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1 Complex Functions

In this section we will define what we mean by a complex func-
tion. We will then generalise the definitions of the exponential,
sine and cosine functions using complex power series. To deal
with complex power series we define the notions of conver-
gent and absolutely convergent, and see how to use the ratio
test from real analysis to determine convergence and radius
of convergence for these complex series.

We start by defining domains in the complex plane. This
requires the prelimary definition.

Definition 1.1
The s-neighbourhood of a complex number z is the set of com-
plex numbers {w € C : |z —w| < €} where ¢ is positive number.

Thus the s-neigbourhood of a point z is just the set of points
lying within the circle of radius ¢ centred at z. Note that it
doesn’t contain the circle.

Definition 1.2
A domain is a non-empty subset D of C such that for every
point in D there exists a e-neighbourhood contained in D.

Examples 1.3
The following are domains.

(@ D = C. (Take ¢ € C. Then, any ¢ > 0 will do for an e-
neighbourhood of c.)

(i) D = C\{0}. (Take ¢ € D and let ¢ = %(|c[). This gives a
e-neighbourhood of ¢ in D.)

(iii) D = {2z : |z — a|] < R} for some R > 0. (Take ¢ € C and let
e = 3(R — |c — al). This gives a e-neighbourhood of ¢ in D.)

Example 1.4
The set of real numbers R is not a domain. Consider any
real number, then any e-neighbourhood must contain some
complex numbers, i.e. the e-neighbourhood does not lie in the
real numbers.

We can now define the basic object of study.



Definition 1.5

Let D be a domain in C. A complex function, denoted f: D —
C, is a map which assigns to each z in D an element of C, this
value is denoted f(z).

Common Error 1.6

Note that f is the function and f(z) is the value of the function
at z. Itis wrong to say f(z) is a function, but sometimes people
do.

Examples 1.7
(i) Let f(z) = 2% for all z € C.

(ii) Let f(z) = |2| for all = € C. Note that here we have a
complex function for which every value is real.

(iii) Let f(2) = 32 — (5 — 2i)2? + z — 7 for all z € C. All complex
polynomials give complex functions.

(iv) Let f(z) = 1/z for all z € C\{0}. This function cannot be
extended to all of C.

Remark 1.8

Functions such as sinx for x real are not complex functions
since the real line in C is not a domain. Later we see how to
extend the concept of the sine so that it is complex function
on the whole of the complex plane.

Obviously, if f and g are complex functions, then f + g,
f — g, and fg are functions given by (f + ¢)(z) = f(2) + g(2),
(f —9)(z) = f(2) —g(2), and (fg)(z) = f(z)g(z), respectively.
We can also define (f/g)(z) = f(z)/g(z) provided that g(z) # 0
on D. Thus we can build up lots of new functions by these
elementary operations.

The aim of complex analysis

We wish to study complex functions. Can we define differenti-
ation? Can we integrate? Which theorems from Real Analysis
can be extended to complex analysis? For example, is there a
version of the mean value theorem? Complex analysis is es-
sentially the attempt to answer these questions. The theory
will be built upon real analysis but in many ways it is easier
than real analysis. For example if a complex function is dif-
ferentiable (defined later), then its derivative is also differen-
tiable. This is not true for real functions. (Do you know an ex-
ample of a differentiable real function with non-differentiable
derivative?)



Real and imaginary parts of functions

We will often use 2 to denote a complex number and we will
have z = = + iy where = and y are both real. The value f(z)
is a complex number and so has a real and imaginary part.
We often use u to denote the real part and v to denote the
imaginary part. Note that v and v are functions of z.

We often write f(z + iy) = u(x,y) + iv(z,y). Note that u is
a function of two real variables, z and y. lLe. u : R? — R.
Similarly for v.

Examples 1.9
(i) Let f(z) = 2% Then, f(z+iy) = (x +iy)* = 2* — y* + 2ixy. So,
u(z,y) = 2* — y* and v(z,y) = vy.

(i) Let f(2) = |z|. Then, f(z +iy) = /2?2 +y% So, u(z,y) =
V2?2 +y? and v(z,y) = 0.

Exercises 1.10
Find » and v for the following:

(i) f(z) =1/z for z € C\{0}.
(i) f(z) = 25

Visualising complex functions

In Real Analysis we could draw the graph of a function. We
have an axis for the variable and an axis for the value, and so
we can draw the graph of the function on a piece of paper.

For complex functions we have a complex variable (that’s
two real variables) and the value (another two real variables),
so if we want to draw a graph we will need 2 + 2 = 4 real
variables, i.e. we will have to work in 4-dimensional space.
Now obviously this is a bit tricky because we are used to 3
space dimensions and find visualising 4 dimensional space
very hard.

Thus, it is very difficult to visualise complex functions. How-
ever, there are some methods available:

(i) We can draw two complex planes, one for the domain and
one for the range.



(ii) The two-variable functions v and v can be visualised sep-
arately. The graph of a function of two variables is a sur-
face in three space.

u(x,y) = cosx + siny and v(z,y) = 2 — 2

(iii) Make one of the variables time and view the graph as
something that evolves over time. This is not very helpful.

Defining ¢?, cos z and sin z

First we will try and define some elementary complex func-
tions to play with. How shall we define functions such as e,
cos z and sin 2? We require that their definition should coincide
with the real version when z is a real number, and we would
like them to have properties similar to the real versions of the
functions, e.g. sin®z + cos? z = 1 would be nice. However, sine
and cosine are defined using trigonometry and so are hard to
generalise: for example, what does it mean for a triangle to
have an hypotenuse of length 2 + 3/? The exponential is de-
fined using differential calculus and we have not yet defined
differentiation of complex functions.

However, we know from Real Analysis that the functions
can be described using a power series, €.g.,

oo
x3 2n+1

51nx—x—§+—— z% 2n+1)

Thus, for z € C, we shall define the exponential, sine and
cosine of z as follows:

sinz = Z(—l)nma

cosz = Z(—l)”én)'




Thus,

sroi N~ (3+20)" L (34202 (3+2iP
=" —~ L+ B+2) + 5+ +

n=0

These definitions obviously satisfy the requirement that they
coincide with the definitions we know and love for real z, but
how can we be sure that the series converges? l.e. when we
put in a z, such as 3 + 2i, into the definition, does a complex
number comes out?

To answer this we will have to study complex series and
as the theory of real series was built on the theory of real
sequences we had better start with complex sequences.

Complex Sequences

The definition of convergence of a complex sequence is the
same as that for convergence of a real sequence.

Definition 1.11
A complex sequence (c,) converges to c € C, if given any ¢ > 0,
then there exists N such that |¢, — ¢/ <eforalln > N.

We wrrite ¢,, — ¢ or lim,,_, ¢, = c.

Example 1.12 A 3i\"
— Ol
The sequence ¢, = (T) converges to zero.
Consider
=0 foul = | (A230)] |43 25\ [/5\"
cp — 0] = ey = = = — | =1z .
7 7 49 7
So
lecn — 0l <e <= (5/T)"<e
< nlog(5/7) <loge
log e
=

"7 Tog(5/7)°

So, given any ¢ we can choose N to be any natural number
greater than loge/log(5/7). Thus the sequence converges to
Zero.

Remark 1.13

Notice that a, = |¢, — ¢| is a real sequence, and that ¢, — c if
and only if the real sequence |c, — ¢| — 0. Hence, we are saying
something about a complex sequence using real analysis.



Paradigm 1.14

The remark above gives a good example of the paradigm! we

will be using. We can apply results from real analysis to pro-

duce results in complex analysis. In this case we take the

modulus, but we can also take real and imaginary parts.
This is a key observation. Note it well!

Let's apply the paradigm. The next proposition shows that
a sequence converges if and only its real and imaginary parts
do.

Proposition 1.15
Let ¢, = a, + b, where a,, and b, are real sequences, and ¢ =
a +ib. Then

Cn — ¢ <= a, —aandb, —b.

Proof. [=] If ¢, — ¢, then |¢, — ¢| — 0. But
0 <la, —a|] = |Re(c,) — Re(c)| = |Re(cp, — ¢)| < |en — ¢

So by the squeeze rule |a, —a| — 0, i.e. a, — a. Similarly,
b, — b.

[«<] Suppose a, — a and b, — b, then |a, — a|] — 0, and
|b, — b — 0. We have

0 <|e, —c| =|(an —a) +i(b, — b)| < |a, — a| + b, —b].

The last inequality follows from the triangle inequality applied
to z = a,—a and w = i(b,—b). Because |a,—a| — 0 and |b,—b| — 0
we deduce |¢, — | — 0, i.e. ¢, — c. O

HTTLAM 1.16
Try not to use the definition of convergence to prove that a
sequence converges.

Example 1.17

n? 4+ in? n? oon?

1 —n3+1+zn3+1—>0+i.1:i.

Exercises 1.18
(i) Which of the following sequences converge(s)?

1)° —12i\"
(nJ;) and (5 Z) )
n°q 6

(ii) Show that the limit of a complex sequence is unique.

IParadigm: a conceptual model underlying the theories and practice of a scientific subject.
(Oxford English Dictionary).



Complex Series

Now that we have defined convergence of complex sequences
we can define convergence of complex series.

Definition 1.19
A complex series ) ;- wj, converges if and only if the sequence
(s,) formed by its partial sums s, = >, _, w; converges.

That is, the following sequences converges

S0 = Wo

S1 = Wy + wy

So = wWo+ wi+ wy

S3 = Wy -+ w;+ wy+ ws

Let’s apply the paradigm and give a result on complex series
using real series.

Proposition 1.20
Let w, = x;, + iy, where z;, and y, are real for all k. Then,

o [e.9] (e.9]
> " wy, converges <= Y =z, and » y, converge.

In this case

o0

o0 o0
E Wy = T+ 1 E Y-
k=0 k=0

k=0

Proof. Let a, = Y ,_ %k, b = > p_o¥k» and s, = >, _ wy, and
apply Proposition 1.15. The second part of the statement
comes from equating real and imaginary parts. U

Example 1.21 ‘ .
The series S>> "0 converges. Let z;, = 0 and y, = SX-,

n!

Then )z, = 0, obviously, and ) (—k1!)k =e L

Thus 2, ©0% converges to i/e.

In real analysis we have some great ways to tell if a series
is convergent, for example, the ratio test and the integral test.
Can we use the real analysis tests in complex analysis? The
next theorem says we can, but first let us make a definition.

Definition 1.22
We say Y .- ,wy is absolutely convergent if the real series
S oo lwi| converges.



This definition is really the same as in Real Analysis, it has
merely been extended to complex numbers in a natural way.

Now for a very important theorem which says that if a series
is absolutely convergent, then it is convergent.

Theorem 1.23
If )2, lwi| converges, then »",° jwj;, converges.

This is a fantastic tool. Remember it. The assumption says
something about a real series (we know lots about these!) and
gives a conclusion about a complex series. Thus, we can apply
the ratio test or comparison test to the real series and say
something about the complex series. Great!

Proof. Let w, = z; + iy,, with z;, and y, real. Then ) ;- |wy|
convergent implies that ),°  |z;| is convergent (because 0 <
|zi| = |Re(wy)| < |wy| and we can apply the comparison test).
So the real series ) .-z, converges absolutely and we know
from Real Analysis I that this implies that >,  z; converges.
Similarly, the series ),° v, converges.

Then, > ;7 jwi =Y 1oy @k + 1Y 4o Yk, Dy Proposition 1.20. O

HTTLAM 1.24
When asked to show a series converges, show it absolutely
converges.

Remark 1.25
Note that the converse to Theorem 1.23 is not true. We al-

ready know this from Real Analysis. For example, > ° %

— Y% 1
=Y ey 7 diverges.

converges but > 7, ‘ (_;)k

We now prove an infinite version of the triangle inequality.

Lemma 1.26
Suppose that ) ;~  w; converges absolutely. Then

[e.e] oo
D wi <D Jwl
k=0 k=0

Proof. For n > 1,

oo
2w
k=0

00 n n
= 2w et ) w
k=0 k=0 k=0

o n n

S Z Wy — Z Wi + Z Wi
k=0 k=0 k=0
o0 n n

< Zwk —Zwk +Z\wk|-
k=0 k=0 k=0
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As n — oo then obviously, |Y ;2w — > ,_, wg| — 0, hence the
result. O

Definition 1.27
A complex power series is a sum of the form >, , ¢;2*, where
¢r € C and m is possibly infinite.

Such a power series is a function of z. Much of the theory of
differentiable complex functions is concerned with power se-
ries, because as we shall see later, any differentiable complex
function can be represented as a power series.

Radius of Convergence

Just as with real power series we can have complex power
series that do not converge on the whole of the complex plane.

Example 1.28

Consider the series ) 2", where z € C. We know for z = 1
this series does not converge because then we have ) 1" =
Do l=1+14+1+....

We also know it converges for z = 0, because > 0" =
>0 =04+0+0+--- = 0. Hopefully, you remember from
Real Analysis I that for real » the power series converges only
for -1 <z < 1.

So, for which complex values of z does it converge? Let us
use the ratio test. Let a,, = |2"|. Then

_

|27

n+1|

An41 _ |Z‘

G

As n — oo we have |z| — |z|, because there is no dependence
on n. So by the ratio test the series ) a, converges if |z| < 1,
diverges if |z| > 1 and for |z|] = 1 we don’t know what will
happen. So > z" converges absolutely, and hence converges,
for |z| < 1.

That the set of complex numbers for which the series con-
verges is given by something of the form |z| < R for some R is
a general phenomenon, as the next theorem shows.

Theorem 1.29
Let ) a,2" be some complex power series. Then, there exists
R, with 0 < R < o0, such that

i . [ converges absolutely for |z| < R,
2 . —
- diverges for |z| > R.



Proof. The proof is similar to that for real power series used
in Real Analysis 1. Stewart and Tall also have a good proof, see
p56-57. O

HTTLAM 1.30
Given a power series, immediately ask ‘What is its radius of
convergence?’

Exercise 1.31
Show that )" ° 2" /n has radius of convergence 1.

In the last exercise note that for z = —1 the series converges,
but for z = 1 the series diverges, (both these fact should be
well known from Real Analysis). This tells us that for |z| = 1
we can get some values of z for which the series converges and
some for which the series diverges.

Sine, cosine, and exponential are defined for all complex
numbers

Let us now return to showing that the sine, cosine and expo-
nential functions are defined on the whole of C.

Example 1.32
(I'll do this example in great detail. The next example will be
more like the solution I would expect from you.)

The series e* = Y 2. converges for all z € C.

For any z € C let a, = |%;|. We want >, a, to converge, so
we use the ratio test on this real series. We have

Ung1 _ ZnJrl P
an | (n+1)! n!
Zn—i—l n!
2" (n+1)!
Lk
n+1

— Oasn— .

The last part is true because for fixed z the real number |z| is
of course a finite constant.

So by the ratio test >>° a, = > " |%;| converges. Thus by
Theorem 1.23 the series > -, % converges for all = € C.

n!

The following is an example with some of the small detail
missing. This is how I would expect the solution to be given if
I had set this as an exercise.
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Example 1.33 L2n+1

The series sin z = Z(—l)" converges for all z € C.

— (2n +1)!
22n+1
Let an = ‘(—1)nm‘. Then
Uit _ 2(n+1)+1 2n+1
an, 2(n+1)+1)! (2n +1)!

2n+3 2n+1
- (2n+3)!/(2n—|— 1)!‘
z

(2n 4+ 3)(2n + 2) ‘

|2*
(2n+3)(2n + 2)
— (0asn— oo.

So by the ratio test the complex series converges absolutely,
and hence converges.

Exercise 1.34
Prove that cos z converges for all z.

Properties of the exponential

We have defined the exponential function and shown that is
defined on all of C, let’'s now look at its properties. Most of
these you may already from Numbers and Proofs, but the
proofs may not have been rigorous.

Theorem 1.35
(i) e* =€, forall z € C.

