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Chapter 1

An introduction to the module and
revision of previous study of
complex numbers

The material in this chapter should mostly be a reminder of how complex numbers are
defined and represented in the complex plane as well as an introduction to some of the
topics in the module. In section 1.8 the notes also contain some brief details of work by
Cardano in the 16th century about finding the roots of cubics which is generally regarded
as a starting point for the interest in complex numbers.

1.1 The definition of complex numbers and the com-
plex plane

Let R denote the real numbers. It is usual to regard a specific real number x as a point
on the real line as indicated below.

-2 -1 0 1 2 3 4
Complex number are defined after first introducing a symbol ¢ which has the property
7 =—1
and we write i = v/—1. The space of complex numbers is defined by
C={x+1wy: z,yeR}.

We get a one-one correspondence between points (x,y) € R? and complex numbers
z = x + iy. For some terminology, x = Re(z) is known as the real part and y = Im(z) is
known as the imaginary part and the representation of z in this form is often referred
to as the cartesian representation of z. As has just been illustrated, a real number is
represented by a point on the real line and similarly a complex number can be represented
by a point in the complex plane. The representation of complex numbers in this way is

— Introduction— 1-1 —
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known as an argand diagram. Now a point in R? can also be represented in polar
coordinates and thus for complex numbers we also have

z=ux+1iy =r(cosf +isinf), r=/22+y? 0O=argz. (1.1.1)

r > 0 is known as the magnitude or absolute value of z and f = arg z is any angle for
which (1.1.1) is true. The phrase any angle is used here as if we add any integer multiple
of 27 to 6 then we get the same point and this is something which will be discussed at
various times in the module. When there is a need to uniquely determine 6 the usual
convention is to take the principal argument, which is denoted by Argz, which satisfies

Argz € (—m, 7.

Note that Argz defines a function which is discontinuous as you cross the negative real
axis with a jump discontinuity of magnitude 27. Also note that arg z and Argz are not
defined when z = 0.

With z defined the complex conjugate is denoted by z and is defined by

Z =1 — 1y = r(cos(—0) + isin(—0)).

The number Z is the reflection of 2z in the real line and we can represent z and z in the
following diagram.

Imaginary axis

7 sin 6 z=x+1y

7 cos 6

Real axis

—rsin 6 Z=x—1y

— Introduction— 1-2 —
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1.2 Addition, multiplication, division and complex
conjugate of complex numbers

We can add (and subtract), multiply and divide complex numbers and you can represent

the result in cartesian and polar form.
Let

21 = w1 +iy; = r(cosby +isinb,),

29 = Ty+iys = ra(cosby +isinbs),

be complex numbers with xy, yi, 7 > 0 and 6, k = 1,2 being real.

Addition

Using the cartesian representation we have

2+ 20 = (X1 + x2) +i(y1 + y2).

Multiplication
Using the cartesian representation we have
2129 = (Il + iyl)(ﬂfz + iyg)

= Ty +iYys + i(1y2 + y172)
= (2122 — Y1y2) +i(T1Y2 + Y172).

Note that we expand in the usual way and whenever 7% appears we can replace it by —1.
It is also beneficial to do the multiplication using the polar forms as we get

2129 = T179(Cc0s0; + isinby)(cos by + isinby)
= r172((cos 0y cos O — sin 6, sin Oy)
+i(cos By sin by + sin 0y cos b))
= rira(cos(0y + ) + isin(b; + 67))

where in the last step we have used the expansion formulas for the cosine and the sine
functions. In the polar form we just multiply the magnitudes and we add the angles.

Complex conjugate z =z — 1y of 2 = 2z + 1y

The complex conjugate has already been mentioned but we make a few more comments
here. Firstly, note that

IZ| = |2] = Va2 + 42, ArgZ = —Argz,
and also

Z = o =2+
z+7zZ = 2x€R,
z—2% = 2iy (purely imaginary when y # 0).

— Introduction— 1-3 —
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From the first part of the equations we have when z # 0

1z 0z

z 2z |z

and this is used in a moment to deal with division. Note that in polars this is

1 cos(f) — isin(@)‘

z r

Other points to note here are that a complex number z = x + iy is real if and only if
y = 0 which is if and only if 2 = Z and we can interchange the operation of taking the
complex conjugate with the operations of addition, multiplication, division and powers in
the sense that

ntz = Z+ %4,
iz = (7)) (%),

(21/20) = Z1/7%,
o= ()"

The verification of these is left as exercises.

1.2.1 Division

From the previous discussion about multiplication and the complex conjugate we can cope

with division as follows.
21 Z9 2129 1
— =zl — || = — —5 2129

2 w%)  wE;m |z

and to complete the operation we have to do the product of z; and Zz3. If we do the
operation using the polar form then we have

G ﬁ(cosé’l + isin ) (cos Oy — isinfy)
22 T2
= :—1(005(61 —Oy) +isin(0; — 6y)).
2

With division we get the angle of the result by subtracting the two angles, i.e. ¢; — 65 is
one of the values of the argument of z;/z,.

1.3 Powers: 2" for n=2,3,...

We have already considered multiplication using the polar form which involves adding the
angles and thus for the powers we have

r(cosf + isin @),
22 = r*(cos 20 +isin26),
23 = 13(cos 30 +isin30),

2" = r"(cosnb +isinnd).
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With r = 1 this gives us DeMoivre’s theorem
(cos @ +isinf)" = cosnf + isinnd.

Later in the module (probably in this term) we will generalise the taking of a power
of a complex number to 2z for any complex number «.

1.4 The re’ representation

For one or more years you will have been using the exponential function with a real
argument and you would have seen that it has the Maclaurin expansion

7 zF
f:R—=R, f(a:):ex:1+a:+§—l—---+ﬁ+---.
Later in the module we will see that we can just replace x by z for any z in the complex
plane. Before we get to that stage we will assume that it is valid to replace x by 6 to
be able to define € and manipulation of the absolutely convergent series leads to the
identity ‘
e = cos@ +isinf.

With this more compact notation the results considered earlier can now be summarised
as follows.

i@l i92 —_ 7:914‘92
e e = € ( )7
i — e_ie
0 ?

(&
101
€ _ ei(91—62)
; )
6192
JRT— e—zH’

()" = e n=0,+1,£2,....

1.5 The triangle inequality |z; + 25| < |z1] + |22
With real numbers z; and x5 we have the triangle inequality
|71+ 22| < |y | + |22
Similarly with complex numbers z; = 1 + iy; = 1 and 2y = x5 + iy, = 19?2 we have
st 2l = (s + 2)(E + ) =i+ (a% + 27) + 13
For the middle term
(2123 + 2271) = 2Re(212Z3) = 2r17my cos(by — ) < 217,

Putting everything together gives

|21 + 20| <7+ 2mme + 75 = (11 +12)° = (J21] + [22])°

— Introduction— 1-5 —
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and we have shown that the triangle inequality
|21 + 22| < |21 + |22

is also true for complex numbers.
There is another version of this result which follows by first replacing 2z, by 2o — 21
giving
|22] < |z1] 4 |22 — 21|

or equivalently
|22 — 21| 2 [z2] — |21

and if we swap z; and z; we also have
22 = 21| = 21 — 22| = [21] — |22]-

The two different lower bounds can be combined into one expression as follows. Note that
|21 — 29| > 0 with |z; — 23| = 0 only if z; = 25. When 2 # 25 one of the right hand side
bounds is positive and one is negative and the sharpest result is obtained if we write

|z — 21| > [[22| = |21]]-

There is an exercise question related to this result and in particular to interpreting when
we have equality in this case and also when do we have |z; + 25| = |21| + |22]?

1.6 Convergence of a sequence of complex numbers

At a number of stages in this module we will consider series and to understand this
you need to know something about convergence and in particular the convergence of a
sequence of partial sums. The convergence of a sequence of complex numbers z1, 2o, . .. is
defined in a similar way to the convergence of a sequence of real numbers.

Definition 1.6.1 Convergence of a sequence of numbers. zq, z5,... converges to z*
if for every € > 0 there exists N = N(€) such that

|zn — 2"| <€ foralln > N.
All the results about combining convergent sequences hold and we are unlikely to meet a

case when we need to return to this e-N definition to prove convergence.

As an example, the sequence z, 22, 23, 24, ..., 2", ... converges to 0 as n — oo if and

only if 2] < 1.
1.7 Comments about functions of a complex variable
In previous study you consider functions defined on R (or on part of R), e.g.

f R=R, flr):=e"—3e"+2°+2" 20 (1.7.1)

and you will have considered differentiation and integration of such functions when this
is possible. In this particular example we can differentiate and integrate infinitely many

— Introduction— 1-6 —
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times. Much of this module is concerned with extending these ideas and considering
functions of a complex variable. As we will see, it is possible to generalise (1.7.1) and

consider
f:C—=C, f(z)=e*—-3e*+2"+2"-22 (1.7.2)

with the meaning of the exponential with a complex argument to be discussed later. As
we will see later we will take

"™ = exp(x + iy) = exp(x) exp(iy) = exp(x)(cosy + isiny).

An obvious question is the following.

Why would you want to generalise (1.7.1) to (1.7.2)7

A partial answer, which will become apparent later on, is that you often learn more
about the function which helps to understand the real case better. In a sense the complex
plane C is the more natural domain for the function than just restricting to R. One
property in particular that we will meet is that of a function being analytic which is
concerned with being able to differentiate the function in a complex sense at all points in
a region. As we will see, the complex derivative is the same as the real derivative when
both exist. In the case of (1.7.2) the function is analytic in the entire complex plane and

fl(z) =2e* + 3¢ + 5% +42° — 2.

‘What better understanding is obtained?

We can attempt to answer this with examples which involve power series.

(i) One of the simplest series is the geometric series which we can derive by noting the
identity
A4+z+22+2°+ - +2")(1—2)=1—2"T

It is valid to replace z by z where z can be any complex number. Then provided

z # 1 we have

1— Zn-i-l

l+z+224+28+- 42" =
1—=2

If |z| < 1 then the series on the left hand side converges and we have

1—=z
The series defines a function in the disk {z € C: |z| < 1} with R = 1 being the
radius of convergence. The radius of convergence that you meet in earlier modules
on analysis does indeed refer to the radius of a circle in the complex plane. As we
will see,

g@%—liz

is analytic in C except at the point z = 1 which determines the radius of convergence.

— Introduction— 1-7 —
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This example hence explains why we use the term radius of convergence.

As we will see later, the function g(z) is analytic in the entire complex plane except
at the point z = 1 and can be represented by a Laurent series in |z| > 1. The
Laurent series for |z| > 1 in this example can be obtained with very little effort. If

we write
1 1 ~1 IR
l—z=—2z(1—- so that =(— 1—- )
z 1—=2 z z
As |z] > 1, 1/]z] < 1 and we have the geometric series representation
1 —1 1 1 1 1
= | — 1_|___|__2_|_... =—|-+=5+].
1—2 z zZ oz zZ oz

The series representation here involves negative powers of z. More general Laurent
series can have both positive and negative powers and it will be covered in term 2.

(i) We now replace z in the previous example with —z% and we similarly have

1

=122 42— (=), 2 < L
— (- 4
Let now

() = =

g 14 22

If we just consider the real case, i.e.

B 1
1422

g:R—=>R, g¢g(z)

then we have a function which is infinitely differentiable on R, it is bounded on R,
but yet the power series about = 0 only converges for || < 1. When the function
is considered as a function of a complex variable it becomes clearer why this is the
case as g(z) — oo as z — i or as z — —i. As we will see the function has the
property of being analytic at all points except +1.

This example hence explains that to understand the value for the radius of conver-
gence it is often necessary to consider the function with a complex variable.

— Introduction— 1-8 —
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(iii) In earlier modules you consider Taylor’s series for functions which are continuously
differentiable a sufficient number of times. Suppose a function f is n + 1 times
continuously differentiable in an interval which contains a and x. When we have
these conditions

o
f) = f@)+ F@—a)+- -+fnf)<x—a>n

/ P (1) (@ — 1y dt,

This is Taylor’s series with an integral form of the remainder. We also have

(") (g

n!

f(l’) - f(a)+f’(a)(x—a)+..._|_

f(”“)(n) n+1

where n = n(z) is some value between a and x. This is Taylor’s series with a
Lagrange form of the remainder. Do not worry if you have not previously done
this in year 2 as these will not be used in this module. At almost all stages in this
module and we will consider functions which can be differentiated infinitely many
times and we will be concerned when it is valid to write

flx) = f(a)+f’(a)(x—a)+%(x_a)%r...
f(n)
+ o (x —a)"+---

for x sufficiently close to a. What you would not have done before is to consider the
properties that f needs to have for the power series to be equal to the function. It
is not just sufficient that the function is infinitely differentiable at = a in the real
sense as we now illustrate with an example.

Let
exp(—1/z%), if z #0,

f:R—=R, f(x)::{o o0

The value at x = 0 is the same as the limit as x — 0 and thus the function is
continuous at x = 0. For x # 0 we have

2
£1@) = Zow(-1/22)
and it can be shown that f'(z) — 0 as x — 0. In fact
f™(z) -0, asz—0forn=1,273,...

as a consequence of how rapidly the exponential term tends to 0. Thus f is infinitely
differentiable (in the real sense) at x = 0 with all the derivatives having the value 0.
Thus if we take the Taylor series about x = 0 using the derivatives considered in
the real sense then we get the zero function, the radius of convergence is co but the
series is only the same as f(z) at z = 0.

— Introduction— 1-9 —
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The problem with this function f is that it is not analytic at z = 0 when we consider
it as a function of complex variable. If we let

f(z) = exp(=1/2%)
and consider what happens when we take z =iy, y € R then

f(iy) = exp(1/y*) = 00 asy — 0.

As this case shows the limiting value depends on which direction we tend to 0. When
a function is analytic the value in a limit must be independent of the direction in
which we tend to the limit. Thus this function does not have a Taylor series about
z = 0 in the sense considered in this module but it does have a Laurent series
representation about z = 0 and Laurent series will be considered in term 2.

What we will show later in this module is that

£ (a)

n!

f(z) = fla)+ fl(a)(z —a)+ -+

(z—a)" + -+

in a neighbourhood of z = a provided f is analytic at z = a. Conversely we will
also show that a convergent power series defines an analytic function.

Thus to summarize, this example shows that it is not sufficient for a function to be
infinitely differentiable (in the real sense) in order to have a convergent power series
representation but we need the stronger property that it is analytic.

1.8 Some other results in the module: roots of poly-
nomials

Polynomials are among the simpler functions that you consider and earlier in your study
of mathematics you meet (and derive) the formula for solving a quadratic equation

ar> +bx+c=0, a,bc€cR, and a#0.

The roots are

—b—A —b+ A
G=—0, W= 2+ . where A = vb? — 4ac.
a a

When b — 4ac > 0 the term A > 0 is real and we have real roots. When b — 4ac < 0 we
have a complex conjugate pair of roots

—b—1id —b+1i0
= 20/, g = 2—52, where 6 = V4ac — b2.

Introducing the symbol ¢ = y/—1 enables us to solve all quadratics with real coefficients
and we can factorise the quadratic as

az® +bx +c = a(zr — ay)(z — ay).

— Introduction— 1-10 —
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The fundamental theorem of algebra (which was proved by Gauss in 1799) gen-
eralises the result in the sense that a polynomial of any degree can be factorised in this
way. Specifically, a polynomial of degree n can always be factorised in the form

"+ Qp 12" a +ag = an(v — ) (T — o) (T — )

where now ag,ay,...,a, € C, a, # 0, and aq,as,...,qa, € C. The points a,as, ..., ay,,
known as the roots or the zeros, need not be distinct. The proof will be done in this module
and it uses properties of functions which are analytic in the entire complex domain. The
result provides no information as to where the zeros aq,as, ..., a, are located but just
that they must exist. Thus in your previous study of linear algebra, when you have a
real or complex n x n matrix A it follows that there are n eigenvalues, when you count
them as above, since there must exist values A\;, Ao, ..., A\, such that the characteristic
polynomial can be written as

det(tl —A) = (t =)t =) -~ (t = \n).

A historical note about solving cubics

Figure 1.1: A plot of y = (23 — 152 — 4)/10 on —5 < z < 5.

It might be thought that complex number were first introduced to be able to solve
quadratics. However, this does not seem to be the case and this may be because just
introducing v/—1 in order to get non-real solutions was not too interesting. One of the
things which it is believed to have started interest in complex numbers was work by
Cardano (1501-1576) who had constructed a method to find the roots of cubics. When
we have a cubic with real coefficients there must always be at least one real root as we have
a continuous function which takes all values in (—o0,00). The graph of a typical cubic
is shown in figure 1.1 on this page. The problem that Cardano found with his method is
that there were examples in which you could only make sense of the manipulations to get
the real roots if there was such a thing as the square root of negative numbers. Briefly
the method of Cardano involves the following.

— Introduction— 1-11 —
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Suppose we have
2+ ex+d=0.

(A general cubic equation can always be transformed to an equivalent problem with no
x? term by using a substitution.) The method then involves the substitution

x:u—l—g
u

with at the moment p being arbitrary. With this substitution we get

3 _ p\? p
»”+cer+d = (ut+—) +celut+=)+d
u u

2 3
= (u3—|—3pu—|—3p—+p—3) —|—c<u+£>—l—d
(% u u

p3

u?

Py, P
= v+ (3p+c) <u+a>+—3+d.
Uu

= u3+3p<u+3>+ +c<u—|—£)+d
u u

Now if we choose p so that 3p + ¢ = 0, i.e. p = —¢/3 then the expression simplifies in

that we have
p3

x3+c:p+d:u3+—3
U

+d:%(u6+du3+p3).

The part ub + du® + p? in the last expression is a quadratic in ©® and by the quadratic
formula we can make it equal to 0 by taking

5 —d% Vd?—4p3
5 :

u

Thus to summarise the method, we obtain 2 values of u? from this formula, for each value
of u? we obtain 3 possible values of v and for each value of u we form
_ p_.,_°<

r=u-+ u U 30
as a root of the cubic. Although this gives 6 different values for v we only actually get
3 possibly different values for x. The problem that Cardano encountered was that there
are examples for which

d? —4p® = d* + 4¢3 /27 < 0

so that u? is complex and indeed finding u from u? also requires complex quantities. At
the time the method was created complex numbers had not yet been invented and the
report is that Cardano described the method as needing to pass through “alien territory”
(i.e. involving the square root of negative numbers) to generate a meaningful answer.
Cardano is believed to have described the square root of negative numbers as “useless”
yet his formula demonstrated that they are useful.

For a specific example consider the case shown in figure 1.1.

2 —15x —4 =0, (c=-15d=—4).
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By inspection z = 4 is a root and in fact
2 — 150 —4 = (v — 4)(2® + 42 + 1)

and the quadratic factor also has real roots (which of course is consistent with the graph
on page 1-11 which we can see crosses the real axis at 3 distinct points.) In this case
p = —c/3 =5 and Cardano’s method gives

W —4uP+5° =0 and d® —4p® =16 — 4 x 5% = —4 x 112

Hence

A+ iVix 112
ud = % 2411

If we just consider one of the values and use the polar form then we have

ud =24 110 = re?, r:\/@, O<«9<g

and one possible value for u is

U= 7,1/3619/3

and the corresponding value x is given by

r=u-+ Lo_ V5e?/3 4 ie_ie/?’

u V5
= 2v/5cos(0/3).

Without a little investigation it is not immediately obvious that in this example this is
the root x = 4 and next we verify this by considering powers of 2 + ¢ as follows.

(244)2 = 3+ 4,
(2447 = 2+)2+i)*=2+1)(3+4i) =2+ 114,

Thus if ©? = 2 4+ 117 then one of the solutions is u = 2 + i and

2
2—1—2':\/5(005 ¢+ isin ¢) with cos ¢ = —.

=

Hence with ¢ = 0/3 we have
z = 2v/5cos ¢ = 4.

In this particular case we could have also more directly written

5 5
pu— Rl 2 1 pu— 2 )
rEut =@ty =@t T

As this example shows, Cardano’s method does indeed lead to a root of the cubic but
it requires an understanding of complex numbers to work in some cases when all the roots
are real.
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1.9 Roots: Solutions of 2" = (

In sections 1.3 and 1.4 we showed that if we had the polar form z = re? then 2" = r"e™?.
We now consider the reverse operation in the sense that if ¢ is known then what possible
values of z gives that value, i.e. we wish to solve for z the equation

2" —(=0.

As an observation, as we are finding the roots of a polynomial of degree n there can be
at most n distinct values are these can be obtained as follows.
Let ¢ have the polar form

C=pc® p=0, a=Arg(

Hence

n

2" = ( implies that "™ = pe’®.

pe
By taking the absolute value of the expression we get

™=p, r=3p>0

and thus all the solutions have the same magnitude. It remains then to find all solutions

of

eni9 — gla
Since 1 = e = 2™ = %™ — ... we have
el — glat2hmi o — (0, 41,42, ...
and hence all possible values of 6 are
2k
QAT 041,42,
n

There are infinitely many possible values of # but this only generates n different values of
z which we obtain by taking n consecutive values of k and our n roots are

Wpexp(ia/n)exp(i2kn/n), k=0,1,...,n— 1

It is handy here to let

W = ez27r/n

which is a root of unity and let

2o = {/pexp(ia/n)

denote one of the roots. When this is done all the roots can now be neatly written as

which gives n equally spaced points on a circle with centre at 0 and radius |z| = {/p
in the complex plane. This shows that to find all the roots of any number just involves
finding one of the roots and then combining with the n roots of unity. In the case that
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= 1 the n roots of unity, which are 1, w,w?, ...,w" !, are shown in figure 1.2 in the

cases of n = 2, 3, 4, 5, 6 and 7. The factorizations in the cases n = 2,...,5 correspond to
Z2—-1 = (z—-1D(z+1),

Pl = (oD BB f=—y i
d-l = (2=DE-)E+ (i), -
2=1 = (z=1)(z = Bs51)(z = B51) (2 = B5.2) (2 — Bs.2),

P51 = cos(2m/5) +isin(27/5), B52 = cos(4n/5) + isin(4n/5).

<T%

In terms of expressions involving square roots the expression for the real and imagi-
nary parts of w become increasingly more complicated as n increases. At the time of
writing these notes the wikipedia page on the roots of unity gives the expressions for
n=2,3,...,7. As is shown above, we can quite easily express the roots when n = 3 in
both polar and cartesian form. To get a feel for the increase in complexity as n increases
it is worth briefly mentioning the case n = 5. This is manageable but the answer is not
immediate. If z = €™/ then the real part is ¢ = cos(27/5) and as

AP+ +2+1=0
taking the real part gives
cos(87/5) + cos(67/5) + cos(4m/5) + cos(2w/5) + 1 = 0.
Using symmetry (or that cosine is even) and a double angle trig. formula we have
cos(8m/5) = cos(—2m/5) = cos(2w/5) = ¢

and
cos(6m/5) = cos(—4m/5) = cos(4n/5) = 2¢* — 1.
Using this result in the previous one give us that ¢ satisfies

—1+5

20c+2 —1)+1=4c"+2c—1=0, c= 1

The other root of the quadratic gives cos(47/5) and for the imaginary part

sin(27/5) = Vi-eg=Y_— """ 10+2v5
4
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Figure 1.2: Roots of unity for n = 2,3,4,5,6,7. All the circles have centre at 0 and
radius= 1.
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Chapter 2

Functions of a complex variable —
the domain and continuity

This chapter will be covered fairly quickly in the lectures and it does not contain much
material which is directly examinable. The purpose of the chapter is mainly to introduce
a number of terms connected with functions of a complex variable and in particular to
define what we mean by continuity which in turn needs the definition of a limit. As we
will see, the requirement for a limit to exist in the complex sense is more restrictive than
it is in the real sense and this will have many implications later on. Limits are needed for
continuity and in the next chapter we need limits to define the term complex differentiable
from which we will then define the term analytic. From the next chapter onwards most
of the functions that we consider in this module are analytic at most points.

2.1 The domain of a function — terminology

In mathematics a function f : A — B is a rule which assigns to each element a € A an
element b = f(a) € B. The set A is known as the domain of definition of f and the
set

{f(a) e B: a€ A}

is the image of f on A which is a subset of B. The image is sometimes written as f(A).
In your previous modules you would have considered sets A C R and B C R and
typically the sets would have been intervals such as the following.

Unbounded open intervals: R = (—o0, 00), (—00, a), (a,00) where a € R.
Bounded open interval: (a,b) = {z € R, a < x < b}.
Closed bounded interval: [a,b] = {zx € R, a <z < b}.

The last two intervals given only differ in whether or not the end points are included and
this is important in a number of results. For example, if f : [a,b] — R is a continuous
function then f is bounded, f has a minimum and maximum in [a, b] and it takes every
value between the extreme function values. The extreme values may occur at the end
points and with intervals there are only two end points to consider.

When functions of a complex variable are considered the set A is now a subset of C and
now there a few more possibilities for the sets that can be considered which is discussed
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below. The extra complication in considering subsets of C compared with intervals in
R is that the “boundary” of the set is now a curve in C whereas we only had the two
end points when we considered intervals such as (a,b). The following is a list of terms to
describe the types of sets in C that we will be considering leading to what will be meant
by a “domain” and what will be meant as a “region”.

An open disk is a set of the form {z € C: |z — 29| < p}. Here 2, is the centre of the
disk and p > 0 is the radius.

The unit disk is {z € C: |z| < 1}.

A neighbourhood of a point zy means a disk of the form {z € C: |z — 29| < p} for some
p>0.

A point zy € A is said to be an interior point of A if there is a neighbourhood of zy which
is contained in A, i.e. for sufficiently small p > 0 we have {z € C: |z — 2| < p} C A.

A set in C is open if every point is an interior point.

Given a set A, 2y € C is a boundary point if every neighbourhood of 2z, contains points
which are in A and also contains points which are not in A.

The boundary of A is the set of all boundary points.

In a moment we define what we mean by a connected region which in turn needs the
definition of a polygonal path.

Let wy,wy, ..., wy41 be points in C and let I}, be the straight line segment joining wy to
wga1. The successive line segments [, I, ..., I, is a polygonal path joining w; to wy.1.

A set A is connected if every pair of points z; and z; in A can be joined by a polygonal
path which is contained in A. For many sets that we consider only one segment is needed
to join z; and z5 but it is easy to create examples of sets where more than one line segment
is needed as is shown below.

Throughout this module it should be immediately evident whether or not a set is
connected but in mathematics such terms need to be precisely defined.

In this module a domain refers to an open connected set when we are considering a
function of a complex variable.
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A region is a bit more general and refers to a domain or to a domain together with some
or all of the boundary points.

Throughout this module we consider functions defined on regions and there is still
a bit more jargon associated with the regions concerned with whether or not they are
bounded and also to their degree of connectivity.

A set A is bounded if there exists & > 0 such that the set is contained in the disk
{z: |z| < R}.

An unbounded set is a set which is not bounded.

This is not a precise mathematical definition but for the purpose of this section a domain is
simply connected if it does not contain any holes and it is multi-connected otherwise.
In this module we will consider an annulus which is an example of a doubly connected
domain and this is in the following list of examples.

Some examples of subsets of C

We consider now some examples and give diagrams of domains which are bounded.

1. A = C, i.e. the entire complex plane. This is an unbounded domain. We will
often consider functions defined on C and in the previous chapter there were several
examples, e.g. polynomials and the exponential function.

2. The real line R. This is not a domain in C in the sense defined above as any
neighbourhood of x € R contains points with non-zero imaginary part which are
not in R.

3. Adisk, e.g. {z € C: |z—1| <2}, is one of the simplest bounded simply connected
domains. The boundary of a disk is a circle. The disk is hence the domain which is
interior to the circle

—@

—1

4. If we take the union of two or more disks then we get a domain provided they all
intersect. The following is hence a simply connected domain.

A={z: |z—-1]<2}U{z: |2 +1]| <2}
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However the following set is not connected
A={z: |z—=1] <1} U{z: |2+ 1] <0.5}.

The region is not connected as we cannot join points in the left hand disk with
points in the right hand disk by a polygonal path which does not leave the set A.

—@

£
A

Throughout this module we will just consider connected sets.

5. The infinite strip A= {z =2 +iy: —o00o <x < 00, —7 <y < 7} is an unbounded
region. It does not qualify as a domain as points with y = 7 are not interior points.
This is the natural region to consider for the exponential function

"t = exp(x + iy) = exp(x)(cosy + isiny)

which is periodic with period 2mi, i.e. exp(z + 27mi) = exp(z) for all z € C.
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y=m
y=0
y=-—m

The infinite strip is actually an example of an unbounded polygonal region in that
the boundary is union of straight lines.

6. The interior of polygons gives us domains and examples with 3, 4 and 8 sides are
shown below where in all the cases shown the domains are bounded and simply
connected. Note the terminology here, the polygon is the boundary and the region
interior to it is the bounded domain.

There is a formula, known as the Schwarz-Christoffel formula, for mapping the upper
half plane onto the interior of a polygon (bounded or unbounded).

7. An annulus is a domain of the form
A={z€C: r <|z— 2| <m},

i.e. it is region between two circles with the same centre. The region is bounded
if 79 is finite. The domain is not simply connected as it has a hole. This type of
domain will be considered in this module when isolated singularities are considered,
for example we will consider functions such as g(z) = 1/(z — zp) in an annulus and
more generally one of the topics of the module is Laurent series which involves
series of the form

f(z) = Zanz—zo Zz—z —I—ao—l—Zanz—zo).

n=—oo n=1 n=1
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Note that a power series is a special case of a Laurent series corresponding to
a, = 0 for n < 0. As we will see later in the module when the inner radius r; = 0
the coefficient a_; is known as the residue of f(z) at z = zy and it is what we are
most interested in when we consider integration along closed paths in the complex
plane. When r; > 0 we never get arbitrary close to the centre z; and in this case
we just get a way of representing the function in such a region.

2.2 The domain implied by the formula for f

In many cases the domain of a function is implied once the formula for f is given as the
convention is to take the domain as the largest it can be for which the formula makes

sense. For example, if
1
f(z) = Z

then this makes sense for all z € C except for z = 0, i.e. we have the annulus
{z: 0<|z] < o0}.

Similarly, if
2
zZ+z4+1
Z) =
/) (z—1)(z — 2)*(z — 3)*
then this makes sense for all z € C except for the points z =1, z = 2 and z = 3 at which
the denominator is 0. As other examples,

"t = exp(z +iy) = exp(z)(cosy +isiny),

eiz _|_efiz
COS(Z) = T,
] ezz - efiz
sin(z) = %
are all defined for all z € C. The function
CoS 2z
cotz = —
sin z
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is defined for all z € C except at the points where sin z = 0 and these are the points Lk,
k=0,1,2,....

2.3 Plotting a function of a complex variable

When you consider a real valued function of one variable you can graphically represent
the function in two dimensions with the x-direction for the dependent variable and the
y-direction for the function value and typically we write y = f(x). For example the cubic
f(x) = (3 — 152z — 4)/10 considered in the discussion of Cardano’s method for finding
the roots of cubics was represented in this way and it shown again in figure 2.1.

Q==

Figure 2.1: A plot of y = (23 — 15z — 4)/10 on =5 < z < 5.

