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Matematik F2

1 Algebra of complex numbers

The set of complex number satisfy the same algebraic rules as ordinary real numbers:
Commutative of addition and multiplication:

21+ 29 = 29 + 21, 2129 = 2921 .
Associative of addition and multiplication:
(z1+20) + 23 = 21 + (22 + 23), (2122) 23 = 21 (22 23) .
Distribution of multiplication over addition:

21(z24+23) = z120+ 2123

Example 1

We can represent complex numbers in the z = x 4 7y notation where ¢ = /—1. Using
this notation we can do algebra with complex numbers. We define Re(x +iy) = = and

Im(z + iy) = y. For instance, if we define z; =2 + 41, 20 = 8 — 24, we have

z21+22=024+41)+8—-2)=(2+8)+(4—-2)i=10+21,

2120 = (24+44) (8 —21) = (2) (8) + (4i)(—21) + (2) (—24) + (41) (8)
=16—842—4i+32i=16+8+ 285 =24 + 281,

2 2+4i  (2+49)8+27)  (2+49)(8+24) 84360 2 93

z 8—2i (8—2i)(8+2i) = 8+2° 68 7T

Example 2

We define the complex conjungate of a complex number z = x4+ iy as 2 = v — i y.
One see that z z = 2% + y?. We define |z| as the length of the complex number z (or z).

Clearly |z| = |Z|. We have for complex numbers z; and 2z that
ANtz =a2+2, Z1n=7212,

as well as
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Example 3

We can visualize complex numbers = + iy € C as cartesian coordinates (z,y) € R?.

Xy)=x+iy

We find the length |z| of a complex number from |z| = /22 + y2. Addition of complex

numbers are in this visualisation identical to addition of vectors.

Example 4

We can also visualize complex numbers z + iy € C as polar coordinates (0, |z|). Given
that z = |2| cos(f) ,y = |z|sin(f) we can write z = |z| cos(6) + i|z| sin(0) = |z|e?. We
call # the argument of z. For —m < 6 < 7 we have § = arctan §> Multiplication
of complex numbers is easy in polar coordinates as for complex numbers z; and 2z, we
have

0y __

21 %29 = |2’1’€i91‘22‘€ — ‘Zl| |22’ ei(91+92).

(Xy) =x+iy

|z]
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2 Complex functions

We can define a function on a complex domain in the following way

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

where z € C and u(z,y) = Ref(z) and v(z,y) = Imf(2).

Example 5

1
For the function f(2) = (2z+y®) +i (——+8y*) , we directly identify u(z,y) = (2z+y?)
i

1
and v(z,y) = (—; + 8y?).

A function f(z) is said to be differential in a point z if the limit

o FEt )~ )

h—0 h

, (1)

exists and is unique. We say, if, a function is differential in all points in a subdomain A of the
complex plane, that it is an analytical function on A. To determine if a function is analytical

in A we have to verify if the limit eq. (1) exists and is unique in all points.

Example 6

We will test if the function f(z) = Re(z) is an analytical function. We will check this
directly by verifying that the limit in eq. (1) exists and is unique in all points z € C.
If we set h = ee and take the limit ¢ — 0 (which implies that h — 0),

o Re(z + eei"') —Re(z) _ " Re(z + gew —2z) |
e—0 eet? e—0 ee? e—0 eet

We immediately see that the limit depends on # and therefore that it is not unique.

Another way to check if a function is analytical is to verify if f(z) = u(z,y) +iv(x,y) satisfies
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the Cauchy-Riemann relations everywhere on A

ou v

ox oy’
ou ov
dy o

One can show that verifying the Cauchy-Riemann relations is equivalent to showing that the

limit in eq. (1) exists and is unique.

Example 7

To test if a function is analytical it is often easier to check the Cauchy-Riemann relations.
If z = x4y, and we have f(z) = Re(z) = Re(z +iy) = x. We see that u(z,y) = x and
v(z,y) = 0 and therefore the first Cauchy-Riemann relation is not satisfied,

Ju v

A= —

ox 7 dy

The function f(z) = Re(z) = Re(z + iy) = x is therefore not analytical.

