 and k = 2. Therefore we have to
change our viewpoint when defining the derivative from that of rate of change or tangent line and tangent
plane to that of best approximation by a linear map. Linear maps are the simplest maps, after constant
maps, and they are fully understood (rank, eigenvalues, etc.) by the methods of linear algebra. We can
then transfer this knowledge of linear maps to differentiable maps up to an error that can be quantified by

(67).

Recalling Taylor's theorem, we see that

(i) a function h — f(xz + h) which is continuous at ~ = 0 admits an approximation by the constant
f(z). The error of the approximation is measured by ¢ = £||h||® and therefore, this approximation is
said to be of zeroth order in h.

(ii) afunction h — f(xz-+h) which is differentiable at & = 0 can be approximated by the affine linear map
h— f(z) + Df(x)h. According to (6.7)), the error of the approximation is now measured by ¢||A||
and therefore, this approximation is said to be of first order (equivalently, linear) in h. Furthermore,
for small h, ¢||h|| < ¢, i.e., this first order approximation is much better (i.e., the error is smaller)
than that demanded by continuity, or even Lipschitz continuity.

(iii) Later on in this module, we shall show that if h — f(z + h) is twice differentiable at h = 0 then it
admits an approximation of the form h — f(z) 4+ D f(x) h + (quadratic polynomial in h). The error
of the approximation is now measured by ¢||k||?> and therefore, this approximation is said to be of
second order (equivalently, quadratic) in h. Quadratic polynomials are also studied in linear algebra
under the topic of symmetric bilinear forms.

The above discussion should make clear that, when discussing derivatives of functions of several variables,
the significance of derivative moves away from that of rate of change to that of approximation by polynomials
which are ‘simple’ enough to be amenable to detailed study.
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6.5 Examples of direct calculation of the derivative from its definition
(NOT COVERED IN CLASS AND NOT EXAMINABLE)

Example 6.20. Show that the derivative of the affine linear map f: R™ — R* defined by
f(x) = Az +yo, A LR",RY), yo € RF,
is given by Df(x) = AVx € R",
Solution. To calculate D f(x) we need to consider f(xz + h) — f(x) and look for the term linear in h:
fla+h) = f(@) = (A(z+h) + o) = (Az +y0) = Ah,

where, by linearity, A(z + h) = Az + Ah. So, f(x + h) — f(x) — Ah =0 Vh € R™. It follows from the
definition of derivative by that Df(z) = A Vz € R™. We have also shown that, as expected, the
best affine linear approximation of the affine linear map f is f itself!

In particular, if n =1 and f € L(R,R¥) is defined by
ft)=tv+yo, tER, v,yo€R",

then Df(t) is the linear map h + hv: R — R* and 0f(t) = v V¢ € R. This is an extension of Remark
and a special case of Remark . Namely, a vector v € R¥ can also be viewed as the linear map
A: R — RF defined by Ah = hv. Indeed v is the k x 1 matrix representation of A with respect to the
standard basis w1, ..., w of R¥.

6.5.1 Differentiation of matrix-valued functions

The spaces X(R”,Rk) and R*™ are both vector spaces that can be identified with R™* and therefore, the
definition of derivative given by can also be applied to functions with domain and/or range in these
spaces. The only change that is needed is the replacement of || - || in by the operator norm | - |/ or
117
Example 6.21. Show directly from the definition that the derivative of the quadratic map
f: L(R™) — L(R") defined by f(A) := A?

is given by (Df(A))(H) = AH+ HAV H € L(R"). (Note that AH + HA = 2AH only if A and H

commute, i.e., AH = HA.)

Solution. As in Example |6.20, we consider f(A + H) — f(A) and look for the term linear in H:
fA+ H)— f(A)=(A+ H)(A+H) - A*= AH + HA+ H*.

The term linear in H is AH + HA and so, we define a linear map As: L(R™) — L(R") by As(H) :=
AH + HA. Then, f(A+ H) — f(A) — As(H) = H? and therefore,

A+H)— f(A) — A(H), H?||, H|?
o WA H) = FA) = MUl _ o 0o g Sy
H—0 | H || op H=0 ||H||op H=0 ||H|lopp  H—0

We have shown that (Df(A))(H) =As(H) = AH + HA.

Remark 6.22. We can also calculate the directional derivative Oy f(A) directly from its definition:

Ou f(A) = (A +1H)

t=0

= %(A2 +tAH +tHA 4 t*H?)

= (AH+HA+2tH2)’
= AH + HA.

t=0
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This is in agreement with Proposition (6.9 according to which (Df(A))(H) = 0u f(A).

Indeed, since the entries of f(A) are quadratic expressions in the entries of AE] then we know that the
partial derivatives of f with respect to the variables of the entries of A are continuous and therefore, as we
shall see in §4.7, f is differentiable and the calculation of (D f(A))(H) can be reduced to that of Oy f(A),
which is often much simpler.

6.6 The Chain Rule (NOT COVERED IN CLASS AND NOT EXAM-
INABLE)

Theorem 6.23. Let U and V be open subsets of R™ and R* respectively. Suppose that f: U — R* js
differentiable at x € U and that f(x) € V. Suppose further that g: V. — R™ is differentiable at f(x).
Then gof: R™ — R™ is differentiable at x and

D(gof)(x) = Dg(f(x)) o Df(x). (6.11)
The following two lemmas will be useful in the proof of the Chain Rule.

Lemma 6.24. Given f: U — R¥ x € U, r > 0 such that B(z,r) C U and A € Z(R",RF), define
Agaf:B(0,r) — RF by
f(xz+h)—f(x)—Ah fh;«éO
Dgaf(hy=4 T "EEE 6.12
Af(h) {0’ — (6.12)
Then f is differentiable at x with D f(x) = A if, and only if, A, af is continuous at 0.

Proof. If A, af is continuous at 0 then limy_o [|Ay af(h)|| = || limp—0 Az af(R)| = ||Az,af(0)] =0,
Therefore, holds and f is differentiable at = with Df(z) = A.

Conversely, if f is differentiable at z and we set A = Df(z) in then, asserts that
limp 0 [|Ag,af(R)|| = 0. But then limy_,0 Az af(h) = 0 = Ay 4f(0), which is precisely the statement
that A, 4 f is continuous at 0. ]

Notation 6.25. If f is differentiable at =, then we let A, f(h) denote A, pf(z)f(h).
Lemma 6.26. Let 7 > 0 and consider a function & from the open ball B, C R to R¥ defined by
6(h) == &(h)n(h), 0 <[] <7, 4(0):=0,

where, ¢: (B, \ {0}) — R is bounded and n: B, — R¥ is continuous at 0 € B, and n(0) = 0. Then § is
continuous at 0 € B...

Proof. By continuity of n at 0, given € > 0, 3 o € (0,7) such that ||h]| <o = |[n(h)| <e.
By boundedness of £, 3 M > 0 such that ||{(h)|| < M Vh € B, \ {0}.

Therefore, 0 < [|h]| < o = |[|d(h)|| < Me, i.e., limy_,d(h) =0 = §(0) and this completes the proof of
the lemma. ]

Proof of Chain Rule. As in the proof of Proposition [6.7] we have
fx+h)=f(z)+ Df(@)h+ Az f(R)[|A]

and
9(f(x) + k) =g(f(x)) + Dg(f(x)k + Ay g9(k)|El (6.13)

®For instance, if A = (‘; g) then f(A) = (:jizz Z:IZS)
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where
flath)—f@)-Df@h ¢y 20
o {0’ if h = 0.
and
9(f(@)+k)—g(f()—Dg(f(x)k -
Aj(yg(k) = & . ifk#£0,
0, if k=0.

Set k(h) := Df(x)h + Ay f(R)||A]| in (6.13). Then, by linearity of Dg(f(z)),

g(f(z +h)) = g(f(x)) + Dg(f(x))(Df(z)h)
+ 7 Dg(f (2))(Asf(R)) + KR A gy g (k(h)).

Therefore,
9(f(z +h)) — g(f(z)) — Dg(f(z)) o Df(x)h = |[1]|(d1(h) + 62(h))
where,
61(h) :== Dg(f(z))(Azf(h)),

and (52(h) = ”]i(hhH)HAf(x)g(k(h)), h 75 0, 52(0) = 0.

The proof of the Chain Rule will be complete once we prove that

lim ||6;(h)| =0  and 162(R)|| = 0.
h—0

lim
h—0
We start with 01 (h).
[o1(M)Il < 1Dy (f (@) llop | Az f ()]
and, by differentiability of f at x, we have limj_,o ||Azf(R)]| = 0. It follows immediately that limj,_o ||01(R)|| =
0.
We move on to d2(h). For h # 0, set

_ k()

£(h) = |  IDf@)h]

5] 5]

Az f (W < IDf(@)llop + | Az f ()]
The continuity of A, f at 0 implies that £(h) is bounded on B, \ {0} for some 7 > 0. Next set

n(h) == Apyg(k(h)).

k(h) is a continuous function of h and k(0) = 0. Therefore, by differentiability of g at f(x) and Proposition
6.7, n(h) is a continuous function of h and 7(0) = 0. We may therefore apply Lemma [6.26] to d(h) =
&(h)n(h) to conclude that limy_,q ||02(h)|| = 0.

The proof that g o f is differentiable at x and holds is complete. O

6.6.1 Jacobian form of chain rule

The linear isomorphism p: .Z(R", R¥) — R*" defined by (5.3]) takes composition of linear transformations
to matrix multiplication. Therefore, under the same hypotheses as for Theorem we have

dgof(x)=0g(f(z))-0f(xr) where - stands for matrix multiplication. (6.14)
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More eexampleicitly,

hgrof(z) ... Ohgiof(x)

81gm-0f(38) angm.of(x)
hgi(f(z)) .. Oha(f(z)\ [Oifi(z) ... Onfi(2)

: : : : (6.15)
Ogm(f(x)) .. Okgm(f(x))) \Oife(z) ... Onfi(z)

The entry in the 5™ row and it" column of 9 g of(x) can be written as aa (g;(f(2)). If wesety = f(x)

and we see g as a function of y = (y1,...,yx) then the entry in the 4t row and rth column of dg(f(z))
0
can be written as 89] (f(x)). Then, (6.15) can be written as
Y

T

8 Zagj ayT(yc) where, by 3yr($) we mean Ofs

Or; 8yr axl 0, O, (@)- (6.16)

(6.16]) is perhaps more memorable than (6.15]) because we can imagine cancelling Jy, from the denominator
and numerator in the terms of the sum in (6.16]). However, it is important to appreciate the difference

0 09; .
between %(gj(f(x)) and 8? (f(x)). In the first expression, the function g; o f is being differentiated

with respect to its it" variable (1 < i < n) and evaluated at = whereas in the second expression it is the
function g; that is being differentiated with respect to its i variable (1 < i < k) and then evaluated at

y = f(=).