It is more complicated to attempt to represent a complex valued function w = f(z) of
a complex variable z as we now need a plane to represent z and another plane to represent
w. If we consider the real and imaginary part of z and w, i.e.
z = x4+,
w=f(z) = u+iv,

then u and v are two real valued functions of x and y, i.e.

u = u(x,y),

v(z,y).
One possibility is to attempt to show a surface for v and to show another surface for v.
An alternative to this is to give two copies of the complex plane and to give a curve or

curves in the z-plane and to show the image of the curve or curves in the w-plane. We
consider this approach next in the case of two functions.

Plotting f(z) = 22

In this case it is better to take a region which does not include both a point z # 0 and —=z
as these both map to the same w = f(z). With this in mind the plots given in figure 2.2
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show a radial mesh of part of the unit disk in the z-plane in the left hand side plot with
image in the w-plane in the right hand side plot.

z plane
2 L
'1 L
1 L
05+
ot O
-0.5¢ 1t
1t
2+
05 0 05 1 15 2 2 3

Figure 2.2: w = f(2) = 2%, 2 = re?? 0] < 7/3, r < 1.5.

The radial lines in the z-plane are the straight lines with the origin as an end point
and these map to radial lines in w-plane and the angle between any two radial lines is
doubled. In this case the circles shown in the z-plane map to circles in the w-plane with
a different radius although note that this is because all the circles in the z-plane have the
origin as the centre. In all cases the radial lines and the circles are orthogonal where they
intersect in both planes and thus the angle between curves is preserved everywhere except
for the radial lines which intersect at 0. A mapping which preserves angles is known as a
conformal mapping and thus f(z) = 2? is a conformal mapping at all points with the
exception of z = 0.

In figure 2.3 we similarly show a radial mesh of a disk with centre at 1 and radius 1/2
in the z-plane together with the image mesh in the w-plane.

z plane w plane
1t
0.4+
0.2 057
0 ol
'02 [ _05
0.4+
-1+

0

Figure 2.3: w = f(z) = 2%, |z — 1] < 0.5.
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In this case the image of the circles in the z-plane are not circles in the w-plane although
the circle with the smallest radius surrounding 1 is “close” to a circle and this can be
quite easily explained as follows. Firstly, with any polynomial f(z) of degree 2 we have

m(z —1)?

£ = FO + P -1+ 55

and thus in this case
=142z +(z-12 ~1+2(2-1)

when z is close to 1. The function fi(z) =14 2(z — 1) maps a circle centered at 1 in the
z-plane to a circle centred at 1 in the w-plane and thus 22 approximately does this when
z is close to 1.

Again the plots suggest that angles are preserved at all intersection points and this
can be proved to be the case.

Plotting f(z) = (z — 20) /(1 — Zp2)

Given some point zy € C the function

w=f(z) =

1—Z2

Z— 20

is a particular bilinear function (the ratio of two linear polynomials). The term Mdbius
transformation is also used for functions of this type. If |29] < 1 and we restrict z to
the unit disk then the function is bounded on the unit disk as we have kept away from
the point z = 1/Z; which has magnitude greater than 1. In figure 2.4 we show a radial
mesh of the unit disk in the z-plane together with the image mesh in the w-plane. (The
plot was generated using a computer program.)

z plane w plane

05+ 0.5+
0r 0r
-0.5¢ -0.5¢

-1 -0.5 0 0.5 1

Figure 2.4: w = f(2) = —12__7;002, with zg = 0.4(1 4 1) and |z| < 1.

The plot suggests that the image of a circle is a circle and this can be proved to be
the case and indeed in the w-plane all the curves shown are parts of circles or are parts
of a straight line. On the first exercise sheet one of the questions asks you to verify that
if |z| = 1 then |w| = 1 which explains why the unit circle maps to the unit circle.
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2.4 The limit of a function and continuity

When a function of a real variable is considered the terms limit and continuity at a point
are defined with the limit of f(z) at * = a, when it exists, being the value that f(x)
tends to as x tends to a and continuity is concerned with a function having a limiting
value which is the same as f(a). Continuity is concerned with f(x) being close to f(a)
whenever z is close to a and the ‘closeness’ part is given in terms of € > 0 and 6 > 0. We
can similarly define these terms for complex valued functions of a complex variable with
the distance between values being the absolute value.

Definition 2.4.1 The limit of f(z) as z — z,. Let f be defined in a neighbourhood of
zo and let fo € C. If for every e > 0 there exists a real number & > 0 such that

|f(2) — fo| <€ forall z satisfying 0 < |z — 2| < 0

then we say that
lim f(2) = fo.

Z—r20

Definition 2.4.2 The limit of f(z) as z — oco. Let f be defined in a region of the form
{z: |z] > p}. If for every e > 0 there exists a real number r > 0 such that

|f(2) = fol <€ forall z satisfying |z| > r

then we say that
lim f(z) = fo.
Z—00
As an example of a function having a limit at oo consider the ratio of two polynomials
when the denominator has at least the degree of the numerator, e.g.
z4+1  1+(1/z) 1

- =0 — d = —+ 3 — 0.
> as 2 o al 2 11 2—|—(1/Z) 5 as 2 o0

Note that we did not need to use € and J to get these limiting values.

Definition 2.4.3 Continuity. A function w = f(z) is continuous at z = zy provided
f(z0) is defined and

lim f(z) = f(z).

The definitions in the complex case hence involves statements which are the same as
are used in the real case apart from now having 2y, fo, z and f(z) as complex numbers
and with absolute value now meaning the absolute value of a complex number. This last
observation about the quantities now being complex numbers makes the conditions for a
function to have a limit and to be continuous a bit stricter a requirement on f than in the
real case as there are now more possibilities as to how z — 2z and the limit value must be
independent of this. To attempt to visualise some of the possibilities for the trajectory
of 2z as it approaches zy consider the following. The trajectory could be along any radial
line, i.e. z(t) = 2o+ te'®, as t — 0 for any —7 < a < 7, or the trajectory might be a
spiral of the form z(t) = zy + te’®* as t — 0 for any o € R. Trajectories of this type are
shown in figure 2.5.
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GRS

Examples of approaching a point along a radial line.

Q0 ©E

Figure 2.5: Examples of approaching a point along various spirals.

In the introduction chapter it was shown that how z tends a point can make a difference

as was the case with
f(z) = exp(=1/27).

If we approach z = 0 along the real axis then we have f(z) — 0 as z — 0 (z € R) but if
we approach z = 0 along the imaginary axis then we have f(iy) — oo asy — 0 (y € R).
As a function of a complex variable this function does not have a limit as z — 0 and it is
not bounded either.

For another example of a function which has already been mentioned which does not
have a limit as z — 0 we have Arg 2.

Most of the functions considered in this module are continuous at most points and the
proofs are very similar to the proof in the case of functions of a real variable and these
are not repeated here. For example,

filz) = 2,
fo(2) = exp(z),

are both continuous on C. As in the real case, once we have a few standard functions
which are continuous then these can be combined in various ways to prove that many
more functions have the continuity property. We have the following involving adding,
multiplying and dividing.

Theorem 2.4.1 Suppose that f(z) and g(z) are continuous at zy. Then
(i) f(2) £g(2) and f(2)g(z) are continuous at z.
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(i) f(2)/g(z) is continuous at zy provided g(zy) # 0.
We can also consider functions of a function.

Theorem 2.4.2 Suppose that f(z) is continuous at zy and g(z) is continuous at f(zo)
then g(f(2)) is continuous at zp.

Continuity of the function can also be deduced from the continuity of the real and
imaginary parts and vice versa and we state this as a theorem.

Theorem 2.4.3 Let f(z) = u(z,y) +iv(z,y). If [ is continuous at zy = x¢ + iyo then u
and v are both continuous as functions on R* at (xg,1). Conversely, if u and v are both
continuous at (xg,yo) then f is continuous at zg = xy + 1Yo.

As a consequence of the above results we have that any polynomial
ap + a1z + -+ ap2"
is continuous on C and any rational function of the form

ap+ arz + -+ ap2"
bo + b1z + -+ + by 2™

, b #0, m>1, a,#0

is continuous except at points where the denominator is 0. The fundamental theorem
of algebra tells us that there must be points where the denominator vanishes and unless
such points are also zeros of the numerator this type of function will generally not have a
limit at every z € C. For a function such as this the domain is all of C except for a finite
number of points.

Examples
1. Let 25 # 0 and let
4 4
2t — 2
f(Z): Z—Z(]O’ 2%207
423, Z= 2.

From the previous theorems this function is continuous at all values of z # 2z, as
it is a combination of continuous functions. To determine whether or not it is also
continuous at zy we need to consider the limit as z — zy. In the next chapter we
will see that L’Hopital’s rule that you may have used for real-valued differentiable
functions can also be used in this complex case when we only want the limit but
before then we show that we can get the limit by just considering properties of
polynomials. To do this note that the numerator z* — 2§ does vanish at z = z; and
hence z — z; is a factor and we need to determine the other factor. If you cannot
spot what the other factor is then you might note that

4
24—z§:z§<(i> —1) and z—zozz()((i)—l)
20 <0

Thus with w = z/zy we have the geometric series

w* —1=(w—1)(w+w*+w+1)
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and
2t — 25
0 = 28w +w? +w+1) =42 as 2z — 2
Z— 20

as w — 1 as z — z5. The function value is the same as the limit and hence the
function is continuous on C. The function is just the cubic polynomial

f(2) = 2% + 202% + 252 + 2.

2. Let

SN

f(z) =

As in the previous case this function is continuous for all z # 0 by the combination
of continuous functions result and thus we just need to consider if a limit exists as
z — 0. If we let z = te’ with t € R and t # 0 then

te—ia

—= teza = e

N |

—2ix

The right hand side does not depend on ¢ and in particular this tells us that we have
a limit as te’® — 0, i.e. when we approach 0 on a radial line. However the result
depends on which radial line is used and every value on the unit circle is attained for
some z which is arbitrarily close to z = 0. For a limit to exist there must be just one
value and thus this function does not have a limit as z — 0. This situation will be
met again when we use limits to define complex differentiability and we are trying
to determine which functions are analytic and which functions are not analytic.
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Chapter 3

The complex derivative and analytic
functions

3.1 Definition of an analytic function

In the previous chapter a neighbourhood of a point 2z, was defined and for a function
f defined in such a neighbourhood the limit lim,_,,, f(z) and the continuity of f at 2o
were also defined. Continuity is about f(z) being close to f(z9) whenever z is close to
2o where in the complex case this means all z in a disk centred at z;. In the previous
chapter it was also noted that the continuity requirement is a stricter requirement on a
function than is the case of continuity for a real valued function of a real variable. This
chapter is concerned with differentiability in the complex sense which, as we will see, is a
much stricter requirement on a function than is the corresponding case with real valued
functions. We start with some definitions.

Definition 3.1.1 Complex derivative. Let f be a complex valued function defined in
a neighbourhood of zy. The derivative of f at zqy is given by
2z

h—0 h z2520 Z— 20

provided the limit exists. When the limit exists f is said to be differentiable at zj.

Definition 3.1.2 Analytic at a point. A function f is analytic at zy if [ is differ-
entiable at all points in some neighbourhood of 2.

Note: The term holomorphic is also commonly used for this property. It might not seem
much at this stage but to emphasise what has just been stated we do need the differentiable
property to hold in a neighbourhood of a point for the function to be analytic at the point.

Definition 3.1.3 Analytic in a domain. A function f is analytic in a domain if f
15 analytic at all points in the domain.

Definition 3.1.4 Entire function. A function f : C — C is an entire function if it
15 analytic on the whole complex plane C.
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The expression used to define the derivative is the same as in the real case but re-
member that there are now more possibilities for how h — 0 and the implication of this
will be discussed shortly when the Cauchy Riemann equations are considered.

One immediate consequence of the above definitions is that if f(z) is analytic at z
then it is continuous in a neighbourhood of z,. This is because

f(2) —f(20)> (2 — 2)

zZ— 20

1) = ) = (

and we have a product with both terms having a limit as z — zy and we can hence
immediately deduce that lim,_,,, f(2) = f(z0). It further follows that we can define the
function

f(z>_f<Z0)_ (4 Py P
)\(Z):{ Z— 2 f( 0)7 ?é 05

0, zZ =2

and this is continuous in the neighbourhood. Thus in particular this shows that

f(z) = f(z0) + f'(20)(z = 20) + A(2) (2 — 20)
~ f(z0) + f'(20)(z — 20) when z & z.

3.2 Examples of functions which are analytic

We consider next some functions which can be shown to be analytic by directly using the
definition and in all cases the details are virtually identical to the corresponding real case.

1. Let f(z) := z. We trivially have

flz+h)—f(2) z+h—=z
h h

Thus f’(z) = 1 as in the real case.

2. Let f(2) := 2%. We have

flz+h)—f(z) (z2+h)?*—2" 2zh+h?
h a h ok

=22+ h — 2z

as h — 0. Thus f’(z) = 2z as in the real case.
3. Let f(z) :=z"forany n =1,2,3,....
flz+h)—f(z)=(z+h)"—2"=nhz""' +... + A"
by the binomial theorem. Again

fz+h) = f(2)
h

=nz""'+ O(h) = nz""' ash — 0.

Thus f/(z) = nz""! as in the real case.
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4. Let f(z) =1/z. If 2 # 0 and h is sufficiently small such that z + h # 0 then

1 1 z—(z+h) —h
feth) =& = g == T he  Gihe

It then follows that
f(z+h) = f(2) —1

h :(z+h)z_>_?

as h — 0.

Again we have the same expression for the derivative as in the real case.

In all the above cases we obtain the same expression for the derivative as in the real
case with virtually identical workings and hence it is perhaps not too surprising that the
rules that you learned for differentiating finite sums, products, quotients and functions
of a function also hold in the complex case and these are just stated next without any
proofs.

3.3 Combining analytic functions

Theorem 3.3.1 Combining differentiable functions. Let f and g be differentiable
at zg. We have the following.

(1)
(f £9)(20) = f'(20) £ ¢'(20)-
(1i)
(cf)(20) = cf'(20)
for all constants ¢ € C.
(111)
(f9)'(20) = f(20)g'(20) + ['(20)9(20)-
This 1s the product rule.

(iv)

(i) (20) = g(zo)f/(z(;)(;))j;(ZO)g'(zo)’ if 9(z0) # 0.

This is the quotient rule.

(v) Let now f be a function which is differentiable at g(zy). Then

LRG| = Flolan))g' (=)

z=z0

This is known as the function of a function rule or the chain rule.
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From the examples considered earlier and the above theorem we deduce that polyno-
mials
anZ" + -+ a1z +ag

are entire functions and rational functions of the form

a2z 4+ -+ a1z + ag
b 2™ + -+ b1z + by’

an #0, by #0

are analytic in C except at points at which the denominator is 0.
Another function that has been mentioned which is an entire function is the exponen-
tial function

exp(x +iy) = e"(cosy + isiny).

This will be shown later after we have considered what the analytic property means for
the real and imaginary parts of f.

3.4 L’Hopital’s rule

When derivatives are available for two functions f and g we can often make progress in
determining whether or not a limit exists of a quotient

f(2)
9(2)

in the case that f(z9) = g(20) = 0. For z # z, we have

Now if ¢’(z9) # 0 then letting z — zy gives

i L) _ [(=0)
=z g(2)  g'(20)

This result is known as L’Hopital’s rule. In term 2 we will extend the result to deal
with cases when f'(zy) = ¢'(20) = 0, and also possibly of higher derivatives, after we
have shown that the analytic property of a function actually implies that derivatives of
all order also exist and are analytic. This property of analytic functions requires results
about integration along paths in the complex plane which will occupy a large part of the
module involving the latter part of term 1 and much of term 2.

Example

Suppose we want to compute
e
lim - T
z—=1 9+ 2

In this case
f(z)=i+z" and g(z)=i+z"
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and we have f(i) = ¢g(i) = 0. For the derivatives we have
fl(z) =112 and ¢'(2) = 15"
and observe that ¢'(i) # 0. Thus

. 11 s 10
11 11
liml,+215:f(z,): L0 asit=1.
2= ] + 2

3.5 Examples of functions which are not analytic any-
where

You do not need to search very far to find functions which are not analytic at any points
with one of the simplest examples being

f(z) =7z
This function is continuous but if we consider

flz+h)—f(z) _h

h h

then we have an expression with no limit as A — 0. This was the expression encountered
in the example on page 2-13. We get a limit as h — 0 along radial lines but the limit
obtained depends on which radial line is used. For example if h = h; is real then we get
1 whilst if A = ihy is pure imaginary (which requires hsy to be real) then we get —1. This
is sufficient to explain why no limit exists as h — 0.

Other examples that immediately follow of functions which are not analytic are

fe+iy) =z and flz+iy) =y
In both cases these follow from the relations
20 =242z, 2iy=z-—7%.

If z or y were analytic then this immediately implies that Z is analytic (as it is a com-
bination involving z) but this contradicts what was done above in showing that Z is not
analytic anywhere.

The case f(z) = Z suggests other examples of this type. If f(z) is analytic at Z; and
1'(z0) # 0 and we let g(z) = f(Z) then

9(z) —g9(20) _ f(B) = f(Z)

Z— 20 Z— 20
_ (B -I®&) (Z-=
zZ—7Z 2=z )
The first term tends to f'(Zy) # 0 as z — 2o but the second term does not have a limit as

2z — zp and thus a limit does not exist. There will be a result at the end of this chapter
which further explains this case.
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3.6 The Cauchy Riemann equations

When continuity was discussed in the previous chapter we considered the real and imag-
inary parts of f(z), i.e.

f(z):u(x,y)—i—iv(x,y), z=x+iy, z,y,u,vER

and we had that f is continuous at zy = x¢ + 1yo, To,yo € R, if and only if v and v
are continuous at (xg,yo). We now consider what existence of f’(zp) means for the first
partial derivatives of w and v at (xg, o).

Recall the definition

f/(ZO) _ }llll)% f(ZO + hle — f(ZO)

If we consider the limit taking h = h; being real then

f(z0+h1) = f(20) = wlzo+ hi,y0) +iv(zo + h1,yo)
—(u(®o, yo) + v (o, o))
= (u(zo + h1,90) — u(o,Yo))
+i(v(xo + h1,Y0) — v(T0,%0))

and

f/(zo) = I (U(IO + hlvy}()z - U(xmyo)

JrZ.U(xo + hy,y0) — v(wo, yo))

If we consider the limit taking h = ihy being purely imaginary then

. u(xo, Yo + ha) — u(xo, Yo)
! = 1
f (ZO) hglgo ( Zhg
_H-U(Io, Yo + h2) — v(o, yO))
’lhg

= (228199 o) = (12 + 22 (20, w0)
= [0y Oy 0,Y0) = dy " dy 0,Y0)-

Equating the two different representations for f'(zg) gives

ou_ov 0w o
oxr 0Oy a oy  Ox

and these are known as the Cauchy-Riemann equations. We summarize what has just
been shown in a theorem.

Theorem 3.6.1 If f = u+ iv is complex differentiable at zg = x¢ + i1y then at (xo,yo)

ou Ov ou ov
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Hence if we have expressions for v and v and these equations do not hold then we can
immediately deduce that f is not complex differentiable. The Cauchy-Riemann equations
are thus a necessary condition for f to be analytic.

If all the first partial derivatives of u and v are continuous at (z¢, o) then we next
show that the converse is true in that if the Cauchy-Riemann equations are satisfied then
f = u+iv is complex differentiable at zy = xg + iyy. That is, subject to the continuity of
the derivatives of v and v, the Cauchy Riemann equations are also a sufficient condition.
This is a bit harder to do as we have to show that the limit existing using two different
directions is sufficient to show that the same limit works with all possible directions.

Proof of the sufficiency of the Cauchy Riemann equations:

The proof of the sufficiency of the Cauchy Riemann equations is not examinable and
in the following we give a short version, without all the details, to partially justify the
result and then this is followed by a full text book type justification.

A partial justification using directional derivatives

The difficulty in proving the result is that when we consider the difference f(zo+h)—
f(20) we need to consider this for all possible ways that h — 0. Let h = hy + ihy denote
the cartesian form of h with Ay, hy € R. We have

f(zo+h) = f(20) = ulwo+ hi,y0+ ha) — u(xo,y0)
+i(v(xo + ha, Yo + he) — v(o, yo))-

To express the difference of u at (xg, yo) with u at the near by point (zg+ hy,yo + he) can
be done in terms of the directional derivative of w in the direction of (hy, hy) and this in
turn involves the dot product of Vu with a unit vector in the direction involved. (If you
have not met the term gradient and directional derivative before then we present in any
case what this means in terms of what is covered in MA2612. For information the gradient
vector of u = u(x,y) is the vector

Gradient vectors were part of a vector calculus module MA2741 which last ran in 2019/0.)
The outcome of this is that when w is sufficiently smooth we can write

ou ou

w(xo + hi,yo + he) — u(xo, yo) = (hla_x + h26_y) (z0,Y0) + O(|A]%).

We can similarly do this for the function v and when we consider f = u 4+ v we have

ou ou )

Jo+h) — F(z) = (<h%+h23_y

. 0 0
#i (mGe + 15 ) ) (o) + OB

Now we use the Cauchy Riemann equations to express all the partial derivatives in terms
of partial derivatives with respect to x and note that the expression has a factor of
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h = hy + iho, that is we have

f(z0+h) — f(20)
0 0 0 0
= ((m3E-n3e) +i (mGE+ 150 ) o) + O

. ou .0
= (ha-+ine) (52 +i57 ) (o) + O(AP)

Dividing by h = hy + ihe and letting this tend to 0 gives

flzo+h) = f(z) _ (g_z n i%) (0, %0)-

We have shown that the limit exists and we have an expression for the limit.

Hm h

A full text book type version of the proof
Taking one of the representations for f’(zp) we need to consider the following for
arbitrary h = hy + tho

f(zo+h) — f(z0) ou Ov
3 - <£ +@%) (70, Y0)-

That is we have to show that our candidate for the limit, obtained by considering one di-
rection, works as the limit when we consider all possible directions. Part of the expression
just given involves

f(zo+h) = f(20) = ulzo+ hi,yo+ ha) —u(zo,yo0)
+i(v(xo + ha, Yo + ha) — v(@0, Yo))

and we start by just considering the part of this which just involves u. As we have a
change in both the x and y directions it helps to introduce an intermediate point for the
comparison.

(o + h1,yo + ho)

(w0, 1o) @ mmmmmmaanmmaannnn 8 (zo + D1, y0)
Intermediate point

Now we use the mean value theorem twice to give

(w(zo + h1, 90 + h2) — w(xo + h1,90)) + (w(xo + ha,y0) — u(zo, yo))

ou ou
= hQa—y(xo + hi1,yo + arhe) + h1%($0 + asghy, yo)
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for some ay, a9 € (0,1). By the continuity of the partial derivatives we can relate them
to the derivatives at (xg,yo) and write

ou ou
%(% + ashy,yo) = %(xo, Yo) + €2

Ol o+ hy o + onha) = 2(zo,90) +

—(z «Q = —(x €

89 0 1, Yo 112 ay 05 Yo 1

with e = 0 and e; — 0 as h — 0. Putting the terms involving u together gives
ou ou
w(xo + hi,yo + he) — u(xo, yo) = hl&(ﬂfo, Yo) + h2a—y($0, Yo) + hies + hoey.

Similar reasoning for v leads to the existence of €3 and €4 which both tend to 0 as h — 0
with
v ov
v(xo + hi, Yo + h2) — v(To,Y0) = hl%(xm Yo) + hza—y(x(), Yo) + hies + haes.
As the candidate for the limit only involves partial derivatives with respect to x we use
the Cauchy Riemann equations to write all the partial derivatives in terms of derivatives
with respect to x and the last two equations become

ou ov
w(xo + hi,y0 + he) —u(xo,y0) = <h1— — h2—> (%0, Yo) + hi€a + hoeq,

ox ox
ov ou
v(zo + h1,yo + ha) — v(xo,90) = hl% + h2£ (%0, Yo) + hi€s + haes.

Now we need to combine these parts appropriately to have the difference of v + v at the
two points and this gives

ou ov ) ov u
(hlf)_x — h2a_x> (20, Y0) +1 (hla_x + h2%> (%0, Yo)
ou Ov

- (hl + ZhQ) <% + Z%) (x07y0)7

i.e. the expression is the product of two terms. This is one of the key stages of the proof
as h = hy 4+ thy and for f we thus have

flzo+h)— f(20) = (h1+ihy) (% + Z@) (20, Y0)
+(h1€a + hoer) + i(h1€g + hoes).
Thus

f(ZO —+ h) — f(Zo) ou 0’0 . (hlﬁg -+ hgﬁl) + i(h1€4 -+ h2€3)
h ox * "oz (%0, 0) = h

and it just remains to show that the right hand side tends to 0 as h — 0. Now since
h = hy +ihy and |h|> = h? + h3 we have

ha

ha

<1 and <1
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and the result follows by the triangle inequality and that ¢, — 0 for k = 1,2, 3,4, that is
we have

(h1€2 + h2€1) + i(h164 + h263)
h

h1 h2

€| + le1| + €3]

B

|€4|+ ‘—

< \62! + |eg| + ]64] + les| =0 as h — 0.

Thus after more than 1.5 pages we have shown that our candidate for the limit is correct.
We summarize what has been done in the following theorem.

Theorem 3.6.2 When u and v have continuous partial derivatives in a domain D the
function f = u + v is analytic on D if and only if the Cauchy Riemann equations are
satisfied throughout D.

Examples

1. If
f(z)=Z==x—1dy then u(z,y) =z and v(z,y) = —y.

We immediately have for the partial derivatives

ou ou ov ov
i U me U bt
As
ou o
oxr ' Oy

one of the Cauchy Riemann equations is not satisfied which confirms what has
already been done that this function is not analytic.

2. The complex exponential is defined by
exp(z + iy) = e"(cosy + isiny)
and thus
u(z,y) = e"cosy, and v(x,y)=e"siny.
All the first partial derivatives are as follows.

ou ov

— =e"cosy = u, =e" cosy = u,

ox 8_y
ou . . ou .
— = —e sy = —v, — = ¢e¢ s;my ="v.
dy Y dy Y
The Cauchy Riemann equations are satisfied everywhere and further if f = u + iv
then 9 5
u v
"(» +i—=u+iv=f(z
Fz) = s (2)
which is the same as the corresponding result in the real case, i.e.
d
—e* =¢°
dz
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Some remarks about the representations of f/(z)

By using the Cauchy Riemann equations we can represent the derivative f’ of an analytic
function f = u + v in several different ways as follows.

0 0
f'(z) = a—u + ia—v, (only involving partial derivatives with respect to x), (3.6.1)
x x
ov  Ou : : : o .
= 30 5 (only involving partial derivatives with respect to y), (3.6.2)
Y )
0 0
= a—z - ia—z, (only involving u), (3.6.3)
0 0
= a—z + ia—;, (only involving v). (3.6.4)

f'(2) is thus completely determined by the gradient of w (which is denoted by Vu) and it
is also completely determined by the gradient of v (which is denoted by Vv).

The Cauchy Riemann equations in polar form

In some situations it is simpler to use polar coordinates r and 6 instead of cartesian
coordinates x and y and consider a function in the form

f(z) =u(x,y) +iv(z,y) = u(r,0) + iv(r,0).

To obtain the expression for f/(z) in terms of the partial derivatives of @ and © and the
form of the Cauchy Riemann equations in this case we can directly use the definition of
the derivative with suitable choices for h. At a value z = re” a change in the radial
direction (i.e. r direction) corresponds to

h=(r+h,)e? —re = h,e”
and a change in the 0 direction corresponds to
h=re T80 —re? = 1@ (A0 — 1) = re'® (JA0 + O ((A)?)).
The change in the r direction gives
() = e% (% +2%) =e ¥ (g—:f + Z%) :
For the change in the 6 direction we take
h = rel0FA0) _ el — e (iA0 + O ((A6)?)) = re'@iAG (1 + O (AB))

and consider

Jz+h)—=f(z) 1 [ulr,04+A0)—u(r,0) o(r,0+A0)—v(r0)
h e ( A o A ) o(20),
where 1
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Thus

rof ' rof

Both the expressions have the factor e and as they must be the same we equate the
real and imaginary parts of the term in brackets to get the Cauchy Riemann equations in
polar form

f(z+h) = f(2) it (_2@4_1@) as A@ — 0
: )

ou_100 101 o
or rod’ rob or’
Example
With z = re?, r > 0 and taking § = Arg z let
f(z) =Inr+i6
and consider this on the domain
G:{z:rew: r # 0 and —7T<«9<7r}.

The domain is thus the complex plane with the non-positive real axis excluded (i.e. we
are excluding 0 and the negative real axis). In the notation above we have

a(r,0) =Inr and o(r,0)=0.

The Cauchy Riemann equations are satisfied as

ou 1ov 1 ou  0v
= = — and =

[

)
00  or
and hence f(z) is analytic on G. Further note that

r re

o (0w 0V 1 . 1 1
/ — o _ ) —— = — —i0 g = —
flz)=e (8r+287") ¢ z

i0
f(z) is the principal branch of the complex logarithm. Observe that f’(z) is analytic
for all z # 0 but for f(z) to be analytic we needed to exclude the non-positive real axis
to ensure the analytic property because Imf(z) = Argz has a jump discontinuity across
this half line. To introduce the notation that we use later, the principal valued complex
logarithm is defined by
Logz :=In|z| + iArg 2.

3.7 Harmonic functions

Definition 3.7.1 A function ¢(z,y) is said to be harmonic in a domain D if it satisfies
Laplace’s equation

*¢ 0
A¢EV2¢EV-(V¢):87(§+£§:O.
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As we now demonstrate, there is a strong connection between harmonic functions and
analytic functions which follows quite quickly by using the Cauchy Riemann equations.
Suppose that we have an analytic function

f(2) = ulz,y) +iv(z,y)

and suppose that both u and v are twice continuously differentiable which in particular
implies that mixed partial derivatives can be done in any order, i.e.

2
Ou _ 0 (0u) _ 0 (Ou) (3.7.1)
Oxdy  Ox \ Oy Oy \ Oz

This twice continuously differentiable property has been the case in all the examples
encountered and as will be shown later in the module it is actually unnecessary to add

this requirement as the analytic property of f actually implies that derivatives of all order
are continuous. Now if we consider the property (3.7.1) for v and use the Cauchy Riemann

equations then we have
Pu_ 0 (u)_ 0 (0) _ o
oxdy Ox \dy)  0x\dx) 0z’

% _ 0 (o) _ 0 (00) ok
oxdy Oy \ox) oy \dy) 0Oy*

Equating the last two expressions gives us that v satisfies Laplace’s equation, i.e.

and

v 0% B

Similar reasoning gives that u satisfies Laplace’s equation, i.e.

Pu O B

Both u and v are harmonic functions with the function v said to be the harmonic
conjugate of u.

Thus the above has shown that given an analytic function we get a pair of related
harmonic functions. With some restrictions we can do the reverse of generating an analytic
function with a given harmonic function w as its real part. The restriction which makes
this possible is that the domain being considered should be simply connected (i.e. it has
no holes) and the ease or difficulty of obtaining f is concerned with the ease or difficulty
of obtaining the harmonic conjugate function v. When the domain is simply connected
and the functions involved can be integrated relatively easily we can obtain v from u as
follows. If we are given u then we can differentiate it and by using the Cauchy Riemann
equations we have expressions for the partial derivatives of v, i.e.

dv ou
oz = oy
dv  Ou
dy o
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If this is going to determine v then it can only determine v up to an additive constant.
Our procedure is to partially integrate the first relation with respect to = to get a form
for v with the constant of integration being some function of y which we denote by g(y).
We can then partially differentiate with respect to y and use the other Cauchy Riemann
equation to attempt to determine g(y). We consider this approach with some examples.