3 Complex power series

Complex functions that are analytic in a domain can be expanded in a power series. We can

for such functions write

) =3 eale = 20)",

where zy = 0 for a series around the origin.

analytic
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Considering the real positive series

oo
2= leallz = 20",
n=0

we can check absolute convergence using standard tools for real power series such as the

concept of the radius of convergence. The radius of convergence R is defined by

1
— = lim |ey|"

and the power series is absolute convergent for |z| < R.

Example 8

The complex exponential is an example of an elementary series with infinite radius of

convergence
S )
z
exp(z)zzm, 0<z2z< 0.
n=0
Example 9

The trigonometric functions also have elementary series with infinite radius of conver-

gence

n 2n n 2n+1

cos(z f: , sin(z :i 2n+1 ) 0< 2z <.
n=

n=0

Example 10

For the hypergeometric functions we have sin(iz) = isinh(z) and cos(iz) = cosh(z)
Thus it follows that

cosh(z) = i
n=0

2n c9 2n+1

sinh(z ZZn-I—l 0<z< .

n=

l\D
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Example 10

An important example of a series with finite convergence is the geometric series

1 o
1 :E 2", 0<z<1.
—z

n=0

A complex function can be differentiated any number of times inside its radius of convergence.

We can use this to generate results for new power series from other known series.

Example 11

An example is the geometric series

1 o
7 :E 2", 0<z<1.
—z

n=0

If we differentiate it we get

d 1 1 = .1
EI—ZZ(I—ZP:;TLZ , 0<z<1.

This way we can generate results for all power series of the type 7 0<z<1.

b
(1-2)

4 Singularities and branch points

Singularities of complex functions are an important concept in complex analysis. At domains

including singularities complex functions are non-analytic, i.e. not expandable in a power

/ 1)
\? analytic  singularity
[
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Matematik F2

The most common example we encounter is that of an isolated singularity, for instance, a
pole. We talk of a pole of order p for f(z) if the limit

lim (=~ 2,)°f(2)]

Z—Zj

is a finite and nonzero complex number. A simple pole is a pole of order p = 1.

Example 12
The function 2 .
7 = 2 o
&)= e
has a pole of order 3 in z = —1, since
22 —22+1 (1—2)2
f2) = Jim G+ ) = ~ A Ty

If it is not possible to find a p so that the limit

lim [(z — 2)"f(2)]

2=z

yields a nonzero finite complex number, call the singularity at z; an essential singularity.

Example 13

1 1
The function exp <—) has an essential singularity at z = 0 since the lin% [(z)p exp (—)] ‘
z Z— z

is infinite for any p.

We have a remowvable singularity if we have a pole that we can uniquely cancel.

Example 14

The function
22 —922+1

(z=1)(z+1)3

has a removable singularity at z = 1, since 22—22+1 = (z—1)?, so we can uniquely cancel

f(z) =

the pole at (z—1)~! in the denominator with the zero at (2 —1) in the numerator. Thus
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1—2
(14 2)3

we can define f(z) = as the function with the singularity at z = 1 uniquely

removed.

Finally we can also talk about singularities at infinity. We can determine the behaviour of
1

f(2) at infinity, by considering if f(—) has a pole for z = 0.
z

Example 15

| =

1
The function f(z) = z has a pole at infinity, since f <j> = — has a pole at Z = 0.
z

An important concept in complex analysis is multivariate functions. While many many com-
plex functions are single valued functions, for instance polynomials, there are also a number
of complex functions that only are single valued in certain domains. Given a complex number

in polar coordinates, z = re®

, we can define a multivalued valued complex logarithm function
Ln(z) = In(r) +i(0 + 27k) ,

where k is an integer. We next define the principal valued complex logarithm (k = 0)

In(z) =In(r)+0, —-rmT<0<m.

Example 16

Given the complex number z = 1+ i, we see that in polar coordinates z = v/2e"™/* thus

In(z) = lnf) +1 % :

while

Ln(z) = 1né2) +1 (% o 27rk> .

We can also define 2¢ = etn(®)a,
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Example 17

If z = i we have 22 = 220 = 2(In()+i3+2imk) — gimgidmk  VWe see that 22 = —1 for any

integer k as expected.

Example 18

Ln(z) e% (In()+ig+2ink) _ i(F+mk

If z = i we have z% = e% ). We see that we have two

-l

values, namely 22 = ¢i% and 22 = ei%, for k = 0 and £k = 1. More generally we can
define the nth root of a complex number in the following way. Given a complex number

z = re'? its n roots are given by

for k=0,1,...,n— 1.