(ii) e* = cosz +isinz, for all z € C.
(iii) e*t" = e*ev, for all z,w € C.
(iv) e* #£ 0, for all z € C.
(v) e =1/e* forall z € C.
(vi) e = (e*)", for all z € C and n € Z.
(vii) |e?| = (), for all z € C.
(viii) |e®| =1, for all y € R.
Proof. (i) We have

=y By Bl

n=0 n=0 n:O

Mg
a ||
2l

11



(ii) Exercise. (Just put iz into the power series and separate
the real and imaginary parts.)

(iii) This will be delayed until we deal with differentiability.

(iv) Note that ¢* and e * both exist. We have

e‘e”* = e 7 by (iii),
= 60

= 1, by calculation.

Thus, e* cannot be zero.

(v) This is obvious from the proof of (iv).

(vi) Follows from repeated application of (iii).

(vii) We have

le*)? e*e? by definition,
= ¢ by (i),
= "% by (iii),
2Re(z)

e
(eRe(z)) 2 by (vi).

As both |e?| and e#*(?) are real and positive we deduce that (vii)
is true.

(viii) From (vii) we get || = @) = 0 = 1. O

Corollary 1.36
(i) e*™ = 1.

(ii) (De Moivre’s Theorem) (cos@ + isinf)" = cosnf + isinnf for
all 6 € R.

The proofs are left as simple exercises. Part (i) is one of the
best theorems in mathematics. It relates so many different
important numbers, e, v/—1, 7, and of course 1 and 2, in a
simple expression.

Warning! 1.37

We have not shown that ¥ = (¢*)” for all z,w € C. This is
because we have not yet defined a® for all complex a and b.
Consider z = 27 and w = i. Then (e*)¥ = (e2™)! = 1°. What
could 1¢ be? 2

Exercise 1.38
Prove that
) eiz . efiz eiz + efiz
sin z = — and CcoSs z =
1

2The astute reader may say ‘define it to be e=27.’
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Another property of the complex exponential is that it is
periodic.

Theorem 1.39
For any complex numbers z and w we have

I\

w

e =e¥ < z—w=2rin for some n € Z.

Proof. [=] Let 2 — w = x + iy where x and y are real. Then,

/e’ =1

eV =1

6z+z‘y =1 (*)
le“*%| = 1, (the implication does not reverse!)
le"e| =1

e[| =1

el =1

e® =1, since the exponential of a real number is positive,
rz=0.

By (%) we know that ¢**% = 1, so ¢ = 1 as x = 0. Then,

e’ =e"

rrorreeey

e¥ =1 <= cosy+isiny=1
<= cosy=1and siny =0
<= y = 2mn for some n € Z.

Soz—w=x+1y=0412rn = 2min.

[«<] Suppose that z — w = 27in for some n € Z. Then, e*~% =
e?™in = (¢¥)" = 1" = 1. But from the working in the earlier part
of the proof we know this is equivalent to ¢* = . O

This theorem has serious repercussions for defining the in-
verse of ¢, i.e. defining the log function.

Definition of the complex logarithm

We all know that the real exponential function has an inverse
function called log, or just In. Is there an inverse for the com-
plex exponential?

Well, to define the real log of a number » we want some
unique number y such that ¥ = z, that is the crux of the defi-
nition of inverse. So let’s suppose we have a complex number
w, then we want some z such that e* = w. Let's investigate
this.

Proposition 1.40
For complex numbers z and w # 0 we have

e =w <= z=In|w|+i(arg(w) + 2kmr), for some k € Z.

13



Proof. [=] Write » = z+iy, so we get e*™ = e%(cos y+isiny) = w.
Now let us take the modulus of both sides:

Y] = Jul

e lle”] = uw]
€] = |wl
et = |ul

log.e” = log, |w| (using the real log function)
r = Injwl|.

Now suppose that w = r(cosf +isin ) for some real r and 6, i.e.

r = Jw| and 0 = arg(w). Then e* = w implies that r = In |w| and

y = 0+ 27k for some k € Z. So z has the form in the statement.
[<] If 2 = In |w| + i(arg(w) + 27k) for some k € Z then

- eln |w|+i(arg(w)+2mk) _ eln |w|ez arg(w) 627rzk

_ |w|6iarg(w) (62m')k’ _ |w|€iarg(w) = w.

Example 1.41
Solve e = 1 + /3.
Solution: Let w = 1+ iv/3. The modulus of w is |w| =

1243 =vi=2. By drawing a picture (or through careful

use of calculator) we can see that arg(w) = g +2nm, n € Z. So

z:1n2+z’<§+2mr>, n € 2.

HTTLAM 1.42
Notice how well working out the modulus and argument serves
us. Conclusion: calculate modulus and argument.

Common Error 1.43
Don’t forget the 2kr with the argument.

Exercise 1.44
Solve ¢?* = i. (It's not i(r/2 + 2kn).)

So does the theorem allow us to define the log of a complex
number? Yes, if we define the log to be the complex number
with —7 < arg(w) < 7. (The point is that if we have a w then
the proposition gives us lots of zs to choose from. If z is such
that e* = w, then z + 277 will work just as well (e*72™ = e#e?™ =
e*.1 = ¢ = w). Thus, there is some ambiguity and we make
a choice.) However, if we are trying to solve an equation and
take the log of both sides using this definition, then we may be

14



losing solutions. So in fact the best definition is to make the
function multi-valued. This is something we will not go into in
great depth just now.

Another worked example

Example 1.45
Solve the equation sin z = 2.
Solution: We can rewrite this as %. Let w = ¢**. Then
2

1 1
the equation becomes % (w — —) = 2. So,

(3 w
w?—1 = 4w
w?—4diw—1 = 0
4i+ \/(4i)? + 4
v 2
_ 4it/-12
= ——
= 2i++v-3
= (2+£V3)i.

Now, € = w = (2 £ v/3)i, so

iz = In|w|+iarg(w)
- ln|(2i\/§)i]+i(g+2nﬂ>
- ln|2i\/§|+i<g+2nﬂ>

z = %<ln|2i\/§|+i(g+2nﬂ>>
- —i<1n|2:|:\/§|+i(g+2n7r>>
= (S +2nm) —im2£ V3
_ <g+2m>—iln(2i\/§).

(The last equality is true because In(2++/3) > 0 and In(2—+/3) >
0.)

HTTLAM 1.46

Note that in the above example we replaced e¢** with another
complex number w, because we could then get a polynomial
equation.

15



Exercise 1.47
Show that

sinz =0 <= z=km ke,

1
cosz =0 <= z:§(2k+1)7r, ke Z.

These results will be used later.

Summary

e Paradigm: Complex analysis is developed by reducing to
real analysis, often through taking the modulus.

e We define exponential, sine and cosine by power series.
o If Y°°  |wi| converges, then ) ,w; converges.

e Apply the ratio test, comparison test, etc, to the modulus
of terms of a complex series to determine convergence.

e For power series use the ratio test to find radius of con-
vergence.

16



2 Complex Riemann Integration

In a later section we define contour integration, that is inte-
gration over a complex variable. This notion is fundamental in
complex analysis. But let us first generalise integration and
differentiation to complex-valued functions of a real variable.

A complex-valued function of a real variable is a map f :
S — C, where S C R. E.g. If f(t) = (2+ 3i)t3, t € R, then
f(1)=2+3ieC.

Such a function is different to a complex function. A complex-
valued function of a real variable takes a real number and pro-
duces a complex number. A complex function takes a complex
number from a domain and produces a complex number.

Differentiation of complex valued real functions

Suppose that f: R — C is given by f(¢) = (1+ 3i)t?. If we define
f'(t) using the standard definition:

1y i d(EH0) = f(#)
fit) = im 5
then we get f'(t) = 2(1 + 3i)t. That is, in this case, the rule
f'(t) = nct"! for f(t) = ct™, holds even though c is complex.
Basically, all similar rules work in this way, any constants
can be real or complex. So, for instance,

, (0 €R),

d

% ect —_ CGCt,
pr sin(ct) = ccos(ct),
7 cos(ct) = —csin(ct).

Exercise 2.1
Let ¢(x) = 323 + 2ix — i + tan((4 + 2i)z). Then,
¢'(x) =

Remark 2.2
This is not the same as differentiation with respect to a com-
plex variable.® That will come later.

Complex Riemann Integrals

Now we shall integrate complex-valued functions with respect
to one real variable. We shall do this with a bit more care than
differentiation.

3They do behave in much the same way though.
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Definition 2.3

Let g : [a,b] — C be given g(t) = u(t) + iv(t), We say that g
is complex Riemann integrable (abbreviated C-RI) if both u
and v are RI as real functions, and we define fab g(t) dt by

/abgz/abg(t)dt:/abu(t)dtﬂ'/abv(t)dt

Example 2.4
b b b
/ etdt = / cosStdt+i/ sin 3t dt

1., ) )

= 3 [sin 3b — sin 3a] + 3 [— cos 3b + cos 3a]
1 3ib | 3ia

= 3 (—e +e )
L sib 3ia

= g (6 — € ) .

Many properties of C-RI can be derived from the corre-
sponding properties for R-RI by considering the real and imag-
inary parts. For example, if © and v are continuously differ-
entiable, then since ¢’ = v’ + iv’ we get a version of the Funda-
mental Theorem of Calculus:

/ab g = /ab o +@'/ab v = [u(b) — u(a)] + ifv(b) — v(a)] = g(b) — g(a).

Other standard methods, such as substitution also work.

Obviously, separating functions into real and imaginary parts
can get a bit tedious. Fortunately, just as for differentiation
above, we can use standard integrals, replacing real constants
by complex ones. It is not difficult to prove the following,
where ¢ and C are complex constants.

Example 2.5
tn+1
/at” dt = a + C,
n+1
6at
/e“t dt = —+C,
a
. 1
/smatdt = ——cos(at) + C,
a
L.
/Cosatdt = —sin(at) + C.
a

18



So a lot of the time we can use standard integrals to calculate
complex-valued integrals with respect to a real variable ¢.

Exercise 2.6
Calculate [’ 2 — it? — cos(2t) dt.
Triangle inequality for C-RI

We need the following result later. Its format should be fa-
miliar from real analysis, the only difference here is that the
functions can be complex-valued.

Lemma 2.7
If g: [a,b] — Cis C-RI and |g| is R-RI, then

/ bg(t)dt\ < [ty

Proof. If LHS = 0, then the statement is trivial. Hence, as-
sume LHS # 0. Let a = |ffg|/f;g. (Hence |o| = 1).

So,
/abg(t)dt‘ = a/abg(t)dt

b b
_ / Re(ag(t)) di +i / Im(ag(t)) dt

b

= /Re(ag(t)) dt, because LHS is real,
ab

< [ laglo)lde. as Re(z) < 2|,
ab

— [ lallgtolat

b
- /|g(t)|dt, as |a| = 1.

Summary

e We can integrate and differentiate complex-valued func-
tions of real variables in the same way as real-valued
functions of real variables.
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3 Contours

In the next section define integration along a contour in the
complex plane.* This is a fairly abstract process, the mean-
ing of which usually takes a little time to understand. Fortu-
nately, it is easy to do as it has similar properties to Riemann
integration of one real variable, and you have years of experi-
ence of that.

In case you think that it is too abstract and not relevant to
real problems, then consider the integral

2m
/ ¢°? cos(nh — sinnd) db.
0

This is a seriously nasty integral! Imagine trying to solve it
via the methods we know. Using contour integration we shall
show that it is very simple to calculate.

First though we will define contours.

Contours

Definition 3.1

A contour (also called a path) is a continuous map 7 : [a,b] —
C which is piecewise smooth, i.e. there exist a = ag < a1 < as <
--- < a, = b such that

@) v|[aj-1,q;] is differentiable, for all j,
(ii) v is continuous on [a;_1, a;|, for all j.

(The left and right derivatives of v at a; may differ.)
We say 7 is closed if vy(a) = (D).

Warning! 3.2

A contour is not a complex function. It is a complex-valued
function of a real variable. Its image is usually some curve in
the plane.

Examples 3.3
(i) Straight line from « to §: This is v : [0,1] — C given by
Y(t) =a+t(6 —a).
(ii) Circle of radius r based at the origin: ~ : [0,27] — C given
by ~(t) = re'.
(iii) Circle of radius r based at z,: v : [0,27] — C given by
Y(t) = 2z + ret.

4Those of you who have done MATH2360 or MATH2420 will see that this is just a line
integral.
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(iv) Circular arc of radius r based at w: y(t) = w +re®, §; <t <
05. (So 0 <t < 27 gives the circle above).

(v) Let o : [-1,7/2] — C be given by

() t+1, for —1<t<0,
A= et for 0 <t < m/2.

Draw the image:

We draw an arrow to show the direction we go in.

(vi) Let v : [0,47] — C be given by ~(¢) = €. Then the image of v
is the unit circle centred at zero. The contour goes round
the circle twice. This subtlety will be important later.

HTTLAM 3.4
Given a contour, try to draw its image.

Common Error 3.5
There is often confusion between a contour and its image. A
contour is not a set of points in the complex plane, it is a map.
Consider the contours (ii) and (vi) above, taking » = 1 in
(ii). They have the same image, the unit circle. However, the
contours are different, one maps from [0, 27|, the other [0, 47].
We do use the notation z € v later, by which we mean z €
v([a, b]). Strictly speaking, writing z € « is incorrect because ~y
is not a set.

Since contours are complex-valued functions of a real vari-
ables, we can differentiate them, etc, with ease.

Summary

e A contour is a continuous map v : [a,b] — C which is
piecewise smooth. It is a complex-valued function of a
real variable.

e Straight line from a to 5: v : [0,1] — C given by ~(t) =
a+t(pf—a).

e Circle of radius r based at z,: v : [0,27] — C given by
Y(t) = 2z + re'.
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4 Contour Integration

We now come to probably the most important definition in
complex analysis: contour integral. It is central to the mod-
ule. If you don’t understand this section, then the rest of the
course will be a complete mystery to you.

Definition 4.1
Let f : D — C be a continuous complex function and ~ : [a, b] —
C be a contour. Then, the integral of f along 7 is

/ﬁ - /Vf == | )0 dr

Note that f(v(¢)) and +/(t) are complex-valued functions of a
real variable, and hence so is their product. Thus we can
integrate this product.

Example 4.2
Let v(t) =t +it? for 0 <t <2 and f(z) = z. Then, +/(t) = 1 + 2it,

and
[7 -

2
= / t+ 2it% + it? + 2:%t3 dt
0

2
(t +it*)(1 + 2it) dt

S—

2
= / t+ 3it2 — 263 dt

[12 30t 21&4}2
— |
2 3 4],
1 477
= |zttt — —
2 2 |,
1 24
= 224423 -
27 TS
= —6+8&

22



Example 4.3
Let v(t) =2 +it? for 0 <t < 1 and f(z) = 2% Then,

1
/z2dz — /(2+it2)2(2it)dt
¥ 0

[y

[e+i?]!
- 5
o @2+a1?)? (244077
B 3 3
1
= g((2+¢)""’—8)
11
= 2+

This is just the sort of example you need to be able to do with
ease.

Exercise 4.4
Draw the contours and calculate the integrals of the functions
along the contours.

(i) fi(z) = Re(z) and v (t) =¢, 0 <t < 1.
(ii) fo(z) = Re(z) and yo(t) =t +it, 0 <t < 1.
(iii) f3(z) = Re(z) and y3(t) =1 —t +i(1 —1), 0 <t < 1.
(iv) fi(z) =1/z and 1(t) =24, 0 <t < .
V) fs5(2) = 2* and y5(t) = €, 0 <t < /2.

Can you justify the results in (ii) and (iii)? Can you make any
conjectures, say, involving f(z) = 2" in (v)?