Examples

1. Suppose
u(z,y) = (a% = y?) + day.

For the first partial derivatives we have

ou ou
— =2 4 — =2 4.
o7 T+ 4y, oy Y+ 4x

As a check, u does indeed satisfy Laplace’s equation

*u  O*u
—+—=24+(—-2)=0.
ox*  Oy? (=2)
To determine v consider the Cauchy Riemann equation
ov ou
— =——=—(—2y+4x) =2y — 4x.
or = oy (—2y +4z) = 2y — 4z

Remember that we have partial derivatives here and thus if we integrate with respect
to z then the ‘constant term’ is a function which does not involve x, i.e. any function
of y. With this in mind, this gives

v =2yz — 22* + g(y)

for some function ¢g(y). We next differentiate this with respect to y and use the
other Cauchy Riemann equation to give

ov ou
_:2 ¢ :—:2 4
9 x+g(y) o x+ 4y

which requires that
g(y) =4y, giving g(y) =2y* + A
where A is a constant. The general form of the harmonic conjugate v is
v(x,y) = 2yr — 22° + g(y) = 2yr — 22° + 2y° + A
and f is

f=u+iv = (2°—9°) +4doy +i(2yr — 22° + 2> + A)
= (22 —y*)(1 —20) + 22y(2 + 1) +iA.

This can be written in terms of z alone in several ways and the one that we present
here involves considering the derivatives and a finite Maclaurin expansion. The
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details of this are as follows. Firstly note that we have already shown that f(z)
is analytic and hence differentiating in any direction gives the same result and in
particular we can get expressions for the derivative by partially differentiating in
the x direction. We can repeatedly differentiate in the x direction to give

o Of  Ou  Ov o
f(2) =57 = %—H@_x_ (2z + 4y) + 1(2y — 4x),
" O’ f Pu O ,

f (Z) = 8x2 = _8x2 + Z—ayQ =2 — 4.

We can directly verify here that f’(z) and f”(z) are also analytic and in term 2 we
will show that this is always the case. As the second derivative is a constant and
the third derivative is 0 everywhere the function is a polynomial of degree 2. For
the derivatives at 0 we have f(0) = iA, f'(0) = 0 and f”(0) = 2 — 4i. By a finite
Maclaurin expansion the polynomial is hence

)

; 22 =diA+ (1 —26)2%

f(z) = f(0) + f(0)z +

The above use of the finite Maclaurin series representation was quite short as a way
of expressing in term of z. An even shorter way of getting the result is given next
although full justification in all cases of this type depends on something covered in
term 2. In this particular case of a polynomial we do actually have full justification
now as we explain. If we consider again our analytic function

flz+iy) = (2% — y*)(1 — 26) 4+ 22y(2 +14) +iA
and just let y = 0 then we have
f(x) = (1 —2i)2® +iA.
We get an analytic function if we just replace x by z, i.e.
P(z) = (1 —2i)2% +iA

is analytic and the difference f— ¢ is analytic with the property that f(z)—¢(z) =0
when y = 0. In this case f — ¢ is a polynomial of degree 2 or less and thus can have
at most 2 distinct zeros and as it zero on the real axis it is zero everywhere. This
is the full justification when an analytic function is a polynomial. More generally
in term 2 we show that an analytic function which is not identically zero only has
zeros which are isolated. Thus if two analytic function agree on the real axis then
they must agree everywhere where they are both defined.

2. Let
u(z,y) = sinx cosh y.

The first partial derivatives are

ou
— = cosx coshy,

ox

U . .
— =sinxsinhy.

)
dy
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If you differentiate again then you get
0*u 0*u *u  0%u

= —u’

— —=u, and — + —5 =0
ox? oy? oxr  0y?
as a check that u is harmonic. To get the harmonic conjugate v we have
ov ou . 0k
— = —— = —sinxsinhy.
ox oy Y

Partially integrating with respect to x gives
v = coszsinhy + g(y).

To determine g(y) we use the other Cauchy Riemann equation, i.e.

ov ou
— =coszcoshy + ¢'(y) = — = cosz coshy.
3 y+9y) =5 y

Thus ¢'(y) = 0 and g(y) = A is a constant. The analytic function is
f(2) =u+iv =sinzcoshy + icosxsinhy + i A.

As we will see later this function is f(z) = sin(x + iy) + 1A = sin z 4 i A.

3.8 The 9f/0z = 0 form of the Cauchy Riemann equa-
tions

Recall that we showed that f(z) = Z is not analytic anywhere and more generally if f(z) is
analytic then ¢g(z) = f(Z) is not complex differentiable at any point for which f'(Z) # 0.
These observations all suggest that for f to be analytic then it should be possible to
express it in a way which does not involve Z. This is indeed the case in the following
sense.

From z = z 4+ 1y and Z = x — 1y we have

z+Zz _Z—E
2 YT Ty

xr =

and we can write

( _)_ ( )+< )_ z2+7zZ z2—72 ny z2+7zZ z2—72
glz,z) =ulz,y w(r,y) =1u 5 9 Xy 5 9 .

For the manipulations we can consider g as independent function of z and Z and use the
chain rule to give

oy _ (0uds  udy\ ,  (0v0r  Duy
0z \0x0z Oyoz Jx 0z  0Oyoz

B 10u 1 0u (10v 10v
- (33 -zm) * (oo -5y
1 [/0u Ov 1 /fOu Ov

N 5(%_0_11>_Z<6‘_y+@>'
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This shows that

%:O if and only if %:% and g—Z:—%.
It is in this sense that if we have a function of z and Z then it needs to be a function of z
alone to be analytic. This does not mean that we can always express an analytic function
as a finite combination of standard functions as in all the examples considered so far but,
as we will show later in the module, we can always represent such functions in a power
series about a point zy which just involves powers of z — zj.
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Chapter 4

The elementary functions of a
complex variable

Most books on functions of a complex variable contain a chapter or a section with a title
of the form “the elementary functions”. The term elementary functions is usually taken
to mean a function of one variable which is built from a finite number of exponential,
logarithm, constants, nth roots through composition and combination using the opera-
tions of +, —, x and / (this is how it is defined in wikipedia). In chapters discussing
such functions it is also common to also include polynomials, rational functions and this
is what is done here. In all cases considered the functions to be described are functions
f(2) of the complex variable z = = + 1y.

4.1 Polynomials

A polynomial is a function of the form
Pa(2) = ag +aiz 4+ a2 + -+ a2 = Z apzt
k=0

where ag, ay, ..., a, are complex numbers. If a,, # 0 then the degree of the polynomial is
n. pp(z) is an entire function, i.e. analytic in C.

4.1.1 The finite Taylor series representation

If we differentiate repeatedly the above relation then we obtain

p(2) = ay+2az +3azz® + - +na,2"

pl(z) = 2ay+3(2)azz+ - +n(n—1)a,z"?
p(2) = Klag+---+nn—1)--(n—k+ a,z"".

Each differentiation gives a polynomial of one degree lower and if we differentiate n + 1
times then we get the zero function. Also note that the coefficients are given by
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so that

k=0
which is a finite Maclaurin expansion. In some applications it is more convenient to
expand about a point zy instead of 0 and we similarly have the representation

k) 20 .
pa(z) = ank—(!)(Z—Zo) (4.1.1)

which is a finite Taylor expansion about zp. As an example, if we take p,(z) = 2% then
(1) =1, p,(1)=3, pp(l)=6 and p;(1)=6
giving
P2 =14+3z-1)+3(z—-1)2+(z-1)7°

which can also be deduced by considering the binomial expansion of
(1+ (2 —1))%

If we return to the representation (4.1.1) and we define
" pk)
Pn (ZO)
pr(2) = ZT(Z—ZO)k, r=0,1,...,n
k=0

and approximate p,(z) by p,_1(2) with m < n then the difference is of the form

. nk) (ZO)

k=m

=

Pn(2) = Pm-1(2) = (z — 20)F = (2 — 20)™( polynomial ).

The difference has a zero of multiplicity of at least m at zy and the other factor is a
polynomial.

4.1.2 A representation in terms of the roots

In other applications it is convenient to factorize the polynomial in the form
Pn(2) = an(z —n)(z —az) -+ (2 — an)

where ay, ..., a, are known as the zeros or roots of p,(z). This representation is possible
as a consequence of the fundamental theorem of algebra (proofs of this theorem will be
seen later in the module although they will not be examinable). The n numbers as, . .., a,
need not be distinct and if we let (3,...,(, denote the distinct zeros then

Pu(2) = an(z = Q)" (2 = @)% (2= Ga)™, 1 =1 ritradtrm=n

Here p,(z) has a zero at (; of multiplicity 7, > 1. Another way of stating this is that
there exists an analytic function g(z) such that

pn(2) = (2 = )™ 9(2),  9(G) #0, (4.1.2)
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and in the case of a polynomials of degree n the function g(z) is a polynomial of degree
n — rg. If we differentiate (4.1.2) repeatedly then we get

PL(2) = (2= G)"*g +re(z — &)™y,
Pa(z) = (2= G)™g" +2ru(z — Q)™ g+ ralre — (2 — G)™ g,

and if we evaluate the derivatives at (; then we have

Pu(C) = Pl(G) = -+ = pD(¢) = 0.

As a note, later in the module we consider zeros of analytic functions f(z) more
generally and we again have that if { is a zero of multiplicity 7 > 1 then there exists
another analytic function g(z) such that

f(2) = (=0 "9(2), ¢(¢)#0,

from which it follows that f*)(¢) =0, k =0,1,...,r — 1. This result will follow once we
have covered Taylor’s series in term 2.

4.2 Rational functions
A rational function is a ratio of two polynomials, i.e. it is of the form

pm(2)  ag+arz+ -+ ap"
qn(2) bo+biz+ - +b2"

Ryn(z) = am # 0, b, #0.

The properties of such functions are mainly determined by the zeros of the denominator
qn(2) as these are points where generally the function value will tend to infinity as z tends
to such points with the precise outcome depending on whether or not p,,(z) also has a
zero at the same point. For example, if we note the identity

1=z 4+ 24 1)
and define
z—1
2" =1
then R(z) is not defined at any of the n roots of 1 but it has a finite limit as z — 1. The

points where R(z) is not defined are said to be singularities although the singularity at
z = 1 is said to be removable and we can effectively just consider instead

R(z) =

1
n—1 n—2 :
24T+ 2+ 1]

In what follows we will assume that the numerator and denominator have no common
Z€eros.
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4.2.1 Partial fraction representation

In previous study you are likely to have considered techniques for integrating rational
functions and as first step you would have probably needed to construct a partial fraction
representation. When real integrals are considered is it usually necessary to get the
complete representation before the integration can be attempted. In the applications
involving contour integrals in the complex plane to be considered later in this module it
will turn out that we only need part of the representation and thus in the description
that follows we consider techniques which enable us to just determine the parts that are
needed. The parts that are needed in the contour integral application are the residues
which is a term which we define later. Before general comments are given we consider the
use of partial fractions for the following functions.

fl(z) = 22:»17
23

fh(z) = 2241’

fi() = .

(22+1)(z —1)%

In all cases we have 2% + 1 = (2 +i)(z — i) and we have singularities at +7. In the case
of f3(z) we have a singularity at z = 1 and denominator has a double zero at z = 1.
The function f(2)

The partial fraction representation is of the form

1 A B
3 = -+ -
zc+1 Z4+1  z—1

fi(z) =

where A and B are constants. To determine A and B one technique is to write the right

hand side as
A(z —1i) + B(z +1)

(z4+1)(z —1)
and then equate the numerators to give

1=A(z—1i)+ B(z +1).

We can equate constant terms and the coefficients of z which gives a 2 x 2 system for A
and B but an easier way is to note that as the relation is true for all z we can just set
z to specific values which eliminates a term and in particular it is best here to set z =1
and also to set z = —i to give
1=B(2i), 1=A(-2)

giving

1 1

A = — B _ .

21 21

As an alternative we can multiply fi(z) by z — ¢ or z + i and note that

(z —1i)fi(2) = B+ (z —i)(a function analytic at z =i) - B asz —1
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and similarly
(z4+10)fi(z) > A asz— —i.

To actually get the values we can use L’Hopital’s rule

' 1 1

A: hm ZQ+Z - — = T3
z——i 2% + 1 2z ——i 21

— 1 1 1
B=lim——=—| =_.
=izt 41 2z|,_, 2

This indicates that we can separately determine A and B. If we actually need the full

expression then it is
1 1 1
2+1 2i\z—i z2+41i)°

The function fy(z)

The extra complication here is that the numerator (i.e. 2?) is of a higher degree than the
denominator (i.e. 22 + 1) and we cannot write it in partial fraction form. However we do
have

z® = (degree 1 polynomial)(z* + 1) + (remainder),

where the remainder has degree less than 2, so that we do have a representation of the
form

B
241 z—1

f2(2) = (degree 1 polynomial) +

We can obtain A and B without needing to first determine the polynomial in the brackets
by using the technique used in the case of fi(2).

A = lim(z+0)fa(2)

Z——1
d .
—(z+7
: 371 (Z+Z) -\ 3 dZ( )z*—z
= lim 2 hmAm = (—1) q
z2——1 z——i (2 9
— 1
dz(z * )Z:_i
=71
2(—i) 2
Similarly
i 1
B =1i —1 = —=——.
lim(z —0)f2(2) = 5 = —3

To actually get the degree 1 polynomial in the brackets note that

2P =22 4+1) -z

23 2 1/ 1 N 1
= Z — =z — — .
2241 2241 2\z+1 z—1

so that
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The function f;3(2)

The denominator in f3(z) has zeros of multiplicity 1 at the points +i, as in the previous
cases, and it has zero of multiplicity 2 at the point z = 1. This requires a partial fraction
representation of the form

A B Cy Cy

fg(z):z+i+z—i+z—1+(z—1)2'

If we multiply by z + ¢ then we get
(z4+1)f3(z) = A+ (2 +i)(a function analytic at z = —1).
If we multiply by z — ¢ then we get
(z+1)f3(2z) = B+ (2 —i)(a function analytic at z = 7).
If we multiply by (2 — 1)? then we get
(z —1)%f3(2) = Co + C1(2 — 1) + (2 — i)*(a function analytic at z = 1). (4.2.1)

These observations enables us to get A, B and Cy by taking appropriate limits of these
expressions. In the computatations we use properties of limits (specifically that the limit
of a product is the product of the limits done separately) and we use L’Hopital’s rule. To
get A we have the following.

A = lim‘(z—l—i)fg(z)zéllim‘<z+i> !

z——1 z——1 22 +1 (z — 1)2’

) 1 1 1
= 41im (270 tim /P, S S
=i\ 274+ 1) 2=-i(2—1) 2(—i) (=i —1)

()

To get B we have the following.

B = hm(z—z')fs(Z):‘lhm(z_i) 1

2z 2z 2’2 +1 (Z — 1)27

—1 1 1 1
= 4lim (>~ ) lim =4
z=i \ 27+ 1/ 2—i (z — 1) 2 (z — 1)

()

To get Cy we have the following.

. ) 1
Cy = lgr}(z — 1)2f3(z) = 4lim (22 n 1) =2

z—1

Although it may not be the shortest technique to get C; once all the other coefficients
have been found but it is worth mentioning that we can also get C using limits. If we
differentiate what is given in (4.2.1) then we have

di ((z=1)*f3(2)) = C1 + (2 — 1)(some function analytic at z = 1).
z
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Hence q
Cr = lim — ((z = 1)f3(2)) -

z
Fortunately in this example the differentiation does not involve too much work as we have

4 d —8z
—1)? _ il —1)2 _ o~
GV =z g (G- 0H6) =
and <
—8z
= —2.
(22 + 1)2 z=1
To summarise we have
4 1 1 2 2
f3(z) = = + -

(224+1)(z—1)2 z+i =z-1 z—1+(z—1)2'

What this example has illustrated is that all the coefficients to find can be given in
terms of limits. In this particular case the amount of workings needed could have been a
bit shorter by instead first putting the following.

A N B N Ch N Cy

z4+i z—i z—1 (z2—1)?

Alz—i)(z =1+ Bz +i)(z = 1)+ Ci(z = 1)(2*2 + 1) + Ca(z* + 1)
(22 +1)(z — 1)

To be the same as f3(z) we need that for all z
1=A(z—i)(z =12+ B(z+i)(z = 1)* + C1(z — 1)(2* + 1) + Co(2* + 1).

Letting z = —¢ then z = 7 and then z = 1 quickly gets the values A, B and Cs. Equating
the coefficient of 23 then gives us

A+B+C; =0

from which we get C; as A and B have already been found. In fact this relation is fairly
clear from the start when you consider the magnitude of the terms as |z| gets large. When
|z| is large we must have that |f3(z)| is decaying like 4/|z|* whereas the 4 terms in the
representation are much larger with a decay of O(1/|z|) or O(1/|z|?). Thus the coefficients
of all the O(1/|z|) terms must be such that the terms nearly cancel for large |z|.

Summary of the f;, f; and f; examples and some terminology

In the case of fi(z) we have

1 A B
3 = -+ .
2+ 1 Z4+1 z—1

fi(z) =

The function has simple poles at +i and A and B are known as the residues. We can
get the residues using

A= lim (z+1)fi(z), B =lim(z—1)fi(z).

z——1 z—1
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In the case of fy(z) we can use a similar technique to just get the residues even
though the expression is not in the form that we can directly construct a partial fraction
representation.

In the case of f3(z) the situation is more complicated as the function has a double
pole at the point 1 and the representation needs to be

A B i Cy
- + 5.
241 z—1 z—1 (z2-1)

fa(z) =

The residues in this case are the coefficient of the simple pole terms, i.e. A, B and C
and we can get these from

A = Jim(e+0)f(2),
B = lim(z —i)fs(2),

. d 9
C, = llg% P ((z=1)%f3(2)) .
As a comment on the terminology, a function f(z) is said to have a pole at a point
2o if 1/f(z) is analytic at z; and has a zero at that point. A simple zero of 1/f(z) (i.e.
a zero of multiplicity 1) gives a simple pole of f(z) and similarly a double zero of 1/f(z)
(i.e. a zero of multiplicity 2) gives a double pole of f(z).

4.2.2 Any rational function with just simple poles

The previous examples indicate what to do in more general cases and thus suppose that
the rational function is

p(z

R(z) = Q, q(z) = (z = 21)(z —2) -+ (2 — 2n), (4.2.2)
q(2)

where p(z) is a polynomial. We are assuming here that 21, ..., z, are distinct so that the

function has simple poles at zq,..., z,. As we have not given any restriction on the degree

of p(z) the representation is of the form

n Ak
R(z) = (polynomial) +
() = (polsmomial) + 3=
where Aj, is the residue at z;. To obtain A; we have
. . (2= z)p(2) . (z—=) _ pla)
p= e BE =B T TP I T =

The case when p(zx) = 0 corresponds to Ay = 0 and this is the removable singularity
case. In the partial fraction case the numerator needs to have a lower degree than the
denominator, i.e. degp(z) < n — 1, and when this is the case we have

R(z) = 22 _ zn: Ae oy 2l (4.2.3)

— The elementary functions of a complex variable— 4-8 —



2024:04:21:15:26:01 © M. K. Warby MA3614 Complex variable methods and applications 4-9

If you wish to fully justify that (4.2.3) is correct for all z then this can be done by the
following argument. Consider the difference which we denote by

g(z) = p(2) _szk/q 2k)

q(z) z =z

and multiply by ¢(z) and consider

a(2)9(z) = plz) — 3 B ( at2) ) | (120

AR

From (4.2.2) the term ¢(z)/(z— z) is just a product of n—1 factors of the form z — z; with
limiting value of ¢/(2x) at 2. Asdegp(z) < n—1 the right hand side is a linear combination
of polynomials of degree n — 1 or less and thus the right hand side a polynomial of degree

n — 1 or less. When we consider this polynomial at the points zq, ..., 2, we get
lim g(2)g(2) = plan) — D () = 0

Thus the right hand side of (4.2.4) is a polynomial of degree less than or equal to n — 1
and it is 0 at the n distinct points 21, ..., 2z, which implies that it is 0 everywhere.

4.2.3 When there is just 1 multiple pole

As the example with f3(z) showed, when there are multiple poles there is usually more
effort to obtain the residues. However, if there is just one multiple pole then the derivation
is much shorter as we can just write a Taylor polynomial for the numerator p(z) with the
expansion about the pole. If p(z) has degree n and we have a pole of order r at z; then
we have the following.

p(z) _ pl) () (2 = z) + o+ " () 0l (2 - 2)"
(z —2z1)" (z —2z1)" '

The residue at z; is
p(r—l) ( Zl)

(r—1!"

4.2.4 The most general case

In the example involving the function f3(z) there was a double pole. In the most general
case we can have a rational function of the form
p(2)

ER R R Y e oy P 425

where r;, > 1 and where we assume that p(z) is a polynomial which is not zero at any of
the points z;. The form of the representation about z; needs poles of orders 1,2,..., 7
and we have

A Apy Ay, A,
R(z) = (poly)—|—< 11 +__‘+—’1)”>+...+(;+...+ n Tn)'

z—2 (z — = z— 2y (z — zp)
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To just get the residue at z; we multiply by (z— z)"* to get a function which is analytic at
21, and to shorten the notation let r = ry, ( = z; and let By, ..., B, denote Ay 4, ..., Ay k-
With this notation we have

(z—()"R(2) = B, + Br_1(2— () + -+ Bi(z — )" ' + (¢ — ¢)"(a function analytic at z).
To extract the residue B; we differentiate » — 1 times to eliminate the terms involving
B,,B,_1,...,By and take the limit as z — ( to give
r—1
lim T ((z—=CQ)"R(2)) = (r — 1)!By.
With similar workings we can get all the coefficients as
r—j

lim :
z—¢ dz" !

(z=CQ)"R(2))=(r—3)'Bj, j=12,...,r

As this reasoning shows, to get the residue when there is a multiple pole you need to
know the order of the pole (i.e. 7 in this case) and then do the above. In the case of f3(z)
we just had r = 2 and in the calculation we first simplified the expression to differentiate
before we actually did the differentiation.

Fortunately, in this module most of the examples will just involve simple poles and
poles of higher order will be not appear very often.

The following is not examinable, and the details are close to two pages, but if you
wish to prove that the general partial fraction representation of R(z) is actually the
same as R(z) there are a number of steps. At the moment we have just shown that if a
representation is of the form given then we have given an expression for each coefficient.
We wish to now show that the partial fraction representation and the original expression
are the same for all z and to do this we can proceed as follows. Firstly, to be a partial
fraction representation we need the degree of p(z) to be less that the degree of ¢(z). Let

> A Am Ain Arn
R(Z): 1,1 +...+—’1r 44 ;+...++
z—2 (z—21)" Z— zn (2 —2,)™

denote the candidate for the partial fraction representation with the coefficients given as
indicated above. As R(z) and R(z) are both rational functions the difference R(z) — R(z)
is also a rational function and the only possible places where the difference can have poles
are the points z1,...,2,. Now because of the degrees of the polynomials involved (the
numerator has a lower degree than the denominator) we have that

R(z) — R(2) = 0 as |z| = 0. (4.2.6)
Hence if we can show that R(z)— R(z) has no poles then this implies that it is a polynomial
and the observation (4.2.6) further implies that R(z) — R(z) = 0. This last step is because
non-constant polynomials are unbounded and if it is constant then the only possibility
for the constant is 0.
We consider next the properties of R(z) — R(z) near z = z; which gives us

R(z) - R(z) = R(z) — <£ 4t Aria

p—— = zl)”) + (a function analytic at z;). (4.2.7)
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Let
Qz)=(2—22)" (2 — z,)"
so that the denominator can be written as
q(z) = (2 — 21)" Q(2).
For part of (4.2.7) we have

R() - (zA—le T (Zf—zi)) (4.2.8)
" Gmhra G E ) o

= L pz)_ zZ—z z—2z)t 1

f— (Z — 21)7»1 (Q(Z) (Arl,l + Arlfl,l( 1) + + ALl( 1) )> (4210)
_ 1 pi) oo,

- (z—z)" (Q(z) Ti ( )) (4.2.11)
_ 1 p(z) — Q(2)Ti(2)

() ( Q(2) ) (4.2.12)

where

Ti(z) = A1+ Apcia(z—21) + -+ Apa(z — 2)
The formula for the coefficients of 73(z) show that this is the Taylor polynomial of
p(2)/Q(z) about the point z, i.e.

(k)
(%) (z1) = T (z1), fork=0,1,...,r —1.

Now by writing

Q

and differentiating once, twice and further we have

(P-TQ) = Q (3 —Tl)/w’ (3 —Tl)

p_TlQ:Q<£_T1)

Q Q
(p—TQ)" = Q (% - T1> +2Q) (g - Tl) Q" (g - Tl)

The kth derivative of the polynomial p — T1Q is a combination of (p/Q — Ty)V), j =
0,1,...,k and as these are all zero at z; it follows that

(p—QT1>(k)(Zl):O fOI‘]CZO,].,...,T’l—]_.

(This can be deduced more easily once the material on Taylor series has been covered but
the above is a direct verification.) As p(z) — Q(2)711(2) is a polynomial this implies that
we can write
p(2) = Q(2)Th(2) = (z — z1)" h(2),

where h(z) is a polynomial. Using this in (4.2.12) and considering again (4.2.7) shows
that the difference has no pole at the point z;. Similar reasoning applies to all the points
zr, k= 1,...,n and we conclude that R(z) — R(z) is a polynomial and (4.2.6) implies
that it is the zero polynomial.
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4.3 The exponential function e* = exp(z)
With z = z 4 1y recall the definition
e” = exp(z) := “(cosy + isiny) = e”e”. (4.3.1)

We now consider some of the properties which quickly follow. From the definition we have

1 1
e =e¢ "(cosy—isiny) = —— = —. (4.3.2)
e’e” e

We have already shown that

d
gez = e”. (4.3.3)

For arbitrary points z; = x1 + iy; and 2o = 29 + 1Yo, T1, Y1, T2, Y2 € R, we have

eT1TT2 — oT1o72 414 ei(y1+y2) _ eiyleiyz
and it follows that
e = e*le™, (4.3.4)

The results (4.3.2), (4.3.3) and (4.3.4) have the same form as the corresponding results
when the argument is real.

We consider now a few things specific to having a complex argument. We have the
periodic property

ez+27m — ez’

i.e. the function is periodic with period 27i. If we let
w=e
then
|w| =€® > 0.

There is no value z € C such that we get 0 but the function does tend to 0 as © — —oo.
Every other value of w is however possible and because of the periodic property every
other value is attained infinitely many times and this is discussed in a moment when we
discuss the logarithm function. To consider a specific value we take w = 1 and note that

e =1 ifand onlyif |¢*|=e¢"=1, and eV =1.
Thus
e* =1 ifandonlyif z=2km, k=0,+£1,+2 ...

An immediate consequence of this is that if

21

then we have — =77 =1
e 2

21 22

e =c¢

and thus

z1 z9

et =e* implies that 2; — 2o = 2kmi for some integer k.

In particular this implies that the function is one-to-one on the strip

G={r+iy: —co<xr<o0, - 1<y<m}.
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If we take z € G then
w=e*=e"%? gives |w|=e" and Argw = Arge” =y,

i.e. we have
r=1In|w|, and y=Argw.

The inverse of e on this strip is the principal valued logarithm function
Logw = In |w| + iArgw.

To attempt to plot the complex exponential one possibility is to plot a rectangular
grid in the z-plane and show the image plot in the w-plane and this is done in figure 4.1.
Lines with z fixed (i.e. lines parallel to the y-axis) map to circles and lines with y fixed
(i.e. lines parallel to the xz-axis) map to radial lines.

z plane w plane
ot e ra-r
Ll -Hd-F 1.5+
1.5¢
Ll -Hd-F .
1t
05 L LLL 0.5
0 F1--11-F 0
-05 11T 05
-1r TITT
- - - - _17
-1.5¢
F1T1T -1.5
-2r ‘ ‘ ‘ ‘ ‘ ‘
-2 -1 0 1 2 -15 2 25

Figure 4.1: w = f(z) = exp(2), |z| < 0.6, |y| < 27/3.

4.4 sin z, cos z, sinh z, cosh z
When we have real valued functions we have the definitions

cosh x = % (e + e_’”) and sinh x = % (ex - e_m)
and when e was introduced we have

cos T = % (e +e™) and sinz= 2% (e —e™™).

The definition of each of these functions for a general complex variable z = x + iy is just
to take
(ez + e’z) , sinh z =

(¢ ).

(ezz o e—zz) ]

cosh z =

COS 2 =
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From the result about combining analytic functions it follows that all of these functions are
entire functions, i.e. they are all analytic in the whole complex plane C. The derivatives
in the complex sense correspond to the real case as we have

Lcoshz = g (¢ —e) =sinh

sinh 2 = % (¢ +e7%) = cosh z,

oSz = % (ie” —ie™™) = —5 (e —e™™) = —sin z,
Doz = (16 ie™) = 2 (¢ — ) = cos =

All these functions are periodic with the hyperbolic functions having period 27i (the
same as the exponential function) and with sine and cosine having period 27 as in the
real case, i.e.

cosh(z + 2mi) = cosh z, sinh(z + 27i) = sinh z,

and
cos(z 4 2m) = cos z, sin(z + 27) = sin 2.

The exponential function as defined in (4.3.1) involves an expression involving x and
y and we can similarly write each of cos(z +iy), sin(x +iy), cosh(z + iy) and sinh(x + iy)
in terms of x and y as follows. From

z=x+1y, —2z=-—x—1y, z=—yYy+ir, —iz =1y —IT,
and
e* = €e"(cos y+isin y),
e ® = e “(cosy—isiny),
e” = e Y(cos x+isin z),
e ” = eY(cos x —isin x).
Thus

2 2
= cosh xcos y + ¢sinh zsin y,

) e —e7? e’ —e " et +e Y .
sinh z = :< )cosy+z<T>smy

e +e’? e" +e (e —e "N .
cosh z = :( )cosy+z(T)s1ny

2 2
= sinh xcos y + ¢ cosh xsin y,

e e e +e7Y fe¥ —eY\ |
cos z = = 5 Ccos T +1 T sin T

2
= cos x cosh y — ¢sin xsinh y,

. ezz o efzz efy _ ey N ] e*y + ey .
Sz = - = " COS T 1| ———— |Sin X
2 21 21

= sin xcosh y + 7 cos zsinh y.
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It is not expected that you remember all of these but hopefully you can work them out
from other definitions. It is interesting that every combination of one of the hyperbolic
functions and one of the trigonometric functions gives a harmonic function.

Other properties to note are the following.

1. cosh z and cos z are both even functions, i.e.
cosh(—z) = cosh(z), cos(—z) = cos(z)
and sinh z and sin z are both odd functions, i.e.
sinh(—z) = —sinh(z), sin(—z) = —sin(z),
as in the real case.
2. From the definitions the hyperbolic and trigonometric functions are related by

cosh(iz) = cos z and cosh z = cos(iz),
sinh(iz) = - ° =y <i> — isin 2,
o e —¢e* 1 [e?*—¢ . ) .
sin(iz) = ——— =- (—) = (—1)(—sinh z) = isinh 2.
i
3. For all z we have

cos?z +sin?z =1

as in the real case. This follows directly from the definition, i.e.