6.6.2 Calculating with the chain rule and gradient
Given f: R" — R and g: R — R the it partial derivative of g o f can be computed using with
k=1and m=1:
Oigof(x) =g (f(2))(0:if(x))
and therefore,
Vgof(z)=g(f(2)Vf(x)
In the example that follows, the gradient of a function will be written as a row vector (to make it easier to

write)!

Example 6.27. Calculate V||z||, = € R™\ {0}, by applying the chain rule to g o f where f(x) := |z|?
and g(t) :=+/t, t > 0.

Solution. g(t) = W and, since f(z) = z? + --- + 22, we have that 9;f(z) = 2x;, ie, Vf(z) =
(O1f(x),...,0nf(x)) = (221, ...,2x,) = 2x. Therefore,

X

1
20 = —.
2¢/|z[? |

Vizl =Vgof(z)=g'(f(2)Vf(x)= (6.17)

The component form of (6.17)) is

Another common application of the chain rule occurs in the calculation of the derivative of f or where
r: R — R”™ is a parameterisation of a path in R"™ and f: R®™ — R is a scalar function. In this case, if
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r(t) = (z1(t), ..., zn(t)) then

or)(t) = r(t
(For/() =3 50OV

— V(D) - (1). (6.18)

Example 6.28. Fix x € R™ and definer: R — R™ by r(t) := tx, i.e., if x # 0 then r is a parameterisation
of the line through 0 and x. Given f: R™ — R calculate (f or)'(t) in terms of V f.

Solution. 1'(t) = = and therefore, by (6.18)), (f or)'(t) =z - (Vf(tz)). Equivalently,

0 0
%f(?“(t)) = xlag{l(tl') ot xna;;(tx).

6.6.3 Another proof of Proposition [6.9

Given v € R, 360 > 0 such that z +tv € U Vt € (—4,6). As in Example define r: (=6,0) = R"
by r(t) := x + tv, i.e., r is a parameterisation of a line segment through z in the direction of v. Then

O f(x) = %f(r(t))‘tzo and therefore,

00 f(z) = Df(x) %(:ﬂ ) (chain rule)

= Df(z)v.

6.6.4 Application of chain rule to the verification of a PDE satisfied by a function

Example 6.29. Suppose that f: R — R is differentiable and define u: R? — R by u(z,y) := f(z%e7Y).
Show that u satisfies the PDE xu, + 2u, = 0.

Solution.

uale,y) = [/(a%) S (2% 7Y) = 2ae V(a6 ),
wy(o9) = P26 ) L (ae) = e 1 (e,

Therefore zu, + 2uy = 222 Y f/(z2e7Y) + (—22%e Y f'(2%e7Y)) = 0.

6.7 Continuity of partial derivatives implies differentiability (NOT COV-
ERED IN CLASS AND NOT EXAMINABLE)

As noted in Example[6.17] partial derivatives are easily computed using the familiar rules of differentiation.
Unfortunately, as Example [6.19] shows, the existence of all partial derivatives of a function at all points
does not guarantee its differentiability. However, it is worth noting that in Example[6.19] D f was shown to
not exist at a point where the partial derivatives are discontinuous. The partial derivatives of f in Example
do not even exist at points of the form (z,2?), = # 0 and fy does not exist at points on the real axis
different from (0,0). These examples raise the possibility that continuity of the partial derivatives may
guarantee differentiability. That is the content of the next theorem.

Theorem 6.30. Consider f: U — R* and suppose there exists B(x,r) C U such that the Jacobian matrix
O0f(y) exists at all points of B(xz,r) and that Of is continuous at x. Then f is differentiable at x and
Df(zx)h=0f(x)h Yh € R™.
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Remark 6.31. Recall from §5.2.1| that, writing f as (fi,..., fr), Of is continuous at x if, and only if,
O1f1, ..., Onf1, O1f2, ..., Onfa, ..., O1fk, ..., Onfr are all continuous at x.

Note, too, that we need to make an assumption on the behaviour of the partial derivatives of f at all
points y sufficiently near x in order to conclude the existence of D f at just x.

Proof. We shall only give the proof in the simplest case n =2, k = 1.
For 0 < ||(h1, ha)|| < r define,

Af(hl, hg) = f($1 + hl, xTo + h2) — f(xl,xg) — h1 81f(m1,x2) — hQ agf(l'l,x2>. (619)

We need to show that

. Af(hh h2)
lim — = = (. 6.20
o 00) T(he, ho) (6.20)

If we succeed, then we would have proved that D f(x1,z2) is the linear map from R? to R defined by
Df(z1,22)(h1, h2) == h1 01 f(x1,22) + ho 02 f (21, 22).

Partial derivatives only provide information along lines parallel to the axes. Therefore, we have to break
f(xz1 + hi,xo + he) — f(x1,x2) into differences along the axes as follows:

f(a;l + hy,x9 + hQ) — f(l’l,a?g) = (f(]:1 4+ h1,x0 + hg) — f(x1 + hyq, xz)) + (f(a:l + hl,:rg) — f(:cl,xg))
= II + I.

The second term [ can be written in terms of 0, f by applying the mean value theorem to f(-,z2), xo
fixed. Namely,

3 61 € (0,1) such that f(z1 + h1,z2) — f(z1,72) = h101f(z1 + 01h1, 72). (6.21)
Similarly, for the first term I1,
36, € (0, 1) such that f(xl + hi,x0 + hg) — f(acl + hyq, xg) = h282f(1'1 + hi,x9 + 92h2). (6.22)

Substituting (6.21]) and (6.22)) in the definition (6.19]) of Af(h1,ha) we get

Af(hi,he) = h1(01f(z1 + 01h1, x2) — 01 f(z1,22))

6.23
+ ho (92 f (z1 + h1, 2 + O2h2) — D2 f (x1,22)). (6.23)

By continuity of 01 f and 02 f at (z1,x2), given € > 0, 3 6 > 0 (which we may, and shall, assume to
be less than r) such that

[(h1,ho)|| <& = |01 f(z1 + h1, 22 + ha) — 01 f(z1,22)|| < €

i 5 (6.24)
and ||z f (x1 + b1, w2 + ha) — Oaf (w1, 22)|| <e.

Now ||(h1,02h2)[| < [[(h1, k)| and [[(01h1,0)[| < [[(h1,he)|| and therefore, if ||(h1, h2)|| < d then, using
(6.24) in (6.23)) with (hi, ha) = (61h1,0) in the first term and (hi, ha) = (h1,62h2) in the second term,
yields

IAf(h1,ho)|| < e(|ha| + |h2l) < eV2]|(h1, ho)]|.

In other words, we have established ((6.20) and completed the proof of Theorem m O
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6.7.1 The space of continuously differentiable functions

Definition 6.32. Suppose that f: U — RF is differentiable on U. Then f is said to be continuously
differentiable at p € U if the map x +— Df(z): U — Z(R",R¥) is continuous at p. More eexampleicitly,

Ve >0, 36> 0such that |z —p|| <0 = ||[Df(z) = Df(p)llop <e.

Proposition 6.33. f: U — RF is continuously differentiable on U if, and only if, 0f: U — RF™ js
continuous on U.

Proof. Recall that Z(R™, R¥) and R*" are identified via the map u: . Z(R" R¥) — RF" defined by
and that, by Proposition [6.15] if Df(x) exists, then df(x) = p(Df(x)). Furthermore, by the
discussion in , the continuity at p of z +— Df(z): U — Z(R",RF) implies the continuity at p of
x s Of(x): U — RF,

Conversely, if 9f is continuous on U then Theorem [6.30] assures us that Df exists at all points of U
and that 9f = po Df. We can then appeal again to the discussion in §5.2.1] to assert that the continuity
at p of df implies the continuity at p of Df. O

This proposition is useful because it provides us with a practical way of checking continuous
differentiability, namely, we simply have to compute all the first order partial derivatives 9; f;
of f = (f1,...,fr) and verify that they are all continuous. This means that most functions
that one can eexampleicitly write down in terms of polynomials, exponential, logarithm, etc. are
continuously differentiable on their ‘natural’ domain of definition.

Notation 6.34.
CYHU,RF) :={f: U = RF|df: U — R¥" is continuous}.

CH(U) = CYU,R).
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Chapter 7

Complex Analysis

This part of the course is an introduction to complex analysis. The main topics will be complex differ-
entiability, power series and contour integrals. Basic notions and properties for complex numbers were
introduction in Year 1 and we only provide a quick review here.

7.1 Review of basic facts about C
The field of complex numbers is given by
C={z=x+iy, =z,yeR}

with i2 = —1. For z = x + iy as above we say that x is the real part of z, denoted by 2 = Re z and that
y is the imaginary part of z, denoted by y = Im z. By |z| we denote the modulus (or norm) of z, given by
V22 + y2. We denote by z the complex conjugate of z. That is, if 2 = z + iy then Z = x — iy. It is easy
to see that

1. z =z,

2. z+w=z+w,
3. Zw = zZw,
4. |z|? = 2z and |z| = |2|.

Notice that we can identify C with R?, simply by identifying 2 = x + iy with (z,y). In this way |z|
corresponds to the Euclidean norm in R2. We will not use || - ||, the notation that we used for the norm in
R2.

The notions of convergence, open and closed for C are identical to those in the plane (see results in
Definition [4.1]

Definition 7.1. We say that (z,)5>, C C converges to z if and only if |z, — z| tends to zero as n goes to
oo. That is, if for every € > 0 there exists N > 0 such that |z, — z| < € for alln > N.

Definition 7.2. We say that 2 C C is open if and only for every x € () there exits r > 0 such that
B,(z) ={z € C||z — x| <r} C Q. We say that Q is closed if and only if Q° is open.

Definition 7.3. A set K C C is sequentially compact if and only if for every sequence (x;)jen C K has a
convergent subsequence (x;(;))ien whose limit is in K.

Now, maps in f : Q@ C C — C, are given by a pair of real-valued functions f(z) = u(z) +iv(2), the
real part v of f and the imaginary part v of f. We can think of those two functions as functions of z or
as functions in R? of x and y, the real and imaginary part of z. This means we can also think of f as a
function from Q C R? to R2.
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Definition 7.4. Given f : Q) C C — C we say that it is continuous at zg € ) if and only if for every € > 0
there exists 0 such that |z — zp| < 0, with z € Q implies that |f(z) — f(20)| < €.

Notice that the notion of continuity coincides with the one defined for maps from R? to R2. We will
now consider the notion of differentiability, where the two notions differ very significantly.