Remark 4.5

Note that in the definition of contour integral we only require
f to be continuous. The resulting integrand f(v(¢))y'(t) is C-
RI because it is continuous except possibly at finitely many
points where +/(¢) is discontinuous. In practice we subdivide
la,b] into pieces [a;_1,a;] and calculate

[ raopwa=3 [ sewp o
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Example 4.6
Let v be as in Example 3.3(v). Find f7 22 dz.

/V 2dz = /_ 7;/27(t)27'(t)dt

0 /2 5
— /(t+1)2.1dt+/ (e") ie dt

1 0

0 w/2 ‘
= /(t+1)2dt+/ ie dt
—1 0

1 0 i w/2
B ETRRAY: st
],

Remarks 4.7
(i) Suppose f : D — C is a complex function such that f(z)
is real for z real, for example, sinz. If we take 7 : [a,b] — C
given by «(t) =t for a <t < b, then

/7 ferde= [ " Fe/ ) bt = / ) ar

Thus, by taking a contour along the real line, we can see
that contour integration includes the theory of real inte-
gration as a special case.

(ii) From a purely formal viewpoint, we can justify the defini-
tion of contour integral by saying that we are replacing z
by ~(t) so we need to replace dz by ~/(t)dt, (which can be
thought of as (dz/dt)dt).
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Fundamental Example

Take the function defined by f(z) = (2 — w)"” where n € Z, (so
for n < 0 the map is not defined at w). Let v be a circle with
centre w and radius r > 0, i.e. v(t) = w +re*, 0 < ¢ < 27. Then,

21
Je-wra = [ oo -w o
0
! 2 ) )

= / (w + re' — w)n Jiret dt
027r ) )

= / re™ jre' dt
0

2w
— 7;7"”+1 / ei(n-i—l)t dt
0

rn—i—l ; 2
_ n——|—1 [61(n+1)t}0 = 0, 1fn 7é —]_,

i 27 1t =2mi, ifn=—1

1
Thus/ dz = 2mi and /(Z—w)"dZ:Oforn%—l.
zZ—Ww
Note this well, this innocugus looking calculation will be

used to devastating effect later!

Summary

e The integral of f along v is

Af:Lf(Z) dZZ/abfW(t))v’(t) dt.

1 .
° / dz = 2mi, Y(t) =w+re?, 0 <t < 2.
L Z—Ww

o/(z—w)”dz:()fornsé—l, Y(t) =w+re?, 0 <t < 2.
gl
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5 Properties of Contour Integration

There are a number of well known properties of ordinary inte-
gration:

b b b
/)\f(x)+/zg(x)dx = )\/ f(x)dx+;z/ g(x)dz, A\ peR,
f(x)de = /Cf(x)dx—i-/bf(a:)d:c, a<c<b,

feyde = — baf(w)da:,
¢~ 1(b)

flx)dx = /¢1( | f(o(y))¢d'(y) dy (change of variables).

All of these have analogues in contour integration. We shall
now describe them.

In the following the functions will be continuous on some
domain D and the contours will be maps into D.

Linearity.

If f, g are continuous on D, v a contour in D, \,u € C, then

/WAf+ug=A/7f+u/wg-

So this has the same format as in integration over a real vari-
able.

The proof follows directly from the linearity property of Rie-
mann integration. The details are as follows:

/ A fug = / (N + 1g) (v(B)/(t) e
- / AF (D) + gy (0) ¥ (1) de
= 3 [ a@n i+ [ gomn e

= A[yfﬂz/vg.

Integration over joins

What if produce a contour by doing one after another?
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Definition 5.1

If v : [a,b] — C and 7, : [b,¢] — C are two contours such that
71(b) = 72(b), then their join (or sum) is the contour v, + 7> :
la,c] — C given by

_ 71 (t) a<t< b’
The join is continuous by the glue rule.

Example 5.2
Consider Example 3.3(v). The contour o« : [-1,7/2] — C is given
by
(t) = t+1, for —1<t<0,
A= et for 0 <t < m/2.
This can be produced from ~,(t) = ¢t + 1 for —1 < t < 0 and
Yo(t) =€ for 0 <t < 7/2.

Proposition 5.3
For any continuous f

[l s

Again, this follows from applying the definition and using a
C-RI property: [*= [+ [’.

Example 5.4

Find | — dz, where ~v is the boundary of the square with

vy (Z - U})
corners w * [ +il, starting at w+ [ —li and going anticlockwise.

So v =1 + 72 + 73 + 4. By Proposition 5.3 we have
/ dz _24:/ dz
7z—w_izl i E— W
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To compute [ let vi(t) =w +1+it, =1 <t <. We have,
d A
Lrmw - La—w
Lo
:/ gt
,ll“‘Zt
l .
[ —at
= ——idt
/zlz‘f'tﬂ
Lot b
= ——dt+1 ——dt
/_ll2+t2 +Z/_,l2+t2

l
t
= 041 {tan_l -}
! -1

LT
= 1—.

2

Similarly |

Y2

fv3 = fm = gz (check!). So,

d
/ o
,YZ—UJ

Notice that this coincides with the value of the integral when
v is a circle, see the Fundamental Example.

Reverse contour

Definition 5.5
If v : [a,b] — C is a contour, then its reverse is the contour
(=)&) =~v(a+b—1t), fora <t <b.

The point is that we do v backwards. Instead of starting at
v(a) we end there, etc.:

(=7)(a) =v(a+b—a) =~(b),
(=) () =~v(a+b—0b) =(a).

Proposition 5.6
For any continuous f, we have

/_sz—/wf.

Proof. Again we apply definitions and use RI properties, but
in this case we also need a simple change variables: s = a+b—t,
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so dt = —ds. Note that (—v)'(t) = (—=1)v(a + b —t). We have,

/Vf - /f —)(t)de
_ /f (at+b—8)(~1)y(a+b—t)dt
_ /f (—ds)
= [ 16 as

b
=~ [ 16en ) ds
[
Y
O
Example 5.7
See Exercise 4.4(ii) and (iii). Then v3 = —v, as follows. We have

a=0and b=1, so

(=72)(#) =20 +1—=1) =21 —1) = (1 = 1) +i(1 —1) = 73(?).
This explains why [ f3(z)dz = — [ fa(z

Reparametrisation

Now we shall do the analogue of a change of variables.

Definition 5.8
Let v : [a,b] — C be a contour and let ¢ : [c,d] — [a,b] be a
function such that

(i) ¢ is continuously differentiable ,
(ii) ¢'(s) > 0 for all s € [c,d],
(iii) ¢(c) = a, and ¢(d) =

Then the contour 7 : [¢,d] — C defined by 7(s) = v(¢(s)) is called
a reparametrisation of ~.

Example 5.9
Let v(t) = €' for 0 < t < 2m. Let ¢(s) = 2ws for 0 < s < 1. Then
F(s) = e*™ for 0 < s < 1.

We think of reparametrised contours as equivalent since we
have the following.
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Proposition 5.10
If 7 is a reparametrisation of v, then

[i=]r

for all continuous f.

Proof. We have,

[ fo= [ 1G)F () ds

= f(y())~/(t) dt, using t = ¢(s),

O

Thus, it does not matter whether we evaluate the integral
J,1/(z — w)dz using 7(t) = €" for 0 < t < 27 or y(t) = *™
for0 <t <1.

Remarks 5.11
(i) If v : [a,b) — C and 73 : [¢,d] — C are two contours such
that ~,(b) = 72(c), then we can reparametrise , as

Yo i [b,d 4+ b — ] — C given by 7(s) = y2(c — b+ s).

Then ~,(b) = 7>(b) so we can form the join v; + 7. Often we
abuse notation and write this simply as v; + ..

(ii) If v is a simple (i.e. it doesn’t cross itself) closed con-
tour with no orientation specified, then it is traversed an-
ticlockwise.

(iii) If ¥ is a reparametrisation of +, then it has the same image
as v. The converse is not true.
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Summary

e If f, g are continuous on D, v a contour in D, A\, u € C, then

/VAerug:A/yfﬂb/vg.

e If f is continuous on D, v a contour in D, then

[l

e If v : [a,b] — C is a contour, then its reverse is the contour
(=) (t) =v(a+b—1t), for a <t <b.

e For f continuous, we have

IRk

e If 7 is a reparametrisation of v, then

éleﬁ
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6 The Estimation Lemma

Recall for a real continuous function that

/fdm

We would like a complex version of this, that is, is there some
bound on | f7 f(2)dz|? It is obvious that the first part in the
product above can be generalised, but what does b — a cor-
respond to? Those of you familiar with measure theory will
know it is the length of the interval from a to b, and so the
generalisation to complex analysis is the length of the contour

Y.

Definition 6.1
Let v : [a,0] — C be a contour. The length of v, denoted L(v),

is defined to be ,
- [ ol

This really does measure the length of the curve. Intuitively
speaking, ~+/(t) is the velocity of a contour, so |y/(¢)| is the
speed, and the integral of speed over time gives the length
of a path.

< sup {[f(2)[} x (b—a).

z€[a,b)

Example 6.2
Let v(t) = a+t(8 —«) with 0 < ¢t < 1 be the straight line contour
from « to £.

We have
1 1 1
L(vy) = '(t)| dt = —a|dt= 8- dt = |3 — al[t];
() /Orwt)rt /Ow o dt = |5 ar/o t= 16— o[}
= 8-al

So, the length of the contour from « to f is |3
reassuring.

Exercise 6.3
Show that the length of the contour given by traversing once
round the the circle of radius r based at the origin is 27.

The next theorem is similar to one from real analysis:

Lemma 6.4 (Estimation Lemma)
Let f : D — C be a continuous complex function and ~ : [a, b] —
D be a contour. Suppose that |f(z)| < M for all z € 4. Then

z)dz| < M L(v).
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Proof. We have,

jCj(z)dz

[ e i

</ | F((®)7(0)] dt by Lemma 2.7

b
< / My ()]t
ML(7)

Example 6.5
Show that

e? TR
/‘ dz| <
Wz+1 R—-1

where ~ describes the semi-circle from iR to —iR in the left
half-plane {z : Re(z) <0} and R > 1.

Solution: If z = = + iy lies on the image of v, then x < 0 and
so |e| = eft*l?) = ¢* < Y = 1. Also, when z lies on 7, |z| = R so
R=|z+1—-1|<|z+ 1]+ 1. Thus |z + 1| > R — 1. Hence,

e* < 1
z+1w‘R—1’Z

€.

We know that L(y) = 7R as v is semi-circle of radius R, so by
the Estimation Lemma (6.4)

eZ
d
Az+1z
Remarks 6.6

(i) The constant M always exists: On the image of v the
function |f(z)| will always be bounded because the map
t — |f(v(t))| is a continuous real function on [a,b], and
hence is bounded. So M = sup,. {|f(2)|} will do as a
bound. Anything bigger than this is also useful.

1 TR

< ﬁL(’Y) =

(ii) We can show some integral is zero by finding an M that
tends to zero or some contour, which can be made smaller,
so that L(y) — 0.

Termwise integration of series

The lemma will be useful in a number of contexts. To begin
with, we use it to prove that we can integrate certain series
term-by-term. (We know that an infinite series can be differ-
entiated term-by-term.)
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Corollary 6.7 (Term-by-term integration of series)
Let v be a contour inadomain D. Let f: D - Cand f,: D — C
be continuous complex functions, k£ € N. Suppose that

(1) > 4=, fx(z) converges to f(z) for all z € v;

(ii) there exist real constants M such that |fi(z)| < M, for all
zen,

(iii) Y, , M, converges.

Then, .
2)dz = fu(z)dz= [ f(z
2 [ = [Sscrse= [

Proof. The second equality is obvious. We show the first. Let
M =", M. We have

Dd:= 3 [ fzyas| = <f(z) - ka<z>> dz
k 07 v k=0
< sup{ 1) =3 hlz) } x L(7)
2y k=0
= sup{ Z fr(2) } x L(v)
St k=n+1
< sup{ > \fk(z)\} x L(7)
2y k=n+1
< ( Z Mk) x L(v)
k=n+1
— (M - ZMk> x L(v)
k=0
— 0x L(y), as n — oo,
= 0.
Thus, the first equality is true. O
Remark 6.8

I could have defined uniform convergence and so on for com-
plex series in order to state the theorem. Rather than waste
time doing so I just used a version of the Weierstrass M-test in
the assumptions above. Hopefully, you remember from Real
Analysis II that this implies uniform convergence.
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Example 6.9
For any contour v the integral f7 e*dz can be calculated by

term-by-term integration of the series for e”.

k
Let fi(z) = % then e* = Z fr(2), so condition (i) is fulfilled.
We have ) i L
z z
[ful2)l = 05| = 57

But |z| = |y(¢)| and 7(¢) is a continuous map from [a, ] to C so
its image must lie within an origin-centred circle of radius R,
for some large enough R. Thus |z| < R for all z € .

k

Hence, let M), = % then | f(2)| < My for all z € . Therefore,

condition (ii) holds.
Also,

o0 oo R
M, = —
i
SO Zgo M, converges. Condition (iii) holds.

Thus,
/e dz = Z o = /—dz

7 k=0

k
This of course begs the question, ‘how do we find / % dz"? Ob-

-
viously, we can apply the definition of integration, but there
are better ways, such as the Fundamental Theorem of Calcu-
lus, as we shall see in the next two sections.

Summary

e The length of +, denoted L(v), is defined to be

- [l

e Suppose that |f(z)| < M for all z € . Then

z)dz| < M L(7).

e We can integrate term-by-term complex series that satisfy
a Weierstrass M-test type condition.
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7 Complex Differentiation

If we were inventing the theory of differentiation of complex
functions for the the first time, then we might be tempted to
define complex differentiable to mean that the real and imag-
inary parts of the function are differentiable with respect to
x and y. This would give us a theory, but not a great one; it
would be the same as theory of differentiable maps from R? to
R2.

Instead we develop a theory that really uses the complex
numbers. This gives a much richer theory. It looks a lot
better, but more importantly, it allows us to solve some hard
problems concerning real functions in a simple manner.

Continuity

Let’s first give a definition of continuity.

Definition 7.1
Suppose that f: D — C is a complex function on a domain D.
We say f is continuous at c if lim, .. f(z) = f(c¢)

This is not remarkably different to real analysis.

Remark 7.2
This is equivalent to either of the following.

(i) For all € > 0, there exists 6 > 0 such that |f(z) — f(¢)| < e,
whenever |z — ¢| < J.

(ii) For any sequence (z,), we have z, — c implies that f(z,) —
f(c).

The proofs of these facts are the same as in real analysis.

Definition 7.3
We say f is continuous on D if f is continuous at c¢ for all
ceD.

We need some examples and the next result helps supply
some.

Proposition 7.4
Suppose f(z + iy) = u(z,y) + iv(z,y). Then, f is continuous if
and only if v and v are continuous.

Proof. Use Proposition 1.15. O
Thus, f(z) = 2" is continuous. Sums and products of contin-

uous functions are continuous, and so on.
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Differentiation

Now we come to the crucial definition, that of differentiation.
It doesn’t look different to the real situation, but the conse-
quences are far more profound.

Definition 7.5
Let f : D — C be a complex function. Then, f is complex
differentiable at c if

L fEh) = f)

lim Y , heC

exists. We write f'(c) for this limit.
We say [ is complex differentiable on D if it is complex
differentiable at ¢ for all ¢ € D.

The definition looks the same as in the real case, but the fact
that & can go to zero from any direction in the complex plane
makes a huge difference, it imposes considerable restrictions.

Remark 7.6
Complex differentiable functions are also called holomoprhic
or analytic.

Example 7.7
The function f : C — C given by f(z) = 2? is differentiable on
C.
Let c € C. Then
. (e+h)?=c? . A +2ch+h* -2
lim ———— = lim
h—0 h h—0 h
= lim2c+h
h—0
= 2c.

That is, f'(c) = 2¢, as expected.

More generally, we have that, if f(z) = bz" for some complex
constant b, then f’(z) = nbz""'. The proof of this is the same
as the real situation, at least symbolically. Of course, math-
ematicians do not want to do anything as clumsy or ugly as
using first principles. We would use a theorem such as the
following.