Working with multivariate functions in the complex plane requires a certain amount of care
since we need to find domains for which they can be considered single-valued. In such do-

mains, we can apply many of the concepts we know from analytic functions.

Example 19

For the complex root of z = re? we have

For a contour that encloses the origin, we do not return to original value for the function
after one circuit around the contour. On the other hand, if we do not enclose the origin,

we return to the original value after a circuit around the contour.

We call z = 0 a branch point for the function 2

Example 20

For the complex logarithm Ln(z), we see that we have a branch point at z = 0, where

we never return to the original value after any number of circuits around the origin.
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To work with single-valued complex functions, we can define branch cuts which are lines in
the complex plane that one must not cross. By defining such branch cuts we avoid making a

full circuit around a function’s branch points.

Example 21

The function Ln(z) can be defined as a single-valued function by making a branch cut

along the negative real axis. That way we define the single-valued complex logarithm

In(z).

In(z)

Example 22

For the function (a2 — %)z where a is real, we see that (a — z)2 (a + 2)2, and that we
have branch points at z = @ and z = —a. We will have a branch cuts from [a; oo and
] — 00; —a] or from [—a;al, since for any circuits we make on these contours we have a

single-valued function.

ty

|
ﬁ

5 Integration in the complex plane

Integration with regards to a real variable is well known from calculus. In this section, we

will discuss integration concerning complex variables.
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a

The complex integral over a complex function f(z) = u(x,y) + iv(z,y) along the curve C

(parametrised by coordinates (x(t),y(t)) and where a <t < b) is defined as follows

ff = f ulw(), y(1)) + iv( (), y(1))) (do + idy) =
vttt ot 0 52 i ()05 ot 0 G

a

Example 23

We can integrate the function f(z) = % along the unit circle. We parametrize the unit
circle using exp(it) = cos(t) + i sin(t) = z(t) +iy(t), 0 <t < 27w. We have

dx(t)
dt

x(t) = cos(t), y(t) =sin(t), = —sin(t), ——— = cos(t),

ff ]é: x(t) +zy(t)
—/Oﬂ(cos(t)(

+z/0 ( (t) s(t)+(—sin(t)(—sin(t)))dt:0+z'/0% dt = 2ri.

) di = fé (%) dt = ]i (at) — iu() de
(t)

sin(t)) — (—sin(t)) cos
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6 Cauchy’s theorem and integral formula

Cauchy’s theorem is an important result. It states the following, given an analytic funtion

f(2) with continuous derivative f)(z) everywhere on and inside a closed contour C, then it

éﬂaw:o.

follows that

Example 24

satisfied.

We use Cauchy’s theorem in many different contexts in complex analysis. One appli-

cation is if we have a region that inclosed by a contour C for which the theorem is

Then we know for C = C; + Cy that

1 y
b
L/
+ t 1 t
.C. f2) C.
4 analytic

iﬂ&h—cf@M+cf@w—o

If for instance C; is an integration path we are interested in deducing (could be along
the real axis) we now know that we can compute it from computing the path along Cs.

We will for example use Cauchy’s theorem when we consider multivariate integrands.

One of the most important formulas of complex analysis and complex integration is Cauchy’s

integral formula. It states the following. If f(z) is an analytic function everywhere within

and on the boundary of a closed contour C and z; is a point within C, then

1 [ f(z)

f(z0) =

211

13

cR— X0

dz

Y
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as well as it follows that

F(z0) = 7{ e,

T 2w Jo (2 — z)r L

where f"(zp) is the n-th derivative of f(z) evaluated at z.

7 Laurent series

An important extension of the Taylor series is called a Laurent series. If a function is analytic
we can expand it in a Taylor series, however, if the function has a pole of order p at zy then
the function is not analytic and we cannot expand it in a Taylor series. However, we can
consider the Laurent extension. If we consider a function f(z) with a pole of order p at the
point zg, then we can consider the function g(z) = f(2)(z — 20)” and expand it in a Taylor

series. We thus have

as well as

The power series expansion for f(z) around z is called a Laurent series expansion. We call
the terms in the series for n > 0 for the analytic part of the series and the terms for n < 0

for the principal part of the series. If the pole a zy is an essential singularity, p become oo.