) . eiz + e—z’z 2 eiz . e—z’z 2
cos“ z+sm z = _ + [ ——
2 21

(62iz + 24 e—2iz) o (62iz — 24 e—2iz)

= = 1‘
4
We similarly have
cosh? z —sinh? z = 1
as in the real case.
4. As €7/? = j and e ""/? = —i we have
eiz+i7r/2 . e—(iz+i7r/2)
si +7/2) = :
in(z+7/2) | 2 | |
jet® — (_Z')e—zz e e
= : = = cos 2,
29 2
iz+im/2 —(tz+im/2)
cos(z +m/2) = © +26
Z'eiz + (_i)e—iz eiz . e—iz '
= = — = —sin z.
2 -2
All of these correspond to what we have in the real case.
Similarly as e = —1 using the definitions gives
sin(z +m) = —sin(z),
cos(z+m) = —cos(z).
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5. From the real case we have that sin x = 0 if x = kn, k = 0,£1,£2,.... These
are also the only points in the complex plane where sin z = 0 because from the
definition

sin z=0 ifand onlyif e”* =e7, ie ¥ =1.

The result follows from the result about the exponential function.
We similarly have that the zeros of the cosine function are all on the real axis at
the points 7/2 4+ km, k = 0,£1,£2,.. ..

6. The formulas for sin(z; £ z3) and cos(z; £ x3) also have similar complex versions
and we give these without any proofs.

sin(z; £ 2z3) = sin 27 cos 25 £ cos 21 sin 2y,

cos(z1 + 2z3) = cos 21 COS 2o F sin z; sin 2y
and in the case z; = 2o = 2z we get the double angle formulas

sin(2z) = 2sin zcos z,

cos(22) = cos’z —sin®z =2cos’z —1=1—2sin?2.

7. When we just consider the function sin x with a real variable x we know that it
increases from —1 to +1 as z increases from —7/2 to +7/2 and it is invertible if we
restrict to [—7/2,7/2]. We consider next the situation with sin z when z € G with
G denoting the strip

G={z=z+iy: —7n/2<z<7/2, —oc0o<y<oo}
and recall that we have shown that
sin z = sin x cosh y + i cos xsinh y.
On the line x = —7/2 we have cos x = 0 and sin x = —1 and thus
sin(—7/2 +iy) = —coshy < —1.
Similarly on the line z = 7/2 we have cos z = 0 and sin z = 1 and thus
sin(m/2 +iy) = coshy > 1.

On both these lines we get a real value with magnitude of at least 1. In both these
cases if we replace y by —y then we get the same value (as cosh y is even) and hence
the function is not one-to-one on (G. Hence we consider instead the semi-infinite
strip

G={z=x+iy: —7/2<2<7/2, 0<y< oo}

and note that the boundary part with x = —7/2, y > 0 maps to (—oo, —1], the
real segment [—7/2,7/2] maps to [—1,1] and the boundary part with x = 7/2,
y > 0 maps to [1,00). The image of the boundary of G’ under the map sin z is
hence the real axis. To determine the image of the interior of G’ we note that
Im(sin z) = cos x sinh y > 0 when z and y are such that cos z > 0 and sinh y > 0
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and this is the case when |z| < 7/2 and y > 0. Thus we only get points with
non-negative imaginary part and from this we conclude that the interior of G’ maps
to the upper half plane and this is illustrated in figure 4.2.

With a bit more effort, which is not done fully here, it can shown that the function
w = sin z is one-to-one on the domain G’ and hence has an inverse and for the
expression for the inverse first note that

e = cos z +isin z.
If w =sin 2 is a point in the upper half plane then it can be shown that
cos z = /1 —sin’(z) = V1 — w?,
where the square root is defined by
C=pe, ¢=Arg(, /(= \pe
(This is known as the principal valued square root.) Hence

1
z =sin"'w = —Log(iw + V1 — w?)
i

where, as before, Log denotes the principal valued logarithm. The function sin™* w
is analytic at all points except w = £1 which correspond to z = +m/2 at which the
derivative of sin z has a simple zero in each case.

z-plane w-plane
/\y AN
| S
A B |D E'
B C . Al B;/ C.v/ D'
/2 0 7/2 T -1 0 1

Figure 4.2: The image of the semi-infinite strip G’ under the mapping w = sin z, z = x+iy.

4.5 tan z, cot z, ---, tanh 2, ---

With cos z and sin 2z defined we can similarly define

sin z
tan z = ,
CoS 2
and also
1 1 coS 2 1
sec z = , COSecCz = — and cot z = — = .
cos 2 sin z sin z tan z
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There are also hyperbolic versions of all of these but we only give the hyperbolic tangent
which is

In all cases the functions are analytic for all z € C except at the points at which the
denominator in these expressions is 0. As cos z, sin z, cosh z and sinh z all have zeros it
thus follows that none of the functions tan z, sec z, cosec z, cot z and tanh z are entire
functions. In what follows we just consider tan z and cot z. Both these functions are
periodic and by using the results

sin(z 4 27) = sin 2, sin(z +7) = —sin 2z,

cos(z 4 2m) = cos z, cos(z+m) = —cos z

it follows that the period is w. The function tan z has simple poles at the zeros of cos z
which are the points 7/2 4+ k7, k = 0,£1,42, ... and the function cot z has simple poles
at the zeros of sin z which are the points k7, k = 0,£1,+2,.... For the residues of the
poles of tan z and cot z we can use the same technique as used with rational functions
although this is not fully justified until term 2 when series is considered. If for the moment
this accepted as correct then we have the following. For the residues of the poles of tan z
we have when z; = 7/2 + kx that

z2— 2z \ . 1 )
(z — zx) tan z = sin z = | ——— sin 2z, = —1 as z — z.
cos = d cos z
d

z 2=z
Similarly for the residues of the poles of cot z we have when z, = k7 that
1

k
- cos z— | — cos zp, =1 asz— z.
sin 2 d

Z—Z

(z — zx) cot z = (
—sin 2
dZ Z=Z

These results may be used later in the module in a technique to sum certain infinite series.

4.6 The logarithm function
We have already mentioned the principal valued logarithm function as
Logz = In |z| + iArg z,

provided z # 0, and because Arg z has a jump discontinuity across the negative real axis
the function is not analytic everywhere. The domain in which Log z is analytic is the slit
domain

G:{z:rew: r >0, —7r<0<7r}.

A so called “multi-valued function” is also defined by

w = log z
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(lower case letters are used to distinguish log and Log) which is taken to mean all values
of w which satisfy
z =e".

The principal value logarithm function provides one of the values and the complete set is

log z := Inlz|+iarg 2
= lIn|z|+iArgz +i2km, k=0,£1,42,....

Note that a “multi-valued function” is not a function as defined earlier as a function which
maps to C must only have one value but this is the terminology that is used. If we just
take one specific value for k£ and define

fr(z) = Log z + i2km (4.6.1)

then we do have a function which just differs from the principal valued logarithm function
by a constant and, from the section about the Cauchy Riemann equations in polar form,

we have

i) =2,

z
The result about the derivative also follows by using the property

» — ofk(2)

If we differentiate with respect to z then we obtain

1= fl(2) = 2{(2), i fi() = 1.

For some terminology, fo(z) defined in (4.6.1) is the principal valued logarithm func-
tion and is one specific branch of the function. The other functions f;(z) define other
branches. In all cases the half line where the function has a jump discontinuity is known
as the branch cut and the point at which the branch cut starts is known as the branch
point which is the point z = 0 for all the functions. These are illustrated in figure 4.3.

4.7 Complex powers

The exponential function e* is concerned with raising the real number e to any complex
power z and when we consider 2", n € Z, we are considering any complex number z raised
to an integer power. We now consider more generally how to raise any complex number
z to any complex power «.

To start, recall that the multi-valued logarithm function w = log z means all solutions
of

eV =z,

and thus

5= elogz’

i.e. all the different values for log z all lead to just one value when combined with the
exponential in this way. By the properties of the exponential the integer powers of z can
be represented by

h=etloer o =0,41,42,. ... (4.7.1)
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/\y
d: >
The branch cut xr
Figure 4.3: The branch cut of the principal logarithm function
This motivates the following definition for any power
2 = eloe 2 (4.7.2)

which will usually be multi-valued. The principal value is taken to be

eaLog z

This principal value version defines a function which is at least analytic at all points where
Log z is analytic.

We consider next how many different values we get in the multi-valued case for different
cases of a.

When « is an integer

When a = n is an integer the definition (4.7.2) corresponds to (4.7.1) and we just have one
value. We have no need to use the exponential and logarithm functions to just evaluate
terms such as 1, 2, 2%, ..., 1/2,1/2%, .. ..

When o = 1/n where n is an non-zero integer
Observe that with

1/n

w=z"'"=exp((log z)/n), w" =exp(log z) =z

and we have the situation considered in the introduction chapter about finding the nth
roots of z. Hence in this case 2'/™ means the n roots of z and to see how this is consistent
with what was done previously we do the following. With z = re? and § = Arg »

Logz =1Inr + 0

and the principal value is

1 ' 1 ' :
exp (%W) = exp (%) exp (g) — pl/net/m,
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All n values are described by

1 0 + 12k ;
eXp<nr+z +1 W):rl/neze/nwk’ k=0,1,...,n—1,
n

where w = exp(i27/n) is one of the n roots of unity.

When a = p/q is a rational number

When o = p/q is a rational number with p and ¢ having no common factor we have

214 = exp((log 2)/q), (4.7.3)

which means ¢ different values, and
w =P = exp (]—) log z) = (zl/q)p
q

also involves ¢ values with each of the values being the pth power of what we get in (4.7.3).
The principal value is just the pth power of the principal value of z'/4.

When « is a irrational
In this case we get infinitely many values described by
2% = exp(alogz + a(2kmi)), k=0,£1,£2,....
All the values have the same absolute value. The case k = 0 is the principal value.

When o € C is not real

Again we have infinitely many values. We just consider the specific case of z = ¢ and
a = 1, which is commonly done in text books on complex variable theory. By using the
definition we have

i' = exp(iLogi + i(2kmi)), k=0,4&1,+£2,....

Now - -
Logi = In |i| + iArgi = @E, and iLogi = —5

The case k = 0 gives the principal value which is

o (-3

and all the values of i* are

exp<—g—21m>, k=0,41,42,. ...

An interesting feature of this case is that all the values of i’ are real.
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Chapter 5

Contour integrals, the Cauchy
integral theorem and examples
involving trigonometric integrals

5.1 Introductory remarks

In this chapter we consider what is meant by contour integrals which we write as

/F (=) dz

for a “contour” I' in the complex plane and for a function f(z) defined on I' and in
particular we consider results when f(z) is analytic. Before we define precisely what a
contour is and what the integral along a contour means we remark that it coincides with
the real integral case when I' is just part of the real axis such as an interval (a,b), i.e.

when T = (a, b) then b
/rf(Z) dz = /a f(z)dz.

Also, it is worth remarking that if f(z) is complex valued with f = u + iv, where u and

v are real, then
b b b
/ f(z)dz = / u(z) de —|—i/ v(x)de.

There has already been an example on an exercise sheet which made use of this involving
the indefinite integral

/e'“’“"dx, k=p+1iq, withp,qg€eR

which corresponds to a definite integral of the form

x eks z 1
/ e ds = [7] =7 (" —er). (5.1.1)

As
M = PP = P (cos(qa) + isin(qz))
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this enables expressions for

/eps cos(gqs)ds and /eps sin(gs) ds

to be obtained by just taking the real and imaginary parts of the right hand side of (5.1.1).

5.2 A recap of results about real integrals

5.2.1 The area under a curve

In the case of a continuous function

f:(a,b) >R

/ ’ f(z)de

a
means the “area under the curve of f(x) from z = a to x = b”. To make this precise we
can divide the interval (a,b) by points a = 2o < x; < --- < z,,, = b and approximate the
area by the composite mid-point rule involving

the number

T,_1+x;

5 (5.2.1)

Ay = Z hif(xi71/2)7 hi =x; — 11, Ti—1/2 =
i=1

If we consider the limit as m — oo in such a way that max; h; — 0 (i.e. the width of all
the strips tends to 0) then

m— 0o
max; h; —0

/bf(:v)dxz lim Ay, (5.2.2)

as is illustrated in figure 5.1. Actually, we can do this a bit more rigorously by considering
what is known as a Riemann integral but for the purpose of this module it is sufficient
to just appreciate that the real integral means the area under the curve and this limit
in (5.2.2) exists when f(z) is continuous on (a,b). It also exists when f(z) has a finite
number of jump discontinuities.

5.2.2 Integration is the reverse of differentiation

To actually give expressions for integrals one thing that you learn early in a study of
integration is that when an anti-derivative F'(x) exists, i.e.

then , ,
/a Fa)de = / F'(z)ds = F(b) — Fla).

This is part of the fundamental theorem of calculus in that the integral of a derivative F’
on (a, b) just involves function values at the end points of the interval, i.e. F(b)—F(a). In
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X,=a xm=b X,=a xm=b

Figure 5.1: Area under the curve (left hand side) approximated by the area of rectangular
strips (right hand side).

this sense integration is the reverse of differentiation. The other part of the fundamental
theorem of calculus is that when f is continuous

d xX
& | s = s

i.e. if we differentiate an integral of the type fax then we get the integrand value at the
upper limit.

5.2.3 Remarks about the direction of the integration

As a relatively small point to note at this stage, in the definition of the integral in (5.2.1)
and (5.2.2) we had an interval (a,b) which implies that we were assuming that a < b and
the integral is from x = a to x = b, i.e. there is a direction involved. If we consider
instead the integral from b to a then this is defined as

/baf(x)dx = —/abf(x)dx.

The reason for noting this here is that when contour integrals are considered in the next
section we need to know the direction involved.

5.3 Integrals along smooth arcs and along contours

In examples in this module a smooth arc will usually be either a straight line segment or
a circular arc but when general results are given the results will hold for any smooth arcs
and thus we need to define what this means.

Definition 5.3.1 Smooth arc. A set v C C is a smooth arc if the set can be described
in the form
{z(t) : a <t <b}
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where z(t) is continuously differentiable on [a,b], Z'(t) # 0 on [a,b] and the function z(t)
is one-to-one on [a,b].

Definition 5.3.2 Smooth closed curve. A set v C C is a smooth closed curve if the
set can be described in the form as in the smooth arc case and the starting point z(a) and
the end point z(b) are the same but now we just require the one-to-one property to hold
on la,b) and for the smoothness at the end points we require

A straight line segment or part of a circle are examples of smooth arcs which are not closed
whereas a complete circle is an example of a smooth arc which is closed. To emphasise
one of the requirements in the above definition, the one-to-one conditions means that if
a closed curve such as a circle is being considered then the curve is only traversed once
which is something you cannot spot if you just look a plot of such a curve.

Definition 5.3.3 Directed smooth arc. A smooth arc with a specific ordering of the
points s known as a directed smooth arc.

In the case of the notation defining a smooth arc there are two possibilities for the directed
smooth arc involving tracing the path by moving from ¢ = a to t = b or alternatively
tracing the path from ¢t = b to t = a. In either case we have a starting point and an end
point.

Definition 5.3.4 Contour (or piecewise smooth curve) A contour I' is either just
a point or it is a finite sequence of directed smooth arcs v1, Yo, ..., Vn Such that the end
point of v is the starting point of Vg1 fork=1,2,...,n— 1.

Examples of contours

In Figure 5.2 we give some examples of contours. Just to make clear, when we have more
than one piece in our contour the parts join to give something which is continuous but
the slope is usually not continuous at the join points.

5.3.1 The length of an arc and the length of a contour

If a smooth arc v is described in the form {z(t) = z(t) +iy(t) : a <t < b}, with z(¢) and
y(t) being real, then an approximation to the length is given by summing the lengths of
straight line segments approximating the arc as follows. Witha =ty <t; <--- <t, =0
the length of the arc is approximately

|2(t1) = 2(to)] + [2(t2) = 2(t)[ + -~ + |2(tm) = 2(tm) = Z |2(t:) = 2(ti-1)|-

(As a straight line segment gives the route of the shortest path between two points this
is actually an under estimate of the length.) Now when t; — ¢;_; is small
t; +t; 1

2(t;) — 2(timr) = 2 (tiijo) (b — tia),  timiyp = 5
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<3
%)
21
<0

Polygonal path Circle, anti- clockwise

with n = 3 arcs. direction (n =1 arc)
Closed polygonal path Closed path,

with n = 3 arcs. n = 2 arcs.

Figure 5.2: Some examples of contours.

By considering the limit as m — oo with max;(t; — t;_1) — 0 we get

I(y) = length of v = / |2/ (¢)| dt = / V' ()2 +y/(t)2 dt.

When we have a contour I' involving arcs 71, ..., 7, the length of I is defined to be

Iy) + 1) + -+ U{vm)

5.3.2 Contour integrals

The integral along a directed smooth arc can be defined as an appropriate limit involving
sums and to correspond to what was given at the start of the chapter each sum can be
taken to be of the form

m

> hif(z(ticag)),  hi = 2(t) — 2(ti), (5.3.1)

i=1

where, as before, a =ty < t; < --- <ty =band t,_1/9 = (t; + t;-1)/2. Using a similar
derivation to the case of deriving the expression for the length of the curve we now have

hif<z<ti—1/2)) = (2(t;) — Z(ti—1)>f(z(ti—1/2)>
~ f(2(tic1y2))2 (ticay2) (ti — tic1).

By considering the limit as m — oo with max;(t; — t;_1) — 0 we get

/ F(2)ds = / F(=(8)2/(1) dt. (5.3.2)
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For the purpose of this module we take this as defining what is meant by the integral
along the directed arc . As the derivation applies to every possible parameterization of
7 the value given by (5.3.2) is the same for each parameterization.

As notation, if v means a directed arc then —v means the directed arc in the opposite

direction and
/ f(Z)dz:—/f(Z)dZ
- ¥

In the case of a contour I involving arcs 7, ..., 7, the integral along I' means

/f az = [ sz)as /f

5.3.3 The ML inequality, a bound of the size of the integral

Before we consider examples there is one result that we will need in a few places concerning
the magnitude of a contour integral. If we let

M = max | f(z)]

zel

then by the triangle inequality we can bound the sum used in (5.3.1) to give

< Zlh [1f (22| < MY Jhal:
=1

m

Z hif(2(ti 1/2

i=1

Now

thy_Zyz — 2(t;i_1)| < length of T.

Although we have not rigorously considered the limiting process throughout we have done
enough for this module to justify that

z)dz

< ML, where M =max]|f(z)] and L = length of ~.
zey

This result is often known as the M L inequality due to the letters commonly used to
bound f(z) and for the length of I'. The result is used at various times later in the
module often as part of an argument to explain why certain integrals are 0, e.g. there will
be cases when we can arrange to consider contours which are arbitrarily short in length
for functions which are bounded and we use it in the next chapter when we consider the
Cauchy integral formula.

5.3.4 Examples of contour integrals

1. Let
C’T:{z:z(e)zreie: OSQSQW}

denote a circle of radius r with increasing 6 corresponding to the anti-clockwise
direction. We will sometimes use the terminology that the circle is traversed once
in the anti-clockwise direction.
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0=m/2

0 =3m/2

Observe that '
2(0) = ire®.

Consider f(z) = z™, n € Z, so that we have

i /C fdz = [ f0)2(0)d0

0
2
= / (re”)"ire’ 4o
0
27
= ir”“/ !0 49,
0

Now if n = —1 then we have r"*! = 7% =1 and we get

27
I, = z/ d6 = 2.
0

If n is any other integer than —1 then

. 2
ez(n+1)0

i(n+1) .

n+1

I, =r =0

as /(M2 — 0 — 1

As a point about notation, when we have a loop it is common to indicate this with
the notation

I = f(z)dz instead of just writing I, := f(z)dz.
Cr Cr

The notation further emphasises that the contour is a loop. We use this notation
in what follows when we have a loop.

2. As a minor generalization of the previous example we can shift the centre of the
circle to zg so that now

Cr={2=2(0)=2+re’: 0<0<2r}

and consider the integral of (z — zp)™ when n is an integer to similarly get

2mi, ifn=-1,
(2 —20)"dz = .
c, 0, n € Z with n # —1.
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Note that the answer does not depend on 2, or r» and the value is only non-zero
when n = —1 when we are just considering integers for the power.

3. In the previous two examples we had closed loops (i.e. circles) and we now consider
contours which are not loops and consider two different paths joining the points 1
and ¢ involving the straight line segment

i={a+i(za—2): 0<t <1}, z=1 ==i

and the circular arc ‘
FQ:{e”: 0§t§7r/2}

and take f(z) = 2" where n is an integer.
Z9 = 1
Iy

Iy

21 = 1
We start by considering the case n # —1. In the case of I'y we have
2(t) =21+ t(z0 —21), 2Z(t)=20— 2
giving
1
/ f(z)dz = / (21 +t(22 — 21))" (22 — 21) dt.
r 0

This can be done easily by noting that

i(Zl +t(zg—2))" = (n+ D21 +t(za — 21))" (22 — 21).

dt
Hence
flz)dz = [(21 itz — 2))" ]
" n+1 0
. 1
= —— @ -gt) = — 'n+1_1
n_|_1(22 2 ) n+1(2 )
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In the case of I's we have ' '
2(t) =e", Z(t)=ie"

/2 ) ) w/2 .
/ f(z)dz = / (e")"ie" dt =i / i gy
Iy 0 0

_ 1 [ez‘(n+1)t} /2 _ 1 (in-s-l = 1).

n+1 0 n+1

giving

In both cases we get the same answer and thus for this function f(z) this sug-
gests that the complex number obtained may not depend on the path taken be-
tween z; = 1 and zo = ¢ although at this stage only two different paths have been
considered. We show in the next section that the result is indeed path independent.

We now consider the case when n = —1. In the case of I'; we have

A f(z)dz = /0 (21 +t(z0 — 21)) (22 — 21) dt

= [Log(z1 +t(22 — 21))]y = Logzs — Logz; = zg

This is valid as the principal valued logarithm function is analytic on I';. In the
case of the circular are I'y we more easily get

w/2 T
f(z)dz:/ idt =i—.
r 0 2
The path independent observation also holds in this case.

Remarks

Observe that in the examples we obtained the result by being able to integrate some of
the “elementary functions” from knowledge of “standard derivatives”, i.e.

L R
do \i(n+1) ’

= (z1+t(zg—21))" (22 — 21),

22 — 21

i (Log(z1 + t(z2 — 21)) = i)

dt

The result involving the principal valued logarithm is valid provided the segment from
z1 to zo does not cross the branch cut of the logarithm. It is the knowledge of the anti-
derivative in each case which gave us the results which do not depend on the path between
z1 and zo and we consider this next.
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5.4 Independence of path in contour integrals

The key to being able to do the integrals in the examples was in knowing that the integrand
was the derivative of something and the fundamental theorem of calculus tells us how
to integrate derivatives. In each case the integrand considered was a function of the
parameter used to describe the contour. To consider this generally we suppose that when
we wish to integrate f(z) there exists an analytic function F'(z) such that

f(z) = F'(2)
on our contour I', i.e. in the previous jargon the function f has an anti-derivative F' on
['. We suppose that our contour I' involves n arcs v1,7s, ..., 7, and to make the notation

easy we note that it is always possible to arrange for the parameterization of ~; to be
described in the form

e ={z(t): 1 <t<m}, k=12,...,n.

Then

/Ff(z) dz = zn:

k=17

=Y [ remma

Now by the chain rule

4 p(a(0) = Pe0) £ = £:(0) 20

Thus the integrand is the derivative of F'(2(¢)) and by the fundamental theorem of calculus
we get

/Ff(Z)dZ = (F(z(n)) = F(2(70)) + (F(2(72)) = F(2(m))
+oo (B (2(70) = F(2(Ta1)-

The sum is what is known as a telescoping sum in that all the intermediate terms cancel
and we obtain

/f (2(1)) — F(2(m)).

The result just depends on F'(z) evaluated at the final point z(7,) and the initial point
2(7p) and thus in particular it does not depend on the path between the two points and
we state this as a theorem as follows.

Theorem 5.4.1 Suppose that the function f(z) is continuous in a domain D and has an
anti-derivative F(z) throughout D. Then for any contour I' contained in D with initial
point z;r and an end point zg we have

/f )dz = F(zg) — F(z). (5.4.1)
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Examples again — evaluated using path independent property
We consider again the examples considered in section 5.3.4.
For the function f(z) = 2™ with n as an integer and n # —1 we have

n+1

F(z) F'(z) = f(2).

S on+ 1
When the contour is the circle C, = {reie c0<6< 27?}, r > 0, the points corresponding
to § = 0 and to § = 27 are the same and thus F'(z(27)) = F(2(0)) and we can immediately
deduce that
f(2)dz = F(2(27)) — F(2(0)) = 0.
Cr

When n = —1, i.e. when f(z) = 1/z, we cannot proceed in exactly the same way as
the candidate for the anti-derivative is Log z which is not continuous on all parts of the
contour due to the jump discontinuity across the negative real axis. However we can still
use the path independent property if we start the contour on one side of the branch cut
and finish at the corresponding point on the other side of the branch cut. That is for
e > 0 being small we let

1 ,
f(z) ==, F(2)=Logz, andweletCi={re”: —m+e<0<r}.
z

The contour Cf is illustrated below.

Branch cut 0=m

Note that the contour tends to the complete circle as € — 0. For the integral we have

d . o
& _ Log(re'™) — Log(re™ "™+ ).
ce ?

Now

Log(re™) = Logr + im,

Log(re ™) = Logr — im + ie,
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and thus d
& o omi—ie—2mi ase— 0.

ce %
Observe that we have obtained the same result as before and although the details have
been slightly longer here the result of (5.4.1) does enable us to deduce that if we take any
closed loop I' which starts at one side of the branch cut and ends at the corresponding
point on the other side and has 0 inside the loop and we go anti-clockwise around the

loop then
dz

— = 2m
r Z

and
j{z” dz =0, n an integer and n # —1.
r

We get 0 in all cases (i.e. for all integers n) if the loop does not have the point z = 0
as an interior point. This statement also applies to any complex power z%, o € C, when
z = 0 is not an interior point.

We can generalise the above slightly by shifting the origin to give us the following.
If 2y is any point and if I' is a contour which gives a closed loop in the anti-clockwise
direction then

zZ— 20

7{ dz 2w, if zg is inside the loop,
r 0, if zg is outside the loop,

and
]{(z —29)"dz =0, n an integer and n # —1.
r

In the case with the non-zero answer it needs to be understood that the path starts on
one side of the branch cut and ends on the other side and does not cross the branch cut at
any intermediate point. It is also worth repeating a previous point that the loop around
the point only goes around the point once and this will sometimes be expressed as we
“wind” around the point once in the anti-clockwise direction.

The examples above involving powers of (z — zy) for which the contour integral is 0
when the contour is a loop can be generalised to any function f(z) which has an anti-
derivative and we state this next as a corollary to theorem 5.4.1.

Corollary 5.4.1 If f is continuous in a domain D and there exists an analytic function
F such that F'(z) = f(z) throughout D then

j{ﬂf(z)dzzO

for all loops T lying in D.

Further results and remarks about the independence of path

A key result so far of this chapter is that if there exists an anti-derivative F'(z) such that
f(z) = F'(z) then the contour integrals involving f(z) can easily be determined as we
just need to evaluate F'(z) at both ends of the contour. In particular, as mathematical
statements, we have shown the following when f has an anti-derivative.
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(i) Every loop integral vanishes, i.e. when I is a loop then
]{f(z) dz = 0. (5.4.2)
r
(ii) If T'; and T’y have the same initial and final points then

A f(z)dz = A f(z)dz. (5.4.3)

In fact (i) and (ii) are equivalent. An obvious question to ask is how can we determine
when f(z) has an anti-derivative. This will be answered properly in the next section
of this chapter when the Cauchy theorem is covered but a partial answer can be given
already. Specifically, if we have a continuous function f(z) and we know that contour
integrals involving f(z) are path independent then we can deduce the existence of F(z)
by giving an explicit expression for it as follows.

Let D be the domain of f(z), let zy be any point in D and recall that a domain is a
open connected set. For any z € D there is a path in D from 2y to z, which we call I'(z),
and we can define

F(z) = . )f(() dc. (5.4.4)
This is well defined as we are assuming that the integral does not depend on the path
between zy and z. If we take Az to be sufficiently small in magnitude then z + Az € D
and for the path from zy to z+ Az we can take the path I'(z) followed by the line segment
v from z to z + Az so that

Fe+82) = F() = [ 1@ = [ fe+iamaza
Then
F(Z+A§i_F(2) _f(Z):/O f(z+tAz)dt—f(z):/O (f(z +tAzZ) — f(2))dt.

To show that the right hand side tends to 0 at Az — 0 we can first bound the integral as

/l(f(z—|—tAz) —f(z))dt’ < ggax1|f(z+tAz) —f(2)] =0 as Az—0
0 st

because f is continuous. Thus the derivative of the function F(z) defined in (5.4.4) is the
function f(z). Hence the path independent property implies the existence of F' and earlier
we noted that the existence of F' implies the path independent property, i.e. results (i)
and (ii) are equivalent (as already stated above) and these are in turn equivalent to the
existence of an anti-derivative of f(z).

5.5 Cauchy’s integral theorem

In this section we show one of the most important theorems of this module which is when
we have a loop I" with f(z) being continuous on I" and analytic inside I' then

jéf(z) dz =0. (5.5.1)
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In the literature this is reported as being proved by Cauchy in the early part of the
nineteenth century under the assumption that not only does f’(z) exist inside I' but also
that f/(z) is continuous. In the latter part of the nineteenth century Goursat showed that
the result can be proved without the need to assume that f’(z) is continuous and this
version of the theorem is known as the Cauchy-Goursat theorem. In subsection 5.5.1 we
comment on a proof when f’(z) is assumed to be continuous as is done in most text books
at this level. In subsection 5.5.2 we also comment on the other proof given in the book by
Saff and Snider which involves continuously deforming a loop. In subsection 5.5.3 we also
comment a longer proof closer to what Goursat shows. The proofs are not examinable and
nothing in this section is directly examinable although knowledge of (5.5.1) is needed to
give full explanation in some examples when we need to explain why the value of certain
given loop integrals are zero.

5.5.1 A proof using Green’s theorem

In a study of vector calculus, which has not been part of your course, a result that is
covered is Stoke’s theorem in three space dimensions and a two dimensional version of
this is known as Green’s theorem. For continuously differentiable functions V;(z,y) and
Va(x, ) Green’s theorem is the following where S is a region in R? with boundary 0.

// (% — %> dxdy = 7{ Vida + Vady.
s \ Oz dy S

The theorem relates the double integral over S to a line integral around the boundary 0.5
of S.

We now connect the above with the contour integrals of a function f(z) in the complex
plane. If T" corresponds to 05, a loop in C, then we defined the integral in the form

Fiera= [ seapzoa

with z(t), a <t < b being a parametric description of I'. (I" may actually involve several
directed smooth arcs to form the loop.) The interior of ' gives us a simply connected
domain (i.e. it has no holes). For the contour integral parts we have

dz = dx +dy,
f(z)dz (u+iv)(dz + idy)
= (udz —vdy) + i(vde + udy).

The complex contour integral hence corresponds to two real integrals, i.e.