Proposition 7.8
Let f and g be complex functions on the domain D.

(i) If f and g are differentiable at ¢ € D, then so are

(@ f+g,and (f +g)'(c) = f'(c) +4'(c);
(b) fg, and (fg)'(c) = f(c)g'(c) + f'(c)g(c);
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g(c)f'(c) = f(c)g'(c)
g(c)?

(€) f/g, and (f/g)'(c) =
0.

provided g(c) #

(ii) (Chain Rule) Suppose f: D — Cand g : E — C are complex
functions with f(D) C E. If f is differentiable at ¢ and g is
differentiable at f(c), then g o f is differentiable at ¢ with

(go f)(c) =g (f()f (o).
Proof. These are proved in the same way as the real case. [

Warning! 7.9

Unlike continuity, complex differentiablity isn’t the same as
being differentiable with respect to two real variables. There
is a connection as we see shortly. In fact it is this difference
that makes complex analysis so different to real analaysis.

Exercise 7.10
Show that if f : D — C is differentiable at ¢, then f is continu-
ous at c.

We don’t yet know that we can differentiate series term-
by-term and so can’t immediately prove that e*, cos z and sin z
are differentiable, or that their derivatives are what we ex-
pect them to be. It is possible to work find their derivatives
from first principles, (you can try this as an exercise if you
are keen), but will delay a proof till later and just state the
following.

Theorem 7.11
The elementary functions have the expected derivatives:

(1) i e* =¢?, for all z € C.
dz
o 4o
(ii) 7 sinz = cos z for all z € C.
z

(iii) di cosz = —sinz for all z € C.
2

Exercise 7.12
Where are the following funtions not differentiable?

o 1 1 sin z

- —, ——~, tanz.
T 2(22+1) nE
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Summary

e The complex function f is continuous at c if lim, .. f(z) =
f(e).
e The complex function f is complex differentiable at c if

L F ) = f(2)

h—0 h

, heC.

¢ Differentiablity = continuity.

e The elementary functions have the expected derivatives.
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8 Cauchy-Riemann Equations

If f is a differentiable complex function, then the real and
imaginary parts are differentiable as real functions. (But not
vice versa, see earlier warning.)

Theorem 8.1
Suppose f(x + iy) = u(z,y) + iv(z,y), where z = = + iy, and that
f is differentiable at ¢ = a + ib. Then the partial derivatives u,,
uy, v, and v, all exist at (a,b) and

f'(¢) = uz(a,b) + ivy(a,b) = vy(a,b) — iuy(a,b).

fle+h) = fle)

Proof. We know — f'(¢)as h — 0. Let h = k + il,

h

we get

U(CL—|— k7b+ l) — U(a’b)k_:_l?jl(a—i_ k7b+ l) — Z’U(a,b) _ f/(c) as k—+il — 0.
]

So if we let h — 0 through real values, i.e. [ =0, then
u(a + k,b) —u(a,b) +iv(a+ k,b) —iv(a,b)

k
u(a + k,b) — u(a,b)

— f'(c) as k — 0.

Therefore, — Re(f'(c)) as k — 0. So u,(a,b)

k
exists and equals Re(f'(c)). Likewise, v,(a,b) = Im(f'(c)).
The second equation follows from letting » — 0 through
imaginary values, i.e. k£ = 0. O

And now for a result that is fundamental in all complex
analysis courses.

Corollary 8.2 (Cauchy-Riemann equations)
If f(z) =u(x,y) +iv(z,y) is differentiable, then
Uy = vy and v, = —u,,.
Proof. Equate real and imaginary parts in the theorem above.
O

The two equations are called the Cauchy-Riemann equations
after two of the founders of complex analysis.

Note that the corollary says that if f is differentiable, then
the equations hold, but says nothing of the converse, which is
not true anyway!

Examples 8.3
(i) Let f(z) = 2% = (z +1iy)?. Then, u(z,y) = 2*> —y? and v(x,y) =
2zxy. We see that

Uy = vy = 2z and u, = —v, = =2y,

so the C-R equations hold.
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(ii) Let f(2) = |2]?> = 22 + 3. Then u = 22 + y* and v = 0. Thus,
U, = 2, vy, = 0,
u, = 2y, v, = 0.
The only place where the C-R equations are satisfied is
r=y=0.
So f is differentiable nowhere, except possibly at O. Is it
differentiable at 0? Well,

fO+h)—f(O) |n*—0 hh -
, = ; —h—h—>0ash—>0,

so f'(0) = 0.

Exercise 8.4
Show that the function f(z) = |z| is not differentiable anywhere
in C.

Remark 8.5
The preceding exercise shows that complex differentiability is
imposing a stronger condition real differentiability, because
for real points of C the function f(x) = |z| is differentiable,
provided z # 0. (You know this last fact well, I hope!).

The condition is stronger because we require f'(c) to exist
as h — 0 from all directions, not just real ones.

Remark 8.6
The converse to Corollary 8.2 is false. For example, let

|0, ifr=00ry=0,
flz) = { 1, otherwise.

Then, the equations are satisfied, (check!), but f is not con-
tinuous, so can’t be differentiable.

However, if u,, u,, v,, v, exist near ¢ and are continuous at
¢, and satisfy the C-R equations, then f is differentiable at c.
This fact won’t be used later, but is useful to know.

Harmonic functions

Definition 8.7
Let w(x,y) be a C%-function of two real variables®. Then w is a
harmonic function if it satisfies Laplace’s equation:

Wy + Wyy = 0.

Example 8.8
Let w(z,y) = 2> —y*. Then w,, = 2 and w,, = —2, SO Wy, +w,, = 0.

5A Ck-function is a function that is differentiable k times
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Laplace’s equation is important in potential theory and many
other areas, and so, since they are solutions of it, harmonic
functions are of particular interest. Complex analysis provides
many examples of harmonic functions, as the next theorem
shows.

Theorem 8.9
If f: D — C is complex differentiable, and v and v are C*-
functions, then v and v are both harmonic:

Uzy + Uyy = 0 and vy, + vy, = 0.
Proof. We use the C-R equations:
Usz + Uyy = (Ua)a + (Uy)y = (Vy)a + (—Va)y = Vay — Vyo = 0.
Similarly for v. O

Conversely, given an harmonic function u there is locally
(i.e. in some e-neighbourhood) a harmonic function v such
that f(z +iy) = u(z,y) + i(v,y) is complex differentiable. Such
a v is called a harmonic conjugate of .

Example 8.10
Let u(z,y) = 2xy, then v is harmonic. We can construct v using
the C-R equations (they're very useful, aren’t they!) Because

2y = u, = v, => v =1y’ + g(z) where g is a function of r,
and
2r = u, = —v, = v = —z°+ h(y) where h is a function of y,

we can deduce that v = y? — 22 + C where C is a constant.

Summary

e (Cauchy-Riemann equations) If f(z) = u(x,y) + iv(z,y) is
differentiable, then

uy = vy and v, = —u,,.

e The function w : R?> — R is a harmonic function if it satis-
fies Laplace’s equation:

Way + Wyy = 0.

e For every harmonic v there is a harmonic function v (called
a harmonic conjugate of ) such that f(z + iy) = u(z,y) +
i(v,y) is complex differentiable.
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9 Fundamental Theorem of Calculus for Com-
plex Functions

One of the best theorems in Real Calculus is the Fundamental
Theorem of Calculus. We now see this in a contour integration
setting.

Theorem 9.1 (Fundamental Theorem of Calculus)

Let f : D — C be a continuous complex function and ~ : [a, b] —
D be a contour. Suppose there exists a complex differentiable
F: D — C such that I/ = f. Then,

/ f(2)dz = F(y(b)) - F(1(a)).

Proof. Let a = a9 < a; < --- < a, = b be a dissection of [a,d]
such that +/|[a;_1, a;] is continuous for all j. Then,

Lf(z)dz - AF’(@@

b
- / F(y () (8) dt

= Z [(Fov)(t )]Zj_l by the usual FTC for RI functions,

O

Example 9.2

Consider Example 4.3. Then, f(z) = 2%, v(0) = 2 and (1) = 2+.
Obviously, F(z) = 3z* is an antiderivative for f, i.e. F'(z) =
f(2). Then, by the FTC,

[@E = (O - 60))
1
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How common are antiderivatives for continuous complex
functions? Do they always exist? For real continuous func-
tions we know that the Riemann integral can be found and
this will be an antiderivative. Unfortunately, the analogue is
not true for continuous complex functions, not even differen-
tiable ones. Consider this corollary of the FTC and the follow-
ing example.

Corollary 9.3
With the assumptions of the above theorem suppose that v is
any closed contour. Then

/Wf(z) dz = 0.

Proof. The definition of a closed contour is that v(a) = ~(b).
So,

/ f(2)dz = F(4(b)) — F(x(b)) = 0.
]

Example 9.4

Let f(z) = 1/z. Then, f is differentiable on D = C\{0}. Let v be
the unit circle round the origin, traversed once anti-clockwise.
Then, by the fundamental example we know

/f(z)dz:/édz:Qm.
Y v

Therefore, if there existed an F': D — C such that F’ = f, then
the corollary would be contradicted. Hence, antiderivatives do
not always exist.

Property of exponential

We can now prove a result we would expect to be true by anal-
ogy with real analysis: if a function has zero derivative, then
it is constant.

First we need a definition.

Definition 9.5
A domain D is called connected if for each pair o, 5 € D, there
exists a contour v : [a,b] — D such that v(a) = a and ~(b) = 3.

So a domain is connected if we can draw a curve from any
point to any other.

Examples 9.6
(i) The domains D = C and D = C\{0} are both connected.
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(ii) The domain D = C\{z : z is real} is not connected. There
is no way to construct a contour starting below and fin-
ishing above the real line, without crossing that line. But
the real line is not in D.

Theorem 9.7
Suppose that D is is connected domain, and f : D — C is
analytic, such that f'(z) = 0 for all z € D. Then, f is constant.

Proof. Take any a and 5 in D. Then, as D is connected, there
exists a path v : [a,b] — D, such that y(a) = a« and ~(b) = 3. By
the FTC

£8) = f(e) = F(0) — f(2(a) = / = / 0-0.

Thus f(6) = f(«). Since these were general points of D, we
deduce that f is constant. O

This theorem allows us to prove the property of ¢ in Theo-
rem 1.35 we did not prove earlier.

Corollary 9.8
For all complex numbers z and w we have e*™ = e%e®.

Proof. Let f(z) = e*e“ *, where « is any complex number. By
the product rule we get f/'(z) = —e*e®** + e*¢** = 0. Thus, by
the theorem, the function is constant. So, if we let « = w + z,
then we get

f(w) = f(0)
ewe(w—i-z)—w _ 60€w+z+0
ewez — 6w+z

* Existence of antiderivatives

The next proposition gives some conditions equivalent to the
existence of antiderivatives.

Proposition 9.9
Let f : D — C be a continuous complex function on a con-
nected domain D. The following statements are equivalent.

(i) There exists an F': D — C such that F’' = f.

(ii) f7 f =0 for every closed contour v in D.

(iii) f7 f only depends on the end points of v for any contour ~
in D.
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Proof. We shall prove (i)=-(ii)=-(iii)=-(i).

(i)=-(i)): This is just Corollary 9.3.

(ii)=-(iii): Suppose that o and [ are two points in D, then we
want to prove that the integral of f over any two contours v;
and v, both starting at o and finishing at § are equal.

Consider the contour 7; — 7,. This is a closed contour be-
cause it starts and finishes at «. (Draw a picture!) Hence, (ii)
implies that f%_w2 f =0. We have

A R

Hence (iii) is true.

(iii)=-(i): We shall define a function F and show that it is
differentiable. Fix z, € D. Since D is connected, for any point
z € D, there exists a contour v from z, to z. We define

F(z) = / f(w) duw.

[Note that this really is a function of » because 7 has z as its
endpoint.]

Now we show that F'(z) = f(z). Let z; € D be any point.
Then by definition F' is differentiable at z; with derivative f(z;)

t P+ h) - F(2)
i h =),

So, as D is a domain, there exists an ¢;-neighbourhood at
z for some ¢ > 0. If |h| < &, then there exists a contour
A :]0,1] — D which gives the straight line from z; to z; + h, i.e.
A(t) =2z + ht.

Using our definition of F', we get

F(zl+h):L+Af:Lf+Af.
Therefore,

F(Zl—l—h]i—F(Zl)_%(/Vf_i_/le_/wf) —%/Af(w)dw.

We have,

[ s de = ) [ dw = e w2 = p(en
A A

Hence,

F(z1+h) = F(=z1) [ fw) = f(=)
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We want the LHS to tend to zero as h — 0, so we use the
Estimation Lemma on the RHS. Since f is continuous, given
any ¢ > 0, there exists a 6 > 0 such that |w — z;| < § implies
that |f(w) — f(z1)] < e. We can assume that 6 < ¢;. So, when
|z] < 0 and w € A, we have

‘f(w) —f(=1)
h

<
[Pl

The length of A is |h|, so we deduce from the Estimation Lemma

that flw) — f(z1)
w) — Z1 9
e B

Thus, .
Flat=Fla) g

Since ¢ was arbitrary we deduce that the LHS is zero. This
implies that F’(z;) = f(z1). So, F' is what we were seeking. [

<eforall |h| <é.

Summary

e Fundamental Theorem of Calculus: Suppose f : D — C
is a continuous complex function and there exists F' such
that ' = f. Then,

[ 1)z = Pa®) - Fota)

e Not all functions have an antiderivative.

e A domain D is called connected if for each pair o, € D,
there exists a contour 7 : [a,b] — D such that v(a) = « and

v(b) = B.
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10 Differentiability of Power Series

We have successfully defined functions such as exp, sin and
cos by power series. Now we would like to show that they are
differentiable. We do this by investigating the differentiability
of power series with positive radius of convergence. We will
show later that if a function is differentiable at a point z,
then near that point it can be given as a power series, so this
investigation wil be useful for more than just the elementary
functions.
We prove:

e A power series is differentiable in the obvious way: term-
by-term.

e The derivative of a power series has the same radius of
convergence.

e Power series are infinitely differentiable.

e The coefficients of the power series can be given in terms
of the derivatives.

e The coefficients of the power series are unique.

Suppose that >  a,2" is a series. Then, the obvious can-
didate for the derivative is the one produced by term-by-term
differentiation®, i.e. > 7 na,2""!. But, initially, we do do not
even know that this sequence converges.

So, we begin by proving that a power series and its ‘obvious
derivative’ have same radius of convergence, and then show
that this obvious derivative really is the derivative of the series.

Lemma 10.1
The series > >~ a,z" and ) - na,z""' have the same radius of
convergence.

Proof. The following proof is taken from Priestley p20.

If >  na,z""' had radius of convergence R # 0, then it is
not difficult to show that > a,2" has the same radius of
convergence.

Therefore, we prove the converse: If Y a,2" had radius of
convergence R #, then so does Y >~ na,z""'.

Fix z with 0 < |z| < R, and choose p such that |z| < p < R.

Then .
Ina,z" | = i M lanp"|
TR )

SHopefully, studying maths has taught you that just because something is obvious doesn’t
mean it’s true!
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The series > n(|z|/p)" is easily shown to converge, by the ratio
test. (Exercise!).

Just as in the real case, if the series )b, converges, then
b, — 0 as n — oo and so there exists a constant M such that
|b,| < M for all n. Thus, there exists a constant M such that

for all n
p

M
[ran"" < 1 lane

thus,

and so by the comparison test, Y na,z""! is absolutely conver-
gent. Hence, the result. O

Now, let’s show that this really is the derivative of the series.

Theorem 10.2
Suppose that f(z) = >~ a,2" has radius of convergence R >
0. Then, f'(z) = > 7 na,z""', for all |z| < R.