The convergence of a Laurent series is defined by the radii of convergence of the analytic and

the principal part of the series.
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Example 25

The geometric series has Taylor power series expansion around zy = 0

1 o
1 :E 2", 0<z<1.
—z

n=0

we can define a Laurent series expansion for the geometric series around z; = oo by

considering
(©.9] o

—1 1 1 —1
;Zii:_gj ::——;-22%-;;:: jg: :;;, z>1.

n=-—1

8 Residue theorem

Given a function f(z) with poles inside a contour C. The residue theorem states that

%f(z)dz = 27 Z Res; ,
¢ j

where Res; denotes the residue of the jth inside the contour.

. C

Residues

1

If the pole is simple (of order one) we can compute the residue from

Res; = lim [(z — z;) f(2)] .

Z—rzj
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For a general pole (of order p) one has to compute the limit

1 drt

Resj = le_)IIZlJ [m W<Z — zj)Pf(z) .

One often has to use I’'Hospital’s rule in the computations of residues.

Example 26

We compute the residue of f(z) = at z = 1. We have

1—2

Res; = lim [(z —1)

z—1

1iz]:lim[—1}:—1.

z—1

Thus we have for a contour C around z = 1

1
% dz = 2mi(—1) = —2mi.
C 1—2

Example 27
We compute the residue of f(z) = DL at z = 1. We have (1—22)%2 = (1—2)?(1+2)?
-z
S0
d e”
Res,_; = li —(z=1)?
S [(2—1)!dz(2 ) (1—2)2(1+z)2]
d ¢* e’ 2e? 1
— g [ — 1 _ —Z(e—e)=0.
Ak [dz(l-l—z)?} 23%[(2“)2 (z+1)3] e =0

z

We compute the residue of f(z) = (16—2)2 at 2 = —1. We have (1 —2%)? = (1 —
-z
2)2(1+ 2)% so
1 d e”
eme1 = i —(z+1)°
Res:—1 — [(2 —1)! dz(z +1) (1—2)2(1+ 2)2]

= o [diz(li—z)Q] = B [(1 izz)Q * (12—61)3] T2
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Thus we have for a contour C around z =1 and z = —1

e® 1 o
Az =270+ —) = —.
ﬁ(l—ﬁ)? @ = 2mi( +2€) e

9 Integration with a multivalued integrand

Integration with a multivalued integrand is a very important feature of complex analysis.
Defining a complex contour in such a way that a real integration can be performed is a very
important application of complex analysis. We will here consider integrations of functions

that need to be defined using branch cuts.

Example 28

Let us consider the real integration (for 0 < a < 1)

o a
/ x—dx.
0 ]-+£L'2

We will compute this integral by a contour integration in the complex plane. We will

Za
dz .
7£1+z2 &

We see that we have (1+ 22) = —(i — 2)(i + 2) thus we have poles for z =i and z = —i.

thus consider

We now consider the following contour that enclose both poles.
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By the residue theorem, we have

/(é < dz = 2mi(Res(z = i) + Res(z = —1)) .

1+ 22
We have
e <ty -] ] -
es(z=1)=1lim |(z —1 — lim — _-
z—>i 1422 z—i Lz + 1 2
and

Res(z = —i) = lim [(Z+Z) 2 ] = lim [ i ] — 1

Zz——1 1 - 22 z—i Lz —

Now we split the integration up along the contour according to

a Ro a a R (270 \a
]{ ° dez/ = Qd;c+]{ ° 2dz+/ )
cl+z R 1t+7 oltz R, 1tz

C1

j{ © 4z 0 (since 0 < a < 1) and that
c

, 14 22
Za o0 xa . o0 xa
dz = dr — 2ami
7%714—%2 /0 112 ° /0 1+ x2

:(1—62‘“”)/ I—T— 2dxz7r<ei75a—e
0 i

If we take Ry — 0 and Ry — oo we have that the integrals f T &

. ima

e 2 .

Za
+ dz .
72 1+ 22

a

dz — 0 and

22

3wa>

18
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So we can write

< x® ‘ 3 e's — %" Te's"
; imTa N -
sdr =m(1— 2 ™)t —e2'™) =71 S = .
0 1+£C 1_ez7ra 1+ezﬂa
s ™ Ta
- e_iga + em - E see (7)
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