]{udx —wvdy and ?{vdx + udy.
r r

If we assume that f’(z) exists and is continuous then by Green’s theorem

ov  Ou )
jgudx—vdy—//s (—%—a—y> dxdy (with Vi = u, Vo = —v),
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jgvdx—i-udy:// Qu _9v dzdy (with Vi = v, V5 = ).
T s \O0z 0Oy

f'(2) existing throughout S means that f(z) is analytic and thus the Cauchy Riemann
equations hold and hence the integrands in the area integrals above are zero and conse-

quently
j{ f(z)dz =0.
r
This completes the proof.

At the start of the section was stated that Goursat proved the result without the need
to assume that f’(z) is continuous inside I' and we now state this famous theorem.

and

Theorem 5.5.1 (Cauchy-Goursat theorem) If f is analytic in a simply connected
domain D and T is any loop (i.e. a closed contour) in D then

7{]‘(2) dz = 0.

Now from section 5.4 we have already had a result involving loop integrals in (5.4.2)
which is equivalent to (5.4.3) and which is also equivalent to f(z) having an anti-derivative.
Hence when f(z) is analytic in a simply connected domain we now know that all the above
hold and we state this in the following theorem.

Theorem 5.5.2 In a simply connected domain, an analytic function has an anti-derivative,

its contour integrals are independent of the path and its loop integrals vanish.

5.5.2 An overview on a proof by continuously deforming a smooth
contour

As already stated, none of the proofs given of the Cauchy Goursat theorem are examinable.
In the book by Saff and Snider a proof involving deforming contours is given. Without
going into too much detail we just give the main formula involved and assume that
everything is sufficiently smooth when needed to avoid too much detail.

Suppose that we a function z(s,t) from which we can give parametric descriptions of
two smooth loops

Iy = {2(0,t): 0<t<1},
Iy = {z(1,t): 0<t<1}

and for all s € (0, 1) the following describes an intermediate smooth loop
{z(s,t): 0<t<1}.
For any of these loops we define
! 0z
I(s) = | f(2(5,) 2 (s, ).
0 ot
We wish to show that this does not vary with s.
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Assuming that to get the expression for the derivative it is valid to partially differ-
entiate the integrand with respect to s we have, using the chain rule and the product
rule,

! 0z 0z 0z
I'(s) = ! t) ——— t)—— | dt.
0= [ (Feeng s+ et )
Now as mixed partial derivatives can be done in any order we have

2
% (f(Z(S,t))%) = f'(z(s,t))%% + f(z(s,t))a(i;s = integrand above.

Hence by the fundamental theorem of calculus

1o = [ (FE05 ) dt = Fe D) G s 1) = (50D 56,0

S

For our smooth loops we have z(s,0) = z(s,1) and also for the partial derivatives and
thus I'(s) = 0 and I(s) is a constant. Now when we have simply connected domain we
can continuously deform a loop to a point and the value of the integral when the loop is
just one point is zero (this follows by the M L inequality as L = 0) and thus the constant
is zero.

5.5.3 Comments on a proof given in Spiegel, p103—105

A proof is given in Spiegel which covers 2.5 full pages and has several parts. One of the
key parts is to show that the result holds when the boundary is a triangle. The other parts
then extend the result of being true for a triangle to being true for any closed polygon as
any closed polygon can be partitioned as a union of non-overlapping triangles. Finally,
as any smooth curve then be approximated arbitrarily closely by a polygon it is deduced
that the result is true for any loop.

In the case of the loop being a triangle the proof involves creating a sequence of nested
triangles I', T'y ,...,T'} each of which is similar to the previous triangle and has 1/4 of
the area. We illustrate this in figure 5.3 in the case of an equilateral triangle uniformly
refined two times. T'}, i = 1,2,3,4 are the 4 triangles after the first refinement and I'?,
i = 1,...,4> = 16 are the 16 triangles after the second refinement. 1 < k; < 4 and
1 < ky < 16 is such that FiQ is inside F}ﬂ. The point about listing these is that the loop
integral around I' can be written as

éf(Z)dz—Z Flf(z)d,z:'z Fgf(z)dzz...

This follows as each internal edge involves one direction on one of the triangles and the
opposite direction on the other triangle which shares the edge and as a consequence due
to the internal edges is zero. Now by using the triangle inequality

ﬁf(z)dz §g jéf(z)dz Si j{“?f(z)dz
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ky is chosen so that it corresponds to the largest contribution of the 4 choices, k5 is chosen
so that it corresponds to the largest contribution of the 4 choices from the triangles inside
I, Continuing this argument leads to the bound

éf(z) dz

If the length of I' is L then the length of I'} is L/2". The nested sequence of triangles
have a common point which we label here as z;. The detail then uses a relation given just
after the term analytic is defined earlier in the notes about a consequence of f(z) being
analytic at zyp. Specifically, if f(z) is analytic at zy then we can define a a continuous
function A(z) by

<4"

f(z)dz

0, zZ =2

f(Z)—f<Z0)_ (4 Py 5
/\(z):{ Z— 20 F'(z0), 2 # 0

Rearranging this gives

f(2) = f(20) + f'(20)(2 = 20) + M2)(2 — 20)-

Now as f(zo) + f'(20)(z — 20) is a polynomial it has an anti-derivative and thus

%n (f(20) + f'(20)(2 — 20)) dz = 0.

kn

Hence
(2)dz = % Az)(z — z9) dz.
Tkn Tkn
To repeat, the length of I'} is L/2" and for all z on the triangle |z — 29| < L/2". Now if
take and € > 0 the the continuity of A\(z) at z = z implies that there exists a § > 0 such
that whenever |z — zy| < 0 we have [A(z)| < e. For sufficiently large n the triangle I'}
will be in this region and M L-inequality gives the bound

L L L?
<= — | e = —¢.
on |\ on 4"

]{ M) (2 — 29)d

n
kn

75 Az)(z — z) dz

n
kn

7{ (=) dz

As this is true for all € > 0 it follows that the value of our loop integral is smaller than
any positive number and as a consequence our loop integral is 0.

Thus

< 4n < L.
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Figure 5.3: The equilateral triangle I'; the 4 triangles after one uniform refinement, and
the 16 triangles after a further uniform refinement. In each case the arrows indicate the
direction of the integration for each triangle being considered.
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5.5.4 Domains which are not simply-connected and deforming
contours

The path independent results in section 5.4 required only that the domain being considered
is connected whereas the Cauchy theorem considered here has required that the domain
is simply connected. In particular the results of section 5.4 involving anti-derivatives
enabled us to be able to integrate functions f(z) with poles and in particular we showed
that when we have a loop I' in the anti-clockwise direction, which winds once around

points,
7{ dz ) 2mi, if z is inside T,
rZ— 20 0, if 2 is outside T,

and when z is inside I' we also have

d
]{—Zn:(), forn=2,3,...
r (2 — %)

In all cases when zg is not inside I' and we have an analytic function inside the loop the
Cauchy integral theorem tells us that we get 0. The Cauchy theorem does not apply in
the cases when z; is inside the loop as the function is not analytic at all points inside
the loop. However we can use the Cauchy theorem to “deform” the contour involved as
follows.

Suppose that f(z) is analytic between the loop I' and the loop f, as illustrated below,
and we want to compute the integral around I' in the anti-clockwise sense.

Upper part
_ fup

s

N
P
N
o9

_Flow

Lower part
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We let A and B be points on I' and similarly let A and B be points on I'. Referring
to the diagram the doubly connected domain between I' and T' can de divided into two
simply connected domains by considering the upper part above A to A and B to B and
the lower part which is below these line segments. The Cauchy theorem applies to the
simply connected domains. Now let I',, and f‘up be the parts of the loops in the upper
domain (with both considered in the anti-clockwise sense) as shown in the figure. Note
that the contour around the edge of the upper domain in the anti-clockwise sense involves
going around I'y, in the anti-clockwise sense and with going around fup in the clockwise
sense (this is why it is shown as —fup in the figure). We have a similar situation in the
lower domain and if we let I'j, and f‘low be the parts of the loops in the lower domain
(with both considered in the anti-clockwise sense) then the contour around the edge of the
lower domain in the anti-clockwise sense involves going around '), in the anti-clockwise
sense and with going around flow in the clockwise sense (this is why it is shown as —flow
in the figure). The paths along the line segments from A to A and from B to B are in
the opposite sense in the lower domain compared with the upper domain. In terms of the
integrals the Cauchy theorem gives for the upper and lower simply connected domains
respectively the following.

/Fupf(z)dz—/fupf(z)dz+AAf(z)dz+/§Bf(z)dz = 0,

A B
- (2)dz — flowf(Z)dZ—i_/A f(z)dz—l—/B f(z)dz = 0.

Adding these last two results, dealing with the cancellations along the lines joining the
loops, and collecting the parts involving I' and I gives

(2)dz + (2)dz= [ f(z)dz+ | f(z)dz

Tup Tiow Tup Tiow

qu f(z)de = 7% £(2) dz.

It is in this sense that we can deform I to I without changing the value of the integral when
f(2) is analytic between I' and T'. In particular, if f(z) just has an isolated singularity
at zo which is inside I' then we can deform I' to a circle (with a choice of the radius)
with zg as the centre and attempt to directly determine the integral and we have already
directly computed integrals of the type 1/(z — 29)", n = 1,2,... when we have circles
centred at zg.

which is equivalent to

5.6 Examples of integrating rational functions

Later in the module the residue theorem will be covered for evaluating integrals involving
loops for general functions f(z) which are analytic except at isolated pole singularities.
In the case of rational functions which we can express, or partially express, in terms of
partial fractions we can do this already as follows. If we just restrict to the case

R<z>:%, 22 = (2= 2)(z = 2) - (= — 2,
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where p(z) is a polynomial and 2y, ..., z, are distinct then we have already shown that
R(z) = (polynomial) + i A
poly P
k=1

with (20)

P2k

A = , k=1...,n 5.6.1
7o) (5.6.1)

More generally, if instead the denominator is of the form
q2)=(z—2)"(z—2)"2 - (z—2z)™, 1. >1
then we still have a relation of the form

n Ak

R(z) = (a function with an anti-deriv) + :
Z— Zk

k=1

It is convenient at this stage to introduce some notation which we will use later for a
residue which is

Res(R, zx) = Residue of the function R at the point zj.

If we have a loop I' in the anticlockwise sense, and for ease of labelling we have 2z, ... 2z,
inside the loop and the other points outside of the loop, then

]{R(z) dz = ]{(a function with an anti-deriv)dz + ZAIC% dz (5.6.2)
r r —1 L2~ %k
= d
- Y4 ]{ il (5.6.3)
=1 T z — Z]C
= 2mi Y Ap=2mi Y Res(R, ), (5.6.4)
k=1 k=1

where (5.6.3) follows from (5.6.2) as the loop integral of a function with an anti-derivative
is zero and we have already directly obtained integrals involving terms such as 1/(z — z,).
The final answer just depends on the residues at the points zq, ..., 2, which are inside
the loop and the residue Ay is given explicitly in (5.6.1) in the case of a simple pole. This
result is a particular case of the Residue theorem which is covered later in the module.

5.6.1 Application to trigonometric integrals over [0, 27] — using
the the unit circle

We consider here integrals involving cos 6 and sin 6 over a 27-range of the form
21
/ R(cos 6,sin 6)dé
0

where R(cos 6,sin 0) is a rational function of cos § and sin §. Thus as examples, we can
have the following.
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1.

/’T 4d60

D+ 2cos b

2.

/ cos 9

0
3.

/ 1+sm 1+sin26’
4.

/ T sin%@
o D+4cos’h
Note that in each case the integrand is real and we hence get a real value for the

integral.
The technique to determine each of these is by using the substitution

. dz - do 1
0 1) .
= d note that — = = _— = —
z=1¢", and note tha 0 = e 1z, T

and as # varies from —7 to 7 or from 0 to 27 this corresponds to z traversing the unit
circle once in the anti-clockwise direction. To write all parts in terms of z we have for the
trig. functions

1, 1 1 , 1,0 0 1 1
(3089:5(694—6 9)25(2—1-—), sm@zz(ee—e Q)ZZ(z——).

z z

Let C' denote the unit circle. In the general case this gives

/O%R(cos 9, sin e)dezfcR(% (w%) 212 (z—;)) (jj
Fo= (L) 2 ().

As R(.,.) is a rational function of its arguments it follows that F'(z) is a rational function
of z and hence F(z) has isolated singularities which are poles. If the poles of F'(z) which
are inside the unit circle are at z1, 29, ..., 2, then by the Residue theorem result that we
already have

21
/ R(cos 6, sin 9)d9:7{ 1F( )dZ—ZT&'ZReS (F, z).
0 ct

k=1

We illustrate this using the examples listed earlier.

/7r 4d6
I = —_—
_D+2cos 0
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With the substitution z = e this leads to

Fey— | —*+ _|-__14

1 2 '
z 5+<z—|——) 22 +5z+1
z
The poles of F(z) are at the zeros of the denominator which are

_ —5+421 _—5-vV21

and 29 =

1 2 2

The roots are real and the product of the roots is z;z5 = 1 and by inspection |z | < 1
and |z5] > 1. Hence we only have one simple pole inside the unit circle and by the

Residue theorem result
I =27Res(F, z1).

To get the residue we have

. . Az — =) 4 4
es(F, z) 21_>11211(Z 21)F(2) e 245241 20+5 Vo1
Hence
_ 8
V21
2. Let now

2
I—/ (cos 0)*™ dé.
0

With the substitution z = e this leads to

1/1 NN\ 11 1\
F(Z)—;(§<Z+;)> _2771;(2—1_;) .

This has a pole at z = 0 of order 2n + 1. In this case we can get the residue by
considering the binomial expansion

1 2n 2n m, . 1 2n—k
z+ - = z0 | - .
k=0
We need the constant term from this part to get the residue and this corresponds
to k = n in the sum and we obtain

RBS(F’O>::_1_(2n) _ 1 (2n)

22n \ n 22" (n!)?
Thus

_ 27 (2n)!

- 22n (n|)2 :
The cases when n = 0 and n = 1 can be quickly checked and we get 27 and =
respectively.
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_r 1+4sin“6

With the substitution z = e this leads to

3. Let now

F(z) = -

4z B 4z
422 — (22 =12 =462 -1

The denominator is a quadratic in 22 and at a root

—64+/36— 4
2 — 5 =348,

z

Let £z, be such that z? = 3 —+/8 which are the positions of the poles of F(z) inside
the unit circle. (If +2, denote the two points such that 22 = 3 + v/8 then |z;| > 1,
i.e. the other poles of F(z) are outside the unit circle.) For the residue at z; we
have

Res(F, z1) = lim(z — z)F(2)

zZ—Z1

A li zZ— 21
= Z1 111m >
L zZ—2z1 —24 + 622 —1
1
== 421 T3 14
—4z° + 122

- (=) v

o\ —A2+3) VB
Similarly

Res(F, —z1) =

=~

Hence
I =27 (Res(F, z1) + Res(F, —z1)) = 4—\/7% = (V2)r.

In this particular example the amount of detail when using this residue technique
could have been shortened by noting that sin?# has period of 7 as we can write

Gin? 0 — 1- cos(29)‘
2
Hence 3—2 20 1 2
1+sin28:LS() and —— = )
2 1+sin”0 3 —2cos(26)
Then

Y T
o l+sin“6 o 3 —2cos(260)
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Now make the substitution ¢ = 26 and note that

923, and %:1
2 dt 2

2
1=z o
o 3 —2cos(t)

If we apply the technique to this version with z = e® then we get

< (ﬁ) =37

we get

where now

1 2 4
F = — = .
(2) =7 (3—(z+1/z)/2) 62— 2% — 1
22 624+41=0 when z=3++V8

and the root which is inside the unit circle is at zg = 3 — V/8.

1
I = j{ ~F(z)dz = 2mRes(F, z).
c

(4

For the residue we have

4 2 2 1
esthyz0) = m(z = 20)F(2) = g = 3= = == 5

We again get

[:\/571

27 : 20
[_/ L2dg
o D+4cos™f

We can just apply the usual technique with the substitution z = € with the ex-
pression in its current form but the details are on the long side. To shorten things
a little we can note what was done in the second version of the previous example in
that the integrand in terms of 6 as written has period 7 and we can express both
sin? § and cos? 6 in terms of cos(26).

4. Let now

sin@ (1 —cos(26))/2 1 —cos(26)
5+4cos?f  5+2(1+cos(20)) 14+ 4cos(20)

To further simplify before integration is attempted we note that

1 —cos(20) = —}1(14 + 4 cos(20)) + %

and thus
1 —cos(20) 1 9/4

14 + 4 cos(20) 177 + 2 cos(20)
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giving

™ 9 /2” de
T
2 4), T+2cos(20)
As the contribution from (0, 7) and (7, 27) are the same we have
T /“ do
20 2y T+2cos(20)

If we let t = 26 then df/dt = 1/2 and we have

m 9/2” dt
=T 20 9
2 4)y T+2cos(t)

We now make the substitution z = e and have

dt dt 1 1 1 1
d_(72—t>:_'F(Z) with F(z) =2 o By
2 \ 7+ 2cos(t) i z 7+z+; 2+ Tz +
F(z) has two simple poles at points given by
-7+ V45 —7—V45
zZ1 = T and 2o = T

with the point z; inside the unit circle. For the residue we have

) zZ—2 1 1
Res(F, =1 = = )
es(F, 21) z1—>Hzll 247241 29 +7 V45

™ O T 3T

[=——t+——=—+——.
2 245 2 25
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Chapter 6

Cauchy’s integral formula,
consequences and bounds

The latter parts of this chapter, specifically the parts after Liouville’s theorem on page
6-13, are not examinable.

6.1 A recap of some properties of analytic functions

We start by collecting together the definition of an analytic function together with some
of the key results about such functions encountered so far.

1. f(z) is complex differentiable at zj if

f(z0) o= lim TR = )

exists, i.e. the limit is independent of how A — 0.

2. A function f is analytic at zq if f is differentiable at all points in some neighbourhood
of 20-

3. Let f = u + v with u(z,y) and v(z,y) being real valued. The Cauchy Riemann
equations are

ou Ov ou v

—=— and — =-——.

or 0Oy dy ox
When u and v have continuous partial derivatives in a domain D the function
f = w4+ iv is analytic on D if and only if the Cauchy Riemann equations are

satisfied throughout D.

4. Cauchy-Goursat theorem: If f is analytic in a simply connected domain D and I is
any loop (i.e. a closed contour) in D then

7? f(z)dz = 0.

5. The Cauchy-Goursat theorem implies the existence of an anti-derivative F' (which
is analytic) such that f(z) = F’(z) when f(z) is analytic in a simply-connected
domain.
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6. If f is analytic between loops I'1 and I'y then
f(z)dz= @ f(z)d=.
Fl F2

7. For a particular loop integral which gives a non-zero value we have
7{ dz [ 2mi, if 2 is inside T,
rz—2 |0, if 2y is outside I'.
In the remainder of this chapter we show that an analytic function can be represented
by an integral (the Cauchy integral formula) and we will then go on to justify the previous

claim that being able to differentiate once in the complex sense actually implies that we
must be able to differentiate infinitely many times.

6.2 The Cauchy integral formula

To derive the integral formula let I' denote a closed positively orientated loop traversed
once and suppose that f(z) is analytic in a simply connected domain D which contains I’
and further let zg be a point inside I'. Also let C. be a circle centred at zo with radius r
where r is sufficiently small such that the circle is inside I'. A set-up of this type is shown
below.

Now if we consider the integral

) g,

L ?— %0
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then although f(2)/(z — 20) is not analytic at all points inside I' it is analytic between I
and C, and thus
(2) ()

—dz = —dz
r?— %0 c, # TR0

and we can take r to be arbitrarily small. To obtain the value we write

f(2) = f(z0) + (f(2) = f(2))

so that
f(2) o f(20) +f(2)—f(20)
2—2y 2Z—20 z2—2zy

We can integrate the first term and hence

(2) dz = 2mif(20) + —f(z) — f(=) dz.
C, Z— 20 C, Z— 20

We explain next that the last integral in the above is 0 and the key to showing this is to
get a suitable bound on the magnitude of the integrand valid for all r > 0.
To get a bound let

M(r) = max{|f(z) = f(z)| : z € C;}

and note that M(r) — 0 as r — 0 as f(z) is continuous in D. On the circle we have
|z — 29| = r and thus on the circle the integrand is bounded by

f(z) = f(%)

zZ— 20

M(r)

<

As the length of C, is 27r the use of the M L inequality gives the bound

% Mdz‘ < M(27?7“) =27M(r) -0 asr— 0.
c. 2= r
As the value of the integral does not depend on r it follows that it must be less than
2w M (r) for all r and this is only possible if the value is 0.

To summarize, we have shown that when z, is inside a positively orientated loop I'
traversed once and f(z) is analytic on and inside I" we have

flo) = —— 4 LB g, (6.2.1)

21 Jr 2 — 2

This is known as the Cauchy integral formula.

6.2.1 Representations for f(z), f'(2), ..., f™(z), ...

The result in (6.2.1) tells us that when f is known to be analytic on I' and inside I" then
the value of f(z) at any point z inside I' is completely determined by the values of the
function on I'. That is if we first change the integration variable in (6.2.1) from z to ¢

feo = 5 § L ac

FC—ZO
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and then replace zy by z we have the representation

16)= 5 § L ac

2w Jp(— 2

As we next show, we can differentiate the expression on the right hand side to get an
expression for f’(z) which will in turn show that f’(z) is also analytic and we can continue
this process to establish that the nth derivative f(")(z) is analytic and in each case we
have a representation as an integral.

The expressions for the derivatives can be obtained relatively easily if we just accept
that that we can differentiate through the integral. With the expression being considered
as a function of ¢ and z in the meaning of the following partial derivatives we have

%(;z) - <<—1z>2’

82(1>_ 2
02\(=2) (2"

and the result is that

|

my - SO —0,1,2
f (2) 2ﬂ_iﬁ:(<_z)n+1 ga n ) Ly Sy

To properly justify this it is necessary to justify that we can interchange the operations

of taking the derivative and of doing the integral (which both involve taking limits) and

we consider this next just in the case of f’(z) and to this end we consider the following.

Let h |
LS C I I
h 2mi Jr (¢ — 2)
Our aim is to show that this tends to 0 as h — 0. We first substitute the integral
representations for f(z + h) and f(z) and combine the integrands to give

1= 50 .50 (% (<—<i+h>_ciz)_<<—1z>2) 1

1( 1 )_ 1
h\¢—(z+h) C=z) ((—(z+h)(-2)

1 1 h

C—G+rhC—2 (C=2° (-2 -(z+h)

and our expression for [ is

and

h 1
1= BV =G m)

dc.

27 r
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To justify that this tends to 0 as h — 0 it is sufficient to show that the integral remains
bounded as h — 0 and we can achieve this by proving that the integrand is bounded for
all ConI'. Let

M =max{|f(¢)]: €T}

and for z inside I" let d be the distance of z from T’ i.e.

d=min|¢ — 2.
min |¢ — |

Now for some values of h the point z + h may be closer to I' than is z but when A is
sufficiently small we can guarantee that it is not too much closer with in particular

d
|C—(z+h)]§§, forall (e,

and thus for ( € T’

R T D 8
(C=2)*(C=(z+n)| ~ &°/2
Hence by the ML inequality

M
|| < % (d3_/2) length(I') - 0 as h — 0.

Thus we have shown that

li _
Ao h omi

(SR CHER o GIPY

(C—2)*

i.e. we have shown that

oy 1 f(Q)
f(Z)—%jgde

It is the fact that we have this representation which enables us to deduce that f'(z) is
also analytic and we can similarly get a representation for f”(z) and continue the process
for all the derivatives.

To summarize, if f is analytic in a domain D then f’, f”, ... exist and are also analytic
and if ' is any positively orientated loop which is traversed once and which contains z,
then |

F () = 22 f{ %dz. (6.2.2)
r (2

27 — 2p)

The representation (6.2.2) is known as the generalised Cauchy integral formula. In the
next chapter we will consider the Taylor series representation of an analytic function and
it is worth noting here that we have a representation for the Taylor coefficients of the

form
f(n)(zo) . Lﬁ (Z f(Z) dz (6.2.3)

nl 2w — o)t
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6.2.2 A comment about representation of functions by integrals

If T denotes a closed loop traversed once in the anti-clockwise direction and if ¢(() is any
continuous function defined on I' (but possibly not defined anywhere else) then we can

define a function of the form ©
g
Glz) = 74 99 4
(2) D 2

By the same technique as was used in the previous section it can be shown that this
defines an analytic function for z inside I'" and it also defines an analytic function for z
outside I'. We will meet an expression of this type to represent the remainder in a Taylor
expansion in this next chapter and we consider a particular case of this here.

Consider the case when we have a function f which is analytic on I' and inside I and

we let . 0
gxwzgg(;;%),
where 2 is a point inside I', and hence
9@ 1 f(©)
N T e e er

When 2z = z; we have the generalised Cauchy integral formula case and
G(20) = f'(20)-
When z # zy we can use partial fractions to re-write part of the integrand, i.e.

1 A B

C—2)C—2) (-2 (-2

and for all ¢
1

z—2y

a@:Qj@)%ﬂ}égggﬂ+é£%&j:ﬂiigw

where the last equality is from noting that each integral is directly of the form where the
Cauchy integral formula applies. Thus to summarize, we have shown that the function

1=A(—2)+B((—2) givingB=—-A=
Thus

f’(20)7 if 2z = 20,
G(2) = —
(2) {W’ if z # 20,

is analytic inside I" as well as having an integral representation.
Just for information at this stage, the generalisation that we show in the next chapter
is that

(n1)
1 ) (28 o
_ b _ n k)
¢ =25 f{ C— sy =) ® =) 1) - ! k,(!zo) (2 = 20)*
kzg —7 , if 2 # 2.
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6.2.3 Morera’s theorem characterising the analytic property

As another immediate consequence of the previous sections and the results about anti-
derivatives we obtain another way of determining whether or not a given function f is
analytic in a domain D which has the name of Morera’s theorem which we state next.

Theorem 6.2.1 If f is continuous in a domain D and if

J(éf(z)dz:O

for every closed contour I' in D then f is analytic in D.

Proof: The properties that f is continuous and that all loop integrals are 0 implies that
there exists an anti-derivative F', i.e. there exists an analytic function F' such that F' = f.
(This was shown in the last part of section 5.4.) The result of the last section implies
that F’, F" etc. are also analytic and thus in particular f = F’ is analytic. O

This theorem can be considered as the reverse of the Cauchy integral theorem, i.e. if
f is analytic then all loop integrals of f are 0 and if all loop integrals of f are 0 then f is
analytic.

We have not encountered a situation yet when this result would have helped to deter-
mine that a given function f is analytic as in all cases we have had an explicit expression
for f(z) and we could determine the analyticity more directly. However the result is
needed later in the module when series are considered and our knowledge of f(z) is only
as the limit of a uniformly convergent series involving analytic functions and Morera’s
theorem is the result that will be used to explain why the limit function is also analytic.

6.2.4 The differentiability of v and v when f = u + v is analytic

If f = uw+ iv is analytic in a domain D, with u and v being real valued, then by the
Cauchy Riemann equations we can represent f’(z) in the following ways

_8u Ov  Ov 0Ou

/ - - = g
F2) = Ox +Z€)x oy Zay'

As f’ is also analytic all of the 4 partial derivatives above are also continuously differen-
tiable with respect to x and y, i.e. u and v are twice continuously differentiable, and we
can represent f” in several ways, i.e.

f(z) = 0*u +Z,82v B 0*v _ 0*u
B ox®  O0xdy  0x0y

ox?
0% 0% Pu 0%

bxdy  Oydzr o O

This process can be repeated indefinitely and we deduce that all partial derivatives of u
and v exist are are continuous in a domain D.

A particular outcome of the result about the differentiability of u and v is that when
f is analytic the functions u and v always have continuous partial derivatives of all orders
to be able to deduce that both u and v are harmonic functions, i.e.

V2u=0 and V% =0.
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6.2.5 The existence of the harmonic conjugate in simply con-
nected domains

When we have an analytic function we immediately have two related harmonic functions
and in term 1 several examples were considered in which a harmonic function u was given
and a harmonic conjugate v was constructed using the Cauchy Riemann equations. If you
revisit that section then there is a comment that this is always possible in a domain which
is simply connected and we are now in a position to justify that comment as follows.

Suppose that D is a simply connected domain and suppose that ¢ is harmonic in
D. Now if ¢ is the real part of an analytic function then the derivative of that analytic
function is given by

g(z) =u +ivy = — —i—. (6.2.4)
Hence we start by defining ¢ in this way and consider its properties, i.e. is g(z) always

analytic and does it have an anti-derivative in D. Now by considering the Cauchy Riemann
equations applied to u; + 1v; we have

6u1 8?)1 a2¢ 82¢

% oy = 5.2 + a7 =0, as ¢ is harmonic,
ow v _ Do 06 _
oy  O0r  Oydr Oxdy

as mixed partial derivatives can be done in any order, which shows that g is analytic. The
property that D is simply connected implies that there exists an anti-derivative G = u+iv,
with P 9 5 9
u v v u
— G = = = 2 6.2.5
g ox * e dy ! oy ( )
Now if we compare (6.2.4) and (6.2.5) it follows that
Ou—¢) 0Ou—9)

or dy =0

and u and ¢ only differ by a constant, i.e.

¢=u+te,

where ¢ is a constant, and ¢ is the real part of the analytic function G(2) + ¢ and the
existence of a harmonic conjugate v = Im(G + ¢) has been established.

To illustrate why we cannot always get another function v such that u + v is analytic
throughout D when D is not simply connected we just need to consider the case when D
is the annulus

D={z: 0<r <|z| <re}

and we have the function
1
u(z,y) =In(r) =Inj|z| = 5 In(z? + y?).

This function is harmonic in D but no harmonic conjugate v exists such that u + iv is
analytic in D. If we remove part of D to create the simply connected domain

D'={z€D: Argz # 7}
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then the harmonic conjugate
v=Argz

is such that
u+iv =In|z| + iArg z = Log(z)

is analytic in D’ but the function is not analytic throughout D due to the branch cut
along the negative real axis.

6.2.6 Examples involving evaluating loop integrals

At the end of chapter 5 there were examples involving loop integrals and rational functions.
In the following examples we now consider integrands which are more general.

1. Let C denote the contour which is the circle centred at 0 and radius 2 and traversed
once in the anti-clockwise direction.

IZ%Mdz.
cz—m/2

To picture the contour and the pole of the integrand we have the following.

(a) Evaluate

The simple pole at zyp = 7/2 is inside C' and if we let f(z) = sin(3z) then
the function f(z) is analytic on and inside C' and hence the conditions of the
Cauchy integral formula apply and we have

I =2mif(m/2) = (2mi) sin(37/2) = —2mi.

sin 2
I=¢ —— = -
7€;£<z—4> :

To picture where the poles of the integrand are relative to the contour we have
the following.

(b) Evaluate

— Cauchy’s integral formula, consequences and bounds— 6-9 —
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The pole at 2y = 0 is inside C' but the simple pole at 4 is outside the contour.
We let ]
sin z
Z) =
fe) = 22
which is analytic inside C'. By the generalised Cauchy integral formula to
represent the first derivative we get

I =2rif'(0).
The formula for the first derivative is used here as the integrand is f(z)/z%.
Now
d 1 1 1
’ _ . -~ - .. / _ _ =
f'(z) = (sin Z)dz <z _4> + (cos 2) (z — 4) giving f(0) 1
and thus -
1=-1i
2

As a comment here, the integrand actually has a simple pole at z = 0 as
sin(z)/z has removable singularity at z = 0 with a limit value of 1 as z — 0.