Recall that a function f : R® — R* is differentiable at a point p if and only if there exists a linear map
Df(p) € L(R™;R¥) such that

lig 1@+ 1) = f(p) = Df ()|l _

. 7.1
h—0 Rl 0 (7.1)

The reason for introducing that definition arose from the fact that when £ > 1 we have no notion of
division for the quantity we would like to study

L f+h) = )
h—0 h

as division by h € R",n > 1 is not well defined. However, in C we do have a notion of multiplication and
therefore we can use that quotient to define differentiability.

Definition 7.5. Let Q) C C be an open set and z € (). We say that f is complex differentiable at z if and

only if the limit
L S D) = )
h—0 h

(7.2)
exists. We denote the limit by f'(z).

In contrast to what happened in the real valued case, where the derivative was a linear map from R" to
R*, which in our case would mean from R? to R?, corresponding to a 2 by 2 matrix, in the complex case we
obtain a complex number. Before studying how to reconcile this difference, we look at the consequences
of the definition for the real and imaginary part of f. Let's write h = Az +iAy, and f(z) = u(z) +iv(z),
which we can also think of as f(z,y) = u(x,y) +iv(z,y). Then the quotient in the definition of complex
derivative can be rewritten as

flz+h) = f(z) w4+ Az,y+ Ay) —u(z,y) +ifv(z+ Az, y + Ay) —v(z,y)]

h Ax +iAy

We could consider multiple ways of sending Ax+iAy to zero, obtaining the same answer if the limit exists.
We will consider the two obvious options, sending Ax first to zero followed by Ay, and the reverse, Ay
first followed by Az. We find

Algl;gmlggo Az +iAy
:hmUWw+Aw*UWW%HW@w+Aw*v@wH
Ay—0 lAy

1 - _
_ L gy MmyH Ay) mul@y) | e(ey + Ay) = v(@,y)
1 Ay—0 Ay Ay

1 [0u .Ov _ .
—T Fy(ﬂzy)"_laiy(xvy) —Uy(may) 1uy(:l:,y)7

while
lim lim U(I‘ + ASE, Y+ Ay) - U(-T, y) + I[U(LE + AJE, Y+ Ay) — U(SE, y)]

Az—0Ay—0 Ax + lAy
. u(r + Az,y) —u(z,y) +ifv(e + Az, y) —v(z,y)]
= lim
Axz—0 Az
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_ iy Yt Any) —u(y) | vet Azyy) - v(@,y)
Az—0 Az Az

ou . Ov _ .
- %(.ﬁ,?j)ﬂ‘la({ﬁ,?j) —Ur(z,?/)+1vx($ay)~

This immediately means that at the very least we need to demand some relationships between the partial
derivatives of u and v to hold in order to have a complex derivative. Namely

Up = Vy Uy = —Vg (7.3)

These equations are known as the Cauchy—Riemann equations. These are clearly necessary conditions, but
at this point in no way guarantee that a complex derivative would exists if is satisfied.

By considering two simple examples, it is easy to see that the notion of complex derivative is highly
restrictive as functions that are obviously smooth when considered as a map from R? to R? are not actually
complex differentiable. First we consider f(z) = z. Notice that f/(z) exists and equals 1. Indeed

However if we consider g(z) = Z, we obtain a function that is not complex differentiable. We have

lim 9(z+h) —g(z) = limM = limﬁ,
h—0 h h—0 h h—0h

a limit that does not exist. (Consider for example the limits obtained by taking h along the real or the
imaginary axis.) The function g does not satisfy the Cauchy—Riemann equations. We have g(z) = = — iy,
and therefore

ug =1, vy=-1, uy=0, v,=0.

When considering g as a function from R? to R? we have g(z,y) = (x, —y) we clearly have a differentiable
function, as all components are smooth functions. (The existence of continuous partial derivatives suffices
to obtain differentiability, see Theorem [6.30])

Definition 7.6. We say that f : Q — C is analytic (or holomorphic) in a neighbourhood U of z if it is
complex differentiable everywhere in U. We say that f is entire if it is analytic in the whole of C.

A function can be differentiable at one point, but not necessarily analytic. Consider as an example
the function f(z) = |2|2. We will show that the function is complex differentiable at 0, but that it is not
analytic, as it is not complex differentiable outside the origin. Notice that f(z) = 22 +y?, and u = 22 4 y?
and v = 0. When computing the Cauchy—Riemann equations we find

Uy = 20 Uy = 2y, vy = vy = 0.

The Cauchy—Riemann equations mean 2x = 0 and 2y = 0, which is only satisfied at the origin. Now, to
check that f is complex differentiable at the origin

h2— 2 h2 B
b=l B
h 0 h h—0

proving that f is complex differentiable at the origin with derivative 0.

We will now revisit the Cauchy—-Riemann equations and connect complex differentiability with the
dependence of the function on z. Consider f(z) as given by u(z,y) +iv(z,y). Using the fact that z = 252

and y = 22712 we can rewrite the function back in terms of z and z. Now, we could consider the derivative
of f with respect to z. Applying the chain rule we would obtain

ou 1 1 ov 1 1

— = Up— — Uy— — = Uy —Uy—

oz "2 Y2 oz "2 Y2
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Therefore
of 4 1 L [ 1 1}
—— =Uz 0z = Uy — Uy— 1 |V — V=
oz 77 P2 Yy T2 Yail”
which we can simplify to
of 1
0z 2
Notice that if the function is complex differentiable, it satisfies the Cauchy—Riemann equations and therefore
the expression above is identically zero. In this sense we say that if a function is complex differentiable,

then
af _
0z

This illustrates why f(2) = Z or g(z) = |2|?> = 2z were not complex differentiable.

1
[ug — vy] + i5 (V2 + uy] -

0.

Now that we know that the Cauchy—Riemann equations need to be satisfied for a function to be complex
differentiable we can identify the complex plane with a subspace of 2 x 2 matrices. This identification will
allow us to connect directly complex differentiability with the standard notion of differentiability discussed
in Chapter 6. We have already identified a + ib with the point in R? given by (a,b). We can also identify

it with the matrix
a —b
b a )’

Note that which factor of b contains a minus sign is just a convention. Notice that the determinant of that
matrix equals |a + ib|?, and that therefore the matrix is invertible unless a 4 ib = 0. This identification
preserves the basic operations we have for complex numbers, for example summation and multiplication.
That is it is possible to perform the operation (a + ib) + (¢ 4 id) as complex numbers or as the sum of
the two corresponding matrices, with the results agreeing (modulo the identification). For the product we
have

(a+1b)(c +id) = (ac — bd) + i(bc + ad)

a —b\[c —d\ [ac—bd —(bc+ ad)
b a d ¢ ) \bc+tad ac—0bd )’

proving the result. Sometimes it is useful to consider a hybrid of both identification, the one as a matrix,
and the one as a point (or vector) in R2. For example, for the product of two complex numbers that we
have just considered, we could identify it with

0 )G)
(i)

which corresponds to the right complex number (ac—bd)+i(bc+ad) and to the matrix

The answer is the vector

ac —bd —(bc+ ad)
bc+ad  ac—bd

We are now ready to connect complex differentiation with Cauchy—Riemann and differentiation for
functions in R2.

Theorem 7.7. Let f : QQ C C — C with Q) open. f is complex differentiable at z = a 4 ib € Q if and
only if f, when considered as map from 0 C R? to R? has a derivative at the point (a,b) that satisfies the
Cauchy—Riemann equations.

Before we prove this result, we emphasize that some books will replace the right-hand side by asking
that the Cauchy—Riemann equations are satisfied and that all partial derivatives are continuous. Notice
that this last condition implies the existence of a derivative.
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Proof. Assume that f is complex differentiable at z = a + ib. Then we have
o fE+R) = ()
h—0 h

= f'(2),

which we can rewrite as .
SR = () = [

lim 2 =0 (7.4)

In order to prove that f is differentiable as a map in R? we need to find a linear map Df that satisfies
(7.1)), which translates in finding a 2 x 2 matrix. Notice that suggest that f’(z) € C should be the
map. Indeed if we identify f’(z) with the corresponding matrix, and think of f’(2)h not as a product of
two complex numbers but as a matrix acting on the vector h then we have in fact proven that f has a
derivative. Since we already know that all complex differentiable functions satisfy the Cauchy—Riemann
equations we have completed that implication.

For the reverse, assuming that we have a derivative, that means that we have a 2 x 2 matrix which is

given by
Df«mw>=<””1@>

Uy Uy
and that satisfies
o (@) + 1) = £((@,5) = Df((a, b))

=0.
h—0 |h

Since the Cauchy—Riemann equations are satisfied we know that this matrix does in fact have the form

Uy —Vg
Vg Uy )

meaning that we could identify it with a complex number as before. We could therefore identify D f h with
the product of the complex numbers f’(z) = u, + iv, and h. Identifying (a,b) with z we obtain

i L) = 1) = 7/

h—0 |kl =0
which implies that
L fe )~ )
h—0 h
exists and equals f’(z), completing the proof. O

As a consequence of the above result, since we can connect complex derivatives with derivatives of
maps from R? to R?, we have the following results:

Theorem 7.8. Lef f,g: Q C C — C be complex differentiable functions. Then (asumming g # 0 in the
third expression) we have that the familiar expressions

(f+of=Ff+d (o) =rg+1d (L) -1t

= (f(9)) = f'(9)d
g 9
apply to the complex-valued case as well. For the final expression one needs to assume that the composition

makes sense, i.e. the range of g is contained in the domain of f.

We conclude this section by proving that f(z) = 2™ is complex differentiable for every n € N. Using
Theorem it suffices to show that it has a derivative at every point and that it satisifies the Cauchy—
Riemann equations. Notice that since it is a polynomial (once expanded in terms of z and y and considered
as map from R? to R? we trivially have that it has a derivative). To see that it satisfies the Cauchy—Riemann
equations, notice that (and similarly for v)

uz = (Re f)o = Re(fz).
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Therefore

Without computing what u;, v., uy, vy are, notice that it follows from the expression above that
Uy + vy = i(uy + ivy),

which implies that u, = v, and u, = —v,, which are the Cauchy—Riemann equations.

7.2 Power Series

We want to focus on the study of power series, i.e. expressions of the form Y 77, a,2". We begin by
reviewing (in a very utilitarian way) some basic ideas of series for complex numbers covered in year 1.

Definition 7.9. The series > 72 an, with a,, € C is convergent if and only if the sequence S = 27]:[:0 an
is convergent in C.

Definition 7.10. The series Y oo, a,, with a, € C is absolutely convergent if and only if the series
Sool o lan| is convergent.

The geometric series Y 7> ;2" is convergent if and only if |z| < 1, and sums up to 1/(1 — z) (with
partial sums Sy = (1 — zN¥*1)/(1 — 2)). We review a couple of the convergence tests from year 1.

Theorem 7.11 (Ratio Test). Consider > . a, and assume that a,, # 0 for all n. Then

‘igﬂll < 1 then >0°  ay, is convergent.
n

1. Iflim sup

lan

2. lfﬁ > 1 for alln > N then >">°  ay, is divergent.