Proof. Again we follow Priestley’s proof. We know that g(z) =
> na,z""! is well-defined for |z| < R. We shall show that f/(z)
exists and is equal to g(z).

[If we are thinking like mathematicians, then we know a
good way of doing this is to show that |f'(z) — g(z)| = 0. In
other words we want

L ) = ()
h

h—0

=0.

—g(2)

Certainly, this is true if

fz+h) = 1)

h —g(2)] = 0as h—0.

This is our method of attack.]
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For any z and h such that |z| < R and |z + h| < R, we have
flz+h) - f(z) N )t 1
h - g(Z> - nZ:%an n - ;nanz
e h)" — 27
— Zan (—(z T l)z S nz”l)‘
n=1
Z a, Z (Z) on—kp k=2

n=1 k=2

[ee] n—2

1 n—2 n—2—m|n|m

1Y gt = Dl 3 ("2l
n=1 m=2

[e) 1 -
< el ) gnln = Dlaal(l2] + [A)" .
n=1

= || use binom thm

IN

Fix z and choose p with |z| < p < R. By Lemma 10.1 " >°  n(n—
1)]a,|p"? converges to K say. For |h| < p— |2

’

2+ h)— f(z 1
FEANZTE) o)) < xinl.
SoasheOweget‘W—g(z))—>Oasrequired. O

The proofs are quite technical, probably the most technical
in the course, and I wouldn’t expect you to reproduce them
in exams, but I would like you to understand them. These
two results will certainly be very important to the course, so
understand what they mean:

The derivative of a series can be found by term-by-term
differentation and the resulting series has the same radius of
convergence.

Examples 10.3

(i) We can show that )" 2" = ;L for |z| < 1. So, differentiat-

ing both sides gives > 5° nz"""' = 5= for [z < L.

sin nx

(ii) The series S = Z is absolutely convergent for z €

2
n
n=1

cosnx

R but term-by-term differentiation gives Z . This

n=1

clearly diverges at x = 0. Thus, S is not a power series!

Exercise 10.4
Prove Theorem 7.11.
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We have seen that, if f is defined on the disc of convergence,
then so is f’, and f’ is a series. We can differentiate [’ term-
by-term to get f” and so on. This suggests the following:

Corollary 10.5
If f(z) =)~ ,a,2" has radius of convergence R > 0, then f is
infinitely differentiable.

Proof. By induction using the theorem. O

Note that this is to be expected as a similar statement is true
for real power series. This result is one of the reasons that
power series are so great. Later, we will see that any com-
plex function differentiable at a point can be given by a power
series.

Corollary 10.6
If f(z) =3 ", a,2" has radius of convergence R > 0, then a;, =

RO
Kl

Proof. By induction we can prove

for all k.

Zn(n —1)...(n—k+Da,z"*

n=0

F®(2)

and this of course holds for |z| < R.
Then,
fP%z) = (k(k—1)...(k—k+1ay)
+((E+D((k+1)—1)...((k+1) —k+Dagy12) + ...

If we put z = 0 into this, then we get f*)(0) = klay,. O
Again, you should already know this is true for real series.

Lemma 10.7 (Uniqueness Lemma)
Suppose for some R > 0, >  ja,z" =Y~  b,z", for all |z| < R.
Then, a, = b,, for all n.

Proof. Let f(z) = >  a,2" = >~ b,2". Then, by Corollary

10.6, w
and b, = 70 (0).
n! n!

Hence, a,, = b,,. O

Note that the Uniqueness Lemma is not trivial. A priori we
don’t know that we can equate coefficients for infinite series.
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Remark 10.8

Just like in Real Analysis it is possible to prove that the prod-

uct of two power series S; and S, is again a power series with

radius of convergence at least the minimum of those for S; and

Sy. Its coefficients can be given in terms of those of S; and 5.
However, we shall delay proving this as later work will give

a particularly simple proof of this fact. (See Theorem 15.6.)

Power series about points other than zero

So far all our power series have been centred at the origin.
This is rather limiting. Just as in real analysis giving an ex-
pansion about a different point is very useful. Let’s do that
NOW.

Suppose we are interested in the point 2z, € C. If we let & be
a complex variable, then in a neighbourhood of z, we can get
2o + h to give any point. For example, if i is zero we get z,. If
|h| < R for some R, then we have a disc around z.

Suppose we have f(z + h) = Y " a,h", with the series con-
vergent for |h| < R. l.e. a power series in i about 0, but which
defines the function f around the point z,.

Let z = 2y + h, well z, is a constant and h is a single variable
so z is a variable. By substitution, f(z) = Y a,(z — )", which
converges for |h| = |z — 2| < R.

Thus we can deal with power series centred at a particular
point 2z, and we will have a disc of convergence centred at zj.

The main point is that we can prove results about power
series centred at zero and just translate to another point. So
for example, if we have the power series > a,(z — 29)", then we
can let h = z—z, to get the series > a,h" and we can apply ratio
test, etc., to that. Then we translate back to say something
about the series > a,(z — 2)".

For example, we can differentiate term-by-term:

Example 10.9
If f(2) =Y an(z — 20)" converges for |z — 2| < R, then f'(z) =
S na,(z — z)""* converges for |z — 2| < R.
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Proof: Let h = 2z — z,. Then ¢g(h) = > a,h™ converges for all
|h| = |z — 20| < R as f(z) = g(z — z). We have

d d
['(z) = —g(e=20) = ¢'(z=20) —(2=%) = ¢'(:=2) = Y nan(z—z)"
Summary

Let f(z) = >~ ,a,2" have radius of convergence R > 0.
e f can be differentiated term-by-term to get the derivative.
¢ [ has the same radius of convergence as f.

e f is infinitely differentiable.
f(0)

e The coefficients a,, are unique and a,, = ' for all n.
n!

e We can translate these results to series of the following
form: f(z) =3 " a,(z — 2)", for |z — z| < R.
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11 Win a Million Dollars!

The Riemann Zeta function

We define the Riemann Zeta function as follows;

1
C(s)=) —.
n=1 n

[e.e]

So, for example if s = 1, then we get ((1) = >_>°, - which we
know does not converge, so ((1) is not defined. If s = 2 we
get ((2) = >°° | & which does converge, and so on for all real
numbers s.

If we let s be complex, then what happens? We first we
need to define n®* when n is a real number and s is a complex
number, the only number we have done this for is e. We know

that n = ¢'°¢" and so we could define n* by

ns = es logn'
(Since obviously we want n® = (¢!8")% = eslogn))

Riemann was not the first to study this type of function but
did leave us an interesting hypothesis.

The Riemann Hypothesis

We now come to the million dollar question. Where do the
roots of the function lie? I.e. the s € C such that ((s) = 0.

What Riemann found is that all roots (apart from some triv-
ial real ones) seem to have Re(s) = 3, and so he conjectured
that all non-trivial roots have the property of being on this
line. This is called the Riemann Hypothesis and it is regarded
as being the most important unsolved problem in pure math-
ematics.

Anyone who proves that the hypothesis is true can claim a
million dollars from the Clay Institute. You can find the details
on the Web at http://www.claymath.org/ under the heading
Millenium Prize Problems.

There are six other problems from various areas of mathe-
matics for which a million dollar prize is offered. One of them
(the Poincaré Conjecture) is explained in Homotopy and Sur-
faces in Year 3.

For futher reading see Prime Time by Erica Klarreich in
New Scientist, Vol 168 issue 2264, 11/11/2000, p32, (Edward
Boyle Library Floor 11), for the connection with number theory
and the distribution of primes.

See also the classic text by E.C. Titchmarsh, The theory of
the Riemann-Zeta function.
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12 Winding numbers

Cauchy’s theorem is one of the most remarkable theorems in
mathematics. To state it we need the notions of winding num-
ber and interior point. Both these notions are intuitively sim-
ple. We start with the winding number.

Definition 12.1

Let v be a closed contour and w a point not on . Then the
winding number of v about w, written n(v, w), is the net num-
ber of times that v winds about w, with anticlockwise counted
positively.

Example 12.2
The winding numbers for points in the regions enclosed by the
contour are shown below.

Exercise 12.3
Find the winding numbers for points in the various regions.
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We can calculate winding numbers mathematically.

Lemma 12.4 (Winding Number Lemma)
Let v be a closed contour, w € C\~v. Then

( ) 1 / dz
n(y,w) = — .
i 211 v 2w

Proof. If we write y(t) = w + r(t)e?®, then r(t) and 6(t) are
continuous, piecewise continuous differentiable functions on
[a,b]. We have,

d b /
/ z / Tl
R W a ’}/(t) —w
B /b ' (£)e® + 0 (t)r(t)e® 0t
" r

(t)ei®

_ /br/(tt))dt+z/ab9’()d

(
log (1)), +1 [6(t)],
= logr(a) —logr(b) +i(0(a) —6(D)) .

Now, v is a closed contour and so 7(a) = y(b), i.e. r(a)e?® =
r(b)e?®), Equating the moduli and arguments we get r(a) = 7(b)
and 0(b) = 0(a) + 27k for some k € Z.

Putting these results into the integral above,

d
/ c = 2mik.
S E W

Moreover, 0(b)—60(a) is the net increase in arg(y(t) —w) as t runs

from a to b, so the number of times that v winds round w is
M, i.e. k=n(vy,w). O
2

Exercises 12.5
(i) Let v be a closed contour and w € C. Prove that n(—v,w) =

—n(y,w).

(ii) Let 74 and 7, be closed contours, so that the join can be
taken. Prove that n(vy; + 72, w) = n(y,w) + n(y, w)

An easy method of calculation

Calculating winding numbers can appear to be complicated to
calculate, you have to trace your finger round the curve bear-
ing in mind how many revolutions have been made. And you
have to do it for each region. Fortunately, there is an easier
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method. In the examples above note that when passing from
one region to another via an edge (rather than via a crossing
of two line) the winding number for points in the regions only
changes by 1.

Now, consider the complicated contour image drawn below
with a line passing through it.

Start at the left side of the line. Obviously the winding num-
ber there is 0. As we go from left to right on the line we will
cross the contour. We apply the following rules:

¢ If we cross the contour so that it is travelling up, then the
winding number decreases by 1.

e If we cross the contour so that it is travelling down, then
the winding number increases by 1.

In the above diagram, the contour is travelling up when we
first meet it, so the point in the region we pass into have
winding number —1. At the next crossing the contour is going
down, and so the winding number of points in the next region
is 0. We can carry this out for all regions on the line. To get
other regions we can use different lines.

Exercise 12.6
Find the winding numbers for the points in the diagram.

Justification of the method

We can justify the method by considering two points w and z
that lie on opposite sides of a contour line that goes up. We
can assume that the contour starts and finishes at a point
near w and z. (If it didn’t we can do some reparametrisation
and join work.)

Now, take a loop C round w. Then, n(y + C,w) = n(v, z), as
the diagram shows. Thus,
n(y+Cyw) = n(v,z)
n(y,w) +n(C,w) =
n(y,w)+1 =
n(y,w) = n(y,z) -1
This shows that if we pass from z to w, then the winding num-

ber decreases by 1. Similarly, one can show an increase by 1
for a contour locally heading down.
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Warning! 12.7

We have been using the image of the contour to calculate the
winding number of a point. Recall that the contour and its
image are different. Effectively, we have assumed that the
contour is traversed only once. If we go round the contour
twice, then the numbers calculated by eye have to be doubled.
More generally, if we go round £ times, then we multiply the
‘by eye’ calculations by k.

Interior points

The method of counting the number of times a contour wraps
round a point helps define the notion of an interior point.

Definition 12.8
Let v be a closed contour. The interior of 7 is the set of points
w € C\y for which n(y,w) # 0.

We denote the set of interior points of v by Int(y).

Example 12.9
The interior points of the contour in the next diagram are
shaded.

Example 12.10
Let v(t) = w + Re*™, 0 <t < 1. Then, Int(y) = {z : |z —w| < R}.
Summary

e The winding number is the number of times a contour
wraps round a point in an anticlockwise direction.

e Let v be a closed contour, w € C\vy. Then

( ) 1 / dz
n(v,w) = — )
7 2mi ), 2z —w

e It is easy to calculate a winding number by eye.

¢ An interior point is any point with non-zero winding num-
ber.
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13 Cauchy’s (Fantastic) Theorem

We now come to the fundamental theorem in complex analy-
sis. There is no analogue in real analysis. It has far reaching,
deep consequences, and most of what we will prove from now
on relies on this theorem.

Theorem 13.1 (Cauchy’s Theorem)

Let D C C be a domain, and f : D — C be a differentiable
complex function. Let v be a closed contour such that v and
its interior points lie in D.

Then, /f = 0.
Y

Remarks 13.2
(i) This is truly a great theorem. It refers to any domain in
C, any analytic function on D, and any contour with all
interior points in D. And it says that any integral aris-
ing from this is zero. Thus, weak assumptions lead to a
strong conclusion.

(ii) It is important to note that the interior of v lies within D.
If w is in the interior of v but not in D, consider f(z) =
1/(z — w) which is analytic on D = C\{w}, but

/vf:/ﬁizw = 2min(y,w) #0,

so Cauchy’s theorem does not apply.

(iii) The proof of theorem is too complicated for the moment
and we will do it later. Note that we can’t just use the FTC
since we don’t know that f has an anti-derivative on D.

(iv) At first sight it may appear that the theorem will only
tell us about the behaviour of differentiable functions.
However, it has strong implications for non-differentiable
functions as well.

Exercise 13.3

Using the contours in Exercises 2 Question 1, to which of the
following integrals does Cauchy’s theorem apply? (There is no
need to evaluate them.)

2 1
/ 1z|*dz, / : dz, / zdz, / sin( ) dz.
7 mecT 2 72 Y2 +3 z—1
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The calculation trick

Recall, the trick I performed where I calculated an integral
over a path, before the path had even been defined. How was
this done?

The trick follows from Cauchy’s theorem and the funda-

1
mental example, (recall that the example says that / ~ dz =

v
2mi where v is a small circle round the origin).

I was trying to integrate / % 4z, where a was a number cho-
zZ

sen at random, and vy was a I)ath chosen at random. However,
you were forced into choosing v so that its winding number
was 1.

Now, we can take a small circle C' going clockwise round
the origin, and we can make it so small that we can assume
it lies totally within the interior of v. Now take another path
from the end of v to the start of the circle C. Call this contour

3.

Consider the contour I' = v + 4+ C' — 3. This is a closed
contour. Its interior does not include the disc encircled by C.
So it doesn’t contain the origin. But a/z is differentiable on
D = C\{0}, and the interior of I" is a subset of D. Thus, we can

apply Cauchy’s theorem:
/ Y4: = 0
r <

a
/ —dz = 0
yHB+C—B #

/gdz%—/gdz/gdz%—/ gdz = 0
,YZ /62 CZ _52
/gdz+ gdz/gdz—/gdz = 0
'YZ [32’ CZ BZ
/gdz—l—/gdz = 0
7Z CZ
/gdz = —/gdz
'YZ CZ

1
= a/ —dz
_CZ

= a X 27t

/gdz = 2ami
42
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Thus we get the answer expected. This method - of cutting
out a disc where the function is not defined — will be used
again later in more generality so make sure you understand
this simpler example.

Summary

e Let D C C be a domain, and f : D — C be a differentiable
complex function. Let v be a closed contour such that ~
and its interior points lie in D.

Then, /f:O.
Y
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14 Strange Consequences of Cauchy’s Theorem

We will prove a number of surprising theorems that can be
deduced from Cauchy’s theorem.

(i) Cauchy’s Integral Formula: The value of a function at z,
is determined by the values on a contour round 2.

(ii) Liouville’s Theorem: Any differential function bounded on
the whole of C is contant.

(iii) The Maximum Modulus Principle: The modulus of a func-
tion on a domain achieves its maximum on the boundary
of the domain.

(iv) Fudamental Theorem of Algebra: Every complex polyno-
mial has a complex root.