Thus we could have taken
(2) = sin(z)
== 2(z—4)

The integral formula just involves the values of this on the boundary and this
is analytic inside the circle when the value at z = 0 is the limit as z — 0. If
we assume that here then

9(0) = lim g(2) = —

and we get the same result as above, i.e.

I =27ig(0) = —g'.

2. In section 5.6 we established the residue theorem result for any rational function of
the form

— Cauchy’s integral formula, consequences and bounds— 6-10 —
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where p(z) and ¢(z) are polynomials, although we restricted some of the discussion
to a rational function with simple poles. In the general case of poles of any order
as a result of the denominator being of the form

q(z) = (z —21)" (2 —2)™ -+ (2 — 2)™,

with r, > 1 for £k =1,...,n, it is still true that

f{R(z) dz = 2mi Z Res(R, z),

k=1

where 21, ...z, are inside I" and z,,,1, ..., 2, are outside I'. With the use of partial
fractions and the Cauchy integral formulas we are now in a position to cope with
functions of the form f(z)/q(z) where now f(z) is any function which is analytic
inside the loop I' but the denominator is still a polynomial as we describe next.

When we only have simple poles we have the partial fraction representation of 1/¢(z)
of the form
1 A — 1
—:Z i andAk:limz ko —.
q(z) 1~ T~k 2z q(2) q'(2r)

In this case if f(z) is any function which is analytic inside the loop I' then

g(z) = L2 > Ay /()

Hence if I denotes a positively orientated loop considered once and if z, ..., z,, are
inside I and 2,41, ..., 2, are outside I' then

7{9(2) dz = 2mi Z A f(zk)-
r k=1

The term in the sum is Res(g, 2x) since

Res(g, z) = lim(z — 2,)g(z) = lim f(2) (ﬂ>

Z—rZf Z—rZf q(Z)
Z — Zk

q(z)

— lim f(2) lim (

Z—Z) Z—r 2

= fla)Ax.

> , by the properties of limits,

Thus again we have
}{g(z) dz = 2mi ZRes(g, 2k).
r k=1

If g(2) has multiple zeros then the representation for 1/¢(z) is of the form
1 Al 1 Arl 1 Al n ATn n
q(z) z—2 (z—2z)" Z— 2zn (z—2z,)™

— Cauchy’s integral formula, consequences and bounds— 6-11 —
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and thus

The integral in this case needs the use of generalised Cauchy integral formula al-
though it can still be shown to be the case that

]{g(z) dz = 2mi ZRes(g, 2k).
r k=1

This will not be pursued further here as in a later chapter we will extend this further
to the case of any function which is analytic inside I' except at a finite number of
isolated singularities at points z1,..., 2z, and to achieve the extension to this more
general case we will need Laurent series representations of the function about each
isolated singularity. Laurent series will be covered after Taylor series in the next
chapter.

6.3 Bounds for analytic functions

One of the consequences of the Cauchy integral formula is that if zy is inside a positively
orientated loop I' and if f is analytic on and inside I" then

f(")(ZO)Ii]g%dz, n=0,1,2,...

211 Z— 2
It is convenient now to take as the loop a circle
CR:{z:zo~|—Reit: O§t§27r}

and as the value of the integral does not depend on the loop used it follows that

|
" R i 6.3.1
f (ZO) 27 %CR (Z_zo)n+1 z ( 3. )
nl  [*" f(zo + Re")Rie"
B 2_7m Rt giln 1)t d (6.3.2)
= it ,—int
B 27ar / flao + ReT)e™™ dt. (6.3.3)

The case n = 0 is known as the mean value property.
For some bounds let

M(R) =max{|f(z)| : z € Cr} =max{|f(z+ Re")|: 0 <t <2m}.
The magnitude of the integrand is bounded by M (R) and thus we obtain
n!M(R)
M(R)dt = . 6.3.4
e - (634
We start with the case of entire functions and what is known as Liouville’s theorem
and recall that an entire function is analytic in the entire complex plane.

1™ (z0)] <

Theorem 6.3.1 The only bounded entire functions are constant functions.
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Proof: We show that f(z) is a constant by showing that f’(z) = 0 and thus con-
sider (6.3.4) with n = 1.
Now as |f(z)] is assumed to be bounded we have that there exists a constant K > 0
such that
M(R) < K forall R.

Hence for all points zy and for all R we have
K
|f'(20)] < 7 —0 as R— oc.

As |f'(20)| is less than every positive number we have f'(z) = 0 at every point z; € C
and thus f(z) is a constant.
U

A polynomial is an entire function and Liouville’s theorem is a key step in proving
that when the degree of the polynomial is at least 1 it must have at least one zero in the
complex plane and this is known as the fundamental theorem of algebra. The proof
of this is a bit technical and it is not examinable but the result should be known. Thus
this is where the non-examinable material in this chapter starts.

Theorem 6.3.2 FEvery non-constant polynomial with complex coefficients has at least one
zero.

Proof: Let
p(z):anz”+---+alz+ao, n>1, a,#0

denote the polynomial and let

We use a proof by contradiction to show that p(z) must have a zero and hence we
start by assuming that p(z) has no zeros in C. An immediate consequence of this is that
the function f(z) is an entire function and we will get a contradiction if we can show that
f(2) is bounded as Liouville’s theorem would then imply that it is a constant function
which contradicts the degree n being at least 1.

To get a bound we first consider what happens for large |z|. Now

p(i) = a, + an—1
z

+---+a—2—>an7é0 as |z| — oo.
z

This in turn implies that there exists R > 0 such that for |z| > R we have

n

p(j) > M and equivalently ‘ : < —
z p(2)| ~ lan]
from which it follows that
1 2 2
R e B e 2
p(2)| 7 laallz"| T fan|R
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Hence |f(z)| is bounded in the region |z| > R. The region |z| < R is a closed bounded
region and as the entire function f(z) is continuous on the region it is bounded in this
region. Thus |f(z)| is bounded in the entire complex plane and, as mentioned above,
this implies that f(z) is constant which in turn implies that p(z) is constant. This is
the contradiction as we are assuming that n > 1, a, # 0 and p(z) is a non-constant
polynomial. U

We finish the chapter by just stating a few results about where the largest value of
|f(2)| can occur when f(z) is analytic with the final result being one version of what
is known as the maximum modulus theorem which basically states that on a bounded
domain the largest value can only occur on the boundary of the domain when the function
is not a constant. No proofs are given here but it is worth noting that a named result
which we have already established. When we take n = 0 in (6.3.3) we get the mean

value property
1 2

f(z0) = f(z + Re™)dt. (6.3.5)

This says that the value at zy is the average of the values on the circle of radius R for all
values of R such that f(z) is analytic inside the circle of this radius.

27 Jo

Lemma 6.3.1 If f(z) is analytic in a domain D and |f(z)| is constant in D then f(z)
1 a constant.

As a note, this was on an exercise sheet when analytic functions were first discussed.

Lemma 6.3.2 Suppose f(z) is analytic in a disk centred at z. If the mazimum value of
|f(2)| over the disk is the value at the centre, i.e. the value |f(zo)|, then f(z) is constant
on the disk.

The next result is one version of the maximum modulus principle.

Theorem 6.3.3 If f is analytic in a domain D and |f(z)| achieves its maximum value
at a point zg € D then f is a constant in D.

If we now restrict to a bounded domain D and to functions f(z) which are analytic in
D and continuous in D and on its boundary then we know that |f(2)| is bounded and it
attains its maximum value. The previous theorem tells us that if f(z) is not constant in
D then the maximum value cannot be attained in D and thus it can only be attained on
the boundary and this is another version of the maximum modulus principle.
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Chapter 7

Taylor series and Laurent series

7.1 Introductory comments

Much of the module MA3614 is about analytic functions f(z) of a complex variable z
and in many cases f(z) has just been an extension of a real valued function f(x) of a
real variable z to the complex plane. For example, the real valued functions z, 22, ...,
e”, ... have been generalised to z, 22, ..., . Much of chapter 4 about the elementary
functions was about such functions. We have also considered functions which are not
analytic everywhere such as the following

1 1 sin 2

, Ty, tan z =
z2—zy  (z— 2) cos z

,..exp(—1/2%), ...

which have isolated singularities. In these examples 1/(z — z9)™, m > 1 being an integer
has a pole of order m at zp, tan z has infinitely many simple poles at 7/2 + k7, k =
0,£1,+2,... and exp(—1/2?) has a singularity at z = 0 which, as we will see, is classified
as an essential singularity. In addition, functions such as the principal valued logarithm
Log z and the principal valued root function 2%, o ¢ Z have been introduced which have
branch cuts starting at the branch point z = 0, i,e. 2z = 0 is not an isolated singularity,
but the functions are analytic if we restrict to a region which does not include the branch
cut.

This chapter is about representing analytic functions by a Taylor series about a point
2o and conversely if we have a power series then we show that this defines an analytic
function within a disk. Thus, as an example, if our function is

e® :=e"(cos y + ¢ sin y)

then we show that this implies that
: 2 2"
ef=14z24+—4+--4+—+--..
2! n!

Conversely, if
oo Zn
9(2) =Y =
—=n

then we show that g(z) defines a function which is analytic in a disk |z] < Rforall R < 1
and there is a point on |z| = 1 where it is not analytic. (Actually the series is not defined
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for any z with |z| > 1 but it can be shown that the function defined in |z| < 1 can be
analytically continued across part of the unit circle but not all of it and it is in this sense
that there is at least one point on |z| = 1 at which the function is not analytic.) Hence,
when f(z) is analytic we will be concerned with series of the form

Z an(z — z)"

n=0

and we generalise to the case when f(z) has an isolated singularity at zy to a series of the

form
o0

Z an(z — 20)",
n=—oo
i.e. with negative powers as well. A series of this type is known as a Laurent series.

In this chapter there will not be rigorous proofs for all the results and the full longer
proofs that are included, e.g. of the Taylor series representation and of the Laurent series
representation, will not be examinable in their complete form. However, some of the
techniques in these proofs may correspond, or nearly correspond, to what appears on the
exercise sheets.

7.2 A revision of definitions and results about series
of numbers

We collect together here some definitions and results about series which you should have
done before year 3. Before year 3 you probably only considered series involving real
numbers but all of the following also apply to complex numbers as often just the magnitude
of numbers are involved and these are non-negative real numbers.

First a reminder of some definitions and results about the convergence of sequences.

Definition 7.2.1 A sequence zy, 21, 29, ... converges to z if for every e > 0 there exists
an N = N(€) such that
|zn — 2| <€ forallm > N.

Definition 7.2.2 A sequence zy, z1, z3,... is a Cauchy sequence if for every e > 0
there exists an N = N(€) such that

|zn — 2m| <€ forallm > N and m > N.

As in the real case we have convergence if and only if a sequence is a Cauchy sequence.

Definition 7.2.3 Let ¢g, ¢, o, ... denote a sequence. A series is an expression of the
form
co+crtcgt---
which we write as
oo
E C.
k=0
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The sequence Sg, S1, Sa, ... with
n
Sp — E Cr
k=0

is known as the sequence of partial sums. The series converges if the sequence of
partial sums converges and it diverges if the sequence of partial sums diverges. When we
have convergence we say that
S = Z (&%
k=0

is the sum of the series.

Definition 7.2.4 If the series Y |cx| converges then >’ ¢y is said to be absolutely con-
vergent.

For a collection of results about series we have the following.
e If a series ) ¢; converges then ¢, — 0 as n — co.

o If the series ) |cx| converges then ) ¢ converges.

One way to show this is to use the Cauchy sequence property and the triangle in-
equality to show that the partial sums of Y ¢, are a Cauchy sequence.

e Comparison test: If |cx| < M; for all & > K and ) Mj converges then Y ¢
converges.

e From the identity
(1—c)(l+ct+c+...+c")=1—c"1

we have that the geometric series diverges if |¢| > 1 and Y ¢* converges if |c| < 1
with

o0

1
chzl_c.

k=0

e Ratio test: If |ciy1/ck] — L as k — oo then the series converges if L < 1 and it
diverges if L > 1.

This is proved by comparing with a geometric series.

e Root test: If |c;|'/* — L as k — oo then the series converges if L < 1 and it
diverges if L > 1.

This is proved by comparing with a geometric series.
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7.3 Series of functions and uniform convergence

We next discuss definitions and results about series of functions and this will include a
new result about the uniform convergence of a sequence of analytic functions.

Let > fx(z) denote a series of functions with each term fo(z), fi(2), ... in the series
being defined on the same domain D. Also let

Fu(z) =) filz), n=01,2, ..
k=0

be the corresponding sequence of partial sums.

Definition 7.3.1 The series converges pointwise if the sequence (F,(z)) converges for
each z in the domain D.

Definition 7.3.2 The series converges uniformly to F(z) on D if for every e > 0
there exists N = N(¢€) such that for alln > N

|F.(z) — F(2)] < e
forall z € D.

In the case of uniform convergence we prove this if we can show that

sup |F,.(z) = F(2)| = 0 asn — oo.

zeD
Here sup is the notation for the least upper bound and in our contexts the value will
correspond to the maximum of the expression on the boundary of D. In the case of series
a usable test which gives a sufficient condition to prove that a series converges uniformly
is the Weierstrass M-test which is as follows.

Theorem 7.3.1 If |fi(2)| < My for all z € D and > My converges then the series
converges uniformly in D.

Thus in practice you rarely need to compute the supremum as a suitable bound is usually
sufficient to establish the uniform convergence property.

One important result about uniform convergence that you meet in the case of real
valued functions of a real variable which also holds in the complex case with an almost
identical proof is the following.

Theorem 7.3.2 If F,,(z), n =0, 1, 2,... are continuous in D and F, — F uniformly
on D then the limit function F(z) is also continuous in D.

In the case of contour integrals that are considered in this module we have the following
which is effectively the same as what is done with real integrals.

Theorem 7.3.3 If F,,(z),n=0, 1, 2,... are continuous in D and F,, — F uniformly in
D and T is a contour (which has finite length) then

/FFn(z) dz — /FF(Z) dz asn — oo.
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Proof: Let
M, = sup|F,(z) — F(z)]

zeD

and note that the uniform convergence means that M,, — 0 as n — co. Now by the ML

inequality
/Fn(z) dz—/F(z) dz
r r

/F (Fu(z) - F(2))dz

< (length of T')M,, - 0 asn — oo.

For a new result relating to analytic functions we have the following.

Theorem 7.3.4 Let F,,(2) be a sequence of analytic function in a simply connected do-
main D and converging uniformly to F(z) in D. Then F(z) is analytic in D.

Proof: Let I' denote any closed loop in D. As F,(z) is analytic in D we can use Cauchy’s
theorem to deduce that

]{Fn(z)dz—o, n=20,1,2,....
r

As we are given that F;,, — F uniformly in D the previous theorem gives

%F(z) dz = lim ¢ F,(z)dz =0.

n—oo T

As this is true for all loops Morera’s theorem (see page 6-7) implies that F(z) is analytic
in D. U

We will use the result in theorem 7.3.3 in a few places and in the case of series this
means that if

Fz) = fil2).

with the series converging uniformly in D, then

/Fkifk(z) dz_kiﬁfk(z) dz.

That is, term-by-term integration gives us the integral of a function defined by a series.
In this chapter f(2) is of the form (z — 2g)*.
7.4 Taylor series for an analytic function

If a function f(z) is analytic in a domain then from the results of chapter 6 a consequence
of the Cauchy integral formula is that f’, f”, ... are also analytic and we can always
consider f(z), f'(20), ..., f™(20), ... for all points 2y in the domain.
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Definition 7.4.1 If f(z) is analytic at zy then the series

f//(Z(]>
2!

(z—zo)2+---zz (z — 2z)F

f(z0) + f'(20)(2 — 20) +

is called the Taylor series for f(z) around zy. When zy = 0 the series is known as the
Maclaurin series for f(z).

The purpose of this section is to show that this series converges uniformly in a disk centred
at zp and the sum is f(z). We are also interested in the size of the disk for which we have
the representation, i.e. if {z: |z — z9| < R} denotes the disk then how large can we take
R? As we will see this can be answered quite easily as either R = oo, which is the case
with entire functions, or it is such that the circle |z — zy| = R contains at least one point
for which f(2) is not analytic with f(z) being analytic for all z inside the disk. For the
uniform convergence we need to restrict to a closed disk of the form |z — 29| < R’ < R.
Thus, as we next prove, the series converges in the largest disk for which f(z) is analytic.

Theorem 7.4.1 If f(z) is analytic in the disk |z — 2| < R then the Taylor series con-
verges to f(z) for all z in this disk and in any closed disk |z— 29| < R' < R the convergence
s uniform.

Proof: The proof involves using the Cauchy integral formula and writing the term
1/(¢ — z) in the integrand in such a way that we get the terms in the series.

First we need to identify where f(z) is analytic, the closed disk where we show that the
convergence is uniform and the contour C' which we use in the Cauchy integral formula.
Let R' < R and let

D'={z: 2= 2| < R}

be the closed disk for the uniform convergence part. For the loop we want something
which surrounds D’ and it needs to be where f(z) is analytic and we choose

R'+R
2
With this choice, we have that when z € D’ and ¢ € C the bound

C={C: |(—2]|=R} where R} = < R.

R+R , R-FR
2 - = 2

(—2| >R — R = > 0.

As R’ < R can be taken arbitrarily close to R we will establish the convergence for all z
with |z — 29| < R if we can establish the uniform convergence for all z € D'.
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The closed disk D’

<0
° Circle of radius R

Disk of radius R’

The integral formula gives

16 =5 ¢ 2 ac

:2_7TZ CC_Z

Now we need to introduce z; into the expression in the integrand and we can do this by

writing
C-x=(Cma) = e ma) = () (1- (222).

To shorten the writing of the expressions that we need let
Z— 20
C—2’

and note that for z € D" and ( € C we have

so that ( — 2z = (¢ — 20)(1 — ) (7.4.1)

o =

R R, — R
|a|§R—1<1 and [1 —a|>1—|a| > 1R1

> 0.

This is needed as we expand in powers of a the term (1 — a)~! by noting the relation
l1-—a)l+a+a®+---+a")=1—a"™

giving

an+1
:1+oz+a2—|—-~+oz“—|—< )
1 -«

and the integrand to consider is

e e (=)
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Now

1 FON raee L oy F(O) LY
%%C(C—Zo)adg_%”'( o) ﬁ((—zo)k“dc_ k! ( 0)

by the generalised Cauchy integral formula in the case of the kth derivative. Thus we get

nL P (2
f@z(iﬁ@ﬁkmwm>+nm

k=0

where the first part is the Taylor polynomial and where 7T),(z) denotes the remainder term
and to complete the proof we need to show that the remainder term tends to 0 uniformly
in D'

Part of the expression for 7),(z) involves

(i) (e

¢ — 20 11—«

and from (7.4.1) ( — 2z = (¢ — 20)(1 — a) and thus this is
(Z o Zo)n—H f(C)

(€= 20)""(C—2)
and we get a representation for 7,(z) as

IR (0
Tul(2) = 27 7{; (€ — 20)" (¢ — 2) de.

The uniform convergence of 7,,(z) to 0 on D’ is because f(() is bounded on the circle C,

I — 2| > (R—R')/2for all ( € C' and z € D' and we have

(Z _ ZO)nJrl
¢— 2o

/

R n+1
= la"™| < (—) —0 asn — oo.
Ry

Remark about 7,(z) and R

In the proof we get an integral representation for T,,(z) which is the difference between
f(2) and the Taylor polynomial involving terms up to (z — z¢)™ which is valid for all z in
the disk. If we restrict z to be sufficiently close to zy then

RS ) a4 ~ Lj{ f(Q) ¢ = £ (z)
2mi Jo (¢ — 20)" (¢ — 2) 2mi Jo (¢ — 20)" 2 (n+ 1)

by using the formula for ™+ (z,), which gives us the usual estimate

~ f(n+1) (20) n+1
As stated in the theorem, the Taylor series result holds for the largest possible disk
centred at zo such that f(z) is analytic for |z — zo| < R. When f(z) is not an entire
function, so that R < oo, this implies that if we take R as large as possible then f(z) is
not analytic in |z — 25| < R + € for any € > 0. Another way of stating this is that there
is at least one point on the circle |z — 29| = R where f(z) is not analytic and we will see
this when examples are considered.
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The Taylor series for f'(z)

When f(z) is analytic the derivatives are also analytic and we can consider the Taylor
series for these as well. The Taylor series for f’(z) about z; is obtained by just replacing

[ by f' giving

f//l(zo)

f'(2) = f(20) + f"(20)(z — 20) + o

and as f'(z) is analytic in the same domain as f(z) it follows that the series also converges
uniformly in {z: |z — 29| < R'} for all R’ < R. Note that this series is exactly the same
as what is obtained by differentiating the series for f(z) term-by-term. That is we can
get the series for f/, f”, ... by term-by-term differentiation and we can also get the series
for the anti-derivative by integrating term-by-term.

(2—20)2+"'

The Maclaurin series for even and odd functions

When zy = 0 the Taylor series is known as the Maclaurin series and we have

SO ™) (0 1 ™
/) :Zf n'( )Zn with ! n'( ) T om )

n=0

(reit) e—int dt,

where we can take any value of > 0 such that f(z) is analytic in the domain containing
the disk {z: |z| <r}. We give some examples shortly and in a few of these we have
functions which are odd functions or even functions and thus we first prove why we only
have odd or even powers in these cases. To do this we consider the part (—m,0) of (—m, )
and let s =t + 7w so that t = s — m. With this substitution

ot

_ eZ(S—ﬂ') _ _ezs’ e~int — (_1)ne—ms7

so that . _
/ f(re®)ye ™ dt = (—1)"/ f(=re)e ™ ds
o 0
giving

(n) & ) s ;
f (0> o 1 /0 (f(?“e”) + (_1)”]”(_74@”)) e_mt dt.

n! 2w
If f(2) is even, i.e. f(—z) = f(z), then the integrand is 0 when n is odd. Thus there
cannot be any odd powers in the series of an even function, the series for an even function
can only involves even powers. Similarly, if f(z) is odd, i.e. f(—z) = —f(z), then the
integrand is 0 when n is even and and thus the series only involves odd powers.

The Taylor series for real valued functions

In practice we are often interested in analytic functions f(z) which are such that when
z =x € R we have f(x) € R, i.e. the value is real when the argument is real. In these
cases all the coefficients in the Taylor series about a point zy = xg € R are also real. This
follows almost immediately by letting f = u +¢v, with as usual u and v being real valued,
and noting that f(z) being real on the real axis implies that for all x

T

v(z,0) =0 implying that v(z,0) =0, n=0,1,2,...

xn
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The analyticity of f(z) means that we get the value of the derivative by differentiating in
any direction and thus if we differentiate in the z-direction then we get

T T n

o) = ozl 0) +i z,0)

— = —u(z,0).

(w,0) = =—u(x,0)
Related to this remark that real valued functions have real coefficients when we expand

about a point on the real axis we consider again something that was done in chapter 3

when analytic functions were first defined. It was stated that if f(z) is analytic and not

a constant then g(z) = f(Z) is not analytic. However it can be quite quickly shown from

the definition that if we define

hz) = 9(2) = I (7.4.2)

then h(z) is analytic. For a general function f(z) analytic in a disk |z| < R with the
Maclaurin series
f(2)=ap+arz+a2® +---+a+n"+---

it follows that
@) =a+aZ+aZ+- +a,z" + -

and
h(z) =@+ a1z +@g2® + - +apz" + - .

The coefficients in the Maclaurin expansion of h(z) are the complex conjugate of the
coefficients of the Maclaurin series for f(z). When all the coefficients are real we have

f(2) =13

This was mentioned on a exercise sheet when f(z) is a polynomial with real coefficients
and this now shows that it is true more generally.

Combining functions

We consider now some elementary operations that can be done with Taylor series. Firstly,
if we have the Taylor series for f(z) about 2z, and we consider the function

h(z) = cf(z), where cis a constant,

then
h(")(zo) — cf(”)(zo)

which tells us that we get the Taylor series for h(z) by just multiplying each term by the
constant c. Similarly, if g(z) is another function analytic at zo and we now define

h(z) = f(2) +9(2)

then we can add the series for f(z) and g(z) term-by-term as

W (z9) = f™(z0) + g™ (20).
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Examples of entire functions

1. Let z = x 41y and let
f(z) =e* =€e"(cos y + isin y).

With this as the definition of €* and with f = u + v and that f(z) is analytic
everywhere we can get the derivative by just differentiating in the z direction so

that
B ou . Ov

+i— =e"(cos y +isin y) = €.

/
fz) = oxr Oz
All the derivatives are e* and they all have the value 1 when z = 0 and we have

22 2"
=14zttt ot (7.4.3)
It is in this sense the exponential function which was defined using x and y can be
written as a function of z alone. As f(z) is an entire function it follows that the
series converges uniformly in every closed disk of the form {z: |z| < R}.

2 Zn

b e (1)
e’ =1 T +(—1) ik (7.4.4)

which has been obtained by just replacing z by —z in (7.4.3).

3. Let f(z) = cos z. This is an even function and hence only even powers are involved.
If we differentiate 2 times then we get — cos 2z and this is sufficient to deduce that

F0) = fD0) = f®0)=---= f(0) =1,
fR0) = fO0) = f190) = - = fE(0) = -1
and ) A )
cos z = —%4—%—%4—-“ (7.4.5)

4. Let f(z) =sin z. As f(0) = 0 and f’(z) = cos z we can get the Taylor series for
this by just integrating (7.4.5) term-by-term to give

5. Let ]
f(z) =cosh z = 5 (e +e77).
This is an even function and we can get the series by adding (7.4.3) and (7.4.4)
term-by-term and then dividing by 2 to give

2 4 6
z¢ 2z
coshz:1+§+a+a+--- (7.4.6)

The terms in the series are the even power terms in the e® series.
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6. Let ]
— q] h —_= — e .
f(z) =sinh 2 5 (e —e™)
This is an odd function and it is the derivative of cosh z and hence we can get the
terms by differentiating (7.4.6) term-by-term to give
3 5 7
z° oz z
smhz—z—i-y—kg—l—?—l— (7.4.7)
The terms in the series are the odd power terms in the e series.

In all of the above examples there are several techniques to get the Maclaurin series for
the function being considered.

Examples of functions which are not entire
1. Let

o0

1
f(2)=——=14+z2+22+---= Zz”, which is valid for |z| < 1.  (7.4.8)

1—=2
n=0

This is the geometric series and which of course is also the Maclaurin series of f(z).
This function has a simple pole at z = 1 and is analytic for |z| < 1 which is evident
by both considering the left hand side of (7.4.8) and by considering the convergence
of the series.

We can also expand about a point other than zy; = 0 and we consider next taking
20 = —1.

Without using Taylor series we can get the series by first writing

1—2:(1—z0)—(z—z0):2—(z+1):2(1—(2"2”))

By using the geometric series approach we get

1 < 1\"
(1—2)1:—Z(Z+ ) ., which is valid for

z+1
— | < 1.
2 ’

2 2

n=0

The radius of this disk is 2 which is because this is the distance of the position of
the simple pole from the point zg = —1.

If we instead derive this by successively differentiating f(z) then we have

flz) = (1—2)7"
filz) = (1-2)7"
f'(z) = 2(1—-2)" 3,

f(")(z) = n!&l—z)("“).

Hence
fM(=1) = nl2~ "+
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Figure 7.1: The circles of convergence when we expand about —1 and when we expand
about 0. The simple pole at z = 1 is on both circles.

in agreement with the result obtained by just using geometric series. We illustrate
the circles of convergence when we take zp = —1 and when we take zp = 0 in
figure 7.1.

2. As we have already stated, term-by-term differentiation is valid and hence differen-
tiating the series for (1 — z)~! term-by-term gives

1
—— =1+22+37+ 0"+ 2] <L
(1-2)
With an absolutely convergent series it is valid to multiply by z term-by-term to
deduce that

%:z—l—2z2+323+---+nz”—l—--- . |zl < L

(1—-2)

This function is known as the Koebe function and it appears when functions which
are analytic in the unit disk and normalised by f(0) = 0 and f’(0) = 1 are consid-

ered. It can be shown that this function is one-to-one in the unit disk and in some
sense it is maximal in that if a function is of the form

z4 a2 Fas® 4+ Fag” -
is analytic in the unit disk and it is one-to-one in the disk then it can be shown that
la,| < n.

This was proved by de Branges in about 1984/5 and which had previously been a
conjecture by Bierberbach in 1916. It is reported that de Branges’ first version of
the proof was 350 pages long. The difficult property to deal with when considering
functions of this type is that the function must be one-to-one in the unit disk.

3. Let
f(z) =Log (1 - z)
where, as usual, Log denotes the principal valued logarithm. f(z) has a branch
point at z = 1 and as 1 — z is negative when z = x > 1 it follows that the branch
cut does not cross the unit disk |z| < 1. In the unit disk the derivative is

fe) ==
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and as we have the series for this and as f(0) = Log1 = 0 we can get the series for
f(2) by term-by-term integration to give
22 23 n

—Log(l—z):z+§+§+---+z—+---, which is valid for |z| < 1.
n

4. Let
f)=01+2)" adZ,

where we mean the principal valued version of this function, i.e.

f(z) = exp(aLog (1 + 2)).

As in the previous example this is a function with a branch point which in this case
is at z = —1 and the branch cut is along z = # < —1. In the unit disk the function
is analytic and for the derivatives

fiz2) = all+2)7,
['(z) = ala=1)(1+2)*7

f(")(z) = O‘(C“_1)"'(Oé—n+1)(1-|-z)a*”.

The Maclaurin series for this function is known as the generalised binomial series
and is
(—1) , ale—1)---(a—n+1)

o _ =2, ng
(1+2)*=1+az+ or & Tt " 2"+

and is valid for |z| < 1.

Taylor series for a product of functions

Previously we noted that if we have the Taylor series for f(z) then we get the Taylor
series for c¢f(z), where ¢ is a constant, by just multiplying each term by c. We also
had an example where we obtained the series for the Koebe function z/((1 — 2)?) from
1/((1 — 2)?) by just multiplying each term by z. We can also deal with the more general
case of multiplying the series for f(z) and g(z) to get the Taylor series for h(z) = f(2)g(2)
as follows.

Suppose
f(z) = ao+ai(z—2)+ag(z—2)*+---,
g(z) = bo+bi(z— z) + ba(z — 20)2 4.
then
h(z) =co+ ci1(z — z0) + co(z — 20)2 4.
where
Co = aobo,
c1 = aiby + agby,

co = asby + a1by + agpbs,

anbo + Cln_lbl +--+ &1bn_1 + aobn.

Cn
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The series
[ee]

Z cn(z—20)", ¢cp=apbo+ an_1by + -+ + arb,_1 + aob, (7.4.9)

n=0
is known as the Cauchy product of the two series. This can be shown to be valid by

considering the Taylor series for h(z) = f(2)g(z) and using the Leibnitz’s formula for the
nth derivative of a product.

h = fg,
o= fg+fdg,
h// — f//g+2f,g/+fg”,

n n -
p = Z(k) fE gn=h), (7.4.10)

k=0

Now

R (%) =nlen,  f®(2) =Klag, 9" (%) = (n—k)ba_r, (7.4.11)
n n!