In particular if lim % exists, and equals L we have convergence for L < 1 and divergence for L > 1.

(The test is inconclusive if L =1.)

Theorem 7.12 (Root Test). Consider > 0" ay. Then
1. Iflimsup |a,|"/™ < 1 then Y%, a, converges.
2. Iflimsup |a,|'/™ > 1 then 2%, a,, diverges.

The proofs of these results are obtained by comparison with the geometric series and will not be covered
in these notes.
We will focus on studying expressions of the form

[o.¢] oo
Zanzn or Zan(z—zo)"’
n=0 n=0

with a,,z € C.

Theorem 7.13. Given (a,)52 there exists R € [0, 00| such that
Z anz"
n=0

converges for all |z| < R and diverges for |z| > R. (As we will see in the proof R = ——L——) The

lim sup |an |
quantity R is called the radius of convergence of the series.
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Proof. We consider z given, but fixed, and apply the root test to the series Y 2 ,anz". This series is

convergent if
lim sup |a, 2" /"

is less than 1 and divergent if it is greater than 1. But that translates to convergence if

1
lim sup |ay, |}/™

2] <

and divergence when
1

lim sup |ay, |1/™’

2] >

proving the result. O
A simple application of the ratio tests yields the following result:

Theorem 7.14. Let a,, # 0 for alln > N, and assume that lim % exists. Then Y )2 jan2" has radius

an|
lan+1]”

of convergence R = lim

Next we will show that within the radius of convergence a power series is actually differentiable, and
that we can in fact compute the derivative term-by-term. More precisely:

Theorem 7.15. Assume Y 0°  a,z" has radius of convergence R. Then for |z| < R the function f(z) =
Yoo anz" is differentiable and

f(z)= i nan,z""1.
n=1

Proof. First we will show that the power series for f/(z) does have the same radius of convergence. Notice
that the radius of convergence of 2% na,z" "' and 3°° na,z" (i.e. where we have multiplied the
expression by z) is the same. To see this notice that if >.°°, na,z" ! is convergent for |z| < R and
divergent for |z| > R then the same will apply to the second series. Therefore we just need to consider
lim sup |na,|™ = lim n'/™ lim sup |a,,|"/"™ = lim sup |a,|*/™,

which shows that the radius of convergence is the same as for > 02 a,z". Notice that the series

o on(n —1)a,2z"% also has the same radius of convergence (we will need this result in our estimate
below, even though we never formally compute second derivatives).

Next, notice that for £ € N we have

wh — 2F k—1 k—2 k—2 k—1
—— =w" Wz w2 (7.5)
w— z

Now, in order to prove that f is complex differentiable and compute its derivative we study

f(z—i_h})L — f(Z) _nio:lnanzn—l‘

We denote by w = z 4+ h (and so h = w — z), and substitute the expression for f in terms of a series to

find -
n__ .n
S a (wz _ mn—l) _
—= w— 2z
We look more carefully at the term in brackets. Using (7.5]) we find (taking k = n)

w" — 2"
_nzn—l :,wn—l +wn—2z+ +wzn—2 _|_Zn—1 _nzn—l

w—z

ANALYSIS Il 60



CHAPTER 7. COMPLEX ANALYSIS

— ! Zn—l + [wn—2 N Zn—Z]z 4+ (w — z)zn_2

n—1 n—1 n—2 n—2
-z whTe — 2 W—2 , 9

:(w—z)lw + z4- 4+ z . (7.6)

w—z w—z w—z
Now, for |z] < r < R and |w| < < R we have

wh — 2k
— = P e w4 R < b
w—z

and therefore
k k
wr — z
Zn—k—l § ]CT‘k_l’f’n_k_l S k?Tn_Z

)

w—z

which substituted in (7.6)) yields

<fw—2| [[(n = )" 2+ (= 2)r" 2 22 g

1
< |w — z|r"72§n(n —1).

We have shown that

flz+h)—fz) & 1 1. Ly
‘ n —nzzjlnanz S\w—z\inzz;)n(n—l)]an]r < M]|h,

which goes to zero as h goes to zero. Notice that in the last inequality we have used that the series
% on(n — 1)|ay|r™2 is finite, since we observed that the radius of convergence of the corresponding
power series was also R. O

We have the following simple consequence of the Theorem above, which allows us to compute the
coefficients a,, in terms of derivatives of f.

Corollary 7.16. Let Y .2 ,a,z" be a power series with radius of convergence R > 0. Then f(z) =
Y omep an 2" is infinitely differentiable and moreover

f(")(O) = an,n!, n=0,1,2,...

Proof. The result is trivial for f(0), as it clearly equals ag. A simple induction argument using the formula
for the derivative of f in the previous Theorem yields the desired result. O

Theorem 7.17. Let Y 77 ,a,z" be a power series with radius of convergence R > 0. Then for every
r in(0, R) the sequence of functions

k
fr = Z anz"
n=0

converges uniformly in |z| < r.

Proof. We show the result by proving that (fx) is uniformly Cauchy in |z| < r. We have (assuming that
j<k)
k k 9]
[fu(2) = [ =1 D0 an2"| < Y anlr™ < Y7 Janl™
n=j+1 n=j+1 n=j+1

Since by assumption > 02 |a,|r" is finite, given any ¢ > 0 we can choose N large enough to make
|fr(z) — fj(2)] < e forall j,k > N, concluding the proof. (This proof is essentially an application of the
Weierstrass M-test that we covered a few weeks ago.) O
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7.2.1 The exponential and the circular functions

Many of these functions should have appeared in year |, though perhaps only in the real-valued case.

Definition 7.18. We define the following power series for z € C .

% s — i i n
= n!
o
(=D" o
cos(z) : = Z 27",
= (2n)!
= 1 2n
cosh(z) : = Z (2n>|z ,
n=0 ’

o
. ( . Z (_1)n 2n+1
sin(z) : = 2t 1) 1)'2’ ,
n=0 '

> 1

sinh(z) : = Z L
= (2n +1)!

(7.7)

(7.8)

(7.9)

(7.10)

(7.11)

The ratio test shows (Exercise) that the radius of convergence of all of the series above is R = co.

Notice that using Theorem we can prove well known identities like (e*)’ = e*. Indeed
< 1.,) & > 1
(e*) = (Z mz”) = Z nlz”_l = Z mz” = e,
n=0 n=1 n=0
In fact, we can easily relate all the circular functions to the exponential.

Proposition 7.19. The following identities hold for all z € C:

el? + e~z ) ez _ iz

cosz = ———— sing = ————

2 ’ 2

e +e % . e® —e *

coshz = ——, sinhz = ———
2 2

Proof. We only prove the first one. The others are very similar and are left as an Exercise.

Z (iz) +Z 121

—o"

eiz + e—iz 1
2 2

—;lZZ] i

where we have used that
2(1)" = 2(=1)™2  n even
0 n odd

There are additional relationships between sine and cosine and their hyperbolic counterparts.

that we have

cos(iz) = cosh(z) cosh(iz) = cos(z) sin(iz) = isinh(z) sinh(iz) = isin(z),

Notice

which shows that sine and cosine are unbounded functions in the complex plane. Just consider z = iy for

y € R together with the fact that the real valued sinh and cosh grow exponentially at infinity.
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Theorem 7.20. The exponential function e* satisfies the following properties
1. e*T¥ = e*e¥ for all z,w € C.
2. € #0 for all z € C.

3. ¢ =1 if and only if z = 2kmi for k € Z, and as a result ™% = e? if and only if w = 2kmi, k € Z.
Notice that in particular we have shown e*t25™ = e% for all k € 7, so in this sense the exponential
is periodic in the imaginary variable.

4. ¢ = —1 if and only if z = (2k + 1)7i for k € Z.

Proof. We present the direct proof of part 1, without using more advanced tools from complex analysis
that would reduce the heavy computational nature.

o =1 , <1 > 2wk

n=0 =0 n,k
n+k=lI
oo 1 00
1(1\ . 1
_ - Jo =7 _ - I _ z+w
I,Zl'<j>zw fZl'(z—i—w)fe
=0 j5=0 =0

For part 2, notice that e’e™% = 1, proving that e # 0. For part 3, denoting z = x + iy we find
e” = e%e¥ = e®(cosy + isiny),

which equals 1 if and only if € = 1 and cosy + isiny = 1. These only happen if z = 0 and y = 27k,
k € Z. Similarly for part 4. O

7.2.2 Argument and Log

Every complex number z € C\{0} can be written in the form z = |z|e!?, where @ is the angle that the
vector z forms with the x axis, measured counter-clockwise. Of course that angle is not unique (but rather
up to factors of 2m. Notice that for z = 0 there is no natural way to choose an angle.

0.5F

-0.5f

Figure 7.1: Polar representation of a complex number
We can define the (multivalued) function, for z # 0,
arg(z) = {0 € R : z = |z]e¥}. (7.12)

It is not a function as such, as the image is not uniquely defined, and if 6 € arg(z) then so is 6 + 2k.
The following are easily verified properties of arg.
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Proposition 7.21.

1. arg(az) = arg(z) for all a > 0.

2. arg(az) = arg(z) + 7 = {0+, for 0 € arg(z)} for all a < 0,

3. arg(2) = —arg(z) = {0, for 0 € arg(2)},

4. arg(1/z) = —arg(2),

5. arg(zw) = arg(z) + arg(w) = {0 + ¢, with 0 € arg(z), ¢ € arg(w)}.

The ambiguity of the argument function can be solved by defining the principal value Arg of the arg
function to take values in (—m,7|. That is for any z € C we have Arg(z) € (—m,x].

Notice that it is impossible to define the Arg function continuously in the entire plane. In particular
as we approach any point in the negative real axis, if we do it from above the Arg function will yield 7,
while if we do it from below it will —7. Observe that if we had made any other choice for the range of Arg
there would always be a half-line where we have the same issue, the difference between the values of the
argument when approaching from opposite sides is always 27.

We want to define the logarithm by analogy of what happens in R. In the real valued case we say (here
w,z € R)

w =log(z) if and only if e¥ = z.

If we could extend this for w, z € C, since we know that e* = ewt2mik for any k € Z we would have that
if w = log(z) the so is w + 27ik. Therefore we would have that log(z) is a multivalued function (just like
it happened before with arg(z), the argument function).

Let's write z = |2z[e'®2(2) and w = log(z) = u + iv. We have

eutiv — qugiv — - |z’elarg(z)’

and therefore comparing the two expressions in polar form we must have
e’ = |z| and eV = elars(z),

That means that u = log |z|, with this logarithm being the real logarithm. We will denote by Log the
logarithm in R to distinguish it from the complex valued we want to define. We define the multivalued
function

log(z) = Log|z| + iarg(z). (7.13)

In terms of the Arg function we have
log(z) = Log|z| + iArg(z) + 2rik for k € Z.
For example if we compute the complex logarithm of 1 we have
log(1) = Log|1| + iArg(1) + 2wik = 27ik for k € Z.