Cauchy’s Integral Formula

Theorem 14.1
Let D C C be a domain, and f : D — C be differentiable. Let
~ be a closed contour such that v and its interior points lie in
D.
If we D\, then
S dz = 2min(y,w)f(w).

7Z—U)

Remarks 14.2
(i) If w is in the interior of +, then

flw) = ! f(z) dz.

- 2min(y,w) ),z —w

This says that the values of f inside v are completely de-
termined by those on 4! Remarkable! This contrasts with
real analysis.

(ii) This behaviour is sometimes called ‘action at a distance’.

(iii) The special case f(z) = 1 for all z € D gives the winding
number lemma.

Proof (of Theorem 14.1). Let 4, be the circular contour ~, =
w+re, (0 <t < 27), where r > 0 is sufficiently small so that ~,
is contained in the interior of ~.

[Step 1] Let g be a contour in D\{w} from the start point of
~ to the start point of ~,.
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The contour
T=7+B+ (=) + -+ (=) +H(=0),

-~

n(y,w) times

where there are n(y,w) copies of (—v,), has winding number

zero about w, so by Cauchy’s theorem applied to fizzu on
D\{w},
f (2) dz = 0
—w
fz)
. — —
(/// --//) =
dz— n(y,w) f(z) dz = 0
v* T v W
7%dz = n(y,w) /% ngzq)u dz.
[Step 2] We shall now show that
lim § / EZQ)U dz = 2mi f(w).
We have,
fz) dz f(z) = f(w)
%z—wdz = f(w)[y +/ T w dz
= 2mif(w / JG) = flw) dz, by winding lemma.
Therefore
/ Mdz—27m'f(w)‘ = JE) = Jw) ‘
e Z—w Z—Ww
< sup f(z) = f(w) X 27,
ZEY s —-w
f(z) = f(w)

by the Estimation Lemma. Now — f(w) as z — w.

Z—Ww

(Why does f'(w) exist?) Hence RHS — |f'(w)|.0 =0 as r — 0.
Therefore,
lim f( )

r—0 yp BT W

dz =2mif(w).

Thus we can combine these steps to get

% dz —2min(y,w) f(w) = <n(fy, w) % dz) —2min(y, w) f(w)
)

— (W) (A Zfﬁzw dz — 27rif(w)) |

63




The RHS tends to 0 as » — 0, but the LHS is independent of r
and so must be O. O

: dz, where v(t) = 3¢, 0 < t < 4.
Z2—T

(i) Calculate

Examples 14.3
/

We apply CIF with f(z) = sinz and w = w. The point w lies
within the circle formed by ~, and n(v,w) = —2, because ~
winds round w clockwise twice. (Draw a picture!)

Hence,

/ PE g = omi % (—2) x sin(7) = —4mi.
L 2T

(ii) Let v be a circle of radius 2 about 2, i.e. 2z such that
|z — 2| =2.

Draw the contour and indicate where the integrand is not
differentiable.

Then,

/ e* d / 1 e? 1 e d
z — — —_ = z
|z—2|=2 22 =9 |z—2|=2 62z—3 62z+3

1 z 1 #
= —/ ¢ dz——/ < 4
6 |z—2|=2 z—3 6 |z—2|=2 z4+3

1. ..
= 627r7je‘5 —0, by 14.1,

imed

3

Liouville’s Theorem
The next theorem is also rather surprising.

Theorem 14.4

Suppose f is differentiable on the whole of C, and is bounded,
i.e. there exists M such that |f(z)| < M for all z € C. Then, f
is constant.
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Proof. [HTTLAM: We want to show the function is constant.
This is true if f(o) = f(0) for an arbitrary a. So we need to
show |f(a) — f(0)] = 0 for every a € C.]

Let « € C. We let R > 2|a| and ~(t) = e*™ for 0 <t < 1 be a
circle of radius R round the origin. Then,

|[f(e) = F(O)] =

LofrE f(z)dz', by CIF

271 Z—Q 271 y %

v
| 11
= |3 /7f<z><z_&—;)dz
1 f(z)a
T oor [,z(z—a)dz‘
< Lty a L() b
< [} ro
1 laf
_ Miq|
~ R—al

But R was effectively arbitrary, so as R — oo, the LHS— 0. As
neither f(«) nor f(0) depend on R we must have f(a)— f(0) = 0.
That is, f is constant. O

Remark 14.5

Contrast this with real analysis. Being bounded does not im-
ply constant, for example, consider sin. This is differentiable
on all R and |sinz| < 1 for all z € R but it sin is not constant.

Exercise 14.6
Show cos and sin are not bounded on C.

Maximum Modulus Principle

Theorem 14.7
Let f : D — C be a differentiable function and v be a closed
contour such that Int(y) C D.

If |[f(2)| < M for all z € v, then |f(w)| < M for all w € Int(7y).

Remark 14.8

The theorem says that the modulus of a function within the
interior of a contour is never bigger than the modulus of the
function on the contour. In other words the maximum modu-
lus occurs on the boundary of a region.
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Proof. This proof contains a nice trick. We shall apply CIF to
w € Int(y) and f(z)*, where k is a natural number:

1 fe*

2min(y,w) J, z —w

Flw)* =

Define the distance from w to v by
dist(y,w) = inf{|z —w| : z € v}.
Then, obviously |z — w| > dist(y,w) for all z € ~.

So,
|f(w)]* < ! , M L(v), by the Estimation Lemma,
27 |n(y, w)| dist(y, w)
since |f(w)|k A
|2 — w| = dist(y, w) on-
Therefore,

[f(w)] <

()

Now, we use the fact that lim,ﬁoo zV/% = 1 for all z > 0, (this
is true because z'/* = exp(+Inz) — exp(0) = 1). Thus, letting
k — oo gives |f(w)| < M. O

Fundamental Theorem of Algebra

We are now in a position to prove the Fundamental Theorem
of Algebra, (which is in fact not really a theorem of algebra but
of analysis!)

Theorem 14.9
Every polynomial p(z) = 2" + a, 12" ' +...a;2 +ag, n > 1, has a
root in C.

Proof. Suppose not and derive a contradiction. Since p(z) # 0
for all =z € C the function f defined by f(z) = 1/p(z) is differen-
tiable on all of C. Now, for z # 0,

p(z) -1

:‘1+a” +---+@‘—>1as |z| — oo.
Z?’L

So there exists an R such that |z| > R implies that |—=

This in turn means

() = .

2
—— | << =
=T S R

1
for |z| > R.
‘p<z> I
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By the Maximum Modulus Principle applied to f with v being
the standard circle of radius R round the origin we have |z| <

R = /)] < o

2
So |f(2)] < T on all of C. By Liouville’s theorem, f is con-

stant, and hence so is p. This is a contradiction, so p has a
root. U

Summary

e Cauchy’s theorem can be used to prove surprising theo-
rems that have no analogues in real analysis.

e Cauchy’s Integral Formula: The value of a function at z,
is determined by the values on contours round z.

e Liouville’s Theorem: Any differential function bounded on
the whole of C is contant.

e The Maximum Modulus Principle: The modulus of a func-
tion on a domain achieves its maximum on the boundary
of the domain.

e Fudamental Theorem of Algebra: Every complex polyno-
mial has a complex root.
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15 Taylor’s Theorem

Taylor’s theorem is a consequence of Cauchy’s theorem but is
so important we give it a separate section.

Theorem 15.1 (Taylor’s theorem for complex functions)
Suppose f: D — C is a differentiable function. Let z; € D and
R = dist(zp, C\D) (which equals infinity if D = C.) Then, there
exists a Taylor expansion of f about z, i.e. there exist a, € C
such that

f(z) = Zan(z — z)", for all |z — z| < R.
0

Furthermore,

) 1 / e
" e ( :

n! 211 Jo (2 — zo)" 1
T

where C, is a small circle about zy and r is any number with
0<r<R.

Proof. Fix r with 0 < r < R. (We will replace z with z; + h so
that we have a power series in h centred at 0). For each i with
|h| < r, Cauchy’s Integral Formula gives

1 f(2)
f(Zo+h)—2—m./Crmdz.

Now, with || <7 and |z — 2| =1,

e YRRt
z—(2+h) (Z_ZO><1_ZhZO>_Z—ZO;(Z—ZO)
— f(z)h"
n=0 <Z - Zo)n+1 '

Now we shall integrate term-by-term, (see Corollary 6.7), us-

ing g(z) = Zfﬁzio, and gi(z) = —(Zf_(i);;nﬂ. Then, define M, by
f(z)h" K

M, = sup |gr(z)|= sup |—————|= |f(z :
’ |z—zo|:r| +(2) |z—20|=r (z — zp)"t! |2—z0|=r ) 1

S0, > pog M, < oo as |h| < r. (Use the ratio test). Thus, by
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Corollary 6.7,

[ =t - Z/ et

k=0
o)

oot = 3 (o [, =)

k=0

1
Therefore, if we substitute z = zp+h and let a,, = — LZ) dz,
211 Jo (2 — zo)"H

we get the series

o
E an(z — zo)"

n=0

(Zo)

That we also have a, = follows from Corollary 10.6. [J

The theorem says that there exists an R-neighbourhood of z,
upon which f is a power series. That is, f is analytic. This
explains why some authors use the word analytic to mean
complex differentiable:

differentiable and analytic are equivalent in complex analysis.

Analytic and differentiable are not equivalent in real analy-
sis as we see in a later example.

The expression for a, is sometimes known as Cauchy’s for-
mula for derivatives.

HTTLAM 15.2

When solving problems concerning differentiable complex func-
tions, whether theoretical or practical ones, use the fact that
the function can be written locally as a power series.

Example 15.3
(i) Find the Taylor series of f(z) = (z +14)® at z = 0. We have,

f(z) = =+’ = f(0) = (0+4)’=—i,
F2) = 32402 —  J(0) = 3(0+4i)?=—3,
D =) = [0 = S0+ =
®(z) = 6 = 90 =6
W)y =0 = f@0) = o.
So,
" (3)
1) = 10+ )0+ TP o+ T oy

= —{—3z+3iz%+ 25
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Note that this expansion is valid for all z € C as f is dif-
ferentiable on all of C, i.e. R = dist(0,C\C) = oc.

(ii) Expand f(z) = about 0. It is easy to show that
—Z

J(2) = g, 50 f(0) = .

Thus,
1 = f™(0) 1
1_Z—f(z)—; o (z—0) —;mz —;z.

This is valid for all |z|] < 1 as f is differentiable on C\{1}
so R = dist(0,C\ (C\{1})) = dist(0,{1}) = 1.

Note that this confirms a result we already know.

Now we come to a very surprising and useful theorem, which
contrasts sharply with real differentiability.

Corollary 15.4 (Infinite Differentiability)
Suppose f: D — C is differentiable on the domain D. Then, f
is infinitely differentiable, i.e. it has derivatives of all orders.

Proof. Suppose z, is any point in D. From the theorem we
know that, in some neighbourhood of z,, f can be given as
a power series, and so is infinitely differentiable by Corollary
10.5. O

This is really astounding. It doesn’t happen for real func-
tions as the next example illustrates.

Example 15.5
Suppose f: R — R is defined by

22 x>0
ro={5 120
Then, f is differentiable with derivative

20 x>0

f@):{o z < 0.

This derivative is not differentiable at 0, so f is not infinitely
differentiable.

Some facts about power series

We now use Taylor’s Theorem to prove some facts about series
which might otherwise be difficult to demonstrate.
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Theorem 15.6

Suppose f(z) = > 7 ja,z" for all |z] < Ry and g(z) = >, b,2"
for all |z| < R,. Then, f(z)g(z) = (fg)(z) = > .- c.2" for all
|z] < min{Ry, R»}, where ¢, = >}, apby_g.

Proof. Let R = min{R;, R;}. Then, f and g are complex dif-
ferentiable for all |z| < R. The product of two differentiable
functions is differentiable by the product rule. So, fg is dif-
ferentiable. By Theorem 15.1 it has a series expansion for
|z| < R, and by Corollary 10.6, we get

©© (n)
(o)) =3 OO

n!
n=0

Now we can apply Leibnitz’'s rule

PO = Y g P03 000)

o SP(0) g R(0)
- ;”! K (n—k)

n
= n!E apbp—_-
k=0

Therefore,

(f9)(2) =) en2", (|2 < R), where ¢, = Y _ axb_s.
n=0 k=0

O

Corollary 15.7

Suppose f and g are power series with positive radii of con-
vergence. If ¢(0) # 0, then f/g has a power series expansion at
O with positive radius of convergence.

Proof. Define h(z) = 1/¢g(z). By continuity of ¢ and the fact
that ¢(0) # 0, there is a e-neighbourhood of 0 upon which # is
differentiable. Thus, i has a power series expansion, and the
result follows from the theorem applied to fh. O

Remark 15.8
The precise value of the radius of convergence will depend on
where g is zero.

* Morera’'s Theorem

There is a partial converse to Cauchy’s theorem. It relies on
the earlier optional material on the Fundamental Theorem of
Calculus.
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Theorem 15.9
Let f : D — C be a continuous map on a connected domain D
such that f7 f =0 for all contours f. Then, f is differentiable.

Proof. We know from Theorem 9.9 that there exists F': D — C
such that I/ = f. But by Corollary 15.4 the derivative of a
differentiable function is itself differentiable. O

Summary

¢ If a complex function is differentiable on a domain, then
at every point there is power series expansion valid on
some e-neighbourhood.

¢ Differentiable complex functions are infinitely differentiable.

e If S; and S, are power series with radii of convergence R,
and R,, then 5,5, is a power series with radius of conver-
gence min{Sy, Sy }.

e If S is a power series at z, with positive radius of conver-

gence, then 1/S has a power series expansion at z, pro-
vided S(z) # 0.

e There is a partial converse to Cauchy’s Theorem.
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16 Zeros of functions

We have met a number of functions that are not analytic (i.e.
differentiable) at certain points. For example, 1/z is not ana-
lytic at 0, because it is undefined when z is zero. Therefore, it
seems natural to investigate zeros of functions first.

Zeros

Definition 16.1
An analytic function f: D — C has a zero at z, if f(z) = 0.

Examples 16.2
(i) The function sin has zeros at km, for all £ € Z.

(ii) By Theorem 1.35(iv) f(z) = ¢* has no zeros.

(iii) f(2) = 23(2*> + 1) has a zero at z = i, one at z = —i, and one
at z =0.

Exercise 16.3
Find the zeros of:

@) 22 +9, (i) e+ (z+40), (iii) e* 2 — 1.

We now know that if f : D — C is differentiable at z,, it has
a Taylor series expansion about zy: f(z) = > 7 ja,(z — 2)" for
all z with |z — zy| < R for some R > 0.

Definition 16.4
We say f has a zero of order m at z if

ag=a; =--+ = a,_1 =0 but a,, #0.

Remark 16.5
Obviously, by Theorem 15.1, f has a zero of order m at z, if
and only if 9 (z) = 0 for all j < m and f™(z) # 0.

In particular, if f(z)) = 0 and f'(z,) # 0, then f has a zero of
order 1.

Examples 16.6
(i) The function f(z) = z* has a zero of order 2 at 0.

(ii) The function f(z) = z(z+2:¢)* has a zero of order 1 at 0 and
one of order 3 at —2i.

(iii) More generally, suppose that f is a polynomial with a root
of multiplicity m at z,. Then, f has a zero of order m at z.
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Exercise 16.7
Find the zeroes and their orders of the following:

@) (z—1)3(z+1) @) (22+1)% (i) ze*, (V) (22—30)*, ) 22+1.

Exercise 16.8

Suppose that f : D — C is an analytic function with a zero
of order m at z,. Then, there exists a differentiable ¢ and an
R > 0, such that f(z) = (z — 20)™g(2), for all |z — 2| < R, and
g(z0) # 0.