_ ' 4.12

(k:) El(n —k)! (7 )

By using (7.4.10), (7.4.11) and (7.4.12) we verify (7.4.9).

The first few terms for tan z

We typically use the technique of multiplying two series together described above just
to get the first few terms as more and more work is needed for each further term in the
series. We illustrate this here to get the first few terms of the Maclaurin series of tan z.

Now let )
sin z

f(z) =tan z = (7.4.13)

cos z
This function has simple poles at points where cos z = 0 and from this we deduce that
the Maclaurin series converges for |z| < /2. As tan z is an odd function we know that
the Maclaurin series only involves odd powers and hence we have

tan 2 = byz + bg2® + 525 + - .

The aim here is to get by, b3 and b; without differentiating tan z but instead using the
known series for sin z and cos z and we use the result about the product of series by
re-writing (7.4.13) as

sin z = (cos z) (tan z).

We substitute in the series to give

23 25 22 24
(z—ww'“) - (1‘5+ﬂ+“'><b1z+bzz3+bsz5+~->.

By equating the coefficients of the powers (which is basically the Cauchy product result)
we get the following.
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Equating coefficient of z:

1 = bl-
Equating coefficient of z3:
1 by 1 1 1 1
=2y~ =, henceby— - —~—-.
6 2T 9 T BTy HMEmTLTET3
Equating coefficient of 2°:
1 by b 1 1 1 16 2
120 5T Ty MM = e T ol T 0T 120 15
Thus we have
t N i
an z =24+ 4+ — 4 ...
3 15

If you continue this process to get the coefficients of 2" and z° etc. then this gets messy
by hand calculation. For information, it can be shown that the coefficient of 27 is 17/315
and the coefficient of 2% is 62/2835.

The generalised L’Hopital’s rule

Earlier in the module L’Hopital’s rule was given to determine a limit of f(z)/g(z) as
2z — zo when f(20) = g(20) = 0 and ¢'(20) # 0. We now use Taylor series to extend the
result to cases where f(z) and g(z) have a multiple zero at z.

If
9(z0) = g'(20) = -+ = g™ V(20) =0 and g™ () # 0
and if
f(z0) = f'(z0) = - = f" V(z) =0
then the first few terms of the Taylor series for f(z) and g(z) are 0 and near z, we have
() m ST (20) m+1
O = Ry
(m) (m+1)
9" (%) m 9 (20) m+1
oe) = T o) Ty (e )T

If z # 29 and we take out a factor of (z — 25)™/m! in both then for the ratio we have

F2) _ f(0) + (f ) (z0) /(m A+ 1)) (2 — 20) + - R F™ ()
9() g™ (z0) + (6" (20) /(A D))z = 20) +-- g™ ()

as z — 2p.

7.5 Power series

In the previous section we started with an analytic function f(z) and showed that it could
be represented by a Taylor series in a disk {z: |z — 29| < R} with R being as large as
possible such that f(z) is analytic in the disk. Thus in that section the sum of the series
was known, i.e. f(z), and we considered the validity and properties of the representation.
In this section we start with the reverse of this in that we are given a power series and
we want to know if a sum exists (i.e. if it converges), and if the sum exists does it define
an analytic function in some region.
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Definition 7.5.1 A series of the form
Z an(z — )"
n=0
1s called a power series and the terms ag, a1, ... are the coefficients of the power series.

The definition gives no indication as to whether or not the series converges but note
that it trivially converges when z = 2, with a sum of ag. There are series which only
converge at the point 2z, and you may have met the series

(0]

N -
E nlz", ie. a, =n!and zy =0,
n=0

and applied the ratio test using the terms involving 2" and 2"*! to give
n+ 1)
CESTEC .
nlz

which remains bounded as n — oo only when z = 0. From this we deduce that the series
only converges when z = 0.

The domain in which a power series converges is a disk and we justify this next
although rigorous proofs will not be given in all cases. First suppose that there exists a
point z; # 2o such that the series converges and let

r=|z1 — 20| > 0.
The convergence of the series implies that the terms tend to 0, i.e.
an(z1 —20)" =0 asn— o0
and in particular this implies that the sequence (a, (21 — 29)") is bounded and we let
M =sup{|a,|r": n=0,1,2,...}.

If we take any z in any disk of the form {z: |z — zo| <’ < r} then the terms in the
power series satisfy

Now as 7//r < 1 the right hand side is a convergent geometric series and by the Weier-
strass M-test it follows that the power series converges uniformly for all z satisfying
|z — 29| <7’ < r. Thus to summarise, this reasoning has shown that convergence at z
means that the series must converge at all points closer to z.

The previous argument started with the statement “suppose that there exists a point
21 # zp such that ...”. The existence of such a point depends on the coefficients ag, ay, .. ..
When the root test and/or the ratio test can be used and are such that

Vl]a| - a€R asn — o
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then the root test applied to the power series gives

1/n

|an(z = 20)" " = laf |2 = 2

and we have convergence if
lal|z — 2] < 1
and we have divergence if
la] |z — 2] > 1.
When a = 0 we have convergence for all z but otherwise if we define
1 1

a  lim |a,|"
n—oo
then we know that the series converges uniformly when |z — 25| < r < R and it diverges
for |z — 29| > R. R is known as the radius of convergence and {z € C: |z — 2| = R}
is known as the circle of convergence. In many situations the ratio test is easier to
use than the root test. If the sequence (a,) is such that the ratio test can be used, i.e.
|Gpy1/an| — o as n — oo then it can be shown that |a,|'/" — « and we get the same
outcome that the series converges when |z —zg| < r < R and it diverges when |z—zy| > R.
In all the examples given in these notes the sequence ag, ai, ... generating the series
are such that the ratio test and/or the root test can be applied. For a rigorous treatment
you also need to cope with the situation that the sequence (|a,|"/™) is not a convergent
sequence. If this sequence is not bounded then we know that the series only converges at
z = 2y which was the case when a,, = n!. To cope with the remaining case when (|a,|"/™)
is bounded but does not converge we can define

bn:sup{|am]1/m cm>nj. (7.5.1)
As n increases the set being considered in (7.5.1) reduces and hence we conclude that
the sequences by, by, ... is a decreasing sequence of non-negative numbers and by the
monotone convergence theorem it converges. There is a name and notation for this limit
which is
a = lim sup |a,|"/" = lim sup {|a,|™: m >n} = lim b,.
n—oo n—oo

This value « is the same as that described above when the sequence (|a,|"/™) converges

and all that has been done here is to indicate that a decision about convergence can, in
theory, be made for any series. The outcome is that if we define

B 1

 lim sup |ay|

1/n

then the power series converges for |z — 29| < R and diverges for |z — 29| > R. The
understanding here is that if the sequence (|a,|'/") is unbounded then R = 0 and if the
denominator is 0 then R = co. We summarise this in the following theorem.

Theorem 7.5.1 For any power series

oo

Z an(z — z)"

n=0

there exists a real number R between 0 and oo inclusive which depends on the coefficients
ag, a1, ... such that we have the following.
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(i) The series converges for |z — zo| < R.

(11) The series converges uniformly in every closed subdisks |z — zp| < R' < R.
(i1i) The series diverges for |z — z| > R.
The radius R s called the radius of convergence of the power series.

If we truncate a power series then we have a polynomial and the result tells us that a
sequence of polynomials, which are analytic, converges uniformly in a disk of the form

{z: ]z— 2 <R <R}.

A sequence of analytic functions which converges uniformly gives us a limit function which
is analytic. Let f(z) denote the limit function, i.e.

[oe)
= Z an(z — 29)"
n=0

By using the generalised Cauchy integral formula applied to f with any loop I' in the disk
and with 2y being inside the loop we have

S S S (O
— = = P a2
m! 21 Jr (2 — 20)
- Z:LOOCL”( _Zo)n dZ
2mi z—zo)m“

Z — ZO

where the interchange of the sum with the integral is valid because the sequence converges
uniformly and we get a non-zero value only when n = m in the last part. Hence the power
series that we started with is the Taylor series of the analytic function f(z) which is the
sum of the series.

Concluding remarks about the size of R

In section 7.4 we used the Cauchy integral formula for a given function f(z) to derive the
Taylor series representation

) (5
= Z fn—(!)(z —2)"

n=0

which, by construction, converges inside a disk which we write here as {z : |z — 29| < R}
whenever f(z) is analytic inside this disk. The largest value for Ry corresponds to a circle
which contains at least one point for which f(z) is not analytic. The result of this current
subsection about power series tell us us that the series cannot converge for |z — zg| > R

with )
1 n

R=- ——, Where an:f—w.

lim sup |a,|*/" n!
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We must have Ry = R. This follows by showing that if R < R or if Ry > R then we
get a contradiction. If Ry < R then we know that the series defines an analytic function
inside the circle of convergence and in particular this would imply that the function is
analytic at all points on |z — zg| = Ry < R which is in contradiction with f(z) being not
analytic somewhere on this circle. If Ry > R then by the construction in section 7.4 we
have that the series converges at points satisfying Rr > |z — 29| > R. But the theory of
this subsection tells us the terms in the series are unbounded when |z — zp| > R and the
series diverges which is our contradiction.

Examples

1. Consider
oo Zn

n

Here a,, = 1/n and the ratio test and the root test can both be applied. By using

the ratio test
n

T+l 1+1/n
Hence the radius of convergence is R = 1. This is consistent with what was done
earlier as we showed that .
ZTL
—Log(1—2) = —

and we know that —Log (1 — 2) is not analytic at z = 1.

Ap+1
nt —1 asn— oo.

Qn

We do not consider what happens on the circle of convergence but it is interesting
to note that in this particular case it can be shown that

o infd

—Log(l—ew)zz , 0<60<2m,

n

n=1

i.e. the series converges at all points on the unit circle except z = 1. You may have
considered this in a previous analysis module when ¢ = 7 and the point z = —1
and used the alternating series test.

2. Consider

= —5-
n=1 n

As before the ratio test can be used and we get

2
:( n ) —1 asn—
n+1

Qp+1
G,

which tells us that the radius of convergence is again R = 1 and there must be at
least one point on |z| = 1 where the function is not analytic. (As before, not being
analytic is in the sense of the function being analytically continued to a larger region
by crossing part of the unit circle.) In this case the series does actually converge
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when |z| = 1. It is possible here to identify a point on |z| = 1 where f(z) is not
analytic as follows. Let g be a function such that g(0) =1 and for z # 0

n—1

Log(l—2) <=z z 22
g(z):—fzz o :1—|—§+§+...

n=1

This function is analytic in the unit disk and the anti-derivative G(z) with G(0) =
has the series
2 P

z
Glz)=z+ g+t gt

which is our function f(z). If G(z) was analytic at z = 1 then this would imply
that g(z) = G'(z) is also analytic at z = 1 but g(z) has a branch point at z = 1.
Thus although f(1) is bounded the function is not analytic at z = 1 or to be more
precise we cannot analytically continue f to a function defined in a larger region
which contains z = 1. (Analytic continuation is not a topic to be covered as part of
this module and please note that if a function represented by a power series can be
analytically continued outside of the circle of convergence then the continuation is
not represented by the power series.)

7.6 Laurent series

Taylor series are concerned with series of the form

o0
Z an(z — 29)"
n=0

which represent analytic functions in a disk centred at zy, i.e. in a domain of the form
{z: |z — 2| < R}. In this section we consider representing functions which may have
isolated singularities by series of the form

o0

Z an(z — z)" (7.6.1)

n=—oo

in an annulus of the form {z: r < |z — zp| < R}. As the series can have positive and
negative powers this allows for singularities on and inside the inner circle |z — zo| = 7. A
series of the type (7.6.1) is known as a Laurent series and it reduces to a power series
when a,, = 0 for n < 0. When we have such a representation the part with non-negative

powers, i.e.
o0

Z an(z — z)"
n=0
gives a function analytic inside the outer circle and the part with negative powers, i.e.

oo
E &nZ—ZO :E
Z—ZO

n=-—00 n=1
gives a function which is analytic outside of the inner circle.
Before we prove that a function which is analytic in an annulus must have a Laurent se-
ries representation we consider some examples of how we can construct the representation
in some specific cases.
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Examples

1. Let
1

fe) =

This is a one-term Laurent series if we take zp = 1.

If we take zy = 0 then the geometric series is the Taylor series for |z| < 1 and we

have
o0

f(z) = ! :1+Z—|—22—}—...:Zzn‘

1—=z2 5

In the Laurent series terminology this is the Laurent series with r = 0 and R = 1
and as it is the Taylor series there are no negative powers.

We can use the above to get a series valid for |z| > 1 by letting w = 1/z, so that
z = 1/w, and letting

fz) = —L W :—<—£—>:—w@+w+wﬁk~)

1—w

::_&+?+;+m) (7.6.2)

which is a Laurent series involving only negative powers. In the notation of Laurent
series 7 = 1 and R = oo. In this case we obtained the series for |z| > 1 by considering
the Maclaurin series for

w 1
= —— withw=-.
g(w) S Withw=-

2. Let now )

&= a5 =
We can use partial fractions to write this in the form

A

f(z)zl—z+2—z

with 1 =A(2—2)+ B(l —2) giving A=1, B=-1,

1.e.
1 1 1

f(z):(1—z)(2—z):1—z_2—z'

f(2) has 2 simple poles and is analytic in the annulus {z : 1 < |z| < 2} and we can
represent the function in this domain by a Laurent series by combining the Taylor
series for —1/(2 — z) valid for |z| < 2 with the Laurent series for 1/(1 — 2) valid for
|z| > 1 which was obtained in the previous example. We can get the Taylor series
for —1/(2 — z) by using a geometric series by writing

z
2 :2(1——)
: 2

(2—2)—1:%(1+§+(§)2+-~). (7.6.3)
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By combining (7.6.2) and (7.6.3) we get a Laurent series which is valid in 1 < |z| < 2

given by
1 z 2\ 2 1 1 1
_ (1472 <_> R T I I TR I
f(2) 2(—|—2+ 5 + > (Z+22+23+ )

In this case r = 1 and R = 2 and we cannot take a smaller value for r» due to the
simple pole at z = 1 and we cannot take a larger value for R due to the simple pole
at 2 = 2.

3. Let now .
e
f(Z) R
which has a double pole at z = 0. If we consider an annulus centred at zy = 0 then
by using the Maclaurin series of e* we get

z

n

1 22 z
f(z) = —2(1+z+—+--~+—'—|—--->
z n.

2!
S
22 2 21 3l ’

This is a Laurent series with » = 0 and R = oo.

In all the examples presented the function being considered is analytic in an annulus
and the Laurent series was obtained using Taylor series of part of the term defining the
function. As we next show when we have a function which is analytic in an annulus a
Laurent series representation is always possible and it is unique and thus if any method
is used to generate such a series then it has found the series. Later we will be concerned
with the case when r = 0 with the function having an isolated singularity at z; but note
that when r > 0, and no smaller value can be used, all we know is that if it is possible to
consider f(z) in |z — 29| < r then it is not analytic somewhere in this region.

Theorem 7.6.1 Let f(z) be analytic in an annulus r < |z — zp| < R. Then f(z) can be
expressed in this annulus as the sum of two series

(e 9]

f(z) = Zan(z —z0)" + Za_n(z —2zp) "

n=0

with both series converging in the annulus and converging uniformly in any closed sub-
annulus v < p1 < |z — 20| < pa < R. The coefficients a,, are given by

I (O
an jé( dz, (7.6.4)

27 z — zp)"t!

where C'is any positively orientated simple closed curve lying in the annulus which has 2
as an interior point as illustrated below.
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-
&

Proof: The proof is similar to the proof of the Taylor series representation and starts by
representing f(z) using the Cauchy integral formula with the extra complexity being that
our domain is not simply connected and thus some care is needed in using this formula
with the choice of the loop I' which surrounds the point z.

Take a point z satisfying r < p; < |z — 29| < p2 < R and define

Tt >r and Ry =

f=—5 2

In this way f(¢) is analytic on both circles
Clz{CZ ’C—Zo‘:Rl} and CQZ{C: ‘C_Z()':RQ}
and the point z is bounded away from any point on these circles. We will consider

contour integrals involving these circles and in these the direction of integration will be
anti-clockwise on the outer circle Cy and clockwise on the inner circle C] as illustrated

below.
‘02
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For our given point z we consider loops I' and I” as shown below which are each
composed of parts of C; and Cs joined by radial lines.

With this set-up f(z) is analytic inside both I' and I and we can use the Cauchy
integral formula and Cauchy’s theorem to deduce that

f(2) L f fo) d¢ (7.6.5)

~ 2mi r¢—z

and

1 Q) -
5 ]{ E d¢ =0 (7.6.6)

as the integrand is analytic inside I'". Now the union of I" and I includes all the points on
C; and Cy (considered just once) and also all the points on the radial line segments. When
we consider contour integrals the direction of integration on the radial line segments in
the case of I" is opposite to that of IV and hence it follows that for any suitable integrand

é-duy{/-dg: Cl-d¢+]§c2-dg

as the contributions from the radial line segments cancel. By using this result and (7.6.5)
and (7.6.6) we get the representation that we need in this proof which is

£(2) i]f &d@rLj{ SO e,

T 2mi o, C— 2 2mi Jo, C — 2

The term involving C'y defines a function which is analytic inside C5 and the term involving
C; defines a function which is analytic outside C; and we show next that both can be
represented by series.

The term involving Cy corresponds to what appeared in the Taylor series proof and
thus we have

L% &dgz ak(Z—Zo>k7 Gk—i de

2mi Jo, ¢ — 2 pard 2 Jo, (C— 2P

with the series converging uniformly in |z — zg| < po.
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For the integral involving C; we handle this by doing similar manipulations to that
involving C5 except that now we need to note that z is further from zy than are points
¢ € (' and thus we now write

—z
(—2=(C-2)—(2—2)=(2—2)(B—1)=—(z—2)(1— ), where 8= i_zz
For all ¢ € C} and with |z — zy| > p; we have
R
18] < =L < 1.
P1
As |B] < 1 we have, as in the Taylor series proof, that
1 -1 5n+1
— 1 24 ... ny ).
As in the Taylor series proof we consider things term-by-term and consider
1 BEH(Q) a—k k—1
- d¢ = ith = —— — dc.
2mi ]{Cl 20— % ¢ (z — 20)F WOk = o f(Q)(C %) ¢

With a similar argument to what was used in the Taylor series proof it can be shown that

max
p1<]z—20|<p2

6n+1
7{)1 T zo)(1—5)d<‘_>0 as n — oo.

Putting everything together we have in the case of the circle C) that

e o]

1

2 Cl

an(z —z0)™ g = —— ) O ) g

27m

=1

with the series converging uniformly in |z — 29| > py.

The region where the terms involving € and C5 both converge uniformly is p; <
|z — 20| < p2. The only remaining thing to do in the proof is to explain why we can
change the contour in the coefficients to C' in each case. In the case of (5 this is because
the integrand is analytic between and Cy and C' and hence

_ 1 f(z) _ f(2)
ap = Tm}é’zmdz— 271_2_%)(2_20)”4_1 dz.

In the case of (' this is because the integrand is analytic between and C; and C and for
both to correspond to the same direction we need to consider the contour —Cj.

e le(z)(z—zo)" 1dz—2—m7{f )z — 20)" tdz.
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Further comments about the Laurent series
Uniqueness

A function analytic in an annulus centred at zy hence has a Laurent series involving
positive and negative powers of z — zy. Conversely if we are given a Laurent series with
the part involving positive powers converging for |z — zg| < R and the one with negative
powers converging for |z — zo| > r and r < R then this can be shown to define a function
analytic in the annulus r < |z — zp| < R. We mention this as it follows that once zj is
specified the Laurent series representation of a given function is unique as the coefficients
are given by (7.6.4) in the previous theorem. It is rare in practice to evaluate the integrals
to actually get the coefficients as other techniques are usually easier involving using Taylor
series for different parts of whatever expression is being considered.

Term-by-term differentiation

Recall again our representation in r < |z — zo| < R

[e.9] [e.9]

= Z an(z —20)" + Z a_n(z—20)"
n=0 n=1
which we may write as
f(z):f1(2)+f2( ) ZanZ—Zo , Zanz—zo -,
n=0 n=1

fi(2) is analytic in the disk {z : |z — 29| < R} and f2(2) is analytic in the outer region
{z: ]z — 20| > r}. If we let

) f(1/(z=20)), 0<|z— 2| <1/
9:(2) = {0, 2=0

then go(2) is analytic in the disk {z : |z — 29| < 1/r} and has the series representation

oo
g a_n(z— z)"

n=1

Thus
f(2) = f1(2) + 92(1/(z = 20)).
In the case of power series and Taylor’s series we showed that it is valid to differentiate

term-by-term the series for f(z) to get the series for f'(z), f”(z) etc.. It was the uniform
convergence of the series which enabled this. We can do the same here with

f’(z)Zf{(Z)—ﬁ«%(l/z_zﬁ ZnanZ—Zo Z Z—ZQ n+1
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Example
Let 1
f(z) = 1 0 < |z| < 2m.
The function has simple poles at points where e* =1, i.e. at z = 0, £27¢, +4m, ... and

thus the annulus is between the pole at 2 = 0 and the poles at z = +27i. We consider
how to get the first 3 non-zero terms in the Laurent series. We can adapt the method
used to get the first few terms in the Maclaurin series of tan z to get the Maclaurin series
for f(z) as we have the relation

f(z) (e —=1)=1.

Thus if we let c
f(z) :%—i-co—i-clz%—-“

then
2 2P c_1
Il=lz+—=+—F+-- <—+co+clz+---).
2 6 z
Equating constant term.

1 = C_1.

Equating coefficient of z.
O ::Co-+
Equating coefficient of 22.

Co C_q 1
O=a+5+—, a=-
01—1-2—1-6, c1 1

7.7 Zeros and isolated singularities

When polynomials were considered at the start of chapter 4 about the elementary func-
tions there are only a finite number of terms to consider and we defined what is meant by
a zero of multiplicity m of a polynomial p(z) of degree n > m and when partial fraction
were considered the knowledge of the multiplicity was needed in constructing a partial
fraction representation of 1/p(z). We now generalise what is meant by a zero of multi-
plicity m to any analytic function f(z) and classify isolated singularities which involve
negative powers as appeared in the Laurent series.

Definition 7.7.1 Let f(z) be a function analytic at zy. 2o is called a zero of multi-
plicity m f

f(20) = f'(20) =+ = f(m_l)(zo) =0 and f(m)(zo) # 0.

— Taylor series and Laurent series— 7-28 —



2024:04:21:15:26:01 © M. K. Warby MA3614 Complex variable methods and applications 7-29

By considering the Taylor series of f(z) around z, this implies that it is of the form

_ ™ (2)

m!

f(z):(Z_Zo)m(am+am+1(z_ZO>+"')7 am # 0.

The function
g(Z) =am + am—i—l('z - ZO) + am+2(2 - Z0>2 T

has the same radius of convergence as the series for f(z) and is such that g(z9) = a,, # 0.
As g(z) is analytic and non-zero at zy it follows by continuity that g(z) # 0 in some
neighbourhood |z — z| < § of z5. Thus since

f(z) = (z = 20)"g(2) (7.7.1)

it follows that f(z) is non-zero in 0 < |z — 29| < 0. Hence when we have an analytic
function f(z) with f(29) = 0 then either all the derivatives of f(z) are zero at z, and
f(2) = 0 everywhere or f(z) is of the form (7.7.1) and has no other zero in a neighbourhood
of zy, i.e. the zero at z; is isolated. Although it was not stated when it was described
but this is what we had when the generalised L’Hopital rule was described.

As another case where the the result that analytic functions which are not identically
zero can only have isolated singularities consider again (7.4.2) where we had that f(z)
being analytic implied that f(Z) is also analytic. When f is such that f(z) € R when
z € R it follows that the difference f(z) — f(Z) is zero on the real axis from which we
deduce that the difference must be zero for all z where f(z) is defined.

We now consider isolated singularities. If we have a function f(z) which is analytic in
a domain such as 0 < |z — 29| < R but which is not analytic at zy then we say that f(z)
has an isolated singularity at zy. The theory of the previous section implies that such a
function has a representation of the form

[e.o]

()= ) anlz—2)", 0<|z—z|<R (7.7.2)

n=—oo

and we classify the type of singularity by the coefficients which appear in this Laurent
series.

Definition 7.7.2 With the conditions which lead to (7.7.2) we have the following terms.

1. If a, =0 for alln < 0 then f(z) has a removable singularity at z.

2. Suppose m > 1. Ifa_,, # 0 and a,, = 0 for all n < —m then we have a pole of
order m at zj.

3. If a, # 0 for an infinite number of negative index values n then f(z) has an essen-
tial singularity at 2.

Examples
1. Let

s=em () =1+ (1) + (5) (

This has an essential singularity at z = 0.

am
22
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2. Let .
sin z
fz) =
As specified here this it is not defined at z = 0 but we know that
22 2P AT
smz—z—y—i- 5T + -
from which it follows that for z #£ 0
sinz_1 z2+z4 z6+
z 31507l

The Laurent series has no negative powers and hence f(z) has a removable singu-
larity at z = 0.

To show that f(z) has a removable singularity at zj it is sufficient to show that there
is a finite limit as z — zp as in this example. If we then define f(z) to correspond
to the limiting value then we get a function which is analytic at zy. That is, if we

define )
S1n Z’ P O,
glz) =1~ ’
1, when z = 0,

then we have a function with the Maclaurin series

and this is analytic everywhere, i.e. an entire function.

A few more points about zeros, poles and essential singularities

1. If f(z) has a pole of order m > 1 at 2 then from the Laurent series representation

A—m A_m+1
f(z) = 2" + =z +--, 0<|z—2| <R
and the function

o0

g(z) = (2 — z)" Za min(z —20)", 0<|z—2]| <R

n=0

has a removable singularity at zo and if we define g(z9) = a_,, then we have an
analytic function. Thus a function with a pole of order m can always be represented
in the form

) = 2

(z—2z0)™

where g(z9) # 0 and g(2) is analytic in a neighbourhood of z,

2. If f(z) has a zero of multiplicity m > 1 at zy then 1/f(z) has a pole of order m
at zg.
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3. If f(2) has a pole of order m > 1 at zy then g(z) = 1/ f(z) has a zero of multiplicity m
at zo provided we define g(z9) = 0.

4. As already stated, if f(z) is analytic in 0 < |z — 29| < R and there is a finite limit
of f(z) as z — zy then f(z) has a removable singularity at z, and we can define, or
re-define, f(zo) to give us an analytic function. In the case of a pole of order m at
zp we can similarly do this by multiplying by (z — 2¢)™ and in particular this tells
us that |f(2)| tends to oo as z gets closer and closer to zy along any path.

The situation with essential singularities is more complicated as is illustrated by
considering exp(1/2). If we let z = re? then

1 1
— = —(cos 0 —isin )
z o

and as
exp(x + 1y) = exp(z)(cos y + isin y)

<1) (cos 9) ( (sin 9) o (sin 9))
exp | = | =exp cos — isin )
z r r r

If we consider the behaviour as » — 0 with 6 being constant then we get oo if
cos # > 0, we get 0 if cos § < 0 and we have that the magnitude remains at 1 if
cos 6 = 0.

we have
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Chapter 8

Residue theory

8.1 Introduction

In this chapter we return to the problem of evaluating integrals of the form

éf(z) dz (8.1.1)

where f(z) is a simple closed positively orientated contour and where now f(z) can be
any function which is analytic on I' and inside I' except for a finite number of isolated
singularities. In this case we show that the value of the integral can be expressed in
terms of the residues of f(z) inside I" and we then use this result to help evaluate certain
real integrals. The theory also enables us to estimate the location of zeros of analytic
functions.

8.2 A recap of previous material on integrals involv-
ing loops

We start by recapping previous material on integrals of the type (8.1.1) inorder to indicate
what is new in this chapter and specifically we note the following.

1. If f has an anti-derivative which is continuous in a region containing I" then

7{ f(z)dz = 0.

This was covered on page 5-12 and takes care of powers z" for all integers n except
n=—1.

2. If f(z) is analytic on and inside I, i.e. we have no isolated singularities, then

éf(z)dz:o

by the Cauchy-Goursat theorem which was covered at the end of chapter 5.
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3. If the integrand is of the form

f(z) = 9(2)

(Z _ ZO)m—H )

where m is an integer and where g(z) is analytic on and inside I', then

ﬁf(z)dzzﬁ%dZZQWiw

—29) m)!

by the generalised Cauchy integral formula. This was done at the start of chapter 6.
This result hence deals with the case of one specific isolated singularity at z = 2z
inside T'.

4. An extension of the previous case was to the case when f(z) was of the form

9(2)
Q(2)
where (Q(z) is any polynomial as we can always express )(z) in a factored form and

represent 1/Q)(z) in partial fraction form. For example, if Q(z) = (z—21) -+ (z—2y,)
with z1, ..., z, being distinct then

f(z) =

1 “ Ak . Z — Zk 1
= ,  Ap = lim = —
a0 2 M oT T oe

and

so that

f;f(z) dz = nl (Q,(lzm) é zgﬁik dz = 2m'§; 5,(5;:) - 27ri§;Res(f, 20,

k=

where z1, ..., 2, are the points which are inside I". Polynomials Q(z) with multiple
roots can also be dealt with in a similar way with the details being slightly longer
and with the value also depending on derivatives of g(z) at the roots of Q(z).

The extension in this chapter to what has already been done is that f(z) can now have
any isolated singularity, i.e. we are no longer restricted to cases where the singularity
arises by dividing by polynomials, and the tool that enables us to handle any isolated
singularity is the knowledge of the existence of a Laurent series in the vicinity of each
isolated singularity and recall that Laurent series was considered in section 7.6.

8.3 The residue theorem

Before the general case of a finite number of isolated singularities is covered we consider
first the case when there is just one isolated singularity at a point zy inside the loop I'.
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As f(z) is analytic inside I' except at the point zq it follows that there is a region of the
form
0<l|z—2z|<r

in which f(z) has a Laurent series

[e.9]

f(z) = Zan(z —20)"

— 00

with the series converging uniformly in a region 0 < |z — 29| <7’ < r. Let C denote the
circle {z: |z — z0| = p}, p < 7, and note that f(z) is analytic between C' and I which
enables us to write

f(z)dz= ¢ f(z)dz = i an(z — 2z0)" dz = 2mia_;.
fres=f, J

n=—oo

The value just depends on one of the coefficients in the Laurent series and there is a name
and notation associated with this.

Definition 8.3.1 If f(z) has an isolated singularity at zo then the coefficient a_y of
1/(z — zo) in the Laurent series of f(z) around zy is called the residue of f at zy and
is denoted by Res(f, zo).

Thus with this notation we have
]{f(z) dz = 2miRes(f, zo).
r

When the function f being considered is clear we sometimes shorten Res(f, zo) to just
Res(zp).

As a final point before the case of more than one isolated singularity is considered,
recall the reasoning which enables us to replace I' by C' (which was given on page 5-19)
as we generalise this in a moment. With reference to the figure 8.1 given on page 8-4 the
doubly connected region between I' and the circle C'is divided into two simply connected
regions each of which are bounded by parts of I' and C' and straight lines joining the two
curves as in the figure. As f(z) is analytic inside the loop containing the upper part and
it is also analytic inside the loop containing the lower part the Cauchy theorem tells us
that these loop integrals of f(z) are 0 and when we consider the union of the two contours
the contributions from the straight line segments cancel and we get all of I' and all of the
circle C. Thus with reference to the labelling in the diagram we have

(z)dz + (z)dz — (z)dz — f(z)dz=0

Tup Tiow Cup Clow

which leads to the result. One way of interpreting the result is that I' U (—C) is the
boundary of the region in which f(z) is analytic and thus the integral around the entire
boundary is 0.