Notice that the definition above makes sense provided that z # 0, where the real logarithm is not defined.
We can now compute logarithms of negative numbers.

log(—1) = Log| — 1| + iArg(—1) + 27ik = im + 27ik for k € Z.

The complex logarithm we have just defined obeys many of the properties that we know for the real
logarithm, with the caveat that we have to take care of the multi-valuedness of the function. For example

log(zw) = log z + log w.
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To prove this result, notice that since Log|zw| = Log(|z||lw|) = Log|z| + Log|w| and that arg(zw) =
arg(z) + arg(w) we have

log(zw) = Log|zw| + iarg(zw) = Log|z| + Log|w| + iarg(z) + iarg(w) = log z + log w.
This equality needs to be understood modulo 27i, that is there exists k € Z such that
log(zw) — log(z) — log(w) = 2mik.

Similarly we have
log(z/w) = log(z) — log(w).

If we want to consider the (complex) differentiability of the log we have to deal with the multi-valuedness
of the arg function. Indeed if we consider the incremental quotient

log(z + Az) — log 2z
Az

we need to make sure that as we approach z both logs approach the same value. We know that this cannot
be done continuously in the entire plane, and that we need to remove a semi-line arising from the origin.
For example if we consider C\{z < 0} we can consider the principal branch of the logarithm, which by
an abuse of notation we denote by Log, just like the real logarithm, by

Log(z) = Log|z| + iArg(z).

This function, defined on C\{z < 0} is single valued. If we consider points of the form z = = =+ ie, for
x < 0 and € > 0 small, we find

lir%Log(m +ie) = Log(—x) £ i,

e—

showing that the function could not be extended continuously along {z < 0}. This half-line is called a
branch cut. It is possible to compute the derivative of Log directly from the definition, or in terms of its
inverse. However, for practical purposes, once we know it is differentiable, from the identity
eLogz =z
we find
eLOgZ(Logz)/ =1

from which it follows that (Logz) = 1/z.
Once we have defined the notion of logarithm it is possible to consider defining complex powers of
complex numbers. Given o € C, and z # 0 we define the a-th power of z by

{e3 .
2X .= elog(z ) — eaLog\z|+a1arg(z).

The multi-valuedness of arg means that the same is true for z. If we rewrite the above as

a eaLog\zH—ai arg(z) eaLog|z\+aiArg(z)+27raki eaLog(z)e%raki

z = =
for k € Z the multi-valuedness becomes more evident. The number of o powers, whether it is one, finitely
many or infinitely many will depend on a.

Indeed if « is an integer for example then e = 1, which means that in fact there is only one value
of z%. If « is rational, say o = p/q, with p,q coprime, then z will have finitely many powers. It is easy

to see that for & = p/q (with p, ¢ coprime, and ¢ € N)

2maki

e27rak1 — eQwa(k—l—q)l
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and therefore z will take ¢ different values
eaLog(Z)e27raki, k=0,1,...,q— 1.

In the case of an irrational « it will actually take infinitely many values.

In the rational case the result obtained above is consistent with what we know about finding roots
of polynomials. If we consider, for ¢ € N the equation 2¢ = 1 we know it should have ¢ roots which
correspond to

2 =114,
Now, using the expressions above we find

11/q _ eLog(l)/qe27rik/q _ eZwik/q k=0,1,...,q—1.

7.3 Complex integration, contour integrals

For a function f : [a,b] — C we define

/b F(H)dt = /b Re f(1)dt —H/b Im f(t)dt. (7.14)

This definition means that we reduce integrating a complex-valued function to integrating two real-valued
functions, and can therefore use every result we know from before, such as the Fundamental Theorem of
Calculus to compute each integral.

It is easy to see that for every f,g: [a,b] — C and every «, 5 € C we have

/ab[af + Bgldt = a/abf(t)dt + ﬁ/abg(t)dt_

That fab(f + g)dt = fab fdt + f: gdt follows immediately from the definition. We show the more tedious
f; af(t)dt = osz f(t)dt. We have (suppressing the limits of integration and dt for simplicity)

o [ f=a|[Retp)+i [1m(p)

= Re(a) [ Re(f) ~ Tm(a) [ 1m(s) +1[tm(@) [ Re(f) + Re(@) [ 1m()]

= [ Re(@)Re(f) - tm(@) tm(5) +1 | [ Tm(@) Re(£) + Re(e) Im(1)
:/Re(af)+i/1m(af) :/(O‘f)'

/bf(t)dt = /b F(t)d. (7.15)

Notice that in this case

Indeed

/bf(t)dt—/bRef(t)dt—i/bImf(t)dt—/bRef(t)dt+i bIm (t)dt—/b (t)dt.

We also have the following estimate (which we will use repeteadly below)

/a ’ F)dt
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To prove this result, assume that fabf(t)dt = Rel% where R = ‘fabf(t)dt‘. As a result of this
representation R also equals

b b
R:e—i‘)/ f(t)dt:/ e U r(t)at.

Now, if we write e_iaf(t) = u + iv, with © and v real valued. Then we must have

b b
R:/udt /vdt:O.

Notice that u = Rele 7 f(1)] < ‘e_igf(t)

< |f(t)|- This implies

R= /abu(t)dt < /ab\f(t)]dt.

But since R equals ‘f; f(t)dt’ we are done.

The definition above is a natural choice for integrating functions from R to C, with a far less obvious
choice for integrating a function from C to C. Instead, we want to study integrals of complex valued-valued
functions along curves, that is, expressions of the form

| e

where T is a curve in the complex plane. To define a curve in C, consider a function ~ : [a,b] — C,
given by v(t) = x(t) + iy(t). We will ask that the curve v be C. The primary reason is that we want to
have a well defined tangent at every point of the curve (which is also integrable). We say that the curve
I' = y([a, b]) C C is parametrised by the map .

Definition 7.22. Given a function f : Q@ C C — C along the path ' C Q C C parametrised by
v : [a,b] — C the integral of f over T is given by

b b b
/F fde = / S () (H)dt = / Re(/f(7(t))'(£))dt + i / Tm(f(+(t))(£))dt.

Notice that we are not making any regularity assumptions on f, just that the integrals are well defined.
Sometimes we will consider more than one parametrisation of a curve I', say v; and 2 and will use the
notation f'n f and f72 f in addition to [p..

On many occasions we want to consider curves that are not C'' but perhaps just piece-wise C''. For
example a square. In this case we can think of I" as a union of n curves I';, each one C', and parametrised
in the right direction, so that connected in the right order they describe the entire curve I'. We can define

/Ffdz::jz:/rjfdz.

It is straightforward from the definition (details are left as an Exercise) that given a curve I', and two
functions f,¢g: C — C and «, 8 € C we have

[ (@1 + 8oz =a [ fez+ [ gl

If we allow for 7/(t) not to exist at finitely many points, this can be defined as a single integral, with clearly
both formulations being equivalent.

Example 7.23. Let f : C — C be given by f(z) = f(x+iy) = 2* +iy* and the curve joining the origin in
a straight line to the point 1+ 1, parametrized by v : [0,1] — C, v(t) = (1 +1i)t. Notice that v'(t) = 1+1

and so we have ) .
2
/f = / (t* 4 ith) (1 +1)dt = / 2ittdt = Zi.
r 0 0 5
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In the next Lemma we want to show that fr f depends only on the orientation of the parametrisation
of the curve. More precisely

Lemma 7.24. Let T be a curve in C, parametrised by ~ : [a,b] — C, that is v([a,b]) = T'. Given
f:QCcC—=CandI CQ we have:

1. if v~ represents the parametrisation of -y in the opposite direction, then

Ly

If a curve I' has attached a sense of direction we will call it a directed curve. In this case we will
denote by —I' the same curve swept in the opposite direction. Without the need to specify the
parametrisation we can reformulate the above result by

/Ffdz:—/_rfdz.

2. If 7 :[a,b] — C is another parametrisation of I" that preserves the orientation then

[=1>

We refer to this fact as reparametrisation invariance. [In practise, with the regularity we are demanding
on the curves, this means that there exists ¢ : [a,b] — [a,b], bijective and increasing, such that

¥ =7(9).]

Proof. 1. Notice that if v : [a,b] — C parametrises the curve in one direction then ~~ is given by
v~ :]a,b] = C with v~ (t) = y(a + b — t). Therefore

b , b
/ f:/nﬂv(ﬂMv)@Miz/’AWa+b—wx—ww+b—wMt
Y a a

a b
:Af@@%ﬂ@W—WBZiéﬂﬂwv@ﬁz—Af

2. The proof is very similar to part one.

b i ,
[ 1= [ sa@nraa= [ rawonewso= [ o= [ 1

where we have made the change of variables ¢(t) = s and therefore ¢'(¢)dt = ds O

Consider the function f(z) =1 as a complex-valued function and a curve 7 : [a,b] — C. Then

/vfdz:/ab’y'(t)dt.

Here ~/(t) is a complex valued number and the integral will be a complex number. For example if we take
7 just like in Example we have 7/(t) = 1 +iand [ fdz= fol(l +1i)dt = 1+1i. This is because we
are considering dz as complex valued, given by +/(t)d¢.

We could consider defining the integral

b b
Adz:l%ﬂmwzlvﬁﬁW+@%W&=Kw

where 7 : [a,b] — C is given by v(t) = x(t) + iy(t), and [(~y) stands for the length of the curve 7.
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Similarly for f : C — C we can define

/Ifl\dz\ —/\f DIl (8)dt.

Notice that [ |f||dz| > 0 and that we have
[ 12| < [ 1fla.
v v
To show this notice that (using ([7.16]))
b b
[ 1z =| [ sa@n o < [ 6o @l = [ i),
v a a v
We can further estimate the right-hand side
191421 < maeis(2) [ 1421 = maeis (e

[yfdz

Definition 7.25. Given f: C — C and a curve v : [a,b] — C we define

/7 fdz = / ’ Fa )@

Lf(z)dz
/Wf(z)dz

unlike when we considered functions f : [a,b] — C; see (7.15)). Instead we have

Lf(Z)dz=/abf(v( )t = /f Pt = /f =Lmdz

We compute a few more examples of integrals along curves.

Therefore we obtain

< max|f(2)|I(7)-

Observe that in general

is not equal to

Example 7.26. Integrate f(z) = z (the definition does not require functions to be analytic) along the
circle of centred at 1 +1 of radius 2 (oriented counterclockwise).