Summary

e An analytic function f : D — C has a zero at z, if f(z) = 0.

e Suppose f(z) = Y o a,(z — z)" for all z with |z — z| < R
for some R. Then f has a zero of order m at z if

ag=a; = -+ = a,_1 =0 but a,, #0.
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17 Poles

The notions of pole and residue are crucial to the application
of complex analysis to real problems, such as real integrals,
or Fourier and Laplace Transforms’. We define poles in this
section and show how to locate them in the next. After that
we define their residue.

A motivating example

Let us consider an example: Integrate / % dz, where |z| =1
z|=1
denotes the standard contour of a unit c|i|rcle round the origin.
We can’t use Cauchy’s Integral Formula as the integrand is
not analytic at 0 and the Fundamental Theorem of Calculus
doesn’t help as we can’t see any obvious antiderivative.
Let’s just integrate term-by-term® and see what happens.

e* 1 22 28
—dz = — (1 —+—4+... ] d
\/Z|=1 22 : /|Z|:1 22 ( Tat 2! + 3! * ) :
/ AL S d
= — - - - z
|z|=1 2’2 z 2 6

1 1 1
- / —2dz+/ —dz+/ —dz+/ Sz
|2]=1 Z |2]=1 Z |2]=1 2 2j=1 0

= 0+2m+0+0+....

Notice that only the 1/: term mattered. By the Fundamen-
tal Example, all the other terms were irrelevant. This is key
to understanding the terms pole and residue we are going to
define.

Laurent expansions

First we shall look at functions, like the integrand ¢* /2% exam-
ple above, that can be represented by a series with negative
powers.

Recall for an analytic_function we can represent it as

f(z) = ian(z —z9)" for |z — z| < R.

n=0

Compare this with the following series.

“These transforms are used in Applied Mathematics. If you know what they are, then fine.
If not, then don’t worry about it.
80bviously, we should check that we can do this!
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Definition 17.1

Suppose that f : D — C is complex function. Then we say f
has a Laurent expansion at 2 if there exist a, € C and R > 0,
such that

o0

f2)=>" an(z—2)"

n=—oo

for all z with 0 < |z — 2| < R.

Note that the limits go from —oo to oo, and that the expansion,
does not necessarily equal f(z;) when z = 2, (Which may be
undefinable anyway).

Example 17.2
(i) f(z) = 1/z has an expansion at 0 with a,, = 0 for n # —1,
a_1 =1, and R = oco.

(i) The expansion of f(z) = ¢*/z? at 0,

has a, = 'fornzo, a1 = a_y =1, and a; = 0 for

(n+2)
j < —3. The radius is R = cc.

(iii) Any power series with a positive radius of convergence is
a Laurent expansion. Hence, any function differentiable
at zp has a Laurent expansion.

Exercise 17.3

Find a Laurent expansion for f(z) = P e

defined on C\{0}.

~4

The definition of a pole

Definition 17.4

Suppose that f : D — C is a complex function. We say that
f has a pole of order N at z; € D, if there exists a Laurent
expansion at z, of the form

o

f(z)= > an(z—2)" (0<|z—2|<R), with a_y # 0.

n=—N

Poles are also called singularities.
If there is no N > 0 such that a,, = 0 for all n < —N, then we
say f has an essential singularity at z,.

Remark 17.5
The point is that for a pole of finite order there are only a finite
number of negative exponents of z in the series.
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Examples 17.6
(i) order(1/2°) =5 at 0.
1 1 =z

1
ii) order(e”/z?) =2 at0 =—=+—-+-+=+....
(ii) order(e®/z?) at 0 as f(z) Stotste T

(iii) order ( + (2 — 4i)? — 2i(z — 4¢)5) = 3 at 4i.

(z —40)3

(iv) f(z) = exp(1/z) has an essential singularity at 0 because

= (1/2)™ 2 0 2"
N e

n=0 n=0 n=-—oo

and this obviously has an infinite number of terms with
negative exponent.

Remarks 17.7
(i) If such a Laurent series exists, then the coefficients are

unique. To see this look at (z — zy)" f(z), this is a power
series and so has unique coefficients.

(ii) Suppose that f(z) has a Laurent expansion with N = 0,
i.e.

f(2) =ag+ay(z — 2) +ax(z—2)*+... for 0 < |z — 2| < R.

Then, we can define f(zy) = ap and thus make f analytic
at 20.

If we can do this, we say f has a removable singularity.

Example 17.8

The function f(z) = P e

is defined on C\{0}, and we have

sin z
f) = 2
1 23 N 20
oz - 3! 5l
22 24

So define f(0) = 1 to make f analytic on all of C. That is,

sin z
£lz) = ot for z £ 0,
1, for = = 0.

Exercise 17.9
Show that (e* — 1)/z has a removable singularity.
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Summary

e An expansion of f of the form

o

f(z) = Z an(z — z)"

n=—oo

for all z with 0 < |z — 2| < R, is called a Laurent expansion
at 20.

e We say that f has a pole of order N at z, € D, if there
exists a Laurent expansion at z, of the form

[e.e]

f(z) = an(z—2)" (0 < |z — 2| < R), with a_y #0.

n=—N
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18 How to find poles

It is hard to give non-trivial examples of poles without using
some theory. You may have noticed that the order is somehow
connected with the order of multiplicity of the polynomial in a
denominator. The following puts that intuition into a precise
mathematical statement, and does it for general functions not
just polynomials.

Lemma 18.1
(2)

Suppose that f(z) = P2 where

q(z)
(i) p is analytic at zy, and p(z) # 0,
(ii) ¢ is analytic at 2y, and has a zero of order N at z.
Then, f has a pole of order N at z,.
Proof. By assumption, we have ¢(z) = (z — 20)"Vr(z) where
is analytic with r(zp) # 0 (see Exercise 16.8). Then, g(z) = gy

is analytic at z;, so by Theorem 15.1 it has a power serie
expansion:

g(z) = Zan(z — zp)", valid for |z — 2| < R, some R > 0.

Thus,
o - b
_ p(2)
(2 — 20)Vr(z)
_9(®)
(z — z)N
1 - n
— m ;an(z — Zo)
B (2 — 29)N + (2 — 20)N=1 (2 — 29)N—2 te
But,
w=g(0) =52 20,

because p(z)) # 0 by assumption and r(z,) # 0 by definition.
So as ag # 0, we deduce that f has a pole of order N at z,. O
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Common Error 18.2

The above lemma gives a method for finding a pole and its
order. The definition of a pole is that given in Definition 17.4.
It is not the multiplicity of the denominator in an expression.
Do not confuse the definition of an object with a process by
which we find the object.

Remark 18.3
Recall that a zero of order N of a polynomial is just a root of
multiplicity N.

Example 18.4 sin 2
(i) The function Y has a pole of order 2 at z = 3, since

(2 =3)
sin is analytic and sin3 # 0, and (z — 3)? is analytic with a
root of multiplicity 2 at 3.
2(z — 1)
(22 — 22+ 5)?
This is because we can factorize the polynomial 2% — 2z +5

to get (z — (1 + 2i))(z — (1 — 2¢)). The resulting roots are
repeated as

(22 =22+ 5)" = [(= = (1+20))]" [(= — (1 - 20))]".

(ii) The quotient has poles of order 2 at z = 142i.

Exercises 18.5
Find the poles and their orders for

1+¢€7 1+=2 e” —

1 -
(a) m, (b) m, (C) P (It ain’t 5’)

Simple poles
Poles of order 1 are given a special name.

Definition 18.6
A pole of order 1 is called a simple pole.

Example 18.7
(i) 1/~ has a simple pole at 0.

(ii) SI:QZ has a simple pole at 0:
ZS 25
sinz Z - 30 - 5
422 422
1 z 28
R ERE TR T
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There is a useful way of locating simple poles.

Theorem 18.8 (2)

Suppose f(z) = D2 where,
q(2)

(i) p is analytic at zy, and p(zy) # 0,
(ii) ¢ is analytic at 2y, ¢(z0) = 0 and ¢'(z) # 0.

Then, f has a simple pole at z.

Proof. By Remark 16.5 ¢ has a zero of order 1 at z,. Thus,
by Lemma 18.1, f has a pole of order 1 at z,, i.e. the pole is
simple. O

Examples 18.9 cos
(i) The function f(z) = has a simple pole at 0. We have

z
p(z) = cosz and ¢(z) = z, so p(0) =1, ¢(0) =0, and ¢'(0) = 1.

3
(ii) The function f(z) = % has a simple pole at 0. We have

p(z) = 24+ 3 and ¢(z) = sinz, so p(0) = 3, ¢(0) = 0, and
q'(0) = cos0 = 1.

Summary

e Suppose that f(z) = M where

q(2)
(i) p is analytic at zy, and p(zy) # 0,
(ii) ¢ is analytic at zp, and has a zero of order N at z.

Then, f has a pole of order N at z,.

¢ A simple pole is a pole of order 1.
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19 Residues

We saw earlier that to integrate

e? 1 1 1 =z

;:§+;+§+6...
we could use the Laurent expansion about zero to integrate
term-by-term. The only information that mattered was the
coefficient of the 27! term. Let us now give that term an official

name.

Definition 19.1

Suppose that f has a pole at z,. The residue of f at 2 is
the coefficient a_; in the expansion )~ . a,(z — z)". This is
denoted res(f, zp).

Examples 19.2
(i) res(e?/22,0) = 1.

(i) res(z?,0) = 0. (The residue is always 0 at differentiable
points.)
(iii) From earlier,

sin z 1 2z 23

422 4z 34 + 514

< sin z 0 1
res | —— = —.
422 4

Remark 19.3

The residue at a point is unique because the coefficients of a
Laurent expansion with a finite number of negative terms are
unique.

The next theorem gives a hint of where we are going with
residues: They allow us to quickly calculate integrals. This
theorem is really just generalising the example of ¢*/z? used
at the start of the section on poles.

Theorem 19.4 (Cauchy’s Residue Theorem for a Circle)
Suppose that the analytic function f : D — C has a pole at p.
Let v(p,r) denote the circle of radius r round p. Then, there
exists R > 0 such that

| s =rives(s.p),
v(psr)

forall0 <r < R.
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Proof. At p the function f has a Laurent expansion f(z) =
> yvan(z—p)", for 0 < |z — p| < R, some R > 0. Therefore, let
r be such that 0 < r < R, and then

o

/Y(p,r)f(Z) dz = /M nz an(z —p)"dz

= Z/WT " dz.

The latter equality follows from Theorem 6.7 (you can check
this!). But, by the Fundamental Example,

/ an(z—p)tdz = an/ (z—p)"dz
v(pr) v(pr)

a_1 X 2mi, n=-—1
0, n# —1.

Thus, fv(p " f(2)dz = 2mia_, = 2mires(f,p). O

Remark 19.5
The theorem says that to calculate certain integrals all we
have to do is calculate the residue of a function at a point.

Example 19.6

Let v be the unit circle round the origin. We take f(z) = ¢*/2>
from earlier, then res(f,0) = 1 has already been calculated. So
[, €*/2* = 2mires(f,0) = 2mi, as we have already seen.

We shall generalise the theorem further, but in the next
section we will see investigate some methods for calculating
residues.

Summary

e The residue of [ at 2, is the coefficient ¢_; in the expan-
sion > 7 an(z — z)". This is denoted res(f, ).

e Suppose that the analytic function f : D — C has a pole at
p. Let v(p,r) denote the circle of radius r round p. Then,
there exists R > 0 such that

/ f(2)dz = 2mires(f,p),
v(p:r)

forall0 <r < R.
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20 Bluffer’'s Guide to Calculating Residues

Residues are an important part of any course on Complex
Analysis. They allow us to easily calculate otherwise com-
plicated integrals — without doing any integration!

This section contains the main methods for calculating the
residues of poles. You should know them and their proofs.

Method 1: Simple Poles

Suppose f has a simple pole (i.e. order 1) at w then
res(f,w) = lim (z — w) f(2).

Proof. As f has a simple pole at w we have

f(z) = an(z—w)".
n=-—1
So,
lim (= — ) (2)
= lgn(z —w) i an(z —w)"
n=-—1
= lim(z—w) (Za_‘lw + ag + ai(z — w) +a2(z—w)2+...>
lim a_, +ap(z —w) +a1(z —w)? +as(z —w)’ + ...
= a_;
= res(f,w).

O

Examples 20.1 sin(z)
(i) The function f(z) = ~—3 has a pole of order 1 at z = 3, so

res(£.3) = lim(s-3)(2) = li(a-3) T = limsinz) = sin3).
zZ— z—s - P
(i) The function f(z) = 1# has a pole of order 1 at z =0,
SO Cos z
2 2
res(f,0) = lim e m— —Jim 4(2/2)

20T “cose 2202 sin?(z/2) 20 2sin’(2/2)
2 \? 2\’
— 2w (L — o (1w —2.
2—0 \ sin(z/2) 2—0 sin(z/2)
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Method 2: Some quotients (Really good method!)

Suppose f(z) = % with p and ¢ analytic, p(w) # 0, ¢(w) = 0
and ¢'(w) # 0. Then,

p(w)

¢ (w)

res(f,w) =

Proof. By Theorem 18.8 f has a simple pole at w, so
res(f,w) = lim(z —w)f

zZ—w

z), by Method 1,

),
)

P\/\

z

)
() - q<w>> as glw) =,

= lim(z —w)

Z—w

= lim p(z) /
= lim p(z) /

lim,_.,, p(z)
q(z) — q(w)

—~

Z—wWw

N TN

lim,_,,,

p(w)

= , by definition of differentiation.

q'(w)

O

Remark 20.2
The conditions imply that f has a simple pole, so the method
will only work in this case.

Examples 20.3
() The function f(z) = T
—Z
p(z) = 1and ¢q(z) = 1— 2% so ¢(1) = =3 x 12 = —=3. Thus
p(1) 1 1
1 = _ T = — .
l”eS(fa ) q,(l) _3 3

2

has a pole at z = 1. We have

has a pole at z = ¢™/* (and

(ii) The function f(z) = T+

z

more besides, but we’ll ignore them). Let p(z) = 222 and

q(z) = 1+ 2%, Then p(e™*) = 2"/ £ 0; ¢'(z) = 42° so
q/(ez‘n/zl) — [e3im/4 7é 0. So

p(eiﬂ/4) QeiW/Q €—i7r/4

1
¢ (ei/%) T fedim/a T 9 4

res (f, e™*) = (1—0)v2.
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Method 3: Poles of order N

We now generalise Method 1 (which is the case N = 1 in the

following).
Suppose that f has a pole of order N at w. Then
res(f,w) = ! lim - {(z—w)Vf(2)}
T (N — 1) z=w dzN-1 '

o0
n=—

Proof. By assumption f(z) =Y
and 0 < |z —w| < R. Thus,

~ n(2 —w)" for some a; € C

fz) = ) an(z—w)"

) fz) = (z—w)" (#+--~+ZG1w+ao+a1(z—w)—l—...)

Therefore,

o dv!
- (N =1)! zlgrqu dzN-1 {a—N +a_nyp(z—w)+...
+ay(z—w)N T +agz —w)V +..
1
- m}ijﬂ){w—1)!a,1+N!a0(z_w)+m}
1
= @V =Dla-
oV D
= res(f,w).

O

Examples 20.4 s i\?
(i) Let f(z) = ( ) . By Lemma 18.1 this has a pole of
z

— 1
order 2 at z = i. Hence,

1 a1 N\’
es(f,) = (2—1)!123%61221{(2_2')2@1) }

= 1.lim i(z +1)?

z—1 A2

= lim2(z + i)

= 2(i+1)
= 4.
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62

(ii) The function f(z) = 6—2 has a pole of order 2 at z = 0,
z
(again by Lemma 18.1). So,

z

d e 2 2
27 —lim — e =lime®.e® =e.
1 2=0dz 22 2—0 dz z2—0

Method 4: Direct expansion

We can use this as a last resort. We expand functions as power
series, etc., and then calculate coefficients.