If we now have n isolated singularities inside I' at points z1, ..., 2, then as these points
are isolated it is possible to construct circles (', . .., C), of sufficiently small radius so that
the circles do not intersect and if each of the circles is considered in the anti-clockwise
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Upper part
—Cp

N
N~

N
N

- CIOW

Lower part

Figure 8.1: The doubly connected region between the inner curve C' and the outer curve
I' is divided into two simply connected regions. The boundary of these lower and upper
regions gives us two loops and we can use the Cauchy theorem with each loop.

sense then I' U (—=Cy) U --- U (—=C,,) bounds a multi-connected region in which f(z) is
analytic. Here it is assumed that z; is the centre of the circle C). A set-up of this type
is illustrated in the top left plot in figure 8.2 on page 8-6 in the case n = 4. It is always
possible to divide the the multi-connected region into two parts by joining the n circles in
some way and with connecting to the outer boundary I' and this is illustrated in the top
right plot in figure 8.2. From the division of the multi-connected region into two simply
connected regions we can consider the integrals involving the boundary of the simply
connected regions and this is illustrated in the bottom two plots of figure 8.2. Observe
that part of I' is part of the boundary of one of regions and the other part is part of the
boundary of the other region. We have a similar situation with the circles with part of a
circle being part of the boundary of one of the regions and the other part is part of the
boundary of the other region. In each case the direction of integration on the circles is
in the clockwise sense. In the case of the straight line segments which join the different
parts, we have one direction for one of the regions and the opposite direction for the other
region. As we account for all of I' and all of the n circles, Cauchy’s theorem applied to
both regions leads to

ﬁU(—Cl)U--‘u(—c") f(z)dz = éf(Z) dz + ; 7!_@ f(z)dz=0
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and this re-arranges to
ff(z)dz:z f(z)dz
r k=1 Ck

with all integrals being in the anticlockwise sense. As there is just one isolated singularity
inside ('}, we have, as before,

f(z)dz = 2miRes(f, zi).
Ck

and we have established the Cauchy Residue Theorem which we state below.

Theorem 8.3.1 If I' is a simple closed positively orientated contour and f is analytic
inside and on 1" except at points zq, ..., z, inside I', then

j[f(z) dz = 2mi i Res(f, zx)-
r k=1

Example

Let C = {z: |z| =27} with the circle traversed once in the anti-clockwise sense and

consider
]{ tan zdz.
c

sin z

To help with the description let

f(z) =tan z =

cos 2z

The singularities of tan z are at the points where cos z = 0 and such points which satisfy
|z| < 2w are £7/2 and £37/2. By the residue theorem we thus have

fctan zdz = 2mi (Res(f, —37/2) 4+ Res(f, —7/2) + Res(f, 7/2) + Res(f, 37/2)).

To determine the residues note that cos z only has simple zeros and hence tan z only has
simple poles and the Laurent series about z = 7/2 is of the form

a_q

z—m/2

tan z = +ag+a(z—7/2)+ -

so that
(z—7/2)tan z =a_; +ap(z —7/2) + - +a1(z —7/2)* + - -

and we can get the residue by taking the limit in the right hand side as z — 7/2. In this
case

Res(f, 7/2) = lim G 7/2)sinz

z—m/2 COS 2

= < lim sin z> < lim m)
z—7/2 z—=mw/2  COS Z

_ sin(n/2) _
= Tam(r2) T ¢
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m :
Wi

Figure 8.2: A contour containing 4 isolated singularities (top left). Lines joining the
singular points and the boundary are added to divide the region into two part (top right).
The contour for the top part (bottom left) and the contour for the bottom part (bottom
right).

— Residue theory, real integrals and zeros of equations— 86 —



2024:04:21:15:26:01 © M. K. Warby MA3614 Complex variable methods and applications 8-7

The same working is involved with all the residues and we have
Res(f, —37/2) = Res(f, —m/2) = Res(f, 7/2) = Res(f, 37/2) = —1

so that
%tan zdz=2mi(-1—-1—-1—-1) = —8mi.
c

A technique for determining the residue when we have a pole of
order m

To use the Cauchy Residue theorem we need to be able to obtain the residue at each point
inside I" at which f(z) has an isolated singularity and as the previous example illustrated
it is not usually necessary to first obtain the entire Laurent series expansion. All we need
is knowledge of the existence of the Laurent expansion and a technique for determining
a_1 and in the case of a pole at zy of order m this can be done as follows.

As we know that f(z) has a pole of order m at zy we know that the Laurent series
close to zg is of the form

__dom -omil I _
f(Z) N (Z — Zo)m * (Z — Zo)m_1 - i (Z - ZO) a0 CL1(Z ZO) *

To get a function which is finite as z — zy we multiply by (z — z¢)™ giving
(2= 20)"f(2) = G + Qmy1(z — 20) + -+ a_1(z — 2)™ "  +ag(z — 2)™ +--- .
If we differentiate m — 1 times then the part before a_; disappears and we have

dm—l

P ((z=20)"f(2)) = (m—1la_q + mlag(z — z0) + - - -

and if we take the limit as z — 2 this leads to an expression for a_;. Thus if m =1 no
differentiation is needed and we have

a_y = lim (z —2)f(2)

and when m > 2 we have

1 dmfl

11 = oy B e (2 = )G,

8.4 Trigonometric integrals over [0,27] — using the
the unit circle

This section is short as we have already considered integrals of this type in section 5.6.1.
We just restrict the details here to the integrals involved and the technique used. The
integrands contain cos # and sin # over a 27-range and the integrals are of the form

2m
/ R(cos 0,sin 6) do
0
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where R(cos 6,sin 0) is a rational function of cos 6 and sin 6.
The technique to determine each of these is by using the substitution

. dz . de 1
z=¢" and note that — =ie” =iz, — = —,
de dz iz
and as 6 varies from 0 to 27 this corresponds to z traversing the unit circle once in the
anti-clockwise direction. In terms of z we have

1, 1 1 . 1,0 g 1 1
008925(69+e 0)25(2—1-;), sm@z;(ee—e Q)IZ(Z——>.

7 z

Let C' denote the unit circle. In the general case this gives

[t oimoar— fr(3(-+1) L (- 1)) &
ro=tr (3 (=) L (-1).

As R(.,.) is a rational function of its arguments it follows that F'(z) is a rational function
of z and hence F'(z) has isolated singularities which are pole singularities. If the poles of
F(z) which are inside the unit circle are at 2y, 29, ..., 2, then by the Residue theorem

27 1 m
/ R(cos 0,sin 6)df = j{ —F(2)dz = QWZ Res(F, z).
0 c

]
k=1

8.5 [ f(z)dx integrals — using a half circle

We now consider using the Residue theorem to help in evaluating certain real integrals of
the type

/_oo f(z) da. (8.5.1)

Before the technique is described we need to first indicate what an integral with infinite
limits means. In the case that the upper limit only is infinite and a € R we define

(o) b
/ f(z)dx = blim f(z)dx (8.5.2)
a 00 a
and in the case that the lower limit only is infinite (i.e. —00) we define
/ f(z)dx = Er_n f(z)dx (8.5.3)

provided the limit exists in each case. When both limits exist we define

/Z f(z) dx:/; flx) d:z:+/:o f(z) da. (8.5.4)

Thus when the usual integral notation is used the integral in (8.5.1) exists when two
different limits exist.
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Sometimes the meaning of (8.5.1) is extended to deal with situations in which the
limit in (8.5.2) and the limit in (8.5.3) do not exist but that

p

lim f(x)dx

4>
p=oo J_,

does exist. When this limit exists we write

p

p.v./ f(z)dz = lim f(z)dz

_)
p=roo |,

and the value is called the Cauchy principal value of the integral of f over (—oo, 00).
When (8.5.2) and (8.5.3) both exist the Cauchy principal value is the same as the
value (8.5.4). In the examples considered in this section the function f(z) being consid-
ered is always such that the value (8.5.4) exists and we do not need the Cauchy principal
value notation here although you do sometimes see this in books even when it is not
strictly needed. The Cauchy principal value notation is needed later in section 8.7 when
we deal with integrands which are infinite at certain finite points on the contour being
considered.

We illustrate the technique of using the Residue theorem to evaluate integrals of this
type with some examples and then summarize the procedure.

/°° dx
I = —_—.
oo TT 2+ 2

f2) = 1
Z) = =
24+224+2 (z+1)24+1

and observe that this has simple poles at the points

1. Determine

To start let

z71=—141 and 2z2=7Z;=-1—1.

To use the Residue theorem we need a closed loop and for this to help in determining
the value I we need part of the loop to be part of the real axis. A convenient choice
for such a loop is to consider a half circle in the upper half plane and specifically we
choose to take a half circle C}, in the upper half plane in the anti-clockwise sense
joined to the interval [—R, R] as illustrated in the diagram and we let I'p denote
the closed loop. In the diagram R > v/2 so that z; is inside the loop with 2z, always
being outside of the loop.
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AY
Cr
) X
R L4
By the Residue theorem we have
(z)dz = 2mi Res(f, z1).
g
We only have a simple pole and the residue is given by
b o z—xn 1 1
Res(f, z1) = lim (z = 21)f(2) = lim —5———— = I t+2 %
Hence for R > /2 we have
f(z)dz =m.
I'r
To use this to determine I note that as T'r = [-R, R] U C}; we have
R
f(z)dz = / f(z)dz + / f(2)dz. (8.5.5)
I'r -R Cch

Now on C}; the integrand is “small” in magnitude when R is large but the length
of the half circle is 7R and the length increases with R and for the integral to tend
to 0 as R — oo we need the integrand to tend to 0 sufficiently fast. This can be
established quite easily in this case as the denominator is dominated by the 22 term
when R is large so that for z € C}; the triangle inequality gives

22 +2| <2R+2 and |22 +22+2|>|2%| —[224+2| > R* -~ (2R +2)

and hence 1
<

Thus

< (length of C})(bound on |f(2)])

/C f(2)d

R

R
= m—ﬂ) as B — oo.
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Thus by taking the limit as R — oo in (8.5.5) we get
/ f(z)dz = 7.

As some comments on this example, note that in the justification that the contribu-
tion from the part involving C tends to 0 as R — oo we can take R to be as large as
we want when using the triangle inequality and we do not need to get the sharpest
possible inequalities as we only interested in showing that the term tends to 0 as
R — oo. This particular example can of course be evaluated using techniques that
you have met before year 3 as

2 +2=(z+1)>2+1
and if we make the substitution
r=—1-+tan 6

then the limits on 6 are —7/2 to 7/2 and

(x+1)*+1=1+tan’f = sec’# and j—z:seCQH

00 d w/2
[:/ S :/ 0 = 7.
—oo0 X +2x+2 —7r/2

so that

2. Determine
/°° dzx
0o T + 16
1
A 416

Let
f(z) =

As this function f(z) is even we have

1/°° dz
]:— 4—
2 ) _ox"+16

and thus we can evaluate the integral by considering the integral on (—o0, 00).

There are 4 solutions to 4
2= —16 = 2%

and two of the solutions are in the upper half and are given by
2 =28 = V2(141), =2t = V/2(—1+41).

The function f(z) has simple poles at these points. Let R > 0. With C}; denoting
the upper half circle and with T'g = [—R, R] U C}, being a loop we need R > 2 for
the 2 points to be inside the loop. By the residue theorem

(2) dz = 2mi (Res(f, z1) + Res(f, 22)).

I'r
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For the residues we have

o e U S U

Res(f, z1) = zh_)rrzll(z 21)f(z) = Zlglel 2116 423 - 4zt 64
Similarly

L L Z—Zz2 L 2 2

Res(f, z2) = Zh_}r%(z 20)f(z) = 2151212 A6 423 422 64

Hence the loop integral value is

. (21 + 22) 2v/2 ™2
f(z)dz =2mi <—T> =27 ( ol > =15

To use this to determine I note that as ' = [—R, R] U C}; we have

I'r

f(z)dz:/_Rf(x)der R

T'r
When z € C} we have |z] = R and |2* + 16| > R* — 16 so that
1
< —.
Thus

< (length of C})(bound on |f(2)[)

/C+f(z)dz

R

R
= r 1—>O as R — oo.

R* —
Thus by taking the limit as R — oo in the relation relating the loop integral to the
contributions from [—R, R] and C}, we have

/ i dx_m/_

1_/ flo :7“/_.

The general technique for this type of integral

and

As the examples have illustrated, we take a half circle C}; and a closed loop
I'r=[-R,RIUCE

and we have a function f(z) with no singularities on the real line. If f(z) has isolated
singularities at points z1, ..., 2, in the upper half plane then these are inside the loop I'g
when R is sufficiently large and by the Residue theorem we have

éRf(Z)dz:/_Zf(x)dx—i—/Cg f(Z)dZZQWigRes(f, %)
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Provided f(z) is such that

(2)dz -0 as R— o0 (8.5.6)

Cr
we get

/00 f(x)dx = QWiiReS(f, 2k).
> k=1

We consider now a sufficient condition on f(z) for (8.5.6) to be true and suppose that
M(R) is such that |f(z)| < M(R) for |z| = R. Then as 7R is the length of C} we have

f(z)dz

Ch

< TRM(R)

and we have the required outcome if RM(R) — 0 as R — oo. Suppose that f(z) is a
rational function of the form

P
Q=)

and with a, # 0, b, # 0. If we divide the numerator and denominator by the highest
power of z in each case then we have

2P ( ap + ap—1/z + - - ag/(27) ) _ ( ap+ ap—1/z + - -ag/(27) )

f(z)_g bq+bq71/z+"'+b0/(2q> bq+bq,1/z+---—|—bo/<2q)

f(z) = with P(2) = ap2? + -+ a1z +ag, Q(2) =bgz?+---+brz + by

so that

a
2P f(2) — b_p as |z| — oo.
q

This tells us the behaviour of |f(z)| as |z] — co. When |z| = R is sufficiently large there
exists M (R) such that

1
Rq—p—l ’

RIPM(R) <2|3%|  and hence  RM(R) <2 % (8.5.7)
q

p
q

As the degrees p and ¢ are integers the bound on the right hand side of (8.5.7) tends to
0 as R — oo provided
g—p—1>1, givingg>p+2.

In the examples this condition was satisfied with p = 0 and ¢ = 2 when

1
=) = 2242242
and with p = 0 and ¢ = 4 when
1
f(Z) Z4+16
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8.6 [°_ f(x)cos mxdx and [~ f(z)sin ma dz, integrals
— using half circles in the upper and lower half
planes

We now consider evaluating integrals of the form
/ f(z)cos(mz)dx and / f(z)sin(mx) dz,

where m is real and f(z) is a real valued rational function, i.e. f(z) = P(z)/Q(x) where
P(z) and Q(z) are polynomials with real coefficients and we assume that Q(x) does not
have a zero on the real line. With such integrals the integrand is now of the form

g(x) = f(x) cos(mz) or g(x) = f(x)sin(mz)

and as we will see the oscillation of the integrand leads to the integrals existing when
deg(Q) > deg(P) + 1. We can consider similar techniques to section 8.5 but adjustments
are needed as to what we take for g(z) and we will now use half circles in the upper half
plane and the lower half plane, in the most general case, depending on the integrand being
considered which we next discuss.

The previous section suggests that we consider

g(z) = f(2)cos(mz) or g¢g(z)= f(z)sin(mz) (8.6.1)
but this does not help in this case as

1
5 (

cos(mz) = 1 eimz 4 gTimz and sin(mz) = imz _ g=imz
2

and each of the terms ¢™* and e~ is bounded in one of the half planes and unbounded
in the other half plane. Thus if we take g(z) as just given then it is unbounded on a half
circle in the upper half plane and also on a half circle in the lower half plane. Having
determined why (8.6.1) does not help we now instead consider separately the cases

9(z) = f()e™ or g() = flz)e™

and we later combine the results to get the integral we want to evaluate. With z = x +1y
and with m > 0 we have

—imz

imz —myoimz 40 d e — ™o

e =e¢ —maE

When we consider half circles we need to take the upper half circle C in the case of ¢
and we need to take the lower half circle C'; in the case of e ™ so that the exponential
term has magnitude e~™¥ < 1 on the half circle being used. We show below the two
half circles to consider and we let now I'}; denote the closed half circle in the upper half
plane, which is in the anti-clockwise direction, and let I';; denote the closed half circle in
the lower half plane, which is in the clockwise direction.
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&+

s

B

As a note, in all the examples that will be considered in this module the need to use the
lower half circle can be avoided.

vy

Example

Evaluate

[,
oo 142

This is an integral of the type being considered corresponding to m = 1 (as sin(mz)
is just sin x) and as indicated above we first consider the integral involving

9() = (1:22) o

This has simple poles at +i. With B > 1 and with '}, = [-R, R] U C}; the Residue
theorem gives

7{ g(z)dz = 2mi Res(g, 7).
Tk

Now for the residue at z = 7 we have

zZ—1 1 e !
Res(g, i) = ie” ! lim —je =) =—
(9, 1) lim -—— ( )

and

j{ g(z)dz = mie .
r

+
R

In this particular example if we use a result that the integral over C'}; tends to 0 as R — oo

then we get '
o T eZ{L‘
/ 5 dr = mie !
S

and if we take the imaginary part then we get

If the above had not been spotted then we would also need we consider the integral

involving
<z —iz
= e
9(2) < 1+ .2 )
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along the closed curve I', which is in the clockwise direction and we do this now to
illustrate how this is handled. As the direction is the clockwise direction the Residue
theorem gives
7{ g(z)dz = —2mi Res(g, —1).
I'z

Now for the residue at z = —i we have

z+1 1 e !
Res(g, —i) = —ie” " lim =—ie ' | — ) = —

and
j{ g(z)dz = —mie .
Iz
As R — oo the integrals over the half circles C} and Cj tend to 0, as we show in a
moment, and as I', = [-R, R]UC}; and I'y, = [—R, R| U C we get

e’} : 1 0 T e’} —ix
[:/ xsmfdx _ 1 / Te de—/ Te de
o 1 +x 21 \J_oo1+2x o 1+

= 2% (m’e’l — (—m’e’l)) = Te

-1

We have obtained the answer in the example but we have not justified yet that

/ (%)eizdz—)O and / ( ZQ)e_izdz%O as R — oo.
C’E 1+2 Cp 1+2

This is a bit harder to do and the result which covers this type of situation is known as
Jordan’s lemma which we consider next.

Theorem 8.6.1 If m >0 and P/Q is the quotient of two polynomials such that

deg(Q) > 1+ deg(P)

then

1Mz

lim P(z)

dz=0
R=voo Jot Q(z)

where C}, is the upper half circle of radius R and if m < 0 then

lim M
R=oo Jor Q(z)

—imz

dz=0

where Cp, is the lower half circle of radius R.
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Proof: On the upper half circle

z=Re" = R(cos 0+ isin 6), %:iRew, 0<f6<m
e (2 (Re")
Pz T P(Re' .
e dz = z/ exp(imR(cos 0 + isin 0 _~ Re 4.
[ gde=i | ewtm ) Qrem)

The condition that deg(Q) > 1+ deg(P) implies that for sufficiently large R there exists
a constant A such that ,
P(Re')

7~ Re”
QR

< A

Now
| exp(imR(cos 8 + isin 0))| = exp(—imRsin 0)

and thus we get the bound

f

Now as sin # has symmetry about # = 7/2 the integrand above has symmetry about
0=m/2 ie.

< A/ exp(—imARsin 6) d6.
0

w/2 ™
/ exp(—imARsin 0) df = / exp(—imRsin ) do,
0 /2

and we can further simplify slightly to

fo

To complete the proof when m > 0 we need to show that the right hand side above tends
to 0 as R — oo which we do as follows.

When R is large exp(—imRsin ) is very small at § = 7/2 and over most of the range
[0,7/2] but it is 1 at # = 0. The part of [0,7/2] where this is close to 1 diminishes as
R increases and we need to make use of this observation to show that the integral gets
smaller in magnitude as R increases. This can be done by considering the graph of sin 6
to observe that in (0,7/2) the curve is above the straight line joining (0,0) to (7/2,1) to
give the inequality

w/2
< ZA/ exp(—imARsin 6) d6.
0

20
sinf > —.
T
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0 /2

To prove this inequality without need for the diagram we can define

2 2
h(6) :sine——e, h'(#) = cos 6 — —.
m m

NS4

We have h(0) = h(7/2) = 0 with A'(#) > 0 for 0 < 6§ < o and h'(#) < 0 for a« < 6 < /2
where « is such that A'(a) =0, i.e. cos a = 2/m. h(f) increases in (0, a) and decreases in
(v, m/2) and and the property that h(0) = h(w/2) = 0 is sufficient to establish that it is

positive in (0, 7/2).
With this lower bound on sin 6 we have for 0 < § < 7/2 that

exp(—mARsin 0) < exp(—2mRO/).

The right hand side here, i.e. the bound, is something that we can give expression for its

integral. Thus we can bound the integral by

w/2 /2
/ exp(—mARsin 0)do < / exp(—2mR0/m) do
0 0

- T [exp(—QmRQ/W)]g/z

2mR
T
- = (1= _
55 (L —exp(=mR))
T
< — .
< 2mR—>O as B — oo

We have hence shown that

/ eimzp(z) dz —0 as R — oo.
ct Q(z)

The proof for the lower half circle when m < 0 that

/ e’imzp(z) dz—0 as R — o0
Ch Q(z)

is similar.
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8.7 Indented contours

In all the previous integrals considered the integrand has been bounded on the contour in
the integral. We now consider cases in which the integrand can be unbounded at certain
points with the integral still being finite. A standard example of this type is with € > 0
the integral
/1dx 2 [Va]l =2(1—/e) =2 =0
e Vv ‘
We thus say that
Udx . U dx
— =lim | ——==
0 \/5 =0 € \/5
The integrand becomes unbounded as x — 0 but the integral is finite.
As another example, suppose a < 0 < b, and again assume that ¢ > 0, and consider

2.

"da

= In(b) — In(e)

€

L%%:‘[M%=m@—mwu

In both these cases the limit does not exist as € — 0 but the sum of the two terms remains
constant. This leads to the Cauchy principal value which in this case is defined as

b —€ b

dx dx dx
V. — =1 — — ] =1n(b) -1 )
pve | 13&(/& $+/€ m) n(b) — In(|af)

This is an example in which the integral only exists in a Cauchy principal value sense and
as we see in a moment when we use contour integration to evaluate certain integrals we
obtain the Cauchy principal value.

We consider next the example of evaluating

0o eim
[:p.v./ —dx
e T

/ "2 da = Im(I)

o X

and similarly

and once determined we obtain

with this integral existing in the “usual sense” as sin(x)/x has a removable singularity at
x = 0.

To deal with this integral we take a closed contour I'p in the anti-clockwise sense
which involves a half circle C}; of radius R, a half circle —C" of radius € (traversed in
the clockwise sense) and line segments [—R, —¢| and [e, R] as shown in the diagram. The
contour I'p is described as an indented contour.
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Let

The function f(z) is analytic inside ' and thus

f(z)dz =0.

Ir

As the closed loop I'g is the union of 4 parts this implies that

€ R
4 f(z)d:/Rf(x)dx+/ f(x)dm+/c+f(z)dz— C+f(z)dz:(). (8.7.1)

By Jordan’s lemma on page 8-16 we have

(2)dz =0 as R — oo.
Ch

To deal with the half circle of radius € we make use of the Laurent series representation

of f(z) in the vicinity of z = 0. The Laurent series is

1

flz) =~ (1 + (iz) + (22)2 + - > 2 + (analytic function).

z z

On C+ we have z = ee?, 0 < 0 < 7 giving

d s
/ —Z:i/ a0 = in
ct = 0

€

and as the length of C* tends to 0 as € — 0 we have
/ (analytic function)dz — 0 as e — 0.
cf

From (8.7.1) if we let R — oo and let € — 0 then we have

00 L IT
€ .
p.V./ —dx =7,
o T
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If we take the real and imaginary parts then we obtain

*® cos x
p.v./ de =0
_ T

o0

o .
sin x
/ dx = 7.
oo T

As already indicated, there is no need for the principal value in the last case as (sin z)/z
is bounded with the limit as z — 0 being 1. As the integrand here is even we have

O sin x *© sin
dx = dx
oo X 0 T

and

and hence

8.8 The argument principle and Rouche’s theorem

The Residue theorem applies to functions which are analytic except for a finite number of
isolated singularities and if we restrict to functions whose isolated singularities are poles,
i.e. no essential singularities, then we say that the function is meromorphic.

Let f be a meromorphic function and let

f'(z)

f(2)

The function G(z) is also meromorphic and has poles at the poles of f(z) and also at the
zeros of f(z) and we investigate the isolated singularities of G(z) next.

If f(z) has a zero at zy of multiplicity m then the derivative has a zero at zy of
multiplicity m — 1 and we have the representations

f(z) = (z=2)"h(2),
fiz2) = m(z—20)"""h(z) + (z — 20)" N (2),

G(z) =

where h(z) is analytic in a vicinity of 2y and h(zp) # 0. These relations imply that in a
vicinity of zy we have
fz) _ m KWz

&) "o )
Hence G(z) has a simple pole at zy and the residue is the integer m which is the multiplicity
of the zero.

If f(#) has a pole at z, of order n then it has a representation in the vicinity of z, of
the form

G(z) =

_9(2)
f(z) = Gz
where ¢(z) is analytic in a vicinity of z, and ¢(z,) # 0. Differentiating gives
/ _ —n ¢,(z)
RN R EE
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and

G LG dE)

f(2) (z—2)  ¢(2) '
Hence G(z) has a simple pole at z, and the residue is the negative integer —n.
All the singularities of G(z) are thus simple poles and the residues are integers indi-
cating the multiplicity of a zero or the order of a pole. If we apply the Residue theorem
to G(z) then we get what is known as the argument principle which we state next.

Theorem 8.8.1 If f is analytic and non-zero at each point of a simple closed positively
orientated contour C' and it is meromorphic inside C' then

L[ f(2)
— dz = No(f) — N,
where
No(f) = mnumber of zeros inside C' (counting multiplicities),
N,(f) = mnumber of poles inside C (counting orders appropriately).

When we restrict to analytic functions then we have the following corollary.

Corollary 8.8.1 If f is analytic and non-zero at each point of a simple closed positively
ortentated contour C' and it is analytic inside C' then

17 f(z)
2mi Jo f(2)

This corollary gives information about the location of zeros of an analytic function. Firstly,
the value in (8.8.1) must be an integer and if can estimate it sufficiently accurately to
determine the integer then we know exactly how many zeros lie inside C. Related to this
last comment, if g(z) is another analytic function which is “small” relative to f(z) on C

then we would expect
1 '(2) 1 e+ )
N = g 0 e N o) =5 GE T e

to be the same integer, i.e. f + ¢ has the same number of zeros inside C' as does f. This
is essentially Rouche’s theorem which we state and prove next.

dz = number of zeros inside C' (counting multiplicities). (8.8.1)

f

Theorem 8.8.2 If f and g are analytic inside and on a simple closed contour C and if
the strict inequality

()| < [f(2)]

holds at each point of C, then f and f + g must have the same total number of zeros
(counting multiplicities) inside C'.
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Proof: Let )
g(z
F(z) =
=10
so that for z € C
F(2)| <1

and note that
g=fF and g = fF' + f'F.

Now f’+g’_f’+fF/+f/F_f/(1+F)+fF,_L/+ F/
f+g [+ fF f(I+F) [ 1+ F
Hence /
No(f +9) = Nolf) = 5 § e
2mi Jo 1+ F
On the contour C' we have |F(z)| < 1 and we have the geometric series expansion
il =F(1-F+F—F+...)
1+ F

and as the series converges uniformly term-by-term integration is valid and gives

o0

Fl
dz = (—1)’“7{ FFF'dz.
frpe-Xeu
As FFF' has the anti-derivative F¥*1/(k + 1) which is analytic on C' we have
7{ FFE'dz =0
c
giving
No(7 +9) = Nolf) = = 1z =0
T A = o I F T

0

As a remark, the last part of the proof could have been done differently by observing
that

%Log(l b P(2)) = %

The property that |F(z)| < 1 for all z € C' implies that 1+ F(z) is in the right half plane,
le.

Re(1+ F(2))>1—|F(2)| >0 Vzed,

and as a consequence Log(l + F(z)) is continuous on C. Thus our integrand has a
continuous anti-derivative on the loop and we hence have

F/
dz = 0.
fiHF :
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Examples

1. The following was taken from Question 1(b) of the May 2011 exam paper and was
concerned with showing that all the zeros of a given polynomial lie in the annulus
1/2 < |z| < 2.

Let
h(z) = 2" +32° — 1.

To investigate the zeros of this polynomial we take
f(z) =2 and g(z)=32"—1.
f(2) has a zero of multiplicity 5 at z = 0. Now on |z| = 2 we have |f(z)| = 32 and
19(2)] < 2|z +1=3x8+1=25<32.

Thus on the circle |z| = 2 we have |g(z)| < |f(z)| and h = f + ¢ also has 5 zeros in
|z| < 2 by Rouche’s theorem.

If we consider what is known as the reverse polynomial then we have
2PPh(1/2) =2°(1/2° +3)2° = 1) =1+ 32> = 2°
and if we now define f and g by
f(z)=—2" g(z)=1+322

then we have on |z| = 2 that |f(z)] = 32 and |g(2)| < 1 + 3|2|* < 13 < 32. Thus
the reverse polynomial also has 5 zeros inside |z| = 2 by Rouche’s theorem. Now
if z1,..., 25 are the roots of h(z) then 1/2,...,1/25 are the roots of the reverse
polynomial and we have shown that

|zk] <2 and <2

2k

so that

1
5 <zl <2, k=1,2,3,4,5.

Rouche’s theorem applied twice hence shows that all the zeros of h(z) lie in the
annulus 1/2 < |z] < 2.

This was not part of the question but to check this you can use the following
statements in matlab.

a=[1 03 00 -1]’;
r=roots(a);

[real(r), imag(r), abs(r)]

which gives
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-0.054470434414810
-0.054470434414810
0.385725592900579
0.385725592900579
-0.662510316971538

MA3614 Complex variable methods and applications

1.738049470684216
-1.738049470684216
0.591941938660390
-0.591941938660390
0.000000000000000

1.738902812342030
1.738902812342030
0.706526356028934
0.706526356028934
0.662510316971538

We have one real root and two complex conjugate pairs of roots and all have mag-
nitude between 1/2 and 2 as the application of Rouche’s theorem above has shown.

2. We can use Rouche’s theorem to prove the fundamental theorem of algebra which
was previously done on page 6-13. If

p(2) = an2" + a1 2"+ Faz+ag, a, #0

and we take f(2) = a,2" and g(2) = a,_12""" + -+ 4+ a1z + qo then for sufficiently
large R we have |f(z)| > |g(z)| for all z satisfying |z| = R. We know that f(z) has
a zero at 0 of multiplicity n and thus p(z) = f(z) 4+ ¢g(z) also has n zeros (counting
multiplicities) inside the circle |z| = R.
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