First we describe the curve y. Notice that 2e' for t € [0,2n] describes a circle or raidus two centred
at the origin and with the required orientation. Therefore y(t) = (1 +1) + 2¢' for t € [0,27). We have
/() = 2ie'. Therefore the integral becomes

21 . 2w 27
/f(z)dz = / (1 +1) + 2ei)2ieldt = 2(1 — i)i/ eldt +/ 4idt = 8i,
o 0 0 0

since f027r eltdt = 0. Indeed

27 ) 27 27
/ eltdt = / costdt + i/ sintdt = 0.
0 0 0

2
/ e™dt =0, for all n. # 0.
0

In fact
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Example 7.27. Integrate f(z) = z along the circle of centred at 1 + 1 of radius 2 (oriented counterclock-
wise). As before y(t) = (1 +1) + 2¢' for t € [0,2n]. We have o/(t) = 2iel!. Therefore the integral
becomes

27 2 27
/ f(2)dz = / ((1 +1i) + 2eit)2ieitdt =2(1+ i)i/ elldt + / 4ie®tdt = 0,
~ 0 0 0

using that fo% el dt = 0, for all n # 0.

Theorem 7.28. Assume that F : Q C C — C is analytic (2 open) and set f(z) = SE, with f continuous.
Let v : [a,b] — Q be a C' curve. Then

/ fdz = F(y(b)) — F((a)).
Proof. We have

b b b
[ g4z = [ rowprws= [FEaoroa = [T Erama = Fom) - Fow)

O]

We remark that there are no assumptions made about () other than it is open. That is, all we need
for the result to be true, is that f is analytic in an open neighborhood of the curve. The notion of simply
connected (for a domain) will be defined later, but we emphasize that there is no such requirement on
above result to be true.

7.3.1 Links with Green’s and Gauss’ Theorems

We want to connect the notion of contour integral with the notions introduced in last year's modules.
The line integral we have just defined has many similarities with the notion of tangential line integral for
a vector field F. There the definition read

/CF -dr = /jF(r(t)) . %dt,

where C'is a curve parametrised by r : [, 5] — R™ with r(a) = p and r(/3) = g. For closed curves that
integral is usually referred as circulation.
We also recall the flux integral, which is given by

/ F - ndt.
C

Here n represents the normal, with the following convention. If the curve C' is parametrised by r(t) =
(x(t),y(t)), and r'(t) = (2/(t),y'(t)) has the same direction of the tangent, we choose

n(t) = r'(t)" = (y'(t), —2'()).

When considering the curves determining the boundary of a regular domain we will consider them as
positively oriented. That is, choose the orientation so that the corresponding n as defined above corresponds
(i.e. has the same direction as) to the outward normal.

The following results (considered here only for two dimensions) correspond to Green's and Gauss'
Theorems. For a positively oriented regular domain 2 we have

// curl Fdzdy = 7§ F-dr
Q o0
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// divFdzdy = yﬁ F - ndt.
Q o0

Now let's consider our contour integral f,y f(2)dz for a function f = u + iv and a curve y(t) =
Y1 (t) +iy2(t). We have

and

b
/f(Z)dZ=/ [u(y(£)) + (v ()] (1) + iya(t))dt

b b
- / (Y ()AL (E) — o (3 () (e + 1 / w((O(E) + oy () (1)

b b
Z/(u,—v)-(%wé)dﬁﬂLi (u, —v) - (v, —1)dt

/
_ A(u, ). dr+i/7(u, —v) - ndt,

and so if we define the vector field f = (u, —v), we have just shown that

/fdz = circulation(f) +iflux(f).
g

Using the above expression, together with Green's and Gauss’ Theorem we can prove the following
result.

Theorem 7.29 (Cauchy's Theorem). Let f : Q — C be an analytic function, with Q a simply connected
domain. Let v be a C' closed curve in 2. Then

/fdz = 0.
.,

Before we prove the result we define simply connected. Loosely speaking means that the domain
contains no holes. A set of more formal definitions is as follows.

Definition 7.30. A set Q) C C is connected if it cannot be expressed as the union of non-empty open sets
Q1 and Qg such that Q1 N Qs = 0. An open, connected set  C C is called simply connected if every
closed curve in €} can be continuously deformed to a point.

Proof. The proof presented here assumes that the curve a simple, regular curve and that f’ is continuous.
If the domain is simply connected, the region inside the curve does not have any holes, and f is analytic
in it. We know

/fdz = circulation(f) 4 iflux(f)
v

:// curlfd:vdy—l—i// div fdzdy,
A A

where A is the region encircled by 7. We claim that both terms are actually 0, because curl f = divf = 0.
Since f = (u, —v) we have

divf = u; — vy curl f = —vy — uy
but since f = u + iv is analytic it satisfies the Cauchy—Riemann equations,
Uy = Uy Uy = —Uy

which imply the result. O
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Notice that Cauchy's Theorem applies to Example [7.27], where the function is analytic, but obviously
not to Example [7.26], where the function is not analytic.

Cauchy’s Theorem works for more general curves. Consider the shaded region € in Figure [7.2] If we
think of its boundary as a one curve I', even though it is formed by two separate curves we have

/Ffdz:O,

provided that T" is oriented positively. That means that the exterior curve, that we denote by v; needs to
be oriented counter-clockwise, while the interior curve, denoted by ~» has to be oriented clockwise.

Figure 7.2: Region bound by two positively oriented curves

An equivalent formulation of this fact, which will be extremely useful is known as the deformation of
contour Theorem.

Theorem 7.31. Let Q C C be a region bounded by two closed simple curves v, (the exterior curve) and
v (the interior). Assume they are oriented positively, and let f be an analytic function in QU ~; U 7s.
Then

/ fdz+ | fdz=0.
71 Y2

If we denote by vy, the anti-clockwise parametrization of -2, then the result can be rephrased as

fdz = fdz,
o Yo

that is the integral is the same along both curves when both are parametrised counter-clockwise.

Proof. The proof is based on creating two new contours of integration, the boundaries of two simply
connected regions where f is analytic so that we can apply Cauchy’s Theorem [7.29]

To achieve this we add two new curves to the previous picture, now in yellow in Figure[7.3] They join
the points A (in 1) with D (in 72) and the points B (in ;) with C (in 72). The two curves we want to
consider are denoted by p and 1. Each one of them is piecewise C' and formed by four sections. Each one
of these curves is oriented positively with respect to the region they enclose, that is, they are both oriented
counter-clockwise.

By Cauchy's Theorem

/pdeZ/plfdz+//)2fdz+/pgfdz+/p4fdz:o, (7.17)
/77fdz:/mfdz—I—/mfdz—l—/%fdz—l—/mfdz:O. (7.18)
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Figure 7.3: two positively oriented curves

We observe that 771 and p4 correspond to the same curve but with parametrisations in opposite directions.
Similarly for n3 and py. Therefore

mfdz—l—/mfdz:o /andz—i-/prdz:O.

Adding ([7.17)) and (7.18]) and using the above identities we find

fdz + fdz + fdz + fdz=0
p1 p3 2 N4

Also notice that p; and 74 together build 1, while p3 and 1y build ~5. Therefore, the above equality can
be rewritten as
fdz + fdz=0.

71 Y2

Since
fdz = —/ fdz
Y2 Yo
we obtain
fdz = fdz
Y1 Yo
as required. O

We now compute one of the fundamental contour integrals. We will show that

o -1
/ (2 —a)"dz = oen ’ (7.19)
8B, (a) 0 n#1,

where 0B, (a) denotes the boundary of the ball of radius r, parametrised counter-clockwise (i.e. positively
oriented with respect to By (a)).

Observe that the result is uniform with respect to r. That is a natural consequence of Theorem [7.31],
given than the functions we are integrating only fail to be analytic at one point (at most, depending on
n). In fact we could have chosen any curve that wraps around a once and obtain the same result.

ANALYSIS Il 73



CHAPTER 7. COMPLEX ANALYSIS

Now, to compute the integral above, notice that we can parametrise the curve as y(t) = a + re't, for
t € [0,27). Therefore we have (since 7/(t) = irelt)

27 27
/ (z —a)"dz = / (rel)ireldt = it / el (Dt
0By (a) 0 0

Notice that in the case n = —1 that expression equals 27i. When n # —1 notice that we obtain 0, since
for all & # 0 we have
T ke L ikt
edt = —¢ =———=0.
/0 k 0 k kK

We restate, in the notation that will be most convenient for the next few results, the fundamental integral
above in the case n = —1, noting that the result does not depend on r. We have

1
/ dw = 2m7i.
OBy (z) W — 2

Definition 7.32. Given a simple closed C' curve -y we denote by I(v) the interior region to . We denote
by O(~y) the exterior region to ~y.

2 1 1

Notice that by the deformation of contours Theorem we have

/ ! dw :/ ! dw = 27i (7.20)
vw—z 8Br(z)w_z

for every z € I(7y) and every r sufficiently small so that B,(z) C I(7).

Theorem 7.33. Let 7 : [a,b] — C be a positively oriented simple closed C* curve. Assume that f is
analytic in vy and on the interior of vy, I(y). Then

1 fw)
= — d for all I(7). 7.21
72) 2m/Ww_Zw or all = € I() (7.21)
Proof. Fix z € I(~y), and choose r small enough so that B,(z) C I(y). By the deformation of contours

theorem we have ) .
O[S Fw)

o2mi J,ow—2z  2mi OBn(z) W — 2

dw,
gl

reducing the problem to considering v as a 0B, (z). Observe that the integral is the same for every r
sufficiently small, and later on we will exploit this fact by talking limits as r tends to zero. For now, we

have
27i OB,(z) w—=z 2mi 0By (z) w—=z 2mi 0B (2) w—=z

Notice that the first integral I equals f(z). Indeed, using (7.20))

1 f2) . .1 IR
271_1/6&@) P Zdw = f(Z)M/f)BT(z) p— Zdw = f(2).

All that remains to is to show that 17 = 0. Notice that since f is analytic in I(7y), given any € > 0 we can
find r sufficiently small so that

[f(w) = f(2)] < e for all w € 9B, (z).

We parametrise 0B,.(z) counterclockwise by v(t) = z + re' for t € [0,27]. We have /(t) = ire'’ and
therefore ) .
1 - 1 [ ity — .
2mi Jop, () wW—% 2mi Jq rel
1 2 .
< — |f(z 4 rel) — f(2)|dt < e.

2 0

Since ¢ is arbitrary we obtain the desired result. O

ANALYSIS Il 74



CHAPTER 7. COMPLEX ANALYSIS

Remark 7.34. The formula

f(z) = / J(w) dw for all z € I(7y)

has remarkable consequences for analytic functions. First notice that it claims that we can recover the
value of f at any point by integration along a curve around that point (provided the curve is sufficiently
regular, positively oriented, and contained in I(v)). This is a very significant difference with respect to
smooth functions in R? for example.