Examples 20.5

z

(i) Let f(z) = ﬁ. This has a pole of order 3 at z = 1. So,
expand about w = 1: (i.e. let z = w + h and take h as our
variable),

(1+h)61+h
1+h) = —"——
fA+h) = G =19
h
e.e
e h? h3
= F(Hh) <1+h+§+§+...)
e 3 2
= —(14+2h+h*+ R+ ...
= ( + 20+ Sh7 4+ Sk )
e +26+36+26+
B3 h?2  2h 3
3
So res(f,1) = ?e.
(i) * Find res (WCOZ WZ, O) .
z

We expand about w = 0:

meotm(0+h)  mcotmh
(0 + h)? I
_ mcosTh
~ R2sinwh

(1= (xh)2/2 +...)
h? (wh — (h)3/3l+ ...)
1(1—a2h%/24...)
(1 —m2h2/6+...)

Consider the parts in brackets, this quotient will be a
power series and so we need to work out its coefficients.
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We need only work out the coeffient for 7? since division
by the h3 will give the residue coefficient.

We work with the bottom bracket first. Suppose that
(1 —m2h2/6+...)"" =by+bih+byh%+.... Then,
(1-mr%/6+..) (1—x®R2f6+...)" = 1
(1—=7°h*/6+...) (bo+bih+bh*+...) = 1
2712

7=h

bo + bih + byh? — (bo + bih +boh?) + ... = 1

7'('2
b0+b1h+<b2—gbo> R+... = 1.

2
Equating coefficients gives by = 1, b; = 0 and b, — %bo =0,
2

. T
1.€. bz = E
Therefore,
mcotmh B 1 1 m2h? n 1 m2h? -1
h? B 2 6
1 1_7r2h2+ 1+7T2h2+
I 2 6
1 w2
= —(1—=—n%>+...
B ( gt )
_ 1 =
Rk 3h
2
Thus res(f,0) = -3

Obviously, this method can get a bit calculation heavy.

Summary
e Simple pole: res(f,w) = lim,_,(z — w)f(2).
e Some quotients: Suppose p(w) # 0, ¢(z) = 0 and ¢'(w) # 0.

Then,
~(5e)- st

1 V!

res(f,w) = = 1)!}% TN {(z—w)Nf(2)}.

e Pole of order N:

e Calculate expansions directly, equate coefficients, etc.
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21 Cauchy’s Residue Formula

The next theorem shows that we can calculate certain com-
plex integrals by merely calculating the residues and winding
numbers at poles. Thus we have a very simple five-finger-
exercise method for calculating integrals. Hooray!

Theorem 21.1 (Cauchy’s Residue Formula)

Let D be domain and ~ a closed contour such that Int(y) C D.
Let {p1,...,pmn} € D\y and f : D — C be analytic with poles at
P1,...,Pm- Then

/f(z) dz = 2mi Zn(’y,pi) res(f,p;)-

Proof. We can assume that all the poles are in the interior of
v. Now, consider the following sketch.

Let C; be a circle of radius ¢ > 0 at p;, taken clockwise.
Then, there exists ¢ > 0 such that C; C Int(y) and C; N C; =0
for all j and [ with j # [ and so that C; lies within the disc
upon which the Laurent expansion for f at p, holds.

There exist contours f; from some point on the image of v
to the start of C;, We can define v; as the part of v from the
start of 3; to Bj11. Soy =y + -+ Y.

Next, we define a contour 7 by

v o= b+ n(%p1)01 — B 4+m
+02+n(v,p2)Co — B2+ 72+ ...
+Bm + (7, Pm)Cr — B + Y-

This is a path such that f is analytic on Int(¥), (just like in
the calculation trick I did.) So by Cauchy’s Theorem we have
f% f=0. But

[f = ) [ G f+---+n(%pm)/ f+/ /
3 Ca m Y1t Tm

Ch

0 — (ZZL: n(%pj)/cj f) +/71+...% 4

Note that the integrals over all the ; cancel. So, as v = v, +
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<+ v We get,

/f= E

But, by Theorem 19.4, ffcj f = 2mires(f,p;). Thus the proof is
complete. O

There we have it, one of the best theorems in mathematics!

Examples 21.2 1
Evaluate the integral

dz, where v is a square
L2 =1)z—i 7 d

with sides of length 4 centred at the origin, oriented anti-
clockwise. .

o 1
Solution: Let f(z) = -1z ( =) There-
z =
(1

fore, f has simple poles at z = 1 and —i. Let ¢(z) =
2>+ (i—1)z—1, then ¢/(z) = 22+i—1. We have ¢/(1) = 2+i—1 = 1+4,
and ¢'(—i) = —2i +i— 1= —1— . Thus,

N 1 1+

res(f,l):1+l,— 5 and res(f,—i):_l_i— 5

We have n(vy,1) = n(v, —i) = 1, so by Cauchy’s Residue Theorem

/ : 1 -dz = 2mi(res(f,1)+ res(f, —i))

L2 (= 1)z —i
o 1—i+—1+i
= 2mi
"\ 2 2

= 0.

Summary

e Let D be domain and ~ a closed contour such that Int(y) C
D. Let {p1,...,pm} € D\y and f : D — C be analytic with
poles at py,...,p,. Then

m

[ )z =2mi 3 ntop) ves(£.).

v j=1
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22 Evaluation of Definite Real Integrals

We shall now see that complex analysis allows us to solve, in
a simple manner, problems involving real functions that are
not easy to solve with real methods.

The basic idea

We want to calculate [ fooo f(z) dx where f is a real function. The
basic method is actually quite simple, but it has a number of
parts, so may initially appear complicated. First, I'll outline
the ideas behind it.

Let us note that we can calculate the real integral as a con-
tour integral. Let I'y(¢) = ¢, then I'(¢) = 1 for —R < t < R.

So,
5 f(z)dz = /Rf(t).ldt = /Rf(t)dt

If we let R — oo, then we usually obtain the real integral
[ f(z) dz (but see Remark 22.3 later).

This doesn’t really get us much further forward. However,
if we take a contour 'y from R to —R via a path in the complex
plane and join it to I'y, then we get a closed contour. Thus, we
can use Cauchy’s Residue Theorem to calculate the integral.
Consider the following diagram in the complex plane, where
I'r is the semi-circle in the upper half-plane.

If we integrate round the contour I' = I'; 4+ I'g, then we get

/Ff(z)dz: A f(z)dz+ A f(z)dz

Now, letting R — oo, we get

lim/f(z)dz = lim/ f(z)dz%—}%iin f(z)dz

R—o0 R—o0 r T

R
= lim/ f(t)dt + lim f(z)d=

R—o0 R—o0 g

= / f(x)dx + hm f(z)dz.

Ir
Now, the LHS is a contour integral for a closed contour and
so by Cauchy’s Residue Formula we can probably work it out
using some method. The RHS contains the integral we want.
Great! It also contains another term. Not so great! However,
if that term is zero, then we have a way of calculating a real
integral from residues!
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Can we show that the integral [, f(z)dz — 0 as R — oo?
The following lemma gives us a supply of examples with this
property.

Lemma 22.1 (Jordan’s Lemma)
Suppose p and ¢ are polynomials with deg(p) < deg(q) — 2,
Tr(t) = Re", 0 < ¢t < 7 is a semi-circular contour of radius
R, and a > 0.

Then,

/ MeiadeﬁOaS R — oc.
Tr q(2)

Proof. As usual, we apply the Estimation Lemma. We have,

‘ zaz‘ —e Re(iaz) __ eRe('ia(eriy)) _ eRe(fay+iax) — W < 1’

the latter inequality holds because y > 0 for z € v, and because
a > 0.

By the Fundamental Theorem of Algebra, the polynomial p
can be written as p(z) = cHdegp(z — a;), where c is some con-
stant and «; is a root of p. Similarly, ¢(z) = deeg (= —p;), for
some d and f3;.

We then have,

degp degp degp

Al =lel [T Iz —asl < lel TT (121 + ley) < lel T] (R + o)),
j=1 j=1 j=1

when z € I'i, (i.e. |z| = R). Note that the RHS is a polynomial
in R of degree degp.
Similarly,

degq degq

|—!d|H 12— B;]) >|d|H —1B3]),

for z € I' and R > max{|g,|}.
Thus, for large R, by the Estimation Lemma,

/ P(2) o dz} el TSP (R + |ay)) o p
ry 4(2) T dI TR - 18)])

So, if deg p < degq — 2, then the RHS— 0 as R — oo. Hence, the
RHS is equal to 0. O

Remark 22.2
We include an ¢* term as this will be useful in determining
integrals involving sines and cosines.
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Remark 22.3
The integral [*°_ f(z) dz is actually defined to be

lim ’ f(z)dx

R

Definition 22.4
The integral limg . f_RR f(z)dx is called the principal part of
the integral, and is denoted pv [~ f(z) dx.

The principal part of an integral may exist even if [~ f(z)dz
does not. E.g. f(z) = z. However, if both integrals exist, then
they are equal. In all our examples we may as well assume
that both exist, but note that in practice we should check that
this is the case.

Real integrals of the form [~ % dx

For real integrals of the form / ]% dr, where p and ¢ are
—oo 4\ T
polynomials with ¢(z) # 0 for all real z, the method is the

following.
(i) Define I' =1I'; + I'g, where
['(t)=tfor — R<t<R,

and '
[Cr(t) = Re" for 0 <t <,
taking R large enough so that I' contains all the poles of

p(z) that lie in the upper half-plane.

q(2)

(ii) Calculate / Zq% dz using Cauchy’s Residue Theorem.
r

(iii) Show that / % dz — 0 as R — oo, using Jordan’s Lemma.
T'r

(iv) Conclude that [ f(z)dz and limg_. [, f(2) dz are equal.

It is probably best if we do an example.
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Example 22.5 SN
Find the integral / —_—
oo (224 1)2
(i) Take I' as the join of two contours above.
1 1

(ii) Let f(z) = 1 Then f(z) = 1) ot
So f has poles of order 2 at z =i and z = —i. Only the z =i
pole lies in the interior of I' (when R > 1).

By Method 3 we get

N S ST !
res(f,i) = 2-1)d (( ) (Z_i)2(z+i)2)

- i (=)

- ()

z=1

z=1

zZ=1

(iii) By Jordan’s Lemma (as degq = deg(z? + 1)? = 4, degp =
degl =0, and a = 0)

1
/I:mdz—)()aSR—)OO
R

(iv) Thus, as
/f(z)dz = f(z)dz+/ f(z)d=
r Iy I'r

L
2mives(f,1) = /Rmdx—i— A f(z)dz

7 & 1
omi (-~ ) = S
m( 4) /_Oo(x2+1)2dx+0asR—>oo
T & 1
2~ /_m<x2+1>2d‘”

Can you calculate this integral using the standard methods of
real analysis?
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Real integrals of the form [~ { S } &g dx

cosz | al=

We can apply a similar method to integrals of the form

/°° { sin }p(a:) i
o Leosz f g(a)
by making a good choice of complex function to integrate.

Let us try an example that really shows the power of com-
plex analysis.

Example 22.6 o0
COST

Calculate the integral ————dx.
o T2 —2x+2

. e’LZ
| The key here is to chose f(z) = P v
e’ = cos z + isin z so we will get the cosz, but we will also get a
sinz term along the real axis. Surprisingly, this turns out to
be a bonus, not a problem - just watch!)
(i) Let I" be as in the previous example, so I' =T'; + ['i.

(ii) We want to evaluate

/Ff(z) dz

first, so we use Cauchy’s Residue Theorem.
We know that ¢** has no zeros and no poles, so all the poles
arise from zeros of the denominator: 22 — 2z + 2.

2448
e

. (Remember that

22-92:42=0 — 2= 143

Let R > /2, so 1+i is inside the contour, 1 —i is outside it. The
diagram shows the location of poles and the contour I'y.

The pole is simple so

/ eiz p o ei® 1+
— az = mireSs\ ——————= 1
r22—2z+2 22 —22+2’

6i(1+i)

2(14+1) —2
o1+

= 2m

= 2m
2
e tel

z(Cos 1 +idsinl).
e
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(iii) By Jordan’s Lemma

eiz
—d 0as R .
/1~Rz2—2z—|—2 = B

(iv) Now we shall calculate the integrals along the two parts
of the contour. Along I'; we get

iz R iz
/26_0[2 _ / I
r, 22 —2z+2 _pT?—2x+2

/R COS T J +,/R sin d
= —dx+1 —dx.
_px?—2x+42 _px?—2x+2

Therefore,

lim /f(z)dz = lim f(z)dz—i—l%im f(z)dz
r

R—o0

e

Equating real parts we get

e CcoS T T
———dx = —cos 1.
/m$2—2x+2 e

Remark 22.7
Note that using the imaginary parts we get

ee sin « T
—dx = —sin1.
/_wx2—2x+2 e

Thus, we have gained more information than we were looking
for. What a method!
Summary
(i) Define I' =T'; + I'g by
I(t)=tfor —R<t<R, and T'(t) = Re" for 0 <t < 7.

Take R large enough to include the poles of f that lie in
the upper half-plane.

(ii) Calculate [, f(z)dz using Cauchy’s Residue Theorem.

(iii) Show that er f(z)dz — 0as R — oo, using Jordan’s Lemma.

(iv) Relate [ f(z)dz to [, f(z)d-=.
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23 Integrals with sines and cosines

Let us consider the nasty integral

2m
/ % cos(nf — sinnb) db.
0

from Section 3.
If we consider contour integration, then is there some func-
tion and contour such that [ f gives the above? Let 7(t) = e”,
for 0 <0 <27 and f(z) = ¢*. Then, with our knowledge of poles
and residues we see that
/ S res(e”/2"*1 0) =
N

Zn+1

271

n!

2w
— / o8 0+isin 0—inf do
0
21
_ / 08 Hei(sin 0—nb) do
0

2m
= / % (cos(sin @ — nd) + isin((sin @ — nd)) db.
0

By equating real and imaginary parts we see that

27
2
/ % cos(sin @ — nf) df = il
0 n!
and because cos is an even function we deduce that
27
2
/ Y cos(nf — sin6) df = i
0

n!

Rather spectacular, wouldn’t you agree?

Integrals of the form [ f(cos,sin6) df

Theorem 23.1
Let v(t) = €', for 0 < ¢t < 27. Then

27 -1 _ 1
/ f(cos@,sin@)d@z—i/f<z+z ,Z il >z_1dz.
0 y 2 21
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24271

Proof. Let z = ¢ = ~(f). Then cosf = and sinf =
z—z7t .
5 We also have +/(0) = ie®.
i
Thus,

—1 -1 21 ' '
—i/f (Z T2 , - Z ) 2 ldy = —i/ f(cos®,sinf)e “ie? g
. 2 21 0
2w

= f(cosf,sin @) do.
0

O

Remark 23.2
We can change the limits of integration by letting ~(t) = ¢
where a« <t <a+ 27 and a € R. So we get integrals of the form
faa+27r f(cos@,sin ) do.

A common example is a = —7, so we get [” .

Example 23.3

2w 1
Evaluate the real integral / —dt
o 13+ 12cost

Solution: Applying the theorem we get, for (t) = e, 0 <t <

2m,
2w 1 1
/ - dt = —i/ dz
o 13+ 12cost L 2(13+6(2+1/2))
1
= i
Z/,6,22+132+6 ‘
1
Let g(z) = s Ey——r This has poles at —3 and —2. Of

these, only —2 lies within the unit circle given by v. Hence, we
calculate the residue for this pole:

2 1
res (g, —= | = ———
973 ) T 12: 4113

Therefore, by Cauchy’s Residue Theorem,

2
1 1 2
/ —dt:—ix27ri><—:—7r.
0

1 1
oy 12(-2413)+13 5

13+ 12cost 5 5

Summary

e Let v(t) = e, for 0 < ¢ < 27. Then

2w

-1, -1
f(cosf,sinf) do = —i/f it ,Z Z 27t dz.
0 . 2 2
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