Notice that since the curve «y is a compact set, for any point z € I() the expression w — z found in
the denominator in Cauchy's formula is bounded away from zero, suggesting that we can differentiate the

formula with respect to z to obtain
1 f(w)
/
() 27ri/7 (w—z2)? v

Of course we need to justify moving the derivative inside the integral sign. We assumed that f was analytic,
which means that f'(z) exists. The expression above would produce a formula for it, a way to compute it.
The key observation is that without assuming that f has more derivatives it seems that the right hand side
can be differentiated arbitrarily many times, which would suggest that f has infinitely many derivatives.
This is indeed the case as we will show in the next Theorem.

Theorem 7.35. Let 7 : [a,b] — C be a positively oriented simple closed C' curve. Assume that f is
analytic in~ and on the interior of v, I(). Then f")(z) exists for alln € N and the derivative is given by

™ (z) = 2”—7:1 / w_f(;;)()nmdw for all z € I(7). (7.22)
v

Proof. Notice that Theorem would correspond to the case n = 0 in the current Theorem. In order to
prove the result for n = 1 we consider the incremental quotient, and use ([7.21]) to obtain

fle+h)—f(z) 1|1 (w) L[ flw)
h _h[27ri Ww—z—hdw_%ri/vw—zdw]'

By the deformation of contours Theorem we can choose vy as 0Ba,(z), with Bo.(z) C I(y). We have,
operating on the right-hand side

Fle4h) —f() _ 1 )
h 27 /<932T(z) (w—z—h)(w—z)d

-1 _Jw) W+ — w L -1 w
~ 2mi /882T(z) (w—z)zd o /8B2T(z)f( ) [(w—z—h)(w—z) (w—z)z] d
1 f(w) 1 hf(w)

= — d _
271 JoB,, (z) (0 — 2)? W

271 JoB,, (2) {(w —z—h)(w— 2)2} duw.

To conclude the proof all that we need to do is show that the limit of the last integral as / tends to zero
is zero, that is (ignoring factors of 27i)

lim hf(w)

h=0 /9By, (2) [(w —z—h)(w - 2)2} dw =0,

and recall that we are able to choose r arbitrarily small without affecting the value of the integrals above.
First we choose |h| < r so that for all w € 0B2,(z) we have

lw—2z—h|>|w—2z—|h| >r
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Here we have used the reverse triangle inequality in the first case, and the fact that |w — z| = 2r for points
w € OBy, (z). Choosing v(t) = z + 2re'® for t € [0,27), we have +/(t) = 2rie', and therefore |/ (t)| < 2r.
Since f is analytic, in particular it is continuous and therefore there exists M > 0 such that |f(w)| < M
for all w € 0Bs,(z). Using these facts we have

hf(w) 2 WM B M
/BBQT.(Z) {(w —z—h)(w— 2)2] dw’ < /0 W%dt = ’I“Th’

which goes to zero as h goes to zero, proving the result for n = 1. The general case is proven by induction.
If we assume the result for n = 1,2,--- ,k — 1 we want to prove it for n = k. That is, in particular we
assume

FED(2) = (k1) / f(w) dw for all z € I(7).

27 (w— 2)*)
We write the corresponding incremental quotient, just as before

FEDG Ry~ fEDG) 1 [k - 1) f(w) (k=D [ f(w)
[ 2ri /7(w—z—h)’“dw 2mi /w(w—z)kdwl'

By the deformation of contours Theorem we can choose 7 as 0Ba,(z), with Ba.(z) C I(y). We have,
operating on the right-hand side

FED (g p) — fED () _ (k—1)! / fw)[(w —2)* — (w — 2z — h)¥] dw
5 2mih Jopy () (W —2z—h)F(w—2)k

h h

_ K f(w)
N % 0B2r(z) (w - z)(k+1)dw

(k—1)! [(w—2)F = (w—2z-h)} k .
"o /%zr(z) Jtw) l hw—z—h)kw—-2)F  (w- z)(k“)} ‘

_ kb f(w) dw+(k—1)!/ fw) [(w—z)kﬂ—(w—z—h)k(w—z)—kh(w—z—h)k
0B2r(2)

271 JoB,, (z) (W — 2)FH1 27 hw — z — h)k(w — 2)kt1
(7.23)
As before, all that remains is to show that the last integral tends to zero as h tends to zero. We choose h

and the parametrisation as above. The result will follow if we show that

(w— 2" — (w — 2z — h)*(w — 2) — kh(w — z — h)*

<Clh
; < Clhl

where the constant might depend on 7. This is the case because, as before |f| < M and |w — z — h| >

|lw — z| — || > r implies
1 1

’(w —z—h)k(w — 2)k = (2r)krk

In order to prove ([7.23]), notice that the binomial formula implies

b e [k k—j j
(w—2-h)=3%" p (w—2)""(=h)’

J=0

and therefore
(w— 2)F — (w— 2z — h)¥(w — 2) — kh(w — z — h)*

et (oo

which is of order h2, proving the result. O
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7.3.2 Consequences of Cauchy’s Theorem (NOT COVERED AND NOT EXAMINABLE)

Theorem 7.36 (Taylor Series Expansion). Let f be an analytic function on Bg(a) for a € C, R > 0.
There there exist unique constants c,,, n € N such that

f(z) = icn(z—a)" for all z € Br(a).
n=0

Moreover, the coefficients c,, are given by

1 / fw) o "

where ~ is any positively oriented simple closed curve (piece-wise C') that is contained in Bg(a) with
ac ().

Proof. Given some z € Bgr(a) we will take v to be 9B, (a) (positively oriented), for r small enough so
that |z — a|] < r < R. We can use the Theorem of deformation of contours to prove the integrals over all
curves vy as above are the same. Cauchy's formula (7.21)) gives

N f(w)

27 B, (a) w—z

flz) =

dw. (7.24)

Notice that since |w — a| = r and we have chosen r so that |z — a| < r we have |z — a| < |w — a] for all

w € 0By(a). As a result

|z —al
<1

jw — al
and we can use the geometric series expansion to obtain

1 1 1 1 Xz —a\"
o Z*CL_ Z

w—z w—a(l_w_a> w—a =

Inserting this expression in ([7.24]) we obtain

P =g [ H > (25)

n=0

For w € 0B, (a) the series converges absolutely (Weierstrass M-test), and therefore we can exchange the
order of the summation and integration to obtain

(e o]

22771/83 77&1 Z—a Z Z—CL

obtaining the desired result. It remains to show that the coefficients are unique. Now, assume that
f(2) = 352 o br(z — a)k for some by € C. We have

F(w) [ o L1
7(111) = b w —a 7dw
Lé&muw—aWH P Ll pra o

= Z bk/ (w— a)k_"_ldw = 27ib,,

=0 J0B:(a)

where we have used the fundamental integrals, together with the fact that we can commute the summation
and integration. This proves that b,, = ¢,, concluding the proof. O
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Example 7.37. We consider an example of a Taylor series. We consider the function (1 + z)®* for a € C
and |z| < 1.

When we consider logarithms we noticed that 2" is well defined for n € N, but not for any a, without
making any specific choice of the argument function. In this case

n
n
1+2)" = 2k
arar=3(})
k=0
which is a polynomial of order n, and equals the Taylor series expansion centred at the origin. This series
converges for every z € C, not just |z| < 1. However, we defined

fz)=042)*:= ealog(1+2)

having made a choice of the argument function defining the logarithm, which meant creating a branch cut
where the function was not defined. Choosing the argument in (—m, ), and since our function is translated
(not z*) we obtained a function that is not defined for z € (—oo, —1].

We want to show that in fact a binomial expansion is possible for all a € C. We know by Taylor’s
Theorem|7.36 that we have a Taylor expansion. To compute we need to work out the derivatives of (14 z)°.
Using the definition we have (for (a ¢ N))

(eaLog(1+z)), — eaLog(lJrZ)a(LOg(l + Z))/ = (1 + Z)al a

— 1 a—1
e a(l+ 2)

Notice that since by induction we have

dk
o (ehoe0+2)) = a(a — 1)+ (a — k+ 1)1+ 2)* 7

Therefore we obtain the Taylor series (centred at 0)

ia(a—l)-;(a—k%—l) K

n z".
k=0 )

Notice that the radius of convergence of this series is 1, as we know there are issues for z € (—oo, —1].
The binomial coefficient, for integer values n and k is

ny n! ~nn—-1)---(n—-k+1)
k)] (n—k)k k!

and so extending the defition ton € C we obtain

Xala—1)---(a—k+1 > [a
:’;) ( ) kl( + )zk::z<k)zk

k=0

We can obtain similar expansions centred at different points

[e.e]

4= R LA IS R R

which would naturally a radius of convergence R equal to the distance from the point zy to the half line
{z < —1}, where we have made a brach cut for the Log function. You may ignore the issue of the radius
of convergence for this series for the exam.

The following result is also a direct consequence of Cauchy's formula.

Theorem 7.38 (Liouville's Theorem). Let f : C — C be an analytic, bounded function. Then f is
constant.
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Proof. Assume that |f(z)| < M for all z € C. Let a # b be two points in C. Choose R large enough so
that 2max{|a|, |b|} < R. That means that if we consider w € dBRr(0), that is |w| = R then

w—a|> 5 o — b > 2
2 2

Since f is analytic in C we can use Cauchy’s formula to compute f(a) and f(b) using Bg(0) as the curve
v (of course positively oriented!). We have

1 fw) [ S
2mi 8BR(O) w—2>b

fla) = f(b) =

- 27 8BR(O) w—a

b 11 _a—b f(w)
~ 2mi aBR(O)f(w) (w—a w—b> dw = 27i /8BR(0) (w—a)(w—b)dw'

la —b| M/ -
) < ldw = ———
o) =10 = == 7 o8.0) "

Therefore

as faBR(o 1dw is just the length of the curve, which equals 27 R. Notice that since R is arbitrary (provided

that it is big enough, as indicated above) we can send R to infinity, showing that |f(a) — f(b)| = 0 for
any a and b in C, therefore proving that the function is constant. O

A fundamental consequence of Liouville's Theorem is Fundamental Theorem of Algebra.

Theorem 7.39 (Fundamental Theorem of Algebra). Every non-constant polynomial p on C has a root,
that is, there exists a € C such that p(a) = 0.

Proof. We will prove the result by contradiction. Assume that [p(z)| # 0 for every z € C. Define
f:C—=Cby f(z) = ﬁ. Now, since p does not vanish, the function f is analytic in all of C, since it is
the composition of two holomorphic functions (1/z is holomophic outside the origin).

Notice that if we assume p(z) = Y.7_cx2®, with ¢, # 0 (n > 0), then at infinity the polynomial
behaves like ¢,2", as that is the highest power. That means |p(z)| goes to infinity as z goes to infinity,
and satisfies [p(z)| > 1 for all |z| > R for some R > 0. As a result the function f(z) = ﬁ is bounded
in C. It is less than 1 for all |z| > R based on our analysis of p, and it is bounded on the compact set
|z| < R since it is continuous.

Liouville's Theorem implies that f is in fact constant, which would force p to be constant, which is a
contradiction. ]

Theorem 7.40. Let f, : Q — C be a sequence of analytic functions on an open set Q. If f,, converges
uniformly to f, then f is analytic.

Recall that for a function to be analytic at one point we require that the function be differentiable in
a neighbourhood of the point, and therefore the assumption on §2 being open is natural. Being analytic is
a local property, and requiring that the uniform convergence holds only on compact sets would suffice.

Proof. Let z € ). Choose r > 0 sufficiently small so that B,(z) C Q. Since f,, is analytic in {2 we can
apply Cauchy's formula to obtain

fn(2) = ! fn(w)

a % BBT(Z) w—z

dw.

Taking limits as n goes to infinity, and assuming that we can move the limit inside the integral we would

obtain .
f(z) = / Sfw) dw.

2mi 9B (z) w—z
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We have seen before that this implies that f is differentiable (in fact infinitely differentiable) and obtained
an expression for its derivative (see Theorem . So the only thing left is to justify moving the limit
inside the integral. Notice that this is really a one dimensional integral and we can apply the results learnt
earlier in the year. Taking v(t) = 2 + rel’ for t € [0,27), we have 7/(t) = ire'® and so

w = 7.tireitdt =i falz +relt)dt. (7.25)
w— z 0 ret 0

/ fn(U))d 2 fn(z+reit) 2
OBr(z)

For fixed z, as a function of ¢ we have that f,(z + re’) converges uniformly to f(z + re'*) and applying
Theorem [2.16| we can move the limit inside the integral, obtaining

27 27
lim de — lim i fn(z +ret)dt =1 f(z +rel)dt.
n—oo 9B, (2) w— 2z n—oo 0 0

Notice that we have (reading the expression ([7.25)) backwards, now for f instead of for f,,)
27

i f(z+ret)dt = / f(w)

0 OB.(z) W — 2

dw,

obtaining the result. O

7.3.3 Applications of Cauchy’s formula to evaluate integrals in R (NOT COVERED
AND NOT EXAMINABLE)

We present various examples that illustrate a more general theory (of residues) for computing integrals of

functions over R.
o
1
/ 5 dzx.
oo 1+

Consider for example
The idea is to consider the contours 1 and 2 in Figure [7.4]

Figure 7.4: Contours

~1 is formed by the segment joining —R and R, together with the half circle or radius R. The contour 7
is a circle centred at i and of radius < 1. To understand the choice of curves, notice that we can rewrite

the integral as
& 1
———dz.
/_oo (z=D@+i)
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Notice that in the region enclosed by 72 the function (the integrand extended to a function on C)

1

e [

is analytic except for at z = i. By the deformation of contours Theorem we know that

(2)dz = [ f(2)dz,
71 Y2
since the two curves have the same orientation. Now
R
F(2)dz = / Fdz+ [ f(2)de
71 —R

arc

We parametrise the arc by Re'® for t € [0, 7). We have

1 4 1 .
d = 7d = T a8 o1 R ltdt.
arc (Z) ¢ /arc 1+ 22 ¢ /0 1+ RZeZIt h

T R R
< = .
arcf(z)dz _/0 R2—1dt T 1

As R tends to infinity the [, . f(z)dz equals zero. Therefore

Therefore

N f()dz= [ f(z)dz= [ f(2)dz.
- " 72

1 1
(z)dz :/ . -dz.
. aBT(i)z—l-zz—z

Recall that by Cauchy’s formula if g(z) is analytic in the interior of a positively oriented curve then

Therefore, taking g(z) = %ﬂ we obtain

which yields

As a second example, let's compute

Notice that the function

has four singularities at the points

e7T1/4 e37r1/4 ef7r1/4 67371'1/47

and so if we choose a contour similar to the one above (an expanding semi-circle) there will be two
singularities in the interior. We obtain the picture [7.5]
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A

5.
///{////

Y

Figure 7.5: Contours

Now =1 is built out of the line joining —R and R, together with the semi-circle or radius R centred at
0. 72 and ~y3 correspond to circles centred at e3™/4 and €™/, oriented clock-wise (positively with respect
to both the blue-shaded and yellow-shaded regions). Notice that with those orientations we have

1 1 1
J I )
'Yll+Z ’721+Z “{31+Z

We start by considering the integral over ;. Wave

1 L | 1
dz = dz—l—/ —dz.
/Y11+Z4 /_R1+Z4 arc1+z4

We will show that the integral over the arc goes to zero as R goes to infinity. Indeed

1 1 TR
Aol < [ —tjds = M
/a1rc1+24z_/arcR4—1‘Z‘ Rt -1

which goes to zero as R goes to infinity. Above we have used that [, |dz| =length(arc)= 7R.
We now consider the integral over ~5. We have (denoting by 75 the anti-clockwise parametrisation of
the circle)

/ ! d / ! d
z = — n - z
o 14+ 24 (Z elﬂ'/4)( e317r/4)( _ e—17r/4)(z _ e—317r/4)

/ Z_e?)”r/4 — _27_‘_19(63171'/4)7
Y2

where the above defines g as

1
9(2) = (z — eiW/4)(z _ e—i7r/4)(z _ e—317r/4)’

and we have used Cauchy’s formula as g is analytic inside the curve v, . Now
g(e?;iw/4) _ 1 _ 1 )
(e3i7r/4 _ ei7r/4)(63i7r/4 _ e—i7r/4)(e?)i7r/4 _ e—3i7r/4) (_ﬁ)(_\/i + \/il)(\/il)

Now we consider the integral over 73

/ ! dz = —/ ! dz
s 1424 v (Z _ eiTr/4)(Z _ e3i7‘r/4)(z _ e—iﬂ'/4)(z _ e—317r/4)
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h(z) 1 (nim/4
=— — " _dz = —27ih(/?),
[y?) (Z _ em/4)

where the above defines h as

1

h(z) = (z — e3m/4)(z — e—in/4)(z — e=Bin/4)’

and we have used Cauchy’s formula as & is analytic inside the curve 5. Now

h(e™h) = ! = !
(ei7r/4 _ e3i7r/4)(ei7r/4 _ e—i7r/4)(ei7r/4 _ e—3i7r/4) \/i(ﬂl)(\/? + \/il) ’

<1 1 1
[ e[ e[
—oo L2 v 1tz v L+

/OO 1 ) 1 1 ™2

Since we have

we obtain

dz = 27i + 27 =

S VDBV VARV VR | 2

In addition to being able to integrate quotients involving polynomials, we can integration some trigono-
metric functions. For example
o0
cos(3x
/ (32) 1.

oo A+

We can rewrite this integral as

o) e3lz
Re dz
/_Oo (z —2i)(z +2i)
and we can actually drop the Re part as the imaginary part will be an odd integrand and it will vanish.
We consider the contours (notice they are both oriented counter-clockwise)

Figure 7.6: Contours

As before,

e3lz edlz
/ ———dz = / - —dzdz.
oy (2 =2i)(z + 2i) e (2= 2i)(2 + 2i)

Also

e3iz R e3iz e3iz
/ dz :/ dz +/ |dz|.
oy (2 —2i)(z + 2i) _gr (z—2i)(z + 2i) arc (z — 2i)(z + 2i)
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We consider first the integral over the arc (half circle of radius R). We have, for R >> 4

e31z ‘ 3iz | e73 Imz TR
/ S A ¢ </ 2| < dz| < — ),
arc (Z — 21)(2 + 21) - arc |22 + 4| - arc R2 —4 - R2 —4 R

where we have used that along the arc, Im z > 0 and so e 3Imz <1 Now for v2 (remember it is oriented

anti-clockwise)
e3iz g(z) ) .
- —dz = ——dz = 2mig(2i),
e (2= 2i)(2 + 2i) yp 2 — 2

e3iz
= d
9(2) z+2i z

and we have used Cauchy’s formula since g is analytic inside v5. We have

where

e—6

g(2i) = TR

Therefore

/oo e3iz dz—/ e3iz _/ e3iz o (21)_z676
o GoEH) S EmwEr) S G w2

We use a similar approach for

00 . 1 (e%e] iz
/ msmaédx _ / ze 2dz.
oo 1+ i) 1+2

Notice the real part of the integral vanishes as the integrand is odd (hence dividing the i). We consider
the following contours of integration We consider the contours (notice they are both oriented counter-
clockwise) By Cauchy’'s Theorem since the integrand is analytic in the region between the curves we

Figure 7.7: Contours

have

Zeiz Zeiz
/ 1+22dZ:/ 1+22dz.
pa! 2
/72 (z—1)(z+1) [,
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for )
zelz

z+1i

iz s—1
/ — _dz=o2mi—— =T
v (2 =1)(z +1) 2i e

We now consider the integral over ;. We look at the integral along the arc.

iz T R2? .
/ %dz < / 7e—Rsmtdt
arc 1 +2 0

R2 -1
™ ) w/2 ) w/2 T

< 2/ efRsmtdt — 4/ efRsmtdt < 4/ efRQt/ﬂdt — _4767R2t/7r
0 0 0 2R

h(z) =

and so

Rie'tdt

™ ReitefRsin t+Ricost
/0 1+ R2e2

w/2
0

= =" e -] ——0.

* xsinzx 1 zel® 1 zel® T
de:T ————dz =~ ———dz = —.
o 1tz i/, (z—1)(z+1i) i/, (z—1)(z+1i) e

As the final example we consider an integrand that has a singularity along the natural path of integration

o -
sin x
/ dx.
oo T

If we complexify the integrand, we are left with

Therefore

1 [e¢) eiz
- ~de,
1/ ?

since the real part of the integrand is odd. Since the denominator vanishes for a point in the real axis we
need to modify the contours we consider.

The contour is formed of 4 curves, and since the integrand is analytic we know that

eiz eiz eiz eiz
—dz + —dz + —dz + / —dz =0.
n # Y2 # 3 4 %
Now for 1
Figure 7.8: Contours
el? T giRcost—Rsint .
/ —dz = / 7.tiRe1tdt
ol z 0 Rel
and so

™
S / eR sin tdt O
0

R—o00
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as we have seen before. As for 3, since it is oriented clock-wise

it

eiz eiz ™ eiee . T .
—dz = —/ —dz = —/ = icelldt = —i/ elecostg=esintqy o o
v F 0 0

z ge e—0

3

Therefore

1 iz iz 1 iz 1 iz
= lim lim — [/ edz—l—/ edz] = lim lim [—, edz—/ ,edz] = 7.
e—0R—o0 1 72 z Y4 z e—0 R—oo z s 1 z

L Jy
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